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SUMMARY 

The effects on glycotv~.,~i ~: rat-kidney microsomal membrane preparation have 
been studied. The :menitm~e preparation stimulates glycolytic activity more than 
5o %. The site of ~ s  ~imuJ~tioa is shown to be the 3-phosphoglycerate kinase 
reaction. Evidence iis ~ . I i  that the stimulation is due to ATPase activity of 
the membrane i n t e r ~ m & ~ f i  ATP associated with the kinase enzyme. The membrane 
preparation is Shown~-t~xxdJze DPNH generated by glycolysis. The observed inter- 
action between eeeeeeeee~s 6ft~:co~ysis and the membrane is interpreted as a channeling 
of metabolic energyi int~,~ membrane for active transport and demonstrates one 
mechanism whereby~eiiv~.traa~sport stimulates a metabolic pathway. 

INTRODUCTION 

A fundamental :pr0t~emin7 ce~l biology- is the manner in which the cell provides 
metabolic energ3,:formm~0~t1~activity at the membrane and how transport activity 
affects metabolic 7pa-th~y,in~ the celP. In electron micrographs of kidney cells the 
cytoplasm a p p e a ~ s ~ m M m o s t c o n t i n u o u s  contact with the endoplasmic reticulum 
or internal cytopiamikc rmcnttrane system and with the external ceil membrane "2. 
ATPase activity a s s ~ A m ~ i t h  coupled sodium and potassium transport has been 
found in a r a t - M i t n ~ y ~ o n  consisting of membrane fragments of the endo- 
plasmic retictflmn-sy~m~-?.J~/e present paper shows that in a reconstructed system 
prepared fTom:rati~t~lzln~yffler~ is-marked stimulation of a glycolytic enzxwne system 
derived from the cel~ ~ t ~ n  the presence of the membrane fragments. Evidence 
is presented for_ ~ ; ~  clianneling into the membrane of metabolic energy 
generated in g lyc6ty~is .7~i~i f ie  enzymic sites of interaction are defined. 

METHODS 

Preparation o f t h ~ . 5 ~ d 0 p h s m i c  reticulum fraction and supernatant fraction 
employed have been~it*3.~n_.the preceding paper 3. These fractions were prepared 
in o.z5 M sucrose,~4th mv-~.~ F_J)TA. Lactate analyses were carried out according 
to the p r o c e d u r e , ~ i f ~ . ~ D  SV~..m~RSON 4 and pyruvate analyses according to 
the procedure of ~---~*~,~',~.~nn HAVGE~ 5. Incubations were carried out at 37 ° 

Biochim. Biophys. Acta, 71 (x963) 277-z84 



278 V.D. JONES, J. L. NORRIS, E. J. LANDON 

in a Dubnoff metabolic incubator shaking at 80 cycles/min. Suitable aliquots ,off 
incubation mixtures were deproteinized with cold 5 % trichloroacetic acid and aliquots 
of the trichloroacetic acid supernatant  after centrifugation were analyzed for end 
products of glycolysis. 

Sodium salts of Fru-I ,6-P 2, Glc-6-P, ADP and ATP; the calcium salt of 3-phos- 
phoglyceric acid; d,l-glyceraldehyde 3-phosphate, DPN, DPNH and crystalline en- 
zymes x~ere obtained from the Sigma Chemical Company, 3-Phosphoglycerate was 
employed in these experiments as the potassium salt. 

Activity of the 3-phosphoglycerate khlase was assayed according to the procedure 
of BUCHER 6,~. Acylase activity was assayed by the method of GRISOLIA el al. ~. 

Microoxygen-uptake measurements of DPNH ioxidation were carried om 
with a plat inum electrode oxygraph manufactured by the Gilson Electronics Co., 
Middleton, Wisc. Myosin was prepared according to the procedure of SZENT-GY~RGYa~. 

RESULTS 

The effect of adding the endoplasmic reticulum fraction to the glycolyzing supernat ,am 
fraction is to increase by 50 % or more the rate of glycolysis throughout the 6o-min 
experimental period. Fig. I shows that  the increase in rate of glycolysis upon addition 
of the endoplasmic reticulum fraction is directly related to the amount  of the endo- 
plasmic reticulum fraction added. The rate of glycolysis increases as more of ,~dhe 
endoplasmic reticulum fraction is added unti l  it finally levels off at a maximal  ra~e. 
Only trace levels of contaminat ion by  the glycolytic enz~ne  system (of the o~d~r 
of i or 2 % of the equivalent supernatant  fraction) are found in the endoplasmic 
reticulum fraction. Activity of 3-phosphoglycerate kinase was tested separately wi~a 
similar results. 
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Fig. I. The effect of varied amounts of added endoplasmic reticulum fraction or a lllyo~'~ ~-T~--~- 
ration on the rate oi glycolysis (Fru-x,6-P= to lactate) carried out by the kidney s u ~ t a a ~ t  
fraction. Incubation flasks contained 3o0/imoles KCI, 9 itmoles MgCI 2, 15o/*moles potassimm 
phosphate (pH 7), 3/~moles ADP, 67 ° #moles nicotinamide, o.o33/,mole DPN and 3o/*mo]~ 
Fru-I,6-P~. The incubation volume was 3 ml. Each flask contained o. 5 ml of the kidney st~m'- 
natant fraction. The amount of the endoplasmic reticulum fraction added is indicated im 
graph. An amount of o.25 M sucrose was added to each incubation flask so that the endolg|a~vtt~e 
reticulum fraction plus added sucrose totalled o.9 ml. V~'nere a myosin preparation is addefl ~m 
amount of o.6 M KC1 was added to all flasks so that myosin plus KC1 equalled o. 9 ml. Each intm- 

bation was for 60 min. 
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T h e  sec t ion  of t h e  g lycolyt ic  p a t h w a y  af fec ted  b y  t h e  endop la smic  r e t i cu lum 
f r ac t ion  is s h o w n  b y  t h e  d a t a  p r e s e n t e d  in T a b l e  I to  be b e t w e e n  F r u - i , 6 - P  2 a n d  
3 -phosphog lyce ra t e .  S t i m u l a t i o n  of glycolysis  is f ound  w i t h  e i t he r  G le -6 -P  or F ru -  
1 ,6 -P  2 a'~ s u b s t r a t e ,  b u t  does no t  occur  w i th  3 - p h o s p h o g l y c e r a t e  as s u b s t r a t e .  W i t h  
G l c - 6 - P  or F r u - I , 6 - P o  as s u b s t r a t e  t h e  f o r m a t i o n  of l a c t a t e  is inc reased  5o % or 

TAI',LE I 

THE EFFECT OF THE ENOOPLAGMIC RI.;TICIdLUSI FRACTION O.~r GLYCOLYSIS 

Each incubation contained 3oo 1~moles KCI, 9/imoles MgClz, i5o llmoles potassium phosphate 
(pH 7), 3 l, moles ADP, 3/tmoles ATP, 67o ltrnoles nicotinamide, o.o33/imole DPN and 3o llmoles 
snbstrate. The incubation volume was 3 ml. Each flask contained o. 5 ml of the kidney supernatant 
fraction. Each flask contained either o.9 ml of the endoplasmic reticulum fraction or o. 9 ml of 
0.25 M sucrose. Experiments were paired wi_h and without the endoplasmic reticulum fraction 
(ER) for each kidney preparation. The incubations were for 6o min. The results are reported 

S.E. of the mean. 

Reaction Number o.[ 
preparations 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

| i 
Glc-6-P to lactate i 

i 

Fru-I,6-P., to lactate 12 
Fru-t ,6-P a to lactate (arsenate 2.8- to -~ Mt 5 
3-Phosphoglycerate to pyruv,~ te 4 

I,moh.~ hvtatc or pyrmlate fl*rmed 

Withtmt ER I'~R add,'d 

I2. 5 i8.6 
16.6 25.4 

13.7 :k 1.o6 23.2 !~ 1.34 
I0,9 ~ 0.44 17.3 / 0.57 
14.2 ~ 0.69 14.2 :~ 0.45 

more .  I t  s h o u l d  be  n o t e d  t h a t  w i t h  these  s u b s t r a t e s  t h e  p y r u v a t e  fo rmed  is a b o u t  
2o % of t h e  t o t a l  p y r u v a t e  a n d  l a c t a t e  fo rmed  as  e n d  p r o d u c t s  of glycolysis .  This  
e q u i l i b r i u m  is n o t  g r e a t l y  a f fec ted  b y  t h e  a d d i t i o n  of t h e  e n d o p l a s m i c  r e t i cu lum 

f rac t ion .  There fo re ,  l a c t a t e  can  se rve  as an  overa l l  i n d e x  of g lycoly t ic  a c t i v i t y .  W h e n  

3 - p h o s p h o g l y c e r a t e  was  used  as  s u b s t r a t e  in  o u r  p r e p a r a t i o n  on ly  p ? ~ u v a t e  was 
f o r m e d  s ince no  D P N H  is g e n e r a t e d .  T h e  conve r s ion  of 3 - p h o s p h o g l y c e r a t e  to  p y r u v a t e  
is n o t  s t i m u l a t e d  b y  a d d i n g  t h e  e n d o p l a s m i e  r e t i c u l u m  frac t ion .  

Lower  levels  of t h e  fol lowing g lyco ly t ic  cofac to rs  d id  n o t  a p p e a r  to  a l t e r  s t imu-  
l a t i o n  of g lyco ly t ic  a c t i v i t y  b y  t h e  e n d o p l a s m i c  r e t i c u l u m  f rac t ion .  S t i m u l a t i o n  was 

o b s e r v e d  w i t h  p h o s p h a t e  levels  as  low as 3 mM. S t i m u l a t i o n  was also obse rved  w i t h  
D P N  levels  f rom I O - ~ I o  -4 M. S t i m u l a t i o n  was f o u n d  a t  all  m a g n e s i u m l e v e l s  b e t w e e n  
I a n d  12-1o  -3 M. T h e  fol lowing two  r eac t i ons  a re  p a r t  of t h e  g lycolyt ic  p a t h w a y  
t h a t  is s t i m u l a t e d .  

Glyceraldehyde 3-phosphate + DPN + PI 

glyceraldehyde 3-phosphate 
dehydrogenase 

~x,3-diphosphoglycerate + DPNH 

1,3-Diphosphoglycerate + ADP 
3-phosphoglycerate 

kinase 
~ _ _  ~3-phosphoglycerate + ATP 

I f  a d e q u a t e  levels  of a r s e n a t e  a re  p r e s e n t  t h e  g lyce ra ldehyde  3 - p h o s p h a t e  in 
t h e  p re sence  of i t s  d e h y d r o g e n a s e  forms  t h e  u n s t a b l e  i - a r s e n 6 - 3 - p h o s p h o g l y c e r a t e  
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which spontaneously decomposes to  3-phosphoglyceratel0, ix. This eliminates the 
3-phosphoglycerate kinase react ion f rom the  glycol) t ic  sequence. When arsenate is 
added to a glycolyzing incubat ion the  ra te  of  glyco|ysis is enhanced J~. Table I shows 
that  when arsenate  is present  no s t imulat ion occurs upon addi t ion of the endoplasmic 
reticulum fraction. This observation poin ts  to  the  3-phosphoglycerate kinase enzyme 
as the site of interact ion with the  endoplasmic ret iculum fraction tha t  affects the 
rate  of glycolysis. 

ATPase ac t iv i ty  of the  endoplasmie reticuInm fraction has been previously 
described 3. I t  was postula ted tha t  the  ATPase  ac t iv i ty  of the endoplasmic ret iculum 
fraction is responsible for the  s t imulat ion of glycolysis and tha t  other  active ATPase 
preparat ions  should also s t imulate  glycol_v~. Several  myosin preparat ions  from rabbi t  
skeletal muscle with high ATPase ac t iv i~-  were added  to the  kidney glycolyzing 
system. Stimulus of glycolysis ranging from 5o-90 % is obtained with these prepa-  
rations. One of these exper iments  is p lo t ted  in Fig. x. 

ATPase ac t iv i ty  could serve to  main ta in  maxLmal levels of glycolysis by  re- 
generat ing adequate  subst ra te  levels of A D P  from ATP as the A D P  is depleted by  
3-phosphoglycerate kinase act ivi~, .  High su l~ l ra te  levels of A D P  would be expected 
to subst i tute  for such an effect. The exnperhnent p lo t ted  in Fig. 2 shows tha t  a s t imu- 
lation of glycolysis by  the  endoplasmic re t iculum fraction takes  place at  almost  all 
substrate  levels of ADP. The only exception is a t  the  very  lowest A D P  level s tudied.  
This may  be due to the  ADPase  activity, of the  endoplasmic ret iculum fraction de- 
s troying the l imited A D P  available.  The soluble glycolyzing fraction with or wi thout  
the endoplasmic ret iculum fraction added  will tarry,  out glycolysis if ATP subst i tu tes  
for ADP. An experiment  with vary ing  levels of ATP in the  absence of A D P  resul(ed 
in glycolytic activi t ies almost iden t i ca l to  t h ¢ ~  seen with A D P  in Fig. 2. If the AT Pase 
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Fig. 2. The effect of varying levels of ADPom ~ (Fru-t,6-P 2 to lactate) carried out by the 
kidney supernatant fraction in the ~ mini mh~nce of the endoplasrnic reticulum fraction. 
Substrate, cofactor, and enzyme addititms are ¢~sc~rl~t h~ the legend of Fig. x. ADP levels are 

those indicated on the abscissa off the graph. Each incubation was for 6o min. 

ac t iv i ty  of the  endop!~mic  re t icnlum tr~,-tion is the  cause of the increased glycolysis,  
this ATPase is producing i ts  effect b y  ac t ing  o n  ATP formed at  the  3-phosphoglycerate 
kinase enzyme site ra ther  than  merely, regenerat ing A D P  in the  incubat ion medium. 
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Fig. 3 is a study of the effect of ttle endoplasmic reticulum fraction on crystalline 
yeast 3-phosphoglycerate kinase enzyme activity. The fraction has two effects on 
the 3-phosphoglycerate kinase enzyme reaction : The rate of the reaction is more than 
doubled and the reaction proceeds irreversibly to completion rather than to the 
equilibrium point reached with 3-phosphoglycerate kinase in the absence of the 
endoplasmic reticulum fraction. The reaction with 3-phosphoglycerate kinase is 
assayed by measuring at 34 ° m~ the absorbancy change resulting from DPNH 
formed by the dehydrogenase as glyceraldehyde 3-phosphate is converted by two 
enzymic reactions to 3-phosphoglycerate. The endoplasmic reticulum fraction con- 
tains an active DPNH oxidase which readily reoxidizes the DPNH formed in the 
above reactions to DPN. Deoxycorticosterone inhibits this DPNH oxidase and was 
added to the cuvettes in order to permit the measurement of the absorbancy change 
that  results from the kinase reaction. The reaction of the glyceraldehyde 3-phosphate 
in the presence of arsenate is also shown for comparison. This reaction proceeds 
irreversibly and rapidly to completion. The initial absorbancy change that  occurs 
on adding the endoplasmic reticulum fraction is due to turbidity of the particulate 
fraction. 

I t  is proposed that  the 3-phosphoglycerate kinase reaction is irreversible in the 
presence of the endoplasmic reticulum fraction because ATP formed by the 3-phos- 
phoglycerate kinase enzyme is hydrolyzed by the fraction. In  the complete glycolytic 
enzyme system stimulation of glycolysls occurs even at high ATP levels suggesting 
that  hydrolysis of the ATP occurs at the kinase enzyme site. An alternate hypothesis 
would be an acylase cleavage by the endoplasmic reticulum fraction of the 1,3-di- 
phosphoglycerate to yield 3-phosphoglycerate and phosphate. Such a reaction would 
permit glyceraldehyde 3-phosphate to be converted to 3-phosphoglycerate in the 
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~ G L Y C E R A L D E H Y D E  3-PHOSPHATE-O- 
~" ARSE NATE +GLYC ERALDE H YDE 3-PHOSPHATE -O- 

MINUTES 

Fig. 3" Activity of crysLaliiiie 3-phosphuglscer~te tdnase in the presence and absence of the endo- 
plasmic reticulum fraction. The initial additions to all 3 cuvettes were I5O/*moles potassium 
phosphate (pH 6.9), 1.2 #moles MgCI 2, 1.2/tmoles ADP, I. 3/,moles DPN, 1.5 #moles d,/-glycer- 
aldehyde 3-phosphate, 6/lmoles glutathione and o.15 mg crystalline glyceraldehyde-3-phosphate 
dehydrogenase, x2 min was allowed for equilibration of the dehydrogenase reaction. Then ! mg 
deoxycorticosterone in o.o2 ml ethanol was added to each cuvette and o.i/tg of the crystalline 
yeast 3-phosphoglycerate kinase and/or o.i ml of the endoplasmic ret~c,-!~: -_ ""z: z~d~d as l,~ 
dicated on the graph. Final incubation volume wa.q 3 ml. The arsenate incubation contained 
no ADP, no MgCI v only 50 #moles potassium phosphate (pH 6.9) and had in addition 225/~moles 
sodium arsenate. The endoplasmic reticulum fraction employed in this experiment was freed of 

traces of Idnase activity by repeated washings of the preparation. 
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presence of the dehydrogenase and endoplasmic reticulum fraction and in ,"he absence 
of ADP and the kinase. The reaction, however, does not go unless ADP and the kinase 
are also present. When acylase activity was determined with acetyl phc,sphate as 
substrate, no acylase activity was found in the endoplasmic reticulum fraction..  

The Km for ADP in the crystalline yeast 3-phosphoglycerate kinase enzyme has 
been reportc& as '2. io -4 M. This was the approximate value found for our crystalline 
yeast preparation. The apparent Km for ADP was also determined when the endo- 
plasmic reticulum fraction was added to the kinase enzyme. Values in 3 determinations 
ranged from 2 to 4" IO-4 M which is essentially no change. ADPase activity present in 
the endoplasmic reticulum fraction may adversely affect the accuracy of these 
measurements. This absence of a significant change in the Km is in contrast to studies 
of the interaction of creatine kinase and myosin ATPase is where lowering of the 
Kra for adenine nucleotides from 3" Io-4 M to IO -6 l~{ was observed when both enzymes 
were present. 

The endoplasmic reticulum fraction of kidney oxidizes DPNH. This can be 
measured both by absorbancy changes at 34 ° m/z indicating the disappearance of 
DPNH and by the uptake of oxygen measured with a platinum electrode oxygraph. 
Fig. 4 shows that  there is an almost stoichiometric oxygen uptake when DPNH is 
added to the endoplasmic reticulum fraction. 

A second interaction between the glycolytic enzyme system and the endoplasmic 
reticulum fraction is shown in Fig. 4. In glycolysis DPNH is generated by the oxidation 
of glyceraldehyde 3-phosphate. If  only glycolytic enzymes are present most of this 
DPNH is reoxidized when pyruvic acid becomes lactic acid. In homogenates or 
reconstructed cell systems the mechanism of reoxidation of DPNH generated in t h e  
course of glycolysis has not been completely elucidated t4. Although the rat-kidney 
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COFACTORS 

TIME (OLIN) 
Fig. 4- Oxygen uptake of the endop]asmic reticulum fraction in the presence o{ DPNH or a 
g|yco|yt~c system as recorded from the plat inum electrode. ~eactions were measured at room 

temperature. The incubation mLxture for DPNH o~dal~on contained i5o/~moles TrJs buffe~" (DH 7) 
200 ~mo]es ECI, Ioo/~mo]es p o ~ i n m  phosphate buyer (pH 7) and 0.2 1111 of the endoplasmic 
r e t i c u l u m  f r a c t i o n .  T h e  i n c u b a t i o n  v o l u m e  w a s  2. 4 ml .  0 . 3 7 5  p m o l e  D P N H  w a s  a d d e d  a s  i n -  
d i c a t e d  on the chart. Mixtures for glycolysis contained 24o pmoles KCI, 22o pmoles potassium 
phosphate buffer (pH 7), o.2 ml of the kidney supernatant fraction and o.2 ml of the endoplasmi¢ 
reticulum fraction. Coiactors and substrates indicated on the chart were 2. 4 pmoles ADP, 

2. 4 pmoles MgCI= and x5 pmoles Fru-x06-P v The final incubation volume was 2. 4 ml. 
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glycolyzing system does use DPNH to form lactate, it is seen in Fig 4 that the 
glycolyzing system in the presence of the endoplasmic reticulum fraction has an 
oxygen uptake. No oxygen uptake is observed if the membrane fraction is absent. 
The following observations indicate that the source of this oxygen uptake is the 
DPNH generated by the glycecaldehyde-3-phosphate dehydrogenase reaction. The 
oxygen uptake il~ glycolysis when the endoplasmic reticu!um fraction is present 
occurs with Fru-i,6-P z as substrate but does not occur if 3-phosphoglycerate is the 
substrate. The endoplasmic reticulum DPNH oxidase is inhibited more than 5 ° % 
by lO -5 M deoxycorticosterone and is almost completely inhibited by xo -4 M deoxy- 
corticosterone. (The DPNH oxidase found in the microsomal fraction oi rat kidney 
is inhibited by many steroidslS.) Glycolytic oxygen uptake is almost completely inhi- 
bited by IO -4 M deoxycorticosterone. 

I t  appears that  the continuous production of DPNH in glycolysis results in a 
small but continuous DPNH oxidase reaction in the endoplasmic reticulum which 
can be visualized as a steady flow of electrons from DPNH to oxygen within the 
membrane. 

DISCUSSION 

The properties of ATPase activity found in this rat-kidney membrane preparation 
have been described in the preceding paper s . The data strongly indicated that this 
ATPase system is a component of the system for active transport of sodium and 
potassium across kidney membranes. 

"The present paper shows that this kidney membrane preparation stimulates 
glycolytic activity of the soluble cytoplasmic enzyme li~.tion by interacting with 
3-phosphoglycerate kinase. The following experimental observations support the 
concept that  this interaction stimulating glycolysis is probably due to ATPase activity 
of the membrane interacting specifically with ATP generated by the kinase. A myosin 
preparation with ATPase activity stimulates glycolysis to about the same extent. 
Acylase activity which, if present, could stimulate glycolysis by eliminating the kinase 
step is not found in the membrane. Varied levels of DPN, Mg ~+ or Pl did not affect 
the stimulation. The stimulating action of the ATPase could be attributed to regene- 
ration of ADP in the medium. However, high levels of ADP or A TP  in the medium 
did not affect tile stimulation. This means that  if ATP hydrolysis stimulates glycolysis 
it must occur at the kinase site. The kinase reaction studied with a crystalline 
3-phosphoglycerate kinase preparation was found to be accelerated by the membrane 
preparation with a shift of equilibrium toward 3-phosphoglycerate. This is readily 
explained if ATP generated by the kinase is hydrolyzed by the membrane. 

The significance of this interaction is its apparent direct coupling of a metabolic 
reaction which generates ATP in the cytoplasm with a membrane ATPase that 
participates in active transport of sodium and potassium. I t  can be assumed that 
any metabolically generated ATP _might have access to the membra~'~e. However, 
these experiments do demonstrate a specific point of interaction that affects the 
overall rate of glycolysis, This direct demonstration adds to the accumulated evidence 
that glycolytic energy is used for active-transport processes. 

The oxidation of glyceraldehyde 3-phosphate l esults in a second interaction with 
the membrane fraction. A part of the DPNH generated is oxidized by the membrane 
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f rac t ion .  Th i s  D P N H  ox ida t i on  g e n e r a t e s  a s t e a d y  flow of e l ec t rons  f r o m  D P N H  t o  
oxygen  in t h e  m e m b r a n e .  Th i s  e l ec t ron  flow r e p r e s e n t s  a m e a s u r a b l e  e n e r g y  i n p u t  
i n to  t h e  m e m b r a n e  a n d  is r ead i ly  i n h i b i t e d  b y  lO -4 M n o n p o l  a r s t e r o i d  h o r m o n e s .  I t  
is t e m p t i n g  to  p o s t u l a t e  t h a t  t h i s  i n t e r a c t i o n  of D P N H  g e n e r a t e d  b y  glycolys is  a n d  
t h e  D P N H  oxidase  of t h e  m e m b r a n e  is a c o m p o n e n t  of i o n - t r a n s p o r t  s y s t e m s  in  t h e  

m e m b r a n e .  
I t  s h o u l d  be  n o t e d  t h a t  in  t h i s  s y s t e m  n e a r l y  all  of t h e  D P N H  f o r m e d  in  g lycolys is  

is used  to  c o n v e r t  p y r u v a t e  to  l ac ta t e .  I n  t h e  i n t a c t  cell r e l a t i v e l y  l i t t l e  l a c t a t e  is 
formed.  I t  is poss ib le  t h a t  m u c h  more  g lyco ly t i ca l ly  g e n e r a t e d  D P N H  is a v a i l a b l e  
to  t h e  m e m b r a n e  in  t h e  i n t a c t  cell. 

ACKNOWLEDGEMENTS 

T h e  a u t h o r s  a re  i n d e b t e d  to  Mr. G. LOCKETT a n d  Mrs. M. OWENS for t h e i r  c o m p e t e n t  
t e c h n i c a l  ass i s tance .  Th i s  i n v e s t i g a t i o n  was  s u p p o r t e d  b y  r e sea rch  g r a n t s  A-47o  3 
a n d  C-2o2o f rom t h e  U.S.  Pub l i c  H e a l t h  Service  a n d  a n  i n s t i t u t i o n a l  g r a n t  f r o m  t h e  

A m e r i c a n  Cancer  Society .  
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