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SUMMARY 

The act iv i t ies  of UDPase ,  a smooth  endoplasmic  re t icu lum marke r  enzyme;  
esterase,  a rough endoplasmic  re t iculum marke r  enzyme,  and  5 ' -nucleot idase,  a p lasma 
m e m b r a n e  m a r k e r  enzyme were measured  as a function of cell cycle t ime in L5178Y 
cells synchronized  with excess t hymid ine  and colcemid. UDPase  was act ive main ly  in 
the S per iod of the  cell cycle with a peak 6.5 h post  mitosis.  5 ' -Nucleot idase  was ac t ive  
main ly  in the  S per iod of the (-ell cycle with a peak 5.o h post  mitosis.  Es terase  was 
ac t ive  th roughou t  the  cell cycle but  ma inh '  in ear ly  S period. Each enzyme followed 
a peak pa t te rn .  

I N T R O D U C T I O N  

The use of m a r k e r  enzymes for the ident i f icat ion and analysis  of membranes  
or subcel lular  f ract ions  is of increasing impor tance .  Examples  of enzymes used in 
th is  manner  and the par t ic le  or membrane  they  iden t i fy  are : succinic dehydrogenase  
(EC 1.3.99.I), inner  mi tochondr ia l  membrane1;  monoamine  oxidase,  outer  mi to-  
chondr ia l  membrane2;  co l lagen:g lucosyl  t ransferase,  p lasma membranea;  and acid 
phospha t a se  (EC 3.i.3.2), lysosome 4. In each ins tance at  least  two cri teria n-rest be 
fulfil led for the  enzyme to be useful as a marke r :  (a) the  enzyme must  be present  
r a t h e r  exclus ively  in the  par t ic le  or membrane  and (b) the  enzyme mus t  be r a the r  
t i gh t ly  bound  to the  membrane  or par t ic le  or t igh t ly  held within the part icle ,  it  
identif ies so as not  to be lost or solubilized dur ing isolation. "Fhree enzymes qui te  often 
used to ident i fy  the  membranes  of the (:ell are UDPase  (EC 3.6.L6), descr ibed as a 
smoo th  endoplasmic  re t icu lum marke r  enzyme", esterase (EC 3. I . I )  a rough endo- 
p lasmic  re t iculum marke r  e n z y m d  ~ and 5 ' -nucleot idase  (EC 3.I.3.5) a p lasma  or 
surface lnembrane  marke r  enzyme v,~. The present  repor t  documents  the ac t i v i t y  of 
these  three  membrane  marke r  enzymes in synchronized I , I578Y cells. 

The ac t iv i ty  of a va r i e ty  of enzymes in swlchronous cul tures  has been s tudied  '~ 
p r imar i l y  in cells of non -mammal i an  origin because of the difficulty of synchroniz ing  
mainmal ian  cells. In measur ing ac t i v i t y  of an enzyme in the cell cycle it should be 
noted  tha t  one is measur ing  the net  result  of synthesis ,  degrada t ion ,  ac t iva t ion ,  
inhib i t ion ,  ava i l ab i l i ty  and cofactor  ava i l ab i l i ty  and not  mereh" synthes is  of the  
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enzyme. Furthermore, even though excess substrate and necessary cofactors are 
supplied in the assay for the enzyme, the limitation in vivo or availability of these 
may, in fact, be what controls enzyme activity. Measurement of enzyme activity in 
synchronized cells has produced widely different patterns of activityg; e.g. in svn- 
chronized HeLa cells alkaline phosphatase (EC 3.I.3.I) is detected at a more or less 
constant rate over the cell cyclO ° while glucose-6-phosphate dehydrogenase 
(EC 1.1.1.49 ) and lactate dehydrogenase (EC 1.1.1.27) exhibit three peaks of activity, 
3, 7 and IO h post mitosis 11. 

MATERIALS AND METHODS 

Ceil culture 
L5178Y cells (mouse lymphoma cell line) were grown in suspension culture in 

sealed containers in FISCHER'S medium 12 with IO % horse sermn and were utilized in 
the exponential growth phase. FISCHER'S medium in liquid form and horse serum were 
supplied by Grand Island Biological Co., Buffalo, N. Y; to the supplied medium, 
penicillin to 5oo units/ml and streptomycin to o.o5 mg/ml were added. Cell numbers 
were determined in a Coulter counter or by counting in a hemocytometer counting 
chamber. Cells were synchronized by the method of DOIDA AND OKADA 13, by applying 
one treatment with excess thymidine followed by one treatment with colcemid and 
deoxycytidine. At each half-hour or hour after release from the colcemid block 3 o ml 
of cell suspension were centrifuged out of solution at 25oo x g for 5 vain and I ml 
of o.I °o Triton X-Ioo was added. The cells were homogenized by 3o strokes with a 
Ten Broeck homogenizer and assayed immediately or frozen until ready for use. The 
extracts were always assayed for enzyme activity on either the same day as extraction 
or on the following day; however, experiments indicated that the enzymes described 
herein were completely stable for at least I week in the frozen extract. Simultaneously 
with the sampling for extraction, 3 ml of cells were centrifuged out of solution, 
resuspended in o.2 ml of Fischer's medium containing IO #C of IiaH!thymidine 
(I5C/mmole) (New England Nuclear Corp.) and incubated at 37 ° for 5 rain. The incu- 
bation was terminated with IO % trichloroacetic acid, centrifuged, the insoluble pellet 
washed two times with Io % trichloroacetic acid and once with ethanol--diethyl ether 
(2 : I, v/v), dissolved in I M NaOH, plated on a glass filter disc and counted in a liquid 
scintillation counter. Counts/rain from zero time incubations which were precipitated 
hnmediately were subtracted from these results. This radioactive incorporation of 
aH]thymidine is an indication of DNA synthesis in the cell and is a useful measure 

of synchrony and the S period. Protein was determined by the method of LOWRY et 
al?L Crystalline bovine serum albumin was used as a standard. Protein per cell 
increased linearly from about o. 9 mg/Io: cells to about 1. 7 mg/io v cells after about 9.5 
h and then dropped back to o. 9 mg/Io v cells. In general there was a doubling of the 
cells at 9.5-1o h after release from the M block. 

EltT~V~te assay 

Esterase activity in the o.I % Triton X-Ioo extracts was determined with 
p-nitrophenyl acetate as substrate by the method of BIER 15. The 5'-nucleotidase 
activity was assayed with 5'-AMP as substrate by the method of HEPPEL AND 
HILMOE x6, and the UDPase activity was determined by the method of PLAUT iv. 
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R E S U L T S  A N D  D I S C U S S I O N  

Ini t ial ly,  it was deemed necessary to determine  levels of ac t iv i ty  of each of 

the enzymes in o.I o.~,o Tr i ton  X- Ioo  ext rac ts  of logari thmic phase LSI78Y cells. 

The results, presented in Table  I indicate  tha t  UDPase  was present  at the highest 

ac t iv i ty  in the L5178Y cells followed by 5 ' -nucleotidase and finally esterase. Each of 

the enzymes was linear with respect to volume of ex t rac t  and boiling of the ex t rac t  

before assay reduced the ac t iv i ty  to zero for 5 ' -nucleot idase and esterase, and to 

only Io m/~moles/h for UDPase  (Table I). t ;ur thermore,  no ac t iv i ty  was present in 

zero t ime controls for any of the enzyme activities.  

TABLE I 

ACTIVITIES OF T H R E E  MEMBRANE MARKER E NZ YM E S IN L O G A R I T H M I C  L 5 1 7 8 Y  CELLS 

Cells were harvested in logarithmic phase of growth and extracted with o.~ °, o Triton X-ioo as 
given in the text. ioo/~1 of extract represent 0.425 mg of protein and approx. 3.3" I°G cells. (Boil) 
represents samples in which the extract was boiled 2 min before assay. (o time) represents samples 
which were not incubated but in which the assay was terminated immediately after addition of 
the extract. Conditions of assays were as given in the text. Volumes were balanced with glass- 
distilled water. Data are given as m/mmles/h and as means ± S. 1). 

Condilions UDPase 5"-N~,cleotidase Esgerase 

l o o / d  of extract 45 ° }~II 96 ~ 4 41 ~ 3 
80 t*t of extract 360 i 14 7~q ± I 33 ± r 
60 [~1 of extract 300 -- 2I 50 ~ 2 25 ± 2 
4 o/~lofextract  186 ± 4 4 ° ± 3 17 ~: I 
201~lof extract 89 =- 4 19 7_ 2 S ~ 
o/*1 of extract o o o 

IOO /d of extract (Boil) io c~ 4 o 
IOO / / l  of extract (o time) o o 

Fig. I presents the da ta  on the ac t iv i ty  of the three enzymes in the cell cycle 

of L5178Y cells and the results of the incorporat ion of i3HJthymidine.  The incorpora- 

tion of !aHJtbymidine into t r ichloroacet ic  acid-insoluble mater ia l  was e levated from 

2 to 8 h post mitosis. There was v i r tua l ly  no UDPase  ac t iv i ty  in periods exclusive of 

S; ac t iv i ty  s tar ted at about  2.5 h, reached a shoulder of about  2oo m/~moles/h at 

4-5 h and was max imal  at about  33o m~moles /h  at 6.5 h post mitosis. After  the peak 

ac t iv i ty  of 6.5 h the UDPase  ac t iv i ty  fell ra ther  rapidly and there was again vir tual ly  
no ac t iv i ty  9, 9.5 and IO h post initosis. 5 ' -Nucleot idase was act ive throughout  the 

cell cycle with a very small peak of ac t iv i ty  of about  22 nv~moles/h at the (~ S 

interphase of 2 2.5 h ; the ma jo r i ty  of the ac t iv i ty  was in the S period with the highest 
ac t iv i ty  of 85 in~moles/h at 5 and 5-5 h (Fig. i). Esterase had an even higher re la t ive  
basal ac t iv i ty  of about  8 12 m/,moles/h on ei ther side of peak ac t iv i ty  of 24 nl~tlnoles.'h 
which occurred 4.5 h post mitosis. Esterase ac t iv i ty  began to rise at 1. 5 h, definitely 
still in the ( ; i  period. 

The da ta  presented in this report  indicate tha t  the act ivi t ies of the three 
membrane  marker  enzymes studied are similar in that  each is act ive p redominan t ly  
in the S period of the L5178Y cell cycle. Since the ac t iv i ty  of an enzyme is a net  
result  of man\" factors it is difficult to determine when in the cell cycle synthesis occurs. 
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However ,  it  is of in teres t  t ha t  in L5178Y the S per iod is the  pr incipal  per iod for 
synthesis  of prote ins  (enzymes) and glycoprote ins  while l ipids and glycolipids seem 
to be synthes ized exclus ively  in G 2 and M (ref. 18). If in fact  the  membrane  marke r  
enzymes are ac t ive  only af ter  t hey  are bound  to thei r  respect ive  membranes ,  these 
membranes ,  f ragments ,  or subuni t s  mus t  be synthes ized  ra the r  ear ly  in the  cell cycle 
in the S per iod perhaps  using pre-exis t ing l ipids and glycolipids.  

M/'G, . /  S /C~ .,~ 90"I ~ / ' 91  / S /C~,,¢~ 

C~ ~ 9000 |THYMIDINE d ~ 

, , , , , , , i , , , 

" 1 
i i i i , i i i J J i , , i i , i i i 

o 2 a 6 a m o 2 a 6 s m 

HOURS 

Fig. [. Ac t i v i t y  of three membrane marker enzymes in synchronized L5178Y cells. Cells were 
released from the M block at zero h. i ml of culture contained approx, i- ~o~ cells except at 9-5 IO h 
when double that amount was present. At each o.5-h period an aliquot of synchronized cells was 
extracted with o.i ~o Triton X-ioo for enzyme assay or incubated in complete FlSCHER'S medium 
with IO pC of ~H] thymidine for 5 min. Radioactivity was determined in three times trichloro- 
acetic acid-washed, one time ether-ethanol (i:2, v/v)-extracted material. Each point is the mean 
from seven independent experiments. 

Each  of the  enzyme pa t t e rns  descr ibed for the  three  membrane  marke r  enzymes  
seem to fit the peak  pa t t e rn  of ~/[ ITCHISON 9 a s  opposed to the  step, cont inuous  exponen-  
tial,  or cont inuous  l inear  pa t t e rn s  9. I t  is of in teres t  t ha t  in MITCHISON's" repor t  most  
non -mammal i an  cells seem to follow non-peak  p a t t e r n s  while most  m a m m a l i a n  cells 
have peak  pa t t e rns  for the  enzymes studied". The ac t iv i ty  pa t t e rn s  for the  three  
membrane  marke r  enzymes  r epor t ed  herein for m a m m a l i a n  cells seem to be peak  
pa t t e rn s  wi th  the  peak  in the  S per iod of the  cell cycle. The rise por t ion  of the  peak  
is usual ly  equa ted  with  synthesis  while the  decline por t ion  of the  peak  is usua l ly  
equa ted  with degrada t ion  or ins tab i l i ty .  I t  would  be of in teres t  to de te rmine  in the  
case of these membrane  marke r  enzymes whether  the  decline of the  ac t i v i t y  af ter  the  
peak  resul ts  from pro teo ly t ic  degrada t ion ,  inherent  ins t ab i l i ty  of the  enzymes which 
allows the rmal  or o ther  pe r tu rba t ions  to cause dena tu ra t i on  or conformat iona l  changes 
render ing inac t iv i ty ,  or from non-ava i l ab i l i ty  of the  enzymes  or cofactors  at  cer ta in  
t imes.  The second a l t e rna t ive  does not  seem to pe r ta in  since the  enzymes are qui te  
s table  af ter  ex t rac t ion  and the th i rd  a l t e rna t ive  does not  seem reasonable  since the  
non-ionic de te rgen t  ex t rac t s  each sample  equal ly  well and  cofactors  are suppl ied  in 
the  assay.  Thus  i t  seems t ha t  not  only  does the  cell possess mechanisms  for the  syn- 
thesis of enzymes at  precise t imes  in the  cell cycle bu t  t ha t  also the  cell has mechanisms  
for the  degrada t ion  or inac t iva t ion  of enzymes at  equal ly  precise t imes.  
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