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SUMMARY 

The metabolism of HeLa cell plasma membranes during the cell cycle was 
studied by following the incorporation of radioactive precursor L-[~H]fucose into 
plasma membranes of synchronized cells. Maximal incorporation of the radioactive 
precursor was observed in late S phase of the cell cycle. This discrete period of 
increased incorporation of precursor into the plasma membranes implies the existence 
of a distinct control mechanism which may relate cell surface phenomena to the cell 
cycle. 

INTRODUCTION 

The use of synchronized cells in culture permits the study of temporal relation- 
ships between various cellular metabolic events and may help to elucidate the control 
mechanisms governing these events. Of particular interest is the possible existence of 
regulatory processes controlling the synthesis of various classes of macromolecules 
and assembly of organelles. Discrete periods of synthesis of such macromolecules 
during the cell cycle would imply the existence of distinct regulatory mechanisms; in 
this respect DNA, histones 1, and certain glycolipids * have been shown to be syn- 
thesized at a discrete stage in the cell cycle of animal cells. Our interest is in the 
metabolism of HeLa cell plasma membranes; by similar arguments, a discrete period of 
incorporation of precursors into plasma membrane components would imply the 
existence of some control mechanisms concerned vcith the synthesis of membranes. 
The elucidation of such controlled synthesis of membranes is of general interest since 
it could provide insights into possible regulatory interplay between cell surface 
changes and cell division. 

In experiments described below the incorporation of L-E3H]fucose into whole 
cells and plasma membranes of synchronized HeLa cells was studied. The plasma 
membranes were purified by a simple and rapid technique developed in this 
laboratory ~. This method yields plasma membrane material in the form of intact 
ghosts and does not require the use of cross-linking agents or fixatives. I-Fucose was 
chosen as a precursor because it it is incorporated directly into macromolecules by 
animal cells*, without transformation into glycogen or amino acids 5,~. Also, the 
in vivo incorporation of L-fucose into the surface membrane of animal cells has been 
demonstrated by electron microscope radioautography in rat villi columnar cells 7 
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and by studies on the distribution of L-[~H]fucose in various subcellular fractions 
of HeLa cells 3, where it was shown that  most of the L-ISH~fucose incorporated by 
HeLa cells is recovered in the plasma membranes. In studies on the metabolism of 
L-[3Hlfucose in plasma membranes of HeLa cells we show that  L-[3H]fucose is 
maximally incorporated during late S phase of the cell cycle. 

MATERIALS AND METHODS 

Culture conditions, synchronization and radioactive labelling 
HeLa Sz cells were grown in suspension culture in Eagle's minimal essential 

medium supplemented with 3.5 % fetal calf serum, 3.5 % calf serum, penicillin and 
streptomycin. The cells were synchronized by  the double thymidine block method 
as adapted for suspension cultures by Pagoulatos and Darnell 8. This method gives 
at least 9 ° % synchrony. After release from the second thymidine block the cells were 
washed with medium and resuspended at a concentration of 4" lO6 per ml. The 
synthesis of DNA was monitored by I5-min pulses with [14C]thymidine (New 
England Nuclear, 54.3 mC/mM, 0.5 #C/ml of cell suspension) at I-h intervals, and 
the rate of incorporation of L-[3HI fucose into trichloracetic acid precipitable material 
was estimated by I-h pulses with L-~3H]fucose (New England Nuclear, 4-3 C/mM, 
5/zC/ml of cell suspension) every hour. 

Purification of plasma membranes 
The plasma membranes were purified as described by Atkinson and Summers 3, 

a procedure which recovers plasma membranes as intact ghosts (Fig. I). The 

Fig. i. Phase contrast micrograph of plasma membrane ghosts in a hemocytometer. The ghosts 
were purified by one cycle of zonal centrifugation (see Materials and methods). The photograph 
was taken of material suspended in Tris buffer. The cross lines are those of the hemocytometer. 
Bar = 3 ° #m. 
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entire purification required only 45 rain which allowed the sequence of pulse 
labelings and membrane isolations shown in Fig. 3. Samples of 3.7" IO7 synchronized 
and labeled cells were washed, suspended in 4.0 ml of hypotonic Tris-HC1 buffer, 
pH 8 (Tris buffer), and allowed to swell for 5 min. The cells were then ruptured by 
IO-2O gentle strokes in a stainless steel Dounce homogenizer (clearance 0.002 inch). 
The ion concentration of the resulting homogenate was adjusted to I mM Mg 2÷, and 
the homogenate was centrifuged at IOOO × g for 15 sec to remove nuclei. The super- 
natant  was saved and the pellet resuspended in I ml of Tris buffer containing 
I mM Mg 2+, and the mixture recentrifuged at IOOO × g for 5 sec. The supernatant 
was again saved and the pellet washed once more in a similar fashion. Most of the 
plasma membranes obtained after Dounce homogenization was contained in these 
three supernatants. The supernatants were combined and layered onto two dis- 
continuous sucrose gradients, each composed of 15 ml of 30 % (w/w) sucrose on 5 ml 
of 45 % (w/w) sucrose in Tris buffer. The gradients were centrifuged at 7000 x g 
for 20 min and the plasma membrane ghosts were recovered from the 30-45 % 
interface with a syringe and No. 14 gauge canula. The sucrose solution in which 
the plasma membranes were suspended was diluted approx. 1:4 with Tris buffer 
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Fig. 2. Incorpora t ion  of [14C]thymidine and L-[3H]fucose by  synchronized HeLa cells. A culture 
of 5oo ml of synchronized HeLa cells was prepared in the following way:  cells at  3" lO5 per ml were 
incubated for 15 h in the presence of 2 mM thymidine (thymidine, grade A, Calbiochem), washed 
wi th  minimal  essential medium supplemented wi th  3.5 % fetal calf serum and 3.5 % calf serum, 
resuspended in 50o ml of the same medium wi thout  thymidine for io h, and then 2 mM thymidine  
was added again for the next  15 h. At  the end of this incubation the cells were washed wi th  
medium and resuspended at  a concentrat ion of 4" lO5 per ml. At  indicated t imes i -ml  samples 
from the culture were pulse-labeled wi th  o. 5 /zC]ml of [x4C]thymidine (54.3 mC/mmole,  New 
England Nuclear) for 15 rain, or with 5 / ,C/ml  of L-[3H]fucose (4'3 C/mmole, New England Nuclear) 
for I h. All incubations were carried out  at  37 ° wi th  constant  stirring. At the end of each pulse 
triplicate aliquots (o.2 ml) of the cell suspension were transferred into 3 ml of cold Earle 's  solution, 
centrifuged for 2 rain a t  iooo × g, resuspended in i ml of distilled water,  and i ml of i o% tri- 
chloroacetic acid was added. Precipitates were collected on glass filters (Whatman,  GFA), dried 
and 6 ml of scintillation fluid (2 vol. toluene, I vol. Tri ton X-Ioo,  R o h m  and Haas) added. Radio 
activity was determined in a Beckman scintillation counter.  - . . . . .  , [liC~thymidine, counts /min;  

, L-[3H]fucose, counts /min.  
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and the ghosts pelleted by centrifugation at 7000 × g for 5 min. The pellet was 
resuspended in I.O ml of Tris buffer and the concentration of plasma membrane 
ghosts in a I :IO dilution was determined by use of a hemocytometer (Fig. I) and 
phase microscopy. The number of ghosts varied between 20 and 4 ° % of the initial 
number of cells used in the preparation. In this way their yield was estimated and the 
incorporation of L-[SHlfucose normalized in the various preparations. 

RESULTS 

Maximum incorporation of [14]thymidine into trichloroacetic acid precipitable 
material occurred at 4.5 h after release from the thymidine block. The peak of 
L-ESH]fucose incorporation was observed about 2-3 h later, still within the S phase 
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Fig. 3. Incorpora t ion  of L-[SH]fucose in to  p l a s m a  m e m b r a n e s  of H e L a  cells a t  va r ious  t imes  
in t he  cell cycle. A cul ture  of x2oo ml  of synch ron ized  cells a t  a concen t r a t ion  of 3.7" Io5 per  ml  
was  ob ta ined  w i th  t he  use  of double  t h y m i d i n e  block (Fig. 2). A t  t he  ind ica ted  t imes  a f te r  r emova l  
of t he  second t h y m i d i n e  block loo-ml  samples  of cells were r emoved  f rom t h e  s tock  cul ture ,  
collected b y  cen t r i fuga t ion  and  r e suspended  in m i n i m a l  essent ia l  m e d i u m  (2o ml) a t  a concen-  
t r a t i on  of i .  85. I o s per  ml ;  o.o i ml  of  N-  2 -hydroxye thy lp ipe raz ine -N ' -2 -e thanesu l fon ic  acid organic  
buffer,  p H  7.4, was added  to  m a i n t a i n  a c o n s t a n t  pH.  The  concen t ra t ed  samples  of cells were 
i ncuba t ed  for I h in t he  presence of L-[SH]fucose (5 #C/ml) ,  collected b y  cent r i fuga t ion ,  washed  
twice  wi th  4 ° ml  of cold Ear le ' s  solut ion,  a n d  t he  p l a s m a  m e m b r a n e s  p repared  as descr ibed in 
Mater ia ls  a n d  me thods .  Dupl ica te  o . i -m l  a l iquots  of t he  p l a s m a  m e m b r a n e  suspens ion  were 
placed in i ml  of dist i l led water ,  o . i  ml  of xo % bovine  s e r u m  a l b u m i n  (o.25 mg/mi )  carr ier  pro te in  
a n d  I.o ml  of i o %  tr ichloroacet ic  acid added.  Prec ip i ta tes  were collected a n d  r ad ioac t iv i ty  
de t e rmined  as before (Fig. 2). o. 3 ml  of  t h e  p l a s m a  m e m b r a n e  suspens ion  was  used  for p ro te in  
de t e rmina t i on  by  t he  m e t h o d  of L owry  et al. °. The rad ioac t iv i ty  incorpora ted  in to  t he  p l a s m a  
m e m b r a n e s  a t  ind ica ted  t i mes  in t h e  cell cycle is expressed  per  g h o s t  (str iped bars)  or  per  /~g 
p ro te in  (b lank bars) . . . . . . .  , incorpora t ion  of [x4C]thymidine in to  whole  cells, d e t e rmined  as 
in Fig. i ; O - - O ,  n u m b e r  of cells per  ml.  
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Fig. 4. R a t e  of incorpora t ion  of L-[3H]fucose into t r ichloroacet ic  acid-insoluble mate r ia l  by  syn-  
chronized H e L a  cells dur ing  i - h  pulses  a t  va r ious  t imes  in t he  cell cycle. At  Io -min  in te rva ls ,  
dupl ica te  o . i -m l  a l iquots  were w i t h d r a w n  f rom t he  concen t ra t ed  sample  of cells used  la ter  for 
m e m b r a n e  p repa ra t ion  (Fig. 3), washed  wi th  cold Ear le ' s  solut ion and  rad ioac t iv i ty  de t e rmined  
as descr ibed in Fig. 2. 
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Fig. 5- R a t e s  of u p t a k e  of L-[aH]fucose in to  t he  soluble pool by  synchron ized  cells a t  var ious  t imes  
in t he  cell cycle. A t  i o - m i n  in te rva ls  dur ing  t he  I -h  pulses  wi th  L-[aH]fucose,  dupl ica te  o . I -ml  
a l iquots  of t he  concen t r a t ed  cell suspens ion  (Fig. 2) were washed  twice wi th  cold Ear le ' s  solut ion,  
r e suspended  in i .o  m l  of  dist i l led wa te r  and  o. i  ml  of io  ~o sod ium dodecyl  su l fa te  was added.  
The  resu l t ing  m i x t u r e s  were t rans fe r red  direct ly  into scint i l la t ion vials  to wh ich  6 ml  of scint i l la t ion 
fluid (Fig. 2) was  added ,  and  t he  rad ioac t iv i ty  de t e rmined  in a B e c k m a n  scint i l la t ion counter .  
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of the cell cycle. Later in the cell cycle, during G 1, the rate of incorporation of 
L-[3H]fucose dropped again to near that observed in early S phase (Fig. 2). The 
increased rate of incorporation of L-[3Hlfucose by HeLa cells in late S phase reflects 
an increased incorporation of this precursor into the plasma membranes. This con- 
clusion is based on experiments in which the incorporation of L-[3Hlfucose into the 
plasma membranes and into whole cell homogenates of pulse-labelled HeLa cells was 
compared at various times during S and G 2. When the radioactivity incorporated 
was compared and corrected for yield, approx. 50 % of the fucose label was found 
associated with plasma membranes at various times during the cell cycle. Similar results 
(Fig. 3) were obtained whether the incorporation of L-[3HJfucose was expressed per 
ghost or per #g protein determined by the method of Lowry 9 in the membrane fraction. 

At selected times during the cell cycle, 'the rates of uptake of L-[3H~fucose 
into the trichloroacetic acid-soluble pool and into the trichloroacetic acid-insoluble 
material were determined by sampling the cultures at Io-min intervals during the 
L-E3Hlfucose pulses (Figs. 4 and 5). The rate of incorporation of L-ESH]fucose into 
trichloroacetic acid-precipitable material at 7-8 h after removal of the second 
thymidine block (late S/early G~) was 3.4 times that observed at o-I  h after release 
from the block. By i i - I 2  h, when the cell number had almost doubled, the rate of 
incorporation had decreased to nearly that seen at o- I  h. The rate of uptake of 
L- [3H l fucose into the soluble pool also increased during the pulse at 7-8 h after release 
from the block, although it was only twice the rate of uptake during the o-I  h pulse. 

DISCUSSION 

The results clearly indicate the existence of a regulatory mechanism operating 
during late S phase of the HeLa cell cycle. Among other possibilities, two explanations 
can be proposed for the changes observed: first, an increased rate of synthesis of 
plasma membrane glycoproteins during late S phase, and second, an increased 
specific activity of the GDP-fucose pool caused by changes in permeability properties 
transport or intermediate pathways. The data seem to indicate that both effects may 
take place, since we observe an increase in the uptake of L-E3H]fucose into trichloro- 
acetic acid-soluble pool and an even greater increase in the incorporation of this 
precursor into trichloroacetic acid-precipitable material. A direct determination of the 
specific activity of the GDP-fucose pool in synchronized cells at different times in 
the cell cycle could establish unequivocally the relation between the uptake of 
precursor and net synthesis of plasma membrane glycoproteins. Unfortunately, 
because the expected amounts of GDP-fucose per sample is of the order of only 
several picomoles, specific activity measurements based on the usual methods of 
spectrophotometry were not possible. However, alternative approaches to the 
measurements of the size and specific activity of the GDP-fucose pool in small 
numbers of cells are being explored. 

Our results do not seem to confirm similar studies with KB cells 1° but are 
consistent with those of Bosmann and Winston 2, who found that most of glycoprotein 
synthesis in synchronized LSI78Y cells, as indicated by the incorporation of L-fucose 
or glucosamine, takes place during S phase. Furthermore, the data presented here 
are supported by studies on changes in the amount of H blood group substance 
(a membrane component containing fucose) during the cell cycle of HeLa cells n. 
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Our d a t a  are also consis tent  wi th  some simple considerat ions  of the  requi rements  
for increase  in surface area  of a cell dur ing  growth  and  division. Dur ing  G1, S, and G 2 
cell vo lume doubles  while the  cell surface area  increases by  60 %: 

Vini t ia l  = 4/3nr 3 Vfi,,l = 2" 4/3nR 3 

R / r  = ~/2 = 1.26 

S f i n a l / S i n i t i a  I = ( I . 2 6 )  2 = 1.6 

Here  Vlniual and  Vflnal are the  ini t ia l  and  final volumes of the  growing cell, r and  R 
are the  respect ive  radii ,  and  Slnittal and  Stinal refer to the  ini t ia l  and  final surface 
areas  of the  growing cell. 

A t  mitosis  two daugh te r  cells are formed whose to ta l  volume equals t ha t  of the  
pa ren t  cell. A t  the  same t ime,  however,  t o t a l  surface area  of the  two newly  formed 
cells mus t  increase b y  25 % compared  to the  pa ren t  cell: 

S t = 4n(I .26r)  2 S 2 = 2 . 4 n r  2 

S2/St  = 1.25 

Here  S I  is the  surface area  of the  pa ren t  cell; S 3, t o t a l  surface area  of the  two daugh te r  
cells, and  r is the  radius.  These es t imates  are minimal ,  since we assume the  cells to be 
spherical .  Compar ing  the  re la t ive  dura t ion  of growth  and  division in the  cell cycle, 
approx .  1/20 of the  cycle is spent  in mitosis  whereas growth  occurs cont inuous ly  
th roughout  the  rest  of the  cycle. Thus,  a sudden accumula t ion  of the  p lasma  membrane  
ma te r i a l  jus t  before the  onset  of cell division would be consis tent  wi th  these require-  
ments .  
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