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Changes in glycosaminoglycan composition 
occurring during the cell cycle were deter- 
mined in B16-FlO cells sorted flow cytometri- 
cally with respect to DNA content. Incorpo- 
ration of 35S-sulfate into heparan sulfate and 
chondroitin sulfate of unsorted and GI, S, and 
G2 + M sorted cells was determined following 
chondroitinase ABC or nitrous acid treat- 
ment; the incorporation into surface material 
was measured as the difference between the 
radioactivity of control and trypsin-treated 
cells. Incorporation of 35S-sulfate and 3H-glu- 
cosamine into cetyl pyridinium chloride 
(CPC)-precipitable material was character- 
ized before and after chondroitinase or ni- 
trous acid treatment by Sephadex G50 

chromatography. Long-term (48 h) and short- 
term (1 h) labeling studies demonstrate that 
(a) the amount of total cellular chondroitin 
sulfate is greater than that of heparan sul- 
fate, with larger amounts of unsulfated he- 
paran than chondroitin being present; (b) the 
rate of turnover of heparan sulfate is greater 
than that of chondroitin sulfate; (c) greatest 
short-term incorporation of 3H-glucosamine 
into CPC-precipitable material occurs during 
S phase; and (d) the rate of turnover of both 
heparan sulfate and chondroitin sulfate is de- 
creased in S phase relative to G1 and G2 + M. 

Key terms: Chondroitin sulfate, heparan sul- 
fate, cell cycle, B16-Fl0 melanoma 

There is increasing evidence that in addition to the 
role of glycosaminoglycans in connective tissues, they 
may also be important in cell-cell and cell-substratum 
adhesion. In vitro studies indicate that the substrate- 
attached material comprising cell-substratum adhesion 
sites is composed of glycosaminoglycans as well as ad- 
hesive glycoproteins such as fibronectin (4,151. Fibronec- 
tin possesses binding sites for glycosaminoglycans 
(18,23), and several studies suggest that the heparid 
glycosaminoglycan binding site on fibronectin is in- 
volved in cell adhesion (9,14). Glycosaminoglycans like 
heparan sulfate may bind to fibronectin, stabilizing its 
complexes with other extracellular components such as 
collagen (10,19). Results from several laboratories indi- 
cate that the accumulation of heparan sulfate in the 
substrate-attached material is correlated with strong 
cell adhesion, and hyaluronate and chondroitin accu- 
mulation with weakened cellular adhesion (1,141; thus, 
differences in cell-cell and cell-substratum adhesion may 
be modulated by changes in glycosaminoglycan com- 
position. 

Since the degree of cellular adhesion varies as cells 
roundup prior to division and reattach during GI phase 
(17), studies that compare the surface properties of cells 
during the cell cycle are of use in ascertaining the mech- 

anisms that modulate cell-cell and cell-substratum ad- 
hesiveness. Basic to an understanding of these complex 
interactions is the determination of the rate of synthesis 
and processing of glycosaminoglycans, and of the total 
amount of these macromolecules, with respect to the cell 
cycle. Previous work by our laboratory indicated that 
the degree of sulfation of glycosaminoglycans, as repre- 
sented by the ratio of 35S-sulfate to 3H-glucosamine in 
these macromolecules, is increased in G1 and G2 + M of 
short-term (1 h) compared with long-term (48 h) double- 
labeled cells (2), suggesting that higher sulfated glycos- 
aminoglycans are turned over more rapidly during GI 
and G 2 + M  than in S phase. The present report describes 
further investigations on the incorporation of 35S-sulfate 
and 3H-glucosamine into specific types of glycosaminog- 
lycans with respect to the cell cycle. 

MATERIALS AND METHODS 
Cell Culture and Radiolabeling of Glycosaminoglycans 

The B16-Fl0 murine melanoma cell line used in these 
studies was obtained from E. G. and G. Mason Research 
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Institute, Rockville, Maryland (originally from Dr. I. J. 
Fidler, Frederick Cancer Research Center, Frederick, 
MD). Cells were retrieved from frozen stocks at  1-month 
intervals and grown in monolayer culture and Eagle’s 
minimum essential medium (MEM) supplemented with 
10% fetal calf serum, nonessential amino acids, sodium 
pyruvate, MEM vitamin solution, and L-glutamine (7). 
In order to increase the incorporation of 35S-sulfate, cells 
were grown in low sulfate-containing medium in which 
MgC12 was substituted for MgS04 (24). For long-term 
labeling experiments, exponentially growing cells were 
cultured for 48 h in low sulfate-containing medium with 
50 pCi/ml 35S-sulfate (600 mCi/mM, New England Nu- 
clear Corp., Boston, MA) and 5 pCi/ml 3H-glucosamine 
(38 CiimM, Amersham Corp., Arlington Heights, L). 
For short-term labeling experiments, exponentially 
growing cells, a t  the same cell density as long-term- 
labeled cells (1.25 x lo7 cells/150-cm2 flask), were incu- 
bated for 1 h in low sulfate-containing medium plus 10% 
fetal bovine serum, with 500 pCi/ml 35S-sulfate and 50 
pCi/ml 3H-glucosamine. No differences in the growth 
rate or the cell cycle distribution as determined by anal- 
ysis of DNA histograms were observed between control 
and radiolabeled cells. 

Radiolabeled cell monolayers were washed five times 
with Hanks’ balanced salt solution (HBSS) without Ca+2 
or Mg+2 (pH 7.2, 37°C) prior to addition of either 2 mm 
edetic acid (EDTA) or 0.025% trypsin (Grand Island Bi- 
ological Co., Grand Island, NY) plus 2 mM EDTA (both 
in HBSS, 10 ml per 75-cm2 flask). Optimal conditions 
for enzymatic degradation of cell surface macromole- 
cules without significant cell lysis or leakage were es- 
tablished by monitoring trypan blue exclusion (16) and 
cell number, together with release of ethanol-precipita- 
ble 35S-sulfate-labeled material (2). Following incuba- 
tion at 37°C for 5 min, the trypsin andlor EDTA 
treatment was terminated by addition of medium con- 
taining 10% serum. Previous studies have shown that 
approximately 80% of the total cellular 35S-sulfate la- 
beled CPC precipitable material, but only 5% of that 
labeled by 3H-glucosamine was removed by this mild 
trypsin treatment (2). The detached cells were collected 
by centrifugation at  500 g for 5 min, resuspended by 
pipetting back and forth in 1 V of HBSS, and fixed by 
sequential addition of 3 V of 95% ethanol, all a t  4°C. 

Flow Cytometry and Sorting 
Following fixation in 70% ethanol, cells were centri- 

fuged and resuspended in 1.7 x M chromomycin 
A3 (Sigma Chemical Co., St. Louis, MO) containing 1.5 
x lop2 M MgC12 and 0.15 M NaCl at  4°C 1 h prior to 
flow cytometric (FCM) analysis and sorting with a Bec- 
ton Dickinson FACS IV flow cytometer (Becton Dickin- 
son FACS Systems, Sunnyvale, CAI. Inclusion of 0.15 M 
NaCl in the chromomycin staining solution was neces- 
sary to prevent aggregation of trypsin-treated cells. A 
520-nm long-pass filter was used to distinguish the chro- 
momycin fluorescence emission (peak at 575 nm) from 
the laser excitation (457 nm). The drop-drive frequency 
was 25,800 Hz with a 70-pm-diameter nozzle; flow rate 

was between 700 and 1,000 cells per s; and three drops 
were deflected (full deflection envelope), with the per- 
cent of cells not sorted due to coincidence (abort rate) 
being less than 3%. Determined numbers of radiolabeled 
cells were sorted according to DNA content directly into 
10-ml beakers containing 1 ml of HBSS plus heparin (20 

Analysis of Glycosaminoglycans 
Sorted cells in 10-ml beakers were treated with DNase 

(0.2 mg/ml per lo5 cells; Sigma Chemical Co.) for 30 min 
at 37°C prior to digestion with proteinase K (0.4 mg/ml 
per lo5 cells; Boehringer Mannheim, Indianapolis, IN) 
for 12 h at  37°C. GI, S ,  and G2+M sorted samples were 
transferred from the beakers to test tubes and treated 
with either chondroitinase ABC (Sigma Chemical Co.), 
1 U/ml of buffer (0.08 M NaCUO.06 M sodium acetatel 
0.01 M TRIS-HC1, pH 8.0) per lo5 cells for 3 h at  37°C 
or nitrous acid (8) for 1 h at 20°C; subsequently, 0.1 mg 
of chondroitin sulfate (Sigma Chemical Co.) was added, 
followed by an  equal volume of 2% cetyl pyridinium 
chloride (CPC) in 80 nM NazS04 at  40°C for 1 h. This 
material, which is insoluble in 1% CPC and does not 
pass through a 0.45-pm-pore-size Millipore filter (Milli- 
pore Corp., Bedford, MA), is considered to represent 
mainly sulfated glycosaminoglycans and hyaluronic acid 
(21). The difference between the control and chondroiti- 
nase-ABC-treated samples, and the difference between 
control and nitrous-acid-treated samples, represents 
chondroitin sulfate and heparan sulfate, respectively (8). 
Separate studies have indicated that very little hyalu- 
ronic acid is present in the B16-FlO cell line (11, 22). 
Precipitates on Millipore filters were dried, 10 ml of 
Biofluor (New England Nuclear Corp.) was added, and 
radioactivity was determined in a Beckman Model 7500 
liquid scintillation spectrometer (Beckman Instruments, 
Inc., Palo Alto, CA). 

CPC-precipitable material was further characterized 
utilizing gel filtration chromatography. Following ex- 
haustive DNase and proteinase K digestion of 35S-su1- 
fate- and 3H-glucosamine-labeled cells, the digests were 
heat inactivated at 100°C for 5 min. Radiolabeled ma- 
terial was eluted from a Sephadex G50 column (100 cm 
x 1 cm) with 40 mM NaZSO,; 0.2 ml of 1-ml fractions 
was treated with chondroitinase ABC or nitrous acid as 
described above and precipitated with an equal volume 
of 2% CPC, and the CPWfraction determined as 
described. 

pdml). 

RESULTS 
To assure that radioactivity incorporated into glycosa- 

minoglycans was representative of the amount of la- 
beled material in different phases of the cell cycle, it 
was important to establish conditions for uniform radio- 
labeling of these macromolecules in exponentially grow- 
ing B16-FlO cells. Long-term labeling conditions for 35S- 
sulfate (Fig. 1) and/or 3H-glucosamine (data not shown) 
were determined such that (a) the countdmin per cell 
reached a constant level during exponential growth, (b) 
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FIG. 1. 35S-sulfate radiolabeling of B16-Fl0 cells in exponential 
growth. The cell number per 60-mm culture dish (01, 35S-sulfate radio- 
activity per lo5 cells (O),  and 35S-sulfate radioactivity per 0.02 ml 
medium ( A )  is shown with respect to time in culture. 

the radioactivity of the precursor in the medium re- 
mained relatively constant, and (c) no radiotoxicity oc- 
curred (i.e., no effect on cell growth and no cell cycle 
redistribution occurred, as indicated by analysis of DNA 
histograms of control and radiolabeled cells) (6). Under 
these conditions of radiolabeling, glycosaminoglycans 
may be considered to be uniformly labeled and, there- 
fore, the incorporated radioactivity is representative of 
the total amount of material and is independent of the 
rates of synthesis and degradation of these macromole- 
cules (20). In all subsequent long-term labeling experi- 
ments, B16-Fl0 cells were grown in medium containing 
35S-sulfate and/or 3H-glucosamine for 48 h prior to en- 
zymatic and/or EDTA treatment and fixation for FCM 
sorting. Short-term labeling (1 h) of exponentially grow- 
ing cells was also performed after 48 h in culture a t  the 
same cell density as long-term labeling. 

A representative DNA histogram of exponentially 
growing, 35S-sulfate- and 3H-glucosamine-labeled B16- 
F10 cells fixed in 70% ethanol and stained with the 
DNA-specific antibiotic chromomycin A3 is shown in 
Figure 2. The method used to evaluate the purity of 
sorted subpopulations, as well as  the accuracy of the 
number of cells sorted, has been reported previously (2). 
Treatment of cells with 0.025% trypsin for 5 min at  37°C 
resulted in removal of approximately 80% of the 35S- 
sulfate-labeled material and only 5% of the 3H-glucos- 
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FIG. 2. Representative DNA histogram of Chromomycin-A3-stained 
B16-Fl0 cells in exponential growth. Radiolabeled cells from the GI, S, 
and Gz+M regions indicated were sorted using a Becton-Dickinson 
FACS IV flow cytometerkell sorter. 

amine-labeled material. This relatively mild enzymatic 
treatment of 35S-sulfate- and 3H-glucosamine-labeled 
cells resulted in the removal of the material with a 
higher degree of sulfation (ratio of 35S-sulfate to 3H- 
glucosamine) than that present in both the total cellular 
and the cellular minus the trypsin-removable material 
(Table 1). The selective removal of highly sulfated ma- 
terial indicates that the trypsin treatment, character- 
ized in preliminary studies (2), removes mainly cell- 
surface-associated material. Following exhaustive diges- 
tion of 35S-sulfate- and 3H-glucosamine-labeled cells with 
proteinase K, conditions for complete digestion with 
chondroitinase ABC were determined. Total digestion of 
chondroitinase-ABC-susceptible material was complete 
by 2 h; thus, additional enzyme added at 120 min did 
not increase the amount of labeled material degraded 
(data not shown). Subsequent chondroitinase treatments 
were conducted with 1 U of chondroitinase/ml per lo5 
cells a t  37°C for 3 h. Enzymatic analysis of glycosami- 
noglycans of Chromomycin-A3-stained cells was identi- 
cal to that of unstained cells (data not shown). 

The radiolabeled material precipitable with cetyl py- 
ridinium chloride (CPC) under the conditions used in 
these studies was further characterized by Sephadex 
G50 chromatography (Fig. 3). The elution buffer was 
identical to that used for CPC precipitation (40 mM 
NazSO,); this procedure allowed direct precipitation of 
eluted fractions by the addition of an equal volume of 
2% CPC in 40 mM Na2S04. The total radioactivity from 
35S-sulfate and 3H-glucosamine present in a 0.2-ml por- 
tion of the 1-ml fractions collected is shown in Figure 
3A, with the radioactivity of the CPC precipitable ma- 
terial shown in 3B. Fifteen percent of the 35S-sulfate 
and 65% of the 3H-glucosamine radioactivity were asso- 
ciated with the glycopeptide region (fractions 55-100). 
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FIG. 3. Sephadex G50 chromatography of 35S-sulfate-and 3H-glucos- 
amine-labeled material. A) B16-Fl0 cells exposed to radiolabel for 48 h 
were fixed in 70% ethanol, treated with DNase and proteinase K, 
applied to a column of Sephadex G50 (1 x 100 cm), and eluted with 40 
mM Na2S04; B) 0.2 ml of each 1-ml fraction was treated with 1% CPC 
in 40 mM Na2S04 or C) CPC following chondroitinase ABC treatment 
and D) nitrous acid treatment and the radioactivity in precipitated 
glycosaminoglycans measured. 

Seventy-four percent of the 35S-sulfate and 29% of the 
3H-glucosamine radioactivity were precipitated with 
CPC (Fig. 3B). Fractions were also treated with chron- 
droitinase ABC (Fig. 3C) or nitrous acid (Fig. 3D) prior 
to CPC precipitation; 52% of 35S-sulfate and 57% of 3H- 
glucosamine were not CPC precipitable following chon- 
droitinase ABC treatment, and 54% of 35S-sulfate and 
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FIG. 4. 35S-sulfate and 3H-glucosamine incorporation into total cel. 
lular and trypsin-removable CPC-precipitable material of unsorted 
B16-FlO cells. The 35S-sulfate- and 3H-glucosamine-labeled surface 
material of long (48 h, A and C)- and short (1 h, B and D)-term-labeled 
cells was measured indirectly as the difference between the CPC- 
precipitable material of control and trypsin-treated cells; chondroitin 
sulfate and heparan sulfate were also measured indirectly as the 
difference between CPC-precipitable material of control and chondroi- 
tinase-treated or nitrous-acid-treated material, respectively. Error bars 
represent f 1 SD of eight separate experiments. 

70% of 3H-glucosamine were not precipitable following 
nitrous acid treatment (calculated from Table 2). 

The level of incorporation of 35S-sulfate into CPC-pre- 
cipitable glycosaminoglycans of unsorted B16-FlO cells 
is shown in Figure 4; incorporation into chondroitin 
sulfate and heparan sulfate was measured indirectly as 
the difference between the control and chondroitinase- 
ABC- or nitrous-acid-treated samples, respectively (8). 
Figure 4A shows the percent of the total incorporation 
of 35S-sulfate into chondroitin and heparan sulfates of 
long-term (48 h)-labeled cells, and Figure 4B shows that 
of short-term (1 h)-labeled cells. Figure 4C and D repre- 
sent incorporation of 3H-glucosamine into glycosaminog- 
lycans of long- and short-term-labeled cells, respectively. 
The ratio of 35S-sulfate-labeled chondroitin sulfate to 
heparan sulfate in unsorted cells (average of eight exper- 
iments) was 1.2 and 0.6 in long- and short-term-labeled 
cells, respectively; the ratio 3H-glucosamine-labeled 
chondroitin and chondroitin sulfate to unsulfated hep- 
aran and heparan sulfate was 0.5 and 0.4 in long- and 
short-term-labeled cells, respectively. 
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Table 1 
Ratio of 25S-Sulfate to 3H-Glucosamine in Cetyl-Pyridinium-Chloride 

Precipitable Material 

Condition Fraction Cellular Cellular-TRM" TRM" 

(48 h) Chondroitin 4.0 1.2 7.1 
Long-term label Total 0.9 0.4 4.9 

Heparan sulfate' 0.6 0.2 3.4 
sulfateb 

Short-term label Total 1.3 0.6 4.0 
(1 h) Chondroitin 2.2 1.5 6.6 . ,  

sulfateb 
Heparan sulfate' 0.9 0.4 3.7 

Trypsin-removable material. 
bIncludes unsulfated chondroitin. 
'Includes unsulfated heparan. 

Table 2 
Cetyl Pyridinium Chloride Precipitation of 35S-Sulfate and 3H-Glucosarnine-Labeled Material 

Following Sephadex G50 Gel Filtration 

Fraction Treatment 35S-Sulfate 3H-Glucosamine 35S13H 

1-100 None 5,760" 39,360" 0.15 
CPC precipitation 4,260 (74)b 11,500 (291b 0.37 
CPC precipitation after 2,050 (48)' 4,970 (43Y 0.41 

CPC precipitation after 1,950 (46)c 3,410 (30)" 0.57 

1-55 None 4,880" 13,240" 0.37 
CPC precipitation 4,160 (Wb 6,350 (481b 0.65 
CPC precipitation after 2,030 (49)' 2,400 (38)' 0.84 

CPC precipitation after 1,950 (47)' 2,630 (41)' 0.74 

chondroitinase ABC 

nitrous acid 

chondroitinase ABC 

nitrous acid 

"CPM per 0.2 ml of 1-ml fraction. 
bPercent of total. 
'Percent of CPC precipitation. 

Incorporation of 35S-sulfate and 3H-glucosamine into 
the total cellular and trypsin-removable CPC-precipita- 
ble material of long-term (48 h)-labeled cells sorted with 
respect to DNA content (Fig. 2) from one representative 
experiment is shown in Figure 5. Glycosaminoglycans 
of GI, S, and Gz +M sorted cells were precipitated with 
1% CPC following treatment with chondroitinase ABC 
or nitrous acid (8); incorporation into chondroitin sulfate 
or heparan sulfate was measured indirectly as the differ- 
ence between control and chondroitinase- or nitrous- 
acid-degraded material, respectively. 35S-sulfate- and 3H- 
glucosamine-labeled material increased progressively 
during the transition from G1 to S to GZ+M phase. In 
long-term-labeled cells more 35S-sulfate was incorpo- 
rated into chondroitin sulfate than heparan sulfate, ex- 
cept for S phase cells, and more 3H-glucosamine was 
incorporated into heparan and heparan sulfate than 
chondroitin and chondroitin sulfate. The ratio of 35S- 
sulfate-labeled heparan sulfate to 35S-sulfate-labeled 
chondroitin sulfate was considerably greater in short- 
term-labeled cells than in those exposed to the isotopic 
precursor for 48 h, and may be slightly increased during 

the S phase of long-term-labeled cells (Table 3). Incorpo- 
ration into the trypsin-removable surface material was 
measured indirectly as the difference between control 
and trypsin-treated cells; the ratio of surface to total 35S- 
sulfate-labeled material was relatively constant as a 
function of the cell cycle (Table 3). 3H-glucosamine incor- 
poration into surface material was difficult to measure 
indirectly, since incorporation of 3H-glucosamine into 
the trypsin-removable material was only about 5% of 
the total radioactivity. 

The amount of 35S-sulfate and 3H-glucosamine incor- 
porated into the total cellular and trypsin-removable 
CPC-precipitable material of short-term (1 h)-labeled 
cells sorted with respect to DNA content (Fig. 2) from 
one representative experiment is shown in Figure 6. In 
contrast to long-term-labeled cells (Fig. 51, more 35S- 
sulfate is incorporated into heparan sulfate than chon- 
droitin sulfate in GI, S, and GZ+M sorted cells. In addi- 
tion, incorporation of 35S-sulfate increased progressively 
from GI, S, to G2+M phases of the cell cycle; however, 
in contrast, incorporation of 3H-glucosamine into CPC- 
precipitable glycosaminoglycans was greatest in S phase 
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FIG. 5. Long-term incorporation of 35S-sulfate and 3H-glucosamine 
into total cellular and trypsin-removable CPC-precipitable material of 
GI, S, and Gz+M sorted cells. The radiolabeled material of B16-FI0 
cells exposed to isotopic precursor for 48 h was measured indirectly as 
the difference between the CPC-precipitable material of control and 
trypsin-treated cells; chondroitin sulfate and heparan sulfate were 
measured indirectly as the difference between CPC-precipitable mate- 
rial of control and chondroitinase-treated or control and nitrous-acid- 
treated material, respectively. 

sorted cells. A significant decrease in the ratio of incor- 
poration of 35S-sulfate to 3H-glucosamine was observed 
during S phase of short-term-labeled cells compared to 
long-term-labeled cells (Table 4). Since the incorporation 
into surface material determined flow cytometrically 
must be measured indirectly as the difference between 
control and trypsin-treated cells, it was difficult to accu- 
rately measure the incorporation of radiolabeled precur- 
sors such as 3H-glucosamine which are not preferentially 
incorporated into surface material. 

DISCUSSION 
Using the methodology developed in these studies, it 

was possible to measure short (1 h)- and long (48 h)-term 
incorporation of 35S-sulfate and 3H-glucosamine into 
CPC-precipitable chondroitin sulfate and heparan sul- 
fate of flow sorted cells. G1 and Gz+M subpopulations 
were obtained by sorting the left and right halves of the 
G1 and Gz+M peaks shown in Figure 2; autoradi- 
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FIG. 6. Short-term incorporation of 35S-sulfate and 3H-glucosamine 
into total cellular and trypsin-removable CPC-precipitable material of 
GI, S, and Gz+M sorted cells. The radiolabeled material of B16-FI0 
cells exposed to isotopic precursor for 1 h was measured indirectly as 
the difference between the CPC-precipitable material of control and 
trypsin-treated cells; chondroitin sulfate and heparan sulfate were 
measured indirectly as the difference between CPC-precipitable mate- 
rial of control and chondroitinase-treated or control and nitrous-acid- 
treated material, respectively. 

ographic determination of the 3H-thymidine labeling 
index reported previously (2) indicated that 6 k 2%, 97 

1% and 43 f 1% (+ 1 SD) of GI, S, and Gz+M sorted 
cells, respectively, incorporated 3H-thymidine into acid- 
insoluble material. Sorting of cells with respect to DNA 
content alone did not allow separation of cells within G1 
or Gz+M phases into early, mid, and late stages. Utili- 
zation of a second parameter such as size (light scatter), 
protein content (31, or RNA content (5) may allow fur- 
ther delineation of important differences in surface com- 
position during early GI phase, when cells are most 
actively reattaching to the substratum after division, or 
during mitosis when cells are rounding up. 

Characterization of the material precipitated with 1% 
CPC in 40 mM NazSO4 under conditions identical to 
those used for analysis of flow sorted cells was carried 
out utilizin Sephadex G50 chromatography (Fig. 3). 

fated glycosaminoglycans, 3H-glucosamine is also incor- 
Although .? S-sulfate is incorporated mainly into sul- 
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Table 3 
Ratio of 35S-Sulfate-Labeled Glycosaminoglycans in Heparan Sulfate to Chondroitin Sulfate 

and in Surface to Total Material 

Labeling 
Ratio Period (h) G1 S Gz+M 

Heparan sulfate/ 48 0.70 + 0.11 0.83 k 0.15 0.71 k 0.07 
chondroitin sulfate 1 1.63 k 0.13 1.87 0.65 1.63 i- 0.35 

Surface/total 48 0.79 0.02 0.79 k 0.03 0.82 k 0.03 
1 0.71 k 0.05 0.70 k 0.03 0.72 k 0.03 

k 1 Standard deviation of five experiments. 
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Table 4 
Ratio 0f~~S-Su1fate to 3H-Glucosamine in GI, S, and G,+M Phase Cells 

1-h Label 48-h Label 
Chondroitin Heparan 

Phase Total sulfatea sulfateb Total sulfatea sulfateh 
G1 0.84 1.10 0.90 0.46 0.57 0.33 
S 0.20 0.17 0.16 0.43 0.67 0.30 
G2+M 0.45 0.57 0.38 0.45 0.86 0.31 

Chondroitin Heparan 

aIncludes unsulfated chondroitin. 
bIncludes unsulfated heparan. 

porated into unsulfated glycosaminoglycans as well as 
lower molecular weight glycoproteins (fractions 55-100, 
Fig. 3A). Greater than 85% of the 35S-sulfate-labeled 
relatively low molecular weight material (fractions 55- 
100) and 80% of the 3H-glucosamine-labeled lower mo- 
lecular weight material were not precipitable with CPC 
under the conditions used in these studies, implying 
that these materials were either unsulfated glycosami- 
noglycans and/or glycoprotein. Eighty-five percent of the 
35S-sulfate and 48% of the 3H-glucosamine incorporated 
into the higher molecular weight fractions (fractions 1- 
55, Table 2) were CPC precipitable. The fraction of the 
35S-sulfate incorporated into CPC-precipitable material 
after chondroitinase ABC or nitrous acid treatments 
was approximately equal in the total cellular material 
(fractions 1-100) and in the higher molecular weight 
material (fractions 1-55); however, 3H-glucosamine in- 
corporation into the total cellular material appeared to 
not be representative of the amount of this precursor 
incorporated into the high molecular weight material 
(i.e., glycosaminoglycans). The fraction of 3H-glucosa- 
mine counts per minute (CPM) of CPC-precipitable ma- 
terial remaining after chondroitinase or nitrous acid 
treatment was less than that of 35S-sulfate-labeled ma- 
terial, suggesting the presence of unsulfated as well as 
sulfated heparan and chondroitin. 

More 35S-sulfate was incorporated into chondroitin 
sulfate than into heparan sulfate in long-term-labeled 
cells (Figs. 4,5), whereas, in short-term-labeled cells more 
35S-sulfate was incorporated into heparan sulfate (Figs. 
4,6). This observation may result from the presence of 
multiple 35S-sulfate pools which equilibrate at different 
rates, or alternatively may result if the rate of turnover 
(shedding) of heparan sulfate is greater than that of 

chondroitin sulfate. Analysis of the glycosaminoglycans 
present in the medium of long-term-labeled cells indi- 
cates that the ratio of heparan sulfate to chondroitin 
sulfate is greater in the medium compared with the cell- 
associated material, further suggesting that heparan 
sulfate is turned over more rapidly than chondroitin 
sulfate (data not shown). In contrast to 35S-sulfate, 3H- 
glucosamine incorporation into heparan and heparan 
sulfate is greater than into chondroitin and chondroitin 
sulfate in both short- and long-term-labeled cells (Figs. 
4-6), suggesting that there is a larger pool of unsulfated 
heparan than chondroitin. The amount of 3H-glucos- 
amine incorporated into chondroitin compared with hep- 
aran of long-term- versus short-term-labeled cells (Figs. 
5,6) does not indicate significant differences in turnover 
of chondroitin and heparan, as was suggested by differ- 
ences in long-versus short-term 35S-sulfate incorpora- 
tion into chondroitin sulfate and heparan sulfate (Figs. 
5,6). Observed differences in the turnover of sulfated 
chondroitin and heparan compared to their unsulfated 
counterparts are consistent with the idea that differ- 
ences in turnover of chondroitin and heparan sulfates 
occur following sulfation immediately prior to transport 
and externalization (12). 

Significant differences occurred in the incorporation of 
35S-sulfate and 3H-glucosamine into heparan and chon- 
droitin sulfates of cells sorted with respect to DNA con- 
tent. Long-term incorporation of 35S-sulfate and 3H- 
glucosamine into total chondroitin, chondroitin sulfate, 
heparan, and heparan sulfate increased progressively 
from GI to S to Gz +M (Fig. 5); differences in the surface 
distribution of glycosaminoglycans could not be deter- 
mined by flow cytometric methods employed in these 
studies. The ratio of 35S-sulfate-labeled heparan sulfate 



288 BLAIR AND SARTORELLI 

to chondroitin sulfate was greater during S phase in 
four of five experiments (Table 3), whereas the ratio of 
surface 35S-sulfate-labeled material to total labeled ma- 
terial remained relatively constant (Table 3). Differ- 
ences in the incorporation of 35S-sulfate and 3H- 
glucosamine were also observed in short-term-labeled 
cells sorted with respect to DNA content (Fig. 6). Results 
of the present study indicate that the decrease in the 
ratio of 35S-sulfate to 3H-glucosamine during S phase 
observed previously (2) was due to differences in uptake 
of 3H-glucosamine andor synthesis of unsulfated chon- 
droitin and heparan. If the increase in incorporation of 
3H-glucosamine resulted from an  increased rate of syn- 
thesis, then to attain the finding that the ratio of 35S- 
sulfate to 3H-glucosamine remained approximately con- 
stant in G1, s, and G2+M of long-term-labeled cells 
(Table 4), the rate of turnover of sulfated heparan and 
chondroitin must be decreased in S phase compared to 
that of G1 andor G2+M. Whether a decreased turnover 
of sulfated glycosaminoglycans during S phase may have 
a role in the stabilization of substrate adhesion sites is 
not known. Kramer and Tobey (13) observed a premitotic 
loss of heparan sulfate from synchronized Chinese ham- 
ster ovary cells grown in suspension culture; however, 
few studies have investigated changes in glycosamino- 
glycan composition with respect to the cell cycle of mon- 
olayer cells. The findings presented here utilizing B16- 
F10 cells grown in monolayer culture are consistent 
with the hypothesis that differences in turnover of gly- 
cosaminoglycans during early GI phase, when mono- 
layer cells are most actively reattaching to the 
substratum after division, or during mitosis when cells 
are rounding up, may be important in the modulation of 
cell-substratum adhesion. 
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