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SUMMARY

Studies concerning the effects of naturally occurring simple
sugars on the morphology and metabolism of various mam
malian cell lines further illustrate the selective effects of differ
ent individual sugars on specific cell lines. Attempts to char
acterize the selective effects of L-fucose on 3T3 fibroblasts
showed that the marked changes in morphology and inhibition
of incorporation of radioactive precursors were reversible. Also,
the plating efficiency of 3T3 cells grown in medium containing
L-fucose for 24 hours was not diminished. Studies of the se
quence of inhibition of incorporation of radioactive precursors
in fucose-containing cultures showed that uridine incorporation
was decreased before leucine and thymidine. In contrast to
the striking effects of L-fucose on rapidly growing cultures of
3T3 cells, the addition of this sugar to confluent cultures
caused no apparent effects. The mechanisms by which L-fucose
causes these changes in 3T3 cells are unknown. However, it
does not appear to be caused directly by interference with the
uptake or utilization of glucose. Furthermore, the selective
inhibition by L-fucose appears to require very little of this
sugar to be taken up by the cells. Parallelisms between the
characteristics of inhibition by L-fucose and those of cell con
tact inhibition of mitosis raise the possibility that similar
mechanisms operate in both phenomena. Regardless of the
mechanisms responsible for the selective effects of L-fucose,
the results suggest that naturally occurring sugar constituents
of cells may play a unique role in influencing cell growth and
metabolism.

INTRODUCTION

In previous studies it was found that the pattern of growth
and metabolism of several mammalian cell lines were altered by
the addition of certain simple sugars to culture medium (4).
These effects were selective in that (a) some, but not all, cell
lines were altered by at least one of the sugars tested; (6) of
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the cell lines which were affected by sugars, not all lines were
most strikingly altered by the same sugars; and (c) each cell
line which was affected by a specific sugar was not affected by
several closely related sugars.

In the present study, the effects of simple sugars is further
delineated by comparing responses of a wider variety of cell
lines. In addition, the selective effect of L-fucose on one cell
line (3T3 fibroblasts) (19) is further characterized. The results
demonstrate that certain naturally occurring saccharide con
stituents of mammalian glycoproteins and cell structures, when
added to cells in culture, cause drastic alterations in the mor
phology and metabolism of certain cell lines. The mechanisms
by which these sugars cause these profound effects is still
unclear, but the characteristics of these effects raise the possi
bility that the saccharide constituents of macromolecules may
play a unique role in affecting cell growth and metabolism.

MATERIALS AND METHODS

Cell Lines. Identification and characteristics of the cell lines

used in the study are described in Table 1.
Media. Waymouth's medium containing 10% calf serum

and antibiotics (penicillin 50 units/ml, streptomycin 50 /Â¿g/ml,
and kanamycin 30 /ng/ml) were used in all experiments (23).
Waymouth's medium contains 5 mg/ml of glucose. Each sugar
to be tested for its effect was added to complete Waymouth's

medium so as to provide 12.5 mg/ml of added sugar. The
sugars used include: D-glucose, o-galactose, and D-mannose
(Fisher Scientific Co.) ; L-mannose and AT-acetyl-D-mannosa-
mine (Cal. Biochem. Co.) ; ,/V-acetyl-D-glucosamine and N-
acetyl-D-galactosamine (Sigma Chem. Co.) ; D-fucose (Mann
Research Lab., Inc.) ; and L-fucose (Mann Research Lab.,
Inc. and Sigma Chem. Co.).

Methods of Culture. The methods used for the preparation

of cell suspensions and for monolayer cultures were the same as
those employed in previous studies (4, 5). In each experiment
the general procedure was to inoculate an equal number of
cells either into 30-ml tissue culture Falcon plastic flasks (for
morphologic studies) or 2-, 4-, or 6-oz Flint glass bottles (for
studies of cell growth and metabolism). After 24 hours, the
medium was decanted and replaced with Waymouth's medium

containing additional substances appropriate for the individual
experiment. In most experiments where incorporation of leu-
cine-l-14C, uridine-2-14C, and thymidine-2-14C were studied,
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Effects of Sugars on 8T3 Fibroblasta

the isotope was added to the cultures 18 hours before harvest
ing. The isotopes were added to cell cultures so as to provide
a final concentration of 200 m/tc/ml of leucine, 20 m/ic/ml of
uridine, and 70 m/ic/ml of thymidine in the culture medium.
Variations in the details of the procedures are described where
used (see table legends).

Assay for Protein and Radioactivity. Total cell protein was
determined by the method of Lowry et al. (13) on cells lysed
with deoxycholate. This measurement was used as an evalua
tion of cell growth. The incorporation of radioactive isotopes
into trichloracetic acid (TCA) insoluble residues of cells was
determined by scintillation counting as previously described
(11).

Cytology. Replicate cultures were examined periodically

with an inverted microscope during growth. When an experi
ment was terminated, the medium was decanted from the cul
ture bottle, and the adherent monolayer was washed with
saline and fixed for 24 hours with Kahle's solution. The mono-

layer was washed twice with deionized water and stained by
Giemsa's method.

RESULTS

Selectivity of Effects of Simple Sugars on the Cell Morphol

ogy and Pattern of Growth of Different Cell Lines. A variety

of cell lines were cultured in the presence of several simple
sugars in order to determine if any of the sugars would cause
gross changes in the morphology or pattern of growth of the
individual lines. Table 1 depicts the usual morphologic char
acteristics of each of these cell lines and the degree to which
changes occurred in cultures to which either L-fucose or D-man-
nose was added. The effects of these two sugars on the different
cell lines are the only ones listed because the other sugars
tested, viz., D-glucose, D-galactose, N-acetyl-o-glucosamine, N-
acetyl-D-galactosamine, and Af-acetyl-D-mannosamine caused
no apparent gross morphologic alterations in any of the cell
lines screened. The effects of L-fucose and D-mannose varied
depending on the cell line tested. The morphology of some
cell lines was markedly altered when grown in medium con
taining L-fucose and minimally and inconsistently altered in
medium containing D-mannose (e.g., 3T3 and BHK21). In
other cell lines, the reverse was observed. Dramatic altera
tions in morphologic appearance occurred with D-mannose and
little if any effect was seen in L-fucose-containing cultures (e.g.,
BSC-1 and HeLa Ch). In some cell lines (e.g., HeLa S3 spinner
cells adapted to monolayer culture and in the mouse L-cell
lineâ€”NCTC clone 929L), neither L-fucose or D-mannose ap
peared to cause any morphologic change.

Of the cell lines which appeared to be susceptible to altera
tion with L-fucose, all were not affected to the same degree. 3T3
was the cell line which was the most dramatically and con
sistently altered by this sugar (Fig. 1). Cells of this line grown
in the presence of L-fucose appeared more spindle-shaped, and
few dividing cells were seen. Individual cells in such cultures
tended to remain isolated from one another and did not achieve
the confluent pattern found in cultures grown in the presence
of each of the other seven sugars studied. Other closely related
cell lines such as 3T6, a fibroblast line derived from the same

species as 3T3, showed considerably less change with L-fucose,
and 3T3 cells transformed by oncogenic viruses such as SV40
and polyoma virus also were substantially less altered by
L-fucose than the ordinary 3T3 cells. In these lines the degree
of susceptibility to morphologic alteration by L-fucose par
alleled the degree of inhibition of mitosis ordinarily exhibited
by these lines in confluent cultures.

Several cell lines derived from monkey kidney and from
certain human tissues were selectively altered by D-mannose.
For example, the established African green monkey kidney
cell line BSC-1 was consistently altered by this sugar. BSC-1
cells grown in D-mannose were more spindle-shaped, and the
individual cells appeared larger than those grown in medium
containing each of the other sugars tested (Fig. 2). Further
more, there was a diminution in the extent of cell overlapping,
and the monolayer appeared less confluent. HeLa Ch cells
were also selectively altered by D-mannose (Fig. 3). The cells
of this line ordinarily grew in tightly packed clusters (Fig. 3a).
However, when cultured in media containing D-mannose, the
HeLa Ch cells were more loosely associated (Fig. 36).

It should be emphasized that the consistency of response to
a sugar depended on the cell line used. Some cell lines showed
very little variation in response from experiment to experiment
â€”e.g., in every experiment the morphology and pattern of
growth of 3T3 fibroblasts were altered by L-fucose and was
never altered by D-mannose. Also, BSC-1 cultures were con
sistently altered by D-mannose and not by L-fucose. On the
other hand, some cell lines were more variable in their responses.
For example, in most experiments the morphology of human
skin fibroblasts were clearly altered by D-mannose and minimally
altered by L-fucose. However, in a few experiments L-fucose
seemed to cause substantial changes in cell morphology, and
occasionally the effects of D-mannose were not impressive. The
established cell lines capable of continuous cultivation in vitro
generally were most consistent in their degree of response to
individual sugars, whereas the responses of primary cell lines
were generally more variable.

Selectivity of Effects of Simple Sugars on the Metabolism

of Different Cell Lines. In addition to selectively altering the

morphologic appearances of different cells, individual sugars
also selectively affected the growth of certain cell lines (Table
1). As previously reported, 3T3 mouse fibroblasts showed
marked inhibition of growth and incorporation of labeled leu-
cine and uridine per mg of cell protein when cultured in medium
with L-fucose (5). Equal amounts of other sugars added to the
medium, including D-fucose, did not cause similar effects. It is
of interest that D-mannose, which caused no morphologic
changes in the cells nor any significant decrease in incorporation
of labeled leucine or uridine, did occasionally cause a slight de
crease in average cell protein (5). This one inconsistent effect of
D-mannose was never found to be as great as that consistently
observed with L-fucose.

In contrast to 3T3 mouse fibroblasts, the incorporation of
radioactive leucine and uridine into BSC-1 cells was not selec
tively inhibited by growth in medium containing L-fucose
(Table 2). Instead, in this cell line, D-mannose was the sugar
which appeared to be most effective in inhibiting growth and in
corporation of leucine and uridine. The decrease in average cell

JUNE 1968 1163

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

a
c
rjo

u
rn

a
ls

.o
rg

/c
a
n
c
e
rre

s
/a

rtic
le

-p
d
f/2

8
/6

/1
1
6
2
/2

3
8
3
6
4
7
/c

r0
2
8
0
0
6
1
1
6
2
.p

d
f b

y
 g

u
e
s
t o

n
 2

4
 A

u
g

u
s
t 2

0
2
2



Table 1

3T3Polyoma

virustransformed
3T3SV40
transformed3T33T6C3H

mousecellUne
NCTCclone

929-LBaby
hamsterkidney

BHK21Established

greenmonkey
kidneyBSC-1HeLa

ChHeLa

S3spinnerHuman

skinfibroblastaCell

characteristicsContactÂ«
L-]Morphology

inhibitionGrowthÂ«Thick

bipolar ++-)â€” |-_|.++-)-fibroblastsStellate-shaped

+-|~ffibroblastaSpindle-shaped

Â±+fibroblastsSpindle-shaped

+ -f- to -|â€”f-fibroblastsThick

bipolar Â±0fibroblastaSpindle-shaped

++ -|â€”|-to+++fibroblastagrow

inparallel
arrayThick

bipolar ++ Â±to+fibroblastaCuboidal

cells + to +- (-0grow
asclosely
packedcell

clustersIn
monolayers Â±to 00grow

asround
cellsin

clumpsSpindle-shaped
++ 0 to++fibroblastagrow

inparallel
arrayâ€¢"ucose*

D-Mannose*Morphology4*
Growth*Increase

spindle Â±to+shaped
;increase
insize

;fewmitosesNo

change0No

change0No

change0No

change0Bipolar

thick+fibroblasta;cells

rounderNo

change -|â€”|- to -\â€”|â€”|-No

change Â±to++No

change0Variable

+ to++increase
inspindle

shapeMorphology11No

changeNo

changeNo

changeNo

changeNo

changeNo

changeCells

morespindle
shapedand
remainseparate
;increase
incell

sizeCells
lesscloselyassociatedin

clustersNo

changeCells

generallymore
spindleshapedReference

on cell
character
istics and

origin
of lines*1920201916171211156

Characteristics of cell cultures and comparison of the effects of L-fucose and D-mannose on growth and morphology of several mam
malian cell lines.

"Contact inhibition is used here as described in Footnote 4. +-\â€”|â€”\-,a very high degree of contact inhibition with little cell over
lapping and few mitotic figures are observed in confluent cultures, maximum number of cells achieved in confluent cultures is 5 to 7
X IO4 cells/sq cm; -)-+ , a moderate degree of contact inhibition, although cells continue to divide in confluent cultures and pack to
gether or form several layers of cells, the maximum number of cells achieved in confluent cultures is about 5 x 10s cells/sq cm; Â±,a
low degree of contact inhibition, cells continue to divide in confluent cultures forming multilayered piles of cells, the maximum number
of cells achieved in confluent cultures is often in excess of 1 X IO6 cells/sq cm.

6 Each of the cell lines was grown in medium to which 12.5 mg/ml of a sugar was added. In each cell line the effects of adding o-glu-
cose, D-galactose, D-mannose, L-fucose, A^-acetyl-D-glucosamine, JV-acetyl-D-galactosamine, or A^-acetyl-o-mannosamine were tested. Addi
tion of each of the sugars caused a slight reduction (10 to 20%) in cell growth. However, only L-fucose or D-mannose caused marked
changes in certain cell lines. The degree of effects noted in L-fucose or D-mannose cultures is based on a comparison between replicate
cultures grown in medium with equal amounts of D-glucose added.

0The effects of L-fucose and D-mannose on cell growth was determined by measuring amounts of cell protein per bottle at 3 days after
adding medium containing sugar and comparing to the average cell protein of replicate cultures grown in medium containing equal
amounts of D-glucose. ++++, 50 to 70% decrease of cell growth; +++, 30 to 50% decrease of cell growth; ++, 20 to 30% decrease of
cell growth; +, 10 to 20% decrease of cell growth; Â±Variable but slight effect; 0, No measurable effect.

dThe morphologic appearance and pattern of growth of the mammalian cell cultures was evaluated by viewing replicate cultures
daily during culture and after fixation and staining. Morphologic effects were generally maximal at 2 to 3 days after adding medium
containing sugar.

e The established mouse embryo lines were obtained from Drs. Howard Green and George Todaro at New York University Medical
Center. NCTC clone 929-L and the BHK21 lines were purchased from Microbiological Associates, Bethesda, Maryland. The BSC-1 line
was obtained from Dr. Michael Balsalmo of New York University Medical Center. The HeLa S3 Spinner line was furnished by Dr. M.
Scharff of the Albert Einstein School of Medicine and was adapted to monolayer culture in our laboratory. The HeLa Ch cell line is a
clonal derivative of a HeLa cell population maintained in our laboratory for six years. The human skin fibroblasta cell strains were
isolated in this laboratory by trypsinizing foreskins from newborn infants.
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Effects o/ Sugars on 3T3 Fibroblasts

Table 2

SugaraddedNoneD-GlucoseD-GalactoseD-M

annoseL-MannoseL-FucoseAf-Acetyl-D-glucosamineJV-Acetyl-D-galactosamineW-Acetyl-D-mannosamineAveragecell

protein(mg/bottle)Â«0.470

Â±0.0250.410
Â±0.0410.497
Â±0.0280.310
Â±0.0340.413
Â±0.0180385
Â±0.0150.405
Â±0.0460.410
Â±0.0380.403
Â±0.042Specific

activity(leucine-1-HCincorporation)642.6

Â±2.540.8
Â±3.841

.8Â±1.634.5
Â±4.643.6
Â±3.942.8
Â±5.641

2Â±2.742.4
Â±1.839.8
Â±2.1Specificactivity(uridine-2-HCincorporation)672

Â±0.46.6
Â±0.46.8
Â±0.35.5
Â±0.66.9
Â±0.372
Â±0.67.1
Â±0.47.0
Â±0.57.0
Â±0.4

Effect of simple sugars on cell growth and on leucine-l-14C and uridine-2-14C incorporation
in BSC-1 monkey kidney cell cultures. Cultures were grown for 3 days in Waymouth's medium

containing the sugar indicated. Average cell protein was 0.067 mg/bottle at the time medium
containing the sugar to be tested was added.

Â»Average of 4 replicate 2-oz bottles.
bSpecific radioactivity is expressed as cpm per mg of protein X 10~3. Each value is the

average of two replicate cultures.

protein seen in L-fucose-containing cultures of BSC-1 cells was Sequence of Inhibition by L-Fucose of Incorporation of
minimal and variable from one experiment to another; it never Leucine-l-14C, Uridine-2-14C and Thymidine-2-14C into 3T3
was as great as that observed with D-mannose in this cell line. Fibroblasts. A typical experiment, shown in Table 3, indicates

HeLa Ch cells whose morphology was markedly altered when the sequence in which incorporation of leucine-l-14C, uridine-
grown in medium containing D-mannose (Fig. 3) showed mini- 2-14C, and thymidine-2-14C is inhibited in 3T3 cells cultured in
mal and inconsistent alterations in average cell protein, and in- medium containing added L-fucose. A decrease in incorporation
corporation of leucine-l-14C or uridine-2-i4C when grown in of urjdine was detected within a few hours after culturing cells
medium containing any of the sugars including D-mannose. in L-fUCose-containing medium, while inhibition of radioactive
With HeLa S3 spinner cells adapted to monolayer culture, leucine and thymidine incorporation were not apparent until
whose morphology was not altered by any of the sugars, no ja^er
clear inhibition of growth or incorporation of the isotopes was Comparison of Effects of L-Fucose on Growing and Con-

observed with any of the sugars tested. Similarly, none of the fluent CuUures oÂ£3T3 Fibroblasls- In contrast to the striking
sugars tested appeared to alter growth and[incorporation of effectg of L_fucQseQn ^^ Q[ ^ ^.^
leucine and undine in L-cells (NCTC clone 929-L). , .,. * . , . .â€ž

of this sugar to confluent 3T3 cultures caused no significant
General Characteristics of Effects of L-Fucose on 3T3 Fibro- effects on incorporation of radioactive leucine, uridine, or

blasts thymidine (Table 4).
The selective effect of a simple sugar in altering the mor- Reversibility of Effects of L-Fucose on 3T3 Fibroblasts.

phology and metabolism of a particular cell line was consist- When 3T3 cells are grown in L-fucose-containing medium for
ently and dramatically illustrated by the effects of L-fucose 24 to 48 hours, the cells assume a different morphologic appear-
on 3T3 mouse embryo fibroblasts. This cell line was therefore ance than cells cultured in medium with other sugars added,
chosen for further studies. The cells appear somewhat larger, have longer stellate processes,

Table 3

Time
after

adding
sugar
(hr)24618UridiniD-Glueose3.5

Â±0.63.9
Â±0.34.2
Â±0.44.6
Â±0.65-2-HCL-Fucose2.8

Â±0322
Â±0.51.6

Â±0.22.8
Â±0.4Specificactivity0Leucine-

l-i-*CD-Glucose3.4

Â±0.22.5
Â±0.42.8
Â±0.33.8
Â±0.2L-Fucose4.2

Â±0.42.8
Â±0.62.9
Â±0.61.4
Â±0.1Thyinidine-2-HCD-Glucose1.1

Â±0.31.2
Â±0.11.6
Â±021.8

Â±02L-Fucose1.4

Â±0.11.2
Â±0.11.6

Â±0.30.4
Â±0.1

Sequence of effects of L-fucose on the incorporation of leucine-l-14C, uridine-2-14C, and
thymidine-2-14C into 3T3 fibroblast cultures. Cultures were grown in Waymouth's medium

containing 12.5 mg of added D-glucose or L-fueose for the time indicated. One hour before
harvesting the cultures, 1000 m/ic of radioactive isotope were added.

a Specific radioactivity is expressed as cpm per mg of protein X 10~3. Each value is the

average of 3 cultures.
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Rody P. Cox and Bertram M. Gesner

Table 4

Average cell proteinÂ« Specific activityÂ»
(mg/bottle) Leucine-l-"C Uridine-2-Â»C Thymicline-2i<C

o-Glucose L-Fucose D-Glucose L-Fucose D-Glucose L-Fucose D-Glucose L-Fucose

Growing 0.135 0.084 48.6 23.8 9.4 4.7 15.4 2.8
(non-
confluent)0

Stationary 0518 0.511 15.7 15.1 1.6 1.3 1.2 1.4
(confluent)0

Comparison of effect of L-fucose on growing and on confluent 3T3 fibroblast cultures.
â€¢Average of 9 replicate 2 oz bottles. Before adding the sugars, the average cell protein

was 0.072 mg/bottle in the rapidly growing culture and 0.512 mg/bottle in confluent cultures.
6Specific radioactivity is expressed as cpm per mg of protein X 10~3. Each value is the

average of 3 cultures.
c The sugars were added to the growing culture by decanting the medium and adding fresh

Waymouth's medium containing 12.5 mg/ml of added sugar. Since it is known that fresh

medium will permit limited cell division in confluent 3T3 cultures (21), the medium in which
the confluent cells were maintained was decanted, appropriate sugars were added (12.5 mg/ml),
and the medium returned immediately to its original bottle. Radioisotopes were added to
the cultures as soon as the cultures were in the medium containing added sugar. All samples
were harvested 18 hours later.

and generally appear more "fibroblastic". When the fucose- added D-glucose or added L-fucose was less than that found in
containing medium is replaced with Waymouth's medium with- cells which were cultured in Waymouth's medium with no added
out added sugar, most of the cells resume their usual appear- sugar. This slight, apparently "nonspecific" decrease in plating

ance within a few hours. efficiency was also observed when other sugars were added to
Just as the selective effect of L-fucose on the morphologic the medium in a concentration of 12.5 mg/ml. Thus, after 24

appearance of 3T3 cells is reversible, so too are the selective hours of growth in medium with added L-fucose, there was no
effects on the growth and incorporation of leucine-l-14C and apparent selective decrease in the efficiency of plating of 3T3
uridine-2-14C (Table 5). cells.

Plating Efficiency of 3T3 Cells Grown in Medium with After 48 hours of growth in medium containing 12.5 mg/ml
Added L-Fucose. Plating efficiency of cells is generally taken L-fucose, there was a modest decrease in the ability of 3T3 cells

as a critical test for cell viability. After 24 hours of growth in to establish colonies as compared to cells grown for 48 hours
L-fucose-containing medium (12.5 mg/ml), the plating efficiency in medium with added glucose (Table 6). In two experiments,
of 3T3 cells was as great as that found in cells grown in medium after 72 hours of growth in L-fucose-containing medium, the
to which D-glucose (12.5 mg/ml) was added (Table 6). The plating efficiency was reduced to about one-half of that ob-
plating efficiency of cells grown in medium containing either served in replicate cultures grown in D-glucose.

Table 5

SugaraddedD-Glucose

1dayL-Fucose
1dayD-Glucose
2daysk-Fucose

2daysD-Glucose
1day,no

added sugar 1dayL-Fucose
1day,no

added sugar 1 dayAverage

cell protein
(mg/bottle)Â«0.260

Â±0.0350.166
Â±0.0200.495
Â±0.0560.240
Â±0.0270.530

Â±0.0420.430

Â±0.048Specific

activity*
(leucine-l-"C
incorporation)014.6

Â±1.17.8
Â±0.813.5
Â±0.56.8
Â±0.412.6

Â±1.811.4

Â±12Specific

activity6
(uridine-2-HCincorporation)*13.6

Â±0.61.9
Â±0.43.4

Â±0.81.4
Â±0.62.8

Â±0.13.1

Â±0.5

Reversal of the effects of L-fucose on 3T3 fibroblast cultures. Each of the cultures was fed
daily with the medium indicated. The concentration of added sugar was 12.5 mg/ml. Average
cell protein was 0.120 mg/bottle at the time medium containing the sugar to be tested was
first added.

0 Average of 4 replicate 4 oz bottles.
6Specific radioactivity is expressed as cpm per mg of protein X 10~3. Each value is the

average of 2 cultures.
0200 m^c of L-leucine-l-14C were added 6 hours before the cultures were harvested.
* 20 m/iC of uridine-2-14C were added 6 hours before the cultures were harvested.
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Table 6

Medium in which
cultures were

grown beforecloningWaymouth's
mediumWaymouth's

medium-(-D-glucose
(12.5mg/ml)Waymouth's

medium+L-fucose
(12.5 mg/ml)Percent24

hr39.828.230.4plating
efficiency48

hr37.630.5245

Plating efficiency of 3T3 fibroblasts after growing in D-glucose
and L-fucose. Replicate cultures were grown in Waymouth's
medium or Waymouth's medium with 12.5 mg of added sugar.
Following 24 and 48 hours of growth, the medium was decanted
and replaced with Waymouth's medium without added sugar.
Four hours later the cells were harvested and counted, and 500 to
800 cells were inoculated into flat-bottomed bottles (surface area
55 sq cm) containing 10 ml of Waymouth's medium with 20%
calf serum and 10% fetal calf serum. After incubating these cells
for 10 days, the medium was decanted, the cell colonies were
washed twice with buffer, and the colonies were fixed, stained
with Giemsa, and counted. The percent plating efficiency =

No. of colonies
X 100. Each value shown is the average

No. of cells inoculated
of 4 replicate cultures.

Studies on the Mechanism of L-Fucose Effects

The mechanism(s) by which L-fucose selectively inhibits the
metabolism of 3T3 cells is unknown. The purpose of the fol
lowing experiments was to investigate the means by which
L-fucose might be inducing its effects.

Effect of Additional Glucose or Pyruvate on the Inhibition
of Metabolism of 3T3 Cells by L-Fucose. One means by which
L-fucose could be altering the metabolism of 3T3 cells is by
interfering with the uptake or utilization of glucose. It was
therefore of interest to determine whether the addition of more
glucose to cultures of 3T3 cells would alter the effects of L-
fucose. As shown in Table 7, additional glucose did not appear
to interfere with the effects of L-fucose. In this experiment the
concentration of L-fucose was reduced to 6 mg/ml, and the
total glucose content of Waymouth's medium supplemented

with glucose was 11 mg/ml, so as to avoid greater nonspecific

Effects of Sugars on STS Fibroblasts

effects at higher total sugar concentrations. Still the added
glucose did not diminish the inhibitory effect of L-fucose.

Since it has been found that pyruvate enhances growth in
medium containing suboptimal amounts of glucose (3), it was
also of interest to determine whether adding pyruvate to the
medium might reverse the effects of L-fucose. However, pyru
vate, at a concentration of 2 mg/ml, was also ineffective in
altering the effects of L-fucose.

Effect of L-Fucose on the Uptake and Utilization of Glu-

cose-U-14C by 3T3 Fibroblasts. The evidence that adding
pyruvate or additional glucose to Waymouth's medium was

ineffective in reversing the effects of L-fucose does not neces
sarily mean that glucose is taken up and utilized in a normal
manner by 3T3 cells. In order to investigate this problem
further, labeled glucose was added to 3T3 cell cultures grown
in medium containing L-fucose, and the amounts of label present
in TCA-soluble and -insoluble fractions were determined (Table
8). The total uptake of radioactivity derived from glucose-U-
14C in cultures of 3T3 cells grown in medium without sugar
added or with JV-acetyl-D-glucosamine added was greater than
in replicate cultures grown in medium containing L-fucose. This
might be expected, since cell multiplication is markedly in
hibited in L-fucose-containing cultures and is only slightly de
creased in cultures grown with N-acetyl-D-glucosamine or other
sugars added. When uptake and incorporation of the label is
calculated on the basis of radioactivity per mg cell protein in
these cultures, there is no clear difference in L-fucose-contain
ing cultures and the control cultures (Table 8) ; ./V-acetyl-D-
glucosamine was used here for comparison, since it is one of
the sugars which does not appear to cause selective alterations
in 3T3 fibroblasts (5) and would be unlikely to compete with
glucose as an energy source.

Uptake and Utilization of L-Fucose-l-14C by 3T3 Fibro
blasts. L-fucose-l-14C (0.1 mg/ml) was added to Waymouth's

medium, and the radioactivity of TCA-soluble and -insoluble
cell residues and radioactivity remaining in the medium was
assayed at various time intervals. In this experiment no un-
labeled fucose was added to the cultures. As shown in Table 9,
the amount of radioactivity associated with TCA-insoluble cel
lular material was extremely small, and only a minimal decrease
in the radioactivity of the supernatant medium could be de-

Table?

SugaraddedNone

D-Glucose12mg/ml
D-Glucose6 mg/ml
L-Fucose6 mg/ml
L-Fucose6 mg/ml

+ D-glucose6 mg/mlAverage

cell
protein

(mg/bottle)Â«0.250

Â±0.05
0525 Â±0.01
0580 Â±0.02
0.142Â±0.01
0.150Â±0.03Specific

activity
(Ieucine-l-i4Cincorporation)637.1

Â±7.0
385 Â±35
40.4Â±1&
185 Â±15
15.8Â±2.0Specific

activity
(uridinc-2-"C
incorporation)1185

Â±0.5
75 Â±03
9.1 Â±0.4
5.1 Â±0.8
4.9 Â±0.6

Failure of additional glucose to reverse the effects of L-fucose on 3T3 fibroblast cultures.
Cultures were grown for 2 days in Waymouth's medium containing the sugar indicated. Aver

age cell protein was 0.089 mg/bottle at the time medium containing the sugar to be tested was
added.

0Average of 4 replicate 2 oz bottles.
6Specific radioactivity is expressed as cpm per mg of protein X 10~3. Each value is the

average of 2 replicate bottles.
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Table8Added

sugarione/-Acetyl-D-glucosamine.-Fucose1

hrTCAInsoluble051Â«0.590.56TCASolubleU71.40133TCAInsoluble0550.991.073hrTCASoluble1.451.601.60TCAInsoluble1.091.311.186hrTCASoluble1.801.461.84TCAInsolubleNot

done2.752.0518

hrTCASolubleNot

done1.30U7

Effect of L-fucose and JV-acetyl-D-glucosamine on the uptake and incorporation of glucose-U-14C by 3T3 fibroblast cultures. Repli
cate cultures were grown in Waymouth's medium alone or with 12.5 mg/ml Af-acetyl-D-glucosamine or L-fucose and 500 rn/uo of glucose-
(J-14C for the times indicated. Prior to harvesting, the culture bottles were cooled at 0Â°Cfor 10 minutes and then washed three times

with ice cold buffer containing 0.5% glucose and 12.5 mg/ml of the appropriate sugar. The washed cultures were then air dried and har
vested by lysis in 0.5% deoxycholate in 0.9% NaCl.

"Specific radioactivity, expressed as cpm per mg of protein [trichloracetic acid (TCA)-insoluble or -soluble fractions] x 10~:i. Each

value is the average of 2 replicate cultures.

Table 9

Time after
adding

L-fucose-l-l1C1

minute48
hr72

hrSpecific

activityofTCA

insoluble19014501721cellsÂ«TCAsoluble2110181383Medium(cpm/ml/ XIO-Â«)35.634.934.4Calculated

maximum
incorporation

(pg L-fucose/mg
cell protein)2834

Uptake and incorporation of L-fucose-l-14C by 3T3 fibroblast cultures. Replicate cultures
were grown in Waymouth's medium containing 0.1 mg/ml of L-fucose-l-14C (250 m/xc/ml).

TCA, trichloracetic acid.
a Cell values are the average of 2 cultures. Specific radioactivity is expressed as cpm/mg

protein.

tected during the course of the experiment. When the super
natant was analyzed by ascending paper chromatogrnphy
(Whatman #1) utilizing py ridine :w-butyl alcohol:water solvent
(4:6:3) and developed in a silver nitrate dip (1, 22), all of the
radioactivity coincided with L-fucose. When 14C-labeled L-fucose

was added to cultures containing 5 or 12.5 mg of unlabeled
fucose per ml, the amount of radioactivity associated with
TCA-insoluble cellular material was only slightly above back
ground.

Effect of Guanosine on the Inhibition of Uridine Incorpora
tion in 3T3 Fibroblasts by L-Fucose. L-fucose might produce
its effect by tying up the available pool of guanosine triphos-
phate (GTP) as guanosine diphosphofucose (10), thereby de
pleting the availability of GTP for the synthesis of macromole-
cules such as the nucleic acids. It was therefore of interest to
determine if the addition of guanosine to culture medium (200
lig/ml final concentration) would delay the effect of L-fucose
on the inhibition of uridine incorporation.3 Maximum uptake
and utilization of guanosine occurs in mouse fibroblasts at this
concentration (14). However, addition of guanosine to the
medium did not delay or reduce the inhibition of uridine in
corporation by L-fucose.

DISCUSSION

The present studies illustrate the selective effects of naturally
occurring simple sugars on specific cell lines. Attempts to

further characterize the selective effect of L-fucose on 3T3
mouse fibroblasts revealed that: (a) decrease in incorporation
of uridine (presumably RNA synthesis) was detectable before
inhibition of leucine or thymidine incorporation (presumably
protein and DNA synthesis) ; (6) in contrast to the striking
effects of L-fucose in rapidly growing cultures, there was no
further measurable reduction in metabolism of confluent cul
tures of 3T3 cells by L-fucose; (c) the marked changes in
growth and metabolism induced within 24 hours of growth in
L-fucose-containing medium were reversible; and (rf) the plat
ing efficiency of 3T3 cells grown in L-fucose-containing medium
for 24 hours was not selectively reduced. These findings seem
of interest not only because they describe some of the charac
teristics of the effects of L-fucose on 3T3 fibroblasts, but also
because of some apparent relationships between them and the
characteristics of inhibition of mitosis in confluent cultures of
this cell line.4 For example, the effects of L-fucose on the se

quence of inhibition of incorporation of radioactive labels into
macromolecules is similar to that observed in confluent cultures
of 3T3 cells (G. Todaro, personal communication; 21). Also

3 This experiment was suggested by Dr. Victor Ginsberg of the
National Institutes of Health.

4 Contact inhibition is used here in the sense of restriction of
cell growth observed in confluent cultures of 3T3 fibroblasts (18,
21). This usage is especially appropriate for 3T3 cells since, at
relatively low population densities (0.5 X 10r>cells/sq cm), mitosis
is completely inhibited (19, 21). Moreover, studies of DNA syn
thesis in clones of 3T3 cells indicates that, when a cell is surrounded
by other 3T3 cells on all sides, DNA synthesis is completely in
hibited (9).
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Effects of Sugars on 3T3 Fibroblasts

the alterations produced by growth in L-fucose for 24 hours,
like those occurring in cell contact-inhibited cultures are re
versible. Cells inhibited by cell contact for 24 hours or longer
resume rapid multiplication when subcultured. 3T3 cells in
hibited for 24 hours by L-fucose also have a high plating effi
ciency. However, after 48 hours in L-fucose, plating efficiency
is decreased, while 3T3 cells inhibited by cell contact for a cor
responding period of time have a relatively unimpaired cloning
efficiency. The finding that L-fucose causes little or no reduction
in the metabolism of confluent cultures of 3T3 cells may simply
mean that inhibition of metabolism by cell contact is so great
in this cell line that further reductions by any means short of
extensive cell damage would be difficult to detect. However,
the fact that L-fucose does not further reduce the low levels of
isotope incorporation in cell contact-inhibited cultures raises the
possibility that common mechanisms of inhibition may be
operative in both situations.

The similarities between the characteristics of L-fucose in
hibition and the properties of contact inhibition4 in 3T3 fibro-
blasts described in this report may of course be coincidental,
but there are additional relationships between the two phe
nomena which are of interest. There was a parallelism between
the susceptibility to alteration by L-fucose and the degree of
contact inhibition ordinarily exhibited by a number of mouse
cell lines. For example, 3T3 which was the mouse line found
to be most susceptible to alteration by L-fucose, was, corre
spondingly, the mouse cell line which exhibits the highest degree
of contact inhibition of mitosis. Other established mouse cell
lines which were less susceptible to alteration by L-fucose, such
as 3T6 and L cells, correspondingly exhibit a lesser degree of
contact inhibition. Furthermore, when 3T3 cells are transformed
by oncogenic viruses, the cells not only lose their property of
contact inhibition, but they also become less susceptible to
inhibition by L-fucose (5).

These relationships raise the possibility that the mechanisms
by which L-fucose inhibits 3T3 cells might be similar to the
mechanisms which account for cell contact inhibition. However,
this hypothesis is not easily tested, since the mechanisms ac
counting for cell contact inhibition as well as those operating
in L-fucose inhibition are unknown. Several attempts were made
to elucidate the mechanism by which L-fucose produces its
effects. The results suggest that L-fucose does not inhibit the
metabolism of 3T3 cells primarily by interfering with glucose
uptake and utilization. Nor does it appear that L-fucose in
hibits synthesis of nucleic acids by depleting the available pool
of guanosine. Furthermore, it is clear that increased acid pro
duction, which has been shown to decrease cell growth in cul
tures containing high concentrations of certain rapidly metab
olized sugars (8), is not responsible for the inhibition induced
by L-fucose in this cell line, since the pH of medium does not
fall as much in L-fucose-containing cultures of 3T3 cells as in
cultures with other sugars added (4). Thus, some of the more
apparent means by which L-fucose could have been inhibiting
3T3 cells do not appear to explain the effect. Whatever the
mechanism is, it would seem to require very little utilization of
L-fucose by the cells, since exceedingly small amounts of radio
activity are found in cellular fractions of 3T3 cultures grown
in medium containing labeled L-fucose.

If the mechanisms whereby L-fucose inhibit 3T3 cells and
those which occur in cell contact inhibition are related, one
possible explanation for the parallelisms between the phenomena
might be that L-fucose produces its effects by substituting for
a fucose-containing natural constituent of 3T3 cells, which,
when combining with complementary structures at the surface
or within susceptible cells, induces the cells to undergo the
changes characteristic of cell contact inhibition. Such a fucose-
containing constituent might occur at the surface of normal
cells and act by combining with complementary sites at the
surfaces of susceptible cells, or it might occur as a macromolec-
ular constituent of normal cells which gains entrance into sus
ceptible cells and acts intracellularly. If contact inhibition is
due to an increase in fucose-containing macromolecules, then
L-fucose might produce its effects not only by substituting for
these macromolecules, but also by causing an increase in the
synthesis of fucose-containing macromolecules through an in
crease in the production of guanosine diphosphate L-fucose.
Since, in some cells, guanosine diphosphate D-mannose can be
converted to GDP-fucose, such a mechanism might account
for the slight effect of D-mannose on some cells primarily sus
ceptible to L-fucose. It has been suggested by several inves
tigators that saccharide-containing structures play a role in
cell contact inhibition (2, 7).

While all of the evidence concerning the effects of L-fucose on
3T3 cells and related lines is consistent with the preceding
speculation, it should be emphasized that the mechanisms ac
counting for the effects of L-fucose are unknown, and that
parallelisms with cell contact inhibition may be coincidental.
Furthermore, it should be noted that the mechanism which
accounts for the selective effects of D-mannose on other cell
lines are also unknown, and whether both L-fucose and D-man
nose produce their effects by the same mechanisms are unclear.
Nevertheless, the findings demonstrate that naturally occurring
saccharide constituents can profoundly alter the metabolism of
selected mammalian cells, and this raises the possibility that
the saccharide components of mammalian glycoproteins and
cell structures might play a unique role in the regulation of
cell growth and metabolism.
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Effects of Sugars on 3TS Fibroblasts

Â«

I 1b
Fig. la. A representative area of 3T3 mouse fibroblast culture grown for 72 hours in Waymouth's medium containing 12.5 mg/ml D-

glucose. Similar patterns of growth were observed with all of the other sugars tested except L-fucose. X 150.
Fig. lÃ².A representative area of 3T3 mouse fibroblast culture grown for 72 hours in Waymouth's medium containing 12.5 mg/ml L-

fucose. Giemsa stain, X 150.
Fig. 2a. A representative area of BSC-1 African green monkey kidney culture grown for 72 hours in Waymouth's medium containing

12.5 mg/ml o-glucose. Similar patterns of growth were observed with all of the sugars tested except D-mannose. X 150.
Fig. 26. A representative area of BSC-1 African green monkey kidney culture grown for 72 hours in Waymouth's medium containing

12.5 mg/ml D-mannose. Giemsa stain, X 150.
Fig. 3a. A representative area of HeLa Ch cell culture grown for 72 hours in Waymouth's medium containing 12.5 mg/ml o-glucose.

Similar patterns of growth were observed with all of the other sugars tested except D-mannose. X 150.
Fig. 36. A representative area of HeLa Ch cell culture grown for 72 hours in Waymouth's medium containing 125 mg/ml D-mannose.

Giemsa stain, X 150.
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