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D-Glucose Transport into Suspended Human Fibroblasts

Rapid Measurement of Uptake by Silicone Oil Filtration Centrifugation, and Comparison of

Different Cell Detachment Procedures
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Summary: The uptake of 1#C-labeled p-glucose
into the cellular space of human diploid fibro-
blasts (Flow 2000) — grown to confluency and
detached with trypsin-EDTA — was studied using
silicone-oil-layer-filtering centrifugation. This
method is rapid enough to enable the determina-
tion of initial transport rates, which are not com-
plicated by subsequent metabolism of the hexose
taken up into the cells. D-Glucose uptake shows
saturation kinetics with a K, of 1.8mm and
maximal transport capacity of 4--8 nmol/(10°
cells x min) at 20 °C. This saturable transport
system is responsible for at least 80% of the total
glucose taken up into the cells in the concentra-
tion range tested (0.1—10mm D-glucose in in-
cubation medium). The glucose carrier is stereo-
specific, is independent of sodium and potassium
ions, and is inhibited by cytochalasin B. Its tem-
perature dependence reveals an activation energy

of 31kJ/mol (7.5 kcal/mol; Qg = 1.5). As de-
tachment of the cells from the culture flasks is
necessary for applying silicone-layer-filtering cen-
trifugation, various detachment procedures were
tested. In the enzymatic procedure cells were
treated with either trypsin or pronase. In the
chelating method, Ca2® and Mg2® ions were che-
lated by EDTA and K® ions with sodium tetra-
phenylborate. For mechanical detachment, cells
were grown initially on plastic foil. After each of
these detachment procedures the transport of
D-glucose was the same. It is therefore concluded
that this method of rapid measurement of D-glu-
cose uptake in suspended human fibroblasts may
serve as an alternative to the uptake measurement
with glucose analogues in attached cells when
studying the hexose transport system in human
diploid fibroblasts.

Enzymes:
Trypsin (EC 3.4.21.4);

Pronase P (Streptomyces griseus neutral proteinase, EC 3.4.24.4).

Abbreviations:
EDTA = Ethylenediamine tetraacetic acid;

Hepes = 2-[4-(2-hydroxyethyl)-1-piperazinyl]ethanesulfonic acid:

Glc = D-glucose;

2-dGlc = 2-deoxy-D-glucose;
3-MeGlc = 3-O-methyl-D-glucose;
NHI = National Institute of Health.
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D-Glucosetransport in suspendierten menschlichen Fibroblasten.
Messung mittels Silikonol-Filtrationszentrifugation und Vergleich verschiedener Verfahren

zur Ablosung der Zellen

Zusammenfassung: Mittels der Silikonol-Filtra-
tionszentrifugation wurde die Aufnahme '4C-
markierter D-Glucose in diploide, menschliche
Fibroblasten (Flow 2000) untersucht, nach Ab-
16sen der konfluenten Kulturen durch Trypsin-
EDTA-Losung. Diese Methode erlaubt die Be-
stimmung initialer Aufnahmegeschwindigkeiten
fur p-Glucose. Aufgrund der kurzen Mef3zeiten
kann eine klare Differenzierung zwischen Aufnah-
mevorgang und nachfolgender intrazelluliarer Me-
tabolisierung der D-Glucose vorgenommen wer-
den. Die D-Glucoseaufnahme zeigt Sattigungs-
verhalten mit einem K ,-Wert von 1.8mm und
einer maximalen Transportkapazitit von 4—8 nmol/
(106 Zellen X min) bei 20 °C. Im untersuchten
Konzentrationsbereich (0.1—10mm D-Glucose

im Inkubationsmedium) erfolgt die D -Glucose-
aufnahme in die Zellen zu mindestens 80% iiber
dieses sittigbare Transportsystem. Der Glucose-
carrier zeigt Stereospezifitit, arbeitet unabhingig
von Natrium- und Kaliumionen und wird durch
Cytochalasin B gechemmt. Aufgrund der Tempera-
turabhingigkeit errechnet sich eine Aktivierungs-

energie von 31kJ/mol (7.5 kcal/mol; Qo ~ 1.5).
Da zur Anwendung der Silikonol-Filtrationszen-
trifugation das Ablésen der Zellen von der Ziich-
tungsflache erforderlich ist, wurde der Einfluf}
verschiedener Zellablosungsverfahren (enzyma-
tisch, Komplexieren von Kationen, mechanisch)
auf die Aufnahme von D-Glucose untersucht: Das
Ablosen der Zellen mit Trypsinlosung oder mit-
tels kurzzeitiger Inkubation in Pronaselosung, das
Komplexieren von Calcium- und Magnesiumionen
mit EDTA und von Kaliumionen mit Tetraphenyl-
bor-Natrium, sowie das mechanische Ablosen auf
Plastikfolien geziichteter Zellen erbrachten ver-
gleichbare Ergebnisse. Die Messung der b-Glucose-
aufnahme in suspendierten menschlichen Fibro-
blasten mittels Silikonél-Filtrationszentrifugation
erlaubt die Verwendung des physiologischen Sub-
strates des Glucose-Transportsystems. Sie stellt so-
mit bei Untersuchungen des Hexose-Transportes
in diploiden menschlichen Fibroblasten eine Al-
ternative zu den Transportmessungen mit Glu-
coseanalogen in substratfixierten Zellen dar.

Key-words: Transport kinetics, glucose carrier, trypsinization, human diploid fibroblasts.

The measurement of glucose transport by human
diploid fibroblasts in vitro is complicated by its
rapid uptake and quick metabolism within the
cells, with subsequent release of lactatel!l. The
kinetics of this uptake process, therefore, cannot
easily be ascertained, since current techniques
used for such measurements in monolayer cell
cultures are not rapid enough. Many investiga-
tions on hexose transport in fibroblast strains
and lines have for this reason been carried out
using glucose analogues such as 2-deoxyglucose
which is only phosphorylated, with uptake kinet-
ics linear over a longer time range than D-glucose,
and 3-O-methylglucose which is not metabolized
at all. It should, however, be noted that 3-O-meth-
ylglucose may not be taken up into the cells ex-
clusively by the glucose transport system!2].

To bypass these difficulties in characterizing the
glucose transport system we have measured the

uptake of D-glucose into suspended human fibro-
blasts using the silicone-layer-centrifugation meth-
odI31. This method, which has been successfully
applied for measuring hexose uptake into rat
liver cellsl4:51  allows kinetic measurements with-
in seconds and is, therefore, rapid enough for
establishing the kinetics of glucose uptake. A
major problem with this approach is the neces-
sity of having the fibroblasts in suspension. It
was essential to establish that procedures used
for detachment of the cells did not per se alter
the functional properties of the glucose carrier.
We therefore compared the influence of certain
detaching procedures on glucose uptake kinetics
of human diplaid fibroblasts in vitro. These pro-
cedures included enzymatic digestion, chelating
agents and mechanical detachment.
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Material and Methods

Culture conditions

Commercially available diploid fibroblastoid cells ob-
tained from human foetal lung (Flow 2000) were main-
tained in Eagle’s Minimum Essential Medium with Eagle’s
salts (Gibco Labs.) and 12% foetal calf serum. Two
charges of foetal calf serum (Microbiological Ass. Inc.
and Flow Labs. — screened for mycoplasma) were used
without noticeable differences with respect to culture
growth and transport measurements. The cultures were
incubated at 37 °C in an aerated atmosphere with 5% -
CO,. Penicillin (100 units/m!) and streptomycin

(100 ug/ml) and 2.2 g NaHCO3/! were added to the me-
dium. Culture medium was procured in powder form
and was freshly constituted before use. Non-essential
amino acids were supplemented and the pH was ad-
justed to 7.4. The cultures were grown in 174-cm? plas-
tic culture flasks (Nunc). Subcultivation was performed
by detaching the cells with 0.2% trypsin in a solution of
salts (see below) containing 0.1mM EDTA and 5.6mM
D-glucose. If not stated otherwise, cultures which were
in phase II of their lifespanlé] were used for the measure-
ments after they had attained confluency. Periodic tests
for mycoplasma contamination using the method of
double labelling with {3H Juracil and [!4CJuridine!7} gave
negative results. Cell counts were performed under
phase-contrast in three independently filled Neubauer
chambers.

Detachment procedures

For enzymatic digestion either 0.2% trypsin (Serva,
1:250; Cat.No. 37290) or 0.05% pronase (Serva,
Cat.No. 33634) were used. These enzymes were dis-
solved in a salt solution containing 137mM NaCl,
5.4mM KCl, 4.8mM NaHCO3, 0.1mM EDTA and
0.001% phenol red as pH indicator; addition of 0.1mM
EDTA to the trypsin solution produced a better dis-
persion of cells than trypsin alone.

Detachment with chelating agents was performed cither
with 0.1mM and 1.0mM EDTA, respectively, in the salt
solution given above, or with SmM sodium tetraphenyl-
boratel8lin a salt solution in which KCI was replaced
by an equivalent amount of NaCl. Solutions were buf-
fered with 20mM Hepes. The final pH was adjusted to
7.4 at 20°C with 1IN NaOH. Cultures were washed three
times with the salt solution before detaching agents were
applied. The time interval between the addition of the
detaching agents and the start of glucose measurements
is given in Table 4. In the case of 0.1mM EDTAl®l and
sodium tetraphenylboratc only partial detachment was
achieved even after prolonged incubation.

For mechanical detachment cells were grown on plastic
foill 19). Subconfluent cultures were carefully washed
with the salt solution described above and detached by

gently stretching the foil. This yielded small clumps of
cells. It was not possible to obtain cell counts in this
case because of the danger of cell destruction during the
process of dispersion through vigorous pipetting.

Measurement of sugar uptake
Silicone-layer-filtering-centrifugation
Filtering-centrifugation!3:11] was carried out with a
Beckman Microfuge using 0.4 m/ polypropylene tubes
(Beckman Instruments Miinchen). The tube was filled
with 20 u/ 1M HCIOg4 at the tip. This was followed by
70 wl silicone oil (AR 20:100 = 1:3, Wacker Chemie,
Miinchen), on top of which 250 u/ of the fibroblast sus-
pension (5 x 105 to 1.5 x 105 cells/ml) were added. If
not stated otherwise, all incubations were carried out at
20°C in the 0.2% trypsin solution. Incubation was star-
ted by addition of the radioactive labelled substance in
a volume of 10 u/ and was terminated by centrifugation
of the fibroblasts through the silicone oil into the per-
chloric acid. Within one second after the beginning of
centrifugation, more than 85 % of the cells were found
already separated from the medium as shown by labell-
ing of cell space by tritiated water.

For measurements of radioactivity, 20 ul of the super-
natant salt solution was taken and counted in Instagel
in a Packard liquid scintillation counter with correction
for quench. The content of the plastic tube was then
frozen; the tip of the tube containing the perchloric
acid-fraction with a thin adhering film of silicone oil
was cut off with a blade and suspended in 300 u/ water.
After vigorous shaking and centrifugation of the pro-
tein precipitate, 200 u/ of the supernatant was taken for
counting. After dissolvingthe protein precipitate in 100 u/
IN NaOH at 60 °C for 60 min and ncutralization with
IN HCI, radioassay showed that during the time range
we used for the determination of glucose uptake rates
(1045 sec), less than 1% of the | MC]D-glucose found
within the cells was incorporated into the perchloric
acid insoluble fraction. For this reason, radioassay was
carried out in most experiments simply by cutting off
the tip and putting it straight into the scintillation cock-
tail. This procedure gave identical results to the above
mentioned method. In similar experiments not shown
here the perchloric acid in the centrifugation tube was
replaced by IN NaOH. The differences in quenching of
NaOH and perchloric acid samples were corrected with
quench curves obtained cither with NaOH or perchloric
acid as quencher. No significant difference in the cell as-
sociated radioactivity could be found between cells
centrifuged into perchloric acid and cells centrifuged
into sodium hydroxide. This indicates that the amount
of ['4C]C02 and l“‘C]HCO;;B inside the cells, generated
by glucose metabolism within the time range of our
measurements, is negligible. The conditions of incuba-
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tion were chosen so that less than 1% of the added ra-
dioactive substance appeared in the sediment after cen-
trifugation.

Determination of cell space

Determination of the cell space of human diploid fibro-
blasts by filtering-centrifugation was carried out in two
different ways:

a) Incubation of the cells with [3H]water and inulin
lI 4C]carboxylic acid

The volume of |3H]water found in the sediment after
centrifugation expresses the intracellular space of the
fibroblasts and its film of adherent medium. The latter
can be measured with inulin [14C]carboxylic acid (ab-
breviated as inulin), which does not penetrate the cells.
The amount of (! 4C] inulin found in the sediment re-
mains constant with increasing incubation time (1 to
15 min). Only the inulin fraction, soluble in 50% etha-
nol was taken for the determination of the inulin space,
because this fraction gave more reproducible results
than the water soluble inulin. Non-radioactive inulin in
excess did not alter the amount of | 14C]inulin in the
sediment, indicating that inulin was not unspecifically
bound to the plasma membrane. Subtraction of this
inulin space from the total water space yields the inulin-
impermeable water space, which is defined as ‘““cell
space”” hereafter. This cell space is equal to 79 + 6%
(SD, n = 150) of water space. Water- and inulin spaces
(;41/106 cells) respectively are calculated according to
the following formula:

Ruact.g x ¥y

Space = ;
P R.act.pq x cells

R.act.g = radioactivity in sediment fraction (in dis-
integrations/min = dpm):

R.act.\q= radioactivity in incubation volume (in dis-
integrations/min = dpm);

Vm = volume of incubation medium (in u/);
cells = number of cells in incubation volume (in mil-
lions)

b) Determination of the cell space via glucose uptake
kinetics
Incubation of the fibroblasts with [14C]D-glucose and
subsequent centrifugation yields [14C|D-g]ucose in the
sediment which consists of the [14C]glucose taken up
by the cells plus the |14C)glucose remaining in the ad-
herent medium. Since the latter is independent of in-
cubation time, the amount of 14¢ radioactivity ob-
tained in the sediment after zero time incuba-
tion allows calculation of the volume of the adherent
medium (see formula above), indicated as zero time
glucose space. For practical reasons zero time yields of
14¢ radioactivity were extrapolated from the yields ob-
tained after different incubation times. This extrapola-
tion can be correctly done provided that glucose uptake
measurements are performed within the linear range
and that there is no unspecific absorption of glucose to
the plasma membrane. Fig. 1 shows a typical experiment,
in which cell space was determined using two different
concentrations of [ 14C]glucose and [14C|inulin, respec-
tively. The good agreement of the inulin space and the
zero time glucose space confirms that both precondi-
tions for obtaining a correct value of the latter space
were actually fulfilled. The measurement of initial rates
of glucose uptake is limited by the accuracy of the de-
termination of cell-adherent medium in the sediment

Fig. 1. Linear uptake of D-glucose into suspended human fibroblasts.

W

1
Is] —
|
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Abscissa: incubation time of cells with | 14¢)-
glucose.

Ordinate: virtual fraction of the incubation
solution calculated from [14C|activity in the
sediment, representing a certain volume of
incubation solution depleted of D-glucose by
uptake into the cells plus incubation solution
adherent to the cells.

Extrapolation to zero-time yields the latter
volume. A good agreement of the spaces ac-
cessible by inulin at 3-min incubation time
and glucose at zero-time incubation can be
seen. Each point represents the mean from
triplicate measurements. Calculated cell space:
via [14CJinulin; 2.28 ul/10° cells, via 0.1mM

50 [14C)D-glucose: 2.29 ul/10° cells, via 10mM
[’4CID~glucose: 2.36 ul/10° cells.
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and the time range at which the lincarity of uptake is
preserved. To confirm the validity of uptake measure-
ments control experiments as shown in Fig. 1 were in-
cluded in all experiments to be discussed subsequently.

Uptake of radioactively labelled substances into cell
space

The cells were incubated with [3H Jwater and the l4c.
labelled substance whose uptake was to be measured.
The cells were then centrituged through the silicone oil
and the concentration C, of the [14C]substance in the
cell space (in nmol/ul) was calculated using the follow-
ing formula:

_ e R.act.g — a x 14¢C R.act.)x 3H R.act.p xCy

¢ 3H R.act.g — a x 3H R.act.p) x t4c R.act.y
radioactivity of | 14C]substance and [3H |-
water respectively either in sediment frac-
tion S or incubation volume M (in disinte-
grations/min = dpm);

concentration of | l“C]substance in incuba-
tion volume (in mmol//).

ratio of R.act.g: R.act.y for [14Clinulin.

Ract.g M=

CM =

o =

The value « represents the medium fraction adherent to
the cells, which had been carried through the silicone
oil.

Multiplication of C¢ with the cell space (in ;41/106 cells)
yields the amount of the 14C.jabelled substance (in
nmloll} taken up by 109 cells. For further explanation
see

Measurement of protein and phosphorylated glucose
Protein was measured by the method of Lowry et al[12],
The determination of the phosphorylated D-glucose was
carried out with the anion-exchanger AG 1X8 acetate
(400 mesh, Biorad Lab., Miinchen) as described by Baur
and Heldt!S1.

Radionuclides

All radioactive substances were purchased from Amer-
sham-Buchler, Braunschweig, and used with the spec.
act. indicated: [3H]water (0.5 to 2 x 104 Ci/mol); inu-
lin IMClcarboxylic acid (mean molecular weight 5000,
7.5Ci/mol, 0.2 to 0.7mM); | 14CID-glucose (uniformly
labelled, 0.15 to 50 Ci/mol); [*4C]L-glucose (1.3 Ci/mol);
(14C|D-glucose 6-phosphate (1.3 Ci/mol); [14C|D-fruc-
tose (1.3 Ci/mol); [} #C|D-fructose 6-phosphate (1.3 Ci/
mol); [ 14C]sucrose (1.3 Ci/mol). The purity of the radio-
activly labelled hexose phosphates was tested by thin-
layer chromatography prior to use.

Non-radioactive sugars

Non-radioactive D-glucose, L-glucose, D-glucose 6-phos-
phate, D-fructose, D-fructose 6-phosphate, sucrose and
cytochalasin B were obtained from Sigma Chemie GmbH,

Miinchen. All other substances were of analytical grade
and were purchased from Merck, Darmstadt, or Serva,
Heidelberg.

Results and Discussion

Kinetics of hexose uptake

The uptake of D-glucose at 20 °C into detached
human diploid fibroblasts in suspension is a fast
process, as is demonstrated in Fig. 2. At a concen-
tration of 20mM D-glucose in the medium, the up-
take into cell space is linear only within the first
minute of incubation; at Imm glucose concentra-
tion, linearity is obtained only within the first

20 seconds. In uptake measurements over a longer
time range (1—10 min), not shown here, it was

N (] ()

Glc [nmol/ul cell space] —

wW

0 30 60 90 180

t[s] >

120 150

Fig. 2. Time course of D-glucose uptake into suspended
human fibroblasts at a glucose concentration of either
1, § or 20mM in the incubation solution.

Cell space 2.8 ul/106 cells; temp. 20 °C. Mean values
from triplicate measurements are given with standard
deviations (SD), the standard deviations lying within the
symbols used, if arrows are not indicated.
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seen that in the case of 1mm [!4C]p-glucose in
the incubation medium, the amount of radio-
activity found within the cells reached equili-
brium after about 3 min. The equilibrium could
be a mere reflection of the rapid excretion of
['4C]lactate resulting from metabolized glu-
cosel13:11_ All three curves in Fig. 2, however,
yield an uptake value of zero when extrapolated
to zero time, which is consistent with the assump-
tion that the measurements indicate initial trans-
port rates. From measurements like these, initial
rates of uptake can be evaluated, which are de-
monstrated for various sugars and sugar phos-
phates in Table 1. The strong stereospecificity of
the uptake process (D- versus L-glucose) as well
as the relative impermeability of the cell mem-
brane for hexose phosphates (D-glucose phos-
phate and D-fructose phosphate) is clearly seen.
The transport rates for D-fructose and sucrose
are more than one order of magnitude lower than
the one for D-glucose.

Metabolic influence on uptake measurements

The glucose taken up into the cells was rapidly
metabolized as shown in Fig. 3. In this experi-

Table 1. Initial rates of sugar uptake into cell space of
suspended human fibroblasts.

Sugar concentration in incubation medium: 1mM; cell
space: 1.6 p/; temp. 20 °C. Measurement of uptake for
D-glucose was carried out at ¢t = 11sand ¢ = 21 s, for
other sugarsat t = 11sand ¢ =61 s. Each measurement
was done three times. Calculation of uptake rates was
carried out as described in methods. Substrate spaces
(;.11/106 cells, mean + SD): L-glucose 0.49 + 0.02 (115),
0.52 + 0.04 (61 s); D-fructose 0.50 + 0.03 (11 s),

0.55 £ 0.02 (61 s); D-glucose 6-phosphate 0.49 + 0.01
(115), 0.55 + 0.03 (61 s); D-fructose 6-phosphate

0.52 £ 0.01 (115s), 0.55 +0.06 (61 s); sucrose 0.48
+0.04 (115), 0.55 + 0.08 (61 5); inulin space 0.48 ul/
108 cells. For further explanation see methods.

Sugar Sugar uptake
{nmol/(10° cells x 205)]
D-Glucose 0.45
L-Glucose <0.01
D-Fructose <0.02
D-Glucose 6-phosphate <0.02
D-Fructose 6-phosphate < 0.01
Sucrose <0.03

IS
N
o

Tot?! 1
Metabolized

l

S
3

Glc [nmol/ul cell space] —
[S)
N
o

Non-metabolized

20 40 60 80 100

t[s] -

120

Fig. 3. Uptake of D-glucose into suspended human fibro-
blasts and determination of the glucose fraction metab-
olized after different incubation times with [!#C]D-glu-
cose.

D-Glucose concentration in the incubation solution:
0.5mM; cell space 2.7 ul/106 cells; temp. 20 °C. For fur-
ther experimental details see text.

ment the cellular incorporated radioactivity was
allowed to pass through the anion-exchanger
AG1X8 acetate. Free glucose was eluted with
H,0, whereas the metabolized fractions were
retained in the column and, thereafter, eluted
with 2m HCI. After correction for extracellular
radioactivity (inulin space), the concentrations

of free and total (free + metabolized) glucose in-
side the cells were plotted as a function of incuba-
tion time. Even after 10 s a considerable amount
of glucose was already metabolized. Though the
concentration of total glucose inside the cells ex-
ceeded that of glucose in the incubation medium
after 55 s, the level of free glucose reached only
75% after 120s. With regard to this rapid metab-
olism, it has to be remembered that part of the
glucose would have been converted to lactate and
excreted into the incubation medium — a process
which has been detected as early as one minute
after incubating rat hepatoma cells/!3:14] and hu-
man fibroblasts!!). Such being the case, under
our experimental conditions, the calculated trans-
port rates for p-glucose would be underestimated.
To check this possibility, the fibroblasts were in-
cubated with iodoacetic acid, and glucose uptake
was measured thereafter. This inhibitor blocks
glyceraldehyde-3-phosphate dehydrogenasel 151 and
consequently lactate formation, without impair-
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ment of hexose transport(!]. This method was
preferred to the direct determination of lactate
in the incubation medium for technical reasons.
When measuring D-glucose uptake after 20 s (the
time normally used) no influence of iodoacetic
acid on D-glucose uptake [calculated in nmol/

(u! cell space X min)] was observed (Table 2). At
60s the control value decreased to 65 %, as would
be expected from the kinetics of glucose uptake
shown in Fig. 2. An increase of 25% was achieved
by addition of iodoacetic acid prior to measure-
ment. From these experiments one may conclude
that excreted radioactive lactate was negligible
within the first 20 seconds and the recorded val-
ues approach true initial rates.

Table 2. Influence of iodoacetic acid on D-glucose up-
take into suspended human fibroblasts.

Cells were incubated for 2 min with iodoacetic acid
prior to uptake measurement with 1mM D-glucose;
temp. 20 °C. Cell spaces: 2.9 ul/10° cells (control);

2.8 ul/108 cells (iodoacetic acid).

Measuring Uptake rates
time
[s] [nmol/(ul cell space
x min)]

Control 20 0.81£0.09 (n=3)
60 0.52+0.09 (n=3)
Iodoacetic acid 20 0.77 £ 0.07 (n=13)
(ImM) 60 0.64 +0.12 (n=3)

Fig. 4. Concentration dependence of
D-glucose uptake into suspended human
diploid fibroblasts.

Cell space 2.7 ul/108 cells; temp. 20 °C.
For regression analysis, the values for
$=0.5,1.5, 3.0 and 6.0mM were used.
Each point represents the mean from
triplicate measurements. S: concentra-
tion of D-glucose in the incubation solu-
tion in mmol/l; v: uptake rate in nmol/

[min—7] -

S
v

Concentration dependence of D-glucose uptake

The initial rates of D-glucose uptake at various
concentrations in the medium reveal a hyperbolic
saturation curve. S (concentration in the medium)
plotted against S/v [v = uptake rate in nmol/(u/
cell space X min)] yields a linear function which
enables the determination of Michaelis constant
(K m) and the maximal transport capacity (V) of
the carrier system, as demonstrated in Fig.4. The
factor S/v has been plotted as a function of S, so
that the participation of a non-saturable compo-
nent in the uptake rate may easily be detected
by a corresponding drop in linearity at increasing
concentrations:

VxS
Viot =}TS+KNS XS~
m
s K +S
Viot V+Kng X Ky tKnsg XS

when vy, = total uptake rate and Kyg = rate
constant of non-saturable uptake. Thus, the re-
sults in Fig. 4 show that D-glucose uptake is me-
diated exclusively by a saturable carrier process
up to concentrations which equal at least three
times the K, value. At higher concentrations a
slight drop in linearity was observed in part of
these experiments (see Fig. 4, 10mm), which
could reflect glucose uptake by simple diffu-
sion!!61. This non-saturable component, however,
never exceeded 20% at 10mm D-glucose, the
highest concentration used in our experiments.

5
4
3
2
K2 2.0mM
1 V £ 2.7 nmol/ul x min)
2 7.2 nmol /(106 cells x min)

(u! cell space x min); S/v in mmol x [~/
nmol x w/~! x min~! = min—1.

-2 —1

3 4 5 6 7 8 9

S mmol/l] =

o 1 2 10



Table 3. Comparison of glucose uptake systems in various animal cells in culture.
(2-dGlec: 2-deoxy-D-glucose; 3-MeGlc: 3-O-methyl-D-glucose; Glc = D-glucose) Kj: indirect determination by inhibition of glucose uptake by 2-deoxyglucose
and vice versa resp.

Cell type Culture conditions Sugar Temp. Km 14 vV Activat. energy Ref.
during uptake tested
measurement
[°C] [mM] [nmol/ {nmol/ {kcal/mol]
108 cells x min|| mg prot. X min]
Human di- Cells grown to conflu- . See Fig. 4, 5,6
ploid fibro- ency, suspended in tryp-| Glc 20 1.8 +0.4 (SD) 6.4 £2.2(SD)| 12.8 +4.4(SD)| 7.6 (4-30°C) |Table4
blasts (Flow | sin-EDTA - o |and text |
20000 [T - See Fig. 4, 5,6
Values es?umated from 37 714 14 — 28 Table 4
data of Fig.$ and text
Human di-
ploid fibro- Gle 37 ~2 (K} 1
blasts Confluent attached cells 2-dGle 37 ~2 (K} 1]
(HSWP)
rouse em- Plasma membrane vesi- R
YO tertiary | cjeq from confluent Gle oom | 59 1.3 117
fibroblasts cultures temp.
(BALB)
Mouse em-
bryo fibro- Attached cells, expo- : _ B
blasts (NIH nential growth phase 2-dGle 37 21-23 182 -19.2 (291
Swiss)
a) Attached cells
4
Mouse em- (2.92 — 16)+10% cells/
bryo cells cm”; 2dGle | 37 1.1 =20 1.9 -4.0 (18]
(STU) b) After dispersal by 1.1 -20 1.9 -4.0
treatment with tryp-
sin-EDTA
Mouse 3T3 2-dGlc 1.7 ]
cells Confluent cell layer Gle 37 1.8 (Ky) (2]
Chick em-
bryo fibro- Confluent cell layer 3-MeGlc 22 1.1 0.6 [20]
blasts

86
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Cell type Culture conditions Sugar Temp. Km Vv vV Activat. energy Ref.
during uptake tested
measurement
1°C) [mM] [nmol/ [nmol/ [kcal/mol]
10% cells x min] | mg prot. x min]

grh;gkc:;rs- Attached cells, grow- 2-dGlc fl?)om 0.51 £0.28 1.8 +0.28 (19]
(body wall) | M8 cultures 3-MeGlc temp. 3.5 +0.54 0.82 +0.10
Chick em-
bryo cells Attac];ed cells, grow- 2.dGle 10.6 (23]
(body wall) | ing cultures
Chick em- Attached cells, growing | 5 ;50 _ 2.7 1.6 (16)
bryo cells cultures
Novikoff rat .

Suspension culture, ex- | 2-dGlc 1.3 -25 1-5 170
Zzlll):toma ponential growth phase | Glc 37 1-2 4 -8 15.6 (22-3770) (13]
Novikoff rat | Suspension culture,
hepatoma exponential growth 3-MeGlc 23 24 +0.8 20* [21]
cells phase

: Suspended cells after o
Primary rat 8 . 22 (4-18°C)
. i liver treatment with Glc 20 30 110 ° (51
liver cells collagenase 7(18-37°C)
. Attached cells

Human gli- 1 5 8735y 10% cells) | 2-dGle 37 4.5-6.2 45 - 100 (30}
oma cells 2

cm
Mouse neuro- | Attached cells
blastoma (2-12) x 10% cells/cm? | 2-dGle 0.5 -4.9 1.9 - 183
cells 12 x 10% cells/em? | Glc 37 3.2 (Ky) (22]
(C1300/ 2 x 10% cells/cm? 4.6
Nb41A3) 12 x 10% cells/cm? 8.9

* Calculat6ed from the value given in the legend of fig. 4 (V = 0.26 + 0.03 nmoles/ul cell water x sec., and the average value for intracellular water space

(1.3 ul/10

cells) described in methods.
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Fig. 5. Temperature dependence of the up-
take of D-glucose into suspended human fibro-
blasts.

Concentration of D-glucose 1mM; cell space
14 ;41/106 cells. The cell suspension was ob-
tained from growing cultures (subconfluent
monolayers). Initial rates of glucose transport
vy were measured as nmol D-glucose trans-
ported per 106 cells and 15 s. With regard to
activation energies calculated from these
measurements it should be noted that uptake

3.0

2.5
T
>~
S
- 20 Eqcr =7.5 keal (31 kJ)/mol; Qg ~ 1.5

1.5

320 3.30 3.40 350 3.60
103/ (k1) >

Temperature dependency

The temperature dependence of D-glucose uptake,
because of its rapidity, was tested only between
3°C and 30°C. This has been plotted in Fig. 5 as
the logarithm of the initial rates versus the recip-
rocal of temperatures. From the Arrhenius plot
an activation energy of 7.5 kcal (31 kJ)/mol

(Q, ~ 1.5) was obtained.

Comparison of uptake parameter

The kinetics for D-glucose uptake shown in Fig. 4
are representative of this strain of fibroblasts in
phase I1(6], as measured in suspension after tryp-
sinization of confluent cultures. From 21 con-
fluent cultures the following mean values were
obtained at 20°C: K, = 1.8 £ 0.4 (SD) mm;

V =24 £ 0.6 (SD) nmol/(u! cell space X min)
and 6.4 = 2.2 (SD) nmol/(108 cells X min), re-
spectively. Taking protein content as 0.52 £ 0.14
(SD) mg/10° cells (n = 24 cultures), an uptake
rate of 8—16 nmol/(mg protein X min) was esti-
mated. The dependence of these parameter on

in vitro age of the cultures is discussed else-
where*. The characteristics of this glucose trans-
port system is compared in Table 3, with those
obtained by other authors using fibroblast cul-
tures and various other animal cells in culture,

* Cremer, T., Werdan, K., Stevenson, A.F.G. & Leh-
ner, K., unpublished.

measurements could not be performed at
saturating glucose concentration for technical
reasons.

under different experimental conditions. For the
purpose of comparison, the V values of our meas-
urements done at 20 °C have been extrapolated
to 37°C; though it should be emphasized that
the linearity of temperature dependence was
checked only up to 30 °C (Fig. 5). There is good
agreement of the K, value of the glucose trans-
port system described here with the one obtained
with membrane vesicles of mouse embryo ter-
tiary fibroblasts(17] and the estimated values for
D-glucose uptake in HSWP human diploid fibro-
blasts!?] and mouse 3T3 cells2]. The V values for
p-glucose uptake into the strain of cells reported
here are higher than those reported in mouse em-
bryo cells!'8] and chick embryo fibroblasts(19:16]
for 2-deoxyglucose, and in chick embryo fibro-
blasts!20] for 3-O-methylglucose, but comparable
with the maximal transport capacity for b-glucose
uptake in Novikoff rat hepatoma cells!!3!. Direct
comparison of these data may be complicated by
differences in culture conditions and growth
phases of the cell cultures used. It may be noted,
however, that Wohlhueter et al.[2!] measured a
relatively high V value for 3-O-methylglucose
transport in rat hepatoma cells using a similar
rapid kinetic technique to that employed by us.
Considering the high V values obtained by us, it
has to be taken into account, that in our experi-
mental procedure the cells were starved from glu-
cose for 15—60 min prior to uptake measurement.
This could induce a higher transport capacity.
From the results described by Salter and Cook!!l,
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however, one may conclude that this time inter- 8 —
val is not sufficient to induce considerable in- § = = 2
crease in glucose transport capacity. 3o E E +.
ivati ; ZE2E S a|TAR o e
The activation energy for D-glucose transport in- SEZE |2 Z|eFs s ® I Fw
. . OD: 5 - =3
to Flow 2000 ﬁbrqblasts (Fig.5) is comparable Eg s g 5 So v"o.j!
with the one described by Walum and Ed- S5 |2 |22 RS
strém(22] for mouse neuroblastoma cells (Ta- CEEEREE
L
ble 3) and by Baur and Heldt!%! for suspended 22882 == -
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(temp. 20 °C, preincubation period in Na® and 5353
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can be deduced from the experiment of Table 4 @ o E g 2O Tot o = =o
. =} 2 ] i
(111), where sodium tetraphenylborate has been §g=5¢|s 2 |77 o7 oo
used to detach the cells by complexing potas- %'3 22 © 3 Vo
. . . < . . Q -
sium ions. No significant differences in K, and ©S S5 aaa
. <O
V values with respect to other detachment proce- EZo &
dures were found. 532 |5
Ecs5|5 =
Cytochalasin B inhibition of the gl i 2232 |SeE |REIRRIRB = RA
ytochalasin B inhibition of the glucose carrier Eg8%|2E2
D-Glucose uptake is specifically inhibited by cyto- £ 5.2 &8 |~ 7
chalasin B (control: 1.13 £ 0.10 nmol/(u! cell 23 83 2
. . =
space x min); 2uM cytochalasinB: 0.14 £ 0.02; €523 ~ ~— -

° - 2o : : . ScoFSg = ss= =
temp. 20 'C, n = 3; preincubation period with ECssa = EEE €
cytochalasin B: 5 min; [D-glucose] = Ilmm). The E NTBeco |w = = 2

St EgScs |5 S SSS «_ o
specificity of this inhibitor for the sugar transport 3 X 23 | S p zIZ %% %
. . . . f=] = -

system in chick embryo fibroblasts!16] is re- o goé g |8 S N S 8
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Comparison of detaching agents on D-glucose
uptake

The results presented in the previous paragraphs
demonstrate the presence of a glucose carrier in
the cell membrane of trypsinized human fibro-

blasts. The question arises as to whether the tryp-

sinization procedure per se leads to an alteration
of the characteristics of this transport system. To
test this possibility, two different experimental
approaches have been used:

1) To detect a possible proteolytic digestion of
the glucose carrier by trypsin, the parameters of
glucose transport were determined after different
incubation times in 0.2% trypsin and 0.1mMm
EDTA. Fig. 6 shows one of several experiments,
in which glucose transport of the same culture
was measured after 30 and 90 min resp. of incu-
bation. The cell space (u!/10° cells) remained
constant during this period, indicating that there
was no time-dependent swelling or shrinking of
the cells. The cells did not become permeable to
inulin, more than 90% of them excluded trypan
blue, and subcultures grew satisfactorily after
90 min trypsin incubation. The close agreement

of K, and V values found after both incubation
times indicates the resistance of the glucose car-
rier to trypsin digestion. There is no indication
that incubation times with trypsin shorter than
30 min would have led to higher transport rates
(data not shown), but the possibility cannot be
excluded that even the shortest time of 10 to
15 min necessary to obtain a suitable single cell
suspension might be sufficient to destroy a tryp-
sin-sensitive fraction of glucose carriers.

2) To investigate this question, uptake kinetics
obtained after incubation with trypsin and EDTA
were compared with those obtained after detach-
ment of cells with EDTA alone (Fig.6 and Ta-

ble 4) and other detachment procedures (Table 4).
In the presence of 0.1mm EDTA part of the cells
became detached from the surface of the culture
vessel only after 45 min incubation time. These
cells, however, gave rise to similar uptake kinetics,
the difference lying within the normal range
when measurements of different cultures are con-
sidered. The non-carrier-mediated D-glucose up-
take at a concentration of 10mm D-glucose in the
incubation solution, which can be calculated

Fig. 6. Concentration dependence of D-glucose uptake into suspended human fibroblasts: influence of different
incubation times with 0.2% trypsin, 0.1mM EDTA and comparison with cell detachment by 0.1mM EDTA only.

Curve A: 0.2% trypsin + 0.1mM EDTA,
incubation time 30 min, K, = 2.0mM,

V = 2.6 nmol/(ul x min); curve B: 0.2%
trypsin + 0.1mM EDTA, incubation time
90 min, K, = 1.9mM, V' = 2.5 nmol/

(ul x min); curve C: 0.1mM EDTA (with-
out trypsin), incubation time 45 min,

Ky = 1.9mM, V = 2.0 nmol/(u! x min). 4
30 min after the beginning of the detach- -
ment procedure with trypsin and EDTA, |
glucose uptake was measured using half g
of the cell suspension, the other half was "?T>

incubated for further 60 min in the tryp-
sin/EDTA solution before measurements
were repeated. These results are represen-
tative for those obtained in four similar
experiments. Cells from another culture
were detached by treatment for 45 min

>

with a solution which contained 0.1mM
EDTA, while trypsin was omitted. Each
point represents the mean from triplicate
measurements. Performance of all meas-

-2 -1

o 1 2 3 4 5
S (mmol/l] -

6 7 8 9 10

urements in each of the curves in Fig. 3 and 6 lasted for approximately 20 min. Temp. 20 °C; for regression analysis,
the values for § = 0.5, 1.5, 3 and 6mM have been taken into account. For the units of § and S/v see legend to Fig. 4.
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from the graphs of Fig. 6, amounts to 12% for
EDTA (45 min), 10% for trypsin plus EDTA
(30min) and 16% for trypsin plus EDTA
(90min), indicating that the non-saturable com-
ponent of D-glucose uptake also remained unal-
tered by trypsin treatment. Experiments as de-
scribed in Fig. 6 were also carried out with pro-
nase. Though measurements done immediately
after detachment of the cells with pronase

(< 15 min) normally yielded K, and V values
comparable to those obtained after trypsin de-
tachment (Table 4), prolonged incubation of the
cells with pronase (60 to 90 min) gave results that
were less reproducible than those with trypsin
treatment. The experimental data (not shown)
obtained from six cultures, however, allow no
final conclusion as to whether K,,, V or both
parameters are indeed altered by prolonged pro-
nase treatment. Besides detachment of the fibro-
blasts by cleaving peptide bonds and chelation
of divalent cations by EDTA, suspended cells
were obtained by chelation of potassium ions by
sodium tetraphenylborate and mechanical detach-
ment of cells grown on plastic foil. All detach-
ment procedures used yielded comparable K,
and V values (Table 4), none of which lay be-
yond the standard deviation of the mean values
obtained from 21 trypsin detachment experi-
ments, as mentioned above.

Our results, therefore, confirm the observations
of various other authors that — despite of the fact
that trypsin causes numerous effects on the plas-
ma membrane(24.251 _ the glucose transport sys-
tem of various cells seems to be relatively resist-
ant to tryptic digestion(9:14.26.27] This is consist-
ent with the view that membrane proteins in-
volved in transport processes are not readily ac-
cessible to external hydrolytic enzymes.

Conclusion

The advantage of the advocated method of meas-
uring initial transport rates of the glucose carrier
of human diploid fibroblasts lies in its rapidity,
which allows the use of its physiological sub-
strate D-glucose instead of analogues. This ad-
vantage is taken at the cost of converting the
cells from the normal attached to a suspended
state. This conversion could possibly cause a re-
duction of exposed plasma membrane owing to
the change of form from a flat spread cell to a

spherical onel28] and lead to a redistribution of
carrier molecules in such a way as to make them
less accessible to their substrate.

A meaningful comparison of the size of the plas-
ma membrane of human diploid fibroblasts in
their attached versus their suspended state would,
however, require an investigation of the exact
changes of number and form of differentiated
surface features, like microvilli, filopodia etc.,
associated with different detachment procedures.

Bissell et al.[°l described a diminished uptake of
2-deoxyglucose into suspended primary and trans-
formed chick cells compared to the uptake of the
attached cells; differences between the hexose
uptake of the normal and the virus-transformed
cells in the attached state were, however, retained
in the suspended state. Plagemann!!8] studying
the transport parameters of 2-deoxyglucose in
mouse embryo cells, found no differences in K,
and V values between trypsin-EDTA detached
cells and cells grown in monolayers; even the
growth density dependece of the maximum trans-
port capacity for 2-deoxyglucose was retained in
the suspended cells (Table 3).

Measuring the uptake of D-glucose into suspended
cells may serve as alternative to measuring the up-
take of glucose analogues into attached cells,
when studying the glucose transport system of
human diploid fibroblasts. Results concerning
changes of glucose transport associated with X
irradiation* and in vitro senescence of human
diploid fibroblasts** will be presented elsewhere.

The authors thank Prof. Heldt for valuable discussion
and reading the manuscript.
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