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Terminal Progress Report: NIH Grant GM 12235

Title: Transport of Carbohydrate in Crithidia luciliae

Grant No.: GM 12235
Principal Investigator: Hong S. Min
Sponsoring Institution: Georgia Institute of Technology

Period Covered: June 1, 1964 to August 31, 1967

Summary:
The entrance of carbohydrate into the cells of C. luciliae has been
extensively studied using nonmetabolizable monosaccharides. In addition, one

other species of the same genus, C. sp. from Arilus cristatus has been studied

to some extent. Also, the study on the transport of carbohydrate into human
cancer cells grown in tissue culture (KB) was initiated and some preliminary
results have been obtained.

The results of the studies on the entrance of carbohydrates in Crithidia
luciliae and glucose transport in human cancer cells (KB) are submitted in the
forms of reprints and manuscripts respectively.

Although there are some differences in values, the data obtained from the

studies with C. sp. from Arilus cristatus indicate that this flagellated

organism also utilizes both a facilitated diffusion and an active transport
mechanism in transporting carbohydrates.

Radioactively labelled glucose was used to study the entrance of meta-
bolizable sugar, glucose, into KB cells grown in monolayer culture. Entrance
of glucose exhibits saturation kinetics and follows Michaelis-Menten kinetics.

It appears that entrance is via a carrier-mediated mechanism.



Detailed Report:

During the past three years a great deal of effort has been devoted to

investigation of the entrance of carbohydrate into Crithidia luciliae and

other species of the same genus, Crithidia. The principal portion of the
research carried out under the grant was published in the Journal of Cellular

Physiology, 68: 237-240 (1966) and 4O reprints are substituted for that portion

of the progress report. ‘As the research on the carbohydrate transport in C.
luciliae became nearly complete, studies on the transport of carbohydrate into

cells of C. sp. from Arilus cristatus and human cancer cells grown in tissue

culture (KB) have been started. These studies are by no means fully completed
as yet, but there are sufficient amounts of data available from the studies

made thus far to be included in this report.

Materials and Methods:

Cultures of Crithidia sp. from Arilus cristatus were grown axenically

in a medium (Cosgrove, '63) containing 1.0% sucrose, 1.0% yeast extract (Difco),
0.05% liver extract (Nutritional Biochem.), 2.5% mg hemin and 0.5% triethanola-
mine, pH 7.9,

Stock cultures were grown in 125 ml Erlenmeyer flasks containing
approximately 50 ml of medium per flask and experimental cultures were grown
in 2.5 liter Corning No. L4422 "Low Form" culture flasks containing 1000 ml of
medium. Both cultures were kept at 250C. Harvesting and washing procedures
were those of Min ('65). Washed organisms were resuspended in amphibian Ringer-
phosphate buffered at pH 7.6 with triethanolamine.

In all experiments, the "organiec separator" technique of Ballantine
and Burford ('60) was used to separate cells and suspending fluid rapidly with
a ninimum of extracellular water in the pellet of packed cells. Procedures for
such separations and obtainment of clear supernates for analyses were the same
as those of Min ('65). The clear supernates were analyzed for carbohydrate
using the following methods as required: total reducing sugar by Nelson's ('4L)
method; ketohexose by method of Dische and Devi ('60); pentose by the orcinal
method of Mejbaum (Umbreit et al., '59, p. 274). The analytical values so
obtained were converted to millimoles of carbohydrate per liter of cell water
after correcting for the carbohydrate content of the extracellular water trapped
in the pellet. The methods of determination of the extracellular and intra-

cellular water content of the pellet of packed organisms and the packed cell



volume were previously reported by Min ('65).

Results:

The results of preliminary experiments where the presence of free
intracellular carbohydrate was determined after an exposure of 30 minutes to
solutions of each carbohydrate (20 mM), show free intracellular carbohydrates
when the cells are exposed to nommetabolizable carbohydrates, but not when

the cells are exposed to metabolizable carbohydrates as shown in Table 1.

TABLE 1

Entrance of carbohydrates into cells of C. sp. from Arilus cristatus.
Extracellular concentration 20 mM, incubation time 30 minutes.

Carbohydrate Intracellular Carbohydrate
Metabolized:

Glucose -

Fructose -

Not metabolized:
L-sorbose
D-xylose
L-xylose
D-arabinose
L-arabinose
L-rhamnose
D-fucose
D-mannose
D-lyxose
D-galactose
D-2~deoxyglucose

+ o+ o+ 4+ o+ o+ 4+ o+ o+ 4+ o+ 4+

D-ribose

To study further the pattern of entrance of carbohydrates the cells
were exposed to external concentrations of 0.5 rM sorbose and 20 mM sorbose.,

The results, presented in Figure 1, show that cells exposed to 0.5 mM sorbose,
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the concentration of free intracellular sorbose increased very sharply to
3.70 mM after 4 minutes of exposure, then increased gradually to 4.0 mM and
decreased slowly to 3.65 nM after 64 minutes of exposure. On the other hand,
when the cells were exposed to the external concentration of 20 mM sorbose,
there appeared no sign of accumulation of intracellular free sugar and intra-
cellular concentration approached at a declining rate the extracellular concen-.
tration (Figure 2). Because thé mechanism of entrance appeared to be different
at low and at high external concentrations, as evidenced by these data, the time
courses of entrance of other carbohydrates were determined at external concen-
trations of approximately 0.5 mM and 20 M. From the data, it was apparent
that these carbohydrates fall into two distinct groups, differing in rate by
varying factors at 0.5 mM external concentrations but not at 20 M external
concentrations.

At 0.5 mM external concentrations, sugars showed gquite a range of
intracellular accumulation as shown in Table 2. However, at 20 mM external

concentration there was no accumulation of sugars at all.

TABLE 2

Intracellular accumulation of carbohydrates at 0.5 mM
external concentration, incubation time 30 minutes.

Carbohydrate [cl,/tel,
L-rhamnose 25.4
L~fucose 21.0
D-arabinose 12.2
L-sorbose 9.6
D-fucose 8.8
D-xylose 7.8
D-mannose 5.6
D-lyxose ' 5.2
D-galactose 4.8
L-arabinose 4.8
D-ribose L.h
L-xylose TR

2-deoxy-D-glucose V 3.6
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The results of the studies on the effect of inhibitors on the rate of
carbohydrate entrance show that the rate of entrance is inhibited 30% and 50% by
potassium cyanide (lO-uM) and dinitrophenol (lO-SM) respectively at 0.5 mM
external concentrations. However, these inhibitors do not affect transport from

external concentration of sugars of the order of 0.02 M,

Discussion:
The data indicate that there are two types of entrance of carbohy-

drates into the cells of C. sp. from Arilus cristatus, as evidenced by the

differences in kinetics of penetration, in specificity, and in effects of meta-
bolic inhibitions at low and high external concentrations of carbochydrate.

The occurrence of an active transport mechanism at low [C]o is
supported by the strong inhibition of the rate of carbohydrate entrance at
0.5 mM [C]o when KCN and DNP are used as metabolic inhibitor. No apparent
inhibition at 20 mM [c]o indicates that the transport system at 20 M [c]o is
unlike that at 0.5 mM [C]o, not dependent upon metabolic energy. Also, intra-
cellular accumulation of carbohydrates at 0.5 mM external concentration supports
the occurrence of an active transport mechanism.

As previously reported (Min, '65, '66), the kinetics of penetration
resemble the Michaelis-Menten Law rather than the Fick's kinetics. The
mechanism predominating at 20 oM [C]o is therefore facilitated diffusion.

The transport system functioning in C. sp. from Arilus cristatus is

also determined by the external concentration of carbohydrate; an active trans-
port system at lower concentrations and a facilitated diffusion at higher con-

éentrations. This dual mechanism possessed by C. sp. from Arilus cristatus was

reported by Min ('65) in C. luciliae, a similar organism.
The occurrence of the active transport mechanism in cells of C. sp.

from Arilus cristatus and C. luciliae, and perhaps in other insect trypanosomids

may be an adaptation to the conditions of their normal habitat, the gut of
insects. The carbohydrate content of the gut would be expected to vary greatly
and it could be expected that for considerable periods of time the carbohydrate
content of the gut would be low. During this period of low carbohydrate concen-
tration the flagellates would be competing with the host for the small amount of
carbohydrate available.

The effective active transport mechanism would permit survival of the

flagellates under these conditions since apparently no metabolic reserves are
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accumulated by the flagellates and a continuous supply of carbohydrate is
needed. When the concentration of carbohydrate in the gut is high, the

facilitated diffusion mechanism is apparently sufficient.
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Radioactively labelled glucose was used to study the entrance of a
metabolizeable sugar, glucose, into KB cells grown in monolayer culture.
Entrance of glucose exhibits satura.tion kinetics and follows Michaelis-
Menten kinetics. These observations lead to the conclusion that entrance
is via a carrier-mediated mechanism similar to that observed by several
workers .in studies using Ehrlich ascites, Hela, and L-cell linés.

An affinity constant (Km) of 10 mM was calculated for glucose trans-
port by the KB cells, which indicates a relatively low affinity for glucose.

At low external sugar concentrations (5 mM) glucose appears to be

accumulated by the KB cells.



INTRODUCTION

Carbohydrate transport has been studied in single celled populations
of bacteria (Horecker et al., '60) protozoa (Min, '65) yeast (Cirillo, '62),
erythrocyltes (LeFevre, '62) and tissue cultured cell lines (Rickenberg and
Maio, '61). Much has been learned about amino acid fransport in cancer
cells grown in tissue culture (Johnstone and Scholefield, '57); however,
only relatively few results have been réported concerning sugar transport
into tissue cultured cancer cells, The studies that have been reported
have been limited to the Ehrlich ascites {Crane et al., '57; Cirillo and
Young, '64; Kolber. '63; Nierenberg and Hogg, '58) and the Hela cell lines
(Vann et al,, '63). It is hoped that the information obtained from the study
of glucose transport into KB cells will increase the understanding of the

physiology of the cancer cell grown in cultures.



MATERIALS AND METHODS
Cells

Tissue cultured human strain KB cells derived from an oral carcinoma
were obtained from the laboratory o‘f Dr. R. H. Fetner of Georgia Institute
of Technology and the cells were maintained in continuous culture on
Eagle's minimum essential medium (BEagle, '59) at 35°C supplemented
with non'essential amino acids, penicillin (0.5 mg/1), streptom.ycin
(0.5 mg/1), sodium bicarbonate (0.35 g/1), and 10 percent pooled human
serum from fasted patients. Hanks' salt-solution (Hanks and Wallace, '49)
was substituted for Earle's. The cells were grown in monolayer culture
in B ounce prescription bottles until the maximum 10 g phase was reached.
The growth medium was theﬁ decanted and the cells were washed three
times with equal volumes of Hanks' salt solution,

Packed-cell volume was determined on .two different bottles in
sedimentation tubes, Kimas $#46815, by centrifugation for 5 minutes at
3,300 g.

Chemicals

Uniformly labeled D-glucose with a specific activity of 1 mec/mM was
obtained from Cal Biochem. Nonradioactive reagent grade glucose was
obtained from Fisher Scientific and used without further purification.

General Procedure

To each bottle of washed cells 5 ml of twice the desired concentration

of glucose and 5 ml of labeled solution (0.1 nc/ml) were added. The bottles



were incubated at 35°C and at éach of the designated timc‘intervals one
bottle was removed. The cells were scraped off the glass surface with

a rubber policeman and transferred to 15 ml centrifuge tubes that had
previously been coated with GE SC-87 Dri-~Film and contained 0.1 ml of
organic separator (Octoil and Di-n-butyl pthalate, 6:5) (Ballentine and
Buford, '60). The cells were centrifuged at 3,300 g for 1-2 minutes.

The supernatant was removed and all traces of liquid were reméved by
swabbing with absorbent paper. The cells were then resuspended_ in ice
cold Hanks ' solution and immediately centrifuged for 1 minute at 3,300 g.
This step removed carbohydratce trapped in the intercellular spaces so that
no correction was necessary for intercellular sugar. The supernatant was
discarded and any adhering moisture was removed by swabbing. The cell
pellets were resuspended in 0.8 ml of 0.1 N lithium hydroxide to disrupt
the cell membrane. Then 0.1 ml each of 5 percent ZnSO4 and 0.3 N Ba(OH)2
was added to precipitate the protein.s. The sample was centrifuged until
all the precipitate had sedimented. The clear supernatant was transferred
to 25 ml liquid scintillator vials, neutralized with HCI] and then 15 ml of
scintillation fluid were added. The intracellular water was analyzed for
radioactivity with a Packard Tri Carb liquid scintillator., With each
experiment a blank was made to determine background. The blank was
treated as above except that no labeled solution was added. The average

background was 54 cpm for the 28 experiments. A standard was prepared

for each experiment by transferring 0.5 ml of twice the desired concentration



of glucose and 0.5 ml of labeled solution to a scintillation vial and
adding 15 ml of scintillation fluid.
Results

Time Course of Glucosc Uptake

KB cells in monolayex.f were exposed to a series of four concentrations
of glucose. Samples were taken at appropriate time intervals to determine
the pattern of glucose uptake. Figure 1 shows that uptake is iri.itially
linear with time at all concentrations studied, and then rapidly attains a
steady-state. Entrance from a 10 mM glucose solution reaches the steady-
state before the first sample is taken, thus it can only be assumed that the
entrance is‘ initially linear.

Saturation Kinetics

The effect of the external glucose concentration on the rate of entrance
into the KB cells is shown in Figure 2. As the external concentration of
glucose is increased, a saturation effect is observed.

Michaelis-Menten Kinetics

In Fugure 3 the internal glucose concentration at steady-state is
plotted against the external concentration in the reciprocal form of the
Michaelis-Menten equation derived by Lineweaver and Burke (Patton, '65).
A least mean square line was calculated from the mea'ns of the uptake data'
and excellent agreement to Michaelis-Menten kinetics is shown. The K,
calculated for glucose entrance into KB cells is 10 mM and Vmax is

20 mM/min. . Figure 3 also indicates that the transport of glucose



follows a Langmuir adsorptlion isotherm (Langmuir, ‘18) which suggests

that uptake may involve a reversible adsorption process.

DISCUSSION

The results of these experiments indicate that the entrance of glucose
into KB cells is not by a simple diffusive process. The kinetics of glucose
entrance, (a) saturation kinetics, (b) Michaelis-Menten kinetics) and
(c) Langmuir adsorption isotherm suggests that the transport is of the
carrier mediated type. Similar observations have been made on transport
in Ehrlich ascites cells grown in tissue culture by Cirillo and Young ('64)
and Kolber ('63). Also, Earle's L-cells were shown by Rickenberg and
Maio ('6l) ’Eo possess the carrier mechanism for carbohydrate transport.

Experiments by Eagle et al. ('58) show that the optimum glucose
concentration in the media for maximum growth of KB cells is 2-5 mM.
Figure 1 suggests possible accumulation of glucose below a concentration
of 5 mM in the external media. However, no further experiments were
done to ascertain if the cells were actually actively transporting -glucose
ét low external sugar concentrations. However, this result lends support
to the statement by Min ('65) that cells exposed to low concentrations of
metabolites build up reserves to permit survival when the carbohydrate is
present in insufficient quantities for optimum conditions.

The 'Michaelis constant (10 mM) obtained from Figure 3 indicates

the transport system of the KB cells has a low affinity for glucose compared



to the Ehilich ascites, 0.7 mM, (Crane et al., '57) and Earle's L-cells,
1.0 mM (Rickenberg and Maio, '61). Although these three cell lines arc
c';uite similar in their mciabolic activity, the sugar transport system
appears to be different. Thercfore, it is proposcd that entrance of
sugars into KB cells is not rate limiting for glycolysis, and appears in

agreement with the earlier findings of Fagle. (' 55).
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3. [CL = intracellular concentrations in micromoles per milliliter

of packed cell volume,

i1

(9o

extracellular concentration in micromoles per milliliter.



LEGENDS FOR FIGURES

Fig. 1. Relationship betwecen intracellular concentration and time of
exposure.

Fig. 2. Effect of external glucose concentration on the rate of transport.

Fig. 3. Effect of external glucose concentration on glucose uptake.
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HONG S. MIN, Georgia Institute of Technology.

% Further studies on the entrance of carbohydrates
into cells of Crithidia luciliae.

The entrance of carbohydrate into the cells of
& C. luciliae has been studied, using nine non-utiliz-
able monosaccharides. At 0.5 mM external con-
centration the rate of increase in intracellular
concentration is constant for all sugars until the
intracellular concentrations equal or exceed the
extracellular concentration. At 20 mM external
concentration, the rate of increase of intracellular
concentration never exteeds the extracellular con-
centration. There is competition between mono-
saccharides presented: simultaneously to the cells
and transport mech@m shows enormously greater
affinity for glucose thyh for other monosaccharides.
The rate of carbohydrate entrance is inhibited 50%

| are- interpreted as indicatifig
catbohydrate entrance; (a)- an ~activ
amechanism, active at low- eXternal
aind dependent upon a supply of metab
{(b) facilitated diffusion, ol porta
*" external concentrations. (Sup ¢
| 12235-01 from the US.P.H.S

Reprinted from AMERICAN ZOOLOGIST
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HONG S. MIN, Georgia Institute of Technology.

Studies on the entrance of carbohydrates into cells
of Crithidia luciliae; effects of extracellular con-
centrations and molecular configuration.

Previously it was reported that at 0.5 mM ex-
ternal concentration the rate of increase in intra-
cellular concentration is constant for all sugars
until the intracellular concentration equals or ex-
ceeds the extracellular concentration, and at 20
mM external concentration, the rate of increase of
intracellular concentration never exceeds the extra-
cellular concentration {Cell. & Comp. Physiol.,, Vol.
65, 1965). The entrance of carbohydrate has been
further studied, using external concentrations
greater than 20 wuM. The results of the studies
using 490, 80, and 160 mM sorbose also show that
the maximum intracellular concentration ap-
proached the extracellular concentration after 32
minntes. Similar studies using various monosac-
charides exhibited generally the similar pattern of
entrance. However, the results clearly indicate that
transport of various monosaccharides from the
external concentrations of the order of 0.02 M ex-
hibit a specificity of mechanism related to con-
figurational properties of the carbohydrate mole-
cules,

Detailed analysis of these data reaffirms that the
transport system functioning in C. luciliae is deter-
mined by the external concentration of carbohy-
drate; an active transport system at lower concen-
trations and a facilitated diffusion at higher con-
centrations, (Supported by Grant GM 12235 from
the U.S.P.HS)
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Studies on the entrance of carbolvdrates into cells
of Crithidia sp. tromy Arilus cristafus,

The cntrance of carbohydrate into the cells ol
C. sp. from Artlus cristatus has been studici, using
non-utilizable monosaccharvides. At 05 wmM  ex-
ternal concentration the rate of increuse in intra-
cellular concentration is counstant for all sugars
until the intracetlular concentrations equal or ex-
cced the extracellular concentration. At 200 mM
external concentration, the vate of hucrease of in-
tracellulay  concentration  decreases  continuously
and the maxinum intracellular  concentration
never exceeds  the  extracellular  concentration.
There is comnpetition between  monosaccharides
presented simmultancously to the cells and the trans-
port mechanisin shows cnormously greater aflinity
for glucose than for other monosaccharides. The
rate of carbohydrate entrance is inhibited by KCN
and DNP at 0.5 mM external concentrations. How-
ever, these inhibitors do not affect transport from
concentrations of the ovder of 002 M. These data
are interpreted as indicating two mechanisins for
carbohydrate entrance:  (a) un active transport
wechanism, active at low external concentration
and dependent upou a supply of metabolic energy;
{b) facilitated diffusion, of importance at high ex-
ternal concentrations. It appcars that despite the
differences in metabolic patterns, the cells investi-

gated iw this study have similar transport mecha-

nisnis to the previously reported Crithidia luciliae
Cell. and Cowp. Physiol,, 65:243-248). (Sup-

ported by Grant GM 12235 from the US.P.HS)

Reprint from Amer. Zool. 6(3): 319-320. (1966)
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Georgia luostitute of Technology.
Effcct of the presence of glucose oun the trausport
of carbohydvates in Crithidia luciliae. (By title
only.)

The treatment of sorbose at 10 and 20 M was
studied in the presence of 3, 10, and 20 mM glucose.
The transpost of 20 mM sorbose was greatly in-
hibited (more than 90%) by the simultaneous
presetice of 5 and 20 mM glucose as was the
transport of 10 mM sorbose in the presence of
10 M glucose.

The results indicate that glucose aud sorbose
utilive the sinte transport mechanism in C. luciliar,
but the systemt has a much higher aflinity  for
grucosc.

At the present studics are being wade with
other hexoses and pentoses in this  laboratory.
(Supported by grant GM 12235 frow the US.UHLS,)

Reprint from Amer. Zool. 6(3): 350. (1966)
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Entrance of carbohydrates into human cancer cells
grown in tissue culture (KB cell line).

The entrance of carbohydrates into the cells of
KB cancer cell line has been studied, using labeled
monosaccharides. At 10 mM external concentration
the rate of increase of intracellular concentration
decreases continuously and the maximum intracel-
lular concentration never exceeds the extracellular
concentration, It appears that the kinetics of pene-
tration resemble the Michaelis-Menton Law rather
than the Fick’s kinetics. On the other hand, the
pattern of entry of sugars between 1.0 and 5.0 mM
external concentrations does not resemble the pre-
dicted pattern of entrance by diffusion, but instead
the rate of entrance is constant up to [C],/[C], of
1.80.

The data indicate that the transport system has
a high affinity for sugars and the saturation of the
system occurs very rapidly at 10 mM external con-
centration. The enzyme-like kinetics observed in
these studies suggest that a carrier mechanism may
be involved in the transport of sugars into cancer
cells (KB). The large value for Vi, (18 mM/min)
and the rapid attainment of the steady state intra-
cellular concentration by the KB cells suggests that
the cells have a large demand for metabolizable
sugars.

It appears that the mode of carbohydrate en-
trance into KB cells is dependent upon the external
concentration of sugars and a carrier system in-
volved. (Supported by Grants GM-12235 from the
U.S.P.H.S, and NsG-657 from NASA)
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