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Kinetics of Choline Transport and Phosphorylation in Human
Breast Cancer Cells; NMR Application of the Zero Trans Method
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Department of Chemical Physics, Weizmann Institute of Science, Rehovot, Israel

Abstract. The mechanism and kinetics of choline transport and
phosfhOlllation in MCF7 human breast cancer cells was studied
by 3 P, 3C and 2H NMR, applying the zero trans method.
Choline was transported by a Michaelis-Menten like mechanism
with a maximum transport rate Tmax=13.5 ± 2.6 nmollhourlmg
protein (3.06 ± 0.6 [mollcellihour) and choline concentration
at half maximal transport rate of Kt=46.5 ± 2.8!1M. The rate
of choline phosphorylation was more than two orders of
magnitude faster than the rate of its transport (T max)
maintaining the ratio [phosphocholinelljcholine] higher than
100. The results demonstrated enhanced choline transport and
choline kinase activity in breast cancer cells.

Numerous in vitro and in vivo 31 P NMR studies have revealed
the high content of phosphocholine (PC) or
phosphoethanolamine (PE) or both in most cancers, while in
the corresponding normal tissues these metabolites were
present at low levels, occasionally below detection (1,2 and
references cited therein). Specifically, 31p NMR spectra of
human breast cancer in patients and in animal models
exhibited high levels of PC and PE (3-8). Furthermore,
human breast cancer cells grown in culture (e.g. MCF7,
T47D) maintained elevated levels of PC, while the content of
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this metabolite was more than ten times lower in normal'
human mammary epithelial cells cultivated under similar
conditions (8 and Ting et al in this issue).

Phosphocholine is the first intermediate in the stepwise
incorporation of choline into phospholipids by the Kennedy
pathway, and serves as a precursor of several phospholipids,
including PtdCho, choline plasmalogen and sphingomyelin
(10 and references cited therein). From l3C studies of human
breast cancer spheroids, using 13C enriched choline it was
concluded that PC level in breast cancer cells is determined
by the concentration and availability of choline in the medium
(11,12). This implied that most of the PC is derived from
external choline. Substantial transport of choline was also
demonstrated in mammary epithelial cells of the lactating rat
(13). However, in these cells, despite the concentrative uptake
of choline to high intracellular levels, the concentration of
PC was extremely low, 10-500 lower than choline (13). These
results suggest that malignant transformation' in mammary
epithelial cells might be associated with the induction of
choline kinase activity resulting in augmented levels of Pc. To
further test this hypothesis we have measured the rate and
mechanism of choline transport and the rate of choline
phosphorylation relative to choline transport in MCF7 human
breast cancer cells. The measurements included monitoring of
three nuclei: l3C, 2H and 31p, and employment of 13C and 2H
enriched choline. We also demonstrated NMR methodology
to measure transport based on the zero trans method (14).
The results indicated that the rate of phosphorylation of
choline was more than two orders of magnitude faster than
the rate of transport. Transport was shown to proceed by a
Michaelis-Menten kinetics. Analysis of the transport data
yielded the maximum rate of choline transport (Tmax) and the
concentration of choline required to reach half Tmax (K). It
was concluded that faster active transport and induction of
choline kinase activity are responsible for the presence of
high PC in breast cancer cells.
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Figure 1. Growth cUlVes of MCF7 cells cultivated in standard medium (0)
and in medium containing low (2 uM) choline (x).

Materials and Methods

MCF7 cells were cultured routinely in Dulbecco's Minimal Eagle
medium (DMEM) supplemented with 6% fetal calf serum (FCS) and
antibiotics as previously described (15). The amount of protein per cell
was determined by the Bradford method (16) using BSA as standard,
and was found to be 221 ± 27 pg/cell.
For NMR measurements the cells were grown on agarose

polyacrolein microspheres, 300-500 urn in diameter as previously
described (9). Cell adhesion was improved by precoating the
microspheres with collagen (from calf skin, type 1, Sigma). After - 4
days of culture on beads, before reaching a stationary phase, the
microspheres (2-2.5 ml) with cells were placed in a 10 mm NMR tube
and were perfused with oxygenated DMEM + 6% FCS at 36 ± 1°C or
32 ± 1°C as previously described (9). The cells used in kinetic studies
were cultured with choline free medium which contained only - 2 ,1M
choline from serum. We have found that this change in medium
composition did not affect the rate of cell growth. Cells cultured for 10
days in medium containing low choline concentration showed the same
growth rate as cells cultured in medium with standard choline
concentration (28 [AMin DMEM + - 2 [AMcholine from serum) (Figure
1).
The NMR recordings were performed with a Bruker AM-500

spectrometer. Alternating 31P and 13C or 31P and 2H spectra were
recorded using a broadband probe. Proton decoupled 31P NMR spectra
were recorded at 202.5 MHz by applying 45 ° pulses, 2 second repetition
time and continuous composite pulse proton decoupling of -1 Watt.
Each spectrum was acquired for 0.5 hour (900 transients). The chemical
shifts of the 31p signals were assigned in reference to a-NTP at -10.03
ppm. Concentrations were calculated using the integrated intensity of Pi
in the medium (1.0 mM) as a reference, taking into account saturation
effects due to the short repetition time relative to T1. The Pi
concentration of the medium was measured independently for each
experiment by referencing it to a known concentration of added PCr.
13C NMR spectra were recorded at 125.7 MHz by applying 45°

pulses, 2 second repetition time and continuous composite pulse proton
decoupling of -1 Watt. Each spectrum was acquired for 1.5 hours (2700
transients). The 13C natural abundance signal of Cl-l3-glucose in the
medium served as a reference for chemical shift determination (96.8
ppm). The integrated intensity of l3C-choline signal in the medium (0.2
mM) was used as a concentration reference. In order to confirm that
13C-choline concentration was not significantly altered during the
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Figure 2. J3C spectra 0;; MCF7 cells pelf used at 36°C with medium
containing 200 u.M {1,2- 3Cjcholine. A. Recorded within the first 90 min
after the addition of "c labeled choline. B. Recorded 7.5 h later. C.
Recorded 30.5 h later. D. Recorded immediately after replacing the medium
with 13C labeled choline with medium containing 200 11M of choline at
natural abundance. Spectra were recorded as described in Materials and
Methods and processed with a line broadening of 70 Hz.

experiment we have determined the total choline consumption and
conversion to PC during the experiment. We found that after 32 hours
the initial 13C-choline concentration in the total volume of the perfusion
medium (100 ml) was reduced by 7%. Since this reduction from initial
concentration was smaller than the experimental error (including
integration error), it was justified to neglect it in the data analysis.

2H NMR spectra were recorded at 76.8 MHz by applying 90° pulses
and 4 second repetition time and acquiring 300 transients for 20 min.
Concentration was determined from the integrated intensities of
choline-Do referenced to natural abundant deuterium in water (16.4
mM).

Data analysis. Spectra were analyzed using UXNMR (standard Bruker
software package). PC concentration in the sample was computed from
the integrated intensity of its signal eH or 31p or 13C) and concentration
calibration, as described above. The initial rates were calculated by a fit
using the linear range of the concentration dependent curves in the
course of the experiment.
The determination of transport kinetics was based upon plots of

initial rate (v), rate constant [K (= viS)], and the inverse of the rate
constant (11K) VS. choline concentration (S). It was previously
demonstrated that a distinct pattern in each of the three plots defines
the transport mechanism (14). The selection of the mechanism of
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Figure 3. Deuterium spectra of MCF7 cells pelt used at 32"C with medium
containing 30 I'M choline-Of). Spectra were accumulated as described in
Materials and Methods el'elY 30 min. 20 min acquisition and additional 10
min. time interval. Spectra were processed with 3 Hz line broadening.

choline transport was based on the best fit of the experimental data, to
all three plots. The rate constants are presented with the standard error
of estimation from the three plots.

Results

Estimation of the rate oj choline phosphorylauon. In order to
estimate the rate of choline phosphorylation relative to the
transport rate we initially perfused the cells with a high level
of [l,2i3C]-choline (200 !-1M). The choline in the medium
could be easily detected and a gradual increase in the
intensity of (l,213C]-PC signals, due to phosphorylation of
[l,2i3C]-choline, was observed (Figure 2, A-C). Then the
perfusion medium was replaced with medium containing 200
!-1Mcholine at the natural abundance of 13c. The signals due
to the intracellular l3C-PC remained high and the signals due
to l3C labeled choline in the medium disappeared completely
as expected, however, no traces of any internal 13C choline
could be observed (Figure 2D). Although intracellular choline
was not detected, it was possible to estimate from the signal
to noise ratio of the J3C_PC signal an upper limit for the ratio
of [PC]/[choline 1 of > 100. We have thus concluded that the
phosphorylation rate was by at least two orders of magnitude
faster than the transport rate. Throughout this experiment,
choline metabolism was also followed every - 6 hours by
recording 31p spectra. The values of PC content obtained
from the 31p spectra were equal to those obtained from the

d· 13Cprece mg spectra.
The fast phosphorylation of choline also enabled us to

apply the zero trans method for measuring choline transport.
In order to use this method it was necessary to prove that the
measurement is carried out under conditions in which the
trans face of the membrane (the intracellular compartment)
contains very low concentrations of the substrate (close to
zero) while in the external face (the medium) the
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Figure 4. Variations in initial rate of choline transport, K (= \,/5) and I/K
with choline concentration (5). Results obtained from deuterium spectra
which monitored the changes in time in the signal intensity of deuterated PC
after the addition of increasing amounts of choline-Do (10 10 210 11M).
These three plots show distinct pattems of a Michaelis-Menten IranSpOI1
mechanism.

concentration can be varied in a controlled manner. The
analysis of the above BC data demonstrated clearly that
choline was rapidly phosphorylated to PC and therefore its
intracellular concentration remained always very low, despite
its high external concentration. Thus the main condition for
measuring choline transport by the zero trans approach was
found to hold in MCF7 cells, namely, in the trans face (inside
the cells) the choline concentration was invariably much lower
than in the cis face (the medium outside the cells) where it
could be varied during the experiment.

Choline transport mechanism and rate constants. Transport
rates were measured by deuterium NMR using deuterated
choline (choline-Do) and monitoring the synthesis of

1377



ANTICANCER RESEARCH 16: 1375-1380 (1996)

de ute rated PC, The cells were initially cultivated on beads
with medium containing low choline (- 211M). Then, while
perfused in the spectrometer. increasing amounts of
de ute rated choline (choline-Do) were added to the medium.
Two distinct signals were observed in the 2H spectra of the
cells perfused with choline-Do: a constant deuterium signal
of water at natural abundance (16.4 mM) and an increasing
signal of intracellular PC-D9 (3.2 ppm) superimposed on the
medium choline-Do which remained constant (see Materials
and Methods for explanation of this statement) for each
addition of choline (Figure 3). The contribution from
intracellular choline was too low to be detected as was shown
above in the l3C studies. The initial change with time in the
PC signal was linear and yielded directly the initial rate of
choline transport and phosphorylation with the former being
the rate limiting step. PC levels determined from 31p spectra,
recorded at various time points throughout this experiment,
were similar to those obtained from subsequent deuterium
spectra.

Plots of v, of K = vIS and of I/K vs. choline concentration,
S (Figure 4) indicated that the transport of choline proceeded
via Michaelis-Menten mechanism. The fitting of the
experimental data to the Michaelis-Menten equation yielded
the values of the rate constants: a maximum transport rate
Tmax= 13.5 ± 2.6 nmol/h/mg protein (3.06 ± 0.6 frnol/cell/h)
and choline concentration at half maximal transport rate
Kt=46.5 ± 2.8 flM.

Discussion

A zero trans method to measure transport kinetics, based on
NMR spectroscopy .was demonstrated by measuring choline
transport into living cells. The method was verified bi using
three different nuclei of choline and phosphocholine: 3 P, l3C
and 2H. Each nucleus also provided unique advantages: a)
The use of l3C labeled choline made it possible to monitor
simultaneously choline and phosphocholine signals; b) A
substantial improvement in the signal to noise ratio and
temporal resolution was provided by 2H NMR of choline
labeled with a large number of deuterons (replacing the nine
protons of the trimethylamine group and permitting relatively
fast acquisition since Tl of the deuterons was about one order
of magnitude shorter than that of 31p or l3C ); c) The natural
abundance of deuterium in water served as an internal
constant reference of concentration, thus, providi,!lf. accurate
determination of deuterons concentration; d) .) P spectra
served to measure the total PC pools and to monitor
continuously the viability of the cells.

Generally it is essential to demonstrate for each
transporter and cellular system that the zero trans method is
suitable for measuring transport. This was achieved for
choline by using both bC enriched choline and choline at l3C
natural abundance and showing that the intracellular choline
level is. kept low due to the rapid phosphorylation of choline.
The following concentration dependent measurements using

1378

deuterated choline as a substrate and monitoring both the
deuterons and 31p of PC yielded the kinetic constants of
choline transport. We have also employed the useful data
analysis developed by Stein (14) which demonstrated
transport mechanism (Figure 4).

The K, of choline in human breast cancer cells was found
to be of a median value with respect to the physiological
concentration of human blood choline. ranging between 10
to 100 11M(17-19). Thus, if the K, of MCF7 is typical of breast
cancer in patients, then PC in such lesions may fluctuate
markedly with the plasma content of choline. Factors such as
diet (20) as well as age and hormonal status can also influence
the choline blood levels. These fluctuations can further cause
variations in PC of the tumor.

It was previously demonstrated that choline transport into
normal mammary-gland epithelial cells, isolated from
lactating female rats, follows saturable Michaelis-Menten
kinetics coupled to non-saturable linear behaviour. The
saturable component of the transport mechanism was found
to be predominant at the physiological range of choline
concentration with a Kt of 35 ~LM(13). This value is close to
the value we found for breast cancer cells. However, in the rat
mammary cells most of the accumulated choline remained in
the form of free choline keeping the ratio [PC]/[ choline 1 very
low (0.1-0.002). Low levels of PC were also demonstrated in
primary cultures of human mammary epithelial cells (8),
while the results here have shown that in human mammary
cancer cells most of the choline is immediately
phosphorylated to form PC and therefore
[PC]/[ choline 1> 100. Furthermore, the maximum rate of
choline transport into MCF7 cells (T max), which was found to
be 13.6 nrnol/h/mg protein, is about one order of magnitude
faster than that into the normal rat mammary cells
(T max= 1.24 nmol/h/mg protein) (13). Thus both the capacity
to transport choline as well as the activity of choline kinase
appear to be augmented as a result of malignant
transformation of breast epithelial cells.

It is interesting to note that C6 and 9L glioma cells showed
about the same K, as MCF7 cells (47.6 and 42.3 flM
respectively) (21). Although the value of Tmax for these cells
was not reported, their high PC level suggests a fast transport
rate as well as high activity of choline kinase. Regulation of
choline kinase with increased levels of PC were also observed
in 3T3 fibroblasts treated with mitogenic growth factors
(22,23), implying that choline kinase is a crossover point and
serves to regulate choline phospholipids. These
phospholipids, in addition to their essential function as
structural components of membranes and lipoproteins, also
serve as sources of mediators and modulators of
transmembrane signal trunsductory pathways, thereby
influencing cell proliferation and differentiation (24).
AJthough studies of human breast cancer in vivo ( 5) have
indicated that the source of phosphocholine is unlikely to be
directly related to cell signaling, the activation of choline
kinase together with activation of a specific PtdCho
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phospholipase C (25) might be related to enhanced
transmembrane signaling.

In summary, we have shown that it is possible to apply a
zero trans NMR method to determine the mechanism and
kinetic parameters of choline transport in perfused cells. The
method can be extended to study transport of a broad range
of metabolites, provided zero trans conditions are shown to
hold. The results demonstrated that breast cancer cells exhibit
fast choline transport and phosphorylation which results in
the accumulation of high levels of phosphocholine.

Acknowledgements

This work was supported by the Israel Academy of Sciences.

References

egendank W: Studies of human tumors by MRS: a review. NMR
Biomed 5: 303-324, 1992.

2 De Certaines JO, Larsen VA, Podo F, Carpinelli G. Briot 0 and
Heriksen: In vivo 31p MRS of experimental tumors, a review. NMR
Biomed 6: 345-365, 1993.

3 Oberhaensli RO, Hilton-Jones D, Bore PJ, Hands U, Rampling RP
and Radda GK: Biochemical investigation of human tumors in vivo
with phosphorus-31 magnetic resonance spectroscopy. Lancet
2(8497): 8-011, 1986.

4 Ng TC, Grundfest S. Srinivasan V. Baldwin NJ, Majors AW, Karalis
I, Meavey TF. Shin KH, Thomas FJ and Tubbs R: Therapeutic
response of breast carcinoma monitored by 31p MRS in situ. Magn
Reson Med 10: 125-134,1989.

5 Kalra R, Wade KE, Hands L, Styles P, Camplejohn R, Greenall M,
Adams GE, Harris AL and Radda GK: Phosphomonoesters is
associated with proliferation in human breast cancer: a 31p MRS
study. Br J Cancer 67: 1145-1153, 1993.

6 Oegani H. Horowitz A and Itzchak Y: Breast tumors: evaluation with
31 P NMR spectroscopy. Radiology 161: 53-56,1986.

7 Furman E. Margalit R, Bendel P, Horowitz A and Oegani H: In vivo
studies by magnetic resonance imaging and spectroscopy of the
response to tamoxifen of MCF7 human breast cancer implanted in
nude mice. Cancer Communications 3: 287-297, 1991.

8 Ruiz-Cabello J and Cohen JS: Phospholipid metabolites as indicators
of cancer cell function. NMR Biomed 5: 226-233, 1992.

9 Oegani H, Ronen SM and Furman E: Breast cancer: Spectroscopy
and Imaging of cells and Tumors. In: Magnetic Resonance in
Physiology and Medicine (Gillies Red) Academic Press Inc, 1984, pp
329-35l.

10 Longmuir KJ: Biosynthesis and distribution of lipids. Current Topics
in Membranes and Transport 29: 129-174, 1987.

11 Ronen S, Rushkin E and Oegani H: Lipid metabolism in T47D
human breast cancer cells: 31 P and I3C NMR studies of choline and
ethanolamine uptake. Biochem Biophys Acta 1095: 5-16, 1991.

12 Ronen Sand Oegani H: The application of 13C NMR to the
characterization of phospholipid metabolism in cells. Magn Reson
Med 25: 384-389, 1992.

13 Chao C-K, Pomfert EA and Zeisel SH: Uptake of choline by rat
mammary-gland epithelial cells. Biochem J 254: 33-38, 1988.

14 Stien WO: Kinetics of transport: analyzing, testing, and characterizing
models using kinetic approaches. In: Methods in Enzymology
(Fleisher S and Fleisher Beds) Academic Press Inc. San Diego, New
York London Vol. 171,1989. pp 23-62.

15 Furman E, Rushkin E. Margalit R. Bendel P and Degani H:
Tamoxifen induced changes in MCF7 human breast cancer: ill vitro
and in vivo studies using nuclear magnetic resonance spectroscopy
and imaging. J Steroid Biochem Molec Bioi 43: 189-195, 1992.

16 Bradford MM: A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein - dye
binding. Anal Biochem 72: 248-254. 1976.

17 Bligh J: The level of free choline in plasma. Journal of Physiology
1I7: 234-240.1952.

18 Appelton HD, Ou BNL. Levi BE. Steele JM. Brodie B: A chemical
method for the determination of free choline in plasma. J Bioi Chem
205: 803-813.1954.

19 Pomfret AA. Costa KAD, Schurman LL, Zeisel SH: Measurement of
choline and choline metabolite concentrations using high pressure
liquid chromatography and gas chromatography mass spectrometry.
Anal Biochem 180: 85-90. 1989.

20 Zeisel SH. Costa KAD. Franklin PO, Alexander EA, Lamont JT,
Sheard NF et 0/: Choline ..an essential nutrient for humans. FASEB 5:
2093-2098. 1991.

21 Gillies RJ, Barry JA, Ross BO: In vitro and in vivo I3C and 31p NMR
analyses of phosphocholine metabolism in rat glioma cells. Magn
Reson Med 32: 310-318, 1994.

22 Warden CH. Friedkin M: Regulation of phosphatidylcholine
biosynthesis by mitogenic growth factors. Biochem Biophys Acta 792:
270-280, 1984.

23 Warden CH and Friedkin M: Regulation of choline kinase activity
and phosphatidylcholine biosynthesis by mitogenic growth factors in
3T3 fibroblasts. J Bioi Chern 260: 6006-6011,1985.

24 Zeisel SH: Choline phospholipids: signal transduction and
carcinogenesis. FASEB J 7: 551-557,1993.

25 Ferretti A, Podo F, Carpinelli G, Chen L, Borghi P and Masella R:
Detection of neutral active phosphatidylcholine-specific phospho-
lipase C in friend leukemia cells before and after erythroid dif-
ferentiation. Anticancer Res 13: 2309-2317. 1993.

Received February 12, 1996
Accepted March 14, 1996

1379

~Ir-------------------- ~------------------------~


