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ABSTRACT
5-Aminoimidazole-4-carboxamide riboside (AICAR), an agent
with diverse pharmacological properties, augments transport of
folates and antifolates. This report further characterizes this
phenomenon and defines the mechanism by which it occurs.
Exposure of HeLa cells to AICAR resulted in augmentation of
methotrexate, 5-formyltetrahydrofolate, and 5-methyltetrahy-
drofolate initial rates and net uptake in cells that express the
reduced folate carrier (RFC). This did not occur in cells that
express only the proton-coupled folate transporter and accu-
mulated folates by this mechanism. Transport stimulation cor-
related with the accumulation of 5-aminoimidazole-4-carbox-
amide ribotide monophosphate (ZMP), the monophosphate
derivative of AICAR, within cells as established by liquid chro-
matography. When ZMP formation was blocked with 5-iodotu-
bercidin, an inhibitor of adenosine kinase, folate transport stim-

ulation by AICAR was absent. When cells first accumulated
ZMP and were then exposed to 5-iodotubercidin or AICAR-free
buffer, the ZMP level markedly decreased and folate transport
stimulation was abolished. Extracellular ZMP inhibited RFC-
mediated folate influx, and the presence of intracellular ZMP
correlated with inhibition of folate efflux. The data indicate that
intracellular ZMP trans-stimulates folate influx and inhibits fo-
late efflux, which, together, produce a marked augmentation in
the net cellular folate level. This interaction among ZMP, fo-
lates, and RFC, a folate/organic phosphate antiporter, is con-
sistent with a classic exchange reaction. The transmembrane
gradient for one transport substrate (ZMP) drives the uphill
transport of another (folate) via a carrier used by both sub-
strates, a phenomenon intrinsic to the energetics of RFC-me-
diated folate transport.

Introduction
The mechanisms of membrane transport of the B9 folate

vitamins has been a topic of considerable interest (Kamen
and Smith, 2004; Assaraf, 2006; Matherly and Hou, 2008;
Zhao et al., 2009, 2011). Folate sufficiency in humans re-
quires efficient intestinal absorption and transport of folates
into systemic tissues. Antifolates currently in clinical use,
methotrexate, pemetrexed, and pralatrexate, are all highly
hydrophilic and require carrier-mediated transport into tu-
mor cells to achieve their anticancer activities (Goldman et
al., 2010). Folates are transported by three genetically dis-

tinct folate-specific mechanisms used to different extents by
antifolate agents. Folates are absorbed in the proximal jeju-
num by the proton-coupled folate transporter (PCFT)
(SLC46A1), which is also widely expressed in epithelial can-
cers (Qiu et al., 2006), and are transported into systemic
tissues primarily by the reduced folate carrier (RFC)
(SLC19A1), an organic phosphate antiporter (Kamen and
Smith, 2004; Assaraf, 2006; Matherly and Hou, 2008; Zhao et
al., 2009, 2011). Folates are also transported via receptor-
mediated endocytosis. Folate receptor-� is expressed predom-
inantly at the epithelial membrane of several tissues and in
a broad spectrum of epithelial cancer cells (Kamen and
Smith, 2004; Assaraf, 2006; Matherly and Hou, 2008; Zhao et
al., 2009, 2011). These concentrative processes are opposed
by the ATP-binding cassette exporters, the multidrug resis-
tance-associated proteins, and the breast cancer resistance
protein, ubiquitously expressed in human cells, that pump
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folates unidirectionally out of cells (Kamen and Smith, 2004;
Assaraf, 2006; Matherly and Hou, 2008; Zhao et al., 2009,
2011).

5-Aminoimidazole-4-carboxamide riboside (AICAR) was
shown to enhance MTX and 5-formyltetrahydrofolate uptake
into CCRF-CEM T leukemia cells (McGuire et al., 2006). This
effect was attributed to the salutary impact of AICAR on RFC
function (McGuire et al., 2006). However, the mechanism by
which this occurred was not established nor was the possi-
bility that the enhanced net transport of folates might be a
result of inhibition of ATP-binding cassette exporters ex-
cluded. The current study explores this phenomenon further
in unique HeLa cell lines, developed in this laboratory, that
express either RFC or PCFT to establish the role of each
transporter in this phenomenon. Cells that express only
PCFT also allow the accumulation of folates in the absence of
RFC to clarify the potential impact of AICAR on the ATP-
binding cassette exporters that influence net transport of
folates within cells. These studies establish that AICAR po-
tentiation of folate transport is, in fact, RFC-mediated and
that this is due to the buildup of the 5�-monophosphate
derivative of AICAR, ZMP, with cells. ZMP participates in an
exchange reaction with folates that results in the trans-
stimulation of folate influx and the suppression of folate
efflux that together enhance net accumulation of folates and
MTX within these cells.

Materials and Methods
Reagents. Tritiated (6S)5-formyltetrahydrofolate (5-formyl-

THF), (6S)5-methyltetrahydrofolate (5-methyl-THF), MTX, and
AICAR were obtained from Moravek Biochemicals (Brea, CA) with
purity established and monitored by high-performance liquid chro-
matography (HPLC) as described previously (Zhao et al., 2000).
Nonlabeled 5-formyl-THF and 5-methyl-THF were purchased from
Schircks Laboratories (Jona, Switzerland). MTX was obtained from
Sigma-Aldrich (St. Louis, MO), AICAR was purchased from Cayman
Chemical (Ann Arbor, MI), and ZMP was from Sigma-Aldrich. 5-
Iodotubercidin was obtained from Tocris Bioscience (Bristol, UK).

Cell Lines. Cells were maintained in RPMI 1640 medium sup-
plemented with 10% fetal bovine serum (Gemini Bio-Products, Ir-
vine, CA), 100 units/ml penicillin, and 100 �g/ml streptomycin at
37°C in a humidified atmosphere of 5% CO2. HeLa R1-PCFT cells
and HeLa R1-RFC6 cells, which express only PCFT or RFC, respec-
tively, were derived from HeLa R1–11 cells and were maintained in
300 �g/ml hygromycin B (Calbiochem, San Diego, CA) and 100 �g/ml
phleomycin (Zeocin; Invitrogen, Carlsbad, CA), as reported previ-
ously (Zhao et al., 2004b, 2008; Diop-Bove et al., 2009).

Transport Measurement. Transport of tritiated substrates was
measured in cells grown in monolayer culture at the bottom of glass
vials for 3 days (Sharif and Goldman, 2000). The medium was aspi-
rated, 1 ml of HBS buffer (20 mM HEPES, 140 mM NaCl, 5 mM KCl,
2 mM MgCl2, and 5 mM dextrose; adjusted with 1 N NaOH to
achieve a pH of 7.4) was added, and the vials were incubated in a
37°C water bath for 20 min. AICAR was added to achieve the indi-
cated concentrations and, after incubation for the indicated times,
buffer was aspirated, and radiolabeled substrate was added. Uptake
was stopped by injection of 10 volumes of ice-cold HBS buffer at pH
7.4 after which the cells were washed three times in this buffer and
then were digested with 0.2 N NaOH at 65°C for 45 min. Specimens
were taken for assessment of intracellular tritium on a liquid scin-
tillation spectrometer (400 �l) or protein (10 �l) by the BCA assay
(Thermo Fisher Scientific, Waltham, MA). Intracellular radioactivity
is expressed as picomoles of tritiated substrate per milligram of
protein. Influx kinetics were determined by a nonlinear regression

analysis of the relationship between MTX influx and the extracellu-
lar MTX concentration based on the Michaelis-Menten equation
using Prism (version 5.0 for Windows; GraphPad Software Inc., San
Diego, CA).

For efflux measurements, cells were incubated with [3H]MTX in
transport buffer in the presence or absence of AICAR after which
5-formyl-THF was added to achieve an extracellular concentration of
100 �M to completely block influx. Then the declining level of intra-
cellular MTX, which reflects the unidirectional efflux of this agent,
was monitored. Samples were processed for radioactivity and protein
as indicated above. Free intracellular MTX could be discriminated
from total drug by assessing the component bound to dihydrofolate
reductase (DHFR) 30 to 60 min after cells loaded with [3H]MTX were
washed and then exposed to a large volume of drug-free medium
(Zhao et al., 2004a).

HPLC of [3H]AICAR and Its Metabolites. After incubation
with 1 mM [3H]AICAR, cells were washed twice in ice-cold HBS. An
acid-soluble extract of cells was obtained by addition of ice-cold 5%
trichloroacetic acid after which the acid-insoluble and -soluble frac-
tions were separated by centrifugation at 4000g for 10 min. The
acid-insoluble fraction was digested in 2 ml of 0.2 N NaOH at 65°C,
and a portion was taken for protein determination as indicated
above. The acid-soluble fraction was extracted twice with diethyl
ether and then was passed through a 45-�m filter and stored at
�80°C. Analyses were performed on a Beckman System Gold high-
performance liquid chromatograph. Samples were applied to a 4.6 �
250 mm ion-exchange column (Phenomenex, Torrance, CA) and
eluted with a linear gradient of 5 mM NH4H2PO4, pH 2.8, to 750 mM
NH4H2PO4, pH 3.9, over 25 min at a flow rate of 0.8 ml/min. Absor-
bance was monitored at 280 nm. The eluted fractions were collected,
and radioactivity was determined. Intracellular ZMP concentration
was determined from the difference between the wet and the dry
weights of a cell pellet less the inulin space as reported previously
(Zhao et al., 1997).

Statistical Analysis. Statistical comparisons were performed
with the two-tailed Student’s paired t test. All statistical analyses
were performed with GraphPad Prism.

Results
Impact of AICAR on Folate and Antifolate Influx and

Net Accumulation in HeLa Cells. After a 10-min incuba-
tion with 1 mM AICAR, tritiated MTX, 5-formyl-THF, or
5-methyl-THF was added to achieve a concentration of 0.5 �M
and uptake assessed in HeLa cells. It can be seen in Fig. 1,
top, that the uptake slopes over the first 5 min were linear
and extrapolate through the point of origin, reflecting the
unidirectional flux of these substrates into these cells. Initial
uptake rates were enhanced 2- to 4-fold by AICAR. As indi-
cated in Fig. 1, bottom, net uptake of all three substrates was
markedly increased in AICAR-treated cells. For MTX, a
steady state was achieved that was �3-fold greater in cells
exposed to AICAR than in control cells. However, the aug-
mented uptake of free drug was considerably higher when
the component tightly bound to dihydrofolate reductase, in-
dicated by the interrupted line, was considered. When cells
were incubated with 1 mM AICAR simultaneously with
MTX, stimulation of uptake emerged over 5 to 10 min (not
shown). Hence, stimulation was not instantaneous and, as
later shown, was dependent upon uptake and metabolism of
AICAR within the cells.

Distinguishing among the Roles of RFC, PCFT, and
ATP-Binding Cassette Exporters in AICAR Potentia-
tion of MTX and 5-Formyl-THF Transport. Because
HeLa cells express both RFC and PCFT, studies were under-
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taken to explore the potential role of each of these transport-
ers in this phenomenon using HeLa R1–11 cells, which lack
endogenous folate transporters, stably transfected with ei-
ther RFC (HeLa R1-RFC6 cells) or PCFT (HeLa R1-PCFT).
When PCFT was the carrier by which cells were loaded with
folates, it was possible to determine the extent to which
AICAR affects the activity of this transporter as well as that
of other transporters that act on the disposition of intracel-

lular folates and could have an impact on their accumulation
in cells. For instance, the stimulatory effect of AICAR on net
folate uptake could be due to inhibition of ATP-binding cas-
sette exporters that pump folates out of cells, resulting in
enhanced influx and uphill folate transport. It can be seen
that net uptakes of tritiated MTX (Fig. 2, top left panel) and
5-formyl-THF (Fig. 2, top right) were both enhanced by
AICAR in cells that express only RFC. However, as indicated

Fig. 1. Impact of 1 mM AICAR on folate influx and net uptake in HeLa cells. Transport of 0.5 �M [3H]MTX (left), [3H]5-formyl-THF (center), and
[3H]5-methyl-THF (right) in the presence and absence of 1 mM AICAR. AICAR was added 10 min before addition of folates and was present during
the transport measurements. Top, initial rates of folate uptake (influx). Bottom, the time course of the net uptake of folates. The horizontal interrupted
line in bottom left represents MTX tightly bound to dihydrofolate reductase. The different between bound and total intracellular MTX is the component
free within the intracellular water (see Materials and Methods). The data are from an experiment representative of three independent experiments.

Fig. 2. Roles of RFC and PCFT in AICAR potentiation of
net folate transport. Top, net uptake of 0.5 �M [3H]MTX
(left) and [3H]5-formyl-THF (right) in the presence and
absence of 1 mM AICAR in cells that express only RFC
(HeLa-RFC6). Bottom, net uptake of 0.5 �M [3H]MTX (left)
and [3H]5-formyl-THF (right) in the presence and absence
of 1 mM AICAR in cells that express only PCFT (HeLa-
PCFT). AICAR was added 10 min before addition of folates
and was present during the transport measurements. The
data are representative of three independent experiments.
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in Fig. 2, bottom, this did not occur in the cells that express
only PCFT; indeed, there was a small decrease in net uptake
late in the uptake process. This experimental design excludes
a role for PCFT in the AICAR effect or AICAR-induced sup-
pression of ATP cassette proteins that export folates from
cells. Because PCFT is not involved in the augmentation of
transport by AICAR, and studies are performed at pH 7.4
when PCFT-mediated MTX transport is negligible, subse-
quent experiments could be performed with wild-type HeLa
cells.

Impact of AICAR on MTX Influx Kinetics Mediated
by RFC. The kinetic basis for the augmentation of RFC-
mediated MTX influx by AICAR in HeLa cells is indicated in
Fig. 3. On the basis of a nonlinear regression analysis of
influx as a function of the extracellular MTX concentration,
the influx Kt was unchanged; rather, the sole alteration was
an �2-fold increase in the influx Vmax from 27.1 � 2.3 to
51.4 � 5.5 pmol � mg protein�1 � min�1. Hence, treatment of
cells with AICAR results in an increase in the rate-limiting
step in the RFC transport cycle.

Reversibility of the Augmentation of RFC-Mediated
Transport by AICAR. To assess the reversibility of the
AICAR effect, cells exposed to 1 mM AICAR for 10 min were
washed in 0°C AICAR-free buffer and then were exposed to
this buffer for 30 min after which transport of [3H]5-formyl-
THF was assessed. As indicated in Fig. 4A, the stimulation of
influx (inset) and net transport was completely reversed.
Figure 4B illustrates the time course of the reversal. Cells
exposed to 1 mM AICAR for 10 min were washed in 0°C
AICAR-free buffer then exposed to this buffer at 37°C at time
0. It can be seen that influx stimulation was sustained for 3
to 4 min (inset) after which the rate of uptake declined to the
level observed in control cells not exposed to AICAR. Ulti-
mately, the same steady-state level was reached in the
AICAR-exposed and control cells. Hence, AICAR-induced
stimulation of folate transport is rapidly reversible.

Impact of 5-Iodotubercidin on AICAR Metabolism
and Stimulation of RFC-Mediated Transport. The ob-
servation that AICAR potentiation of RFC-mediated trans-
port was not instantaneous suggested that AICAR transport
into cells, followed by its conversion to a phosphorylated
derivative, might be a prerequisite for this phenomenon. The
first step in AICAR metabolism is its phosphorylation to ZMP
mediated by adenosine kinase. When cells were exposed to a
1 �M concentration of the potent (IC50 � 25 nM) adenosine

Fig. 3. Impact of AICAR on RFC influx kinetics. HeLa cells were incu-
bated in the presence or absence of 1 mM AICAR for 10 min after which
influx of [3H]MTX was assessed in the presence of this agent. The line is
best fit to the Michaelis-Menten equation (V � Vmax[S]/(Kt�[S]). Kt is in
micromoles per liter and represents the extracellular concentration
(MTXe) at which MTX influx is half of maximum; Vmax is in picomoles per
milligram of protein per minute. Results are the mean � S.E.M. from
three independent experiments.

Fig. 4. The impact of 5-iodotubercidin
and the reversibility of AICAR stimu-
lation of RFC-mediated transport. A,
cells were preincubated for 10 min
with 1 mM AICAR and then were in-
cubated for 30 min in AICAR-free buf-
fer after which uptake of 0.5 �M
[3H]5-formyl-THF was assessed. Re-
sults are the mean � S.E.M. from
three independent experiments. The
inset amplifies the initial uptake over
5 min. B, cells were preincubated for
10 min with 1 mM AICAR and then
were exposed to AICAR-free buffer at
time 0, and uptake of [3H]5-formyl-
THF was assessed. The inset ampli-
fies uptake over the first 15 min. Re-
sults are the mean � S.E.M. from
three independent experiments. C,
time course of uptake of 0.5 �M [3H]5-
formyl-THF in HeLa cells preincu-
bated for 10 min with 1 mM AICAR in
the presence and absence (control) of 1
�M 5-iodotubercidin. Data are the
mean � S.E.M. from three indepen-
dent experiments. D, initial rate of 1
mM [3H]AICAR uptake in HeLa cells
as a function of 5-iodotubercidin concen-
tration. Data are the mean � S.E.M.
from three independent experiments.
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kinase inhibitor, 5-iodotubercidin (Parkinson and Geiger,
1996), the stimulation of RFC-mediated uptake of 0.5 �M
[3H]5-formyl-THF uptake by AICAR was abolished (Fig. 4C).
Because 5-iodotubercidin is a nucleoside analog and can in-
hibit nucleoside transporters (Parkinson and Geiger, 1996),
it was necessary to exclude the possibility that its inhibitory
effects were related to inhibition of AICAR transport. However, as
indicated in Fig. 4D, 1 �M 5-iodotubercidin had no effect on
influx of [3H]AICAR, confirming that its inhibitory effect, at
this concentration, was due solely to its suppression of
AICAR metabolism. The inhibition observed at higher con-
centrations of 5-iodotubercidin is consistent with transport of
AICAR via a facilitated process (Gadalla et al., 2004).

The basis for these effects of 5-iodotubercidin was con-
firmed by an analysis of intracellular constituents by HPLC.
Cells were incubated with 1 mM [3H]AICAR for 1 h after
which the intracellular radiolabeled species were assessed by
HPLC. As can be seen in Fig. 5A, four peaks were identified:
the first coeluted with nonlabeled AICAR, the second coe-
luted with nonlabeled ZMP, and the two other peaks were
assumed to represent ZDP and ZTP. Figure 5B indicates that
when cells were exposed to 5-iodotubercidin and [3H]AICAR
simultaneously for 1 h, the only peak detected was AICAR,
confirming that the other peaks noted in Fig. 5A were deriv-
atives of AICAR. The results of three such experiments are
quantified in the legend to Fig. 5. When cells were first

incubated with [3H]AICAR for 1 h and then exposed to 5-io-
dotubercidin for 30 min (Fig. 5C), the ZMP peak was mark-
edly decreased (from 2.13 � 0.46 to 0.16 � 0.04 mM, �93%,
p � 0.02), the ZDP peak was unchanged, and the ZTP peak
increased from 1.34 � 0.31 to 2.13 � 0.32 mM (p � 0.063)
compared with the levels indicated in Fig. 5A. The increase in
ZTP accounted for 40% of the decrease in ZMP that occurred
after the 30-min exposure to 5-iodotubercidin.

When cells were exposed to 1 mM [3H]AICAR for 1 h
followed by incubation in drug-free buffer for 30 min, the
ZMP peak was markedly decreased (from 2.13 � 0.46 to
0.16 � 0.05 mM, �93%, p � 0.045) (Fig. 5D), a condition in
which augmentation of transport by AICAR was reversed
(Fig. 4A). Hence, the augmentation of RFC-mediated trans-
port by AICAR and its reversal in AICAR-free buffer corre-
lates with the presence or absence of ZMP within the cells. In
another three experiments, the intracellular level of ZMP
was assessed by HPLC after a 10-min exposure to 1 mM
AICAR, the condition in which transport measurements are
made. The intracellular ZMP level achieved within the intra-
cellular water was �0.77 mM.

Impact of AICAR on the Trans-Stimulation of RFC-
Mediated Influx. The unidirectional flux of MTX into cells
is augmented when cells are loaded with 5-formyl-THF be-
cause of the simultaneous efflux of this folate via RFC, en-
hancing a rate-limiting step in the transport cycle, a trans-

Fig. 5. HPLC analysis of intracellular
constituents after incubation of cells with
[3H]AICAR. A, HeLa cells were incu-
bated for 1 h with 1 mM [3H]AICAR.
B, cells were treated as in A but in the
presence of 1 �M 5-iodotubercidin. C,
cells were incubated for 1 h with 1 mM
[3H]AICAR followed by a 30-min incuba-
tion with 1 �M 5-iodotubercidin. D, cells
were incubated with 1 mM [3H]AICAR
for 1 h and then were incubated for 30
min more in AICAR-free buffer. The
chromatograms reflect a representative
experiment. The legend quantifies the re-
sults from three independent experi-
ments, showing the average value of each
intracellular constituent � S.E.M.
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stimulation exchange phenomenon (Goldman, 1971). Other
studies from this laboratory demonstrated that organic phos-
phates also use RFC and exchange with folates (Zhao et al.,
2001, 2002). If ZMP augments folate influx through an ex-
change mechanism, then there should be no further enhance-
ment in cells undergoing maximum exchange after loading
with high concentrations of a preferred substrate, 5-formyl-
THF. Preliminary experiments established that loading cells
with 100 �M 5-formyl-THF resulted in maximum trans-stim-
ulation. As indicated in Fig. 6, when cells were preloaded
with 100 �M 5-formyl-THF or 1 mM AICAR, each produced
comparable augmentation (�60–70%) of [3H]5-methyl-THF
influx relative to that in the control cells. However, when
cells were loaded with both substrates, there was no further
increase in influx compared with that for 5-formyl-THF (p �
0.46) or AICAR (p � 0.35) alone, consistent with effects based
on the same mechanism.

Effect of ZMP on RFC-Mediated Influx and Efflux.
The data to this point are consistent with an interaction
among ZMP, folates, and RFC at the inner cell membrane.
According to this paradigm, ZMP synthesized within the cells
from exogenous AICAR results in trans-stimulation of folate
influx and inhibition of folate efflux, which augments the net
level of folates that accumulate within the cells. Thus, ZMP
when present extracellularly should inhibit folate influx and
when present intracellularly should inhibit folate efflux. This
turned out to be the case. Influx of 0.5 �M [3H]MTX was
inhibited by the extracellular presence of ZMP with an IC50

of �0.75 mM (Fig. 7, top panel), comparable with the intra-
cellular ZMP level reached after the initial 10-min exposure
to this agent (see above). Likewise, as indicated in the bottom
panel, when HeLa cells were incubated with 0.5 �M
[3H]MTX, in the presence or absence of 1 mM AICAR and
then were exposed to 100 �M 5-formyl-THF to block the MTX
influx component, the rate constant in the control cells was
twice the rate of cells exposed to AICAR (�3.64 � 0.39 � 10�3

versus 1.72 � 0.23 � 10�3 s�1; p � 0.001).

Discussion
AICAR is an exogenous precursor of ZMP, an intermediate

in the pathway of purine biosynthesis through its metabo-
lism to IMP mediated by 5-aminoimidazole-4-carboxamide
ribonucleoside transformylase (Sabina et al., 1984). Through
the formation of ZMP, AICAR leads to the activation of AMP

kinase (Davies et al., 1995; Corradetti and Guan, 2006). A
variety of pharmacologic applications of AICAR have been
explored: 1) postmyocardial ischemia cardioprotection based
upon its salutary effect on purine synthesis (Swain et al.,
1982; Mitsos et al., 1985) or 2) as a chemotherapeutic agent
alone (Rattan et al., 2005; Van Den Neste et al., 2010; Tang
et al., 2011) or in combination with ionizing radiation or
cytotoxic agents such as MTX (Beckers et al., 2006; Isebaert
et al., 2011). AICAR has antiproliferative and proapoptotic
activity in aneuploid cells as a result of both suppression of
mTOR signaling and mTOR independent mechanisms, in one
case resulting from activation of p53 (Rattan et al., 2005;
Swinnen et al., 2005; Tang et al., 2011).

In this report, we expand the understanding of the mech-
anistic basis for the previously reported impact of AICAR on
folate and antifolate uptake by kinetic analyses and assess-
ment of AICAR metabolism within cells (McGuire et al.,
2006). Augmentation of folate transport in HeLa cells by
AICAR is due to the following: 1) AICAR transport into cells,
2) the formation of ZMP from AICAR within cells, and
3) inhibition by ZMP of folate efflux and trans-stimulation of
folate influx that together produce a substantial augmenta-
tion of net folate uptake. Augmentation of transport by this
mechanism was observed for MTX and the reduced folates,
5-formyl-THF and 5-methyl-THF. The use of HeLa cell lines
that express either PCFT or RFC confirmed that this phe-
nomenon is due solely to an interaction among ZMP, folates,
and RFC (Fig. 8). The rapid metabolism of AICAR to ZMP as
assessed by HPLC is consistent with what has been observed
by other investigators (Thomas et al., 1981).

Fig. 7. Inhibitory effect of ZMP on [3H]MTX influx and efflux. Top panel,
influx of 0.5 �M [3H]MTX was assessed in HeLa cells in the absence or
presence of nonlabeled ZMP at the indicated concentrations. Bottom
panel, impact of AICAR on [3H]MTX efflux. HeLa cells were incubated for
30 min with 0.5 �M [3H]MTX in the presence or absence of 1 mM AICAR
after which 100 �M 5-formyl-THF was added to block [3H]MTX influx,
and the decline of intracellular [3H]MTX was monitored. Data are the
mean � S.E.M. from six independent experiments.

Fig. 6. Impact of AICAR on trans-stimulation mediated by 5-formyl-THF.
HeLa cells were loaded for 20 min with 1 mM AICAR, 100 �M 5-formyl-
THF, or both. The cells were then washed in 0°C HBS after which influx
of 0.5 �M [3H]5-methyl-THF was assessed. Data are the mean � S.E.M.
from four independent experiments.
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Of interest were the observations that after cells had ac-
cumulated ZMP, and AICAR was removed or 5-iodotuberci-
din was added, the intracellular ZMP level rapidly decreased
and the augmentation of folate transport was reversed.
Hence, continued synthesis of ZMP is required to sustain
intracellular ZMP levels and the augmentation of RFC-me-
diated transport. Neither AICAR itself nor ZTP within the
cells resulted in augmentation of folate transport. The basis

for the rapid decrease of intracellular ZMP under these con-
ditions is due in part to the conversion of ZMP to ZTP and to
export mediated by RFC. It is also possible that a component
of the decrease in cell ZMP was due to rapid hydrolysis back
to the base.

This interaction between ZMP and folates at the level of a
common carrier is a classic exchange reaction in which the
transmembrane gradient for one substrate drives the uphill
transport of another. Most uphill systems for members of the
SLC superfamily of solute transport carriers derive their
energy through a cotransport with either a sodium ion or a
proton (Forrest and Rudnick, 2009). In the case of PCFT,
folates and protons are cotransported by this mechanism,
and the flow of protons down the transmembrane proton
gradient into cells provides the energy that drives the uphill
transport of folates into cells (Qiu et al., 2006; Unal et al.,
2009). On the other hand, RFC is an organic phosphate
antiporter. In this case, the uphill flow of folates into cells via
RFC is due to the inhibition of folate export by organic
phosphates as these molecules flow out of cells down their
electrochemical potential gradient via RFC (Zhao et al., 2009,
2011).

In the case of AICAR, this molecule enters cells by a nu-
cleoside transporter (Gadalla et al., 2004). Folates do not use
this transporter and AICAR does not use or inhibit RFC.
Hence, both substrates enter the cells by their respective
mechanisms. Once in the cell, however, AICAR is converted
to ZMP, which is a substrate for RFC. Inhibition of RFC-
mediated folate export under conditions in which the extra-
cellular ZMP concentration is trivial (in which there is a very
high transmembrane ZMP gradient) results in uphill folate
transport in the cells. In the case of MTX, which is not
metabolized over the interval of these experiments, there is a
marked increase in the transmembrane electrochemical po-
tential difference across the cell membrane in the presence of
AICAR. Uphill transport of MTX must be accounted for,
energetically, by the export of ZMP via RFC down its elec-
trochemical potential gradient, a transduction mediated by
the same carrier. This is similar to what was observed for the
interaction between thiamine and MTX. Thiamine enters
cells via SLC19A2 or SLC19A3, neither of which transports
folates. Once in the cell, thiamine is metabolized to its mono-
and diphosphate derivatives, which are substrates for RFC
and are exported by this mechanism (Zhao et al., 2001, 2002).

There are some differences between these findings in HeLa
cells and what was reported earlier in studies with CCRF-
CEM human T leukemia cells (McGuire et al., 2006). For
instance, stimulation of MTX influx by AICAR was delayed
even when cells were pretreated with this agent, becoming
instantaneous when cells were pretreated with trimetrexate,
a lipophilic DHFR inhibitor. Likewise, augmentation of net
5-formyl-THF uptake by AICAR only occurred if cells were
pretreated with trimetrexate, leading the authors to suggest
that inhibition of tetrahydrofolate generation is a conditio
sine qua non for AICAR potentiation (McGuire et al., 2006).
However, in the current study, augmentation of 5-formyl-
THF and of 5-methyl-THF and MTX, initial rates occurred
without any prior perturbation of DHFR activity. The earlier
conclusion that this phenomenon was RFC-specific was
based on the observation that it did not occur in cells that
lack RFC. However, because there was no way for folates to
enter CCRF-CEM cells that lack RFC, it was not possible to

Fig. 8. Model for a ZMP-folate antiport mechanism mediated by RFC. A,
under physiological conditions intracellular ZMP levels are negligible.
RFC mediates the bidirectional fluxes of folates across the cell mem-
brane. B, after entering the cells via nucleoside transporters, AICAR is
rapidly converted to ZMP by adenosine kinase. Intracellular ZMP com-
petes with intracellular folates at the inner cell membrane for export via
RFC, which results in inhibition of folate efflux and trans-stimulation of
folate influx, leading to augmentation of the net level of folate accumu-
lation within the cells.
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evaluate a possible role for other transporter(s) that might
act on the disposition of intracellular folates. This possibility
was excluded by the observation that AICAR potentiation did
not occur when folates accumulated in HeLa cells that selec-
tively express only PCFT.

This interaction between ZMP and folates at the level of
RFC could have pharmacological ramifications for antifolates
currently in clinical use (Goldman et al., 2010). For instance,
recent studies indicate that high levels of ZMP build up in
cells after exposure to pemetrexed as a consequence of the
inhibition of AICART by pemetrexed polyglutamate deriva-
tives. This results in activation of AMP kinase and conse-
quent inhibition of mTOR (Racanelli et al., 2009). The cur-
rent study raises the possibility of another consequence of the
buildup of ZMP in cells by pemetrexed, the augmentation of
the RFC-mediated transport of this agent.
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