
has a number of desirable properties as a clinical agent.
It has well-behaved pharmacokinetics, does not exhibit
cumulative toxicity, has well-understood and manageable
acute toxicities, and expected or unexpected acute toxic-
ity can be reversed by the administration of leucovorin (a
reduced folate) �rescue� (1). Although MTX is useful in a
number of cancers (e.g., childhood acute lymphocytic
leukemia, head and neck squamous cell cancer) its clini-
cal use is limited by the occurrence of natural resistance
(limited tumor spectrum) and acquired resistance by a
number of mechanisms (1). MTX has now been a part of
the cancer treatment armamentarium for over 50 years.
Despite extensive efforts during that time period to
improve on its pharmacologic and biochemical properties,
no other DHFR inhibitor has been proven superior to MTX
in randomized clinical trials (2). Because of this short-
coming, other folate-dependent enzymes, especially
thymidylate synthase and glycinamide ribonucleotide and
5-aminoimidazole-4-carboxamide ribonucleotide formyl-
transferases (enzymes in de novo purine synthesis) have
received considerable attention in the past two decades
as drug targets because of their role in providing dTTP,
dATP and dGTP for DNA synthesis. Several agents
derived in these efforts are still in clinical trials, but so far
only raltitrexed (TomudexTM), an inhibitor of thymidylate
synthase, has achieved any success (2). Ralitrexed is
now approved in Europe, but not the U.S., for the treat-
ment of colon cancer.

A potential target in folate metabolism that has not yet
been exploited clinically is folylpolyglutamate synthetase
(FPGS), the enzyme that is responsible for synthesis of
the ubiquitous and essential poly(γ-glutamyl) folates,
which are the functional forms of reduced folates in cells.
This review will discuss the occurrence and function of
folylpolyglutamates, their synthesis by FPGS and the
progress that has been made to date in developing
inhibitors of this enzyme.

Natural occurrence and function
of folylpoly(γγ-glutamates)

Folates are a family of essential human vitamins
based on the structure of folic acid (PteGlu) that, when
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Abstract

The antifolate methotrexate (MTX), which targets
the folate-dependent enzyme dihydrofolate reductase
(DHFR), has been used effectively in cancer
chemotherapy for over 50 years. Extensive efforts have
been mounted to develop DHFR inhibitors that are
more selective and/or have a wider tumor range than
MTX and to develop inhibitors of other folate-depen-
dent enzymes, principally thymidylate synthase and
the enzymes of de novo purine synthesis. To date,
these efforts have met with limited success. Another
potential pathway for exploitation is the synthesis of
poly(γ-glutamyl) forms of reduced folates. Folylpoly-
glutamates are essential for folate-mediated one-
carbon metabolism to function and hence are essential
for cell survival. Thus, folylpolyglutamate synthetase
(FPGS), which is responsible for synthesis of these
metabolites, is suggested as a target for drug develop-
ment. This article reviews the rationale for synthesis of
FPGS inhibitors and the progress to date in developing
potent, cell-permeable inhibitors of this critical enzyme.

Introduction

Methotrexate (MTX), a potent inhibitor of the folate-
dependent enzyme dihydrofolate reductase (DHFR), is
the only antifolate approved for wide clinical use. MTX



Serving as the kinetically preferred substrates (higher
Vmax/Km) for most folate-dependent reactions is the sec-
ond function of folypolyglutamates in folate/one-carbon
metabolism. Studies with purified folate-dependent
enzymes suggest that folylpolyglutamates are usually
more catalytically efficient (up to 104-fold increased
Vmax/Km) than folylmonoglutamates (4). The Km is most
often substantially lower, but in some cases Vmax is
increased. Catalytic efficiency may also be enhanced by
preferential channeling of folylpolyglutamate between
active sites in multifunctional folate-dependent enzymes.

Although retention is clearly essential at low physio-
logical extracellular folate concentrations, increased cat-
alytic efficiency is apparently also essential since a
Chinese hamster ovary (CHO) cell line that transports
folates normally, but cannot synthesize folylpolygluta-
mates, is unable to survive even in the presence of sup-
raphysiological levels of reduced folates (8). Thus, at
least one folate-dependent reaction is insufficiently active
with a monoglutamate substrate to supply required levels
of a critical metabolite.

Folylpolyglutamate synthetase (FPGS)

FPGS is the enzyme that synthesizes folate and
antifolate poly(γ-glutamate) metabolites (reaction 1) of all
lengths. Although there is only one human FPGS gene, 

H4PteGlun + L-Glu + Mg-ATP → H4PteGlun�γ�Glu + Mg-ADP + Pi
(1)

at least two classes of mRNA transcripts are synthesized,
one of which contains a putative mitochondrial leader
sequence. FPGS expression at the activity level (9) or
activity and protein levels (10) has been observed in CHO
and human leukemia cell cytosol and mitochondria,
respectively, confirming that two isoforms are expressed.
FPGS is capable of synthesizing in vitro all the folylpoly-

fully reduced (5,6,7,8-tetrahydro), serve as cofactors to
transfer one-carbon moieties at the oxidation level of
methanol, formaldehyde and formate (3). These one-
carbon units are used in catabolic and anabolic reactions,
including those in the synthesis of serine, glycine, methio-
nine, purines and thymidylate (3). Across the phylogenet-
ic spectrum, intracellular folates consist almost exclusive-
ly as poly(γ-glutamyl) metabolites (Fig. 1) (4). A distri-
bution of polyglutamate lengths generally occurs that is
cell lineage-specific; within a given cell lineage, the length
distribution is generally identical for individual folate
species containing different one-carbon substituents. In
human cells, the usual range of lengths is 5-8 total gluta-
mates with a total folate pool estimated to be 1-10 µM.
Monoglutamyl folates (which are transport forms of the
vitamin) must be present transiently in the intracellular
space, but intracellular levels of monoglutamate are low
or undetectable under physiological conditions. Since
polyglutamylation is not coupled directly to transport (5),
the fact that monoglutamates are not observed suggests
that transport, rather than the level of synthesis itself
(below), is rate-limiting to folylpolyglutamate synthesis.

Folylpolyglutamates perform a number of functions in
folate/one-carbon metabolism (4), but two functions pre-
dominate. The first one is retention of folates at levels far
in excess of the extracellular concentration (human plas-
ma is ≈ 10 nM in folates (6)). Two mechanisms contribute
to polyglutamate retention. First, both known folate trans-
port systems, the reduced folate carrier (RFC) and the
membrane-bound folate binding proteins (FBPs), trans-
port monoglutamyl folates, but polyglutamyl folates are
poorly transported (if at all), especially if more than two
glutamates are present. Since folylpolyglutamates also
cannot use these systems for efflux, and other known
folate monoglutamate efflux systems (e.g., MRP1 and
MRP3 (7)) also do not efflux polyglutamates, mediated
efflux does not occur. Second, because of the high nega-
tive charge on folylpolyglutamates, they cannot passively
diffuse through cell membranes.
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Fig. 1. General structure of 5,6,7,8-tetrahydrofolylpoly(γ-glutamates) and their one-carbon substituted forms. Only folates at the 5,6,7,8-
tetrahydro reduction level are physiologically active. 5,6,7,8-Tetrahydrofolic acid contains one intrinsic glutamic acid; intracellularly, addi-
tional glutamates are added in γ-linkage. One-carbon substituents at the oxidation level of methanol, formaldehyde or formate can be
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FPGS than are required to maintain the folylpolygluta-
mate pools essential for normal growth (22, 23). This
means that potent FPGS inhibition will probably be
required, since FPGS activity will need to be essentially
fully suppressed. This may appear to be an unreachable
goal. However, there is ample precedent for achieving
therapeutically effective inhibition of enzyme targets dis-
playing a similar requirement for a high degree of inhibi-
tion; examples even occur within folate metabolism. For
example, from the studies of Goldman et al. (24), it is
known that inhibition of DHFR by MTX must be > 98%
complete before any effect on DNA synthesis occurs; to
inhibit DNA synthesis, and thus inhibit growth, with this
tight-binding inhibitor requires an even greater level of
inhibition. Since this level of inhibition is manifestly
achieved in the clinic by patients who respond to MTX, it
indicates that the requirement for a high degree of inhibi-
tion is in itself not a disqualification for an enzyme as a
chemotherapeutic target.

It is also worth emphasizing that sustained FPGS inhi-
bition will be required to induce functional folate deficien-
cy (meaning a decrease in the absolute level of the
folylpolyglutamate pool and/or conversion to the �inactive�
and potentially effluxable monoglutamates). During sus-
tained FPGS blockade, a decrease in the absolute level
of the folylpolyglutamate pool would occur as the pre-
formed folylpolyglutamate pool is diluted out by cell divi-
sion and/or as tetrahydrofolylpolyglutamates are inacti-
vated by nonenzymatic C9-N10 cleavage (25); the latter
process is believed to be slow. Conversion of folylpoly-
glutamates to monoglutamates could occur through the
action of γ-glutamyl hydrolase (26). Functional folate defi-
ciency would occur once the folate pool was reduced
below a critical threshold level (27). This critical threshold
in CCRF-CEM human leukemia cells in culture appears
to be about 10% of the normal folate pool and should
require 4 or more days of sustained FPGS inhibition to
occur (27).

Another potential complication to the development of
effective FPGS inhibitors has been noted recently.
Human FPGS occurs as cytosolic (cFPGS) and mito-
chondrial (mFPGS) isoforms (above). This raises the
question as to whether both FPGS isoforms must be
inhibited to induce cell death. Inhibition of mFPGS could
be difficult because mitochondria are impermeable to
many (28), but not all (29), classes of antifolates. Data
from FPGS-minus cells transfected to express both iso-
forms, only cFPGS, or only mFPGS (30) suggest that full
auxotrophy is observed only when neither isoform is
expressed, while cFPGS expression alone leads to
glycine auxotrophy, and with mFPGS expression alone
(as would occur with a potent cFPGS inhibitor) no
auxotrophy is observed. Although the level of expression
of each isoform in these studies may be a confounding
factor, these data suggest that an ideal FPGS inhibitor
must target both isoforms. The lack of auxotrophy when
no cFPGS is expressed apparently occurs because folyl-
polyglutamates synthesized by mFPGS in the mitochon-
dria are �released� into the cytosol. However, the levels of

glutamate lengths observed in each subcellular compart-
ment. For ligation of the first γ-glutamate, the enzyme
mechanism is ordered ter-ter with substrates binding in
the order Mg-ATP, folate, glutamate and products being
released in the order Mg-ADP, folate-γ-glutamate, Pi (11).

Rationale for FPGS as a drug target

A critical role for folylpolyglutamates is demonstrated
by the observations that all organisms synthesize them
and that metabolically active intracellular reduced folate
pools consist entirely of folylpolyglutamates (6). More
importantly, the synthesis of folylpolyglutamates is essen-
tial for cell survival since the absence of folylpolygluta-
mate synthesis in CHO cells caused by mutational inacti-
vation of FPGS leads to failure to accumulate folate pools
and induces auxotrophy for glycine, a purine, thymidine
and methionine (8, 12). If these metabolites are not sup-
plied continuously, the auxotrophy is lethal. Thus, FPGS-
specific inhibition should induce the FPGS-minus pheno-
type and be lethal through induction of folate deficiency
and the consequent deficiencies in critical metabolites;
cell death may occur through apoptosis (13, 14).

Other studies also support targeting FPGS (2). Early
preclinical and clinical studies showed that folate defi-
ciency induced nutritionally could decrease tumor growth
rate without adversely affecting the host. Since one func-
tion of folylpolyglutamates is to retain folates intracellular-
ly, drug-induced FPGS inhibition might similarly lead to
selective folate deficiency in tumors. Clinically, it is very
difficult to achieve and maintain folate deficiency by diet,
thus a drug-based approach should be superior. Inhibition
of FPGS expression in cell culture has been achieved by
means of antisense constructs (15); this led to decreased
dTMP synthesis and decreased cell growth, providing
further support for FPGS as a target. 

FPGS inhibition might be useful in overcoming one
clinically identified (16) mechanism of acquired (and
perhaps natural) antifolate resistance, decreased FPGS
activity (17). Even if FPGS-deficient tumors have normal
or near normal folate pools (because of the high catalytic
efficiency of FPGS with natural folate substrates (18, 19)),
their low FPGS levels should mean that less inhibitor will
be required to totally eliminate FPGS activity and to
induce lethal folate deficiency (above). Thus, FPGS-defi-
cient antifolate-resistant tumors should be collaterally
sensitive to FPGS-specific inhibitors (18).  

Importantly for cancer chemotherapy, FPGS inhibition
may be tumor selective through at least two mechanisms
(2). First, as noted above, dietary folate deficiency selec-
tively decreases tumor growth without adversely affecting
the host. Secondly, tumor and normal cells (20) and even
different normal tissues (21) may express different FPGS
isozymes; thus, an FPGS inhibitor more specific for tumor
FPGS might be developed.

Some unique issues may complicate the development
of FPGS inhibitors. For example, all cell lines examined to
date apparently express at least 10-fold higher levels of
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class is of interest in answering the question of whether
FPGS-specific inhibitors can be therapeutically effective.
The second class of inhibitors may show enhanced ther-
apeutic efficacy as a result of their two sites of action;
they may have a unique self-potentiating effect (34) by
causing a general decrease in cellular reduced folylpoly-
glutamate pools and thus decrease competition at the
second site. In addition, the incidence of acquired resis-
tance to dual-site FPGS inhibitors may be lower than that
to inhibitors of either target alone. A large number of enti-
ties have been investigated as substitutes for the integral
glutamate moiety (35). Almost all substitutes lead to loss
of FPGS substrate activity, as is desired, but only a few
impart significant FPGS inhibitory activity.  

The first lead FPGS inhibitor was discovered by
Shane and coworkers who found that substitution of
ornithine (Orn) for glutamate in PteGlu (i.e., PteOrn; Fig.
2) led to loss of substrate activity, but allowed potent
FPGS inhibition (33). Orn is the optimal 2,ω-diaminoalka-
noic acid for imparting inhibition (35). Based on this infor-
mation, a number of Orn-containing analogs were syn-
thesized and tested, including 5,8-dideazapteroyl-Orn
(Fig. 2) by Piper and colleagues, which was the first spe-
cific, very potent folate analog inhibitor of isolated FPGS
(36). However, the McGuire lab showed that this substi-
tution leads to very poor cellular uptake because of the
positive charge on the δ-amine of Orn at physiological

folylpolyglutamates in the cytosol are significantly lower
than normal when only mFPGS is expressed. If the
requirement for end-products of folate-dependent path-
ways occurring exclusively in the cytosol (especially
purines and thymidylate) is higher than can be sustained
by folylpolyglutamates released into the cytosol from
mitochondria, inhibition of cell growth by a cFPGS-specif-
ic inhibitor might still occur; this may be tumor-type
dependent. A corollary practical issue is that methods
used to study FPGS inhibitors must take these character-
istics into account. For example, standard cell culture
growth inhibition assays that use drug exposure periods
of 48-120 h may underestimate or miss completely an
anti-FPGS effect because of its delayed mechanism of
action.

Aside from the quadruple auxotrophy cited above (8,
12), there are few data about the biological effects FPGS
inhibition may have and how those effects could be dis-
tinguished from those of inhibitors of other folate-depen-
dent enzymes. We have shown (J.J. McGuire, unpub-
lished observation) that the delayed growth inhibition of
cells depleted of folylpolyglutamates (by growth in folate-
depleted medium) can be differentiated readily from the
rapid growth inhibition induced by inhibitors of DHFR
(MTX, trimetrexate), TMPS (raltitrexed, AG-331) and
purine biosynthesis (DDATHF). The result with DDATHF
is important because cytotoxicity of DDATHF may be
delayed (31), but growth inhibition is not (J.J. McGuire,
unpublished observation). However, demonstration that
growth inhibition (even if delayed) truly results from FPGS
blockade is not trivial. Multiple cellular and biochemical
tests are required, all of which must give data consistent
with FPGS inhibition. 

Folate-based FPGS inhibitors

Potential folate-based FPGS inhibitors have been
synthesized and characterized by several groups (32-34).
Design of FPGS inhibitors has focused on folate-based
structures, since analogs of glutamate or ATP, the other
cosubstrates (reaction 1), would probably be too exten-
sively metabolized or bound to other enzymes or protein
receptors to be specific. In extensive structure-activity
studies of folate-based structures conducted by several
groups, structural changes in the pteroyl (heterocyclic)
moiety critical for imparting FPGS inhibition have not
yet been identified (35). To date, parallel changes in
substrate and inhibitor activity occur, i.e., poor FPGS sub-
strates are poor FPGS inhibitors and good FPGS
substrates cause apparent inhibition only by virtue of
being good alternate substrates. This finding has led to
use of changes in the pteroyl moiety to increase inhibito-
ry potency and/or to control target specificity and to focus
on changes in the integral glutamate moiety to impart
FPGS inhibition (2). The use of different pterin heterocy-
cles can lead to two classes of FPGS inhibitors: FPGS-
specific and �dual-site� inhibitors that act against both
FPGS and a second folate-dependent enzyme. The first
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additions of at least the first two γ-glutamate residues by
FPGS proceed through transient formation of an acyl
phosphate at the γ-carboxyl of the growing polyglutamate
chain (39). Concerted attack by the amino group of the
incoming glutamate leads to transient formation of a tetra-
hedral intermediate at the γ-carbon (Fig. 3). Chemically
stable (keto-phosphonate) analogs of the acyl phosphate
were an initial synthetic target (40), but were bypassed
when it was realized that the tetrahedral intermediate
could be mimicked by stable phosphorous-containing
structures (phosphonamidates, phosphonates and phos-
phinates) (41). Synthetic effort in this area has focused
on the phosphonate and phosphinate mimics (Fig. 3),
since acid-containing phosphonamidates tend to be
unstable (42).

To establish the proof-of-principal that such structures
can yield potent FPGS inhibitors, two phosphorous-
containing analogs of the tetrahedral intermediate formed
during the FPGS-catalyzed reaction were synthesized,
namely, MTX-phosphonate and MTX-phosphinate

pH (32, 36). A number of variations on Orn have been
synthesized to attempt to increase uptake of this class of
FPGS inhibitor. For example, reversible blocking of the δ-
amine has been attempted (37; McGuire and Piper,
unpublished data), but clear inhibition of FPGS in intact
cells has not been demonstrated. In addition, 4,4-F2Orn
(δ-pKa, 6.9) was substituted for Orn (δ-pKa, 10.8) to
decrease the δ-amine positive charge at physiological pH;
transport was increased as hypothesized, but FPGS
inhibitory activity was decreased dramatically (Table I)
(38). The latter finding may implicate the protonated
δ-amine of Orn as necessary for FPGS inhibition. Thus,
changes to date have not succeeded in producing a
potent Orn-containing FPGS inhibitor with uptake ade-
quate to warrant further development. In this ornithine-
containing class, potent FPGS inhibition and good trans-
port may be mutually exclusive (38).

A second approach is to design FPGS inhibitors
based on its enzyme mechanism. Studies from Coward
and coworkers provided unambiguous proof that
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Table I: Inhibitory potency against human FPGS of selected inhibitors based on the methotrexate (MTX) heterocycle.
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increase the extent of inhibition. Thus, it appears that nei-
ther is a slow, tight-binding inhibitor that undergoes slow
conversion to a tighter binding form (e.g., via ATP-depen-
dent phosphorylation). The substructure of MTX-phos-
phonate lacking the pterin (i.e., the phosphonate moiety
linked only to N-CH3-p-aminobenzoate) is > 50-fold less
inhibitory, underlining the significant contribution of the
pterin heterocycle to inhibitor binding energy. It should be
noted that neither MTX-phosphonate nor MTX-phosphi-
nate is transported into intact CCRF-CEM human leuke-
mia cells, presumably because of their negative charge
and dipeptide structures (44). However, since the princi-
ple of inhibition of human FPGS by phosphorous-contain-
ing folate analogs is now established, the phosphinate
pharmacophore is currently being incorporated into other
folate analogs, to allow more potent and/or specific FPGS
inhibition, and into phosphapeptide prodrugs, to increase
uptake, in order to develop viable drug candidates. 

Other classes of FPGS inhibitors

Some inhibitors that are structurally unrelated to any
of the substrates of FPGS (reaction 1) have been char-
acterized. These inhibitors include bromosulfophthalein

(Fig. 3). The rationale for choosing the MTX heterocycle
has been discussed in detail (43). The first analog to be
synthesized and characterized was MTX-phosphonate
(Fig. 3; 4-amino-10-methyl-pteroyl-L-Glu-γ-[ψ{P(O)(OH)-
O}]glutarate) (44). (Use of ψ as a symbol for peptide sur-
rogates is as described by the IUPAC-IUB Joint
Commission on Biochemical Nomenclature (45)). MTX-
phosphonate is not an FPGS substrate, but is a very
potent, competitive inhibitor of purified human FPGS with
a Ki of 46 nM. The second phosphorous-containing ana-
log is the -CH2- variant of the previous compound, MTX-
phosphinate (Fig. 3; 4-amino-10-methyl-pteroyl-L-Glu-γ-
[ψ{P(O)(OH)-CH2}]glutarate) that was synthesized
initially as a mixture of four diastereomers (46). MTX-
phosphinate is likewise not an FPGS substrate, but is 15-
fold more potent (Ki = 3 nM) than MTX-phosphonate as a
competitive inhibitor of purified human FPGS (43). Based
on the known stereospecificity of human FPGS (4), it is
likely that only the 2�S, 2��S MTX-phosphinate diastere-
omer is highly potent; thus, the actual Ki of the inhibitory
species may be as low as 0.75 nM. A stereospecific syn-
thesis of the 2�S, 2��S diastereomer is being elaborated to
explore this possibility. Neither MTX-phosphonate nor
MTX-phosphinate display time-dependent inhibition and
preincubation of FPGS with the inhibitors does not
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(47) and the polyanion suramin (27). Suramin is of partic-
ular interest because it is a very potent inhibitor of human
FPGS and it also inhibits the enzyme that degrades the
folylpolyglutamate chain, γ-glutamyl hydrolase (48).
Although suramin is widely viewed as a growth factor
inhibitor (49), its mechanism of action is not clearly
defined and may include multiple important targets. Of
note is the fact that suramin has a delayed effect on cell
growth of similar duration (days) to that expected for
induction of folate deficiency by FPGS inhibitors.
Although of interest as inhibitors of purified FPGS and
perhaps as lead compounds for further development,
these compounds are not currently being pursued,
because of their probable lack of specificity in cells.

Conclusions

Development of FPGS inhibitors remains an area of
interest despite the fact that none of those described to
date has advanced beyond early preclinical studies. This
interest is based on the following: (a) the end-products of
the enzyme-catalyzed reaction are essential for cell via-
bility; (b) there is a strong rationale for suggesting that a
therapeutically selective effect can be achieved by a spe-
cific FPGS inhibitor; (c) current clinical antifolates (MTX
and raltitrexed) are well-tolerated agents with predictable
and reversible acute toxicities; and (d) current antifolates
do not exhibit cumulative toxicity and do not promote the
occurrence of second cancers. With the next generation
of mechanism-based FPGS inhibitors now under devel-
opment, we should soon finally be able to test whether
this interest has been justified.
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