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ABSTRACT

We investigated the biological activities of the natural and unnatural
diastereoisomers of 5-formyltetrahydrofolate |(65)- and (6/?)-5-HCO-
H4PtcGlu, respectively, both 99.99% pure], using a human ileocecal
carcinoma cell line (HCT-8). Optimal cell growth could be supported by
(6S)-5-HCO-H4PteGlu at concentrations as low as 1 nM. (6/f )-5-HCO-

H4PteGlu did not support growth. Modulation of the in vitro cytotoxicity
of 5-fluoro-2'-deoxyuridine (FdUrd) and Â¡ntracellular(6/J)-5,10-methyl-
enetetrahydrofolates |(6Ã„)-CH2H4PteGluâ€ž|pools by (65)- and (6A)-5-
HCO-H4PteGlu was determined with cells growing in 1 nM (6S)-5-HCO-
H4PteGlu. For the control cells, the concentration of FdUrd inhibiting
growth by 50% was 179 nM and the total (6tf)-CH2H4PteGluâ€žwas 2.3
pmol/106 cells. When cells were treated with (6S)-5-HCO-H4PteGlu for
24 h, the 50% inhibition concentration of FdL'rd decreased with increas

ing concentrations of (6S)-5-HCO-H4PteGlu, and reached a plateau of
36 nM when (65)-5-HCO-H4PteGlu was >1 MM. The total (6tf)-
CH2H4PteGluâ€žpools were augmented by (65)-5-HCO-H4PteGlu dose
dependcntly up to 6.8 pmol/106 cells at 1 MM(6S)-5-HCO-H4PteGlu.
(6S)-5-HCO-H4PteGlu at 10 MMdid not further increase the total (6/f)-
CH2H4PteGluâ€ž,but induced a marked shift in the polyglutamate chain
length distribution, with an increase in tri- and tetra-, and a decrease in
penta-, hexa-, and heptaglutamate. The down-shift of (6i?)-CH2H4-
PteGlu, polyglutamate chain length observed after (6S)-5-HCO-H4Pte-
Glu treatment did not impair the modulation of FdL'rd cytotoxicity. Thus

shorter chain (6/f)-CH2H4PteGluâ€ž(n = 3-4) function as well as longer
ones (n = 5-7). (6/?)-5-HCO-H4PteGlu, at 200 MM,had no effect on the
cytotoxicity of FdUrd, the total (6/f )-CH2H4PteGluâ€žlevel, or chain length
distribution in the presence or absence of additional (6S)-5-HCO-H4Pte-
Glu. These results suggest that the high plasma (6/?)-5-HCO-H4PteGlu
concentrations (up to 200 MM)achieved in patients following i.v. admin
istration of high doses of (6A,S)-5-HCO-H4PteGlu probably do not have
adverse effects on the modulation of antitumor activity of FdUrd or 5-
fluorouracil. Since the optimal dose and schedule of (65)-5-HCO-
11,I'M.IÂ» for modulation of fluoropyrimidines may vary from one cell
type to another, introducing high doses of (6/f,S)-5-HCO-H4PteGlu in
patients so that the plasma concentration of the natural isomer reaches
10 MMis still recommended.

INTRODUCTION

(6A,S)-5-HCO-H4PteGlu,' a reduced folate derivative, en

hances the in vitro cytotoxicity (1,2) and clinical antitumor
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activity (3-6) of fluoropyrimidines, such as 5-fluorouracil and
FdUrd. Successful modulation of fluoropyrimidines by (6/?,S)-
5-HCO-H4PteGlu is associated with the ability to expand the
pool of intracellular (6/f )-CH:H4PteGluâ€ž, a family of reduced
folate cofactors essential for stabilization of the binding of
FdUMP, an active metabolite of fluoropyrimidines, to the
target enzyme TS (2, 7). Under these conditions, the duration
of TS inhibition and consequently the inhibition of DNA syn
thesis is significantly prolonged (8). Generally speaking, the
folate cofactors with 4-7 glutamate residues in their polyglu
tamate chains are biologically most active (9). However, the
(6/?)-CH2H4PteGluâ€ž chain length distribution after (6S>5-
HCO-H4PteGlu treatment has not been well characterized.

Another concern associated with (6A,S)-5-HCO-H4PteGlu
modulation is that it is a 1:1 mixture of the natural (65) and
unnatural (6R) diastereoisomers. For certain human tumor cell
lines, 24-h exposure to 10 MM(6S)-5-HCO-H4PteGlu is re
quired for the maximum potentiation of cytotoxicity of fluo
ropyrimidines (7). Clinically, in order to achieve a steady-state
plasma concentration of 10 MM(65)-5-HCO-H4PteGlu, high
doses (1.5-2.5 g/nr/24 h) of (6/?,S')-5-HCO-H4PteGlu must be

administered i.v. (10). Thus, a large amount of (6/?)-5-HCO-
H4PteGIu is also introduced into the plasma under these con
ditions. Since plasma clearance of (6/?)-5-HCO-H4PteGlu is
significantly slower than that of (6S)-5-HCO-H4PteGlu (11),
(6/?)-5-HCO-H4PteGlu accumulates in the plasma more
quickly than (oS^-S-HCO-HjPteGlu, and can reach a concen
tration as high as 150-200 MMduring high dose i.v. (6R,S)-5-
HCO-H4PteGlu treatments (10, 12). It has been demonstrated
that (6/?)-5-HCO-H4PteGlu can inhibit cellular uptake of the
natural isomer (13) and inhibit TS (14), and that the unnatural
isomer (6S)-CH2H4PteGluâ€žinhibits some folate-dependent en
zymes (15, 16).

The present study was undertaken to evaluate the effects of
(65)-5-HCO-H4PteGlu and (6tf)-5-HCO-H4PteGlu at high
stereochemical purity. We examined the ability of both isomers
to support cell growth, the effects of high concentration (6/J)-
5-HCO-H4PteGlu (200 MM)on the augmentation of the in vitro
cytotoxicity of FdUrd by (65)-5-HCO-H4PteGlu, and the influ
ence of (6/?)-5-HCO-H4PteGlu on the intracellular (6R)-
CH2H4PteGluâ€žlevel and chain length distribution following
treatment with (65)-5-HCO-H4PteGlu.

MATERIALS AND METHODS

Chemicals. (6R,5)-5-HCO-H4PteGlu calcium salt, FdUrd, and MTT
were purchased from Sigma Chemical Co., St. Louis, MO. RPM1 1640
medium formulated without folie acid, dialyzed horse serum, and
trypsin solution were purchased from G1BCO Laboratories, Grand
Island, NY. (6S)-5-HCO-H4PteGlu with a stereochemical purity of
99.99% was a gift from Kyowa Hakko Kogyo Co. Ltd., Japan. (6K)-5-
HCO-H4PteGlu with a stereochemical purity of 99% was prepared with
the procedures described below; (6/?)-5-HCO-H4PtcGlu with a stereo-
chemical purity of 99.99% was a gift from Dr. Robert J. Delap of
Lederle Laboratories. Pearl River, NY. [6-'H]FdUMP (20 Ci/mmol)
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was purchased from Moravek Biochemicals. Inc.. Brea, CA. Lactoba-
cillus casei TS was psurified according to the procedures of Pinter et
al. (17) from an EscherÃ¬chÃ¬acoli strain transfected with the L. casei TS
gene (17) in Dr. David G. Priest's laboratory at the Medical University

of South Carolina. Sephadex G-25 fine was purchased from Pharmacia
LKB Biotechnology Inc., Piscataway, NJ. Safety-Solve liquid scintilla
tion cocktail was purchased from Research Products International
Corp.. Mount Prospect, IL. Acrylamide and bis-acrylamide were pur
chased from Bio-Rad Laboratories. Richmond, CA. En'hance autora-

diography enhancer was purchased fronm NEN Research Products,
Boston. MA.

5-HCO-HjPteGlu Preparation and Analysis by HPLC. The HPLC
system used included a pump (Model 6000A, Waters Associates. Mil-
ford. MA), sample injector (Model U6K, Waters), detector (Lambda-
max Model 481. Waters), and data acquisition and processing system
(Omega. Perkin-Elmer Corp., Norwalk. CT). All HPLC analyses were
conducted at ambient temperature. A modified method of Wainer and
Stiffin (18) was used for analytical analysis of (6tf)-5-HCO-H4PteGlu
and (65)-5-HCO-H4PteGlu on a Resolvosil BSA-7 chiral HPLC col
umn (4 \ 150 mm: Macherey-Nagel, West Germany). A 0.25 M potas
sium phosphate buffer, pH 4.5, was used as the mobile phase at a flow
rate of 2 ml/min; absorbance of the eluent at 287 nm was recorded.
The retention times were 10.3 and 17.2 min for (65)-5-HCO-H4PteGlu
and (6/?)-5-HCO-H4PteGlu, respectively. Preparative procedures in
volved two HPLC steps. In the first step. (6fl)-5-HCO-H4PteGlu and
(65)-5-HCO-H4PteGlu were resolved by a larger BSA-7 chiral column
(10 x 200 mm) with the same mobile phase at a flow rate of 3 ml/min.
The retention times were 45 and 59 min for (65)-5-HCO-H4PteGlu
and (6fl)-5-HCO-H4PteGlu. respectively. The (6/?)-5-HCO-H4PteGlu
fractions were collected on ice. pooled, adjusted to pH 7.0. and lyoph-
ilized. The residue was redissolved in a minimum amount of water. In
the second step, the above product was desalted and further purified on
a Vydax C,Â»column (8x15 mm, 10 Â¿im.Waters), in a radial compres
sion chamber (Z-module, Waters), with 10 niM sodium phosphate. pH
7.0, as the mobile phase at a flow rate of 2 ml/min. The (6/?)-5-HCO-
H4PteGlu peak, with a retention time of 33 min, was collected on ice
and lyophilized. The product was 99% pure stereochemically.

Cell Culture. HCT-8, a human ileocecal carcinoma cell line, was
obtained from American Type Culture Collection (CCL224: Rockville.
MD). FFM (RPMI 1640 medium without folie acid plus l mM sodium
pyruvate and 10rr dialyzed horse serum) supplemented with 1 nM (65)-
5-HCO-H4PteGlu was used to maintain the cell line. Every 4-5 days
cells were detached from plastic flasks by incubation with trypsin
solution (0.05'; trypsin and 0.53 mM EDTA) at 37Â°Cfor 5 min. and

passed into new flasks at 1:10 dilution. Cultures were tested with
\iycoplasnia T.C. Rapid Detection System (Gen-Probe Inc., San Diego.
CA) every 2 months, and were free from Mycoplasma contamination.

MTT Colorimetrie Assay. A modified method of Denizot and Lang
(19) was used to determine the viable cell mass in 96-well culture plates
(Product 25860. Corning Glass Works, Corning, NY). Ten /ulof 5 mg/
ml MTT in phosphate-buffered saline (2.7 mM KCl, 1.5 m.MKH:PO4.
137 mM NaCI. and 6.5 mM Na:HPO4. pH 7.4) were added into each
well containing 100 /J of medium and monolayer cells. The culture
plates were then incubated at 37Â°C,5Â°cCO? for 5 h. Viable cells convert

MTT into a water-insoluble violet crystalline formazan: the amount of
MTT converted is proportional to the viable cell mass. After incubation,
the MTT medium was aspirated, and 150 n\ of dimethyl sulfoxide were
added to each well to solubilize the crystalline formazan. The solutions
in the wells were mixed by shaking the plates on a rotary shaker
(Eppendorf Model 3300. Brinkmann Instruments. Inc.. Wcstbury. NY),
and light absorbances at 570 nm were measured with a plate reader
(Model EL340. Bio-Tek Instruments. Winooski, VT).

Growth Kinetics Assay. Cells were grown in FFM for 3 passages of
3 days each, harvested, and seeded in 96-well plates at 1200 cells/well
in 50 Ailof FFM on day 0. Fifty p\ of 2x final concentrations of (65)-
5-HCO-H4PteG]u in FFM were added into each well on day 1. The
number of viable cells was determined by the MTT colorimetrie assay
on days 1 through 6.

Growth Inhibition Assay. Cells were seeded on day 0 in 96-well plates
at 1200-1500 cells/well, in 50 n\ of FFM supplemented with 1 nM

(65)-5-HCO-H4PteGlu. Fifty Mlof 2x final concentrations of (65)-5-
HCO-H4PteGlu in FFM were added on day 1. At 21 h after the addition
of (65)-5-HCO-H4PteGlu. cells were treated for 3 h with FdUrd in the
presence of 1 n\i-10 JIM (65)-5-HCO-H4PteGlu. Treatment was ter
minated by changing to 100 ^1 of FFM supplemented with 1 nM (65)-
5-HCO-H4PteGlu. Cells were allowed to grow for an additional 4 days.
Cell growth was measured by the MTT colorimetrie assay. Fifty %
inhibition concentrations for FdUrd were calculated on an IBM PC-
AT compatible computer with a nonlinear curve-fitting program devel
oped for assessing drug dose-response relationships (20).

(6/f)-CH2HjPteGluâ€žLevel and Polyglutamate Distribution Assay. The
method of Priest and Doig (21) based on the stoichiometric binding of
(6fl)-CH:H4PteGluâ€ž. |6-'H]FdUMP, and L casei TS was adopted to

determine the intracellular total (6/?)-CH;H4PteGluâ€ž and polygluta-
mate distribution. Treatments to cells were done in 6-well plates (Prod
uct 25810, Corning). Cells were trypsinized. transferred into 15-ml
tubes, and washed twice with phosphate-buffered saline. Cell pellets
containing approximately 1 x IO*1cells each were stored at -100Â°Cfor

no longer than 1 week. On the day of assay, 200 n\ of reagent mixture
containing 13 milliunits L. casei TS, 125 nM [6-'H]FdUMP, 6.5 mM

formaldehyde, 50 HIMsodium ascorbate, 213 m\i sucrose. 1 mM EDTA,
50 m.M Tris-HCl, pH 7.5. were added to each pellet. Samples were
frozen in ethanol/dry ice, thawed in a 30Â°Cwater bath, and agitated to

rupture the cells. The cell lysates were centrifuged at 500 x g for 3 min
at 4Â°C.The supernatants were transferred into 1.5-ml tubes and centri
fuged at 8800 x g for 15 min at 4Â°C.The supernatants were then
transferred into amber-colored 1.5-ml tubes and incubated at 25Â°Cfor

60 min. To determine the total (6Ã„)-CH2H4PteGluâ€ž.aliquots of 95 /il
of the reaction solutions were transferred into tubes containing 5 ^1 of
20% sodium dodecyl sulfate. The tubes were agitated and heated at
95Â°Cfor 3 min to denature and stabilize the ternary complexes formed.

The ternary complexes were then separated from unbound ligands by
passing 25-jjl samples through 400-^1 Sephadex G-25 centrifugal col
umns (21). The eluents from the columns were collected directly into
7-ml scintillation vials. Four ml of Safety-Solve, and 0.3 ml water were
mixed with the sample in each vial. Radioactivity was determined in a
liquid scintillation counter (Model LS-1701, Beckman Instruments,
Inc.. Fullerton. CA). The pmol of (6/?)-CH;H4PteGluâ€žwere calculated
based on the specific radioactivity of [6-'H|FdUMP. The inclusion of

formaldehyde increased the initial rate of formation of the ternary
complexes, but did not increase the final value more than 5/c, so the
contribution of (6S)-H4PteGluâ€žwas minimal. The ternary complexes
containing polyglutamates with different chain lengths were separated
by electrophoresis of undenatured aliquots of the reaction solutions on
nondenaturing discontinuous 1.5-mm-thick polyacrylamide slab gels
(21). Fluorography was done using En'hance according to the proce

dures supplied by the manufacturer. An X-ray film (Kodak X-OMAT
AR, Eastman Kodak Company, Rochester, NY) was exposed to the
dried gel in an exposure cassette at -100Â°C for 4-5 days. The film was

developed in a film processor (Model M35A, Eastman Kodak) and the
density of each band was quantitated by a densitometer with analysis
software (Models GS 300 and GS 365. Hoefer Scientific Instruments,
San Francisco, CA) and an IBM PC-AT compatible computer.

RESULTS

HPLC Separation and Purity Determination of (6/ÃŽ)-and (6S>
S-HCO-HjPteGlu. A preparative HPLC column with a bovine
serum albumin-coated stationary phase was used to separate
the (67?) and (6S) isomers of 5-HCO-H4PteGlu. Optimal sep
aration of the two isomers was achieved in a mobile phase of
0.25 M potassium phosphate buffer at pH 4.5; and the maxi
mum capacity of this column for (6/?.S)-5-HCO-H4PteGlu was
400 nmol (Fig. \A). The (6fl)-5-HCO-H4PteGlu product from
the preparative column was 99% pure stereochemically as dem
onstrated on an analytical column (Fig. 1. B and C). The
identity of the product was confirmed by reversed-phase HPLC
and UV spectroscopy (data not shown). The (6/?)-5-HCO-
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Fig. 1. Separation of (65)- and (6A)-5-HCO-H4PteGlu by HPLC. Preparative
separation of (65)- and (6A)-5-HCO-H4PteGlu was achieved on a Resolvosil
BSA-7 chira] column (10 x 200 mm) with 0.25 M potassium phosphate buffer.
pH 4.5. as the mobile phase at a flow rate of 3 ml/min. Maximum load capacity
for (6Ã„,5)-5-HCO-H4PteGlu was 400 nmol (A). The second major peak repre
senting (6A)-5-HCO-H4PteGlu was collected and further purified as described in
"Materials and Methods." Analaytical separation was accomplished on a column

with the same packing material but smaller size (4 x 150 mm) than the above,
with the same mobile phase at a flow rate of 2 ml/min; Ã„and C, (6Ã„.51-5-HCO-
H4PteGlu standard (10 nmol) and the (6A)-5-HCO-H4PteGlu product from the
above procedures, respectively.
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Fig. 2. HCT-8 cells growth requirement for folates. HCT-8 cells were depleted

of folate by 3 passages of 3 days each in folate-free medium, then grown in 96-
well culture plates in folate-free medium supplemented with various concentra
tions of (65)-5-HCO-H4PteGlu. (6fl)-5-HCO-H4PteGlu, or no 5-HCO-H4Pte-
Glu. Cell growth in one replicate plate was determined each day after seeding by
MTT assay. Points, means of results from 8 replicate Â»ellsin one experiment;
bars, SD.

HjPteGlu thus obtained was used in experiments where the R/
S ratios were < 100:1. For experiments at the ratios > 100:1,
purer (99.99%) (6A)-5-HCO-H4PteGlu, which became avail
able to us, was used.

Growth Support by (65)- and (6/?)-5-HCO-H4PteGlu. The
abilities of 5-HCO-H4PteGlu isomers to support cell growth
were measured. Optimal growth of HCT-8 cells in FFM could
be supported by supplementing (65)-5-HCO-H4PteGlu at con
centrations as low as 1 nM (Fig. 2). (6/v)-5-HCO-H4PteGIu
(99.99% pure) at 1 or 10 MMpromoted the cell growth to the
same degree as 0.1 or 1 nM (65)-5-HCO-H4PteGlu, respectively
(Fig. 2). This is consistent with the effect of the 0.01% (65)-5-
HCO-HjPteGlu stereochemical impurity associated with (6R)-
5-HCO-H4PteGlu. Thus, (6R)-5-HCO-H,PteG\u per se did not
support the growth of HCT-8 cells in culture.

Effects of (6A)-5-HCO-H4PteGlu on Modulation of Cytotox-
icity of FdUrd by (65)-5-HCO-H4PteGlu. The modulating effect
of (6/?)-5-HCO-H4PteGlu and (65)-5-HCO-H4PteGlu on the
cytotoxicity of FdUrd was determined by a growth inhibition
assay. HCT-8 cells growing in medium containing 1 nM (65)-
5-HCO-H4PteGlu were treated with various concentrations of
(65)-5-HCO-H4PteGlu for 24 h and FdUrd for the last 3 h of
(65)-5-HCO-H4PteGlu exposure. The 50% inhibitory concen
tration of FdUrd decreased with increasing concentrations of
(65)-5-HCO-H4PteGlu until a plateau was reached at >1 MM
(65)-5-HCO-H4PteGlu (Fig. 3). The maximum modulation of
FdUrd cytotoxicity under these conditions was 5-fold. Under
same conditions (6/v)-5-HCO-H4PteGlu at 200 MM had no
significant modulating effect and did not interfere with the
modulation of FdUrd by (65)-5-HCO-H4PteGlu (Table 1).

Effects of (65)- and (6A)-5-HCO-H4PteGlu on Intracellular
Total Level and Chain Length Distribution of (6/?)-CH2H4-
PteGluÂ».HCT-8 cells grown in folate-rich medium (2.3 MM
PteGlu) were treated with 10 MM(65)-5-HCO-H4PteGlu for
various times ranging from 0.5 to 48 h. The pretreatment level
of total (6/v)-CH2H4PteGluâ€žwas 4.8 pmol/10" cells, and it did

200

150 -

â€¢a
PL,

100 -

50 -

10J

[6S]-5-HCO-H4PteGlu Concentration (nM)

Fig. 3. Relationship between 50% inhibition concentration of FdUrd (3-h
exposure) and (65)-5-HCO-H4PteGlu concentration (24-h exposure) in HCT-8
cells. Cells growing in medium containing 1 nM (65)-5-HCO-H4PteGlu were
treated with various concentrations of FdUrd for 3 h in the absence or presence
of 10 nM to 50 MMof additional (65)-5-HCO-H4PteGlu which were added 21 h
prior to FdUrd treatment. Cell growth was determined by MTT assay 4 days
after treatment. Points, means; Bars, SE.

Table 1 Fifty % inhibition concentration (IC-a) of FdUrd with various
combinations of(6SÂ¡- and (6R)-5-H(O-HtPteGlu

Cells growing in medium containing I nM (6S)-5-HCO-H4PteGlu were treated
with various concentrations of FdUrd for 3 h in the presence or absence of
combinations of (65)- and (6A)-5-HCO-H4PteGlu which were added 21 h prior
to FdUrd treatment. Cell growth was determined 4 days after treatment.

(6S)-5-HCO-H4PteGlu1
nM"1

Â¿1M

10 ^MFdUrd

1CÂ«,(nMNo

(6R)-5-HCO-
H4PteGlu178.9Â±

24.9
35.9 Â±7.9
44.8 Â±10.4.

mean Â±SE)200

MM(6A)-5-HCO-
H4PteGlu188.0

Â±19.8
35.6 Â±5.2
43.4 Â±10.4

' Minimum (6S)-5-HCO-H4PteGlu concentration present in the media.
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not change significantly after treatment (data not shown). How
ever, during treatment with 10 MM (6.S)-5-HCO-H4PteGlu,
there was a time-dependent "down-shift" of the polyglutamate
chain length distribution with decreased hexa- and heptagluta-
mate and increased tri- and tetraglutamate (Fig. 4). When the
cells growing in low folate medium (containing 1 n\i (65)-5-
HCO-H4PteGlu) were treated with (6S>5-HCO-H4PteGlu,
ranging from 10 nM to 10 MMfor 48 h, there was a (6S)-5-
HCO-HjPteGlu concentration dependent increase in the total
(6/v)-CH2H4PteGluâ€žlevels, reaching a maximum at about l MM
(65)-5-HCO-H4PteGlu (Fig. 5/1). Again, a down-shift of poly

glutamate chain length distribution occurred which was, under
these conditions, (6.$')-5-HCO-H4PteGlu concentration de

pendent. At 1 MM(6S)-5-HCO-H4PteGlu, the increase in tetra-
and pentaglutamate paralleled the decrease in hexa- and hep-
taglutamate. At 10 MM (6S)-5-HCO-H4PteGlu, the above
changes become more pronounced and the increase in tri- and
tetraglutamate paralleled the decrease in penta- and hexaglu-
tamate (Fig. 5A). The presence of 200 MM (6A)-5-HCO-
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Fig. 4. (6Ã„)-CH2H4PteGluâ€žchain length distribution in HCT-8 cells. HCT-8

cells growing in folate-rich (2.3 MMfolie acid) medium were treated with 10 MM
(6S)-5-HCO-H4PteGlu for various lengths of time: A, 0 h: B, 1.5 h: C 6 h; O. 12
h; E, 24 h. The (6Ã„)-CH2H4PteGluâ€žpools were determined at the end of
treatment.
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Fig. 5. (6Ã„)-CH2Hâ€žPteGluâ€žlevels Â¡nHCT-8 cells. HCT-8 cells depleted of
folate (see "Materials and Methods") were treated with various concentrations of
(65>5-HCO-H4PteGlu Â¡nthe absence (.4) or presence (B) of 200 MM(6A)-5-
HCO-H4PteGlu for 48 h. The (6A)-CH2H4PteGlu, pools were determined at the
end of treatment. (6Ã„)-CH2H4PteGluâ€žpolyglutamate chain length (n =): O, 3; â€¢,
4; V. 5; T, 6; D, 7; â€¢3 through 7. Points, means of results from 2 experiments;
bars, SE.

H4PteGlu at the same time with (65)-5-HCO-H4PteGlu did not
interfere with the effect of 10 nM or higher concentrations of
(65)-5-HCO-H4PteGlu on (6S)-CH:H4PteGluâ€ž total levels or
chain length distribution (Fig. SB).

DISCUSSION

The biological and pharmacological effects of (6/?)-5-HCO-
H4PteGlu have not been investigated extensively since large
quantities of the pure isomer have not been available. Bertrand
and Jolivet (13) used methenyltetrahydrofolate synthetase to
consume (6S)-5-HCO-H4PteGlu leaving (6A)-5-HCO-
HjPteGlu intact, which was then purified by HPLC. Sato et al.
(22) exhausted the (6S>H4PteGlu from (6A,5)-H4PteGlu by
TS in the presence of formaldehyde, then converted (6/?)-
H4PteGlu to (6/Ã®)-5-HCO-H4PteGlu by a carbodiimide-cata-
lyzed reaction. Rees et al. (23) prepared (6R)- and (6S)-5-HCO-
H4PteGlu by chemical synthesis. These methods require puri
fied enzymes and/or involve chemical synthetic procedures, in
addition to purification. Direct separation of (6R)- and (6S)-5-
HCO-H4PteGlu by chiral HPLC has been developed (18, 24).
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A simple method modified from that of Wainer and Stiffin (18)
was utilized here to isolate pure (6/f)-5-HCO-H4PteGlu. We
found that better separation of (6R)- and (6S)-5-HCO-
H4PteGlu can be obtained by using potassium phosphate buffer,
pH 4.5, as the mobile phase instead of sodium phosphate buffer
at pH 5.0, used by Wainer and Stiffin.

(6/f )-5-HCO-H4PteGlu has been examined for its abilities to
promote cell growth, to rescue cells from the cytotoxic effects
of methotrexate, and to modulate the cytotoxicity of fluoropyr-
imidines (13, 22, 24). The stereochemical purity of (6/f)-5-
HCO-H4PteGlu used in these earlier studies ranged from 95 to
99.8rÂ¿,and the activities of (6/f)-5-HCO-H4PteGlu were deter

mined by using an R/S ratio of about 400:1 to 600:1. In the
present study, the stereochemical purity of (6/f)-5-HCO-
H4PteGlu used was higher (99.99%) than those reported pre
viously. At 200 MM,the highly purified (6/f )-5-HCO-H4PteGlu
produced no significant activity in supporting cell growth, ex
panding intracellular (6/f )-CH:H4PteGluâ€žlevels, or modulating
cytotoxicity of FdUrd. The modest activity observed could be
attributed to the 0.01% stereochemical impurity of (65)-5-
HCO-H4PteGlu in the preparation.

It has been a major concern that the observed high (6/f)-5-
HCO-H4PteGlu concentrations and high R/S ratios of 5-HCO-
H4PteGlu stereoisomers in the plasma of patients receiving i.v.
(6/f.S>5-HCO-H4PteGlu treatments could have adverse effects
on the modulation of fiuoropyrimidines. It has been demon
strated that (6/f)-5-HCO-H4PteGlu can competitively inhibit
cellular uptake of (65)-5-HCO-H4PteGlu under anion-free con
ditions (13). The unnatural isomer (6/f)-5-HCO-H4PteGlu in
hibits TS (14) and the unnatural isomer (6S)-CH:H4PteGluâ€ž
inhibits TS (15) and methylenetetrahydrofolate dehydrogenase
(16) in cell-free systems. Under physiological conditions, how
ever, (6/f)-5-HCO-H4PteGlu has much less effect on cellular
uptake of (6S)-5-HCO-H4PteGlu in CCRF-CEM cells (13).
Moreover, CCRF-CEM cells did not accumulate a significant
amount of (6/f)-5-HCO-H4PteGlu (13). Similarly, it is unlikely
that (6/f )-5-HCO-H4PteGlu is transported and metabolized in
HCT-8 cells to a significant degree, since (6/f)-5-HCO-
H4PteGlu is not a substrate for methenyltetrahydrofolate syn-
thetase. an enzyme responsible for the first step metabolism of
(65)-5-HCO-H4PteGIu (25), and at 200 MMand an R/S ratio
of 10,000:1, (6/f)-5-HCO-H4PteGlu failed to alter the growth
inhibitory activity of FdUrd (Table 1).

The use of 5-HCO-H4PteGlu in the modulation of fiuoro-

pyrimidine chemotherapy produces a higher response rate in
previously untreated patients with advanced colorectal cancers
and other malignancies (3-6). However, over 50% of these
patients are still resistant to this type of modulation protocols
utilized to date. Although resistance to fiuoropyrimidines is
multifactorial. inadequate (6/f)-CH:H4PteGluâ€ž levels could be

a critical factor of response to fluoropyrimidine modulation
by (6S)-5-HCO-H4PteGlu. Thus effective modulation is a
function of the dose and schedule of (6S)-5-HCO-H4PteGlu
administration.

We demonstrated that in HCT-8 cells growing in low folate
medium [1 nM (6S>5-HCO-H4PteGlu], the initial levels of
(6/f)-CH:H4PteGluâ€ž are low. Addition of increasing concentra
tions of (6S)-5-HCO-H4PteGlu to the medium produced a
significant increase in intracellular (6/f)-CH:H4PteGluâ€ž con
centrations and, in parallel, cytotoxicity of FdUrd, up to 1 MM
(6S)-5-HCO-H4PteGlu (Figs. 3 and 5). Higher concentrations
of (65>5-HCO-H4PteGlu (up to 50 MM)did not produce greater
modulation of FdUrd cytotoxicity (Fig. 3). These data indicate

that the expansion of (6/f)-CH:H4PteGluâ€ž pools by (6S)-5-
HCO-H4PteGlu treatment is saturable. Furthermore, at higher
concentrations of (6.S)-5-HCO-H4PteGlu and/or longer expo
sure time the (6/f)-CH:H4PteGluâ€ž will shift from longer to
shorter chain length polyglutamates. This observation of in
verse relationship between total folate levels and polyglutamate
distributions is consistent with results in the literature.

It was reported that livers of rats fed with folate-supple-
mented diets had shorter folylpolyglutamates than those with
folate-deficient diets (26). In mouse hepatoma cells cultured in
folate-free medium the (6/f )-C'H:H4PteGluâ€žwere almost exclu

sively octaglutamate and shifted to predominantly penta- and
hexaglutamate upon replenishment of the media with PteGlu
or (6/f,S)-5-HCO-H4PteGlu (27). Houghton et al. (28) reported
that there was a dose-dependent down-shift of (6/f)-CH:-
H4PteGluâ€žpolyglutamate chain lengths in various human colon
carcinoma xenografts in mice, treated with i.v. infusions of (6/f,
5>5-HCO-H4PteGlu for 24 h. The isolated FPGS of Chinese
hamster ovary cells (29) and rat liver (30) synthesized shorter
polyglutamate products in the presence of higher concentra
tions of H4PteGlu substrate. Shane and coworkers found that
the substrate specificity of folylpolyglutamates drops sharply
with longer polyglutamate chain length (31), and the distribu
tion of folylpolyglutamate can be explained on the basis of
FPGS substrate specificity (32). It is likely that in the presence
of large amount of folylmonoglutamate substrates, the FPGS
uses them preferentially and produces shorter chain products
so that longer chain folylpolyglutamates cannot build up. Since
shorter chain folylpolyglutamates are not retained in cells as
well as longer chain folylpolyglutamates, the total level of
intracellular folates may become limited. The data presented
here (Figs. 3-5) demonstrated that in HCT-8 cells, with (65)-
5-HCO-H4PteGlu concentrations up to 50 MMand an exposure
duration of 24 h, the observed down-shift in (6/f)-CH;H4-
PteGlu,, chain length did not negate the modulation of FdUrd
cytotoxicity. Thus shorter chain (6/f)-CH:H4PtcGluâ€ž (n = 3-
4) function as well as longer ones (n = 5-7). These findings are
further supported by our study on the kinetics of ternary com
plex formation using FdUMP, L. casei TS, and (6R,S)-
CH2H4PteGluâ€ž.In this experiment, although the rate of ternary
complex formation increased when the chain length (n) of (6/f,
5)-CH:H4PteGluâ€ž used was increased from 1 to 2 to 3, the rate
did not change significantly when n = 3-7.4 Although 1 MM
(6S)-5-HCO-H4PteGlu was sufficient to produce optimal mod
ulation of the intracellular total (6/f)-CH:H4PteGluâ€ž pools and
FdUrd cytotoxicity in HCT-8 cells, in another cell line under
investigation in this laboratory 10 MM(6S)-5-HCO-H4PteGlu
was necessary for maximum modulation of total (6/ÃŽ)-
CH:H4PteGluâ€žpools and FdUrd cytotoxicity/ These data sug
gest that the optimal conditions of (65>5-HCO-H4PteGlu.
dose, and schedule, for modulation of fiuoropyrimidines may
vary from cell type to cell type, hence in the event of inability
to identify optimal conditions for each tumor type (e.g., in
clinical situations) introducing high doses of (6/f.5)-5-HCO-
H4PteGlu so that the plasma concentration of (65)-5-HCO-
H4PteGlu reaches 10 MMis still recommended.
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