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ABSTRACT

L-Histidinol, a structural analogue of histidine, which transiently in
hibits proliferation, can protect cells from the toxic effects of prolifera
tion-dependent chemotherapeutic agents such as 5-fluorouracil (FUra).
In the BALB/c x DBA/8 F, (hereafter called CDSFi) murine tumor
system, L-histidinol protected mice from FUra-induced leukopenia,
weight loss, and mortality; however, the therapeutic index was not
improved since L-histidinol also protected the tumor against the toxic
effects of FUra. In order to understand the mechanism of this protection,
we examined the effects of L-histidinol on the metabolism of FUra.
Results indicate that L-histidinol had no effect on the phosphoribosyl
pyrophosphate levels in tumor, the activation of FUra to nucleotides or
levels of free 5-fluorodeoxyuridine monophosphate in either tumor or
bone marrow. L-Histidinol (7 mg/mouse, every 2 h for 5 doses) reduced
RNA and DNA synthesis, as measured by 32P incorporation in vivo, by

approximately one-half in tumor, and by 70% in bone marrow. This in
turn resulted in reduced incorporation of FUra into RNA in both tumor
and bone marrow. At 2 h, 4 h, and 24 h after FUra administration the
level of FUra in RNA was 24-37% less in both tumor and bone marrow
of mice that received L-histidinol with FUra. Using 32P as a monitor of
overall RNA synthesis, the |'lI|H ra/1:P ratio remained unchanged,

suggesting that the reduction of FUra incorporation into RNA was due
to decreased RNA synthesis rather than a decrease in the number of
FUra molecules per RNA chain. In contrast, L-histidinol had no effect
on the in vivo inhibition of thymidylate synthetase by 5-fluorodeoxyuri
dine monophosphate as measured by the incorporation of [3H)-2'-deox-

yuridine into DNA or on the percentages of thymidylate synthetase in
the free versus 5-fluorodeoxyuridine monophosphate-bound state. We
conclude that L-histidinol reduces FUra toxicity by reducing FUra incor
poration into RNA. Since the major mechanism of action in the CD8F(
breast tumor system is the incorporation of FUra into RNA, the reduction
in toxicity and antitumor activity observed when L-histidinol is combined
with FUra is consistent with the observed reduction in tumor and bone
marrow RNA containing incorporated FUra residues.

INTRODUCTION

L-Histidinol, a structural analogue of the essential amino acid
L-histidine, has been shown to reversibly arrest normal cells in
culture in a Go-like noncycling state while allowing continued
cell cycle transit in most of their tumorigenic counterparts (1-
6). In the presence of L-histidinol, the toxicity of the prolifera
tion-dependent drug FUra3 (7) was reduced in a variety of

normal cell lines, but not in a number of tumorigenic lines (1,
2, 4). When L-histidinol was administered in vivo in DBA/2J
mice bearing i.p. LI210 leukemia, FUra could be administered
at approximately 7 times the dose that was tolerated when
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FUra was administered alone, and the combination of FUra
and L-histidinol (at the elevated dose of FUra) safely produced
a statistically significant increase in survival time compared to
that which was obtained when FUra alone was administered at
maximum tolerated dose (8). In a later study it was documented
that the administration of L-histidinol evoked a transient, spon
taneously reversible, and selective proliferation arrest in normal
murine bone marrow cells in vivo, and hence reduced the
toxicity of FUra for these normal cells without diminishing,
and in fact while potentiating the cytotoxicity toward intrafe-
moral LI210 cells in the same mice (9).

In an attempt to apply this approach in the therapy of a
nonleukemic, solid murine tumor model, L-histidinol was ad
ministered prior to and simultaneously with FUra to BALB/c
x DBA/8 F, (hereafter called CD8F,) mice bearing the first
passage of spontaneous syngeneic breast tumors. In agreement
with the reports cited above, L-histidinol provided protection
from FUra-associated bone marrow toxicity, and provided a
previously unreported protection from FUra-associated weight
loss in these mice (10). This protection of normal host tissues
by L-histidinol permitted the administration of doses of FUra
which otherwise killed the mice. However, in contrast to the
results obtained in the murine leukemia systems (8, 9), L-
histidinol caused a diminution of the antitumor activity of FUra
in the CDSFi breast tumors, and even though higher doses of
FUra could be administered safely, there was no selective ad
vantage for the combination of L-histidinol and FUra over FUra
alone at its maximally tolerated dose (10).

In order to gain some insight concerning the influence of L-
histidinol on the activity of FUra in CDSFi breast tumors, the
present study was designed to examine the in vivo influence of
L-histidinol on the action of FUra at the biochemical level in
tumor and bone marrow in CDSFi mice. Results indicate that
L-histidinol did not affect the level of PRPP, a necessary
cofactor for the activation of FUra via orotate phosphoribosyl-
t runs terase in the CDSFi tumor (11), or the level of formation
of FUra nucleotides. Inhibition of thymidylate synthetase fol
lowing the administration of FUra was unaffected by L-histidi
nol. However, i.-histidinol associated inhibition of RNA syn
thesis was detected in both normal and tumor tissue, resulting
in a decrease in the incorporation of FUra into RNA in both
tissues. Because FUra is known to exert cytotoxicity in this
tumor primarily as a result of its incorporation into RNA (12-
16), the biochemical results would explain the diminished an-
titumor activity of FUra in this tumor system (10) when FUra
is administered in conjunction with L-histidinol.

MATERIALS AND METHODS

Murine Tumor Model. All experiments detailed in this paper utilized
CDSFi mice bearing first-passage CDSFi spontaneous mammary car

cinomas (17, 18). Mice were utilized 3 to 4 weeks after tumor trans
plantation when the tumors averaged 300-500 mg. The maximum
tolerated dose for FUra alone, on a weekly basis, is 100 mg/kg in this
tumor-host system. The L-histidinol schedule used here was that pub
lished previously (Ref. 10; L-histidinol, 7 mg/mouse 2 h prior to FUra,
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again concurrently with FUra, and then at 2, 4, and 6 h after FUra).
Source of Biochemicals and Radiolabeled Compounds. FUra was

obtained from Hoffmann-La Roche, Nutley, NJ; [6-3H]FUra, [6-3H]-
FdUMP, and [6-3H]dUrd were from Moravek Biochemicals, Brea, CA;
and "P was from New England Nuclear, Boston, MA. L-Histidinol,

FdUMP, and tetrahydrofolic acid were obtained from Sigma Chemical
Co., St. Louis, MO. All drugs were made up in 0.85% NaCl solution
(saline) and were injected i.p. Purified thymidylate synthetase was
obtained from Biopure, Boston, MA.

In Vivo Incorporation of [3H]FUra, 32P, and [3H)dUrd into Nucleic

Acids. Radioactive precursors were injected i.p. in saline. After the
labeling period, the animals were sacrificed by cervical dislocation.
Bone marrow was collected by flushing the marrow cavity of the femur
with ice-cold saline. Marrow from 4 mice were pooled into a single
sample. Tumors and bone marrow were processed as previously de-,
scribed (11, 16). The amount of radioactivity incorporated into RNA
was taken to be the difference between the total acid-precipitable
radioactivity and the alkali-stabile, acid-precipitable radioactivity. In
corporation of radioactivity was normalized to the amount of DNA in
the sample. DNA was measured by the Burton modification of the
diphenylamine procedure (19).

Measurement of PRPP. The assay for PRPP is based on the conver
sion of [14C]orotic acid to uridine monophosphate with release of 14CO2
by orotidine-5-phosphate pyrophosphorylase plus orotidine-5-phos-
phate decarboxylase, as described by Houghton et al. (20). The 200-^1
incubation mixture contains 1.0 HIMdithiothreitol, 5.0 HIMmagnesium
sulfate, 0.312 mg enzyme freshly dissolved in 0.01 ml Tris-HCl buffer,
0.43 ftCi [l4C]orotic acid, 2.5 mM Tris-HCl buffer, pH 7.4. The incu

bation was carried out in scintillation vials. Absorbent paper (3MM;
2.3-cm diameter circle) saturated with NCS tissue solubilizer (Amer-
sham) was placed in the cap before closing. After a Ih incubation at
37Â°Cin a shaking water bath, 50 n\ 60% perchloric acid were added
and the incubation continued at 37Â°for 40 min. At the end of the

second incubation, the filters were placed in 8.5 ml Hydrofluor (Na
tional Diagnostics) plus 1.0 ml water and 0.5 ml NCS tissue solubilizer
to remove the counts from the surface of the filter into the scintillation
fluid, and the I4C was counted. The results were expressed as pmol

PRPP/mg protein. Protein was determined by the method of Lowry et
al. (21).

Measurement of FdUMP and TS. FdUMP was measured by the
competitive binding assay developed by Moran et al. (22) modified as
follows. Buffer A was 0.1 M KH2PO4, pH 7.2, containing 1% (w/v)
bovine serum albumin plus 0.125% mercaptoethanol. Each reaction
contained in a total volume of 275 Â¡t\,17 nmol 5,10-methylenetetra-
hydrofolate, 1 pmol [3H]FdUMP, and 200 n\ of neutralized trichloro-
acetic acid tissue extract or known amounts of FdUMP in trichloroa-
cetic acid extract from non-FUra-treated tumor. The reaction was
started by the addition of purified TS (Biopure, Inc.). After a 2-h
incubation at 30Â°C,unbound [3H]FdUMP was removed by the addition

of dextran-coated charcoal suspension.
Tumor extracts for measurement of TS were prepared by homoge

nizing tumors in 0.1 M Kl I;FO4. pH 7.2, containing 20 mM dithiothre
itol. The homogenates were sonicated briefly before centrifuging at
100,000 x g for 30 min. TS activity was measured as [3H]FdUMP-

binding capacity as described by Moran et al. (22) and Spears et al. (23,
24). For total TS, 100 n\ of extract were combined with 100 M'0.2 M
KI !;!'( ).,. pH 8.4, containing 0.1 % mercaptoethanol, final pH 8.0, and
incubated at 30Â°Cfor 3 h to cause dissociation of FdUMP-CH2FH4-

TS ternary complexes. At the end of 3 h, cofactor, 17 nmol 5,10-
methylenetetrahydrofolic acid, and 12.5 pmol [3H]FdUMP were added.
After a 20-min incubation at 30Â°C,unbound [3H]FdUMP was removed

by the addition of 1.0 ml of acidified charcoal (dextran-coated charcoal
in 0.2 N HC1). Purified TS from Biopure, Inc., was used for a standard
curve. Apparent free TS levels were obtained by omitting the 3-h
incubation at 30Â°C.Instead, aliquots for free TS were kept on ice for 3
h and the pH 8.4 buffer was added with the cofactor and [3H]FdUMP.

In addition, aliquots of enzyme were assayed for FdUMP after 3 h on
ice and 3 h at 30Â°Cto correct for isotope dilution of the [3H]FdUMP

due to endogenous FdUMP in the extracts. Final values for free TS
were obtained by applying a correction factor that assumes that 13% of

any bound TS becomes labeled with [3H]FdUMP during the 20-min

assay due to dissociation of endogenous unlabeled FdUMP, followed
by reformation of ternary complex with [3H]FdUMP (23, 24).

Measurement of FUMP. Measurement of total fluoro-ribonucleo-
tides was done by high-pressure liquid chromatography. Tumor and
bone marrow were extracted with 1.2 N perchloric acid. After centrifu-
gation the supernatant was heated at 1()()"(' for 15 min, then neutralized

by extraction with a 1:2 mixture of tri-^V-octylamine in Freon. Heating
the acid extract converts pyrimidine nucleotides to the monophosphate
form (purines are cleaved to adenine and guanine). High-pressure liquid
chromatography was done on a Waters 840 system by using a Waters
dg radial-PAK cartridge and a buffer of 10 mM KH2PO4 and 5 mM
tetrabutyl ammonium hydrogen sulfate in 2% methanol. Recoveries
were normalized to the amount of protein in the acid-insoluble pellet.

Statistical Methods. Statistical evaluation utilized the Student's /
test. A /' value of 0.05 or less was taken to indicate a statistically

significant difference between groups.

RESULTS

Since FUra is activated to nucleotide form primarily by
orotate phosphoribosyltransferase in the CDSFi breast tumor
(11), the first experiments were designed to determine the effect
of L-histidinol on the level of PRPP, a required substrate for
this reaction. Tumor-bearing mice received two doses of saline,
or L-histidinol, 7 mg/mouse, 2 h apart; 0.5 h later the mice
were sacrificed and tumors were collected for measurement of
PRPP. (This time point was selected because in the published
study of the L-histidinol plus FUra combination, FUra was
administered with the second dose of L-histidinol (10). There
fore, the PRPP level at this time point would be most likely to
affect the activation of FUra). Results (Table 1) indicate that
L-histidinol did not affect PRPP levels, which were essentially
identical, 174 and 179 pmol/mg protein, in the saline-treated
and L-histidinol-treated tumors, respectively.

To gain direct information on the effect of L-histidinol on
the activation of FUra the formation of FUMP from FUra was
measured. Tumor-bearing mice were treated with two doses of
saline or L-histidinol (7 mg/mouse) 2 h apart, and FUra (100
mg/kg) was given together with the second dose of saline or L-
histidinol; 0.5 h later, tumor and bone marrow were collected
from both groups. The formation of FUMP in tumor in both
groups was essentially identical, 1.9 and 1.8 nmol/mg protein
in saline-treated and L-histidinol-treated tumors, respectively
(Table 2). Also shown in Table 2 are FUMP levels in bone
marrow taken from these two groups of mice, and again results
were essentially the same. Levels of free FdUMP were also
measured and found to be the same in FUra- and L-histidinol
plus FUra-treated tumors and bone marrow (Table 2).

Because L-histidinol is considered to be an RNA synthesis
inhibitor (25), we wanted to confirm that this activity was
manifest in the CDSFi system at the regimen of L-histidinol
that was used. Therefore, L-histidinol was administered in the
previously described regimen, consisting of 5 doses of 7 mg/
mouse every 2 h, to CDSFi mice bearing first passage CDSFi
spontaneous breast tumors (10). Control mice received saline
injections in the same schedule. Together with the final dose of

Table 1 Effect of L-histidinol on PRPP levels in CDSF, breast tumors

Treatment0Saline

HistidinolPRPP*(pmol/mt

protrin}174

Â±16
179 Â±9

" Tumor-bearing male CDSFi mice received 2 doses of saline, or L-histidinol,

7 mg/mouse. 2 h apart. Tumors were collected 0.5 h later for measurement of
PRPP.

b Data are the mean Â±SE for 6 tumors/group.
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Table 2 Effect of L-histidinol on the generation ofFUMP in breast tumor and
bone marrow ofCDSF, mice

Treatment"Breast

tumorSaline
+FUraHistidinol

+FUraBone

marrowSaline
+FUraHistidinol

+ FUraFUMP*

(nmol/mgprotein)1.9

Â±0.41.
8Â±0.22.32.1Free

FdUMPc

(pmol/mgprotein)3.3

Â±0.23.3
Â±0.35.5

Â±1.64.8
Â±0.7

" Tumor-bearing male CDSFi mice received 2 doses of saline or L-histidinol,

7 mg/mouse, 2 h apart. All mice received FUra, 100 mg/kg, together with the
second dose (of saline or L-histidinol); 0.5 h later the mice were sacrificed for
measurement of FUra ribonucleotide content in tumor and bone marrow.

4 Data are the mean Â±SE for 6 tumors/group, or the average of two samples

of pooled bone marrow, 3 mice/pooled sample, 6 mice/group.
' Levels of free FdUMP were determined by the competitive binding thymi-

dylate synthetase assay on separate samples of FUra-treated tumor and bone
marrow. Data are the mean Â±SE for 6 tumors/group and 3 samples of pooled
bone marrow, 3 mice/pooled sample.

Table 3 Effect ofhÃstidÃnolon the incorporation of"P into RNA and DNA of
CDSFi tumor and bone marrow

Tissue
and

treatment"Tumor

Saline
HistidinolBone

marrow
Saline
Histidinol32P

(cpm/mgDNA)'RNA63,083

Â±4,28lÃ¬ â€ž¿�33,129 Â±3,525]r<l29,402

6,804DNAâ€ž,

20,533 Â±2,607 ÃŒ
11,001 Â±1,035]131,126

36,804
" Tumor-bearing female CD8F] mice received either saline or five administra

tions of histidinol, 7 mg/mouse, spaced 2 h apart. 3!P was administered with the
last dose of histidinol. After a 1-h labeling period, the animals were sacrificed
and incorporation of 32P into tumor and bone marrow RNA and DNA was

determined.
* Data are the mean Â±SE of four tumors/group. Bone marrow from four

animals was pooled into a single sample per group.

L-histidinol or saline, 32Pwas administered to the mice in both
groups, and they were sacrificed following a 1-h labeling period.
The incorporation of 32P into RNA and DNA of tumor and
bone marrow was monitored as a measurement of macromolec-
ular synthesis. Results (Table 3) indicate that the administration
of L-histidinol significantly reduced RNA and DNA synthesis
by 47 and 46%, respectively, in tumor. Bone marrow RNA and
DNA synthesis were reduced 77 and 72%, respectively. In both
tumor and bone marrow, [32P]RNA and [32P]DNA synthesis
returned to near control levels by 18 h after the last dose of L-
histidinol (data not shown).

In the CDSFi breast tumor, the incorporation of FUra into
RNA has been causally associated with the cytotoxic action of
this nucleoside analogue (12-16). Inhibition of RNA synthesis
by L-histidinol in this tumor (Table 3) would be expected to
result in decreased incorporation of FUra administered in con
junction with L-histidinol. To test this hypothesis, we admin
istered either saline or L-histidinol (7 mg/mouse) at -2, 0, 2,
4, and 6 h in relation to [3H]FUra (100 mg/kg) to two groups
of tumor-bearing mice. At 2, 4, and 24 h after the administra
tion of FUra, 4 mice were sacrificed from each of the groups,
and the level of FUra in RNA of tumor and bone marrow was
determined. From the results shown in Table 4, it is evident
that L-histidinol inhibited the incorporation of FUra into tumor
RNA (between 24 and 37%) at 2.4 and 24 h, and the differences
between tumors that received L-histidinol and those that did
not were statistically significant at the 4-h and 24-h time points.
While the difference between the two groups was not statisti
cally significant at 2 h (P > 0.05), a reduction of 18-26% in
(FUra)RNA at the 2-h time point was noted in each of 4
separate experiments. The bone marrow samples from the 4

Table 4 Effect ofhistidinol on (FUra)RNA levels with time in CD8FÂ¡tumor and
bone marrow

nmol FUra in RNA/mg
DNA*

Tissue"CD8F,

tumor2h4h24

hBone
marrow2h4h24

hFUra4.8

Â±0.65.0
Â±0.24.1

Â±0.40.90.80.4Histidinol-FUra3.6

Â±0.53.8
Â±0.32.6

Â±0.10.60.60.3Statistical

comparisonNSCP

<0.05P
< 0.05

" Tumor-bearing female CDSFi mice received either saline or L-histidinol (7
mg/mouse) at -2, 0, 2, 4, and 6 h in relation to [3H]FUra (100 mg/kg). At 2, 4,
and 24 h after receiving FUra, four mice from each group were sacrificed in order
to determine the level of FUra in RNA in tumor and bone marrow.

Data are the mean Â±SE of four tumors per point. Bone marrow from four
animals was pooled into a single sample per point.

' NS, not statistically significant.

Table 5 Effect ofhistidinol on incorporation of 5-fluorouracil into
CD8F, tumor RNA

Treatment" [3H]RNA/[32P]RNA

FUra
Histidinol + FUra

0.62 Â±0.08*

0.59 Â±0.06
Â°Tumor-bearing female CD8F, mice received either [3H]FUra, 100 mg/kg,

containing 32P, or histidinol, 7 mg/mouse, 2 h prior to and again concurrently
with [3H]FUra plus 32P. After a 2-h labeling, the animals were sacrificed and the

incorporation of radioactivity into tumor RNA was determined.
* Data are the mean Â±SE for 12 mice per group, four each from each of three

separate primary transplants.

mice at each time point had to be pooled to make these
measurements, and therefore no statistical comparisons could
be made. However, from the results in Table 4 it is obvious that
L-histidinol produced essentially the same magnitude of inhi
bition of incorporation of FUra into bone marrow RNA (be
tween 25 and 33%) at the three time points as that measured
in tumor.

The effect of L-histidinol on the incorporation of FUra into
tumor RNA during the first 2 h after FUra administration was
measured again in each of three subsequent experiments. Either
saline or L-histidinol (7 mg/mouse) was administered 2 h before
and simultaneously with [3H]FUra (100 mg/kg) and 32P; 2 h
later the animals were sacrificed and the incorporation of [3H]-
FUra and 32P into the RNA fraction of tumor tissue was

measured. Pooled data from 4 mice in each of three separate
experiments is shown in Table 5. In these experiments, 32P

incorporation into RNA was used as an internal monitor of
overall RNA synthesis. The ratio of 3H (from FUra) to 32P in

the RNA fraction permits the determination of the relative
incorporation of [3H]FUra into newly synthesized RNA at
equivalent RNA synthesis. A change in the 3H/32P ratio would

represent a net increase or decrease of FUra incorporation per
RNA chain. Conversely, where the ratio is unchanged, as it is
here (Table 5), it can be concluded that the reduction in FUra
incorporation into tumor RNA in L-histidinol-treated mice is
associated with decreased RNA synthesis rather than a decrease
in the number of FUra molecules per RNA chain. It should be
noted that the 50-70% inhibition of RNA synthesis detailed in
Table 3 occurs after 5 injections of L-histidinol, the full chem-
otherapeutic regimen (10). The 25% inhibition of FUra incor
poration seen in Table 4 is a measure of the effect of only the
first two doses of L-histidinol on the initial incorporation of
FUra.

In the next experiment, we focused on the effect of L-histi
dinol on the inhibition of TS following FUra administration.
The incorporation of [3H]dUrd into DNA was used to measure
in vivo TS activity. Tumor-bearing CDSFi mice received one of
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the following treatments, (a) Saline every 2 h for 5 doses; (b)
L-histidinol (7 mg/mouse) every 2 h for 5 doses; (c) 100 mg/kg
FUra; and (d) L-histidinol (7 mg/mouse) every 2 h for 5 doses
plus 100 mg/kg FUra given together with the second dose of
L-histidinol. [3H]dUrd was administered to one-half of the mice
in each group at an "early" time point (coincident with the last

dose of L-histidinol and 6 h after FUra, in those groups that
received FUra), or at a "late" time point (18 h after the last
dose of L-histidinol, and 24 h after FUra). The mean [3H]dUrd

incorporation from 4 tumors in each group at each time point
is shown in Table 6. At the early time point, L-histidinol alone
(group 2) significantly inhibited the incorporation of [3H]dUrd

into tumor DNA (67% inhibition). However, incorporation of
label returned to near normal levels in this group at the late
time point. The early inhibition of incorporation in this group
may be a reflection of the L-histidinol-associated inhibition of
DNA synthesis (Table 3) rather than a direct effect on TS. As
expected, FUra alone (group 3) produced profound and statis
tically significant inhibition of TS activity at both the early
(98% inhibition) and late (99% inhibition) time points. Impor
tantly, the addition of L-histidinol (group 4) did not affect the
FUra-associated inhibition of TS at either the early (98% inhi
bition) or the late (99% inhibition) time points. Essentially
identical results were obtained in bone marrow samples taken
from these 4 groups of mice at both time points (data not
shown).

A further confirmation of the lack of an effect by L-histidinol
on FdUMP inhibition of TS was obtained by comparing the
levels of free and FdUMP-bound TS. At 6 h after FUra, 86%

Table 6 Effect ofhistidinol on FdUMP inhibition of thymidylate synthetase in
CD8FÂ¡tumor
[3H]dUrd incorporation into DNA

(cpm/mg DNA)

1.2.

3.
4.Treatment"Saline

Histidinol
FUra
Histidinol + FUraStatistical

comparison
to saline

Early4 controlLatec46,633

Â±4,506
15,556 Â±3,476 P < 0.02

916 Â±135 P<0.01
842 Â±83 P < 0.01ND*37,228

Â±3,257
265 Â±40
304 Â±42Statistical

comparison
to saline
controlNS

P < 0.01

" Tumor-bearing female CD8F, mice received either saline, FUra, 100 mg/kg,

five administrations of histidinol, 7 mg/mouse, spaced 2 h apart, or 5 doses of
histidinol plus FUra given with the second administration of histidinol. Incor
poration of I'MjillJnl into alkali-stable, acid-precipitable material was used to

estimate in vivo TMP synthetase activity. Labeling was for 1 h.
* Early: the [3H]dUrd was administered with the fifth and last dose ofhistidinol,

6 h after FUra in groups 3 and 4.
' Late: [3H]dUrd was administered 18 h after the last dose of histidinol, 24 h

after FUra.
d ND, not done: NS, not statistically significant.

Table 7 Comparison of free and FdUMP-bound thymidylate synthetase in
CDSFi tumor following fluorouracil or L-histidinol-fluorouracil

TS activity, measured as [3H]FdUMP-binding capacity was measured by a
modification of the method of Spears et al. (23, 24) as described in "Materials
and Methods." Bound TS was taken as the difference between free TS-binding
capacity and that obtained after dissociating TS bound by incubation at 30*C for
3 h in pH 8.0 buffer. Total TS activity in non-FUra-treated tumor was 29.8 x
10' units/mg protein. One unit here is defined as equivalent to 1 unit of purified

TS obtained from Biopure, Inc., and equals 1 nmol TMP/h/mg.

Units of enzyme/mg
protein (XIO3)Time

afterFUraohFUraL-Histidinol-FUra24

hFUraL-Histidinol-FUraFree

TS5.0

Â±0.35.8
Â±0.33.2

Â±0.34.5
Â±0.6Total

TS35.5

Â±1.439.1
Â±1.421.2

Â±1.525.3
Â±3.5%of

boundTS86858582

of tumor TS was in the FdUMP-bound state with FUra alone
versus 85% bound for L-histidinol plus FUra (Table 7). At 24 h
post-FUra the 2 groups of tumors showed 85% and 82%
FdUMP bound TS, respectively. We conclude that treatment
with L-histidinol neither reduces the level of FdUMP nor inter
feres with inhibition of TS by FdUMP.

DISCUSSION

The pyrimidine nucleoside analogue, FUra, is converted to
the corresponding nucleotide intracellularly, and subsequently
may be incorporated into RNA (where it interferes with proc
essing and function) (26-28), or DNA (where the consequences
have not been clearly defined (29-32), or the sugar moiety may
be reduced to the deoxy configuration of FdUMP which can
inhibit thymidylate synthetase resulting in the inhibition of
DNA synthesis as a consequence of depletion of dTTP (26,33).
This variety of potential cytotoxic actions is probably the reason
for the wide spectrum of tumors which respond to FUra.
Nevertheless, it appears that for each individual tumor type,
one or another of these mechanisms can be predominantly
associated with the cytotoxic action of FUra.

In the CDSFi breast tumor, FUra is activated via orotate
phosphoribosyl transferase by using PRPP as phosphate-sugar
donor (11), rather than by the two-step reaction mediated by
undine kinase and uridine phosphorylase, and the ultimate
cytotoxic action has been associated with the incorporation of
FUra into RNA (12-16). Results of the present evaluation at
the biochemical level reveal that intracellular levels of PRPP,
and formation of the FUra ribo- and deoxynucleotides are
unaffected by L-histidinol administration (Table 1 and 2). Fur
ther, the inhibition of thymidylate synthetase in CD8F| breast
tumors following administration of FUra was not affected by
the administration of L-histidinol in conjunction with the FUra
(Table 6 and 7). However, the level of incorporation of FUra
into tumor RNA was significantly decreased in animals treated
with L-histidinol (Table 4 and 5). This result appears to be a
direct consequence of L-histidinol-associated inhibition of RNA
synthesis (Table 3). Because of the steep dose-activity relation
ship of FUra, this reduced incorporation of FUra into RNA
would be expected to impact on the biological activity of the
analogue, and is undoubtedly the reason for the reduced activity
of FUra in both host and tumor tissue in CDSFi mice when
FUra was administered in conjunction with L-histidinol (10).

These results underscore the importance of understanding
the mechanism of action of FUra in a particular type before
using L-histidinol to modulate FUra toxicity. In the mouse,
gastrointestinal toxicity from FUra appears to be primarily
(FUra)RNA (28). Similarly, we find (FUra)RNA the predomi
nant mechanism in bone marrow. Therefore, L-histidinol might
still be an effective modulator for FUra where the tumor re
sponds primarily to FdUMP inhibition of TS.
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