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Abstract—This paper explores the interaction between 4-amino-antifolates and aldehyde oxidase (alde-
hyde : O, oxidoreductase, EC 1.2.3.1) that was purified 60- to 120-fold from rabbit liver with yields of
5-15%. The purification procedure consisted of one heat and two ammonium sulfate precipitations
followed by chromatography on hydroxylapatite and then Sephacryl 8-200. Analysis of initial rates of
hydroxylation of methotrexate, aminopterin and dichloromethotrexate indicated an order of affinities
of dichloromethotrexate (10 uM) > methotrexate (35 uM) > aminopterin (272 uM). There was no dif-
ference in the V,,, of methotrexate and dichloromethotrexate (248 and 231 nmoles/min/mg protein
respectively); aminopterin (130 nmoles/min/mg protein) was less than that of the other two. The V,,,,/
K, ratios were 24.1, 7.20 and 0.48 for dichloromethotrexate, methotrexate and aminopterin respectively.
This enzyme preparation also mediated the hydroxylation of methotrexate polyglutamyl derivatives with
a decrease in the rates of hydroxylation, as the total number of glutamyl residues was increased to four,
a consequence of a marked increase in K,, values and/or decrease in Vi,,; the ratios of the V. /K, for
the di-, tri-, and tetraglutamates were 0.94, 0.31 and 0.21 respectively. This low activity of the
polyglutamy! derivatives of methotrexate for aldehyde oxidase is consistent with the observations that
the predominant forms of 4-amino-antifolate polyglutamates found in human liver after administration
of methotrexate are the polyglutamyl derivatives of the parent compound. Finally, substrate inhibition
for methotrexate and dichloromethotrexate was observed at concentrations in excess of 150 and 30 uM,
respectively, about 5- and 3-fold higher than their respective K,, values. Hence, while dichloro-
methotrexate had the lowest K, for aldehyde oxidase amongst the 4-amino-antifolates studied, the
actual rates of hydroxylation depended upon the concentration employed because of substrate inhibition.
Aminopterin was a very poor substrate for this enzyme at low and saturating concentrations. These
properties of the hydroxylation of 4-amino-antifolates may be of importance in the design of clinical
regimens with these agents—in particular, regimens that employ infusion of these drugs into the hepatic
artery. However, the relevance of these observations to the hydroxylation of 4-amino-antifolates by
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human liver remains to be established.

The folate antagonists, methotrexate|, aminopterin
and dichloromethotrexate, are converted to their 7-
hydroxyl derivatives by aldehyde oxidase, an enzyme
found in the liver of many species [1-7]. The affinities
of these different compounds for a crude preparation
of the rabbit liver enzyme were partially described
by Johns et al. [4,5] with an order of substrate
specificity of dichloromethotrexate > methotrexate
> aminopterin. Recently, methotrexate polyglu-
tamyl derivatives with one to three additional glu-
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tamyl residues were also reported to be substrates
for this enzyme [8-11].

In this paper we provide a comprehensive analysis
of the kinetics of the 7-hydroxylation of metho-
trexate, its polyglutamyl derivatives, aminopterin
and dichloromethotrexate, using a partially purified
aldehyde oxidase preparation from rabbit liver. This
follows the characterization of the 7-hydroxylation
of methotrexate in freshly isolated hepatocytes in
vitro, a very rapid process that dominates the meta-
bolic disposition of methotrexate in this cell [12].

MATERIALS AND METHODS

Materials. [3',5',7-*H]Methotrexate and [7,9->H]
aminopterin were synthesized by Amersham
(Arlington Heights, IL) and purified by HPLC as
described previously [13]. [7-*H]Dichlorometho-
trexate was synthesized by Moravek (Brea, CA) and
was also purified by HPLC [14]. Unlabeled metho-
trexate, aminopterin and dichloromethotrexate,
obtained from the National Cancer Institute, were
purified by DEAE cellulose chromatography [15] or
by HPLC [13]. 4-NH,-10-CH;-PteGlu, to -Glu, were
supplied by Dr. C. M. Baugh (University of South
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Alabama, Mobile, AL) and used without further
purification. Unlabeled 7-hydroxymethotrexate was
obtained by direct 7-hydroxylation from metho-
trexate after incubation with a crude preparation of
fresh mature rabbit liver and was purified by DEAE
cellulose as described previously 8, 16].

As specified for 7-hydroxymethotrexate [12], the
data for 7-hydroxyaminopterin and 7-hydroxydi-
chloromethotrexate were also corrected for the loss
of [*H] at the 7-position of the pteridine molecule
that occurs with the hydroxylation of aminopterin or
dichloromethotrexate (Amersham and Moravek
reports).

Partial purification of rabbit liver aldehyde oxidase.
Livers of white male New Zealand rabbits (2-3 kg)
were perfused via the portal vein with calcium-free
Krebs—Henseleit buffer (pH 7.4, 37°) to completely
eliminate blood from tissues. The livers were then
removed, homogenized for 3 min in 2 vol. of double-
distilled water at room temperature, and then centri-
fuged for 30 min at 15,000 rpm at 4°. The supernatant
fraction was then stirred continuously for 10 min in
a water bath at 60°, and heat-precipitated protein
was removed by centrifugation at 15,000 rpm for
30 min. The supernatant fraction was collected, and
saturated ammoniacal ammonium sulfate solution,
prepared as described previously [5], was added to
obtain a 37% solution. The supernatant solution was
stirred slowly at room temperature for 30 min. After
centrifugation at 15,000 rpm for 30 min, the pre-
cipitate was discarded, the same amount of the
ammoniacal solution was added to the supernatant
fraction, and the solution was centrifuged again at
15,000 rpm for 30 min. The precipitate was dissolved
in 0.05M potassium phosphate buffer (K,HPO,,
pH 7.4) containing 0.005% Versene Fe-3 (Sigma
Chemical Co.). The enzyme solution was then
applied to an hydroxylapatite column previously
washed for several hours with 0.05M potassium
phosphate buffer (pH 7.4) containing 0.005% Ver-
sene Fe-3. The fractions containing enzyme activity
(determined spectrophotometrically at 340 nm with
50 uM methotrexate as substrate) were combined
and concentrated osmotically to 0.1 vol. by adding
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powdered sucrose to the external surface of a dialysis
bag containing the protein solution. The enzyme
solution was then applied to a Sephacryl $-200
column previously washed with potassium phosphate
buffer (0.2 M, pH 7.4). The fractions containing the
enzyme were pooled, divided into small portions,
and stored at —20° for several days.

Aldehyde oxidase assay. All assays were per-
formed under conditions in which hydroxylation was
linear with time (i.e. 15-180sec after addition of
the substrate) at 27°. Aldehyde oxidase activity was
assayed on a Beckman model 24 spectrophotometer
in a buffer consisting of 0.2 M potassium phosphate
and ammonium bicarbonate (0.1 M), at pH 7.4, con-
taining 0.005% Versene Fe-3, by measuring the
increase in optical density at 340 nm. The same wave-
length was used for methotrexate, methotrexate
polyglutamyl derivatives, aminopterin and dich-
loromethotrexate oxidation products. At this wave-
length, the oxidation products had strong absorption
while the parent compounds showed little absorption
[5]. Because of the lack of availability of purified
7-hydroxy derivatives, extinction coefficients for the
different antifolates and their respective 7-hydroxy
derivatives were obtained after complete hydroxy-
lation of the antifolates in an ultraviolet cuvette in
the presence of partially purified aldehyde oxidase
(Fig. 1, panels A, B, and C). Complete conversion
was documented by spectral analyses identical to
those reported in the literature [14], and by HPLC
analysis of the products of the hydroxylation of tri-
tiated aminopterin or methotrexate. Hydroxylation
of dichloromethotrexate was confirmed by dis-
appearance of the [7-°H] moiety with a cor-
responding increase in an early eluting peak, pre-
sumably ’H,0, by HPLC. The extinction coefficients
for the different compounds at 340 nm and pH 7.4,
are reported in Table 1. Because the extinction coef-
ficients for methotrexate and its polyglutamyl deriva-
tives are identical [8], the extinction coefficients for
7-hydroxymethotrexate polyglutamyl derivatives
were assumed to be the same as that of 7-hydroxy-
methotrexate. In all determinations, the data were
calculated on the basis of the change in optical den-
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Fig. 1. Enzymatic conversion of different antifolates to their 7-hydroxy derivatives by rabbit liver

aldehyde oxidase. The reference cuvette contained potassium phosphate buffer (50 mM, pH 7.4),

0.005% Versene Fe-3 and rabbit liver aldehyde oxidase (50-100 pug) in a total volume of 1 ml. The

sample cuvettes contained the same constituents ptus 50 M aminopterin (A), 60 uM methotrexate (B)

or 70 uM dichloromethotrexate (C). Line 1 in each panel represents unchanged antifolates and Line 5
represents the 7-hydroxy derivatives.
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Table 1. Extinction coefficients for methotrexate, aminop-

terin, dichloromethotrexate and their hydroxylated
derivatives

Extinction

coefficients
Methotrexate 4,830
7-Hydroxymethotrexate 12,000
Aminopterin 5,620
7-Hydroxyaminopterin 15,400
Dichloromethotrexate 6,230
7-Hydroxydichloromethotrexate 14,200

The reference cuvette contained potassium phosphate
buffer (50 mM, pH 7.4), Versene Fe-3 (0.005%) and rabbit
liver aldehyde oxidase (50-100 ug). The sample cuvettes
contained the same constituents, plus the different anti-
folates at six different concentrations from 5 to 80 uM. The
extinction coefficients for the hydroxy derivatives were
determined at 340nm as described in Materials and
Methods after the complete conversion of the antifolates
to their 7-hydroxy derivatives as described in the text.

sity due to the appearance of the product and the
disappearance of the substrate [17].

Proteins were measured by the Bio-Rad protein
assay method as described previously [18].

RESULTS

Purification of rabbit liver aldehyde oxidase. The
details of a typical preparation of the enzyme are
shown in Table 2. This procedure permits a 60 to
120-fold purification with an overall recovery of 5-
15%. The enzyme solution was divided into equal
portions and stored at —20° for several days with
only a small loss of activity (10-15% in a week).
Because of the appreciable loss of activity during
dialysis of the final enzyme solution (40% in 2 days),
this procedure was omitted. Ammonium ions (final
concentration, 0.1 M), which were found to stabilize
the enzyme, were added to the final enzyme solution.

Menadione (vitamin Kj; 2-methyl-1,4-naphto-
quinone) is a potent inhibitor of oxygen reduction
by hepatic aldehyde oxidase, with 85% inhibition at
a menadione concentration as low as 107'M [7].
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Fig. 2. Relationship between reaction velocity and substrate

concentration for methotrexate (MTX), aminopterin

(AMT), or dichloromethotrexate (DCM). A represen-

tative experiment is shown in which each symbol is the
mean of two separate determinations.

Likewise, methotrexate (final concentration, 50 uM)
hydroxylation was inhibited by 90% in the presence
of 2 x 107%M menadione in this preparation.
Substrate activities of different antifolates and the
polyglutamyl derivatives of methotrexate. Rates of
hydroxylation were measured over concentration
ranges of 3-20 uM, 7-50 uM and 14-100 uM for dich-
loromethotrexate, methotrexate and aminopterin,
respectively, and over an interval up to 3 min, when
the rates of appearance of the 7-hydroxy derivatives
were constant. A direct comparison of aminopterin,
dichloromethotrexate, and methotrexate hydroxy-
lation by the enzyme preparation revealed that
aminopterin was a poor substrate, methotrexate
intermediate and dichloromethotrexate the best sub-
strate for this enzyme. Based upon Lineweaver-
Burk analyses, the K,, values for methotrexate,
aminopterin and dichloromethotrexate hydroxy-
lation were 35, 272 and 10 uM respectively (Fig.
2, Table 3). There was no difference between the
methotrexate and dichloromethotrexate, V., 248
and 231 nmoles/min/mg protein, respectively, but
the V., for aminopterin was lower than that of the
other two antifolates (130 nmoles/min/mg protein).
For aminopterin, the differences in both K, and V,,

Table 2. Purification of rabbit liver aldehyde oxidase

Fractions Total Total Total Specific
volume protein activity activity Yield Purification
(ml) (mg) (units)* (nmoles/min/mg) (%) (factor)

1.  Crude preparation 136 6503 13.52 2.08 100 0

2. Supernatant from 88 1864 10.61 5.69 76.8 2.7
homogenate heated at 60°

3. First ammonium sulfate 136 1114 8.67 7.78 62.3 3.7
fractionation (37%)

4. Second ammonium sulfate 15 725 8.46 11.7 60.8 5.6
fractionation (54%)

5. Hydroxylapatite column 60 41 1.79 43.7 12.8 20.9

6.  Sephacryl $-200 column 12 6 1.5 250 11.1 120

* One unit is the amount of enzyme necessary to hydroxylate 1 umole of methotrexate per min with 50 uM methotrexate

as substrate.

BP 35:8-H



1328

G. FABRE et al.

Table 3. Comparison of kinetic constants of 4-amino-antifolates as substrates for rabbit liver
aldehyde oxidase

K,t Vimax ™
Compound N* (uM) (nmoles/min/mg) V max/ Kon
Methotrexate 10 345+55 248 = 31 7.20
Dichloromethotrexate 6 9.6 +3.0% 231+ 41 24.1
Aminopterin 8 272.1 = 85.6% 130 + 36§ 0.48

* N is the number of separate experiments.
+ Values are means * standard error.

i Statistically significant difference (P < 0.01) compared to methotrexate, by Student’s ¢-test.
§ Statistically significant difference (P < 0.05) compared to methotrexate or dichloro-

methotrexate.

values contribute to making this a very poor substrate
at both low and high concentrations.

Because of the extensive metabolism of metho-
trexate to polyglutamyl derivatives in tumor cells
{13, 16], and to a much lesser extent in rabbit liver
[12], and the earlier observation [8] that 4-NH,-10-
CH;-PteGlu, is a substrate for a crude preparation
of aldehyde oxidase, the kinetics of hydroxylation of
the different polyglutamyl derivatives of metho-
trexate, containing up to four total glutamyl
moieties, were assessed. There was a marked
decrease in the rates of hydroxylation as the number
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Fig. 3. Relationship between reaction velocity and substrate

concentration for methotrexate and its polyglutamyl deriva-

tives, 4-NH,-10-CH;-PteGlu, with n equal to 1, 2, 3, and

4. Each symbol is the mean of two determinations from a
representative experiment.

of glutamyl residues increased (Fig. 3), associated
with an increase in the K,, values. There was, in
addition, a decrease in the V. values for the di-
and triglutamates (Table 4). Hence, the absolute
rates of this reaction at concentrations below the
K,, should be far lower than those observed for
methotrexate and are in the range observed for
aminopterin.

Of particular interest is evidence for substrate
inhibition seen on the double-reciprocal plot as the
concentrations of methotrexate or dichlorometho-
trexate were increased to the range of 150 and 30 uM,
respectively, levels about 5- and 3-fold greater than
their respective K, values (Fig. 4). Hanes and Woolf
analyses [19] were used to more accurately detect
the lowest concentration of methotrexate or di-
chloromethotrexate at which substrate inhibition was
significant; this suggested negligible inhibition at con-
centrations below 150 and 30 uM respectively. When
the rates of hydroxylation were predicted based upon
the kinetic constants in Table 3 for 150 uM metho-
trexate and dichloromethotrexate, comparable
values were predicted. However, actual measure-
ment of hydroxylation at this concentration indi-
cated that the rate of this reaction was 1.74 + 0.43
(N =3)-fold faster for methotrexate than for
dichloromethotrexate—consistent with substrate
inhibition for dichloromethotrexate under these
conditions. Substrate inhibition for aminopterin was
not detected. However, because of the low affinity
of aminopterin for aldehyde oxidase and technical
limitations due to the spectrophotometric deter-
minations, the rate of hydroxylation at concen-
trations above 200 uM could not be evaluated.

Table 4. Comparison of kinetic constants of methotrexate and methotrexate polyglutamates for
rabbit liver aldehyde oxidase

KWIT Vmax.k
Compound N* (uM) (nmoles/min/mg) Vinax/ Kim
Methotrexate 9 49.3 4.0 324.4 £ 40.0 6.58
4-NH»-10-CH;-PteGlu, 4 62.5 £ 9.4% 58.5 = 4.8% 0.94
4-NH,-10-CH;-PteGlu; 3 297.5 + 66.6§ 93.5 £ 20.48 0.31
4.NH,-10-CH;-PteGlu, 2 1627 + 38.5§ 339.3 = 30.1 0.21

* N is the number of separate experiments.
+ Values are the means * standard error.

t Statistically significant difference (P < 0.05) compared to methotrexate, by Student’s i-test.
§ Statistically significant difference (P =< 0.01) compared to methotrexate.
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Fig. 4. Substrate inhibition by methotrexate (upper panel)
and dichloromethotrexate (lower panel) of 7-
hydroxylation.

DISCUSSION

Hepatic aldehyde oxidase (aldehyde:O, oxido-
reductase, EC 1.2.3.1) was first described by Gordon
etal. [2]in hog liver. Since that time, enzyme activity
has also been observed in livers of rabbit [4-7],
rat [5], guinea pig [5], horse [1], and human [3].
Aldehyde oxidase catalyzes the oxidation of a variety
of aliphatic and aromatic aldehydes as well as a
number of non-aldehyde heterocyclic compounds
such as the 4-amino-antifolates. Since the rabbit liver
has much greater catalytic activity than does alde-
hyde oxidase from other species, most studies have
utilized this source. Purification procedures and
some properties of the aldehyde oxidase from rabbit
liver, including the ability of the enzyme to transfer
electrons to a variety of acceptors and its sus-
ceptibility to a variety of inhibitors, have been
reported previously [1-3, 7, 20-23].

Hydroxylation of 4-amino-antifolates by this
enzyme was described by Johns et al. [5] using a 10-
to 15-fold purified aldehyde oxidase from several
species. Based upon relative rates of enzymatic oxi-
dations at a single drug concentration (200 uM),
rabbit enzyme preparations demonstrated higher
activity than preparations from other species with an
order of substrate specificity of dichlorometho-
trexate > methotrexate > aminopterin.

In this paper we report the kinetics of metho-
trexate, aminopterin and dichloromethotrexate
hydroxylation by rabbit liver aldehyde oxidase

*G. Fabre
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purified 60- to 120-fold with yields of 5-15%. The
first steps (heat and ammonium sulfate treatments)
of the purification procedure are similar to those
reported previously [5-7,21]. However, the com-
bination of the hydroxylapatite and Sephacryl S-200
chromatographies permits the removal of additional
protein impurities. The final enzyme preparation
was similar to the most pure preparation obtained
previously [3, 7, 21] and demonstrated a comparable
degree of inhibition by the specific aldehyde oxidase
inhibitor, menadione [7].

Kinetic analyses for the three different 4-amino-
antifolates demonstrated that dichloromethotrexate
had a 4- and 28-fold higher affinity for the enzyme
than methotrexate or aminopterin respectively.
These results are consistent with those obtained with
partially purified enzyme [4, 5] and with intact freshly
isolated rabbit hepatocytes in which the rate of
hydroxylation of methotrexate was faster than that
for aminopterin*.

Recently, studies from this and other laboratories
demonstrated the direct hydroxylation of the poly-
glutamyl derivatives of methotrexate to the cor-
responding 7-hydroxymethotrexate polyglutamates
by a crude preparation of rabbit liver aldehyde oxi-
dase [8-11]. The present study indicates that, while
the polyglutamyl derivatives of methotrexate were
substrates for this enzyme, there was an inverse
relationship between the affinity of these compounds
for the aldehyde oxidase and their glutamyl chain
lengths, consistent with another report [11]. There
was a smaller decrease in the V,,, for the di- and
triglutamates with the ratios of the V,,,,/K,, for the
three polyglutamyl derivative 1/6 to 1/30 that of the
monoglutamate. Hence this study suggests that the
benzoylglutamyl portion of the molecule is animpor-
tant element in oxidase activity. Indeed, Valerino et
al. [24] showed that addition of a glutamyl moiety to
4-NH,-10-CH;-pteroic acid to form methotrexate
results in a decrease in Vi, in this aldehyde oxidase
mediated reaction. Johns et al. [25] also showed that
esterification of the carboxyl group of methotrexate
markedly increases its properties as a substrate for
aldehyde oxidase. The observation that metho-
trexate polyglutamyl derivatives are poor substrates
for aldehyde oxidase could account for the per-
sistence of these derivatives in human liver for long
intervals after high-dose methotrexate therapy,
although this could also be related to the association
of polyglutamates of methotrexate with dihyd-
rofolate reductase which may prevent their hydroxy-
lation [26].

Of particular interest is the observation that, at
concentrations above the K, values, there is sub-
strate inhibition of aldehyde oxidase activity for both
methotrexate and dichloromethotrexate. This is con-
sistent with substrate inhibition of aldehyde oxidase
reported for other substrates including purines, sali-
cylaldehyde, acetaldehyde, and quinoline [23]. This
may account for the earlier observations by Johns et
al. [4,5] that the ratio of dichloromethotrexate to
methotrexate oxidation decreases when the substrate
concentrations are increased by a factor of three. The
importance of substrate inhibition of 7-hydroxylation
during high-dose methotrexate therapy is uncertain.
It might, however, contribute to the low levels of 7-
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hydroxymethotrexate formed during the interval of
methotrexate infusion, when methotrexate levels are
high, which is followed by an increase in the 7-
hydroxymethotrexate level as the methotrexate
plasma levels decline [14].

Finally, the use of dichloromethotrexate for the
treatment of hepatic neoplasms by hepatic arterial
infusion, based upon extensive hydroxylation due to
its lower K,,, with expected removal of the major
portion of drug during the first pass through the liver,
must be considered within the context of the actual
plasma level of drug achieved and the point at which
substrate inhibition may limit hydroxylation in the
human liver. However, the relevance of these and
other findings for rabbit liver enzymes to the charac-
teristics of the 7-hydroxylation of these compounds
in the human liver is uncertain. Hence, while the
relative substrate specificities among the 4-amino-
antifolates are qualitatively similar between the
species, there are large differences in the absolute
ratios of hydroxylation and sensitivities to inhibitors
(3,4,7].
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