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ABSTRACT

Studies were carried out to determine the effects of preincubation of
4-methyl-5-amino-l-formylisoquinoline thiosemicarbazone (MAIQ) with
hepatic microsomes on the ability of MAIQ to inhibit CDP reducÃase
activity in vitro. An aliquot from the 100,000 x g supernatant fraction
from this incubation was used in the CDP reducÃaseassay. MAIQ
incubated in the absence of microsomes inhibited CDP reductase activity
in a dose-dependent manner. At high MAIQ concentration (5 MM)CDP
reductase activity was inhibited 95%. When MAIQ (5 UM) was first
incubated in the presence of hepatic microsomes and NADPH, CDP
reductase activity was inhibited only 30%. This attenuation of MAIQ
inhibition was dependent on time of incubation and microsomal protein
concentration and showed an obligatory requirement for NADPH or
NADH. Significant attenuation was observed at pyridine nucleotide
concentrations as low as 0.1 DIM. Heat denaturation of microsomal
proteins inactivated their ability to attenuate the MAIQ inhibition.
Microsomes prepared from Ehrlich tumor cells were ineffective as inac-
tivators of MAIQ.

Results of our studies show that hepatic microsomes contain an
enzyme(s) which can inactive MAIQ as an inhibitor of CDP reductase.

INTRODUCTION

Ribonucleotide reductase (EC 1.17.4.1) catalyzes the rate-
limiting step in the formation of deoxyribonucleoside triphos-
phate substrates for DNA synthesis. The mammalian enzyme
consists of two nonidentical protein subunits, both of which are
required for enzymatic activity (1). One subunit contains a non-
heme iron and free radical and the other subunit contains the
effector-binding site(s) (2, 3). The enzyme is regulated by nu-
cleoside 5'-triphosphates and nucleoside 5'-diphosphates

which may act as either positive or negative effectors (3, 4).
The activity of ribonucleotide reductase has been shown to be
cell cycle dependent (5, 6) and closely correlated with cellular
growth rates (7).

Because of the properties of this enzyme and the unique role
it plays in DNA replication, ribonucleotide reductase is a critical
site for targeting antitumor drugs. The non-heme iron subunit
of the enzyme has been shown to be inhibited/inactivated by
hydroxyurea, guanazole, and the thiosemicarbazones (2). The
mechanism of inhibition of ribonucleotide reductase by a-(N)-
heterocyclic carboxaldehyde thiosemicarbazones appears to be
due to the destruction of the active site free radical of the
reductase by the iron complex of the drug (8). Studies by
Agrawal et al. (9) suggest that these compounds are the most
potent inhibitors of ribonucleotide reductase activity. Phase I
clinical trials of 2-formyl-5-hydroxypyridine thiosemicarbazone
have been carried out (10, 11). Although this compound is a
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potent reductase inhibitor in vitro and showed marked antitu-
mor activity in tumor-bearing mice (12) and dogs (13), such
clinical efficacy was not demonstrated (10, 11). Studies by
Agrawal et al. (9) have shown that MAIQ4 and IQ were metab

olized in vivo. Studies reported herein were carried out to
determine the possible involvement of liver microsomes in the
metabolic alteration of these antitumor drugs. Results of our
studies suggest that hepatic microsomes possess enzymatic
activity which markedly attenuates the inhibition of CDP re
ductase activity by MAIQ and IQ in vitro.

MATERIALS AND METHODS

Animals. Male Sprague-Dawley rats, weighing 120-140 g, were
obtained from the Holtzman Co. Animals were decapitated and livers
were perfused in situ with 100 ml of cold 0.25 M sucrose. Hepatic
microsomes were prepared by differential centrifugation following the
procedure of Williams and Pendleton (14). Hepatic microsomes were
also prepared from female ICR mice according to procedure described
above. Microsomes from Ehrlich tumor cells were prepared according
to the procedure of Horvat and Touster (15). Protein determinations
were done according to the procedure of Lowry et al. (16).

Preparation and Assay of Ribonucleotide Reductase. Ribonucleotide
reductase was isolated from Ehrlich tumor cells as described previously
(17). The enzyme was partially purified through the ammonium sulfate
step. CDP reductase activity was assayed by the method of Steeper and
Steuart (18) using Dowex 1-borate columns. The assay mixtures con
tained in a final volume of 0.15 ml: [14C]CDP (0.05 /Â¿Ci,7.5 nmol);

dithioerythritol (900 nmol); magnesium acetate (600 nmol); ATP (300
nmol); and the enzyme preparation. The reaction was carried out at
37Â°Cfor 30 min. The incubation was stopped by heating the reaction

tubes in a boiling water bath for 4 min. The samples were cooled and
crude snake venom was added to convert the nucleotides to the nucle-
osides (2). This reaction was carried out at 37"C for 90 min. All assays

were done in triplicate.
Incubations of Microsomes with MAIQ. Hepatic microsomes were

incubated with MAIQ for 20 min at 37Â°C.The incubation mixture

contained microsomal protein (routinely, 2 mg), NADPH (1.0 mM),
and the inhibitor in a final volume of 0.5 ml. The reaction was stopped
by placing the reaction tubes on ice. The assay mixture was then
centrifuged at 100,000 x g using a Beckman TL-100 ultracentrifuge. A
50-fil aliquot of the supernatant was then added to the CDP reductase
assay and ribonucleotide reductase activity measured as described
above.

Materials. [I4C]CDP (438 mCi/mmol) was purchased from Amer-

sham, Arlington Heights, IL). The unlabeled nucleotides and other
biochemical reagents were purchased from Sigma Chemical Company
(St. Louis, MO). MAIQ and IQ were obtained from N. R. Lomax,
Drug Synthesis and Chemical Branch, Division of Cancer Treatment,
National Cancer Institute.

RESULTS

Effects of Hepatic Microsomes on MAIQ or IQ Inhibition of
CDP Reductase Activity. Both MAIQ and IQ are very potent
inhibitors of CDP reductase. Data in Fig. 1 show the effects of
preincubation of these inhibitors with microsomes and

4The abbreviations used are: MAIQ, 4-methyl-5-amino-l-formyIisoquinoline
thiosemicarbazone: IQ, 1-formylisoquinoline thiosemicarbazone.
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Fig. I. Effects of hepatic microsomes on MAIQ or IQ inhibition of CDP
reducÃaseactivity. Assays were done according to procedures described under
"Materials and Methods." and each data point represents the average of triplicate

incubations. MAIQ (O) and IQ (D), were incubated in the absence of hepatic
microsomes. MAIQ (â€¢)and IQ (â€¢)were incubated in the presence of hepatic
microsomes (4 mg/ml). MAIQ or IQ were at 3-fold higher concentrations than
those indicated during incubation in the presence or absence of microsomes. The
activity in the absence of MAIQ or IQ was 6.2 nmol/30 min/mg protein.

Table I NADPH requirement for microsomal attenuation of MAIQ inhibition of
CDP redactase activity

Microsomes (4 mg/ml) were incubated at 37'C for 20 min in the presence or

absence of NADPH and/or MAIQ. In the CDP reducÃaseassay mixtures the
final concentration of MAIQ was 5 Â»JMwhile that of NADPH was 0.33 mM.
Control CDP reducÃaseactivity was 6.0 nmol/30 min/mg. Data are results of 2
separate experiments. Each experimental condition was assayed in triplicate.

ExperimentalconditionBuffer

+ NADPH, 1minMicrosomes

Microsomes + NADPH, 1 mM
Microsomes + MAIQ. 15 MM
Microsomes + MAIQ. 15 ^M + NADPH, 1 mMCDP

reducÃase
activity (% of

control)91

80
80

2
70

NADPH. The inhibition patterns of both MAIQ and IQ in the
absence of microsomal preincubation were quite similar. CDP
reducÃaseactivity was inhibited to 50% of control at a concen
tration of 0.15 nM. However, when these inhibitors were prein-
cubated in the presence of hepatic microsomes and NADPH,
this inhibition was markedly decreased.

Requirement of NADPH for Microsomal Inactivation of
MAIQ. Studies were done to determine the effects of NADPH
on the microsomal inactivation of MAIQ. As can be seen in
Table 1, NADPH alone did not markedly affect reducÃase
activity. Microsomes or microsomes and NADPH exhibited
marginal effects on CDP reducÃase. MAIQ (5 /Â¿M)inhibited
reducÃaseactivily by 98% of conlrol. However, in ihe presence
of NADPH and microsomes Ihis same concentration of MAIQ
caused inhibition of only 30%. The dala in Fig. 2 show ihe
effecls of increasing concenlralions of reduced pyridine nucleo-
lide (NADPH or NADH) on microsomal allenualion of MAIQ
inhibition of CDP reducÃaseaclivily. Bolh NADPH and NADH
were equally effective in ihis process. Significanl allenuation of
MAIQ inhibition was seen al 0.1 mM reduced pyridine nucleo-
tide. From double reciprocal plols of ihe dala (inset) a KMvalue
of 0.12 mM was calculaled for ihe reduced pyridine nucleolides.

Heat Inactivalion of Microsomes. To furlher evalÃºale Ihe
nature of ihe process involved in microsomal inactivation of
MAIQ as an inhibitor of CDP reducÃase, Ihe effecl of heat
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Fig. 2. Effects of reduced pyridine nucleotides on hepatic microsomal atten

uation of MAIQ inhibition of CDP reducÃaseactivity. â€¢¿�control activity in the
presence of NADPH or NADH, but in Ihe absence of MAIQ or microsomes. The
decrease in inhibition of CDP reducÃaseby MAIQ (7.5 Â«M) after incubation with
microsomes (4 mg/ml) as a function of NADPH (â€¢)or NADH (O) is shown. The
final concentration of MAIQ during the CDP reducÃaseassay was 2.5 ,u\i. Inset,
double-reciprocal plot of the data.

Table 2 Heat inactivation of microsomal activity responsible for attenuating the
inhibition of CDP reducÃaseactivity by MAIQ

Microsomes (4 mg/ml) were healed in a boiling water bath for 3 min prior to
the incubation at 37'C as described previously. The final concentration of MAIQ

in the CDP reducÃaseassay was 5 nM while the final concentration of NADPH
was 0.33 mM. Control CDP reducÃaseactivity was 6.5 nmol/30 min/mg. Values
are the average of 2 separate experiments.

Experimental conditions

CDP reducÃase
activity (% of

control)

Microsomes 82
Microsomes + MAIQ, 15 /iM 4
Microsomes + MAIQ -I-NADPH, 1 mw 70
Boiled microsomes 84
Boiled microsomes + MAIQ, 15 JIM+ NADPH, 1 mM 10

denaluralion was sludied. The dala in Table 2 show lhal MAIQ
in Ihe presence of microsomes alone inhibiled reducÃaseaclivily
96%. The inhibilory aclivily was reduced lo only 30% in Ihe
presence of microsomes and NADPH. However, when Ihe
microsomes were boiled and then incubated in Ihe presence of
MAIQ and NADPH, Ihe reducÃaseaclivily was still inhibited
90%. Boiled microsomes alone did not markedly affect reduc
Ãaseaclivily.

Time Course of Microsomal Inactivation of MAIQ. Dala in
Fig. 3 show lhal ihe microsomal-dependenl allenuation of
MAIQ as an inhibitor of CDP reducÃasewas a lime-dependenl
process. There was a linear relalionship belween time of incu
bation and the percentage of loss of MAIQ inhibition of CDP
reducÃase.This allenualion was maximum al 20 min for ihe
concenlration of microsomal protein used. In these studies 1
mg/ml of microsomal prolein was used; Iherefore reducÃase
activity was not the usual 70 lo 80% conlrol in ihe presence of
MAIQ and NADPH.

MAIQ-inaclivating Activity Does Not Readily Dissociate from
Microsomes. Our sludies suggesled lhal Ihe microsomes con-
lain an enzymatic activily which, in ihe presence of NADPH
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Fig. 3. Time course of microsomal inactivation of MAIQ. MAIQ (7.5 UM)
was incubated with hepatic microsomes (1 mg/ml) for the indicated times. The
final concentration of MAIQ during the CDP reducÃaseassay was 2.5 JIM.Values
represent the mean of 2 separate experiments. Controls were incubated in the
absence of MAIQ. CDP reducÃaseactivity in the control was 6.0 nmol/30 min/
mg protein.

Table 3 fjCtrtÃo/mÃcroÃoma//racr/oni on the attenuation of MAIQ inhibition of
CDP reducÃaseactivity

Microsomes (4 mg/ml), NADPH and MAIQ were incubated as described
under "Materials and Methods." To obtain microsomal supernatant, microsomes
and NADPH were incubated at 37'C for 20 min and centrifuged at 100,000 X g.
The supernatant was then incubated at 37Â°Cfor 20 min in the presence of MAIQ.

The final concentration of MAIQ in the CDP reducÃaseassay was 2.5 UM;the
final concentration of NADPH was 0.33 mM. Control CDP reducÃaseactivity
was 6.4 nmol/30 min/mg.

ExperimentalconditionsMicrosomes

+ NADPH, 1 mM
MAIQ, 7.5 MM
Microsomes + NADPH, 1 mM + MAIQ, 7.5 iiM
Microsomal supernatant + NADPH, 1 mM +

MAIQ, 7.5 /iMCDP

reducÃase
activily (% of

control)87

7
72

9

or NADH, could inactivate MAIQ as an inhibitor of CDP
reducÃase.The following experiments were carried out to deter
mine whether this activity was released from microsomes during
the preincubation phase of the experimental protocol. The data
in Table 3 show the results of these experiments. When MAIQ
was incubated with buffer, it was still a potent inhibitor of CDP
reducÃaseactivily. Incubation of MAIQ wilh microsomes and
NADPH inactivated MAIQ as an inhibilor. However, when
MAIQ was incubaled in Ihe presence of Ihe supernalanl fraclion
obtained after centrifugalion of the microsomes which had been
incubaled in buffer for 20 min al 37Â°C,no inaclivalion of

MAIQ was observed. Resulls of these sludies show lhal Ihe
NADPH-dependenl inaclivaling aclivily was noi readily disso-
cialed from Ihe microsomes.

Effects of Hepatic versus Ehrlich Tumor Cell Microsomes on
MAIQ Inhibition of CDP ReducÃaseActivity. Dala in Fig. 4
show lhal increasing amounts of mouse hepalic microsomal
prolein resulted in a correlative increase in the attenuation of
MAIQ inhibition of reducÃaseaclivily. For comparison, similar
sludies were also carried oui wilh microsomes oblained from
Ehrlich lumor cells grown in Ihese mice. As can be seen from
Ihe dala in Fig. 4, microsomes from Ehrlich lumor cells were
noi effective in inaclivaling MAIQ. Even at prolein concenlra-
lions as high as 4 mg/ml, ihere was essentially no effecl on Ihe
inhibilory action of MAIQ. Sludies carried oui using hepalic
microsomes from normal rals showed similar results with re-
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Fig. 4. Effects of mouse hepatic versus Ehrlich tumor cell microsomes on
MAIQ inhibition of CDP reducÃaseaclivily. MAIQ (7.5 UM) was incubated in
the presence of 1 mM NADPH and the indicated conceniralions of microsomal
prolein. Hepalic microsomes were obtained from the Ehrlich lumor-bearing mice.
The final concenlralion of MAIQ during the reducÃaseassay was 2.5 MM.Values
represent the mean of two separate experiments. CDP reducÃaseaclivily in the
control was 6.5 nmol/30 min/mg protein.

spect lo prolein concenlration (data not presented).
Effects of Inducers of Cytochrome P-450 on Hepatic Micro

somal Inactivation of MAIQ. The lerm cylochrome P-450 is
used lo refer lo a group of hemoprolein isozymes which funclion
as the terminal oxidase during Ihe mixed funclion oxidalive
metabolism of drugs, sleroids, and xenobiolics (19). These
cylochromes are highly inducible by a variely of endogenous
and foreign compounds. Phenobarbilal, 3-melhylcholanlhrene,
pregnenolone-16a-carbonilrile, and acetone all have been
shown to induce specific P-450 isozymes (19). We investigaled
Ihe effecls of Ihese inducers on Ihe ability of hepatic microsomes
from drug-lrealed rals lo inactivate MAIQ. Allhough Ihe cy
lochrome P-450s were induced in Ihe liver microsomes by Ihese
drug Irealmenls, Ihe activily which inactivated MAIQ was noi
likewise induced (dala noi shown).

DISCUSSION

Mammalian ribonucleolide reducÃasecalalyzes Ihe rale-lim
iting slep in Ihe formation of deoxyribonucleoside iriphosphale
substrates used in DNA synthesis. Because of Ihe unique role
of Ihis enzyme in Ihe synlhesis of DNA, it has been a site for
largeling anlilumor agenls (20). The a-(/V)-helerocyclic carbox-
aldehyde Ihiosemicarbazones conslilule some of the mosl pow
erful known inhibilors of the mammalian enzyme (9). Several
derivatives of Ihis class of compounds have been used in vivo in
animal models (12, 13) and in Phase I clinical Irials (10, 11).
However, Ihe marked anlitumor activity of some of these agenls
observed in lumor-bearing mice and dogs was noi demonslraled
in humans.

Sludies presenled in Ihis report were done lo evaluate the
possible involvement of hepatic microsomal enzyme(s) in Ihe
metabolism of MAIQ. Previous sludies by Agrawal et al. (9)
suggested that MAIQ was relatively resistanl lo melabolic
inaclivalion via acetylalion in vivo. Resulls of our in vitro studies
show lhal hepatic microsomes have enzymatic activily or activ
ities which can inactivale MAIQ and IQ as inhibitors of ribo-
nucleolide reducÃase(Figs. 1 and 2). This enzymic activily has
an obligalory requiremenl for reduced pyridine nucleolide (Ta-
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ble 1 and Fig. 2) and is dependent on the concentration of
hepatic microsomal protein (Fig. 4).

Although this enzymatic activity is found in hepatic micro-
somes from rats and mice, it is absent in the microsomes from
Ehrlich tumor cells (Fig. 4). This finding suggests that Ehrlich
tumor cells might be sensitive to MAIQ because they lack this
enzymatic activity found in liver.

The mechanism of MAIQ inhibition of ribonucleotide reduc
Ãasehas been investigated. Interaction of MAIQ with the non-
heme iron subunit results in the destruction of a tyrosine free
radical which is necessary for catalytic activity (8). Activity
against ribonucleotide reducÃaseis markedly decreased by mod
ification of Ihe thiosemicarbazide chain (21). A number of
calabolic producÃsof MAIQ are possible during in vivo or in
vitro melabolism of the drug. These could include the thiosem-
icarbazide which would resull from hydrolysis of Ihe â€”¿�CH=
N-bond, or ihiourea, which mighl arise by Ihe aclion of an
azoreduclase enzyme on Ihe ihiosemicarbazone (9). We have
noi yel delermined which of ihese reaclions or, conceivably, a
different reaclion mighl be occurring during in vitro incubalion
of MAIQ in Ihe presence of microsomes and NADPH. Our
sludies on Ihe effecls of hepalic microsomes from phÃ©nobarbi
tal-, methylcholanlhrene- and pregnenolone-carbonilrile-, and
acelone-lrealed rats on the inactivation of MAIQ as an inhibitor
of ribonucleotide reducÃaseshow lhal microsomes from conlrol
and drug-induced nits are equally capable of catalyzing Ihe
inaclivalion of MAIQ. These results suggesl lhal Ihe major
forms of P-450 are probably noi involved in Ihe inaclivation of
MAIQ. Results of sludies presenled in ihis report show lhal
MAIQ and IQ undergo some lype of metabolic alterations
during /// vitro incubalions. Although MAIQ was designed lo
be minimally altered by acelylalion by hepatic enzymes (9),
some form of reduced pyridine nucleolide-dependenl reaclion
may also be occurring under in vivo condilions. This melabolic
alterat Â¡oncould affecl Ihe abilily of MAIQ lo inhibil ribonucle-
olide reducÃaseaclivily. Allhough Ihis inaclivaling activity is
preseni in microsomes from liver, it is absent in microsomes of
Ehrlich iunior cells. Il is possible lhat MAIQ and IQ can serve
as potenl, seleclive antitumor agenls which are aclive in tumor
cells bul inaclivaled by Ihe liver. These sludies suggesl lhal a
resludy of Ihe ihiosemicarbazones as polenlial antilumor agenls
is warranled.
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