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Abstract

Our previous studies of the mechanism of cell growth inhibition by
gallium have suggested that the block in cellular iron uptake induced by
transferrin-gallium results in an inhibition of the iron-dependent M2
subunit of ribonucleotide reducÃase.However, it is not known whether
the inhibitory effect of gallium on ribonucleotide reducÃaseis solely the
result of limiting iron availability for enzyme activity or whether a direct
effect of intracellular gallium on the enzyme is also involved. In the
present study, utilizing a cell-free assay, we show that gallium nitrate
directly inhibits CDP and ADP reducÃaseactivity. Inhibition of DNA
synthesis by gallium nitrate thus appears to be due to a combination of a
block in iron availability to ribonucleotide reducÃaseand a direct inhibi
tion of the enzyme by gallium.

Introduction

Gallium, a group IIIA metal resembles iron in that it binds
to the iron transport protein transferrin (1), is taken up by cells
through transferrin receptor-mediated endocytosis (2, 3) and is
incorporated into the iron storage protein, ferritin (3, 4). In
contrast to iron, however, gallium inhibits the growth of certain
tumor cells in vitro and in vivo (5, 6). We have shown that
transferrin-gallium blocks the incorporation of iron into human
leukemic HL60 cells and that the growth-inhibitory effects of
gallium can be reversed by transferrin-iron, iron salts, or hemin
(7-9). Transferrin-gallium-treated cells display a decrease in
intracellular deoxyribonucleotide pools and a diminution in the
ESR4 spectroscopy signal of the iron-dependent M2 subunit of

ribonucleotide reducÃase(9). While these studies suggest that
gallium blocks DNA synthesis by inhibiting ribonucleotide
reducÃase,it is unclear whether this effect results solely from a
decrease in iron availability to the enzyme or whelher a direcl
inleraction of gallium wilh ribonucleotide reducÃase is also
involved. To address Ihis queslion, we have examined Ihe effecl
of gallium on ribonucleolide reducÃasein a cell-free assay.

Materials and Melhods

Reagenls. Gallium nitrate was purchased from Alfa Products (Dan-
vers, MA). [t/-'4C]CDP trisodium salt (532 mCi/mmol) and [2,8-3H]

ADP (27.9 Ci/mmol) were purchased from Dupont (Wilmington, DE).
Dowex 1-chloride, AMP-p-nitrophenyl phosphate, magnesium acetate,
snake venom phosphodiesterase I (EC 3.1.4.1) from Crotalus adaman-
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teus, and DTT were obtained from Sigma Chemical Company (St.
Louis, MO).

Tissue Culture. Mouse leukemic L1210 cells were obtained from the
American Type Culture Collection (Bethesda, MD) and were grown in
suspension in RPMI 1640 supplemented with 10% horse serum. Cells
were incubated at 37Â°Cin an atmosphere of 5% CO?. For cell growth
experiments, cells were plated at 5 x 10" cells/ml in the presence of

increasing concentrations of gallium nitrate and cell growth was deter
mined after 72 h of incubation.

Preparation of Cell-free Extracts. L1210 cells ( 109cells) in log growth

phase (approximately 24 h after replating in fresh medium) were
harvested and washed twice by centrifugation (1000 rpm for 10 min)
with ice cold 150 HIMNaCl-10 mivi potassium phosphate buffer, pH
7.4. The final cell pellet was resuspended in 2 ml of Tris-DTT. Cells
were disrupted using a Dounce homogenizer filled wilh a molor-driven
pesile (20 slrokes) and ine cell homogenale was cenirifuged al 100,000
x g for l h. The supernatant was removed and passed through a 1-ml
Dowex 1-acÃ©talecolumn lo remove endogenous nucleolides. Proteins
in Ihe sample were Ihen fraclionaled by the addition of solid ammonium
sulfate (final conceniralion, 80%). Following cenlrifugalion of Ihe
sample (40,000 x g for 30 min), Ihe ammonium sulfale pellel was
resuspended in Tris-DTT buffer and dialyzed againsl Tris-DTT buffer.
The dialysale was concenlraled to a volume of aboul 1.5 ml using a
Cenlricon 30 concenlralor (Amicon Corporalion, Danvers, MA). An
aliquol was removed for assay of protein contenÃand Ihe remainder of
the sample was frozen in liquid nitrogen.

Prolein Assay. Samples were assayed for total protein contenÃusing
a BCA protein assay kit from Pierce (Rockford, IL).

CDP ReducÃaseAssay. CDP reducÃaseaclivily in Ihe above cell-free
preparalion was assayed using a modificalion of a previously described
melhod (10, 11). The assay mixture (tolal volume, 150 n\) conlained
1.0 Mmol sodium phosphate buffer (pH 7.0), 0.60 /Â¿molmagnesium
acelale, 0.90 ^mol DTT, 0.15 Â¿Â¡moleAMP-p-nilrophenyl phosphate,
50-275 Mgprotein, 0-0.060 /zmol gallium nilrale, 0.25-3.00 nmol [17-
I4C]CDP (specific aclivily, 20.4 Â¿iCi/mmo!).After the mixlure was
incubated al 37Â°Cfor 30 min, Ihe reaclion was slopped by healing in a

boiling waler balh for 4 min. The samples were cooled and incubated
for 2 h wilh snake venom phosphodiesterase mixlure [1.2 Â¿Â¡molTris
(pH 8.7), 3.0 /jmol MgCl2, 20 nmol dCMP, and 1 mg/ml snake venom
phosphodiesterase]. Deoxycylidine was separated from cytidine using
1-ml Dowex 1-borate columns (10, 11).

ADP ReducÃaseAssay. ADP reducÃaseaclivily was assayed as de
scribed previously (12). The assay mixlure (lolal volume, 150 ^1)
conlained 0.15 ^mol dGTP, 0.90 Â¿IMDTT, l Â¿iniolsodium phosphate
buffer (pH 7.0), 0.60 /Â¿molmagnesium acetate, 50-450 ^g protein, 0-
0.060 Mmolgallium nitrate. 0.03-7.5 nmol [2,8-3H]ADP (specific activ
ity 190 Â¿iCi/Minol).The reaclion was allowed lo proceed al 37Â°Cfor 30

min and was Ihen slopped by placing Ihe tubes in a boiling water balh
for 4 min. After a 2-h incubation with phosphodiesterase mixture, the
sample was applied to a Dowex-borate column lo separate adenosine
from deoxyadenosine (12).

Data Analysis. Enzyme kinetic dala were fitted using the FORTRAN
programs of Cleland (13). The log fil effeclively assumes conslanl
proporlional error in velocities. Inhibition data fit best to Equation A
for competitive inhibition, where v is Ihe experimentally determined
velocity, y is the maximum velocity, K is the Michaelis conslant, A is
the substrate concentralion (ADP or CDP), / is Ihe inhibilor concen-
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(ration (gallium nitrate) and A,, is the slope inhibition constant. 0.08

VALog v = log
[K(\ + I/Ki,) + A]

(A)

Results

Inhibition of Murine 1 eukein Â¡eLI 210 Cell Growth by Gallium
Nitrate. Fig. 1 shows the inhibition in growth of murine LI 210
cells by gallium nitrate. A progressive decrease in cell growth
was seen with increasing concentrations of gallium nitrate. The
dose producing 50% inhibition of cell growth at 72 h was 21.1
Â¿tM.The effect of gallium nitrate during the 72-h incubation
appeared to be cytostatic rather than cytocidal. Cells exposed
to the highest concentration of gallium (100 MM)displayed a
viability equivalent to that of control cells and a cell number
close to initial plating density, thereby suggesting that cells had
failed to progress through DNA synthesis and cell division
following initial plating.

Inhibition of Ribonucleotide ReduÃ©laseActivity by Gallium
Nitrate. In five separate experiments we found that gallium
nitrate, over a range of 5 /Â¿Mto 1 mM, inhibited both CDP and
ADP reducÃaseactivity. Table 1 exemplifies the result of this
inhibition on CDP reducÃaseactivily. Lineweaver-Burk analysis
of the inhibition of CDP reducÃaseand ADP reducÃaseactivily
by 100 UMgallium nilrale are shown in Figs. 2 and 3, respec
tively. The enzyme inhibition data fitted using the FORTRAN
program of Cleland (13) fit best to a model of competitive
inhibition. The fit to Equation A (see "Materials and Methods")
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Fig. 1. Effect of gallium nitrate on the proliferation of murine leukemic L1210
cells. LI210 cells (5 x 10" cells/ml) were plated in the presence of increasing

concentrations of gallium nitrate. Cell counts were performed at 72 h of incuba
tion. Each point represents a mean of 3 determinations.

Table 1 Inhibition of CDP reductase by gallium
CDP reductase assay was performed as described in "Materials and Methods."

CDP reductase activity for control (in the absence of gallium nitrate) was 470.7
Â±33.2 pmol dCDP synthesized/30 min/mg protein. Values represent the mean
Â±SEof a representative experiment performed in triplicate.

Gallium nitrate (>IM)
CDP reductase activity

(% of control)

012.525.050.0125.0250.010057.740.833.820.57.36.84.31.721.3

4.3

0.06

0.04

0.02

Fig. 2. Lineweaver-Burk plot showing the effect of gallium nitrate on CDP
reductase activity. Assay conditions were as described in "Materials and Meth
ods." CDP reductase assay was performed in the absence (â€¢)or presence (O) of

100 JIMgallium nitrate. The data points represent an average of replicate experi
mental values, while the lines represent the fit (calculated values) to the compet
itive inhibition equation described in the text.
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Fig. 3. Lineweaver-Burk plot showing the effect of gallium nitrate on ADP
reductase activity. Assay conditions were as described in "Materials and Meth
ods." ADP reductase assay was performed in the absence (â€¢)or presence (O) of

100 tÂ¿Mgallium nitrate. The data points represent an average of replicate experi
mental values, while the lines represent the fit (calculated values) to the compet
itive inhibition equation described in the text.

is an approximation, since ihe inhibition could also be due to a
gallium-nucleotide complex itself (see "Discussion"). The Kis

for gallium nitrale versus ADP was 14.3 Â±3.0 (SE) /UMfor
ADP reductase activity, while the KÂ¡sfor gallium nitrale versus
CDP was 28.7 Â±3.4 ^M for CDP reductase activily.

Discussion

The role of ribonucleolide reductase as a rate-limiting enzyme
in DNA synthesis has made it an atlraclive largel for antineo-
plaslic chemolherapy (14). Mammalian ribonucleolide reduc
Ãase,Ihe enzyme responsible for the synthesis of deoxyribonu-
cleolides, is comprised of Iwo subunils lermed Ml and M2
(15). The Ml subunil contains substrale and effeclor binding
siles, while Ihe M2 subunil conlains non-heme iron and a
tyrosyl free radical which produces a characteristic signal on
ESR spectroscopy (16). The amplilude of Ibis ESR signal in
iniacl cells correlales wilh ribonucleolide reducÃaseactivity and
increases as cells enter S phase (17, 18).

Our prior studies using HL60 cells suggesled lhal transferrin-
gallium inhibiled DNA synlhesis by inhibiling ribonucleotide
reductase; however, ihese conclusions were based on measure-
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ments of intracellular deoxyribonucleotide pools and the tyrosyl
radical ESR signal from the M2 subunit of ribonucleotide
reducÃase (9). Since the activity of ribonucleotide reducÃase
requires iron and since transferrin-gallium inhibits the cellular
uptake of iron, it remained to be determined whether the
inhibition of enzyme activily resulled solely from a decrease in
iron availability to ribonucleolide reducÃaseor whether it in
cluded a direct effect of gallium on the enzyme.

The present studies represent a continuation of our investi
gation into the mechanism of cell growth inhibition by gallium,
and we now show thai gallium is capable of directly blocking
the activily of ribonucleolide reducÃase.Inlereslingly, the mech
anism of action of gallium appears lo involve competitive
inhibition of substrate (CDP or ADP) interaction with the
enzyme. It has been shown that gallium binds to ATP and ADP
(19), and it appears reasonable to postulale lhal gallium may
form gallium-CDP or gallium-ADP complexes which inhibil
ribonucleolide reducÃase activity by blocking the binding of
CDP or ADP to ihe enzyme.

These resulls, along wilh prior sludies, suggest lhat gallium
inhibits ribonucleotide reducÃaseby at least two mechanisms.
The first involves inhibilion of cellular iron uplake al Ihe level
of Ihe cell surface Iransferrin receplor wilh a subsequenl de
crease in ihe amounl of iron available lo the M2 subunit of the
enzyme. Consislent with Ihis mechanism is Ihe finding that the
M2 subunil ESR signal is markedly diminished following in-
cubalion of cells wilh gallium but can be fully restored wilhin
minules by Ihe addilion of ferrous ammonium sulfate to cell
lysates (8). The second mechanism of action of gallium, which
is demonslraled in the current study, involves direct inhibition
of ribonucleotide reducÃaseactivity by gallium.

Gallium nitrale is an effeclive agenl in ihe treatmenl of
hypercalcemia (20) and has anlineoplastic activily against cer-
lain lumors in vivo (6). Sludies of Ihe inlracellular largels of
gallium are imporlani since ihey provide a beller understanding
of the mechanism of action of this melai. Furthermore, because
of certain similarities between gallium and iron, investigalions
inlo ihe inleraclion of gallium wilh cellular processes may also
yield novel informalion about iron metabolism in neoplaslic
cells. Sludies are in progress lo further elucidale sleps involved
in the intracellular trafficking of gallium. Such investigalions
will undoubtedly provide a belter understanding of the inter-
aclion of gallium wilh ribonucleolide reducÃaseand other intra
cellular macromolecules.
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