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SUMMARY

The inhibition by different p-alkoxyphenol derivatives of the
growth-regulating enzyme ribonucleotide reductase (AR) in pu-
rifled Escherichia co/i and mouse R2 protein preparations was
studied by EPA spectroscopy. The inhibitor-induced inactivation
of the catalytic subunit protein R2 was measured at 77#{176}Kby
observing the decrease of the typical EPR signal from the
functionally essential protein-linked tyrosyl free radical. p-Meth-
oxy-, p-ethoxy-, p-propoxy-, and p-allyloxyphenol were about 2
orders of magnitude more effective in inhibiting mouse R2,
compared with E. co/i R2. Among the p-alkoxyphenols studied,
p-propoxyphenol was the most effective inhibitor of mouse R2
(lC�, 0.7 �tM) and p-methoxyphenol was the least effective (lCro,
1 1 SM); p-ethoxy- and p-allyloxyphenol were intermediate. The
observed half-maximal inhibition values characterize p-alkoxy-

phenols as a new class of strong inhibitors of the R2 protein of
mammalian RR. p-Propoxy-, p-ethoxy-, and p-allyloxyphenol
could be considered as new candidates for anticancer drugs. A
special cellular inhibition assay of AR in proliferating tumor cells,
in which the tyrosyl radical of R2 at natural concentration was
monitored by EPA, showed that the four para-substituted alkox-
yphenols also inhibited the enzyme with high efficiency in tumor
cells (IC50, between 0.5 �zM and 5 MM). Our results with inactiva-
tion of protein R2 of AR imply that the cytostatic effect of p-
alkoxyphenols on melanoma cells, which has been hitherto ex-
plained by inhibition of tyrosinase [Melanoma Res. 2:295-304
(1 992)], may be caused at least partly by inhibition of AR. Protein
A2 of AR may be considered as an additional target that could
be used for future cancer chemotherapy.

The enzyme RR catalyzes the reduction of ribonucleotides

to their corresponding deoxyribonucleotides. RR has a key role

in DNA synthesis and is important for the regulation of cell
proliferation (1-5). RR from Escherichia coli and mammalian

organisms consists of two nonidentical subunits. The large

subunit Ri contains the redox-active cysteines and binding

sites for substrates and allosteric regulators. The active form

of the catalytic smaller subunit R2 harbors a stable phenoxy-

type free radical on a tyrosyl residue. This radical is essential

for the enzyme activity (6). The enzyme activity of RR is

directly proportional to the amount of protein-linked tyrosyl

free radicals. These radicals exhibit a characteristic EPR signal,

which can be used for spectroscopic quantitation of enzymatic

activity of RR (7). In close proximity to the tyrosyl radical is a

�-oxo-bridged binuclear iron(III) complex (8, 9), which is also
essential for enzyme function but which is EPR silent. The

iron/radical site is formed in vitro in a reaction involving

This investigation was supported by a grant from Deutsche Forschungsge-
meinschaft (Projekt 751/1-1) and the Swedish Natural Science Research Council.

apoprotein R2, iron(II), and 02 (8, 9). The three-dimensional

crystal structure of the E. coli protein R2 subunit shows that

the iron/tyrosyl site is deeply buried inside the tightly folded

structure, about 10 A from the nearest protein surface (10).

RR activity is maximal in the early S phase of proliferating
cells, when deoxyribonucleotides are needed for DNA synthesis

(11). Therefore, RR represents a prime target for the develop-

ment of S phase-specific cytostatic agents that can be used to

inhibit the growth of tumors (12, 13) and bacteria (14).

4-HA has been used clinically for treatment of malignant

melanoma (15, 16). A current hypothesis assumes that tyrosin-

ase is the target for the inhibitory action of 4-HA. Tyrosinase

catalyzes the biosynthesis of melanin (17). RR has also been

discussed as an alternative target for 2-, 3-, and 4-HA, instead
of or in addition to tyrosinase (18). We have shown that

mammalian RR in Ehrlich ascites tumor cells is a target for 4-
HA (19). Clinical melanoma therapy with 4-HA has been
discontinued, because treatment with higher doses caused toxic

side effects (20, 21). The potential medical importance of 4-HA

for cancer therapy has, however, received new attention, be-
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cause p-substituted derivatives with longer alkyl chains showed
improved cytotoxicity against melanoma cells in vitro (22, 23)

and in vivo (24), compared with the methyl derivative.

The aim of the present study was to quantitate the macti-
vation of the catalytic R2 subunit of RR by 4-HA derivatives
in a cell-free enzyme system, to further elucidate the target

function of RR. The effects of different p-alkoxyphenols
(methyl, ethyl, propyl, and allyl derivatives), which have re-
cently been reported as being highly cytostatic against mela-
noma cells (23, 24), were examined. Species-specific inhibition
was studied by comparison of the effects on R2 protein from
mouse and E. coli. The studies were also extended to Ehrlich
ascites tumor cells. The present paper demonstrates that p-
alkoxyphenols are potent inhibitors of mammalian R2.

Materials and Methods

Chemicals. HU and p-methoxyphenol were purchased from Sigma;

p-ethoxyphenol and p-propoxyphenol were purchased from Aldrich; p-

allyloxyphenol [4-(2-propenyloxy)phenol] was kindly provided by Dr.

w. Radeck, WITEGA-Laboratorium Berlin-Adlershof GmbH.

Proteins and assay conditions. The R2 protein of E. coli was

prepared from an overproducing E. coli strain (C 600pBSJ ) (25) kindly

provided by Prof. B. M. Sjoberg (Stockholm University). The mam-

malian R2 protein was prepared from a recombinant E. coli strain

containing a mouse structural gene [BL 21 (DE3) pET M2] (26),

kindly provided by Prof. L. Thelander (University of Ume#{226}). The cell

preparation and purification of E. coli and mouse proteins were per-
formed according to published procedures (25, 26). The recombinant
mouse R2 protein was reactivated by addition of a Fe2� solution and
oxygen as described (9). The protein concentration was 10 �M for both

R2 proteins, in 50 mM Tris .HC1, 100 mM KC1, pH 7.6.

The purity of the prepared proteins, mouse R2 and E. coli R2, was

determined by sodium dodecyl sulfate-polyacrylamide gel electropho-

resis (single band), the EPR spectrum of the tyrosyl radical, and the
410-nm peak in the UV/visible spectrum.

Protein samples (200 �l) were incubated in Eppendorf tubes at room
temperature for 20 mm, in the presence of the inhibitor (concentrations
from 0.01 �M to 100 mM), under aerobic conditions. After incubation,
the solution was pipetted into quartz tubes and frozen slowly to 7TK

for EPR investigation.
A previously developed special cellular inhibition assay (13) was used

to quantitate by EPR the tyrosyl radicals of RR in Ehrlich ascites

mouse mammary carcinoma cells (early S phase). A dilute suspension
of cells in a physiological sodium chloride solution at room temperature

was exposed to the inhibitor and centrifuged for 5 mm at 1000 rpm,

and the pellet was frozen to 77’K in the EPR tube. The incubation
time at room temperature, including centrifugation and sample trans-
fer, was 20 mm; the same time was used in the cell-free system.

EPR spectroscopy. EPR spectra of the tyrosyl radicals were re-
corded from samples (R2 proteins or cell pellets) in liquid nitrogen at

77K with a Varian E3 X-band spectrometer, using a finger cryostat.
The modulation amplitudes were 10 G (mouse R2) and 6 G (E. coli

R2), and microwave power settings of 100 mW (mouse R2) and 10 mW

(E. coil R2) were used. Quartz sample tubes with an internal diameter
of 3 mm, corresponding to a sample volume of 200 jzl, were used.

The relative amplitude of the characteristic EPR doublet spectrum
of tyrosyl radicals in the active R2 protein from mouse or E. coli (Fig.

1, inset) (normalized to 100% for the control without inhibitor) was
used to measure the inactivation of R2 at various concentrations of the
different inhibitors. Half-maximal inhibition values were used to corn-
pare the efficiency of the inhibitors for purified RR and cellular RR.

Results

Inactivation of the catalytic R2 subunit of RR by p-
alkoxyphenols. The EPR signal of the essential enzymatic
tyrosyl radical in the catalytic R2 subunit of RR has been used

to study the inactivation of R2 by p-alkoxyphenols with varying

alkyl chain lengths. The following preparations were used: 1)

isolated and purified R2 protein from mice, 2) isolated and

purified R2 protein from E. coli, and 3) Ehrlich ascites tumor
cells from mice. p-Methoxyphenol, p-ethoxyphenol, p-propox-

yphenol, p-allyloxyphenol, and HU in different concentrations

were incubated with the R2 protein of mouse and E. coli and

with tumor cells. The intensity of the residual EPR signal of

the tyrosyl radical after incubation, relative to that of the

untreated sample, is shown for the three different preparations

in Figs. 1 and 2.

Isolated mammalian R2 protein. The mouse R2 protein

is inactivated by all p-alkoxyphenols with high efficiency, ex-
hibiting half-maximal inhibition values between 0.7 and 1 1 �tM

(Fig. 1A; Table 1). The inhibition increases significantly with

the length of the alkyl chain. The most effective quenching of

tyrosyl radicals occurs with p-propoxyphenol, followed by p-

ethoxyphenol, p-allyloxyphenol, and p-methoxyphenol. p-Pro-

poxyphenol quenches the tyrosyl radical in the mouse R2

protein 215 times more effectively than does HU (Fig. 1A;

Table 1).

Isolated E. coli R2 protein. The E. coli R2 protein is also

inactivated by p-alkoxyphenols (IC50, 280-1100 NM), but 2

orders of magnitude less effectively than the mammalian R2

protein (Fig. 1B; Table 1). The derivatives with longer alkyl

chains are also more effective in E. coli R2, compared with the

methyl derivative, but to a lesser extent (factor of 4) than with

mouse R2 (factor of 16). HU inactivates E. coli R2 to a similar

extent as does p-allyloxyphenol.
RR in tumor cells. The inactivation of tyrosyl radicals in

the isolated catalytic R2 subunit of mouse RR by p-alkoxy-

phenol derivatives (cell-free system) (Fig. 1A) has been com-

pared with the inhibition of holo-RR in the cytoplasm of whole
tumor cells of mice. Tyrosyl radicals of RR in Ehrlich ascites

mouse mammary carcinoma cells are quenched by all p-alkox-

yphenols with slightly higher efficiency (IC�, 0.5-5 �zM) (Fig.

2) than are those in the cell-free mouse R2 protein (Fig. 1A;

Table 1). In Ehrlich ascites tumor cells the derivatives with
longer alkyl chains are more effective in inactivating the pun-

fled mouse R2 protein than is the methyl derivative. The most

effective quenching of tyrosyl radicals of RR in tumor cells is

observed with p-propoxyphenol (IC50, 0.5 �zM) (as in mouse R2

protein), followed by p-allyloxyphenol, p-ethoxyphenol, and p-

methoxyphenol.

Discussion

RR as a target for cytostatically active p-alkoxyphen-

ols. The increasing incidence of skin cancer produced by en-
hanced UV exposure and the small number of cytostatic agents

that are effective against melanoma emphasize the need for

improved drugs in the treatment of malignant melanoma. The
drug 4-HA has been shown in vitro (27) and in vivo (15) to

have cytostatic effects on melanoma cells, presumably by tar-

geting tyrosinase, an enzyme involved in melanogenesis (17).

In clinical applications a partial regression of malignant
melanomas on the skin of extremities of patients treated by

local intra-artenial infusion with 4-HA was reported (16).

Nevertheless, clinical chemotherapy has ceased, due to toxic

side effects associated with slightly increased doses (20, 21).

On the other hand, pare-substituted oxyphenols with longer
alkyl chains have recently been shown to be highly cytostati-
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cally active in in vivo (24) and in vitro experiments (22, 23);

they are more efficient than the methyl derivative. In a previous

study we showed that 4-HA quenches the tyrosyl radicals of

RR in Ehrlich ascites tumor cells as well as in melanoma tissue

(19); therefore, RR has been considered as a possible target for

the cytotoxicity of 4-HA. To test this hypothesis, the present

study was designed to investigate the effects of p-alkoxyphenols

with varying alkyl chains on the tyrosyl radicals of pure cata-

lytic R2 subunits of RR from mouse and E. coli, as well as

Ehrlich ascites cells. We show that all four p-alkoxyphenols

studied are potent inhibitors of RR, particularly of the mam-

malian enzyme.
p-Propoxyphenol is the most effective inhibitor of mouse R2

among the 4-HA derivatives studied (Fig. 1; Table 1). This

compound inhibits mammalian R2 protein 215-fold more effec-

tively than does the clinically used antimelanotic drug HU (28)

and 16-fold more effectively than does p-methoxyphenol, pre-

viously used in melanoma chemotherapy (local perfusion) (17,

20, 21). Our results on cell-free mouse R2 protein are in

remarkable agreement with in vivo inhibition experiments in

mice bearing transplantable BiG melanoma and Harding Pas-

Fig. 1. Inactivation of the mouse R2 (A) and E. coli R2 (B)
catalytic subunits of RR by p-alkoxyphenols and HU. The
relative amplitude of the EPA doublet from the tyrosyl
radical at 77#{176}Kis calculated as a function of the concen-
trations of inhibitors. Points are averages of three inde-
pendent measurements, and the standard error is 5-10%.
ICse values are presented in Table 1 . Inset, EPA doublet
from the tyrosyl radical of E. coli R2 of AR at 77#{176}K.
Modulation amplitude, 10 G; microwave power, 10 mW.

sey melanoma; those studies showed 72% regression of the

tumors after treatment with p-propoxyphenol, whereas treat-

ment with dacarbazine, a clinically applied antimelanotic drug,

showed only 28% regression of the tumors (24).

Our cellular inhibition assays with Ehrlich ascites mouse

tumor cells show that p-propoxy-, p-allyloxy-, p-ethoxy-, and

p-methoxyphenol quench tyrosyl radicals of RR in tumor cells

with an overall slightly higher efficiency than that for the

purified mouse R2 protein. This indicates that the required

passage of the inhibitor through the diffusion barrier of the

plasma membrane does not hinder the access of the inhibitor

to RR in the cytoplasm.
The quenching of catalytically essential tyrosyl radicals in

purified mammalian R2 protein, as well as in tumor cells, by

p-alkoxyphenols suggest that 1) radical reactions are dominant

for inactivation of R2 and 2) the cytostatic action of the p-

alkoxyphenols is due to the targeting of R2 of RR. Detailed

studies of p-alkoxyphenols as inhibitors of tyrosinase in cell-

free systems and in melanoma cells have previously shown that

tyrosinase is a target for cytotoxicity (17, 22-24). The data

presented here show clearly that RR is another target for the
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Fig. 2. Quenching of the tyrosyl radical signal from AR in proliferating
Ehrl�h ascites mouse mammary carcinoma tumor cells by p-methoxy-,
p-ethoxy-, p-propoxy-, and p-ailyloxyphenol. Points are averages of five
independent measurements, and the relative error is about 15-20%. lCse
values are presented in Table I.

TABLE 1

Half-maximal inhibition values of HU and p-alkoxyphenols for the
Isolated R2 catalytic subunfts of RR from mouse and E. col! and for
RR In Ehrhch ascftes tumor cells

lnhibftor

lC�

MouseR2
RRmEhr�ch
asdtestum� E.ccliR2

�LU

p-Methoxyphenol 1 1 ± 1 5 ± 0.8 1 1 00 ± 50
p-Ethoxyphenol 3 ± 0.2 4 ± 1 650 ± 50
p-Allyloxyphenol 5 ± 0.2 1 ± 0.2 280 ± 50
p-Propoxyphenol 0.7 ± 0.05 0.5 ± 0.1 580 ± 60
HU 150±15 280±20

p-alkoxyphenols, possibly in addition to their previously known

action on tyrosinase. This is the first time that the efficient
inhibitory activity of alkyl-substituted 4-HA derivatives on RR

has been reported.
The high efficiency ofp-alkoxyphenols in inhibiting RR may

improve a new strategy for anti-acquired immunodeflciency

syndrome therapy against HIV-1 proposed very recently by

Gallo and associates (29). In their study it was shown that HU

depletes the cellular pool of dNTPs in HIV-1-infected stimu-

lated lymphocytes. Under such conditions of suboptimal con-

centrations of dNTPs, the reverse transcniptase activity was
found to result in incomplete HIV-1 DNA synthesis (discrete
fragments rather than high molecular weight DNA). This effect

was hypothesized to increase the therapeutic effect of nucleo-

side analogs such as 3’-azido-3’-deoxythymidine, which are
provided in a deoxy state and do not need RR for their metab-

olism. Because the depletion of the dNTP pool by HU is caused

by inhibition of RR, more effective inhibitors of RR, such as

the p-alkoxyphenols (up to 215 times more effective than HU)
described in the present paper, may prove to be even more

effective therapeutic agents against HIV-1, because consider-
ably lower doses of inhibitors would lead to the same extent of
dNTP depletion as with HU.

Molecular mechanisms of inactivation of R2. The ques-
tion arises regarding the molecular mechanisms of the inhibi-
tion of RR by p-alkyl-substituted oxyphenols. The quenching

of tyrosyl radicals requires the transfer of an electron from the

reducing inhibitor to the Tyr-122 residue in R2, which is deeply
buried in the protein tertiary structure (10). For the known RR
inhibitor HU it has been shown that the reaction with tyrosyl
radicals is generally slow but is 3 times faster in mouse R2 than

in E. coli R2 (30). This indicates better steric accessibility to
Tyr-122 for the inhibitor in mouse R2 than in E. coli R2. A

similar tendency is even more obvious for the IC60 values of p-

alkoxyphenols in mouse and E. coli R2 (a difference of a factor
of 100). The much more effective inhibition of mouse R2 by p-
alkoxyphenols, compared with HU, could be explained by a

favored access to Tyr-122 in R2 by p-alkoxyphenols.

The increasing efficiency of inactivation of R2 with increas-
ing size of the hydrophobic alkyl substituents of the inhibitors

may be related to the distinct hydrophobic environment of the

tyrosyl radical (10), which may facilitate access of the agent to
the radical. A similar pattern of inhibition was previously

observed for another class of RR inhibitors, i.e., alkyl-substi-
tuted hydroxamic acids (31).

In conclusion, the results demonstrate that p-alkoxyphenols

represent a very potent group of inhibitors of mammalian RR.
These agents may prove useful as low-dose chemotherapeutic
drugs against tumors, including malignant melanoma.
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