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The rhenium(I) alkoxo/hydroxo carbonyl complexes were shown to be very potent in suspended tumor cell lines in
suppressing growth but were more selective in inhibiting the growth of cultures from solid tumors. Their mode of action
in L1210 lymphoid leukemia cells indicated that they were not alkylating agents but interfered with nucleic acid metabo-
lism at multiple enzyme sites, e.g. dihydrofolate reductase, PRPP-amido transferase, thymidine kinase, with DNA strand
scission after 60 min incubation. These compounds did not function mechanistically exclusively as cisplatin derivatives
causing intrastrand linkages of DNA but rather they mimicked the metal complexes of aminecarboxyboranes, furan oxi-
mes, N-substituted thiosemicarbazones, trifluoromethyl borons and ferratricarbadecarbanyl complexes acting as antimeta-
bolites.

1. Introduction

The success of the anti-tumor agent cisplatin [1] has sti-
mulated the search for new inorganic and organometallic
complexes having cytotoxic properties [2±4]. Cisplatin
and its related cytotoxic platinum complexes are character-
ized by the presence of two cis-anionic ligands on the
metal atom, and the lability of these cis ligands appears to
be correlated with the cytotoxicity of the complexes [5].
The generally accepted mechanism of action of cisplatin
involves the preferential binding of the platinum atom,
after elimination of the chloride ligands, to the N(7) posi-
tion of guanine residues in DNA, thereby forming inter-
and intrastrand cross-links [5]. Many other anti-tumor
agents based on the cis-dihalometal motif have been dis-
covered, such as [R2SnX2L2], [R � alkyl, phenyl; X �
halide; L � unidentate ligand (e.g. pyridine); L2 � biden-
tate ligand (e.g. 2,20-bipyridyl)] and [Cp2MCl2], (Cp � h5-
cyclopentadienyl; M � Ti, V, Nb, Mo) [2]. In this paper,
we report anti-tumor activities for a range of anionic and
neutral rhenium(I) alkoxo/hydroxo carbonyl complexes

[Re2(m-OR)3/CO)6]ÿ (R � H, 1; R � Me, 2; R � Et, 3),
[Re2(m-OH)(m-OPh)2(CO)6]ÿ 4, [Re2(m-OPh)3(CO)6]ÿ 5,
[Re2(m-OR)2(m-dppf)(CO)6] [dppf � 1,10-bis(diphenyl-
phosphino)ferrocene; R � H, 6, R � Me, 7; R � Ph, 8]
and fac-[Re(OPh)(h2-dppf)(CO)3] 9. Complexes 1±8 con-
tain hydroxo and alkoxo ligands in cis-positions [6±10].
The alkoxo/hydroxo ligands in 1 and 2 have been shown
by electrospray mass spectrometry (ESMS) studies to be
easily cleaved in the presence of protic compounds [11].
There is also ESMS evidence that complex 7 is hydro-
lyzed in wet acetonitrile to give [Re2(m-OH)3(CO)6]ÿ (1)
as one of the major products [12]. Facile alkoxide-ex-
change reactions of the complexes fac-[Re(OR)(L)2(CO)3]
(L � phosphines or arsines, R � Me, Et, Pri), which are
analogous to 9, with alcohols and phenols have also been
reported [13]. The present study involves the evaluation of
these compounds to determine if they interact with DNA
in a similar fashion as cisplatin (after displacement of the
OH/OR ligands) or if they are similar to other metal com-
plexes and interfere with nucleic acid metabolism func-
tioning as antimetabolites [4].

2. Investigations and results

2.1. Cytotoxicity

The rhenium alkoxo complexes demonstrated potent cyto-
toxicity in murine and human cultured cancer cells (Table
1). Compounds 2±8 were significantly active against the
growth of murine L1210 lymphoid leukemia growth, i.e.
ED50 � 4 mg/ml. All of the compounds were active
against murine P388 lymphocytic leukemia growth. In hu-
man Tmolt3 T cell leukemia compounds 1±5 and 9 were
active and in human Tmolt4 all of the compounds were
active in suppressing growth. In human Hl-60 leukemia
compounds 1, 2, 4, and 6±9 inhibited cell growth. In the
HuT-8 lymphoma screen all of the compounds demon-
strated significant ED50 values. THP-1 acute monocytic
leukemia growth was reduced by compounds 1, 2, and 5
to 9. The suspended HeLa-S3 uterine carcinoma growth
was inhibited by all of the compounds with ED50 values
of less than 2 mg/ml. The inhibition of the growth of cell
cultures derived from solid human tumors was more selec-
tive and somewhat disappointing. Melanoma Sk-2 growth
was reduced effectively by compounds 2, 5, 7 and 9.
MCF-7 breast effusion tumor growth was reduced signifi-
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cantly by compound 4. The compounds demonstrated no
activity against the growth of human KB nasopharynx,
adenocarcinoma colon SW480 or ileum HCT-8, lung A-
549, lung MB-9812, HeLa solid uterine carcinoma, Saos-2
osteosarcoma, clear cell renal Caki, A431 epidermoid
skin, and glioma U-87-MG cells. Since these compounds
possessed high molecular weights compared to the clinical
drug standards conversion of the ED50 values to mM
showed that they may be more promising as effective thera-
peutic agents.

2.2. Mode of action study

Compounds 1, 4, 7 and 8 were selected as been represen-
tative of this chemical class with good cytotoxic activity.
The mode of action study in L1210 lymphoid leukemia
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Saso-2
bone

Melanoma HCT-8
Ileum

MCF-7
Breast

Caki
Kidney

A431
skin

Glioma
U-87-MG

12.50
9.41
6.34
7.04

6.00
15.15
11.05

9.31
9.40

7.16
8.90

4.57
3.59
4.12
5.08
3.91
6.81
3.85
4.02
3.58

6.86
10.53

10.41
7.81
7.78

14.31
7.45
8.14
8.50
8.57
7.56

1.15
2.54
1.77

13.35
7.38
4.02
3.20
4.97

11.41
16.6
15.5
13.20

8.83
12.45

7.32
6.13
6.75
7.48
6.68
8.59
6.09
5.72
5.66

7.01
1.38

9.64
11.50
10.72
10.59
10.13
10.17
12.09
11.52
11.94

9.13
0.86
2.87

10.41
7.81
7.78

14.31
7.45
8.04
8.50
8.57
7.56

4.46
1.88
2.27

ED50 < 4 mg/ml required for significant activity

Table 1: Cytotoxicity of rhenium alkoxo complexes in murine and human cultured tumors (ED50 mg/ml, n = 4)

IL1210
Leukemia

P388
Leukemia

Tmolt3
Leukemia

Tmolt4
Leukemia

HI-60
Leukemia

HuT-78
Lymphoma

THP-1
Acute
monocytic

HeLa-S3

uterine
KB
Nasopharynx

Colon
SW480

Lung
A549

Lung-
MB-9812

HeLa
solid
uterine

Compd.
1
2
3
4
5
6
7
8
9

2.39
2.38
2.87
2.85
3.04
2.27
2.12
2.91
4.58

2.41
3.72
3.86
3.12
3.08
3.33
2.80
2.62
3.12

2.56
2.16
3.85
3.56
3.00
8.71
4.85
8.00
3.44

3.51
3.42
2.74
2.78
3.22
2.38
2.83
2.59
2.14

3.86
3.01
4.48
3.32
5.99
3.40
3.09
3.25
3.17

3.99
2.99
3.34
3.34
3.29
3.87
3.11
2.76
3.35

3.72
3.27
4.67
4.34
3.32
3.86
3.53
3.19
2.64

1.51
1.21
1.59
1.74
1.12
1.59
1.82
1.82
1.97

7.16
8.03
6.98

12.69
8.82

10.04
6.12
4.39
9.99

12.04
10.80
11.86
10.98
11.13

9.22
8.39
9.72
9.82

9.80
8.91
9.21
9.22
6.08
5.04
7.85
8.74
7.98

14.61
13.39
17.88
15.82
17.81
12.36
14.81
13.65
14.65

8.12
7.61
7.75
7.08
7.43
6.92
6.33
8.00
7.21

std
6-MP
Ara-C
HU

2.43
2.07
2.67

2.04
0.79
1.30

0.43
1.29
4.47

2.67
2.36
6.68

6.36
3.90
5.22

1.63
2.50
3.87

3.34
2.54

2.12
2.13
1.96

5.74
2.84
5.27

3.61
3.42
7.33

4.71
5.62
8.89

4.29
6.16
7.18

5.61
4.74
8.12

Table 2: Effects of compound 1 in L1210 leukemia cell metabolism over 60 min (n = 6)

Assay Percent of control

Control 25 mM 50 mM 100 mM

DNA synthesis 100� 5a 23� 3* 21� 2* 18� 3*
RNA synthesis 100� 6b 109� 5 105� 4 103� 5
Protein synthesis 100� 5c 44� 4* 39� 4* 31� 3*
DNA polymerase a 100� 6d 203� 8* 99� 5 91� 6
mRNA polymerase 100� 7e 85� 6 77� 5* 66� 5*
rRNA polymerase 100� 4f 122� 6 97� 5 95� 6
tRNA polymerase 100� 7g 121� 5 118� 4 109� 5
Ribonucleoside reductase 100� 5h 107� 6 74� 4* 68� 4*
Dihydrofolate reductase 100� 5i 115� 6 83� 5 57� 3*
Purine synthesis 100� 5j 120� 6 106� 5 85� 4
PRPP amido transferase 100� 6k 122� 5 110� 4 99� 5
IMP dehydrogenase 100� 5l 117� 6 110� 5 97� 6
Pyrimidine synthesis 100� 6m 159� 8* 105� 6 96� 6
Carbamyl phosphate synthetase 100� 7n 75� 5* 58� 4* 54� 5*
Aspartate transcarbamylase 100� 6o 103� 6 103� 4 88� 4
Thymidylate synthetase 100� 5p 125� 4 83� 5 77� 4*
Thymidine kinase 100� 6q 145� 6* 140� 5* 41� 3*
Thymidine monophosphate kinase 100� 7r 120� 5 96� 6 50� 4*
Thymidine diphosphate kinase 100� 6s 85� 6 72� 4* 62� 4*
d[ATP] 100� 5t 90� 6
d[GTP] 100� 6u 85� 4
d[CTP] 100� 5v 85� 5
d[TTP] 100� 4w 63� 4

* P � 0.001; control values based on 106 L1210 cells
a 26152 dpm
b 4851 dpm
c 7461 dpm
d 47804 dpm
e 4239 dpm
f 1502 dpm

g 6400 dpm
h 2744 dpm
i 0.868 OD units
j 92551 dpm
k 0.121 OD units
l 76058 dpm

m 19758 dpm
n 0.392 mol citrulline
o 1.064 mol N-carbamyl asparate
p 18463 dpm
q 1317 dpm
r 1179 dpm

s 1891 dpm
t 6.17 pmol
u 5.27 pmol
v 6.87 pmol
w 6.94 pmol



cells (Tables 2±5) showed that compounds 1, 4, 7 and 8
preferentially inhibited DNA synthesis after 60 min in a
concentration dependent manner. RNA synthesis was only
reduced significantly with compound 7 by 22% at
100 mM. Protein synthesis was inhibited 56% to 75% by
the four compounds after 60 min. Since the synthesis of
DNA was inhibited by these compounds, a number of en-
zymes involved in nucleic acid metabolism were exam-
ined. DNA polymerase a activity was reduced 53% by
compound 4 and 66% by compound 7. m-RNA polymer-
ase activity was inhibited 34% to 44% by the four com-
pounds whereas r-RNA polymerase activity was signifi-
cantly suppressed 19% to 21% by compounds 7 and 8

and t-RNA polymerase activity was reduced 23% by com-
pound 4 and 19% by compound 7. Ribonucleotide reduc-
tase activity was suppressed 19%, 20%, 32% and 82% by
compounds 4, 7, 1 and 8, respectively. Dihydrofolate re-
ductase activity was suppressed 39%, 43%, 44% to 70%
by compounds 4, 1, 7 and 8, respectively, after 60 min at
100 mM. Purine de novo synthesis was reduced 41% by
compounds 4 and 8, and 39% by compound 7. These
same compounds reduced the activity of the rate limiting
enzyme of the pathway PRPP-amido transferase by 32%
to 43%. IMP dehydrogenase activity was inhibited 40%
by compounds 4 and 25% by compound 7. Pyrimidine de
novo synthesis was blocked marginally by compounds 4,
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Table 3: Effects of compound 4 on L1210 leukemia cell metabolism over 60 min (n = 6)

Assay Percent of control

Control 25 mM 50 mM 100 mM

DNA synthesis 100� 5a 87� 5 67� 4* 57� 4*
RNA synthesis 100� 6b 117� 6 87� 6 85� 7
Protein synthesis 100� 5c 77� 5* 57� 4* 44� 3*
DNA polymerase a 100� 6d 119� 7 88� 5 47� 4*
mRNA polymerase 100� 7e 74� 5* 56� 4* 56� 5*
rRNA polymerase 100� 4f 97� 5 90� 5 88� 4
tRNA polymerase 100� 7g 91� 6 80� 4* 77� 4*
Ribonucleoside reductase 100� 5h 108� 6 100� 6* 81� 5*
Dihydrofolate reductase 100� 5i 114� 5 74� 4* 61� 4*
Purine synthesis 100� 5j 112� 4 89� 4 59� 3*
PRPP amido transferase 100� 6k 116� 6 109� 5 57� 4*
IMP dehydrogenase 100� 5l 90� 6 71� 4 60� 4*
Pyrimidine synthesis 100� 6m 70� 5* 55� 4* 47� 4*
Carbamyl phosphate synthetase 100� 7n 100� 4 95� 5 87� 5
Aspartate transcarbamylase 100� 6o 70� 4 60� 4* 52� 4*
Thymidylate synthetase 100� 5p 132� 6* 129� 5* 81� 4*
Thymidine kinase 100� 6q 11� 3* 9� 2* 6� 2*
Thymidine monophosphate kinase 100� 7r 51� 3* 29� 3* 23� 2*
Thymidine diphosphate kinase 100� 6s 69� 4* 41� 3* 27� 3*
d[ATP] 100� 5t 88� 4
d[GTP] 100� 6u 71� 3*
d[CTP] 100� 5v 73� 4*
d[TTP] 100� 4w 96� 5

Table 4: Effects of compound 7 on L1210 leukemia cell metabolism over 60 min (n = 6)

Assay Percent of control

Control 25 mM 50 mM 100 mM

DNA synthesis 100� 5a 33� 4* 32� 3* 32� 3*
RNA synthesis 100� 6b 126� 5 106� 4 78� 4*
Protein synthesis 100� 5c 42� 3* 27� 3* 25� 4*
DNA polymerase a 100� 6d 80� 4* 45� 4* 34� 4*
mRNA polymerase 100� 7e 84� 5 72� 5* 63� 4*
rRNA polymerase 100� 4f 105� 5 95� 5 79� 4*
tRNA polymerase 100� 7g 98� 6 95� 5 81� 5*
Ribonucleoside reductase 100� 5h 97� 5 85� 4 80� 5*
Dihydrofolate reductase 100� 5i 80� 4* 64� 4* 56� 3*
Purine synthesis 100� 5j 126� 6* 108� 5 69� 5
PRPP amido transferase 100� 6k 104� 5 84� 5 68� 4*
IMP dehydrogenase 100� 5l 86� 5 80� 4* 75� 4*
Pyrimidine synthesis 100� 6m 85� 5 74� 5* 71� 4*
Carbamyl phosphate synthetase 100� 7n 77� 5* 68� 5* 56� 4*
Aspartate transcarbamylase 100� 6o 88� 6 77� 5* 65� 4*
Thymidylate synthetase 100� 5p 91� 6 67� 5* 51� 4*
Thymidine kinase 100� 6q 86� 5 18� 3* 13� 2*
Thymidine monophosphate kinase 100� 7r 77� 5* 58� 5* 58� 4*
Thymidine diphosphate kinase 100� 6s 98� 5 76� 5* 74� 48
d[ATP] 100� 5t 84� 4
d[GTP] 100� 6u 73� 4*
d[CTP] 100� 5v 71� 3*
d[TTP] 100� 4w 85� 4



7 and 8 by 21%, 19% and 53% after 60 min. Carbamyl
phosphate synthetase activity was inhibited 34% by com-
pound 8, 35% by compound 7 and 46% by compound 1.
Aspartate transcarbamylase activity was suppressed 32%
by compound 8, 35% by compound 7 and 48% by com-
pound 4. Thymidylate synthetase activity was blocked
23% by compound 1, 29% by compound 4, 39% by com-
pound 8, and 49% by compound 7. Thymidine kinase ac-
tivity was reduced 59% by compound 1, 87% by com-
pound 7 and 94% by compound 4. TMP kinase activity
was reduced 36% b compound 8, 42% by compound 7,
50% by compound 1, and 77% by compound 4. TDP ki-
nase activity was inhibited 26% by compound 7, 38% by
compounds 1 and 8, and 73% by compound 4. d[GTP]
pools were reduced 27% and 29% by compounds 7 and 4.
d[CTP] Pools were reduced 27% to 30% by compounds
4, 7 and 8. d[TTP] Pools were reduced 37% by com-
pound 1 and 24% by compound 8 after 24 h incubation at
100 mM.
L1210 DNA strand scission was observed after 24 h in-
cubation in the presence of the compounds at 100 mM
(Fig.). ct-DNA viscosity studies showed that the control
required 416.5 s to move through the reservoirs, com-
pound 1 398.6 s, compound 4 391 s, compound 7 393.7 s,

and compound 8 389.6 s. UVabsorption from 220 to 340 nm
of ct-DNA incubated for 24 h showed that the agents
caused a slight hyperchromic shift which probably was
not significant with regards to their mode of action. Tm
values for ct-DNA denaturation were as follows: Tm for
the control was 94.5 �C, for compound 1 83 �C, for com-
pound 8 68 �C, for compound 4 63 �C and for compound
3 58 �C.

3. Discussion

3.1. Cytotoxicity

The rhenium(I) alkoxo/hydroxo carbonyl complexes were
very effective in reducing the growth of the suspended
murine and human leukemias and lymphomas as well as
the HeLa suspended uterine carcinoma cells. Their ED50

values for the inhibition of growth of these tumors were
in the same range as those afforded by the standard clini-
cal drugs. The ability of the agents to inhibit the growth
of tumor derived from human solid cancers was not as
impressive. Compounds 5, 7 and 9 were effective in inhi-
biting SK-2 melanoma growth with improved ED50 values
compared to the standard drugs' ED50 values. Only com-
pound 4 was effective against the growth of MCK-7
breast effusion growth; this is important because the stand-
ard drugs are not effective against the tumor growth and
new drugs are being sought to treat breast cancer in the
clinic.

3.2. Mode of action

Whilst it would be premature to draw any definite conclu-
sions on the molecular mechanism responsible for the ac-
tivity of compounds 1±9, some general observations can
be made. The mode of action study in L1210 lymphoid
leukemia cells indicates that the rhenium(I) alkoxo/hydro-
xo carbonyl complexes preferentially inhibit DNA synth-
esis and were not alkylating agents causing SN1 or SN2
attack of the nucleotide bases or acting like the cisplatin
derivatives causing intrastrand linking between guanosine

ORIGINAL ARTICLES

310 Pharmazie 55 (2000) 4

Table 5: Effects of compound 8 on L1210 leukemia cell metabolism over 60 min

Assay Percent of control

Control 25 mM 50 mM 100 mM

DNA synthesis 100� 5a 99� 5 74� 4* 52� 4*
RNA synthesis 100� 6b 343� 9* 284� 6* 201� 5*
Protein synthesis 100� 5c 70� 4* 42� 3* 40� 3*
DNA polymerase a 100� 6d 141� 6* 124� 4 124� 5
mRNA polymerase 100� 7e 61� 5* 59� 5* 58� 4*
rRNA polymerase 100� 4f 106� 5 82� 4 81� 4*
tRNA polymerase 100� 7g 99� 6 98� 5 93� 5
Ribonucleoside reductase 100� 5h 115� 6 57� 4* 18� 3*
Dihydrofolate reductase 100� 5i 83� 4 63� 4* 30� 4*
Purine synthesis 100� 5j 96� 6 73� 5* 59� 4*
PRPP amido transferase 100� 6k 132� 7* 71� 5* 68� 5
IMP dehydrogenase 100� 5l 116� 6 102� 5 98� 5
Pyrimidine synthesis 100� 6m 120� 5 80� 5* 79� 5*
Carbamyl phosphate synthetase 100� 7n 80� 6 70� 5* 66� 5
Aspartate transcarbamylase 100� 6o 101� 5 94� 6 68� 5*
Thymidylate synthetase 100� 5p 88� 6 77� 5* 61� 4*
Thymidine kinase 100� 6q 156� 6* 85� 5 84� 4
Thymidine monophosphate kinase 100� 7r 133� 5* 73� 4* 64� 4*
Thymidine diphosphate kinase 100� 6s 79� 5* 68� 4* 62� 4*
d[ATP] 100� 5t 95� 4
d[GTP] 100� 6u 92� 5
d[CTP] 100� 5v 70� 4*
d[TTP] 100� 4w 76� 4*

Fig.: L1210 DNA strand scission after 24 h at 100 mM
Ð̂ Ð Control, Ð&Ð Drug 1, ±Ð~±Ð Drug 8, ±Ð�±Ð Drug 7,
ÐÐ��ÐÐ Drug 4



bases. This does not rule out some other types of interac-
tion with DNA bases since the Tm values were lower than
the control values, DNA viscosity was reduced and DNA
fragmentation was evident after incubation with the com-
pounds. In accordance with our initial hypothesis that the
compounds might attack DNA like cisplatin, the com-
plexes 1±9 may bind to the nitrogenous bases of DNA
after displacement of the alkoxide or hydroxide ligands. In
this regard, it is significant that the hydroxide ligands of
complex 1 are readily exchangeable with alcohols, phenol,
thiols, primary amides, and in particular, adenine and thy-
mine, as shown by ESMS studies [11, 15]. There is also
ESMS evidence that complex 7 undergoes hydrolysis and
phosphine elimination in wet acetonitrile to give [Re2(m-
OH)3(CO)6]ÿ as one of the major products [12]. It is thus
probable that complexes 6±8 are converted into [Re2(m-
OH)3(CO)6]ÿ in the cells, prior to further transformation
via ligand exchange. The eliminated dppf from complexes
6±8 probably also plays a part in the cytotoxic activity of
the complexes, since dppf itself exhibits some anti-tumor
activity [16]. It is noteworthy that complexes 6±8 do, on
the whole, appear to be significantly more cytotoxic than
1±5, on a molar basis, against most of the cell lines tested
(the exceptions are Tmolt3 leukemia, HeLa-S3 uterine,
Saos-2 bone and MCF breast). The [ReI(CO)3] moiety
most probably remains intact throughout; its high stability
can be inferred from its widespread occurrence amongst
Re(I) carbonyl complexes [17]. The resistance of the
[ReI(CO)3] moiety towards release of CO molecules is
also established by ESMS studies [11].
It is also interesting to note that although complexes 1±5
are anionic and are thus expected to be repelled by the
negatively-charged DNA, these complexes show strong cy-
totoxicity. Moreover, complexes 1 and 4 have been shown
to disrupt DNA metabolism. This could mean that the
complexes are converted into neutral or cationic species
via ligand exchange reactions in situ, or that they act in-
directly on DNA by inhibiting the enzymes involved in
DNA synthesis.

3.3. Pharmacology

Examination of the effects of the rhenium(I) alkoxo/hydro-
xo carbonyl complexes on enzyme activities involved in
DNA synthesis showed that the agents caused multiple
effects and one single enzyme was not the target of the
agents. Furthermore, depending on the functional moieties
of the agent some enzyme activities were inhibited and
others elevated. This type of phenomena has been ob-
served with a number of metal complexes of iron, cobalt
and copper [18±24]. It should also be pointed out that
cisplatin derivatives inhibit the activities of multiple en-
zymes involved in nucleic acid synthesis in P388 leuke-
mic cells, e.g. DNA polymerase a, thymidine kinase, ribo-
nucleotide reductase, etc. [25, 26]. Dihydrofolate reductase
activity was reduced significantly by all four compounds.
Suppression of this enzyme would interfere with one car-
bon transfer significantly for purine, and moderately for
pyrimidine, syntheses, Indeed purine and pyrimidine de
novo syntheses were reduced within 60 min incubation of
the drugs in this manner. In addition if the agent also in-
hibited the activity regulatory enzymes of the individual
pathways then the affected pathway would be suppressed
to a greater magnitude as observed with compounds 4, 7,
and 8. These derivatives reduced the activity of PRPP-
amido transferase and/or IMP dehydrogenase activities,
regulatory enzymes for the purine pathway and inhibited

carbamyl phosphate synthetase and/or aspartate transcarba-
mylase activities, the regulatory enzymes for the pyrimi-
dine pathway. Inhibition of these two de novo pathways
would theoretically reduce nucleotides for both RNA and
DNA syntheses. It should be noted that the ribonucleotide
pools in mammalian tumors are 9 :1 compared to the
deoxyribonucleotide pools; therefore, the effects of an
agent should appear first in DNA synthesis as opposed to
RNA synthesis as observed after 60 min incubation of the
rhenium(I) alkoxo/hydroxo carbonyl complexes. Interest-
ingly, the d[NTP] pool levels were moderately reduced,
also reflective of the suppression of these two de novo
pathways by the agents.
On the other hand, compounds 4 and 7 also inhibited the
activity of DNA polymerase a activity, which would
cause an elevation of d[NTP] pools since the deoxyribonuc-
leotides would not be incorporated into a new stand of
DNA and would accumulate over time. Thus, the effects
of these agents on purine and pyrimidine pathways ap-
pears to be more important than the inhibition of DNA
polymerase a activity although this latter effect of the
compounds would be additive in the overall inhibition of
DNA synthesis. The ability of the compounds to inhibit
nucleoside kineases over 60 min would also lead to re-
duced d[NTP] pool levels and reduced DNA synthesis,
exclusively. The inhibition of thymidylate synthetase activ-
ity appears to be afforded only by the bis(diphenyl-
phosphino)ferrocene derivatives, thus blocking the conver-
sion of d[UMP] to d[TMP]. The derivative with a phenyl
group in the R position, compound 8, markedly inhibited
ribonucleotide reductase activity which would lower the
conversion of ribonucleotides to deoxyribonucleotides for
incorporation into DNA. Consequently, individual deriva-
tives are affording slightly different effects as well as
slightly different magnitudes on the individual enzymes of
nucleic acid metabolism; yet, the additive effects of the
compounds would warrant the overall suppression of
DNA synthesis after 60 min incubation.
In conclusion, this study demonstrates that rhenium(I) al-
koxo/hydroxo carbonyl complexes display significant anti-
tumor activity which appear to be as antimetabolites as
opposed to being exclusively alkylating agents. We plan
to broaden the range of this new class of anti-tumor orga-
nometallic compounds by suitable choice of other ligands
analogous to alkoxides, such as thiolates and aminoalkox-
ides in order to improve the antitumor activity. In addi-
tion, the amino group of the latter can potentially be made
quaternary to generate cationic complexes, which may in-
teract more strongly with DNA molecules. We also plan
to study the cytotoxicity of analogues of compounds 6±8
with different diphosphine ligands.

4. Experimental

4.1. Source of compounds and materials

The compounds [[Et4N][Re2(m-OR)3(CO)6], (R � H, 1; R �Me, 2; R � Et,
3); [Et4N][Re2(m-OH)(m-OPh)2(CO)6 4; [Me3NH][Re2(m-OPh)3(CO)6] 5;
[Re2(m-OR)2 (m-dppf) (CO)6] (R � H, 6, R � Me, 7, R � Ph, 8) and fac-
[Re(OPh)(h2-dppf)(CO)3] 9 were synthesized according to published meth-
ods [10, 14]. All radioisotopes were purchased from New England Nuclear
(Boston, MA) unless otherwise indicated. Radioactivity was determined in
Fisher Scintiverse scintillation fluid with correction for quenching. Sub-
strates and cofactors were obtained from Signa Chemical Co. (St. Louis,
MO).

4.2. Cytotoxicity

Compounds 1±9 (Table 1) were tested for cytotoxic activity by homoge-
nizing the drugs as a 1 mg/ml solution in 0.05% Tween 80/H2O. These
solutions were sterilized by passing them through an acrodisc (0.45 mm).
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The following cell lines were maintained by literature techniques [27]:
murine L1210 lymphoid leukemia and P388 lymphocytic leukemia, human
Tmolt3 and Tmolt4 T cell leukemia, Hl-60 leukemia, Hut-78 cutaneous
lymphoma, THP-1 monocytic leukemia, SW480 colorectal adenocarcino-
ma, HCT-8 ileocecal adenocarcinoma, MB-9812 lung bronchogenic, A-549
lung carcinoma, Saos-2 osteosarcoma, KB epidermoid nasopharynx, HeLa-
S3 suspended and HeLa solid cervical carcinoma, Sk-MEL-2 malignant
melanoma, skin epidermoid A431, clear cell renal Caki, breast Mck-7 effu-
sion, and U-87-MG glioma. The NCI protocol was used to assess the cyto-
toxicity of the test compounds and standard drugs in each cell line [27].
The number of cells were determined by the trypan blue exclusion techni-
que [27] and the percent inhibition of growth for each concentration of the
compound was calculated and averaged (N � 4). The percent inhibition
was plotted against the log of the concentration of compound and the
ED50 value estimated. Solid tumor cytotoxicity was determined with crys-
tal violet/MeOH and read at 580 nm (Molecular Devices) [28]. ED50 va-
lues for cytotoxicity were expressed as ED50 � mg/ml, i.e. the concentra-
tion of the compound inhibiting 50% of cell growth (Table 1). A value of
less than 4 mg/ml was required for significant activity for inhibition of cell
growth.

4.3. Incorporation studies

The effects of drug on the incorporation of radiolabeled precursors 3H-
thymine (72 Ci/mmol), 3H-uracil (12 Ci/mmol) or 3H-leucine (120 Ci/
mmol) into DNA, RNA or protein, respectively, for 106 L1210 cell leuke-
mia cells at 25, 50 and 100 mM was determined for 60 min [29]. The acid
insoluble labeled DNA, RNA or protein was collected on discs [GF/A]
which were counted in a Packard beta counter. The incorporation of 14C-
glycine (53.0 mCi/mmol) into purines was obtained by the method of Cad-
man et al. [30]. Incorporation of 14C-formate (53.0 mCi/mmol) into pyri-
midines was determined by the method of Christopherson et al. [31]. The
final purines or pyrimidines were separated by TLC from starting compo-
nents using the appropriate Rf for standard nucleoside bases and counted.

4.4. Enzyme assays

Since the compounds 1, 4, 7 and 8 effectively inhibited RNA and DNA
syntheses in L1210 cells, their effects on a number of enzymes involved in
nucleic acid metabolism were determined at 25, 50 and 100 mM after
60 min incubations. DNA polymerase a activity was determined in cyto-
plasmic extracts isolated by Eichler et al.'s method [32, 33]. The DNA
polymerase a assay was described by Sawada et al. [34] with 3H-2-deoxy-
ribothymidine-50-triphosphate [TTP] [53 Ci/mmol). Messenger-, ribosomal-
and transfer-RNA polymerase enzymes were isolated from nuclei with
different concentrations of ammonium sulfate; individual RNA poly-
merase activities were determined using 3H-uridine-50-triphosphate [UTP]
(35 Ci/mmol) [35, 36]. The following enzyme activities were determined
using L1210 homogenates. Ribonucleotide reductase activity was measured
using 14C-cytidine-50-diphosphate [CDP] (19.4 Ci/mmol) with dithioery-
thritol [37]. 14C-20-Deoxyribocytidine-50-diphosphate was separated from
the 14C-CDP by TLC on polyethyleneimine cellulose [PEI] plates. Thymi-
dine, thymidine-50-monophosphate [TMP] and thymidine-50-diphosphate
[TDP] kinase activities were determined using 3H-thymidine (58.3 mCi/
mmol) in the medium of Maley and Ochoa [38] and separated by TLC.
Carbamyl phosphate synthetase activity was determined by the method of
Kalman et al. [39] and the product citrulline was determined colorimetri-
cally [40]. Aspartate transcarbamylase activity was measured using the in-
cubation medium of Kalman et al. [39]; the product carbamyl aspartate
was determined colorimetrically by the method of Koritz et al. [41]. Thy-
midylate synthetase activity was analyzed by Kampf et al.'s method [42].
The 3H2O separated by charcoal was proportional to the amount of TMP
formed from 3H-20-deoxyribouridine-50-monophosphate [UMP] (20 Ci/
mmol).
Dihydrofolate reductase activity was determined by the NADH disappear-
ance spectrophotometric method of Ho et al. [43] at 340 nm. Phosphoribo-
syl-pyrophosphate [PRPP]-amidotransferase activity was determined by
Spassova et al.'s method as the generation of NADH [44] and inosine-50-
monophosphate [IMP] dehydrogenase activity was analyzed with 8-14C-
IMP (54 mCi/mmol) (Amersham, Arlingtom Heights, IL) after separating
14C xanthosine-50-monophosphate [XMP] on [PEI] plates (Fisher Scienti-
fic) by TLC [45] which was then counted. Protein content was determined
for the enzymatic assays by the Lowry technique [46].

4.5. DNA studies

After deoxyribonucleoside triphosphates [d[NTP]] were extracted [47]
from L1210 cells, d[NTP] levels were determined by the method of Hunt-
ing and Henderson [48] with calf thymus DNA, E. coli DNA polymerase
I, non-limiting amounts of the three deoxyribonucleoside triphosphates not
being assayed, and either 0.4 mCi of (3H-methyl)-dTTP (53.1 Ci/mmol) or
(5-3H)-dATP (30 Ci/mmol). Thus, 20-deoxyriboadenosine-50-triphosphate
[dATP], 20-deoxyriboguanosine-50-triphosphate [dGTP], 20-deoxyribocyti-
dine-50-triphosphate [dCTP] and thymidine-50-triphosphate [dTTP] levels

were determined after incubation with the drugs for 60 min at 100 mM.
The effects of compounds 1, 4, 7 and 8 on DNA strand scission were
determined by the methods of Suzuki et al. [49], Pera et al. [50] and Woy-
narowski et al. [51]. L1210 lymphoid leukemia cells were incubated with
10 mCi [methyl-3H]-thymidine (84.0 Ci/mmol) for 24 h at 37 �C. Tmolt3
cells (107) were harvested and then centrifuged at 600 � g for 10 min in
phosphate buffered saline [PBS]. They were later washed and suspended in
1 ml of PBS. Lysis buffer (0.5 ml; 0.5 M NaOH, 0.02 M EDTA, 0.01%
Triton X-100 and 2.5% sucrose) was layered onto a 5-20% alkaline-su-
crose gradient (5 ml; 0.3 M NaOH, 0.7 KCl and 0.01 M EDTA); this was
followed by 0.2 ml of the cell preparation. After the gradient was incu-
bated for 2.5 h at room temperature, it was centrifuged at 12,000 � g for
17 h at 8 �C. Fractions (0.2 ml) were collected from the bottom of the
gradient, neutralized with 0.2 ml of 0.3 N HCl, and measured for radioac-
tivity.
Calf thymus DNA thermal denaturation studies were conducted from 37 to
100 �C in order to determine the Tm values for the control and drugs at
100 mM for 24 h. Changes in DNA UV absorption from 220±340 nm, and
ct-DNA viscosity studies were conducted after incubation of compounds 1,
4, 7 and 9 at 100 mM at 37 �C for 24 h [52].

4.6. Statistics

The mean and standard deviation are designated by ªX � SD.º The prob-
able level of significance (p) between test and control samples was deter-
mined by the Student's ªtº test using the raw data.
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