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Introduction

Over the last few decades, the focus of anticancer drug de-
velopment has changed from agents that target non-specific
intracellular processes such as DNA synthesis and replica-
tion, and nucleotide turnover. More recent understanding of
tumour cell biology has led to the identification of cellular
processes that are altered in cancer cells and are responsible
for tumour growth and replication. Thus, new approaches to
cancer therapy have involved the selective inhibition of en-
zymes involved in the process of tumour metastasis. The de-

velopment of potent inhibitors of these enzymes has result-
ed in a new class of drugs that have antimetastatic and cyto-
static action.[1]

One such therapy involves combating the action of specif-
ic matrix metalloproteinases (MMPs). MMPs are involved
in connective-tissue breakdown, specifically, cleavage of
matrix proteins into smaller fragments. MMPs are involved
in essential tissue remodelling, such as occurs during embry-
onic development,[2] and in wound healing,[3] but they have
also been implicated in disease states such as arthritis and
tumour metastasis.[4] The catalytic domain of all MMPs con-
sists of a Zn atom coordinated by three histidine residues,
allowing two coordination sites for substrate binding in the
activated form.[5] Variations in sequence and secondary
structure give rise to the 30 currently known types of MMP
that act on differing substrates and, hence, effect differing
physiological outcomes.

Both the gene expression and the activation of MMPs are
highly regulated in healthy cells, but they are overexpressed
and/or activated in invasive tumour cells.[6–12] Overexpres-
sion of MMPs 2 and 9 (alternatively known as gelatinase A
and B, respectively) has been shown to be highly correlated
with the aggressiveness of tumours,[13,14] and furthermore, in-
creased metastatic potential has been observed concomitant-
ly with increased activity of MMP-9.[15,16] In general, levels
of MMPs are elevated in cancer patients[17] and a high rate
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of overproduction of MMPs correlates with poor progno-
sis.[18–20] This has led to considerable recent research in de-
velopment of specific inhibitors of MMPs as an exciting new
therapeutic approach, particularly in the prevention of
tumour metastasis, the main cause of morbidity in cancer
patients.[21] Most inhibitors are peptidomimetic molecules
with a hydroxamate functional group that chelates to, and
ultimately inactivates, the catalytic Zn atom.[22,23] Several of
these inhibitors have progressed to clinical trials, for in-
stance, batimastat, and the subsequently developed marima-
stat that reached phase III trials for a variety of cancer
types.[24]

Marimastat is a second-generation MMP inhibitor devel-
oped by British Biotech[25] as an orally available alternative
to batimastat. The early pre-clinical studies established mar-
imastat as a potent inhibitor of MMPs with some degree of
selectivity, although it is generally regarded as a broad spec-
trum inhibitor. Testing against experimental metastasis
models showed that marimastat administration reduced the
number and size of metastatic foci in treated versus control
animals.[24] Furthermore, these studies indicated a significant
degree of cytostatic and tumour-growth-inhibitory activity.
Marimastat progressed to phase III clinical trials, both alone
and in combination with other chemotherapeutic agents,
and is the first MMP inhibitor to be involved in randomised
trials for cancer therapy.[26] The results of these trials are
still under review, but indications suggest that marimastat
does not produce sufficiently better results than existing
therapies to warrant further development.

Whilst an incomplete understanding of the role of MMPs
in tumour metastasis may explain the lack of efficacy of
marimastat, it is also conceivable that inactivation of the hy-
droxamate group by metal ions in vivo may contribute. Hy-
droxamic acids have a strong affinity for many transition
metals and there is considerable literature concerning the
metal chemistry of hydroxamates.[27] In particular, hydroxa-
mates bind strongly to FeIII and, as such, have been used for
many years in analytical chemistry as indicators of FeIII.[28]

In addition biologically active hydroxamates are important
in FeIII sequestration.[29–31] By contrast, little research has
been applied to exploring the interaction of metal ions in
vivo with MMP inhibitors, however we reported recently
that there is some degree of inactivation of marimastat con-
ferred by several transition metals in vitro.[32]

Our attention has been directed towards a means to
“chaperone” MMP inhibitors to a site of action in an inac-
tive form, whereupon the local chemical environment may

be exploited to activate the drug. Inactivation of the inhibi-
tor can be achieved in the same manner as we are trying to
circumvent, by chelation to a metal ion. This in effect gives
the metal ion a chaperoning role and there are some exam-
ples of this in the literature, most notably with copper non-
steroidal anti-inflammatory drugs[33] and cytotoxic gold–
phosphine complexes.[34] To achieve selective activation of a
chaperone prodrug, we envisaged a bioreductively activated
pathway, by exploiting the reductive environment of hypoxic
tumours. This concept has been used by Ware and Denny
and co-workers in developing CoIII complexes of nitrogen
mustards as cytotoxic agents.[35,36] In principle, the CoIII com-
plex provides an inert framework for transportation of the
cytotoxic mustard, allowing cellular uptake and a cycle of
reduction and back-oxidation. The hypoxic environment of
tumour cells prevents this back-oxidation and the Co re-
mains in the more labile +2 oxidation state, allowing release
of the mustard in its active form. The method had moderate
success at producing hypoxia selectivity, but the nature of
the irreversibility of the reduction–oxidation cycle reduced
the effectiveness of the prodrug.[37]

Accordingly, our aim was to extend this concept of a CoIII

chaperone prodrug to MMP inhibitors. We report the syn-
thesis of a CoIII complex of the MMP inhibitor marimastat
with a tetradentate carrier ligand tris(methylpyridyl)amine
(tpa). We have shown previously that CoIIItpa complexes
with hydroximate ligands have reduction potentials consis-
tent with hypoxia selectivity.[38] The complex was character-
ised in the solid state and in solution and we also report in
vitro and in vivo studies of biological activity.

Results and Discussion

Synthesis : The synthesis of [Co ACHTUNGTRENNUNG(mmst)tpa]ClO4·4H2O
(mmstH2=marimastat), I ACHTUNGTRENNUNG(ClO4), proceeded smoothly and in
good yield by displacement of the aqua and chloro ligands
from [CoCl ACHTUNGTRENNUNG(H2O)tpa] ACHTUNGTRENNUNG(ClO4)2·3.5H2O in aqueous media.
Complex I was purified by ion-exchange chromatography
and this enabled the formation of the Cl� salt, I(Cl), used in
the biological experiments.

Crystallography : Single crystals of IACHTUNGTRENNUNG(ClO4) were grown from
an aqueous solution of NaClO4 and were analysed by X-ray
diffraction. I ACHTUNGTRENNUNG(ClO4) crystallises in the non-centrosymmetric
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monoclinic space group P21. A thermal ellipsoid representa-
tion of the complex cation is given in Figure 1. The data-col-
lection parameters and crystallographic parameters are
listed in Table 1. Bond lengths and bond angles are listed in

the Supporting Information. Torsion angles, atomic coordi-
nates and thermal parameters of the non-hydrogen atoms,
as well as observed and calculated structural factors are
available on request.

The salt I ACHTUNGTRENNUNG(ClO4) consists of a monovalent cationic species
with a single perchlorate anion and four waters of crystalli-
sation hydrogen bonded to the backbone of the marimastat
ligand. The marimastat itself binds to the CoIII centre in an
(O,O) fashion through the hydroxamate functionality in
preference to other potential binding groups in the mole-
cule. Coordination of the marimastat is in a manner such
that the “hydroxyl” oxygen is cis to the tertiary amine nitro-
gen of the tpa tripod. The monovalent charge of the com-
plex species with a single perchlorate anion indicates that
the hydroxamate has adopted the doubly deprotonated hy-
droximate form in preference to the hydroxamate form.
Analogous structures of simple hydroxamate complexes of
the CoIIItpa system showed that both hydroxamato and hy-
droximato complexes may be obtained and interconverted
by manipulation of pH.[38] However, only the hydroximate
complex I could be obtained, despite efforts to obtain the
hydroxamato form.

The coordination geometry of the CoIII centre is best de-
scribed as pseudo-octahedral, with the best equatorial plane
defined by the two oxygen-donor atoms, O(1) and O(2), of
the marimastat and N(5) and N(7) of the tpa ligand with an
average deviation of 0.01 O. The structural parameters of
the tpa ligand are consistent with previously described com-
plexes and require no further discussion. The bond lengths
from the oxygen donors O(1) and O(2) to the Co centre are
in accord with other hydroximatocobalt ACHTUNGTRENNUNG(III) complexes;[39, 40]

1.8693(12)and 1.8693(13) O, respectively. Bond lengths of
the hydroximate functionality are N(1)�O(1) 1.413(2),
C(1)�N(1) 1.284(2), and C(1)�O(2) 1.331(2) O which are
similar to corresponding bond lengths in the reported hy-
droximato complexes.

The configuration of the ligand is such that the isopropyl
arm is oriented toward one of the pyridyl arms of the tpa
ligand. A number of close contacts are observed between
hydrogen atoms of this pyridyl arm and those of the isopro-
pyl group, with the shortest of these between H(7c) and
H(29) at 2.98 O. These types of interactions apparently dic-
tate the overall conformation of the marimastat ligand. The
remaining backbone is directed away from the Co centre
with no evidence of any intramolecular interactions govern-
ing the position of the tert-butyl group. The bond lengths
and angles of the marimastat are unexceptional. The peptide
backbone adopts a conformation typical of a b-sheet struc-
ture in proteins; the dihedral angles f and y, corresponding
to the C�C’ and C�N bonds are 146.20(16) and
�135.25(18)8 respectively. The structure of free marimastat
has not been reported and, therefore, this represents the
first determination of the structure of this important com-
pound.

NMR : An initial one-dimensional 1H spectrum of I ACHTUNGTRENNUNG(ClO4)
was acquired in [D7]DMF (Figure 2). The assignments were
based on the observation of the intense peaks centred at ap-
proximately 0.4 and 0.9 ppm, which, based on the marima-
stat spectrum, are due to the methyl protons of the isopro-
pyl and tert-butyl (tBu) groups. Interestingly, both sets are

Figure 1. Thermal ellipsoid representation of the crystal structure of I-
ACHTUNGTRENNUNG(ClO4)·4H2O. Perchlorate and water molecules are omitted for clarity, el-
lipsoids are shown at 30% probability. Crystallographic numbering of
key atoms is given. Coordinate bond lengths Co(1)�O(1) 1.8693(12),
Co(1)�O(2) 1.8693(13), Co(1)�N(4) 1.9304(15), Co(1)�N(5) 1.9332(14),
Co(1)�N(6) 1.9273(13), Co(1)�N(7) 1.9444(15) O.

Table 1. Crystallographic and structural refinement data for I-
ACHTUNGTRENNUNG(ClO4)·4H2O.

I ACHTUNGTRENNUNG(ClO4)·4H2O

empirical formula C33H53ClCoN7O13

formula weight 850.21
T [K] 150(2)
wavelength [O] 0.71073
crystal system monoclinic
space group P21

a [O] 8.5889(13)
b [O] 18.950(3)
c [O] 12.6315(19)
b [8] 97.277(3)
V [O3] 2039.4(5)
Z 2
1calcd [Mg/m3] 1.381
m [mm�1] 0.555
F ACHTUNGTRENNUNG(000) 892
2qmax [8] 56.58
index ranges �11�h�11, �24�k�24,

�16� l�16
reflections collected 18214
independent reflections 9225 [R ACHTUNGTRENNUNG(int)=0.0160]
refinement method full-matrix least-squares on F2

data/restraints/parameters 9225/2/538
goodness-of-fit on F2 1.029
final R indices [I>2s(I)] R1=0.0297, wR2=0.0797
R indices (all data) R1=0.0309, wR2=0.0804
Flack parameter 0.015(7)
largest diff. peak and hole
[eO�3]

0.798 and �0.603
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split into “doublets” and furthermore, a second set of the
isopropyl (iPr) peaks appears centred slightly upfield of the
tert-butyl resonances. The appearance of the “doublets” is
likely to be the result of the magnetic inequivalence of the
two methyl groups, which is enhanced by complexation of
the marimastat. In this case, one methyl is directed toward
the tpa ligand and the other away altering the relative chem-
ical shifts. Observation of the second set of doublets, which
both have the same intensity, is suggestive of isomerism in
the complex, with the ratio of the two isomers close to 1:1.
The isomerism arises because the hydroxyl oxygen of the co-
ordinated marimastat may be either cis or trans to the terti-
ary amine nitrogen of the tpa ligand. The crystal structure
revealed only the cis isomer, yet the trans may crystallise in-
dependently; because only a single band separated on the
cation-exchange column, the two isomers may co-elute.

A two-dimensional COSY NMR spectrum was used to
assign the remaining resonances of the marimastat ligand
(Figure 3) and to elucidate the isomerism described above.
The pyridyl ring protons were not assigned due to the clut-

tering of resonances in the aromatic region (7–8 ppm). Dis-
tinction between the cis and trans isomers was achieved by
consideration of ring-current effects arising from the pyridyl
rings of the tpa ligand. As shown in the diagrams of the cis
and trans isomers (Figure 4), protons of the marimastat

ligand may make approaches either coplanar or normal to
the plane of these rings, leading to downfield or upfield
shifts, respectively, of the corresponding resonances. An ex-
pansion of the COSY spectrum (Figure 5) highlights related
cross-peaks for each isomer and shows the relative down-
field shifting of resonances due to the cis isomer. A list of
these resonances compared to the corresponding resonances

Figure 2. 1H NMR spectrum of I ACHTUNGTRENNUNG(ClO4) in [D7]DMF.

Figure 3. Main proton environments in marimastat.

Figure 4. Illustration of the two isomers of I ACHTUNGTRENNUNG(ClO4) and the interactions
of marimastat protons with the pyridyl rings of the tpa ligand.

Figure 5. Expansion of region 0–5 ppm in the two-dimensional 1H COSY
spectrum of I ACHTUNGTRENNUNG(ClO4). Major cross-peaks: 1 H4a/H5, 2 H4a/H4b, 3 and 4
iPr/H5, 5 H3/H4a, 6 H3/H4b, 7 H2/H3, 8’ H4b/H5. Numbers with ’ corre-
spond to cross-peaks of the cis isomer.
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observed for free marimastat is given in Table 2. In general,
the resonances in the cis isomer are shifted downfield, and
for the trans upfield; this disparity is particularly apparent

with the H4 and iPr protons due to their proximity to the
tpa ligand where the ring current effects would be expected
to be most pronounced.

A NOESY spectrum was acquired to gain insight into the
orientations of the ligands. In particular, it was hoped that
cross-peaks between marimastat protons and pyridyl protons
would be observed. As shown by the spectrum (Figure 6)
the only cross-peaks observed were between resonances of
marimastat protons that enabled confirmation of the assign-
ments made previously. No cross-peaks were observed be-
tween resonances of the pyridyl region and the marimastat

region. Cross-peaks of the tBu groups correspond to correla-
tion between tBu protons and the amide proton to which
they are adjacent. From the lack of such correlaton it can be
presumed that either the interactions between marimastat
and pyridyl protons were too weak to be observed, or there
was some degree of rotation of the marimastat backbone
around the C�C bond attaching it to the hydroxamate
moiety. If this rotation were rapid relative to the timescale
of the NMR experiment, then any cross-peaks would be
weak and not readily observed.

Electrochemistry : Cyclic voltammetry (CV) was employed
to determine the electrochemical characteristics of I ACHTUNGTRENNUNG(ClO4),
and a CV plot is given in Figure 7. At a scan rate of

500 mVs�1, the observed reduction-oxidation wave is typical
for an irreversible system with no anodic current detected
upon scan reversal. Higher scan rates failed to resolve any
degree of reversibility. This is typical for most CoIII com-
plexes, as reduction to CoII promotes total ligand substitu-
tion to form the hexa-aqua CoII ion, [CoACHTUNGTRENNUNG(H2O)6]

2+ . Hence,
the reduction potential is quoted as the cathodic peak po-
tential Epc and is listed in Table 3, along with values deter-
mined for the precursor complex and simple hydroxamate
complexes of the Co–tpa system for comparison.

The Epc value for IACHTUNGTRENNUNG(ClO4) is quite low at �863 mV (vs.
Ag/AgCl) and is slightly lower than the values determined
for the simple hydroxamate complexes. On the other hand,

Table 2. 1H NMR chemical-shift data for marimastat ligand protons in I-
ACHTUNGTRENNUNG(ClO4).

[a]

Proton Marimastat trans-I ACHTUNGTRENNUNG(ClO4) cis-I ACHTUNGTRENNUNG(ClO4)

H2 3.71 3.8 5.8
H3 2.69 2.49 4.3

H4 1.41
a 0.08 a 1.30
b 1.15 b 3.10

H5 0.95 1.1 1.65
H9 4.17 4.21 4.38

iPr 0.89
0.32 0.84
0.44 0.98

tBu 0.79 0.87 1.02
N-Me 2.56 2.50 2.68

[a] a and b can be found in Figure 3.

Figure 6. two-dimensional 1H NOESY spectrum of I ACHTUNGTRENNUNG(ClO4). Highlighted
cross-peaks indicate coupling between tBu and amide protons of the mar-
imastat ligand.

Figure 7. Cyclic voltammogram of IACHTUNGTRENNUNG(ClO4) in water at a scan rate of
500 mVs�1.

Table 3. Cathodic peak potentials (Epc) for I ACHTUNGTRENNUNG(ClO4) and other CoIIItpa
complexes.

Complex Epc [mV] vs. Ag/AgCl

I ACHTUNGTRENNUNG(ClO4) �863
[Co ACHTUNGTRENNUNG(aha-H)tpa]ClO4

[a] �834[38]

[Co ACHTUNGTRENNUNG(pha-H)tpa]ClO4
[b] �789[38]

[Co ACHTUNGTRENNUNG(bha-H)tpa]ClO4
[c] �770[38]

ACHTUNGTRENNUNG[CoCl ACHTUNGTRENNUNG(H2O)tpa] ACHTUNGTRENNUNG(ClO4)2 �166[38]

[a] aha=acetohydroxamic acid. [b] pha=phenylhydroxamic acid.
[c] bha=benzohydroxamic acid.
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the aqua chloro starting material has a relatively high reduc-
tion potential and, therefore, the hydroxamate functional
group confers a greater degree of resistance to reduction
than chloro and aqua ligands. The close grouping of Epc

values for all hydroxamate complexes suggests it is primarily
the ligand donor atoms that control reduction potential,
with hydroxamate substituents having only a modest influ-
ence. The question of whether these reduction potentials are
appropriate for reduction of I in hypoxic conditions cannot
be definitively assessed, as the study of redox properties of
hypoxic tumours has not been adequately reported. Ware
and Denny[36] suggested a target reduction potential of be-
tween �200 and �400 mV (vs. normal hydrogen electrode,
NHE) to match that of cellular reductases, but clearly in our
example, in which the prodrug is expected to act extracellu-
larly, this is not necessarily appropriate.

Biological testing : An in vitro MMP inhibition assay was
used to establish the base activity of I(Cl) in a non-reducing
environment and, hence, its level of effectiveness as a chap-
erone for marimastat. The assay employed a standard fluo-
rogenic substrate and IC50 values were calculated for the
level of inhibition of MMP-9 by free marimastat and I(Cl)
relative to a control sample. A list of these values is given in
Table 4.

The IC50 value obtained for marimastat of 7.0 nm is rea-
sonably close to the reported value of 3 nm, the disparity
perhaps reflecting differing experimental conditions. A
value of 900 nm was determined for the CoIII complex, more
than two orders of magnitude greater than for the inhibitor
alone. This difference is readily accounted for by the coordi-
nation of the hydroxamate moiety to the Co centre that ren-
ders it unable to bind to the catalytic Zn atom of the MMP.
The measurable activity is likely to result from release of
marimastat by aquation of the complex rather than the com-
plex itself having any intrinsic inhibitory activity. An FeIII

complex of marimastat was found to have a higher level of
activity, in line with FeIII complexes being more labile than
the relatively inert CoIII.[41] Thus, this result demonstrates
that I is quite stable outside of a reducing environment and
provides a suitable chaperone for marimastat, preventing it
from being deactivated prior to reaching a tumour site.

The cytotoxicities of I(Cl) and the cobalt carrier complex
[CoCl2ACHTUNGTRENNUNG(H2O) ACHTUNGTRENNUNG(tpa)]ClO4 were determined by using the
A2780 human ovarian cancer cell line. Both had very low
toxicity: 172(18) and 77(6) mm respectively.

In vivo testing of I(Cl) for antimetastatic activity was used
to assess the overall viability of the complex as a bioreduc-
tively activated prodrug. Administration of I(Cl) to Balb/c

mice with 4T1.2 tumour implants was conducted over a
25 day period, and during that time the growth of the tu-
mours was measured and compared to a control group and
a group that had been administered free marimastat
(Figure 8). The growth of the volume of the tumours ap-

peared to be less for both the marimstat and the Co groups
than for the control group, but by the end of the timecourse,
only the Co group displayed a statistically significant differ-
ence. Pre-clinical studies reported marimastat to have some
tumour-growth-inhibitory activity, but this is not reflected in
this study. The observation of tumour-growth inhibition by
the Co complex is interesting and, because both I and the
carrier complex are non-cytotoxic, it is apparently the result
of the complex being able to deliver marimastat more effec-
tively. Reduction of I to the hexa-aqua CoII ion, the likely
reduced species as suggested by the electrochemical studies,
would similarly be unlikely to exert a significant level of ac-
tivity at this dosage level.

Upon completion of the experiment, the lungs, spine and
femurs were harvested and the level of metastasis measured
as tumour burden by using real time polymerase chain reac-
tion (PCR). The results of these analyses are presented in
Figure 9. Overall, the tumour levels in the target tissues of
the control group were very low. Generally the tissues in
this experimental model are harvested when the tumours
reach around 1 g, with tumour levels being significant in
both bone and the lungs. The failure of the primary tumours
to reach this size may account for the low level of metastatic
tumour burden observed in the control group.

The relative tumour burdens in both the marimastat and
Co groups were higher than in the control group, with the
difference in the lung being statistically significant. This
result is unexpected, particularly for marimastat, which has
been shown in similar in vitro metastasis models to exhibit
potent metastatic inhibition.[24] An independent repetition of
the PCR analysis for the lung samples was performed and as
shown in Figure 9, was consistent with the earlier results. It
should be noted that in previous studies of metastasis with

Table 4. IC50 values determined by the MMP inhibition assay

IC50 [nm]

marimastat 7.0�0.5
I(Cl) 900�100

Figure 8. Growth of 4T1.2 tumours assessed as mean tumour volume for
the three groups.
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marimastat, the metastatic activity was assessed by counting
metastases, whereas in this experiment, the activity was de-
termined by performing a reproducible biochemical assay.
Once again it is likely that the harvesting of the tumours
prior to reaching a suitable size may account for the evident
lack of inhibitory activity of marimastat. However, it is not
clear why I would apparently potentiate metastasis — no
evidence of other CoIII complexes nor free tpa having this
effect exists in the literature.

Conclusion

This study demonstrates that MMP inhibitors can be deacti-
vated by forming metal complexes and that this may be a
useful means for protecting the hydroxamate moiety prior
to reaching the tumour site. Furthermore, the Co–tpa ligand
system examined provides the necessary structural and elec-
trochemical framework for a bioreductively activated carri-
er. The crystal structure of I presented is the first structural
characterisation of either marimastat or a metal complex
thereof. We have shown that marimastat coordinates to the
CoIII centre preferentially through the (O,O) donors of the
hydroximate moiety, despite the presence of other chelating
moieties. I ACHTUNGTRENNUNG(ClO4) exists as cis and trans isomers in solution,
as determined by two-dimensional NMR. The low reduction
potential of IACHTUNGTRENNUNG(ClO4) indicates it has a strong likelihood of re-
maining intact prior to reaching a hypoxic site.

Although the preliminary biological testing provided
seemingly contradictory results, it is interesting that the Co–
marimastat complex displayed a higher level of tumour-
growth inhibition than marimastat alone. Unexpectedly
though, both marimastat and the cobalt complex gave rise
to higher levels of metastatic potential than the control,
which in the case of marimastat is inconsistent with studies
showing it to have good anti-metastatic activity. The lack of
sufficient tumour size was probably a factor in these results,
and further experiments utilising a longer administration
period are required to elucidate the effectiveness of the
drugs.

Experimental Section

Marimastat (mmstH2) was synthesised by Dr. Simone Vonwiller of the
Organic Synthesis Centre, University of Sydney. The starting complex
[CoCl ACHTUNGTRENNUNG(H2O)tpa] ACHTUNGTRENNUNG(ClO4)2·3.5H2O was prepared by using a published pro-
cedure.[42] All other chemicals used were standard laboratory grade and
were used as supplied.

Synthesis of [Co ACHTUNGTRENNUNG(mmst) ACHTUNGTRENNUNG(tpa)]+ (I) complexes: Marimastat (90 mg,
0.27 mmol) was added to a stirred solution of [CoCl ACHTUNGTRENNUNG(H2O)tpa]-
ACHTUNGTRENNUNG(ClO4)2·3.5H2O (0.18 g, 0.27 mmol) in water (2.5 mL) at 40 8C. The reac-
tion mixture was neutralised with dropwise addition of aqueous NaOH
(1m). After stirring overnight to ensure complete reaction, the blue-
green precipitate was filtered off, washed with a small amount of cold
water and air-dried. The filtrate was loaded onto a cation-exchange
column (Sephadex SP C-25, 0.5S5 cm) in the Na+ form, the product was
eluted with 0.1m NaClO4 and the blue-green band was collected. Upon
slow evaporation of the eluant, green crystals of [Co-
ACHTUNGTRENNUNG(mmst)tpa]ClO4·4H2O, I ACHTUNGTRENNUNG(ClO4), formed that were suitable for X-ray dif-
fraction. Elemental analysis calcd (%) for C33ClH53CoN7O13 (850.2): C
46.62, H 6.28, N 11.53; found: C 46.38, H 6.09, N 11.21.

The chloride salt of this complex was prepared by substituting the 0.1m
NaClO4 eluant with 0.1m NaCl in the elution step and proceeding as de-
scribed above. Elemental analysis of the complex gave erratic results,
presumably due to the evaporation of water molecules in the crystal lat-
tice. The X-ray crystal structure of this salt (data not shown) confirmed it
to be the desired complex and to be of the same isomeric form as the
perchlorate salt. All biological experiments were conducted with the Cl�

salt, I(Cl).

In both cases, attempts at forming the hydroxamato (mmstH) complex
were made by titrating solutions with HCl (0.1m); stable species could
not be obtained and lowering the pH ultimately led to complete protona-
tion of the ligand and rapid dissociation of the complex.

Single crystal X-ray crystallography : X-ray crystallographic analysis was
performed on a suitable crystal of I ACHTUNGTRENNUNG(ClO4) mounted on a thin glass fibre.
All data were obtained at 150 K with a Bruker SMART 1000 CCD dif-
fractometer using graphite monochromated Mo Ka radiation generated
from a sealed tube. The low-temperature collection was performed by
using an Oxford Systems Cryostream. An empirical absorption correction
determined by using SADABS[43,44] was applied to the data. The data in-
tegration and reduction were undertaken by using SAINT and XPREP,[45]

and subsequent computations were carried out by using the WinGX[46]

graphical-user interface. The data reduction included the application of
Lorentz and polarisation corrections. The structure was solved by direct
methods using SHELXS-97 and was extended and refined with
SHELXL-97.[47] The structures were refined on F2 by using full-matrix
least-squares with anisotropic thermal parameters for all non-H atoms
and calculated (riding model) positions for H atoms, with Uij set at 1.2 of
that of the parent atom. Final R indices and weighting schemes are as
quoted in the corresponding crystal-data tables. An ORTEP[48] represen-
tation of the structure was plotted with thermal ellipsoids at the 30%
probability level (Figure 1).

Two-dimensional 1H NMR : NMR experiments were performed on a
Bruker Avance DMX 600 MHz spectrometer (University of New South
Wales) equipped with a TXI triple-resonance probehead with triple axis
gradients. Two-dimensional spectra were acquired in phase-sensitive
mode with time-proportional phase incrementation. Spectra were ac-
quired and processed by using Bruker XWinNMR software (version 2.6)
on an SGI Indy workstation. Commercially available solvents (Aldrich or
Merck) of at least 99.6% isotopic purity; all spectra were referenced to
solvent isotopic impurities.

Experiments were performed by using standard Bruker pulse sequences
(XWinNMR v2.6). One-dimensional 1H spectra and two-dimensional
DQF-COSY and NOESY results were acquired by means of water sup-
pression by presaturation, over a spectral width of 8000 Hz. A DQF-
COSY spectrum was collected with data sets resulting from 600 incre-
ments of t1, with each free induction decay composed of 2048 data points.
For each increment of t1, 32 transients were recorded, with a recycle

Figure 9. Metastatic potential for the three test groups. Lung2 represents
a repeat analysis of the lung sample.
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delay of 1.8 sec used. A NOESY spectrum of mixing time (tm) 800 ms
was acquired. Data sets resulting from 1024 increments of t1 were record-
ed, with each free induction decay composed of 2048 data points. For
each increment of t1, 16 transients were recorded, with a recycle delay of
3 s. All spectra were processed by zero-filling and subjecting the data to
shifted sine-bell weighting functions in F1 and F2 of p/2, and were base-
line corrected by using Bruker XWinNMR software, version 2.6.

Electrochemistry : Electrochemical measurements were carried out by
using a BAS 100B/W Electrochemical Analyzer system. A glassy carbon
working electrode was used, the reference electrode was a BAS Ag/AgCl
reference electrode filled with aqueous 3m NaCl, and the auxiliary elec-
trode was a platinum wire. Argon gas, which had previously been passed
through an oxygen trap, was used to degas the aqueous solution of
ACHTUNGTRENNUNGI ACHTUNGTRENNUNG(ClO4) and supporting electrolyte NaClO4 prior to measurements.

MMP inhibition assay by MDPF-labelled gelatin : The MMP-9 inhibitory
activity of I(Cl) compared to that of free marimastat was determined by
performing an in vitro proteolytic assay using a fluorogenated gelatin
substrate. The protocol involved using four concentrations of I(Cl) within
the appropriate concentration window plus a control sample of zero con-
centration in each assay, which was repeated three times for each com-
plex.

Activated MMP-9 was prepared by using standard methods involving the
reaction of proMMP-9 with aminophenylmercuric acetate (APMA) in
Tris and Tris, CaCl2, NaCl (TCN) buffers overnight at 37 8C followed by
dialysis vs. TCN buffer (2 L) at 4 8C for 1 h. 40 mg of MDPF (2-methoxy-
2,4-diphenyl-3 ACHTUNGTRENNUNG(2H)-furanone)-labelled gelatin was incubated with I(Cl)
and 0.05 mg of activated MMP-9 in TCN buffer overnight at 37 8C. Two
control samples without MMP-9 were also prepared, in addition to a
sample containing trypsin (12 mL) in order to establish the maximum
level of substrate digestion.

Following incubation, the reaction was stopped with EDTA (60 mL,
20 mm), and ammonium sulfate (480 mL, 0.375 gmL�1) was added to pre-
cipitate any undigested gelatin. Precipitation was not carried out for one
of the control samples in order to establish the maximum fluorogenic ac-
tivity. The samples were stored at 4 8C for 1 h and then centrifuged at
14000 rpm at 4 8C for 30 min. 500 mL of the solubilised products were
measured by fluorescence spectrophotometry (370 nm excitation, 480 nm
emission) and the IC50 values were determined as the drug concentration
that reduced the absorbance to 50% of the untreated control sample.

In vivo metastasis testing

By using an experimental metastasis model, the in vivo activity of I(Cl)
was compared to that of free marimastat in mice. The experimental pro-
tocol was codesigned and carried out by Dr. Carleen Cullinane at the
Peter MacCallum Cancer Institute, Melbourne.

Cell culture : 4T1.2 tumour cells were grown in standard tissue-culture
plasticware in a 5% CO2 atmosphere incubator in aMEM (minimal es-
sential medium) containing 10% foetal calf serum (FCS) and antibiotics.
In preparation for injection, cells were removed from culture dishes by
adding 0.02% EDTA in phosphate buffered saline (PBS), washing once
with PBS and then resuspending in PBS at the appropriate concentra-
tion.

Mouse injections : A 10 mL aliquot of cells (1S107 cellsmL�1) was mixed
with 10 mL of matrigel that had been thawed on ice. The 20 mL cell/matri-
gel mix was then injected into the fourth mammary fat pad of ten-week-
old female Balb/c mice. Mice were briefly sedated with penthrane during
this procedure. Tumours became palpable within seven days. To ensure
maximum metastatic growth, 4T1.2 tumours were grown for 28 days
prior to drug administration. Selected mice with comparable tumour size
were randomised into three groups — a control group and separate
groups to be treated with each drug. The dosage of the drugs was
10 mgkg�1d�1 for marimastat and 21.5 mgkg�1d�1 for I(Cl) injected once
daily in a saline solution. Drug administration continued for 22 days with
the tumour volume measured during this time period. Upon completion
of the experiment the mice were euthanased and the tumours were ex-
cised and weighed. The lungs, femurs and spines were harvested and then
frozen in liquid N2. The tissues were pulverised in steel homogenisers
(cooled with liquid N2) to produce a fine powder. Amounts of approxi-

mately 50 mg were digested with proteinase and the DNA was extracted
by using routine methods.

Real-time quantitative PCR (RTQ-PCR): This assay is based on the abili-
ty of RTQ-PCR to measure the number of copies of the neomycin resist-
ant gene (neor), present only in the transfected tumour cells, relative to
that of an endogenous gene that is present in all cells. Primers and fluo-
rescent probes to neor and vimentin were designed by using the Primer
Express software to utilise the TaqMan 5’ fluorogenic-assay method. Test-
ing, optimisation and assays were all performed by using either an ABI
Prism7700 or an ABI Prism7000.

Relative-tumour-burden calculations : Relative-tumour-burden (RTB) cal-
culations were based on the comparative Ct method by using a multiplex
reaction. For each sample, the threshold cycle (Ct) value of the vimentin
amplification profile was subtracted from the Ct value of the amplifica-
tion profile to provide the DCt value. The DCt value represents the differ-
ence in the number of PCR cycles required for the two amplicons to
reach a specified threshold. A corrected DCt value (CorrDCt) for each
group was calculated to account for the different copy number of neor in
each cell line. Each cycle represents a two-fold difference in the abun-
dance of the target sequence, therefore, RTB can then be calculated
using the following formula:

RTB ¼ 1=2
CorrDCt � 10 000

A multiplication factor of 10000 was applied to this equation to produce
a final RTB value that generally falls within the range of 0–10000. The
RTB for each treatment group was then calculated by taking the average
of individual RTB values. Standard errors of the mean (SEM) and
p-values were calculated using the standard T-test.

Cytotoxicity assay : Human ovarian carcinoma cell lines A2780 were
maintained in exponential growth as monolayers in Advanced DMEM
supplemented with 2.5 mm glutamine and 2% fetal calf serum at 37 8C in
5% CO2. Complexes tested were prepared as 1 and 5-mm aqueous solu-
tions containing 5% DMF immediately prior to the assay. Cytotoxicity
was determined by using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide (MTT) assay as previously described.[49] Single cell
suspensions were obtained by trypsinisation of monolayer cultures, and
cell counts were performed by using a haemocytometer counter (Weber).
Approximately 1S105 cells in 100 mL culture medium were seeded onto
each well of flat-bottomed 96-well plates (Becton Dickinson) and al-
lowed to attach overnight. Cobalt-complex solutions were diluted in cul-
ture medium such that 5-40 mL of each drug solution added to quadrupli-
cate wells produced the final desired concentrations spanning a 4-log
range (final DMF concentrations were limited to 0.5%). Following incu-
bation of the cells for 72 h, MTT (1.0 mm) was added to each well incu-
bation continued for a further 4 h. The culture medium was then re-
moved from each well and DMSO (150 mL) (Sigma) was added, the plate
was shaken for 5 s and the absorbance was measured immediately at
600 nm by using a Victor3V microplate reader (Perkin–Elmer). IC50

values were determined to be the drug concentration that reduced the
absorbance to 50% of that in untreated control wells.
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