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Abstract: Cleavage of heparan sulfate proteoglycans (HSPGs) by 
the enzyme heparanase modulates tumour-related events 
including angiogenesis, cell invasion, and metastasis. 
Metalloshielding of heparan sulfate (HS) by positively charged 
polynuclear platinum complexes (PPCs) effectively inhibits 
physiologically critical HS functions. Studies using bacterial P. 
heparinus heparinase II showed that a library of Pt complexes 
varying in charge and nuclearity and the presence or absence of 
a dangling amine inhibits the cleavage activity of the enzyme on 
the synthetic pentasaccharide, Fondaparinux (FPX). Charge 
dependent affinity of PPC for FPX was seen in competition assays 
with methylene blue and ethidium bromide. The dissociation 
constant (Kd) of TriplatinNC for FPX was directly measured by 
Isothermal Titration Calorimetry (ITC). The trend in DFT 
calculated interaction energies with heparin fragments is 
consistent with the spectroscopic studies. Competitive inhibition 
of TAMRA-R9 internalization in human carcinoma (HCT116) cells 
along with studies in HCT116, wt CHO and mutant CHO-pgsA745 
(lacking HS/CS) cells confirm that HSPG-mediated interactions 
play an important role in the cellular accumulation of PPCs. 
 
Introduction 

The heparanase/heparan sulfate proteoglycan (HPSE/HSPG) 
interaction is central to many initiating processes of the 
angiogenesis cascade.[1,2] Heparanase degrades heparan sulfate 
(HS) into shorter fragments at the cell surface and within the 
extracellular matrix through its β-endoglycosidase activity. These 
considerations, combined with glycan overexpression on many 
tumour surfaces make proteoglycans significant drug targets of 
high biological relevance.[1,2] The sulfate residues are the critical 
recognition features for HS interaction with protein substrates 
such as growth factors. We have recently shown that sulfate 
cluster masking, or “metalloshielding“ by clinically relevant 
anticancer polynuclear platinum complexes (PPCs) - Triplatin 
(BBR3464) and its substitution-inert analog TriplatinNC - is an 
effective way to protect HS from the actions of its associated 
enzymes and proteins.[3-5] By protecting the substrate, the 
shielding concept is a complementary and attractive alternative to 

the time-consuming synthesis of small oligosaccharides which 
are generally designed to act as competitive inhibitors toward 
heparanase.[1,2] In this sense, the substrate protection is 
analogous to that of metal complex-DNA interactions with effects 
on protein recognition. 

To define the detailed structure-activity relationships involved 
in inhibition of the HPSE/HSPG interaction through sulfate cluster 
masking by PPCs it is necessary to consider the role of HS as 
ligand in coordination chemistry. The heterogeneity of heparin 
and heparan sulfate, especially with respect to sulfation patterns, 
raises challenges for systematic approaches to this 
understanding.[6,7] In this respect we have previously used 
Fondaparinux (FPX) for mechanistic studies.[3,4] FPX is a well-
defined, highly sulfated synthetic glycosaminoglycan-based 
fragment that has been used clinically as an antithrombotic agent 
since the 1940s.[8] It is a substrate for both bacterial heparinases 
and human heparanase and is useful in screening the efficiency 
and reaction kinetics of potential heparanase inhibitors.[9-11] 
Fondaparinux is also an ideal substrate for mechanistic studies 
because it is homogeneous, has low molecular weight and 
represents a single point of cleavage for both mammalian and 
bacterial enzymes.[9,11] The course of FPX hydrolysis can 
conveniently be determined by 1H NMR spectroscopy as the 
anomeric protons are sensitive reporters of the cleavage reaction 
by both heparanase and the bacterial heparinases.[10,12]  

To develop structure-activity relationships we have 
synthesised a small focused library of PPCs (Scheme 1) to 
examine the effects of charge and dangling amine on their 
interactions with FPX and the biological consequences thereof. In 
this paper we describe cleavage inhibition studies in the 
presence/absence of the PPC library using bacterial heparinase 
(P.heparinus heparinase II) and confirm the generality of the 
metalloshielding concept for the structurally distinct enzymes.[3,4] 
All complexes except the “control” mononuclear Pt-tetraammine 
[Pt(NH3)4]2+ completely blocked the enzyme activity on FPX. 
Competition assays with methylene blue (MB) and ethidium 
bromide (EtBr) as reporter molecules describe approaches to 
measure the affinity of each compound for FPX binding and 
compare the results with the extensively studied DNA interactions. 
The combined data is correlated with calculated energies of 
interaction for PPC-heparin fragments from DFT. These studies 
contribute to the systematic development of metalloglycomics – 
the study of the effects of metal ions and coordination compounds 
on oligosaccharides - expanding the study of bioinorganic 
chemistry to the third major biomolecule after the well-studied 
proteins and nucleic acids.[13] 

 
Results and Discussion 
 
Synthesis of the PPC library  
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The library of PPC compounds used in this study is shown in 
Scheme 1. The compounds were chosen to examine variation in 
total positive charge, nuclearity (mono/di/tri Pt units) and the 
presence or absence of a dangling amine. The modular nature of 
PPCs lends itself to systematic synthetic procedures as illustrated 
for the newly reported compounds MonoplatinNC, DiplatinNC, 
and TetraplatinNC in Scheme 2.  
 
Inhibition of enzyme activity on FPX by PPCs  
 
Cleavage inhibition studies were performed on the sulfated 
pentasaccharide Fondaparinux (FPX), as a model HS-like 
substrate, using the bacterial enzyme (P.heparinus 
heparinase II). The assay was performed as reported 
previously, where the effect of enzyme on FPX cleavage was 
monitored by following the anomeric region of the 1H NMR 
spectrum of FPX.[4,10] Cleavage of FPX by the enzyme results in 
the formation of a trisaccharide unit and a double-bond containing 
disaccharide unit. Consistent with the formation of a double bond 
after enzyme treatment, the signal for HD4 (δ 4.06 in FPX) shifts 
to δ 5.89 (HD4’) and the signal for HD5 disappears. Scheme 3 
shows the enzymatic cleavage products of FPX when treated with 
P.heparinus heparinase II and Figure S1 (in the Supporting 
Information) shows the cleavage of FPX in the absence of Pt 
compounds over 24 h (positive control).  

To evaluate the ability of the PPC library in inhibiting the 
enzymatic cleavage of FPX, the substrate was pre-incubated with 
each of the Pt complexes in a 1:1 stoichiometric ratio for 10 min 
prior to the addition of the enzyme. Figure 1a shows the anomeric 
region of the 1H NMR spectra of FPX in the presence of one 
equivalent of each of the Pt complexes. Upon addition of the 
enzyme to each sample, reactions were followed for the next 24 
h by 1H NMR (Figure 1b). All Pt complexes completely inhibited 
the FPX cleavage with the exception of the mononuclear 
[Pt(NH3)4]2+, where weak signals corresponding to cleavage are 
observed. MonoplatinNC differs from the Pt-tetraammine by the 
presence of dangling amine groups giving an overall higher 
charge (see Scheme 1). The different behaviour of these two 
mononuclear complexes in cleavage inhibition indicates the 
importance of dangling amines. Following on from our first 
demonstration,[4] PPCs can now be considered a class of 
inhibitors of heparanase/heparinase cleavage. Charge dispersion, 
either through dangling amines or multiple Pt-tetraammine 
coordination spheres, is needed for the effective inhibition of 
enzymatic cleavage of HS substrates.  

Di- and tetra-saccharide fragments inhibit the function of B. 
eggerthii heparinase II (bacterial enzyme) on FPX.[10] The tetra-
saccharide completely inhibited the FPX cleavage whereas the 
di-saccharide inhibited the cleavage for the first 60 min of enzyme 
exposure after which only minor cleavage of FPX was 
observed.[10] Thus, the metalloshielding approach is an attractive 
alternative to the time and material-costly synthesis of 
oligosaccharide mimetics. 
 
The nature of the PPC-FPX and PPC-HS interactions 
 
NMR Studies  
 
The NMR chemical shift changes of FPX in the presence of 
stoichiometric ratios of PPCs were analysed to delineate the 
critical features for effective metalloshielding (Table 1). Highly 

positively charged PPCs induce changes to the chemical shifts of 
the anomeric protons of GlcNS(6S), GlcNS(3S)(6S), IdoA(2S) 
and GlcNS(6S) residues of FPX (Rings A, C, D and E, 
respectively, Scheme 3) suggesting the importance of delocalized 
positive charge of PPC for the favourable interaction with HS 
fragments. MonoplatinNC produced only slight chemical shift 
changes while no discernible shifts were seen for [Pt(NH3)4]2+. 
TriplatinNC and AH44 caused the largest changes with AH44 
significantly affecting the anomeric protons of the terminal and 
central glucosamine units suggesting a favourable interaction 
between AH44 and sulfate groups of Ring A and Ring C, and 
showing the effect of the third Pt centre, with presumably more 
complex-FPX contacts. The HD1 and HD5 protons of IdoA(2S) 
(Ring D) are also significantly affected by the trinuclear complexes. 
DiplatinNC, which carries the same 6+ charge as AH44, but 
contains dangling amine groups on both the Pt centres, induces 
significant shifts only to these two protons. IdoA(2S) residues of 
HS are highly conformationally flexible and can adopt both the 1C4 
chair and 2S0 skew boat conformations whereas GlcNS residues 
prefer only 4C1 chair conformation.[14,15] The ratio of 1C4 and 2S0 

conformers of the IdoA(2S) residue of FPX in solution is ≈ 
35:65.[14-16]  The results suggest that PPCs change the ring 
conformation and/or induce conformational changes to the 
important glycosidic linkages of the IdoA(2S) residue. The NMR 
changes observed for the FPX anomeric protons in the 1:1 
adducts of FPX-PPC validate the reasons for effective inhibition 
of the enzymatic cleavage.  

Protection of FPX against sulfate loss 

Previous ESI-MS studies showed that AH44 (6+) and TriplatinNC 
(8+) protect the sulfate groups of an octasaccharide (DP8) against 
dissociation through the formation of stable 1:1 adducts.[3] In the 
present work we used ESI-MS to study the protection from sulfate 
loss of 1:1 PPC:FPX adducts in the gas phase (Figure S2). The 
most abundant charge state observed in previous MS studies of 
FPX was 3-, with 3 sulfo groups being cleaved and cation/H+ 
exchange reducing SO3 loss.[17] Under our conditions, ESI-MS 
spectra of free FPX also showed the sequential loss of three 
sulfate moieties, whereas under the same conditions and in the 
presence of PPCs, sulfate groups of FPX are protected in a 
manner dependent on charge and number of Pt centres. 
Consistent with the high affinity FPX binding of TriplatinNC no 
significant sulfate loss occurred. The same was true for AH44 
whereas for 1:1 FPX adducts of DiplatinNC (6+) there was also 
significant protection with only peaks of low intensity observed 
corresponding to loss of one and two SO3 groups. For the lower 
charged MonoplatinNC (4+), loss of two and three sulfate groups 
is observed, but again by far the most dominant peak was the 
parent ion.  

 
DFT modelling of PPC-HS interactions  
 
Density Functional Theory (DFT) studies were performed to 
delineate the effect of structural differences of PPCs in their 
binding to various heparin fragments.[4] Interaction energies and 
comparison with individual phosphate and sulfate are given in 
Table 2. Based on the previously reported interactions of the 
heparin trimer with [Pt(NH3)4]2+, and heparin hexamer with 
TriplatinNC,[4] we have now modelled the association of 
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MonoplatinNC and DiplatinNC with a heparin tetramer [IdoA(2S)-
Glc(NS)(6S)]2, as well as the association of AH44 with the 
analogous heparin hexamer [IdoA(2S)-Glc(NS)(6S)]3. As 
previously described,[4] the model fragments were derived from 
the NMR-based structure PDB1HPN of the heparin dodecamer, 
comprising repeats of the disaccharide units.[14,18] The interaction 
energies as measured by DFT increase in the order Pt-
tetraammine < MonoplatinNC < DiplatinNC < AH44 < TriplatinNC.  

The heparin tetramer-MonoplatinNC model was designed 
such that the carbon chain of one of the dangling amine groups 
stretched over the hydrophobic groove that is formed in the middle 
by the hydrocarbon rings of the tetramer. The trans geometry of 
the Pt coordination sphere in MonoplatinNC means that the other 
dangling amine is placed at the edge of the helix, with the free 
amine (-CH2NH3

+) interacting with N-sulfate of GlcNS(6S), which 
is in the middle of two IdoA(2S) residues. The optimized structure 
is shown in Figure 2a. The hydrocarbon chain along the groove is 
seen to be involved in establishing van der Waals contact with 
hydrogens from two of the sugar residues. Moreover, the chain 
stretches all the way to the other side of the helix facilitating 
interaction of the free amine with N-sulfate and O-sulfate of 
terminal GlcNS(6S) and IdoA(2S) residues, respectively and also 
with a carboxylate group of the middle IdoA(2S) residue. The 
interaction energy of the complex is -142 kcal mol-1 and is almost 
three times that of the previously reported Pt-tetraammine-trimer 
interaction (Table 2).[4] The higher interaction energy of 
MonoplatinNC compared to that of the Pt-tetraammine again 
emphasizes the importance of favourable interactions arising 
from the dangling amine ligands.  

Based on the above structure, the interaction of DiplatinNC 
with heparin tetramer was designed by introducing the second Pt 
centre at the dangling amine that traverses the groove. The 
optimized structure of this interaction and the surface maps are 
shown in Figure 2b. The second Pt centre forms H-bonds with the 
N-sulfate of the terminal GlcNS(6S), the carboxylate of the middle 
IdoA(2S) and O-sulfate of the terminal IdoA(2S) residues of the 
tetramer. The calculated interaction energy is -171 kcal mol-1. The 
overlay of the optimized structures of the association complexes 
formed by the tetramer with MonoplatinNC and DiplatinNC and 
the free tetramer reveals the structural change that results 
following the interactions (Figure S3). It is noticeable that, 
compared to free tetramer, the outer rings have moved in towards 
the Pt complex in order to facilitate the interactions. MonoplatinNC 
induces more bending than DiplatinNC because the bulkier 
second Pt centre needs to be accommodated among the 
negatively charged sulfate groups of the terminal residues of the 
tetramer.   

The structure of AH44 with hexamer reveals that the 
introduction of a third Pt centre, rather than the dangling ammine 
of DiplatinNC, results in strong cluster binding with three sulfate 
groups from terminal GlcNS(6S) and the central IdoA(2S) and 
GlcNS(6S) residues (Figure 2c). The interaction energy of this 
model is -202 kcal mol-1, which is greater than the interaction 
energies of MonoplatinNC and DiplatinNC models (Table 2), 
indicating the favourable interaction of the third Pt centre. For 
AH44 the hydrogen bonding cluster formation results in tighter 
binding compared to the cluster formation involving free amine (-
CH2NH3) groups of DiplatinNC.  

As shown in the surface maps (Figure 2), electrostatic and 
hydrophobic interactions facilitate the tight fit of PPCs with heparin 
fragments. While the tetramer and hexamer sequences do not 

match exactly that of FPX, the observation of sulfate clusters 
involving the IdoA(2S) residue is consistent with the chemical shift 
changes observed and suggest that the Pt coordination spheres 
may reside closely to this residue.  

 
Summary.  NMR spectroscopy shows the effect of non-covalent 
PPC interactions on FPX. The trends further match those derived 
from DFT calculations. The strong hydrogen bonding regions 
shown in DFT optimized structures along with the hydrophobic 
interactions visualized through surface maps confirm the tight 
binding of PPCs with heparin fragments. These interactions are 
sufficient to produce strong sulfate protection in the gas phase as 
seen in the MS spectra. Overall the combined structural analysis 
indicates that PPCs are in general capable of masking heparan 
sulfate fragments, resulting in the inhibition of enzymatic cleavage.  
 
Measurement of the FPX-PPC binding interaction 
 
The NMR studies of the FPX-PPC interaction show significant 
chemical shift changes indicative of strong binding, which is 
sufficient to inhibit cleavage of FPX by heparinase. To assess the 
strength of the non-covalent FPX-PPC interaction for the different 
compounds in the PPC library, two different competitive inhibition 
assays were developed (Figure 3a). The first was based on a 
spectroscopic investigation of the interaction of methylene blue 
(MB) with heparin and HS.[6,19] The second measured the 
displacement of intercalated ethidium bromide (EtBr) from DNA, 
which is a useful assay to gauge the relative strengths of 
coordination compounds to oligosaccharides (heparin/HS) versus 
oligonucleotides (DNA/RNA).[4,6] In order to confirm the direct 
strength of the FPX-PPC interactions, isothermal titration 
calorimetry (ITC) assays were also performed.  
 
Methylene blue reporter assay 
 
The cationic dye methylene blue (MB) has been used to quantify 
sulfate content on heparin.[19-22] The MB absorbance at 664 nm 
decreases proportionally with increasing heparin concentration 
allowing calculation of binding constants.[6,19] The addition of 
increasing concentrations of FPX to a solution containing MB also 
resulted in the gradual decrease of MB absorbance (Figure 3b, 
left). The association constant between MB and FPX was 
determined by the Scatchard plot and the value (4.0 ± 0.1  × 104 
M-1) is two orders of magnitude lower compared to the previously 
reported association constant between MB and the chondroitin 
sulfate (CS) polymer (1.73 × 106 M-1).[19]  We then studied the 
effect of metalloshielding on the MB-FPX interaction by adding 
aliquots of MB to a solution containing FPX pre-incubated with 
varying concentrations of PPCs. PPCs are competitive inhibitors 
of the MB-FPX interaction as evidenced by the higher absorbance 
of MB with increasing platinum complex concentration (Figure 3b 
and Figure S4). The ability of PPCs to metalloshield FPX against 
MB binding may be reported as an IC50 value, the concentration 
required to inhibit 50% binding of MB to FPX. By using MB as a 
reporter, the apparent dissociation constant (Kd(app)) between 
PPCs and FPX may then be calculated. The results are shown in 
Table 3 and illustrate the systematic decrease in IC50 with 
increase in positive charge. TriplatinNC, having the highest 
overall charge (8+), required the lowest concentration to inhibit 
50% of MB binding to FPX, and the lowest apparent dissociation 
constant. Slightly higher affinity was again also correlated with the 
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number of Pt centres. Both AH44 and DiplatinNC have the same 
6+ charge but AH44 with one more Pt centre gave slightly lower 
IC50 and Kd(app) values. 
 
Ethidium Bromide (EtBr) reporter assay 
 
To compare the PPC-FPX interactions with the well-studied PPC-
DNA interactions[5,23,24] an ethidium bromide (EtBr) competition 
assay was developed applying EtBr as the reporter.[4] This assay 
exploits the decrease in fluorescent properties when the 
intercalator is removed from DNA under the influence of DNA-
PPC binding. Upon FPX addition to the EtBr-PPC-DNA system, 
the intercalator binds back to DNA as FPX sequesters the PPC 
(Figure 3a).[4] The comparative binding of different PPCs for DNA 
and FPX was estimated based on the FPX concentrations 
required to sequester the PPC from DNA, thus allowing EtBr to 
intercalate, with a concomitant increase in its fluorescence. Since 
the ability to displace EtBr from DNA differs amongst the 
complexes themselves, the concentration for any individual PPC 
required to produce an initial ≥ 50% decrease in fluorescence was 
normalized as the modified EtBr-PPC-DNA fluorescence ([PPCd]) 
and 100% fluorescence was control EtBr-DNA. The data are 
presented in the form of an EC50 value which reflects the 
concentration of FPX, [FPXr], required to restore EtBr 
fluorescence to 50% of the control EtBr-DNA sample in absence 
of either PPC or FPX. (Figure 3c and Table 3). Note that FPX has 
no effect on EtBr-DNA fluorescence. This allows a discussion of 
the EC50 as a ratio index of [PPCd]/[FPXr] (Table 3). The ratio 
index suggests that above 1, PPCs have more affinity for FPX 
than DNA, whereas below 1 PPCs have more affinity for DNA 
than FPX. Thus, AH44 has similar affinities for DNA as FPX with 
ratio index of 0.97, while MonoplatinNC, DiplatinNC, and 
TriplatinNC all had slightly higher affinities for FPX than DNA. 
[Pt(NH3)4]2+ has a very high ratio index but this reflects its very 
weak binding to DNA[25] and thus was eliminated from the 
comparison of strongly binding DNA compounds (Figure S5). 
 
Isothermal titration calorimetry (ITC) 
 
ITC assays were performed to determine the binding constants 
between FPX and different PPCs. Hydrogen bonding and 
electrostatic interactions contribute to the enthalpy term, while 
changes in conformational freedom and solvation upon complex 
formation contribute to the entropy term.[26,27] The entropic term 
reflects the desolvation as a principal contributor.[27]  Figure 4 
shows the ITC analysis by direct titration for the binding of FPX to 
TriplatinNC, with similar plots for other compounds from the PPC 
library shown in Figure S6. The derived dissociation constants are 
given in Table 3 and the derived thermodynamic binding 
parameters are given in Table S1. The PPCs follow the same 
trend seen in the MB assay. The dissociation constants again 
show the same charge-dependency with the Kd value for 
TriplatinNC approximately 3 orders of magnitude higher than that 
of [Pt(NH3)4]2+ and AH44 having slightly greater affinity than 
DiplatinNC. Few ligand-heparin data (HS) data have been 
reported. ITC has been used in heparin-growth factor interaction 
assays and in defining the thermodynamic parameters obtained 
from these interactions. The Kd of a synthetic hexasaccharide with 
a homogeneous sulfation pattern interacting with FGF1 and FGF2 
gave values of 54 to 855 nM, respectively.[28] On the other hand, 
a mixture of heterogeneous heparin chains showed a Kd of 1.1 to 

3 µM for interaction with FGF-1.[29,30] Considering the Kd for FPX-
TriplatinNC from Table 3 as approximately 40 nM (0.4 μM), the 
strength of this interaction is broadly similar to that seen for FGF-
oligosaccharide interactions.  
 
Summary Indirect and direct assays give an estimate of the 
strength of the FPX-PPC interaction. The set of assays developed 
give an estimate of strength of binding and relative FPX(HS)/DNA 
affinities. Given clear variations in the quantitation of dissociation 
constants, care should be taken in extrapolating across the 
assays discussed due to the inherent differences in the very 
nature of these assays. Thus, while ITC is a “two-body” system 
the MB and EtBr competition assays become “three-body and 
four-body” systems, respectively and more difficult to interpret. 
Nevertheless, the trends are consistent within each assay and 
strongly reflect a charge dependence. In general, we suggest that 
use of complementary assays in this manner should be 
encouraged to provide an overall picture of the metal complex-
heparin(heparan sulfate) interaction.[13]  
 
Correlation of FPX Binding with HSPG-mediated cellular 
accumulation of PPCs. 

 
The nature of the PPC-FPX interactions may also be relevant in 
considering the molecular details of PPC cellular accumulation 
mediated by heparan sulfate proteoglycans. Polyarginine cellular 
uptake is mediated by cell surface heparan sulfate proteoglycans 
(HSPGs).[31,32] The conceptualization of PPCs as “polyarginine 
mimics” led to the inhibition of the HSPG-mediated cellular 
internalization and nucleolar localization of the fluorescent-
labelled nona-arginine peptide (TAMRA-R9) and identification of 
HSPGs as receptors for PPC cellular internalization.[33,34] In 
contrast to the mononuclear clinical platinum agents such as 
cisplatin and oxaliplatin, PPCs uniquely utilize this internalization 
mechanism, which could provide an approach for selective uptake 
into tumours with high levels of HSPGs.[34,35]  

TAMRA-R9 entry into human colorectal carcinoma (HCT 116) 
cells was examined in the presence of different PPCs, which 
prevented cell entry of the peptide in a charge-dependent manner 
(Figure 5a). A complete inhibition of TAMRA-R9 fluorescence was 
observed in the cells containing TetraplatinNC (10+) and 
TriplatinNC (8+), while the lesser-charged analogs AH44 (6+) and 
DiplatinNC (6+) reduced the fluorescence somewhat. 
MonoplatinNC (4+) failed to reduce any fluorescence. Differential 
accumulation of PPCs into wild type CHO-K1 and mutant CHO-
745 (lacking HS and CS) confirmed the proteoglycan mediation 
(Figure S7).  

The relative cellular accumulation of the PPC library in HCT 
116 cells suggest the involvement of dangling amine-dependent 
and size-dependent mechanisms (Figure 5b). TriplatinNC’s 
higher cellular accumulation compared to AH44 is consistent with 
previous results.[34,36] DiplatinNC, TriplatinNC, and TetraplatinNC 
showed similar cellular accumulation, even though their overall 
charges ranged from 6+ to 10+, suggesting an influence of the  
dangling amine. There is no strict correlation between TAMRA-R9 

inhibition and cellular accumulation – as evidenced in the 
comparison between DiplatinNC and AH44 (Figure 5a and 5b). 
Likewise, although MonoplatinNC failed to inhibit TAMRA-R9 
internalization, it showed the highest cellular accumulation 
compared to the other PPCs and showed higher accumulation 
into wild type compared to mutant CHO cells (Figure S7). The 
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smaller size may allow it to use multiple entry pathways including 
a size-dependent one.[37,38] Small mononuclear platinum drugs 
like cisplatin, carboplatin, and oxaliplatin reportedly use the 
hCTR1 copper influx transporter for cell entry.[39] Further, the 
cellular accumulation and cytotoxicity of the covalently binding 
Triplatin (BBR3464) is also affected by copper status.[40] The 
relative cytotoxicity of the PPC library in HCT 116 cells was 
investigated using MTT viability assays (Figure 5c). The PPC 
cytotoxicity was unpredictably related to their cellular uptake 
(Table 4).  
 
Summary This section extrapolated the enzyme inhibition and 
biophysical studies of the FPX-PPC interaction to correlate with 
HSPG-mediated PPC cellular accumulation, considering FPX as 
a small but well defined HS model.[6,34] While there is clear 
evidence of proteoglycan mediation for this class of molecules, 
there is no strict correlation with cellular accumulation. In general, 
while HSPGs clearly affect cellular internalization, the results 
emphasize that multiple complementary pathways exist for small 
molecule internalization and, for platinum complexes, no single 
pathway is ‘all or nothing”.[36-38] The proteoglycan mediation is 
unique to the PPC class and coupled with the overexpression of 
glycans on many tumour cell surfaces,[1, 35] the results do suggest 
potential avenues for tumour selectivity of PPC agents based on 
differential uptake.  

 
 
Conclusions 
 
The results presented in this study demonstrate that the library of 
PPC complexes, with the exception of the mononuclear 
[Pt(NH3)4]2+, completely inhibits the cleavage of the model HS 
substrate (FPX) by the bacterial P. heparinus heparinase II 
enzyme. Combined with previous results using both bacterial 
heparinase I and human heparanase,[3,4] PPCs are a structurally 
distinct class of broad-spectrum heparanase cleavage inhibitors 
acting through metalloshielding. Oligosaccharide mimetics have 
been widely studied for their ability as inhibitors of the heparanase 
enzyme and a number have entered clinical trials.[41,42] 
Metalloshielding is an attractive alternative to design of 
heparanase inhibitors and indeed the Phase I and Phase II clinical 
results of Triplatin could be reinterpreted in light of these new 
glycan-related findings.[5,13]  

The focused small library studied here begins to elucidate 
structure-activity relationships. The stark contrast between 
[Pt(NH3)4]2+ and MonoplatinNC in inhibiting the HS cleavage 
emphasizes the importance of dangling amine moieties as well as 
increased charge dispersion. The relative efficacy of the 
polynuclear set again shows that positive charge dispersion 
through dangling amines and Pt coordination spheres play an 
important role in masking the HS fragments and protecting them 
against enzymatic cleavage. The ability to form a ‘sulfate clamp” 
from the interaction of am(m)ines in a Pt coordination unit are a 
priori likely to be more effective in masking than the single positive 
charge of the dangling amine – nevertheless the two structural 
features do contribute to the overall effect.  

As part of our approach to metalloglycomics we have 
developed direct and indirect assays to study the nature and 
strength of “non-covalent” interactions on the biomolecule.[6,13] 

Consistent trends emerge – affinity is related to charge and in 
general these substitution-inert complexes show broadly similar 

affinity to FPX and DNA. Heparin is often considered as having 
higher negative charge density compared to that of polyanionic 
DNA with an average negative charge of 2.7 per disaccharide 
compared to that of 2 negative charges per base pair for DNA.[7] 

In this latter aspect, at least for substitution-inert complexes, 
the approaches to inhibition of HS or DNA function are formally 
analogous – both protect the “substrate” from enzyme and/or 
protein processing. High affinity DNA binding through the 
phosphate clamp efficiently inhibits  transcription factors such as 
TBP (TATA Box Binding Proteins) and restriction enzymes.[5,23,33] 
The Kd values found for PPC-FPX interactions are broadly similar 
to those found for growth factor-oligosaccharide interactions.[28-30] 
This suggests that metalloshielding will also be effective in 
inhibition of oligosaccharide-protein function as shown for the 
effect of TriplatinNC on FGF-heparin interactions.[4] Overall the 
results demonstrate the utility of the metalloglycomics concept in 
developing new classes of molecules for study of glycan structure 
and function - it is clear that oligosaccharides represent a viable 
alternative cellular target to oligonucleotides and the results 
further emphasize the unique dual-function nature of the PPC 
series compared to the mononuclear clinical agents.  
 
Experimental Section 
 
Synthesis and materials  

[Pt(NH3)4]Cl2 was prepared by published methods.[43] TriplatinNC and 
AH44 (as nitrate salts) were prepared as previously.[23,24] Fondaparinux 
(GlcNS(6S)-GlcA-GlcNS(3S)(6S)-IdoA(2S)-GlcNS(6S)-OMe) was 
sourced from Sigma Aldrich.   

Synthesis of new compounds 

MonoplatinNC: A mixture of trans-diamminedichloro-platinum (1 mmol) 
and AgNO3 (1.98 mmol) in dry DMF (18 mL) was stirred overnight by 
protecting from light and AgCl was then filtered off. A solution of the mono-
Boc-1,6-hexanediamine (2.2 mmol) in dry DMF (2 mL) was added to the 
filtrate. The mixture was stirred for 3 days at ambient temperature and 
protected from light. The solvent was then removed under reduced 
pressure and the residue dissolved in H2O (100 mL) at 50°C and filtered 
through a membrane filter to remove any reduced silver and platinum. The 
filtrate was evaporated to dryness and the residue was suspended in 0.5 
M HNO3 (25 mL) and stirred for 2 days at room temperature. The mixture 
was filtered through celite to remove any unreacted starting materials and 
reduced silver/platinum. The volume of the filtrate was reduced to almost 
dryness and acetone was added to force the precipitation of the product. 
The formed precipitate (92.3% yield) was filtered off then washed with 
acetone and dried under vacuum. 1H NMR (300 MHz, D2O): δ = 3.00 (t, 
4H), 2.67 (t, 4H), 1.67 (m, 8H), 1.39 (m, 8H); 195Pt NMR (300 MHz D2O): δ 
= –2658; elemental analysis calcd (%) for C12H40N10O12Pt: C 20.25, H 5.67, 
N 19.68; found: C 20.20; H 5.54; N 19.44.  

DiplatinNC-Boc: The nitrate salt of [{trans-PtCl(NH3)2}2{µ-
H2N(CH2)6NH2}]2+ (1,1/t,t) was synthesised from trans-
diamminedichloroplatinum as previously reported.[44] To 1,1/t,t (1 mmol) 
dissolved in DMF (50 mL)  AgNO3 (1.98 equiv) was added. The reaction 
was protected from light and stirred for 16 h, then AgCl was removed by 
filtering through celite. Mono-Boc-1,6-hexanediamine (2.2 equiv) was 
added to the filtrate and the reaction stirred for 2 days at room temperature. 
The solution was evaporated to dryness under reduced pressure and the 
residue dissolved in H2O (100 mL) at 60 ºC and filtered through celite to 
remove any reduced platinum and silver. The filtrate was evaporated to 
dryness and acetone was added to precipitate the product. The precipitate 
was collected through filtration then washed with acetone and dried under 
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vacuum to obtain the product (64% yield). 1H NMR (300 MHz, D2O): δ = 
3.05 (t, 4H), 2.65 (t, 8H), 1.60 (m, 12H), 1.40 (m, 30H).  

DiplatinNC: DiplatinNC-Boc (0.1 mmol) was suspended in 0.1 M HNO3 
(25 mL) and stirred for 4 days at 50°C, at which time the suspension had 
turned into a clear almost colourless solution. Completion of Boc-
deprotection was confirmed by 1H NMR. The solution was filtered through 
celite to remove any unreacted starting material. The filtrate was 
evaporated to almost dryness and acetone was added to force the 
precipitation of the product. The residue was collected through filter and 
washed with methanol and acetone. The crude product (yield 93%) was 
recrystallized in water. 1H NMR (600 MHz, D2O): δ = 3.00 (t, 4H), 2.65 (m, 
8H), 1.65 (m, 12H), 1.37 (m, 12H); 195Pt NMR (600 MHz, D2O): δ = –2651; 
elemental analysis calcd (%) for C18H62N16O18Pt2: C 18.31, H 5.29, N 
18.98; found: C 18.51, H 5.27, N 18.47. 

Tetraplatin: A mixture of trans-diamminedichloroplatinum (2.2 mmol) and 
AgNO3 (1.1 mmol) in dry DMF (18 mL) was stirred overnight at -20o C in 
the dark to produce, upon warming to room temperature and filtration, 
mono-activated transplatin. This solution was then added to a mixture of 
DiplatinNC (1 mmol) and N,N-diisopropylethylamine (DIPEA) (2.2 mmol) 
in DMF (20 mL). The reaction mixture was allowed to stir for 2 days at 
ambient temperature. The solution was then evaporated to dryness under 
reduced pressure. The residue was dissolved in a minimum amount of H2O 
and filtered through a syringe filter to remove any unreacted starting 
materials. The filtrate was then evaporated to ~1 mL under reduced 
pressure and 25 mL of acetone was added to precipitate the product. The 
precipitate (46% yield) was collected through filter, washed with acetone 
and dried under vacuum. 1H NMR (300 MHz, D2O): δ 2.62 (m, 12H), 1.61 
(m, 12H), 1.13 (m, 12H). 195Pt NMR (300 MHz, D2O): δ = –2405, –2663; 
elemental analysis calcd (%) for C18H72Cl2N20O18Pt4: C 12.66; H 4.25; N 
16.40; found: C 13.04; H 4.20; N 16.36. 

TetraplatinNC: To Tetraplatin (1 mmol) dissolved in DMF (20 mL) AgNO3 
(1.98 equiv) was added. The reaction was protected from light and stirred 
for 16 h, then AgCl formed during the reaction was removed by filtering 
through celite. Mono-Boc-1,6-hexanediamine (2.2 equiv) was added to the 
filtrate and the reaction stirred for 2 days at room temperature. The solution 
was evaporated to dryness under reduced pressure and the residue 
dissolved in H2O (100 mL) at 60ºC and filtered through celite to remove 
any reduced platinum and silver. The filtrate was evaporated to dryness. 
The residue was suspended in 0.1 M HNO3 (25 mL) and stirred for 4 days 
at 50°C, at which time the suspension had turned into a clear almost 
colourless solution. Completion of Boc-deprotection was confirmed by 1H 
NMR. The solution was filtered through celite to remove any unreacted 
starting material. The filtrate was evaporated to almost dryness and 
acetone was added to force the precipitation of the product. The residue 
was collected through filter and washed with methanol and acetone. The 
crude product (yield 84%) was recrystallized in water. 1H NMR (300 MHz, 
D2O): δ 2.95 (t, 4H), 2.62 (m, 16H), 1.61 (m, 20H), 1.35 (m, 20H). 195Pt 
NMR (D2O): δ = –2652. Elemental analysis calcd (%) for C30H106N28O30Pt4: 
C 17.00; H 5.04; N 18.50; found: C 17.27; H 5.02; N 18.21. 

Molecular modelling and DFT calculations 

All DFT computations were performed using the Guassian 09 suite of 
programs, using the dispersion corrected density functional MO6L, as 
described in detail elsewhere.[4] The heparin models were constructed 
based on the NMR structure, 1HPN.[14,18] There are two models in the 
original PDB file, each corresponding to all the iduronic acid residues in 
either a 2S0 or 1C4 conformation. The structure resulting from the IdoA(2S) 
in a 2S0 form has sulfate groups well separated compared to the structure 
from the 1C4 conformation of IdoA(2S). Through an initial visual 
assessment of a crude model, the 2S0 form was found to be more suitable 
for Pt-tetraammine interactions,[4]  and the structure containing all the 
IdoA(2S) residues in 2S0 confirmation has been used to study the 
interactions of PPC library with heparin. 

NMR cleavage inhibition assay 

1H NMR spectroscopy was performed in 250 µL Shigemi tubes in an 
Avance 600 MHz Ultrashield NMR spectrometer (Bruker) with a 1H/13C/15N 
gradient cryoprobe system, data being collected and analysed with the 
TOPSPIN software (Bruker). The HDO signal was suppressed using a 2 s 
rf-field during the relaxation delay. The assay was performed according to 
the previous reports.[4,10] FPX (300 µM) was pre-incubated for 10 min with 
each of the Pt compounds (300 µM) in the PPC library (Scheme 1) and 
then was incubated with P. heparinus heparinase II (0.4 U, 4 µL, Sigma-
Aldrich) at 37°C in deuterated Tris buffer (Tris-D11 (20 mM), NaCl (100 
mM) and CaCl2.2H2O (10 mM)), pH 7.5. 1H NMR spectra were recorded 
for each sample prior to addition of enzyme and at different time points 
thereafter. A control experiment was performed under the same conditions 
in the absence of PPC library to confirm the activity of the enzyme on FPX. 

Competitive binding assays 

FPX-PPC binding (methylene blue reporter method) 
 
All binding studies were performed in triplicate on an Agilent 8453 diode 
array spectrophotometer in a sub-micro quartz cuvette with a path length 
of 10 mm. Aqueous solutions of methylene blue chloride (at a constant 
concentration of 18.6 µM) and fondaparinux (1-15 µM) were prepared for 
determination of optimal MB-FPX binding. A concentration of 15 µM of FPX 
was then used for evaluating the inhibition of MB binding by PPCs. Varying 
concentrations of PPCs were incubated with constant concentration of 
FPX (15 µM) for 15 min at 23oC. To each sample was added MB to a final 
concentration of 18.6 µM and the absorbance measured.  
 
The Scatchard model[19] was applied to calculate the binding constant 
between MB and FPX by plotting 

 𝑛𝑛
[𝐿𝐿]

 versus n, 

where 𝑛𝑛
[𝐿𝐿]

= (𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚−𝐴𝐴)
(A−𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚)𝐶𝐶𝑚𝑚

,  

[L] = concentration of free methylene blue; 
n  = average number of binding sites; 

𝑛𝑛 =
(𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚 − 𝐴𝐴)

∆Ɛ𝐶𝐶𝑚𝑚
 

∆Ɛ =  calculated difference in molar absorptivity between free 
           and bound methylene blue in water at 664 nm; 
Cx= concentration of heparin added. 

IC50 and Ka(app) values for binding of PPCs to FPX were calculated by 
converting the MB absorption values to a normalized value (minimum and 
maximum absorbance) and the Ka(app) was determined using the following 
equation:[45] 

 1
𝐾𝐾𝑚𝑚(𝑚𝑚𝑎𝑎𝑎𝑎)

= 𝐼𝐼𝐶𝐶50𝑥𝑥
2𝐾𝐾𝑑𝑑𝑑𝑑[𝑆𝑆𝑑𝑑−(𝐵𝐵𝑑𝑑)𝑜𝑜] 

[(𝐵𝐵𝑑𝑑)𝑜𝑜  2+2𝑆𝑆𝑑𝑑𝐾𝐾𝑑𝑑𝑑𝑑−3𝑆𝑆𝑑𝑑(𝐵𝐵𝑑𝑑)𝑜𝑜]
,  

where KdL is the dissociation constant for the labelled ligand (MB) and 
binding site (FPX), SL is the total concentration of the labelled ligand, and 
(BL)o is the equilibrium of labelled ligand value when competitor 
concentration is zero. 

FPX competition with PPC-DNA (EtBr reporter method) 

All samples were read in a 96 well plate at 530/590 nm using a microplate 
reader (BioTek instruments). Ethidium bromide (EtBr) at 5 mM in water 
was diluted in HEPES buffer (80 mM HEPES, 7.2 pH) and incubated with 
calf thymus (ct) DNA for 5 min at 25oC to a final control concentration of 
12.5 μM EtBr and 10 μM DNA in a final volume of 100 μL. In separate wells, 
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the concentration of each individual PPC (dissolved in water and diluted in 
HEPES buffer) needed to decrease EtBr fluorescence by at least or 
greater than 50% after 1h incubation was calculated to be the following: 
TriplatinNC 12.5 µM, DiplatinNC 62.5 µM, AH44 125 µM, MonoplatinNC 
125 µM, and [Pt(NH3)4]2+ 500 µM and denominated as [PPCd]. This 
concentration was normalized as the modified (0 %) EtBr-PPC-DNA 
fluorescence and 100% fluorescence was the control EtBr-DNA. Next, 10 
μL of varying concentrations of FPX (0-640 μM) in HEPES buffer were 
added to 90 μL of a combined solution of platinum complex, DNA and EtBr 
such that the final concentrations were [PPCd], 12.5 μM (EtBr) and 10 μM 
(DNA). After 1h, the fluorescence was read allowing the calculation of 
[FPXr], the concentration of FPX required to restore EtBr fluorescence to 
50% of the control EtBr-DNA sample.  Samples were normalized to the 
controls ([PPCd] and no FPX as 0% and EtBr–DNA only as 100%) to 
calculate EC50 values using Prism software as per Table 3. The ratio index 
was calculated from the drug concentration divided by the EC50 value.   

Isothermal Titration Calorimetry 

ITC data were collected using a VP-ITC Microcalorimeter (MicroCal, LLC). 
All samples were degassed for 5 min using a ThermoVac (MicroCal, LLC). 
For all titrations, injections of Pt complexes were pipetted automatically 
into the reaction cell containing 1.3 mL of FPX at 300 s intervals from a 
300 µL syringe, while stirring at 75 rpm. In all experiments, 100 mM 
cacodylate buffer (pH 7.4) was used at 25oC and the thermal reference cell 
contained 1.3 mL of 100 mM cacodylate buffer (pH 7.4). Integration of the 
thermogram peaks was carried out using the software supplied with the 
calorimeter (Origin 7.0). The heats were fitted to a one site model using 
Origin 7.0 to determine Kd, ΔH, and ΔS. ΔG was obtained using the Gibbs 
free energy equation.  

Mass Spectrometry 

Mass spectra were acquired on a Thermo Electron Corporation Orbitrap 
Velos mass spectrometer (Waltham, MA). Samples were introduced by 
flow injection at flow rates of 0.5 to 0.7 µL/min using a syringe pump. 
Electrospray source condition were kept constant with a capillary 
temperature of 230ºC and capillary voltage between 2.3 and 2.5 kV. FPX 
and Pt compounds were reconstituted in deionised water to a stock 
concentration of 40 µM. Samples were mixed at a 1:1 molar ratio and were 
incubated at room temperature for 20 min. Samples were diluted with 
addition of Milli-Q methanol for a final concentration of 1:10 
methanol:water. 

Biological Evaluation 

Cell lines and cell culture 

The human colorectal cancer cell line HCT 116 was obtained from the 
American Type Tissue Collection. HCT116s were cultured in RPMI 1640 
media (Invitrogen) with 10% fetal bovine serum (FBS) and 1% 
penicillin/streptomycin (Gibco). 

MTT cell viability assay 

HCT116 cells were seeded in 96-well plates (5 × 103 cells/well) in 
supplemented media (100 μL). After incubation overnight, the cells were 
treated with varying concentrations of the indicated Pt compound, in sets 
containing 4 replicates for each concentration. After drug exposure for 72 
h, 1 mM MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolim bromide) 
(Sigma) was added to each well and incubated for 4 h. The MTT reagent 
was removed, and 100 μL of DMSO was added to each well. All 
incubations were performed at 37°C with 5% CO2. Spectrophotometric 
readings were determined at 570 nm using a microplate reader (Bio-Tek 
instruments). Percentage cell survival was determined as 
treated/untreated controls × 100.  Data are reported as the average of 2 
independent experiments ± SD.  

Cellular accumulation 

HCT116 cells were seeded in 100 mm dishes (1 × 106 cells/dish) in 
supplemented media (20 mL). After incubation for 24 h, cells were treated 
with 10 µM of the indicated Pt compounds for 3 and 6 h incubations (37°C 
with 5% CO2). The cells were then washed twice with PBS, harvested with 
0.25% trypsin (Gibco), and washed with 10 mL of PBS. The cell pellets 
were digested in 1 mL of nitric acid for 72 h and diluted with H2O (2 mL).  
The solutions were filtered through a 0.45 GHP filter. Platinum analysis 
was performed on Varian 820 inductively coupled plasma mass 
spectrometer (ICP-MS). The standards were prepared with K2PtCl4 in 
concentrations of 10, 50, 100, 150, and 250 ppb. The blank was 7% nitric 
acid. Data was normalized to number of platinum centres per drug. 

Cellular internalization 

HCT116 cells were seeded in 6-well plates (5 × 105cells/well) in 
supplemented media (3 mL). After incubation for 24 h, cells were treated 
with 10 µM of the indicated Pt compounds and incubated for 5 min before 
the addition of TAMRA-R9 (1.0 µM) and further incubation for 1 h at 37°C 
with 5% CO2. Cells were washed three times with PBS, harvested with 
0.25% trypsin (Gibco), and washed twice with cold PBS. The cells were 
passed through a cell strainer (40 μM Flowmi) and then analyzed at 488 
nm (excitation) and 585 ± 42 nm bandwidth emission using a Becton 
Dickinson FACScan flow cytometer (BD Biosciences).  
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Table 1. 1H chemical shift changes (∆δ = δ(FPX : PPC) – δ (FPX)) after  
incubation of Pt complexes with FPX for 10 min at 37 °C.  

 (∆δ = δ(FPX : PPC) – δ (FPX)[a] 

Compound A1 C1 D1 E1 D5 

[Pt(NH3)4]2+ 0.0 0.0 0.0 0.0 0.0 

MonoplatinNC 0.0 0.01 0.01 0.0 0.0 

DiplatinNC 0.01 0.01 0.05 0.0 0.04 

AH44 0.05 0.07 0.05 0.02 0.03 

TriplatinNC 0.03 0.03 0.06 0.01 0.06 

[a] For assignment of the anomeric protons see Scheme 3.  

 
Table 2. Interaction energies of isolated phosphate and sulfate anions and heparin 
fragments with Pt coordination spheres in the PPC library (see Scheme 1) 

 
Fragment Compound Charge Eint in water 

(kcal mol-1) 

phosphate[a]  
MonoplatinNC 

 
4+ 

-4.2 

sulfate[a] -1.2 

heparin trimer [a][b] [Pt(NH3)4]2+ 2+ -53 

heparin tetramer[c] MonoplatinNC 4+ -142 

heparin tetramer[c] DiplatinNC 6+ -171 

heparin hexamer[d] AH44 6+ -202 

heparin hexamer[a][d] TriplatinNC 8+ -250 

[a] From Ref. [4]. [b] [GlcNS(6S)-IdoA(2S)-GlcNS(6S)]. [c] [IdoA(2S)-GlcNS(6S)]2. [d] [IdoA(2S)-GlcNS(6S)]3. 
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Table 3. FPX-PPC dissociation constants as measured by methylene blue (MB), 
ethidium bromide (EtBr) reporter assays and Isothermal Titration Calorimetry (ITC).  

 

 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
[a] MB IC50 indicates PPC concentration required to competitively inhibit 50% of the MB dye from binding to FPX. Association constants were calculated from the 
MB assay for PPCs binding to FPX using a two ligand-one binding site Scatchard model. [b] ITC analysis reported in Table S1. [c] TriplatinNC data was taken 
from Ref. [4]. [d] EC50 is the concentration of FPX required to restore EtBr-DNA fluorescence, and was calculated from the normalization of 0 µM FPX as 0% and 
DNA-EtBr only as 100%. [e] Ratio index calculated from the [PPCd] / [FPXr] where [PPCd] is the concentration required to produce an initial < 50% decrease in 
fluorescence and [FPXr] is the concentration required to restore EtBr fluorescence to 50% of the control EtBr-DNA sample in absence of either PPC or FPX (see 
text). 
 
 
 
 
 
 

Table 4. Cytotoxicity of non-covalent PPCs in HCT116 cells. 
(n = 2)  

 
Compound IC50 (µM) Charge 

MonoplatinNC > 50 4+ 

DiplatinNC 24 ± 5 6+ 

AH44 30 ± 13 6+ 

TriplatinNC 7 ± 4 8+ 

TetraplatinNC 3.0 ± 0.7 10+ 

  

                   MB assay[a]        ITC Assay[b]              EtBr assay[c] 

Compound IC50
 (µM) Kd(app)

 
(µM) Kd (µM)  EC50 (µM)[d] Ratio index[e] 

[Pt(NH3)4]2+ 64 ± 8 30 ± 4 40 ± 13  NA NA 

MonoplatinNC 25.5 ± 0.5 12.1 ± 0.3 14 ± 1  108.90 1.15 

DiplatinNC 16.6 ± 0.4 7.9 ± 0.2 3.4 ± 0.9  52.60 1.19 

AH44 13.5 ± 0.5 6.4 ± 0.2 0.95 ± 0.2  128.30  0.97 

TriplatinNC 10.2 ± 0.4 4.8 ± 0.2   0.04 ± 0.01  10.74 1.17 
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Scheme 1.  Structures of the Polynuclear Platinum Compounds (PPC Library). Counter-anions omitted for clarity. All compounds with the exception of [Pt(NH3)4]Cl2 
were synthesized and used as nitrate salts. 
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Scheme 2. Synthesis of MonoplatinNC, DiplatinNC and TetraplatinNC 

 

 

Scheme 3.  Structures of Fondaparinux and cleavage products by P. heparinus heparinase-II. In the presence of PPCs, cleavage was completely inhibited. 
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Figure 1. Anomeric region of the 1H NMR spectra of 1:1 mixtures of FPX and various PPCs (a) after 10 min incubation in 20 mM Tris buffer, pH 7.5. (b) 24 h after 
treatment with P.heparinus heparinise II enzyme. Peaks indicated with asterisks in (b) represent FPX cleavage products in the presence of the mononuclear 
complex, [Pt(NH3)4]2+. 
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Figure 2. (a) Left: Optimized structure of heparin tetramer (stick) interacting with MonoplatinNC (ball and stick): hydrogen bonding interactions of the free amine of 
the dangling amine are represented by green dashed lines. The favourable van der Waals interactions among the hydrogens can be inferred. Right: Solvent 
accessibility maps using a probe of 1.4 Å: These shows how well the Pt complex fits the pockets and grooves in heparin. (b) Left: Optimized structure of heparin 
tetramer (stick) interacting with DiplatinNC (ball and stick): hydrogen bonding interactions of the second Pt centre are represented by green dashed lines. Right: 
Solvent accessibility maps using a probe of 1.4 Å: Top, bottom and side views shows how well the Pt complex fits the pockets and grooves of the heparin unit. (c) 
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Left: Optimized structure of heparin hexamer (stick) interacting with AH44 (ball and stick). Right: Solvent accessibility maps using a probe of 1.4 Å: These maps 
show the relationship of AH44 (magenta) to the heparin hexamer (green). 

 

Figure 3. PPC-HS binding interaction as measured by EtBr and methylene blue (MB) reporter assays. (a) Schematic representation of PPC competitive inhibition 
of MB binding to FPX and sequestering of DNA bound PPC by FPX. (b) Left; absorption spectra of a mixture of MB (18.6 µM) and FPX. The concentrations of 
FPX (from top to bottom at 664 nm) were as follows: 0, 1, 2, 3, 5, 10, 15, and 20 µM. Right; absorption spectra of a mixture of MB (18.6 µM), FPX (15 µM), and 
TriplatinNC. The concentrations of TriplatinNC (from above to bottom at 664 nm) were as follows: 14, 10, 5, and 0.5 µM. (c) Curve graph for the EC50 values 
measured by EtBr reporter assay showing the preference of PPCs for FPX, samples were normalized to the controls (no FPX as 0% and EtBr-DNA as 100%). 
TriplatinNC data was taken from Ref. [4]. 
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Figure 4.   ITC analysis of FPX by direct titration of TriplatinNC. A trace of calorimetric titration (upper panel) and integrated isotherms (lower panel).  
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Figure 5. An evaluation of PPCs cell uptake, accumulation, and overall cytotoxicity in colorectal carcinomas cells (HCT 116). (a) PPCs (10 µM) competition with 
TAMRA-R9 (1 µM) uptake was compared by the presence of fluorescence dye using flow cytometry. (b) Cellular accumulation of PPCs (10 µM) at 3 and 6 h prior 



FULL PAPER    

20 
 

to collection was analysed using ICP-MS for Pt content. Pt readings were normalized to cell number and number of Pt-centres for each compound. (c) MTT 
assays were employed to determine overall cytotoxicity of PPCs for a 72 h compound incubation.   

 

Metalloglycomics 

Positively charged polynuclear 
platinum compounds represent a 
structurally distinct class of broad-
spectrum inhibitors of heparanase 
cleavage, acting through 
metalloshielding of heparan sulfate - 
an attractive alternative to the 
synthesis of oligosaccharide 
mimetics. The structure activity 
relationships examined here 
contribute to the systematic 
development of metalloglycomics - 
expanding the study of bioinorganic 
chemistry to the third major 
biomolecule after the well-studied 
proteins and nucleic acids. 
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