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Abstract: 1H NMR spectroscopic studies on the 1:1 adduct of the 
pentasaccharide Fondaparinux (FPX) and the substitution-inert 
polynuclear platinum complex TriplatinNC show significant 
modulation of geometry around the glycosidic linkages of the FPX 
constituent monosaccharides. FPX is a valid model for the highly 
sulfated cell signalling molecule heparan sulfate (HS). The 
conformational ratio of the 1C4:2S0 forms of the FPX residue IdoA(2S) 
is altered from ≈ 35:65 (free FPX) to ≈ 75:25 in the adduct; the first 
demonstration of a small molecule affecting conformational changes 
on a HS oligosaccharide.  Functional consequences of such binding 
are suggested to be inhibition of HS cleavage in MDA-MB-231 triple-
negative breast cancer (TNBC) cells. We further describe inhibition of 
metastasis by TriplatinNC in the TNBC 4T1 syngeneic tumour model. 
Our work provides insight into a novel approach for design of platinum 
drugs (and coordination compounds in general) with intrinsic anti-
metastatic potential. 

Introduction 
Sulfated glycosaminoglycans (GAGs) such as heparan 

sulfate (HS) interact with many important proteins in the 
“heparin/HS interactome” exerting crucial regulatory roles for a 
range of biological activities including cellular adhesion and 
migration, angiogenesis, tumour progression, modulation of 
immunological responses and host-pathogen interactions.[1-4] 
Cleavage of HS in the extracellular matrix by human heparanase 
(hHPSE) releases associated growth factors and overexpression 
of hHPSE is strongly linked to inflammation and cancer 
metastasis.[5,6] HS and associated sulphated GAGs are thus drug 
targets of high relevance. Structurally, HS is composed of 
repeating disaccharide units of glucuronic acid, or its C-5 epimer 
iduronic acid, and D-glucosamine which may be variably 
substituted with O-sulfate, N-sulfate, and N-acetyl exocyclic 
groups (Scheme 1a and b). The number of sulfate groups and 
their substitution patterns, as well as the conformational flexibility 
inherent in glucuronic acid/iduronic acid epimerization all play 

critical roles in HS function. The conformationally flexible iduronic 
acid residue IdoA(2S) adopts both 1C4 chair and 2S0 skew boat 
conformations (Scheme 1c).[7-9] 

Scheme 1. Major (a) and variable (b) repeating disaccharide units 
of heparan sulfate (HS) and the 1C4 and 2S0 forms of the 
conformationally-flexible iduronic acid residue (c). Structures of 
the HS substrate Fondaparinux (d) and the trinuclear platinum 
compound TriplatinNC (TriPtNC) (e) used for the structural 
studies. 

Here we show that the interaction of a molar equivalent of 
the cationic (8+) substitution-inert polynuclear platinum complex 
TriplatinNC (TriPtNC, Scheme 1e) with the highly sulfated 
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pentasaccharide Fondaparinux (FPX, Scheme 1d) alters the 
conformational ratio of the  1C4:2S0 forms of the IdoA(2S) residue 
from the approximately 35:65 ratio of free FPX to ≈ 75:25 in the 
adduct. This change can affect the critical role of HS as substrate 
for cellular processing. In this study we provide evidence that 
translational possibilities of TriPtNC binding include inhibition of 
HS cleavage in MDA-MB-231 cells (one of the most commonly 
used to model triple-negative breast cancer) and of metastasis 
inhibition in vivo in the syngeneic 4T1 model of breast cancer. 
Finally, these studies  further confirm the utility of the 
metalloglycomics concept in discovering new exciting activities in 
medicinal inorganic chemistry as well as new effective 
approaches to inactivation of the GAG template for therapeutic 
intervention.[10]  

Results and Discussion 
We have shown previously that addition of TriPtNC to FPX, 

at a stoichiometric ratio, induces significant shifts in the FPX 
anomeric protons, indicative of structural changes attributed to 
the effects of metalloshielding of the sulfate residues.[11,12] These 
changes result in inhibition of FPX cleavage by both human 
heparanase and bacterial heparinase.[11,12] In the current study, 
we examined these structural changes in detail. Unambiguous 
characterization of FPX, in the presence and absence of TriPtNC 
(at pH 5.0, 290 K) was performed by the use of both 600 and 800 
MHz 1H NMR spectroscopy. The 1D and 2D NMR (e.g. COSY, 
TOCSY, NOESY) spectra were assigned by comparison with 
previous studies.[13] Binding of TriPtNC to FPX induced proton 
chemical shift perturbations for all five monosaccharide units of 
FPX (Supporting Information, Table S1). Major perturbations 
were observed for the H1 (Dd = 0.24) and H5 (Dd = 0.19) protons 
of the iduronic acid residue [IdoA(2S)] of FPX, which could be 
indicative of a TriPtNC-induced change in the equilibrium ratio of 
the IdoA(2S) ring conformers and/or change in geometry around 
the glycosidic linkages of the IdoA(2S) residue. 

The equilibrium ratio of IdoA(2S) conformers in solution has 
been determined previously by calculation of the theoretical 
coupling constants for the protons of di-, tri-, tetra- and penta-
saccharide fragments containing IdoA(2S) with ring conformation 
in 1C4 and 2S0 forms, and then the establishment of best 
agreement between the theoretical and experimental coupling 
constants by systematically fitting the weighted averages of 
theoretical coupling data against experimental data.[14-17] We have 
adapted this approach to determine TriPtNC-induced modulation 
to the equilibrium ratio of IdoA(2S) conformers of FPX.        

The 3D structures of TriPtNC bound-FPX (Figure 1) and free 
FPX (Supporting Information, Figure S1) with the pyranose ring of 
IdoA(2S) in both the 1C4 and 2S0 confirmations were fully 
optimized, without any constraints in aqueous medium, at the 
m06l/6-311+g(2d,2p)/ lanl2dz level of DFT theory. Three bond 
theoretical proton-proton coupling constants (3JH-H) were obtained 
using these four DFT optimized structures, separately by two 
methods. First, by calculating 3JH-H values with two different DFT 
functionals (m06l/dgdzvp and b3lyp/dgdzvp) (see Supporting 
Information, Table S2) and second, by using the dependence on 
the torsion angles between the three bonded proton pairs (see 
Supporting Information, Table S3). The experimental three bond 
(3JH-H) coupling constants for the protons of TriPtNC bound FPX 
(Supporting Information, Table S4) and free FPX (Supporting 

Information, Table S5) were measured from the corresponding 
completely assigned 1H NMR spectra.   

The weighted averages of the theoretical coupling constants 
obtained from the two structures (with IdoA(2S) in 1C4 and 2S0 

forms) of TriPtNC-FPX and free FPX were fitted against the 
experimentally-obtained coupling constant data.  For FPX the 
best fit between the theoretical and experimental data was 
obtained with an IdoA(2S) 1C4 :2S0 conformational ratio of 35:65 
(Supporting Information, Table S5).  This value is consistent with 
the ratio reported previously from studies based on molecular 
mechanic simulations and 1H NMR spectroscopy,[9] but differs 
slightly from the ratio (15:85) reported from DFT studies where 
structures of FPX optimized at a different level (b3LYP/6-
311+g(d,p)) of DFT theory were used for coupling constant 
calculations.[16] For TriPtNC-FPX the best fit between theory and 
experiment was obtained with IdoA(2S) adopting a 1C4 :2S0 

conformational ratio of 75:25  (see Supporting Information, Table 
S4), showing clearly that the 1C4 conformation of IdoA(2S), which 
is the minor form in free FPX, is the major ring conformation in 
solution when FPX is bound by TriPtNC.  

The conformational change of the FPX IdoA(2S) residue 
induced by TriPtNC is further supported by the analysis of 
experimental intra-residual NOE cross-peaks of IdoA(2S) protons 
in free- and TriPtNC-bound FPX. The NOE experiment is highly 
sensitive to the distribution of 1C4 and 2S0 conformers of the 
IdoA(2S) residue, due to the variation of inter-proton distances in 
the two conformers. The isoclinal positioning of H1 and H4 protons 
in the 2S0 conformer results in a shorter inter-atomic distance 
between H2 and H5 (⁓2.6 Å) compared to that (4.0 Å) in the 1C4  
conformer (see Supporting Information, Figure S2a).[18-21] As the 
inter-atomic distance between H4 and H5 (⁓2.5 Å) is similar for the 
two conformers a comparison of H2-H5 and H4-H5 NOE intensities 
allows identification of the major conformers of IdoA(2S). This 
qualitative NOE analysis approach has been previously used to 
determine the IdoA(2S) 1C4 and 2S0 conformer distribution in a 
variety of hexa-saccharide fragments.[21] NOE intensity ratios (H2-
H5/H4-H5)  ³ 0.5 or < 0.5 are indicative of 2S0 or 1C4 as the major 
conformer in solution, respectively. This qualitative NOE analysis 
can be used only to identify the major or minor conformers at the 
equilibrium but not to quantify the exact conformer distribution. 
For TriPtNC-FPX the experimental NOE intensity ratio (H2-H5/H4-
H5) is 0.37 (Supporting Information, Table S7) indicative of 1C4 as 
the major conformer of the FPX IdoA(2S) residue. In the case of 
free FPX, the analysis is complicated by signal overlap (see 
description below Figure S2 in Supporting Information), 
nevertheless the experimental NOE intensity ratio (H2-H5/H4-H5) 
could be determined and the value (³ 0.60) is consistent with 2S0 
as the major conformer of the IdoA(2S) residue in solution. Thus, 
these results are in excellent agreement with those derived from 
coupling constants. 

Analysis of the optimized geometries of free FPX in 
comparison with the respective TriPtNC bound FPX geometries 
(with IdoA(2S) in either 1C4 or 2S0 conformations) shows an 
approximately similar orientation of the sulfate and carboxylate 
groups (see Supporting Information, Figure S1 and detailed 
description).  These similarities suggest that although TriPtNC 
binding modulates the glycosidic linkage dihedral angles (Φ and 
Ψ) of FPX (see Supporting Information, Table S6), the distances 
between the binding groups (such as carboxylate and sulfate),
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Figure 1. DFT optimized structures of TriPtNC-bound FPX with IdoA(2S) residue of FPX in 1C4 (1; a) and 2S0 (2; b) conformations and the corresponding H-bonding 
networks observed for the three {Pt(amine)4} coordination units of TriPtNC. DFT optimizations were performed using m06l/(6-311+g(2d,2p)/ lanl2dz) level of theory. 
To highlight the 1C4 and 2S0 conformations in a and b, respectively, the IdoA(2S) rings are shown in blue colour. The reducing end GlcNS(6S)R residue of FPX  is 
shown in green. A detailed molecular description of the TriPtNC-FPX interaction in 1 and 2 is provided in Supporting Information, Figure S3, together with details of 
the TriPtNC dangling amine (-NH3) H-bonding networks (Supporting Information, Figure S4). 

which create binding pockets for the accommodation of 
{Pt(am(m)ine)4} coordination units, are not significantly modulated. 
The comparison of the geometries of TriPtNC-bound FPX with 
IdoA(2S) in 1C4 and 2S0 conformations (see Figure 1, and 
Supporting Information Figure S3) show that in 1 the 1C4 ring 
conformation for IdoA(2S), plus favourable glycosidic linkage 
geometries between the monosaccharide units, orient the sulfate 
and carboxylate groups for more suitable accommodation of the 
three square-planar {Pt(am(m)ine)4} coordination units, providing 
a better fit than the 2S0 conformation (2) for TriPtNC binding 
Importantly, the 1C4 conformation of IdoA(2S) in 1 places the 2-O-
SO3 of IdoA(2S) in the plane in which 2-N-SO3 and 6-O-SO3 
groups of the reducing-end GlcNS(6S)R are positioned. Hence the 
{Pt(am(m)ine} unit at the reducing end of FPX [Pt(R)] stacks 
parallel to the plane of three sulfate groups forming a cluster 
involving strong H-bond interactions (see Pt(R) in Figure 1a). This 
binding at the reducing-end then further facilitates the central 
{Pt(am(m)ine)4} unit [Pt(C)] to orient vertically in the cavity created 
between the 3-O-SO3 of the central GlcNS(3S)(6S) and 5-CO2 of 
IdoA(2S) (see Pt(C) in Figure 1a). This orientation, along with the 
favourable glycosidic torsion angles between GlcNS(6S)NR and 
GlcA (which places 2-N-SO3 of GlcNS(6S)NR in close proximity to 
the Pt(C) unit) allows the NH3 and NH2 groups of Pt(C) to form H-
bond interactions with the groups of four monosaccharide units 
[GlcNS(6S)NR, GlcA, GlcNS(3S)(6S) and IdoA(2S)] of the 
pentamer (see Pt(C) in Figure 1a). Thus, the Pt(C) unit not only 
stabilises the overall geometry of FPX in 1, but also anchors the 
{Pt(am(m)ine)4} unit at the non-reducing end of FPX [Pt(NR)]. This 

orientation allows Pt(NR) to form essential H-bond interactions 
with the sulfate and carboxy groups of the binding pocket created 
(as a result of the favourable glycosidic torsion angles of 
GlcNS(6S)NR and GlcA) between the 6-O-SO3 groups of 
GlcNS(6S)NR and GlcNS(3S)(6S) and 5-CO2 of GlcA (see Pt(NR) 
in Figure 1a).   

In contrast, although the minor 2S0 form (2) of TriPtNC-FPX 
also exhibits sulfate group interactions, this geometry does not 
enable favourable interactions with the {Pt(am(m)ine)4} 
coordination spheres of TriPtNC. A detailed molecular description 
of the H-bonding interactions is provided in the description of 
Figure S3 in Supporting Information. H-bonding networks are 
observed also for the dangling amine groups of TriPtNC (in both 
1 and 2) and these are illustrated in Supporting Information, 
Figure S4.  

Weak intermolecular NOE cross-peaks are observed 
between TriPtNC aliphatic linker protons and FPX protons in all 
five monosaccharide residues (Supporting Information, Figure 
S5), with the strongest cross-peaks observed for protons of the 
central glucosamine unit (GlcNS(3S)(6S)), consistent with the 
orientation of the dangling amine aliphatic chain close to this 
residue in the major (1C4) conformer (Figure 1(a)).    

High resolution mass spectrometry analysis gives further 
insight into the nature of the TriPtNC-FPX adduct. Negative mode 
electrospray ionisation mass spectrometry (ESI-MS) (see 
Supporting Information, Figure S6) of directly infused FPX shows 
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several sodium ion adducts in complex with FPX. Whereas, when 
FPX and TriPtNC are infused together the sodium adducts are 
displaced in the formation of FPX+TriPtNC complexes. The FPX 
fragmentation pattern of the 1:1 TriPtNC-FPX adduct was further 
compared with that obtained for free FPX (see Supporting 
Information, Figure S7).  The observed fragmentation through 
cleavage at the glycosidic bonds of free FPX was very similar to 
that reported previously,[22] with products from cleavage at each 
of the four glycosidic bonds, whilst the  fragmentation spectra of 
the TriPtNC-FPX adduct differed significantly. Fewer cleavage 
sites of the glycosidic bond were seen with the predominant 
cleavage sites deduced to be at the non-reducing end of FPX 
between the GlcNS(6S)-GlcA and GlcA-GlcNS(3S)(6S) residues 
(Supporting Information, Figure S7). No cleavage around the 
IdoA(2S) residue was observed but several TriPtNC-FPX cluster 
ions representing loss of aliphatic chain and sequential sulfate 
loss may be deduced. These preliminary studies suggest that the 
strong binding is located at the GlcNS(3S)(6S)-IdoA(2S)-
GlcNS(6S)R residues, supporting our conclusions of the 
favourable Pt(C) and Pt(NR) binding at these residues of the 
major form (1) of TriPtNC-FPX (see Figure 1, and Supporting 
Information, Figure S3).   Polysulfated oligosaccharides generally 
display two major limiting fragmentation pathways – cleavage of 
the glycosidic bonds, or SO3

 
loss from the isolated precursor 

ion.[23] TriPtNC binding and thus metalloshielding is sufficiently 
strong that relatively moderate or no dissociation to reactants is 
observed in MS-MS spectra; further, the adduct disfavours 
glycosidic bond cleavage over ligand fragmentation and SO3 loss.    

In summary, binding of TriPtNC to a HS model fragment 
shows the potential for significant modulation of conformational 
preferences of IdoA-containing polysaccharides. The observation 
that TriPtNC binding drives the conformation of IdoA(2S) in FPX 
to the 1C4 chair is highly consistent with the conformational 
behaviour of HS fragments which adopt only the most favourable 
conformation (either 1C4 or 2S0) upon binding to biological 
receptors such as signalling proteins and growth factors (see 
Table 1).[18,24-29] NMR and crystal structures of HS fragments 
binding to growth factors (aFGF and bFGF) show that protein 
binding stabilizes the 1C4 conformation of the IdoA(2S) residue in 
a tetrasaccharide sequence while the crystal structure of a 
hexasaccharide (containing two IdoA(2S) residues) with bFGF 
suggests that one of the IdoA(2S) units adopts the 1C4 chair while 
the other adopts the 2S0 skew boat.[24,25] Interestingly, 
pentasaccharide (FPX) binding to antithrombin maintains the 2S0 
conformation but conformational preference is dependent on 
sequence length – the shorter tetrasaccharide with a “terminal” 
IdoA(2S) residue adopts the 1C4 conformation.[18,26] In this context, 
to the best of our knowledge, TriPtNC is the first demonstration of 
a small molecule-induced “selection” of a conformational 
preference on a HS-like template.  

To the best of our knowledge this is also the first 
demonstration of a conformational change on a GAG induced by 
a coordination  compound, as distinct from physiologically 
associated M2+ cations.[30] A secondary effect of high-affinity metal 
complex–GAG interactions may also lie in condensation effects. 
Counterion condensation modifies the negative charge of GAGs 
and counterion release may play a role in GAG-protein binding.[31] 
TriPtNC is an especially effective condensing agent on DNA and 
RNA and by analogy is likely to be equally effective on the GAG 
polyelectrolyte.[32,33] The CD spectrum of FPX is very similar to 

that of heparin[34] and preliminary results show an unusual 
decrease in this band in the presence of TriPtNC (Supporting 
Information, Figure S8). We suggest that the related 
conformational selection and condensation may contribute to 
modulation of GAG biological function. Coupled with our previous 
extensive DNA studies we propose that such Pt complexes are 
inherently dual-function, combining a cytotoxic component 
through DNA targeting and a potential anti-metastatic component 
through interference with HS function.[12,35] 
Table 1. GAG–protein induced conformational behaviour of IdoA(2S) residue. 
I: IdoA(2S); In: non-sulfated IdoA(2S); I*: unsaturated IdoA(2S) at the non-
reducing-end; Im: reducing-end IdoA(2S) not involved in the binding; A: 
GlcNS/6S/NAc; A*: GlcNS(3S)(6S); G: GlcA; U: glucuronic acid (GlcA) or its 
epimer IdoA(2S);. 

The use of FPX as a HS model is especially valid as 
biologically functional HS contains sequences of high and low 
sulfation whose arrangement is strictly regulated.[36,37] The 
regulatory role of HS further critically depends on its fine structure, 
which facilitates cell-surface binding of proangiogenic growth 
factors that in turn mediate endothelial growth signalling.[1-4]  
Heparan sulfate proteoglycans (HSPGs) play critical roles in 
angiogenesis and oncogenesis, the latter leading to tumour 
growth and metastasis. The initiation of this process requires 
breakdown of the extracellular matrix through proteases and 
hHPSE and release of pro-angiogenic growth factors, almost all 
of which are bound by HSPGs.[27] Iduronic acid conformation is 
intimately involved in the atomic-level details of HS recognition 
and cleavage – the overall structural modulation of FPX caused 
by TriPtNC as described above is an effective block to cleavage 
by both mammalian heparanase and bacterial heparinases 
(bHPSE).[11,12,38] 

How can one turn these results into approaches to 
translational medicine? We next examined whether these 
biophysical observations could be translated into a cellular action 
by examining the effects of TriPtNC on bHPSE activity using 
MDA-MB-231 breast cancer cells, a recognized model of triple-
negative breast cancer. Following the enzymatic treatment of 
Matrigel via heparinase-I, there is a marked increase in the 
number of cells migrating through the matrix after 12 hours, which 
becomes more porous due to its degradation by the enzyme 
(Figure 2a).[39] The extent of cell migration through Matrigel is 
directly related to the concentration of enzyme used, extent of 
enzymatic treatment, and time allotted for cell migration to occur.  
When the matrix is pre-treated with TriPtNC before the addition of 
enzyme we observe a marked reduction in cell migration (Figure 
2b,c). This effect is not observed in cisplatin-treated Matrigel,  

Protein/Small 
molecule 

GAG IdoA(2S) 
ring 

conformation 

PDB 
code/NMR 

Ref. 

bFGF/aFGF AIAIm I: 1C4 NMR 24 

bFGF I*AI3AI5A I3:1C4; I5:2S0 1BFC 25 

Antithrombin AGA*IA I: 2S0 NMR 18 

Antithrombin AGA*In In: 1C4 NMR 26 

Heparanase UAInA In: 2S0 5E9C 27 

annexin V I*AIA I: 2S0 1G5N 28 

Antithrombin I*AInAGA*IA In: 2S0; I: 2S0 NMR 29 
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Figure 2. TriPtNC inhibits HS cleavage in cells.  A. The schematic of the Matrigel invasion assay. TriPtNC inhibits heparinase I (HEP1)-cleavage of extracellular 
matrix. UTC is untreated control, PBS. B.  Growth factor reduced Matrigel was treated with either PBS or equimolar amounts of TriPtNC or cisplatin (50 µM) for 1 
h, followed by treatment with additional PBS or 0.3 units of enzyme. Matrigel chambers incubated at 37°C for 16 h to allow digestion of Matrigel. Wells were washed 
10x times with PBS to remove remaining enzyme or drug. Inserts were filled with media containing 0.2% FBS and placed into wells with media containing 10% FBS. 
8 x 104 serum starved MDA-MB-231 cells were seeded onto Matrigel or control inserts without Matrigel. After 12 h, cells that invaded through Matrigel were fixed 
and stained using methanol and crystal violet. % invasion was determined by dividing the number of cells invaded through Matrigel by cells that migrated through 
the inserts without Matrigel. C. Representative light microscopy images of crystal violet stained cells that invaded Matrigel.  D. TriPtNC blocks bHPSE (heparinase 
III) cleavage of cell surface HS in CHO-K1 cells. E. Cells were treated with equimolar amounts of TriPtNC or cisplatin for 5 min. before addition of 0.025U bHPSE 
III for 45 min. at 37oC. Cells were incubated with HS-antibody 3G10 that recognizes a neoepitope produced by bHPSEIII cleavage of HS, followed by incubation 
with Alexa488-conjugated secondary antibody (green). Then cells were washed with PBS containing DAPI (blue) as a nuclear stain. Cells were fixed with 3% PFA 
and visualized using a Zeiss LSM710 CLSM inverted scope at 40X oil immersion objective. Images are representative of 3 repeats.

attributed to the differential HS affinities of cisplatin and 
TriPtNC.[10] A second cell-based assay visualized the 
fluorescence intensity produced by bacterial heparinase III  
cleavage of HS when cells are incubated with HS-antibody 3G10 
that recognizes a neoepitope corresponding to the amount of 
degraded HS for each sample, displayed as median fluorescence 
(Figure 2d,e).[40] The unsaturated hexauronate (glucuronate) 
present at the non-reducing end of HS fragments created by 
enzymatic cleavage is critical for the reactivity of the antibody. 
CHO-K1 cells were treated with equimolar amounts of TriPtNC or 
cisplatin for 5 min before addition of enzyme and the results show 
that TriPtNC, but not cisplatin, blocks heparinase III cleavage of 
cell surface HS. To our knowledge, these complementary assays 
are the first demonstrations of inhibition of cellular action of 
heparanase/heparinase by a transition metal complex.  

The end point in vivo of inhibition of human heparanase 
enzymatic activity and growth factor binding is inhibition of 
metastasis.[6] The anti-metastatic activity of TriPtNC was 
confirmed in a syngeneic 4T1 mouse-derived model of TNBC 
breast cancer metastasis to the lung using a primary tumour 
resection or “mastectomy” model.[41,42] The 4T1-luc mouse-
derived breast cancer cell line implanted into immune-intact 
syngeneic mice mimics human cancer progression and 
metastasizes more efficiently than conventional human 
xenografts.[43] This “mastectomy model” eliminates metastasis 
inhibition as a consequence of primary tumour inhibition and is a 
true measure of metastasis inhibition. The effect of TriPtNC on 

growth of metastatic tumour after mastectomy was examined 
(Supporting Information Figure S9). Lung metastases were 
quantified ex vivo after the lungs were removed and showed a 
significant reduction with respect to control.  Remarkably, for an 
8+ substitution-inert platinum compound, long-term survivors 
were also apparent (Supporting Information, Figure S9e). 

Conclusion  
We have shown that in the FPX-TriPtNC system the 

substitution-inert highly charged platinum compound affects the 
conformational (1C4/2S0) ratio of the critical IdoA(2S) moiety, one 
of the first examples of a small molecule to do so. Using FPX as 
a model for HS is consistent with previous findings that TriPtNC 
inhibits enzymatic cleavage of FPX in vitro and inhibits HS growth 
factor binding and signalling.[10,12,35] We now show that inhibition 
of these critical pathways to angiogenesis and eventually 
metastasis by TriPtNC is relevant in cells and consequently we 
propose that the origin lies in the structural modulation of the HS 
template. These results show innovative directions for design of 
antimetastatic platinum and  other coordination compounds. The 
many approaches to inhibition of HS function using 
oligosaccharide mimetics relies on competitive inhibition with 
enzyme (heparanase) or protein (growth factor) action.[1-4] Our 
data suggest that the simple strategy of template protection 
(analogous to metal complex-DNA binding) provides a rich source 
of new biological activities in medicinal inorganic chemistry, as 
well as new avenues to exploit the “GAG interactome” for 
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therapeutic benefit. Our findings may have general applicability in 
understanding the mechanism of anti-metastatic coordination 
compounds such as the Ru-based NAMI-A.[44] A polyamine-linked 
Pt(IV) compound displays interesting anti-metastatic properties 
upon proposed reduction to Pt(II) and polyamine release.[45] 
Indeed, in the absence of a Pt-Cl bond for covalent binding to 
target biomolecules,[46] the substitution-inert PPCs do have some 
similarities  with polyamines. Spermine itself binds to and 
modifies the structure of HS with effects on polyamine 
pathways.[47] In both solution and gas-phase DNA binding studies, 
complexes such as TriPtNC have significantly higher affinity than 
the simple polyamines and are significantly more effective DNA-
condensing agents.[32,33,35,48] We would predict that these 
differences will also be observed for comparative GAG-binding 
studies due to the unique nature of the PPC-GAG sulfate cluster 
interaction. Metalloshielding, especially where the GlcNS(3S)(6S) 
trisulfated cluster may be considered a “hot spot” for TriPtNC 
binding, could find applicability in sequencing of longer 
heterogeneously substituted oligosaccharides.[49] Analogously, 
DNA binding sites of TriPtNC on ssDNA can be deduced from 
MS-MS fragmentation patterns.[50] Finally, our results emphasise 
further the utility of the metalloglycomics concept – extending the 
study of M-GAG interactions to well-defined coordination 
compounds with a wide diversity of structural complexity.[10] 
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We present a novel approach for the design of platinum complexes with intrinsic anti-metastatic potential. Metalloshielding of a model 
heparan sulfate (HS) pentasaccharide by the highly cationic TriPlatinNC modifies the conformational preference of the critical iduronic 
acid residue. Structural modulation of HS can result in inhibition of cellular cleavage by hepara(i)nase with a consequence in tumour 
cells being prevention of metastases.  
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