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Antiangiogenic platinum through glycan targeting+

Erica J. Peterson,®® A. Gerard Daniel,®® Samantha J. Katner,?® Lisa Bohlmann,©
Chih-Wei Chang,® Anna Bezos,® Christopher R. Parish,® Mark von Itzstein,®
Susan J. Berners-Price® and Nicholas P. Farrell*@°°

Heparan sulfate is identified as a ligand receptor for polynuclear platinum anti-cancer agents through
sulfate cluster binding. We present a new biological role for platinum and coordination compounds and
a new target for metal-based drugs while presenting a new chemotype for heparanase and growth
factor inhibition through modulation (metalloshielding) of their interactions. Masking of extracellular
(ECM)-resident heparan sulfate (HS) through metalloshielding results in very effective inhibition of
physiologically critical HS functions including enzyme (heparanase, HPSE) and protein growth factor
recognition. The interaction of the highly cationic polynuclear platinum complexes (PPCs) with the
highly sulfated pentasaccharide Fondaparinux (FPX, in this case as a model HS-like substrate) results in
inhibition of its cleavage by the HS-related enzyme heparanase. Binding of the fibroblast growth factor
FGF-2 to HS is also inhibited with consequences for downstream signalling events as measured by
a reduction in accumulation of phospho-S6 ribosomal protein in human colon tumor HCT-116 cells. The
end-point of inhibition of HPSE activity and growth factor growth factor signaling is the prevention of
cell invasion and angiogenesis. Finally these events culminate in inhibition of HCT-116 cell invasion at
sub-cytotoxic concentrations and the process of angiogenesis. A competition assay shows that
Fondaparinux can sequester the 8+ TriplatinNC from bound DNA, emphasising the strength of PPC-HS
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Introduction

Small molecule innovation is critical to development of new
medicines. Within anti-cancer drug development the delinea-
tion of a target allows molecular approaches to modulation of
target interactions thereby hopefully modifying the overall
biological response. This has certainly been the case in the area
of platinum-based anti-cancer agents where a rich fount of
structure and reactivity relationships has been produced based
on DNA as their ultimate cellular target. These chemical and
biophysical aspects are further linked to understanding of
cellular signalling effects and downstream responses, eventu-
ally leading to cytotoxicity. In parallel, the advances in our
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implications for future directions in the development of platinum-based chemotherapeutics.

understanding of cancer disease biology provide novel targets
for drug development. In this paper we show that the interac-
tions of polynuclear platinum complexes with the cellular sig-
nalling molecule heparan sulfate can be conceptualized in
a similar manner to DNA - analysing the structural features
necessary for strong binding with consequences for inhibition
of function in this case leading to a systematic anti-angiogenic,
rather than cytotoxic, effect.

An optimal goal for cancer treatment is to develop anti-
angiogenic drugs that will prevent metastasis and by limiting the
primary tumor to a relatively localized site, allow for more
effective drug intervention at that site. Most steps in the angio-
genic cascade including endothelial cell proliferation, migration
and differentiation are understood.' Central to many of these
processes is the heparanase (HPSE)/heparan sulfate (HS) inter-
action. Soluble glycosaminoglycan (GAG)-containing proteogly-
cans (e.g, heparin-containing and HS-containing; HPGs and
HSPGs respectively) are thought to form the basis of the ECM
glycointeractome and are known to bind to a significant range of
well characterized bioactive molecules including angiogenic
growth factors, pro-angiogenic receptors and in some cases to
angiogenesis inhibitors." Cleavage of ECM HS by the enzyme
heparanase is directly linked to the processing of these bioactive
molecules and ECM remodeling. As a consequence, heparanase
modulates relevant tumor-related events including angiogenesis,
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cell invasion, metastasis and inflammation.> Furthermore, hep-
aranase is over-expressed in many tumors and there is a signifi-
cant correlation between metastatic potential and heparanase
activity.” Proteoglycans and their associated enzymes are thus
significant emerging drug targets of high biological relevance."?
The molecular level understanding of the myriad biological
processes involved in angiogenesis suggests new targets for
therapeutic intervention. General approaches to exploit the
HPG/HSPG system to inhibit angiogenesis can be summarized
as (i) inhibition of enzymatic cleavage of HS by heparanase and
(if) interference with glycan-protein interactions, by comple-
mentary approaches such as design of “decoy” compounds to
bind and mask endothelial cell-surface HSPGs and/or seques-
tering of angiogenic growth factors, thereby preventing their
interaction with the endothelial cells and (iii) chemical or
enzymatic modification of HSPGs to forms that are less recog-
nizable by angiogenic growth factors. With respect to drug
development, there has been a heavy emphasis on design of
oligosaccharide mimics to interfere with enzyme/protein
binding. Relevant examples of enzyme-targeted inhibitors
include PI-88 (Muparfostat), a yeast-derived mixture of highly
sulfated, monophosphorylated mannose oligosaccharides,?
and, most recently, the “PG500” series such as PG-545 derived
from PI-88.* Strategies based on inhibition of HS-growth factor
interactions (predominantly fibroblast growth factor (FGF) and
vascular endothelial growth factor (VEGF) families) also include
small molecules and HS mimetics such as chemically modified
heparins with variable saccharide lengths and/or sulfation
patterns.™® Designed synthesis of low-sulfate mimetics or HS-
like molecules having chemically-induced sulfation gaps has
also been proposed for inhibition of HS-FGF interactions.’
Inhibition of heparanase activity and/or growth factor binding
are not mutually exclusive and mimetics such as PI-88, PG-545
and the oligomannurate JG3 may target both functions.>**
Masking or removing the HSPGs to inhibit enzymatic
cleavage and/or diminish growth factor recognition is an
attractive approach to modulate HSPG function. The cationic
highly arginine-rich protein protamine, for example, interacts
with HSPGs and inhibits FGF-2-dependent angiogenesis in vitro
and in vivo.”® We have previously shown that clinically relevant
anticancer polynuclear platinum complexes (PPCs) with high
positive charge (Fig. 1(a)) are very effective metalloshielding
agents for sulfated oligosaccharides.® Their 1 : 1 adducts with an
HS octasaccharide (DP8, containing 3 sulfate groups per disac-
charide) were shown by Electrospray Ionisation Mass Spec-
trometry (ESI-MS) to protect against sulfate loss in the gas
phase.” The strong binding is sufficient to protect the highly
sulfated pentasaccharide Fondaparinux (FPX) from enzymatic
cleavage by bacterial heparinases.”'® The molecular description
of the PPC-HS metalloshielding (protection of an adducted
polysaccharide against sulfate loss or recognition) was suggested
to be through a “sulfate clamp” analogous to the phosphate
clamp motif observed in the crystal structure of TriplatinNC
bound to DNA'""** (Fig. 1(b and c)). These canonical motifs bear
high structural similarity to those suggested for arginine-medi-
ated recognition of proteins, for example TBP (TATA Binding
Protein), through “arginine forks” to the phosphate backbone of
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Fig.1 (a) Structures of platinum polynuclear complexes (PPCs). (b and
c) Energy-minimized representations of one coordination unit trans-
[Pt(NH3)»(NH,CHs),1%* of a PPC forming a phosphate and sulfate
clamp, respectively, through hydrogen-bonding interactions. (d and e)
Energy-minimized representations a Meguanidine moiety with
hydrogen-bonding interactions to phosphate and sulfate, respectively,
showing structural analogies of the arginine fork. The calculated
charges on individual atoms and calculated bond distances are
omitted for clarity but are consistent with the proposed structures.

DNA® and indeed to the molecular description of cellular
internalization of arginine-containing peptides through binding
of sulfate groups on cell-surface HSPGs** (Fig. 1(d and e)). In the
latter case, PPCs are competitive inhibitors of binding of TAMRA-
R9 (a nonaarginine peptide coupled to the fluorescent label,
5-(6)-carboxytetramethylrhodamine) to HSPGs with consequent
decrease in cellular internalization of the nonapeptide.” By the
use of wt CHO cells and mutant CHO-pgsD-677 (lacking HS), and
CHO-pgsA (lacking HS/CS chondroitin sulfate) cells, the clear
biological consequences of PPC-HS interaction correlated with
reduced cellular accumulation of PPCs and related decrease in
apoptosis and cytotoxicity.”* These results led to recognition of
the HSPG-mediated cellular accumulation of PPCs, a pathway
unique to the highly cationic compounds and not shared by
neutral cisplatin or oxaliplatin.

Given the correlation between HSPG-mediated cellular
accumulation of PPCs and the PPC-HS interaction we have now
asked the question — what are the functional consequences of
such binding? In principle, metalloshielding could protect an
adducted oligosaccharide from the action of glycan-degrading
enzymes and/or protein recognition (analogous to inhibition of
DNA-protein interactions through high-affinity DNA binding).
Among PPCs, compounds capable of covalent interaction with
biomolecules contain a Pt-Cl bond, as exemplified by Triplatin

This journal is © The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6sc02515c

Open Access Article. Published on 12 August 2016. Downloaded on 11/5/2025 3:14:28 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article

(Fig. 1(a)). Substitution-inert analogs capable of “non-covalent”
binding to biomolecules through hydrogen-bonding and elec-
trostatic interactions are obtained by substitution of the Pt-Cl
bonds with NH; or a “dangling” amine -H,N(CH,),NH;"
(specifically TriplatinNC, n = 6 (Fig. 1(a)))."* In the case of
glycans, formation of a Pt-sulfate bond may be preceded by
a pre-association through the proposed sulfate clamp, a concept
strictly analogous to the reactions observed in the kinetics of
DNA binding by these compounds.***® In this paper we examine
the effects of the two principal compounds, Triplatin and Tri-
platinNC, on limiting aspects of HS function. We show that the
biological consequences of metalloshielding extend to modu-
lation of HPSE activity and HS—-fibroblast growth factor inter-
actions leading to inhibition of cell invasion and angiogenesis.
The PPC series represents a new multifunctional chemotype
capable of systematic rational development as inhibitors of HS
interactions while expanding the potential utility and descrip-
tion of platinum anti-cancer agents from cytotoxic to anti-
angiogenic and anti-metastatic.

Results and discussion
Sulfate cluster anchoring as a model for PPC-HS interactions

In considering “non-covalent” ligand recognition we must
examine how the interactions on extended systems such as
DNA, heparin and HS differ from the simple phosphate and
sulfate anions.' The negative charge is more dispersed on
a sulfate monoester because of delocalization involving three
non-ester oxygen atoms compared to a phosphate diester with
only two non-ester oxygen atoms. We first calculated the free
energy of interaction (E;,) for isolated sulfate interactions and
compared them with phosphate (see Fig. 1(b and c), (Table 1)).
The trans{Pt(NH;),(NH,CH;),]** compound was chosen
because DNA-phosphate clamp interactions are always made by
mutually cis-[Pt(NH;)(NH,R)] units in TriplatinNC." The inter-
action in water is not significantly favorable and only slightly
stronger than the model methylguanidinium interaction
(Table 1). The individual sulfate binding is also inherently
weaker than that of phosphate.

Density functional theory (DFT) along with molecular
modeling (MM) and classical molecular dynamics (MD) have all
been applied to understanding the structure and dynamics of

Table 1 Interaction energies of isolated phosphate and sulfate anions
(see Fig. 1(b—e)). Interaction energies of heparin fragments with Pt
coordination spheres (see Fig. 2(b and c)). GIcNS(6S)-IdoA(2S)-
GIcNS(6S)]. 2[1doA(25)-GIcNS(6S)]s

Eint in
Fragment Compound water (kcal mol ™)
Phosphate trans{Pt(NH;),(CH;NH,), " —4.2
Sulfate trans-[Pt(NH;),(CH;NH,), " —1.2
Phosphate Meguanidinium —4.5
Sulfate Meguanidinium —0.5
Heparin trimer" [Pt(NH;),]** —53.0
Heparin hexamer®  TriplatinNC —250.0
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heparin and GAG fragments.'>* Sulfated GAGs, given the vari-
ability in the identity and conformation of the sugar and the
number and position of sulfation, are highly complex systems.
To reduce the complexity for molecular modeling and visuali-
zation, in this study we used the NMR-derived structure of
heparin, which has also been used for DFT applications.*>*
Heparan sulfate is very closely related to heparin, in which the
major repeating disaccharide consists of 2-O-sulfated iduronic
acid and 6-O-sulfated, N-sulfated glucosamine, IdoA(2S)-
GIcNS(6S). The structure of heparin is approximated by a ribbon
with a cluster of sulfates and carboxylates on the edges and
hydroxyl and sugar ring oxygens positioned on the surfaces
between these negatively charged groups (Fig. 2(a)). We there-
fore applied DFT to elucidate the details of the sulfate masking
under the influence of hydrogen bonding to various platinum
tetram(m)ine coordination spheres. We first used the simple
coordination unit [Pt(NH;),]*" on a GleN(6S)-IdoA(2S)-GleN(6S)
trisaccharide heparin fragment, which constitutes one of the
sulfate clusters, for validation (Fig. 2(b)). Now the sulfate
binding by the platinum coordination spheres produces a more
extended hydrogen-bonding network along the face of the
cluster. Superimposition of the optimized structure of the
association complex with the optimized structure of the free
heparin trimer,"*** shows no major conformational changes
and the Ej,, is —53 kcal mol™*.

The role of the linker and dangling amines in non-covalent
interactions of PPCs with biomolecules, such as DNA and
glycans, is of fundamental relevance for the design of molecules
with more specific affinity for one biomolecule over the other.
Using the trimer-Pt(tetrammine) interaction as a basis, the
association of TriplatinNC with a heparin hexamer residue from
the PDB 1HPN structure was modeled ((Fig. 2(c)), right to left
[IdoA(2S)-GIeNS(6S)]5). The model was designed such that the
carbon chain of one of the dangling amine groups spanned
a hydrophobic groove in the middle of the helix formed by the
hydrocarbon rings of the carbohydrates. This results in placing
the other dangling amine at the edge of the helix, with the free
-CH,NH;" amine interacting with an N-sulfate of a central
GIcNS(6S). The optimized structure now shows a number of
regions of strong hydrogen-bonding contacts (regions 1, 3, 4)
(Fig. 2(c)). The hydrocarbon chain along the groove establishes
van der Waals contact with hydrogens from three of the sugar
residues (region 2) (Fig. 2(c)). Moreover, the chain stretches all
the way to the other side of the helix facilitating interaction of
the second Pt center with two sulfates and a carboxylate residue
on the other edge of the helix (region 3). From here, the second
linker stretches along the edge to allow the third Pt center to
interact with three sulfate groups from the last three sugar
rings. Many areas of potential interaction are seen in the
minimized structure. For clarity, the individual regions with
potential interactions highlighted are shown in Fig. S1.f The
interaction energy of the complex is —250 keal mol ', almost
five times the energy released during the Pt-tetrammine:-
trisaccharide interaction (Fig. 2(b)) and significantly more than
that of the isolated sulfate clamp. As visualized through the
surface maps, the electrostatic interactions along with the
hydrophobic interactions allow for a tight fit of the two

Chem. Sci,, 2017, 8, 241-252 | 243
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(d)

Fig. 2 Sulfate cluster anchoring as a model for PPC—HS interactions. (a) Structure of the heparin dodecamer comprising dimers of [doA(2S) and
GIlcNS(6S) where the iduronic acid residues are in the 2So conformation (IHPN). The green circles represent areas of negatively charged sulfate
and carboxylate clustering. (b) The optimized structure of the trimer cluster [GIcNS(6S)-1doA(2S)-GlcNS(6S)] modeled with the simple Pt-tet-
rammine [Pt(NHz)41%*. (c) Optimized structure of TriplatinNC with a heparin hexamer [IdoA(2S)-GIcNS(6S)]s. Sections 1, 3 and 4 show regions of
sulfate clamp interactions while Section 2 shows van der Waals contacts between sugar and diamine backbones. See Fig. S1t for detail of
H-bonding interactions. (d) Surface maps (two views) showing the relationship of TriplatinNC (magenta) to the heparin hexamer (green). See

methods for experimental details.

molecules, (Fig. 2(d)). Metalloshielding in this delocalised
manner should be especially effective in essentially reducing
the availability of sulfate ions on the HS backbone with many
functional consequences for HS template interactions.

Functional consequences of high-affinity glycan binding

Blockade of heparanase activity. To examine the efficacy of
metalloshielding in blocking heparanase action on HS-con-
taining proteoglycans we used the sulfated pentasaccharide,
Fondaparinux (FPX) as a model HS-like substrate. FPX is
a highly sulfated synthetic glycosaminoglycan-based fragment
that has been used clinically as an antithrombotic agent since
the 1940s.>* FPX is a substrate for both bacterial heparinases
and human HPSE and has been used in assay development for
screening the efficiency and kinetics of potential heparanase
inhibitors.?*** The course of FPX hydrolysis can conveniently be
determined by "H NMR spectroscopy as the anomeric protons
are sensitive reporters of the cleavage reaction by both hepar-
anase and the bacterial heparinases.?***** Monitoring the
hydrolysis of the native substrates of HPSE, heparan sulfate or
heparin, is complicated by the heterogeneous nature of the
substrate and by severe signal overlap in the "H NMR spectra. In
addition, HPSE can cleave the native substrate in several loca-
tions on the polysaccharide chain resulting in multiple HS/
heparin fragments which may themselves be either further
substrates or inhibitors of the enzyme. Fondaparinux is an ideal
substrate for mechanistic studies because it is homogeneous,
low molecular weight and, with a single point of cleavage, leads
to the formation of only one new reducing sugar (disaccharide
AB, Fig. 3(a)).>>*

The 'H NMR spectroscopy time course study of FPX incu-
bated with HPSE (Fig. 3(b), i, iii and iv) confirmed the cleavage
of FPX, as expected. Specifically, new signals arise at 5.65-5.7
ppm from the anomeric signals HZI with concomitant decrease

244 | Chem. Sci., 2017, 8, 241-252

of the signal at 5.63 ppm (H, ). The signal for anomeric B, is
obscured by H,O in the absence of enzyme but upon cleavage
undergoes an expected significant downfield shift (Fig. 3(b), iv).
After 24 h, the FPX substrate is completely hydrolyzed, (Fig. 3(b),
iv), in agreement with previous kinetic studies.” In the presence
of one equivalent of TriplatinNC and in the absence of the
enzyme, a number of significant shifts are immediately seen in
the anomeric signals of FPX (Fig. 3(b), ii). Firstly, the D, signal
undergoes a downfield shift of approx. 0.2 ppm while a similar
downfield shift of B; now makes the signal easily observable at
4.94 ppm. In the presence of the enzyme, over the time course of
24 h, it is evident that there is complete inhibition of enzyme
activity as no obvious changes occur in the anomeric A; proton
signal (Fig. 3(b), v). A useful feature of this NMR assay is that the
signals of the aliphatic carbon chains of the platinum
complexes in the 1.50-3.00 ppm region are also easily observ-
able with no overlap from the oligosaccharide protons. No
major changes are apparent in the "H NMR spectrum of Tri-
platinNC itself throughout the time course of the reaction.

In the case of Triplatin, with the potential for Pt-Cl substi-
tution reactions, a different situation arises when incubated
with FPX and enzyme. Immediately upon mixing with FPX and
in absence of enzyme, the spectral changes predominantly
mirror those of the TriplatinNC-FPX interaction and, especially,
the downfield shifts of B, and D, are indicative of pre-associa-
tion, (Fig. S2(a)t). A number of peaks of very low intensity are
also clearly visible in this region. No initial changes in this
spectrum occur upon incubation with enzyme. After 1 h there is
an increase in intensity of the minor peaks with concomitant
decrease in intensity of the major peaks ascribed to pre-asso-
ciation. In contrast to TriplatinNC, new peaks are observed in
the Pt—-NH,CH,- region of the spectrum with the appearance of
a slightly upfield multiplet growing in intensity over the 24 h of
the reaction period (Fig. S2(b and c)}). Over the time course of
24 h, the anomeric region becomes quite complicated but very

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Blockade of heparanase activity. (a) Cleavage pattern of FPX by heparanase showing assignment of anomeric protons. Assignments
followed published work.?22*25 (b) Incubation of FPX with HPSE confirmed the cleavage of FPX, as expected (i — iii — iv, right). In the presence of
one equivalent of TriplatinNC but in absence of enzyme, significant shifts are immediately seen in the anomeric signals of FPX (i — ii). Over the
time course of 24 h with addition of enzyme (ii — iv), it is obvious that no further changes occur in the anomeric signals in particular with the
absence of change around the A;/C, signals clear evidence that there is complete inhibition of enzyme activity.

similar with or without enzyme. The overall results are also
consistent with significant inhibition of FPX cleavage because
of the lack of the new diagnostic Hzl anomeric signals.

These NMR time course studies are therefore entirely
consistent with pre-association of Triplatin on the oligosac-
charide skeleton followed by bond formation through
displacement of the Pt-Cl bond, presumably by sulfate and/or
carboxylate groups on the edge of the FPX molecule. The spec-
tral changes in the alkanediamine linkers of Triplatin mirror
those observed upon covalent Pt-DNA bond formation.***” Both
carboxylate and sulfate groups are weak ligands for dinuclear
and trinuclear platinum compounds,'®*® but with strong pre-
association can become viable coordinating sites.

Inhibition of HS-protein interactions. Invasiveness of tumor
cells involves many interdependent events including adhesion
to basement membrane components/receptors, degradation of
the basement membranes through the action of HPSE, and
migration in response to growth factors." We therefore next
studied the effects of metalloshielding with respect to direct
inhibition of GAG-growth factor interactions.

The prototypical example of HS-protein interactions is the
binding to fibroblast growth factors (FGFs), a family of (at least)
23 structurally related polypeptides involved in developmental
and physiological processes including cell proliferation, differ-
entiation, morphogenesis and angiogenesis.»* Binding of basic
FGF (bFGF, also known as FGF-2) to cell surface HSPG is
necessary for its recruitment of high affinity FGF receptors and
for its mitogenic activity. In an initial step, these effects are
exerted through binding to four highly related transmembrane
tyrosine kinase receptors (FGFR1-FGFR4) resulting in FGF-
FGFR dimerization"”” (Fig. 4(a)). This results in trans-auto-
phosphorylation of FGFRs at intracellular tyrosine residues and
the activation of the Ras/mitogen-activated protein kinase and/

This journal is © The Royal Society of Chemistry 2017

or phosphoinositide 3-kinases (PI3K)/Akt signaling networks.?®
In general, increased stimulation of receptor tyrosine kinases
(RTKs) by growth factors is associated with the development
and metastatic spread of cancerous cells.”®

Crystal structures of heparin-derived tetra and hexa-saccha-
rides with FGF-2 show clear sulfate contacts with FGF-2 surfaces
defined by asparagine, arginine, lysine and glutamine resi-
dues.** We hypothesized that strong HS masking by PPCs would
interfere with the interaction of FGF-2 with its receptors. A
biotinylated-HS was incubated with varying concentrations of
platinum complex prior to addition to a microtiter plate con-
taining immobilized FGF-2. HS-FGF-2 binding was detected by
a modified ELISA-type assay where binding of biotinylated HS to
the growth factor is detected by an increase in absorbance at 450
nm (ODysp).** Triplatin and TriplatinNC directly inhibited FGF-
2 binding to HS (Fig. 4(b)). Cisplatin is completely ineffective
(Fig. 4(b)). Next, we asked whether PPCs would inhibit cellular
migration in response to FGF-2 using the wound-healing assay,
which measures directional migration of cells in a monolayer
after a scratch or ‘wound’ is inflicted.® Monolayers of confluent
human umbilical vein epithelial cells (HUVECs) were scratched,
exposing the growth surface. Within 8 h, FGF-2 (10 ng mL )
induced the cells to migrate, closing the exposed area
completely. Upon addition of 2 uM cisplatin, Triplatin, or Tri-
platinNC, only the PPCs inhibited growth factor induced
migration (Fig. 4(c)). Because anti-proliferative and cytotoxic
effects would also inhibit migration, the drug concentration
used was determined to be well below the cytotoxic level for this
short exposure time (Fig. S3T). Therefore, it was asked whether
PPCs can block interactions of FGF-2 with its' receptor, FGFR1.
Human colon carcinoma cells, HCT116, were chosen as an
appropriate cell model as they overexpress FGFR1, and are
susceptible to growth inhibition by a small molecule FGFR1

Chem. Sci,, 2017, 8, 241-252 | 245
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Inhibition of HS—protein interactions. (a) Growth signaling occurs when a growth factor (GF) binds and activates a cell surface receptor

tyrosine kinase (FGFR). This interaction is facilitated by growth factor binding to heparan sulfate proteoglycans (HSPGs) forming stable high-
affinity ternary complexes with FGFRs. (b) PPCs inhibit FGF-2 binding to heparan sulfate. (c) PPCs inhibit FGF-2-induced migration of human
umbilical vein epithelial cells (HUVECs). Sub-cytotoxic concentrations of cisplatin, Triplatin or TriplatinNC (2 uM) and FGF-2 (10 ng mL™?) were
added to the "wounded” cell monolayer. Cell migration was photographed at 8 h and compared to the 0 h control. (d) TriplatinNC inhibits FGF-2-
induced accumulation of phospho-S6 ribosomal protein (pS6), measured by the PathScan RTK Signaling Antibody Array kit (Cell Signaling). (1) No
treatment control (2) 24 h serum-starvation (3) 24 h serum-starvation + 10 min incubation with FGF-2 (100 ng mL™?) (4) 24 h serum-starvation +
5 min. TriplatinNC (20 uM) + 10 min incubation with FGF-2 (100 ng mL™3).

inhibitor.>»* Although direct receptor activation was not
detectable, TriplatinNC clearly reduced FGF-2-induced accu-
mulation of phospho-S6 ribosomal protein (pS6) (Fig. 4(d)). pS6
is a primary initiator of protein synthesis that is activated in
response to FGFR phosphorylation and PI3K/Akt/mTOR
signaling. Therefore, a reduction in pSé6 is indicative of PPC
inhibition of FGF/FGFR signaling. Using the wound-healing
assay, PPCs inhibited serum-induced migration of HCT116 s
similarly to FGF-2-induced HUVECs (Fig. S4T).

We did not detect a significant increase in pFGFR in
response to FGF-2 induction of HCT116 cells at the time points
tested. This was somewhat expected as phosphorylation events
at the receptor are highly transient, but a shorter induction time
may allow for a more visible response. Downstream ERK1/2
phosphorylation was also examined under these conditions, but
a decrease was not observed in serum-starved cells, nor an
increase upon induction with FGF-2. This finding is consistent
with a previous report showing no change in ERK1/2 activation
in HCT116 (KRAS-mutated) cells with inhibition of pFGFR.*?
FGF/FGFR signaling can be mediated by the Ras-Erk or PI3K-
Akt-S6 pathways, both leading to changes in cell proliferation
and mobility. In this case, pS6 provided the most dynamic
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response to FGF-2 induction and corresponding inhibition by
PPCs.

Inhibition of cell invasion and angiogenesis. The end-point
of inhibition of HPSE activity and growth factor binding to HS
through modulation of growth factor signaling is the preven-
tion of cell invasion and angiogenesis. Cellular invasion
through ECM requires degradation of the matrix by HPSE, and
cell motility in response to growth factors. The ability of PPCs
to inhibit high HPSE-expressing HCT116 cell invasion through
matrigel basement membrane was accessed using a Boyden-
chamber assay.** Serum-starved cells were seeded into the top
chamber onto a porous membrane with matrigel or without
(migration control). Drug was added to the top chamber in
serum-free media. The bottom chamber was filled with media
containing 10% serum (no drug). The migration control
samples allow for assessment of cell viability and migrational
response to the chemotactic stimulus. In Fig. 5(a), TriplatinNC
and cisplatin show no HCT116 cell migration at the highest
concentration (20 uM). The lack of cell migration may be due
to inhibition of the growth factor response, but cytotoxicity is
likely the cause at this concentration (TriplatinNC IC5, = 2.5 +
0.6 pM, cisplatin ICso = 2.5 + 0.8 uM for 72 h by MTT
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analysis).>® On the contrary, at 2 and 0.2 uM, neither Tripla-
tinNC, nor cisplatin significantly inhibit HCT116 cell migra-
tion. At these lower concentrations, the cells are viable and
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Fig. 5 PPCs inhibit tumor cell invasion and angiogenesis. (a) Invasion
of HCT116s through extracellular matrix is reduced after treatment
with TriplatinNC (top). Representative images of the lower Boyden
transwell chambers stained with crystal violet dye at 100x magnifi-
cation (bottom). (b) PPCs inhibit the outgrowth of blood vessels from
rat aortic ring. Aortic rings (1 mm) embedded and cultured in fibrin gel
were stimulated with 20% serum and treated with or without BBR3464,
TriplatinNC, or PI-88. The effects were observed on day 5 of the
stimulation. Vessel growth is quantified as the percentage of the field
(40x) around the vessel that is occupied by outgrowths. Typical new
vessel growth in the control wells is 85% by day 5. The data shown is
the mean percentage of outgrowth + SD, n = 6.2
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respond to the chemotactic gradient provided by the serum in
the lower chamber. However, we expected a difference in
migration for the 2 uM TriplatinNC samples similar to the
wound-healing results. One explanation is due to inherent
differences in experimental design. Unlike the wound-healing
assay, where cells are under constant exposure to drug, here,
cells migrating to the bottom chamber are exposed to high
levels of growth factor without the presence of drug. None-
theless, the invasion samples showed that TriplatinNC, but
not cisplatin, effectively inhibited HCT116 invasion through
the matrigel basement membrane. This result clearly distin-
guishes the PPC chemotype from that of cisplatin and the
mononuclear congeners. At the concentrations tested in these
assays, Triplatin was too cytotoxic to obtain meaningful results
(data not shown).

We finally assayed the ability of the two polynuclear
compounds to inhibit angiogenesis in a rat aorta model and
compared the results with the oligosaccharide mimic PI-88,
which has undergone clinical trials as a heparanase inhibitor.?
The potency of anti-angiogenic activity is measured by the
inhibition of new blood vessel growth sprouting from the
original aortic ring.> New vessel growth is quantified by esti-
mation of growth as the percentage of the field around the
vessel fragment that is occupied by vessel outgrowths (Fig. 5(b)).
Typical new vessel growth in control wells is about 80-85% by
day 5. TriplatinNC at 100 ug mL~" completely inhibited new
vessel growth on day 5 (there was no evidence of any growth
even after 7 days) and was effective at 10 ug mL ™. Triplatin was
also highly potent as an anti-angiogenic with very little new
vessel growth. The inhibitory values at 10 pg mL™" correspond
to 8.07 and 6.06 uM for Triplatin and TriplatinNC respectively.
The inhibition is remarkably efficient and comparable with that
of PI-88.

Comparison of HS and DNA binding affinity. The sulfate
cluster anchoring model (Fig. 2(b)) suggests reasons for the very
effective cleavage inhibition of the FPX substrate and the tight
TriplatinNC-FPX binding as indicated by the NMR chemical
shifts (Fig. 3(b)). The highly sulfated FPX molecule also presents
sulfate clusters representing high-affinity binding sites as seen
in the intermediate crystal structure (PDB 3EV]) of anti-
thrombin (AT) bound to the pentasaccharide.** Chemical shifts
of the anomeric protons of FPX move slightly but not dramati-
cally in the presence of antithrombin, mediated by arginine-
sulfate contacts.*”*°

To assess the strength of the non-covalent FPX-PPC inter-
action, novel competitive inhibition assays with DNA were
developed. The displacement of intercalated ethidium bromide
(EtBr) from DNA results in loss of fluorescence and has been
widely used to measure platinum complex-DNA affinity. The
assay was modified by titrating FPX into a TriplatinNC/DNA/
EtBr reaction mixture, where the EtBr fluorescence is quenched
due to strong TriplatinNC-DNA binding.* The affinity of FPX
for TriplatinNC is such that the complex is removed from the
DNA, visualized by the reappearance of fluorescence as the
intercalator again binds to the nucleic acid (Fig. 6(a)). Approx-
imately equimolar concentrations of FPX relative to TriplatinNC
are sufficient to restore the full fluorescence (full intercalation)
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of EtBr/DNA (Fig. 6(b)). While this experiment is purely
biophysical, it demonstrates the high affinity of FPX for Tri-
platinNC. It is relevant to note that heparin itself is often cited
as having the highest charge density of any biomolecule, higher
even than polyanionic DNA. Further, we determined that
sulfated residues contribute significantly to the affinity of the
TriplatinNC-HS interaction using fluorescence polarization
competition experiments (Fig. 6(c)). Unlike FPX, an unsulfated
HS 5-mer (GlcA-GlcNAc-GlcA-GleNAc-GleA) did not efficiently
compete for DNA bound TriplatinNC.
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Fig. 6 Sulfated HS competes with high affinity TriplatinNC—-DNA
binding. (a) Scheme of competitive inhibition experiment: the fluo-
rescence of EtBr bound to DNA (DNA/EtBr), is reduced upon the
addition of TriplatinNC but is regained upon addition of FPX (b) (1) EtBr/
DNA only (2) EtBr/DNA/TriplatinNC (12.5 puM) (3-7). Fluorescence due
to EtBr/DNA upon addition of increasing concentrations of FPX at 5,
7.5, 10, 12.5 and 15 uM respectively. EtBr bound to DNA (lane 1) was
normalized to 100% with EtBr only as 0%. (c) Fluorescence polarization
experiments showing comparison of TriplatinNC-DNA binding
competition with sulfated 5-mer (FPX) (top) and unsulfated 5-mer
(bottom).
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Conclusions

The sum of the data presented here show that PPCs represent
a new, distinct and discrete chemotype for interference with HS/
enzyme/protein interactions. In a systematic manner, we have
shown that metalloshielding inhibits substrate cleavage by
heparanase and prevents growth factor binding and growth
factor receptor recruitment. Sulfate cluster anchoring of PPCs
will shield the sulfates from recognition by charged protein
residues preventing the exercise of the HS-enzyme/protein
function. The cellular consequences are inhibition of invasion
and angiogenesis. Diminishing available sulfate sites through
metalloshielding is a uniform and general approach to reduce
sulfate accessibility with possible consequences for regulation
of HS sulfation and indeed may help define the existence of
high-affinity regions within the heterogeneous biomolecule."*!

Both the covalently binding Triplatin and the substitution-
inert TriplatinNC are effective at inhibiting heparanase cleavage
of FPX and angiogenesis. The heparanase inhibition results
confirm the previous data from the colorimetric assay using
heparinase I, where inhibition was charge-dependent and
comparison of a series of compounds also indicated a bond-
forming contribution to the activity of Triplatin.® The individual
coordinating moieties on FPX and by extension the HS back-
bone - predominantly sulfate oxygen and possibly carboxylate —
are inherently weaker ligands for covalent bond formation to Pt
compared to those of DNA (N donor atoms of purines and
pyrimidines) and proteins (N of histidine and S of cysteine and
methionine residues). The aquation kinetics in 15 mM SO,>~ of
a prototypical dinuclear compound structurally analogous to
Triplatin, [{trans-PtCI(NH3),},(1-NH,(CH,)6NH,)]**, showed
a very high k;, for loss of sulfate suggesting that, when formed,
the sulfate species will be substitution-labile.'® The strong non-
covalent interactions assessed by DFT calculations (Fig. 2, Table
1) and observed in the NMR spectra of the initial interaction
between Triplatin and FPX (Fig. S21) may facilitate covalent Pt-
heparan sulfate bond formation upon the sulfate cluster
anchoring.

The identification of glycans as a viable target for thera-
peutic intervention raises the question of how we assess
biomolecular targets of platinum in general. The advent of
Triplatin (as BBR3464, see Fig. 1(a)) to human clinical trials
altered the structure-activity paradigms for platinum anti-
cancer agents but development was still predicated on the need
for covalent Pt-DNA bond formation.” The biological
(including in vivo) activity of formally substitution-inert PPCs
(e.g. TriplatinNC) is a further paradigm shift.***>** With
multiple points of contact, binding constants, K,,p, to calf
thymus (ct) DNA are significantly higher than for canonical
DNA binders such as minor groove binders, intercalators and
even polyamines such as spermine.*>** While phosphate and
sulfate may be structurally similar there are significant chem-
ical differences, especially when the anionic entities are
incorporated into their respective biomolecules. The sulfate
moieties are distinctly more conformationally flexible than the
relatively constrained phosphodiester motif of the nucleotide,

This journal is © The Royal Society of Chemistry 2017
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resulting in greater variability in neighboring sulfate-sulfate
distances compared to the relatively fixed phosphate-phos-
phate distances in DNA/RNA. The “anchoring® of the sulfate
clusters on the HS backbone through the extended hydrogen-
bonding framework and van der Waals interactions comple-
ments the modular nature of the PPCs to produce the strong
non-covalent interactions observed.

The nature and extent of potentially strong platinum
complex-heparin/HS interactions in general have not received
as much attention as that of DNA and proteins but are required
to give a full description of the biology of platinum complexes.
Indeed, simple metal cations such as Zn>" and Ca*" affect
conformation and activity in heparin derivatives.*> FGF-FGFR
signaling is also modified by cation (Na*, Ca®>")-heparin poly-
saccharides.***” Our combined results further emphasize the
relevance of the metalloglycomic concept - with the intrinsic
ability to alter metal ion oxidation state, coordination number
and geometry, and substitution lability of ligands to enhance
shielding and the potential for specific conformational
changes on the glycan template. The extent to which our
observations may explain anti-angiogenic and vascular dis-
turbing properties of recently reported platinum-metal
complexes should be explored.*®* Indeed our findings may be
relevant to the biological function at the molecular level of the
Ru-based NAMI-A, the prototypical anti-metastatic coordina-
tion compound, which has undergone clinical trials based on
its anti-metastatic properties.®®

Finally, recognition of HS as a target for PPCs also allows us
to see the PPC chemotype as inherently possessing a dual-
function. The activity demonstrated here is allied to DNA
binding and nuclear effects such as bending, nuclear conden-
sation and nucleolar targetting upon cellular entry.*>** Just as
Pt-DNA interactions are easily understood to affect down-
stream effects (protein recognition, signalling pathways) the
work presented here clearly shows that Pt-HS interaction
affects the downstream effects and signalling pathways of HS/
heparanase.">” Indeed, it is provocative to consider that the
effects described here may have been part of the early clinical
findings of Triplatin but not appreciated at the time.'* The
separate confirmation of significant anti-metastatic activity of
Triplatin is supportive of this point and current efforts to
confirm the biochemical mechanisms involved such as hep-
aranase degradation of HS at a cellular level are ongoing.**
Cancer treatment may remain as an empirical combination of
drugs that act on different mechanistic levels but are each
designed for one specific target, in many cases, resulting in just
incremental improvements in the outcome. Therapeutic strat-
egies to develop inherently multifunctional agents hold
promise for more effective combinations, overcoming the
limitations such as resistance to single-targeted drugs. Devel-
opment of new medicines and new chemical entities, which
may simultaneously attack a range of targets, would represent
a significant addition to the anti-cancer armamentarium. The
recognition of a molecular pathway capable of systematic
change enabling the transition from cytotoxic to anti-angio-
genic holds major promise for a new era of platinum-metal
chemotherapy.
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Experimental

Synthesis and materials

The platinum complexes were prepared by published methods.**
Fondaparinux (GlcNS6S-GlcA-GleNS3,6S-1doA2S-GleNS6S-OMe)
and PI-88 (Muparfostat) were sourced as previously.** The
unsulfated 5-mer (GlcA-GlcNAc-GlcA-GlcNAc-GlcA)
purchased from Polysciences, Inc.

was

Cell culture

Human umbilical vein endothelial cells (HUVECs) and Human
Colon Tumor (HCT116s) were purchased from the American Type
Tissue Collection. HUVECs were maintained in Vasculife Endo-
thelial Medium containing 5% serum + growth factors (Lifeline Cell
Technology). HCT116s were maintained in RPMI (Life Technolo-
gies) containing 10% serum (FBS, Serum Source International) and
1% penicillin-streptomycin solution (10 000 U mL™") from Gibco.

Molecular modeling and DFT calculations

All DFT computations were performed using the Gaussian 09
suite of programs.® The dispersion corrected density functional
MO6L,** which was shown to perform better for organometallic
complexes, was used for these computations. The basis sets
used are, 6-31g(3df,2pd) for calculations related to isolated
sulfate and phosphate units and 6-31g(2d,2p) for all the other
calculations involving larger entities, with diffuse functions
only on anionic oxygen atoms in all cases. All systems were
solvated using the IEFPCM solvation model with water as
solvent. The interaction energies that are reported here include
zero-point energy and basis set superposition error (BSSE)
corrections for the larger systems and only zero-point energy
correction for isolated sulfate and phosphate units interacting
with Arg (Meguanidinium) or a single Pt center. The counter-
poise method was implemented for BSSE correction.* For the
bigger systems the initial model was optimized using the semi-
empirical method PM6, using MOPAC®*® and the resulting
geometry was used as the input for the DFT calculations. The
heparin models were constructed based on the NMR structure,
1HPN." The structure is a dodecamer made of dimers formed
by IdoA(2S) and GIcNS(6S). There were two models in the orig-
inal PDB file, each corresponding to all the iduronic acid resi-
dues in either a *S, or 'C, conformation. The structure resulting
from the IdoA(2S) in a >S, conformation has sulfate groups well
separated compared to the structure from the 'C, conformation
of IdoA(2S). Through an initial visual assessment of a crude
model, the %S, form was found to be more suitable for Pt-tet-
rammine interactions. In order to validate this hypothesis, the
trimer [GIcNS(6S)-1doA(2S)-GleNS(6S)] that forms the cluster
was first modeled with Pt-tetrammine [Pt(NH;),]>". The inter-
action of TriplatinNC with a heparin hexamer was modeled by
extension of this model.

NMR HPSE inhibition assay

The assay followed previous reports.> Briefly, FPX (0.5 mM) was
pre-incubated with Pt inhibitor (0.5 mM TriplatinNC or
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Triplatin) and then was incubated with 1 pg human heparanase
at 37 °C in 40 mM deuterated sodium acetate buffer, pH 5. 'H
NMR spectroscopy was performed in 200 pL Shigemi tubes in an
Avance 600 MHz Ultrashield NMR spectrometer (Bruker) with
a 'H/"C/*N 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.

FGF-2 and HS binding assay

Varying concentrations of TriplatinNC, Triplatin, and cisplatin
were incubated with human biotinylated heparan sulfate
(Takara/Clontech) for 10 min at room temp. Each sample was
transferred to the wells of a FGF-2 immobilized microtiter plate
containing immobilised FGF-2 (Takara/Clontech) and incu-
bated at 37 °C for 15 min. The mixtures were then removed, the
wells washed, and the remaining biotinylated HS bound to FGF-
2 was detected by the binding of an avidin-peroxidase conju-
gate. After addition of the peroxidase substrate, the absorbance
was measured at 450 nm using a microplate reader. Data is
reported as the average of two independent experiments + SD.

Wound-healing assay

5 x 10° HUVECs were seeded in 1 mL supplemented media
(VascuLife Endothelial Cell Media, Lifeline Cell Technologies)
in a 24-well plate. The cells were grown to confluence (~3 days).
A scratch was made on the monolayer using p10 pipette tips,
removing the cells to expose the growth surface. The wells were
washed 2x with PBS. The media was replaced with unsupple-
mented media containing 0.1% BSA for the control. For FGF-2-
induction, 10 ng mL™~" recombinant FGF-2 (Cell Signaling) was
added with or without drug to unsupplemented media con-
taining 0.1% BSA. The extent of closure of the scratch at 8 h was
compared to the control by light microscopy, digital imaging,
and analysis by Image] software.

Antibody array detection of FGF-2-induced signaling

For each condition, two 100 mm dishes were seeded with
HCT116 cells (1 x 10°) in 20 mL of RPMI media without serum
and incubated at 37 °C for 24 h. HCT116s were (a) untreated (b)
serum starved for 24 h or (c) serum starved for 24 h and treated
with 100 ng mL™" of recombinant FGF-2 (Cell Signaling) for
10 min or (d) serum starved for 24 h, treated with 20 uM Tri-
platinNC for 5 min, and then treated with 100 ng mL ™' FGF-2
for 10 min. The cell samples were harvested, lysed in the pres-
ence of protease and phosphatase inhibitors, and the amount of
protein quantified using the Bradford protein assay. 150 pg of
protein from each sample was incubated overnight at 4 °C on
separate arrays from the PathScan RTK Signaling Antibody
Array kit (Cell Signaling). The antibody array allows for simul-
taneous detection of 28 receptor tyrosine kinases and 11
downstream signaling nodes when phosphorylated at tyrosine
or other residues. The chemiluminescent array images were
captured following 3-5 s exposure times. The dot intensities
were quantified by densitometry using Image] software
(National Institutes of Health) and normalized with the
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intensity of internal positive controls. Densitometry data is re-
ported as the average of two independent experiments + SD.

Matrigel invasion assay

Serum-starved HCT116 cells were seeded onto membranes
coated with matrigel in the upper chamber of Boyden transwell
chambers. The upper chamber contained serum-free medium
with or without varying concentrations of platinum drug. The
bottom chamber contained medium with 10% fetal bovine
serum (FBS). To allow for invasion to occur, the transwell
chambers were incubated at 37 °C for 48 h. The migration index
was calculated as the number of cells migrating through
membranes without matrigel (normalized to the untreated
control). The invasion index is calculated as the number of cells
invading through membranes coated with matrigel divided by
the number of cells migrating through membranes without
matrigel x100 (normalized to the untreated control). The data
shown are the mean number of cells that migrated or invaded
(n = 4) in two separate experiments + SD.

Ex vivo rat aortic ring assay

An angiogenesis assay using rat aortic rings (1 mm vessel
segments; 9 month-old Fischer rats) was performed as previ-
ously described.*”” Briefly, aorta segments were embedded in
a fibrin gel in 48-well plates (six replicates per treatment) and
cultured in medium 199 containing 20% heat inactivated fetal
calf serum (FCS) in the presence/absence of Triplatin (BBR3464)
or TriplatinNC (10 and 100 pg mL ™). Vessel outgrowths were
microscopically examined after 5 days culture for anti-angio-
genic activity, growth being quantified manually as the
percentage of the field (40x) around the vessel that is occupied
by outgrowths, typically new vessel growth in the control wells
being ~85% by day 5. Triplatin and TriplatinNC were dissolved
in water and diluted at least 1:100 in FCS supplemented
medium M199. Control cultures received medium with an
appropriate volume of water but without the test substance
or with the anti-angiogenic control, PI-88 (Muparfostat), at
100 pg mL ™",

HS competition with PPC-DNA binding (EtBr reporter
method)

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 minutes at room temperature. An aliquot
of 1 mM TriplatinNC in water was diluted in HEPES buffer, and
incubated for 1 hour to reduce fluorescence to approximately
25%. The concentrations before addition of FPX were the
following: EtBr 12.5 pM, ct DNA 10 uM, and TriplatinNC
12.5 uM. Finally, increasing concentrations of FPX from 5-164
pM final in buffer (data only shown for 5-15 uM) were incubated
for an additional hour. All samples were read (after a total of
2 hours and 5 min) in a 96 well plate at 530/590 nm using
a microplate reader (BioTek instruments). Samples were
normalized to the controls (EtBr only as 0% and EtBr-DNA as
100%).
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HS competition with PPC-DNA binding (fluorescence
polarization method)

50 puL binding reactions were carried out at room temperature in
96-well, low-binding, black plates (Greiner) using 100 nM to 25
uM of TriplatinNC in 1.25 mM NacCl, 0.125 mM HEPES pH 7.2,
and 1 uM 3’ fluorescein-labeled hairpin DNA (GGGGCGACTGG
TGAGTACGCCCC, MW 7705; Sigma). Readings were recorded
immediately after mixing (for no competitor readings). Subse-
quently, 1 pL of 10 pM FPX (GlcNS6S-GlcA-GIeNS3,6S-I1doA2S-
GIcNS6S-OMe, MW 1726.77) or unsulfated 5-mer (GlcA-
GlcNAc-GlcA-GleNAc-GleA, MW 1073.87) was titrated into each
reaction (final concentration of competitor is 2 x 107° M).
Readings were recorded immediately. This was followed by 1 pL
titrations of 100 pM competitor (for reactions containing 2 x
107" M) and 1 mM competitor (for reactions containing 2 x
10~* M) with immediate readings after each addition. The data
is reported as the average of 3 separate experiments + SD.
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