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Abstract: We report a detailed NMR and DFT study of the interaction 

of polynuclear platinum anticancer agents (PPCs) with negatively 

charged phospholipids as a mechanism for their cellular uptake. The 

reactions of fully 15N-labelled [{trans-PtCl(NH3)2}2(-trans-

Pt(NH3)2{NH2(CH2)6NH2}2)]
4+ (15N-1, 1,0,1/t,t,t) and the dinuclear 

[{trans-PtCl(NH3)2}2{-H2N(CH2)6NH2}]
2+ (15N-2, 1,1/t,t) with the 

sodium salt of 1,2-dihexanoyl-sn-glycero-3-phosphate (DHPA) were 

studied at 298 K, pH ~5.4, by [1H,15N] HSQC 2D NMR spectroscopy. 

Both 15N-1 and -2 form an initial mono-adduct in which the DHPA is 

coordinated via the phosphate O atom. For the dinuclear 15N-2, 

coordination of a second DHPA, in two different orientations, leads to 

two conformers of the bifunctional adduct. For 15N-1, coordination of 

the second DHPA allows the central {PtN4}
 coordination unit to bind 

electrostatically to two additional DHPA molecules via phosphate 

clamp interactions, in an extended network. For both 1,0,1/t,t,t  (1) and 

1,1/t,t (2), equilibrium conditions are obtained more slowly (> 35 h)  

than in the presence of phosphate (12 h) and in each case the rate 

constant for the first step of DHPA binding (kL) is about 8 times higher 

than that for phosphate, whereas the rate constants for the reverse 

reactions are quite similar. Reaction of 15N-1 with the sodium salt of 

1,2-dihexanoyl-sn-glycero-3-[phosphatidyl-L-serine] (DHPS) showed 

only minor adduct formation via coordination to the N-donor atom of 

the phosphoserine group. 

Introduction 

The role of cellular accumulation and internalization pathways for 

platinum anti-cancer drugs is an important question due to the 

possible role of decreased intracellular platinum concentration in 

onset of clinical resistance.[1,2] The myriad pathways of cellular 

entry used by neutral species like cisplatin, carboplatin and 

oxaliplatin - including a combination of direct (passive diffusion) 

and indirect (transporter-mediated) diffusion –  may indeed be a 

critical feature to the clinical success of these small, diffusible 

drugs.[3] Distinct cellular accumulation pathways may possibly 

confer some tumor selectivity on these non-specific cytotoxics. 

The influence of Copper Transporters (hCTR) and Organic Cation 

Transporters (OCT) on platinum uptake even varies amongst the 

three clinically approved agents.[1,4-6] Further, hOCT transport is 

implicated in the kidney toxicity associated with cisplatin but not 

oxaliplatin or carboplatin.[7,8] Differences in accumulation 

pathways can also dictate the efficacy of adjuvant chemotherapy, 

both for other anti-cancer agents and even anti-depressants 

whose administration is a common standard of care for cancer 

patients.[9] 

In our work, we are defining the mechanism of action of a 

second distinct class of platinum-based anticancer agents based 

on the polynuclear platinum structure (PPCs). The original intent 

and design was to produce a series of discrete DNA adducts 

structurally distinct from those formed by the {cis-Pt(am(m)ine)2} 

class, thereby circumventing DNA repair mechanisms associated 

with resistance to the clinically used drugs.[10-12]  More recently, 

we have demonstrated that Heparan Sulfate Proteoglycans 

(HSPGs) act as very efficient receptors for PPC cellular 

accumulation.[13] This mechanism is unique to the charged 

compounds and is not shared by cisplatin or oxaliplatin, thus 

further emphasizing the discrete nature of the PPC chemotype 

from the neutral mononuclear compounds.[13] The over-

expression of glycans on many tumor surface membranes further 

affords a molecular approach to tumor selectivity for PPCs.[14] The 

high affinity of PPCs for glycans can have consequences for 

HSPG function and lead to potentially anti-angiogenic and anti-

metastatic platinums.[15] It is therefore relevant to study the 

membrane interactions of PPCs, and indeed platinum-based 

agents in general, to describe as fully as possible the cellular 

interactions contributing to the observed cytotoxic (antitumor) 

events. 

<Insert Scheme 1 here> 

In conjunction with glycans, an important component of the 

cellular membrane are phospholipids and earlier studies with 

cisplatin showed covalent interaction with the amine and carboxyl 

group of the phosphotidylserine moiety.[16-18] The highest binding 

of cisplatin was observed in the absence of chloride ions at pH 

6.0 indicating that positively charged aquated cisplatin is the 

reactive species. Our previous studies involving PPCs showed 

both covalent and pre-association through non-covalent binding 

via the phosphate head-group of the phospholipid.[19] In this paper 
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we describe in detail NMR and DFT studies on the trinuclear 

clinical agent Triplatin (1,0,1/t,t,t, BBR3464 (1)) and the dinuclear 

complex 1,1/t,t (2) with the shorter water soluble phospholipids 

1,2-dihexanoyl-sn-glycero-3-phosphate (DHPA) and 1,2-

dihexanoyl-sn-glycero-3-[phosphatidyl-L-serine] (DHPS) 

(Scheme 1) and compare with previous studies on simple 

phosphate and acetate binding.[20] These studies contribute to a 

complete description of PPC-membrane interactions and how 

they differ from the neutral mononuclear agents. 

Results and Discussion 

NMR studies 

 

Reaction of 1,0,1/t,t,t (15N-1) with DHPA. Representative 

[1H,15N] HSQC NMR spectra recorded during the reaction of 15N-

1 with DHPA (1:5 mol ratio) in 100 mM NaClO4 are shown in 

Figure 1 and the chemical shifts of the species observed during 

the reaction are listed in Table 1. 

<Insert Figure 1 and Table 1 here> 

 The first spectrum was recorded 26 min after the start of the 

reaction. In addition to the peaks for 15N-1 (peaks labeled A), two 

sets of new signals were observed with 1H/15N shifts in the region 

expected for PtNH2 and PtNH3 trans to O-donor ligands. Peaks 

at ~4.06/62.4 (NH3) and 5.00/63.2 (NH2) (labeled B) are 

assignable to the {PtN3O} group of monoaquated 15N-1 on the 

basis of the pH dependences of the 1H and 15N shifts of both 

Pt15NH3 and Pt15NH2 groups (Supporting Information, Figure 

S1), which are similar to those reported for the aquated form of 
15N-1  in 100 mM NaClO4.[21] It is interesting to note that the 1H/15N 

chemical shifts at each pH value are not identical to the published 

values (1H shifts are deshielded by  0.020.04 and 15N shifts 

are shielded by  1.92.1) and the average pKa value of 5.86 

obtained from the four pH titration curves (Figure S1), is 0.24 pH 

units higher than value obtained for aquated 15N-1 in the absence 

of DHPA.[21] A possible explanation is that electrostatic 

interactions between the charged central linker of 1 and DHPA 

phosphate groups places the Pt-Cl end groups into more lipophilic 

environment than occurs for 2. Hence, following aquation, the pKa 

of bound Pt-OH2 groups in 1 is increased as the H-bonding 

network to surrounding H2O molecules is reduced.  

 The second set of peaks (labeled C) at 3.98/63.4 (NH3) 

and  4.99/62.1 (NH2) are assigned to adduct(s) in which DHPA 

is coordinated to Pt by the phosphate O atom. These shifts are in 

the region found previously for phosphato adducts of 15N-1 (and 
15N-2) (3.98/61.1 (NH3) and 4.94/63.9 (NH2)) and the 1H/15N 

chemical shifts show only minor variations with pH (data not 

shown), indicative of coordination of phosphate rather than aqua 

ligands.  

 After about 2 h a new set of peaks start to appear which are 

assignable also to DHPA adducts of 15N-1 coordinated by the 

phosphate O atom. The 1H/15N shifts are similar but distinct from 

those of species C and similarly exhibit only minor pH dependent 

changes. In the PtNH3 region a broadened peak (D) at 

~4.06/62.9 has the appearance of two overlapped peaks and 

increases in intensity with the same time dependent profile as two 

peaks in the PtNH2 region at 4.95/62.4 (D1) and 4.93/61.5 

(D2) which are similar in intensity. Concomitant with the 

appearance of these new peaks, shifted resonances start to 

appear for the PtNH3 and PtNH2 groups of the central linker. At 

the start of the reaction the 1H/15N chemical shifts of the linker 

peaks (4.1163.8 (NH3), 4.66/44.3 (NH2)) are slightly 

deshielded () in the 1H dimension compared to those 

measured in 100 mM NaClO4,[21] indicative of an electrostatic 

interaction with the negatively charged DHPA phosphate groups 

(see above). The new peaks are slightly shifted in both 1H and 15N 

dimensions (1H/15N 0.02/0.5 (NH3); +0.05/+0.5 (NH2)) 

compared to these initial peaks. Notably both the 1H and 15N shifts 

of the NH3 group are slightly shielded, whereas those of the NH2 

group are slightly deshielded. The time dependent plots shown in 

Figure S2 show that these shifted resonances for the {PtN4} linker 

are attributable to the more slowly formed adduct D, with no 

contribution from the initially formed adduct C. Peaks for species 

C increase in intensity until about 10 h and then remain fairly 

constant accounting for about 30 % of total species at equilibrium, 

whereas the second formed adduct (species D) steadily increases 

in intensity to become the major (45% of total) species at 

equilibrium (Figure 2). A further minor species detected after 

about 5 h with 1H/15N shifts at 3.98/61.1 (NH3) and 4.90/64.3 

(NH2) (labeled E), is assigned to a product of the reaction of 15N-

1 with a minor hydrolysis product of DHPA, based on the similarity 

of the 1H/15N shift to that of the {PtON3} unit of the 

chlorophosphato species formed on reaction of 15N-1 with 

phosphate at a similar pH.[21] This species accounted for only 3 % 

of the total species at equilibrium. A 195Pt NMR spectrum of the 

solution at equilibrium has three 195Pt signals at 2652.2 {PtN4}, 

2403.8 {PtN3Cl} and 2126.5 {PtN3O}, with relative integrals in a 

ratio of 7.4:6.0:13.8, indicating that the ratio of 

bifunctional:monofuctional DHPA adducts is greater than 1:1, 

consistent with the speciation plot shown in Figure 2. 

 In the early stages of the reaction it is reasonable to assume 

that species C corresponds to a mono-adduct of 15N-1 and DHPA, 

where the signals for the {PtN3Cl} moiety are concealed by the 

signals of unreacted 15N-1 (peaks A in Figure 1a). However, after 

about 12.5 h the volume of peak C (3.98/63.4) becomes 

greater than that of peak A (3.86/64.5), which indicates that at 

later time points this peak must also contain a contribution from 

other (bifunctional) adducts. A reasonable interpretation of these 

data is that species D corresponds to bifunctional adducts in 

which the chlorido ligands of both terminal groups are displaced 

by DHPA phosphate oxygen atoms, allowing formation of 

phosphate clamps involving the charged central {PtN4} linker and 

the phosphate groups of up to two other DHPA molecules (see 

below and DFT model in Figure 6). When the reaction was carried 

out in the absence of added NaClO4
, the product profile was 

similar but changes were evident in the chemical shifts of species 

observed, suggesting that high salt conditions stabilize this higher 

order structure. While 15N chemical shifts were unchanged, the 1H 

shifts of all peaks were slightly deshielded (~ 0.02 and 0.05 for 

PtNH3 and PtNH2 protons, respectively). Notable exceptions 

are the D2 NH2 peak which shifted by 0.09 and the D1 NH2 

peak which was not visible; it had either disappeared completely 

or shifted similarly to the D2 peak and become obscured by the 

peak for C. A similar reaction with DHPA was carried out with 

partially 15N-labeled 0,0,0/t,t,t (the non-covalent analog of 

1,0,1/t,t,t, Scheme 1) under identical conditions. The 1H/15N shifts 

of the Pt-15NH3 groups of the central linker were unaltered after 

incubation at 25 C for 5 days (Figure S3), further demonstrating 

that the specific electrostatic binding between the central linker 
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and DHPA phosphate groups only occurs following covalent 

binding to form the (bifunctional) adduct D.   

 The time dependence of the concentrations of species in the 

reaction (1:5 15N-1:DHPA) and the kinetic fit derived from Scheme 

2 (model A) are shown in Figure 2, curves are computer best fits 

and the rate constants are tabulated in Table 2.  

<Insert Figure 2, Scheme 2 and Table 2 here> 

 

[1H,15N] HSQC NMR spectra recorded for similar reactions 

of 15N-1 with DHPA at 1:1 (Figure S4) and 1:2 ratios are consistent 

with the equilibrium reaction depicted in Scheme 2. The same 

species are present, but a greater percentage of adducts are 

formed at higher DHPA ratios:  C (30%, 8.1%, 5.3%) and D (46%, 

10% and 8%) for 1:5, 1:2 and 1:1 15N-1:DHPA mol ratios, 

respectively. Formation of the phosphato adducts was shown to 

be fully reversible by the addition of NaCl (100 mM) to a sample 

of 15N-1 with DHPA (1:5 mol ratio) at equilibrium. After incubation 

for 5 days at 298 K, a small amount (2.5%) of species C was 

present, but the 1H/15N peaks for adducts D and E had completely 

disappeared (Figure S5).  

 

Reaction of 1,0,1/t,t,t (15N-1) with DHPS. The reaction of 15N-1 

with DHPS (1:5 mol ratio) in 100 mM NaClO4 was carried out 

under similar conditions but with a slightly higher starting pH (5.7). 

It was not possible to carry out a detailed kinetic analysis in this 

case because from about 6 h there was a gradual loss in signal 

intensity and the solution became cloudy. By observing the 1H 

chemical shift of the PtNH3 group of monoaquated 15N-1, in 

comparison to the published titration curves,[21] it can be 

estimated that the pH had dropped to about pH 4 by 12 h. Only a 

single peak assignable to coordinated DHPS was observed. It 

was first visible after about 1.5 h in the PtNH3 region (at 

4.17/63.2) and slowly grew in intensity. After 5 h this peak 

represented about 9% of the total Pt species in solution, whereas 

DHPA adducts accounted for about 38% of the total species after 

a similar time (Figure 2). A further difference to the DHPA case is 

no partner peak was observed for the Pt-NH2 group of the DHPS 

adduct. This peak was shown to be concealed by the 1H2O 

resonance and revealed at 4.80/44.7 by recording a 15N-

coupled spectrum for a similar reaction in the absence of added 

salt (Figure S6). The 15N shifts for both peaks are consistent with 

coordination to the N-donor atom of the phosphoserine group of 

DHPS. There is no evidence for any coordination to the 

phosphate O atom and there was no change also in the 

appearance of the PtNH3 and PtNH2 groups of the central linker 

over the course of the reaction. 

 

Reaction of 1,1/t,t (15N-2) with DHPA. The reaction of 15N-2 with 

DHPA (1:5 mol ratio) in 100 mM NaClO4 was carried out under 

identical conditions to the reaction with 15N-1 and was followed 

over a period of 4 days. Representative [1H,15N] HSQC NMR 

spectra recorded during the reaction are shown in Figure 3 and 

the chemical shifts of the species observed are listed in Table 1.  

<Insert Figure 3 here> 

 In the early stages of the reaction the behavior is very similar 

to that observed for 15N-1. The first spectrum recorded after 15 

min had 1H/15N peaks assignable to unreacted 15N-2, as well as 

new peaks for the monoaquated species (B) and the mono-DHPA 

adduct (C), which has 1H and 15N chemical shifts almost identical 

to those of the equivalent species observed in the reaction with 

15N-1 (Table 1). An interesting difference for the 1,1/t,t case is that 

an average pKa value of 5.66  0.03 was obtained for the aquated 

species (B) from the four pH titration curves (1H and 15N for both 

NH3 and NH2 groups) measured in the solution at equilibrium, and 

this value is similar to the published value (5.62).[22] This result 

further supports the interpretation (above) that electrostatic 

interactions between the charged central linker of 1 and DHPA 

phosphate groups give rise to the observed increase in pKa
 value 

for the trinuclear complex. 

  Similar to the reaction with 15N-1, new peaks in the PtNH3 

region were first visible after ca. 2.7 h assignable to a second 

DHPA adduct of 15N-2 coordinated by the phosphate O atom 

(Figure 3a, peak D1). A second peak (D2) was first visible after 

3.6 h and grew more slowly than the peak D1. Whilst the chemical 

shifts of these peaks (4.03/63.7 (D1); 4.06/63.3 (D2)) are 

similar to those of the bifunctional adducts (D) of 15N-1, the time 

dependent behavior is different and they are not equal in intensity; 

at equilibrium, the ratio of the PtNH3 peaks D1:D2 was 1.4:1 

(Figure 4b). Time dependent profiles show that these peaks 

correspond to two peaks in the PtNH2 region at 5.18/61.5 (D1) 

and 5.21/60.2 (D2). A marked difference from the reaction with 
15N-1 is the significant deshielding compared to the mono-adduct 

C in both 1H and 15N dimensions ( 1H/15N: 0.18/0.6 (D1) and 

0.21/1.9 (D2) (Figure 3b). When the reaction of 15N-2 with DHPA 

was carried out in the absence of NaClO4 the 1H chemical shifts 

of the all species were unaffected ( 0.01with the exception 

of the PtNH2 peak for the chlorido species (A) which was 

deshielded by 0.04. This behavior is in marked contrast to that 

observed for 15N-1 (see above). 

 The time dependence of the concentrations of species in the 

reaction (1:5 15N-2:DHPA) and the kinetic fit derived from Scheme 

2 (model A) are shown in Figure 4a, where curves are computer 

best fits and the rate constants are tabulated in Table 2.  

<Insert Figure 4 here> 

 The greater separation of the PtNH3 (D1 and D2) peaks 

compared to the reaction with 15N-1 (Table 1), allowed these 

species to be treated separately and a kinetic fit derived from the 

modified model (B) in Scheme 2 is shown in Figure 4b. The rate 

constants are provided in the supplementary material (Table S1) 

and show that the rate constant for formation of the D1 adduct 

(kBF1) is 2.9 times higher than that of the D2 adduct (kBF2), whilst 

the rate constants for the reverse reaction show a similar trend (k-

BF1 is 2.7 times higher than k-BF2). 

 

Temperature Coefficients for 1,1/t,t and 1,0,1/t,t,t DHPA 

adducts. Temperature coefficients for NH 1H NMR resonances 

have been studied for peptides where in freely solvent-accessible 

environments coefficients of up to ca. |9  10-3| ppm K-1 are 

commonly observed,[23,24] and these are reduced to |5  10-3| 

ppm K-1 for H-bonded protons which are shielded from solvent. In 

the case of PtNH protons, temperature coefficients have been 

investigated for [PtCl2(am(m)ine)2] complexes,[25] where values 

are much lower (|2.6 and 3.2(3)  10-3| ppm K-1, for NH3 and 

NH2 protons, respectively) indicative of a high degree of shielding 

from solvent. The temperature coefficients determined here 

(Table 3) are similar in value.  

<Insert Table 3 here> 

A lowering of temperature coefficients in mononucleotide 

adducts was indicative of stereospecific hydrogen bonding 

between N-H protons and cis nucleotide 5-phosphate groups.[25] 
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Inspection of the 1H/15N chemical shifts (Table 1) and the 

temperature coefficients in Table 3 indicates that the {PtN3Cl} and 

{PtN3O} end groups in the parent chlorido complex and DHPA 

mono adducts are in similar environments in the case of 1,1/t,t 

and 1,0,1/t,t,t (the values are almost identical). The slight lowering 

of the temperature coefficients for the PtNH3 protons in the 

DHPA adduct (C) is indicative of more strongly H-bonded 

environments and a further lowering is observed for the PtNH3 

D1 and D2 protons (in all cases except for the D2 protons of the 

1,0,1/t,t,t adduct). In the case of PtNH2 protons in D1 and D2 

adducts, for 1,0,1/t,t,t the temperature coefficients are lower than 

that in the DHPA monoadduct (C), (suggesting they are more 

shielded from solvent), whereas for 1,1/t,t these protons exhibit 

differing behavior. The temperature coefficient for the NH2 protons 

in D1 are similar to those in the monoadduct C, whereas those in 

D2 are significantly increased, suggesting these protons are more 

strongly exposed to solvent. These differences can be understood 

by inspection of the DFT optimized models (see below) and in the 

case of 1,0,1/t,t,t, the influence of the two additional DHPA 

molecules electrostatically bound to the {PtN4} linker in influencing 

the lipophilicity and exposure of the {PtN3O} groups to solvent 

molecules.  

DFT modelling 

Density functional calculations along with molecular modelling 

have been used for the geometry optimizations of platinum and 

other heavy transition metal complexes and also to predict and 

explain their biological properties.[26-30] In the present study DFT 

modelling was performed on various mono and bifunctional 

adducts of 1,1/t,t and 1,0,1/t,t,t with DHPA. While these 

minimization calculations do not include temperature effects, the 

optimized models nevertheless aid in the interpretation of the [1H, 
15N] HSQC NMR spectra obtained at finite temperature (298 K). 

1,1/t,t-DHPA interaction. DFT optimized structures of the DHPA 

bound mono-functional adduct of 1,1/t,t and the two conformers 

of the bifunctional adduct are shown in Figure 5, with the details 

of the hydrogen bonding interactions provided in Figure S7. The 

models of the bifunctional adducts were designed such that the 

DHPA fragments covalently bound to the Pt centers are either cis 

or trans to each other. 

<Insert Figure 5 here> 

 For the mono DHPA adduct, the observation of three 

hydrogen bonds between the ammine hydrogens of the Pt-(NH3)2 

unit and the coordinated DHPA molecule is consistent with the 

strongly deshielded 1H/15N peak (C) in the [1H,15N] HSQC NMR 

spectrum (Figure 3). One of the ammine groups has short H-

bonds to the phosphate oxygen (distance = 1.87 Å) and the 

carbonyl oxygen from aliphatic chain a (distance = 2.11 Å), whilst 

the other has a H-bond (distance = 1.97 Å) to the carbonyl oxygen 

of the other aliphatic chain b (Figure 5a and 5b)). Notably, the 

PtNH2 group is not involved in any hydrogen bonding 

interactions with the DHPA fragment, consistent with the 

observation that the 1H shifts of the Pt-NH2 groups are identical 

for the PtCl species (A) and the PtDHPA monoadduct (C) 

(Figure 3 and Table 1). The key difference between the two 

conformers of the bifunctional adduct are in the relative orientation 

and alignment of the aliphatic chains from the two different DHPA 

molecules with the aliphatic linker of the dinuclear 1,1/t,t (Figure 

5c and 5d). In each case the models (Figure 5c and 5d and Figure 

S7) show that one of the bound DHPA molecules has a similar H-

bonding network with the Pt-(NH3)2 unit to that of the 

monofunctional adduct, supporting the NMR results that indicate 

that at later time points species C corresponds to both mono- and 

bi-functional adducts. For conformer 2 the H-bonds are 

essentially identical (Figure S7c), whereas for conformer 1, 

aliphatic chain a of the bound DHPA molecule has moved away 

from the coordinated Pt-(NH3)2 unit resulting in the formation of 

only two of the three hydrogen bonds (Figure 5c and Figure S7a). 

Similar to the monofuctional adduct, the Pt-NH2 group trans to this 

bound DHPA molecule is not involved in any H-bonding 

interactions in either conformer. However, in both cases the other 

PtNH2 group is H-bonded to the carbonyl oxygen from aliphatic 

chain b of the trans DHPA molecule with distances of 2.12 Å 

(conformer 1) and 2.19 Å (conformer 2), respectively. In each 

case the carbonyl oxygen also forms a short H-bond to one of the 

Pt-NH3 groups (2.04 Å and 2.10 Å, respectively). The strong H-

bonds in non-identical environments are consistent with the 

strongly deshielded PtNH2 peaks (D1 and D2, Figure 3b). As 

shown in Figure S7b and S7d, the H-bonding interactions to the 

PtNH3 groups are significantly different in the two conformers, 

and also to that in the “type C” environment (Figure 5b, Figure 

S7a and S7c). In conformer 1, the ammine group that is H-bonded 

to the carbonyl oxygen of chain b (distance = 2.04 Å) also has an 

H-bond to the POCH2 oxygen atom (distance = 2.37 Å). The other 

ammine group has a hydrogen bond to the phosphate oxygen 

atom (distance = 2.36 Å). In conformer 2, one ammine group has 

short H-bonds to the carbonyl oxygen of chain b (distance = 2.10 

Å) and the phosphate oxygen (distance = 2.05 Å), whilst the other 

has a single H-bond to the carbonyl oxygen from aliphatic chain a 

(distance = 2.04 Å). The different, but strongly H-bonded 

environments, are consistent with the different 1H/15N peaks (C, 

D1 and D2) observed in the PtNH3 region of the [1H,15N] HSQC 

NMR spectrum (Figure 3).  

   

1,0,1/t,t,t-DHPA interaction. DFT optimized models for the 

mono- and bifunctional DHPA adducts of 1,0,1/t,t,t (Figure S8) 

show very similar H-bonding interactions for the {PtN3O} groups 

to that in the monofunctional 1,1/t,t  adduct (Figure 5a and 5b). 

Unlike the 1,1/t,t case, the two bound DHPA molecules are not 

close enough to have any influence on the H-bonding interactions 

of the other Pt coordination sphere. The models are consistent 

with the observations from the NMR spectra that the 1H/15N peaks 

“C” are identical for 15N-1 and 15N-2 (Table 1), and in the case of 
15N-1, at later time points these peaks correspond to a mixture of 

mono- and bi-functional adducts. There are no H-bonding 

interactions involving the PtNH2 protons. The NMR spectra 

(Figure 1) show that following formation of the bifunctional adduct 

there is a distortion in the 1H/15N peaks for the central {PtN4} linker. 

The DFT optimized model (Figure 6) has two additional DHPA 

molecules involved in “phosphate clamp”[31,32] interactions with the 

central linker, in which the square planar tetra-am(m)ine Pt(II) 

coordination sphere forms bidentate N-O-N complexes with the 

two DHPA phosphate oxygen atoms.  

<Insert Figure 6 here> 

 The model is consistent with the formation of the new non-

equivalent 1H/15N peaks (D1 and D2), which are of equal intensity. 

Notably, the model shows that the PtNH2 groups (and one of the 

two PtNH3 groups) for the two bound {PtN3O} end moieties are 
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involved in H-bonding interactions with both centrally bound 

DHPA molecules; one Pt-am(m)ine group has short H-bonds to 

the carbonyl oxygen of aliphatic chain b (NH2 2.05 Å; NH3 2.02 Å), 

whilst the other is H-bonded to the phosphate oxygen atom of the 

other DHPA molecule (NH2 1.88 Å, NH3 1.90 Å). The PtNH3 D1 

and D2 peaks are more strongly deshielded than those of peak C, 

consistent with this interaction. However, the D1 and D2 NH2 

peaks are more shielded in the 1H dimension than peak C and 

these shifts are dependent on the salt concentration. A possible 

explanation is the presence of the extra DHPA molecules leads to 

a highly lipophilic environment in which the NH2 protons are 

shielded from water molecules, as indicated by the temperature 

coefficient values (see above). 

 Previous [1H,15N] HSQC NMR studies have investigated the 

phosphate clamp DNA binding motif in solution, from interaction 

of the Dickerson-Drew dodecamer (DDD) with TriplatinNC 

(Scheme 1, chlorido groups in Triplatin replaced with substitution-

inert “dangling ammine –NH2(CH2)6NH3
+ ligands).[33] Above pH 6 

the association of the {PtN4} linker of TriplatinNC with phosphate 

groups in the DNA backbone is water-mediated so that relatively 

small changes in 1H/15N shifts are observed for one pair of 

NH3/NH2CH2
 in the {PtN4} unit ( 1H/15N 0.11/0.4 (NH3); 0.12/0.3 

(NH2). Notably, in contrast to the behavior observed in the present 

study, the protons of the Pt–15NH3 and Pt–15NH2 units are affected 

to the same extent indicating that both groups are equally involved 

in the binding process. Comparison with the magnitude of the 
1H/15N shifts obtained here for the DHPA-1,0,1/t,t,t bifunctional 

adduct (D) suggests a similar (but not identical) water-mediated 

binding to phosphate groups of the DHPA molecule, rather than 

the direct interaction depicted in the model (Figure 6c). A direct 

interaction between the Pt-am(m)ine groups and the negatively 

charged phosphate oxygen was observed below pH 6 for the 

TriplatinNC-DDD adduct, characterized by very large shifts in 

both 1H (~ 1.7) and 15N (~20) dimensions.[33] 

  

Kinetics 

 

Our previous [1H, 15N] HSQC NMR studies[21,22] of the aquation of 

1,0,1/t,t,t and 1,1/t,t under similar conditions (298K, pH 5.3) 

showed that in both cases the dichlorido form is strongly favored 

over the aquated forms, so that at equilibrium there is a higher 

percentage of unreacted compound in comparison to cisplatin. 

The equilibrium constant for the aquation pK1 is lower for 1,0,1/t,t,t 

than the dinuclear complex, attributed to non-productive ion 

pairing between chloride ions and the central {PtN4} unit, resulting 

in a reduction in magnitude of the anation rate constant.[21]  

 We have previously used [1H,15N] HSQC NMR also to 

investigate the aquation of both complexes in the presence of 

phosphate, under identical conditions (pH 5.3, 298K) to those 

used here in the reactions with DHPA. The rate and equilibrium 

constants for these reactions in phosphate, obtained from the 

simplified kinetic model (analogous to that in Scheme 2, model A) 

are listed in Table 2. Equilibrium conditions for 1,1/t,t and 1,0,1/t,t,t 

are established in the presence of phosphate far more rapidly 

than for cisplatin,[34] due to the higher anation rate constant 

keeping the equilibrium more to the chlorido form. An important 

feature of the reactions in phosphate is the high value for the rate 

constant for the reverse reaction (k-L), which is ten-fold higher than 

for similar binding of acetate.  Comparison of pK1 and pKL in Table 

2 demonstrate the clear preference for chloride over phosphate 

for both complexes. For 1,1/t,t the equilibrium in phosphate was 

attained after 12 h and strongly favored the dichlorido species; 

71% of the total Pt remained coordinated to chloride, 22% to 

phosphate and 7% to aqua ligands. For 1,0,1/t,t,t, equilibrium was 

attained after a similar time but a greater proportion of phosphato 

species were present (ca. 50%).  

These general trends are evident in comparing the kinetic 

plots for the two compounds in Figure 2, and Figure 4, where at 

equilibrium the total Pt remained coordinated to chloride was 35% 

and 17% for the di- and trinuclear complexes, respectively; a 

greater proportion of DHPA adducts are formed in the case of 

1,0,1/t,t,t, but equilibrium conditions for both compounds are 

attained more slowly (35 h) than in the presence of phosphate. 

Comparison of the rate constants (Table 2) shows that the rate 

constant for the first step of DHPA binding (kL) is about 8 times 

higher than that for phosphate binding for both 1,0,1/t,t,t and 

1,1/t,t, but the rate constants for the reverse reactions are quite 

similar.   

Conclusions 

Phospholipids are one of the major components of cell 

membranes and the results confirm their significant interaction 

with PPC complexes. Use of the smaller DHPA and DHPS 

allowed description of the molecular details of these interactions, 

which may be extrapolated to the physiologically relevant DPPA 

and DPPS. The understanding of how platinum drugs enter cells 

is now much more sophisticated from the early ideas of a simple 

passive diffusion.[1,2] In terms of active or energy-mediated 

diffusion the role of phospholipids as receptor on the cell 

membrane complements recent descriptions of the heparan 

sulfate proteoglycan receptor and helps to describe a fuller picture 

of cellular accumulation.[13] 

The interactions observed may be extrapolated to possible 

interactions of cisplatin itself, which may be too transient to 

observe but nevertheless are important in describing the full 

biology of this important anti-cancer drug. Passive permeation of 

cisplatin through the lipid membrane phase is decreased with 

lowered chloride concentration as the aquated molecule becomes 

“trapped” through membrane binding.[35] While the intrinsic affinity 

of oxygen ligand donors is considered to be low for a “soft” acid 

such as platinum, the cellular concentrations of these 

biomolecules can produce significant interactions. It is clear that 

small molecules such as cisplatin are likely to be loosely 

associated with important biomolecules rather than exist in the 

biological milieu as simple aquated cations. In this respect, the 

interactions described here combine a “non-covalent” component 

more associated with biological reactions as well as covalent 

bond-forming ones more associated with chemical reactions.  

 Extensive efforts have been made to incorporate cisplatin, 

carboplatin and oxaliplatin into liposomes to enhance 

biodistribution and lower toxicity.[36-38] Incorporation of even the 

inactive trans geometry can result in protection against 

deactivation and enhancement of cytotoxicity.[39] Our results here 

help place these efforts in a molecular description of some of the 

interactions involved, including the possibility of “higher-order” 

structures between phospholipid and platinum drug. The 

amphipathic nature of PPCs where lipophilic diamine chains link 

hydrophilic Pt-am(m)ine coordination spheres is remarkably 

complementary for strong interaction with the amphiphilic 
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phospholipids. The complementarity is reflected in the 

observation in this study of unique “higher-order” PPC-

phospholipid conjugates.  The presence of covalently bound and 

“non-covalently” bound phospholipids is also suggested by ESI-

MS studies where species corresponding to {1,0,1/t,t,t –(DHPA)2} 

readily lose one DHPA molecule in MS-MS suggesting a loose 

electrostatic interaction. Extension to the physiologically relevant 

DPPA (and DPPS) suggests capability to significantly disrupt 

membrane structure.[13,19] This disruption is not accessible to the 

smaller cisplatin, which may engage in weak covalent interactions 

as stated above, but has no intrinsic lipophilic component. 

Combined with the specific effects on heparan sulfate 

proteoglycans, also not accessible to the mononuclear drugs,[13] 

the results reported here further emphasize the discrete nature of 

the PPC class of anti-cancer agents compared to the 

mononuclear agents.  

 In general, the identification and acceptance of DNA as 

molecular target has dominated mechanistic studies on platinum-

based anticancer agents yet the ability to systematically target 

membrane biomolecules suggest approaches to drug design that 

can play a significant role in dictating the overall biology of 

platinum drugs and have functional consequences contributing to 

the overall cytotoxic profile of platinum agents. Newer agents of 

clinical relevance can emerge from emphasis and recognition of 

inherently multifunctional cellular action.[15] 
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Table 1. 1H and 15N chemical shifts for species observed during the reaction of 15N-labeled 1,0,1/t,t,t (1) and 1,1/t,t (2) 

with DHPA in 100 mM NaClO4 at 298 K.[a]  

Compound Species 

   Pt-NH3             Pt-NH2 

1H  15N 1H 15N 

1,0,1/t,t,t[b] 

Pt-Cl (A) 3.86 64.5 4.99 47.0 

Pt-H2O (B) 4.06 62.4 5.00 63.2 

Pt-DHPA (C) 3.98 63.4 4.99 62.1 

Pt-DHPA (D1) 4.05 63.2 4.95 62.4 

Pt-DHPA (D2) 4.04 62.9 4.93 61.5 

Pt-PO4 (E)[c] 3.98 61.1 4.90 64.3 

1,1/t,t 

Pt-Cl (A) 3.87 64.5 5.01 47.0 

Pt-H2O (B) 4.03 62.4 4.92 62.1 

Pt-DHPA (C) 3.99 63.4 5.00 62.1 

Pt-DHPA (D1) 4.03 63.7 5.18 61.5 

Pt-DHPA (D2) 4.06 63.3 5.21 60.2 

Pt-PO4 (E)[c] 3.98 61.0 4.93 64.3 

[a] 1H referenced to TSP (sodium 3-trimethylsilyl-[D4]-propionate); 15N referenced to 15NH4Cl (external). [b] Only the 
1H/15N shifts of the end Pt-am(m)ine groups are listed; at the start of the reaction the shifts of the linker group are  

1H/15N = 4.11/63.8 (NH3) and 4.66/44.3 (NH2) and at equilibrium there are two sets of peaks  1H/15N = 4.13/63.7, 

4.10/64.3 (NH3) and 4.68/44.2, 4.71/43.8 (NH2) (Figure 1). [c] Product from the reaction of 15N-1 or -2 with a minor 

hydrolysis product of DHPA, which is observed in both reactions and has 1H,15N chemical shifts identical to that of 

products from the reaction of each complex with phosphate. 
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Table 2. Rate and equilibrium constants for the reactions of polynuclear platinum compounds with DHPA in 100 mM NaClO4 

at 298 K, pH 5.3 in comparison to phosphate.[a]    

 
1,0,1/t,t,t (1) 1,1/t,t (2) 

Parameter DHPA phosphate[b] DHPA phosphate[b] 

k1(10-5.s-1) 3.21 ± 0.03 3.4 ± 0.1 2.6 ± 0.1 2.49 ± 0.04 

k-1 (M-1.s-1) 0.087 ± 0.003 0.275 ± 0.009 0.20 ± 0.02 0.40 ± 0.01 

kL (M-1.s-1) 0.137 ± 0.008 0.0166 ± 0.0002 0.08 ± 0.01 0.0086 ± 0.0002 

k-L(10-5.s-1) 6.7 ± 0.5 5.4 ± 0.1 5.7 ± 1.0 3.9 ± 0.1 

ko (M-1.s-1) 0.0026 ± 0.0003  0.0035 ± 0.0009  

k-o (10-5.s-1) 1.1 ± 0.2  1.0 ± 0.4  

kBF (10-5.s-1) 3.48 ± 0.05  3.4 ± 0.3  

k-BF(10-5.s-1) 2.10 ± 0.05  2.4 ± 0.3  

pK1 3.43 ± 0.02 3.73 ± 0.02 3.87 ± 0.06 4.21 ± 0.02 

pKL 3.31 ± 0.06 2.51 ± 0.01 3.1 ± 0.1 2.34 ± 0.02 

pKo 2.4 ± 0.1  2.6 ± 0.3  

pKBF 0.22 ± 0.02  0.16 ± 0.09  

[a] The rate constants for reaction with DHPA were derived from the kinetic model in Scheme 2 (Model A). [b] Values for 

phosphate taken from Ref. [20] for the related simplified kinetic model. 

Table 3. Temperature dependence of NH shifts for species observed during 

the reaction of 1,0,1/t,t,t and 1,1/t,t with DHPA in 100 mM NaClO4.[a]      

Compound Species 

103 /T (ppm K-1) 

NH3 NH2 

1,0,1/t,t,t 

Pt-Cl (A) 

2.3 2.6 

1,1/t,t 2.2 2.7 

1,0,1/t,t,t 

Pt-DHPA (C) 

1.9 3.4 

1,1/t,t 1.9 3.5 

1,0,1/t,t,t 

Pt-DHPA (D1) 

1.7 2.7 

1,1/t,t 1.5 3.4 

1,0,1/t,t,t 

Pt-DHPA (D2) 

2.0 2.5 

1,1/t,t 1.7 3.9 

1,0,1/t,t,t 

Pt-PO4 (E) 

1.8 3.0 

1,1/t,t 1.8 3.4 

[a] See Table 1 and Figures. 1 and 3 for 1H/15N chemical shifts and peak 

assignments. 
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Scheme 1. Structures of the platinum complexes and phospholipids discussed in this work.  
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Scheme 2. Pathways for the reaction of 1,0,1/t,t,t (1) and 1,1/t,t (2) with DHPA, from analysis of the time dependence of peaks in the [1H,15N] HSQC NMR spectra 
(Figure 1 and Figure 3). Model A shows the simplified kinetic model used in all cases where the equivalent {PtN3Y} end groups in different species were 
indistinguishable. Model B was also used in the case of 2, where Pt-NH3 peaks for D1 and D2 could be distinguished throughout the reaction. The species “D” 

corresponds only to bifunctional adducts, whereas species “C” is derived from both monofunctional and bifunctional adducts (see text). The derived rate constants 
are shown in Table 2. 
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Figure 1. Representative 2D [1H,15N] HSQC NMR (600 MHz) spectra at 298 K from the reaction of 15N-1 (1,0,1/t,t,t, 1 mM) with DHPA (5 mM) in 100 mM NaClO4 
(a) after 2.1 h and (b) at equilibrium (503 hours). The [1H,15N] HSQC NMR spectrum of the same sample after the addition of 100 mM NaCl is provided in Figure 

S5. Peaks labeled B and C were already visible in the first spectrum recorded 26 min after the start of the reaction. 
 
 
 
 

 
 
 
 
 

 

Figure 2. Plot of the time dependence of species observed in the reaction of 15N-1 (1,0,1/t,t,t) with DHPA (1: 5 ratio) in 100 mM NaClO4. The curves are computer 
best fits to the model shown in Scheme 2 (Model A).  The rate constants are provided in Table 2. Key: A open squares; B open circles; C open triangles; D open 
diamonds; E asterisk; released chloride x. The concentrations are based on the 1H, 15N cross-peaks in the Pt-NH3 region (Figure 1) and refer to the {PtN3Y} end 

groups so that the initial concentration of A (Pt-Cl) is twice that of 15N-1.   
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Figure 3. Representative 2D [1H,15N] HSQC NMR (600 MHz) spectra at 298 K from the reaction of 15N-2 (1,1/t,t, 1 mM) with DHPA (5 mM) in 100 mM NaClO4 (a) 
after 2.7 h and (b) at equilibrium (90 h). Peaks labeled ‘i’ are assigned to 15N impurities from the synthesis of 15N-2; their presence does not compromise these 
experiments, as discussed in detail elsewhere.[22] 
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Figure 4. Plot of the time dependence of species observed in the reaction of 15N-2 (1,1/t,t) with DHPA (1:5 ratio) in 100 mM NaClO4. The curves are computer 
best fits to the models shown in Scheme 2 (a) Model A and (b) the modified Model B, where the non-equivalent D1 and D2 peaks are treated separately. The rate 
constants are provided in Table 2. Key: A open squares; B open circles; C open triangles; D open diamonds (b: D1 open diamonds; D2 filled diamonds); E 
asterisk; released chloride x. The concentrations are based on the 1H, 15N cross-peaks in the Pt-NH3 region (Figure 3) and refer to the {PtN3Y} end groups so that 

the initial concentration of A (Pt-Cl) is twice that of 15N-2.   
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Figure 5. DFT optimized models of the DHPA bound adducts of 1,1/t,t (2). (a) Monofunctional adduct, with a detailed view of the intramolecular hydrogen bonds 
shown in (b).  Two conformers of the bifunctional adduct; conformer 1 (c) and conformer 2 (d). A detailed view of the intramolecular hydrogen bonds in the bifunctional 
adduct conformers is shown in Figure. S7. 
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Figure 6. DFT optimized model for the bifunctional DHPA bound adduct of 1,0,1/t,t,t (1) with two additional DHPA molecules (chains colored in dark blue) involved 

in phosphate clamp interactions with the central {PtN4} coordination unit. Expansions of the three Pt coordination spheres (from left to right in (a)) are shown in (b), 
(c) and (d).  The model is consistent with the peaks labeled D in the [1H,15N] HSQC NMR spectrum (Figure. 1). 
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Amphipathic complementarity 

A holistic approach to the molecular 

mechanism of platinum anti-cancer 

agents extends DNA interactions to 

membrane heparan sulfate 

proteoglycans and phospholipids 

relevant to cellular accumulation and 

delivery. The amphipathic nature of 

polynuclear platinum compounds is 

remarkably complementary for 

strong interaction with the 

amphiphilic phospholipids leading to 

higher-order structures 
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