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Introduction

The biological activity of platinum anticancer agents is gov-
erned by their complex chemical reactions with a variety of
biomolecules.[1,2] Glutathione (GSH) and proteins and pep-
tides containing methionine and cysteine residues, are gener-
ally considered to be responsible for the metabolic interac-
tions of platinum drugs.[2,3] With normal intracellular con-
centrations of GSH ranging from 5 to 10 mm,[4] the direct co-
ordination of GSH to platinum-containing drugs is certainly
possible. These interactions are considered deactivating be-
cause the trans influence of sulfur has the propensity to lib-
erate ligands coordinated trans to the bound sulfur.[5,6] A rel-
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evant example is that of BBR3464, the trinuclear agent,
which has undergone phase II clinical trials in humans.[7]

Blood metabolism studies showed reversible and irreversible
reactions with human plasma resulting in breakdown of the
trinuclear structure (Scheme 1).[8] These plasma products
may be mimicked by reactions of BBR3464 with S-nucleo-
philes especially GSH.[9] Dinuclear platinum compounds
such as [{trans-PtCl ACHTUNGTRENNUNG(NH3)2}2ACHTUNGTRENNUNG(m-NH2ACHTUNGTRENNUNG(CH2)6NH2)] ACHTUNGTRENNUNG(NO3)2 (1,1/
t,t) undergo similar reactions with loss of the linking dia-
mine[9,10] and this reactivity appears to be general for this
structure, where the Cl� leaving group is trans to the linking
diamine. Similar reactions may also occur in dinuclear plati-
num compounds linked by polyamines such as that of
BBR3610, a possible “2nd-generation” analogue of
BBR3464.[11]

For mononuclear compounds, a staple of platinum drug
development strategies has been the use of the chelate
effect in attempts to impart lesser reactivity to the molecule,
for example, carboplatin contains a bidentate dicarboxylate
leaving group which is more inert to substitution than the
chlorides of cisplatin. This strategy is not available to di-/tri-
nuclear compounds with [PtN3Cl] coordination spheres, that
is, with monofunctional leaving groups. The carboxylate
strategy has, however, been used for tetrafunctional dinu-
clear compounds such as [{Pt ACHTUNGTRENNUNG(mal)NH3}2ACHTUNGTRENNUNG(H2N-ACHTUNGTRENNUNG(CH2)6NH2)].[12] To examine the effect of leaving group on
the general reactivity of BBR3464 and analogs such as 1,1/t,t
we investigated the use of the nitrite ion as leaving group.
The nitrite group forms strong bonds to Pt and the trans in-
fluence and trans effect is NO2

� > Cl�. Few studies in plati-
num antitumor chemistry have used the leaving group prop-
erties of monodentate ligands less labile than chloride, in
contrast to the extensive work on aqua, carboxylate and di-
carboxylate ligands. Therefore it was of interest to explore
whether nitrite could be used to modulate biological proper-
ties of dinuclear and trinuclear platinum agents. This paper
examines the reactions of nitrite-containing platinum com-
pounds relevant to their biological activity. Aquation and re-
actions with both DNA and sulfur compounds were studied.
Glutathione was chosen as the principal sulfur compound
for investigation because of its purported role as a determi-
nant of cellular sensitivity to a wide variety of drugs and cy-
totoxic agents.

Results and Discussion

The structures of the compounds studied are shown in
Figure 1. The nitrito derivatives of dinuclear (1-NO2) and
trinuclear (1’-NO2) platinum compounds are simply pre-
pared from the nitrate salts of the dichlorido complexes (1
or 1’) by treatment with 1.9 equiv of AgNO2 in water, and
removal of the AgCl precipitate. For 15N and {1H,15N} NMR
studies fully 15N-labeled 1 or 1’ were used as starting materi-
als (synthesized as described previously).[13,14] Formation of
1’-NO2 in situ, by addition of 1.99 equiv of NaNO2 to a solu-
tion of 1’ in 95 % H2O/5 % D2O, was followed by {1H,15N}
HSQC NMR spectroscopy (Figure S1). The reaction pro-
ceeds via formation of the aquated intermediate (2’) with a
half-life of about 3.5 h at 25 8C. In the absence of Ag+ to
remove the chloride ion, however, the reaction does not go
to completion and an equilibrium ensues; chlorido (9 %)
and aqua (5 %) species were still present after the addition
of a further 0.3 equiv of NaNO2 and prolonged incubation
(Figure S1).

Scheme 1. Potential plasma reactions of BBR3464 under the influence of sulfur nucleophiles.

Figure 1. Structures of dinuclear and trinuclear compounds studied (top).
Relativistic scalar ZORA calculated structure of 1-NO2 showing hydro-
gen bonding between the nitrite oxygen and ammine hydrogen atoms
(bottom).
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The 15N and 195Pt NMR data for 1-NO2 (Table 1) are con-
sistent with those published before for [Pt ACHTUNGTRENNUNG(NH3)3X] com-
pounds,[15] in which the chlorido group is substituted by an
N-bound nitrito group. The 195Pt NMR signal of 1-NO2 (d=

�2444 ppm) shows an upfield shift (Dd=�34 ppm) with re-
spect to the chlorido complex (1), similar in magnitude to
that of the mononuclear compound. The {1H,15N} HSQC
NMR spectrum of 15N-1-NO2 (Figure 2) shows two 1H,15N

cross-peaks for the Pt–NH3 (d=4.36/�50.8 ppm) and Pt–
NH2 (d= 4.88/�49.0 ppm) groups. For the ammine ligand cis
to the NO2 group there is a strong deshielding of the 15N
signal (Dd= 13.5 ppm) with respect to the chlorido complex,
whereas the 15N signal of the trans amine group is slightly
shielded (Dd=�2.1 ppm), similar to the trends observed for
[Pt ACHTUNGTRENNUNG(NH3)3X] (Table 1). There is also a strong deshielding of

the 1H signal of the cis NH3 groups (Dd=0.47 ppm), where-
as the 1H shift of the trans-NH2 group is shielded (Dd=

�0.19 ppm) compared to the chlorido complex. The molecu-
lar model of 1-NO2 (Figure 1) shows strong hydrogen bonds
between the nitrite oxygen and amine hydrogen atoms (dis-
tance= 1.87 �), which are consistent with the deshielded 1H
and 15N resonances of the NH3 groups. These results are
confirmed by the extensive hydrogen-bonding network
found in trans-[Pt ACHTUNGTRENNUNG(NH3)2 ACHTUNGTRENNUNG(NO2)2].[16]

Aquation of 1-NO2 : The aquation reactions of 15N-1 and �1’
have been previously investigated by {1H,15N}-HSQC NMR
spectroscopy.[13,14, 17] For 1 aquation occurs rapidly and equi-
librium is achieved more rapidly (t1/2 =23 min) than for cis-
platin (t1/2 =165 min)[18] under similar conditions (310 K).
The aquation rate constant is comparable to that of cispla-
tin, but the chloride anation rate constant is much higher so
that the equilibrium favors the dichloro form. For the trinu-
clear 15N-1’ the aquation rate constant is comparable to that
of the dinuclear compound, but the chloride anation con-
stant is lower so that there is a significantly greater percent-
age of aquated species present at equilibrium.

The aquation of 15N-1-NO2 was similarly investigated here
by {1H,15N} HSQC NMR spectroscopy. For a 1 mm solution
of 15N-1-NO2 in 15 mm NaClO4 (pH 5.8) at 25 8C, no new
1H,15N cross-peaks appeared after incubation for 15 days, in-
dicating that if aquation does occur, aquated species are too
low in concentration to be detected and the equilibrium
strongly favors the dinitrito form. To investigate whether
the nitrito derivatives could be activated under physiological
conditions, a sample of 15N-1-NO2 was incubated in RPMI
cell culture medium (pH 7.5) at 37 8C. Again no new 1H,15N
cross-peaks assignable to the aquated species were detected
after incubation for five days (Figure 2 a).

Reactions with sulfur donors (GSH): In previous work the
reactions of 1 and 1’ with reduced GSH in phosphate-buf-
fered saline, at pH 7.35, were studied by 195Pt and {1H,15N}
HSQC NMR spectroscopy combined with HPLC and ESI-
TOF MS.[9] Degradation of the polynuclear compounds was
observed involving liberation of the diamine linker under
the trans influence of the coordinated sulfur. The initial re-
action with GSH took place rapidly (<30 min) to form the
dinuclear intermediate [{trans-Pt(SG)ACHTUNGTRENNUNG(NH3)2}2ACHTUNGTRENNUNG(m-NH2-ACHTUNGTRENNUNG(CH2)6NH2)], (3) and trans labilization of the linker oc-

curred during a period of 7 h at
37 8C. The final products of the
reaction, trans-[Pt(SG)2ACHTUNGTRENNUNG(NH3)2]
(5) and the dinuclear species
[{trans-Pt(SG) ACHTUNGTRENNUNG(NH3)2}2-m-SG]
(6), were the same as formed
by reaction of trans-[PtCl2-ACHTUNGTRENNUNG(NH3)2] with GSH under the
same conditions. The solution
pH dictates the final product
distribution of monomeric 5
(acidic pH) or dinuclear 6
(pH 7.3).

195Pt NMR spectroscopy was first used to follow the reac-
tion of 1-NO2 with GSH (1:2 ratio), in 150 mm phosphate
buffer pH 7.4 at 37 8C (Figure S2). The conditions are simi-
lar to those used in the previous reaction with 1, except in
that case 120 mm NaCl was used to prevent formation of
aqua species and to mimic physiological conditions. No chlo-
ride was added here to avoid possible substitution reactions
of the nitrito ligand, which are indicated by the equilibria
observed in the reaction of 1’ with NaNO2 (see above). The

Figure 2. 2D {1H,15N} HSQC NMR (600 MHz) spectra of 1-NO2 in a)
RPMI medium after incubation for 120 h at 37 8C and b) after reaction
with duplex I (in 15 mm phosphate, pH 6.2), for 5 d. Peaks labeled “i” are
due to Pt-15NH3 impurities in the sample of 15N-1, as discussed previous-
ly.[13]

Table 1. Comparative 195Pt and 15N chemical shift for compounds with Cl and NO2 as leaving group (X).[a]

Compound X d

(195Pt)
D d (15N) cis to

X
D d (15N) trans to

X
D Ref.

[Pt ACHTUNGTRENNUNG(NH3)3X]+ Cl �2353 �37 �66.0 13.9 �69.8 �1.1 [15]

NO2 �2390 �52.1 �70.9
[{Pt ACHTUNGTRENNUNG(NH3)X}2ACHTUNGTRENNUNG(m-NH2-ACHTUNGTRENNUNG(CH2)6NH2)]2+

Cl �2410 �34 �64.3 13.5 �46.9 �2.1 This
work

NO2 �2444 �50.8 �49.0

[a] D=d (X=NO2) � d (X=Cl).
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initial spectrum recorded within 30 min of the start of the
reaction showed three new 195Pt resonances (d=�2746,
�3187 and �3237 ppm), in addition to that of 1-NO2 (d=

�2444 ppm). The peak at d = �2746 ppm corresponds to
an intermediate, as it is no longer observed after 1 h. The
other two peaks correspond to the mononuclear trans-
[Pt(SG)2ACHTUNGTRENNUNG(NH3)2] (5, d=�3237 ppm) and bridged trans-
[{Pt(SG) ACHTUNGTRENNUNG(NH3)2}2-m-SG] (6, d=�3187 ppm), as previously
assigned from analysis of the trans-DDP reaction.[9] After
24 h the 195Pt NMR spectrum (Figure S2) exhibited two
peaks at d =�2444 (1-NO2) and �3237 ppm (5) and 13 %
of the starting material remained unreacted, based on the
relative integrals. Similar results were obtained in the reac-
tion of 1-NO2 with GSH in a 1:4 ratio (Figure S3), except
that the final product of the reaction is the dinuclear 6, (d=

�3186 ppm) and all starting material had reacted within the
first 30 min.

While these results show that the final products of the re-
action of 1 and 1-NO2 are the same, the intermediate species
are different. For the reaction of 1, the intermediate 3 (d=

�2987 ppm), is formed by substitution of chloride by the de-
protonated cysteine thiol of GSH. For 1-NO2 the 195Pt NMR
resonance of the intermediate species appears 241 ppm
downfield (d= �2746 ppm) and is assigned to trans-[Pt-ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NO2)(SG)] (4), in which the nitrito group remains
coordinated and the linker group is substituted by coordina-
tion of GS�. The different mechanisms are consistent with
the higher trans influence of the nitrito group compared
with chloride, and the hydrogen bonds between the nitrite
oxygen and amine hydrogen atoms (Figure 1), which will
hinder substitution of the nitrito ligand. These two factors
help to drive the reaction towards the formation of an inter-
mediate where the linker is lost. Once the sulfur is bound to
platinum, trans labilization of the nitrito group occurs lead-
ing to the same final products 5 and 6.

To obtain further evidence for the assignment of inter-
mediate 4 we used 15N NMR to follow the reaction of
1-15NO2 with GSH (1:2 ratio) in 150 mm phosphate buffer
(pH 7.4). Long relaxation times and lack of nuclear Over-
hauser effect for 15N in this environment make its observa-
tion difficult, necessitating long accumulation times with
concentrated samples and the reaction was followed at 20 8C
to slow down the kinetics. The 15N NMR spectrum after
105 min is shown in Figure S4 and confirms the presence of
a reaction intermediate in which the nitrito group is at-
tached to platinum (peak 4, d = 80.0 ppm). The two other
peaks are assignable to unreacted 1-NO2 (d = 50.1 ppm)
and liberated NO2

� (d =234.5 ppm). The large coordination
shifts from nitrite ion for 1-NO2 (Dd=184 ppm) and 4
(Dd=154 ppm) are consistent with the trends observed pre-
viously for other PtII–nitrito complexes and are much larger
than the coordination shifts for ammonia in PtII–ammine
complexes (ca. 70 ppm). Similarly, the magnitude of the one
bond 195Pt,15N coupling constant for 1-NO2 (547 Hz) is
within the range reported for other PtII–nitritito complexes
and much greater than for Pt-N couplings for ammine li-
gands in corresponding complexes.[19]

To investigate the different reaction pathways for 1 and 1-
NO2 in further detail {1H,15N} HSQC NMR was used to
follow their reactions with GSH (1: 4) in 25 mm phosphate
buffer at 25 8C. The pH (6.9) was lower than in the previous
study, but did not change over the course of the reactions.
Representative {1H,15N} HSQC NMR spectra from the two
reactions are shown in Figure 3, the 1H and 15N shifts of the

species observed are tabulated in Table 2 and plots of their
time dependence are shown in Figure 4. Representative
1H NMR spectra from the same reactions are shown in
Figure 5 and the different pathways for the two reactions
are illustrated in Scheme 2.

Figure 3. 2D {1H,15N} HSQC NMR spectra (600 MHz) spectra of 1 mm

solutions of 15N-1 (top) and 1-NO2 (bottom) in 25 mm phosphate buffer
(pH 6.9) after reaction with GSH (4 equiv) at 25 8C for (top) 1 h and 89 h
and (bottom) 0.5 h and 95 h. The signals are assigned to the Pt-NH3 and
Pt-NH2 groups of the species shown in Scheme 2. Peaks labeled “i” are
due to Pt-15NH3 impurities in the sample of 15N-1, as discussed previous-
ly.[13] The plots of the time dependence of the species in the two reactions
are shown in Figure 4. Peaks labeled * are assigned to polymeric species.

Table 2. 1H and 15N shifts for intermediates observed during the reaction
of 1, 1-NO2 and 1’-NO2 with GSH (pH 6.9).

15NH3
[a] 15NH2

[a] 15NO2
[b]

Compound d (1H) d (15N) d (1H) d (15N) d (15N) d (195Pt)

1 3.89 �64.3 5.07 �46.9
2 4.21 �59.2 4.69 �58.4
1-NO2 4.36 �50.8 4.88 �49.0 50.1[c] �2444
1’-NO2

[d] 4.36 �50.8 4.89 �49.0 50.1
3 3.80 �63.5 4.45 �22.5
4 4.02 �51.6 80.0 �2746
5 3.56 �63.6 �3237
6 3.88 �59.9 �3187

[a] 1H referenced to TSP, 15N referenced to 15NH4Cl (external), d in 15N
dimension �0.2 ppm. [b] 15N referenced relative to the NO3

� signal from
5m

15NH4
15NO3 in 2m HNO3, which is 355 ppm downfield with respect to

the 15NH4
+ signal. [c] 1J(195Pt,15N)= 547 Hz. [d] {Pt ACHTUNGTRENNUNG(NH3)2 ACHTUNGTRENNUNG(NH2R)2} cen-

tral linker d 1H,15N=4.20, �63.6 ppm (NH3) and 4.76, �44.1 ppm (NH2).
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For the reaction of 1 with GSH (1:4), 1H,15N peaks for the
aquated species (2, d = 4.21/�59.2 ppm (NH3), 4.69/
�58.4 ppm (NH2)) and the dinuclear intermediate (3, d =

3.80/�63.5 ppm (NH3), 4.45/�22.5 ppm (NH2)) are visible in
the first spectrum (ca. 0.5 h) along with those of unreacted 1
(d = 3.89/�64.3 ppm (NH3), 5.07/�46.9 ppm (NH2)). It is
likely that 3 is formed predominantly by direct reaction of 1
with GSH, as well as by rapid reaction with the aquated spe-
cies (2), as has been reported for other reactions of PtII com-
plexes with cysteine and GSH.[20] Once GS� is coordinated,
liberation of the trans-amine linker occurs rapidly, as seen in
the 1H NMR spectrum (Figure 5), where the characteristic
triplet at d = 3.0 ppm for the CH2(1) protons of the re-
leased hexanediamine[9] is observed in less than 1 h and in
the {1H,15N} HSQC NMR spectrum where a signal for the
bridged trans-[{Pt(SG) ACHTUNGTRENNUNG(NH3)2}2-m-SG] (6, d = 3.88/
�59.9 ppm) is already just visible in the first spectrum (ca.
0.5 h). A peak for the mononuclear trans-[Pt(SG)2ACHTUNGTRENNUNG(NH3)2]
(5, d = 3.56/�63.6 ppm) is first visible after 1 h and it in-
creases in intensity more slowly than that of the peak for 6
(Figure 4 a). The intermediate 3 reaches a maximum concen-
tration after 4.5 h and then slowly decreases until the reac-
tion is complete (ca. 80 h). Note, however, that in the
{1H,15N} HSQC NMR spectrum the dinuclear compound 3,
and mononuclear trans-[Pt(SG) ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NH2ACHTUNGTRENNUNG(CH2)6NH2)]+

(with dangling amine) will have identical 1H,15N peaks and
can not be distinguished. The assignments for 5 and 6 are in
accordance with those made previously,[9] and are substanti-
ated by the time dependent changes in the Cys-bCH2 region
of the 1H NMR spectrum (Figure 5). The overlapped ABM
multiplets centered at d =2.75 ppm, which increase with
time, are characteristic of Cys-bCH2 protons in a Pt-SG
complex[6] and are attributable to the intermediate 3 and the
final product 5. For 6, a characteristic strongly deshielded
four line multiplet at d =3.1 ppm represents one half of the
ABM multiplet for the bridging GS environment.[6] The
early appearance of this multiplet, and the relative intensity
of the Cys-b-CH2 multiplets in the final 1H NMR spectrum,

reflect the final product distribution (5>6) calculated on
the basis of cross-peaks in the {1H,15N} HSQC NMR spec-
trum. The different product distribution observed here to
that in the previous reaction at pH 7.35, where only 6 was
observed, is consistent with the lower pH (5 is favored at
more acidic pH).[9]

For the reaction of 1-NO2 with GSH (1:4), the first
{1H,15N} HSQC NMR spectrum (0.5 h, Figure 3) showed
1H,15N peaks for unreacted 1-NO2 (d =4.36/�50.8 ppm
(NH3), 4.88/�49.0 ppm (NH2)) and a new peak at d = 4.02/
�51.6 ppm, which has no associated peak in the Pt-NH2

region, consistent with assignment as the intermediate trans-
[Pt ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NO2)(SG)] (4). The appearance of the triplet at d

=3.0 ppm in the 1H NMR spectrum (Figure 5 b) confirms
that liberation of the trans-amine linker has begun within
this timeframe and as expected (based on the aquation
study) no 1H,15N peaks are observed for the aquated species
(2) and hence there is no pathway to the intermediate 3.
The intermediate 4 reaches a maximum concentration after
3 h and then decreases, until it is no longer observed after
17 h. While the final product distribution (5>6) is similar to
that in the reaction of 1 with GSH (under identical condi-
tions), the time dependent plots (Figure 4) illustrate the
very different reaction mechanisms involved. The bridged
species 6 forms much more slowly in the reaction with 1-
NO2, whereas the time dependent profile for formation of 5
is quite similar in the two reactions. Over time both reac-
tions showed several additional minor peaks in the Pt-NH3

region (d 1H/15N 3.63 to 3.80/�57.3 to �63.6 ppm), which
suggests that polymeric (GSH bridged) species could be
formed, as has been observed previously for reactions of PtII

complexes with GSH.[21] Whilst for both polynuclear com-
pounds degradation involving liberation of the diamine
linker is observed, these results show a slightly longer half-
life for loss of the starting material in the case of 1-NO2

(1.8 h) compared to 1 (1.3 h) (see Figure 4).
To confirm the generality of the observations made with

1-NO2, the reaction profile of the trinuclear 1’-NO2 with
GSH (1:4) was examined under the same conditions (25 mm

phosphate buffer, pH 6.9, 25 8C). Representative {1H,15N}
HSQC NMR spectra are shown in Figure 6, together with a
plot showing the time dependence of the species observed.
Representative 1H NMR spectra from the same reaction are
shown in Figure S5. It is evident from these results that 1’-
NO2 follows essentially the same reaction pathway as the di-
nuclear 1-NO2. The 1H signal for liberated linker (d

=3.1 ppm) is observed within 20 min of starting the reaction
and the first {1H,15N} HSQC NMR spectrum (ca. 25 min)
shows a cross-peak at d =4.02/�51.6 ppm, which is identical
to that observed in the reaction with the dinuclear 1-NO2,
further supporting its assignment as mononuclear trans-[Pt-ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NO2)(SG)] (4) in which the amine linker is no
longer coordinated. The time-dependent profile of 4 is also
similar to the dinuclear case, reaching a maximum concen-
tration after about 3 h and then decreasing until it is no
longer observed after about 20 h. When the reaction is com-
plete the {1H,15N} HSQC NMR spectrum (Figure 6) shows

Scheme 2. Proposed reaction pathways for the reaction of 1 and 1-NO2

with GSH in excess.
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cross-peaks for the NH3 (d = 4.20/�63.6 ppm) and NH2

groups (d =4.76/�44.1 ppm) of the liberated central {PtN4}
linker (which have identical 1H/15N shifts to those of the
starting material), and the final products 5 (d = 3.56/
�63.6 ppm) and 6 (d =3.88/�59.9 ppm).

Reactions with sulfur donors (Met and AcMet): The reac-
tion of 1-NO2 with Met (1:2) ratio was followed by 1H NMR
and found to be much slower than the reaction with GSH
under the same conditions. After reaction for 24 h at 37 8C
only 20 % liberated amine was observed, based on the ap-
pearance of the characteristic triplet at 3.0 ppm. The reac-
tions of 1-NO2 with AcMet (1:2 and 1:4) in 150 mm phos-
phate buffer, pH 7.5, at 37 8C were followed by 195Pt (Fig-
ure S6). Again, the reaction is much slower than the GSH
case with the signal for 1-NO2 (d =�2444 ppm) still present
after reaction for 24 h at the higher (1:4 ratio). In both cases
a new resonance appears at d =�2789 ppm, which has simi-
lar chemical shift to that of 4 (d =�2746 ppm) and is as-
signed to trans-[Pt ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(NO2)ACHTUNGTRENNUNG(AcMet)]. This peak slowly
increases in intensity, but no other 195Pt NMR signals

appear. The high trans influence of the nitrito group again
leads to labilization of the trans amine linker, which is sub-
stituted by coordination of AcMet. In this case, however, co-
ordination of the S-nucleophile does not lead to trans labili-
zation of the nitrito group and no further substitution
occurs. This is in contrast to the situation for 1, where trans
labilization does occur.[22]

Reaction of 1-NO2 with DNA: Given these results it was of
interest to examine the reactions of 1-NO2 with DNA. In
previous work we have investigated the stepwise formation
of 1,4-GG interstrand cross-links by both 15N-1[23] and 15N-
1’[24] on reaction with the self-complementary 12-mer duplex
5’-d(ATATGTACATAT)2 (I). The same general pathway is
observed in both cases: an initial preassociation with the
DNA (stronger for the more highly charged 1’), followed by
aquation, monofunctional binding and finally closure to
form the bifunctional adduct. While there were differences
in the rate constants for the individual steps of the reactions,
the overall rate of formation of the 1,4-interstrand cross-
links were similar for the di- and trinuclear complexes (com-

Figure 4. Plots of the relative concentrations of species observed during the reaction of a) 15N-1 and b) 1-NO2 with GSH (4 equiv) in 25 mm phosphate
buffer (pH 6.9) at 25 8C. The concentrations are derived from the relative volumes of the 1H,15N peaks in the Pt-NH3 region of the {1H,15N} HSQC NMR
spectra (Figure 3) with the dinuclear compounds treated as independent {Pt ACHTUNGTRENNUNG(NH3)2 ACHTUNGTRENNUNG(diamine)-X} (X= Cl or NO2) units. Labels: 1 (*), 1-NO2 (&), 2 (x),
3 (~), 4 (!), 5 (&), 6 (*).
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plete in ca. 50 h at 25 8C). The reaction of 15N-1-NO2 with
duplex I, was first investigated under similar conditions to
these studies (15 mm phosphate buffer, 25 8C). After five
days the {1H,15N} HSQC NMR spectrum remained un-
changed showing only the two 1H,15N cross-peaks for the

NH3 and NH2 groups 15N-1-NO2 (Figure 2 b) and no change
occurred on prolonged incubation for 25 days. The reaction
of 15N-1-NO2 with duplex I was investigated also in RPMI

Figure 5. 1H NMR spectra of reaction of a) 1 and b) 1-NO2 with GSH
(1:4) in 25 mm phosphate buffer (pH 6.9) at 25 8C. Drug degradation can
be observed by the appearance of a triplet at 3.0 ppm for the CH2(1) pro-
tons of the released hexanediamine.[9] This peak is observed in less than
1 h of mixing (overlapped with the cys-bCH2 (g2) multiplet at ca.
2.9 ppm). The ABM multiplet at 2.75 ppm, which increases with time, is
characteristic of cys-bCH2 in a Pt-SG complex[6] and is attributable to the
intermediates 3 and 4 and the final product 5. The bridged glutathione
species 6 has a characteristic strongly deshielded resonance at 3.1 ppm
representing one half of the ABM multiplet for the bridging GSH
ligand.[6]

Figure 6. a) 2D {1H,15N} HSQC NMR spectra (600 MHz) spectra of 1 mm

15N-1’-NO2 after reaction with GSH (4 equiv) at 25 8C for 1 h and 117 h
in 25 mm phosphate buffer (pH 6.9). b) Plots of the relative concentra-
tions of species observed during the reaction derived from the relative
volumes of the 1H,15N peaks in the Pt-NH3 region with the trinuclear spe-
cies treated as independent {Pt ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(diamine)-NO2} units. The sample
of 1’-NO2 contained 5 % 1’ accounting for observation of minor peaks for
3’. Labels: 1’ (*), 1’-NO2 (&), 3’ (~), 4 (!), 5 (&), 6 (*).
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cell culture medium at pH 7.7 and only cross-peaks for un-
reacted 15N-1-NO2 were observed after two days.

Overall these results indicate that 1-NO2 is inert to aqua-
tion reactions, even under physiological pH conditions, and
without this activation no covalent binding to the DNA
occurs. 1H NMR spectra recorded before and after addition
of 15N-1-NO2 to duplex I (in 15 mm phosphate buffer) do,
however, provide evidence for an electrostatic interaction
with the DNA. The changes in chemical shifts of the DNA
protons are illustrated in Figure S7 and are consistent with
minor groove binding by 1-NO2. The most significant
change is for the H2 proton of A(7) (Dd 0.05 ppm) and this
shift is similar to that found on addition of 1’ to duplex I.[24]

In this case the shift was attributed to binding of the
charged central {PtN4}

2+ linker in the minor groove as no
shift changes occurred on binding of the dinuclear 1.[23] A
model for the interaction of 1-NO2 and duplex I is shown in
Figure S8, and was constructed by initially docking the com-
plex into the minor groove, based on the observed shift
changes in the 1H NMR spectrum. A 10 ns molecular dy-
namics simulation was then performed on the system. The
complex remained in the minor groove for the majority of
the simulation and a representative snapshot was used for
analysis (Figure S8). It can be seen from the model that the
complex is deeply embedded into the minor groove. Evi-
dence of hydrogen bonding is observed between the oxygen
of the terminal NO2 groups and H5’/H5’’ protons on the
DNA as well as between the terminal NH3 groups and
sugar, thymine and cytosine oxygen atoms.

Similar studies have been performed to examine the inter-
action of the non-covalent trinuclear platinum complex [{Pt-ACHTUNGTRENNUNG(NH3)3}2(m-trans-Pt ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(H2N ACHTUNGTRENNUNG(CH2)6NH2)2)]6+ (0,0,0/t,t,t)
with duplex I.[25,26] In these studies, the association of 0,0,0/
t,t,t into the minor groove did not appear to be as strong as
in the case of 1-NO2, with the complex preferring a back-
bone tracking and groove spanning mode of binding.[26] In
addition the presence of 1-NO2 narrows the minor groove
(when compared to free DNA), whereas the minor groove
widens upon addition of 0,0,0/t,t,t.

Biological activity of a dinuclear nitrito compound : Early
structure–activity relationship studies indicated little antitu-
mor activity for cis-[Pt(NO)2 ACHTUNGTRENNUNG(NH3)2].[27] To examine the bio-
logical activity of a nitrito derivative of a dinuclear com-
pound, we modified the spermidine-linked compound
[{trans-PtCl ACHTUNGTRENNUNG(NH3)2}2 ACHTUNGTRENNUNG(m-H2N ACHTUNGTRENNUNG(CH2)3NH2 ACHTUNGTRENNUNG(CH2)4NH2)]3+ ,
(BBR3571) which is a potential “2nd-generation” analogue
of BBR3464 and exhibits remarkably similar biological
properties to the trinuclear clinical agent, including DNA
binding, metabolism, cytotoxicity and antitumor activity.[28–30]

In growth inhibition studies, the spermidine–NO2 compound
showed significant cytotoxicity with an IC50 of 30 nm in
HCT-116 wt colon cancer, compared with a value of <10 nm

for BBR3571. The maximum tolerated dose of the spermi-
dine–NO2 compound is 50 mgkg�1 suggesting it is signifi-
cantly more tolerated than its chloride counterpart (approx.
1 mgkg�1).[28]

Conclusion

This contribution demonstrates a unique application of the
trans influence in modulating biological reactions of plati-
num antitumor compounds. Substitution of leaving group
chloride by nitrite (nitrito) reduces deactivation by gluta-
thione, suggesting a more stable profile for nitrito deriva-
tives with sulfur nucleophiles in general. The final products
of the reaction of the nitrito compounds with GSH, bis-trans
and S-bridged species, are analogous to those of the chloride
derivatives, but slower reaction of the drug is observed, at-
tributed to the absence of aquated intermediates. Further,
the intermediate products are different to those of the chlor-
ido compounds.

The possibility that a small percentage of nitrite com-
pound hydrolyses to produce active aqua species, whereas
metabolism reactions are dictated by the high trans influ-
ence of the NO2

� group, could be reflected in a new profile
of side effects. These two factors could help to improve the
therapeutic index of multinuclear Pt compounds. Analogy
may possibly be made with the comparison of cisplatin
versus carboplatin, where in the latter case initial DNA
binding and aquation is significantly less than for the more
reactive Cl� species. The cytotoxicity parameters for carbo-
platin also indicate a significantly less potent compound but
this is overcome by the more important in vivo test where
suitable activity is seen at higher doses. Given the fact that
such a small percentage of administered platinum is actually
considered to bind to DNA, it is possible that an analogous
situation exists here.

Experimental Section

Chemicals : NaNO2, AgNO2, Na15NO2 and 15NH4
15NO3 (Cambridge Iso-

topes) were supplied by Aldrich. The sodium salt of the HPLC purified
oligonucleotide 5’-d(ATATGTACATAT) (I) was purchased from Gene-
works and RPMI-1640 cell culture medium from Sigma–Aldrich. Gluta-
thione, reduced 98% (GSH) was purchased from Acros Organics (Geel,
Belgium) and was used without further purification. Ag15NO2 was pre-
pared by addition of Na15NO2 (0.05 mg, 0.71 mmol) to a solution of
AgNO3 (0.123 g, 0.72 mmol) in 0.5 mL of H2O. A light yellow compound
precipitated immediately; the mixture was stirred for one hour and then
the precipitate filtered off and washed with water and then dried under
vacuum. Yield: 90%.

Sample preparation

[{trans-PtCl ACHTUNGTRENNUNG(15NH3)2}2ACHTUNGTRENNUNG(m-15NH2 ACHTUNGTRENNUNG(CH2)6
15NH2)]ACHTUNGTRENNUNG(NO3)2 ACHTUNGTRENNUNG(15N-1): The general

synthetic pathway for the polynuclear platinum complexes has been pre-
viously described in the literature.[31] The preparation of the fully 15N-la-
beled 1 (X=Cl) is described elsewhere.[13]

[{trans-PtNO2 ACHTUNGTRENNUNG(15NH3)2}2 ACHTUNGTRENNUNG(m-15NH2ACHTUNGTRENNUNG(CH2)6
15NH2)]ACHTUNGTRENNUNG(NO3)2 (15N-1-NO2): 15N-1

(0.14 mmol) was dissolved in a minimum amount of H2O to give a clear
solution, then 1.98 equiv (0.27 mmol) of AgNO2 were added with stirring.
After stirring for 36 h at room temperature in the dark the mixture was
filtered through celite and the filtrate was evaporated to dryness. The
solid was dissolved in a minimum amount of H2O, filtered and the sol-
vent removed. The resultant solid was stirred overnight in EtOH (5 mL),
then collected by filtration, washed with EtOH and dried under vacuum.
Yield: 26 %. 1H NMR (H2O): d = 1.38, 1.68, 2.65, 4.34 ppm (d, 1J ACHTUNGTRENNUNG(N,H)=

71.9 Hz); elemental analysis calcd (%) for C6H28
15N6N4O10Pt2·1.5H2O: C

8.74, H 3.79, N 17.73; found: C 8.78, H 3.80, N 17.36. The compound
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[{trans-Pt15NO2 ACHTUNGTRENNUNG(NH3)2}2 ACHTUNGTRENNUNG(m-NH2 ACHTUNGTRENNUNG(CH2)6NH2)] ACHTUNGTRENNUNG(NO3)2 (1-15NO2) was pre-
pared by the same method from unlabeled 1, but using Ag15NO2. In the
text 1 refers to the chlorido compound and 1-NO2 refers to the nitrito
compound, without distinction between 15N labeled or unlabeled com-
pounds. The 195Pt, ACHTUNGTRENNUNG{1H,15N} HSQC and 15N NMR experiments were carried
out with unlabeled, 15NH3/

15NH2 labeled and 15NO2 labeled compounds,
respectively.

[{trans-PtNO2 ACHTUNGTRENNUNG(15NH3)2}2(m-trans-Pt ACHTUNGTRENNUNG(15NH3)2 ACHTUNGTRENNUNG(15NH2 ACHTUNGTRENNUNG(CH2)6
15NH2)2)] ACHTUNGTRENNUNG(NO3)4

(15N-1’-NO2): The preparation of the nitrate salt of the fully 15N labeled
[{trans-PtCl ACHTUNGTRENNUNG(15NH3)2}2(m-trans-Pt ACHTUNGTRENNUNG(15NH3)2 ACHTUNGTRENNUNG(15NH2 ACHTUNGTRENNUNG(CH2)6

15NH2)2)]4+ (1,0,1/
t,t,t ; 15N-1’) is described elsewhere.[24] 15N-1’-NO2 was prepared in situ by
reaction of 15N-1’ (0.63 mg, 5.0� 10�4 mmol) with 1.99 equiv of NaNO2 in
95% H2O/5 % D2O (400 mL) containing 5 mL TSP. Formation of 15N-1’-
NO2 at 25 8C was followed by {1H,15N} HSQC NMR. After 24 h the solu-
tion contained 12% 1’ and a further 0.3 equiv of NaNO2 was added and
reaction continued until 69 h when 9% 1’ remained (Figure S1). A solid
sample of 15N-1’-NO2 was prepared by reaction of 15N-1’ (0.59 mg, 4.7�
10�4 mmol) in H2O (200 mL) with 1.99 equiv of Ag15NO2, in an eppendorf
centrifuge tube, for 19 h at room temperature. The sample was centri-
fuged to remove the AgCl precipitate, the supernatant filtered and the
eppendorf tube rinsed with H2O (100 mL). A solid was isolated after lyo-
philization of the solvent. Yield: 0.54 mg, 88.6 %. The sample contained
5% unreacted 15N-1’ based on the relative integrals of 1H,15N peaks for 1’
and 1’-NO2 in the {1H,15N} HSQC NMR spectrum.

[{trans-PtNO2 ACHTUNGTRENNUNG(NH3)2}2 ACHTUNGTRENNUNG(m-H2N ACHTUNGTRENNUNG(CH2)3NH2 ACHTUNGTRENNUNG(CH2)4NH2)] ACHTUNGTRENNUNG(NO3)3 : [{trans-
PtCl ACHTUNGTRENNUNG(NH3)2}2-m-spermidine-N1,N8]Cl3 (0.13 mmol) was dissolved in H2O
(20 mL) and AgNO3 (0.39 mmol, 2.97 equiv) were added with stirring.
Stirring was continued for 1 h at room temperature in the dark. Then,
under the same conditions, AgNO2 (0.25 mmol, 1.99 equiv) was added.
The mixture was stirred overnight, and then was filtered through celite.
Charcoal was added to the filtrate and the suspension was stirred for
10 min at room temperature; the solid filtered off, and the filtrate was
evaporated to dryness. The residue was stirred in acetone/diethyl ether
1:1 overnight. The solid was filtered off, and washed with acetone/diethyl
ether 1:1. The product was recrystallized from water and subsequently
from acetone/diethyl ether 1:1 and dry under vacuum. Yield: 70%
1H NMR (D2O): d = 1.74 (m, 2H; Hd/He), 2.06 (m, 1 H; Hc), 2.69/2.75
(m each, 2H; Hb/Hb), 3.08 ppm (m, 2H; Ha/Ha); the spermidine ligand is
numbered as reported:[29] NH2CH2aCH2cCH2bNH2CH2bCH2dCH2e-
CH2aNH2; 195Pt NMR (D2O): d=�2453 ppm. This shift is 18 ppm upfield
from the analogous chloride complex; elemental analysis calcd (%) for
C7H32N12O13Pt2: C 10.12, H, 3.86, N, 20.24; found: C 10.01, H, 3.95, N,
20.55.

The biological evaluations of this compound were performed by pub-
lished procedures as referenced.[29] They are not described in detail here.

Aquation experiments : 15N-1-NO2 (nitrate salt) (0.32 mg, 0.4 mol) was
dissolved in 400 mL of a solution of 15 mm NaClO4 in 95% H2O/5 %
D2O, to give a final concentration of 1 mm. The pH of the solution was
5.8 and contained 5 mL of a 10 mm solution of 1,4-dioxane as a reference.
The sample was incubated at 25 8C and {1H,15N} NMR spectra recorded
over a period of 15 days. A second sample (final volume 480 mL) was pre-
pared containing 1 mm

15N-1-NO2 (nitrate salt) in RPMI-1640 cell culture
medium containing 5 % D2O and 5 mL of TSP solution (sodium-3-trime-
thylsilyl-[D4]-propionate, 13.3 mm). The pH was adjusted to 7.5 with HCl.
The sample was incubated at 37 8C and {1H,15N} NMR spectra recorded
over a period of 5 d.

DNA experiments : The HPLC purified oligonucleotide 5’-d(ATATGTA-
CATAT) was first dialyzed against 15 mm sodium acetate buffer (pH 5.4,
4 L), then freeze dried and reconstituted in deonized H2O (1 mL). The
concentration of the stock solution of duplex I (acetate concentration
225 mm) was estimated spectrophotometrically to be 3.2 mm, based on
the absorption coefficient of e260 =127.5 � 103

m
�1 cm�1. The stock solution

of I (124 mL) was combined with sodium phosphate buffer (211 mL,
23.9 mm, pH 5.4), D2O (20 mL) and TSP solution (5 mL, 13.3 mm). The
duplex was annealed by heating to 90 8C and slowly cooling to room tem-
perature. Then a freshly prepared solution of 15N-1-NO2 (40 mL, 0.32 mg,
0.4 mmol) in sodium phosphate buffer (23.9 mm, pH 5.4) was added to the
duplex to reach a volume of 400 mL, with final concentrations of duplex I

(1 mm), Na phosphate (15 mm), Na acetate (69 mm) and 15N-1-NO2

(1 mm). The final pH of the solution was 6.2. The reaction was carried
out at 298 K and was followed by 1H and {1H,15N} NMR over a total time
of 25 d. A second sample of duplex I was prepared in an identical
manner, except RPMI cell culture medium (211 mL) was used instead of
the phosphate buffer and 15N-1-NO2 (0.36 mg, 0.45 mmol) was dissolved
in RPMI medium (40 mL). The final pH of the solution was 7.7. 1H and
{1H,15N} NMR were recorded at 298 K over a period of 2 d.

Reactions with reduced glutathione (GSH): For reactions of 1-NO2 moni-
tored by 1H 195Pt and 15N NMR a stock solution of deuterated phosphate
buffer (DPB) ([phosphate] =150 mm, pH 7.4) was prepared. The pH was
measured with a Corning pH meter 340, calibrated against pH buffers of
pH 4.1 and 10.1.
1H NMR : 1-NO2 (3.9 mg, 5� 10�3 mmol) was dissolved in DPB (0.5 mL,
150 mm) to give a concentration of 10 mm, then 2 or 4 equiv of GSH
were added.
195Pt NMR : 1-NO2 (10 mg, 1.3 � 10�2 mmol) was dissolved in DPB
(2.5 mL, 150 mm) to give a concentration of 5.2 mm, then 2 or 4 equiv of
GSH were added. Data were obtained from NMR spectra recorded at
different time intervals from samples at 37 8C.
15N NMR : 1-15NO2 (28 mg, 3.5� 10�2 mmol) was dissolved in DPB
(0.5 mL, 150 mm) to give a concentration of 14 mm, then 2 equiv of GSH
were added. Data were obtained from NMR spectra recorded at different
time intervals from samples at 20 8C. The solutions were maintained at
the respective temperature while not in the probe. An NMR spectrum
was recorded before GSH addition to each solution (t=0). The pH of
each sample was measured at both pre- and post reaction times with
values never below 7.4.ACHTUNGTRENNUNG{1H,15N} HSQC NMR : Reactions of 1 and 1-NO2 (1 mm) with GSH
(4 mm) in 25 mm phosphate buffer at were carried out under identical
conditions. GSH (0.61 mg, 2.0 mmol) was dissolved in a solution con-
tained Na phosphate buffer (PB [phosphate]=26.6 mm, pH 7.4, 400 mL),
TSP (5 mL, 13.3 mm) and D2O (25 mL). 1 or 1-NO2 (5 � 10�3 mmol) in PB
(70 mL) was added. The final pH after addition of the platinum com-
pounds was 6.9 and did not change over time. A similar reaction of 1’-
NO2 (1 mm) with GSH (4 mm) in phosphate buffer (25 mm) was per-
formed. 1’-NO2 (0.54 mg, 4.2 � 10�4 mmol) was dissolved in a solution
containing H2O (327.5 mL), D2O (21 mL) and TSP (5 mL). To this was
added GSH (0.52 mg, 1.7 mmol) in Na phosphate buffer (66.5 mL,
157.9 mm, pH 7.4). The final pH was 6.9 and did not change over time.
The sample of 1’-NO2 contained 5 % 1’, based on the measurement of rel-
ative peak volumes in the {1H,15N} HSQC NMR spectra (see Figure 6a).

Reaction of 1-NO2 with methionine (Met): 1-NO2 (3.9 mg, 5 � 10�3 mmol)
was dissolved in DPB (0.5 mL, 150 mm) to give a concentration of 10 mm.
A 1H NMR spectrum was recorded (t=0), then 2 equiv of Met were
added. The temperature was maintained at 37 8C and the reaction fol-
lowed by 1H NMR for a period of 24 h.

Reaction of 1-NO2 with acetylmethionine (AcMet): 1-NO2 (10 mg, 1.3�
10�2 mmol) was dissolved in DPB (2.5 mL) to give a concentration of
5.2 mm, then 2 or 4 equiv of AcMet were added. The temperature was
maintained at 37 8C and the reaction was monitored by 195Pt NMR for a
period of 24 h.

NMR Spectroscopy: 1H, 15N and 195Pt NMR one-dimensional spectra
were recorded on a Varian Mercury series 300 MHz NMR spectrometer
(1H, 299.86 MHz; 15N, 30.40 MHz; 195Pt, 64.28 MHz) using a 5 mm probe
for 1H and 15N nuclei and a 10 mm broad band probe for 195Pt. 1H spectra
were referenced to sodium 3-(trimethylsilyl)-D4-propionate (TSP).15N
shifts were measured relative to the NO3

� signal from 5 m
15NH4

15NO3 in
2m HNO3, which is 355 ppm downfield with respect to the 15NH4

+ signal.
195Pt NMR spectra were referenced to the 195Pt chemical shift of an aque-
ous solution of Na2 ACHTUNGTRENNUNG[PtCl4] (d=�1624 ppm).

Two-dimensional {1H,15N} HSQC NMR spectra were recorded on a
Bruker 600 MHz spectrometer (1H, 600.13 MHz; 15N, 60.81 MHz) fitted
with a pulsed field gradient module and 5 mm triple resonance probe-
head. The 1H spectra were acquired with water suppression using the wa-
tergate 3–9–19 pulse sequence[32] and the 2D {1H,15N} HSQC NMR spec-
tra (optimised for 1J ACHTUNGTRENNUNG(15N,1H)=72 Hz) were recorded using standard
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Bruker phase sensitive HSQC pulse sequence.[33] Samples were not spun
during the acquisition of data. The samples were prepared containing
5% D2O (sufficient for deuterium lock but with minimal loss of signal as
a result of deuterium exchange in NH3/NH2 groups). The 1H NMR chem-
ical shifts were internally referenced to TSP (d =0) and the 15N chemical
shifts were calibrated externally against 15NH4Cl (1.0 m in 1.0 m HCl in
5% D2O/95% H2O) at dACHTUNGTRENNUNG(15N) 0.0. The 15N signals were decoupled by ir-
radiating with the GARP-1 sequence at a field strength of 6.9 kHz during
the acquisition time. Typically for 1D 1H spectra, 32/64 scans and 32 K/
64 K points were acquired using a spectral width of 12 kHz and a relaxa-
tion delay of 2.5 s. For kinetics studies involving {1H,15N} HSQC NMR
spectra, 4 transients were collected for 48 or 96 increments of t1 (allowing
spectra to be recorded on a suitable timescale for the observed reaction),
with an acquisition time of 0.069 s, spectral widths of 6 kHz in f2 (1H) and
2.1 kHz or 5.5 kHz in f1 (15N). 2D spectra were completed in 14 min and
were processed using zero-filling up to the next power of 2 in both f2 and
f1 dimension.

pH Measurements : For all {1H,15N} HSQC NMR experiments the pH of
the solutions was measured using a Shindengen ISFET (semiconductor)
pH meter (pH Boy-KS723 (SU-26F)). To avoid leaching of chloride into
the bulk sample, aliquots of the solution (5 mL) were placed on the elec-
trode. The meter was calibrated using pH buffers at pH 6.9 and 4.0. Ad-
justments in pH were made using 0.1m and 0.01 m H3PO4 or 0.1 m and
0.01 m NaOH.

Data analysis : The analyses of the reactions of 1, 1-NO2 1’-NO2 with
GSH were undertaken by measuring the peak volumes in the {1H,15N}
HSQC NMR spectra using the Bruker XWINNMR software and calcu-
lating relative concentrations of {Pt-(15NH3)2} at each time point. For a
given reaction, peak volumes were determined using an identical vertical
scale and threshold value. During the reactions the dinuclear (1, 1-NO2)
and trinuclear (1’-NO2) compounds are broken into mono-platinum units,
so the calculations are based on the initial concentration of {Pt ACHTUNGTRENNUNG(NH3)2-ACHTUNGTRENNUNG(diamine)-X} (X=Cl or NO2) units (see Figure 4).

Molecular modeling : The experimental protocol for performing density
functional theory calculations and the results of these calculations have
been incorporated into parameter sets which will be described in detail
elsewhere.[34] The parameters for 1-NO2 are supplied as Supporting Infor-
mation. In this case, the results of these calculations were used to check
distances of atoms for hydrogen bonding using Swiss PDB Viewer 3.7
SP5[35] and pictures were rendered in POV-Ray 3.5.[36] Molecular dynam-
ics simulations were performed using the Amber suite of programs. Ma-
nipulations and trivial calculations were performed on a desktop PC run-
ning CENTOS Linux 5.0. All calculations involving significant CPU time
were run on the Australian Partnership of Advanced Computing Nation-
al Facility (APAC-NF). The DNA was equilibrated using periodic boun-
dary conditions with a series of minimizations and molecular dynamics
simulations containing gradually decreasing restraints. Subsequently,
200 ps of unrestricted dynamics was performed at 300 K with a non-bond-
ing cut-off of 9.0 �. Upon equilibration, the complex was docked to the
proposed binding site. A constant pressure production dynamics simula-
tion of around 10 nanoseconds at 300 K with a non-bonding cut-off of
9.0 � was then performed on the system. Pictures were created using
PDB Viewer 3.7 SP5[35] and rendered using POV-Ray 3.5.[36]
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