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Interactions of the Antitumor Agent Molybdocene Dichloride with Oligonucleotides
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The interactions between the antitumor-active metallocene molybdocene dichlorigelo@lp) and four
oligonucleotides have been studied¥{and3P NMR spectroscopy. In 50 mM salt solutions of molybdocene
dichloride, hydrolysis of the halide ligands occurs to give a solution with pD 2, containing a species in which
both Cp rings remain metal bound for 24 h. At pD 7, however, partial hydrolysis of the Cp rir8)94) occurs

after 24 h. Addition of an aqueous solution of molybdocene dichloride in 50 mM salt to the self-complementary
sequence d(CGCATATGCG)maintaining the pD at 6:67.0, showed no evidence for the formation of a
metallocene-oligonucleotide complex, and only peaks arising from hydrolysis of molybdocene dichloride were
detected. A similar result was obtained in titration experiments with the single-stranded sequence d(ATGGTA)
at pD 6.5-7.0. However, at pD 3.0, new signals assigned to a molybdeeagigwnucleotide complex or complexes

were detected in theH NMR spectrum. No change was observed in 3¢ NMR spectrum. The complex or
complexes formed between molybdocene dichloride and d(ATGGTA) are stable for hours at pD 3.0; at higher
pD, the complex is destabilized and only peaks arising from hydrolysis of molybdocene dichloride are detected.
Titration experiments at low pD with the dinucleotide dCpG showed a new set of signals'i MR spectrum,
tentatively assigned to formation of a complex arising due to coordination of molybdenum to guanine N7 and/or
cytosine N3. At pD 7.0, these signals disappeared. The results obtained show that stable oligonucleotide adducts
are not formed in 50 mM salt at pD 7.0, and hence it is highly unlikely that formation of molybde&idA
adducts in vivo is the primary action that is responsible for the antitumor properties of molybdocene dichloride.

Introduction mechanism whereby irreparable DNA damage and/or structural
o o . modification occurs is poorly understood.
The metallocene dihalides gjX2 (M = Ti, Mo, Nb, V; X Studies of the hydrolysis and coordination chemistry of

= F, Cl, Br, I, NCS, N) are a class of small hydrophobic g\ era metallocenési® as well as their interaction with calf
organometallic complexes that exhibit antitumor activity against thymus DNA1L12strongly suggest that each of the metallocenes
a wide range of murine and human tumérsTitanocene o orates via an independent mechanism of action. Full char-
dichloride has recently entered clinical trials, and initial results 5terization of metallocereDNA adducts has been hampered
suggest a lack of experimental cross-reactivity with cisplatin by their hydrolytic instability in water at physiological pH
and patterns of antitumor activity different from those produced 5 es6 and the basis for rational modification of the metal-

by the platinum anticancer drugsf-ormation of metallocene  |ocene framework or the development of related complexes as
DNA complexes is believed to be a key process related to the potential antineoplastic agents is therefore lacking. This study
antitumor properties of the metallocenes, as bothl@H, and reports the first detailed analysis of the interaction of molyb-

Cp2VCl3 inhibit DNA and RNA synthesfsand titanium and  gocene dichloride with oligonucleotides. Molybdocene dichlo-
vanadium accumulate in nucleic acid-rich regions of tumor yige was the focus of this study as this is the only metallocene
cells* However, in contrast to the well-characterized platinum- i, which the two cyclopentadienyl rings remain metal bound
based anticancer drugsthe active species responsible for jn water at pH 7.@. This property has allowed characterization

antitumor activity in vivo has not been identified and the of poth solution and solid-state adducts with a range of nucleic
acid constituent&? confirming that formation of molybdocere

T School of Chemistry. nucleic acid adducts in vivo is feasible. The results obtained
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reached from studies with mononucleotidésstable oligo- 5.5, to maintain the duplex structure. The pD of the resultant solution
nucleotide adducts are not formed in the presence of salt at pDwas monitored and adjusted to 6:8.4 (0.1 M NaOD) after each
7.0, and hence it is highly unlikely that formation of molyb- addition. Typically, for single-stranded oligonucleoti@eand the

docene-DNA adducts in vivo is responsible for the antitumor dinucleotides, the pD of the solution dropped-t8.0 upon addition
properties of molybdocene dichloride of 1.0 equiv of molybdocene dichloride; the solution pD was then

adjusted back to pb-7.0 using NaOD (0.25 M;-40uL). Fluctuations
in sample pD occurred with variations €0.3 pH unit occurring over

o T 30 min and decreased by-2 pD units over 24 h. Any precipitate
\ Cl d(CGCATATGCG), 1 that formed during the titration experiments was ignored.
Mo\

dATGGTA 2
dApT 3 Results
- )/ \ dCpG 4 As the aim of this work was to determine the relative stability
c and structures of adducts formed between molybdocene dichlo-

ride and DNA in vivo, titration experiments were carried out
in aqueous solutions at approximately physiological pH. In
general, samples were prepared in 50 mM salt and the pD of
the solutions was maintained in the range-6/(b. Phosphate
buffer, which is generally used for the study of drug
Molybdocene dichloride was obtained from Aldrich Chemical Co. oligonucleotide complexes, was not used as blank experiments
Dinucleotides3 and4 were purchased from Sigma Aldrich Chemical  showed that CgMoCl, binds significantly to this buffer.
Co. Oligonucleotide4 and2 were supplied as the t_riethylammonium Hydrolysis of molybdocene dichloride was initially carried
salts by AUSPEP Pty Ltd, Melbourne, Australia. Samples were . . in order to characterize the predominant metallocene species

converted to the sodium salts using standard precipitation procedures, . . . :
and concentrations were determined by UV spectroscopy. Binding present_m 5_0 mM salt '_at pD7.0. Three dlﬁerem oligonucleotide
NMR titration experiments were carried out. The self-

studies were carried out in;D with TSP (0.00 ppm) or dioxane (3.73 >
ppm) used as a chemical shift reference. pD values were measuredcOmplementary 10-base pair sequence d(CGCATATGAG)
using a Beckmam11 meter and a Mettler NMR tube pH probe and Was used as a model of double-stranded DNA. These results
are related to the pH meter reading by the formulapH(meter were compared with the non-self-complementary sequence
reading)+ 0.414 NMR experiments withl and2 were carried out on dATGGTA, 2, which was used as a model for single-stranded
a Bruker AMX600 spectrometer while those wBtand4 were carried DNA. Titration experiments with the dinucleotides dAZ ,and
out on a Bruker AC200 spectrometer. All experiments were carried dCG, 4, were also carried out in order to assist in the assignment
out at 25f’C. _Spnication of samples was carried out using an EIma 4f resonances obtained in spectra with the oligonucleotides
Trﬂ‘sjoT'C.D'lg'tal L.Jltrastour_:% water balth' dure involved dissoly.  @Nd 2. To preclude the possible formation of complexes
YOTolysIs EXpenments. 1ne genera procedure invoved dissolv- involving sterically accessible terminal phosphate groups which

ing 0.01-0.02 mmol of molybdocene dichloride in 56600 uL of : - .
D,0O by sonication for 3 h, with heat, to give a deep maroon solution; are not present in chromosomal DNA, oligonucleotidesA

complete dissolution was generally not achieved. Samples were lacked terminal phosphate groups.

handled in a manner identical to that of our earlier studliés,e., Hydrolysis Chemistry of Molybdocene Dichloride The
without rigorous exclusion of oxygen, because we wished to mimic hydrolysis of the cyclopentadienyl (Cp) and chloride ligands
the conditions used for biological testing and because our earlier  in molybdocene dichloride in water has been well-characterized
study’ showed that the presence of oxygen did not significantly alter by Kuo et al® Rapid hydrolysis of the two chloride ligands
the types and amounts of complexes formed with nucleotides comparedgccyrs to give an acidic solution (pH 2.0); the predominant
with studie$ in which oxygen was rigorously excluded. The pD was species is believed to be the charged complexMBHOH)-
adjusted to the required value with DCI (8:2.0 M) and NaOD (0.2 (OH,)™ 8 Negligible hydrolysis of the Cp rings occurs in the
1.0 M), by addition of not more than &L aliquots of either base or range pH 2.6.7.0. However, the different experimental condi-

acid solution. Addition of 5L of NaOD (0.25 M) raised the pD by . : . . . . .
3 units. For hydrolysis experiments carried out at pD 7.0, the pD tions used in the NMR studies with oligonucleotides required

dropped slowly with time and was readjusted to maintain the pD as the rate of Cp hydrolysis in molybdocene dichloride at different
required; a solution with initial pD 7:67.4 was at pD 5.56.0 after pH values in 50 mM NacCl to be determined and to provide
24 h. Measured hydrolysis times were estimated once the pD was reference spectra for comparison with titration spectra obtained
adjusted. Measured pD values &t6.3 due to fluctuations in sample  with 1—4.

pD which occurred over 30 min!H NMR spectra were recorded at 1H NMR spectra of freshly prepared samples of,KapCl,

time intervals with any developing precipitate ignored. The rate of 4, 50 mM NaCl at pD 2.0 showed the presence of two sharp
Cp hydrolysis was estimated b_y integration of one of the two multiplets Cp signals (Figure 1a). The spectrum remained unchanged after
arising from free cyclopentadieneiisD (6.5 and 6.6 ppm at pB- 24 h, consistent with the presence of two molybdocene species

5.8) versus the metal-boundsis signals taking into account the . . . o
deuterium scrambling that occurs under these condifiéns. in which the Cp rings are metal bound. No significant Cp

Oligonucleotide Binding Studies. NMR samples were prepared ~ hydrolysis occurred as evidenced by the absence of multiplets
in deuterated 50 mM NaCl (pD 7-8.0). Molybdocene dichloride ~ corresponding to cyclopentadiene or dicyclopentadiene or the
(6.0 mg) was suspended in 50 mM NacCl solution igOD(600 uL) appearance of any other signals in theNMR spectrum.
and dissolved by vigorous sonication with heat ® h to give a In contrast, at higher pD values in 50 mM NacCl, molybdocene
saturated deep mauve solution (pD +105). Any precipitate was  dichloride undergoes some Cp hydrolysis. The pD levels of
ignored, and hence mole equivalents added refer to the theoreticalfreshly prepared samples (pD %0.5) were raised to either
amount of molybdocenfe dlchlorldc_e, assuming all the Splld had dissolved. pD 7—7.5 or pD 9-9.5, and NMR spectra were recorded over
For double-stranded oligonucleoti@lewhich has a melting temperature a 24 h period. The relative intensities of the signals in these

of 45 °C, aliquots of the metallocene solution were added to the t ied with h le. but a tvpical leis sh
oligonucleotide (pD #8) as required such that the pD remained above ,Spef: ra varied wi eaq Sam_P €, butatypica e>famp €IS shown
in Figure 1. At pD~7, in addition to two sharp signals around

(13) Brown, T.; Brown, D. J. SMethods Enzymoll992 211, 20. 6 ppm (Figure 1a), assigned to metal-bound Cp rings, signals
(14) Glasoe, P. K.; Long, F. Al. Phys. Cheml96Q 64, 188. assigned as arising from cyclopentadier®.6 ppm) and minor

Cp,MoCl,

Experimental Section
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Figure 1. 200 MHz *H NMR spectra of CgMoCl, dissolved in 50 8.5 8.0 75 7.0
mM D;O at pD 2.0 and pD 7.0 at times (a) 10 min and (b) 24 h after Figure 2. 600 MHz*H NMR spectra (50 mM NacCl, ED, pD 6.5~
dissolution. 7.0) of d(CGCATATGCG), 1, on titration of CpMoCl,(aqg): (a) 0.0

equiv; (b) 1.0 equiv; (c) 2.0 equiw; = peaks assigned to hydrolysis

peaks arising from the corresponding dimer {3% ppm) were product.
observed. In addition, an unusual set of resonances, not ) ) o )
previously observed in related hydrolysis experiments, appearedn Products), the notation GBoClx(aq) is used in this article
around 8 and 8.5 ppm. After 24 h (Figure 1b), the relative 0 refer to an aqueous solution of molybdocene dichloride in
intensities of the metal-bound Cp signals changed to give two 20 MM salt.
major singlets (5.9 and 6.1 ppm) with the singlet at 6.0 ppm  Oligonucleotide Titrations. Titration experiments were
reduced in intensity compared to that in the initial spectrum. In carried out by adding 0.5, 1.0, and 2.0 mol equiv of a salt
addition, the relative amounts of the downfield signals increased solution of CpMoCly(aq) to each ofl—4.13 The pD was
with time. By integration of all signals (Figure 1b), it was adjusted to~7 after each addition, and one-dimensioftaand
estimated that-70% of the species in solution contained metal- P NMR spectra were recorded. As complete dissolution of
bound Cp rings. Increasing the pD 40.0—9.5 gave results ~ molybdocene dichloride did not generally occur (see Experi-
very similar to those observed at pD 7. mental Section), the quoted equivalents refer to the theoretical

At high pD in 50 mM NaCl, the exact nature of the species equivalents present in a completely homogeneous solution.

present is difficult to determine as the chloride ion concentration (&) Duplex DNA. Figure 2 shows the spectra obtained on
is expected to have a significant influence on the initial rates titration of 1.0 and 2.0 equiv of GMoClz(aq) into the duplex
of hydrolysis of the two chloride ligands. The sharp singlets 10-merl. The spectra showed the appearance of several new
at ~6.0 ppm most probably arise from increased amounts of sharp resonances (indicated §y The relative intensities of
species containing a bound chloride ligand, e.g..N@p these resonances, which correspond to the peaks observed in
(D,0)CI* and CpMo(OD)CI. The signals at 8:68.5 ppm have the hydrolysis experiments of @@doCl, under identical ex-
not been assigned, but the sharp downfield singlet (8.5 ppm) is perimeqtal conditions (Figure 1), increased on addition of each
consistent with a metal-bound Cp ring and most probably arises0-5 equiv of CpMoCl(aq).
from an intermediate hydrolysis product in which only one Cp  Two sets of symmetrical pairs of multiplets centered at 6.0
ring is bound to the metal center. Similar signals have not beenppm were also detected. These signals are characteristic of
observed in any of the previous studies of molybdocene deuteriocyclopentadiene and were assigned to cyclopentadiene
dichloride (or other metallocenes) with nucleic acid constitu- and dicyclopentadiene, arising from some hydrolysis of the
ents®910 put these experiments were all studied at lower pH cyclopentadienyl rings and assigned previously in related
values and in the absence of salt. As all samples were handledexperiment$:® Two sharp singlets at 5.8 and 6.5 ppm were
in air, it is possible that these peaks arise due to oxidation of assigned to the Cp protons of the uncomplexed molybdocene
molydocene dichloride at higher pH. While the oxidation Cp:MoClx(aq). 3P NMR spectra recorded after each addition,
chemistry of CpMoCl, has not been fully characterized, a showed no evidence of formation of a phosphateentered
number of CpMo—molybdate species have been repofted complex. In particular, &P signal approximately 3540 ppm
which could arise from oxidation and/or hydrolysis of £p  downfield of the backbone phosphorus resonances, which is
MoCl,. The precipitate that formed could also arise from characteristic of Mo phospha®- coordinatiorf was not
oxidation in addition to hydrolysis of the halide and Cp rings observed. Addition of further equivalents of SfoClx(aq)
of the metallocene. Due to the uncertainty in defining the halide increased the amount of Cp hydrolysis and resulted in formation
or pseudohalide ligands bound at different pD values and the Of dark precipitate. Attempts to characterize this precipitate,
presence of minor unidentified hydrolysis and/or oxidation Which had very poor solubility, failed using NMR and mass
products at pD 7.0 (including possible deuterium scrambling Spectrometry.

(b) Single-Stranded DNA. Figure 3 shows the spectra

(15) See, for example: Prout, K.; Daran, J.A@ta Crystallogr 1978 B34, obtained on_titration of 1.0 an_d 2.0 equi\{ of /o Clx(aq) _V\_/ith
3586. Gilje, J. W.; Roesky, H. WChem. Re. 1994 94, 895. the 6-mer single-stranded oligonucleotiBleunder conditions




Interactions of CgMoCl, with Oligonucleotides

a)

(b)

oy JLJL._.
(c) ‘ !

[ 1T 1T 1L 1
8.6 8.0 74 PPM

Figure 3. 600 MHzH NMR spectra (50 mM NaCl, B, pD 6.8~
7.2) of d(ATGGTA), 2, on titration of CpMoCl(aq): (a) 0.0 equiv;
(b) 1.0 equiv; (c) 2.0 equiw = peaks assigned to hydrolysis product.
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Figure 4. 600 MHz *H NMR spectra (50 mM NaCl, ED) of
d(ATGGTA), 2, at (a) pD 7.1 and (b) pD 3.0 and following the addition
of CpMoClx(aq): (c) 1.0 equiv, pD 3.0; (d) 2.0 equiv, pD 7=

peak assigned to hydrolysis product; arrows indicate signals assigned

to a metalloceneoligonucleotide complex.
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Parts a and b of Figure 4 show the 600 MtzNMR spectra
of 2 at pD 7.0 and pD 3.0, respectively. In addition to some
changes in chemical shift that occur on lowering the solution
pD, some broadening of the two guanine H8 protons was
observed. Upon addition of 1.0 equiv of $4oCl,, several
new resonances were observed (Figure 4c). The relative
intensities of these new peaks increased upon addition of a
second equivalent of GploClx(aq) (data not shown). These
new resonances were tentatively assigned as arising from an
oligonucleotide-metallocene complex. In particular, the new
thymine and guanine signals (indicated by arrows, Figure 4c)
were assigned on the basis of their chemical shifts compared
to the reference spectrum (Figure 4b) and studies with mono-
nucleotides which showed similar small changes in chemical
shift of the nucleic base protons on coordination of the
metallocene. The new resonances in the adenine region of the
spectrum are also consistent with formation of a complex. The
possibility that all the new resonances arise from some other
hydrolysis/oxidation pathway is highly unlikely, as new signals
at these chemical shifts were not detected in reference spectra
lacking the oligonucleotide or in titrations with the dinucleotides
at low pH (see below). When the solution pD was raised to
7.0, the new peaks disappeared and only signals due to the
oligonucleotide 2 and hydrolysis/oxidation products were
observed (Figure 4d).

(c) Dinucleotides. To assist in the peak assignments made
with oligonucleotide2, a similar set of titration experiments
were carried out with the dinucleotides dC&;and dApT 4.
Titration of molybdocene dichloride into either dApT or dCpG
and maintaining the pD at-7.0 showed no evidence for
formation of any complexes by eithe!P or 'H NMR
spectroscopy, and the only new signals were assigned to
hydrolysis products. However, in the case of dCpG at low pD
values, new signals were observed consistent with the formation
of a metallocenedinucleotide complex (Figure 5). In particu-
lar, a new downfield doublet, assigned to H5 of cytosine in the
complex, appeared and persisted over 24 h. This complex was
only stable at low pD values, as increasing the pD to 7.0 resulted
in disappearance of these new signals and formation of minor
amounts €5%) of products arising from hydrolysis i Figure
5c; compare Figure 1) and some cyclopentadiene. Lowering
the pH again resulted in reappearance of the signals assigned
to the complex and confirmed the labile and pH-dependent
nature of the molybdocerelCpG complex. In contrast, no
new signals were observed in titration experiments formed with
dApT under identical conditions.

Discussion

While the bulk of current evidence suggests that DNA is the
principal cellular target of the metallocene dihalides, no mo-

identical to those used in the titration experiment carried out lecular level picture of the nature of metalloceri@NA

with the duplexl. The spectra obtained witB (Figure 3)
showed trends similar to those observed fornotably the

interactions has emerged. Chemical and coordination studies,
however, strongly indicate that each of the metallocene dihalides

appearance of a downfield singlet at 8.5 ppm. Signals due toacts via an independent, and probably unrelated, mechanism.

cylopentadiene were also observed {6646, 2.8-3.1 ppm). As

in the case ofl, there was no change in tR& NMR spectra,

indicating no interaction with the phosphate backbone.
To assess the effect of pD on the interaction obM@pCl,

From an experimental point of view, molybdocene dichloride

offers the advantage of appreciable stability to Cp hydrolysis
under physiological conditions and hence is the most promising
candidate for characterizing the nature of molybdoeeDNA

with oligonucleotides, a second experiment was carried out in interactions at the molecular level usiftgl and 3P NMR
which the solution pD was not adjusted to pD 7.0 after each spectroscopy.

titration (Figure 4). Addition of 1.0 equiv of GMoClx(aq) to

a solution of2 resulted in a solution of pD 3.0. For comparison,

Analysis of theH and 3P NMR spectra obtained from
titration of CpMoCly(aq) into d(CGCATATGCG), 1, and

a reference spectrum @ was also recorded at the same pD d(ATGGTA), 2, showed no evidence for the formation of

values by addition of a solution of DCI.

metallocene-oligonucleotide adducts in 50 mM salt at pD 7.0
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in the nonphosphorylated sequences. It appears that phosphate
d binding is favored only when formation of a stabilized chelate
| with a neighboring heteroatom is possible. The presence of 50
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molybdocene for interaction with the negatively charged
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Figure 5. 200 MHz'*H NMR spectra (50 mM NaCl, ED) of dCpG phgspha;e grf(?ups.t . tal diti din thi
on titration of CepMoClx(aq): (a) 0.0 equiv, pD 3.0; (b) 1.0 equiv, pD econd, difierent experimental conditions were used in this

3.0; (c) 1.0 equiv, pD 7.0¢ = peak assigned to hydrolysis product. ~Study; the pD of the solution was kept above 6.0 throughout
the titrations, by careful addition of GioClyx(aq) and adjust-

(Figures 2 and 3). However, at low pD values, new signals ment of the pD as required. This_condition has a major effect

were observed in théH NMR spectra, consistent with the ~©On the formation of complexes, since at p.0, a complex

characterization of this complex was not possible, but formation over 24 h. _
of molybdocene-phosphateéd adducts, which give a charac- At pD 7.0 in salt solution, the only new products formed

teristic downfield shift in the’lP NMR spectr&?® was ruled between oligonucleotides and molybdocene dichloride were
out as no new signals were observe@NMR spectra. While ~ Products previously assigned as arising from hydrolysis/oxida-
binding at low pH is observed, coordination is less favored at tion of the Cp rings of CgMoClz(aq) ¢ in Figure 1). While
high pH due to competition from the hydrolysis pathway that the exact species that gives rise to these new peaks was not
increases at higher pH (Figure 1). In addition, at higher pH a assigned, the sharp downfield singlet (8.45 ppm) is consistent
number of the nucleic base binding sites are no longer available,With a metal-bound Cp ring and most probably arises from an
due to hydrogen bonding and steric effects. intermediate hydrolysis or oxidation product in which only one
The results obtained with—4 are quite different from those ~ CP ring is bound to the metal center. The relative amounts of
obtained with the mononucleotides dAMP, dGMP, dCMP, and the hydrolysis signalse(in Figures 1-5) and their rates of
dUMPB8? In these systems, immediate complexation to the formation were variable in different experiments, but they were
nucleobaseN and phosphat& occurs in a nonlabile manner consistently detecte_d. However, aftefaﬁh,_ the_ predomin_ant
(Figure 6) that effects major conformational chanfehere ~ Molybdocene species in each of the fitration experiments
are two major differences betwee-4 and nucleotides in contained metal-bound Cp rings which gave rise to sharp singlets
previous studies. First, the oligonucleotides studied in this work at 6.5-7.0 bpm (spectra not shown). S
lack terminal phosphate groups which stabilize and promote Kuo et al*’ recently reported that molybdocene dichloride
formation of the chelates shown in Figure 6. Indeed, recent Promotes the phosphodiester bond cleavage of activated phos-
preliminary studies of the interaction of @oCl,(aq) with the ~ Phodiesters and phosphomonoesters in aqueous solution. A
self-complementary 6-mer d(ApGpGpCpCpT) and the 5 similar reaction was considered with the oligonucleotides as a
phosphorylated analogue d(pApGpGpCpCpT) isODN the mechanism whereby DNA damage could occur. However, no
absence of salt were report&d. As expected, significant ~Ne€w signals arising from fragmentation of the oligonucleotides
perturbations of resonances at theeBd of the phosphorylated ~ With time were assigned. This is not unexpected, as the
analogue were detected, consistent with simultaneouEGRI,- phosphates present.ln the oligonucleotides are unactivated to
(ag) coordination at the adenine N7 and phosplaief the this type of hydrolysis.

5'-terminal adenosine, but only minor changes were observed ~The results reported here have important implications for the
mechanism of antitumor action of molybdocene dichloride. In

(16) Kuo, L. Y.; Liu, A. H.; Marks, T. JMet. lons Biol. Syst1996 33,
53. (17) Kuo, L. Y.; Kuhn, S.; Ly, D.norg. Chem 1995 34, 5341.
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particular, while our results suggest that stable adducts may betargets of molybdocene dichloride in vivo. This study also
formed at pH<4.0, the formation of stable metallocenBNA highlights the importance of contrasting results with nucleic acid
adducts in vivo at pH>6.0 is unlikely. However, the possibility  constituents with larger fragments of DNA, where steric effects
that blood constituents could stabilize complexes with proteins can be significant and where the same binding sites are not
and/or DNA cannot be ruled out. Further work on the effect necessarily available.
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