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Photoreaction of [Ru(hat),phen]*" with Guanosine-5-Monophosphate and
DNA: Formation of New Types of Photoadducts

Romain Blasius,” Hélene Nierengarten,”” Michel Luhmer,'! Jean-Francois Constant,'"!
Eric Defrancq,'” Pascal Dumy,'Y Alain van Dorsselaer,™ Cécile Moucheron, and

Andrée Kirsch-DeMesmaeker+!'!

Abstract: [Ru(hat),phen]*t (HAT=
1,4,5,8,9,12-hexaazatriphenylene,

phen=1,10-phenanthroline) interacts
with a good affinity with polynucleo-

that this complex forms photoadducts
with GMP. In contrast to the photoad-
ducts isolated with Ru-TAP complexes
(TAP=1,4,5,8-tetraazaphenanthrene),

phen]** contain a covalent link be-
tween the oxygen atom of the guanine
unit and a HAT ligand. Formation of
oxidised photoadducts and compounds

tides and DNA by intercalation, de- the photoadducts with [Ru(hat),. resulting from the addition of two

spite the presence of a second volumi- GMP entities to the complex are also

nous anci%lary HAT l’igand. It photo- Keywords: DNA damage - detected as §ide products. In the pres-

reacts with guanosine-5-monophos- ] B oS ence of oligo- and polynucleotides,
guanosine oxidation

phate (GMP). From HPLC, ESMS and
NMR analyses, it can be concluded

Introduction

Transition-metal complexes have been extensively studied as
probes of nucleic acids and metal-containing drugs during
the last decade. Platinum complexes such as cis-
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[Ru(hat),phen]** yields photoadducts
when guanine bases are present.

[PtCI,(NHj;),] and derivatives are certainly the best exam-
ples of application of such compounds in chemotherapy.l"%
The activity of these platinum drugs versus a variety of dif-
ferent types of cancer originates from their “dark” reaction
with DNA, first by substitution of one or two chloride li-
gands by water molecules, followed by substitution by adja-
cent guanines in the DNA. Important toxic side effects of
these drugs have motivated researchers to develop other
metal-containing complexes. In this context, the interaction
and photoreaction of Ru" complexes with DNA have been
the subject of intensive studies.>'! Some of these com-
pounds turned out to be particularly attractive. In fact, they
are able to produce, upon illumination, addition of the
metal-containing complex to the guanine units of DNA,
which inhibits certain enzymes such as RNA polymerase.!'”
They could thus offer different advantages: i) their action
would be triggered exclusively under illumination, a better
control of the activity could thus be expected, ii) the type of
their photoadducts is quite different from known metal-con-
taining adducts; indeed contrary to the Pt complexes, their
coordination sphere around the metal is kept unchanged
after the photoadduct formation. The consequences at the
level of the activity or effect of such photoadducts on the
cellular function could thus be different and open the way
to potential novel drugs.

We have shown in the past that the complexation of Ru!
to m-deficient ligands such as TAP (1,4,5,8-tetraazaphenan-

1507



CHEMISTRY.

A EUROPEAN JOURNAL

threne) led to complexes that, upon illumination oxidise the
guanine units!* by an electron transfer from the guanine
base to the excited Ru complex.™ """ The resulting ligand
radical anion in the complex and guanine radical cation un-
dergo an acid-base reaction with protonation of the com-
plex and deprotonation of the guanine unit. The two radicals
react and lead to formation of a photoadduct with a cova-
lent link between these two species.*>!41820 However,
most of the TAP based photoreactive complexes studied
until now exhibit a low affinity for polynucleotides and
DNA.

An increased affinity for the polynucleotides can be ach-
ieved by using extended aromatic ligands such as the well
known DPPZ (dipyrido[3,2-a;2',3"-c]phenazine)* 2! or the
PHEHAT (1,10-phenanthrolino[5,6-5]1,4,5,8,9,12-hexaaza-
triphenylene)® ! ligand that intercalate into the stacking of
bases. However, these ligands do not make the resulting
complexes photoreactive.

In this work, we examine the behaviour of [Ru(hat),-
phen]?* (phen =1,10-phenanthroline) (Figure 1) in the pres-
ence of mono- and polynucleotides. The goal is two-folded:
i) to show whether a HAT ligand is capable of playing the
role of a typical intercalating ligand such as dppz or
PHEHAT and thus capable of favouring the interaction with
DNA, and ii)to check and study the photoreactivity of
[Ru(hat),phen]** versus mono-, polynucleotides and nucleic
acids.

Figure 1. Structure of [Ru(hat),phen]** (PHEN =1,10-phenanthroline,
HAT =1,4,5,8,9,12-hexaazatriphenylene) and guanine for the numbering
of the protons.

Results

Interaction with polynucleotides—Comparison with the
TAP complexes: Figure 2 shows the dependence of the rela-
tive emission intensities I/I, of [Ru(hat),phen]** as a func-
tion of the concentration of polynucleotide (in equivalents
of phosphate) in buffered solution at pH7 (10 mm Tris-
HCI). The concentration of the complex (c,) was kept con-
stant. The relative emission intensity decreases in the pres-
ence of calf thymus (CT)-DNA till a plateau value of 0.18
(Figure 2, Table 1). This emission quenching originates from
an electron transfer from the guanine bases of DNA to the
excited complex.">'®! At the highest DNA concentration,
the luminescence quenching (1./1,) is comparable to that ob-
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Figure 2. Emission titration of rac [Ru(hat),phen]’* with CT-DNA (e)
and [poly(dA-dT)], (m). All the experiments were performed in the pres-
ence of 10 mm Tris-HCI buffer, pH 7. The concentration of [Ru(hat),.
phen]** (c,) was kept constant at 5 um while the polynucleotide concen-
tration (expressed in phosphate concentration) was increased; / is the
emission intensity in the presence of the polynucleotide and I, is the
emission intensity in the absence of polynucleotide.

served with [Ru(tap);]**¥*! (1./I,=0.2)"" but is higher than
for the TAP homologous complex [Ru(tap),phen]** (I./I,=
0.35 under the same conditions)®! which has approximately
the same oxidizing power as [Ru(hat),phen]**. This indi-
cates that the process of electron transfer is more efficient
in [Ru(hat),phen]** than in [Ru(tap),phen]** despite the
same redox properties. This could be due as demonstrated
below to a better interaction of [Ru(hat),phen]** with CT-
DNA. The luminescence quenching contrasts the lumines-
cence enhancement of [Ru(hat),phen]*" in the presence of
[poly(dA-dT)], up to a plateau value of 1.84 due to i) a pro-
tection of the luminophore by the polynucleotide from H,O
or O, and ii) the absence of quenching because [Ru(hat),-
phen]** in the excited state cannot oxidise adenine or thy-
mine units. A higher plateau value is reached in the case of
[Ru(hat),phen]** than for the TAP complexes™'**! because
of a better protection of excited [Ru(hat),phen]** by the
polynucleotide. The titration curves in Figure 2 reflect the
shift of the binding equilibrium of [Ru(hat),phen]** for
DNA and [poly(dA-dT)], with the polynucleotide concen-
tration. The ([polynucleotide]/c,):, ratios correspond to 50 %
of the maximum variation of the emission; these values
change inversely with the values of the association constants.
Thus, the comparison of these ([polynucleotidel/c,):, ratios
in Table 1 indicates the relative magnitudes of the binding
constants.” The ([polynucleotide]/c,);, value is lower for
[Ru(hat),phen]** than for other Ru" complexes whose affin-
ity constants were determined previously by luminescence
titration in the same conditions (Table 1), thus again in
agreement with a better interaction of this complex with
polynucleotides. Titrations by luminescence of [Ru(hat),-
phen]** with CT-DNA were also investigated by emission
lifetimes measurements. The ratios 7/t, and I/1, as a function
of the CT-DNA concentration (in phosphate equivalents)
are compared in Figure 3. The difference between the two
curves suggests that the emission quenching of [Ru(hat),-
phen]** by the guanine bases of CT-DNA is not only dy-
namic, but there is also contribution of some static quench-
ing. This latter can be calculated according to Equation (1):
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Figure 3. Relative emission intensity (o) and relative emission lifetime
(@) for [Ru(hat),phen]** titrated with CT-DNA. The experiments were
performed in the presence of 10 mm Tris-HCI buffer, pH 7. The concen-
tration of [Ru(hat),phen]** (c,) was kept constant at 5um while the
DNA concentration (expressed in equivalents of phosphate concentra-
tion) was increased; I(7) is the emission intensity (lifetime) in the pres-
ence of CT-DNA and /(z,) is the emission intensity (lifetime) in the ab-
sence of CT-DNA.

1/10
As = 1= % (1)

where A, is the contribution of static quenching, 7 (or 7) the
emission intensity (or lifetime) in the presence of CT-DNA
and I, (or 7,) the emission intensity (or lifetime) in the ab-
sence of CT-DNA. A 45% contribution of static quenching
is calculated from Equation (1) for [Ru(hat),phen]** with
CT-DNA. This contribution is more important than the
15% static quenching previously determined for the non-in-
tercalating complex [Ru(tap),phen]**,®!! which indicates
again a better binding of the HAT than the TAP compound.

The binding equilibrium constants determined as de-
scribed in the Experimental Section from the emission titra-
tion curves, are given in Tables 1 and 2. It may be concluded
that [Ru(hat),phen]** interacts less efficiently with polynuc-
leotides than complexes containing a classical intercalating
ligand such as a DPPZ or a PHEHAT ligand. However,
[Ru(hat),phen]** presents a much higher affinity for the
polynucleotides than the TAP photoreactive ruthenium(i)
complexes, which would originate from a better partial inter-
calation of one HAT ligand between the stacking of bases.

According to the data of reverse salt titrations with NaCl
(see Experimental Section), the binding of [Ru(hat),phen]**
releases only 0.9 counterions, thus less than expected. Such

Table 1. Relative plateau values (I./1,) from the titration curves with CT-DNA or [poly(dA-dT)], and corre-
sponding calculated binding constants (K,,,) in Tris-HCI buffer, for [Ru(hat),phen]>* and other reference com-
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Table 2. Comparison of thermodynamic parameters!® corresponding to
the binding of Ru" complexes to DNA.

Complex Kol AG°I ¥ AG)/ AGY/
10*m™" kJ mol™ kJmol'  kJ mol™

rac-[Ru(hat),phen]** 056 —21.1 09 -6.7 —14.4

rac-[Ru(bpy),- 0.055 —15.6 1.6 -116 —4.0

phen]“ [30]

A-[Ru(phen), ]2+ B2l 097 —22.6 14 100 ~13.0

A-[Ru(phen),]**+ 0! 1.07 -23.0 12 88 —14.2

rac-[Ru- 320 -37.2 19 -138 —234

(phen),dppz]** 211}

ethidium[®! 494 -322 0.75 -5.0 -27.2

[a] K,s: binding constant of the complex to DNA in solution containing
50 mm NaCl and 10 mm Tris-HCI buffer (pH 7) at 25°C unless otherwise
specified. AG®: binding free energy. AGy, and AG,,: the polyelectrolyte
and the non-electrostatic contributions to the binding free energy, respec-
tively. The polyelectrolyte contribution for [Nat]=50 mm was calculated
from AG;’C:ZWRT In[M*] whereas the non-electrostatic part of the free
energy was calculated by difference, AG°=—RTInK,,,=AG,, + AG,.
[b] Experiments performed in solution containing 50 mm NaCl and 5 mm
Tris-HCI buffer (pH 7.1) at 20°C.

low ZY¥ values could be attributed to a coupled anion re-
lease upon Na* addition as suggested in the literature.*
The salt effect analysis also allows the separation of the
binding free energy AG® into two different contributions.
These thermodynamic parameters are given in Table 2 and
are compared to the values obtained for other Ru" com-
plexes. They show that the interaction is essentially control-
led by non-electrostatic interactions, as it is the case for
some intercalating complexes (Table 2), in contrast to non-
intercalating compounds such as [Ru(bpy),phen]**.

This study of interaction of [Ru(hat),phen]** with poly-
nucleotides was completed by viscosity measurements. The
viscosity data with CT-DNAP in the presence of [Ru(hat),-
phen]** are compared in Figure 4 with those obtained
for the known intercalators [Pt(bpy)(py),]** and
[Pt(bpy)(en)]** (en=ethylenediamine) that are also doubly
charged metal complexes.**"l The behaviours are similar,
the increase of viscosity is, however, slightly lower with
[Ru(hat),phen]** than with ethidium bromide.”

In conclusion, all these data indicate intercalation of a
HAT ligand of [Ru(hat),phen]*", at least partially, despite
the presence of the second rather large HAT ligand.

Photoadduct formation with GMP: Photoadduct formation
between a complex and mono-
nucleotides can be monitored
by UV/Vis absorption spectro-
scopy.182038] Steady state illu-

pounds. L. . .

minations were carried out with
4. —1 .
Compound P"l}l" id /[NaCI] L1, l(hﬁy' Kon/10'M the complex alone and in the
flucieotide e fucieo /2 )e] presence of GMP. No change in
% .

> ‘ the absorption spectra were ob-
rac-[Ru(hat),phen]** CT-DNA 0 0.18 6 24 d af 1 h fil
[poly(dA-dT)], 0 184 5 33 served a ter several hours of il-
rac-[Ru(bpy),phen]*+ ! CT-DNA 0 1.84 21 084 lumination of the complex
rac-[Ru(tap),phen]** 12311 CT-DNA 0 0.35 16 39 alone; this suggests that [Ru-
/\-[RU(Pkllleﬂ)ngPZ]j:gH CT-DNi 28 - - ;;8 (hat),phen]** does not undergo
A-[Ru(phen),dppz] CT-DN _ _ photodechelation. By contrast,
Chem. Eur. J. 2005, 11, 15071517  www.chemeurj.org  © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim — 1509
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Figure 4. Titration of CT-DNA (6.0x107*m) with [Ru(hat),phen]** by
viscosity measurements (@) and the known intercalators [Pt(bpy)(py),]**
(o) and [Pt(bpy)(en)]** (o), in 2 mm phosphate buffer and 9 mm NaCl.
n=intrinsic viscosity of sonicated DNA in the presence of the complex.
ny=intrinsic viscosity of sonicated DNA in the absence of the complex.
r=[complex]/[DNA], [DNA] in phosphate equivalents.

changes of absorption were recorded as a function of visible
irradiation of [Ru(hat),phen]** (2x107°m) in the presence
of GMP (2x1072m, 100 mm Tris-HCI pH 7). The results are
shown in Figure 5 for solutions saturated with oxygen and
argon. An increase of the absorption between 300 and
475 nm occurs in both cases and the enhancement is much
more important around 300 nm for the oxygen than for the
argon saturated solution. The evolution of the absorption
spectra in an air-saturated solution was intermediate be-
tween the two other cases.

ES mass spectrometry analysis of the photoproducts formed
in the presence of GMP: In order to explain the differences

300 350 400 450 500 550 600 650 700
Wavelength / nm —

in the evolution of the absorption spectra under oxygen, air
and argon, the products formed under illumination were an-
alysed by electrospray mass spectrometry (ESMS). For
these analyses, the photoproducts were first separated by
HPLC. Figure 6 shows a typical chromatogram obtained
after visible irradiation of [Ru(hat),phen]** in the presence
of GMP in argon saturated aqueous solution. The first peak
(at 1 min) has the same retention time and absorption spec-
trum as GMP (1,,,,=272 nm). The peak detected at 7.7 min
in the chromatogram exhibits a bathochromic absorption
(Amax=302 nm) compared with the absorption of GMP. This
might indicate the presence of oxidised GMP such as in 8-
oxoguanosine monophosphate for example (,,,,=292 nm).
All the peaks detected after 14 minutes correspond to
metal-containing complexes because they exhibit a strong
absorption in the visible region, typical of MLCT absorp-
tions. The peak at 14-15min is attributed to the starting
complex [Ru(hat),phen]*", as indicated by the absorption
and ES mass spectra (legend of Figure 6). The set of peaks
detected between 18 and 25 min and collected together be-
cause no efficient separation could be obtained gave the
ESMS data gathered in Table 3. Two species (m/z 555.5,
27% and m/z 1110.2, 8%) correspond to a photoadduct
formed between [Ru(hat),phen]** and i)a neutral GMP
(thus A + C — 2H) or ii) a negatively charged GMP (thus
A + D — 2H). A third species (m/z 449.7, 100%) corre-
sponds to an adduct between [Ru(hat),phen]** and a gua-
nine (thus A + B — 2H). The loss of the sugar phosphate
could stem from decomposition in ESMS analysis. Indeed,
when GMP alone was analysed directly by ES mass spec-
trometry, the sugar and phos-
phate residues were also parti-
ally lost. Finally in the set of
peaks at 18-25min (Table 3),
another species was detected at
m/z 736.5. This peak fits with
the mass of a biadduct, that is,
the addition of two uncharged
GMP nucleotides on one [Ru-
(hat),phen]** (thus A + 2C
— 4H). As this peak corre-
sponds to a secondary photo-
product, we did not succeed to
obtain enough material (even
for longer illumination times,
see below) to determine the
structure of the biadduct or to
gather arguments in favour of
the addition of the two GMP
entities to the same ligand or to
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Figure 5. a) and b): Changes in the absorption spectra of [Ru(hat),phen]** (2 10 M) under visible irradiation
in the presence of GMP (2 102m) at pH 7. a) oxygen-saturated solution. b) Argon-saturated solution; t=0, 15,
30, 60, 90, 120, 150, 180 min. c) and d) Evolution of the absorption of [Ru(hat),phen]** under visible irradia-
tion in the presence of GMP as a function of time under argon (@), air (m) and oxygen (e); c) at 360 nm; d) at

470 nm.
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two different ligands. The ab-
sorption spectra of the five
HPLC peaks at 18-25 min were
quite similar and exhibited a
hypsochromic shift of 17 nm
compared with the starting
complex (from 410 nm for the

100 150 200
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could correspond to biadducts
increased (Table 5). Among
them, masses that fit with the
addition of two guanines, or
two guanidines or one guanine
plus one guanidine, could be
found. Isotopic distributions of
all the peaks corresponding to
h the masses of the mono- and
|

\

———237.584

biadducts are in agreement
with the calculated distribution
(see Supporting Information).

It was also observed that the

|
1
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Figure 6. Chromatogram of the solution after 3 h of irradiation of [Ru(hat),phen]** in the presence of GMP
under argon. The detection was performed by absorption at 410 nm. ES mass spectrometry data: Peak at 14—
15 min, [Ru(hat),phen]** ([M—2CI"]** calculated m/z 374.9; found m/z 375.2; relative intensity 100% and
[M—2Cl"+CF;COO]* calculated m/z 862.7; found m/z 863.2; relative intensity 25%), the set of peaks be-

tween 18 and 25 min, see Table 3 and at 37 min, see Table 4.

Table 3. Mass spectra of the products between 18 and 25 min.

mlz Calculated m/z  Intensity (%)  Charge  Product!!
449.7 449.4 100 2+ A +B-2H
555.5 555.5 27 2+ A+ C-2H
736.5 736.1 12 2+ A +2C-4H
11102 1109.9 8 1+ A+ D-2H

[a] A=complex (cf. Figure 1), B=guanine, C=GMP with the phosphate
under the form H,PO,”, and D=GMP with the phosphate under the
form HPO,> ; —2H =formation of the covalent bond between the ruthe-
nium(11) complex and the base with loss of two hydrogen atoms.[!*1415-20]
Illumination time: 3 h.

starting complex, to 393 nm). Such shifts were observed pre-
viously for photoadducts between polyazaaromatic Ru"
complexes and GMP.'>23] The ESMS data for the products
around 37 min are given in Table 4. The predominant peak

Table 4. Mass data for the products eluted after 37 min.

30.00

3500 4000 amount of photoadduct formed
under illumination (3 h) de-
pends strongly on the oxygen
concentration in solution. Un-
reacted [Ru(hat),phen]** de-

creases with increasing oxygen

Table 5. Mass data for the products between 18 and 25 min after longer
illumination times (=10 h).

miz Calculated m/z  Intensity (%) Charge Product

4495 4494 82 2+ A +B-2H
5242 5240 22 2+ A +2B-4H
5555 5555 28 2+ A+ C-2H
630.0  630.0 57 2+ A+ B+ C-4H
736.5  736.1 100 2+ A +2C-4H

[a] A, B, C and D, as defined in Table 3.

concentration and the peaks at 7.7 and 37 min increase in
agreement with their attribution to oxidised GMP and oxi-
dised photoadducts, respectively. Moreover the total amount
of photoadduct increases with higher oxygen concentrations
contrary to what was expected.

Characterisation of the photo-
adduct(s): In order to gain in-

mlz Calculated m/z Intensity (%) Charge Product!

457.7 4574 100 24 A+B+0O-2H
563.8 563.5 28 24 A+ C+0O-2H
1126.2 1125.9 20 1+ A+ D + O-2H

formation on the structure of
the photoadduct(s) (corre-

[a] A, B, C and D, as defined in Table 3. O =oxygen atom.

(m/z 457.7) would correspond to a photoadduct of [Ru-
(hat),phen]** with one oxidised guanine residue, and the
two other peaks (m/z 563.8 and 1126.2) to similar photoad-
ducts that have kept their phosphate (non-ionised and ion-
ised, respectively). The absorption spectra of the corre-
sponding HPLC peaks (at 37 min) also present a hypsochro-
mic shift of the MLCT band from 410 to 382 nm as com-
pared to the starting [Ru(hat),phen]**.

Experiments for longer illumination times of [Ru(hat),.
phen]** in the presence of GMP were also carried out.
Under these conditions, the relative amount of products that

Chem. Eur. J. 2005, 11, 1507 -1517 www.chemeurj.org
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sponding to the HPLC peaks at
18-25 min), the photoreaction
under argon was scaled up to
produce larger amounts of the target compounds. The pho-
toadducts formed in such a photolysed solution were isolat-
ed by cation-exchange chromatography followed by a fur-
ther separation by HPLC. Since the sample isolated in this
way did not contain biadduct as shown by ESMS, this
sample was characterised by '"H NMR spectroscopy in D,0O
and in [D¢]DMSO. The chemical shifts for the photoad-
duct(s) in D,O are gathered in Table 6 (for 'H NMR spec-
trum and DQF-COSY spectrum see Supporting Informa-
tion). The formation of photoadduct between the [Ru(hat),-
phen]** and another moiety such as GMP should result in

— 1511
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Table 6. NMR data in D,0. Chemical shifts of the aromatic protons of the photoadducts. HY refers to the protons on a HAT ligand, HY refers to the pro-
tons on the phen ligand and Gg refers to proton 8 of the guanosine-5'-monophosphate.

[Ru(hat),phen]**

Adduct A (30%) Adduct B (70%)

Proton o Int. Proton o] Int. o] Int.
Hij 9.47 4H Hij . 9.51 2H 9.51 2H
and and
9.43 9.43
Hﬁmﬁ 9.48 2H 9.47 2H
HY 9.20 2H HY, 9.03 1H
H% 9.13 1H 9.20 1H
HY 9.15 2H H, 9.06 1H
HY 9.24 1H 9.22 1H
HY 8.70 2H Hgﬁ 8.45 1H 8.32 1H
H% 8.44 1H 8.28 1H
HY 8.49 2H H}, 8.52 1H 8.41 1H
H?ﬁ 8.90 1H 8.74 1H
Hf_7 8.81 2H Hf.7 8.80 2H 8.80 2H
HE, 8.36 2H HE, 8.34 2H 8.34 2H
ng 8.27 2H HY 8.26 1H 8.22 1H
HY 8.22 1H 8.45 1H
H%, 7.81 2H HY, 7.81 2H 7.81 2H
Gy Gy 8.46 1H 8.46 1H

the loss of the C, symmetry of the complex and induce a dif-
ferentiation of most of the protons. This is clearly observed
in the NMR spectrum. Furthermore, the signals 2 and 7 of
the HAT ligand (Figure 1 for the numbering) do not inte-
grate to four protons as in the spectrum of [Ru(hat),phen]**
but for three protons, which indicates the loss of one proton
due to the photoadduct formation. The integrations of the
other protons on the HAT and phen ligands are the same as
in the starting [Ru(hat),phen]**. Consequently the photoad-
duct is clearly formed on the positions 2 and 7 of the HAT
ligand. Furthermore, two systems corresponding to two geo-
metric isomers can be identified with a DQF-COSY spec-
trum. Integration indicates an excess (70:30) of isomer B
(covalent bond in the photoadduct at position 2 of the HAT
ligand) over isomer A (covalent bond in the photoadduct at
position 7 of the HAT ligand) (Figure 7).

A(30%) R B (70°%)

-
SO

Bli Jad O :
0

:IJ—Z

Figure 7. Structures proposed for the two photoadduct isomers between
[Ru(hat),phen]** and GMP. R represents the sugar-phosphate group of
the GMP moiety.

In order to gain information on the position of the cova-
lent bond on the guanine moiety, we performed NMR meas-
urements with the photoadduct in [Dg]DMSO, which pre-
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vents the exchange of the heteroatomic protons. In this
spectrum, we could observe the presence of two protons on
the exocyclic nitrogen with the disappearance of proton
number 1 of the guanine moiety (see Figure 1 for the num-
bering of the guanine protons). This leads us to the conclu-
sion that the guanine moiety is linked to the HAT ligand via
the nitrogen 1 or the exocyclic oxygen (enol tautomer). On
the other hand, the NMR data also show that the photoad-
duct should contain the sugar phosphate moiety (signals
from 4.1 to 5.9 ppm in the DQF-COSY spectrum).

In conclusion, the NMR analyses indicate that two photo-
adduct isomers (A and B, Figure 7) are formed. Moreover
as the sugar moiety is chiral and as the metal centre can be
A or A, two diastereosiomers can exist for each isomer A
and B. The four HPLC peaks at 18-25 min could thus corre-
spond to these four compounds.

The photoadduct analysed by NMR spectroscopy was also
characterised by absorption spectroscopy and steady-state
and time-resolved emission. The band between 370 and
420 nm (Figure 8) exhibits a hypso- and hyperchromic effect
when the absorption of the sample and that of [Ru(hat),-
phen]** is adjusted to the same absorption at 460 nm. The
emission of the photoadduct is extremely weak compared
with that of [Ru(hat),phen]’*; indeed if we assume that the
absorption coefficients are on the same order of magnitude
at 460 nm (thus when the absorbance is adjusted at the
same value at this wavelength), the photoadduct emits at
the same A,,, (650 nm) but ~250 times less than [Ru(hat),-
phen]** and with an emission lifetime of ~5 ns, thus much
shorter than the emission lifetime of [Ru(hat),phen]**
(640 ns).

Photoadduct formation with CT-DNA and oligonucleotides:
Steady state illuminations of [Ru(hat),phen]** were also
carried out in the presence of CI-DNA under argon, air and
oxygen. Figure 9 shows the changes of the absorption spec-
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Figure 8. Absorption spectra of the photoadduct and [Ru(hat),phen]** in
water. The absorption was adjusted to the same value for the two com-
pounds in their MLCT band at 460 nm.

tra as a function of the illumination time for a ratio CT-
DNA (in nucleotides equivalents) over complex concentra-
tion of 100 ([Ru(hat),phen]**=2x10"m; [DNA]=2x
107°M). An increase of the absorption appeared around
400 nm; however, no oxygen effect was detectable (Fig-
ure 9a and b). These absorption changes are similar to those
observed with GMP (except the absence of oxygen effect)
and would thus correspond to the formation of photoad-
ducts on the guanine residues of CT-DNA. In order to con-
firm this, illumination experiments were performed with oli-
godeoxyribonucleotides.
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Figure 9. Changes in the absorption spectra of [Ru(hat),phen]** (2x
10~°m) under visible irradiation in the presence of CT-DNA (2x10*m)
at pH 7. a) Air-saturated solution. b) Argon-saturated solution. Irradia-
tion: r = 0, 15, 30, 60, 90, 120, 150, 180 min.

Denaturing gel electrophoresis experiments with 17-mer oli-
godeoxyribonucleotides: The formation of photoadducts
with synthetic oligonucleotides was monitored by gel elec-
trophoresis in denaturing conditions. Three different double

Chem. Eur. J. 2005, 11, 1507 -1517 www.chemeurj.org

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

stranded oligonucleotides containing guanines in different
sequences (Figure 10) were illuminated with visible light
(above 350 nm) in the presence of [Ru(hat),phen]** and in
the presence of [Ru(tap),phen]** as a standard. Duplex se-
quence 0, which does not contain any guanine residue was
used as a blank. Figure 11 shows the electrophoregram ob-
tained for a typical illumination experiment of duplex se-
quence 3 (107%m) in the presence of [Ru(hat),phen]** (2x
107°m) in aerated buffered solution (Tris-HCI, 5 mm, pH 7).
Lane A corresponds to the non-illuminated sample and lane
B to the same sample after 30 min illumination, in both
cases in the absence of [Ru(hat),phen]**. In lane C, the
duplex was illuminated for 30 min in the presence of [Ru-
(hat),phen]**. One can observe the appearance of a less
mobile species corresponding to the photoaddition of ruthe-
nium complex on the oligonucleotide. Illumination experi-
ments performed with the oligonucleotide duplex 0 (which
does not contain guanines) did not lead to the occurrence of
a slower migrating band. The occurence of frank breaks
during illumination was not detected as illustrated by the
absence of bands of higher mobility.

| |
PRPEPEPPEPRPOSEPaAARE P

z i A3t Hee T L R 3 o 3F
A=T A=T A=T A=
T=A T=A T=A T=
T=A T=A T=A T=
T=A T=A T=A T=
A=T A=T A=T A=
A=T A=T A=T A=
A=T A=T Cm; A
T=A T=A (=18 T=
T=A T=A T=A T
A=T =G A=T G
T=A =06 T=A T=
T=A T=A T=A T
T=A T=A T=A T=
T=A T=A T=A T=
T=A T=A T=A T=
T=A T=A T=A T=
T=A T=A T=A T=
5+3! 5534 ka1 5r.ar

Figure 10. The different sequences of oligodeoxyribonucleotide duplexes
for the gel electrophoresis experiments.

The formation of guanine oxidation products was investi-
gated by chemical treatment (using hot piperidine) or enzy-
matic treatment (using fpg or formamido pyrimidine glyco-
sylase) on oligonucleotides isolated from the gel after their
illumination with the complex. Both treatments are known
to cleave DNA at oxidised guanine positions (Fpg is specific
for 8-oxo deoxyguanosine and other products of guanine ox-
idation) and would produce shorter fragments of higher mo-
bility on an electrophoresis gel.’>* For this purpose, the
slower migrating band (called “photoadducts”) and the
band which migrates as the starting material (“17 mers”
which might contain non modified strand and/or strand con-
taining guanine oxidation products) were isolated from the
gel and treated with piperidine or Fpg. Lane D and G corre-
spond to the “17 mers” and the “photoadducts”, respective-
ly, before the treatment. Piperidine treatment (lane E), as
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Figure 11. Photoadduct formation between [Ru(hat),phen]** and double
stranded oligonucleotide sequence 3 (**P-5'-end-labeled at the guanine
containing strand) analysed by denaturing gel electrophoresis. Lane A:
non-illuminated duplex. Lane B: duplex illuminated for 30 min in the ab-
sence of [Ru(hat),phen]**. Lane C: duplex illuminated in the presence of
[Ru(hat),phen]**. Lane D: product isolated by purifying the fastest band
from lane C. Lane E: same as D but after piperidine treatment at 90°C
for 1 hour. Lane F: product isolated by purifying the fastest band from
lane C and after Fpg treatment. Lane G: product isolated by purifying
the slowest band from lane C. Lane H: same as G but after piperidine
treatment. Lane I same as G but after exonuclease III treatment.

well as Fpg treatment (lane F) of the “17 mers” did not
induce strand cleavage. In the case of the isolated slower mi-
grating band, piperidine treatment (lane H) produced a spe-
cies migrating as the starting oligonucleotide but no cleav-
age products. The Fpg treatment had no effect. These results
strongly suggest that the illumination in the presence of the
Ru complex did not produce oxidised guanine residues.

The slower migrating oligonucleotide (attributed to pho-
toadduct formed with guanine) was also treated with exonu-
clease III (lane I). This enzyme is responsible for 80% of
the repair of abasic sites in Escherichia coli and has a strong
3" exonuclease activity (it digests an oligonucleotide into
mononucleotides, starting from its 3’ end**”). The exonu-
clease III treatment (lane I) induced the quasi total transfor-
mation of the retarded products into a faster and smeary
band. Nevertheless, this “faster” species migrated more
slowly than the starting 17 mer oligonucleotide.

The results obtained with the other sequences (sequences
1 and 2), as well as with [Ru(tap),phen]**, were qualitative-
ly similar to those described above with [Ru(hat),phen]**
and sequence 3.

Discussion

The photoadduct in Figure 7 could be formed in the follow-
ing way. Previous studies have shown that the electron trans-
fer from the guanine unit to the excited complex!*'>">"" js
followed by the protonation of the reduced ligand. Actually
the transferred electron would be located essentially on the
nitrogen atoms in para position of the chelated nitrogens,
where protonation would occur. Afterwards, the thus
formed radical on a carbon atom in f position of the chelat-
ing nitrogens would react with the guanine radical. This
would lead to the structure of the photoadduct of Figure 7
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after re-aromatisation of the HAT. Furthermore, the excess
of isomer B compared with A would be explained by more
sterical hindrances in A, induced by the second HAT ligand
as compared to the phen ligand. Moreover, in the NMR
spectra in [D¢]DMSO, proton 1 of the guanine moiety has
disappeared whereas the two protons on the exocyclic nitro-
gen are still present. Therefore, we suggest that the covalent
bond would be formed via the oxygen atom of the guanine
moiety. Indeed, it has been shown that the guanine radical
cation deprotonates on nitrogen 1% and leads to a radical
mainly located on the oxygen atom of the guanine.™
Figure 7 shows the two resulting putative structures of the
photoadducts in agreement with all the above-mentioned
data.

The difference in the absorption spectra of the starting
complex [Ru(hat),phen]** and photoadduct (Figure 8) can
be explained by the effect of substitution by the guanine
moiety. The guanine unit attached via the oxygen atom
plays the role of an electron donor group which should de-
stabilise mainly the ligand centred m* orbitals of the so-
modified HAT ligand and, to a lesser extent, the metal cen-
tred dm orbitals. Therefore the dm—m* transition from the
Ru toward the HAT-GMP ligand, should shift hypsochromi-
cally as observed experimentally. By contrast, the emission
maximum does not shift compared with that of the starting
complex because the weak remaining emission originates
from the lowest excited triplet state, that is, the MLCT
(metal-to-ligand charge transfer) of the Ru-nonmodified
HAT. The weak emission and shortening of the lumines-
cence lifetime of the photoadduct could stem from an intra-
molecular electron transfer from the attached GMP moiety
to the metal-containing species in the excited state.

When the illumination of the complex with GMP is per-
formed in the presence of oxygen, the ESMS analyses sug-
gest also the appearance of a minor photoproduct that is, a
photoadduct between [Ru(hat),phen]** and an oxidised
guanine moiety. Notably such oxidised species are produced
only with GMP and not with polynucleotides. Several mech-
anisms discussed in the literature can explain the formation
of such oxidised guanine bases: i) appearance of singlet
oxygen, produced by photosensitization**>"**%? ji) forma-
tion of OH" or O, radicals that could originate from the re-
action of the transient monoreduced ruthenium complex
with Q,[*15:17:25:40.42.52.6L.63.64 iy formation of the radical
cation GMP-+ 40431 Fyrthermore, since the transformation
of GMP'* into 8-oxoguanine does not necessarily require
the presence of oxygen in solution,“**3! the detection of
some oxidised guanine units in the photoadducts during illu-
minations under argon is thus not surprising.

The results show also that with increasing oxygen concen-
trations in solution, [Ru(hat),phen]** disappears more rap-
idly. This might be explained by the fact that oxidised gua-
nine units such as for example 8-oxoguanine moieties are
better reductants (0.53 eV vs NHE) than guanine moieties
(0.85 eV vs NHE).*I Consequently, the formation under il-
lumination and in the presence of oxygen, of a better elec-
tron donor than GMP, increases the efficiency of the reac-
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tion with time and explains the faster disappearance of the
starting complex and faster appearance of photoproducts.

In the presence of CT-DNA, the spectroscopic data as a
function of the illumination time show also the appearance
of photoadducts but interestingly, no oxygen effect could be
detected in this case. This would suggest that maybe no oxi-
dised guanine units is formed during visible irradiation due
to a reduced access of O, or water to the three transient
species formed in the CT-DNA (three different species may
be considered as possible source of production of oxidized
guanine via the above-mentioned mechanisms: the excited
and reduced metal complex and the guanine radical cation).
Actually the results of the gel electrophoresis experiments
performed with [Ru(hat),phen]** in the presence of synthet-
ic oligodeoxyribonucleotides are in agreement with this hy-
pothesis (see below).

By gel electrophoresis in denaturing conditions, the pho-
toadducts formation with the guanine residues in 17 mer oli-
gonucleotides is evidenced by the detection of species with a
lower mobility. By contrast, oligonucleotides containing no
guanine (sequence 0) did not give rise to the formation of
this retarded band. Illumination in the absence of [Ru(hat),-
phen]** and incubation in presence of the metal-containing
complex in the dark did not produce retarded bands con-
firming that the covalent binding of the metal complex to
the oligonucleotide was due to light treatment. The absence
of faster migrating bands on the gel indicates the absence of
frank breaks as it has been reported for other Ru" com-
plexes.[6-40:63]

Treatment of the oligonucleotide isolated from the gel
after illumination, by piperidine or Fpg enzyme, did not
induce the formation of faster migrating species. This strong-
ly suggests that oxidised guanine moieties were not pro-
duced. This result is in agreement with the conclusion drawn
from the absorption experiments. The piperidine treatment
of the slow migrating oligonucleotide isolated from the gel
(attributed to photoadduct) (see lane H in Figure 11) trans-
formed partly this species into another species migrating as
the starting oligonucleotide. This could be due to a partial
dechelation of the photoanchored [Ru(hat),phen]**. The
loss of a [Ru(hat)(phen)]** species leads to an oligonucleo-
tide with the second HAT ligand remaining bound to a gua-
nine residue. This modification does not introduce a change
of charge and the slight increase in mass is not expected to
induce a dramatic change in mobility. This dechelation of
the ruthenium complex was also evidenced on the free [Ru-
(hat),phen]** for which a similar piperidine treatment in-
duced a loss of emission, a decrease in intensity of the
metal-to-ligand charge transfer band in the absorption spec-
trum and the appearance of a new bathochromic absorption
band characteristic of a bis-chelated complex. The treatment
of the purified photoadduct with the repair enzyme exonu-
clease III showed that the action of this enzyme is inhibited,
at least partially, by the presence of the photoadduct. The
reaction products migrated faster than the photoadducts but
more slowly than a 17 mer suggesting that the 3’ to 5’ exonu-
clease activity removes only a few nucleotides. The mass in-
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crease and the positive charges brought by the Ru" complex
retards the shortened oligonucleotide and makes it to mi-
grate more slowly than the 17 mer starting material.

Conclusion

The results of this work show that [Ru(hat),phen]** presents
a much stronger interaction with CT-DNA and polynucleo-
tides than the previously studied photoreactive non-interca-
lating ruthenium(i)-TAP complexes. The different results
suggest that this affinity enhancement is due to a partial in-
tercalation of one of the HAT ligands between the stacking
of bases of CI-DNA or polynucleotides.

[Ru(hat),phen]** photoreacts with GMP and leads to the
formation of two photoadducts, geometrical isomers be-
tween [Ru(hat),phen]** and one guanine unit. It is obvious
that the photoadducts with [Ru(hat),phen]** represent a
type of adducts quite different from the dark adducts
formed with Pt complexes and mononucleotides or DNA
since contrary to the Pt compounds, the chelation sphere is
not lost in the Ru" photoadducts.

Different minor photoproducts were also detected: photo-
adducts between [Ru(hat),phen]** and one oxidised guanine
unit (depending on the conditions), and biadducts between
the complex and two guanine units. This is the first time
that such biadducts are observed. Photoadducts formation
occurred also during the illumination of [Ru(hat),phen]**
with CT-DNA or synthetic oligonucleotides containing gua-
nine bases. However, in that case no indication of oxidised
guanine units was found.

Experimental Section

Materials: The synthesis and characterisation of [Ru(hat),phen]** and
[Ru(tap),phen]** were performed as previously described.!'”! The concen-
trations of the metal-containing complexes were determined optically
using the absorption coefficient value & given in the literature.™™ The
Tris-HCl buffer (pH7) stock standard solution was purchased from
Sigma and the water was purified with a Millipore Milli-Q system. Calf
thymus DNA (CT-DNA) and [poly(dA-dT)], were purchased from Phar-
macia. CT-DNA was dialysed exhaustively against a phosphate buffer so-
lution and subsequently against water. The CT-DNA and [poly(dA-dT)],
concentrations are expressed in base pairs (bp) and were determined
spectrophotometrically (CT-DNA: £,,=6600Mm'cm™' per phosphate;
[poly(dA-dT)],: x5, =6600M ' cm™" per phosphate).

The oligonucleotides (sequences 0, 1, 2, 3) were prepared by automated
DNA synthesis on an Expedite DNA synthesiser (Perkin-Elmer) using
standard f(-cyanoethylphosphoramidite chemistry on a 1 pum scale. The
oligonucleotides were purified by PAGE (polyacrylamide gel electropho-
resis) by using TBE buffer and urea (7m).

Instrumentation: The absorption spectra were recorded on a Perkin—
Elmer Lambda UV/Vis spectrophotometer. The emission spectra were
obtained with a Shimadzu RF-5001 PC spectrofluorimeter equipped with
a xenon lamp (250 W) as exciting source and a Hamamatsu R-928 red
sensitive photomultiplier tube for detection. The spectra were corrected
for the instrument response. The luminescence lifetimes were measured
by time-resolved single-photon counting (SPC) with an Edinburgh Instru-
ments (Edinburgh, UK) FL-900 spectrometer, equipped with an N,-filled
discharge lamp (with a gas pressure of 0.4 bar, a 1.3 mm gap and 5.6 kV
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between the electrodes) and a Peltier-cooled Hamamatsu R-995 photo-
multiplier tube. The emission decays were analysed with the Edinburgh
Instruments software (version 3.00), based on non-linear least-squares re-
gressions using a modified Marquardt algorithm. Excitation at 379 nm
was used and the emission was measured at 646 nm, which corresponds
to the emission maximum of [Ru(hat),phen]**.

The photoadduct was characterised by NMR and ESMS analyses. The
NMR spectra were recorded in D,0 and in [D¢]DMSO with a 600 MHz
Varian spectrometer. Electrospray mass spectra were obtained with an
ES triple quadrupole mass spectrometer Quattro II (Micromass, Altrin-
cham, UK) in the laboratory of Professor A. van Dorsselaer, at the Uni-
versity Louis Pasteur (Strasbourg, France).

Viscosity measurements were performed on a Cannon-Ubbelhode semi-
microdilution viscosimeter (Series No 75, Cannon Instrument Co.) at the
University of Messina (Messina, Italy). The viscosimeter contained 2 mL
of sonicated CT-DNA solution (600 base pairs).

Analytical HPLC was performed on a Waters 600 controller with a
Waters 600 pump and 996 Photodiode Array Detector, using an analyti-
cal Nova-Pak Ci (3.9x150 mm) column. The separation of the photo-
products was carried out by HPLC.

Binding equilibrium

Polynucleotide titrations: The binding constants of [Ru(hat),phen]** to
DNA were determined from luminescence titrations at fixed concentra-
tions of complex (5 pum) with increasing concentrations of polynucleo-
tides. The samples were excited at 408 nm, and the emission intensities
were measured at 646 nm and corrected for the instrument response. The
ruthenium/polynucleotide solutions were continuously stirred and al-
lowed to equilibrate for 10 min before each measurement. All measure-
ments were performed under air-saturated conditions.

Binding equilibrium constants and associated thermodynamic parame-
ters: Quantitative treatment of the titration data allows the determina-
tion of the affinity constants.**®”) Like for other complexes, we chose the
McGhee and von Hippel model!® which describes random non-coopera-
tive binding to a lattice [Eq. (2)]:

v (I—nv)"
o= Kops M= (-t 2

v is the binding ratio ¢,/[polynucleotide] (¢, is the concentration of bound
complex, [polynucleotide] is the concentration of the polynucleotide ex-
pressed in base pairs, bp), K, is the apparent binding constant for the
experimental conditions (10 mm Tris-HCI buffer, pH 7, with or without
50 mm NaCl, Tables 1 and 2), n is the average size of the binding site ex-
pressed in number of base pairs, and ¢; is the concentration of free com-
plex. For the treatment of the data, the concentrations of bound (c,) and
free (¢;) complex for each concentration of DNA have to be determined.
A mathematical approximation,® was used to calculate these concentra-
tions. The advantage of this mathematical procedure is the fact that the
I./I, value can be retrieved from the curves where a plateau is not yet
reached (which was the case for the titrations in the presence of 50 mm
NaCl). For the calculation, the binding site size was fixed to 3 bp.

Salt dependence: Samples of ruthenium-DNA in Tris-HCI buffer (10 mm,
pH 7) were used to perform reverse salt titrations with NaCl. The con-
centration of [Ru(hat),phen]** was fixed to 5 um with [DNA]/[Ru] ratios
of 75. The results were treated as previously described® 3*32%-%] in order
to determine the thermodynamic parameters of the binding and compare
the binding free energies with the values reported for other complexes.
These reverse titrations yielded the concentration of bound complex at
each salt concentration [M*] and the corresponding calculated K
Equation (3) is obtained from the polyelectrolyte theory of Record:**

olog K, /0log M*] = —Z¥ 3)

where Z is the charge of the metal-containing complex and ¥ is the frac-
tion of counterions associated with each DNA phosphate (¥=0.88 for
double-stranded B-form DNA).%! Thus Z¥=1.76 for complexes bearing
a 2+ charge (number of Na* counterions released upon binding).
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Gel electrophoresis: The guanine containing oligonucleotides were 5'-
end-labeled by T4 polynucleotide kinase using [y*P]-ATP
3000 Cimmol ™' (Perkin Elmer Life Sciences) at 37°C for 30 min. Double
stranded target DNA was prepared by heating the radioactively labeled
oligonucleotides with their complementary strand to 90°C for 5 min and
then annealing by slow cooling (1h) to RT. A solution of [Ru(hat),.
phen]** (2x107°m) in 5mm Tris-HCl buffer (pH7) and **P-labeled
duplex oligonucleotide (10~°m) was illuminated for 30 min at 4°C with a
mercury/xenon lamp (Oriel 200 W) by using a KNO, solution as filter.
The piperidine treatments were carried out by adding piperidine (1M,
100 pL) to the duplex solutions and by heating at 90°C for one hour. The
samples were then lyophilised and washed/lyophilised twice with water
(100 pL). Fpg was provided by M. Saparbaev (Institut Gustave Roussy
Villejuif-France). A typical experiment was performed by treating sam-
ples purified by gel electrophoresis with 60 ng of Fpg in 20 pL incubation
buffer (Hepes/KOH 70 mm, KCI 100 mm, EDTA 1 mm, pH 7) at 37°C for
one hour. Exonuclease III was purchased from Pharmacia
(200 units uL."). The enzyme (360 units) and the sample were incubated
at 37°C for 1h in 10 pL of the enzyme buffer (HEPES/KOH 50 mm
pH 7, KCl 50 mm, CaCl, S mm, DTT 1 mm). Samples of the various incu-
bation mixtures (2 L) were dissolved in 8 uL of the loading buffer (95 %
formamide, 0.1% xylene cyanol, 0.1 % bromophenol blue). The DNA
products were separated by electrophoresis on polyacrylamide gel (20 %
with a 19:1 ratio of acrylamide to bisacrylamide) containing urea (7m) in
TBE buffer (90 mm Tris-borate, pH 8, 2 mm EDTA). The gels were vi-
sualised by autoradiography using Kodak X-OMAT AR films and were
counted with an Instant Imager (Packard Instrument).

Continuous irradiation in presence of GMP and CT-DNA: Continuous
irradiation in presence of GMP or CT-DNA was performed with a mer-
cury vapour lamp (Osram HBO 200 W) and a 2000 W quartz halogen
lamp (Philips), cooled by a system of water circulation. IR (water) and
UV (KNO,) cut-off filters were inserted between the irradiation cell and
the exciting source. All the experiments were performed with argon-, air-
and oxygen-saturated solutions (2mL) containing [Ru(hat),phen]**
(2.107°m) and GMP (2.107°m) or CT-DNA (expressed in phosphate
equivalents).

Isolation of the photoadduct: A solution (100 mL) of [Ru(hat),phen]**
(5.6x107°m), Na,GMP (2x10*m) and H,GMP (10~*m) (pH 6) was illu-
minated for 5h in a Pyrex photoreactor, under continuous stirring and
Ar bubbling, using a 125 W medium-pressure mercury lamp. The evolu-
tion of the photoreaction was followed simultaneously by absorption
spectroscopy and analytical HPLC. The photoadduct was separated from
the starting complex and ruthenium-containing side-products by cation-
exchange chromatography. The excess of GMP was removed by HPLC,
using a gradient from 0-80 % acetonitrile (100-20% water) over 42 min
at a flow rate of 2 mLmin~'. Both eluting solvents contained 0.05% tri-
fluoroacetic acid.
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