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Formation of dinitrosyl iron complexes (DNICs) was observed in a wide spectrum of pathophysiological
conditions associated with overproduction of NO. To gain insight into the possible genotoxic effects of
DNIC, we examined the interaction of histidinyl dinitrosyl iron complexes (HIS-DNIC) with DNA by
means of circular dichroism. Formation of DNIC was monitored by EPR and FT/IR spectroscopy. Vibra-
tional bands for aquated HIS-DNIC are reported. Dichroism results indicate that HIS-DNIC changes the
conformation of the DNA in a dose-dependent manner in 10 mM phosphate buffer (pH 6). Increase of
the buffer pH or ionic strength decreased the effect. Comparison of HIS-DNIC DNA interaction with the
effect of hydrated Fe?" ion revealed many similarities. The importance of iron ions in HIS-DNIC induced
Electron paramagnetic resonance genotoxicity is confirmed by plasmid nicking assay. Treatment of pUC19 plasmid with 1 pM HIS-DNIC did
Circular dichroism not affect the plasmid supercoiling. Higher concentrations of HIS-DNIC induced single strand breaks. The
DNA effect was completely abrogated by addition of deferoxamine, a specific strong iron chelator. Our data
Plasmid nicking assay reveal that formation of HIS-DNIC does not prevent DNA from iron-induced damage and imply that there
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is no direct interrelationship between iron-NO coordination and their mutual toxicity modulation.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Formation of dinitrosyl iron complexes (DNICs) has been ob-
served in many kinds of organisms and in a wide spectrum of phys-
iological conditions associated with inflammation, Parkinson’s
disease and cancer. Accumulation of DNICs coincides with intensi-
fied production of nitric oxide in macrophages, spinal cord, endo-
thelial cells, pancreatic islet cells and hepatocytes.' DNICs are
also important in NO-dependent regulation of cellular metabolism
and signal transduction.*” A complex relationship between iron
and NO and the putative biological role of DNIC has been recently
reviewed by Richardson and Lok® and Lewandowska et al.,’
respectively.

In spite of many attempts, neither chemical structure nor bio-
logical importance of in vivo formed DNICs has been unequivocally

Abbreviations: DNIC, dinitrosyl iron complexes; CD, circular dichroism; DFO,
deferoxamine (N’-[5-(acetyl-hydroxy-amino)pentyl]-N-[5-[3-(5-aminopentyl-
hydroxy-carbamoyl)propanoylamino]pentyl]-N-hydroxy-butane diamide); HIS-DNIC,
histidine dinitrosyl iron complex; LIP, labile iron pool; MRP1, multidrug resistance
associated protein 1 (an official name: ATP-binding cassette, sub-family C (CFTR/MRP),
member 1, ABCC1).

* Corresponding author. Tel.: +48 22 5041118; fax: +48 22 5041341.
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explained. Two main binding sites for Fe-NO complexes with low
molecular weight (LMW) ligands have been proposed: (i) sulfur
(I)-containing ligands, such as glutathione, and (ii) imidazole rings
present in residues, such as histidine or purines. In high molecular
weight ligands, thiols are responsible for DNIC formation in non-
heme iron proteins, whereas histidine can participate in the forma-
tion of iron complexes containing heme ligands.'® The DNICs with
thiol ligands, sometimes called 2.03 complexes, because of the g
value of their characteristic EPR spectra have been found in many
organisms, from bacteria and plants to animals.!' However, the
similarity of the EPR spectra of thiol- and histidine-derived dinitro-
syl complexes in aqueous media preclude unequivocal assignment
of their biological role.>*!'? While dinitrosyl-dithiol iron(Il) com-
plexes are well characterised species in which iron is coordinated
by two sulfur atoms and two NO molecules, the biological impor-
tance of complexes of histidine, NO and iron have scarcely been
investigated. In the very early publication of Woolum,'? it was pro-
posed that the N7 atom of histidine imidazole ring is responsible
for coordination of iron and DNIC formation in non-thiol proteins.

According to the literature, the toxicity of DNIC's components
seems to be mutually dependent on each other, but the reported
results give an ambiguous picture. Bostanci and Bagirici'4~1®
reported attenuation of iron-induced neurotoxicity by nitric oxide
synthases inhibitors. On the other hand, the presence of NO
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donors was reported to protect against iron-induced nephrotoxi-
city.!”!® The reported ability of iron ions to rescue tumor cells
from the pro-apoptotic effects of NO is in line with these results,
showing mutual interrelationship of nitric oxide and iron
toxicity.!®

Another effect is attributed to coinciding active transport of
iron and glutathione outside the cells?® that was proven to be
dependent on MRP1.2! The dependence of iron release on gluta-
thione provides an evidence that intracellular iron might be de-
pleted via MRP1 in the form of DNIC. It was also shown that
depletion of glutathione rendered the cells vulnerable to NO
donors.??

All the above examples of mutual dependence of iron toxicity
on the presence of NO (and vice versa) made us formulate a ques-
tion whether the cause of these effects may simply be the mutual
chemical interaction between these species, resulting from com-
plex formation. The aim of this study was to evaluate whether
formation of DNIC may participate in observed sparing effect of
NO on iron toxicity. To gain insight into the possible chemical as-
pects of iron and nitric oxide coexistence in the form of DNIC, we
decided to examine interactions of LMW histidine DNIC with
DNA. Histidine DNIC (HIS-DNIC) changes the DNA conformation
in dose dependent manner as revealed by circular dichroism.
However, we found out that DNIC-DNA interaction strongly de-
pends on the pH and ionic strength of the reaction buffer and is
similar to the interaction of Fe?" ions alone.

2. Materials and methods

L-(+)-Histidine hydrochloride monohydrate (98%) was obtained
from Lancaster Synthesis UK. All other chemicals were supplied
by Sigma-Aldrich. CD spectra in the range of 240-320 nm were
recorded on Jasco 600 spectrophotometer. FT/IR spectra of histi-
dine hydrochloride and HIS-DNIC (240 uM) in D,O were recorded
in ZnSe flat cell in the range of 2000-1260 cm~! on Jasco FT/IR
470 PLUS spectrophotometer. The baseline was corrected for
D,0. EPR spectra were recorded on X-band Bruker ESP 300 in
77 K, at microwave power 1 mW, microwave frequency 9.3 GHz
and modulation ampitude 0.3 mT. Formation of HIS-DNIC was
also monitored at room temperature (293 K). In this case EPR
spectra were recorded at 20mW of microwave power and
0.06 mT of modulation amplitude. Evaluation of g factors was
performed using SimFonia 1.25 software (Bruker, DE). To assess
HIS-DNIC stability in the presence of DNA, 120 uM salmon testes
DNA (10-fold molar excess) was added for 2 min prior to
recording.

2.1. Preparation of histidinyl dinitrosyl iron complex

HIS-DNIC was prepared according to.'® Briefly, iron salt was
added to a deoxygenized solution of histidine hydrochloride
(20 mM, pH 6) under an atmosphere of N to the final concentra-
tion: 1 mM, 100 uM, 10 uM, 1 pM of Fe**. NO was prepared via
reduction of NaNO, by FeSO,4 in acidic solution, anaerobically.
Forming gas was then bubbled twice through concentrated NaOH
solution to eliminate traces of NO,. NO was then passed through
the solution of Fe/His (20 min), followed by N, (5 min) to evacu-
ate excess of NO. The reaction yield was estimated to be more
than 99%, based on the concentration of the bathophenantroline
chelatable iron ions at the end of the reaction. Bathophenanthro-
line does not disrupt the HIS-DNIC complex, thus the amount of
iron ions chelated by bathophenanthroline corresponds to the
amount of iron ions not bound in the form of HIS-DNIC. This
was further confirmed by UV-VIS spectroscopy that revealed
the reaction yield to be 95% (data not shown).

2.2. Measurement of HIS-DNIC-DNA interaction

A calf thymus DNA stock solution (1 mg/mL in phosphate buf-
fer) was mixed with solutions containing either histidine hydro-
chloride (20 mM), iron(Il) salt, iron(Il) salt in the presence of
20 mM histidine or its dinitrosyl complex in phosphate buffer.
The HIS-DNIC-DNA interaction was evaluated by CD spectroscopy.
All CD spectra were recorded at 293 K, 2 min after sample prepara-
tion. Influence of pH or ionic strength of the reaction buffer on HIS-
DNIC-DNA interaction was evaluated by changing pH from 6 to 7
or use of 10 mM, 20 mM and 100 mM buffer, respectively.

2.3. Plasmid nicking assay

In order to estimate the extent of DNA damage caused by differ-
ent concentrations of the histidine dinitrosyl iron complex a plas-
mid cleavage test was carried out. In this test, the proportion of
abundance of DNA bands, corresponding to supercoiled (CCC),
open circular (OC) and linear (L) forms of the plasmid, visualised
after electrophoresis is directly related to DNA damage.

Plasmid pUC19 was incubated at 37 °C for 40 min with different
concentrations of iron(Il) ions in the presence or absence of 20 mM
histidine, or HIS-DNIC in 10 mM phosphate buffer (pH 6 or 7).
Aquated iron ions were incubated in water of adjusted pH to avoid
iron(Il) phosphate precipitation. The incubation mixtures in a total
volume of 20 pL contained 400 ng pUC19 plasmid DNA. For each
HIS-DNIC concentration a control reaction was set with ten times
molar excess of deferoxamine (DFO), a selective and strong iron
chelating agent, that was proven by EPR to decompose DNIC, to
test if the observed DNA damage was induced by iron ions. All
experiments were done in a glove bag (Sigma-Aldrich) under N,
atmosphere.

Reaction products were resolved electrophoretically on 1.5%
agarose gel containing 0.25 pg/mL ethidium bromide. To obtain a
linear form, the plasmid was cleaved with Smal endonuclease (Fer-
mentas). All the procedures were performed in a glovebag (Sigma-
Aldrich) filled with nitrogen. The DNA bands were visualized under
UV light, photographed and the intensity of bands was estimated
by Image], a public domain Java image processing program
(http://rsbweb.nih.gov/ij/index.html).

3. Results
3.1. Spectra of histidinyl dinitrosyl iron complex

Formation of the HIS-DINC was confirmed by EPR spectroscopy
(Fig. 1). The EPR spectra recorded at 77 K revealed anisotropic sin-
glet, which was characterised by three g values (calculated by sim-
ulation): g« = 2.051, g, = 2.033, g, = 2.014 (Fig. 1A). The EPR spectra
of water solutions recorded at 293 K were all isotropic singlet with
g =2.032, peak-to-peak width of 1.1 mT and well-resolved isotro-
pic hyperfine splitting, characterized by 13 lines with A;.
so=0.21 mT (Fig. 1B). The structure of the EPR signal obtained for
histidinyl DNIC at 293 K implies that coordination sphere of iron
in DNIC with histidine contains two nitrogen atoms of nitrosyl li-
gands and two imidazole nitrogen atoms of two histidine mole-
cules, as proposed by Woolum and Commoner.?*> and as it takes
place in dinitrosyl complex with methylimidazolate.> The 13-line
signal appears to be a result of interaction of unpaired electron
with four nitrogen nuclei—two of NO ligands with hyperfine split-
ting of 0.42 mT and two of histidine with HFS of 0.21 mT. Thus,
upon the analysis of the hyperfine structure of EPR signal and com-
parison to the data of Reginato et al.* concerning complexes of the
similar structure, one can conclude that histidinyl DNIC coordina-
tion sphere is likely composed of two imidazolate nitrogen atoms
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Figure 1. EPR spectra of histidinyl dinitrosyl iron complex: at 77 K (A) and at 293 K
(B).

and two nitrogens of the two NO molecules. On the other hand the
spectroscopic data do not allow to exclude the possibility that the
histidinyl ligand is bidentately bound to the central ion via the
nitrogen atom of the imidazole moiety and the nitrogen of the ami-
no-group. Such coordination was proposed in the already men-
tioned early work of Woolum and Commoner.?®> The EPR
spectrum of DNIC in an excess of DNA was of much lower intensity
and its hyperfine structure was hardly visible. DNA solution in the
range of g-factor about 2 was completely EPR silent (Fig. 1B).
Another approach to the structure evaluation was made using IR
spectroscopy. Infrared spectra of histidine and HIS-DNIC are pre-
sented in Figure 2. Assignment of ligand bands was done according
to?® and is presented in Table 1. Two peaks at 1807 and 1690 cm™!
observed in the HIS-DNIC spectrum were assigned to symmetric
and asymmetric stretching vibration of NO groups, respectively.?4-27

3.2. Plasmid nicking assay

Dose-dependent induction of plasmid DNA strand breaks by
HIS-DNIC was observed at pH 6, as indicated by higher fluores-
cence of bands assigned to the OC form and appearance of the lin-
ear form of the plasmid (Fig. 3A). For the samples incubated with
the highest (1 mM) concentration of either iron ions or HIS-DNIC
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Figure 2. FT/IR spectra of histidine (240 nM) (solid line) and histidinyl dinitrosyl
iron complex (240 uM) (dotted line) in D,0, pH 5. Solvent spectrum subtracted. For
band assignment see Table 1.

Table 1
Vibrational band assignment for histidinyl chloride vs histidinyl dinitrosyl iron

complex in the range of 1260-2000 cm™".

HisCl (herein) HisCI* Fe(NO),(His) (herein) Band assignment?
— — 1807 Vsym N-O
— - 1696 Vas N-O

1439 1439 1439 8 CH,

1407 1410 1407 Vsym COO™

1354 1340 1354 R4?

1322 - 1322 5 (NH5")

2 y—stretching, s—deformation, B—bending, R4,*—imidazole ring vibrations.

about 80% of the plasmid was found in its OC or L form. However,
no induction of strand breaks was observed in the 1 pM HIS-DNIC
concentration that corresponds to cellular LIP concentrations.?® No
statistically important differences were found between the amount
of DNA strand breaks induced by HIS-DNIC and iron ions alone or
iron ions in the presence of 20 mM histidine.

Induction of DNA breaks by HIS-DNIC treatment was com-
pletely inhibited by the presence of the iron ion chelator, DFO
(Fig. 3B). Neither histidine alone, nor the HIS-NO complex induced
DNA strand breaks. As expected from the CD experiment, at pH 7
DNA breaks formed by the treatment with HIS-DNIC were less pro-
nounced. At this pH a marked induction of DNA damage (ca. 34% of
0OC) was observed only after treatment with 1 mM HIS-DNIC
(Fig. 3C).

3.3. DNA-Fe interaction

Influence of increasing amounts of Fe?* ions on the DNA confor-
mation was investigated by CD spectroscopy in different pH and
ionic strength conditions. The CD spectra of DNA in the presence
of increasing amounts of FeSO4 are shown in Figure 4. The right
band of the DNA spectrum monotonically decreased with the in-
crease of the FeSO,4 concentration. An identical effect was seen in
the presence of Fe(NO), (data not shown). This effect is completely
suppressed at pH 7 or by increasing the ionic strength of the reac-
tion buffer (Fig. 5, Supplementary Fig. 1).

3.4. HIS-DNIC-DNA interaction
CD spectra of DNA treated with increasing amounts of HIS-

DNIC are shown in Figure 6. Increase of the HIS-DNIC concentra-
tion resulted in increased changes of the DNA helix structure that
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Figure 3. (A) Nicking of the plasmid DNA by different concentrations of HIS-DNIC, iron in the presence of 20 mM histidine or iron ions alone at pH 6. (B) Nicking of the
plasmid DNA by HIS-DNIC at pH 6 in the presence or absence of DFO. (C) Nicking of the plasmid DNA by HIS-DNIC at pH 7 in the presence or absence of DFO. pUC19 plasmid
(400 ng) was treated with solutions indicated on the figure. Upper panel: gel images; Lower panel: plasmid DNA bands intensity. Filled box - supercoiled form (CCC); hatched
box - open circular form (OC); empty box - linear form (L). For numerical values and statistical evaluation see Supplementary Table 1. Hash denotes statistically significant
difference vs control. Upper panel - gel images: in lane one position of linear form of Puc19 cleaved by Smal endonuclease is shown. Lanes 2-11 correspond to the bands
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Figure 4. CD spectra of DNA (200 uM) in the presence of increasing amounts of Fe?* in 10 mM phosphate buffer, pH 6 (A); DNA spectrum subtracted (B).

points to the interaction of the complex with DNA. In order to
establish whether the effect comes distinctively from DNIC or
from the complex components, the observed effect was compared
to the interaction of DNA with increasing amounts of iron(Il)
alone (Fig. 4) or in the presence of 20 mM histidine (Supplemen-
tary Fig. 2). The influence of the HIS-DNIC complexes on the DNA
helix structure was identical to that of the hydrated iron ions or
iron(1l) histidine mixture. As in case of hydrated Fe?*, this effect
of HIS-DNIC on DNA was suppressed by increasing pH or buffer
ionic strength (Fig. 7, Supplementary Fig. 3).

4. Discussion

4.1. Spectral properties of nitrosyl histidinyl iron complex and
implications for electronic charge distribution in the complex

The EPR signal in the range around g = 2.03 is characteristic for
the nitrosylated iron ion. Ligands and the free iron(Il) itself cannot
be observed in X-band ESR, thus this signal is commonly used as
the indication of nitrosyl iron. Also the observed shape of the sig-
nal, suggesting rhombic to axial symmetry of the ligand field, is
commonly explained by the distorted tetrahedral structure of the
coordination sphere.®

Nitrosyl iron complex of histidine was obtained also by Regina-
to et al.>* and EPR spectra indicating formation of the paramag-
netic complex were recorded, as noted in the mentioned work.

Although, no crystallographic data were provided for the histidinyl
complex, Reginato et al.?* published therein a detailed report on
the formation of crystalline nitrosyl methylimidazole complex,
showing that before the formation of diamagnetic d'° species an
intermediate Fe(NO),(1-Melm)," was formed, paramagnetic prop-
erties of which were lost upon crystallization. The EPR spectra of
herein examined HIS-DNIC, as well as the mode of its interaction
with DNA suggest similar electronic nature of the central ion as de-
scribed by Reginato et al.?* for the paramagnetic form of imidazo-
late complex. The phenomenon of dinitrosyl iron complexes
changing their electronic proprieties during solubilization was ob-
served before for thiol-containing ligands.'? The change of diamag-
netic complexes to paramagnetic ones is likely due to the
disproportionation reaction of iron atoms. The precise mechanism
for the disproportionation step is not known, but possible mecha-
nism was proposed in?° (see also Ref. 9 and references therein).
According to calculations of,2® in DNICs covalent bonding is
formed between the iron atom and the two NO groups (see also
Enemark and Feltham’s theory of the electronic structure of
Me-N-O groups®®). The iron becomes formally negatively
charged, and the two nitrosyl groups take on the nature of nitro-
syl cations (NO*). Depending on the electron-donating properties
of the two non-nitrosyl ligands, a partial back-donating effect oc-
curs with the transfer of electron density back to antibonding m*
orbitals of NO groups. Thus, higher wavenumbers of NO vibra-
tions indicate weaker electron donating proprieties of non-nitro-
syl ligand in case of DNICs. The difference in the frequencies of
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Figure 7. CD spectra of DNA (200 uM): (A) in the presence of increasing amounts of HIS-DNIC in phosphate buffer pH 7; (B) in the presence of increasing amounts of HIS-
DNIC in 100 mM phosphate buffer, pH 6; DNA spectrum subtracted. Raw spectra are shown on Supplementary Fig. 3.

symmetric and asymmetric stretching vibrations of NO groups in
hydrated [Fe(His),(NO),] reported here is greater than in the case
of other iron nitrosyl complexes described in the literature and
shows that the two NO groups are non-equivalent to a great ex-
tent (Supplementary Table 2). The wavenumber of the symmetric
vibration (1807 cm™) falls in the range between N-O vibration in
[Fe(H,0)5(NO)]** (1810cm™!)*! and that in [Fe(EDTA)(NO)J*~
(1777 cm™1).3? Slight differences in the structures of the Fe-N-
O fragments can be explained by differences in the electron den-
sity transfer from the iron atom to the NO due to the dative inter-
action dn(Fe) — pm*(NO). At the same time the wavenumber of
the symmetric stretching vibration is much higher in the studied
complex than in the iron nitrosyl complex with 1-methylimidaz-
ole (1673 cm™1).2* The difference of NO stretching vibrations as
compared to methylimidazole and observed non-equivalence of
the two NO-groups, suggest a different mode of coordination.
The wavenumber of the asymmetric stretching vibration band
(1690 cm™!) for the studied histidinyl complex is low as com-
pared to other iron nitrosyl complexes,?4-2733 however it is much

higher than this band in the methylimidazole complex. The wave-
numbers of N-O stretching vibrations for the histidinyl complex
are closest to those of the thiolate-bridged dinuclear iron complex
(NO)4Fe,(pi-cysteamine),,2® however the IR spectra similarity
does not imply the similar mode of coordination of HIS-DNIC
complex.

4.2. Interaction of Fe** and its nitrosyl complexes with DNA

The small decrease in the intensity of the right band of the CD
spectrum of DNA upon addition of either iron ions or the His-DNIC,
indicates that the interaction between the iron complex and DNA
induces only slight modifications to the native conformation of
the DNA (Figs. 4 and 6). DNA intercalation as a major binding inter-
action, usually produces much more pronounced changes in the
intensity and position of the left and/or right band of the CD spec-
trum of native DNA.>43> Indeed, it has been reported that iron ions
bind in a sequence specific manner DNA bases and sugar-phos-
phate backbone.?® Small changes of the CD spectrum of DNA ob-
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served in this work upon addition of HIS-DNIC suggest that the
HIS-DNIC interactions with DNA are of similar nature like that of
the iron ions alone, rather than DNA intercalation. Influence of
the buffer ionic strength supports this explanation. Similar spectra
were found by Silvestri et al.>’ for Fe(Salen) complexes and also
attributed to ionic interaction. The change of the DNA CD spectrum
upon addition of iron(Il) ions, observed by us, resembles changes
reported by Baase and Johnson>® for DNA in presence of various
concentrations of metal salts. Correlation with crystallographic
data allowed these authors to attribute these changes to transfer
of DNA coiling from ‘B’ form to ‘C’ form with the change in the
number of base pairs per turn of DNA helix. Therefore, changes
in the CD spectrum of DNA reported in this paper are likely to be
due to changes in the DNA conformation resulting from ionic
interaction.

The effect disappears at pH 7 and along with increasing buffer
ionic strength, what further confirms the labile character of the ob-
served interaction. The weaker effect of HIS-DNIC and iron ions on
DNA at the lower pH was also observed in plasmid nicking assay.
At pH 6, 100 uM and 1 mM HIS-DNIC or iron ions produced a sig-
nificant increase in plasmid damage as compared to the control.
This effect was diminished at pH 7, where the significant effect
was observed only for treatment with 1 mM HIS-DNIC (Fig. 3 and
Supplementary Table 1). Similar change in the capability of iron
ions to induce plasmid DNA cleavage in relation to the changes
of phosphate buffer acidity was recently reported by Kim and
Kim,?® and was attributed to the rapid autooxidation of Fe*? jons.
Interestingly, the effect was also profound in N, atmosphere, sug-
gesting that remaining dissolved oxygen is an efficient reactant for
Fe?* ion-mediated DNA cleavage reaction.>®

The interactions between cellular levels of iron and nitric oxide
have been widely studied and mutual relationship between iron
and NO toxicity is presently discussed.’®-4? Recent reports have
shown, that among the most effective biological scavengers of
nitrosyl iron are glutathione transferases.*>~*> Therefore, the for-
mation of a dinitrosyl iron complex could prevent DNA from strand
breakage induced by radicals produced in Fenton reaction, via
forming high-molecular complexes outside the nucleus. This
would have a particular meaning in circumstances such as oxida-
tive stress, a situation accompanied by formation of NO.

On the other hand, it is well proven, that increased NO levels
cause an increase of the genotoxic labile iron pool (LIP), that is cel-
lular iron which remains in the form of complexes with low molec-
ular mass ligands, labile enough to enter Fenton reaction.?® The
iron ions are likely released from iron containing proteins, such
as iron-sulfur cluster proteins that are prone to nitric oxide ac-
tion.*®4” According to our studies up to 50% of NO scavenged by
Fe to form dinitrosyl complexes is bound by LIP,*4° likely in the
form of low molecular weight (LMW) complexes, such as com-
plexes with glutathione or histidine, both ligands abundantly pres-
ent in the cellular milieu. Thus, formation of LMW DNIC involving
LIP might protect cellular components against toxic action of NO
and iron. Although the actual composition and the net charge of
the histidinyl DNIC molecule is not clear,® our results show that
this LMW complex of nitrosylated iron does not form any stable
conjugates with DNA but is electrostaticaly attracted to polyanion-
ic DNA strand. To test the hypothesis that HIS-DNIC formation
might protect DNA from iron-induced damage, we performed
DNA nicking assays. No significant reduction of formation of DNA
breaks was observed in HIS-DNIC treated plasmid as compared to
hydrated iron ions (Fig. 3), which agrees well with the discussed
above CD results. Moreover, we observed that presence of DNA
facilitates decomposition of HIS-DNIC (Fig. 1B). This implies that
DNIC does not protect DNA from the toxic action of iron. Thus,
there is no effect coming distinctively from physicochemical nat-
ure of DNIC that could account for the mutual protective role of

iron and nitric oxide in toxicity for living cells. On the contrary,
our results emphasize the labile character of the complexes of
the studied type. This is in accordance with the well known biolog-
ical relevance of DNICs, which act as nitric oxide transducers, and it
supports the conclusions that the aforementioned mutual interre-
lationship of iron and NO toxicity depends rather on the modula-
tion of signaling pathways or the other not yet identified effects
than direct genotoxicity.

Whether HIS-DNIC is formed in vivo is a matter of further
investigations. The majority of in vivo works deals with thiolate
DNIC. However, it is known for a long time'? that in vitro also
other DNICs may form, thus it cannot be excluded that other
DNICs are also formed in vivo. This could take place in case of
low availability of thiolate ligands in the biological compart-
ments. The non-thiol species are supposed to be in the balance
with the prevailing thiol-DNICs and in some conditions the
non-thiol DNICs might have an important part to play in the
FeNO equilibrium. Moreover, paramagnetic DNICs found in bio-
logical systems are characterized by EPR spectra with isotropic
g values of around 2.03. In the case of high-molecular DNICs an
axial symmetry of g-factor tensor is reported, for example:
g1 =2.04, g;=2.014 for protein-bound DNIC>**! decreasing to
rhombic in case of DNICs with low-molecular ligands.* The
anisotropy of the g values is displayed in the EPR spectra of
low-molecular-weight DNICs as well, if acquired from frozen
solutions. As g-values vary only slightly according to the nature
of the ligand, the spectra for each one is not distinctive in a man-
ner that would allow the treatment of each signal as the finger-
print of a given complex. Thus, the same signal can originate
from a DNIC incorporating only one thiol-containing ligand along
with a non-thiol ligand, as well as from a dithiolate complex, ergo
it is not possible to distinguish whether published in vivo data
regarding biological formation and effects of DNIC result from
thiolate or non-thiolate DNIC.

5. Conclusion

The difference in frequencies of symmetric and asymmetric
stretching vibrations of NO groups in [Fe(His);(NO),] is greater
than in case of other iron nitrosyl complexes described in the lit-
erature, and shows that the two NO groups are non-equivalent to
a great extent. The wavenumbers of N-O stretching vibrations for
the histidinyl complex are closest to those of the dinucleated iron
complex [(NO)sFe(p-cysteamine)],. Our data suggest that the nat-
ure of the HIS-DNIC influence on the DNA conformation appears
to be identical to that of iron(Il) ion and is of electrostatic nature.
These complexes affect DNA similarly to other salts.>® CD spectral
changes are identical for aquated, histidine or histidine and NO
complexed iron and these changes are suppressed by pH 7 and
high ionic strength. Therefore, we suggest that no covalent bind-
ing of DNA by DNIC is observed and DNIC formation does not af-
fect the interaction of iron ions with polyanionic DNA. DNA
nicking assay suggests also no effect of DNIC formation in iron-in-
duced DNA damage. It is plausible to assume that this is caused
by low stability of HIS-DNIC, especially in the presence of nucleic
acids, as was shown by addition of DNA to the HIS-DNIC prepara-
tion. Thus, it is unlikely that the observed sparing effect of NO on
iron toxicity is mediated by HIS-DNIC.
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