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ABSTRACT

EPR

DMPO-CHO, -OH, -H adducts

For the first time we here present the . e
— H,0
= DNTF’O

B

unambiguous identification of the formyl I —

radical (*CHO) by EPR (Electron

Paramagnetic Resonance) spectroscopy and mass spectrometry (MS) using DMPO
(5,5-dimethyl-1-pyrroline N-oxide) as spin trap at ambient temperature without using any
catalysator(s). The *CHO was continuously generated by UV photolysis in closed anoxic
environment from pure formaldehyde (HCHO) in aqueous solution. The isotropic
hyperfine structure constants of *CHO were determined as ay = 15.72 G and

ap = 21.27 G. The signals were deconvoluted and split by simulation in their single
adduct components: DMPO-CHO, DMPO-H and DMPO-OH. We verified our results at
first using MNP (2-methyl-2-nitroso-propane) as spin trap with known literature data and
then mass spectrometry. Similarly the MNP adduct components MNP-CHO, MNP-H as
well as its own adduct, the MNP-2-methyl-2-propyl (MNP-MP) were deconvoluted. Due
to the low signal intensities, we had to accumulate single measurements for both spin
traps. Using MS we got the exact mass of the reduced *CHO adduct independently

confirming the result of EPR detection of formyl radical.
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1. Introduction

The formyl radical (*CHO) is an oxygen containing molecule formed e. g. in course
of oxidation of hydrocarbons. It is of considerable importance as an intermediate in
chemical [1-3] as well as in biochemical reactions [4, 5]. Measurements of *CHO at 77 K
in single crystals were carried out by Holmberg [6] and adsorption to transition metal
surfaces by Gomes and Gomes [7]. The EPR spectra of the *CHO and the deuterated
*CDO were observed in solid carbon monoxide between temperatures of 4.2 to 30 K [8].
This radical was also detected in interstellar molecular clouds [9]. The technique used
was the measurement of the strongest hyperfine component of one of its microwave
transitions. Measurements of *CHO at very low or high temperatures or under metal
catalyzed conditions are of no relevance for biological and medical processes. It is now
believed that in connection with cancer the human body produces formaldehyde
(HCHO). This is probably caused by the aggressive formyl radical [10]. Yang et al. [11]
assume to have detected the *CHO in their process experiments and used an aqueous
dispersion of catalytic Pt/TiO, powders containing DMPO and HCHO. Indeed we can
confirm their assumption, as we found similar hyperfine structure constants.

Spin trapping of short-living radical intermediates °R by nitrones and other spin traps
is also a well-known technique [12, 13]. The resultant DMPO spin adduct is a relatively
stable nitrone radical, which can be characterized by EPR. The basic reaction for the

appearing radical adduct with DMPO is shown in Scheme 1.



79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

Scheme 1. DMPO reaction with a radical. The structure and radical electron are

indicated (°*R = *CHO, °H, *OH or other components for different investigations).

DMPO DMPO-radical adduct
f\|]+ " .R . //Q\R
o O-

The formyl radical is involved in a series of many abiotic and biotic reactions. It is the
starting point of many biosynthetic reaction sequences of important metabolic products
involved in the evolution of life [14]. The propulsive chemical force for these reactions is
assumed to be the hydrogen radical.

In the present study we will provide evidence for the detection of *CHO and °H in
combination with *OH upon UV photolysis of HCHO at ambient temperature applying
DMPO. DMPO causes less lipid peroxidation [15] and is EPR silent. This makes it a
suitable spin trap for in vivo measurements of protein- and DNA-radical adducts. DMPO
also diffuses easily through membranes of all cell compartments. Due to its relatively low
toxicity, in vivo DMPO can be used at concentrations high enough to out-compete the
common reactions of DNA radicals, thus ensuring a high yield of DNA nitrone adducts
[16-21]. To verify our found result for the DMPO-CHO adduct we used MNP as spin trap
for the MNP-CHO adduct with known literature data as well as applied mass

spectrometry for the exact mass detection of the reduced DMPO-CHO adduct.
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2. Material and methods

2.1 Chemicals and Reagents

Solutions were prepared in ultra pure anoxic water from a Millipore Milli-Q ultra-pure
water system. All chemicals used were of analytical grade and purchased from Sigma-
Aldrich, Germany. MNP was obtained as the dimer, and was used without further

purification.

2.2 Purification of DMPO

Prior to experiment, commercially available DMPO was highly purified [22] and the
quality checked by EPR. About 1 g charcoal was suspended in 25 ml ice-cold Milli-Q
water and flushed with N, for 10 min. An ampoule DMPO (1 ml) was added to the
charcoal suspension and flushed with N, for 10 min. The whole mix was filtered under
N> flow using Whatman paper filters (45 pm). Aliquots of the filtrate (yield = 18 ml) were
frozen at -25°C until use. 100 pl of this solution (c = 345 mM DMPOQO) was mixed with
1 ml pure HCHO solution (c = 2 M). The anoxic solutions were prepared according to a

standard procedure [23, 24].



127 2.3 Generation of pure formaldehyde

128

129 Pure formaldehyde (HCHO] was generated from decomposition of = 600 mg

130 paraformaldehyde by heating and flushing the produced HCHO by N, into 5 ml anoxic
131 water (10 ml bottles, sealed by teflon caps, see Fig. 1).

132

133
HCHO gas

—
134 T N, out
N2 ml

135

136
Paraform- Anoxic
137 aldehyde water

Heatin ;
138 prr g Cooling

0°C)

139

140  Fig. 1. Schematic setup for the generation of pure formaldehyde.

141

142 Paraformaldehyd was heated at 170°C under continuous N flow, pure formaldehyde
143 was generated and dissolved in anoxic water at 0 °C. The final HCHO concentration

144  obtained was = 2 M and used without further dilution.

145

146 2.4 EPR measurements

147

148 An EPR quartz flat cell (Bruker, ER 160 FC-Q) was filled with mixtures of freshly

149  prepared anoxic 1 ml HCHO (~2 M) solution (Fig. 1) with DMPO or MNP solutions under

150 continuous N, flow and tightly closed. The formyl radical adducts were produced by UV

6
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radiation. The UV irradiation source was an Osram HNS 10 W/U ofr in a self-made lamp
house with a wavelength of 254 nm at an intensity of 35 W/cm?.

About 20 mg MNP-dimer in 6 ml Millipore water were used without further
purification for our verification experiment. The solution was treated as described by
Makino et. al. [25] 1 ml of this solution (c = 20 mM MNP monomer) was mixed with 1 ml
HCHO solution (Fig. 1).

In preliminary experiments we found only weak signals of radicals for the spin trap
MNP by photolysis at A = 254 nm. To improve quantum yield from about 30% at 254 nm
to = 70% at = 300 nm?® (see Fig. 2) we later used a XENON 6251 lamp (wavelength
range = 200 nm - 2400 nm, Newport Corporation, Darmstadt, Germany;

http://www.newport.com).
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Fig. 2. Estimated curve (redrawn) of quantum yield by Calvert et. al. (2011) [26].
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2.5 EPR Settings

If not otherwise stated, the EPR settings were: microwave power 20 mW, receiver
gain 2.5:10%, center field 3452 G, sweep width 100 G, modulation frequency 100 kHz,
modulation amplitude 2 G, conversion time 82 s and time constant 10 s. For noise
reduction we accumulated 10 measurements for the DMPO-adducts and 35 for the
MNP-adducts. All measurements were carried out on a BRUKER ESP300 instrument in

the X-Band regime.

2.6 Mass spectrometry measurements

To confirm the formation of the described radicals, exact mass measurements and
fragmentation experiments of the DMPO-adducts were carried out on a TripleTOF 6600
(AB Sciex, Darmstadt, Germany) coupled to a Nexera UPLC (Shimadzu, Duisburg,

Germany). Data acquisition and processing were done with Analyst TF 1.7.1.

3. Results and Discussion

3.1 EPR spectroscopy after photolysis of formaldehyde by using DMPO

UV photolysis of an aqueous solution of pure formaldehyde in presence of DMPO
generates the signal shown in Fig. 3. The EPR spectrum was deconvoluted by
simulation with the help of EasySpin®’ and WinSim software [28, 29]. We started the

simulation of the well-known 1:2:2:1 quartet lines of the DMPO-OH (*) adduct and then

8
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we fitted DMPO-H (V) [30-32] using literature values. As a result we could identify the 6
lines of the DMPO-CHO (x) adduct with the isotropic hyperfine coupling constants

any =15.72 G and ay = 21.27 G (see Table 1). The best fit resulted in a highly significant
root-mean-square R value of 0.997 with a residual value RMSD of 0.097.

The EPR signal is composed of three adduct species, whose spectra overlap (Fig. 4).
The relative areas reported by WinSim are: DMPO-CHO = 71%, DMPO-OH = 19%, and
for the DMPO-H adduct = 10%. The extracted signals in Fig. 4 were scaled to their
relative areas. This makes it easier to show the overlapping of the different species. As
seen from Fig. 4 the DMPO-OH adduct (b) overlaps the DMPO-H adduct (c). Due to the
continuous generation of *CHO, one obtains a strong signal of DMPO-CHO (see also

Fig. 3, marked by x symbol).
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Fig. 3. EPR spectrum and simulation obtained by UV photolysis of HCHO. The EPR
spectrum in presence of DMPO (a) and the simulation of the measured signal (b) are
shown. The spectrum (a) is an accumulation of 10 single measurements. The positions
of the adduct signals are marked: (*) DMPO-OH, (¥) DMPO-H and (xX) DMPO-CHO.

The final concentrations of HCHO and DMPO used were ~1.8 M and ~31 mM,

respectively.
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Table 1: Isotropic hyperfine coupling constants and NoH (N over H values) using DMPO.

The isotropic hyperfine constants, NoH and literature values for the various DMPO

adducts are given.

Adduct an / Gauss ay / Gauss NoH =an/ay Ref.
DMPO-CHO 15.72 21.27 0.74 this work
15.80 21.10 0.75 11
DMPO-OH 14.94 14.88 1.004 this work
14.90/ 15.00 14.90/15.00 1 30/31
DMPO-H 16.61 22.30 0.75 this work
16.60 22.50 0.74 30
16.60 22.60 0.73 32

Lown and Chen [33] assigned their values of ay = 15.6 G and ay = 18.8 G

erroneously to *CHO, but it is obviously the carbon dioxide radical anion (*CO) as

deduced from the original publications [34, 35]. We cannot base our simulations on their

values for *CHO.

A search of the spin trap database [36] with the chemically not-quite correct

nomenclature *COH vyields two results: (1) ay = 14 G and ay = 17.7 G [37]. The authors

assign their values to the acetyl radical, not to the formyl radical with reference to the

following original literature (2) ay = 14.03 G and ay = 17.87 G [12]. Here the radicals with

these above mentioned values are also annotated to the acetyl radical, requiring

correction / update of the spin trap database as search of *CHO provides no results with

DMPO.

12
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3.2 EPR spectroscopy after photolysis of formaldehyde by using MNP

Additionally we verified our results using MNP as spin trap. Literature data are
known for the MNP-H and the MNP-CHO adduct (see Table 2) [30, 38, 39]. MNP, a
monomer in aqueous solution, itself produces a signal in EPR measurements due to the
addition of the carbonaceous dissociation component from MNP [25, 40], assigned as
MNP-2-methyl-2-propyl (MNP-MP] adduct (see below]. The chemistry of MNP is shown

in Scheme 2.
Scheme 2. Chemistry of the MNP spin trap. (1) Equilibrium reaction of MNP dimer and
MNP monomer in aqueous solution. (2) reaction of MNP monomer with UV light to 2-

methyl-2-propyl (MP) radical and nitric oxide radical and (3) reaction of MNP with 2-

methyl-2-propyl radical to the MNP-MP adduct.

0

1. %—N/ \\N% 2 YN=0
NS
~o
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In preliminary experiments, we have obtained very small signal intensities at 254 nm

for MNP. A literature search has shown that the quantum yield for the reaction

hv
HCHO > *CHO + °H

increased from about 30% at 254 nm to approximately 70% at 300 nm UV radiation [26]
(Fig. 2]. The measured EPR spectrum (a] and the simulation (R = 0.97] of the signal (b]
are presented in Fig. 5. The arrows indicate the position of the MNP-CHO adduct
overlapped by MNP-MP and MNP-H. EPR signals are additive. Therefore the MNP-CHO

signal is disturbed by the overlapping of the MNP-MP and MNP-H signals.

14



311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

Vol

Intensity / a. u.

3420 3430 3440 3450 3460 3470 3480

Fig. 5. EPR spectrum and simulation obtained by UV photolysis of HCHO using MNP.
EPR spectrum in presence of MNP (a) and the simulation of the signals (b) are
exhibited. The arrows indicate the position of the MNP-CHO adduct (35 accumulations)
overlapped by MNP-MP and MNP-H. The final concentrations of HCHO and MNP-

monomer used were ~1 M and ~10 mM, respectively.

Again, we deconvoluted the MNP’s EPR spectrum, using the simulation tools
EasySpin and WinSim software [27-29]. The signal was identified to consist of three
components: the MNP-MP, MNP-CHO and MNP-H adducts (Fig. 6). Simulations using
WinSim yielded relative areas of MNP-MP = 73%, MNP-CHO = 18% and MNP-H = 9%.
The simulated signals in Fig. 6 were again scaled to their relative areas. As it can be
seen from Fig. 5 and 6, the MNP-CHO adduct is strongly overlapped by MNP-MP and

MNP-H.
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Fig. 6. Simulated spectrum and deconvoluted signals of all adducts with MNP. (a) The
simulated spectrum of all components (no scaling, see also Fig. 5(b)) and the three
components of the MNP adducts: (b) MNP-MP, (c) MNP-CHO and (d) MNP-H are

shown. The maximal values of signals (b) - (d) were scaled to 1.
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Table 2: Isotropic hyperfine coupling constants and NoH values using MNP. The

isotropic hyperfine coupling constants, NoH and literature values of MNP-MP and other

MNP adducts are given.

Adduct an / Gauss ay/ Gauss  NoH Ref.
MNP-MP 17.14 - - this work
17.20 - - 40
MNP-CHO 1.74 1.44 5.38 this work
6.90 - 7.70 1.40-250 292-529 30/38/39
MNP-H 14.20 14.72 0.97 this work
14.40 14.40 1.00 30

In the following section we describe the result of our mass spectrometry experiment.

Fig. 7 illustrates the MS/MS mass spectrum with the exact mass of the reduced DMPO-

CHO adduct.

3.2 Mass spectrometry

The characteristic fragments of the DMPO moiety and the loss of -OH and -CHO in

the final product of “DMPO-CHO” (Fig. 7] as compared to the “DMPO-OH” and DMPO

mass spectra found, confirm the results of EPR measurements and simulations.

The mass fragments and the typical relative intensities of the reduced final product

“DMPO-CHOQ” are:

17
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ESI-MS (positive mode]: HRMS m/z 144.1011 (calculated mass for [C7H14NO5]" m/z

144.1019]; MS/MS (CE 20V; [M+H]" m/z (%]:126.092 (100], 81.069 (69], 144.102 (67],

93.068 (49], 79.054 (47], 98.096 (43], 109.063 (37], 108.078 (31], 77.038 (28], 91.053

(26], 82.064 (25], 69.070 (22], 84.081 (22], 53.038 (22], 56.0498 (21].

56.05

1

130.08

(1)

113.09

55.05

114.09 (2)

56.05

50 60

10-Z

Fig. 7. MS/MS mass spectra and reaction mechanism sequence proving the formation of

69.07

70

81.07
79.05

80
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o

(3)

144.10

126.09

114.09

110 120 130 140 150

OH

At Mo Mo H@\f{@\fj o
© OH ! 3

m/z 144.10

DMPO-CHO adduct. The exact mass of the reduced DMPO-CHO adduct (3] is given as

compared to DMPO-OH adduct (1) and DMPO (2) after protonation. The final product

(reduced DMPO-CHO adduct) was formed by the attack of *CHO and *H and later

protonated to give the mass m/z 144.10 as shown in the reaction mechanism below (3).
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The reaction mechanisms of formation of DMPO-OH adduct were already described by

Yang et al. [41].

3.4 Significance and potential of detection of DMPO-formyl radical adduct

We showed unambiguously in the first step that the formyl radical could be
generated from formaldehyde at ambient temperature under photolytic conditions similar
to that of UV-B band radiation of sun light (Fig. 2). As the life span of formyl radical is
extremely short [8], we must rather have more sensitive techniques to show the in vivo
formation of DMPO-formyl radical adduct (Fig. 7), e. g. mass spectrometry after
oxidation into more stable Nitrone adduct and/or probably by immunological techniques
[42, 43]. Our results point to formyl radical formation from formaldehyde under ambient
conditions that could be related to the carcinogenesis of formaldehyde, already

associated with e.g. different types of cancer, diabetes, Alzheimer disease [44 - 47].

4. Conclusions

To summarize, we can conclude that we have provided the unambiguous
experimental identification and the signal simulation of DMPO-CHO adduct in order to
detect the formyl radical *CHO with the spin trap DMPO at ambient temperature in
anoxic aqueous solution without using any catalysator(s). Since the formyl radical gives
a signal with low intensity at ambient temperature that is almost overlapped by DMPO-H
and DMPO-0OH, an experimental approach was needed that continuously generates

radicals in a closed system and minimizes noise. Independent mass spectrometry using
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TripleTOF-MS validated the results of formyl radical formation as shown by EPR
experiments and simulation data, too. Based on our results, the detection of *CHO with
DMPO can be recommended because it is relatively non-toxic [19] and it produces also
stable adducts. The isotropic hyperfine constants derived from our EPR study for
DMPO-adducts can now be used for the in vitro characterization of formyl radical at
ambient temperature. Our studies also show the possibility of using DMPO as an
endogenous trap of formyl radical for future use in vivo studies in connection with
various severe diseases like cancer, diabetes, Alzheimer disease [44 - 47]. For this
purpose, formyl-DMPO radical adduct can be measured either by TripleTOF-MS (see
above), or probably by immuno-fluorescence analysis of fluorescence-labelled antibody

for specific detection of bound anti-DMPO probe in tissues [42, 43].
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