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OH radical reactions with the hydrophilic component of

sphingolipids

Alexandra Lisovskaya®<*, Oleg Shadyro®, Olav Schiemann¢, lan Carmichael®

In this work, using the example of model compounds, we studied the reactions resulting from the interaction of OH radicals

with the hydrophilic part of sphingolipids. We compared the stopped-flow EPR spectroscopy and pulse radiolysis with

optical detection methods to characterize radical intermediates formed in the reaction of OH radicals with glycerol, serinol

and N-boc-serinol. Quantum chemical calculations were also performed to help interpret the observed experimental data.

It was shown that H-abstraction from the terminal carbon atom is the main process that is realized for all the studied

compounds. The presence of the unsubstituted amino group (—NH,) is seen to completely change the reaction properties

of serinol in comparison with those observed in glycerol and N-boc serinol.

INTRODUCTION

Hydroxyl radicals are highly reactive toward many
biomolecules including DNA, lipids, proteins, and
carbohydrates and cause changes in their structure and
functions.1=® Biomolecular oxidations by OH radicals play a
major role in cellular processes and can be responsible for
many pathologies, including atherosclerosis, inflammatory
conditions, certain cancers, and the process of aging. 4°
The most frequently probed process of membrane lipid
damage is peroxidation that causes oxidative damage to
unsaturated fatty acid residues in the hydrophobic moiety
of the membrane lipid bilayer.>” On the other hand,
sphingolipids, which contain mainly saturated fatty-acid
residues and modulate numerous cellular processes,®1° are
not subject to such oxidative events. Nevertheless, the
hydrophilic head groups of sphingolipids have an aliphatic
amino-alcohol core (Scheme 1) and can interact with
reactive oxygen (radical) species on the surface of
membranes (hydrophilic moiety). It was shown that *OH
induces elimination of the acyl chain of sphingomyelin in its
sphingosine backbone (polar part) while ceramide is stable
towards such "OH oxidation.1?

Also, it was demonstrated that sphingomyelins in biological
membranes act as inhibitors of lipid oxidation
propagation.1?
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However, insufficient data exists on the mechanisms
leading to the free radical destruction of membrane lipids
that are crucial for a better understanding of the complexity
of cellular processes and the origins of related pathologies
(diseases).

In recent studies it was shown that the actions of gamma
rays, UV-irradiation and hypochlorous acid on sphingolipids
and their analogues induces damage by C-C bond cleavage
in their hydrophilic moiety .13716 |t is believed that the
mechanism includes fragmentation reactions in the
hydrophilic component of these sphingolipids. These
pathways differ with respect to the intermediates and
products formed from those observed in peroxidation
processes, and interestingly, they occur under hypoxic
conditions.1®

The purpose of this research is to obtain additional
information on the mechanism and kinetics of the reactions
of the hydrophilic component of sphingolipids with
hydroxyl radicals. To do this we probed the reaction of the
OH radical with small (low-weight) molecules that mimic
the hydrophilic part of sphingolipids, namely 2-amino-1,3-
propanediol (serinol) and its derivatives — N-boc-serinol and
glycerol. Serinol is prochiral, belongs to the group of amino
alcohols, and its derivatives are often used intermediates in
several applications in medicine and the chemical
industry.?
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Electron Paramagnetic Resonance (EPR) spectroscopy with
an adjustable stopped-flow system was applied to obtain
both structural and kinetic information on radical
intermediates formed in the reaction of the OH radical with
serinol, N-boc-serinol and glycerol to help elucidate the
details of the mechanism. Quantum chemical calculations,
that is Density Functional Theory with a basis set specifically
designed to recover reliable isotropic hyperfine couplings,
was employed to assist in the assignment of the various
recorded EPR spectra. Pulse radiolysis spectrophotometric
methods were used to obtain transient optical absorption
spectra of the initial radicals formed from radiolysis of
serinol and N-boc-serinol in aqueous solution at various pH
values. Time-dependent Density Functional Theory (TD-
DFT) computations of vertical excitations were performed
to assist in the interpretation of the observed absorption
spectra.

RESULTS

EPR spectra of radical intermediates.

Continuous flow EPR experiments together with
computational chemistry have been used to study radical
intermediates derived from serinol and its derivatives upon
reactions with OH radicals. OH radicals were generated
using a Ti3*/ H,0, -Fenton system at room temperature (2).
Kinetics of the species generated were measured using
rapid-flow experiments with a mixing EPR resonator.
TiCl3+2H,0,+H,0->*OH+OH+[Ti(0,)OH]*+3HCl (2)
A radical at g = 2.013 was observed (without substrate) that
corresponded to an adduct between an oxygen radical and
a diamagnetic Ti** ion (Ti**-0,).18 In these experiments, we
used the Ti3* /H,0, -Fenton system reagent with added
EDTA. EDTA complexes the metal ion and allows one to
observe the reaction in neutral and alkaline solutions.1%2°
At basic pH, the tetra-anion of EDTA is hexadentate and
forms octahedral complexes with Ti3*, with g=1.954. To
separate superimposed EPR spectra of other species from
those of the serinol-derived radicals in the complex mixture
of the Fenton system, control experiments were performed
(see Fig. S1 in Supporting Information). In the presence of a
substrate, the Ti3*-EDTA ligand complex appears at g =
1.960,1920 which does not interfere with the detection of
organic radicals (g = 2.004). It should be noted that we did
not find the spectrum of EDTA radicals formed by the attack
of the OH radical at g = 2.0035 (11.6 Gauss (aH), 7 Gauss
(aN)), as previously reported. 1220 |t can be assumed that
their concentration was insignificant (Fig. S1).

2

Figure 1 shows EPR spectra of radicals formed in the
reaction of 100 mM serinol with *OH (Ti3* / H,0, - Fenton
system) at pH 3, 7 and 10.5 at room temperature recorded
under fast continuous-flow conditions. We carried out
experiments at different pH values since free radical
fragmentation reactions are often pH sensitive. The EPR
spectrum of the radicals derived from serinol in acid
solutions (Fig. 1, red, pH 3) shows 12 peaks stemming from
at least two distinct radicals. Upon transition to a neutral
medium, this signal disappears. Increasing the pH to 10.5
the EPR signal increases again but the spectrum is different,
presenting now two quartets with a total of at least 10
peaks (Fig. 1, blue).

Complementary to the experimental study, detailed
quantum chemical calculations were conducted on a
number of potential radicals (Figure S2). Serinol molecules
tend to form intermolecular hydrogen bonds between OH
and NH, groups resulting in 135 distinct conformational
possibilities.?! The structures of all H-loss radicals from
these conformers are obtained by DFT calculations as
explained in the Methods section. Figure S3 shows
optimized 3D-structures of five main conformers of neutral
carbon-centered serinol radical in the first position of the
carbon skeleton (C1) (aal, agl, gal, ga2 and gG1).?! The
calculated EPR parameters for all conformers of the studied
compounds are given in Tables S1-S3 in Supporting
Information. The optimized quantum mechanical
geometries of the main radical intermediates are presented
in Table S4.

Serinol, Ti" '/ H,0, g=2.0032
— pH3 l

= pH7
— pH10.5

T T T
3400 3420 3440 3460

Field, G
Figure 1. EPR spectra of radicals generated in the reaction of the Ti**/H,0,-Fenton
reagent with 100 mM serinol at pH 3 (red), pH 7 (green) and pH 10.5 (blue).
Simulated EPR spectra of radicals are shown in black.
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The simulated spectra of the serinol radicals are
superimposed in black on the experimental spectra in
Figure 1. EPR parameters of the simulated spectra are given
in Table 1.

Based on the calculated data, we predicted the formation
of a carbon-centered radical cation (Cl-ga2, C3-agl) with
the second component corresponding to a carbon-centered
neutral radical (Cl-aal,agl, gG1 and C3-agl) (see Table 1,
Table S1). In addition, a C1 neutral radical (ga2) also showed
a contribution.

In order to study the kinetics of radical formation, EPR
spectra were recorded at different reaction times from
39 ms to 0.7 ms. The signal amplitude intensity vs. mixing
rates at different field values is presented in Figure 2A.
Analyzing the kinetics of signals at different magnetic field
values, we could see the presence of at least two radical
species with different rates of formation and decay. When
plotting the intensity of the radical signals against the
reaction time, the resulting curve is best described by
assuming an exponential decay (Fig. 2A). Based on the high
rate of formation of these radicals, it can be assumed that
they are formed during the first-order reaction, i.e., these
are the primary intermediates. This is consistent with the
stimulated spectra for the carbon-centered serinol radical
cation and neutral carbon-centered serinol radicals.

An EPR signal observed in the reaction of the OH radical
with serinol at pH 10.5 shows 4 peaks with 13.7 G hyperfine
splitting with intensity ratios 1:1:1:1 and an additional
splitting (Fig. 1). The fitted spectrum contains signals from
two radicals (Table 1, Table S2). The first radical can be
assigned as the amino ethanol radical that can be formed as
a secondary intermediate derived from a nitrogen-centered
serinol radical. The additional signal can be attributed to
another secondary radical intermediate.

At pH 10.5, the intensity of the EPR signal varied
significantly during the time course (Fig. 2B).

It was found that these radicals are generated slowly with
the maximum intensity at a reaction time of 2.5 ms and
then decay very rapidly. The signal line intensity at 3411
Gauss showed a different kinetics, which may indicate the
presence of another radical. Slow rates of radical formation
indicate that radicals are formed in second-order reactions.
This assumption is consistent with the simulated EPR
spectrum (Fig. 1, Table 1).

We also collected the EPR spectra of the products formed
in the reaction of OH radicals with a derivative of serinol,
which has an acylated amino group — N-boc-serinol at
various pH values.
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Table 1. EPR parameters of the radicals derived from the reaction of studied
compounds with OH radical

. Significant hyperfine coupling
Radicals g value
constants, Gauss
20.8(aH), 8.9(BN), 8(BH), Line width
(LW)=1.8, Line shape (LS)=0.45, Area
(A)=5.9 (C1-ga2, C3-agl radical
Radicals cations);
derived from 11.7(aH), 33(BH), LW=1.8, LS=1,
serinol at pH 3 A=0.8 (Cl-aal, agl, gG1l and C3-agl 2.0032
radicals);
14(BH), 3.7(BN), LW=2.5 LS=0.18,

2.0032

. 2.0032
A=6.0 (C1-ga2 radical).
Radicals 13.8 (aH), 27 (BH), 4 (BH), LW=3.06, 2.0021
derived from LS=1, A=8 (amino ethanol radical);
serinol 415 (BH), 11 (BN), LW=1.45,15=0.3, .
at pH 10.5 A=1.54 (secondary radical).

17.3 (aH), 16.3 (BH), 5.9 (BN),

Radicals X
LW=2.26, LS=0, A=18.89 (C1 radical 2.0032

derived from N-

R cation);
boc-serinol at
21.9(2BH), LW=3.56, LS=0.59, A=4.7
pH 3 . 2.0025
(C1 radical).

17.3 (aH),27.8 (2BH), 1.2(CHO),
LW=1.7, LS=0.23, A=5.4, (cis 2.0045
hydroxypropanal radical);
18.34(atH), 25.6(2BH), 1.4(CHO), L

Radicals =1.5, LS=0.6, A=3.8), (trans 2.0043
derived from hydroxypropanal radical);
glycerol 19.9 (aH), 19.4(aH), 2.25(2yH),
atpH1 LW=1.36, LS=0.4, A=1.76, (cis 2.0048
Hydroxyacetone radical);
19.8 (2aH), 2.4 (2yH), LW=1.45, 2.0035

LS=0.18, A=2.1, (trans
hydroxyacetone radical).

) 17.346(aH), 11.05(BH), LW=1.5,
Radicals

) LS=0.74, A=19.96 (C1 glycerol 2.0031
derived from .
radical);
glycerol
10.0(4BH), LW=1.1, LS=0.6, A=6.3 2.0029
atpH 11

(C2 glycerol radical).

Figure 3 shows EPR spectra of transient radicals formed
from N-boc-serinol upon reaction with the Ti3* /H,0, -
Fenton system at pH 3, 7 and 11.

In alkaline as well as in neutral solutions of N-boc-serinol,
the signal is practically unnoticeable (Fig. 3).

The spectrum of the radical(s) derived from N-boc-serinol in
acid solutions differs from that observed for serinol.

The simulated EPR spectra of possible N-boc-serinol radicals
showed that the experimental spectrum in acid solution
corresponds to a combination of two radicals.



Physical Chemistry Chemical Physics

0.16 |
A
0.14
0.12 3416,6 Gauss
= 3433,8 Gauss
5 0104 3424.6 Gauss
[ L
0.08- &
0.06 i
0.04 | g
0.02| =t
S Peeassaag
T T T T
0 10 20 30
Reaction time, ms
.
0.35 "
- B B 3423.4 Gauss
9301 3411 Gauss
® 3401 Gauss
0.25 -
So20-
L]
0.15 b
0.10 -
o »
°
0.05-, 1
b
T T T
10 20 30

Reaction time, ms

Figure 2. Reaction kinetics for serinol with OH radical at different pH values. The
EPR signal intensity for radicals generated in the reaction of Ti3*/H,0,-Fenton with
100 mM serinol at pH 3 (the signal line amplitude) vs. reaction time fitted to the
exponential decay (A) and with 50 mM serinol at pH 10.5 (the signal line amplitude)
vs reaction time (B).

The simulated EPR spectra of radicals formed in the
reaction of OH radical with N-boc-serinol at pH 3 are shown
in black in Figure 3. The signal corresponds to a
superposition of the C1 radical cation with the C1 radical
(Table 1, Table S2).

The kinetics of the reaction of N-boc-serinol with the OH
radical in acid solutions showed the same behavior as for
serinol, which suggests the formation of primary radical
intermediates.

To establish the effect of the amino group on the structure
of radicals derived from serinol, we also probed glycerol
solutions at different pH values.

Figure 4 shows the EPR spectra of transient radicals formed
from glycerol upon reaction with the Ti3* /H,0, -Fenton
system at pH 1, 7 and 11 at a reaction time of 2.5 ms. The
signals of glycerol radicals are significantly different from
either serinol or N-boc-serinol. The signal from glycerol
radical intermediates is much more intense in alkaline
solutions and has fast formation rate and an exponential
decay similar to that seen in Figure 2(A).

4

N-boc-serinol, T 1 HyO, Lg—2.0032
=— pH3
= pH 7
—pH 1
T T T T T
3400 3420 3440 3460 3480
Field, G

Figure 3. EPR spectra of radicals generated in the reaction of the Ti**/H,0,-Fenton
with N-boc-serinol at pH 3, pH 7 and pH 11 recorded at a reaction time of 2.5 ms.
Simulated EPR spectra of radicals are shown in black.

The fitted EPR parameters for radicals derived from glycerol
are given in Table 1. The EPR signal in alkaline solutions
corresponds to the C1° glycerol radical with hfcs from 2
hydrogens (Table 1).

The simulated spectra of the C1° glycerol radicals are
superimposed in black on the experimental spectrum in
Figure 4. The contribution of an additional signal from the
C2° glycerol radical (4HP) is also visible (10%). The structure
of the spectrum obtained in acidic gycerol solutions (Fig. 4)
shows 7 main peaks that include signals from the
hydroxypropanal radical (hC2°), ~70%, with hfcs
corresponding to both its cis- and trans- forms.

g=2.0031

Glycerol, Ti* 1 H;0;
== pH 1
= pH7

—pH M N

T T T T T T
3380 3400 3420 3440 3480 3480

Field, G

Figure 4. EPR spectra of radicals generated in the reaction of the Ti**/H,0,-Fenton
system with glycerol at pH 1 (red), pH 7 (green) and pH 11 (blue). Simulated EPR
spectra of radicals are shown in black.
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About 30 % of the signal is the contribution from the
hydroxyacetone radical (hC1°®) also with hfcs of its cis- and
trans- forms.

Previously it was found that EPR spectra observed in the
UV-induced reaction of glycerol with H,0, in acid solutions
were composed of radicals hC2* and hC1* produced by acid-
catalyzed elimination of water from C1°* and C2° glycerol
radicals?2. The data obtained in this work match the EPR
parameters obtained previously (Table $3)2223,

The signal intensity was the highest at a reaction time of
2.5 ms, as shown for serinol radicals formed in alkaline
solutions, implying that these radicals were generated in
second-order reactions.

At neutral pH, the signal is much weaker and the structure
of glycerol radicals is similar to that observed in an alkaline
medium with additional splittings from hC1® and hC1°®
radicals (Fig. 4). Presumably, the C1° glycerol radical begins
to undergo acid-catalized dehydration upon transition to
pH neutrality.

Transient absorption spectra of radical intermediates. Pulse
radiolysis.

The OH-induced free radical reactions of serinol and N-boc-
serinol were also examined at various pH values using pulse
radiolysis. Figure 5(A) shows the transient absorption
spectra measured after pulse radiolysis of solutions
containing 10 mM serinol saturated with N,O to scavenge
€aq” (3-4). In the presence of N,O (2.8x1072 mol dm™3) the
reaction of serinol with the hydrated electron is completely
eliminated.

€,q~ + N,O +H,0 - *OH + N, +OH" (3)
H+N,O = *OH+N, (4)
An absorption spectrum with a maximum at about 300 nm
formed within 200 ps after the pulse in both neutral and

| el
5 ) \.\_ A 10mM serinol
— ‘- ® pH4

4 = pH7
\ pH 10.5
¥ pH12

W"g\ -

T T T T T T T
260 280 300 320 340 360 380 400
Wavelength [nm]
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alkaline solution (Fig. 5(A)). With an increase in pH up to pH
12, the intensity at 300 nm decreases and a shoulder grows
in at 350-360 nm. In acidic solutions with pH 4, the signal at
300 nm disappears.

Figure 5(B) shows the kinetics of transients formed in
10mM serinol solutions at 303 nm at pH 7 and 10.5 200 us
after the pulse. The fit curves are shown in black. The rate
constants of the °*OH reaction with serinol for their
formation have been measured at various concentrations
of serinol and different doses at 303 nm at pH 7 and 10.5.
The pseudo-first-order rate constants of the formation of
the serinol radical at 303 nm were plotted as a function of
substrate concentration (Fig. 6). They have a linear
character with the slope representing the second-order
rate constant for the formation of radicals from reaction of
serinol with the OH radical equal to 1.56 + 0.3 x 1010 M-1s1
at pH 7and 4.02 £ 0.5 x 10** at pH 10.5. It can be seen that
the rate of formation of serinol transients is about 20 times
faster in an alkaline medium. At the same time, the signal is
more intense in neutral solutions.

To assist with the interpretation of our experiments, we
calculated transient absorption spectra of possible radicals
formed during reaction of the OH radical with serinol and
N-boc-serinol in aqueous solutions at different pH (Fig. S2).
First, we used the time-dependent DFT (TD-DFT) method
with the B3LYP functional and a flexible augmented and
polarized triple-zeta basis set.

Tables S1-S2 presents data on the calculated vertical
excitation energies of the radicals derived in the reaction of
serinol and N-boc-serinol with OH radical. Table 2 shows the
comparison of significant experimental data and suitable
calculated excitation energies of the radicals formed in the
reaction of serinol and N-boc-serinol with the OH radical.

10mM serinol, 303nm
pH 10.5, 18.6Gy
~ pH 10.5, 11Gy

— pH 7, 18.6Gy
— pH 7, 11Gy

I T T
50 Time, ps 100 150

o -

Figure 5. (A) Transient absorption spectra observed 200 ps after 5 ns pulse radiolysis ( ~ 16.3 Gy) in N,O-saturated aqueous solution containing 10 mM serinol at pH 4 (e), pH 7
(m), pH 10.5 (A) and pH 12 (V). (B) Kinetics of transients formed 200 ps after 5 ns pulse radiolysis at 303 nm in 10 mM serinol solutions at pH 7 and 10.5, saturated with N,0O.
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Figure 6. Plots of the observed pseudo-first-order rate constants of the
radical formation of at 303 nm as a function of serinol concentration at pH 7
and 10.5 in N20O-saturated aqueous solution.

Based on the calculated spectra, the signal of serinol
transients in acidic solutions may correspond to a
superposition of aal and galconformers of C1l serinol
radical cations (Table 2). The TD-DFT calculated spectrum of
serinol carbon-centered radical cations showed low
intensity signals, and an additional shoulder appears at 320
nm (Table S1).

In neutral serinol solutions, the absorption maximum at
300 nm can be attributed to the neutral carbon-centered
serinol radicals (Cl-aal,agl, C3-gal,ga2). The suitable
calculated spectra (artificially broadened by assuming a
0.333 eV half-width) are superimposed on the experimental
one with a relative intensity and width in the Figure S4.

In alkaline solutions, the spectral maximum of serinol
transients is shifted to the red with an additional shoulder
at 330-390nm.
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Table 2. Significant excitation energies of the radicals formed in the reaction of
serinol and N-boc-serinol with OH radical

Calculated excitation
energies (oscillator
strengths), nm

Radicals Experimental
excitation

energies, nm

Radicals derived 266(0.002), 269(0.02), 322(0.01) (C1
from serinol at 278(0.0018), radical cation - aal, gal).
pH3 302(0.0013),
333(0.001)
Radicals derived 296(0.054) 293.5(0.033) (C1 radical -
from serinol at aal, agl); 298(0.02) (C3
pH7 radical —gal, ga2).
Radicals derived 266(0.003), 307(0.025), 350(0.016),
from serinol at 296(0.0039), 403(0.025) (C2 radical - gal,
10.5 345(0.0013), ga2); 250(0.01), 356(0.004)
387(0.007) N-centered radical
(averaged).
Radicals derived 260(0.003), 290(0.02), 337(0.003)
from 296(0.002), (C1 radical).
N-boc-serinol at 320(0.015)
pH 7
Radicals derived 296(0.005), 284(0.06), 309(0.02),
from 327(0.004), 343(0.02) (C2 radical);
N-boc-serinol at 376(0.002) 290(0.02), 337(0.003)

pH 11 (C1 radical).

The calculated spectrum from the neutral C2 serinol radical
has an intense broad signal at 310-400 nm.

The calculated optical spectrum of the nitrogen-centered
serinol radical showed weak absorption at 320-340 nm with
an additional shoulder at 515 nm (Table S1), which is not
observed in the experimental data.

10mM N-boc-serinol, 303nm

5 AT ; — pH12,18.6Gy; — 11G
A A 'y 10mM N-boc-serinol i P » 16.60Y; Y
o o - DHT 1 B pH 7, 18.6Gy; — 11Gy
i A A pHIZ "
,
A,_‘ 4
a 3" a a
o 3 bl o
E | § “a £ 3
bg A Mt 4
2 .\.--‘\ ‘. 2 " RN
| = -.}“. _________
\l;- ‘-.‘ 14 i . i' Wy '“"”.W
1 o
-
rl—l(_' - 0 1*
T T T T T T T 1 T T T T T
260 280 300 320 340 360 380 400 nm 0 50 100 150 200
Wavelength [nm] Time, ps

Figure 7 (A) Transient absorption spectra observed in 200 us after 5 ns pulse radiolysis (~16.3 Gy) in N,O-saturated aqueous solution containing 10 mM N-boc-serinol at pH 7 (m)
and pH 12 (A). (B) Kinetics of transients within 200 ps after 5 ns pulse radiolysis at 303 nm in 10 mM N-boc-serinol solutions at pH 7 and 12, saturated with N,O.
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Therefore, it can be assumed that a superposition of various
serinol radicals occurs in alkaline solutions (see Table 2).
Figure 7A shows the transient absorption spectra observed
200 ps after a 5ns electron pulse in N,O-saturated aqueous
solution containing 10 mM N-boc-serinol at pH 7 (m) and pH
12 (A). In this case, in acid solutions, the absorption signal
was in the ultraviolet region, less than 230 nm. In a neutral
medium, the spectrum looks like that in serinol solutions at
pH 3. Upon transition to an alkaline medium, broad intense
signals appear at 290 nm with a shoulder at 320-380nm. It
follows from this that completely different processes occur
during the interaction of OH radicals with these substrates
at alkaline pH.

The kinetics of transients formed in 10 mM N-boc-serinol
solutions at 303 nm at pH 7 and 12 within 200 us after pulse
radiolysis is presented in Figure 7B. As can be seen from
these kinetics, N-boc-serinol transients are rapidly formed
and then decompose by analogy with serinol transients at
pH 10.5.

The TD-DFT calculated and experimental excitation
energies of N-boc-serinol radicals are presented in Table 2.
As can be seen from these data, the calculated spectra of
neutral C1 carbon-centered radical correspond to the
experimental spectrum at pH 7 (Table 2, Table S2). The
absorption spectrum of N-boc-serinol transients produced
in reaction with *OH at pH 12 has a broad band from 280 to
350 nm. The observed spectrum of N-boc-serinol transients
in alkaline solutions can be can be attributed to a
combination of neutral carbon-centered radicals in the first
and second position of the carbon skeleton (C1, C2).

DISCUSSION

In this work we applied pulsed radiolysis and stopped-flow
EPR spectroscopy to obtain information on the structure of
radical intermediates and their kinetics formed in the
reactions of °*OH with a structural analogue to the
hydrophilic part of sphingolipids. We used the concept of
homology in structure when we selected low molecular
weight lipid analogues — serinol and N-boc serinol. To
evaluate the contribution of the amino group, we studied
the radical intermediates that are formed in the reaction of
glycerol with the OH radical. Glycerol is a structural
analogue of hydroxyl-containing phospholipids, which are
also prone to fragmentation reactions in their hydrophilic
part.24=26 In addition, a recent review examined in detail the
reactions of reactive oxygen species with lipids, which
proceed without oxygen.®

7
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Previously, OH-induced reactions of amino alcohols and
other amino acids were studied using steady-state
radiolysis of their aqueous solutions.?’-2° Radiolysis product
analysis can give information on products eventually
formed but does not provide direct evidence of the primary
steps that occur in radical reactions. The purpose of this
work was to identify such prompt radical intermediates
derived from serinol and its derivatives in reaction with *OH
and to probe their kinetics, which have not been previously
reported.

It is well known that the interaction of OH radicals with
alcohols will mainly lead to the formation of carbon-
centered radicals from the starting molecules by H-atom
abstraction. Further transformations of the C-centered
radicals initially formed depend on their structures
(functional groups) and on the environment.2223,30,31-33
The data obtained in this work on EPR spectra of glycerol in
acid solutions confirm the presence of both the 3-
hydroxypropanal radical and the hydroxyacetone radical,
which were formed upon acid-catalyzed dehydration of the
C1 and C2 glycerol radicals according to Scheme (5). Similar
reactions have been observed for glycerol,?? glycerol-1-
phosphate,?334 ethylene glycol 333 and hydrated
glycolaldehyde 35 by pulse radiolysis and EPR spectroscopy.
It was shown that elimination of water from C1 and C2
glycerol radicals is the dominant process in acidic
solutions.?222>  The suggested dehydration reaction
mechanism was proposed to go through a six-membered
transition state.

It seems that the probability of the fragmentation of C1 and
C2 glycerol radicals is greatly reduced in neutral solutions.
Moreover, the EPR spectra of radicals formed in glycerol
solutions at pH 7 and 11 mainly correspond to the C1
glycerol radical with an additional contribution from C2
(Table 1).

2 H* N
HO OH —> HO -4 +0
-H,0
OH
. o _CH,
HO OH —> HO
-H,0
OH (e}

Serinol exist in a protonated form at pH values less than 5,
since the pK, of serinol is 5.45. The primary stage of the
reaction of serinol with the OH radical, which was recorded
by pulsed radiolysis and EPR, involves the formation of the
C1 radical cation and C1 neutral radical. In contrast to our
observations for glycerol, in serinol solutions we could not

(5)
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identify 3-hydroxypropanal and hydroxyacetone radicals
formed during rapid acid-catalysed deamination. Thus, the
protonation of the amino group blocks that fragmentation
process of C1 serinol radicals in acid solutions.

Based on quantum chemical calculations, we have
determined the relative energies of the various radicals
formed upon H abstraction from our starting compounds.
In each case, radicals formed at C2 were shown to be the
more stable (Table S1). The fact that the observed EPR
spectra indicate the presence of radicals at C1 and/or C3
implies that the formation process is under kinetic control.
Similar preference for the formation of C1 radicals was
obtained previously for glycerol radicals, both in this work
and previously.?222335 |t can be assumed that the
deamination process of serinol is more energetically
favorable than dehydration and is stabilized by the
formation of a transition state with hydrogen bonds. As
previously mentioned, serinol molecules  form
intermolecular hydrogen bonds between OH and NH,
groups.?! The most abundant conformer gal exhibits a
chain of O-HN and N-HO hydrogen bonds, where the
amino group simultaneously acts as both a proton donor
and an acceptor. Previously, it was found that C1 carbon-
centered serinol radicals in neutral solutions decay through
further deamination with accumulation of the final product
3-hydroxypropanal, which is the main product in neutral
solutions.?”-2° The mechanisms of °*OH-induced serinol
fragmentation reactions in neutral solutions includes the
formation a five membered transition state of the C1
radical, due to hydrogen bonding, followed by breaking of
the 23 bonds (in relation to the radical center), as shown in
scheme (6).

NH, NH;
HO 0 N AN
—
—> m NH. HO 3 o
Rl (6)

Similar to serinol, *OH-induced processes were obtained for
N-boc-serinol in acidic and neutral solutions. It was
previously shown that ethanolamine and serine phosphates
in neutral solutions form mainly C1 radicals at the a-
position to the phosphate and phosphate elimination from
these radicals does not take place when the amino group is
protonated.?3

From the calculated data on optical absorption we can
propose the formation of C1(3) serinol radicals (averaged
transients from conformers) at pH 7 (Table 2).

The data obtained showed that transients formed in the
reactions of the compounds under study with the OH
radical in alkaline solutions were completely different. In
the case of glycerol, the primary C1 radical is the main
intermediate in alkaline media. The presence of an amino
group in the structure of serinol completely changes the
reaction properties of the molecule. In neutral and alkaline
solutions the amino group of serinol is in the unprotonated
state (pKa =12.2). Under these conditions, the process of C2
radical formation becomes energetically more favorable.
From the optical absorption of the intermediates, it can be
seen that C2 serinol radicals have a very short lifetime.
Therefore, it was not possible to observe them by our
stopped-flow EPR method. Similar processes for the
formation of the C2 radical were also demonstrated for N-
boc-serinol at pH 11.

Nevertheless, it was previously found that during radiolysis
of solutions of amino alcohols, along with the deamination
process, destruction products of the carbon skeleton were
formed.?7-2° The yields of fragmentation products were
higher in alkaline solutions. Consequently, in the case of
serinol, the formation of nitrogen-centered radicals is also
realized. It was proposed that the interaction of
electrophilic OH radicals with amino group leads to the
formation of aminyl radicals, which further fragment
through a five-membered transition state (Scheme 7).

“ Y a
HoN HN
’ \/\OH \/\OH H3C/\NH
H,O ¢ -NH3 H20¢ -NH3

(0]

\/\OH HaC/\O (7)
The radicals detected from serinol in alkaline solutions by
the EPR method are secondary intermediates that have a
signal structurally similar to that of the aminoethanol
radical with the addition of other hyperfine splittings. The
optical absorption spectrum of nitrogen-centred radical is
most likely not intense and could not be distinguished. The
replacement of the hydrogen atom in the amino group of
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the N-boc-serinol molecule leads to blocking of this process.
No EPR signal was observed in alkaline solutions of N-boc-
serinol, which may indicate the participation of the amino
group in the formation of this serinol intermediate.

CONCLUSION

In this work, a comparison of radical intermediates of
radicals formed during the reaction of OH radicals with
glycerol, serinol and N-boc-serinol was carried out using
stopped-flow EPR spectroscopy and pulse radiolysis. Based
on both obtained experimental results and calculated data,
the reaction mechanisms of the studied compounds were
proposed. It has been shown that in a neutral medium, all
the compounds undergo H-abstraction mainly from the first
atom of the carbon chain in reactions with an OH radical,
though energetically less favorable than abstraction at C2,
based on computational chemistry data. These facts should
be taken into account when considering the processes of
sphingolipid destruction in neutral solutions. In acidic
solutions, glycerol radicals undergo fast acid-catalyzed
dehydration. This process is not realized for serinol or N-
boc-serinol molecules, since, in an acidic medium, the
amino group is protonated, thus preventing rapid
implementation by such secondary reactions (deamination
and dehydration).

The presence of an amino group completely changes the
reaction properties of serinol in alkaline solutions and leads
to the occurrence of dehydration and destruction
processes. The stopped-flow EPR method made it possible
to identify and describe the radicals derived from the
studied compounds, the formation rate of which do not
exceed 1x109M1st, For example, we identified the
formation of short-lived serinol and N-boc-serinol radicals
in an alkaline medium by the method of pulse radiolysis,
though they are not detected by the stopped-flow EPR. At
the same time, for acidic solutions of glycerol and alkaline
solutions of serinol, we have shown the possibility of
catching radical intermediates formed in secondary
reactions on the basis of the kinetics of the EPR signal.
Thus, in this work we present a comparison of two methods
that make it possible to obtain information about the
structure and also the kinetics of the formed radical
intermediates. Of course, the EPR method is much more
useful in determining the structure of radicals. While the
pulse radiolysis method makes it possible to record the
absorption spectrum and kinetics of short-lived radicals,
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which cannot be detected by the stopped-flow EPR
method.

METHODS

Pulse radiolysis experiments. All chemicals were
commercial samples of high purity and used without further
purification. The pulse radiolysis experiments were
performed using an 8 MeV Linear Accelerator (LINAC) at the
Notre Dame Radiation Laboratory with pulses of 2 ns
duration. A multichannel detection system with a 1000 W
xenon lamp was used for the UV-visible transient
absorption measurements at short times. A multichannel
system recorded an array of 24 monochromatic kinetic
signals on all input channels of 6 synchronously triggered
Tektronix oscilloscopes as described earlier.3® For pulse
radiolysis dosimetry, 10 mM KSCN solutions saturated with
N,O were used. The radiation chemical yield of (SCN),* was
taken as (5.2+0.05)x10* m2J-1 with e=7580 M~1cm™1.37
Stopped flow EPR spectroscopy. CW-EPR experiments
were carried out in a Ti3* /EDTA/H,0, -Fenton system with
a Bruker ER 4117 MX Dielectric Mixing Resonator installed
on a Bruker EMX Micro EPR spectrometer. For each
experiment, the solutions were prepared freshly in argon
saturated ultrapure water and stored under an argon
atmosphere. For the Fenton-like reaction, 100 mL of each
of the two reactant solutions were prepared. Solution 1
consisted of TiCl; (8.8 mM), H,0, (160 mM), together with
H,SO,4 (180 mM) or EDTA (14 mM). pH control was achieved
using 2.5 M NaOH. Solution 2 containing 50-100 mM of
substrate at different pH values. The flow rates were
determined by measuring the emptying times of the
syringes, and the reaction times were calculated taking into
account the geometry of the resonator as was shown in
previously.3® To determine the mixing capabilities of the
BRUKER ER 4117 MX resonator, the literature-known
reaction between TEMPO (2,2,6,6-Tetramethyl-
piperidinyloxyl) and sodium dithionite was checked at
different concentration ratios.

Simulations of EPR spectra were carried out using the
SpinFit module in the Bruker Xenon software.

Theoretical calculations. The theoretical calculations were
performed using the Gaussian 16, Rev. B.01 program
package.3° For serinol, radical structures were derived from
those of a set of neutral molecular conformers kindly
provided by Dr. M.E. Sanz, Kings College, London, by simply
removing the appropriate hydrogens before
reoptimization. Similar starting structures for glycerol were
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provided by Prof. R. Chelli (University of Florence).
Optimized geometries of the resulting radical species were
obtained using the B3LYP functional %° with a flexible aug-
cc-pVTZ basis set.*! The effect of the solvent was modeled
by embedding the radicals in a self-consistent reaction field
as implemented in the integral equation formalism of the
polarized cavity model,*? with parameters appropriate for
water. Isotropic hyperfine coupling constants were first
obtained by single point calculations using the same
functional with a basis set specifically designed for
satisfactory recovery of the Fermi contact spin density*3
and the same solvent model. Finite temperature
corrections were made via inclusion of the effects of
anharmonic vibrations.**

Electronic transition energies and oscillator strengths were
calculated by the TD-DFT approach®> at the optimized
geometries initially using the B3LYP functional (again with
the aug-cc-pVTZ basis set) but eventually employing a
range-separated hybrid functional (wB97xD).*¢ The latter
functional provides a more reliable description of any
charge-transfer component in the observed electronic
transitions.
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