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mineralize and detoxify the organic pollutants.” Inspired by the

ABSTRACT: Protein phosphorylation has a key role in capability of TiO, photocatalysis to oxidize organic compounds,
cell regulation. Oxidation of proteins, in turn, is related to its feasibility for simulation of phase I metabolism of drugs has
many diseases and to aging, but the effects of also been studied recently.'’~"* TiO, photocatalysis can generate
phosphorylation on the oxidation of proteins and peptides the same reactive oxygen species as in biological systems, namely
have been rarely studied. The aim of this study was to hydroxyl radicals (*OH) and superoxide anions (0,*).” UV

examine the mechanistic effect of phosphorylation on
peptide oxidation induced by titanium dioxide photo-
catalysis. The effect of phosphorylation was compared
between nonphosphorylated and tyrosine phosphorylated
peptides using electrospray tandem mass spectrometry.
We observed that tyrosine was the most preferentially
oxidized amino acid, but the oxidation reaction was
significantly inhibited by its phosphorylation. The study
also shows that titanium dioxide photocatalysis provides a
fast and easy method to study oxidation reactions of
biomolecules, such as peptides.

light with higher energy than that of the band gap of TiO, excites
electrons to the conduction band under TiO, photocatalysis,
which leaves holes on the valence band. The electrons on the
conduction band can reduce molecular oxygen to superoxide.
Reactions of valence band holes with water produce hydroxyl
radicals. A hole can also accept an electron directly from an
organic molecule adsorbed onto the TiO, surface.

TiO, photocatalysis has been proposed as an alternative
protein and peptide digestion method'* and used to study the
byproducts of toxic microcystin peptides produced by
cyanobacteria,ls’16 but to our knowledge, it has not been used
to study the site of oxidation of proteins or peptides per se. As
phosphorylation of the tyrosine residue has a key role in the
cellular processes, its effect on the oxidation process was
addressed in this study. A TiO, photocatalytic oxidation method
was developed to compare the effect of phosphorylation with the
help of five peptides that have the same sequence and three
tyrosine residues of which none (TRDIYETDYYRK, IR0), all
(TRDIpYETDpYpYRK, IR3), or one of the three were
phosphorylated (TRDIpYETDYYRK, IR1A; TRDIYETD-
pYYRK, IR1B; TRDIYETDYpYRK, IR1C) (Supporting In-
formation, Table S1).

The photocatalytic reaction mixture (100 xL) contained 100
UM peptide, 0.1 g L' TiO, Degussa P25 particles and 0.01%
ammonium hydroxide. Photocatalytic reactions were performed
in duplicate and compared with blanks prepared without the
peptide. The samples were magnetically stirred while exposed to
UV for 2, 4, 6, 8, 10, and 15 min from above (without cover)
using a S000-PC Series Dymax UV Curing Flood Lamp (Dymax
Light Curing Systems, Torrington, CT, USA; nominal intensity
225 mW cm™?). After UV exposure, the TiO, particles were
removed by centrifugation at 13,200 rpm for 10 min. The
supernatant (90 L) was then subjected to another centrifuga-
tion at 13,200 rpm for 10 min, and 8 yL of methanol was added to
the second supernatant (72 pL) prior to analysis. The samples
were analyzed using an ultrahigh-performance liquid chromato-

Reversible phosphorylation of tyrosine, threonine, and serine
is among the most important mechanisms in cell-signaling.'
Tyrosine kinases and protein tyrosine phosphatases catalyze the
specific phosphorylation and dephosphorylation of tyrosine,
respectively.”” Phosphorylation of tyrosine residues is involved
in the regulation of various cellular processes, such as
proliferation, differentiation, cell cycle progression, cell adhesion,
and metabolic homeostasis. Owing to the association of these
processes with cancer, tyrosine kinases and protein tyrosine
phosphatases are studied as cancer drug targets, and several
tyrosine kinase inhibitors are in clinical use for anticancer
treatment.”

On the other hand, oxidative stress and protein oxidation are
implicated in several diseases,” and tyrosine is one of the amino
acids that are most susceptible to oxidation.”” Although the
oxidation of peptides is relatively well-known, the effects of
phosphorylation on oxidative stress have been rarely studied. In
an electrochemical oxidation study,® phosphorylation at the
tyrosine residue was shown to prevent its oxidation, giving reason
to believe that phosphorylation may play a role in protein
oxidation in vivo. However, the study was performed using
electrochemical oxidation that begins with single electron
transfer, which is not necessarily the most biologically relevant
oxidation mechanism.

Titanium dioxide (TiO,) photocatalysis is an oxidation
method that has found wide use in self-cleaning materials and Received: March 7, 2016
water purification, where the general aim is to completely Published: June 6, 2016
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Table 1. Proposed Diagnostic Product Ions of the Reaction Products”

peptide/ oxidation tr precursor

product site (min) M + 3H]* b, bs
IRO - 5.98 541.6 X X
M+O Y9 1.90 546.9 X X
M+0 Y10 242 546.9 X X
M+ O YS 431 546.9 X o)
M+0O Y9, Y10” 4.57 5469 X X
IRIA - 543 568.3 X X
M+0O Y9 2.09 573.6 X X
M+O0O Y9, Y10© 229 573.6 X X
M+O Y9, Y10© 2.57 573.6 X X
M+0 Y9, Y10” 4.00 573.6 X X
M+O pYS 7.00 573.6 X o)
M+ 20 Y9 2.62 5789 X X
M +20 14 2.94 5789 20 20
M+ 20 Y10 3.13 5789 X X
M+ 20 Y9° 3.30 5789 X X
M +20 14 3.67 5789 20

IR1B - 9.64 568.3 X X
M+ O YS 742 573.6 X o
M+0O Y10 7.57 573.6 X X
IR1C — 5.20 568.3 X X
M+ O Y9 1.94 573.6 X X
M+O Y9 2.14 573.6 X X
M+O YS 3.61 573.6 X o)
M+0O Y9 3.80 573.6 X X
M+ O pYI10 8.29 573.6 X X

other diagnostic product ions

bs Y3 V4 Ys Yo (non-oxidized)

X X X X X

X X (e} O O

X (e} (¢] (e} (e}

O X X X X

X X/0 (¢} (e] (@]

X X X X X

X X (¢} (e] (@]

X X/0 (0] (e} (e}

X X/0 O o

X X/0 (¢) (e} (e}

O X X X X

X X 20 20 20

20 X X X X b,
20 20 20 %

X bS) Z3
X X X X b,

X X X X X

O X X X X

X (¢} (¢} (¢]

X X X X X

X X (¢} (@] (@]

X X (e] (e} (e}

O X X X X

X X (e] (¢] (e}

X O O O (e}

“Non-oxidized product ions are marked with X, singly oxidized product ions (X + O) with O, and doubly oxidized (X + 20) with 20. Accurate
masses of the precursors and product ions are provided in Table S6. ®Two oxidation products that could not be resolved chromatographically. “No
oxidized product ions were observed, but the non-oxidized product ions rule out there being other oxidation sites.

graph quadrupole-time-of-flight mass spectrometer (UHPLC-Q-
TOF-MS) (more details in Tables S2—SS, Figure S1).

First, the UV exposure time of the TiO, photocatalyic
oxidation reactions of the studied phosphopetides was
optimized. The peptides decomposed under TiO, photocatalysis
within 15 min (Figure S2a). The initial, but not always the most
abundant, oxidation products were M + O and M + 20 products.
All initial oxidation products of each peptide followed similar
kinetics. The UV exposure times for structural elucidation of the
M + O and M + 20 products were chosen based on their
abundances (Figure S2b) and were 2 min for IR1A and IR1C, 4
min for IR0, and 6 min for IR1B. A kinetic study was not
performed for IR3, as oxidation products were not observed
either with UV exposure time of 1 or 6 min.

The mass spectra of the peptides IR0, IR1A, IR1B, IR1C, and
IR3, analyzed by the developed UHPLC-ESI-MS method,
showed multiple protonated molecules (one to four protons),
with the [M + 3H]*? ion being the most abundant. The number
of protons, ie., the charge-state distribution, was strongly
affected by both the phosphorylation and the oxidation states
of the peptides. Owing to the addition of an acidic phosphate
group, the relative abundance of [M + 4H]™ ion of the
phosphorylated peptides (IR1A, IR1B, IR1C, and IR3) was
significantly lower (1—2%) than that of the nonphosphorylated
peptide IR0 (35%). On the other hand, oxidation of IR0, IR1A,
IR1B, and IRIC clearly increased the charge state so that the
relative abundance of [M + 2H]™ ion clearly decreased
compared to that of [M + 3H]". The changes in the charge
states are most likely due to conformational changes of the
peptides with respect to oxidation and phosphorylation
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reactions. The triple protonated molecule was the most abundant
ion for nearly all the peptides and their M + O and M + 20
oxidation products, thus it was selected as the precursor ion for
product ion analyses.

The most common product ions of the peptides were
sequence diagnostic single protonated N-terminal b-ions and
C-terminal y-ions. The oxidation sites of the M + O and M + 20
products of the studied peptides were determined based on the
oxidized and the non-oxidized b- and y-ions of the peptides
obtained (Table 1). As an example, five M + O oxidation
products of the nonphosphorylated peptide IR0 were observed
in the ion chromatogram of [(IRO + O) + 3H]** at m/z 546.9
(Figure S1). The product ion spectrum of the M + O product of
IRO eluted at 1.90 min, showed an oxidized y,-ion and a non-
oxidized y;-ion, which indicated that the oxidation site was
tyrosine 9 (Y9). The M + O product at 2.42 min was oxidized at
Y10, as an oxidized y;-ion was observed. Since y;- and y,-ions
were not observed, the assignment of the oxidation site to Y10
was not explicit as arginine 11 (R11) or lysine 12 (K12) may also
be oxidized. However, the reaction rate of hydroxyl radicals with
Y (1.3 X 10" M™" s7") is approximately an order of magnitude
higher than with R (3.5 X 10° M™' s7') and two orders of
magnitude higher than with K (3.5 x 10®* M™* s71).° Thus, we
assume that Y10 is more readily oxidized than R11 or K12.
Similar data interpretation also applies to the other identi-
fications. In summary, all tyrosine residues of IR0 were oxidized,
and oxidation at other amino acids was not observed. This is in
agreement with the reaction rate constant of tyrosine with
hydroxyl radicals, which is at least an order of magnitude higher

DOI: 10.1021/jacs.6b02472
J. Am. Chem. Soc. 2016, 138, 7452—7455


http://pubs.acs.org/doi/suppl/10.1021/jacs.6b02472/suppl_file/ja6b02472_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b02472/suppl_file/ja6b02472_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b02472/suppl_file/ja6b02472_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b02472/suppl_file/ja6b02472_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b02472/suppl_file/ja6b02472_si_001.pdf
http://dx.doi.org/10.1021/jacs.6b02472

Journal of the American Chemical Society

Communication

than that of the other amino acids present in the studied
peptides.’

Similar to that described above, the sites of oxidation were
determined for the monophosphorylated peptides IR1A, IR1B,
and IR1C (Table 1). TiO, photocatalysis produced eight M + O
and five M + 20 products of IR1A, two M + O products of IR1B,
and five M + O products of IR1C. By considering all oxidation
products, the oxidation site was at a nonphosphorylated tyrosine
in 16 products, at a phosphorylated tyrosine in two products and
at isoleucine 4 (I4) in two products. These results clearly support
the conclusion that the preferred oxidation site is at the tyrosine
residue. The two observed M + 20 products of isoleucine (based
on diagnostic b, + 20 ion) are consistent with the reaction rate
constant of hydroxyl radicals with isoleucine (1.8 X 10° M~'s7")
being the third highest after tyrosine and arginine and
approximately an order of magnitude higher than those of the
other amino acids (7.5 X 107=5.1 X 10* M~' s™!) present in the
studied IR peptides.” The results also clearly show that the
monophosphorylated peptides IR1A, IR1B, and IR1C were
preferentially oxidized at nonphosphorylated tyrosines. An
exception to this was that both IR1A and IR1C produced a
minor M + O product, in which the oxidation site was the
phosphorylated tyrosine. These results were strongly supported
by the finding that no oxidation products of the triply
phosphorylated peptide IR3 (all tyrosines phosphorylated:
pYS, pY9, and pY10) were observed. Thus, the results suggest
that phosphorylation of tyrosine significantly inhibits its
oxidation under TiO, photocatalysis conditions.

In addition to M + O oxidation products, five M + 20 products
were observed for IR1A (Table 1). Traces of M + 20 products of
IR0, IR1B, and IR1C were also observed, but at quantities lower
than those needed for reliable identification based on acquisition
of the product ion spectra. Interestingly, both oxygens in the M +
20 oxidation products attacked the same amino acid (Table 1).
For instance, the product ion spectrum of the M + 20 product of
IR1A at 2.62 min showed a double oxidized y,-ion and a non-
oxidized y;-ion, which indicates double oxidization of Y9. The
oxidation sites of other M + 20 products were similarly assigned.

Although the most favored oxidization site was shown to be at
a nonphosphorylated tyrosine, two minor M + O products of
IR1A and IR1C were also identified with oxidation at a
phosphorylated tyrosine. Interestingly, these two products eluted
later in the reversed-phase CI18 liquid chromatography
conditions than did the respective non-oxidized peptide. Instead,
the M + O and M + 20 products in which the oxidation occurred
at a nonphosphorylated tyrosine eluted earlier than the
respective non-oxidized peptides. Thus, oxidation of the
phosphorylated tyrosine rendered the peptide more hydro-
phobic increasing its retention within the C18 column, whereas
oxidation at a nonphosphorylated tyrosine yields more polar
products, which decreases its retention compared with the
respective non-oxidized peptide. Hydroxylation of a phosphory-
lated tyrosine may enable internal hydrogen bonding between
the formed hydroxyl group and the phosphate group thus
rendering the peptide more hydrophobic.

The possible reactive oxygen species involved in TiO,
photocatalysis include hole (h*) on the TiO, surface, the
hydroxyl radical (*OH), the superoxide ion (0,°”), and the
singlet oxygen (*O,).” In addition, H,0, and O, are involved in
the photocatalytic oxidation reactions. The reaction rate of
hydroxyl radical with tyrosine (1.3 x 10 M~ s7)° is
significantly higher than those of either the superoxide ion or
the singlet oxygen (1.0 + 0.2 X 10" and 0.8—0.9 X 10’ M ™" 57",
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respectively).'” Moreover, the oxidation of tyrosine residue is
more likely to be mediated by hydroxyl radicals than by surface
holes, since basic reaction conditions (pH = 10.5) were chosen to
prevent the adsorption of the peptides onto the TiO, surface. At
this pH, the TiO, surface is negatively charged,'® and
electrostatic repulsion orients the negatively charged phenolic
moiety of the tyrosine residue and the negatively charged
phosphate group at the phosphorylated tyrosine out from the
TiO, surface, which results in decreased interaction and
oxidation of tyrosine residues of the peptides with the holes. It
has also been suggested that organic molecules should be
adsorbed onto the TiO, surface'’ to react with the short-lived
singlet oxygen (lifetime 2—3 us).”® Hence, hydroxyl radicals
obviously play the major role in initiating oxidation reactions of
the tyrosine residue of the studied peptides.

Xu and Chance presented a scheme of a hydroxyl radical-
initiated oxidation mechanism of tyrosine residue® in which the
hydroxyl radical reacts rapidly with the tyrosine residue that
produces the dihydroxycyclohexadienyl radical. The most
obvious reaction site is the meta-position, due to the directing
effect of the original hydroxyl substituent at the para-position.
The dihydroxycyclohexadienyl radical then reacts with oxygen
(via addition) followed by the elimination of the hydroperoxyl
radical to form a-hydroxycyclohexadienone, which is finally
converted to 3,4-dihydroxyphenylalanine residue (DOPA) (M +
O product). Further hydroxylation of DOPA via the same
oxidation mechanism can produce trihydroxyphenylalanine
residue (M + 20 product). The inhibitory effect of
phosphorylation upon the oxidation of tyrosine may be explained
by the presented oxidation mechanism. The phosphorylation of
the hydroxyl group of tyrosine (para-position) prevents the
formation of the a-hydroxycyclohexadienone intermediate and
thus inhibits oxidation of phosphorylated tyrosine. Even if the
two meta-positions of each tyrosine are the most favored
oxidation sites, our results suggest that oxidation may also occur
at other positions, since it was observed that four different M + O
products of IR1A were oxidized at Y9, three different M + O
products of IR1A were oxidized at Y10, and three different M + O
products of IR1C were oxidized at Y9. However, the exact
oxidation site at tyrosine was not elucidated in this study.

In conclusion, we have shown that TiO, photocatalysis
provides a valuable method to study oxidation reactions of
biomolecules, as it produces the same reactive oxygen species
(hydroxyl radicals, superoxide ions, and singlet oxygen) as
biological systems. In this study, TiO, photocatalysis was for the
first time used for studying oxidation reactions of phosphorylated
peptides. The hydroxyl radical initiated oxidation reactions
resulted mainly in hydroxylation of nonphosphorylated tyrosine
whereas phosphorylation was in most cases shown to effectively
protect the tyrosine residue from oxidation.
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