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A B S T R A C T   

One of the methods of protein crosslinking used in the synthesis of protein-based nanoparticles is the formation 
of bityrosine bridges, which may be achieved by the recombination of phenoxyl-type radicals in irradiated 
protein solutions. Radiation-induced formation of phenoxyl radicals in tyrosine is promoted in presence of H+. In 
this work, kinetics of this process and the influence of pH were studied by pulse radiolysis measurements of a 
model peptide H-Gly-Tyr-Gly-OH (GYG), which may help to solve questions raised for bigger, more complex 
systems in comparable conditions. The main route of phenoxyl radicals formation consists of the addition re-
action of hydroxyl radical to the phenol ring on the tyrosine side-chain and proton catalyzed water molecule 
elimination. A similar effect was observed in studies of tripeptide solutions containing phosphate buffer. The 
presented data include time-resolved optical spectroscopy of transient species formed under pulse electron beam 
irradiation and a comparison of the kinetics of the phenoxyl radicals formation in samples at various pH and in 
presence of phosphate buffer. The postulated mechanism and obtained values of rate constants of the formation 
and decay of transient species were additionally checked by simple probabilistic simulations.   

1. Introduction 

Protein-based nanoparticles represent a potential group of thera-
peutic agents applied for biomedical research. Globular proteins and 
proteolytic enzymes, e.g. bovine serum albumin and papain, have been 
studied at the nanoscale (Varca et al., 2014; Queiroz et al., 2016) and 
demonstrated high potential for drug delivery due to the tunable 
nanoparticle size, biological affinity among other biopharmaceutical 
advantages (Amri and Mamboya, 2012) which are not observed nor 
expected in the case of inorganic molecules and more advanced than in 
polymeric materials meant for biomedical applications. 

For instance, papain (EC 3.4.22.2) is a proteolytic enzyme extracted 
from the latex of Carica Papaya Linnaeus with a well-defined structure 

(Kamphuis et al., 1984) and a high potential for drug delivery (Varca 
et al., 2016; Fazolin et al., 2020), as this enzyme holds desirable prop-
erties for wound treatment (Amri and Mamboya, 2012) due to its 
anti-inflammatory and antitumoral characteristics (Müller et al., 2016). 

The use of ionizing radiation for the synthesis of polymer-based 
nanoparticles has been demonstrated over the years and proven effec-
tive for a wide variety of substrate molecules (Ulański et al., 1998; 
Ulanski and Rosiak, 2004; An et al., 2011; Dispenza et al., 2012; Varca 
et al., 2014; Duygu Sütekin and Güven, 2019; Matusiak et al., 2020). 
When it comes to proteins and protein-like structures, the use of 
high-energy radiation combined with cosolvents like ethanol and 
methanol may promote crosslinking and sterilization simultaneously, 
depending upon the dose, and has been successfully applied towards 
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achieving protein-based nanoparticles with controllable particle size 
and preserved bioactivity or biological function (Soto Espinoza et al., 
2012; Queiroz et al., 2016; Fazolin et al., 2020). 

On the other hand, high-energy radiation may affect the bio-
molecules by direct or indirect effects and can impair the biological 
function of proteins as well as their tridimensional structure (Saha 
et al., 1995). In principle, biomolecules are prone to attack by radiation 
via indirect effects to a major extent through the action of free radicals 
generated as a function of water/solvent radiolysis. This exposition 
leads to damage and depending upon the conditions may trigger the 
formation of several protein-protein crosslinks which contribute 
significantly to the conformational changes and the newly acquired 
structure within the protein. Among those, disulfide bridges, bityr-
osines, and other linkages have been studied, identified, and hypothe-
sized (Giulivi et al., 2003; Houée-Levin and Bobrowski, 2013; Bian and 
Chowdhury, 2014; Hägglund et al., 2018). 

The mechanism of bityrosine formation, perhaps one of the most 
relevant cross-linking types identified in papain (Varca et al., 2014) and 
BSA (Queiroz et al., 2016), occurs via three main stages: abstraction of 
hydrogen (with the formation of phenoxyl radical), recombination and 
isomerization (Giulivi et al., 2003). The formation of Tyr-Tyr linkages 
occurs when the oxidizing species derived from water radiolysis, e.g. 
hydroxyl radical, lead to protein crosslinking mainly via tyrosine residues 
(Queiroz et al., 2016). The hypothesis behind the mechanism involved in 
the nanoparticle formation is evidence of crosslinking formation by 
C–O–C bonds induced by the hydroxyl radical (Heinecke et al., 1993; 
Saha et al., 1995). The nature of such linkages plays an important role in 
the nanoparticle formation, whereas the intermolecular bonding is 

characterized by the increase in molecular weight due to the linkages 
with another molecule and intramolecular one does not present any 
change (Ulański et al., 2002). 

The formation of phenoxyl radicals is the first step in the process of 
tyrosine-mediated crosslinking. In aqueous solutions of proteins and 
peptides, phenoxyl radicals on tyrosine (TyrO•) are formed as one of the 
products of reaction with hydroxyl radicals (Fig. 1). Most of the hy-
droxyl radicals reacting with tyrosine undergo addition to aromatic 
ring in meta- (reaction 1) and ortho- (reaction 2) positions, forming 
dihydroxyhexadienyl radicals (•TyrOH). A small fraction of hydroxyl 
radicals is known to cause the formation of phenoxyl radicals without 
observable intermediate product (reaction 3). The main route of phe-
noxyl radicals formation is proton-catalyzed water elimination (reac-
tion 4). This reaction is known to occur only from ortho-adducts 
(o-•TyrOH). Another product of tyrosine solutions radiolysis is dihy-
droxyphenylalanine (DOPA), being a product of disproportionation and 
recombination reactions (reactions 5, 6), that compete with the water 
elimination process. Kinetics of mentioned processes and factors 
influencing them seem of great importance in terms of bityrosine for-
mation (Solar et al., 1984). Those three processes amount to about 90% 
of radicals formed on tyrosine in reaction with hydroxyl radical (Getoff, 
1992), other processes being primarily relatively slow reactions 
with main-chain of the amino acid. While possible, other adducts to 
side-chain group of tyrosine (on C1 and C4) are not observable spec-
troscopically and therefore it is not possible to experimentally confirm 
their contribution to reactions in this system. 

Cysteine bonding is another linkage that was also postulated to take 
place in the crosslinking process via disulfide bridges (Gaber, 2005). The 

Fig. 1. Mechanism of hydroxyl radical reaction with tyrosine (inspired by Getoff, 1992).  
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Cys-Cys and cysteine thiyl are derivates of the free cysteine residues 
attacked by oxidizing species and depending upon the condition may 
bind to another thiol to build up a disulfide bridge (Houée-Levin and 
Bobrowski, 2013). 

Regardless of several types of crosslinking which have been postu-
lated, it does vary from protein to protein and the crosslinking method. 
When it comes to radiation-induced reaction pathways, there is limited 
knowledge not allowing a proper understanding of the radiation 
chemistry aspects and pathways for the formation of such crosslinks 
even in terms of what is the major type of crosslinking and the possible 
role of each one of them. 

Although special attention to this matter has been given in the last 
decade, the mechanism of nanoparticle formation has not been thor-
oughly established yet and remains a theme of future studies. Within this 
context, this paper aims to provide a radiation-chemistry approach for 
better understanding of the mechanism beneath the formation of such 
crosslinks, particularly directed towards the synthesis of papain-based 
nanoparticles. H-Gly-Tyr-Gly-OH (GYG) tripeptide was chosen as low- 
molecular-weight model for more complex protein systems, being 
more realistic analogue of the protein system than tyrosine itself and 
allowing to follow selectivity of the reaction with tyrosine residue, but 
on the other hand reducing the complexity of multitude of reactions and 
transients encountered when complete protein molecule is irradiated. 
Such an approach was also intended to indicate if replacing the carboxyl 
and amino terminal functions in tyrosine by peptide bonds does influ-
ence the reaction pathways and kinetics known from earlier works on 
pure tyrosine. Kinetic study of this compound in conditions similar to 
the ones used for proteins in synthesis of nanoparticles provided insight 
into processes involved in radiation- induced crosslinking of proteins via 
bityrosine formation, especially regarding the influence of phosphate 
buffer on formation of phenoxyl radicals on tyrosine. Kinetic simulations 
have been applied to confirm the mechanistic scheme. 

2. Materials and methods 

2.1. Materials and samples preparation 

Peptide H-Gly-Tyr-Gly-OH (GYG, M = 295.3 g mol− 1) (>99%, 
Bachem, Germany) was used as received. Peptide solutions were pre-
pared with deionized water (conductivity ≈ 10 μS/m, produced with 
TKA-Millipore system). Peptide solutions in water were confirmed to 
have pH = 5.4 in the used range of concentrations. More acidic condi-
tions were obtained by the addition of perchloric acid (Sigma-Aldrich). 
The phosphate buffer used in the experiments was obtained by dis-
solving dibasic sodium phosphate (Sigma-Aldrich) and monobasic so-
dium phosphate (Sigma Aldrich) in 1:1 M ratio, so that the pH = 7.0. In 
the case of all samples, pH was determined using Radiometer Copen-
hagen PHM 95 pH-meter. Samples were saturated for 40 min with N2O 
(99%, medical-grade, Linde) or with argon (99.99%, Linde, Poland) 
prior to the measurements. Nitrous oxide was additionally purged from 
a trace amount of oxygen with the use of an alkaline pyrogallol bath. 10 
mM solutions of tert-butanol (99+%, Merck) were used in the experi-
ments involving hydroxyl radical scavenger. Potassium thiocyanate 
(99+%, A.C.S. grade) used for dosimetry of ionizing radiation was 
purchased from Sigma-Aldrich. 

2.2. Pulse radiolysis 

A nanosecond pulse radiolysis system with spectrophotometric 
detection has been used in all of the conducted measurements. The setup 
is based on the 6 MeV linear electron accelerator (ELU-6a, Eksma, 
Russia), 17 ns electron pulses were used in the study. The detection 
system consisted of 50 W xenon lamp, monochromator (Spectra Pro 275, 
Princeton Instruments), photomultiplier (Hamamatsu), and digital 
oscilloscope (Tektronix TDS540). A water filter has been used to remove 
IR part of the lamp spectrum. Further details regarding the pulse 

radiolysis setup were described elsewhere (Karolczak et al., 1992). 
Measurements were conducted in quartz cuvettes with an optical path of 
10 mm. The total sample volume for the pulse radiolysis experiment was 
30 ml, samples were mixed between measurements to minimize the ef-
fects of potential peptide degradation on the obtained data. All pulse 
radiolysis experiments have been performed at room temperature. 

Dose per single pulse was determined by measurement of 5 mM so-
lution of KSCN, saturated with N2O, followed at 480 nm (ε = 7600 dm3 

mol− 1 cm− 1) for the formation of (SCN)2
•-. The assumed radiation- 

chemical yield of thiocyanate reaction with hydroxyl radicals was G 
= 5.6 × 10− 7 mol J− 1. 

Based on dosimetry results, doses in all conducted experiments were 
determined to be 35–40 Gy per pulse. The uncertainty of dose mea-
surement is up to 10% based on accelerator performance. While the used 
radiation dose can be considered as relatively high, especially for pulse 
radiolysis of biomolecules, it was necessary for tracking kinetics of 
TyrO• formation and decay. Each data point was obtained by averaging 
9 (in wavelength-dependent experiments) or 15 (in concentration- 
dependent experiments) repeated measurements. 

2.3. Stochastic simulations 

Probabilistic simulations of tyrosyl radical formation were con-
ducted with the use of Kinetiscope software package (Hinsberg and 
Houle, 2017). Based on the utilization of Gillespie algorithm (Gillespie, 
1976), it calculates time profiles of products and substrates concentra-
tion for given reaction and order-specific reaction rate constant. 
Therefore, simulation results can be utilized in confirmation of a reac-
tion mechanism if compared with experimental results. 

3. Results and discussion 

3.1. Absorption spectra of transient species 

Previous observations on tyrosine indicated that the main route of 
tyrosyl radical formation involves water molecule elimination from 
hydroxyl radical adduct to the aromatic ring in the tyrosine side chain 
(the dihydroxycyclohexadienyl radicals, •TyrOH, reaction 4) (Land and 
Ebert, 1967; Lynn and Purdie, 1976). While •OH forms adducts at a high 
rate both in meta- and ortho-positions (reactions 1 and 2, respectively), 
water elimination has been reported only from the o-adducts. The re-
ported absorption band maximum for m-isomer is located at around 305 
nm, while for o-isomer it is 330 nm. Absorbance values at 330 nm are 
therefore to some degree influenced by the contribution from m-isomer 
absorption band. Tyrosyl radicals have a characteristic double absorp-
tion band with maxima at 390 and 405 nm (Land et al., 1961). The 
transient spectra for the model tripeptide presented in this work con-
sisted mostly of bands corresponding to reactions of a tyrosine residue. A 
comparison of the spectra of peptide solution at pH = 5.4 and pH = 3.0 
(Fig. 2) shows that H+ greatly promotes the water elimination reaction. 
The lower pH limit used for measurement was set at 3.0, to prevent 
significant changes in the ionic structure of GYG peptide, that could alter 
the kinetics as the pKa of a carboxyl group at terminal glycine is around 
2.3 (Nozaki and Tanford, 1967) and the isoelectric point of the peptide is 
5.9 according to manufacturer’s data. Even higher yields of TyrO• can be 
formed in 50 mM phosphate buffer, which is probably caused by the 
high ionic strength of the buffer solution and subsequently high proton 
availability. 

The spectral shift of the maximum near 330 nm towards longer 
wavelengths and broadening of the o- •TyrOH band can be caused by 
overlap with absorption of another transient being the product of re-
action with atomic hydrogen. H• reacts with the tyrosine side-group in a 
similar way as hydroxyl radical, forming radical adduct to the aromatic 
ring. H-atom adduct to phenol ring has an absorption maximum at 350 
nm, according to the reports (Feitelson and Hayon, 1973). The presence 
of the aforementioned adducts has been confirmed by pulse radiolysis in 
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the presence of tert-butanol serving as hydroxyl radical scavenger 
(Fig. 3). Further reactions of this H-adduct are not expected to yield 
tyrosyl radicals. 

In acidic solution, the formation of atomic hydrogen is greatly 
enhanced by the reaction of the hydrated electron with H+, resulting in 
a broad and well-defined absorption band at 340 nm. For H-Gly-Tyr- 
Gly-OH solution in phosphate buffer, change in absorption is lesser and 
has a maximum at 350 nm. Change at 350 nm does not match any 
previous reports regarding reactions of phosphate buffer (Rosso et al., 

1998), so it can be assumed to follow the same H• mechanism. In the 
presence of tert-butanol, despite the scavenging of •OH, a small fraction 
of tyrosyl radicals is still formed, similarly to the results obtained for 
natural pH (Fig. 2). It can be assigned to the fast process of TyrO• for-
mation without observable intermediate product described by Solar 
(Solar et al., 1984), and while the process (reaction 3) is not very 
efficient, change of the absorbance is visible due to the relatively high 
dose used in the measurements. 

Fig. 2. Absorption spectra of transient species in 3.4 mM solutions of GYG tripeptide: a) 2 μs after electron pulse (inset: evolution of spectrum in time for tripeptide at 
pH = 3.0); b) 15 μs after electron pulse; all samples saturated with N2O. Dose per pulse D = 35 ± 3 Gy. 

Fig. 3. Comparison between spectra of transients formed in solution during reaction with •OH and in the presence of a hydroxyl radical scavenger 15 μs after the 
electron pulse: a) in 50 mM phosphate buffer (pH = 7.0); b) in water at pH = 3.0. Tripeptide concentration c = 3.4 mM, dose per pulse D = 35 ± 3 Gy. 

Table 1 
Rate constants of formation and decay of radicals formed on tyrosine residue in GYG peptide and their respective acquisition data; k2 as determined for solution in 
phosphate buffer. Data compared with values for tyrosine from Solar et al. (1984).  

Radical Reaction rate constant [dm3 mol− 1 s− 1] Wavelength Molar absorption coefficient at a given wavelength [dm3 mol− 1 

cm− 1] 
Formation Decay 

Pulse radiolysis results for GYG peptide in phosphate buffer at pH ¼ 7.0 
•TyrOH 

(ortho) 
k2 = (6.0 ± 0.3)×109 k4 = (6.4 ± 0.7)×107 

2k6 = (2.6 ± 0.3)×108 
330 nm 3300 

TyrO• k3 = (6.0 ± 0.6)×108  

k4 = (6.4 ± 0.6)×107 
2k7 = (3.4 ± 0.2)×108 k8 = (1.7 ± 0.2)×108 410 nm 2600 

Reaction rate constants for tyrosine at pH = 7.0, buffered with Ba(OH)2 (Solar et al., 1984) 
•TyrOH 

(ortho) 
k2 = (7.0 ± 0.5)×109 k4 = (1.8 ± 0.2)×104 (s− 1) 

2k6 = (3.0 ± 1.0)×108 
330 nm 3300 

TyrO• k3 = (6.0 ± 1.0)×108  

k4 = (1.8 ± 0.2)×104 (s− 1) 
2k7 = (4.0 ± 1.0)×108 405 nm 2600  
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3.2. Kinetics of reaction with hydroxyl radical and formation of tyrosyl 
radicals 

All reaction rate constants for reactions involved in the reaction of a 
tyrosine residue in GYG peptide have been shown in Table 1. Molar 
absorption coefficients are based on the dose-dependent measurements 
for tripeptide solutions concerning hydroxyl radicals yield, assuming 
that all absorbance comes only from one type of radicals at a given 
wavelength and reaction yield does not change within applied dose 
range. Obtained molar absorption coefficients are equal, within the 
experimental error, to ones previously reported for L-tyrosine at given 
wavelengths (Solar et al., 1984). Literature k4 value is presented as a 
first-order rate constant, since in the cited study experiments were 
performed only at pH = 7.0. 

The main process towards the formation of tyrosyl radicals is by 
water elimination from o-adducts of hydroxyl radicals to aromatic ring 
in the tyrosine side chain (reaction 4). A second-order reaction rate 
constant for the formation of this type of adducts (reaction 2), k2 = (6.1 
± 0.3)×109 dm3 mol− 1 s− 1, was obtained based on spectroscopic mea-
surements from the increase of the adduct band at 330 nm at pseudo- 
first-order conditions for natural pH of the peptide (Fig. 4). While 
lowest used concentration of the peptide (85 μM) may be concerning in 
terms of pseudo-first-order conditions at given dose – being about five 
times higher than the concentration of hydroxyl radicals, due to high 
value of reaction rate constant for reactions 1–3, deviation from linearity 
was not higher than expected based on dose stability. In phosphate 
buffer solutions, rate constant of this reaction corresponded to k2 = (6.0 
± 0.3) ×109 dm3 mol− 1 s− 1 and at pH = 3.0 was established around k2 =

(6.6 ± 0.2)×109 dm3 mol− 1 s− 1. All of the obtained values are relatively 
close to the previously reported k = (7.0 ± 0.5) ×109 dm3 mol− 1 s− 1 for 
this reaction in L-tyrosine (Solar et al., 1984). The value of addition 
reaction rate constant at low pH was most likely an outcome of over-
lapping with the absorption band of H-adducts at 350 nm, which could 
be observed to a lower degree in the case of buffer solution. Water 
elimination from hydroxyl radical adduct in meta position has not been 
observed. The addition to the aromatic ring of tyrosine residue both in 
meta- and ortho- are primary reactions of GYG peptide with hydroxyl 
radical. The reaction of •OH with glycine residues, not followed here, 
must have been at least an order of magnitude slower than reaction with 
tyrosine – with reaction rate constant of •OH with glycine in the used 
ranges of pH being lower than 1×108 dm3 mol− 1 s− 1 (Anbar and Neta, 
1967; Štefanić et al., 2001). 

The decay of adducts formed during the reaction with hydroxyl rad-
icals (Fig. 5a) may result in the formation of DOPA by means of recom-
bination and disproportionation of radicals (reactions 5–6) or may lead to 
tyrosyl radicals formation after the elimination of water molecule in the 
presence of protons (reaction 4). The recorded decay in absorbance as a 
function of time consisted of two kinetically different processes, one of 
which highly depends on pH, while the other one seems to take place 
independently. Separation of the water elimination kinetics was achieved 
by measuring decay rate constants at 330 nm as a function of pH 
(Fig. 5a). This allowed to calculate the rate constants for pH-dependent 
decay (reaction 4) and pH-independent process (reaction 6). 

Time-resolved measurements of tyrosyl radicals were conducted at 
410 nm to minimize the potential effects of spectral band overlap. The 
deconvolution of the recorded signals for two exponential growth 
functions showed contributions from the pH/buffer-independent TyrO•

formation (reaction 3) and also water elimination reaction to the 
buildup of the 410 nm band (reaction 4) corresponding to the H+- 
catalyzed decay of o-dihydroxycyclohexadienyl radicals. 

The second-order reaction rate constant of the formation of phenoxyl 
radicals without observable transient product (reaction 3) was k3 = (6.0 
± 0.6)×108 dm3 mol− 1 s− 1, which is the exact value previously reported 
in the literature for tyrosine (Getoff, 1992). This process may be the 
effect of hydroxyl radical attack in ipso position with hydrogen atom 
transfer (Yamabe and Yamazaki, 2018), and while relatively fast when 
compared to water elimination reaction, it is highly ineffective due to 
competition with an order of magnitude faster reactions of •OH addition 
in positions ortho and meta. 

Reaction leading to tyrosyl radicals formation via water elimination 
could be tracked both from growth at 410 nm and decay at 330 nm, 
which helped distinguish it from the kinetics of other competing pro-
cesses, such as recombination and disproportionation of •TyrOH. The 
observed pseudo-first order reaction rate constants linearly changed with 
the ratio of •TyrOH to H+ present in solutions (Fig. 5a). Based on that, the 
second-order rate constant was calculated as k4 = (6.4 ± 0.7)×107 dm3 

mol− 1 s− 1 for H+-catalyzed water elimination reaction. The same value 
for this reaction rate constant was obtained for growth at 410 nm. By 
determining the reaction rate constant of water elimination, the reaction 
rate constant of k6 = (2.6 ± 0.3)×108 dm3 mol− 1 s− 1 was calculated for 
other processes involved in the decay of •TyrOH. The calculations for 
water elimination reaction did not include the samples with theoretically 
low concentration of available H+ i.e. samples with pH = 5.4. Relatively 
low concentration of observed phenoxyl radicals in those samples, as well 
as possible contribution of terminal carboxylic group of the peptide to 
total H+ available for reaction or possibility of spontaneous water elim-
ination without H+ contribution cause kinetic results deviate from other 
conditions taken into consideration in the study. 

The decay of tyrosyl radicals observed at 410 nm may possibly be 
caused by a multitude of hard-to-distinguish reactions, with estimated 
reaction rate constants of k7 = (3.4 ± 0.2)×108 dm3 mol− 1 s− 1 for re-
actions between two tyrosyl radicals and k8 = (1.7 ± 0.2)×108 dm3 

mol− 1 s− 1 for other involved processes, which was mathematically best 
fit for observed decay in all measured samples. Recombination and 
disproportionation reactions are expected to occur between two TyrO•

and also between phenoxyl radicals and other radicals present in the 
irradiated solution, i.e. reaction of TyrO• and •TyrOH leading to tyrosine 
recovery with elimination of water has been suggested before (Lynn and 
Purdie, 1976; Boguta and Dancewicz, 1981). Presence of oxygen in the 
system even in trace amounts can lead to reactions of dihydrox-
ycyclohexadienyl radicals with O2 (k ≈ 108-109 dm3 mol− 1 s− 1) and 
phenoxyl radicals with HO2

• or O2
•- (k = 1.7×109 dm3 mol− 1 s− 1) (Hunter 

et al., 1989; Getoff, 1992), which further complicates the analysis of 
reactions leading to radicals decay in the investigated systems. 

The results obtained from pulse radiolysis of buffered solutions with 
various phosphates concentrations (Fig. 6a) indicated that the enhanced 
yield of tyrosyl radicals formation is the result of the high availability of 
protons – kinetic processes observed at 330 nm and 410 nm directly 

Fig. 4. Pseudo-first-order kinetics of hydroxyl radical addition to tyrosine side- 
chain in ortho position at different pH and ionic strength conditions tracked at 
330 nm. Dose per pulse D = 36 ± 3 Gy. 
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correspond to the ones observed at low pH. In the peptide solutions 
(0.34 mM) with increasing buffer concentration, maximum observed 
concentration of TyrO• raises up to 15 μM and subsequently levels off at 
ca. 10 mM of the buffer (Fig. 6b). Similarities to kinetics observed in 
samples at pH = 3 suggest that phosphate buffer serves as reversible 
source of protons for water elimination reaction leading to formation of 

TyrO•. Dependence of phenoxyl radicals formation in function of 
phosphate buffer concentration is limited by availability of hydroxyl 
radical adducts. 

3.3. Stochastic simulations of tyrosyl radicals formation 

The initial model used for calculations was developed by utilizing 
reactions predicted in the mechanism of TyrO• formation and decay, 
adding known recombination reactions of water radiolysis products 
(considering their contribution to simulation results). The final quali-
tative model includes the formation of main water radiolysis products by 
17 ns electron pulse, recombination between formed radicals, reactions 
of tyrosine with hydroxyl radical, and water elimination from •OH 
adduct (Table 2). 

While rate constants were obtained experimentally and used in 
simulations to confirm the coherence of the postulated mechanism of 
tyrosyl radicals formation, they also had proven to be a valuable tool to 
assess the possible pathways of TyrO• decay. There are most likely other 
processes contributing to observed reaction rate constants k6, k7, and k8, 
but based on fit to experimental data (Fig. 6), disproportionation re-
actions between TyrO• and •TyrOH is of considerable significance. 

The results of stochastic calculations (Fig. 7) are in reasonably good 
agreement with the experimental data obtained for the corresponding 
samples at pH 3.0, 3.4 and 4.0, as well as for samples with the addition of 
buffer. Difference observable between the sample at pH = 4.0 and the 
one in 0.2 mM phosphate buffer (Fig. 7c) may be caused by multiple 
overlapping effects – possible carboxylic group deprotonation contri-
bution to water elimination process, which would be different for buffer- 

Fig. 5. a) Kinetic traces of decay of hydroxyl 
radical adducts to tyrosine aromatic ring, 
recorded at 330 nm for solutions of various 
pH, peptide concentration c = 0.34 mM, 
dose per pulse D = 38 ± 3 Gy, ε = 3300 dm3 

mol− 1 cm− 1 (Inset: observed first-order re-
action rate constant for •TyrOH decay at 
330 nm as a function of H+ concentration). 
b) Formation and decay of tyrosyl radicals at 
various pH, tracked at 410 nm, c = 0.34 mM, 
dose per pulse D = 38 ± 3 Gy, ε = 2600 dm3 

mol− 1 cm− 1 (Inset: observed reaction rate 
constant of decay plotted against maximum 
concentrations of TyrO•).   

Fig. 6. a) Formation and decay of tyrosyl radicals (concentrations calculated from kinetic traces at 410 nm, ε = 2600 dm3 mol− 1 cm− 1) for various phosphate buffer 
concentrations, pH = 7.0, peptide concentration c = 0.34 mM, dose per pulse D = 38 ± 3 Gy; b) Maximum concentration of tyrosyl radicals as a function of phosphate 
buffer concentration, conditions as above. 

Table 2 
List of reactions taken into consideration during calculations and their respec-
tive reaction rate constants.  

Reaction Reaction rate 
constant [dm3 

mol− 1 s− 1] 

Source 

H2O → •OH, H•, eaq
- Dose-dependent 

parametersa 
– 

2 •OH → H2O2 2k = 1.1×1010 Buxton et al. (1988) 
H• + •OH → H2O k = 7.0×109 

eaq
− + H+ → H• k = 2.3×1010 

eaq
− + N2O → •OH k = 9.1×109 

Tyrosine + •OH → •TyrOH k2 = 6.0×109 This study 
Tyrosine + •OH → TyrO• k3 = 6.0×108 

•TyrOH + H+ → TyrO• k4 = 6.4×107 

2 •TyrOH → products 2k6 = 2.6×108 

2 TyrO• → products 2k7 = 3.4×108 

TyrO• + •TyrOH → products k8 = 1.7×108  

a Parameters providing a linear generation of radicals for the duration of the 
electron pulse (17 ns) 
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and acid- containing samples, as well as contribution of relatively low 
concentration of TyrO• which emphasize measurement uncertainty 
(trace amount of oxygen and dose fluctuations). Due to differences in 
dissociation constants of buffer salts, only monobasic sodium phosphate 
was assumed to serve as source of protons available for reaction. 
Therefore, the concentration of H+ used for stochastic calculations was 
assumed as a half of the buffer concentration. Results show that the 
mechanism includes all reactions significantly contributing to the for-
mation of phenoxyl radicals. 

4. Conclusions 

Hydroxyl radicals react with GYG tripeptide mainly by addition to 
the tyrosine ring. Replacing the carboxyl and amino terminal functions 
in tyrosine by peptide bonds does not significantly influence the reaction 
pathways and kinetics known from earlier works on pure tyrosine. Pulse 
radiolysis experiments confirmed that phenoxyl radicals on tyrosine 
residues are formed primarily through water elimination from hydroxyl 
radical adduct to the ring, which is catalyzed by the presence of H+. 
Changes in reaction environment (use of buffer, change of pH) have a 
significant influence only on kinetics and yield of water elimination 
reaction that leads to TyrO• formation. Based on the kinetic data and 
simple stochastic simulations it is possible to predict the yield of phe-
noxyl radicals based on amount of H+ available for reaction. The 
mechanistic scheme has been confirmed by demonstrating agreement of 
kinetic simulation results with experimental observations. 

While lowering the pH of the solution greatly promotes the yield of 
TyrO•, it can potentially complicate reaction mechanisms by proton-
ation of peptide or protein, and also by increasing the formation of 
highly reactive atomic hydrogen. Using buffer as a source of protons for 
the reaction may be an alternative, since according to the presented 
results it does not change the mechanism of the reaction compared to the 
use of acid. This observation may be also important in terms of peptides 
and proteins radiolysis – buffers are widely used in sample preparation. 
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