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Abstract

The photodissociation of disulfide bonds in model peptides containing Ala and Ala-d3 generates a
series of photoproducts following the generation of a CysS* thiyl radical pair. These photoproducts
include transformations of Cys to dehydroalanine (Dha) and Ala, as well as Ala to Dha.
Intramolecular Michael addition of an intact Cys with a photolytically generated Dha results in the
formation of cyclic thioethers. The conversion of Cys into Dha likely involves a 1,3-H-shift from
the Cys 2C-H bond to the thiyl radical, followed by elimination of HS®. The conversion of Dha
into Ala most likely involves hydrated electrons, which are generated through the photolysis of
Cys, the photoproduct of disulfide photolysis. Prior to stable product formation, CysS* radicals
engage in reversible hydrogen transfer reactions with “C-H and PC-H bonds of the surrounding
amino acids. Especially for the PC-H bonds of Ala such hydrogen transfer reactions are
unexpected based on thermodynamic grounds; however, the replacement of deuterons in Ala-ds by
hydrogens in H,O provides strong experimental evidence for such reactions.
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1. Introduction

The biotechnology industry has seen a recent surge in the development of novel protein
therapeutics (e.g., the immunoglobulins).! The development of industrial protocols for the
production and purification of proteins enables the mass production of a wide variety of
immunoglobulins. However, specifically the purification processes and long-term storage
can lead to chemical degradation,2 which could generate immunogenic products. Hence, a
mechanistic understanding of the formation of potentially immunogenic products is
mandatory. Proteins are sensitive to light-induced degradation,3- and proteins produced by
the biotechnology industry are often exposed to UV-light during purification (UV-
detectors), sterilization processes, inspection for particles, or during storage. We have
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recently established mechanistic details on product formation during the photodissociation
of peptide disulfide bonds with light of wavelengths between 254 and 300 nm.” Products are
well rationalized by an initial formation of a pair of Cys thiyl radicals (CysS®), followed by
hydrogen transfer and disproportionation processes.”:8 Specifically reversible hydrogen
transfer reactions lead to intermediary carbon-centered radicals, which, at the C*-position of
alanine (Ala), cause L-Ala to D-Ala conversion.® Such free radical pathways may ultimately
lead to protein aggregation and fragmentation, two phenomena, which are frequently
observed during antibody production and formulation.1%-12 Moreover, these mechanisms
may provide a chemical basis for adverse effects such as the potential for increased
immunogenicity or loss of potency of antibody products. Several primary photoproducts
observed during the photo-degradation of an antibody can be ascribed to initial CysS® radical
formation.13

CysS® radicals are also engaged in a variety of biologically relevant redox,14-16
addition1>17.18 and atom abstraction reactions.1%-23 Recently, the potential for hydrogen
abstraction from nearby ®C-H bonds in peptides’-® and a protein?4 has been recognized. We
will show here that CysS* radicals will also react with the C-H bonds of amino acid side
chains, for example that of Ala. Such processes are of great biological significance, because
the facile generation of protein CysS® radicals may ultimately result in irreversible protein
damage.2® Therefore, the chemistry of CysS"® radical within proteins, especially with regard
to reaction with other amino acids must be characterized. The current paper will
demonstrate, using Cys and Ala containing model peptides, that i) hydrogen transfer
reactions between CysS® and amino acids are not restricted to “C-H bonds, but also target
amino acid side chains, ii) intermediary CysS® radicals appear to undergo a 1,3-H-shift
followed by B-elimination of HS® to yield dehydroalanine, and iii) dehydroalanine is subject
to photochemical reduction to Ala, mechanistically rationalizing the photochemical
conversion of Cys to Ala. The formation of Ala during the photo-irradiation of cystine had
been recognized several decades ago, but a satisfactory mechanism had not been
postulated.26-29

2. Experimental section

2.1 Materials and Reactions

Three peptides were synthesized: (LGACAGL), (peptide 1a), LGACAGL (peptide 1b) and
(LGA43CAy3GL), (Aqs represents a tri-deuterated Ala side chain —-NH-CH(CD3)-CO-,
peptide 1c) (Chart 1). The disulfide-linked peptides (LGACAGL), (peptide 1a), and
(LGAy3CAy3GL), (peptide 1c) were synthesized by the Biochemical Resource Service
Laboratory (BRSL) at the University of Kansas, purified to a purity level of >95% and
characterized by mass spectrometry. Peptide 1b was obtained through dithiothreitol (DTT)
reduction of peptide 1a, followed by HPLC purification (see below). The structures of all
peptides are presented in Chart 1. Dithiothreitol (DTT), dichloromethane (CH,Cly), tert
butanol (fert-BuOH), and nitrous oxide (N,O) were purchased from Sigma-Aldrich (St
Louis, MO) at the highest available purity grade. Deuterium oxide (D,0, 99%) and tri-
deuterated alanine (FMOC-Alaq3 were purchased from Cambridge Isotope Laboratories
(Andover, MA) at the highest purity grade. The peptides were dissolved in H,O
(MilliporeQ) or in D50 at a concentration of 400 uM. Prior to UV-irradiation a 200 pL
aliquot of each solution was placed in a quartz tube and saturated with Ar. The solutions
were irradiated for up to 20 min with four UV lamps (Southern New England, Branford, CT,
RMA-500) emitting light of A = 253.7 nm light in a Rayonet™ photochemical reactor
(Southern New England, Branford, CT).

J Phys Chem B. Author manuscript; available in PMC 2013 August 07.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Mozziconacci et al. Page 3

2.2 Sample preparation for capillary LC-MS analysis

Immediately after photo-irradiation the samples were injected onto a VVydac column (25 cm
x 0.5 mm C18, 3.5 pm), and eluted with a linear gradient delivered at the rate of 20 pL
min~1 by a Capillary Liquid Chromatography system (Waters Corporation, Milford, MA,
USA). Mobile phases consisted of water/acetonitrile/formic acid at a ratio of 99%, 1%,
0.08% (v:v:v) for solvent A and a ratio of 1%, 99%, 0.06% (v:v:v) for solvent B. The
following linear gradient was set: 10-50% of solvent B within 30 min.

2.3 Nano-electrospray ionization time-of-flight mass spectrometry (ESI TOF MS) analysis

ESI-TOF-MS spectra were acquired on a Q-TOF-2 (Micromass Ltd., Manchester, U.K.)
hybrid mass spectrometer operated in the MS! mode and acquiring data with the time-of-
flight analyzer. The instrument was operated for maximum resolution with all lenses
optimized on the [M + 2H]2* ion from the cyclic peptide Gramicidin S. The cone voltage
was 35 eV and Ar was admitted to the collision cell at a pressure that attenuates the beam to
about 20% and the cell was operated at 12 eV (maximum transmission). Spectra were
acquired at 16,129 Hz pusher frequency covering the mass range 350-2,000 amu (amu =
atomic mass unit) and accumulating data for 4 sec per cycle. Time to mass calibration was
made with Csl cluster ions acquired under the same conditions.

2.4 MS/MS analysis

CID spectra were acquired by setting the MS? quadrupole to transmit a precursor mass
window of £1.5 amu centered on the most abundant isotopomer. Ar was the collision gas
admitted at a density that attenuates the beam to 20%; this corresponds to 16 psi on the
supply regulator or 5.3 x 10> mbar on a penning gauge near the collision cell. The collision
energy varied between 20-45 eV. Spectra were acquired for 2-3 min in 5 sec cycles as the
peptides were eluted off a desalting column. The CID spectra acquired with the Q-TOF were
re-analyzed by means of an LTQ-FT hybrid linear quadrupole ion trap Fourier transform ion
cyclotron resonance (FT-ICR) mass spectrometer (ThermoFinnigan, Bremen, Germany).30

2.5 Covalent H/D exchange and isotopic correction

The deuterium composition of peptide ions and their fragments was determined from the
differences between the average mass of a covalently deuterated peptide and the average
mass of the corresponding fully protonated peptide. The average masses were calculated
from centroided isotopic distributions. The distribution of deuterium incorporation was
obtained after isotopic correction by subtracting the isotope abundance distribution in the
product formed during UV-irradiation in H,O from the isotope abundance distribution of the
same product generated in D,O. This variation of the isotopic distribution between the
experiments performed in deuterium oxide solution and water is given by the variation of
the percent base peak intensity (% ABPI).

2.6 Purification of the thiol peptide LGACAGL

The thiol peptide LGACAGL (peptide 1b) was obtained after chemical reduction of the
disulfide bond of peptide 1a. Peptide 1a at a concentration of 1 mM was exposed to 1.5 mM
of DTT and incubated at 37 °C for 20 min. Peptide 1b was purified by chromatography on a
Vydac column (25 cm x 4.5 mm, C18), monitored with a diode array detector (Shimadzu
SPD-M10A), and eluted with a linear gradient delivered at the rate of 1 mL min~1 by an
IPro-500 pump system (IRIS technologies, Olathe, KS). Mobile phases consisted of water/
acetonitrile/TFA at a ratio of 99%, 1%, 0.08% (v:v:v) for solvent A and a ratio of 1%, 99%,
0.06% (v:v:v) for solvent B. The following linear gradient was set: 0—70% of solvent B
within 20 min.
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3.1 Photo-irradiation of peptide 1a at 254 nm in H,O

3.1.1 Photo-irradiation at pH 3.5—Peptide 1a was dissolved in H,O at a concentration
of 400 uM and pre-saturated with Ar prior to photo-irradiation. Solutions were photo-
irradiated at 254 nm for 0, 2, 5, 10, and 20 min in quartz tubes at room temperature. The
HPLC chromatograms of the irradiated solutions are presented in Figures 1A-1E. HPLC
analysis reveals that UV-irradiation of peptide 1a (m/z 1205.6) generates eight major
products, referred to as 2a, 2b, 2c (each with m/z 570.3), 3 (m/z 572.3), 4a, 4b (each with
m/z 584.3), 5 (m/z 586.3), and 6 (m/z 604.3). Structures for all these products have been
tentatively assigned by mass spectrometry (including chemical derivatization) and are listed
in Table 1.

i) Product 2a (m/z 570.3): Product 2a elutes with tg; = 6.9 min (Fig. 1), co-elutes with 2b
and 2c, and contains dehydroalanine (Dha) instead of Cys. The MS/MS fragmentation (Fig.
S1) shows most of the b and y fragment ions expected for the structure of 2a. In particular,
the b3 and b4 fragment ions demonstrate clearly the transformation of Cys into Dha.
However, MS/MS fragmentation of the parent ion m/z 570.3 shows additional fragments
(noted b’, b*” and y” in Fig. S1) which do not fit the structure of 2a. These fragments suggest
the presence of isobaric products of 2a (such as 2b and 2c, see below). The time course for
the formation of 2a (together with 2b and 2c) is described below. A comparison of the
intensities of the b, b” and b’” fragments suggest that 2a represents the major product.

ii) Products 2b and 2c (m/z 570.3): Products 2b and 2c are isobaric to 2a and co-elute with
2a, to; = 6.9 min (Fig. 1). This co-elution does not allow for the MS/MS fragmentation of 2b
and 2c to be performed independently from that of 2a. However, specific fragments indicate
the formation of 2b and 2c. For example, the b’4 and y’3 ions are characteristic for the
structure of 2b (Table 1) which corresponds to the transformation of Cys into Ala and to the
conversion of the C-terminal Ala into Dha. The b’’3 ion is the only direct evidence for the
structure of 2c (Table 1), which corresponds to the transformation of Cys into Ala and the
conversion of the N-terminal Ala into Dha. The conversion of peptide 1a into the isobaric
products 2a,b,c reaches a maximum (8%, relative to the initial concentration of 1a) after 2
min of UV-irradiation (Fig. 2, ), followed by a slight time-dependent decrease of the
yields.

iii) Product 3 (m/z 572.3): Product 3 elutes with tg; = 4.9 min (Fig. 1). The b and y ions, in
particular the b4 and y4 ions, displayed in the MS/MS spectrum of 3 (Fig. S2), show that in
the structure of 3 (Table 1) the original Cys is converted into Ala. Product 3 evolves later
than the other photoproducts, i.e. appears only after 5 min of UV-irradiation from which
time point on its amount increases with the time of UV-exposure (Fig. 2, O).

iv) Products 4a and 4b (m/z 584.3): Products 4a and 4b are isobaric and co-elute with tg| =
9.8 min (Fig. 1). The MS/MS fragmentation of products 4a and 4b is displayed in Figure S3.
The b and y fragment ions indicate the transformation of the N-terminal Ala into Dha and
the conversion of the thiol function into aldehyde for product 4a (Table 1). The presence of
the b’3, b’4 and y’3 ions indicate the transformation of the C-terminal Ala into Dha and the
conversion of the thiol function into an aldehyde for product 4b. The conversion of peptide
la into the isobaric products 4a,b reaches a maximum (11%, relative to the initial
concentration of 1a) after 2 min of UV-irradiation, followed by a slight decrease over 5-20
min of UV-irradiation (Fig. 2, H).
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v) Product 5 (m/z 586.3): Product 5 elutes with tg; = 6.4 min (Fig. 1). The b and y ions, in
particular the b4 and y4 ions, displayed in the MS/MS spectrum of 5 (Fig. S4) show the
conversion of the Cys thiol function into an aldehyde. The conversion of peptide 1lainto 5
increases rapidly within 2 min of UV-irradiation (15%, relative to the initial concentration of
1a), followed by a slight increase over 5-20 minutes of UV-irradiation (Fig. 2, A).

vi) Product 6 (m/z 604.3): Product 6 elutes with tg; = 8.4 min (Fig. 1). The b and y ions
displayed in the MS/MS spectrum (Fig. S5) demonstrate that 6 contains a reduced Cys
instead of the disulfide bond (Table 1). The conversion of peptide 1a into 6 approximately
reaches a plateau (52%, relative to the initial concentration of 1a) after 10 min of UV-
irradiation. Product 6 is the major photoproduct formed over the time of UV-irradiation (Fig.
2, @). An isobaric product of 6 elutes with tg; = 11.8 min. The MS/MS fragmentation of this
isobaric product is similar to the MS/MS fragmentation of 6. However, the amount of this
isobaric product does not vary with the time of UV-exposure. In addition, a trace of this
product is observed in the control (Fig. 1, A). These observations suggest that an impurity,
structurally close to 6, is present in the sample but does not interfere with the
photochemistry of peptide 1a. Product 6 is structurally equivalent to the synthetic peptide
1b.

3.1.2 Photo-irradiation at pH 7.5—The HPLC chromatograms obtained after photo-
irradiation of peptide 1a at pH 7.5 at room temperature are presented in Fig. 3. The UV-
irradiation of peptide 1a (m/z 1205.6) generates the same products 2a, 2b, 2c (each with m/z
570.3), 3(m/z 572.3), 4a, 4b (m/z 584.3), 5 (m/z 586.3), and 6 (M/z 604.3) as observed at
pH 3.5. In addition to these photoproducts, six other products are detected: 7a, 7b (each with
m/z 600.3), 7c, 7d (each with m/z 602.3) and 8a, 8b (each with m/z 568.3). The structures of
these products are also displayed in Table 1. The product yields for all products at pH 7.5 as
a function of irradiation time are displayed in Figure 4.

i) Products 7a and 7b (m/z 600.3): The isobaric products 7a and 7b co-elute with products
4aand 4b (tg; = 9.8 min, Fig. 3). The MS/MS fragmentation of 7a, 7b suggests Michael
addition between the Cys residue and either an N-terminal Dha (7a) or a C-terminal Dha
(7b). Evidence for such cyclization is the lack of the couples of specific fragment ions (b3,
y5) and (b’4, y’3) for the structures 7a and 7b, respectively (Table 1, Fig. S6). Both products
7aand 7b display an additional Dha residue, which is not involved in the cyclization.
Evidence for the latter is provided by the characteristic fragment ions (b5, y3) and (b’3, y’5)
for structures 7a and 7b, respectively, and by chemical derivatization with -
mercaptoethanol (see below, section 3.1.4).

ii) Products 7c and 7d (m/z 602.3): Products 7c and 7d co-elute with products 4a, 4b and
7a, 7b (tg; = 9.8 min, Fig. 3). The MS/MS data for 7c suggest Michael addition of the Cys
residue to an N-terminal Dha while the C-terminal Ala is maintained. Product 7d is formed
through Michael-addition of the Cys residue to C-terminal Dha while the N-terminal Ala is
maintained. The cyclic nature of products 7c and 7d is indicated by the lack of b3, y4 and
b’4 and y’3 fragments, respectively (Table 1, Fig. S7).

iii) Products 8a and 8b (m/z 568.3): The isobaric products 8a and 8b co-elute with ty; = 8.9
min (Fig. 3). The MS/MS fragmentation (Fig. S8) suggests transformation of Cys into Dha
combined with the conversion of either the C-terminal or N-terminal Ala into Dha,
respectively (Table 1).

3.1.3 Product formation in the presence of electron scavengers—Especially the
detection of Ala and Dha as photoproducts of Cys suggests the intermediary formation of
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highly reducing species such as the hydrated electron (eqq™). Therefore, two experiments
were designed in which any e,q~ would be scavenged efficiently by an electron scavenger,
CH>Cl, or N»O, which are described below.

i) Dichloromethane: Peptide 1a was dissolved at a concentration of 400 UM in 200 pL of
H,0 at pH 7.5 in the presence of 0.5% (v:v; equivalent to a final concentration of 3.9 x 1072
M) of dichloromethane (CH,Cl5). Dichloromethane was saturated with Ar separately prior
to addition to the Ar-saturated aqueous solution of 1a. The sample was irradiated at 254 nm
for 10 min in a quartz tube.

e;q+CH2Cl2 — *CH,CI+CI” D

Dichloromethane is an electron scavenger (reaction 1, ky = 6.0 x 109 M~1 s71) 31 wijth 3.9 x
1072 M CH,Cl,, the pseudo first order rate constant for reaction 1, k; = 2.3 x 108 s71, is 53-
fold greater than the pseudo first order rate constant for the reaction between the electron
and the disulfide bond (reaction 2)32 present in 1a. The addition of CH,Cl, prevents the
formation of products 2b, 2c and 3 (Fig. 5, A, B) while the yields of products 8a, 8b are not
altered. Product 2a is formed but its yield is greatly reduced. These results are consistent
with the formation of a solvated electron during the photo-irradiation of peptide 1a, which
could reduce the Dha residues present in 2b, 2c, 8a, and 8b into Ala, i.e could be responsible
for the formation of 2b, 2c, and 3. Whether the reduction of Dha would be via direct
reaction with €7, or via the reaction of a disulfide with e, followed by electron transfer
from the intermediary disulfide radical anion, cannot be concluded here. The presence of
dichloromethane prevents reaction 2. Hence, the yields of thiyl radicals via reaction 2 are
reduced, causing a general reduction of the yield of 2a (see below). The absence of products
2b, 2c and 3 demonstrate that the hydrated electron is likely at the origin of transformation
of the Dha into Ala. The reactivity of Dha towards hydrated electrons may be compared to
that of acrylamide, where one-electron reduction of acrylamide by hydrated electrons occurs
with a rate constant of (1.5-3.3) x 1010 M~151.33-35 U|timately, the one-electron reduction
of acrylamide is followed by protonation of the p-carbon. An analogous mechanism for Dha
would yield an alanyl “C* radical, which could be transformed into Ala by reaction with a
reduced Cys residue (such as present in product 6).

6;q+R1SSR2 — [RISSR,]*™ = RiS*+R>S ™ )

ii) NoO and tert-butanol. Peptide 1a was dissolved at a concentration of 400 uM in 200 UL
of H,O at pH 7.5 in the presence of 0.1 M of zert-butanol (tert-BuOH) and the solution was
saturated with N,O. The sample was irradiated at 254 nm for 10 min in a quartz tube. N,O
reacts with hydrated electrons with a rate constant3® k3 = 9.6 x 109 M1 571, i.e. close to the
rate constant for the reaction of hydrated electrons with the disulfide bond (1.1 x 1010 M~1
s71).32 Thus, in N,O saturated solution hydrated electrons are nearly completely converted
into HO" radicals (reaction 3). To avoid the reaction of HO® radicals with the disulfide bond
present in peptide 1a (k = 2.1 x 109 M1 s71) 37 tert-BuOH was added to the solution at a
concentration of 0.1 M to scavenge the HO" radicals (reaction 4). Under these conditions,
the pseudo first order rate constant for reaction 3, 6.0 x 108 s1, is 60-fold greater than the
pseudo first order rate constant for the reaction between e~ radicals and the disulfide bond
present in 1a. The reaction of HO® radicals with tert-BuOH results in the formation of

a "CH,C(CHs),0OH radical.38 This radical is known to abstract an H-atom from CysSH with
a rate constant of 5.0 x 107 M~1 s71 but does not react efficiently with the disulfide bond.3°
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H>O+N,0+e.;” —» HO*+N>+HO™  (3)

tert — BUOH+HO® — CH,*C(CH3),0H+H,0 (4

HPLC chromatograms (Fig. 6) recorded after photo-irradiation of 1a in the presence of N,O
and tert-BuOH reveal the absence of product 3. In the absence of N,O/tert-BuOH, 21% of
lais converted into 2a,b,c and 8a,b during 10 min of photo-irradiation. In the presence of
N,O/tert-BuOH, 79% of 1ais converted into 2a, 7a,b and 8a,b. An additional product with
m/z 676.4 is observed (Fig. 6). This product is the result of the recombination of a CysS®
radical of product 6 with *CH,C(CH3),0H, formed during the photoionization of the
thiolate form of 6 (see below). In conclusion, the presence of electron scavengers prevent
the reduction of Dha by hydrated electrons, providing mechanistic evidence that Dha is a
key intermediate in the transformation of Cys to Ala.

3.1.4 Additional evidence for Dha formation: Michael addition of B-
mercaptoethanol—Peptide 1a (400 uM) was irradiated at 254 nm for 10 min in Ar-
saturated solution at pH 7.5. Immediately after UV-irradiation a final concentration of 100
mM of B-mercaptoethanol was added to the solution, and the pH was increased to 8.5 by the
addition of NaOH. The Michael-addition of thiolate to Dha has been reported for aqueous
solution,40-42 so that we expect that the thiolate form of B-mercaptoethanol reacts with the
Dha residues.*344 The derivatization of photo-products from 1a resulted in the formation of
seven new species consistent with our previous structural assignment of Dha formation: 2
(m/z 648.4), 4B (m/z 662.4), 58 (m/z 664.4), 6B (m/z 680.4), 7B (M/z 678.4), 8 (Mm/z
724.4), and 9B (m/z 756.3). Here, reaction products derivatized with p-mercaptoethanol are
indicated by the additional label “B” after the original product number. A mass
spectrometric scan displaying all products is presented in Figure 7. A detailed description of
the seven new structures labeled 289 is given in the Supplementary Material, together
with their MS/MS spectra (Figures S9-S15). Products 28, 48, 7B, and 8@ (and their
respective derivatives labeled a,b,c) result from the addition of one molecule -
mercaptoethanol to the Dha residues present in products 2, 4, 7 and 8, respectively. Product
6P results from the reaction of p-mercaptoethanol with peptide 1a. Product 96 results from
the formal addition of two molecules of p-mercaptoethanol to the Cys and Ala residues of 6,
respectively. A precursor for 9, i.e. peptide 1a with one Ala substituted by Dha, was not
detected in the absence of p-mercaptoethanol derivatization. Hence, we cannot explain the
formation of 9B mechanistically at this point in time. Product 3 is not affected by the
presence of p-mercaptoethanol because of the absence of Dha residues. Thus, the total
conversion of the products 2a,b,c, 4a,b, 7a,b and 8a,b into their g-mercaptoethanol
derivatives provides further evidence for the photolytic transformation of Cys and Ala into
Dha.

3.1.5 Photochemical yields as function of temperature—Disulfide photolysis
generates a thiyl radical pair, which initially exists within a solvent cage prior to dissociation
apart. If product formation within the cage is different from product formation outside the
cage, these pathways can be distinguished through variation of the lifetime of the cage. A
variation of temperature in the range of 0-25°C is sufficient to modify the cage escape rate
constant of the initial radicals, i.e. the lifetime of the cage.*® The Stokes-Einstein equation
for the diffusion coefficient, D = ky T / 6menr (n = dynamic viscosity of the solvent, r =
radius of the spherical particles, k,, = Boltzmann constant, T = absolute temperature), shows
that the diffusion is directly proportional to the temperature of the solvent and inversely
proportional to the viscosity. At 4°C and 22°C, the viscosity of H,O under atmospheric
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pressure is 1(4°C)=1.569 g m~1 s71 and 1(22°C)=0.955 g m~1 s1. Based on the Stokes-
Einstein expression, a decrease of the temperature from 22°C to 4°C results in a decrease of
the diffusion coefficient by a factor of 1.75, enhancing the lifetime of the cage. Thus, to
monitor the effect of the temperature, peptide 1a (400 pM) was irradiated at 254 nm for 2, 5,
10, and 20 min in Ar-saturated solution at pH 7.5 at 4°C. A 20 minutes photo-irradiation
leads to products 2a, 2b, 2¢, 5 and 7a, 7b. The time course for these photoproducts is
presented in Fig. 8. Hence, the photochemistry of peptide 1a at 4°C is significantly different
from that at 22°C. First, product 6, 3 and 4a,b are not observed at 4°C. Second, the
respective yields of 2a,b,c and 5 are 2-fold and 2.5-fold times lower, respectively, at 4°C
compared to room temperature (Fig.4 vs Fig. 8, A). In contrast the yields of product 7a and
7b are not affected by the temperature. A 20 minute UV-exposure of peptide 1a yields 35%
photoproducts (i.e., peptides different from 1a) at 4°C, but >65% at 22°C. The absence of
product 6 at 4°C, and the lower efficient photo-conversion of 1a suggest a higher probability
for the initial thiyl radical pair to regenerate peptide 1a in the solvent cage. Product 5
displays an almost linear increase of its yield between temperatures of 4°C and 26°C and 5
minutes of photo-irradiation (Fig. 8, B). The presence of 5 and the absence of 6, suggest that
6 is a substrate for degradation (see also section 3.2).

3.2 Photo-irradiation of peptide 1b at 254 nm

Peptide 1b was photo-irradiated at 254 nm in Ar-saturated H,O or D,0 in the presence and
absence of 39 mM CH,Cls (Fig. 9). Peptide 1b is identical to product 6, but we assigned a
different number here to differentiate the synthetic peptide from the reaction product.

3.2.1 Photo-irradiation at pH 7.5 in H,O in the absence of CH,Cl,—A 10 min
photo-irradiation of peptide 1b yields predominantly product 3 (Fig. 9, B) and a new product
with m/z 1173.2, which is consistent with a thioether formed between 2a and 1b and,
therefore, referred to as 2a-1b (Fig. 9D). The fragmentation pattern observed during MS/MS
analysis of 2a-1b (Fig. 9E) is consistent with this structure.

3.2.2 Photo-irradiation at pH 7.5 in H,O in the presence of CH,Cl,—In the
presence of 39 mM CH,Cl,, the yield of 3 is significantly reduced and product 5 as well as a
new product, 10 (characterized by m/z 562.3) are formed (Fig. 9, C). The MS/MS data of
product 10 reveal an addition of +48 amu to the original Cys residue of peptide 1b (data not
shown). There are several possibilities which could rationalize a gain of +48 Da: i) the
oxidation of 1b into sulfonic acid, ii) a radical-radical recombination of “CH,CI with the
CysS® radical of 1b, and iii) the transformation of the original thiol of 1b through formal
addition of SO. Potential structures for the latter would be thiosulfinates, such as R-S(O)SH
or R-SS(O)H, or RSSOH, but our MS and MS/MS data are unable to provide such structural
information. The isotopic composition of 10 does not fit the theoretical isotopic distribution
expected from the presence of a Cl atom in a potential recombination product between thiyl
radical and "CH,Cl, and such product can therefore be excluded. The reduction with DTT to
the original thiol 1b excludes the formation of sulfonic acid. Hence, a perthiol with an added
oxygen remains as a possibility.

3.2.3 Photo-irradiation at pH 3.5 in H,O in the absence of CH,Cl,—In contrast to
experiments at pH 7.5, photo-irradiation of peptide 1b at acidic pH did not result in
photodecomposition, as expected from the protonation state of the thiol group and in
accordance with earlier results.6

3.2.4 Photo-irradiation at pD 7.5 in D»O in the absence of CH,Cl,—While photo-

irradiation of peptide 1b in H,O in the absence of CH,Cl, generates 3 with m/z 572.3,
photo-irradiation in D,0 yields 3 with m/z centered at 573.3, indicating the covalent
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incorporation of deuterium into 3 (Fig. S20). The number of covalently incorporated
deuterons into 3 will be discussed in Section 4.2.

3.3 Photo-irradiation of peptide 1c at 254 nm

3.3.1 Photo-irradiation in H,O at pH 3.5—Peptide 1c (400 uM) was photo-irradiated at
254 nm for 2, 5, and 10 minutes in quartz tubes. The HPLC chromatograms of the irradiated
solutions are presented in Figure 10. LC-MS analysis revealed that the photo-irradiation of
peptide 1c (m/z 1217.5) generates ten major products: 11 (m/z 592.7), 12 (m/z 610.7), 13a,
13b, 13c (m/z 608.7), 14 (m/z 576.7), 15a, 15b (m/z 606.7), 16 (m/z 574.7), and 17 (m/z
575.7). The tentative structures of these products were assigned through MS/MS analysis
and are summarized in Table 2.

i) Product 11 (m/z 592.7): Product 11 elutes with tg; = 6.8 min (Fig. 10). The b and y ions,
in particular the b4 and y4 ions, presented in the MS/MS spectrum (Fig. S16) show that the
structure of 11 (Table 2) arises from the formal conversion of a peptide Cys residue into an
aldehyde.

ii) Product 12 (m/z 610.7): Product 12 elutes with t; = 8.8 min (Fig. 10). The b and y ions
presented in the MS/MS spectrum (Fig. S17) demonstrate that 12 arises from the conversion
of the disulfide bond of peptide 1c to free thiol (Table 2).

iii) Products 13a, 13b, and 13c (m/z 608.7): The isobaric products 13a,b,c co-elute with tg
= 8.3 min (Fig. 10). The three structures 13a, 13b and 13c are distinguished from product 12
through covalent H/D exchange at the Alays side chains. The MS/MS spectrum displayed in
Figure 11, through the fragment ions b3, b4, y3 and y4, evidences the replacement of two
deuterons of the C-terminal Alags by two protons (product 13a). The ions a’3, b’4, y’3 and
y’4 indicate the presence of the isobaric product 13b where two deuterons of the N-terminal
Alays are replaced by two protons. The replacement of one deuteron from each Alags
residue by one proton (product 13c) is evidenced by the presence of the ions a’’3,a’’4, y’’3
and y”’4. A comparable H/D exchange at the PC-positions of Ala is observed for the
monoisotopic masses and the MS/MS fragmentation spectra of products 14 (m/z 576.7), 16
(m/z 574.7) and 17 (m/z 575.7) (See section 3.3.2).

iv) Product 14 (m/z 576.7): Product 14 elutes with tg; = 7.8 min (Fig. 10). Product 14
contains a Dha residue in place of Cys. The MS/MS (Fig. S16) shows most of the b and y
fragments ions expected for the structure of 14. In particular the b3 and b4 fragment ions
indicate the transformation of Cys into Dha.

v) Products 15a and 15b (m/z 606.7): The isobaric products 15a and 15b co-elute with tg
= 9.7 min (Fig. 10). The MS/MS of 15a,b suggests a cyclization of the Cys residue with Dha
in place of either the N-terminal Ala (15a) or the C-terminal Ala (15b). The cyclic nature of
these products is suggested by the lack of the fragment couples b3, and y4, and b’4, and y’3
for 15a and 15b, respectively (Table 2, Fig. S19). Internal fragments (indicated by the
dashed frames) provide further support for our structural assignments.

3.3.2 The isotopic envelope of product 14 (m/z 576.7)—Theoretically, product 14
(m/z 576.7) should display a ratio between the peak areas for the first and the second isotope
peaks of 27.8%. However, the experimental ratio is 51%, suggesting the presence of co-
eluting products with monoisotopic masses close to m/z 576.7. In fact, the experimentally
observed isotopic envelope of all products co-eluting at t;; = 7.8 min can be deconvoluted
into a mixture of at least three products with m/z 574.7, 575.7, 576.7 for their monoisotopic
masses (Fig. 12), i.e. two additional products with A = -1 amu (product 17) and A = -2 amu
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(product 16), respectively, compared to product 14. The use of an LTQ-FT hybrid linear
quadrupole ion trap Fourier transform ion cyclotron resonance (FT-ICR) mass spectrometer
allows to measure the signal of all these ions in one experiment producing a complex
frequency vs. time spectrum containing all the signals. The deconvolution of this signal by
FT methods results in the deconvoluted frequency vs intensity spectrum which is then
converted to the mass vsintensity spectrum. Furthermore, the FT-ICR has the capability to
switch rapidly from the MS to the MS/MS mode. Thus, even if the ions are different by only
1 Da and are from co-eluting components, the signal of each ion can be extracted to obtain
their MS/MS fragmentation spectra. The MS/MS spectra of products 14 (m/z 576.7), 16 (m/
z574.7) and 17 (m/z 575.7) were obtained using the FT-ICR instrument and were compared
(Fig. 13). The detected fragment ions b3, and b4 are identical for all products 14, 16 and 17.
However, the fragment ions b5 and y4 of the products 14, 16 and 17 are different. The mass
of the fragment ion b5 increases by an increment of 1 amu from product 16 (m/z 574.7, b5 =
386.3) (Fig. 13a and 13b, the ion with m/z 387.3 is also observed), to 17 (m/z 575.7, b5 =
387.3) (Fig. 13d) and to 14 (m/z 576.7, b5 = 388.3) (Fig. 13f). An analogous observation is
made for the y4 fragments. Indeed, the m/z of the fragment y4 of 17 is different by 2 amu in
comparison to the y4 fragment of product 14. These observations indicate the possibility of
replacement of deuterons of the C-terminal Ala in product 14 by protons from the solvent.
The origin of these protons is discussed below.

3.4 Photo-irradiation of peptide 1c at 254 nm in D,O

3.4.1 Deuterium incorporation into product 12—Peptide 1c was dissolved at 400 uM
concentration in Ar-saturated D,O, pD 3.5. The samples were photo-irradiated at 254 nm for
2, 5, and 10 minutes in quartz tubes. Covalent deuterium incorporation into product 12 was
monitored by LC-MS (Fig. 14). The percentage of product 12 which incorporated one
additional deuteron was plotted versus the time of photo-irradiation (Fig. 14, insert). The
method to deconvolute the isotopic distributions presented in Fig. 14 is summarized in the
Supplementary Material. A similar pattern of deuterium incorporation was observed in
product 6 when peptide 1a was irradiated in D,O (data not shown).

3.4.2 Deuterium incorporation into products 14, 16 and 17—In section 3.3.2, we
described the isotopic distribution in product 14 after photo-irradiation in H,O. We
rationalized the observed difference between the envelopes predicted for 14 only and the
experiment by the presence of two additional products, products 16 and 17, corresponding to
the covalent replacement of two and one deuterons by two and one protons, respectively
compared to 14. The losses of 2 and 1 amu are related to the replacement of 2 and 1
deuterons by 2 and 1 protons, respectively, at the C-terminal Ala position in product 14.
Consistent with this rationale, the ions with m/z 574.7 and 575.7 are not observed during
photo-irradiation in D,O (where formally deuterons would be replaced by deuterons),
confirming that products 16 and 17 are not formed in D,O. However, the isotopic
distribution of 14 shows components of higher m/z during photo-irradiation in D,O (Fig.
15), consistent with covalent H/D exchange at the “C-positions of Ala and Gly.

4. Discussion

The photolysis of an /nterchain disulfide bond in the Ala-containing peptides 1aand 1c
leads to a series of transient and stable products identified by MS/MS analysis. Notably, we
detect the transformation of Cys into Dha and Ala, and of Ala into Dha, as well as covalent
H/D exchange at both the *C-H and PC-H positions of Ala. The nature of the stable products
is consistent with the initial generation of CysS"® radicals, and CysS® radicals have been
commonly detected during the UV photolysis of cystine and cysteine-containing
peptides.847 The latter is not unexpected based on the broad absorption maximum of
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disulfides around 250 nm, which contains two transitions where the higher energy transition
initially leads to a singlet radical pair of CysS®.48 Rapid intersystem crossing (ISC) will
efficiently generate a triplet radical pair of CysS®.49

Initially, photolysis will generate a thiyl radical pair within a solvent cage, from which the
radicals can diffuse into the bulk solution (Scheme 1, reaction 6). The CysS® radical pair can
disproportionate to form a thiol and a thioaldehyde (Scheme 1, reaction 7), or recombine to
disulfide.847 In H,0, the thioaldehyde is transformed into an aldehyde (Scheme 1, reaction
13). During the lifetime of the thiyl radicals, there is an opportunity for reversible hydrogen
transfer reactions (reactions 9 and 10). The temperature effect on product yields appears to
indicate an effect of cage lifetime on product distribution. A less efficient conversion of the
native disulfide into the disproportionation products at 4°C suggests that the primary
geminate radical pair recombines with a higher probability in the cage (assuming a similar
activation energy for disproportionation and recombination). This appears to be also
consistent with the results from photo-irradiation of 1b. The absence of a disulfide bond in
1b excludes the possibility of any solvent cage effect on the reaction of two CysS® radicals.
Thus, the formation of 5 during the photo-irradiation of 1b in the presence of CH,Cl,
indicates the possibility for disproportionation of CysS® outside the cage.>0:51

A comment on the stereochemistry is warranted. The initial thiyl radical pair formed
according to reaction 6 (Scheme 1) will contain exclusively L-amino acids. Hence, reaction
10 (hydrogen transfer from the Ala Cg-H/D bond) would be geometrically more favorable
compared to reaction 9 (hydrogen transfer from the Ala C,-H bond). However, through
equilibrium 16a in Scheme 2 (see below) the initial L-configuration of the CysS® radical
may convert into the D-configuration so that reaction 9 would become geometrically more
favorable. Therefore, we did not indicate any particular stereochemistry in Scheme 1.

4.1 The conversion of Cys into Ala

The photochemical formation of Ala from cystine has been observed as early as 4-5 decades
ago26-29 put no mechanistic analysis was provided. Considering the potential importance for
light-induced protein degradation, and the chemical modification of protein therapeutics
such a mechanistic analysis is warranted. Figures 2 and 4 show that 1a is converted to 3 at
both pH 3.5 and 7.5, though the yields are higher at pH 7.5. At both pH the formation of 3
shows a delay compared with products 2a, 2b, 2c and 6 (peptide 1b). Especially at pH 7.5,
the time-dependent formation and decay of 6 suggest a potential intermediacy of 6 for the
formation of 3. This is corroborated by our result obtained at 4°C, where product 6 and, 3,
consequently, were not formed. However, it seems that 2a, 2b, 2c were formed at 4°C
suggesting the elimination of H,S. Therefore, we prepared 6 (=1b) independently and
subjected it to photolysis both at pH 3.5 and pH 7.5. As expected, no photo-conversion of 6
occurred at pH 3.5 due to the protonation state of the thiol. However, 6 converted into 3 at
pH 7.5. Chemically, the conversion of 6 into 3 requires a multistep pathway, which we
propose in reactions 15-20 in Scheme 2. Several steps in Scheme 2 require discussion, but
prior to that additional experimental support for the reactions in Scheme 2 will be provided.
First, when 6 was photo-irradiated at pH 7.5 in the presence of 39 mM CH,Cl5, no
conversion of Cys into Ala (i.e. product 3) was observed. This is consistent with the efficient
removal of e;q~ by reaction 1 (section 3.1.3). Hence, the addition of electron scavengers to
solutions of 1a inhibited the conversion of Cys to Ala in accordance with the mechanism
proposed in reactions 18-20. Next, we photo-irradiated 6 at pD 7.5 in the absence of
electron scavengers in order to monitor deuterium incorporation into product 3. We
observed significant incorporation of deuterium into product 3 (27% of the molecules of 3,
incorporated two deuterons), where MS/MS analysis indicated incorporation into Leul,
Gly2, Ala3, *Ala?®, Ala®, and Gly® (*Ala? represents the former Cys? residue). This result
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indicates the intermediary formation of *C, radicals also at the Gly residues (and possibly at
the Leu residues; however, also the possibility for side chain radicals at Leu exists). A
discussion of the origin and the mechanisms leading to the incorporation of deuterons in
product 3 after photo-irradiation of 6 in D,0O is given below (Section 4.2).

Importantly, 3 was the predominant product during photo-irradiation of 6 in the absence of
electron scavengers while products 5 and 10 were formed only in the presence of CH,Clo.
The formation of 5 indicates disproportionation of the initial thiyl radical outside the solvent
cage (i.e. no thiyl radical pair in the cage is formed during photolysis of 6). In addition, 5
may also form through reactions 5 and 13:

R— CH,S*+CICH, — R— CH=S+CH;CI (5
R~ CH=S+H;0 — R~ CH=0+H,S (13

A comparable effect of electron scavengers was observed during the photolysis of 1a. Here,
the presence of 39 mM CH,Cl, prevented the formation of products 2b, 2c and 3. The MS/
MS analysis of the product with m/z = 570.3 (2a,b,c) formed after photo-irradiation of 1ain
the presence of CH,Cl,, indicates that only the formation of 2b and 2c is prevented by the
presence of an electron scavenger while 2a is formed, albeit at a low yield. MS/MS data
show that the major fragments detected (y4 and b4) originate from product 2a while the
fragments characteristic for products 2b and 2c are not observed (Fig. S21). When 1a was
photo-irradiated at pH 7.5 in the presence of N,O and 0.1 M tert-BuOH, product 3 was not
formed. Instead, a recombination product of the initial thiyl radical with *CH,C(CHs3),OH
was detected, where *CH,C(CH3),0H is the product of reactions 3 and 4 (section 3.1.3).
Further support for reactions 16-20 is derived from the detection of product 2a during the
photo-irradiation of 1a. In Scheme 2, reaction 16a represents a 1,3-H-shift converting a thiyl
radical into a capto-datively stabilized “C*-radical. Normally, a 1,3-H-shift is associated
with a relatively high activation energy.>2-54 Nevertheless, a rate constant of 2.5 x 104 s71
for such 1,3-H-shift has been reported for the anionic form of the thiyl radical of Cys (H,N-
CH(C0,7)-CH,-S%)°3:55:56 which suggests that reaction 16a may be reasonably fast despite
the theoretically predicted high activation energy. To what extent such 1,3-H-shift may be
facilitated by a protic solvent (such as observed for a 1,2-H-shift in alkoxyl radicals)®’:8
remains to be shown. The elimination of HS® (reaction 17) is supported by the formation of
H,S which has been measured during photo-irradiation of several disulfide-containing
peptides.” We propose that H,S serves as a source for the photochemical generation of H*-
atoms,>? which can reduce Dha via addition to Cg, which formally represents a combination
of reactions 18 and 19 (Scheme 2). Such a reduction mechanism would rationalize the
formation of product 3 also at pH 3.5.

4.2 The isotope distribution in product 3

The isotopic distribution of product 3 generated in D50 is the result of the convolution of
the four isotopic envelopes of product 3 after incorporation of 0 (21%), 1 (45%), 2 (27%),
and 3 (6%) deuterons (the percentage indicates the weight of each isotopic envelope in the
overall isotopic distribution of 3 generated in D,0). The presence of two deuterons in 3 is
rationalized by the reduction of Dha in D,O according to reactions 18-20 (Scheme 2). The
incorporation of three deuterons is the result of two different mechanisms. A first deuteron is
incorporated into the peptide backbone according to the reversible reaction 16b (Scheme 2).
At pD 7.5, we cannot exclude that two thiyl radicals will recombine to a disulfide bond, for
example via formation of an intermediary thiyl radical-thiolate complex. Therefore a
fraction of the cysteine thiyl radicals may also result from the photolysis of a product
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disulfide bond, where the first deuteron can be incorporated after the formation of a radical
pair, as described in reactions 6, 9, 11 and 12 (Scheme 1). The two additional deuterons can
again be explained by the reduction of Dha into Ala (reactions 18-20, Scheme 2). The 21%
of product 3 containing a single deuteron can be explained by the presence of a trace of H,O
in the D,0 solvent, and a potentially large kinetic isotope effect of reaction 20 (Scheme
2).41 Assuming a KIE of 7 for reaction 20,41 we calculate that a (v:v) D,0:H,0 ratio of 97:3
would lead to 21% of product 3 containing one deuteron (this was separately confirmed for
covalent H/D exchange reactions in thiyl radicals from glutathione using D»O spiked with
known amounts of H,O; data not shown).

4.3 The conversion of Ala into Dha

The photo-irradiation of 1a (and 1c) resulted in the conversion of Ala into Dha. Importantly,
such Ala to Dha conversion was not detected during photo-irradiation of the thiol-containing
peptide 1b at pH 7.5. This result suggests that a radical pair (potentially in the cage) rather
than a CysS’* radical alone could be responsible for the conversion of Ala to Dha. We
propose reactions 6, 9, 11 and 12, displayed in Scheme 1 as a basis for Dha formation and
will provide an analysis of this mechanism based on experimental support in the following.
In reaction 9, a thiyl radical of the initial thiyl radical pair abstracts a hydrogen from the *C-
H bond of Ala, generating a *C" radical. Evidence for such a process was obtained earlier
through the measurement of L-Ala to D-Ala epimerization during photo-irradiation of
peptide 1a.% In the present paper we have obtained additional evidence for the formation of
the C* radical through photo-irradiation of peptide 1c in D,O, which led to H/D exchange
at the only C-H bond available in the original Alags residue, the *C-H bond. Reaction 9 may
be followed by electron transfer (reaction 11) and proton transfer (reaction 12), generating
Dha. The oxidation potentials for linear peptide °C, radicals, such as formed in equilibrium
9, can be approximated through values obtained with °C radicals from diketopiperazines.
For glycine and alanine anhydride, E°ox = 0.18 and 0.09 V (vs. NHE), respectively, for the
reaction Ri-NH*=CR,(C=0)-R3 + e~ — R;-NH-"C-(C=0)-R3.%0 In addition, the glycine
anhydride *C, radical, R;-NH-"C-(C=0)-R3, reduces [IrClg]>~ with k = 3.1 x 10% M~1s71,
i.e. in a diffusion-controlled process,®! where E° = 0.87 V for the process [IrClg]2~ + e~ —
[IrClg]3~.52 Considering that for RS® + e~ + Ht — RSH, E° = 1.33 V,53 and for RS" + e~ —
RS™, E° = 0.73 V,%3 we expect a very fast oxidation of R{-NH-"C-(C=0)-R3 by CysS" thiyl
radicals, i.e. the process displayed in reaction 11 (Scheme 1).

4.4 The formation of cyclic thioethers 7a, 7b, 7c and 7d

Dha-containing products such as formed according to reactions 6, 9, 11 and 12 in Scheme 1
will likely constitute the precursor for products 7a, 7b, 7c, and 7d. Cyclization of Cys
represents an intramolecular Michael-addition of thiol to Dha. Michael-addition reactions of
thiols to Dha have been shown to be efficient in water.40 A representative cyclization is
displayed in reaction 21. Such Michael-addition is also consistent with our experimental
results where Dha residues in products 2a, 2b, 2c, 4a, 4b, 7a, 7b, 8a, and 8b were
derivatized with p-mercaptoethanol subsequent to photo-irradiation.

X

T

CX,

(21)
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4.5 The reaction of CysS" thiyl radicals with the BC-H bond of Ala

An important experimental observation is the covalent D/H exchange at the BC-D bonds
originally present in peptide 1c, upon photo-irradiation of 1c in H,O. While the exchange of
one deuterium by hydrogen in one Alags residue can theoretically be rationalized through a
radical pair reaction (Scheme 1, reactions 11 and 12), the exchange of more than one
deuterium by hydrogen requires additional mechanisms. It is possible that thiyl radicals
cannot only abstract hydrogen atoms from the “C-H bond but also from the BC-H/D bond
(Scheme 1, reaction 10). Such radical reaction could rationalize the formation of products
13a, 13b, 13c, for example through reactions 22—24 (Scheme 3), and 15a, 15b. Especially,
the detection of covalent D/H exchange in products 15a and 15b suggests that a reversible
hydrogen transfer reaction can precede the formation of Dha. While hydrogen transfer from
the C-H/D bond should be thermodynamically more favorable, the three PC-H bonds of the
Ala side chain present a statistic advantage. Notably, in reaction 10 with peptide 1c (X=D)
thiyl radicals abstract a deuterium atom from a BC-D bond. Based on our earlier results on
primary kinetic isotope effects,*! we expect the abstraction of a deuterium atom to proceed
about 7-times slower compared to that of a hydrogen atom. Nevertheless, our observations
are consistent with earlier reports on the reaction of thiyl radicals with the C-H bonds of
amino acid residues, for example in N-acetyl-valine amide.*2 In addition, recent pulse
radiolysis data on thiyl radicals from glutathione suggest an intramolecular hydrogen
transfer reaction with C-H bonds different from ®C-H bonds.54

4.6 Generation of CysS* via photolysis of 1la or 1b

An important experimental difference between the photolysis of 1a and 1b is that during
photolysis of 1b, CysS® radicals are generated in the presence of thiol while during the
photolysis of 1a CysS® radicals are initially generated in the absence of thiol (here, the thiol
product 6 = 1b builds up over time). This difference rationalizes the formation of 2a (and 2b
and 2c) during the photolysis of 1a, while 2a was not detected during the photolysis of 1b.
However, during the photolysis of 1b we detected a thioether product 2a-1b, which most
likely formed through Michael addition of excess 1b to 2a, suggesting the formation of 2a
also through CysS® radicals generated during the photolysis of 1b. This Michael addition
product is absent when 1b was photo-irradiated in the presence of CH,Cly, which can be
rationalized through radical anion dimer, [CysSSCys]°~, formation between CysS® and
CysS™, followed by electron transfer to CH,Cl,. Consistent with this rationale, the photo-
irradiation of 1a gives maximal yields of 2a (and 2b and 2c) for short photo-irradiation
times (i.e., 2 minutes; see Figure 2), i.e. conditions where only small yields of product 6 (=
1b) are present. With increasing yields of 6, an increasing fraction of initial CysS® radicals
can generate [CysSSCys]*~, which can transfer its electron to 2a initiating reduction of 2a to
3. When the photolysis of l1ais carried out in the presence of CH,Cl,, we observe no
formation of 3 but also a reduction of the yields of 2a. These observations are consistent
with the fact the CH,Cl, inhibits the reduction of 2a (either through hydrated electrons or
[CysSSCys]", but also removes CysS® from the reaction mixture via oxidation of
intermediary [CysSSCys]*".

4.7 Other photoproducts

Some other photoproducts, more hydrophobic than the native disulfides, were observed
during the photo-irradiation of peptides 1a and 1c. These products account for no more than
10-12% of the total products based on the integration of chromatographic peak areas of the
mass spectrometric total ion current. Because the structures of these products remain
presently unclear, we decided not to include any detailed description of such products in the
present paper.
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5. Conclusion

The present paper provides mechanistic information on the reactivity of Cys thiyl radicals
with amino acid residues within model peptides. Notably, the mechanism of Cys to Ala
transformation involves Cys thiyl radical formation, likely followed by a 1,3-H-shift, p-
elimination, and reduction of an intermediary Dha residue. The reduction of Dha is the result
of a photochemical generation of hydrated electrons from deprotonated Cys residues. The
photochemical transformation of Ala into Dha appears to require radical pair formation,
rather than the generation of an isolated Cys thiyl radical. Such radical pair can play a
significant role in the photochemical degradation of protein disulfides, for example in
protein pharmaceuticals. The intramolecular hydrogen transfer reactions of cysteine thiyl
radicals are relevant also for biological conditions of oxidative stress, where they may
preceed protein fragmentation and aggregation reactions.
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Fig. 1.

HPLC separation of the photoproducts generated after UV-irradiation at 253.7 nm of peptide
1a (400 uM) in Ar-saturated H,O solution at pH 3.5. A) non irradiated peptide, B) 2 min of
irradiation, C) 5 min of irradiation, D) 10 min of irradiation, E) 20 min of irradiation.
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Fig. 2.
Time course of the photolysis at 22 °C and pH 3.5 of peptide 1a and its transformation into
2(m/z570.3, 4), 3(m/z572.3, O), 4 (m/z 584.3, W), 5 (m/z 586.3, A) and 6 (m/z 604.3, @).
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Fig. 3.

HPLC separation of the photoproducts generated after UV-irradiation at 253.7 nm of peptide
1a (400 uM) in Ar-saturated H,O solution at pH 7.5. A) no UV-irradiation B) 2 min of
irradiation, C) 5 min of irradiation, D) 10 min of irradiation, E) 20 min of irradiation.
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Fig. 4.
Time course of the photolysis at 22 °C and pH 7.5 of peptide 1a and its transformation into

2 (m/z 570.3, #), 3 (m/z 572.3, O), 5 (M/z 586.3, A) and 6 (m/z 604.3, @), 7 (m/z 600.3, A),

8 (m/z 568.3, 0OJ).

J Phys Chem B. Author manuscript; available in PMC 2013 August 07.

product 5
product 6
products 2a,b,c
product 3
products 8a,b
products 7a,b



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Mozziconacci et al. Page 22
8a,b
1000 A 568.28
\ 5(7‘ 29
570.28
O T T /l \ T T T T T
00 570.31 2a,b,c 3
B {
|! 572.33
‘\‘||
n =
||
1 o || \ §73.34
"l ‘I' l'] } | ‘Y\I'
I A J oA {4 574.32
. . J \ ) 1 / J \ —
0 T T T T T —
568 569 570 571 572 573 574 me
Fig. 5.

Detection by mass spectrometry of the products 2a,b,c (m/z 570.3), 3 (m/z 572.3) and 8a,b
(m/z 568.3): A) products 8a,b is observed at pH 3.5 in the absence of CH,Cl, and at pH 8.5
in the presence of CH,Cl,. B) products 2a,b,c and 3 are observed at pH 8.5 only in the

absence of CH,Cl,.
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Fig. 6.
HPLC separation of the photoproducts generated after UV-irradiation at 253.7 nm of peptide

1a (400 uM) in NoO-saturated H,O solution at pH 7.5 in the presence of 0.1 M tert-BuOH.
The presence of tert-BuOH in the sample results in the shift of the times of elution of the

photoproducts.
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Fig. 7.

Detection by mass spectrometry of the photoproducts generated after UV-irradiation at
253.7 nm of peptide 1a (400 pM) in Ar-saturated H,O solution at pH 7.5 and followed by
the addition of 100 mM of B-mercaptoethanol. The photoproducts observed are the
following: 3 (m/z 572.3), 5 (m/z 586.3), 6 (M/z 604.3), 2P (m/z 648.4), 4B (m/z 662.4), 5B
(m/z 664.4), 6p (m/z 680.4), 7B (m/z 678.4), 8B (m/z 724.4), and 9B (m/z 756.3):
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A) Time course of the photolysis at 4 °C and pH 7.5 of peptide 1c and its transformation
into 2 (m/z 570.3, ¢), 5(m/z 586.3, A) and 7a,b (m/z 600.3, A). B) Transformation of
peptide 1c into 5 at various temperatures after 5 min of photo-irradiation at pH 7.5.
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Fig. 9.

HPLC separation of the photoproducts generated after 10 min of UV-exposure at 253.7 nm
of peptide 1b (100 pM) in Ar-saturated H,O solution at pH 7.5. A) peptide 1c non irradiated
and obtained after DTT reduction of peptide 1a and HPLC purification, B) peptide 1c
irradiated in the absence of CH,Cly, C) peptide 1c irradiated in the absence of CH,Cl,.
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Fig. 10.

HPLC separation of the photoproducts generated after UV-irradiation at 253.7 nm of peptide
1c (400 pM) in Ar-saturated H,O solution at pH 7.5. A) no UV-irradiation B) 2 min of
irradiation, C) 5 min of irradiation, D) 10 min of irradiation.
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Fig. 12.

Isotopic envelope of the combination of the products 14, 17 and 18 generated after 10 min of
UV-exposure of peptide 1c in H,O solution. The dots represent the theoretical isotopic
envelope for the mixture of the three isotopic distributions of the monoisotopic masses
574.7,575.7 and 576.7.
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Comparison of the CID mass spectrum obtained by means of a FT-MS mass spectrometer of
the products 14 (m/z 576.7), 16 (m/z 574.7), and 17 (m/z 575.7) generated by UV-irradiation
of an Ar-saturated aqueous solution containing peptide 1c.
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Fig. 14.

Time courses of the variation of the isotopic envelopes of the products 12 during the UV-
irradiation of peptide 1c in D,O solution. Insert: plot of the percentage of molecules of 12
having incorporated one deuteron vsthe time of irradiation.
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Isotopic envelopes of product 14 after 10 min of UV-exposure of peptide 1c in H,O and
D,0 solutions. Insert: Percentage of molecules of product 14, which have incorporated one
deuteron over the time of irradiation in D,O. The deconvolution protocol of the isotopic
envelopes is described in the Supplementary Material.
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Chart 1.
Representation of the Ala-containing model peptides.
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Scheme 1.

Reaction scheme of photolytic processes of peptides 1a and 1c.
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Transformation of Cys into Ala.
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Hydrogen transfer from the Ala side chain to the thiyl radical.
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