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ABSTRACT

Protein oxidation is a frequent event as a result of the high abundance of proteins in
biological samples and the multiple processes that generate oxidants. The reactions that occur
are complex and poorly understood, but can generate major structural and functional changes
on proteins. Current data indicate that pathophysiological processes and multiple human
diseases are associated with the accumulation of damaged proteins. In this study we
investigated the mechanisms and consequences of exposure of the key metabolic enzyme
glucose-6-phosphate dehydrogenase (G6PDH) to peroxyl radicals (ROO®) and singlet oxygen
('0,), with particular emphasis on the role of Trp and Tyr residues in protein cross-linking
and fragmentation. Cross-links and high molecular mass aggregates were detected by SDS-
PAGE and Western blotting using specific antibodies. Amino acid analysis has provided
evidence for Trp and Tyr consumption and formation of oxygenated products (diols,
peroxides, N-formylkynurenine, kynurenine) from Trp, and di-tyrosine (from Tyr). Mass
spectrometric data obtained after trypsin-digestion in the presence of H,'°0 and H,"0, has
allowed the mapping of specific cross-linked residues and their locations. These data indicate
that specific Tyr-Trp and di-Tyr cross-links are formed from residues that are proximal and
surface-accessible, and that the extent of Trp oxidation varies markedly between sites.
Limited modification at other residues is also detected. These data indicate that Trp and Tyr
residues are readily modified by ROO® and '0, with this giving products that impact
significantly on protein structure and function. The formation of such cross-links may help

rationalize the accumulation of damaged proteins in vivo.

Keywords: Protein oxidation, cross-links, glucose-6-phosphate dehydrogenase, peroxyl

radicals, photo-oxidation, dityrosine, aggregation, singlet oxygen



1. Introduction

Protein oxidation is a frequent event as a result of the high abundance of proteins in
biological samples and the large number of endogenous (e.g. electron leakage from
mitochondria, enzyme and autoxidation reactions) and exogenous (metal ions, atmospheric
pollutants, high energy radiation, UV light) stimuli that can generate reactive oxidants
(reviewed: [1]). These reactions are complex and poorly understood, but it is known that
multiple processes are involved, and that this can give rise to major structural and functional
changes on target proteins (reviewed: [2]). Evidence has been provided to support the
hypothesis that such reactions, and the accumulation of damaged proteins, can play a major
role in a number of human diseases (e.g. some cancers, neurodegenerative conditions,
cardiovascular disease, asthma, rheumatoid arthritis [1,2]).

The mechanisms of amino acid and peptide oxidation by some one- and two-electron
oxidants (e.g. HO®*, ONOOH, HOCI, 102) have been examined extensively [2-9]. In each case
sulfur-containing amino acids (Cys, Met and cystine) are major targets, and considerable
information is available as to the consequences of these reactions. In the case of Cys
oxidation, cystine is a major product if the two Cys residues are appropriately positioned, and
this can give rise to both intra- and inter-molecular cross-links. These cross-links are readily
repaired by disulfide reductase enzymes and are often transient in biological systems [10].
Limited data is also available for cross-linking of Met residues [11,12]. Tyr and Trp residues
are also major targets for each of these oxidants, and there is considerable evidence that these
processes can give rise to irreversible cross-links. Thus Tyr residues can be oxidized to Tyr
phenoxyl radicals that dimerize to give di-Tyr (a C-C linked dimer) and iso-di-Tyr (a C-O
linked dimer) (reviewed [13]). Recent studies have also provided evidence for Trp-Trp

dimers, but these are less well characterized with regard to their abundance and importance



[14,15]. Other cross-linked species can also be formed (e.g. Tyr-Trp [16] and His-His [17-
19]). Carbon-carbon cross-links between aliphatic side-chains are also known [20]. In some
cases the identity and position of the residues involved in cross-link formation have been
elucidated, but in other cases only the overall effects has been examined (e.g. via the
detection of dimers and higher oligomers by SDS-PAGE, detection of di-Tyr in protein
hydrolysates by HPLC, or detection of di-Tyr fluorescence on intact proteins) [13]. The
paucity of information on the involvement of specific residues in cross-link formation is due,
at least in part, to the problems inherent in identifying dimeric peptides in enzymatic digests
of oxidized proteins by mass spectrometry (MS), as these are typically of low abundance, and
the number of possible permutations are large for most proteins. However the formation of
non-reducible, covalently-linked, oligomers may have important biological effects, both in
respect to a potential loss of function, and as a result of the accumulation of damaged cross-
linked materials in cells, and subsequent adverse toxic effects, due to a decreased rate of
clearance by proteasomal, lysosomal and other pathways [21-24].

Recent advances in MS methods, and particularly the development of high-resolution
instruments and specific methods for detecting cross-linked peptides using enzymatic
digestion in H,'®O [25], have prompted us to examine the incidence, nature and structural
consequences of cross-link formation on a model protein, glucose-6-phosphate
dehydrogenase (G6PDH). This enzyme catalyzes the pace-making step of the pentose
phosphate pathway that is responsible for much of the NADPH formation within cells.
Maintenance of NADPH levels is critical to cell survival, as this is an essential co-factor for
multiple cellular protective pathways against oxidative damage, including the
NADPH/glutathione reductase/ GSH/glutathione peroxidase system, and the

NADPH/thioredoxin reductase/thioredoxin/ peroxiredoxin system [1]. Thus inhibition, or



loss, of G6PDH activity by oxidation [26], or cross-linking induced by hydroxynonenal [27],
can compromise cell survival.

Decreased G6PDH activity is one of the most common genetic mutations [28,29],
manifested clinically as hemolytic anemia, which can be triggered by ingestion of fava beans,
or conditions associated with oxidative damage such as diabetes, myocardial infarction and
strenuous physical exercise [29]. In people with diabetes, decreased G6PDH activity is
associated with poor glycemic control [30] and an increased level of protein oxidation
products [31,32]. Symptoms of G6PDH deficiency have been reported to include indications
of protein oxidation, with cellular organelles ageing faster and containing increased levels of
oxidation markers [30,33]. Oxidative damage may therefore result in a downward spiral, as
enzyme deficiency or loss of activity is associated with a decreased capacity to protect
against oxidative damage, and an increased extent of oxidation of G6PDH [31,32].

In the study reported here, we have investigated damage to G6PDH induced by two
biologically-relevant oxidant systems: singlet oxygen (102; molecular oxygen in the excited
lAg state), generated by use of the photosensitizer Rose Bengal in the presence of visible light
and O, and peroxyl radical (ROO*®) generated by the thermolabile azo compound 2,2
azobis(2-amidinopropane) dihydrochloride (AAPH). 'O, is known to be generated by a wide
range of biological and chemical reactions, including photochemical reactions, reactions of
peroxidase enzymes, termination reactions of peroxyl radicals and the reaction of H,O, with
HOCI, amongst others [8,34]. ROO® are major intermediates in many oxidation reactions that
occur under normoxic conditions, as a result of the rapid (typically diffusion-controlled)
reaction of O, with carbon-centered radicals, with these being key intermediates in lipid and
protein peroxidation reactions, and the decomposition of hydroperoxides [2,35,36].
Understanding the mechanisms and consequences of the reaction of these species with

cellular proteins, and the formation of modified proteins is therefore of considerable



significance. Previous studies with other proteins have provided evidence for selective
damage by '0, and ROO®, and the formation of cross-linked materials, though the exact
nature of these species could not be determined [37]. We therefore hypothesized that these
oxidants would give rise to extensive modification of G6PDH via oxidation at readily
oxidized residues (e.g. Trp, Tyr, His, Met) and that this would give rise to structurally

modified, and enzymatically-inactive protein, potentially as a result of cross-link formation.

2. Materials and Methods

2.1 Materials

Chemicals and reagents were from Sigma Aldrich (St Louis, MO). Chelex was
obtained from Biorad (Hercules, CA, USA). Dityrosine and NFK were obtained from
Toronto Research Chemicals (Toronto, CA), unless stated otherwise. The anti-dityrosine
antibody was obtained from Japan Institute for the Control of Aging (JalICA, Haruoka,
Japan), and the anti-NFK antibody was a gift from Prof. Ron Mason and Dr. Marilyn
Ehrenshaft (National Institute of Environmental Health Sciences, Research Triangle Park,
USA). Glucose-6-phosphate dehydrogenase (from Leuconostoc mesenteroides, 100 uM, 10
mg mL") was dissolved in phosphate buffer (100 mM, pH 7.4) made up with Milli-Q water

and treated with Chelex-100 to remove trace metal ions.

2.2 Sensitized photo-oxidation of G6PDH

Oxidations were carried out as described previously [38] with minor modifications.
The protein solution was diluted with D,O (70 % v/v final) to a final concentration of 30 uM
(3 mg mL™) protein and 10 mM phosphate buffer, pH 7.4. Rose Bengal (10 uM final) was

added and samples were illuminated using a Leica P 150 slide projector through a



polystyrene UV filter for 90 min at 4 °C. Control samples were exposed for the same time in
the absence of Rose Bengal, or incubated for the same period with Rose Bengal in the
absence of light. The photon flux was determined as 2 x 10'° photons s using a

Ru(BPY);Cl,/diphenylanthracene actinometer [39].

2.3 Peroxyl radical-mediated oxidation of G6PDH

Peroxyl radical-mediated oxidation was carried out as described previously [40] with
minor modifications. Protein solutions (30 uM, 3 mg mL™"! protein, 100 mM phosphate buffer
final concentrations) were incubated with 2,2'-azobis(2-amidinopropane) dihydrochloride
(AAPH, 10 mM) for 90 min at 40 °C in the presence of O, with continuous mixing at 400
rpm. Control samples were incubated in an identical matter in the absence of AAPH. The
initial radical flux was estimated as 3 x 10'° radicals s at 40 °C, by use the first order rate
constant for decomposition of AAPH [41]. Correction for the efficiency of escape of the
initial carbon-centred radicals from the solvent cage [42], gives a flux of “free” radicals of

~1.4 x 10" radicals s and therefore 1.38 M min™.

2.4 SDS-PAGE and Western blotting

Control and oxidized proteins samples (16 pg protein per well) were loaded on 4 -
12% Bis-Tris acrylamide gels (Invitrogen, Carlsbad, CA), and electrophoresed at 200 V for
40 min. After electrophoresis, gels were either stained with colloidal Coomassie Blue [43] or
blotted to nitrocellulose membranes using an iBlot2 system (Thermo Fisher; 25 V, 6 min).
The membranes were then incubated with a rabbit primary polyclonal anti-NFK antibody, or
a murine monoclonal anti-dityrosine antibody (1:1000 diluted in 1% BSA/TBST, 60 min,

21°C) and secondary anti-rabbit-HRP or anti-mouse-HRP conjugates (1:5000 in 1%



BSA/TBST, overnight, 21°C). Chemiluminescence from the ECL plus solution (Thermo

Fisher) was monitored using a Syngene G:Box using an automatic shutter speed.

2.5 UV-visible spectroscopy

UV-Vis spectra were recorded, using a Shimadzu UV-1800 spectrometer, of solutions
of Rose Bengal alone, G6PDH alone, and mixtures of Rose Bengal and G6PDH at the
concentrations used for the photo-oxidation experiments (see above), to examine potential

sensitizer — protein interactions.

2.6 Enzyme activity

G6PDH activity was monitored spectrophotometrically by following NADP" (6 mM)
reduction in the presence of glucose-6-phosphate (100 mM) at 340 nm [44] in Tris-HCl

buffer, pH 7.8 at 30 °C, with the rate calculated from the initial, linear part of the curve.

2.7 Amino acid analysis by UPLC with fluorescence detection

Control and treated proteins were hydrolyzed to free amino acids under conditions
which conserves Trp residues [45]. 200 uL of the reaction mixtures were transferred to glass
hydrolysis vials, and the protein precipitated using 50 pL of 50 % aqueous trichloroacetic
acid, washed twice with acetone, and dried using a stream of nitrogen gas. 150 uL of 4 M
methanesulfonic acid containing 0.2 % w/v tryptamine was added, O, removed and samples
incubated under vacuum at 110 °C overnight using a Pico-Tag system. After cooling, the

samples were neutralized with NaOH, filtered through 0.2 um Pall Nanosep filters and



diluted 4-fold with water. Diluted samples (30 pL) were transferred to HPLC vials and
subjected to UPLC using a Shimadzu Nexera system equipped with a SIL-30AC autosampler
(with the samples kept at 4°C) and a RF-20A xs fluorescence detector. Samples were
derivatized by adding 10 uL. of OPA solution (Fisher) and incubated for 1 min, before
injection (4 puL) on to a reversed phase column (Phenomenex Kinetex 2.6 um EVO 150 x 3
mm maintained at 40 °C). Samples were eluted using a gradient (see Supplementary Table 1)
of buffer A (100 mM sodium acetate pH 5.3, 2.5 % tetrahydrofuran, 20 % methanol in water)
and B (100 mM sodium acetate pH 5.3, 2.5 % tetrahydrofuran, 80 % methanol in water), at a
flow rate of 0.8 mL min™'. Fluorescence was monitored using Aex 340 nm, Aep 440 nm. Data
analysis was carried using Shimadzu Lab Solutions Browser. Standards were run under
identical conditions to identify eluting species, and to construct standard curves, from which
concentrations were determined. To minimize concentration variations arising during the

protein hydrolysis, the data were normalized to the concentration of Ala residues.

2.8 Analysis of oxidation products by UPLC

Protein samples were hydrolyzed and neutralized as described above, then analyzed as
described previously [45]. Under the acidic conditions employed, NKF is hydrolysed to
kynurenine [46] so the data represent the sum of these species. Samples (4 ulL) were injected
on to reversed phase column (Phenomenex Kinetex 2.6 pm EVO 150 x 3 mm) maintained at
30 °C, and separated by gradient elution (Supplementary Table 1) using buffer A (100 mM
sodium perchlorate, 10 mM, H;PO,) and buffer B (80 % aqueous methanol), at 0.8 mL min™
[45]. Product elution was monitored using 2 fluorescence detector channels parametrized
according to the retention times of the products and their fluorescence maxima (for details see

Supplementary Table 2). Data analysis was carried out with Shimadzu Lab Solutions



Browser software. Retention times and concentrations were assigned by comparison to the
authentic commercial standards, and standard curves generated from these. To compensate

for any losses during processing, data are expressed relative to parent Tyr [45].

2.9 Mass spectrometric analysis

Protein (20 pg) was dissolved in 20 pL 8 M urea, 50 mM Tris-HCI at pH 8.0. Two pL
of dithiothreitol (DTT, 450 mM) was added and incubated (45 min, 21°C). Iodoacetamide
(TAM, 4 uL, 500 mM) was then added, and the samples incubated (60 min, 21°C, in the
dark). The alkylated protein sample was then divided into two fractions, for trypsin digestion
in '°O- and "®O-water as reported elsewhere [47]. Peptides from both digests were then
subjected to solid-phase extraction on activated StageTip C18 reversed-phase discs and
eluted with 10 pL 60% acetonitrile, 0.1% trifluoroacetic acid [47]. The °O- and "*O-labelled
materials were then dried down (Speedvac™ concentrator, 3 mins) and re-suspended in 10
pL H,'°0 and H,"®0, respectively. These samples were mixed in 1:1 ratio immediately before
analysis [47].

Samples were analyzed on a Q-Exactive Orbitrap (Thermo Fisher Scientific) coupled
to an EASY-nLC 1000 liquid chromatography system (Thermo Fischer Scientific). Peptides
were loaded onto a custom-made nanoLC column (15 cm, C18, 100A, 1.9 um particle size,
75 pum ID) packed into a Picofrit emitter (New Objectives) and eluted over 70 min using
acetonitrile with 0.1% formic acid at a flow rate of 250 nL min”". Resolution was 70,000,
with an automatic gain control value of 3e6, maximum injection time of 20 ms, and a scan
range of 350 to 1500 m/z. MS/MS spectra were acquired in data-dependent mode (Top 10
method) with resolution of 35,000, automatic gain control value of 1e6, and a injection time

of 60 ms. Data analysis was performed using MaxQuant [48,49] with semi-specific tryptic
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constraints and a 1% peptide level false discovery rate. Carbamidomethyl of cysteine was
used as a fixed modification while methionine oxidation and N-terminal acetylation set as
variable modifications. The “dependent peptides” feature was applied with a bin size of
0.0065 Da. Finally, the data was filtered in order to extract peptide-spectrum matches
corresponding to established oxidative modifications using an in-house script and a list of 92
known oxidative and nitrosative mass shifts [50] as described elsewhere [51]. The
modification occupancy at a particular primary structure position was calculated using an in-
house script by dividing the sum of signal intensities (area-under-the-curve) of all peptide
spectral matches containing the modified position with the sum of the intensity of all peptide
spectral matches containing the position (non-modified and modified). The relative
abundance of a particular mass shift correlated to a particular type of amino acid was
calculated as an average of the particular mass shift occupancy for all the relevant primary
structure positions and normalized to 100%. Modifications detected in the controls were
quantified and subtracted from the treatment data, and modifications at cysteine were
excluded from the dependent peptide analysis.

Analysis dedicated to identification of cross-linked peptides was performed on an
Orbitrap Fusion mass spectrometer (Thermo Fisher) using three different methods:

A) A universal method characterized by a full MS scan and data-dependent MS/MS
scans with top speed mode and a priority for the most intense precursors. Orbitrap resolution
was set to 120000, automatic gain control was 4e5, maximum injection time was 50 ms,
charge state was set from 2 to 7, monoisotopic peak determination was set as peptide, and
intensity threshold was set up as 5e4. MS/MS scans of peptides subjected to HCD
fragmentation (collision energy of 28%) were detected in the Orbitrap detector, with
resolution set to 120000, automatic gain control target set to Se4 and 80ms injection time.

MS/MS scans of peptides subjected to electron transfer dissociation fragmentation were also
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detected in the Orbitrap, with resolution of 120000, 5e4 automatic gain control target and
200ms injection time.

B) A data-dependent method where signals displaying mass shifts of 4, 6 and 8 Da
were selected for MS/MS. Only precursors with at least two (+4 and +8 Da) or three (+4, +6
and +8 Da) signals in the targeted group with intensities of at least 5e3 were selected. The
subsequent scans were performed on the most intense ion in the pair. Orbitrap was selected
for MS scans, with 3e5 automatic gain control target and 50 ms injection time. For MS/MS
scans, automatic gain control target was le5 and maximum injection time of 105ms. The
selected fragmentation type was high-energy collisional dissociation, with ions detected using
the Orbitrap detector.

C) A targeted method based on an inclusion list with manually validated cross-linked
peptides [51]. Similar conditions were used as in B), with the Orbitrap used as the detector
with resolution of 120000, 105 ms maximum injection time and automatic gain control target
of 1e5.

Different fragmentation modes were used in the targeted methods: high-energy
collisional dissociation with Orbitrap with 28% collision energy (resolution 120000, 1e5
automatic gain control target, 105ms injection time), electron transfer dissociation with
Orbitrap detector (resolution 120000, Se4 automatic gain control target, 200ms injection
time) and finally electron-transfer and higher-energy collision dissociation, with Orbitrap
detector, 25% high-energy collisional dissociation supplemental collision energy (resolution
120000, 1e5 automatic gain control target, 105 ms injection time) [47]. MaxQuant (versions
1.5.2.8 and 1.5.5.1), GPMAW and MassAI were used for cross-link identification as
described in [47]. MaxQuant was used to identify peptide retention times, charge states, mass
errors and MS/MS events. GPMAW was used to obtain theoretical fragmentation patterns of

cross-linking candidates for MS/MS data analysis; theoretical b, y, c, z fragment ions were
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calculated using the Protein MS X-link function. MassAl was used for identification and
verification of cross-linked peptides in MS/MS using pre-defined possible cross-links
including Tyr-Tyr, Trp-Tyr and Trp-Trp and appropriate mass losses. The search criteria
included intra-protein, inter-protein and xlink modified peptides. Positive candidates were re-

evaluated manually by score and spectral analysis.

2.10 Rendering of protein structures

Protein structures were visualized using the program MolMol [52] and the Go6PDH
crystal structure data file 1DPG which lacks the N-terminal initiator methionine (M1). The
numbering used throughout this publication assumes the presence of this methionine. Protein
surfaces were calculated using Richard’s model, with electrostatic potentials calculated using
the ‘simplecharge’ algorithm (molecular dielectricity 2, solvent dielecticity 80, solvent radius
1.4 A, salt concentration 100 mM, salt radius 2, boundary size 10). Prior to calculations, the
side chains of the PDB sequence were corrected for charge and N/C-terminality according to

the user manual.

2.11 Statistics

Data are presented as means + standard deviations from at least three replicate

independent experiments, with errors propagated when data are normalized to another

parameter. Statistical analysis was carried out using the packages available in Excel with P <

0.05 taken as indicating statistical significance.

3. Results
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3.1 Oxidative changes to G6PDH induced by singlet oxygen and peroxyl radicals

SDS-PAGE was used to investigate potential intermolecular cross-linking and
fragmentation as well as modifications influencing the size and structure of the protein, with
the gels run under reducing conditions to eliminate contributions from reversible disulfide
bond formation. Exposure of G6PDH to a complete system consisting of Rose Bengal (10
pM), visible light and O; in 70% D,O (to enhance the lifetime of 1Oz) for 90 min resulted in
the detection of material which appeared at lower and higher molecular mass compared to the
parent protein (Fig. 1A, lane 2). Exposure of the protein to light in the absence of Rose
Bengal, or Rose Bengal in the absence of light did not induce these changes (Fig. 1A, lanes
4,3 respectively). Incubation of G6PDH for 90 min without treatment did not induce any
significant changes (data not shown), and examination of the samples by UV/visible
spectroscopy showed little evidence of strong dye-protein interactions in non-irradiated
samples (Supplementary Fig. 1). ROO® formed by thermal decomposition of AAPH (10 mM,
40 °C, 90 min) result in a limited amount of lower molecular mass material (Fig. 1A, lane 6),
when compared to protein incubated at 40 °C for the same time (Fig. 1A, lane 5). The latter
observations are consistent with previous data [40].

Formation of intra-molecular cross-links, and modification of Tyr and Trp side-chains
was examined by Western blotting using anti-di-Tyr and anti-N-formylkynurenine (anti-
NFK) antibodies on identical gels. Both antibodies showed a strong immunoreaction to
G6PDH exposed to the Rose Bengal/light/O, system (Fig. 1B, lane 1; Fig. 1C, lane 1) when
compared to samples exposed to incomplete oxidation systems (absence of Rose Bengal,
absence of light, control incubations; data not shown). No immunoreactivity was detected
with the parent protein using the anti-di-Tyr antibody (Fig. 1B, lane 3). Weak

immunoreactivity against the parent protein was detected with the anti-NFK antibody (Fig.
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1C, lane 3), but this was markedly increased on exposure of the protein to the complete Rose
Bengal/light/O, system for both the parent protein band, and material of lower and higher
mass (Fig. 1 C, lane 1), consistent with both protein fragmentation and aggregation. With
AAPH-derived ROO® no significant increased immunoreactivity was detected with either the

anti-di-Tyr or anti-NFK antibodies (Fig. 1B, lane 2; Fig. 1C, lane 2).

3.2 Effect of oxidation on enzyme activity

Both the complete Rose Bengal/light/O, system and AAPH-derived ROO*®
significantly decreased G6PDH activity (Fig. 1D), with the photo-sensitized oxidation system

completely abolishing enzymatic activity, and ROO® decreasing this by ~30 %.

3.3 Quantification of loss of parent amino acids

Oxidative modifications of G6PDH elicited by the Rose Bengal/light/O, system and
AAPH-derived ROO®, were investigated by both UPLC and MS, with the former giving data
on total changes, and MS providing information about changes at specific sites.
Supplementary Tables 3 and 4 provide a complete list of the modified peptides detected by
MS, the detected mass shifts and the position of these modifications in the protein sequence,
for both oxidation systems. The MS approach provided good sequence coverage (Fig. 2A,B)
of both the native and modified protein (~89 % after 102 treatment, 93 % after AAPH
treatment). However, peptides containing 3 (of the 7) Trp residues (Trp 248, Trp 434 and Trp
441) were not recovered after 'O»-induced oxidation, limiting the assessment of Trp

modification by MS.
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Analysis of the parent protein by amino acid analysis using UPLC gave an amino acid
composition in accordance with that expected from the protein sequence in the protein
database (PDB) structure 1DPG (cf. data in Fig. 2), with the following abundances: Trp 1.4
%, Tyr 4.3 %; His 1.2 % and Met 2.0 %. The Rose Bengal/light/O, system resulted in
extensive modification of Trp residues as detected by both UPLC and MS, with 54 and 62 %
loss of unmodified residues, respectively (Fig. 3A). For His, a marked loss was detected by
UPLC (62 % loss), but a much lower extent of loss was detected by MS (15%).

A similar phenomenon was observed with other amino acids, with a greater extent of
modification detected by UPLC Tyr (UPLC: 9 %, MS: 4 %), Val (UPLC: 7 %, MS: 1 %)
modification and Met (UPLC: 23 %, MS: 58 %) (Fig. 3A). Met oxidation was included as a
variable modification in the MS analysis due to the known generation of Met sulfoxide from
Met during sample preparation and / or ionization in the MS source. Reasons for these
differences are addressed in the discussion. All other amino acids (with the exception of Cys,
cystine and proline, which cannot be measured by the UPLC technique employed) were not
decreased significantly (i.e. by < ~5%). These data indicate that photo-sensitized oxidation
results in significant, but selective damage at Trp, His, Met and Tyr, consistent with previous
data [34,53]. In contrast, incomplete photo-sensitized oxidation systems (i.e. GO6PDH exposed
to Rose Bengal alone, or light alone) resulted in minimal extents of protein modification,
suggesting that 9, generated by Rose Bengal is the key intermediate in the complete photo-
oxidation system.

Analogous experiments with AAPH-derived ROO® resulted in a broader pattern of
modifications, and a lower overall extent of damage (Fig. 3B), with the overall extents of
loss, for the two methods, being: Trp (UPLC 18 %, MS 20 %), His (UPLC 8 %, MS 2 %),
Met (UPLC 14 %, MS 52 %), Tyr (UPLC 9 %, MS 2 %) and Val (UPLC 10 %, MS 0.03 %).

A low extent of loss was also detected by UPLC for Asn/Asp (which are detected as a single
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peak by UPLC due to acid-catalyzed conversion of Asn to Asp), Ile, Phe and Thr (Fig. 3B).
An increase in Gly concentration of ~15% was also detected by UPLC consistent, with the

formation of this amino acid via side-chain loss from other amino acids (see, e.g., [54-56]).

3.4 Quantification of specific Trp and Tyr oxidation products by UPLC

Formation of o- and m-Tyr (oxidation products of Phe), kynurenine (Kyn) and NFK
(from Trp), and DOPA and di-Tyr (from Tyr) was quantified by UPLC with fluorescence
detection, and comparison to standard curves generated using authentic standards. For the
photo-sensitized oxidation system, ~13 % of the Trp present in the parent protein (13.3 pmol
per injection) was converted to NFK and Kyn (1.75 pmol), with this accounting for 24 % of
the identified Trp-derived products (Fig. 4A). These products therefore account for only a
relatively low percentage of the total Trp lost, with the fate of 41% of the initial Trp (and 76
% of that consumed) remaining unknown (but see also below). For AAPH-derived peroxyl
radicals, only a small fraction of the initial Trp present (2 %, 0.2 pmol) was detected as NFK
and Kyn, with these two products accounting for 11 % of the Trp lost, with 16 % of the initial
Trp (and 89 % of the amino acid lost) converted to unknown species. No significant
formation of o- and m-Tyr from Phe was detected with either oxidation system (Fig. 4B). For
Tyr, a low level (0.2 % conversion, 0.08 pmol) of the initial Tyr was detected as di-Tyr
(representing 2 % of the Tyr lost) for the photo-sensitized oxidation system, but no
significant formation of DOPA were detected. For the ROO*® system, no significant formation

of DOPA or di-Tyr were detected over the corresponding controls (Fig. 4).

3.5 Detection and quantification of specific Trp and Tyr oxidation products by MS.
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Detection and summation of the various Tyr and Trp modifications observed in the
MS analysis provided evidence for the same oxidation products detected by UPLC, and also
additional species (Figs. 4,5). For the photo-oxidation system, significant new peaks were
observed with mass increases of +4 Da (assigned to Kyn) and +32 Da (consistent with the
addition of 2 oxygen atoms and a di-oxygenated species [57]) were detected. The former
accounted for 13% of the initial Trp (and 22 % of the Trp lost), whereas the latter accounted
for 44% of the initial Trp (and 71 % of the Trp lost). For AAPH-derived ROO*® evidence was
obtained for species with +4 Da (Kyn, accounting for 4 % of the initial Trp and 19 % of the
Trp products), +16 Da (consistent with a mono-oxygenated product, accounting for 2.5 % of
the initial Trp, and 12 % of the Trp products), and +32 Da (di-oxygenated species, accounting
for 12 % of the initial Trp and 61 % of the Trp products). These data are however limited to

the 4 Trp residues detected after photo-sensitized oxidation.

3.6 Analysis of oxidation at specific residues in protein sequence

The above MS analysis was extended to determine modifications at specific residues
within the G6PDH sequence. For the photo-oxidation system, mass shifts of +4 Da (assigned
to Kyn, and accounting for 6 - 18 % of the parent Trp) and +32 Da (34% - 60% of the parent
Trp) were the abundant modifications detected on the observed Trp-containing peptides that
could be detected and analyzed (see Fig. 5 and above). A further mass shift of +48 Da
(consistent with addition of 3 oxygen atoms) was identified on Trp 203 (accounting for 6 %
of the oxidation at this residues) and Trp 402 (6 % of oxidation at this site). The highest
overall extent of oxidation (i.e. highest % conversion to products) was detected for Trp 402
(84 % modification), with modification of Trp 203 (49 %), Trp 328 (58 %) and Trp 482 (57%

modification) being more limited.
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AAPH-induced oxidation gave rise to lower overall levels of modification (see also
above) with modification at 5 of the observed Trp residues (203, 248, 328, 441 and 482)
being 0 - 20% of the initial Trp levels. In contrast, Trp 328 was oxidized to a moderate extent
(29%), and Trp 402 was heavily modified (61%). Four of the Trp residues (328, 402, 441,
482) provided evidence for the +4, +16 and +32 mass shifts. Of the three remaining, Trp 203
was only modified with +32, Trp 248 was not found in a modified state, and Trp 434 had +4
and +32 Da modifications.

The MS analysis also provided evidence for low levels of modification at other amino
acid residues including His 39, Lys 38, and Lys 266 (as +16 Da, mono-oxygenated species)
and Lys 129 and Lys 266 as -1 Da species (ascribed to loss of the side-chain amine and

aldehyde formation [58,59]).

3.7 Mass spectrometric identification of protein cross-links

The presence of cross-links was investigated by making use of the addition mass
differences present in cross-linked peptides containing two carboxyl termini after trypsin-
catalyzed protein digestion in H,'*O compared to H,'°O, which produces distinctive patterns
of peaks differing by 4 Da (i.e. +4 compared to +8 Da; [25,47]) as a result of the
incorporation of 4 80 atoms at the two C-termini of the cross-linked peptide), indicative of
the presence of the cross-link. Fig. 6A illustrates the fragmentation spectrum of a cross-linked
peptide (FVDAISAVYTADK) (APLETYK), containing a cross-link between two Tyr
residues (indicated by the underscoring between the two residues indicated in bold type). The
ions indicated in blue correspond to the fragmentation of the peptide FVDAISAVYTADK,
whilst those in red correspond to the fragmentation of APLETYK. The mass loss of 2.01

compared to the sum of the parent sequences is consistent with a di-Tyr cross-link. The good
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coverage of fragment ions from each component peptide is consistent with the proposed
identity of the peptides involved, and the position of the cross-link site. The fragments b; to
bg and y ions from y; to y4 (indicated in blue) from FVDAISAVYTADK part exclude
possible cross-links outside the sequence YTAD. The b, to bs and y; ions (indicated in red)
from APLETYK unambiguously locate the link position to the Tyr residue. The cross-link in
this species is therefore assigned to Tyr 451-Tyr 461.

Fig. 6B illustrates a second cross-linked peptide detected in the sequences (DYIK)
(FGNPIFDAAWNK). The overall mass loss of 2.01 Da compared to the sum of the masses
of the two parent peptides is consistent with the loss of two hydrogen atoms in the proposed
Tyr-Trp link. The coverage of peptide ions that contain the cross-link site, provides
information on the nature of the two peptides involved and the site of the cross-link. The
detection of y; to yg, and b, to bg (indicated in blue) from FGNPIFDAAWNK, and the y, and
y2 ions (indicated in red) from DYIK, narrows the potential cross-link sites to the W and N
residues in the first peptide, and D and Y in the second peptide, and the nature of these
residues strongly suggests that a cross-link between Trp (W) 203 and Tyr (Y) 207. After '0,
exposure, di-Tyr cross-links in the peptide pairs (YFVR) (NAAFNALKIYDEAEVNK)
involving Tyr 276 and Tyr 284, and (FVDAISAVYTADK) (APLETYK) involving Tyr 451
and Tyr 461 were identified (cf. Fig. 6). Moreover, peptides with Trp-Tyr crosslinks have
been identified after both 'O, and ROO® exposure, with (DYIK) (FGNPIFDAAWNK)
involving a linkage between Trp 203 and Tyr 207 observed with '0,, and (YFVR)

(WEGVPFYVRSGK), linking Trp 328 and Tyr 284, with ROO® (data not shown).

4. Discussion

In this study we have investigated the oxidation of the key cellular metabolic enzyme

glucose-6-phosphate dehydrogenase (G6PDH) induced by photo-sensitized oxidation
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reactions initiated by Rose Bengal, and ROO® derived from the AAPH thermolysis. Rose
Bengal generates high yields of '0, on illumination with visible light [60], which results in
predominantly Type II photo-oxidation reactions [34]. However, Type 1 mechanisms
involving other excited states, or photo-ionization reactions, can occur as a result of the
formation of dye-protein complexes (cf. data in [61-63]). The bathochromic wavelength shift
of 2 nm of the Rose Bengal maximum observed in the current study in the presence of
G6PDH (Supplementary Fig. 1) is consistent with weak dye-protein complex formation and
hence potential contributions from Type I photochemistry, though this shift is very small
compared to those detected with Rose Bengal and human serum albumin (up to 14 nm) [61].
This previous study also investigated the effect of Rose Bengal binding to the protein on '0,-
mediated infra-red phosphorescence, with the presence of HSA neither modifying the initial
phosphorescence intensity, nor its rise time. On the basis of these data, it is concluded that the
major oxidant formed by the photosystem is 'Qs, while the AAPH system will mainly yield
ROO?®, though contributions from initial carbon-centered species, and downstream alkoxyl
radicals (RO®) which are major intermediates at low O, levels and low target concentrations,
respectively, cannot be completely excluded [64].

The oxidant concentrations used have been estimated to be of the same order of
magnitude, facilitating comparison between these systems. On the basis of the first order rate
constant for decomposition of AAPH [41], the initial radical flux has been estimated as 3 x
10" radicals s™ at 40 °C, with correction of this value for the efficiency of escape of the
initial carbon-centered radicals from the solvent cage [42], giving a flux of freely diffusible
radicals of ~1.4 x 10'° radicals s™ (~1.4 uM min™). For the corresponding photo-oxidation
system, the photon flux was determined as 2 x 10'® photons s™ using a
Ru(BPY);Cly/diphenylanthracene actinometer [39], with the quantum yield for '0, formation

by Rose Bengal in aqueous buffer reported as 0.75 [60].
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We hypothesized that oxidation of Tyr and Trp in G6PDH, in addition to His, Cys and
Met, would be relevant to the functional outcomes, due to their ease of oxidation, and their
high rate constants for reaction with '0, and ROO*® [8,34,40,65-67]. G6PDH is relatively rich
in Trp and Tyr residues (cf. abundance levels of 1.1% and 2.9% for Trp and Tyr respectively
for total intracellular proteins, compared to 1.4 and 4.3% for G6PDH [68]). Previous studies
have provided strong evidence for oxidation at these residues [38,40,57,67,69,70]. The data
reported herein support the quantitative significance of oxidation at these sites, but also
indicate that there are significant differences in the extent of oxidation, the products formed,
and the consequences of reaction at these residues.

The SDS-PAGE and Western blot experiments have provided evidence for the
formation of higher (e.g. aggregated, with 'O, exposure) and lower mass (e.g. fragmented)
material, intramolecular Tyr-Tyr and Tyr-Trp cross-links, and significant levels of products
derived from Met, Trp and Tyr. Lower levels of oxidation were also detected at other
residues (e.g. His), particularly with ROO®. The overall extent of oxidation was
quantitatively greater with '0,-mediated oxidation, than ROO®, as indicated by both the
UPLC and MS data (see below). These changes appear to be reflected in the residual enzyme
activity detected under identical reaction conditions, with 'O, inducing complete loss of
G6PDH activity compared to only ~30 % loss for the ROO® system.

Oxidation at Trp, Tyr and His residues was quantified by two independent and
complementary methods: UPLC, to detect total loss of amino acid residues and fotal amounts
of Trp and Tyr oxidation products, and MS to investigate the nature and degree of oxidation
at individual amino acids within the protein sequence. The data obtained indicate the strength
of using these methods in tandem, as the combination yields a clearer picture of the oxidation

processes that occur. In particular, incomplete coverage of the protein (missing peptides), and
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problems in quantifying low levels of change at specific sites limits the MS approach,
whereas the UPLC approach cannot give positional data.

These two approaches consistently indicate that Trp residues are major targets for
both '0,and ROO®, with the former modifying ~ 58% of these residues (54 % by UPLC
analysis, 62 % by MS) compared to ~19 % after ROO® treatment (UPLC 18 %, MS 20 %).
This high degree of modification is in line with the reported high reactivity of Trp residues
with 102 (both free and in proteins, though the latter is environment sensitive) with k&, ~ 3 x
10"M™ s [65,67]. Trp is also expected to be a good target for ROO® (cf. a one-clectron
reduction potential of 1000 mV for ROO®, compared to ~840 mV and ~930 mV for Trp and
Tyr, respectively [71]), though absolute rate constants for ROO® reactions (where R = alkyl
or lipid chain) do not appear to have been reported. However, the related (highly reactive)
species CC300° reacts with free Trp with &, 8.5 x 10’ M™ s, and also targets Trp in
proteins (e.g. lysozyme [72]), suggesting that AAPH-derived ROO® will also target these
residues. The UPLC product analyses reported here are consistent with this picture, with
significant formation of NFK/Kyn detected on '0, exposure (24 % of Trp products detected,
13% of the parent Trp lost). The MS analyses also provided evidence for Kyn formation by
'0, (+4 Da species: 13% of parent, 22 % of the Trp-derived products). The +32 Da species
detected by MS is consistent with NFK or other dioxygenated products (e.g. peroxides or
diols), with these species accounting for 44 % of the parent Trp lost. Due to their stability, it
is likely that these are diols rather than peroxides (cf. data in [57,73]). However, it should be
noted that a significant proportion of the Trp lost (76 %) remains unknown, which may be
indicative of peroxide formation and subsequent decomposition to alternative products
[57,73,74]. With AAPH, a smaller fraction (2 %) of the parent Trp was converted to
NFK/Kyn, (6% of the Trp-derived products), and significant levels of +32 Da species (12%

of parent lost) and a product with a mass of +16 Da (2.5% of parent) were also detected. The
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+16 Da species may be an alcohol or phenol generated by direct ring hydroxylation, or via
degradation of an initial hydroperoxide as observed with model peptides [57]). Compared to
the 'O, system, a smaller proportion (16 %) of the Trp lost is unaccounted for.

The Trp oxidation is not spread equally over the 7 Trp residues present in the protein.
With the 102-system, despite considerable efforts, 3 of the residues were unable to be
detected after photo-oxidation. For the 4 Trp detected, the extent of modification was 49 - 84
%, indicating that some Trp residues are more sensitive to oxidation than others. This may be
a kinetic effect (cf. data on the variation in k; for Trp oxidation [67]), or other factors,
including rapid repair / damage transfer reactions. Previous studies have reported rapid
electron transfer within proteins and peptides to Trp radicals [75-78]. However, whilst this
may be a major process for Trp radicals, whether such repair processes also occur with 'O,
adducts to Trp remains is unclear. The major mass shifts detected were +32 Da (34% - 60%
Trp conversion) and +4 Da (6 - 17.5 % Trp conversion). Formation to a +48 species
(consistent with the addition of 3 oxygens) was also identified at W 203 (6 %) and W 402 (6
%). In contrast, ROO® induced lower degrees of modification, with only W 328 (29%) and
W 402 (60%) extensively modified. With regard to the products formed, significant
formation of a +16 Da species was detected at some residues (11 % at W 402, 5 % at W 328,
consistent with single oxygen atom addition, in addition to +4 and +32 Da species.
Examination of protein structure indicates that the most heavily oxidized residue for both
oxidants (W402) is the most surface exposed (Fig. 7) consistent with this being a critical
factor.

UPLC analyses (but not MS) indicate a high degree of His modification with 'O, (62
% loss compared to 15% by MS), despite the low abundance of this residue (1.2%). This high
value is consistent with the high &, value (3.2 - 9 x 10’ M s™") reported for reaction of 'O,

with free His at pH ~7 [65]. The UPLC data is likely to be a more reflection of the overall
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extent of modification, as the MS approach requires complete coverage of the protein to
assess total loss, and a detailed knowledge of the products formed, to yield high quality data.
Notably, no 2-oxo-His formation were detected by MS, possibly reflecting the instability of
this compound, which undergoes rapid ring opening and further degradation [79,80], or
cross-link formation via His-His linkages [17-19]. Furthermore, the multiplicity of products
generated from His by '0,[17,18,81] may be a significant problem. However, the MS
analyses do indicate significant levels of oxidation at a single His residue, H79. The ROO*®
system induced lower levels of His modification, with significantly lower levels detected by
MS compared to UPLC (UPLC 8 %, MS 0.2 %), probably for similar reasons to those
outlined above.

Significant loss of Met residues was detected with both oxidants (102: UPLC 23 %,
MS 58 %; ROO®: UPLC 14 %, MS 53 %). For the ROO® system a concomitant increase in
methionine sulfoxide levels was detected (from ~37 % in controls to 62 % in treated), but this
was not evident for 'O,, although this species has been reported to be a major product of Met
oxidation by '0, [82]. The MS data needs to be treated with caution, since oxidation can
occur during proteolytic digestion and ionization, with the N-terminal Met (M1) detected in
an oxidized (+16 Da) form in all samples, including controls. Despite this, the MS analysis
shows higher levels of Met modification in the oxidized samples with subtraction of the
control data indicating 18 - 90% conversion of Met to the sulfoxide, at individual sites, on
oxidant exposure. Studies with other oxidants, including HO® [83-85] have provided
evidence of complex mechanisms for Met, with only a limited extent of conversion to the
sulfoxide. The mechanisms of ROO®- and 102- mediated Met oxidation on proteins are
incompletely understood, though it has been established that AAPH-derived ROO® can
oxidize Met on other proteins [85,86]. The complexities of these reactions, or over-oxidation,

may explain the lack of methionine sulfoxide detection by UPLC in the '0, reactions.
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Oxidation at Val, and to a lesser extent other amino acids with bulky alkyl side-chains
(e.g. Ile), was also detected, with the extent of modification at Val induced by 'O, being 7%
by UPLC and 1% by MS, and for ROO® 10 % by UPLC and 0.05% by MS. This may reflect
the relatively high abundance of these residues (e.g. 5.8 % for Val). Direct oxidation of alkyl
side-chains by '0, is unlikely [34], and therefore this may arise via secondary reactions of
initial photo-products such as hydroperoxides formed from Trp, Tyr and His residues,
involving decomposition to radicals (cf. data in [17,38,57]), or oxidation via alternative
species (e.g. triplet states).

The extent of Tyr modification was relatively modest ('O,: UPLC 9 %, MS 3 %;
ROO®: UPLC 9 %, MS 2 %), especially given the higher abundance of this species compared
to Trp (~3-fold). Significant modification was however identified at Tyr 416 with both 'O,
and ROO®. Previous studies on a G6PDH Tyr 416->Phe mutant indicate however, that this
residue is not involved in substrate binding, and mutation does not significantly modulate
enzyme activity [87]. A significant product of the oxidized Tyr residues on 'O, oxidation,
appears to be di-Tyr, with this representing 0.2% of the parent. In contrast, little di-Tyr
formation was detected with ROO®, and no formation of 3,4-dihydroxyphenylalanine
(DOPA) was detected with either oxidant. The other methods employed (Western blotting,
MS) corroborate the diTyr findings qualitatively, though each method has limitations.

As dimers and higher oligomers were detected both here and previously [40], and
evidence for di-Tyr formation was obtained using both antibody and UPLC methods after
oxidation with 'O, the site(s) of this cross-link within the protein were examined by MS.
This methodology has allowed four candidates, with high percentage b- and y- ion coverage,
to be identified including di-Tyr cross-links involving Tyr 276 / Tyr 284 and Tyr 451 / Tyr
461 with 'O, (cf. Fig. 6), and Trp-Tyr crosslinks after '0, and ROO® exposure (Trp 203 / Tyr

207 with '0y; Trp 328 / Tyr 284 with ROO®). Examination of the protein structure shows that
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the residues in each linkage are in proximity to each other (Fig. 8), and that at least one of the
reaction partners is surface-accessible in each pair.

For the Tyr 276 / 284 pair (Fig. 8A), the structural coordinates indicate that the
residues are in close contact and positioned in an orientation that would favor cross-linking,
with the distance between the respective C2 or C5 side-chain atoms being ~4.2 A. This
species may therefore represent an intramolecular cross-link, and be in accordance with the
anti-di-Tyr immunoreactivity detected in the Western blotting and UHPLC experiments after
'0, exposure. For the Tyr 451 / 461 pair (Fig. 8B), the C2/C5 side-chain atoms are ~11.7 A
apart. The Tyr 461 residue does not appear to have significant surface-accessibility, and
direct contact between these two residues is likely to be hindered by a beta-sheet structure
between Tyr 451 and Tyr 461. Consequently, it is unclear whether this cross-link occurs
within the same protein, or between different molecules: either possibility would appear to
require significant flexibility of the protein structure to allow cross-link formation (i.e.
movement of the beta-sheet to allow an intra-molecular link to be generated, or flexibility to
allow surface accessibility of Tyr 461 to form an inter-molecular linkage.

For the Trp/Tyr linkages, the Trp 207 / Tyr 203 pair are in close contact, with Trp207
being surface accessible, though the crystal structure data suggest that side-chain rotation or
motion would be required to bring the side-chains in close contact given a distance of ~11.7
A between the C2/5 positions on the Tyr phenolic ring and the indole nitrogen of the Trp. The
Trp 327 / Tyr 284 pair are ~16.9 A apart (C2/5 of Tyr to indole N), a distance which may still
allow internal cross-linking (cf. data from studies using amine-selective cross-linking agents
[88]), however Tyr284 has a Tyr276 as alternative reaction partner. The residue-to-residue
and surface accessibility data for these species appear to be restricted, suggesting a

requirement for structural flexibility or motion to generate this cross-link.
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Both the Tyr-Tyr and Trp-Tyr cross-link may arise via radical-radical
reactions. Existing data on facile and rapid radical transfer between Tyr and Trp supports this
conclusion [75-78], and evidence has been reported previously for other Tyr-Tyr and Tyr-Trp
cross-links in proteins [14,16]. The presence of additional types of cross-link is likely to
account, at least in part, for a previous report in which the levels of di-Tyr detected were
insufficient to account quantitatively for the extend of cross-linking, resulting in the proposal
that Trp oxidation may play a significant role [40]; the current data support this conclusion.

The loss of enzyme activity seen with both oxidants cannot be ascribed
unequivocably to any of the observed modifications, as multiple modifications were detected
in each case. However, site-specific mutagenesis studies suggest that some of the detected
modifications may modulate activity. Thus Met 185, which was highly modified by ROO®, is
located near the binding site and the catalytic His/Asp dyad [89]. Met 146 and 327, which
were strongly affected by 'O», are also adjacent to binding regions, and oxidation of these
residues may therefore perturb these sites. Other residues that were detected in modified
forms (e.g. Tyr 416 and 179, Ala 84) also occur in binding regions, or in close proximity to
these, may also contribute to the observed loss of enzyme function [87,90,91].

Overall, these data indicate that oxidation initiated by 102 and ROO® can
induce functional (loss of enzyme activity) and structural changes (formation or cross-links
and fragments, chemical alteration of side-chains) of GOPDH, the critical pace-making
enzyme of the pentose phosphate pathway. These observations complement data on the loss
of G6PDH activity induced by metal-ion catalyzed oxidation [92]. This enzyme is a major
source of NADPH within cells and therefore critical to the control and prevention of redox
damage, with deficiency, or loss of G6PDH activity known to contribute to disease [31,32].
Damage to G6PDH and loss of activity may result in an increasing spiral of enzyme

degradation, reduced capacity to regenerate NADPH, decreased antioxidant defense activity
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and increasing oxidative damage. The data presented here indicate that Trp and Met oxidation
are major processes with conversion of these residues to multiple products. Damage also
occurs at His and Tyr residues. The observed damage is non-uniform, with some residues
much more susceptible to modification than others, with this resulting in specific Tyr-Tyr and
Trp-Tyr cross-links. Whether these cross-links directly affect enzyme activity is unclear and
remains to be elucidated. These data on the effects of ROO® on Trp residues are consistent
with a previous report indicating that APPH-derived radicals can give rise to efficient
inactivation and loss of 4 Trp residues in lysozyme [93] suggesting that this may be a
common mechanism of protein modification and loss of enzyme activity.

This study contributes a greater understanding of the chemistry of glucose-6-
phosphate dehydrogenase oxidation and its loss of activity. The central role of this enzyme in
the pentose phosphate pathway and its rate-limiting activity, are consistent with the
hypothesis that modification of the activity of this enzyme and pathway are linked to the
development and progression of human disease. The findings reported here suggest that
further studies into a potential causal link between protein oxidation and inhibition of the
associated metabolic pathway in cells and in vivo are warranted, as this may provide clues

towards new treatment strategies.
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Figures and legends

Fig. 1. Oxidation of G6PDH (30 uM, in 10 mM phosphate buffer, pH 7.4) by 'O, and ROO®
affects the protein’s structural integrity (panel A), modifies individual amino acids (panel B)
and decreases enzymatic activity (panel C). '0, was generated via photo-oxidation (10 uM
Rose Bengal, visible light, O, in 70% D,0, 90 min), and ROO® by thermal degradation of
AAPH (10 mM, 40 °C, 90 min). Panel A: SDS-PAGE of G6PDH run under reducing
conditions on 4 - 12% Bis-Tris acrylamide gels with 60 pg protein/well. M = molecular mass
markers, with masses indicated on left hand vertical axis. Panel B: As panel A, but with
subsequent Western blotting and use of anti-dityrosine (left hand image) and anti-NFK (right
hand image) antibodies; for further details, see Materials and Methods and main text. Panel
C: Enzymatic activity of control and oxidized G6PDH exposed to AAPH and photo-oxidation

as indicated above.

Fig. 2. Protein oxidation results in selective damage to amino acids within the protein
sequence, as shown by MS analysis. G6PDH (30 uM, 10 mM phosphate buffer, pH 7.4) was
oxidized with 'O, (10 uM Rose Bengal, visible light, O, in 70% D,0, 90 min), or ROO*® from
AAPH (10 mM, 40 °C, 90 min). Panel (A): Sequence coverage of GO6PDH detected after
exposure to photo-oxidation (top) or ROO*® (bottom); grey: non-covered sequence, blue:
sequences involved in cross-linking. A list of all identified peptides is provided in
Supplementary Tables 3 and 4. Panel (B): Mapping of oxidative changes detected at
individual amino acids by MS in the GGPDH protein sequence after exposure to (a) 'O, and
(b) ROO®. Vertical axis indicates the % modification (with a cut-off of > 0.3%) of the amino

acid at specific sites, calculated as outlined in Materials and methods from technical
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replicates, with the horizontal axis indicating the amino acid sequence and numbering. The
position of the catalytic dyad and residues involved in NADP and G6P binding are indicated.

Panel (A)

Fig. 3. Trp, His, Met and Tyr residues in G6PDH are readily oxidized. Analysis of G6PDH
(30 uM, 10 mM phosphate buffer, pH 7.4) amino acid composition by mass spectrometry
(black bars) or UPLC with fluorescence detection (grey bars) after exposure of the protein to
(Panel A) photo-oxidation (10 uM Rose Bengal, visible light, O, in 70% D,0O, 90 min), or
(Panel B) ROO® from AAPH (10 mM, 40 °C, 90 min). For further details, see text and
Materials and Methods. Data are mean + SD from three independent experiments: amino acid
levels have been normalized to the concentration of Ala residues to compensate for any loss
of materials during processing. * As the acid hydrolysis method converts Q to E (Gln to Glu)

and N to D (Asn to Asp) the totals of these are used.

Fig. 4. Quantification of parent and oxidized products of Trp (Panel A), and Tyr and Phe
(Panel B) detected by MS and UPLC with fluorescence detection (LC/FL) on treatment of
G6PDH (30 1M, 10 mM phosphate buffer, pH 7.4) to 'O, (photo-oxidation using 10 uM
Rose Bengal, visible light, O, in 70% D,0, 90 min), or ROO® (incubation with 10 mM
AAPH, 40 °C, 90 min). In panel A, the data are presented as % values of the initial
composition of the specific amino acids in G6PDH for the 'O, (left pair of bars) and ROO*®
(right pair of bars) systems. The data arising from the UPLC analyses are presented as
specific species (parent Trp, NFK/Kyn and unknown), whereas the MS data are presented as
average mass shifts, due to the absence of specific data on the nature of these species. The
m/z +0, indicates unmodified parent Trp; the m/z +4 are likely to be due to Kyn, the m/z +14

(accurately +13.98) due to carbonyl formation, the m/z +16 due to the addition of a single
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oxygen atom (hydroxylation), the m/z +32 due to the addition of 2 oxygen atoms (NFK,
hydroperoxides or diols) and the m/z +48 due to the addition of 3 oxygen atoms. In panel B,
data are presented for the levels of specific Tyr and Phe oxidation products detected by
UPLC with fluorescence detection (LC/FL) for the experimental conditions indicated, with o-
and m-Tyr being oxidation products of Phe, and DOPA and di-Tyr being oxidation products

of Tyr.

Fig. 5. Selectivity of damage to specific Trp residues in G6DPH induced by 'O, (panel A) or
ROO* (panel B). Oxidations were carried out as described in the legend to Figs. 1 and 4 then
analyzed by MS for modifications at specific Trp residues. The data are presented as the
relative proportions of the total Trp present in the parent proteins, with these expressed as
100%. For the 'O5 system (panel A), W248, W434 and W441 were not detected on the
relevant peptide (see Fig. 2) despite a high degree of sequence coverage (see text). Likely

assignments of mass changes are given in the legend to Fig. 4.

Fig. 6. Identification of cross-linked peptides in GO6PDH (30 uM in 10 mM phosphate buffer,
pH 7.4) exposed to 'O, (10 uM Rose Bengal, visible light, O in 70% D,0, 90 min), or ROO*®
from AAPH (10 mM, 40 °C, 90 min) by targeted MS/MS high-energy collisional dissociation
analysis. Panel A: assignment of MS/MS spectra of the cross-linked peptide
(FVDAISAVYTADK) (APLETYK) indicating ions assigned to the two peptides sequences
cross-linked by a Tyr-Tyr bond. Panel B: assignment of MS/MS spectra of the cross-linked
peptide (DYIK) (FGNPIFDAAWNK) indicating ions assigned to the two peptides sequences

cross-linked by a Tyr-Trp bond. For further details see text.
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Fig. 7. Localization of the Trp residues and their relative susceptibility to oxidation as judged
by consumption of the parent Trp residue. Samples were prepared and analyzed as described
in the legend to Fig. 5, with the extent of modification to the specific Trp residues induced by
'0, (left panel) and ROO® (right panel) mapped on to the protein and visualized on the
G6PDH 3D structure (from PDB sequence: 1DPG). The extent of oxidation of specific Trp
residues, is indicated by increasing red coloration. For the photo-oxidation system two of the
Trp residues was not detected after oxidation; these two Trp residues are coloured light blue.
With both oxidants, Trp 402 was found to be the most succeptible to oxidation and also
displays the greatest solvent/surface olouration. Trp248, which was not significantly modified
with either oxidant system is located deep within the accessibility as indicated by bright

cprotein core and has no significant surface accessibility.

Fig. 8. Localization of Tyr and Trp residues detected in cross-linked peptides from oxidized
G6PDH. For all pairs of residues, at least one of the residues is determined surface-accessible
as indicated by brightly colored regions of the structures. The pairs of residues Trp 203 — Tyr
207 and Tyr 276 — Tyr 284, which were detected as cross-linked species following photo-
oxidation were determined to be in close contact, consistent with intramolecular cross-linking
of these residue pairs. The other pairs are located within 12 - 16 A distance of the partner
residue and may form either inter- or intra-molecular cross-links. For further details, see text.
Red colored atoms: oxygen; blue atoms: nitrogen; yellow/ orange atoms: carbon atoms of Tyr

side-chain; green atoms: carbon atoms of Trp side-chain.
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Highlights

Glucose-6-phosphate dehydrogenase (G6PDH), a key pentose phosphate pathway
enzyme, maintains cellular NADPH levels

Decreased G6PDH activity is a common genetic mutation and associated with
enhanced oxidative stress

G6PDH oxidation by singlet oxygen and peroxyl radicals results in a loss of enzyme
activity

Trp, His, Tyr and Met are major targets for both oxidants and give rise to multiple
products

Trp and Tyr modifications and formation of Tyr-Tyr and Tyr-Trp cross-links have

been mapped by MS

46



[ 4 i
. ',.-' Oxidation
10, or ROO"

Glucase-6-phosphate
Dehydrogenase
(Pentose phosphate pathway)

. ‘4,‘(' o
peetecel
NADP* - e i ol

L
Identification and localization of %
Tyr + Trp Oxidation products

FyBERF Aok
A

Tyr + Trp cross-linking

MNADFH, H*
Activity loss

Graphical abstract

47




Figure

ACCEPTED MANUSCRIPT

Ay 'Y +
HdVYVY +

eaaaaéé

B sy

-
6

1 2 3 4 5




ACCEPTED MANUSCRIPT

MIAMVAONYY T IAASVAdOWSOSHALATAWMIAVLAAYS IVAAAN
MVYISADNMAVYANSOUONWLAHIWNGIAdId LNDDIQAASAIMOTAI LY LNA
VAIASHYNTITIIVONAAII ISTAVAOVIOISOANI LOVIHIATI AANLO

HAAIAADEMEATAIOTIOVIAINNS AOVAAQTIATAANIAYS
AOVOAOVHAI DINATVIAX INTYNIVYNNYYE I MIALI STINTWTIMOA
10 HIFADTATS TIAOANM I AMINMYYAI I
NOJIYTYYINDAWIIOTAHAIHATONAAIYNITANOTAVYLAXAS LOAANT
INTINADLAVTIOESHTANVILOASIdVASHAI TANOAIQANAVVIIIVY
ANTAVASYVALACHVEASAHATIVAVOYOAALIMII SAUATONITAANT
YONVYIOAIVAMIOTAOMIAINIASA A DIDIVIAOLOOIIIATINITSARN

wxm>z¢ouz<¢qauam¢mmuzmwmx»amamaxq<e>>¢mH<a>mn
MY] ANSOTAONW HFAXAIALNDIIASAIMOTAILIING
<am>mx¢qugmuauxmaunqubamaamommwmzmaw¢xm>un>maom
Y m>»mm>wmzmmqnhoqmw<umazzxmn¢m>aqmmq»mxha<m
au«wwoam>u»mz>m¢uaaux412h¢¢zx44manxnammumxm .

zoHzaqq<u<ao»»u¢mmm>ug>umqa>a>zxH»ax23¢<omHm
zwmmnaﬂnzo>zmzwqu NATONAAIYNITANOTAVYLAAS LOAANE
INTINAOLAYTIOASHTANVY ILOAIHAVASHAI TINOAIAINAYVYIIIVY
ENTAYASYVAIAGHYEASIHIIIVEVOVOAALAMII SEATONATAANT
YOAVIOAIVS MOTAOMIATINIASA A IDIVIAOLOOIIIATINITSAN

ainbi4



Figure

ACCEPTED MANUSCRIPT

-----



Figure

ACCEPTED MANUSCRIPT

33 1y

;
SN z
3
{

G
Y .

100

z8A'i95 =

el
i

af 2 g e R
4 'ONEIIPON



>
3,
)
&)
.y
0.
Q.
o
wn
v
S
siAjeue pioe ouiwy [N
oadg ssey | - 08
-00L

ainbi4



> m
+ .
@ -4An-9UvRRerxr<<=zxs
Rig N -4 1 | T VA SRR N Ry et ORI | | | IR e | 1 1
0Z-
0L 5,
3
bon
O
ol
Q
o
1 w
oL @«
X
0z
siAleue pioe oulwy [N
oads sse\ [
e d

ainbi4



IIIIIIE

I

NN\

< o, ‘suoneesyipow di|

LC/FL

ROO’

T
MS

LC/FL

T
MS



K1-p

vdOd
1

uI)oid

HdvY +

.00d

uis)old

i + [

gy +

gy +
(4

O,

000

- G00

~0L0

-GL'0

- 020

- G20

- 0€0

% ‘uonesyipow ayd / JAL

o0

ainbi4



[4

O,

Z8YM LB PEPM ZOPM 8ZEM  8YZM €0ZM
L 1 e | e s 4 4 | . 1 e 1 o) | O
-0l
- 02
| =
~0€ 3
- OF w
: =
L0S o
Q
| =4
~09 &
@
-0, -
! -3
- 08
- 06
roor<

ainbi4



.00y

Z8PM  LPPM  PEPM  ZOPM  BZEM  8KZM  €0ZM
L 1 L | i | A 1 s 1 N 1 i | 0
-0l
- 02
[ =
08 3
. 3
-0y
=
-0S 9
[ &
-09 &
- =2
[z
(o5
- 08
06
-o00t

ainbi4



ACCEPTED MANUSCRIPT

Z/W

009, 00¥#L 00Z2L 000l 008 009
T _— —.. ﬂ T ..._J__:_ 4 _._ _~__ T ,
3G 668 s
IRSRSILLp181 1% -m_ o u.-
(+1)L8 (+1)98 Ie68 1@ .um.ww.».
FRTLII (+Ter M.:
(+1)8% - s
.+.mw.emm \ ..o.voa
?.._ﬁ
SESL
(+2)sA

0L Sirl
(+1)sA

AR
o LA

2698
(+7)8A

00V 00¢
11
|
T |
Vel | | _
+1)s4q 0'6h
(41)z9
:A.:_..
o +
Le Gifeq| | s
thea
e
¥1LET
(+1)79
L1T9€
(+1)£9

Alisuaju|

aunbi4



ACCEPTED MANUSCRIPT

Z/W

008L 0094 OO¥L 00ZF 000L o008 009 O00O¥ 002

oy T T T 0
ASVG_W.. mmﬁm_ G.e.uw_ An..".wo _a.vn_ﬂx.%e_ewga
+In LA (FD9R Phek +-i.+_§
s % OIX0'S
(EE41 B .
3
sOLX0'L m
PLU6IE
(+1)e9 ..w
01's07
v -
(+1)zq wo Fxm v

UNLRETINRE s

Mij a X0

ainbi4



ACCEPTED MANUSCRIPT

VIN O
% 00T - 9¢
%SL- 15
% 06 - 9€
% S€ - 12
% 0Z - 11
%01-0

uoleljyipow
dil 11esan0

ainbi4



Figure




ainbi4









