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Cross-links formed within and between proteins are a major cause of protein dysfunction, and are postulated to
drive the accumulation of protein aggregates in some human pathologies. Cross-links can be formed from
multiple residues and can be reversible (usually sulfur-sulfur bonds) or irreversible (typically carbon-carbon or
carbon-heteroatom bonds). Disulfides formed from oxidation of two Cys residues are widespread, with these
formed both deliberately, via enzymatic reactions, or as a result of unintended oxidation reactions. We have
recently demonstrated that new protein-glutathione mixed disulfides can be formed through oxidation of a
protein disulfide to a thiosulfinate, and subsequent reaction of this species with glutathione. Here we investigate
whether similar reactions occur between an oxidized protein disulfide, and a Cys residues on a second protein, to
give novel protein cross-links. Singlet oxygen (*O,)-mediated oxidation of multiple proteins (o-lactalbumin,
lysozyme, beta-2-microglobulin, C-reactive protein), and subsequent incubation with the Cys-containing protein
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), generates inter-protein cross-links as detected by SDS-
PAGE, immunoblotting and mass spectrometry (MS). The cross-link yield is dependent on the 102 concentra-
tion, the presence of the original protein disulfide bond, and the free Cys on GAPDH. MS with 80-labeling has
allowed identification of the residues involved in some cases (e.g. Cys25 from the Cys25-Cys80 disulfide in beta-
2-microglobulin, with Cys149 or Cys244 of GAPDH). The formation of these cross-links results in a loss of
GAPDH enzymatic activity. These data provide ‘proof-of-concept’ for a novel mechanism of protein cross-link
formation which may help rationalize the accumulation of cross-linked proteins in multiple human pathologies.

Similarly, alterations in redox status can increase the level of non-native
disulfide bonds within and between proteins, with this being particu-

1. Introduction

Disulfide bonds formed between two cysteine (Cys) residues, are
essential for the stability of many secreted and transmembrane proteins
[1], and are often categorized into two types: redox-active (with these
being either catalytic or allosteric) and structural. The former are often
involved in the regulation of protein function, while the latter play a
critical role in protein folding and stabilization [2,3]. The formation of
these (intentional) disulfide bonds occurs primarily during and imme-
diately after protein synthesis in the (relatively oxidizing) environment
of the endoplasmic reticulum (ER) in animal cells, with the correct
formation of disulfides driven by a complex mixture of oxido-reductase
proteins and chaperones [4,5]. Dysregulation of this synthetic system,
can result in aberrant disulfide formation and misfolded proteins [4].

larly prevalent under conditions of oxidative stress due to the rapid re-
action of most oxidants with the thiol group (-SH) of Cys residues [6,7].
Both one-electron (radical) and two-electron reactions can give rise to
new disulfides, via the intermediacy of thiyl radicals (RS:, and subse-
quent dimerization of these species [6,7] (reaction 1) or oxidation
products such as sulfenic acids (RS-OH) or nitroso adducts (RS-NO) [6,
8-10]. Subsequent reactions of RS-OH (reaction 2) or RS-NO species
with another thiol, on another protein or a low-molecular-mass species
such as glutathione, yields a new disulfide. Although many of these
native and non-intended disulfide bonds can be reduced enzymatically
[1,11,12], and also slowly via uncatalyzed thiol-disulfide reactions [13],
the levels of these species appear to accumulate in some diseases, with

Abbreviations: ACN, acetonitrile; aLA, a-Lactalbumin; B2M, p-2 microglobulin; CRP, recombinant human C-reactive protein; DTT, DL-Dithiothreitol; FA, formic
acid; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; IAM, iodoacetamide; LYSO, lysozyme; NEM, N-ethylmaleimide; PBST, phosphate-buffered saline con-
taining Tween 20; PDB, protein data bank; RB, Rose Bengal; TCEP, tris(2-carboxyethyl)phosphine hydrochloride; TFA, trifluoroacetic acid.

* Corresponding author. Department of Biomedical Sciences, Panum Institute, Blegdamsvej 3, University of Copenhagen, Copenhagen, 2200, Denmark.

E-mail address: davies@sund.ku.dk (M.J. Davies).

https://doi.org/10.1016/j.redox.2021.101874

Received 6 December 2020; Received in revised form 5 January 2021; Accepted 12 January 2021

Available online 23 January 2021
2213-2317/© 2021 The Author(s).

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license


mailto:davies@sund.ku.dk
www.sciencedirect.com/science/journal/22132317
https://www.elsevier.com/locate/redox
https://doi.org/10.1016/j.redox.2021.101874
https://doi.org/10.1016/j.redox.2021.101874
https://doi.org/10.1016/j.redox.2021.101874
http://crossmark.crossref.org/dialog/?doi=10.1016/j.redox.2021.101874&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

S. Jiang et al.

this linked with protein and tissue dysfunction [14,15].

2RS- —> RSSR (€))
Oxidant R’SH
RSH —> RS-OH ——> RSSR’ )

Singlet oxygen (*05) is a highly reactive oxidant that reacts with a
wide range of biomolecules including proteins, lipids and DNA/RNA
[16-18]. 10, is generated both by exposure of O to short wavelength
UV, visible light in the presence of a sensitizer, and also via a range of
other biologically-relevant processes, including termination reactions of
peroxyl radicals, via reaction of HpOy with HOCI, and via peroxidase
enzyme catalyzed reactions [16-18]. Proteins are a major target for 10,
due to their high abundance in nearly all biological matrices, with this
species reacting most rapidly with the side chains of Cys, Met, His, Tyr,
Trp [16,17,19]; reaction with the disulfide bond of cystine is also a facile
process, though this process is less well characterized [20,21].

Studies on the reaction of 'Oy with low-molecular-mass disulfides
have provided evidence for the formation of zwitterionic peroxides
[RST(OO)SR’], thiosulfinates (disulfide-S-monoxides, RS(=0)SR’) and
thiosulfonates (disulfide-S-dioxides, RS(=0),SR’) [20,21] (reaction 3).
Both the zwitterionic peroxides [RST(OO™)SR’] and thiosulfinates are
unstable and can undergo further reaction with another thiol to give a
new disulfide bond with cleavage of the original disulfide [22,23] (re-
action 4). In the absence of added thiol, cleavage of the disulfide bond
can also occur with formation of sulfinic (RSO,H) and sulfonic acids
(RSO3H) (reaction 5). Similar reactions of disulfides to give thio-
sulfinates and subsequently new thiolated (e.g. glutathionylated) spe-
cies have been detected with a range of other oxidants (e.g.
hypochlorous acid, peroxynitrous acid, HoO3) [22-25], indicating that
these ‘oxidant-mediated thiol-disulfide exchange reactions’ are a com-
mon pathway after initial oxidation of a disulfide bond (reaction 6).

o) (I)O- (I? I
R-S-S-R —2» R-S-S-R / R-S-S-R / R-S-S-R 3
+
(I)Oi 1l R’
R-S-S-R / R-S-S-R —> R-S-S-R’ + oxygenated species “)
+
Fu!'lhe_r
. 0 oxldutlol} f)r
Q0 T
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+
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ONOOH O Tt R-SO,H + R-SO3H
H,0 ] 6
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R’SH ~ R-S-S-R* + oxygenated species

In the present study, we hypothesized that analogous thiol adduction
reactions to initial zwitterionic peroxides and/or thiosulfinates might
occur with Cys residues present on proteins and therefore that these re-
actions would give rise to new protein-protein disulfide cross-links.
These reactions provide a novel pathway to protein aggregation in
addition to the well-established formation of intra- and inter-molecular
protein-protein disulfide bonds arising from Cys oxidation. This mech-
anism allows for the cross-linking of proteins that do not contain an
initial free Cys residue. The studies reported here provide ‘proof-of-
concept’ of this new pathway for a range of disulfide-containing pro-
teins, which are shown to form 'Oy-mediated cross-links with an
archetypal Cys-containing protein, glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH).
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2. Materials and methods
2.1. Materials

a-Lactalbumin (aLA) from bovine milk (Type I, >85%), lysozyme
from chicken egg white (LYSO, >90%), Rose Bengal (RB), Coomassie
brilliant blue G, DL-Dithiothreitol (DTT), tris (2-carboxyethyl) phos-
phine hydrochloride (TCEP), iodoacetamide (IAM), N-ethylmaleimide
(NEM), glyceraldehyde-3-phosphate dehydrogenase from rabbit muscle
(GAPDH), catalase from bovine liver and GAPDH activity assay kit were
purchased from Sigma Aldrich (St Louis, MO). Beta-2 microglobulin
(B2M, > 98%) and recombinant human C-reactive protein (CRP) were
obtained from Lee Biosolutions (USA, MO). 180 water (95.7% pure) was
purchased from Sercon. Trifluoroacetic acid (TFA), ammonium bicar-
bonate, acetonitrile and formic acid for mass spectrometry were ob-
tained from VWR. Beta-2 Microglobulin antibody (4H5L5) and GAPDH
monoclonal antibody (GA1R) were obtained from Thermo Fisher. Anti-C
Reactive Protein antibody (ab32412) was obtained from Abcam.
Sequencing grade trypsin and rLys-C (mass spec grade) were purchased
from Promega (Denmark). NuPAGE MES SDS running buffer (20x),
NuPAGE LDS sample buffer (4x), NuPAGE 4-12% Bis-tris gel were ob-
tained from Thermo Fisher. Sheep anti-mouse IgG HRP-linked whole Ab
(NXA931-1 ML) was obtained from VWR. Anti-rabbit IgG HRP-linked
antibody was obtained from Cell Signaling Technology. All solvents
employed were HPLC grade.

2.2. Sensitized photo-oxidation of disulfide-containing proteins

Photo-oxidation experiments were performed as described previ-
ously [26] with minor modifications. In brief, solutions containing
disulfide-containing proteins (aLA, LYSO, CRP and B2M, in 10 mM
phosphate buffer, pH 7.4) and Rose Bengal (RB, final concentration 10
M) were exposed to the light from a Leica P 150 slide projector through
a 345-nm cut-off filter. After photolysis, samples were treated with
catalase (1 mg mL™!) to remove HyO, generated during the
photo-oxidation which might also react with the added thiol-containing
proteins. Catalase was not added before the photolysis as this enzyme
has a significant optical absorption, and therefore interferes with the
photosensitization reaction, as well as acting as a competitive target for
10,. In experiments where the role of the disulfide bond in B2M was
examined, a combination of DTT and NEM (both 100-fold molar excess
over the protein; in 10 mM phosphate buffer, pH 7.4, reaction for 1 h at
21 °C) were used to reduce and alkylate the disulfide bonds of B2M (20
pM), with excess DTT and NEM subsequently removed using mini
dialysis devices (3.5 kDa molecular mass cut-off; ThermoFisher) and 10
mM phosphate buffer, pH 7.4, prior to photo-oxidation.

2.3. SDS-polyacrylamide gel electrophoresis and immunoblotting analysis

SDS-PAGE was performed using NuPAGE MES SDS running buffer
and NuPAGE 4-12% Bis-tris gels under non-reducing or reducing con-
ditions. Briefly, protein samples were mixed with non-reducing (10 mM
phosphate buffer) or reducing sample buffer (NuPAGE reducing agent,
Thermo; containing a final concentration of 50 mM dithiothreitol, pH
8.5) and heated at 60 °C for 10 min with NuPAGE LDS sample buffer,
prior to electrophoresis at 200 V for 35 min. After electrophoresis, gels
were either stained with colloidal Coomassie Blue, or blotted to a pol-
yvinylidene fluoride (PVDF) membrane using an iBlot 2 system (Thermo
Fisher, 20 V, 7 min). For immunoblotting, the membrane was blocked
with 5% skim milk in 0.1% PBST containing 2.5 mM NEM for 1 h with
agitation at 21 °C. The membranes were incubated with a primary
mouse monoclonal anti-GAPDH antibody (1:5000 diluted in 1% PBST,
overnight, 4 °C), rabbit monoclonal anti-B2M antibody (1:2000 diluted
in 1% PBST, overnight, 4 °C) or rabbit monoclonal anti-CRP antibody
(1:5000 diluted in 1% PBST, overnight, 4 °C), and subsequent incuba-
tion with anti-mouse secondary antibody or anti-rabbit secondary
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antibody (1:5000 diluted in 1% PBST). Chemiluminescence from the
enhanced chemiluminescence (ECL plus) solution was recorded using
either a GeneSys system (Frederick, USA) or an Azure Biosystems (USA)
imager. Quantification of the protein bands was performed using Image
J software.

2.4. In-gel digestion for mass spectrometric characterization of protein
cross-links after SDS-PAGE

In-gel digestion for mass spectrometric (MS) characterization of
protein peptides was performed according to a method described pre-
viously [27]. Control protein samples (100 pM aLA, 40 pM B2M and 40
pM CRP) and photo-oxidized cross-linked samples (LYSO-GAPDH,
B2M-GAPDH and CRP-GAPDH) were separated by SDS-PAGE as
described above and stained with Coomassie blue. After 4 h, the gels
were washed in Milli-Q (MQ) H2O until the cross-linked protein bands
were clearly detected. These bands were then excised from the gel,
placed in Eppendorf tubes, and incubated with acetonitrile (ACN) for 10
min. Afterwards the samples were treated with 10 mM dithiothreitol
(DTT, in 100 mM ammonium bicarbonate, 30 min at 56 °C), followed by
incubation with 55 mM IAM (in 100 mM ammonium bicarbonate) for
20 min at 21 °C in the dark. The gel pieces were then dehydrated in 500
uL ACN before enzymatic digestion with 13 ng pL ™! trypsin (in 10 mM
ammonium bicarbonate containing 10% ACN v/v) at 4 °C for 2 h, and
then incubated at 37 °C overnight. For the CRP-GAPDH cross-links,
Lys-C (13 ng pL ™! Lys-C in 10 mM ammonium bicarbonate, 24 h at 37
°C) was also added after the trypsin digestion. At the end of the diges-
tion, 100 pL extraction buffer (5% formic acid in ACN) was added to
each tube and mixed for 15 min to the extract peptides. The supernatant
was then transferred to new tubes and dried down in a vacuum centri-
fuge at 30 °C. The peptides were then subjected to solid-phase extraction
using StageTip C18 reverse-phase discs packed into pipette tips before
analysis using nanoLC-MS/MS.

2.5. 180 isotopic labeling with trypsin digestion

Mass spectrometric analysis for the identification of cross-linked
peptides between B2M and GAPDH was performed as described previ-
ously with minor modifications [28,29]. Briefly, dried proteins (20 pg
for pure B2M sample, 40 pg for B2M-GAPDH sample) were dissolved in
20 pL of 8 M Urea and 50 mM Tris-HCI (pH = 8.0), and incubated for 30
min at 21 °C. The protein samples were then divided into two aliquots
(10 pL each) and dried using a SpeedVac at 30 °C. The two aliquots were
then reconstituted separately into 80 pL of either 180-water or 1°0-water
containing 100 mM ammonium bicarbonate at pH 7, then 0.1 pg pL~!
trypsin in 180.water or '°0-water was added to achieve a 1:50 (w/w)
enzyme/substrate ratio, respectively. The reaction mixtures were then
incubated at 37 °C overnight. Where applicable, these samples were
mixed in 1:1 ratio immediately before analysis. For the analysis of
intra-protein disulfides, 120 labeling was used for both MS1 level spectra
and the MS/MS spectra, whereas for the inter-protein disulfide analyses,
180 Jabeling was used for MS1 level spectra and 1°0 labeling for the MS2
level spectra.

2.6. Mass spectrometric analysis

Peptide samples were analyzed on an Impact II Q-TOF mass spec-
trometer (Bruker, Billerica, MA) coupled to a Dionex Ultimate
3000RSLCnano chromatography system (Thermo Fisher Scientific,
Waltham, MA). Peptides were loaded onto a Nanoelute C18 column (75
pm x 15 cm, 1.9 pm particle size, Bruker) and eluted over 65 min using a
gradient elution system consisting of mobile phase A (0.1% FA in H,0)
and B (80% ACN in HyO containing 0.1% FA) at a flow rate of 0.3 pL
min . A linear gradient was used consisting of: 5% B at 4 min, 61% B at
35 min, 99% B at 40 min, 99% B at 45 min, and then re-equilibration at
4% B from 55 min over 10 min. The operation conditions for the
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CaptiveSpray source were as follows: capillary voltage (4.5 kV) and
temperature (180 °C); dry gas 4 L min~!. A high-resolution TOF-MS scan
over a mass range of 150-1750 m/z was followed by MS/MS scans of the
top 10 most intense precursor ions per cycle. The acquisition rate was set
to 2 Hz (MS) and 2.03 Hz (MS/MS). MaxQuant (version 1.6.1.0; www.
maxquant.org) was used as a database search engine for identification
of peptides with the following parameters: carbamidomethylation of Cys
(fixed modification); Met oxidation (variable modification); allowed
number of missed cleavages, 3; first search mass tolerance, 20 ppm;
main search peptide tolerance, 4.5 ppm. MassAl software (version 1.0;
www.massai.dk) was used for identification of cross-linked peptides
with the following settings: fixed (carbamidomethylation of Cys when
IAM was used) and variable (Met oxidation) modifications; maximum
number of missed tryptic cleavages, 3; parent mass tolerance, 20 ppm;
MS2 peak tolerance, 0.2 m/z, respectively. Cys-Cys (—2.016 Da) was
selected as a potential cross-link. Peptides were searched against the
following UniProt protein accession numbers: CRP: P02741; Lyso:
P00698; B2M: P61769; GAPDH: P46406. GPMAW software version 9.5
(Lighthouse Data) was used as a reference for identification of frag-
mentation patterns of potential cross-linked peptides.

2.7. Determination of GAPDH activity

GAPDH activity was determined using a commercial kit using the
instructions provided by the manufacturer (Sigma, St. Louis, MO). In
brief, the conversion of glyceraldehyde-3-phosphate (GAP) to 1,3-
bisphosphateglycerate was quantified by measuring absorbance at
450 nm (A4s0) using a RF-20AS detector, with the rate calculated from
the initial, linear part of the curve. The (low) background signals
detected in the absence of each of the reaction components was sub-
tracted from the data presented.

2.8. Errors and statistics

Statistical analyses were carried out using statistical package
GraphPad Prism version 6 for Windows (GraphPad Software, La Jolla,
USA). Quantitative data are presented as mean + SD, from three inde-
pendent experiments. Differences between groups were determined
using one-way analysis of variance (ANOVA) with Dunnett’s multiple
comparison test. Statistical significance was set at P < 0.05.

3. Results
3.1. Detection of 104-induced B2M-GAPDH cross-links

Beta-2 microglobulin (B2M) contains a single disulfide bond (Cys 25-
Cys 80) and has no free Cys residues in its structure [30], allowing this to
be readily used as a model to investigate 'O,-mediated disulfide
oxidation in the absence of reactions at free Cys. Samples of B2M (20
pM) were exposed to O and visible light in the presence of Rose Bengal
(10 pM) for defined periods of time and then treated with catalase (1 mg
mL 1) to remove any photo-generated peroxides. The samples were then
examined by both SDS-PAGE and immunoblotting using an anti-B2M
antibody. These experiments resulted in the detection of dimers and
higher oligomers of B2M, and loss of the parent B2M bands, using either
Coomassie staining (Fig. 1A) or an anti-B2M antibody (Fig. 1B). These
data indicate that B2M undergoes facile aggregation when subject to
photo-oxidation.

To examine whether the photo-oxidized samples of B2M undergo
subsequent reaction with a thiol-containing protein, to give protein-
protein dimers, GAPDH (20 pM, in 10 mM phosphate buffer, pH 7.4)
was added to B2M (20 pM) after the cessation of photolysis and incu-
bated for 60 min, before analysis by either immunoblotting using anti-
bodies against both B2M (Fig. 1C) and GAPDH (Fig. 1D) or Coomassie
staining (Supplementary Fig. 1). Comparison of the data obtained with
photo-oxidized B2M alone (and corresponding controls) with the
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Fig. 1. Detection of 'Oy-induced B2M ag-
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samples incubated with GAPDH (Fig. 1B versus 1C, Supplementary Fig.
1) showed the presence of additional bands that are consistent with the
presence of B2M-GAPDH cross-linked species. Thus, analysis of the
Coomassie-stained gel, or probing the membranes generated from the
samples with both proteins present with appropriate antibodies showed
the presence of new bands at ~48 kDa and at ~96 kDa (band at ~48 kDa
in Supplementary Fig. 1, lanes 6,8,10; bands at ~48 kDa and at ~96 kDa
in Fig. 1C and D; lanes 5-9 in both panels). As the intensity of the bands
was much stronger from the membranes probed with the antibodies than
the Coomassie staining (cf. images in Fig. 1 versus Supplementary Fig. 1)
most subsequent studies used only the latter approach to detect the new
cross-links, though some direct Coomassie staining was carried out in
some cases (see below). As the bands on the membranes were recognized
by both antibodies, this is consistent with the presence of crossed-dimers,
with these assigned to the formation of cross-linked B2M-GAPDH spe-
cies containing one, and two, molecules of each protein respectively.
These bands are distinct from the formation of the B2M dimers and
oligomers (cf. Fig. 1A and B), and also the monomer (~36k), dimer and
tetramer bands of GAPDH (Fig. 1D). The formation of these new bands

S 6,50

Q95 SPP

B2M-GAPDH cross-linking

increased with longer extents of the initial light exposure of the B2M
(and hence 10, concentration), with the species that gives rise to the
band ~48 kDa appearing at earlier time points than the ~96 kDa band,
consistent with the latter being a downstream (dimeric) form of the
former. Densitometric analysis of both the anti-B2M and anti-GAPDH
immunoblots showed a significant increase in the intensity of B2M-
GAPDH cross-linking band when compared to the 0 min RB-
illuminated samples for both antibodies, and also a significant in-
crease with longer illumination times of the B2M (Fig. 1E).

Additional bands were also detected, especially with the anti-B2M
antibody (Fig. 1C), at ~60 kDa, assigned to a possible B2M dimer-
GAPDH (trimeric) species, and ~84 kDa assigned to a B2M-GAPDH
dimer. The former band is believed to arise from reaction of an initial
B2M dimer formed during photolysis (~23 kDa, see Fig. 1A), and sub-
sequent reaction with GAPDH, and the B2M-GAPDH dimer is ascribed to
reaction of an oxidized B2M species with the dimeric form of GAPDH
present in the commercial GAPDH samples (as detected in the control
lanes in Fig. 1D, lane 2). No cross-links were observed in control samples
where B2M was illuminated in the absence of RB, or where B2M was
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incubated with RB in the absence of light, without or with subsequent
reaction with GAPDH. Each antibody showed high specificity towards
its target (Fig. 1C and D; lanes 1 and 2), with no cross-reactivity
observed with the other protein. These data indicate that the forma-
tion of these B2M-GAPDH cross-linked species requires the formation of
photo-generated species on B2M, with these intermediates undergoing
subsequent reaction with GAPDH. The absence of cross-links in the
control samples containing the native proteins (Fig. 1C and D; lane 3)
establishes that direct thiol-disulfide exchange reactions are insignifi-
cant under the conditions employed and that RB alone, in the absence of
light, does not act as a cross-linking agent (Fig. 1C and D; lane 4).

3.2. Effect of 104-induced B2M-GAPDH cross-links on GAPDH activity

In order to assess the effect of B2M-GAPDH cross-link formation on
GAPDH activity, this was assessed without and with incubation with
photo-oxidized B2M. The GAPDH alone was not subject to photo-
oxidation. As shown in Fig. 2, a decrease in GAPDH activity was
observed, relative to incubation with non-treated B2M, with B2M sam-
ples subjected to increasing periods of prior photo-oxidation, with this
being significant after 30 min photolysis of B2M, and decreasing to ~6%
of control levels in the 90 min photo-oxidized samples (Fig. 2). No
statistically-significant difference was detected for the control samples,
where GAPDH was incubated with RB alone (10 pM, in 10 mM phos-
phate buffer, pH 7.4) or with incomplete oxidation systems.

3.3. Role of the B2M disulfide bond and GAPDH thiols in the formation of
B2M-GAPDH cross-links

In order to examine the role of disulfide in B2M in the formation of
the observed cross-linking, DTT and NEM (both 100-fold molar excess
over the protein) were used in combination to reduce (DTT) and alkylate
(NEM) the disulfide bonds of B2M (20 pM), with the excess DTT and
NEM subsequently removed by dialysis prior to photo-oxidation. The
oxidized B2M was then incubated with GAPDH, and subjected to
immunoblotting with detection using either the anti-B2M or anti-
GAPDH antibodies. A significant decrease in the extent of B2M-
GAPDH cross-link formation was detected for the reduced and

1.2+

T #

e 4
- ©
1 N

GAPDH activity
(%of control)

o
w
n

Fig. 2. GAPDH activity is reduced after reaction with pre-oxidized B2M.
GAPDH (0.2 pM in 10 mM phosphate buffer, pH 7.4) was incubated with photo-
oxidized B2M (0.2 pM in 10 mM phosphate buffer, pH 7.4, 5 min, 15 min, 30
min, 60 min and 90 min photolysis) for 60 min and then residual GAPDH ac-
tivity was determined. The control samples were untreated GAPDH (0.2 pM)
alone. Bar labelled ‘RB + GAPDH’ indicates GAPDH samples incubated with RB
alone. Bar labelled B2M + RB + GAPDH dark’ indicates B2M samples incubated
with RB and GAPDH in the absence of light. Data are presented as mean + SD
from three independent experiments. Statistical differences were examined
using one-way analysis of variance (ANOVA) with Dunnett’s multiple com-
parison test and are indicated as follows: “P < 0.05 vs. GAPDH alone samples.
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alkylated B2M (~50% for the B2M antibody and ~78% for the GAPDH
antibody), when compared to the non-reduced/non-alkylated systems
(Fig. 3A-C, lanes 7 vs. 3 for each blot).

The role of the GAPDH Cys residues was examined in experiments
where the GAPDH was pretreated with the thiol-blocking reagent NEM
(10-fold excess over GAPDH concentration) before addition to the
photo-oxidized B2M samples; control samples of untreated GAPDH were
also examined. Preincubation of the GAPDH with NEM for 1 h signifi-
cantly decreased the formation of the bands assigned to the B2M-
GAPDH cross-links (at ~48k Da) after 60 min illumination as detected
by both immunoblotting and Coomassie staining of SDS-PAGE gels
(Fig. 3D and E; lanes 10 vs. 11 in each panel; Supplementary Fig. 1).
Quantification of the immunoblots showed a reduction of ~45% (for the
B2M antibody) and ~80% (for the GAPDH antibody) for the B2M-
GAPDH cross-link yield, when compared to control samples without
pre-treatment of GAPDH with NEM (Fig. 3F). A similar decrease was
observed for the band assigned to the cross-linked B2M dimer-GAPDH
species detected at ~60 kDa. For incomplete oxidation systems, where
photolysis of B2M was carried out in the absence of RB for 60 min, or
where B2M was incubated with RB for 60 min in the dark, before
addition of GAPDH or NEM-treated GAPDH, these changes were not
observed (Fig. 3D and E; lanes 3-9).

3.4. Reversibility of cross-links formed between B2M and GAPDH

Information on the role of (reversible) disulfide bonds in the B2M-
GAPDH cross-links was examined using non-reducing and reducing
SDS-PAGE, with subsequent immunoblot analysis of the samples using
either the anti-B2M or anti-GAPDH antibodies. A decrease in the in-
tensity of B2M-GAPDH cross-links was detected by both anti-B2M
(~39%, Fig. 4A) and anti-GAPDH antibodies (~34%, Fig. 4B) under
reducing conditions when compared to non-reducing gel condition
(lanes 7 vs. 3 for each blot, Fig. 4C). The lower % loss of cross-links
observed under these conditions, when compared to the DTT/NEM
treatment reported above (section 3.3), is likely to be due to the shorter
incubation period employed (10 vs. 60 min), the absence of any reagent
(e.g. NEM) to prevent disulfide re-oxidation in the reducing gel protocol,
and also potential differences in accessibility between the native B2M
disulfide bond and the postulated B2M-GAPDH disulfide.

The potential reversibility of pre-formed GAPDH adducts to B2M was
examined further using (separately) DTT or TCEP (both at a 100-fold
molar excess over the B2M concentration). B2M-GAPDH cross-linked
species were generated as described above (section 3.3) with native
GAPDH, and then left either untreated or incubated with either DTT
(Fig. 4D and E; lanes 6-8) or TCEP (Fig. 4D and E; lanes 9-11) for 1 h,
before separation by SDS-PAGE and probing of the membranes with
either the anti-B2M antibody (Fig. 4D) or the anti-GAPDH antibody
(Fig. 4E). Quantification of the pixel densities of the B2M-GAPDH dimer
band are presented in (Fig. 4F). Treatment with either DTT or TCEP after
dimer generation resulted in a significant decrease in the level of cross-
links detected by both two antibodies. The densitometric analysis
showed a ~38% (anti-B2M antibody) and ~26% (anti-GAPDH anti-
body) reduction in yield of B2M-GAPDH cross-links with post-
generation DTT treatment when compared to control samples without
the DTT reduction step (Fig. 4F). Similarly, treatment with TCEP
resulted in a ~63% (anti-B2M antibody) and ~42% (anti-GAPDH anti-
body) decrease in yield of B2M-GAPDH cross-links (Fig. 4F). The
incomplete loss of the protein cross-links with these treatments may
reflect the relatively modest excesses of reagents and mild reaction
conditions employed (37 °C, pH 7.4), compared to those used in other
protocols.

3.5. Characterization of disulfide bond oxidation in B2M by mass
spectrometry and 120 labelling

Mass spectrometry with '80-labeling was used to characterize both
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the initial presence and subsequent photo-oxidation of the intra-chain
disulfide present in B2M, and the newly-formed inter-protein bonds
between B2M and GAPDH. Identification of the peptides corresponding
to the site of disulfide bond was achieved by tryptic digestion to peptides
with the use of '®0-labelling and MassAl software. Tryptic digestion in
180.water results in the incorporation of two %0 atoms into tryptic
peptides containing a new (single) C-terminus (i.e. at both oxygen atoms
of the carboxyl group), whereas with a cross-linked peptide with two
new C-termini, four 180 atoms are incorporated (for further information
on this method see Refs. [29,31]). The former peptides therefore show a
+4 Da shift relative to the peptides generated by tryptic digestion in
16O-water, and the latter (cross-linked) species show a +8 Da shift; this
difference allows facile detection of the cross-linked peptides. The
MS/MS fragment ions arising from these peptides were identified
through manual validation, according to their theoretical m/z calculated
by the GPMAW software. The experimental and theoretical masses of the
cross-linked peptides, together with their charge states and mass errors
are collected in Supplementary Table 1.

For B2M, one Cys-Cys (disulfide) cross-link was identified, as ex-
pected on the basis of the known protein structure, with two different
charge states (quintuply- and sextuply-charged). As shown in Fig. 5A,
the isotopic distribution of the peptide at m/z 906.5876 (sextuply-
charged, experimental mass 5433.5256 Da, mass error 7.65 ppm) shows
a mass shift of +8 Da (due to the incorporation of four 0 atoms) after
digestion of B2M in 180 water compared to that in 160.-water, indicating
it is a cross-linked peptide. Sequence analysis of this m/z 906.5876 ion

Detected with
B2M antibody

B2M-GAPDH cross-linking

. ments. Statistical differences were examined
Detected with

Femiiauersll using a Student’s t-test and are indicated as

follows: *P < 0.05 for lane 7 vs. lane 3 in
panels 3A and 3B. *P < 0.05 for lane 11 vs.
lane 10 in panels D and E.

by MS/MS confirmed the detection and identity of the expected cross-
linked peptide (DWSFYLLYYTEFTPTEKDEYACR) (SNFLNCYVSGFHPS-
DIEVDLLK) (i.e. between Cys80 in the first peptide and Cys25 in the
second peptide). The missed cleavage by trypsin at Lys75 in the first
peptide is likely to be due to its close proximity to the cross-link site.
Manual sequence analyses revealed that the MS/MS spectra displays
high sequence coverage for both the y- and b-ions, with y4 and y10-y19
from peptide A (blue ions in Fig. 5C), as well as b11, b14 and b16 from
peptide B (red ions in Fig. 5C) retaining the cross-link, thereby providing
strong evidence for the Cys25-Cys 80 disulfide bond. The same Cys-Cys
cross-linked peptide was detected as an ion with precursor m/z
1087.7031 (quintuply-charged, experimental mass 5433.5155 Da, mass
error 5.78 ppm), but this showed a poorer fragment ion coverage of the
candidate cross-linked peptides compared with the sextuply charged ion
(Supplementary Fig. 2A and C).

Photo-oxidation of B2M and subsequent MS analysis as described
above revealed that the yield of the Cys-Cys cross-linked peptide
decreased in a illumination time-dependent manner, with only ~36%
and ~6% of the sextuply-charged disulfide-linked peptide detected after
5 and 90 min illumination, respectively, when compared with native
B2M (CON; Fig. 5B); a similar trend was observed for the quintuply-
charged disulfide peptide ion (Supplementary Fig. 1B). When B2M
was illuminated in the absence of RB, or incubated with RB in the
absence of illumination, no significant consumption of this cross-linked
peptide was detected (Fig. 5B, Supplementary Fig. 1B). These data
confirm that photo-oxidation rapidly modifies the single disulfide bond
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3.6. Identification of inter-protein disulfides between B2M and GAPDH
using mass spectrometry

The potential formation of inter-protein disulfides between B2M and
GAPDH was investigated by making use of the trypsin digestion and 80
labelling method described above. Analysis of the peptides arising from
in-solution digestion of the B2M-GAPDH reaction mixtures (generated
as described above) revealed two cross-linked peptides with the ex-
pected +8 Da mass shift in ®0-water (Fig. 6A, C). Strong evidence was
obtained for a new Cys-Cys cross-linked peptide (SNFLNCYVSGFHPS-
DIEVDLLK) (IISNASCTTNCLAPLAK), formed between Cys25 in B2M
(first peptide) and Cys149 in GAPDH (second peptide). This peptide (m/
2z 1054.2626) exhibited the characteristic mass difference of —2.016 Da
of a cross-linked species (when compared to the sum of the two parent
peptides), and an experimental mass (4213.0504 Da) very close to the
expected theoretical mass (4213.0531 Da; mass error 0.64 ppm). The MS
analysis shows a mass shift of +8 Da for the quadruply-charged cross-
linked peptide ion with m/z 1054.2626 (Fig. 6A), and the fragment ions
y17, y20 and bl2 (indicated in blue) from the peptide
SNFLNCYVSGFHPSDIEVDLLK, and y11, y12, y16 and b16 (indicated in
red) from the peptide ISNASCTTNCLAPLAK, unambiguously locating
the cross-link position to the indicated Cys residues (Fig. 6B).

Detected with
B2M antibody

B2M-GAPDH cross-linking

Detected with
GAPDH antibody

A second Cys-Cys inter-protein cross-link was also identified with a
quintuply-charged precursor ion at m/z 799.5808, consistent with the
presence of the cross-linked peptide (VPTPNVSVVDLTCR)
(SNFLNCYVSGFHPSDIEVDLLK) with a disulfide bond between Cys244
in GAPDH (peptide A) and Cys25 in B2M (peptide B). The mass loss
(—2.016 Da) compared to the sum of the parent sequences is consistent
with the Cys-Cys cross-link, and the theoretical mass (3992.9650 Da) is
in good agreement with the observed mass (3992.9040 Da; mass error
15.28 ppm). The MS data showed a mass shift of +8 Da for the cross-
linked peptide ion with m/z 799.5808 (quintuply charged, Fig. 6C), in
agreement with the presence of an ion with two new C-termini. The
assignment of the b- and y-fragment ions in the MS/MS spectra matches
this Cys-Cys cross-link between B2M and GAPDH, with the ions from y2-
y7 (in blue, Peptide A) and bl2, bl5 and b19 (in red, Peptide B)
retaining the cross-link, providing compelling evidence for this linkage
(Fig. 6D). Together these MS data provide compelling evidence for the
generation of two different oxidation-induced cross-linked peptides
between B2M and GAPDH,; both cross-links involve the Cys25 residue of
the (former) disulfide bond in B2M crosslinked to two different GAPDH
Cys residues: Cys149 and Cys244. The first of these is the active site
residue in GAPDH.
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Fig. 5. Exposure to 10, results in loss of the native B2M disulfide bond. MS analysis of the sextuply charged Cys-Cys cross-linked peptide from B2M. Panel A: MS
spectrum of the sextuply-charged Cys-Cys cross-linked peptide (m/z 906.59) displaying a +8 Da shift following trypsin digestion in H3°0 and H3%0 (1:1 ratio). Panel
B: Illumination time-dependent loss of peak area for the Cys-Cys cross-linked peptide from B2M (based on the most intense isotope ion at m/z 907.09 + 0.02) on
photo-oxidation for 5, 15, 30, 60 or 90 min. Data was analyzed by one-way ANOVA with Dunnett’s multiple comparison test, and are expressed as a ratio of the
control data (native B2M). Panel C: MS/MS spectrum of the sextuply-charged cross-linked peptide showing fragment ions with intensity above 10*. Blue b and y ions
correspond to the peptide A, while red b and y fragments correspond to peptide B. Spectra were obtained from the software Data Analysis (Bruker), with the fragment
ions annotated manually. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

3.7. Generality of formation of cross-links between GAPDH and proteins
containing oxidized disulfide bonds

The generality of the cross-linking process reported above was
examined using three other proteins, each of which contains one or more
disulfides but no free Cys residues: a-lactalbumin (alLA, four DSBs),
lysozyme (LYSO, four DSBs) and C-reactive protein (CRP, one DSB).
Photo-oxidation of each of the proteins (aLA, 100 pM; LYSO, 100 pM;
CRP, 1.25 pM; all in 10 mM phosphate buffer, pH 7.4) was carried out as
outlined in the Materials and methods using a Rose Bengal/visible light/
O, system, with a range of different illumination times. After cessation
of illumination, any HyO formed was removed by addition of catalase,
and the photo-oxidized protein samples then incubated with GAPDH
(20 pM, in 10 mM phosphate buffer, pH 7.4) for 1 h. The protein samples
were then separated using SDS-PAGE and either examined directly using
Coomassie staining, or blotted to membranes and subjected to immu-
noblotting with appropriate antibodies.

SDS-PAGE gels of the reactions of photo-oxidized aLA and LYSO
(Supplementary Fig. 3) provided clear evidence for the formation of

aLA-GAPDH and LYSO-GAPDH protein cross-links with the detection of
bands at ~50 kDa in each case (Supplementary Fig. 3A and C; lanes 6, 8,
10). In the case of aL.A, bands assigned to dimeric aLA (band at ~25 kDa)
and dimeric GAPDH were also detected. The yield of the aLA-GAPDH
and LYSO-GAPDH protein cross-link bands showed a clear increase in
intensity with an increasing time of photolysis of the aLA and LYSO,
before incubation with the GAPDH (Supplementary Fig. 3A and C; lanes
6, 8, 10). Corresponding immunoblots with the anti-GAPDH antibody
also revealed an increase in pixel intensity of the cross-linked protein
band with longer light exposure (aLA-GAPDH: Fig. 7A, lanes 6, 8, 10;
LYSO-GAPDH: Fig. 7C, lanes 4, 6, 8, 10). Corresponding studies were not
carried out with anti-aLA or anti-LYSO antibodies as the cross-linked
bands could be clearly identified on the Coomassie-stained gels,
thereby allowing any problems arising from differential antibody
recognition to be circumvented (see Discussion). Quantification of the
immunoblots showed a significant increase in pixel density from the
cross-link bands for both proteins when compared to control samples
containing non-modified aLA or LYSO that had been incubated with
GAPDH (Fig. 7D). For CRP, similar behavior was observed with CRP-
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Fig. 6. New inter-protein disulfides are formed by oxidation of disulfide bonds and subsequent reaction with protein thiols. Panel A: MS spectrum of the quadruply
charged Cys-Cys cross-linked peptide with m/z 1054.26 displaying a +8 Da shift following trypsin digestion in H3®0 versus H3°0 (1:1 ratio). Panel B: Assignment of a
MS/MS spectrum of the cross-linked peptide (SNFLNCYVSGFHPSDIEVDLLK) (IISNASCTTNCLAPLAK) with the first peptide (peptide A) containing Cys25 from B2M,

and the second peptide (peptide B) containing Cys149 from GAPDH. Panel C: MS spectrum of the quintuply charged Cys-Cys cross-linked peptide at m/z 799.58
displaying a +8 Da shift. Panel D: Assignment of a MS/MS spectrum of the cross-linked peptide (VPTPNVSVVDLTCR) (SNFLNCYVSGFHPSDIEVDLLK) with the first
peptide (peptide A) containing Cys244 from GAPDH and the second peptide (peptide B) containing Cys25 from B2M. Blue b and y ions correspond to the peptide A,
while red b and y fragments correspond to the peptide B. Spectra were obtained from the software Data Analysis, with the fragment ions annotated manually. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

GAPDH cross-links detected using both the anti-GAPDH antibody
(Fig. 7B, lanes 6, 8, 10) and an anti-CRP antibody (Supplementary Fig.
3B; lanes 6, 8, 10). Quantification of the immunoblots showed signifi-
cant increases with increasing initial photolysis time of the CRP, for both
immunoblots (Fig. 7D, Supplementary Fig. 3D).

Pre-treatment of GAPDH with NEM (10-fold excess over GAPDH
concentration) to block the free Cys groups on GAPDH, before incuba-
tion with the photo-oxidized proteins, decreased the intensity of the
bands assigned to the protein-GAPDH cross-links (Fig. 7A, lanes 7, 9, 11;
Fig. 7B, lanes 7, 9, 11; Fig. 7C, lanes 3, 5, 7, 9, 11; Supplementary Fig. 3,
panels A-C). A low level of LYSO-GAPDH cross-linking was also detected
in control samples where the LYSO was not subject to photo-oxidation
(Fig. 7C, lanes 2, 4; Supplementary Fig. 3C, lanes 2, 4), which is
ascribed to slow direct thiol-disulfide exchange reactions between two
proteins; this was however at a lower level than detected with the photo-
oxidized samples. For aLA and CRP, control samples which were illu-
minated in the absence of RB, or incubated with RB in the dark showed
no cross-link formation on subsequent incubation with GAPDH (Fig. 7A
and B; Supplementary Fig. 3A and B; lanes 2-5 in each case).

3.8. Mass spectrometric characterization of proteins detected in putative
cross-link bands by SDS-PAGE, using in-gel digestion

The trypsin digestion/!80-labelling approach used with B2M to
obtain information on the residues involved in the new disulfide bonds
was unsuccessful with aLA and LYSO, due to the more complex nature of
these proteins, due to the presence of 4 disulfide bonds and consequent

poor digestion in the absence of reduction and alkylation. Therefore an
alternative approach was employed to confirm the identity of the pro-
teins present in the bands assigned to the novel cross-linked species
detected on the SDS-PAGE gels. This involved in situ in-gel digestion of
the putative protein cross-link bands with prior reduction and alkylation
(although this destroys the new cross-link(s)), and subsequent mass
spectrometric analysis, with the hypothesis being that detection of
peptides from two different proteins in the cross-linked band, would
provide evidence for the prior presence of covalent cross-links.

Initial examination of peptides arising from the SDS-PAGE cross-
linked protein bands was conducted by nanoLC-MS/MS analysis, after
reduction, alkylation and trypsin digestion. Using this approach
consistent peptide data was obtained for the B2M — and LYSO-derived
species. However, for the aL.A species, despite the use of reduction and
alkylation, and also the use of Lys-C in addition to trypsin, no peptides
were obtained from the gel bands. In contrast, for the CRP-GAPDH
species, additional digestion with Lys-C improved the efficiency signif-
icantly. The peptides observed from the various cross-link bands, and
the parent protein identifications are summarized in Table 1, together
with data on the peptides obtained from the native proteins (CRP, LYSO,
B2M, GAPDH). In each case the extracted cross-link bands were deter-
mined to contain peptides from two proteins, consistent with the pres-
ence of reducible (likely to be disulfide) covalent linkages between each
of the pairs of proteins.

For control (native) B2M, 8 peptides and a sequence coverage of
83.2% was determined, with 6 of these peptides (and a sequence
coverage of 69.7%) also identified in the B2M-GAPDH cross-linked gel
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Fig. 7. Photooxidation of aLA, Lyso and CRP

and subsequent reaction with GAPDH in-

duces protein cross-linking, and is depen-

dent on the availability of free thiols on

GAPDH. Panel A: representative immunoblot
image of oxidized aLA reacted with GAPDH
or GAPDH + NEM. Panel B: representative
immunoblot image of oxidized CRP reacted

J with GAPDH or GAPDH + NEM. Panel C:

representative  immunoblot image of
oxidized LYSO reacted with GAPDH or
GAPDH + NEM. Panel D: optical density
ratio (ODp min/ODg min) Of cross-linked
bands from immunoblotting data presented
in panels A-C, at the indicated photolysis
times, for al.A, LYSO and CRP. Each blot is
representative of one of three, obtained from
three independent experiments. Quantitative
data are presented as mean + SD from three
independent experiments. Statistical differ-
ences were examined using one-way analysis
of variance (ANOVA) with Dunnett’s multi-
ple comparison test, and are indicated as
follows: *P < 0.05 vs. lane 4 in panels A-C.
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bands (Table 1). For native CRP, 9 peptides and a sequence coverage of
54.9% was detected, with 6 peptides from CRP and a sequence coverage
of 39.3% detected in the CRP-GAPDH cross-linked band (Table 1). LYSO
was identified with a sequence coverage percentage of 90.7% (11 pep-
tides) and 79.1% (9 peptides) for control LYSO and LYSO-GAPDH cross-
linked bands, respectively (Table 1). For GAPDH, 17 peptides were
identified for the native protein (sequence coverage 64.0%), and the
majority of these peptides (and a similar sequence coverage) were also
detected in the protein-GAPDH cross-links (Table 1). Most of the pep-
tides from these four proteins were also fragmented effectively in MS/
MS experiments allowing confirmation of the protein identities in the
cross-linked gel samples (Supplementary Figs. 4-7).

4. Discussion

Singlet oxygen (10s) is an important reactive oxidant in biological
systems and is known to induce modifications on biomolecules via type
II photosensitization reactions (e.g. Refs. [16,32-34]). Rose Bengal
generates high concentrations of 10, in the presence of molecular oxy-
gen and visible light [19,35], and thus 'Oy-mediated photo-oxidation
primarily occurs in tissues that are routinely exposed to sunlight such
as skin and eyes [36-38]. In proteins, the most reactive residues with
10, are the sulfur-containing (Cys, Met and cystine) and aromatic amino
acids (His, Trp, and Tyr) [17,39].

The data obtained in this study demonstrate that photo-oxidation of
B2M by the RB/visible light/O5 system induced a illumination-time
dependent decrease in the parent B2M band, with increasing forma-
tion of dimer and trimer and higher aggregates of B2M, as detected using
an anti-B2M antibody (Fig. 1A). Dimer formation was also detected with
aLA and CRP (and previously for Lyso, e.g. Refs. [40,41]) on increasing
exposure to 102 (cf. the SDS-PAGE and immunoblotting data in Sup-
plementary Fig. 3). These aggregates were not formed in the absence of
RB or visible light, consistent with 'O, -mediated modification of spe-
cific amino acids in these proteins, which facilitate the formation of
intra-protein cross-links. Similar data has been obtained previously for
other proteins, though the mechanisms and nature of the amino acids
involved have not always been fully elucidated. In some cases, data has

Photolysis time (min)

10

been presented for the formation of non-reducible species involving
strong carbon-carbon or carbon-heteroatom covalent bonds (e.g.
di-tyrosine, di-tryptophan, tyrosine-tryptophan, histidine-lysine,
histidine-arginine, histidine-histidine, tyrosine-lysine) [28,40-46].
However, in many cases, these species do not account quantitatively
(see, e.g. Ref. [28]) for all the cross-linking detected, and there is
abundant evidence for a major contribution from reducible species, and
especially disulfide cross-links.

Whilst the formation of disulfide cross-links has often been ascribed
to the oxidation of Cys residues (via either radical or non-radical re-
actions), such cross-links can also arise from thiol-disulfide exchange
reactions [13]. This allows cross-links to be formed with proteins that do
not contain any free Cys residues. The formation of such linkages via
direct thiol-disulfide exchange is, however, very slow [13], and partic-
ularly with proteins where there are major steric and electronic barriers
to the formation of these species, and little thermodynamic driving force
due to the similar stabilities of the both the reactants and products. We
show here that the formation of these types of cross-links can however
be dramatically enhanced, both kinetically and in yield, if the disulfide
bond is initially oxidized by 10,: this provides a significant thermody-
namic driving force for these reactions.

In this study, this mode of cross-linking was explored using multiple
model proteins with different number of disulfides and no free Cys
residues. The structurally-related proteins aLA and LYSO are stabilized
by four disulfide bridges, and in both species one of these disulfides
(Cys6-Cys120 in aLA, Cys6-Cys127 in LYSO) are known to be reactive
due to their surface exposure (Supplementary Fig. 8) [47]. This may
account for low level background thiol-disulfide exchange observed in
this study (Fig. 7, Supplementary Fig. 3C), though this process is rela-
tively slow. Here, we show that photo-oxidation of these two proteins
and subsequent incubation with GAPDH (such that the GAPDH is not
subject to direct oxidant exposure) results in formation of aLA-GAPDH
and LYSO-GAPDH cross-links. With increasing photolysis time (and
thus higher yields of 10,), the extent of oxidation of these proteins
increased, as evidenced by the time-dependent appearance of protein
cross-links detected in SDS-PAGE and immunoblotting experiments
(Fig. 7A, C; Supplementary Fig. 3). The formation of these cross-links has
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Table 1
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Peptides detected by LC-MS after in-gel digestion of cross-linked and control protein bands.

Protein Acc. Peptide sequence m/z " Charge Mass error Detected sample’
D No.” state (ppm) ¢
CON protein CRP-GAPDH  LYSO-GAPDH  B2M-GAPDH
band © band band band

CRP P02741  ESDTSYVSLK 564.77 2 0.05 x x
YEVQGEVFTK 600.30 2 0.17 x x
GYSIFSYATK 568.78 2 0.17 x x
APLTKPLK 434.29 2 0.52 x x
QDNEILIFWSK 696.86 2 0.96 X x
AFTVC3**LHFYTELSSTR 644.65 3 0.13 x x
AFVFPK 354.71 2 2.82 x
KAFVFPK 418.76 2 0.46 x
PLKAFTVC3®*LHFYTELSSTR 757.39 3 0.85 X

LYSO P00698  FESNFNTQATNR 714.83 2 0.51 x x
GYSLGNWVC3'*AAK 663.31 2 1.02 x x
NTDGSTDYGILQINSR 877.42 2 0.43 X x
NLC7%*NIPC®%*SALLSSDITASVNC **AK ~ 1254.60 2 0.19 x x
IVSDGNGMNAWVAWR 838.40 2 0.77 x x
GTDVQAWIR 523.27 2 0.38 X x
CO*ELAAAM(0x)K 455.21 2 2.31 x x
CS*ELAAAMK 447.21 2 0.13 x x
HGLDNYR 437.71 2 1.72 x x
RHGLDNYR 515.76 2 0.19 x
WWC**NDGR 497.20 2 0.06 x

B2M P61769  IQVYSR 383.22 2 0.44 x x
VNHVTLSQPK 561.82 2 0.18 x x
SNFLNCZ?>*YVSGFHPSDIEVDLLK 852.08 3 0.26 x x
DWSFYLLYYTEFTPTEKDEYAGS?*R 999.78 3 0.81 X x
IEKVEHSDLSFSK 506.93 3 0.85 x x
IVKWDR 408.74 2 2.08 x
TPKIQVYSR 546.31 2 1.88 x x
VEHSDLSFSK 574.78 2 0.66 x

GAPDH P46406  AITIFQERDPANIK 808.44 2 0.26 x x x x
VIISAPSADAPMFVMGVNHEK 738.37 3 0.04 X X X X
VIHDHFGIVEGLMTTVHAITATQK 655.35 4 0.17 x x x x
GAAQNIIPASTGAAK 685.38 2 0.82 X x x x
LTGM(ox)AFR 406.21 2 0.25 x x x x
VPTPNVSVVDLTC****R 778.91 2 0.40 x x X x
LISWYDNEFGYSNR 882.40 2 0.82 X x x x
VVDLMVHMASK 615.32 2 0.76 x x x x
AITIFQER 489.27 2 0.59 x x x x
IISNASC!***TTNC!>3*LAPLAK 917.46 2 2.92 x x x x
QASEGPLK 415.22 2 0.59 x x x x
VIPELNGK 435.26 2 1.07 x x x x
VDVVAINDPFIDLHYMVYMFQYDSTHGK ~ 830.15 4 0.09 x x x x
YDDIKK 391.21 2 0.93 x x X x
LVINGK 322.21 2 2.21 x x X x
LTGMAFR 398.21 2 1.00 x x
FHGTVK 344.69 2 0.72 x x
YDNSLK 370.18 2 1.74 x x X

Both control disulfide-containing protein (CRP, LYSO, B2M and GAPDH) and the cross-linking gel bands (CRP-GAPDH, LYSO-GAPDH and B2M-GAPDH) were analyzed
by in-gel digestion. Proteins were obtained from 4 to 6 separate experiments. * indicates alkylation of Cys with a mass shift of +57 Da, M(ox) refers to methionine that
was detected as oxidized species (+16 Da). Detailed analysis of peptide mass mapping data was performed using GPMAW 9.5 software.

@ Accession numbers correspond to the UniProt database numbering for these proteins.

> Observed mass-to-charge ratio (m/z).

¢ Mass error was calculated by Maxquant software.

4 Protein gel bands that contain the detected peptides.
¢ Protein gel bands of the parent native protein.

been confirmed in the case of LYSO by the concurrent detection of
peptides from both LYSO and GAPDH in the cross-linked protein gel
band by MS analysis.

Unlike aLA and LYSO, both B2M and monomeric CRP contain a
single disulfide bond, with these buried within the structure [48,49].
Whilst this might be expected to inhibit cross-link formation, the data
from the immunoblotting experiments, confirmed that cross-linking to
GAPDH does occur, and that this increases with photolysis time (Fig. 1C
and D; Fig. 7B and Supplementary Fig. 3B). This indicates that the initial
exposure of these proteins to 10, results in significant, and sufficient,
structural changes to allow reaction at the oxidized disulfide bond of
B2M or CRP, with the one of the Cys residues on GAPDH, and
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consequent B2M-GAPDH and CRP-GAPDH cross-link formation. These
data suggest that the time-dependent formation of such cross-links de-
pends on initial modification of the protein structure and the formation
of intermediate(s) with significant life-times as shown for the corre-
sponding reactions with GSH [22,23,25].

It should be noted that interpretation of the quantitative comparisons
between immunoblots, and particularly between native and modified
systems (either cross-linked or oxidized) needs to be carried out with
great care, as it is likely that recognition of the target protein epitope(s)
by the antibody will vary as the protein is modified. Thus, there is un-
likely to be a direct stoichiometric relationship between loss of the
parent protein and the modified species (e.g. in terms of the pixel
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intensity), as recognition of the protein epitope may be increased (e.g. as
aresult of protein unfolding and greater exposure) or decreased (e.g. as a
result of the epitope being buried within a dimer structure). It is
therefore unwise to compare quantitatively (for example) the extent of
formation of the B2M-GAPDH dimer depicted in Fig. 1, with the loss of
functional activity of the GAPDH in Fig. 2. The latter suggests a much
greater effect than the former, possibly as a result of a loss of GAPDH
epitope recognition, or other effects of the modified B2M on the GAPDH
activity. Correlation of these events requires accurate quantification of
the extent of dimer formation, which is impossible to determine from the
current data. However the GAPDH activity data, which may be more
quantitatively accurate, do indicate disulfide-modified B2M has signif-
icant downstream functional effects on other proteins.

180.]abelling with MS analysis has allowed the specific character-
ization of a new disulfide bond formed between B2M and GAPDH after
initial oxidation of B2M. The formation of B2M- , LYSO- and CRP- cross-
links to GAPDH was also confirmed by in-gel digestion LC-MS/MS
analysis. In these cases, the peptides identified from the SDS-PAGE
bands (assigned to the cross-linked species) were in accordance with
those expected on the basis of the protein sequences (Table 1), with good
sequence coverage obtained in most cases (LYSO 79.1%, B2M 69.7%,
CRP 39.3%, GAPDH 60.4-64.0%). The modest sequence coverage ob-
tained with CRP, though definitive for the presence of this protein,
probably arises from the compact hydrophobic core formed between the
two B-sheets of this protein which may limit access to cleavage sites for
trypsin (or other proteases) in the CRP sequence [50].

We propose that the formation of the protein cross-links involving
GAPDH detected in this study occurs via initial oxidation of the disulfide
bond in the photo-oxidized proteins (i.e. aLA, LYSO, B2M,CRP) by 10, to
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give either a zwitterionic peroxide, or possibly a thiosulfinate. The
former is believed to be more likely, as the generation of a thiosulfinate
requires further reactions. Both zwitterionic peroxides and thio-
sulfinates appear to have lifetimes of up to several hours [22,23,25],
though this is structure dependent [51]. The oxidation of the disulfide
bond as a result of these photo-oxidation reactions has been confirmed
in the current study for B2M where a marked time-dependent loss of the
cross-linked peptide containing the disulfide bond was detected by MS
analysis. The zwitterionic peroxide (or thiosulfinate) species then reacts
with a thiol group present on another protein, in this case one of the Cys
residues of GAPDH, to give a new inter-protein disulfide bond (Fig. 8).

Our previous studies on the reaction of peptides and proteins that
contain disulfide bonds with oxidants (HOCL, ONOOH, H,05, '05) have
provided evidence for the incorporation of multiple oxygen atoms (as
determined by the detection of a large series of ions with m/z increases
of +16 in MS analyses) and for subsequent adduction of GSH (and other
thiols) to peptide/protein-derived reactive intermediates [22,23,25].
Whilst some of the oxygen atom adduction is likely to occur at Met, His,
Tyr and Trp residues (which are known targets for these oxidants [17,
52-54]), data has also been obtained for oxygen atom addition at di-
sulfide bonds to give intermediates that react with GSH [22,23,25]. The
formation of these peptide-/protein-GSH adducts is (at least partially)
reversible, and requires both the initial disulfide bond and an endoge-
nous or added free thiol [22,23,25]. In the case of HOCl, ONOOH and
H0,, the intermediate species has been proposed to be a thiosulfinate
[R-S(=0)-S-R’] species, whereas with 102, a zwitterionic peroxide
[R-ST(00™)-S-R’] may be the key species. The formation of such species
has been reported previously in chemical systems [55,56].

The requirement for a free thiol on GAPDH for the formation of the

Fig. 8. Proposed reaction pathway that yields new
disulfide cross-linked proteins from initial photo-
oxidation with 10, and subsequent reaction with
GAPDH. Disulfide-containing proteins (A) undergo
photo-oxidation to form a zwitterionic peroxide
species (B), which serves as a possible precursor to
thiosulfinates (C). The zwitterionic peroxide or
thiosulfinates can react subsequently with the
thiol-containing protein GAPDH (D) to yield inter-
protein cross-links (E). Pretreatment of GAPDH
with the thiol-blocking reagent NEM inhibits pro-
tein cross-linking formation. The disulfide
reducing reagents DTT or TCEP can, at least partly,
reverse protein cross-link formation.

B

C
Thiosulfinate
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new cross-link is illustrated by the experiments carried out with the
thiol-blocking reagent NEM which significantly reduced the yield of
each of the four protein-protein cross-links detected here (aLA-GAPDH,
LYSO-GAPDH, B2M-GAPDH and CRP-GAPDH). Further evidence for a
key role of the Cys residues on GAPDH in the formation of the B2M-
GAPDH cross-links was obtained from the 0 MS analyses which
identified two of the Cys residues on GAPDH (Cys149 and Cys244) as
being directly involved in the cross-link, together with Cys25 from the
former disulfide bond on B2M. Together these data provide strong evi-
dence for a requirement for the initial disulfide bond, its oxidation to a
reactive intermediate, and a free thiol on the second protein for the
formation of the cross-links. As expected pre-treatment of the GAPDH
with NEM also decreased the extent of the slow direct (control protein)
thiol-disulfide exchange reaction detected between LYSO and GAPDH.

Incubation of the newly-formed inter-protein adducts with the di-
sulfide reducing agents DTT and TCEP significantly reduced the yield of
B2M-GAPDH cross-links, as detected by immunoblotting, consistent
with the presence of a reducible inter-protein disulfide bonds. The extent
of cross-link reduction was greater with TCEP than with DTT. This is in
accord with previous reports of a greater efficiency in reduction by TCEP
than DTT, at pH 7.5, although TCEP is a larger molecule, and for TCEP
being significantly more effective in reducing surface-exposed protein
disulfides [57,58]. Thus, the observed differences in reduction capacity
of the protein cross-links between TCEP and DTT is likely to arise from
both the reaction conditions as well as the location of new inter-protein
disulfides.

Previous studies on the photo-oxidation of proteins, including some
of those employed here (e.g LYSO), using Rose Bengal and other sensi-
tizers, have provided evidence for the occurrence of both Type 1 and
also Type 2 photochemistry (e.g. Refs. [40,41], reviewed [16,17,59]).
The former process, which may be enhanced by sensitizer binding to the
target protein [40], involves excited states formed on the sensitizer and
subsequently the protein, and the generation of radicals from
readily-oxidized sites such as tyrosine and tryptophan residues [16,17,
59]. Some of these radicals undergo dimerization reactions to give
di-tyrosine, di-tryptophan and tyrosine-tryptophan species [40,41].
However these species are typically of low yield, are not readily reversed
by reducing agents such as TCEP and DTT (c.f. the reversal observed
here) and require the two radicals to be present at the same time. As the
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GAPDH was added into these reaction systems after the cessation of
illumination, no radicals should be present on this protein and therefore
it is very unlikely that the cross-links involving GAPDH are formed via
Type 1 photochemical processes and the generation of di-tyrosine,
di-tryptophan, tyrosine-tryptophan or other carbon-carbon or
carbon-heteroatom (e.g. iso-dityrosine) species. Such Type 1 processes
may however account for some of the inter-molecular homo-dimeric
cross-links detected on the photo-oxidized proteins (e.g. B2M-B2M, cf.
data in Fig. 1A and B).

B2M levels have been reported to be elevated in the plasma of people
with chronic uraemia due to impaired renal excretion, oxidative stress
and inflammation. This elevation is associated with modifications to
B2M including glycation and oxidation [60,61]. Native B2M is a 99-res-
idue protein that forms the light-chain of the antigen class I major his-
tocompatibility complex (MHC-I). Structurally, it has two p-sheets
connected by the single Cys25-Cys80 disulfide bond, with this buried
within the molecule [30,48] (Fig. 9). Interestingly, despite the buried
nature of this disulfide, it appears to be readily modified by 10, (see
above) and gives rise to a new disulfide bond with GAPDH. This ready
reaction of the disulfide is however in agreement with previous
hydrogen-deuterium exchange mass spectroscopy studies, that have
shown that this protein has significant flexibility and can give rise to
alternative ‘open’ conformations with significant lifetimes [62,63]. Thus
the crystal structure rendered in Fig. 9 may be a misleading represen-
tation of the accessibility to the disulfide bond. Evidence was, however,
only obtained for reaction with Cys25, and not Cys80 of B2M, as
determined by the tryptic digestion and MS analysis; the reasons for this
apparent selectivity are unclear and remain to be elucidated. Literature
data indicate that aggregation of oxidized B2M is modulated by the
disulfide bond in B2M [30], and that native (wild-type) B2M is resistant
to aggregation without prior modification of the protein structure as
observed here [30,64].

The partners with which the oxidized Cys25 forms a new linkage are
also of interest with both Cys149 and Cys244 on GAPDH forming cross-
links. The Cys149 residue of GAPDH is significantly exposed on the
protein surface (Fig. 9), potentially allowing rapid and ready reaction
with the oxidized disulfide on B2M, but Cys244 is less exposed though
with significant surface accessibility (Fig. 9). The other Cys residues in
GAPDH are less accessible. These data suggest that surface exposure is a

Fig. 9. Rendering of the structure (Protein
Data Bank, PDB ID: 1LDS) of B2M showing
the site of the native disulfide, and of
GAPDH (PDB ID: 1J0X) showing the sites of
the free Cys residues. Panel A: The intra-
disulfide (Cys25-Cys80) in B2M is shown as
a van der Waals spheres representation: with
the red colored atom being the sulfur atom
of Cys25, and the green colored atom the
sulfur atom of Cys80. Panel B: the Cys25-
Cys80 disulfide in B2M is shown as a ball
and stick representation and indicates the
buried location of this species within the
protein structure. Panel C: localization of the
sulfur atoms of the free Cys residues in
GAPDH: red colored atom - Cys149; blue
colored atom - Cys153; green colored atom -
Cys244; yellow colored atom - Cys281.
Cys149 and Cys244 were identified as resi-
dues involved in the observed inter-protein
disulfides between B2M and GAPDH, with
Cys149 being highly exposed on the protein
surface as indicated by the bright color of
parts of this amino acid in the rendering of
the protein structure. (For interpretation of
the references to color in this figure legend,
the reader is referred to the Web version of
this article.)
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significant factor in the generation of the new inter-protein linkages, but
other factors may also play a significant role, such as the pKj, of the thiol
group in the Cys residues, as the thiolate form (RS™) is a much better
nucleophile. This is a potentially important factor for GAPDH, as Cys149
is known to have a low pK, (5.5-6.0, due to the presence of a nearby His
residue that acts as a proton acceptor [65,66]), and is part of the active
site of this enzyme. Cys149 has been reported previously to contain an
extremely reactive SH-group, and this residue is a major target for
oxidative damage [67,68]. Cys 244 is also reported to have a low pKj,,
though the value is not known, as a result of electrostatic effects and
formation of an ion-pair with neighboring basic amino acids [66,69].
Cys244 is a major site of covalent modification of GAPDH by electro-
philes [65,70,71]. Modifications at either of these two Cys residues has
been associated with GAPDH inactivation [70,71]. Modification of these
Cys residues, by incorporation into a new disulfide would therefore also
be expected to result in a loss of enzymatic activity, as detected here
(Fig. 2). Thus, formation of these new disulfide bonds appears to have
functional consequences. A loss of GAPDH activity, and aggregation of
this protein, has been reported to be of pathophysiological relevance,
and to be associated with neurodegenerative diseases such as Alzheimer
disease (AD), Parkinson’s disease (PD) and Huntington’s Disease (HD)
[72]. Additional studies to examine whether this loss of GAPDH activity,
and aggregation of this protein, and also others, in diseased tissues (and
models thereof) arises via the processes outlined above, would therefore
be of great interest and potential importance.

Whilst thiol-disulfide exchange reactions, and oxidation of free Cys
residues (by radicals or two-electron oxidants) have been previously
postulated to be a major mechanism of novel disulfide bond formation,
the studies described here illustrate a new pathway to protein cross-links
via initial oxidation at disulfide bonds induced by singlet oxygen, and
subsequent reaction with thiol groups from other proteins. Native pro-
tein cross-links are widespread (reviewed [31]), however, disturbances
to native cross-linking and formation of new (non-native) cross-links has
been proposed as both a contributing factor, and also a possible causa-
tive event, in a number of pathologies. The cross-linking pathway re-
ported here significantly extends the potential repertoire of proteins that
undergo such reactions as it provides a mechanism for facile aggregation
of the (large number) of proteins that do not contain free Cys residues.
Furthermore, the formation of these cross-links can also impact on the
activity of the proteins with which they form cross-links as evidenced
here for the loss of enzymatic activity of GAPDH.

It is well established that 10y-mediated oxidation of proteins in cells
can result in the formation of multiple reactive species and products,
with Cys, cystine, Trp, His, and Tyr being major targets for 'O, with the
extent of reaction at each site dependent, at least in part, on their
abundance, which clearly varies significantly between different proteins
[16,52]. As 102 is a reactive species and has a limited diffusion radius, it
is likely to react with a wide range of proteins within the cellular
compartment where it is generated [16,18,52]. As a result of these two
factors, it is difficult to make generalizations about which specific pro-
teins will be affected, as this will depend on the site of 10, formation.

It is however already known that protein oxidation products,
including those formed from 'O, reactions, can have major biological
effects, as some of these can induce further reactions (such as the per-
oxides formed from Trp, Tyr, and His residues, the sulfenic acids formed
from Cys, and the zwitterion species formed from cystine reported in this
work) [17,52]. It is therefore likely that these materials will have effects,
and thereby may act as signals both within cells, and also between cells.
However, this is an area that is poorly defined. The limited work that has
been carried out in this area, clearly shows that some 10, -generated
products, including a cis-hydroperoxide formed from Trp (cis-WOOH)
have signaling functions, including on vascular tone [73]. The zwit-
terion peroxides, and the cystine oxidation products, that we report
here, may act in a related manner, with the data reported here for
GAPDH inactivation providing a first indication of the significance of
these reactions. Taken together, this work opens the possibility of
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exploring the formation of disulfide cross-links as both biomarkers in
diverse pathological conditions associated with oxidative stress, and
also as a driver of disease initiation and progression. Understanding the
full scope of this pathway requires further study.
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