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A B S T R A C T   

Beta-2-microglobulin (B2M) is synthesized by all nucleated cells and forms part of the major histocompatibility 
complex (MHC) class-1 present on cell surfaces, which presents peptide fragments to cytotoxic CD8+ T-lym-
phocytes, or by association with CD1, antigenic lipids to natural killer T-cells. Knockout of B2M results in loss of 
these functions and severe combined immunodeficiency. Plasma levels of this protein are low in healthy serum, 
but are elevated up to 50-fold in some pathologies including chronic kidney disease and multiple myeloma, 
where it has both diagnostic and prognostic value. High levels of the protein are associated with amyloid for-
mation, with such deposits containing significant levels of modified or truncated protein. In the current study we 
examine the chemical and structural changes induced of B2M generated by both inflammatory oxidants (HOCl 
and ONOOH), and photo-oxidation (1O2) which is linked with immunosuppression. Oxidation results in oligomer 
formation, with this occurring most readily with HOCl and 1O2, and a loss of native protein conformation. LC-MS 
analysis provided evidence for nitrated (from ONOOH), chlorinated (from HOCl) and oxidized residues (all 
oxidants) with damage detected at Tyr, Trp, and Met residues, together with cleavage of the disulfide (cystine) 
bond. An intermolecular di-tyrosine crosslink is also formed between Tyr10 and Tyr63. The pattern of these 
modifications is oxidant specific, with ONOOH inducing a greater range of modifications than HOCl. Comparison 
of the sites of modification with regions identified as amyloidogenic indicate significant co-localization, 
consistent with the hypothesis that oxidation may contribute, and predispose B2M, to amyloid formation.   

1. Introduction 

A marked increase of both human life, and health, span has occurred 
over the last century as a result of scientific, technological and medical 
advances. Nevertheless, aging humans shows natural signs of deterio-
ration that are associated with multiple pathologies. Chronic kidney 
diseases (CKD) and metabolic syndrome are amongst the most prevalent 
conditions in developed civilizations [1–3], and are risk factors for 
cardiovascular disease – one of the predominant causes of death 
worldwide [2]. CKD occurs as result of many heterogeneous disease 
pathways that result in persistent alterations to kidney structure and 
function [4]. Subsequently, as CKD develops a pro-inflammatory state 
contributes to vascular and myocardial remodeling. The latter result in 
altered function of the whole organism and explains why patients with 
advanced stages of CKD (stages 4–5) exhibit a markedly enhanced risk of 
cardiovascular events, and neurological disorders, in comparison to 
healthy individuals [1,5,6]. Over the last few decades, clinical and 
medical research has focused on finding biomarkers of multi-systemic 

malfunction including CKD [7]. Early identification of diseases using 
biomarkers that can predict progression can aid early interventions that 
improve life quality and result in better long-term prognosis [8]. In this 
context, beta-2 microglobulin (B2M), a small protein of only 99 residues 
and a molecular mass of ~11,800 Da that forms part of the major his-
tocompatibility class 1 family (MHC class I) has been employed to 
monitor kidney function [7,9,10]. Under physiological conditions, B2M 
is generated and eliminated at a constant rate. However, as a conse-
quence of renal malfunction, the circulating (serum) concentrations of 
monomeric B2M can increase up to 50-fold [11]. This increase, along 
with the intrinsic properties of B2M, favors the formation, accumulation 
and deposition of B2M aggregates (amyloid-like fibrils [12]) in the 
musculoskeletal system resulting in the development of the disorder, 
dialysis-related amyloidosis [11,13]. Analysis of B2M fibrils ex vivo have 
shown that these aggregates are comprised of both full-length unmodi-
fied B2M, and up to 30% modified or truncated forms of the protein 
[14]. Interestingly, unlike the well-documented mechanism of forma-
tion of native B2M fibrils [14], little is known about the contribution of 
modified B2M monomers to the early stages of protein crosslinking and 
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aggregation. Moreover, the use of B2M as a biomarker has focused on 
either detecting unmodified monomers, or fibril formation [15,16], 
rather than modified B2M monomers or oligomers. This is a major 
knowledge gap, as acute or chronic inflammation can result in the for-
mation of oxidants, and B2M is likely to be a significant target due to its 
increased plasma half-life and elevated concentration in patients with 
renal insufficiency [17]. 

The maintenance of a stable proteome is essential for the survival of 
any organism, and cells have evolved multiple mechanisms to cope with 
misfolded, modified and aggregation-prone proteins [18]. Nevertheless, 
under a persistent pro-inflammatory insult - like the one encountered in 
patients diagnosed with CKD – an increased rate of formation of 
oxidatively-modified proteins can overcome the capacity of cells to 
remove modified species via the proteasomal, lysosomal and other 
proteolytic systems [18]. This results in an accumulation and deposition 
of modified proteins and aggregates that enhance the inflammatory 
response [19–21]. Modification at protein side-chains and formation of 
protein cross-links are two of the major irreversible modifications 
detected on proteins exposed to oxidants generated at sites of inflam-
mation [22,23]. The inflammatory response is a complex set of 
biochemical pathways characterized by the migration of blood neutro-
phils and monocytes into the damaged tissue. Subsequently, the 
monocytes mature to tissue macrophages. Activation of both neutrophils 
and macrophages results in oxidant-mediated damage that triggers 
further inflammation, until this is dampened down and resolved via 
specific biochemical pathways [24]. Leukocytes contribute to the for-
mation of oxidants through the assembly and activity of NADPH oxi-
dases and nitric oxide synthases (particularly the inducible form, iNOS), 
which together generate peroxynitrous acid (ONOOH), and the release 
of the heme enzyme myeloperoxidase (MPO) which generates the 
powerful oxidants hypochlorous acid (HOCl) and NO2

. at the expense of 
H2O2 and Cl− or NO2

− [23]. These oxidants can promote the formation of 
further oxidants including peroxyl radicals (ROO.) and singlet oxygen 
(1O2, from termination reactions of ROO. and reaction of H2O2 with 
HOCl). These can propagate damage to other compartments and mole-
cules present in other cells, plasma and the extracellular space [23–25]. 

In this study, we determine the chemical and structural modifica-
tions generated on B2M monomers as a consequence of exposure to 
increasing concentrations of ONOOH, HOCl and 1O2. LC-MS has been 
used to detect, map and quantify the modifications at both the amino 
acid and peptide level. The experimental data is compared to regions of 
B2M predicted to be involved in protein-protein interactions and fibril 
(amyloid) formation, with many of the modifications detected within 
these regions. These data contribute to a deeper understanding of the 
pathways leading to B2M accumulation and deposition under patho-
logical conditions. Moreover, they open new venues to detect and 
quantify modified B2M species as biomarkers in clinical samples. 

2. Materials and methods 

2.1. Materials 

Rose Bengal (RB), Coomassie brilliant blue G, tris(2-carboxyethyl) 
phosphine hydrochloride (TCEP), amino acid standard solutions, 8-ani-
linonaphthalene-1-sulfonic acid (ANS), DL-dithiothreitol (DTT), iodoa-
cetamide (IAM), methanesulfonic acid (with 0.2% tryptamine) and 
catalase from bovine liver were purchased from Sigma Aldrich (Søborg, 
Denmark). Human beta-2-microglobulin (B2M, > 98%) was obtained 
from Lee Biosolutions (USA, MO). Sequencing grade trypsin was pur-
chased from Promega (Nacka, Sweden). 18O water (95.7% pure) was 
from Sercon. Anti-rabbit IgG HRP linked antibody was obtained from 
Cell Signaling Technology (Danvers, MA, USA). Human B2M ELISA Kit 
(ab108885) was obtained from Abcam. NuPAGE™ MOPS SDS running 
buffer (20X), NuPAGE™ LDS sample buffer (4X), NuPAGE™ Sample 
Reducing Agent (10X), and NuPAGE™ 4–12% Bis-Tris gels were ob-
tained from Thermo Fisher (Roskilde, Denmark). Trifluoroacetic acid 
(TFA), ammonium bicarbonate, ammonium formate, acetonitrile (ACN) 
and formic acid (FA) were obtained from VWR (Søborg, Denmark). 
Peroxynitrous acid (ONOOH) was synthesized in a two-phase system 
using isoamyl nitrite/hydrogen peroxide (H2O2), with unreacted H2O2 
removed using manganese dioxide [26]. ONOOH concentrations were 
determined spectrophotometrically at 302 nm before use, based on its 
extinction coefficient [27]. Sodium hypochlorite (10–15% w/v) was 
purchased from Acros Organics (Acros Organics, Waltham, MA, USA) 
and was standardized by measuring the absorbance at 292 nm at pH 11, 
using an extinction coefficient of 350 M− 1 cm− 1 [28]. All solvents 
employed were HPLC grade. 

2.2. Protein oxidation 

For photosensitized experiments, isolated B2M (20 μM in 10 mM 
phosphate buffer, pH 7.4) was incubated with Rose Bengal (RB, final 
concentration 10 μM) in the presence of O2, and exposed to the light 
from a Leica P 150 slide projector through a 345-nm cut-off filter. 
Catalase (1 mg mL− 1) was added to the solution after the cessation of 
photo-oxidation to remove H2O2 generated by photosensitized re-
actions. Control samples included B2M exposed to visible light in 
absence of RB, and B2M incubated with RB in the dark. 

To investigate the modifications elicited by HOCl and ONOOH, stock 
solutions of these oxidants were diluted in 0.1 M NaOH before use. 
Purified B2M (20 μM in 10 mM phosphate buffer, pH 7.4) was incubated 
with varying concentrations of HOCl (20, 100, 200 and 1000 μM, 1-, 5-, 
10- and 50-fold molar excess compared to protein concentration) for 1 h, 
or with ONOOH (10, 20, 100 and 1000 μM, 0.5-, 1-, 5- and 50-fold molar 
excess compared to protein concentration) for 30 min at 21 ◦C. Purified 
B2M solution incubated for the same period in the absence of oxidants (i. 

Abbreviations used: 

ACN acetonitrile; 
ANS 8-anilinonaphthalene-1-sulfonic acid 
B2M beta-2-microglobulin 
3Cl-Tyr 3-chlorotyrosine 
CKD chronic kidney diseases 
DLS dynamic light scattering 
DTT DL-dithiothreitol 
ESI electrospray ionization 
FA formic acid 
HOCl the physiological mixture of hypochlorous acid and its 

anion 
IAM iodoacetamide 

Kyn kynurenine 
LC-MS liquid chromatography-mass spectrometry 
3-nitroTyr 3-nitrotyrosine 
ONOOH the physiological mixture of peroxynitrous acid and its 

anion peroxynitrite 
PBS phosphate-buffered saline 
PBST PBS containing Tween 20 
PI polydispersity index 
PVDF polyvinylidene fluoride 
RB Rose Bengal 
SDS-PAGE sodium dodecylsulfate polyacrylamide gel 

electrophoresis 
TCEP tris(2-carboxyethyl) phosphine hydrochloride 
TFA trifluoroacetic acid  
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e. HOCl or ONOOH) served as controls. 

2.3. SDS-polyacrylamide gel electrophoresis and immunoblotting analysis 

After oxidation reactions, protein solutions were subjected to SDS- 
PAGE separation using NuPAGE 4–12% Bis-tris gels with NuPAGE 
MES SDS running buffer under non-reducing or reducing conditions. 
Protein samples were mixed with non-reducing (10 mM phosphate 
buffer, pH 7.4) or reducing sample buffer (NuPAGE reducing agent 
containing 50 mM dithiothreitol, pH 8.5) and heated at 60 ◦C with 
NuPAGE LDS sample buffer for 10 min, prior to electrophoresis at 200 V 
for 35 min. After electrophoresis, gels were either stained with colloidal 
Coomassie Blue, or blotted to a polyvinylidene fluoride (PVDF) mem-
brane using an iBlot 2 system (Thermo Fisher, 20 V, 7 min). For 
immunoblotting, the membrane was blocked with 5% skim milk (5.0 g 
dissolved in 0.1% PBST) for 1 h on a platform rocker at 21 ◦C, followed 
by incubation with a primary rabbit monoclonal anti-B2M antibody 
(1:2000 diluted in 1% PBST) or an anti-3-nitroTyr pAb (#06–284, 
1:3000 dilution in 1% PBST) overnight at 4 ◦C. After washing with 1% 
PBST, the membranes were incubated with a secondary HRP-conjugated 
anti-rabbit IgG antibody (for detection of B2M: 1:5000 dilution in 1% 
PBST; for detection of nitro-Tyr species: 1:10,000 dilution in 1% PBST) 
for 1 h at 21 ◦C. Chemiluminescence (ECL plus solution) was analyzed 
using an Azure Biosystems imager (AH Diagnostics, Aarhus, Denmark). 
Quantification of protein bands used Image J software (NIH, USA). 

2.4. Enzyme-linked immunosorbent assay (ELISA) measurement 

B2M levels after oxidation reactions were determined using a com-
mercial B2M ELISA kit (Abcam) according to the manufacturer’s in-
structions. Briefly, 50 μL of oxidized or control protein samples (diluted 
to ~300 pg mL− 1 with 10 mM phosphate buffer, pH 7.4) was added to 
the ELISA wells and incubated for 2 h at 21 ◦C, then washed with ELISA 
wash buffer for 5 times, followed by incubation with biotinylated B2M 
antibody (50 μL) for 1 h at 21 ◦C. Then streptavidin-peroxidase conju-
gate (50 μL) was added per well and incubated for 30 min at 21 ◦C after 
an additional 5 times washing with ELISA wash buffer. Then 50 μL of 
chromogen substrate was added into each well and incubated for 10 
min, the optical absorbance at 450 nm was measured immediately on a 
microplate reader (SpectraMax® i3, Molecular Devices) after addition of 
the stop solution. 

2.5. Particle size analysis of oxidized B2M by dynamic light scattering 
(DLS) 

The particle size of the native B2M and samples after oxidation re-
actions were measured by dynamic light scattering technique (DLS) 
using a DynaPro NanoStar Instrument (Wyatt Technology, USA) as 
previously described [29]. Briefly, protein samples were diluted to 1 mg 
mL− 1 and 5 μL of each sample was placed into NanoStar disposable 
microcuvettes (Wyatt technology, USA) for measurement. Data was 
analyzed using Dynamics software with the following parameters: 
refractive index of 1.333; viscosity of 1.019 cP; measuring chamber kept 
at 20 ◦C; with the samples prepared in phosphate-buffer pH 7.4 [30]. 
The results are presented as the mean radius size (nm), together with the 
corresponding polydispersity index (PI), from 10 acquisitions. 

2.6. Determination of amino acid loss and formation of oxidation 
products 

The extent of loss of specific amino acids (Tyr and Trp) was deter-
mined by LC-MS as reported recently [31]. Briefly, both control and 
oxidized B2M samples (25 μg) were precipitated with trichloroacetic 
acid (8% w/v), spiked with a mixture of 17 stable isotope-labelled amino 
acid standards (2500 pmoles) and [13C18,15N2] labelled di-tyrosine (100 
pmoles), followed by drying down using a centrifugal vacuum 

concentrator for 30 min at 30 ◦C (RVC 2–33 Rotational Vacuum 
Concentrator, John Morris Scientific Pty Ltd). The resulting pellet was 
resuspended in 50 μL of 4 M methanesulfonic acid containing 0.2% w/v 
tryptamine, and hydrolyzed overnight under vacuum at 110 ◦C. The 
amino acids were then purified by solid-phase extraction using 30 mg 
mL− 1 mixed-mode strong cation exchange Strata X–C cartridges (Phe-
nomenex). Finally, the eluted fractions were dried down at 30 ◦C under 
vacuum, and dissolved in 50 μL of 0.1% formic acid before analysis. 

Quantification of the analytes was performed by ESI LC-MS in posi-
tive ion mode using an Impact II Q-TOF mass spectrometer (Bruker, 
Billerica, MA) coupled to a UPLC System (Thermo, Waltham, MA). 
Samples were separated and eluted over 20 min using an Imtakt Intrada 
Amino Acid column (100 × 3.0 mm) and a gradient solvent system 
consisting of mobile phase A (0.3% acetonitrile in water) and B (100 mM 
ammonium formate in 20% acetonitrile). A linear gradient was 
employed, consisting of: 20% B at 4 min, ramped to 100% B over 10 min, 
held constant for 2 min, and then ramped back to 20% B over 2 min, and 
then re-equilibration in 20% B for 2 min until the end of the run. 
Quantification of amino acids (at the MS1 level) was performed using 
Compass QuantAnalysis software (version 1.4, Bruker). 

2.7. Mapping of oxidant-mediated modifications on specific amino acids 
by mass spectrometry 

The characterization of the sites of oxidation products on specific 
amino acid side-chains (Tyr, Trp and Cys) within the polypeptide chain 
was carried out by nanoLC-MS/MS analysis. Briefly, dried protein 
samples (20 μg) were dissolved in 20 μL of 8 M urea and 50 mM Tris-HCl 
(pH 8.0), and incubated for 30 min at 21 ◦C. The protein samples were 
then divided into two aliquots (10 μL each), one set was used for 
detection of Tyr- and Trp-derived oxidation products, the second set was 
used for detection of Cys-derived oxidation products. The former frac-
tion was incubated with dithiothreitol (DTT, 40 mM in 100 mM 
ammonium bicarbonate) for 30 min at 21 ◦C, followed by incubation 
with iodoacetamide (IAM, 100 mM in 100 mM ammonium bicarbonate) 
for 60 min at 21 ◦C in the dark; the second portion was analyzed without 
this DTT/IAM treatment. The concentration of urea was subsequently 
diluted to 1 M with 100 mM ammonium bicarbonate, with trypsin then 
added to achieve a 1:50 (w/w) enzyme/substrate ratio, and the reaction 
mixtures incubated at 37 ◦C overnight. 

Peptide samples were purified using custom-made C18 StageTips and 
analyzed on an Impact II Q-TOF mass spectrometer (Bruker, Bremen, 
Germany) coupled to a Dionex Ultimate Nano-Flow LC system (Thermo, 
Waltham, MA) as described previously [32]. Tryptic peptides were 
loaded onto a Nanoelute C18 column (75 μm × 15 cm, 1.9 μm particle 
size, Bruker) and eluted using a 65 min gradient consisting of solvent A 
(0.1% formic acid in H2O) and B (80% acetonitrile in H2O containing 
0.1% formic acid) at a flow rate of 0.3 μL min− 1. The gradient started 
with 4% solvent B, which was maintained for 5 min before increasing 
linearly to 60% B over 30 min, then it was increased linearly to 99% B 
over 5 min and held at 99% B for another 5 min before returning to 4% B 
over 10 min to finally re-equilibrate at 4% B over 10 min. The operating 
conditions for the CaptiveSpray source were as follows: capillary voltage 
4.5 kV; temperature 180 ◦C; and dry N2 gas 4 L min− 1. A high-resolution 
TOF-MS scan was obtained over the mass range 150–1750 m/z, 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) was used as a database search engine for 
identification of modified peptides with the following parameters. For 
the analysis of Tyr- and Trp-derived oxidation products: fixed modifi-
cation - carbamidomethylation of Cys, variable modifications - Met 
oxidation (m/z +16, assigned to Met sulfoxide), Trp modification (m/z 
+4 assigned to kynurenine, Kyn; m/z +16 assigned to hydroxylation; m/ 
z +32 assigned to N-formylkynurenine or dihydroxylation), Tyr (m/z 
+16 assigned to DOPA). For the analysis of Cys-derived oxidation 
products: variable modifications - Met oxidation (m/z +16 assigned to 
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the sulfoxide), Cys (m/z +32, assigned to the sulfinic acid, RSO2H, and 
m/z +48 assigned to the sulfonic acid, RSO3H. The number of allowed 
missed cleavages was 3, with a first search mass tolerance of 20 ppm, 
and a main search peptide tolerance of 4.5 ppm. Peptides were searched 
against the UniProt protein accession number of B2M (P61769). 

2.8. 18O-isotopic labeling with trypsin digestion and mass spectrometric 
analysis of cross-linked peptides 

Mass spectrometric analysis and identification of cross-links was 
performed as described previously with minor modifications [33]. 
Briefly, dried protein samples (20 μg) were dissolved in 20 μL of 8 M 
urea and 50 mM Tris-HCl buffer (pH 8.0), and incubated for 30 min at 
21 ◦C. DTT (40 mM in 100 mM ammonium bicarbonate) was then added 
and incubated for 30 min at 21 ◦C, followed by incubation with IAM 
(100 mM in 100 mM ammonium bicarbonate) for 60 min at 21 ◦C in the 
dark. The protein solution was then divided into two aliquots and dried 
down using a SpeedVac at 30 ◦C. The two aliquots were then recon-
stituted separately in either H2

16O or H2
18O containing 100 mM ammo-

nium bicarbonate (pH 7.0) to give a final concentration of 1.6 M urea, 
then 0.1 μg μL− 1 of trypsin in H2

16O or H2
18O was added to achieve a 1:50 

(w/w) enzyme/substrate ratio, with the samples incubated at 37 ◦C 
overnight. 

Tryptic peptides digested separately in H2
16O or H2

18O were subse-
quently mixed 1:1 immediately prior to analysis (to prevent back- 
exchange) using an Impact II Q-TOF mass spectrometer (Bruker, Bre-
men, Germany) coupled to a Dionex Ultimate Capillary-Flow LC system 
(Thermo, Waltham, MA). Peptides were loaded onto a Proswift RP 4H 
Monolithic Capillary column (25 cm × 200 μm) and eluted over 35 min 
at 35 ◦C using mobile phase A (0.1% formic acid in H2O) and B (80% 
acetonitrile in H2O containing 0.1% formic acid) at a flow rate of 10 μL 
min− 1, with the following profile: 5% B over 3 min, ramped to 60% B 
over 12 min, ramped to 95% B over 3 min, held constant for 9 min, and 
then ramped back to 5% B over 1 min, and re-equilibration in 5% B for 7 
min until the end of the run. The operation conditions for the ESI source 
were as follows: capillary, 4.5 kV, dry heater, 250 ◦C, and dry gas 4.5 L 
min− 1. A high resolution TOF-MS scan was obtained over a mass range 
of 300–3000 m/z, followed by MS/MS scans of the top 3 most intense 
precursor ions per cycle. 

MassAI software (version 1.0) was used for identification of cross- 
linked peptides with the following settings: fixed (carbamidomethyla-
tion of Cys) 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. Tyr-Tyr (− 2.016 Da) was 
selected as a potential cross-link. Peptides were searched against the 
UniProt protein accession number of B2M (P61769). Cross-links with a 
score above 50 were manually validated based on fragment ion 
coverage. GPMAW software version 9.5 (Lighthouse Data) was used as a 
reference for identification of fragmentation patterns of potential cross- 
linked peptides. 

2.9. Protein sequence analysis 

The hydrophobicity score for each amino acid residue in the 
sequence of B2M (UniProt ID: P61769) was assigned according to the 
Kyte-Doolittle scale of hydropathy [34]. The aggregation score was 
calculated based on the prediction of amyloid-prone regions of each 
protein using the programs TANGO [35], WALTZ [36], AmylPred [37], 
and Foldamyloid [38]. An aggregation score of 0 indicates that none of 
the four programs identified the residues as amyloidogenic, whereas a 
score of 4 indicates that all four programs identified the residues as 
relevant sites for protein interaction and aggregation. Positive hits were 
identified using the following criteria; TANGO: beta sheet aggregation 
values > 21.4; WALTZ: values > 0.00; FoldAmyloid: amino acid residues 
with values > 21.4 for 5 consecutive residues; AmylPred: sequence re-
gions predicted as hits by the consensus method. For all sequences, the 

signal peptide was discounted. 

2.10. Statistical analysis 

Data are presented as means ± standard deviations from at least 
three independent experiments. Statistical analyses were carried out 
using the statistical package GraphPad Prism version 6 (La Jolla, USA) 
by one-way analysis of variance (ANOVA) with Dunnett’s multiple 
comparison test. Statistical significance is indicated with * at P < 0.05. 

3. Results 

3.1. Exposure of B2M to HOCl, ONOOH and 1O2 results in protein 
modification and formation of B2M oligomers 

To investigate the modifications elicited by oxidants generated 
during inflammatory processes, beta-2 microglobulin (B2M, 20 μM) was 
incubated with HOCl or ONOOH (0.5- to 50-fold molar excess over the 
protein), or illuminated with visible light in presence of RB (to generate 
high doses of 1O2, as reported previously [39]), in phosphate buffer (10 
mM, pH 7.4). Control samples of B2M (lane 1 in Fig. 1A–D) gave a single 
major band at an apparent mass of ~12 kDa; this is in agreement with 
the expected mass of the protein monomer derived from the protein 
sequence (~11,800 Da, Uniprot ID: P61769). Incubation of B2M with an 
equimolar concentration of HOCl (20 μM, Fig. 1A, lane 2) did not result 
in distinct modifications to the monomer band, but incubation for 60 
min with a 5- or 10-fold molar excess of HOCl (i.e. 100 or 200 μM HOCl) 
resulted in detection of protein bands assigned to dimers and trimers. 
Incubation with a 50-fold molar excess of HOCl resulted in a complete 
loss of B2M monomer with no evidence for fragments or oligomers 
(Fig. 1A, lane 5). 

Incubation of B2M with 0.5-, 1-, 5- or 10-fold molar excesses of 
ONOOH (10, 20 and 100 μM) for 30 min did not result in obvious 
modifications to the monomer band (Fig. 1A, lanes 7–10). In contrast, a 
50-fold molar excess of ONOOH (1000 μM) generated a smearing of the 
monomer band, consistent with the formation of modified species, but 
an absence of cross-links or aggregates (Fig. 1A, lane 11). 

Further evidence for B2M modifications, and formation of cross- 
links, was obtained from immunoblotting studies using an antibody 
against B2M. As depicted in Fig. 1B, exposure of B2M to increasing 
concentrations of HOCl resulted in the appearance of a modified 
monomer band at a slightly higher mass than parent B2M, at ~13–14 
kDa, and appearance of oligomers. Incubation with 1000 μM HOCl 
resulted in the detection of dimers, trimers, tetramers and higher mo-
lecular mass species that were not detected by SDS-PAGE (Fig. 1B, lane 
5). This is possibly a result of the greater sensitivity of the immuno-
blotting approach. Exposure of B2M to varying excesses of ONOOH 
resulted in the smearing of the monomer band, and the detection of B2M 
dimers (Fig. 1B). 

Illumination of B2M (20 μM) with visible light in presence of the 
photosensitizer Rose Bengal (RB) to give 1O2, resulted in the detection of 
a B2M dimer (at ~24 kDa), with this becoming evident after illumina-
tion for 1 min or longer. The intensity of this band increased in an 
illumination time-dependent manner (Fig. 1C). The formation of this 
species was associated with a loss of the monomer band at ~12 kDa. No 
dimer, or loss of the parent band, was detected in samples that contained 
RB, but were not subject to illumination (Fig. 1C, lane 3), nor for B2M 
samples that were illuminated for up to 30 min in the absence of RB 
(Fig. 1C, lane 2). Only the parent protein was detected in non- 
illuminated, non-RB containing samples (Fig. 1C, lane 1). The forma-
tion of B2M dimers and loss of the parent protein epitope was confirmed 
by immunoblotting (Fig. 1D), with the greater sensitivity of this tech-
nique also allowing detection of trimer and tetramer species, with these 
generated in an illumination time-dependent manner (Fig. 1D). 

Semi-quantitative analysis of the intensity of the B2M dimer bands 
detected by immunoblotting with HOCl and ONOOH was carried out 
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using ImageJ, with Fig. 1E and F showing the ratio of optical densities 
detected with different concentrations of HOCl and ONOOH, respec-
tively. The most intense dimer bands were observed with 200 μM HOCl 
(~30-fold increase) and 1000 μM ONOOH (~8-fold increase). The in-
tensity of the dimer band detected for the 1000 μM HOCl-treated sam-
ples was lower than that for the 200 μM condition, as a result of the 
formation of higher mass species (trimers, tetramers, oligomers, cf. 
Fig. 1B). Analysis of the protein bands detected from B2M exposed to 
photo-oxidation showed significant monomer consumption (~60%) and 
dimer formation after 15 min of illumination in the presence of RB 
(Fig. 1G). 

To determine whether the B2M oligomers generated by HOCl, 
ONOOH and photo-oxidation contained reducible (e.g. disulfide) or 
non-reducible cross-links, analogous SDS-PAGE and immunoblotting 
experiments were carried out under both non-reducing and reducing 
conditions. The extents of monomer loss and oligomer formation were 
not significantly decreased under reducing, when compared to non- 
reducing conditions for either Coomassie-stained SDS-PAGE gels or 
immunoblots (Supplementary Fig. 1). This clearly indicates an absence 
of reducible (disulfide) bonds and the presence of cross-linked species 
containing strong covalent bonds. Indeed, the intensity of the bands 
detected in the immunoblots under reducing conditions was greater 
than non-reducing conditions, with this ascribed to an increase in 
epitope accessibility or recognition for the reduced compared to native 
protein. Overall, these oligomers appear to be readily formed by 
biologically-relevant oxidants at modest (probably 
pathophysiologically-relevant) oxidant concentrations. This observation 
is consistent with previous data [32]. 

Oxidant-mediated formation of B2M oligomers was confirmed by 
dynamic light scattering (DLS) experiments. As reported in Table 1, 
control samples of B2M contained mainly particles with a hydrodynamic 

radii of ~1.6 nm, which corresponds to a protein mass of ~10.2 kDa as 
determined from the calibration data. This slightly lower than the ex-
pected (~11.8 kDa) value is likely to be due to the compact nature of the 

Fig. 1. Oxidation of B2M mediated by HOCl, ONOOH 
and photo-oxidation results in monomer modification 
and formation of protein cross-links. Panel A: Repre-
sentative gel image of B2M (20 μM in 10 mM phos-
phate buffer, pH 7.4) subjected to increasing molar 
excesses of HOCl (1:1, 1:5, 1:10 and 1:50; i.e. 20, 100, 
200 and 1000 μM HOCl) for 60 min, or increasing 
molar excesses of ONOOH (1:0.5, 1:1, 1:5 and 1:50, 
corresponding to 10, 20, 100 and 1000 μM ONOOH) 
for 30 min, with subsequent separation by SDS-PAGE 
and Coomassie staining. Panel B: As panel A, but with 
subsequent transfer of the proteins to a PVDF mem-
brane and detection with an anti-B2M antibody 
(1:2000 dilution in 1% PBST). Panel C: Representa-
tive image of B2M (20 μM in 10 mM phosphate 
buffer, pH 7.4) upon exposure to visible light in 
presence of Rose Bengal (RB) and O2, for 1, 5, 15 or 
30 min, before separation by SDS-PAGE and Coo-
massie staining. Panel D: As panel C, but with sub-
sequent transfer of the proteins to a PVDF membrane 
and detection with an anti-B2M antibody. Panel E and 
F: Optical density ratio (OD lane n/OD lane 1) of B2M 
dimer bands presented in panel B (lanes n = 1–5), and 
optical density ratio (OD lane n/OD lane 7) of B2M 
dimer bands presented in panel B (lanes n = 7–11), 
respectively. Panel G: Optical density ratio (OD lane 
n/OD lane 3, n = 3–7) of B2M monomer and dimer 
bands presented in panel D. Statistical analysis of the 
data presented in panels E–F was carried out using 
one-way ANOVA with Dunnett’s post-hoc test with 
significance assumed at the P < 0.05 level. * indicates 
significant differences in the optical density deter-
mined against corresponding control (no oxidant 
treatment sample). # indicates significant difference 
to samples from lane 3 in Panel 1D. Error bars 
represent SD of data obtained from at least three in-
dependent experiments.   

Table 1 
Mean hydrodynamic radius (nm), and molecular mass (kDa) of the predominant 
macromolecules present in solutions of control, and oxidized B2M samples after 
exposure to: 1 to 50-fold molar excess for HOCl; 0.5 to 50-fold molar excess for 
ONOOH, and up to 30 min of illumination in presence of RB. Radius (nm), Mm 
(kDa), mass distribution (%), number distribution (%), and the polydispersity 
index (PI) of each sample is indicated. Control 1 corresponds to native B2M (no 
oxidant treatment) and control 2 corresponds to B2M illuminated for 30 min in 
the absence of RB.  

Sample Oxidants 
(molar 
ratio) 

Radius 
(nm) 

Mm 
(kDa) 

Mass 
(%) 

Number 
(%) 

PI 

B2M Control 1 1.6 10.2 99.7 100.0 0.23 
B2M +

HOCl 
1 1.7 12.4 99.8 100.0 0.27 
5 1.9 15.5 99.7 100.0 0.29 
10 2.6 30.5 99.2 100.0 0.22 
50 2.3 24.1 99.7 100.0 0.31 

B2M +
ONOOH 

0.5 1.9 15.9 98.4 100.0 0.23 
1 1.9 15.2 96.4 99.9 0.14 

5.1 152.8 1.9 0.1 0.08 
5 2.5 27.9 98.5 100.0 0.06 
50 2.3 23.5 99.0 100.0 0.10 

Photo- 
oxidized 
B2M 

Control 2 1.6 10.2 99.7 100.0 0.23 
0 min 1.9 14.3 99.6 100.0 0.26 
1 min 2.1 20.1 99.2 100.0 0.12 
5 min 2.2 21.9 98.4 100.0 0.20 
15 min 2.2 22.1 99.6 100.0 0.32 
30 min 2.1 19.6 99.7 100.0 0.35  
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native B2M structure. Oxidation with HOCl and 1O2 increased the mean 
radius consistent with significant levels of dimers in the oxidized sam-
ples (Table 1). Interestingly, exposure to ONOOH led to similar data, 
with the exception of the 20 μM ONOOH condition, where in addition to 
particles with an average radius of 1.9 nm, species with a hydrodynamic 
radius of 5.1 nm were detected (Table 1). This may indicate the presence 
of a population of ONOOH-modified B2M molecules that form higher 
molecular mass aggregates, or loose complexes, that are not detected by 
SDS-PAGE or immunoblotting due to dissociation during sample pro-
cessing. The formation of such species needs confirmation by other 
analytical techniques. 

3.2. Effect of oxidation on parent protein structure and antibody 
recognition 

The influence of HOCl-, ONOOH- and photo-oxidation-induced 
oxidative modifications on parent protein recognition by specific anti-
bodies was examined using ELISA. A significant decrease in antibody 
recognition was detected after incubation of B2M with HOCl and 
ONOOH, with a ~78% and ~41% decrease in parent protein recognition 
observed on exposure to 50-fold molar excesses of HOCl and ONOOH, 
respectively (Fig. 2A and B). A significant loss of recognition was also 
detected with a 5-fold molar excess of ONOOH, but not HOCl. For the 
1O2 system, a significant photolysis time-dependent loss in recognition 
was observed after 5 min illumination, and a ~37% loss after 30 min 
(Fig. 2C). In contrast, control samples showed no loss of recognition 
(Fig. 2). These data confirm that oxidation alters the structure of B2M, 
and that this is both oxidant- and dose-dependent. 

3.3. Formation of nitrated species on B2M residues after exposure to 
ONOOH 

Tyrosine (Tyr) residues are a major target of ONOOH, with this 
giving rise to 3-nitroTyr, and 3,5-dinitroTyr at high excesses. These 
represent stable post-translational modifications on proteins exposed to 
ONOOH [33,40,41]. The potential formation of these products on B2M 
(20 μM) was examined after treatment with ONOOH at 0.5–50-fold 
molar ratios, by immunoblotting using an anti-3-nitroTyr antibody, or 
by LC-MS analysis after digestion of the protein to either free amino 
acids (and products) using methane sulfonic acid, or peptides using 
trypsin (Fig. 3). 

Analysis of the immunoblots (Fig. 3A) showed an oxidant-dose- 
dependent increase in 3-nitroTyr formation on B2M after incubation 
with increasing concentrations of ONOOH. The highest staining in-
tensity was observed for the monomer band, but 3-nitroTyr was also 
detected on the dimer and trimer bands, and especially for samples 
incubated with 5- and 50-fold molar excesses (Fig. 3A). 3-NitroTyr for-
mation was confirmed by LC-MS analyses, with the concentration of this 
product quantified by comparison to heavy isotope standards, at 
different molar excesses of oxidant. Higher yields of 3-nitroTyr were 
detected with increasing molar excesses of ONOOH, with significant 
increases detected on exposure to a 5- (~66-fold increase, with this 

Fig. 2. Oxidation of monomeric B2M decreases its 
recognition by a parent protein antibody as measured 
by ELISA. Panel A: Oxidation of B2M (20 μM in 10 
mM phosphate buffer, pH 7.4) by increasing molar 
excesses of HOCl (1:1, 1:5, 1:10 and 1:50; i.e. 20, 100, 
200 and 1000 μM HOCl) for 60 min, or (Panel B) 
increasing molar excesses of ONOOH (1:0.5, 1:1, 1:5 
and 1:50, corresponding to 10, 20, 100 and 1000 μM 
ONOOH) for 30 min. Panel C: Photo-oxidation of B2M 
(20 μM in 10 mM phosphate buffer, pH 7.4) for 1, 5, 
15 or 30 min. Statistical differences (determined by 
one-way analysis of variance with Dunnett’s post-hoc 
testing) are indicated as follows: *P < 0.05 vs control 

sample (e.g. B2M treated with buffer). Data are presented as mean ± SD from three independent experiments.   

Fig. 3. Oxidation of B2M by HOCl and ONOOH generates chlorinated and 
nitrated products. Panel A: Representative Western blotting image of 3-nitroTyr 
on B2M (20 μM in 10 mM phosphate buffer, pH 7.4) arising from exposure to 
increasing molar excesses of ONOOH (1:0.5, 1:1, 1:5 and 1:50, corresponding to 
10, 20, 100 and 1000 μM ONOOH) for 30 min, with subsequent separation by 
SDS-PAGE and detected with an anti-3-nitroTyr pAb; Panels B and C: Relative 
quantification of 3-nitrotyrosine (3-NO2Tyr) and 3-chlorotyrosine (3-ClTyr) 
generated on B2M after incubation with increasing molar excesses of ONOOH 
(1:0.5, 1:1, 1:5 and 1:50, corresponding to 10, 20, 100 and 1000 μM ONOOH) 
for 30 min, or increasing molar excesses of HOCl (1:1, 1:5, 1:10 and 1:50; i.e. 
20, 100, 200 and 1000 μM HOCl) for 60 min, as determined by LC-MS. Absolute 
values are presented in Supplementary Fig. 2. Panel D and E: Representative 
MS/MS spectra of the peptide SNFLNC*YniVSGFHPSDIEVDLLK (where * in-
dicates carbamidomethylation of the Cys residues: + 57 Da; ni indicates nitra-
tion of the tyrosine residues: + 45 Da; m/z:1300.11; charge state: +2; mass 
error: 7.72 ppm) and peptide SNFLNC*YClVSGFHPSDIEVDLLK (where *in-
dicates carbamidomethylation of the Cys residues: + 57 Da; Cl indicates chlo-
rination of the Tyr (Y) residue: + 34 Da; m/z: 1294.59; charge state: +2; mass 
error: 2.46 ppm) from B2M after oxidation by ONOOH (20 μM) and HOCl (100 
μM) for 30 and 60 min, respectively. Statistical analyses in panels were carried 
out using one-way analysis of variance (ANOVA) with Dunnett’s post-hoc 
testing, with # and * indicating P < 0.05 for the indicated columns versus 
the non-oxidized samples. 
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reflecting the formation of 0.56 μM 3-nitroTyr) and 50-fold molar excess 
(~225-fold increase, 3.5 μM 3-nitroTyr) (Fig. 3B, Supplementary Fig. 2). 

The specific sites of 3-nitroTyr formation on B2M were examined by 
LC-MS/MS peptide mass mapping after tryptic digestion. A high 
sequence coverage was obtained for the control protein samples (84.8%) 
and each of the different oxidant-modified systems (82.7% for ONOOH, 
81.8% for HOCl and 78.8% for photo-oxidation), allowing monitoring 
and mapping of the residues likely to be modified (Supplementary 
Fig. 3). The peptides detected are presented in Supplementary Fig. 3. 
Three peptides containing nitrated Tyr residues were detected, with 
modification detected at each of the 6 different Tyr (Y) residues present 
in the B2M (i.e. Y10, Y26, Y63, Y66, Y67, Y78; Table 2, Supplementary 
Fig. 4). Fig. 3D presents a representative MS/MS spectrum of a peptide 
containing a nitrated Tyr at the position corresponding to Tyr26 (Y26). 
No evidence was obtained for nitration at the two Trp residues present in 
B2M (W60 and W95). However, these residues were detected as oxidized 
species (see below) indicating that the absence of nitration is not a 

consequence of residue inaccessibility. 

3.4. Formation of chlorinated species on B2M residues after exposure to 
HOCl 

Tyr residues on proteins react with HOCl to give the stable chlori-
nated species 3-chlorotyrosine, 3-ClTyr, and 3,5-dichlorotyrosine at 
very high excesses. The former is a well-established and specific 
biomarker of HOCl and the enzymatic myeloperoxidase/H2O2/Cl− sys-
tem that generates this oxidant [42,43]. Consequently, the formation of 
this species on B2M was examined with increasing molar excesses of 
HOCl as described above using LC-MS. Immunoblotting experiments 
were not carried out due to the absence of suitable antibodies. Treat-
ment of B2M with 5-, 10- and 50-fold molar excesses of HOCl resulted in 
an increased detection of 3-ClTyr when compared to controls, with these 
increases being significant with the 10- and 50-fold excesses, with these 
corresponding to 0.7 and 7.1 μM 3-ClTyr, respectively) (Fig. 3C, 

Table 2 
Comparative table with the tryptic peptides detected after digestion of oxidant modified B2M followed by LC-MS/MS analysis. The modified peptides that were 
detected in all the samples are indicated in grey. Oxidation of B2M was carried out as indicated in materials and methods section using a molar excess of HOCl or 
ONOOH of up to 10-fold and 5-fold, respectively. 1O2-mediated oxidation was induced by illumination of B2M with visible light in presence of RB for 5 min. The MS2 

spectrum of the peptides are presented in Supplementary Figs. 4 and 5. Abbreviations used: ni = nitration; Cl = chlorination; (O) = addition of one oxygen atom; (2O) 
= addition of two oxygen atoms; (3O) = addition of three oxygen atoms; +4 = formation of kynurenine; M(ox) = methionine oxidized to the sulfoxide (m/z +16 Da); * 
indicates alkylation of Cys with a mass shift of +57 Da. Analysis of peptide mass mapping data was performed using GPMAW 9.5 software, with the protein sequence 
taken from UniProt Protein ID: P61769.  

Peptide sequence m/za Charge Modification site Mass error (ppm)b 

ONOOH 
IQVY10SR 405.71 2 Y(ni) 2.30 
SNFLNC25YVSGFHPSDIEVDLLK 1265.10/843.74 2/3 C(2O) 4.03 
SNFLNC25YVSGFHPSDIEVDLLK 849.07 3 C(3O) 6.12 
SNFLNC*Y26VSGFHPSDIEVDLLK 1285.62 2 Y(O), C (Alkylation) 6.22 
SNFLNC*Y26VSGFHPSDIEVDLLK 867.08 3 Y(ni), C (Alkylation) 0.45 
DW60SFYLLYYTEFTPTEK 1104.02 2 W(+4) 2.36 
DW60SFYLLYYTEFTPTEK 1110.01/740.35 2/3 W(O) 2.34/2.30 
DW60SFYLLYYTEFTPTEKDEYAC*R 1005.11 3 W(O), C (Alkylation) 5.37 
DW60SFYLLYYTEFTPTEKDEYAC*R 1010.44 3 W(2O), C (Alkylation) 3.56 
DWSFY63LLYYTEFTPTEKDEYAC*R 1014.78 3 Y(ni), C (Alkylation) 1.65 
DWSFY63LLYYTEFTPTEK 1110.01 2 Y(O), C (Alkylation) 2.34 
DWSFYLLY66YTEFTPTEK 1110.01 2 Y(O), C (Alkylation) 2.34 
DWSFYLLY66YTEFTPTEKDEYAC*R 1014.78 3 Y(ni), C (Alkylation) 0.10 
DWSFYLLYY67TEFTPTEKDEYAC*R 1014.78 3 Y(ni), C (Alkylation) 1.02 
DWSFYLLYYTEFTPTEKDEY78AC*R 1014.78 3 Y(ni), C (Alkylation) 9.01 
DWSFYLLYYTEFTPTEKDEYAC80R 991.44 3 C(2O) 3.53 
DWSFYLLYYTEFTPTEKDEYAC80R 1494.65 3 C(3O) 5.08 
IVKW95DRDM(ox) 360.18 2 W(O) 4.72 

HOCl 
IQVY10SR 400.20 2 Y(Cl) 3.03 
SNFLNC25YVSGFHPSDIEVDLLK 1265.10/843.74 2/3 C(2O) 4.03 
SNFLNC25YVSGFHPSDIEVDLLK 849.07 3 C(3O) 6.12 
SNFLNC*Y26VSGFHPSDIEVDLLK 863.40 3 Y(Cl), C (Alkylation) 0.15 
SNFLNC*Y26VSGFHPSDIEVDLLK 1285.62 2 Y(O), C (Alkylation) 6.22 
DW60SFYLLYYTEFTPTEK 1104.02 2 W(+4) 2.36 
DW60SFYLLYYTEFTPTEK 1110.01/740.35 2/3 W(O) 2.34/2.30 
DW60SFYLLYYTEFTPTEKDEYAC*R 1005.11 3 W(O), C (Alkylation) 5.37 
DW60SFYLLYYTEFTPTEKDEYAC*R 1010.44 3 W(2O), C (Alkylation) 3.56 
DWSFY63LLYYTEFTPTEK 1110.01 2 Y(O), C (Alkylation) 2.34 
DWSFY63LLYYTEFTPTEKDEYAC*R 1011.10 3 Y(Cl), C (Alkylation) 0.22 
DWSFYLLY66YTEFTPTEK 1110.01 2 Y(O), C (Alkylation) 2.34 
IVKW95DR 416.74 2 W(O) 6.24 
1O2 

SNFLNC25YVSGFHPSDIEVDLLK 1265.10/843.74 2/3 C(2O) 4.03 
SNFLNC25YVSGFHPSDIEVDLLK 849.07 3 C(3O) 6.12 
SNFLNC*Y26VSGFHPSDIEVDLLK 1285.62 2 Y(O), C (Alkylation) 6.22 
DW60SFYLLYYTEFTPTEK 1104.02 2 W(+4) 2.36 
DW60SFYLLYYTEFTPTEK 1110.01/740.35 2/3 W(O) 2.34/2.30 
DW60SFYLLYYTEFTPTEKDEYAC*R 1005.11 3 W(O), C (Alkylation) 5.37 
DW60SFYLLYYTEFTPTEKDEYAC*R 1010.44 3 W(2O), C (Alkylation) 3.56 
DWSFY63LLYYTEFTPTEK 1110.01 2 Y(O), C (Alkylation) 2.34 
DWSFYLLY66YTEFTPTEK 1110.01 2 Y(O), C (Alkylation) 2.34  

a Observed mass-to-charge ratio (m/z). 
b Mass error was calculated by Maxquant software. 
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Supplementary Fig. 2). Peptide mass mapping confirmed the presence of 
3-ClTyr, with this detected on 3 peptides from the protein, but only on 
three (Y10, Y26, Y63) of the six Tyr residues present in the protein 
(Table 2, Supplementary Fig. 5). Fig. 3E shows the MS/MS spectra of the 
peptide SNFLNC*Y26VSGFHPSDIEVDLLK (with the Cys, C*, carbami-
domethylated as a result of reduction and alkylation), which was 
detected with Tyr26 as a chlorinated species. No evidence was detected 
for chlorination at the other Tyr residues, though some of these were 
also detected as oxidized species (see below). These data, when com-
bined with the ONOOH data, suggest that Tyr10, Tyr26 and Tyr63 are 
particularly susceptible to nitration and chlorination. 

3.5. Formation of oxygenated products on B2M upon oxidation by 
oxidants 

As ONOOH and HOCl (together with 1O2) can also generate oxidized 
products (in addition to nitration and chlorination, respectively), the 
presence of oxygenated species was examined by peptide mass mapping 
as described above. Analysis at the amino acid level was not carried out 
due to the instability of some of the products to the methane sulfonic 
acid used in this approach. Modifications that were searched for 
included addition of a single O atom to Tyr generating 3,4-dihydroxy-
phenylalanine (DOPA, m/z +16 Da). For Trp, the modifications exam-
ined included addition of one or two O atoms to the Trp indole moiety to 
give mono- or di-hydroxytryptophans (Trp-OH, m/z +16 Da; Trp(-OH)2, 
m/z +32), two O atoms to give N-formylkynurenine (NFK, m/z +32 Da) 
or hydroperoxides (m/z +32 Da), and the formation of kynurenine (Kyn, 
m/z +4), with the last of these arising from hydrolysis of NFK [44,45]. In 
the case of the disulfide bond (cystine) potential formation of sulfinic 
(Cys-SO2H, m/z +32 Da) and sulfonic acids (Cys-SO3H, m/z +48 Da) 
was examined [46], with these representing cleavage products of the 
disulfide bond (see also [32,47]). Methionine oxidation to the (m/z +16 
Da) sulfoxide was also monitored. As presented in Table 2 and Supple-
mentary Fig. 5, multiple modified peptides were detected on B2M 
exposed to HOCl, ONOOH and 1O2. Fig. 4A present the MS/MS spectrum 
of the doubly-charged peptide SNFLNC*YoxVSGFHPSDIEVDLLK (with 
the Cys residue, C*, carbamidomethylated) which shows modifications 
at Tyr26 (DOPA, m/z +16 Da) on exposure to visible light in presence of 
RB and O2 for 15 min. This same modification was detected with HOCl 
and ONOOH (Table 2). DOPA formation was also detected at Tyr63 and 
Tyr66 (Supplementary Fig. 5, Table 2). Oxidation products were also 
detected at the two Trp residues, when these were examined for ions 
exhibiting +4, +16 and + 32 Da m/z mass shifts, with all three of these 
mass changes detected at Trp60, and with all three oxidants (Fig. 4, 
Table 2 and Supplementary Fig. 5). For Trp95, only mono-oxygenation 
(m/z +16 Da) was detected, and only with HOCl and ONOOH and not 
1O2, with no evidence for dioxygenation (NFK, diols or hydroperoxides) 
or generation of Kyn. For ONOOH, oxidation at the C-terminal Met 
residue to give the sulfoxide was also detected as a result of a missed 
cleavage: in the absence of this missed cleavage the tryptic fragment is 
only two amino acids long, and hence below the mass detection limit of 
the spectrometer. This modification was not detected with the other 
oxidants, probably due to the absence of this missed cleavage. Thus, 
modification at this Met may be more prevalent than indicated in 
Table 2 (or expected on the basis of previous data for these oxidant 
systems [39,41,48]). Fig. 4B and C present representative MS spectra 
that clearly show mass shifts corresponding to the presence of Kyn 
and/or oxygenated species at Trp60 and Trp95 on B2M after incubation 
with HOCl and ONOOH, or photo-oxidized in the presence of RB. 

To examine possible modifications at the cysteine residues that form 
the disulfide bond, tryptic digestion was performed in the absence of the 
reduction and alkylation, which might confound analysis. Evidence was 
detected for both m/z +36 Da (assigned to the sulfinic acid) and m/z 
+48 Da (sulfonic acid) modifications in the oxidized samples (Fig. 4D, 
Table 2 and Supplementary Fig. 5). In the case of HOCl and 1O2, these 
modifications were detected only at Cys25, whereas with ONOOH these 

Fig. 4. Oxidation of B2M by oxidants yields oxygenated products on Trp (W), 
Tyr (Y) and the cysteine (C) residues present in the disulfide bond. Panel A: 
Representative MS/MS spectra of the peptide SNFLNC^Y*VSGFHPSDIEVDLLK 
(where * indicates oxidation of the Tyr residue: + 16 Da, and ^ indicates car-
bamidomethylation of the Cys residues: + 57 Da; m/z: 1285.62; charge state: 
+2; mass error: 6.22 ppm) from B2M (20 μM) after photo-oxidation for 1 min. 
Panel B: Representative MS/MS spectra of the peptide DW#SFYLLYYTEFTPTEK 
(where # indicates kynurenine, Kyn, formation on the Trp (W) residue: + 4 Da; 
m/z: 1104.02; charge state: +2; mass error: 2.36 ppm) from B2M (20 μM) after 
oxidation by an equimolar concentration of ONOOH compared to the protein. 
Panel C: Representative MS/MS spectra of the peptide DW**SFYLLYY-
TEFTPTEKDEYAC^R (where ** indicates dioxidation of the Trp residues: + 32 
Da, and ^ indicates carbamidomethylation of the Cys residues: + 57 Da; m/z: 
1010.44; charge state: +3; mass error: 3.56 ppm) from B2M (20 μM) after 
oxidation by ONOOH at an equimolar concentration to the protein. Panel D: 
Representative MS/MS spectra of the peptide SNFLNC***YVSGFHPSDIEVDLLK 
(where *** indicates trioxidation of the Cys residues: + 48 Da, m/z: 849.07; 
charge state: +3; mass error: 6.12 ppm) from B2M (20 μM) after photo- 
oxidation for 30 min. 
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modifications were detected at both Cys25 and Cys80 (i.e. at both ends 
of the initial disulfide bond). The detection of these species is consistent 
with each oxidant generating irreversible cleavage of this intra-chain 
disulfide crosslink (cf. [32,47]). 

3.6. Formation of di-Tyr cross-links on B2M upon exposure to oxidants 

The nature of the cross-links detected on exposure of B2M to HOCl, 
ONOOH and 1O2 (cf. Fig. 1) was investigated by LC-MS using a C-ter-
minal 18O labelling approach, as described previously [49]. In this 
method, peaks that differ at the MS1 level by +4 Da are detected for 
non-cross-linked peptides digested in H2

18O, when compared to H2
16O, 

and +6 or +8 Da mass increases are detected for cross-linked peptides as 
these contain two C-termini (see Refs. [49–51]). Using this approach, a 
cross-linked peptide was identified in B2M samples exposed to all three 
oxidants, but with the most intense ions detected with the 
photo-oxidation system. Analysis of the fragmentation pattern of these 
ions indicates that the cross-linked species contains a diTyr-linkage be-
tween Tyr10 and Tyr63. As depicted in Fig. 5A, a quadruply-charged ion 
with m/z 746.1016 was detected for samples digested in H2

16O, with a 
+8 Da shift to m/z 748.1115 for samples digested in H2

18O. Minor peaks 
corresponding to +6 Da shifted species with m/z 747.6100 are also 
present due to either incomplete 18O incorporation, or (limited) back 
exchange with H2

16O. The cross-linked peptide had an experimental mass 
of 2980.3951, close to the theoretical value (2980.4170), with a mass 
error of − 7.3479 ppm. A second cross-linked peptide involving the same 
two residues was also detected in the photo-oxidized samples (data not 
shown), with this involving the same peptides, but with missed cleav-
ages (DWSFY63LLYYTEFTPTEKDEYACR) (IQVY10SRHPAENGK) con-
firming the role of Tyr10 and Tyr63 in the observed cross-links. No 
evidence for di-Trp or Trp-Tyr cross-links [50] was detected. It is 
interesting to note that the Tyr residues involved in this cross-link 

(Fig. 5B), were also modified to give chlorinated, nitrated, and 
oxygenated species (Table 2 and Figs. 3 and 4). 

3.7. Analysis of specific B2M sequence elements that may contribute to 
protein interactions and oxidation 

In silico analysis of the structure of B2M (PDB ID: 1LDS) was carried 
out to evaluate the solvent exposure of the residues identified as being 
modified (Table 2). Fig. 6A and B depict the predicted surface exposure 
of the Tyr (blue), Trp (red) and Cys (yellow) residues. These data indi-
cate that all the Tyr (positions 10, 26, 60, 63 and 78) and the two Trp 
residues (60 and 95) are solvent exposed. In contrast, Cys25 and Cys80, 
which form the disulfide bond, appear to be buried within the protein 
interior by the two opposing beta-sheet structures (Fig. 6C). However, it 
should be noted that this analysis is based on X-ray crystallographic 
data, and may not reflect the structure present in solution at 37 ◦C, nor 
can it adequately indicate potential motion of the protein structure. 
Indeed, there is good evidence from Hydrogen-Deuterium (H-D) ex-
change mass spectrometry for rapid transient unfolding of the B2M 
structure and solvent access to internal regions of the protein [52,53]. 

Analysis of the B2M crystal structure indicates that the distance be-
tween the two Tyr residues involved in the observed cross-link (Tyr10 
and Tyr63) is ~12.1 Å (measured from C3 to C3, the carbon atoms 
involved in the predominant C–C linkage [54]) (Fig. 6D). Although this 
measurement is subject to caveats arising from protein motion (see 
above), both of these residues are located on parallel chains of one of the 
(typically rigid) beta sheet structures, and therefore this distance is 
probably a valid estimate. This data therefore suggests that the 
cross-link is inter-molecular in nature (i.e. links two separate monomers) 
rather than intra-molecular (within the same polypeptide). This 
conclusion is consistent with the SDS-PAGE and immunoblot data pre-
sented in Fig. 1. 

Fig. 5. Detection of a dityrosine (di-Tyr) cross-link on 
B2M on exposure to oxidation by HOCl, ONOOH or 
photo-oxidation. Representative MS (panel A) and 
MS/MS (panel B) spectra of the mixture (1:1) of the 
18O-labelled cross-linked peptide (DWSFYLLYY-
TEFTPTEK) (IQVYSR) with precursor m/z of 
746.1066 (z = 4) detected in photo-oxidized B2M (20 
μM) after illumination for 30 min. Panel A indicates 
the +8 Da shift (m/z 746.1066 → m/z 748.1115) 
arising from the incorporation of four 18O atoms in 
the cross-linked species as a result of trypsin digestion 
in H2

18O compared to the samples digested in H2
16O, 

with the two digests subsequently mixed in a 1:1 ratio 
and subjected to LC-MS analysis. Minor peaks corre-
sponding to a +6 Da shift (m/z 747.6100) were also 
detected due to incomplete 18O incorporation. Panel 
B: The y and b ions are indicated in red and blue, 
respectively, with the peptide indicated in paren-
thesis (peptide A: DWSFYLLYYTEFTPTEK; peptide B: 
IQVYSR). Spectra were exported from the software 
data analysis packages (Panel A, Bruker) and (Panel 
B, MassAI) with the fragment ions manually anno-
tated. (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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Computational tools were also used to predict protein properties, 
such as the hydrophobicity and packing density of different regions that 
might be key elements in protein-protein interactions and facilitate 
oligomer formation. As these calculations carry considerable caveats, 
four different software packages were used to calculate hydrophobicity 
and aggregation scores for B2M, with only consensus data from all of the 
packages employed. The resulting data (Fig. 7) indicate that the regions 
encompassing residues 22–30 (FLNCYVSGF) and 60–69 (WSFYLLYYTE) 
have high aggregation scores. Comparison of these data with the 
experimental results in Table 2, indicates that many of the residues 
identified as being modified on exposure to HOCl, ONOOH and photo- 
oxidation (Cys25, Tyr26, Trp60, Tyr63, Tyr66 and Tyr67), are also 
predicted to be key elements in the formation of B2M oligomers and 

fibrils (i.e. amyloid generation). 

4. Discussion 

B2M is a major plasma protein, but is also found on the external cell 
surface of nearly all nucleated cells [55] where it forms part of the major 
histocompatibility complex-1 (MHC1) in association with the α1, α2, and 
α3 chains. It also associates with other class-1 molecules including CD1, 
MR1, the neonatal Fc receptor, Qa-1 and the HFE protein, with the last of 
these regulating the expression of hepcidin, and therefore the levels of 
ferroportin and intracellular iron. Loss of the B2M-HFE interaction re-
sults in iron overload and hemochromatosis. Knockout of B2M in mice 
has shown that this protein is critical to MHC1 assembly, and results in 
an almost complete absence of cell surface MHC-1 complexes. In the case 
of T cells, this results in a failure in the development of CD8+ T-cells, and 
a lack of acquired immunity (severe combined immunodeficiency [56]). 
In contrast to these effects induced by low levels, or an absence of B2M, 
high levels of B2M, as detected in patients on long-term hemodialysis, 
can result in the formation of amyloid fibres and dialysis-related 
amyloidosis, as a consequence of protein aggregation [12,57]. High 
levels of B2M are used diagnostically in multiple myeloma, and it has 
prognostic value with levels >4 mg L− 1 being associated with poor 
survival [58]. 

In this work, the physical and chemical modifications generated on 
B2M as consequence of the exposure to a number of oxidants generated 
during inflammation, including HOCl, ONOOH and 1O2, have been 
examined. Oxidant exposure of B2M is likely to be commonplace at sites 
of inflammation where elevated levels of activated neutrophils, mono-
cytes and macrophages are present, and via skin exposure to UV radia-
tion where light absorption by endogenous chromophores can result in 
the generation of 1O2 via energy transfer to molecular O2. Indeed, it is 
well established that UV light exposure can compromise immune func-
tion with a decrease in antigen presentation [59,60], with this reported 
to involve modulation of CD8+ T cells [61]. 

The data presented are consistent with rapid aggregation of B2M to 
form high molecular mass oligomers (dimers, trimers, tetramers, etc) on 
exposure to either HOCl or 1O2. With HOCl, significant aggregation was 
detected (via Coomassie-staining of SDS-PAGE gels or immunoblotting 
using an anti-B2M antibody) with low molar excesses of the oxidant (5- 
or 10-fold), and with the photo-oxidation system, short illumination 
times (e.g. 1 min or longer, in the presence of 10 μM RB) (Fig. 1). In 
contrast, lower levels were detected with ONOOH, consistent with major 
differences in the effects of these oxidants on B2M. The aggregates were 
detected under both non-reducing and reducing conditions, indicating 
that the cross-links involve strong covalent bonds, and not reducible 

Fig. 6. Rendering of the three-dimensional structure 
of B2M (PDB ID: 1LDS) using PyMOL. Panel A: Pre-
dicted surface accessibility of the modified Trp (red), 
Tyr (blue) and Cys (yellow, present in the disulfide 
bond) residues. Panel B: As panel A, but viewed from 
the top (i.e. rotated 90◦ on the horizontal axis). Panel 
C: Representation of the Trp, Tyr and Cys residues 
detected as modified species after exposure of B2M to 
HOCl, ONOOH and/or photo-oxidation. Panel D: 
Distance between the Tyr residues detected as part of 
the cross-linked B2M species. The grey mesh in panels 
A and B indicates the predicted protein surface for 
B2M. (For interpretation of the references to color in 
this figure legend, the reader is referred to the Web 
version of this article.)   

Fig. 7. Hydrophobicity (black), aggregation score (blue) and modification sites 
(red lines) determined for B2M. The hydrophobicity of each residue in the 
sequence of B2M was assigned employing the Kyte-Doolitle scale of hydro-
phobicity. The aggregation score for each residue was calculated based on the 
prediction of amyloid-prone regions using the programs WALTZ, TANGO, 
AmylPred and Foldamyloid. An aggregation score of four means that all four 
programs identified the residue as crucial for interactions (amyloidogenic). 
Residues detected as modified in LC-MS analyses after oxidation induced by 
HOCl, ONOOH or 1O2, are indicated as vertical red lines. The sequence of B2M 
was obtained from the Uniprot database (Uniprot ID: P61769) with the pro- 
peptide sequence removed before analysis. For interpretation of the refer-
ences to color in this figure, the reader is referred to the Web version of this 
article. (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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disulfides (or related species). The gels run under non-reducing condi-
tions also provided strong evidence for alterations to the monomer form 
of the protein with a slower migrating band detected at a slightly higher 
(apparent) molecular mass (Fig. 1B, Supplementary Fig. 1). The oligo-
mers formed by HOCl or 1O2 appear to account for a significant pro-
portion (e.g. 60% after 15 min photo-oxidation) of the original protein 
concentration as determined by band densitometry, with this confirmed 
by DLS data. These oxidant-mediated changes were corroborated by the 
loss of parent protein recognition by an anti-B2M antibody in ELISA 
experiments. 

Modification of the parent protein, and formation of specific prod-
ucts was verified and explored in more detail using immunoblotting (for 
the ONOOH system) and by LC-MS analysis at the level of both amino 
acids (i.e. total changes) and peptides (mass mapping to determine sites 
of modification). Significant levels of 3-nitroTyr were detected for the 
ONOOH system by each approach, with the immunoblotting experi-
ments indicating that the majority of the modified Tyr residues were 
present on the monomeric protein (Fig. 3A). The yield of this species 
increased in a dose-dependent manner as might be expected, with no 
significant amounts of the corresponding nitrated Trp species detected, 
probably as a result of both the lower concentration of Trp residues and 
also the slower rate of formation of the Trp-derived products [33,40,62, 
63]. The level of the corresponding chlorinated species, 3-chloroTyr, 
also increased in a dose-dependent manner (Fig. 3B). Comparison of 
the absolute levels of these two Tyr-derived modifications formed on 20 
μM B2M, indicates that ONOOH gives a higher yield of 3-nitroTyr, than 
HOCl gives 3-chloroTyr, at low or moderate oxidant levels (e.g. 1- and 5- 
fold molar excesses, with the yields of 3-nitroTyr being ~0.19 and 
~0.56 μM, compared to ~0.007 and ~0.1 μM for 3-chloroTyr), but at 
high levels of oxidant (50-fold molar excess) the situation is reversed 
(~3.5 μM 3-nitroTyr, ~7.1 μM 3-chloroTyr) (Supplementary Fig. 2). 
Thus nitration appears to be a more facile process (under the conditions 
employed here) than chlorination, except when high oxidant levels are 
used. This is likely to be driven by both the abundance of available 
targets - both Tyr and alternative species (cf. the detection of nitration at 
all Tyr residues, compared to chlorination at only three of the six) - and 
the kinetics of product formation, which appears to be more rapid with 
ONOOH than HOCl. These data are consistent with previous studies 
where a greater extent of nitration was detected with ONOOH, than 
chlorination by HOCl or an MPO system on the extracellular glycopro-
tein fibronectin [33]. However, the current data indicate that at high 
oxidant doses, the overall extent of chlorination can overtake the extent 
of nitration, so comparisons between these oxidant systems needs to be 
carried out with care. 

The sites of nitration and chlorination within the polypeptide 
sequence, as well as oxygenated species (formed by each oxidant) have 
been determined by peptide mass mapping. For the nitration system, 
modifications were detected at all the 6 Tyr residues (Y10, Y26, Y63, Y66, 
Y67, Y78), whereas only the first three of these were detected as chlori-
nated products. A much wider range of residues were detected as 
oxygenated products, with each oxidant system, with damage detected 
at Y26, Y63 and Y66, at both Trp residues (W60 and W95), the single Met 
residue, and also the two Cys residues that make up the disulfide bond 
(C25 and C80). For the Tyr residues the major product was the hydrox-
ylated species DOPA, for Met the sulfoxide, for the Cys residues the 
sulfinic and sulfonic acids, whereas for the Trp residues (and particularly 
W60) multiple species were observed including mono- (hydroxylated) 
and di-oxygenated (dihydroxylated, hydroperoxide or N-for-
mylkynurenine) and Kyn. The generation of these species is consistent 
with previous reports on the mechanisms of oxidation of these specific 
side-chains by these oxidants [40,41,44,45,48,64–66]. The detection of 
oxidized products at each of the Trp and Cys residues indicates that all of 
these are accessible to either the initial oxidants present in the bulk 
solution, or secondary species such as chloramines [67,68] or radicals 
derived from these [69]. Consequently, the absence of nitrated de-
rivatives of Trp residues is unlikely to be due to accessibility effects, and 

a similar argument applies to the detection of chlorinated species at only 
some of the Tyr residues. 

ONOOH generated products at both of the Cys residues (C25 and C80) 
that are part of the disulfide bond, whereas HOCl only modified C25 and 
not C80, suggesting that the former is more accessible. The detection of 
the oxyacids from these residues is consistent with a high reactivity of 
this disulfide with each oxidant (cf. kinetic data in Ref. [70]) and mul-
tiple reactions at the sulfur centre to introduce two or three oxygen 
atoms and cleave the disulfide bond (see also [47,71]). Although this 
disulfide appears to be buried in the crystal structure, the previously 
reported transient unfolding of the protein structure [52,53], clearly 
allows oxidant access, and over a time frame consistent with the short 
half-lives of 1O2 and HOCl. Cleavage of this disulfide bond is likely to 
result in greater unfolding of the protein as such bonds are critical to the 
maintenance of folded protein structures. These events are likely to in-
crease exposure of hydrophobic sites and potentially enhance aggrega-
tion and amyloid formation. 

In addition to the nitration and chlorination detected at Y10, and the 
nitration, chlorination and oxidation observed at Y63, these two residues 
were also detected as part of a di-Tyr cross-link. This species was 
detected at modest levels with ONOOH and HOCl (possibly due to 
competition to give nitrated or chlorinated products, respectively) and 
at higher levels with the photo-oxidation system. The distance between 
these two residues (~12.1 Å) is consistent with an intermolecular 
crosslink, and in accord with the dimers detected by SDS-PAGE and 
immunoblotting (Fig. 1). Although no cross-links were detected 
involving other residues, it is highly likely that other (low concentra-
tion) species are also formed, as higher aggregates were also detected, 
particularly by immunoblotting, and these oligomers were not dissoci-
ated by reducing agents (Supplementary Fig. 1) indicating the presence 
of strong intermolecular covalent bonds. The formation of di-Tyr occurs 
via coupling of two phenoxyl radicals, and it is widely accepted that such 
radicals are both generated by ONOOH, and play a key role in the for-
mation of 3-nitroTyr [40]. With HOCl, evidence has also been reported 
for radical formation, probably via decomposition of intermediate 
chloramines [72]. However, there is little evidence for direct radical 
formation from Tyr residues by 1O2 (i.e. Type 2 photochemistry), and it 
is likely that the Tyr phenoxyl radicals required for di-Tyr formation in 
this system arises via Type 1 photochemistry [73,74]. This may occur via 
direct photo-ionization of the Tyr residue by an excited state species 
(including that of RB), or via more complex electron-transfer reactions 
involving other residues (e.g. Trp). Similar mixed Type 1 and Type 2 
reactions have been detected with other proteins and RB [75,76]. 
However, with the current system no evidence of RB association with 
B2M was detected, a process that appears to facilitate electron transfer 
reactions (cf. data for lysozyme [75]). 

As previous studies have indicated that B2M can form amyloid 
structures, and particularly at high concentrations, it was of interest to 
compare the location of the oxidant-modified residues with the regions 
of the B2M structure that are likely to be amyloidogenic. The data ob-
tained from four software packages designed to predict such regions 
were combined, and the resulting information were compared to the 
experimentally determined sites of modification (Fig. 7). A significant 
number of the modifications fall within these structural motifs, sug-
gesting that oxidation reactions may influence the capacity of B2M to 
generate amyloid species. These predictions would be worthy of inves-
tigation in further experiments (e.g. by use of site-directed mutagenesis) 
to determine whether oxidative damage contributes to the genesis or 
progression of amyloid formation, particularly in the light of reports that 
B2M amyloid contains considerable amounts of modified or truncated 
protein [14]. 

Taken together, these data indicate that B2M is susceptible to 
modification by a range of inflammatory oxidants and also photo- 
oxidation, with this resulting in chemical and structural changes. 
These changes are induced with modest oxidant levels, suggesting that 
these may be of pathophysiological significance such as in UV induced 
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immunosuppression, where these alterations may result in loss of MHC- 
1 activity and peptide presentation, and also contribute to the formation 
of amyloid structures and protein aggregates [12,57]. 
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