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A B S T R A C T   

Protein modification occurs in biological milieus that are characterized by high concentrations of (macro)mol-
ecules (i.e. heterogeneous and packed environments). Recent data indicate that crowding can modulate the 
extent and rate of protein oxidation, however its effect on other post-translational modifications remains to be 
explored. In this work we hypothesized that crowding would affect the glycation of plasma proteins. 
Physiologically-relevant concentrations of albumin (35 mg mL− 1) and transferrin (2 mg mL− 1) were incubated 
with methylglyoxal and glyoxal (5 μM–5 mM), two α-oxoaldehyde metabolites that are elevated in the plasma of 
people with diabetes. Crowding was induced by adding dextran or ficoll polymers. Electrophoresis, electron 
microscopy, fluorescence spectroscopy and mass spectrometry were employed to investigate the structural 
consequences of glycation under crowded conditions. Our data demonstrate that crowding modulates the extent 
of formation of transferrin cross-links, and also the modification pathways in both albumin and transferrin. 
Arginine was the most susceptible residue to modification, with lysine and cysteine also affected. Loss of 0.48 and 
7.28 arginine residues per protein molecule were determined on incubation with 500 μM methylglyoxal for 
albumin and transferrin, respectively. Crowding did not influence the extent of loss of arginine and lysine for 
either protein, but the sites of modification, detected by LC-MS, were different between dilute and crowded 
conditions. These data confirm the relevance of studying modification processes under conditions that closely 
mimic biological milieus. These data unveil additional factors that influence the pattern and extent of protein 
modification, and their structural consequences, in biological systems.   

1. Introduction 

Ageing populations, sedentary lifestyles and the increasing con-
sumption of processed foods have resulted in an augmented prevalence 
and incidence of type 2 diabetes worldwide, causing a considerable 
health, economic and public burden to societies [1]. The adverse effects 
of elevated plasma glucose levels on different tissues and cells types are 
relatively well documented, with a clear physiological impairment that 
result in different complications (e.g. macrovascular outcomes such as 
myocardial infarctions and strokes, and microvascular diseases such as 
retinopathy, nephropathy and neuropathy) [1]. 

At a molecular level, hyperglycemia result in the formation of oxi-
dants, such as superoxide radical anions (O2

•-) and hydrogen peroxide 

(H2O2), and increased occurrence of glycation reactions, which are 
responsible for the non-enzymatic modification of proteins, nucleotides 
and lipids. Glycation involves a complex set of (Maillard) reactions that 
generate multiple advanced glycation end products (AGEs), which are 
believed to play a major role in diabetic complications [2]. These re-
actions are initiated by nucleophilic attack of an amino or thiol group 
(from proteins or other molecules) on an electron-deficient carbon atom 
in a reducing sugar (e.g. glucose or ribose), metabolic intermediates (e.g. 
glucose-6-phosphate) or carbonyl compounds generated as byproducts 
of glycolysis or degradation of glycated proteins (e.g. methylglyoxal 
(MGO), glyoxal (GO) and 3-deoxyglucosone) [3]. In particular, 
α-oxoaldehyde metabolites such as MGO and GO are potent glycating 
agents, with these being up to 50,000-fold more reactive than glucose 
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[4]. Under physiological conditions their steady-state concentrations are 
low (~100 nM in human plasma and up to 4 μM in mammalian cells), 
with MGO being efficiently removed by the glyoxalase system [5]. 
However, these values are elevated by 3-5-fold in people with both type 
1 and 2 diabetes, with steady-state plasma concentrations reported as 
0.3–0.5 μM [6]. Long term exposure of biological macromolecules to 
these steady-state levels is likely to result in an accumulation of damage, 
particularly for macromolecules that have low rates of turnover and long 
biological half-lives (cf. reported half-lives of ~21 and ~7.6 days for 
HSA and apo-transferrin, and 60–70 days for collagen and >78 years for 
elastin) [7–10]. Thus, the total flux of MGO and GO to which a protein is 
exposed (and which will determine the overall biological effect) is likely 
to be very much higher than these steady-state concentrations. 

The high abundance of proteins in plasma (~80 mg mL− 1), and the 
presence of nucleophilic thiol groups on cysteine (Cys) residues, and 
nitrogen atoms at the N-terminus, and on the side-chains of arginine 
(Arg), lysine (Lys) and histidine (His) makes these a major target of 
glycation. Human serum albumin (HSA), immunoglobulin G (IgG), 
transferrin (hTF) and fibrinogen are the most abundant plasma proteins, 
with HSA accounting for ~50% of the total protein content at concen-
trations of 35–55 mg mL− 1 (520–830 μM) [11]. In vitro studies per-
formed under dilute conditions (6.6 mg mL− 1 HSA, 500 μM MGO), or in 
the presence of a high excess of MGO (50 mM MGO), have shown that 
Arg residues are particularly susceptible to glycation, with Arg410 being 
a principal target of modification, with this giving rise to hydro-
imidazolones as major products (MG-H species, Supplementary Fig. 1) 
[12,13]. Human transferrin (hTF), an abundant glycoprotein (plasma 
concentration 25–50 μM [14]) which plays a pivotal role in iron ho-
meostasis, has been shown to be readily modified in vitro by high con-
centrations of MGO (20–50 mM MGO) [15]. hTF can reversibly bind two 
Fe3+, with Arg and Lys residues playing a key role in these reactions. 
Modification of these residues induced by MGO and GO may therefore 
result in decreased activity. For example, Fujimoto and coworkers 
(1995) reported that incubation of transferrin with glucose alters the 
iron-binding activity of the protein, with the glycated protein binding 
iron ions more loosely than the native protein, with this contributing to 
an enhanced oxidative environment [16]. 

Despite the large body of data available on the pathways and 
structural consequences of protein exposure to α-carbonyl compounds, 
only a few studies have been carried out under conditions that mimic the 
microdomains and molecular crowding that are present in vivo, and 
which may modulate these reactions. Biological milieus and fluids (e.g. 
plasma) are heterogeneous, and characterized by high (millimolar) 
concentrations of (macro)molecules, with 30–40% of the available 
volume occupied, with this implying that most reactions and in-
teractions occur within microdomains, or near to biological interfaces, 
rather than in bulk solution [17]. This is of potential importance, as we 
have demonstrated that macromolecular crowding modulates protein 
oxidation, induced by multiple reactive oxidants, with an enhanced 
propagation of oxidative damage detected under crowded conditions 
when compared to dilute solution [18,19]. This is in agreement with the 
data of Aicardo and coworkers, who provided evidence for a propaga-
tion of oxidative damage at high protein concentrations via chain re-
actions [20]. However, other processes including glycation reactions 
may also be modulated by crowding. Thus, glycation of whey proteins 
has been reported to be modulated by crowding agents by Perusko and 
coworkers [21]. In this study, crowding was induced by adding poly-
ethylene glycol, with the glycation of α-lactalbumin and β-lactoglobulin 
induced by the monosaccharide arabinose. Although only small changes 
were detected in the molecular mass and secondary structure of these 
proteins, an enhanced loss of amino groups was reported in the presence 
of the crowding agent [21]. 

In the study reported here, we hypothesized that crowding might 
affect the glycation of HSA and hTF induced by MGO and GO. This was 
examined by incubating physiologically-relevant concentrations of HSA 
(35 mg mL− 1) and human apo-transferrin (apo-hTF, 2 mg mL− 1) with a 

range of MGO or GO concentrations (5 μM, 500 μM or 5 mM), in the 
absence or presence of inert crowding agents with different molecular 
masses (dextran with average molecular masses of 9,000, 35,000 and 
70,000 g mol− 1, and ficoll ~70,000 g mol− 1). These polysaccharides 
have well-defined chemical and physical properties and based on their 
structure these would be inert to MGO or GO. These agents also allow a 
comparison to be made been crowding effects induced by a linear 
(dextran) compared to a branched polymer (ficoll). Changes in molec-
ular mass and structure were analyzed by electrophoresis and electron 
microscopy, whilst the consumption of nucleophiles (amines and thiols) 
and formation of AGEs, were examined by fluorescence spectroscopy 
and LC-MS, with the latter also used to map the sites of modification. 
These data contribute to a deeper understanding of the pathways lead-
ing to HSA and apo-hTF glycation and aggregation under pathological 
conditions, and the formation of modified species that might act as 
biomarkers of metabolic dysfunction in vivo [22]. This is exemplified by 
the use of glycated proteins (e.g. hemoglobin, HbA1c) as a marker of 
glycemic control in people with diabetes. 

2. Materials and methods 

2.1. Reagents 

Albumin from human serum (≥99%, fatty acid- and globulin-free), 
Coomassie brilliant blue G, dextran from Leuconostoc mesenteroides 
with average molecular masses: 9000–11,000 (dextran 9) and 
35,000–45,000 g mol− 1 (dextran 35), dextran from Leuconostoc ssp. 
(average molecular mass ~70,000 g mol− 1, dextran 70), diethylene-
triaminepentaacetic acid (DTPA), ficoll® PM70 (molecular mass 
~70,000 g mol− 1), GO (40% w/v in H2O), iodoacetamide, meth-
anesulfonic acid (with 0.2% w/v tryptamine), MGO solution (~40% w/ 
v in H2O), tris-(2-carboxyethyl) phosphine hydrochloride (TCEP) were 
obtained from Sigma-Aldrich/Merck (Søborg, Denmark). Iron-free 
human serum transferrin (apo-hTF, carrier free) was purchased from 
R&D Systems (Minneapolis, USA). All solutions were prepared using 
phosphate-buffer (100 mM, pH 7.4), unless otherwise specified. LC-MS 
grade solvents were obtained from VWR (Søborg, Denmark). 

2.2. Preparation of solutions containing crowding agents 

Solutions containing the crowding agent dextran or ficoll, at con-
centrations of up to 120 mg mL− 1, were prepared in 100 mM phosphate 
buffer, pH 7.4. Stock solutions of the proteins, GO and MGO were pre-
pared in, and diluted with, these buffers. DTPA (0.1 mM) was utilized as 
chelating agent in order to minimize reactions of trace transition metal 
ions. 

2.3. Glycation of proteins 

HSA (35 mg mL− 1, ~526 μM) and apo-hTF (2 mg mL− 1, ~25 μM) 
were incubated at 37 ◦C in the absence and presence of GO or MGO (5 
μM, 500 μM and 5 mM) for 0, 6, 24, 48 and 120 h in diluted and crowded 
solutions of 100 mM phosphate buffer (pH 7.4). 

2.4. Electrophoresis analysis 

Control and glycated protein samples prepared under crowded and 
diluted conditions were separated using SDS-PAGE. Briefly, aliquots (12 
μg protein) were mixed with NuPAGE™ LDS sample buffer and 
NuPAGE™ sample reducing agent before heating at 90 ◦C for 10 min. 
The samples were then loaded onto NuPAGE™ 4–12% Bis-Tris or 3–8% 
Tris-Acetate, and run using NuPAGE™ MOPS SDS running buffer or 
NuPAGE™ Tris-Acetate SDS running buffer, respectively. Electropho-
resis was performed at 120 V for 120 min. Gels were subsequently 
stained with Coomassie blue. 
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2.5. Imaging of native and glycated apo-hTF using electron microscopy 

Imaging of apo-hTF aggregates generated on incubation of the pro-
tein (~25 μM) with 5 mM MGO (120 h at 37 ◦C) was carried out using a 
FEI/Philips CM 100 transmission electron microscope (operated at 100 
kV accelerating voltage) connected to an Olympus Veleta camera 
(Japan). Before imaging the samples were diluted using phosphate 
buffer (100 mM, pH 7.4) to a final concentration of ~3.75 μM. Aliquots 
(3 μL) prepared under dilute (phosphate buffer) and crowded (120 mg 
mL− 1 dextran 70) conditions were then deposited on a hydrophilized 
carbon grid (pure C, 200 mesh Cu, Pelco, USA), and negatively stained 
with 3 μL of 2% uranyl acetate as reported previously [18]. 

2.6. Binding of 8-anilino-1-naphthalenesulfonate (ANS) 

Protein unfolding, and exposure of hydrophobic sites upon glycation, 
was evaluated by binding of the fluorescent dye ANS as reported pre-
viously [18]. Samples were diluted to 0.8 mg mL− 1 in phosphate buffer 
(100 mM, pH 7.4). Solutions (196 μL) were mixed with 4 μL of ANS (50 
mM) solubilized in 50% methanol (v/v) in phosphate buffer (100 mM, 
pH 7.4), and incubated for 10 min before measurement of the fluores-
cence using a plate reader, with λex 350 nm and λem 460 nm. 

2.7. Quantification of protein carbonyls 

Quantification of protein carbonyls was carried out as described by 
Hawkins et al., adapted for a microplate reader [23]. Briefly, 40 μg of 
protein was aliquoted in to fresh tubes and dried down at 30 ◦C under 
vacuum. The samples were then resuspended in 20 μL of ultrapure water 
before adding 20 μL of 5 mM DNPH in 2.5 M HCl or 20 μL of 2.5 M HCl 
(for controls). The solutions were vortexed and incubated for 15 min in 
the dark at 21 ◦C before addition of 10 μL of 50% w/v TCA. This solution 
was kept at – 20 ◦C for 20 min and was then centrifuged at 11,000 g for 
15 min at 4 ◦C. The supernatant was removed, and the pellet washed 
twice with ice cold acetone and centrifuged (5 min, 11,000 g) between 
washes. After the final wash, samples were dried down at 30 ◦C under 
vacuum before re-dissolving the pellet in 200 μL of 6 M guanidine-HCl. 
The absorbance of the samples was recorded at 370 nm using a Spec-
traMax i3 plate reader (Molecular Devices, USA). Concentrations were 
determined using the extinction coefficient of DNPH at 370 nm (22,000 
M− 1 cm− 1), with the carbonyl concentration (in nmoles mL− 1) calcu-
lated by multiplying the value = [(Abs at 370 nm)/22,000] by 1 x 106. 
The values were then normalized against the protein concentration (in 
mg mL− 1) to express the carbonyl concentration as nmol of carbonyl per 
mg protein. 

2.8. Detection of advanced end glycation products (AGEs) by 
fluorescence spectroscopy 

Formation of AGEs in control and glycated protein samples was 
determined by fluorescence spectroscopy using a SpectraMax i3 plate 
reader (Molecular Devices, USA). Control and glycated HSA and apo- 
hTF samples were diluted to a final protein concentration of 10 μM in 
a 96-well plate and then the fluorescence was recorded at 440 nm after 
excitation at 370 nm as reported [24]. 

2.9. Detection and quantification of amino acids and AGEs 
methylglyoxal-lysine-dimer (MOLD), methylglyoxal-lysine-arginine-dimer 
(MODIC) and glyoxal-lysine dimer (GOLD) by LC-MS 

The amino acids Arg and Lys, and the AGEs MOLD, MODIC and 
GOLD were detected and quantified by acid hydrolysis of protein sam-
ples and subsequent LC-MS analysis as reported by Gamon and co-
workers [25]. Briefly, protein samples (30 μg) were first precipitated 
with 10% w/v TCA. A mixture of 17 stable isotope-labeled amino acid 
standards (2500 pmoles) were added to each sample and then these 

solutions were dried down using a centrifugal vacuum concentrator (60 
min, 30 ◦C). Samples were then resuspended in methanesulfonic acid (4 
M) containing tryptamine (0.2% w/v). These solutions were placed in 
Pico tag hydrolysis vials, and O2 was removed by cycles of gassing with 
N2 (1 min) followed by vacuum (10 min) in order to minimize artefac-
tual oxidation. Hydrolysis was performed overnight at 110 ◦C. Samples 
were then purified by solid-phase extraction using 30 mg/1 mL 
mixed-mode strong cation exchange Strata X-C cartridges (Phenom-
enex). Columns were activated with methanol (1 mL), and equilibrated 
with 0.1% formic acid in ultrapure water (1 mL) before adding the 
samples (10 μL of hydrolysate in 1 mL of 0.1% formic acid solution). 
Hydrolysates were then washed with 0.6 mL of 0.1% formic acid (v/v) in 
ultrapure water, and 0.6 mL 0.1% (v/v) formic acid in acetonitrile. 
Elution was performed by adding 0.6 mL of ammonium hydroxide 1% 
(v/v), and acetonitrile 20% (v/v) in water. The eluted fractions were 
dried down at 30 ◦C under vacuum, and then resuspended in 50 μL of 
0.1% formic acid in water. GOLD (327.20 Da), MOLD (341.25 Da) and 
MODIC (357.23 Da) formation was analyzed by ESI LC-MS in the posi-
tive ion mode using a Bruker Impact HD II mass spectrometer. Separa-
tion was achieved by gradient elution, using an Imtakt Intrada Amino 
Acid 100 × 3.0 mm column, and formic acid 0.3% in acetonitrile as 
solvent A, and ammonium formate (100 mM) in 20% acetonitrile as 
solvent B. The gradient was initiated with 20% solvent B for 4 min 
before increasing to 100% B over a period of 10 min, and keeping this 
value constant for another 2 min before returning to 20% B over 2 min, 
and re-equilibration for 2 min. The electrospray needle was held at 4500 
V, with end plate set at 500 V, and a temperature of 350 ◦C. N2 gas was 
used for both the nebulizer (2.0 bar) and the dry gas (11.0 L min− 1). 

Quantification of Cys consumption in HSA and apo-hTF samples was 
achieved using Ellman’s assay. 200 μL of a solution 500 μM 5,5′- 
dithiobis (2-nitrobenzoic acid) (DTNB) prepared in 100 mM phosphate 
buffer (pH 7.4) were mixed with 5 μL of control and glycated protein 
samples and incubated in the dark, at 21 ◦C for 30 min. The sample 
absorbance was registered at 412 nm using a 96-well plate reader. Ab-
solute thiol concentrations were determined using a standard curve 
constructed with reduced glutathione (0–500 μM). 

2.10. Identification of the sites of protein modification by LC-MS 

The formation of glycation products on HSA and apo-hTF was 
examined by LC-MS analysis of enzymatically-digested peptides. Control 
and glycated protein samples (25 μg) were subjected to reduction and 
alkylation using DTT (45 mM final concentration, 45 min incubation at 
21 ◦C), followed by incubation with iodoacetamide (90 mM final con-
centration, 1 h incubation in the dark at 21 ◦C) in 8 M urea (in 50 mM 
Tris buffer, pH 8.0). 2 μL of a stock solution (50 μg μL− 1) prepared by 
mixing Sera-Mag™ carboxylate-modified [E3] magnetic particles with 
Sera-Mag™ carboxylate-modified [E7] magnetic particles (Cytiva) 1:1 
were added, followed by addition of 50 μL of ethanol. This solution was 
incubated for 5 min in a thermomixer set at 20 ◦C and 1000 rpm. Tubes 
where then placed in magnetic racks and incubated until migration of 
the magnetic beads to the wall of the tubes was complete. The super-
natant was discarded, and the beads washed twice with 80% v/v ethanol 
(180 μL) in water. After the second wash with 80% v/v ethanol, 0.25 μg 
of LysC in 25 μL of 6 M urea in 50 mM Tris-HCl (pH 7.5) were added to 
each sample. This solution was incubated for 3 h at 37 ◦C before addition 
of 125 μL of 50 mM Tris-HCl (pH 7.5) solution containing 0.25 μg of 
GluC or 0.25 μg of trypsin. Digestion was performed overnight at 37 ◦C. 
After this, samples were centrifuged at 20,000 g for 1 min and the su-
pernatant containing the enzymatically-digested peptides removed to a 
fresh tube. Samples were acidified using TFA, and then subjected to 
StageTip solid-phase extraction on activated Empore C18 reversed- 
phase discs (3 M, St. Paul, MN, USA), with the samples eluted using 
50 μL of 0.5% v/v TFA in 80% v/v acetonitrile. LC-MS analysis of the 
digested peptides was performed on an Impact II ESI-QTOF (Bruker 
Daltonics, Bremen, Germany) mass spectrometer in the positive ion 
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mode with an Apollo ion source connected on-line to a Dionex Ultimate 
3000 chromatography systems (Thermo Fisher Scientific). The electro-
spray needle was held at 4500 V, with end plate offset of 500 V and 
temperature of 200 ◦C. Nitrogen gas was used for both the nebulizer (0.7 
Bar) and as the drying gas (6.0 L min− 1). Analytes were separated using 
a Luna column (Phenomenex) at 20 ◦C with a flow rate of 20 μL min− 1 by 
gradient elution using 0.1% formic acid (solvent A) and 80% acetoni-
trile/0.1% formic acid (solvent B). Data analysis was performed using 
MaxQuant (version 1.6.1.0) at a 1% peptide level false discovery rate, a 
maximum of 3 missed cleavages after combination of enzymatic diges-
tion performed by LysC and GluC, or LysC and trypsin, and a maximum 
of 5 modifications per peptide. Peptide sequencing and mapping of the 
modifications was confirmed using the software GPMAW (version 9.5). 
The variable modifications examined corresponded to MGO-derived or 
GO-derived adducts at Arg, Cys and Lys with mass shift of +72.02 Da 
(C3H4O2) or +54.01 Da (loss of H2O to give C3H2O) for MGO-derived 
adducts or +58.00 Da (C2H2O2) or +39.99 Da (loss of H2O to give 

C2O) for GO-derived adducts (Supplementary Figs. 1 and 2). Oxidation 
of Met to the sulfoxide (mass shift +16 Da) was also examined. 

2.11. Rendering of protein structures and prediction of Arg and Lys pKa 
values 

Rendering of the 3-dimensional structures of HSA (Uniprot: P02768; 
PDB: 1BM0) and apo-hTF (Uniprot: P02787; PDB: 2HAU) was achieved 
using PyMOL (version 2.5.2), with the resulting images showing the 
protein surfaces and major sites of modification at Arg, Lys and Cys after 
incubation with 500 μM MGO under crowded conditions. Prediction of 
the pKa values and solvent exposure of Arg and Lys residues in HSA and 
apo-hTF was determined using the program PROPKA (version 1.0) [26]. 

2.12. Statistical analysis 

Quantitative data are presented as means ± SD from at least three 

Fig. 1. Incubation of human serum albumin (HSA, 35 mg mL− 1) or apo-human transferrin (apo-hTF, 2 mg mL− 1) with MGO or GO (5 mM) results in monomer 
modification for HSA, and in monomer consumption and formation of protein crosslinks and aggregates for apo-hTF. Panel A: HSA and apo-hTF were incubated with 
different concentrations of the glycation agents MGO or GO for 120 h at 37 ◦C in diluted (i.e. 100 mM phosphate buffer (pH 7.4)) and crowded solutions (i.e. 100 mM 
phosphate buffer (pH 7.4) containing 120 mg mL− 1 of dextran 9, dextran 35, dextran 70 or ficoll 70) and analyzed by gel electrophoresis. HSA was analyzed using 
4–12% bis-tris acrylamide gels, whilst apo-hTF was analyzed using 3–8% tris-acetate gels. The molecular mass markers, experimental conditions and samples per lane 
are indicated in the figure. Panel B: Electron micrographs of control and MGO-modified apo-hTF samples. Monomers and proto-fibrils of apo-hTF (2 mg mL− 1) were 
observed in control samples (incubated for 120 h at 37 ◦C in absence of MGO). Amorphous aggregated structures were evidenced after 120 h of incubation of apo-hTF 
with 5 mM MGO under diluted (100 mM phosphate buffer, pH 7.4) and crowded (100 mM phosphate buffer (pH 7.4) containing 120 mg mL− 1 dextran 70) con-
ditions. Prior to analysis by TEM, all samples were diluted to a protein concentration of 0.3 mg mL− 1 (for further details, see Materials and methods). Scale bars are 
indicated in the lower right side of each micrograph. Each image is typical of three experiments carried out on independent samples. 
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independent replicates. Statistical analyses were carried out using the 
packages available in OriginPro 8.5, using one-way ANOVA with 
Tukey’s post-hoc test, with p < 0.05 taken as statistically significant. 

3. Results 

3.1. Changes in the molecular mass of human serum albumin (HSA) and 
apo-human transferrin (apo-hTF) 

To investigate the modifications elicited by MGO or GO (5 μM, 500 
μM or 5 mM) on HSA (526 μM; i.e. molar excesses of α-carbonyl: protein 
of ~0.0095, ~0.95 and 9.5) and apo-hTF (25 μM; molar excesses of 
α-carbonyl: protein of 0.2, 20 and 200), solutions of these proteins were 
incubated for 0, 6, 24, 48 and 120 h at 37 ◦C in phosphate buffer (100 
mM, pH 7.4) in the absence or presence of the glycation agents, then 
subjected to SDS-PAGE under denaturing and reducing conditions. 
These different protein concentrations were employed to reflect human 
plasma concentrations. As depicted in Supplementary Fig. 3, the most 
marked effects on HSA were observed after incubation with 5 mM MGO 
or GO for 120 h. At this time point – the longest examined - significant 
smearing of the HSA monomer band was observed consistent with 
modification of the protein. No evidence for formation of covalent 

oligomers was observed above that detected for the controls. Similarly, 
the monomer form of apo-hTF was modified in a significant manner 
after incubation with 5 mM MGO for 120 h (Supplementary Fig. 4), and 
these changes were accompanied by the detection of protein oligomers. 
These results are in agreement with previous reports on the glycation of 
HSA, hTF, and other human proteins (e.g. SOD1), where incubation in 
presence of high concentrations of MGO or GO (≥ 5 mM) at 37 ◦C for 
more than 24 h induced significant changes in the electrophoretic res-
olution of protein monomers (detected as band smearing), and forma-
tion of protein dimers or trimers [12,15,27]. In the light of these data, 
further experiments to investigate the effect of crowding on protein 
glycation were carried out by incubating the proteins at 37 ◦C in the 
presence or absence of GO and MGO at 5 μM, 500 μM and 5 mM for 120 
h. This incubation time is of physiological relevance as HSA and apo-hTF 
have in vivo half-lives of ~21 and ~7.6 days, respectively [7,8]. 

The effect of crowding on the glycation of HSA and apo-hTF was 
investigated under conditions in which membraneless microdomains 
would be formed as the result of adding dextran 9, dextran 35, dextran 
70 and ficoll 70 at concentrations of 120 mg mL− 1 [19,28,29]. As 
depicted in Supplementary Fig. 5, and in agreement with the data pre-
sented in Supplementary Figs. 3 and 4, incubation of HSA (526 μM) or 
apo-hTF (25 μM) with 5 μM MGO or GO for 120 h at 37 ◦C, did not result 

Fig. 2. Effect of glycation, under diluted and crowded conditions, on the binding of the hydrophobic fluorescent dye 8-anilinonaphthalenesulfonate (ANS) to HSA 
and apo-hTF at pH 7.4 in 100 mM phosphate buffer as determined by fluorescence spectroscopy at 460 nm (λex: 350 nm). HSA (35 mg mL− 1, 526 μM) and apo-hTF (2 
mg mL− 1, 25 μM) were incubated in the absence or presence of 5 x 10− 3, 0.5 and 5 mM MGO or GO under diluted (phosphate buffer, PB; red squares) and crowded 
conditions (i.e. in presence of 120 mg mL− 1 D9 (blue circles), D35 (yellow up-triangles) and D70 (green down-triangles)) for 120 h at 37 ◦C as described in the 
Materials and methods section. Panels A and B depict the changes in the binding of ANS to HSA for samples incubated with MGO and GO, respectively. Panels C and D 
depict the changes in the binding of ANS to apo-hTF for samples incubated with MGO and GO, respectively. The y-axis show normalized values (ratio) of fluorescence 
recorded at 460 nm for each sample against the fluorescence obtained for control samples (incubated for 120 h in absence of MGO or GO). Data are mean ± SD from 
three independent experiments with * indicating p < 0.05 for the samples as determined by one-way analysis of variance (ANOVA) with Tukey’s post-hoc testing, 
versus the control samples (i.e. in absence of MGO or GO). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 
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in significant changes in the molecular mass of the proteins under 
crowded versus dilute conditions. Nevertheless, incubation of the pro-
teins with 500 μM and 5 mM MGO or GO for 120 h at 37 ◦C led to evident 
changes in the resolution of the monomer band of HSA, and resulted in 
the consumption of the monomer and formation of protein crosslinks for 
apo-hTF (Fig. 1A and Supplementary Fig. 5). Interestingly, the forma-
tion of these covalent oligomers (i.e. dimer, trimers and tetramers) of 
apo-hTF generated on incubation with 5 mM MGO was significantly 
decreased under crowded conditions (i.e. in presence of 120 mg mL− 1 

crowding agent) when compared to the dilute system (Fig. 1A). This 
effect was observed for all the crowding agents (dextran 9, dextran 35, 
dextran 70 and ficoll 70). Despite the absence of evident cross-link 
formation under crowded conditions, a loss of the monomer band of 
apo-hTF was observed (Fig. 1A). The formation of high molecular mass 

aggregates of apo-hTF was however visible with the naked eye (Sup-
plementary Fig. 6), in samples containing apo-hTF (25 μM) incubated 
with 5 mM MGO (120 h at 37 ◦C) that were kept at − 20 ◦C for 2 weeks 
before thawing and analysis. Insoluble aggregates were evident under 
dilute conditions (100 mM phosphate buffer, pH 7.4), but not in pres-
ence of 120 mg mL− 1 dextran 70 in agreement with the SDS-PAGE 
analysis and TEM results (vide infra). 

Analysis using transmission electron microscopy (TEM) confirmed 
the formation of apo-hTF aggregates, with the size and abundance of 
these species depending on the experimental conditions (Fig. 1B). TEM 
images of control apo-hTF (25 μM, incubated for 120 h at 37 ◦C in 
absence of MGO or GO) confirmed the presence of small species with an 
average diameter of 6.7–10 nm. These values agree with the expected 
dimensions of non-glycosylated human serum transferrin monomer 

Fig. 3. Quantification of total protein carbonyls and 
detection of advanced glycation endproducts by 
fluorescence spectroscopy in control and glycated 
HSA and apo-hTF samples. HSA (35 mg mL− 1, 526 
μM) and apo-hTF (2 mg mL− 1, 25 μM) were incubated 
in the absence or presence of 500 μM MGO or GO 
under diluted (phosphate buffer, PB) and crowded 
conditions (i.e. in presence of 120 mg mL− 1 D9, D35 
and D70) for 120 h at 37 ◦C as described in the Ma-
terials and methods section. Panel A: Quantification 
of total protein carbonyls as determined by the DNPH 
assay at 370 nm (see Materials and methods section). 
Panel B: Detection of the fluorescence arising from 
the formation of advanced glycation end products 
(λex: 350 nm; λem: 460 nm); relative fluorescence in-
tensities are presented for treated samples taking as 
denominator the fluorescence intensity obtained in 
control samples. Data are mean ± SD from three in-
dependent experiments. Statistical analyses in panels 
were carried out using one-way analysis of variance 
(ANOVA) with Tukey’s post-hoc testing, with * indi-
cating p < 0.05 for the sample columns versus the 
control samples, and # indicating p < 0.05 for the 
sample columns carried out under crowded condi-
tions (i.e. D9, D35, D70 and F70) versus the samples 
prepared under diluted conditions (i.e. PB).   
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which, based on X-ray crystallography data, has a diameter of 6.7–9.5 
nm depending on the viewing angle [30]. Small fibrillary oligomers 
were also observed in the control samples indicating the presence of 
proto-fibrils (Fig. 1B). These species had a width of ~6.7 nm and a 
length of ~50–70 nm suggesting that these species were formed by a 
small number (7–11 per structure) of apo-hTF monomers, but no evi-
dence was found for larger fibrils. Incubation with 5 mM MGO in 100 
mM phosphate buffer pH 7.4 for 120 h led to the formation of amor-
phous aggregates with an average diameter of ~350–400 nm (Fig. 1B). 
The absence of smaller species (i.e. monomers and proto-fibrils) in these 
samples suggests that the majority of the apo-hTF was present as these 
large species. Incubation of apo-hTF with 5 mM MGO in 100 mM 
phosphate buffer (pH 7.4) containing 120 mg mL− 1 dextran 70 also 
resulted in the detection of large aggregates, but these were also 
accompanied by monomer units and proto-fibrils, suggesting that 
crowding modulates the generation of large aggregates from monomer 
units (Fig. 1B). These data are in agreement with the electrophoresis 
results (Fig. 1A). 

3.2. Binding of 8-anilino-1-naphthalenesulfonate (ANS) to native and 
glycated HSA and apo-hTF 

Binding of the fluorescent probe 8-anilino-1-naphthalenesulfonate 
(ANS) to control and glycated HSA and apo-hTF was employed to 
investigate structural changes, in the light of previous studies carried out 
under dilute reaction conditions [15,31]. Glycation of HSA (526 μM) 
using MGO and GO (5 μM–5 mM) did not result in any significant 
changes in the extent of ANS binding (Fig. 2A, B), with similar behavior 
observed under both dilute and crowded conditions (i.e. phosphate 
buffer versus buffer with 120 mg mL− 1 D9, D35 or D70). In contrast, 
incubation of apo-hTF (25 μM) with MGO or GO (5 μM–5 mM) resulted 
in a statistically significant increase in the binding of ANS to the protein 
at the highest MGO concentration (5 mM MGO, Fig. 2C) and with 500 
μM and 5 mM GO (Fig. 2D). The relative fluorescence of ANS, which is 
indicative of dye binding to the protein, obtained after incubation of the 
protein with 5 mM MGO increased 1.34 ± 0.16 fold under dilute con-
ditions (relative to control samples), and 1.64 ± 0.09, 2.04 ± 0.05 and 
1.45 ± 0.12 fold, relative to controls, for samples incubated in the 
presence of 120 mg mL− 1 D9, D35 and D70, respectively (Fig. 2C). 

Fig. 4. Quantification of total Arg content in HSA (A) 
and apo-hTF (B) samples, and detection of glyoxal- 
lysine dimer (C) as determined by LC-MS/MS. HSA 
(35 mg mL− 1) or apo-hTF (2 mg mL− 1) were incu-
bated with 0, 500 μM and 5 mM MGO or GO for 120 h 
as described in the Materials and methods sections 
under diluted (PB) or crowded conditions (i.e. in 
presence of 120 mg mL− 1 dextran Mm ~70,000 
(D70)). In panels A and B the total Arg content is 
presented as percentage of the total content normal-
ized to Phe. Data are mean ± SD from three inde-
pendent experiments. Statistical analyses in panels A 
and B were carried out using one-way analysis of 
variance (ANOVA) with Tukey’s post-hoc testing, 
with * indicating p < 0.05 for the sample columns 
versus the control samples under diluted conditions 
(i.e. 100 mM phosphate buffer (pH 7.4), PB). Panel C: 
Representative extracted ion chromatogram of the 
product with m/z 327.2032 ± 0.005.   
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3.3. Quantification of protein carbonyls and advanced end glycation 
products (AGEs) 

Protein modifications (measured as carbonyls) and formation of 
advanced glycation endproducts (AGEs, measured by fluorescence) 
were quantified for control and glycated protein samples prepared under 
dilute and crowded conditions (Fig. 3A and B). Control samples of HSA 
showed low levels of carbonyls (Figs. 3A and 0.9 ± 0.1 nmoles of car-
bonyls per mg of protein), which increased significantly after incubation 
with 500 μM MGO under both diluted and crowded conditions (e.g. 2.8 
± 0.4 nmoles of carbonyls per mg protein in phosphate buffer). 
Crowding did not affect the yield of protein carbonyls on HSA even at 
the highest concentration of MGO (5 mM, Supplementary Fig. 7). Low 
levels of protein carbonyls were detected for HSA incubated with 500 
μM GO (Fig. 3A). However, incubation of HSA with 5 mM GO under 
crowded conditions (i.e. in the presence of D35, D70 and F70) resulted 
in higher yields of protein carbonyls when compared to HSA incubated 
with 5 mM GO under dilute conditions (phosphate buffer, Supplemen-
tary Fig. 7). 

Control samples of apo-hTF (25 μM) had 0.6–2.0 nmoles of carbonyls 
per mg of protein (Fig. 3A). Incubation with 500 μM MGO or GO, for 
120 h resulted in a significant increase in carbonyl levels under both 
dilute and crowded conditions. These levels were significantly higher 
than for HSA, probably due to the higher molar excesses of MGO/GO 
compared to protein employed with apo-hTF in order to maintain 
biologically-relevant concentrations of this protein. A yield of 8.0 ± 0.4 
nmoles of protein carbonyls per mg apo-hTF were detected when apo- 
hTF was incubated with 500 μM MGO in phosphate buffer, whilst 
under crowded conditions utilizing dextran 70, 10.8 ± 3.5 nmoles of 
carbonyls per mg apo-hTF were detected. Elevated levels were detected 
in the presence of dextran 35 and ficoll 70 but these were not 
statistically-different when compared to the dilute conditions (Fig. 3A). 
Nevertheless, with 5 mM MGO, a significant increase in the level of 
protein carbonyls was detected under crowded versus dilute (phosphate 
buffer alone) conditions (Supplementary Fig. 8). Thus, 180.1 ± 12.1 
nmoles of carbonyls per mg of protein were quantified in phosphate 
buffer whilst 245.6 ± 32.9 nmoles of carbonyls per mg of protein were 
detected under crowded conditions using 120 mg mL− 1 dextran 70. 
Similar studies with apo-hTF and GO, yielded data indicating that the 
presence of crowding agents enhanced the yield of protein carbonyls 
(Fig. 3A and Supplementary Fig. 8). 

Glycation can generate both non-fluorescent and fluorescent AGE 
products (heterocyclic aromatic amines) via reaction of amino acid 
nucleophiles with MGO or GO [24]. Control HSA and apo-hTF showed 
minimal AGE specific fluorescence (data not shown). Incubation of HSA 
with 500 μM MGO or 500 μM GO showed low levels of fluorescent AGEs 
(Fig. 3B), whereas incubation with 5 mM MGO or 5 mM GO led to a 
significant increase in AGE-related fluorescence (Supplementary Fig. 7), 
with higher fluorescence yields detected under crowded when compared 
to dilute (phosphate buffer) conditions when the protein was incubated 
with MGO. AGE-specific fluorescence from glycated apo-hTF samples 
was greater than those detected for HSA. Divergent results were ob-
tained when apo-hTF was incubated with 500 μM MGO compared to GO. 
With MGO under crowded conditions, apo-hTF gave lower fluorescence 
values than those detected in the absence of crowding agents. In 
contrast, incubation of apo-hTF with GO in the presence of crowding 
agents showed enhanced fluorescence values when compared to samples 
incubated under dilute conditions (Fig. 3B). A similar scenario was 
observed for samples of apo-hTF incubated with 5 mM MGO or GO 
under crowded and diluted conditions (Supplementary Fig. 8). 

3.4. Quantification of amino acid changes and AGEs for native and 
glycated HSA and apo-hTF, under dilute and crowded conditions, by LC- 
MS 

As Arg, Cys and Lys residues are modified by MGO and GO, the 

content of these residues on both proteins was determined by LC-MS/MS 
analysis (for Arg and Lys) and by DTNB assay (for Cys). No statistical 
difference was observed in the total Arg or Lys content for control HSA 
or apo-hTF samples prepared under dilute conditions (phosphate buffer) 
and crowded conditions (120 mg mL− 1 dextran 70 in phosphate buffer) 
(Fig. 4A, B and Supplementary Fig. 9). Incubation of HSA (526 μM) with 
500 μM MGO resulted in a non-significant loss of Arg under both dilute 
and crowded conditions (Fig. 4A). However, with 5 mM MGO a signif-
icant decrease in Arg content was detected under dilute and crowded 
conditions, with loss of 29.3 and 27.4%, respectively, with these values 
not being statistically different. Similar results were detected with GO, 
with no statistical difference in the total Arg content detected on gly-
cation under crowded versus dilute conditions (Fig. 4A). The content of 
Lys was not significantly altered after exposure to 5 mM MGO, but in-
cubation with 5 mM GO resulted in a small, but significant loss (Sup-
plementary Fig. 9). 

Incubation of apo-hTF (25 μM) with 500 μM MGO for 120 h resulted 
in a significant loss of Arg residues under both dilute and crowded 
conditions (Fig. 4B). Under dilute versus crowded conditions, a loss Arg 
of 28.0 and 26.7% were detected, respectively, on incubation of apo-hTF 
with 500 μM MGO, with these values not being statistically different. Lys 
was not significantly consumed under dilute conditions, but a small 
consumption (~2.4%) was determined with 500 μM MGO under crow-
ded conditions (Supplementary Fig. 9). Incubation of apo-hTF with 5 
mM MGO resulted in greater loss of Arg and Lys (Fig. 4B and Supple-
mentary Fig. 9), but no statistical differences were detected between 
samples incubated in the absence or presence of crowding agents. In-
cubation with GO, instead of MGO, revealed a similar trend in loss of Arg 
and Lys residues under diluted and crowded conditions, but the extent of 
amino acid loss was lower than with MGO. 

As Cys residues are destroyed during acid hydrolysis of proteins, 
modification of Cys residues in native HSA and apo-hTF was determined 
using the DTNB assay [23]. No reduced thiols (i.e. 0 μM Cys) were 
determined for apo-hTF (data not shown), in agreement with the protein 
sequence, with all 38 Cys residues present in the form of disulfides. In 
contrast, a Cys content of 142.6 ± 11.6 μM was determined for control 
HSA (526 μM), incubated for 120 h, under dilute conditions (Supple-
mentary Fig. 10). This value was similar to the obtained for freshly 
reconstituted HSA (526 μM), with a total Cys content of 153.3 ± 23.2 
μM determined (~ 0.3 SH/HSA ratio). These values are in agreement 
with previous data for commercial HSA, which is usually lower than the 
~ 0.7 SH/HSA ratio for HSA in plasma [32,33]. No significant con-
sumption of Cys was determined on incubation of HSA with 500 μM 
MGO under dilute or crowded conditions, however, incubation with 5 
mM MGO or GO resulted in a significant loss of Cys (57.4 μM and 39.1 
μM Cys under dilute and crowded conditions, respectively) when 
compared to controls (Supplementary Fig. 10). In agreement with the 
results obtained for Arg and Lys, no statistical differences in the extent of 
loss of Cys between crowded or dilute conditions was observed. The 
extent of loss of Cys was significantly lower than that for Arg under the 
same experimental conditions (cf. Fig. 4). 

The possible generation of MGO/GO crosslinks involving Lys (and 
Arg) residues, including methylglyoxal–lysine dimer (MOLD), 
methylglyoxal-lysine-arginine-dimer (MODIC) and glyoxal-lysine dimer 
(GOLD) were examined using LC-MS, via the presence of ions with m/z 
341.25, 357.23 and 327.20 (indicative of MOLD, MODIC and GOLD, 
respectively). No evidence of MOLD or MODIC formation was detected 
in control and samples of both proteins treated with MGO (data not 
shown). However, incubation of both proteins with 5 mM GO under both 
dilute and crowded conditions resulted in the detection of a peak with 
m/z 327.2025 assigned to GOLD (theoretical m/z 327.2032; mass error 
2.13 ppm). The intensity of this ion was consistently higher in samples of 
HSA incubated with 5 mM GO under crowded conditions (Fig. 4C and 
Supplementary Fig. 11). However, in the absence of authentic standards, 
and a calibration curve, it is not possible to determine whether there are 
significant differences in the yield of this species between dilute and 
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crowded environments. GOLD was also detected on apo-hTF incubated 
with GO (Supplementary Fig. 11). 

3.5. Mapping of glycation sites on HSA incubated with MGO or GO under 
dilute and crowded conditions by LC-MS 

The specific Arg (R), Cys (C) and Lys (K) residues modified by MGO- 
or GO- under dilute (phosphate buffer) and crowded (120 mg mL− 1 

dextran 70 in phosphate buffer) conditions, was determined by enzy-
matic digestion, and peptide mass-mapping using LC-MS/MS. The 
sequence coverage for HSA in the control and glycated samples was 
89.7% for control samples under dilute (PB) and crowded conditions, 
and 94.2–99.0% for the MGO- and GO-treated samples under dilute and 
crowded conditions (Supplementary Fig. 12). 

Specific modifications at Arg, Cys and Lys induced by MGO were 
examined by searching for ions with m/z +72 Da (corresponding to 
addition of MGO, C3H4O2) and m/z +54 Da (corresponding to loss of 
H2O from an initial MGO adduct, i.e. C3H2O). Using this approach, 
multiple modified peptides were detected on HSA incubated with 0.5 

and 5 mM MGO under diluted and crowded conditions (Table 1). Fig. 5A 
shows the MS/MS spectrum of the triply-charged peptide CAD-
DRADLAKYICE (with Cys carbamidomethylated), with MGO-induced 
modification at Arg257 (dihydroxyimidazolidine or carboxyethyl argi-
nine, m/z +72 Da) on incubation of 526 μM HSA with 500 μM MGO for 
120 h at 37 ◦C in both the absence or presence of 120 mg mL− 1 dextran 
70 in phosphate buffer (Table 1). This site (Arg257) has been reported to 
be a “hotspot” for glycation in HSA, with this changing the local envi-
ronment in the HSA binding site I [34]. Fig. 5B shows the MS/MS 
spectrum of the quadruply-charged peptide YKFQNALLVRYTK with 
modification at Arg410 (formation of a hydroimidazolone, MG-H, with 
m/z +54 Da, Supplementary Fig. 1) in agreement with a previous study 
[13]. This species was detected under both dilute and crowded condi-
tions (Table 1). In total, MGO-induced modifications were detected at 
Arg81, Arg114, Arg145 (only detected as modified under dilute condi-
tions), Arg160, Arg186, Arg218, Arg257, Arg410, Arg485 and Arg521 
on HSA incubated with 500 μM MGO in both the absence, and presence 
of 120 mg mL− 1 dextran 70 (Table 1). Increasing the MGO concentration 
to 5 mM led to the detection of additional modifications at Arg10, 

Table 1 
Comparative table with the peptides detected after the enzymatic digestion of MGO-modified HSA followed by LC-MS/MS analysis. Glycation of HSA was carried out as 
indicated in the Materials and methods section incubating 5 μM, 500 μM or 5 mM MGO with HSA (35 mg mL− 1, 526 μM) for 120 h at 37 ◦C in 100 mM phosphate buffer 
(pH 7.4) in the absence (PB) or presence of 120 mg mL− 1 dextran 70 (Mm ~70,000 g mol− 1, D70). Analysis of peptide mass mapping data was performed using 
Maxquant version 1.6.1.0 and GPMAW 9.5 softwares, with the protein sequence taken from UniProt (Protein ID: P02768).  

Peptide m/z (z) Error (ppm) Mass shift (Da) MGO 

5 μM 500 μM 5 mM 

PB D70 PB D70 PB D70 

VAHR10FKDLGEE 686.8464 (2) − 1.1351 R10 + 72 – – – – X X 
SAENCDKSLHTLFGDKLCTVATLR81E 584.6853 (5) 0.3388 R81 + 54 – – – – X X 
SAENCDKSLHTLFGDKLCTVATLR81E 588.2874 (5) 0.0579 R81 + 72 – – – – X X 
NCDKSLHTLFGDKLCTVATLR81E 878.1001 (3) 0.4473 R81 + 54 – – – – X X 
NCDKSLHTLFGDKLCTVATLR81E 530.8651 (5) − 0.1923 R81 + 72 – – X X X X 
SLHTLFGDKLCTVATLR81E 529.5280 (4) − 0.4006 R81 + 54 – – – – X X 
SLHTLFGDKLCTVATLR81E 534.0306 (4) − 0.5957 R81 + 72 – – – – – X 
LCTVATLR81E 558.7895 (2) − 0.2940 R81 + 54 – – – – – X 
CFLQHKDDNPNLPR114LVRPE 601.3063 (4) 0.0905 R114 + 54 –  X X X X 
CFLQHKDDNPNLPR114LVR117PE 619.3116 (4) 0.1123 R114 + 72 

R117 + 72 
– – – – X X 

IARR145HPYFYAPE 394.2032 (4) 0.8231 R145 + 54 – – X – X – 
IARR145HPYFYAPE 398.7059 (4) 0.2503 R145 + 72 – – – – X – 
LLFFAKR160YKAAFTE 586.9908 (3) − 0.4289 R160 + 54 – – X X X X 
LLFFAKR160YKAAFTE 888.9878 (2) − 0.6929 R160 + 72 – – – X X X 
LLFFAK159R160YKAAFTE 617.0013 (3) − 0.5314 K159 + 72 

R160 + 72 
– – – – X X 

R160YKAAFTE 520.2640 (2) 0.3295 R160 + 54 – – – – X – 
CCQAADKAACLLPKLDELR186DE 633.2988 (4) 1.6447 R186 + 54 – – X X X X 
RAFKAWAVAR218LSQRFPKAE 572.3209 (4) 0.2624 R218 + 54 – – X X X X 
RAFKAWAVAR218LSQRFPKAE 461.6603 (5) 0.4789 R218 + 72 – – X  X X 
R209AFKAWAVAR218LSQR222FPKAE 486.8666 (5) − 0.5239 R209 + 72 

R218 + 72 
R222 + 54 

– – – – X X 

R209AFK212AWAVAR218LSQR222FPKAE 626.3368 (4) 0.1197 R209 + 72 
K212 + 72 
R218 + 54 
R222 + 72 

– – – – X X 

AWAVAR218LSQR222FPKAE 613.3284 (3) − 0.2404 R218 + 54 
R222 + 54 

– – – – X X 

CCHGDLLECADDR257ADLAKYICE 685.2882 (4) − 0.0856 R257 + 54 – – X X X X 
CCHGDLLECADDR257ADLAKYICE 689.7909 (4) 0.3638 R257 + 72 – – X X X X 
CADDR257ADLAKYICE 585.2555 (3) − 0.4617 R257 + 54 – – X X X X 
CADDR257ADLAKYICE 591.2590 (3) − 0.4202 R257 + 72 – – X X X X 
YARRHPDYSVVLLLR348LAKTYE 524.2908 (5) − 0.3344 R348 + 54 – – – – X X 
YKFQNALLVR410YTK 425.2398 (4) − 1.0776 R410 + 54 – – X X X X 
YKFQNALLVR410YTK 429.7424 (4) − 0.3121 R410 + 72 – – X X X X 
VSR428NLGKVGSKCCKHPE 507.7583 (4) 0.8760 R428 + 72 – – – – X X 
KTPVSDR472VTKCCTE 876.9164 (2) 0.8743 R472 + 72 – – – – – X 
SLVNRR485PCFSALEVDE 973.4755 (2) 0.0135 R485 + 54 – – X X X X 
SLVNRR485PCFSALEVDE 982.4807 (2) − 0.1944 R485 + 72 – – X X X X 
SLVNRRPC487FSALEVDE 649.3194 (3) − 0.1684 C487 + 54 – – – – X – 
R521QIKKQTALVE 684.4039 (2) 0.3692 R521 + 54 – – X X X X 
R521QIKKQTALVE 693.4092 (2) 0.2858 R521 + 72 – – – X X X  
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Arg117, Lys159, Arg209, Lys212, Arg222, Arg348, Arg428, Arg472 
(only detected as modified under crowding conditions) and Cys487 
(only detected as modified under dilute conditions) (Table 1). 

With GO and HSA, searches for ions with m/z +58 Da (corresponding 
to addition of GO, C2H2O2) and m/z +40 Da (corresponding to loss of 
H2O from an initial GO adduct, i.e. C2O), were carried out. This resulted 
in the detection (Fig. 5C, D and Supplementary Table 1) of peptides with 
modification at Arg186 (only detected as modified under crowding 

conditions), Arg218, Arg257 and Lys545 when HSA was incubated with 
500 μM GO. Modification at Lys545 was also detected with 5 μM GO 
indicating that this site is particularly susceptible to modification. 
Exposure to 5 mM GO led to the detection of further modifications at 
Arg81, Arg114, Arg186, Arg218, Arg257, Lys262, Lys323, Lys351, 
Arg410, Arg472, Arg521 and Lys545 under both dilute and crowded 
conditions. Additional modifications at Lys12, Lys51, Arg222 and 
Lys233 were detected only under crowded conditions, whilst modifi-
cations at Lys159 and Lys240 were detected only under dilute conditions 
(Supplementary Table 1). These data indicate that there are some resi-
dues that are modified under both conditions, but some are only 
detected as altered species under either dilute or crowded conditions. 

3.6. Mapping of glycation sites on isolated apo-hTF incubated with MGO 
or GO under dilute and crowded conditions by LC-MS 

As with HSA, a high sequence coverage was detected for both control 
(92.8%) and glycated apo-hTF (>85%, Supplementary Fig. 12) under 
both dilute and crowded conditions. Table 2 presents the peptides 
detected as modified species after incubation with 5 μM, 500 μM or 5 
mM MGO under both conditions. Fig. 6A depicts the triply-charged 
peptide YVTAIRNLRE, which was found with a +72 Da shift on 
Arg324 corresponding to a MGO-adduct. This site was also detected with 
a +54 Da shift consistent with the formation of a hydroimidazolone (loss 
of H2O from the +72 Da adduct, Table 2). These modifications were 
detected under both dilute and crowded conditions even at the lowest 
MGO concentration employed (5 μM), indicating a high susceptibility of 
this residue to modification. Fig. 6B shows the triply-charged peptide 
GYYGYTGAFRCLVEK (m/z 613.2908, with the Cys residue carbamido-
methylated), which showed a +54 Da shift at Arg522 assigned to a 
hydroimidazolone (Supplementary Fig. 1). This peptide was also 
detected with a +72 Da shift from an adduct species, under both dilute 
and crowded conditions, with 500 μM MGO (Table 2). As with HSA, and 
in agreement with previous reports [13,34], Arg were the most sus-
ceptible residues in apo-hTF to MGO-induced alteration, though some 
Lys residues were also modified. With 500 μM MGO and apo-hTF, the 
following residues were detected in modified forms: Arg7 (only detected 
as modified under crowded conditions), Arg50 (only detected as modi-
fied under dilute conditions), Arg124, Arg220, Arg308, Arg324, Arg327, 
Arg352, Arg522, Arg568, Arg581, Lys640, Arg644, Arg663, Arg678 
(only detected as modified under dilute conditions) (Table 2). With 5 
mM MGO, additional modifications were detected at Arg7, Cys9, Cys48, 
Arg50, Arg124, Lys217, Arg220, Arg308, Arg324, Arg327, Arg352, 
Arg522, Cys573, Arg568, Lys569, Arg581, Lys640, Arg644, Arg663, and 
Arg678 (Table 2). Given that apo-hTF contains 26 Arg and 58 Lys resi-
dues, these data indicate that even with the highest excess of MGO (5 
mM) only 14 of 26 Arg and 3 of 58 Lys residues were modified to a 
detectable extent. Moreover, only Arg324 was detected as a modified 
species (+54 and + 72 Da mass shifts) when apo-hTF was incubated with 
5 μM MGO under crowded conditions, whereas in the absence of dextran 
(dilute conditions) modifications were detected on Arg324, Lys640, 
Arg644 and Arg663 (Table 2). 

With GO the pattern of modifications was observed to be different to 
that detected with MGO, with no modifications detected on apo-hTF 
when incubated with 5 μM GO. With 500 μM GO, modifications were 
detected on a much larger number of residues (Supplementary Table 2) 
under both dilute and crowded conditions, or under one or other con-
dition alone. Thus, alterations were detected at Arg7, Lys42, Lys102 
(only detected as modified under dilute conditions), Lys 103 (only 
detected as modified under crowded conditions), Lys113 (only detected 
as modified under crowded conditions), Arg124, Lys206, Arg220, 
Lys239, Lys291 (only detected as modified under dilute conditions), 
Lys296Arg324, Lys445, Arg475, Lys534, Lys557, Lys599 (only detected 
as modified under dilute conditions), Arg632 Lys640 and Arg644 
(Fig. 6C and D and Supplementary Table 2). 

Fig. 5. Glycation of HSA (35 mg mL− 1) by 500 μM MGO and GO yields glycated 
products on Arg (R) and Lys (K) residues. Panel A: Representative MS/MS 
spectra of the modified peptide CADDR257ADLAKYICE (Arg257 + 72 Da; m/z: 
591.2590; charge state: +3; mass error: 0.5322 ppm) from HSA after incubation 
with 500 μM MGO for 120 h at 37 ◦C in presence of 120 mg mL− 1 dextran 70 in 
100 mM phosphate buffer (pH 7.4). Panel B: Representative MS/MS spectra of 
the peptide YKFQNALLVR410YTK (Arg410 + 54 Da; m/z: 425.2398; charge 
state: +4; mass error: − 1.0776 ppm) from HSA after incubation with 500 μM 
MGO for 120 h at 37 ◦C in presence of 120 mg mL− 1 dextran 70 in 100 mM 
phosphate buffer (pH 7.4). Panel C: Representative MS/MS spectra of the 
peptide CADDR257ADLAKYICE (Arg257 + 39.99 Da; m/z: 580.5836; charge 
state: +3; mass error: 0.3036 ppm) from HSA after incubation with 500 μM GO 
for 120 h at 37 ◦C in presence of 120 mg mL− 1 dextran 70 in 100 mM phosphate 
buffer (pH7.4). Panel D: Representative MS/MS spectra of the peptide EQL-
K545AVMDDFAAFVEK (Lys545 + 58 Da, m/z: 633.6450; charge state: +3; mass 
error: − 0.3339 ppm) from HSA after incubation with 500 μM GO for 120 h at 
37 ◦C in presence of 120 mg mL− 1 dextran 70 in 100 mM phosphate 
buffer (pH7.4). 
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4. Discussion 

Crowding and microenvironments are inherent features of biological 
systems. These modulate biochemical interactions and properties of 
proteins including diffusion, protein-protein interactions, folding, 
enzyme kinetics and aggregation [35–38]. Furthermore, the increased 
interactions arising from high protein concentrations (and thus crowded 
environments) has been shown to modulate the pathways and extents of 
protein modification generated by oxidative insults, with enhanced loss 
of oxidizable residues due to the occurrence of short-chain reactions that 
propagate damage within and between proteins [18,20]. We have re-
ported recently that crowding and membraneless microdomains can 
modulate the rate and extent of Trp oxidation, with formation of 
chain-carrying Trp-derived peroxyl radicals that can oxidize other tar-
gets such as Met and Tyr residues [19]. These data emphasize the 
importance of using experimental systems that mimic, as closely as 
possible, the effects that molecular crowding and microenvironments 
may have on protein modification and redox signaling processes. Effects 
on the latter may be of particular relevance, as recent studies indicate 
that redox signaling and phase separation (formation of membraneless 
compartments where proteins are confined in a small volume) are 
tightly associated in the regulation and acclimatization of plants, and in 
the modulation of the target of rapamycin (TOR) signaling pathway in 
yeast [39,40]. 

In the present work we examined potential effects of molecular 
crowding and membraneless microdomains on the glycation of HSA and 

apo-hTF. Both proteins are abundant in human plasma/serum and 
therefore major targets of α-oxoaldehydes (e.g. MGO and GO) that are 
present at elevated levels in the plasma of people with diabetes. 
Crowding was induced by addition of dextran or ficoll at a concentration 
of 120 mg mL− 1. These polymers were chosen as crowding agents as are 
not expected to compete with Arg, Lys and Cys for MGO or GO. More-
over, these agents generate an exclusion volume phenomenon as result 
of steric repulsion, increase the viscosity of aqueous solutions in a 
concentration-dependent manner, and also generate microenvironments 
as result of self-association into networks [19,28,41]. 

Exposure of HSA to a range of concentrations of MGO or GO under 
dilute and crowded conditions provided no evidence for significant 
protein crosslinks (dimers, trimers etc) as determined by SDS-PAGE 
(Fig. 1A), although the broadening and smearing of the parent protein 
band (~66 kDa) is consistent with significant modification of the HSA 
monomer. In contrast, similar analyses of apo-hTF revealed the presence 
of cross-linked and aggregated protein after incubation with 500 μM 
MGO or GO, with some material remaining in the loading wells 
(Fig. 1A). The extent of aggregation and consumption of apo-hTF 
monomer was greater with higher concentrations of MGO (i.e. 5 mM). 
Interestingly, when glycation of apo-hTF was carried out in the presence 
of multiple different crowding agents, a lower level of crosslinks, and a 
higher concentration of apo-hTF monomer, were detected (Fig. 1A). This 
observation was confirmed by electron microscopy where, for the dilute 
situation, an absence of the small species detected in control samples, 
and the exclusive presence of amorphous aggregates was detected 

Table 2 
Comparative table with the peptides detected after the enzymatic digestion of MGO-modified apo-hTF followed by LC-MS/MS analysis. Glycation of apo-hTF was 
carried out as indicated in the Materials and methods section incubating 5 μM, 500 μM or 5 mM MGO with apo-hTF (2 mg mL− 1, 25 μM) for 120 h at 37 ◦C in 100 mM 
phosphate buffer (pH 7.4) in absence (PB) or presence of 120 mg mL− 1 dextran 70 (Mm ~70,000 g mol− 1, D70). Analysis of peptide mass mapping data was performed 
using Maxquant version 1.6.1.0 and GPMAW 9.5 softwares, with the protein sequence taken from UniProt (Protein ID: P02787).  

Peptide m/z (z) Error (ppm) Mass shift (Da) MGO 

5 μM 500 μM 5 mM 

PB D70 PB D70 PB D70 

TVR7WCAVSE 581.2715 (2) 0.2823 R7 +54 – – – X X X 
TVR7WC9AVSE 626.2873 (2) − 0.5055 R7 +72 

C9 +72 
– – – – X X 

KASYLDC48IR50AIAANE 613.6366 (3) 0.4489 C48 + 72 
R50 + 72 

– – – – X X 

ASYLDCIR50AIAANE 810.8879 (2) − 0.1794 R50 + 54 – – X – X X 
ASYLDCIR50AIAANE 819.8932 (2) − 1.0267 R50 + 72 – – X – X X 
SCHTGLGR124SAGWNIPIGLLYCDLPEPRKPLE 715.1414 (5) 2.0490 R124 + 54 – – X X X X 
NLANK217ADR220DQYE 521.5742 (3) 0.2287 K217 + 72 

R220 + 54 
– – – – X X 

NLANKADR220DQYE 497.5672 (3) 0.3157 R220 + 54 – – X X X X 
DLLFKDSAHGFLKVPPR308MDAK 488.6629 (5) 0.2367 R308 + 54 – – X X X X 
DLLFKDSAHGFLKVPPR308MDAK 492.2649 (5) 0.1279 R308 + 72 – – X X X X 
YVTAIR324NLRE 644.8540 (2) − 0.9897 R324 + 54 X X X X X X 
YVTAIR324NLRE 436.2419 (3) 0.6715 R324 + 72 X X X X X X 
YVTAIR324NLR327E 448.2420 (3) 0.8367 R324 + 54 

R327 + 54 
– – X X X X 

R352LKCDE 437.7080 (2) 0.1378 R352 + 54 – – X X X X 
GYYGYTGAFR522CLVEK 613.2908 (3) − 0.5516 R522 + 54 – – X X X X 
GYYGYTGAFR522CLVE 576.5960 (3) − 0.8241 R522 + 72 – – X X X X 
GYYGYTGAFR522C523LVE 900.4009 (2) − 0.1315 R522 + 72 

C573 + 72 
– – – – X X 

LLCLDGTR568KPVEE 528.6081 (3) − 0.4277 R568 + 54 – – X X X X 
LLCLDGTR568KPVEE 534.6116 (3) − 1.5012 R568 + 72 – – X – X  
LLCLDGTR568K569PVEE 558.6187 (3) − 0.1227 R568 + 72 

K569 + 72 
– – – – X X 

YANCHLAR581APNHAVVTRKDKE 626.8198 (4) 0.4556 R581 + 54 – – X X X X 
DLLFRDDTVCLAK640LHDRNTYE 667.3274 (4) 0.7165 K640 + 72 X – X – X X 
DLLFRDDTVCLAK640LHDR644NTYE 680.8301 (4) 0.6996 K640 + 72 

R664 + 54 
– – X X X X 

DLLFRDDTVCLAK640LHDR644NTYE 685.3327 (4) 0.3616 K640 + 72 
R644 + 72 

– – X – X X 

DLLFRDDTVCLAKLHDR644NTYE 662.8247 (4) 0.3902 R644 + 54 X – X X – X 
DLLFRDDTVCLAKLHDR644NTYE 667.3274 (4) 0.3231 R644 + 72 – – X X – X 
YVKAVGNLR663K 401.2399 (3) − 0.6776 R663 + 54 X – X X X X 
ACTFRR678P 481.2373 (2) − 0.6768 R678 + 54 – – X – X X  

E. Fuentes-Lemus et al.                                                                                                                                                                                                                        



Free Radical Biology and Medicine 193 (2022) 551–566

562

(Fig. 1B). With crowded systems, a mixture of amorphous aggregates 
together with apo-hTF monomers and proto-fibrils was observed. 
Furthermore, the formation of insoluble apo-hTF aggregates was only 
observed for samples glycated under dilute conditions (Supplementary 
Fig. 6), confirming that crowding decreases the extent of apo-hTF 
crosslinking and aggregation. These differences between HSA and apo- 
hTF, on incubation with increasing doses of MGO or GO, are possibly 
due to the different molar ratios of MGO/GO to protein utilized (cf. ~9.5 
for HSA incubated with 5 mM MGO/GO, compared to 20 for apo-hTF 
incubated with 500 μM MGO/GO), with the protein concentration 
kept constant at physiological values. Thus, we cannot discount the 
possibility that HSA forms crosslinks/aggregates at higher MGO/GO to 
HSA ratios, and this has indeed been reported for dilute samples of HSA 
(2 mg mL− 1) incubated with 10 mM MGO (i.e. a molar excess of MGO 
over protein of ~333 [42]). 

In light of previous data showing that glycation induces protein 
conformational changes and exposure of hydrophobic sites [15,42], this 
was examined using ANS binding. The fluorescence from bound ANS 
was not significantly affected for HSA incubated with any of the tested 
concentrations of MGO or GO, either in the absence or presence of 
crowding agents (Fig. 2A, B). Similar findings were observed for 
apo-hTF, with low or modest concentrations of MGO/GO, but an in-
crease in ANS fluorescence was detected with 5 mM MGO and GO 
(Fig. 2C and D). This difference is most likely to be due to the higher 
glycation agent to protein ratio for apo-hTF compared for HSA, but may 
also be a protein-dependent phenomenon; further studies are needed to 
resolve this point. A small enhancement in the ANS fluorescence in-
tensity was observed for apo-hTF glycated under crowded conditions, 
suggesting that lower extents of oligomer formation (Fig. 1) are 
accompanied by a greater exposure of hydrophobic ‘patches’, or con-
formational/structural changes that modulate electrostatic interactions 
(Fig. 2). Similarly, the formation of protein carbonyls and fluorescent 
advanced glycation endproducts (AGEs) were also modulated by 
crowding (Fig. 3). This effect of crowding was most evident at high (5 
mM) concentrations of the glycation agents (Supplementary Fig. 7, 8). 

Analysis of MGO- or GO-treated HSA and apo-hTF samples by LC-MS 
indicated that the formation of stable modifications occurs mainly at Arg 
(Fig. 4) with lower levels of modification at Lys (Supplementary Fig. 9). 
MGO is more efficient than GO with regard to Arg modification in both 
proteins. Thus, 500 μM MGO induced a loss of ~2% and ~28% of Arg 
residues in HSA and apo-hTF, respectively, representing the loss of 0.48 
Arg residues per HSA molecule (and a total loss of ~252 μM Arg), and 
7.28 Arg residues per apo-hTF molecule (total loss of ~182 μM Arg). 
Limited loss of the sole (reduced) Cys34 residue on HSA was also 
detected, consistent with the formation of adduct species (cf. previous 
data [43,44]). The consumption of these residues in either protein was 
not affected by the crowding agents, suggesting that crowding modu-
lates the overall pathway, and secondary consequences, of protein 
modification rather than the mechanism of the initial reactions with the 
α-oxoaldehydes, or the total extent of residue loss. The crowding does 
however appear to modulate which particular residues (of the total Arg 
or Lys pool) are affected, possibly as a result of modified dynamic mo-
tion (e.g. transient unfolding) or steric ‘blocking’ of particular sites in 
crowded environments. In previous work, we have reported that 
crowding enhances radical-mediated oxidation of Trp by modulating 
chain termination reactions, resulting in altered extents of product and 
oligomer formation [19]. As the current study only examined samples 
incubated for 120 h (a limitation of this study), possible effects of 
crowding on the rates of glycation (which are slow [45]) are unknown, 
but it is suggested that high local concentrations of proteins and altered 
diffusion rates of both the proteins and glycation agents under crowding 
conditions may modulate the rates, but not the total extent (as measured 
here) of residue modification. 

The sites of glycation within the HSA and apo-hTF sequences have 
been determined by peptide mass mapping (Figs. 5 and 6, Tables 1 and 
2, and Supplementary Tables 1 and 2). For glycation of HSA induced by 

Fig. 6. Glycation of apo-hTF (2 mg mL− 1) by 500 μM MGO and GO yields 
glycated products on Arg (R) and Lys (K) residues. Panel A: Representative MS/ 
MS spectra of the peptide YVTAIR324NLRE (Arg324 + 72 Da; m/z: 436.2419; 
charge state: +3; mass error: 0.4832 ppm) from hTF (25 μM) after incubation 
with 500 μM MGO for 120 h at 37 ◦C in presence of 120 mg mL− 1 dextran 70 in 
100 mM phosphate buffer (pH7.4). Panel B: Representative MS/MS spectra of 
the modified peptide GYYGYTGAFR522CLVEK (Arg522 + 54 Da; m/z: 
613.2908; charge state: +3; mass error: − 0.5516 ppm) from hTF (25 μM) after 
incubation with 500 μM MGO for 120 h at 37 ◦C in presence of 120 mg mL− 1 

dextran 70 in 100 mM phosphate buffer (pH7.4). Panel C: Representative MS/ 
MS spectra of the peptide DLLFK296DSAHGFLK (Lys296 + 58 Da; m/z: 
774.9065; charge state: +2; mass error: − 0.2165 ppm) from hTF (25 μM) after 
incubation with 500 μM GO for 120 h at 37 ◦C in presence of 120 mg mL− 1 

dextran 70 in 100 mM phosphate buffer (pH7.4). Panel D: Representative MS/ 
MS spectra of the peptide DLLFR632DDTVCLAK (Arg632 + 40 Da: m/z: 
535.9362; charge state: +3; mass error: − 0.1455 ppm) from hTF (25 μM) after 
incubation with 500 μM GO for 120 h at 37 ◦C in presence of 120 mg mL− 1 

dextran 70 in 100 mM phosphate buffer (pH7.4). 
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500 μM MGO, Arg81, Arg114, Arg160, Arg186, Arg218, Arg257, 
Arg410, Arg485 and Arg521 were all identified as sites of modification 
as determined by the presence of ions with +72 or +54 Da mass shifts 
under crowded conditions (Fig. 7A, Table 1). This is in agreement with 
previous data indicating that Arg257 and Arg410 are the most suscep-
tible residues in HSA to modification under physiologically-relevant 
conditions [13,34]. Glycation induced by 500 μM GO resulted in the 
modification (as determined by the presence of m/z +58 or +40 Da ions) 
of Arg186, Arg218, Arg257 and Lys545 under crowded conditions. Of 
note, is the observation that Arg186, Arg218 and Arg257 are modified 
by both MGO and GO, though none of these Arg residues appear to have 
major surface exposure as judged from crystal structure data (Fig. 7B). 
The susceptibility of these residues to glycation may be due to dynamic 
motion of the protein structure and/or to a decreased pKa values of the 
N–H bond in the reactive function, which would increase the nucleo-
philicity and reactivity of the side-chain. The latter is of particular po-
tential importance, as a recent study has reported that the ε-amino group 

of Lys98 in an immunoglobulin-G4-based therapeutic monoclonal 
antibody is highly susceptible to glycation as a result of its unusually low 
pKa value [46]. The side-chains of both Arg186 (pKa 11.09) and Arg218 
(pKa 9.56) in HSA are calculated to have lower pKa values than free Arg 
(pKa 12.48), as determined using the software PROPKA [46]. However, 
the side-chain of Arg257 is calculated to have a higher pKa (pKa 13.18) 
though this residue is located in binding site I of albumin, in close 
proximity to aromatic residues Trp214, Phe211 and His242, and this 
low polarity microenvironment may favor glycation reactions. This 
would be in agreement with the high prevalence of Arg257 modifica-
tions in human HSA samples [34], and may rationalize the susceptibility 
of this residue to glycation. This selectivity of MGO and GO for specific 
Arg or Lys residues should be taken into consideration in the search for 
therapeutic anti-glycation agents [47]. 

Incubation of apo-hTF with 500 μM MGO resulted in glycation at 
Arg7, Arg124, Arg220, Arg308, Arg324, Arg327, Arg352, Arg522, 
Arg568, Arg581, Lys640, Arg644 and Arg663 under crowded conditions 

Fig. 7. Representation of the 3-dimensional struc-
tures of HSA (Panels A and B) and apo-hTF (Panels C 
and D) showing the major sites of modification 
(Panels A and C) and the surface exposure (Panels B 
and D) of these residues after incubation of the pro-
teins with 500 μM MGO under crowded conditions. 
The position of residues Arg81 (R81) and Arg410 
(R410) are indicated as point of reference for HSA 
(Panel B), and Arg327 (R327) and Arg522 (R522) are 
indicated as point of reference for apo-hTF (Panel D).   
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(Fig. 7C, Table 2). In contrast to the data for HSA, where most of the 
modified residues appear to be buried, in apo-hTF six of the modified 
residues (Arg324, Arg352, Arg522, Arg568, Lys640 and Arg644) are 
solvent exposed (Fig. 7D). With 500 μM GO, modifications at Arg7, 
Lys42, Lys103, Arg124, Lys, 206, Arg220, Lys239, Lys296, Arg324, 
Lys445, Arg475, Lys534, Lys557, Arg632, Lys640 and Arg644 were 
detected (Supplementary Table 2). Of the residues modified in apo-hTF 
by GO and MGO, Arg124, Lys206, Lys296, Lys534 and Arg632 are 
important for the coordination, or release, of iron (Fig. 8). Arg124 is 
located in the N-lobe of apo-hTF and is conserved across mammalian 
species [48], with this participating in Fe3+ coordination, together with 
residues Asp63, Tyr95, Tyr188 and His249, and permitting an ionic 
interaction between Fe3+ and a carbonate ion that interacts with this 
residue [14]. Similarly, Lys206 and Lys 296 in the N-lobe, and Lys534 
and Arg632 in the C-lobe of transferrin play a role in iron release [14]. 
Therefore glycation of these residues in vivo, and particularly in the 
context of diabetes, may impair the iron homeostatic role of this protein. 
In this context it is interesting to note that increased transferrin satu-
ration is a risk factor for any form of diabetes [49,50], and Ellervik and 
coworkers have reported that increased transferrin saturation can help 
predict and assess risk in people with diabetes independently of an 
altered genotype [50]. Furthermore, early determination of the extent of 
transferrin saturation can improve their life expectancy [50]. Such 
altered transferrin saturation may be a consequence of modifications at 
Lys206, Lys296, Lys534 or Lys632 mediated by GO, and also modifi-
cation of Arg124 induced by MGO or GO. It has been reported that 
mutation of either member of the di-Lys (Lys206, Lys296) trigger in the 
N-lobe of the protein to Glu or Ala, dramatically decreases the rate of 
iron removal, as iron release in this lobe is triggered by protonation of 
one of the Lys residues, causing electrostatic repulsion and a confor-
mational change in the protein that enables iron release [14]. Thus 
glycation may alter the microenvironment and chemical properties of 
the residues required for iron binding and release, and thereby impair 
transferrin function. 

5. Conclusions 

The data reported here demonstrate that glycation of the plasma 
proteins HSA and apo-hTF induced by MGO and GO can be modulated 
by crowding. Such crowding, arising from high protein concentrations 
or the presence of inert crowding agents modulates the extent of 
carbonyl formation, and limits oligomer formation from apo-hTF, but 
not HSA. Arg was the most susceptible residue to modification in both 
proteins under both diluted and crowded conditions, with the total 
extent of loss of this residue being unaffected by the crowding agents. 
However, LC-MS data showed that the sites of modification are different 
between dilute and crowded conditions. This difference may be due to 
altered dynamic motion (transient unfolding) or steric ‘blocking’ of 

particular sites in crowded environments. Despite these differences, 
modification at residues proposed as glycation biomarkers in HSA 
(Arg257 and Arg410), and apo-hTF (Arg124, Lys206, Lys296, Lys534 
and Arg632) were detected as modified species both under crowded and 
dilute conditions confirming the susceptibility of these residues to 
modification by α-oxoaldehydes such as MGO and GO. Together, these 
data demonstrate that crowding and membraneless microdomains can 
be of major importance in determining the extent of protein oligomer 
formation (e.g. for apo-hTF), the pathways that generate modifications, 
and the sites of damage. These factors should therefore be taken into 
consideration in studies of modification reactions, and their conse-
quences, in biological matrices as well as protein-based medicines (e.g. 
monoclonal antibodies) where high protein concentrations are a com-
mon feature, and where inert polymers (e.g. dextran) are added as 
carrier materials. 
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