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Abstract 

Background Glycosylation is an enzyme‑catalyzed post‑translational modification that is distinct from glyca‑
tion and is present on a majority of plasma proteins. N‑glycosylation occurs on asparagine residues predominantly 
within canonical N‑glycosylation motifs (Asn‑X‑Ser/Thr) although non‑canonical N‑glycosylation motifs Asn‑X‑Cys/Val 
have also been reported. Albumin is the most abundant protein in plasma whose glycation is well‑studied in diabetes 
mellitus. However, albumin has long been considered a non‑glycosylated protein due to absence of canonical motifs. 
Albumin contains two non‑canonical N‑glycosylation motifs, of which one was recently reported to be glycosylated.

Methods We enriched abundant serum proteins to investigate their N‑linked glycosylation followed by trypsin diges‑
tion and glycopeptide enrichment by size‑exclusion or mixed‑mode anion‑exchange chromatography. Glycosylation 
at canonical as well as non‑canonical sites was evaluated by liquid chromatography–tandem mass spectrometry 
(LC–MS/MS) of enriched glycopeptides. Deglycosylation analysis was performed to confirm N‑linked glycosylation 
at non‑canonical sites. Albumin‑derived glycopeptides were fragmented by MS3 to confirm attached glycans. Paral‑
lel reaction monitoring was carried out on twenty additional samples to validate these findings. Bovine and rabbit 
albumin‑derived glycopeptides were similarly analyzed by LC–MS/MS.

Results Human albumin is N‑glycosylated at two non‑canonical sites,  Asn68 and  Asn123. N‑glycopeptides were 
detected at both sites bearing four complex sialylated glycans and validated by MS3‑based fragmentation and degly‑
cosylation studies. Targeted mass spectrometry confirmed glycosylation in twenty additional donor samples. Finally, 
the highly conserved  Asn123 in bovine and rabbit serum albumin was also found to be glycosylated.

Conclusions Albumin is a glycoprotein with conserved N‑linked glycosylation sites that could have potential clinical 
applications.
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Background
Glycosylation is the commonest post-translational modi-
fication (PTM) of proteins [1]. It is distinct from glyca-
tion, a non-enzymatic process of protein modification by 
the addition of sugars on a background of hyperglycemia. 
Glycation affects a number of plasma proteins includ-
ing albumin, haptoglobin and fibrinogen and is associ-
ated with microvascular damage and organ dysfunction 
in advanced diabetes [2]. By contrast, glycosylation is an 
enzyme-catalyzed physiological process which occurs on 
specific amino acids and is essential for protein stability, 
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folding and function [3]. N-linked glycosylation is the 
most complex form of protein glycosylation in humans, 
where oligosaccharide chains or glycans are covalently 
attached to proteins at asparagine (Asn) residues by an 
N-glycosidic bond [1]. Most secretory and plasma pro-
teins are N-glycosylated at asparagines in a canonical 
motif in the primary amino acid sequence, Asn-X-Ser/
Thr, where X is any amino acid except proline [4]. The 
hydroxyl group in the side chain of serine or threo-
nine performs the hydrogen bond donor function that 
is necessary for the catalytic transfer of the N-glycan to 
asparagine [5]. However, the presence of this motif is 
not sufficient for, and does not always result in, glyco-
sylation. It is estimated that only ~ 70% of such sites are 
glycosylated [4]. Further, N-glycosylation sites are occu-
pied by glycans to different levels, defining glycosylation 
macroheterogeneity [6]. Besides the canonical motif, 
N-glycosylation occurs on asparagines within the non-
canonical motif Asn-X-Cys of some proteins, with the 
sulfhydryl group of cysteine performing the hydrogen 
bond donor function. However, the sulfur on cysteine has 
less electronegativity than oxygen on the side chains of 
serine or threonine [7]. As a result, this motif is known 
to be glycosylated at low levels in several proteins includ-
ing transferrin and von Willebrand Factor [8, 9]. Another 
non-canonical motif, Asn-X-Val, has been shown to be 
glycosylated to low levels in some proteins including 
alpha-1B-glycoprotein and apolipoprotein B-100 [10, 11].

Mass spectrometry (MS)-based analysis of deglyco-
sylated peptides has historically played an important 
role in the identification of glycoproteins and their sites 
of N-glycosylation [12]. Advancements in MS technol-
ogy over the past several years coupled with the devel-
opment of appropriate database search tools have 
facilitated comprehensive glycopeptide profiling with 
identification of intact glycans and their sites of attach-
ment [11]. We sought to deploy advanced MS meth-
ods to discover and characterize glycosylation events 
that might have been missed previously because of low 
abundance or because they occurred at non-canonical 
motifs. Among abundant plasma proteins, such motifs, 
i.e., Asn-X-Cys or Asn-X-Val are present in alpha-2-mac-
roglobulin, alpha-1-acid glycoprotein 2, transferrin, 
immunoglobulin heavy chains, and albumin [13]. Albu-
min is the most abundant plasma protein and besides 
maintenance of colloidal osmotic pressure of plasma, 
it functions as a transporter, antioxidant and enzyme 
[14]. It has been considered a non-glycosylated protein 
because it does not contain a canonical motif in its amino 
acid sequence. However, asparagines at sites  Asn68 and 
 Asn123 are part of non-canonical N-glycosylation motifs 
Asn-X(Glu)-Val and Asn-X(Glu)-Cys, respectively [13]. 
We wondered if albumin is glycosylated at these sites at 

levels that might not be detected by traditional meth-
ods of glycoprotein analysis [15]. Recently, one of these 
sites, i.e.,  Asn68, was reported to be linked to two gly-
cans  (Hex5HexNAc4NeuAc2 and  Hex5HexNAc4NeuAc1) 
based on MS/MS fragmentation data [10]. In our expe-
rience with the analysis of plasma and serum-derived 
glycopeptides enriched using alternate methods, we 
observe a greater degree of glycan microheterogeneity 
in glycopeptides derived from abundant plasma proteins 
[11]. We were intrigued if  Asn68 is occupied by a larger 
glycan repertoire and if  Asn123 is also glycosylated. Thus, 
we systematically investigated N-linked glycosylation of 
albumin in serum from volunteer donors using a multi-
pronged approach.

Methods
Samples
Twenty-three serum samples used in this study were 
deidentified residual samples from volunteer donors 
(approved by Mayo Clinic IRB: 21-012890).

LC–MS/MS‑based discovery analysis of serum‑derived 
glycopeptides
Serum samples from volunteer donors were first 
enriched for 14 abundant serum proteins and digested 
with trypsin. Glycopeptides were enriched from the pep-
tide mixture using either size exclusion chromatography 
or mixed-mode anion exchange cartridge (MAX), and 
analyzed by mass spectrometry (MS) in data dependent 
acquisition mode an Orbitrap Eclipse mass spectrometer 
(Thermo Fisher Scientific) [11, 16, 17]. Data was searched 
in pGlyco3 [18]. Commercial bovine (Thermo Scientific) 
and rabbit (Sigma) serum albumin were digested fol-
lowed by glycopeptide enrichment using MAX. Details 
of sample preparation and MS analysis are provided in 
Additional file 1: Supplemental Methods.

Mapping N‑glycosylation sites onto structure of albumin
The crystal structure of human albumin derived from 
pooled human plasma with the identifier 1AO6 [19] was 
obtained from the PDB [20] and visualized using PyMOL 
(v2.5.7) [21]. N-linked glycosylation site  Asn68 was high-
lighted in red color. The structure was rotated by 90º to 
visualize the other glycosylation site,  Asn123, which was 
also highlighted in red.

Deglycosylation analysis of serum glycoproteins
Glycopeptides from serum proteins enriched by MAX 
were treated overnight with PNGase F (N-Zyme Scientif-
ics) in either 16O or 18O water (97% 18O enriched, Sigma) 
at 37  °C. Deglycosylated peptides were analyzed by MS 
in parallel reaction monitoring mode as described in 
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the Additional file  1: Supplemental Methods. Spectral 
inspection and peak identification were done manually.

MS3 analysis of glycopeptides
Albumin was immunoprecipitated from pooled serum 
samples using anti-albumin antibody (Invitrogen) fol-
lowed by trypsin digestion and MAX-enrichment of gly-
copeptides. Selected glycopeptides were analyzed in the 
MS3 mode on an Orbitrap Eclipse mass spectrometer. 
Precursor ions were detected in the Orbitrap at a resolu-
tion of 120,000 with a scan range of 800 to 1500 m/z. Pre-
cursor ions were selected and fragmented in the ion-trap 
using collision induced dissociation (CID). Fragment ions 
were detected in the ion-trap and selected fragment ions 
for each precursor were further fragmented using HCD. 
Data analysis and fragment annotation in MS2 and MS3 
spectra was done manually. See Additional file 1: Supple-
mental Methods for details.

Targeted LC–MS/MS analysis
Glycopeptides derived from 20 volunteer donor serum 
samples were analyzed in targeted mode on an Orbitrap 
Exploris 480 mass spectrometer (Thermo Fisher Scien-
tific) coupled with Ultimate 3000 liquid chromatography 
system. Inclusion list consisted of precursor ions for all 
the detected albumin glycopeptides. Data was analyzed 
using Skyline (v 22.2) [22]. Details are described in the 
Additional file 1: Supplemental Methods.

Results
We employed a rigorous multi-step LC–MS/MS 
approach to detect and confirm N-glycosylation at the 
two non-canonical sites of albumin along with attached 
glycans. First, we performed deep discovery analysis 
using donor serum samples to identify intact glycopep-
tides with sites  Asn68 and  Asn123. We then confirmed 
our findings using streamlined enrichment methods, tar-
geted LC–MS/MS analysis of 18O-labeled deglycosylated 
peptides as well as MS3 analysis of intact glycopeptides. 
These findings were validated in serum samples from 
twenty additional donors by targeted glycopeptide detec-
tion. Further, we show that the highly conserved glyco-
sylation motif at  Asn123 is also glycosylated in bovine and 
rabbit serum albumin.

A novel N‑linked glycosylation site on albumin
For initial discovery, we analyzed serum from three vol-
unteer donors using previously described glycoproteomic 
profiling methods [11]. First, we reduced the complex-
ity of the serum glycoproteome by enriching the most 
abundant serum proteins using the Human 14 Multiple 
Affinity Removal (MARS 14) column prior to trypsin 
digestion. Second, we enriched glycopeptides from 

peptide mixtures using size-exclusion chromatography 
(SEC). Eight fractions from SEC were analyzed using 
LC–MS/MS-based discovery pipeline [11] (Fig. 1A). The 
resulting data were searched using pGlyco3 for glycopep-
tide identification [18]. The search was performed against 
the UniProt human proteome database and the in-built 
human N-glycan database [13]. On average, 1933 glyco-
peptides were detected in the three samples. The most 
abundant glycopeptides were from abundant serum gly-
coproteins including haptoglobin, alpha-1-acid glyco-
protein, immunoglobulin heavy chain and complement 
C3. These proteins accounted for > 80% of the glycopep-
tide precursor peak areas. N-glycopeptides from albu-
min were detected with glycosylation at both sites  Asn68 
 (LVN68EVTEFAK) and  Asn123  (QEPERN123ECFLQHK, 
which contains a missed tryptic cleavage site N-terminal 
to the site of glycosylation). To our knowledge, this is the 
first report of N-glycosylation at  Asn123 of albumin. At 
both sites, complex sialylated N-glycans with the follow-
ing compositions were identified:  Hex5HexNAc4NeuAc2, 
 Hex5HexNAc4NeuAc1,  Hex5HexNAc4NeuAc2Fuc1 and 
 Hex4HexNAc3NeuAc1 (Fig.  1B). Two of these glycans, 
 Hex5HexNAc4NeuAc2Fuc1 and  Hex4HexNAc3NeuAc1 
have not been reported previously on  Asn68. To our sur-
prise, albumin-derived glycopeptides accounted for < 1% 
of the total intensity of glycopeptides derived from abun-
dant serum proteins even though albumin is the most 
abundant serum protein. The relative contribution of 
individual glycoproteins enriched by MARS 14 to total 
glycopeptide intensity from these samples is shown in 
Fig.  1C. We were curious to observe the relationship 
between the abundance of these proteins and the abun-
dance of corresponding glycopeptides. For comparison, 
we used protein-level data reported by Geyer et al., 2016, 
to plot the relative intensities of the same proteins from 
plasma samples [23]. As shown in Fig. 1C, though albu-
min accounted for 36% total peptide share among these 
proteins, it only contributed 1% of the glycopeptide sig-
nal. Because N-glycosylation occurs more commonly 
on exposed regions of proteins as compared to internal, 
more buried regions [24], we examined the location of 
both glycosylation sites in the three-dimensional struc-
ture of albumin. We visualized the crystal structure of 
albumin from Protein Data Bank and mapped the two 
N-glycosylation sites [20]. As shown in Fig.  1D, both 
 Asn68 and  Asn123 are located on the surface of the struc-
ture of albumin.

Next, we tested an alternate strategy for glycopeptide 
enrichment for analysis by single MS runs. Peptides 
from MARS 14-enriched proteins were subjected to 
glycopeptide enrichment using MAX [17]. LC–MS/MS 
analysis of enriched samples as a single fraction led to 
the identification of 409 glycopeptides in each sample on 
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average. In this method also, the most abundant serum 
glycoproteins described above accounted for > 80% of 
the glycopeptide precursor peak areas. Glycosylation at 
both non-canonical glycosylation sites of albumin, i.e., 

 Asn68 and  Asn123 was also detected in all three samples 
following MAX-enrichment. However, both sites were 
detected with only two glycans  (Hex5HexNAc4NeuAc2, 
 Hex5HexNAc4NeuAc1) using this method (Additional 

Fig. 1 N‑linked glycosylation of albumin and other abundant serum proteins. A Experimental strategy for discovery‑based analysis of site‑specific 
glycosylation of abundant serum proteins. B Representation of glycopeptides identified at  Asn68 and  Asn123 in human albumin with glycans 
identified at each site (length not drawn to scale). C Stacked bar charts to show relative contributions from abundant serum proteins. Relative 
contribution to total glycopeptide intensity from proteins enriched by MARS 14 column is plotted on the right. The relative abundance levels 
among the same set of proteins in plasma, i.e., at the protein level, are plotted on the left (glycopeptide data from current study; protein‑level 
data from plasma proteomics experiments, Geyer et al., 2016) [24]. D Schematic representation of the crystal structure of albumin highlighting 
the accessible positions of the two N‑glycosylation sites (marked in red)
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file  2: Fig. S1) Glycopeptides detected from SEC- and 
MAX-enriched samples are listed in Additional file  3: 
Tables S1 and S2, respectively.

Relative abundance of N‑glycans on  Asn68 and  Asn123

To determine the relative abundance of the glycopep-
tides identified from each site, we compared the peak 
intensity of precursor ions of the glycopeptides detected 
at each site in the SEC-based experiment. Glycopep-
tides with glycan compositions  Hex5HexNAc4NeuAc2 
and  Hex5HexNAc4NeuAc1 were the most abundantly 
detected glycopeptides at both sites (Fig. 2A and B). MS/
MS spectra were manually verified for evidence of oxo-
nium ions including signature ions of sialic acid, peptide 
backbone ions with attached glycan fragments (Y ions) 
as well as fragments of the naked peptide (b and y ions) 
for all glycopeptides mapped to albumin. Annotated MS/
MS spectra for glycopeptides from both sites are shown 
in Fig.  2C, D and (Additional file  2: Fig. S2A–F). These 
data confidently identify both  Asn68 and  Asn123 as N-gly-
cosylation sites while also describing the microheteroge-
neity at each site.

Confirmation of N‑linked glycosylation sites
Next, we sought to confirm N-glycosylation at sites  Asn68 
and  Asn123 of albumin by analyzing enzymatically degly-
cosylated peptides. Serum proteins were digested using 
trypsin and glycopeptides were enriched using a MAX 
column. Glycopeptides were treated with PNGase F using 
either 16O or 18O-labeled water. Deglycosylated peptides 
were identified considering the mass shift expected after 
enzymatic removal of the N-glycan, which is accompa-
nied by the conversion of asparagine (Asn) to aspartic 
acid (Asp) [25]. Deglycosylated Asn residues were identi-
fied with conversion to Asp showing a mass difference of 
0.98 Da in case of 16O incorporation and 2.98 Da in case 
of 18O incorporation.

The non-glycosylated peptide with  Asn68 
 (LVN68EVTEFAK) was identified with a charge state 
of + 2 with m/z of 575.31. Upon treatment with PNGase 
F in 16O water, we detected the deglycosylated form 
of the formerly N-glycosylated peptide with a mass 
shift of 0.98  Da or 0.5  m/z  (LVD68EVTEFAK, m/z of 
575.80, Fig.  3A). In samples treated with PNGase F in 
18O-labeled water, we observed a mass shift of 2.98  Da 
or 1.5  m/z, corresponding to the deglycosylated pep-
tide (LVD*68EVTEFAK, m/z of 576.81 m/z, Fig. 3B). The 
partial overlap of peaks from the 16O-labeled peptides 
with the 18O-labeled peptides is explained by the natural 
abundance of isotopes and purity of 18O-labeled water 
used [26] (Fig. 3B). This analysis demonstrates enzymatic 
deglycosylation of  Asn68, conclusively showing albumin 
glycosylation at this site.

Similarly, we detected the non-glycosylated pep-
tide containing  Asn123  (QEPERN123ECFLQHK) with a 
charge state of +3 and m/z of 572.27. Upon treatment 
with PNGase F in 16O water, we identified the deglyco-
sylated form of the peptide  (QEPERD123ECFLQHK, 
m/z of 572.60  m/z) as depicted in Fig.  3C. With 18O 
incorporation, we observed the deamidated form 
QEPERD*123ECFLQHK at the m/z of 573.25  m/z 
(Fig. 3D). This confirms glycosylation at  Asn123.

Confirmation of albumin glycopeptides by MS3 
fragmentation
To further enhance the confidence in the identifica-
tion of albumin-derived glycopeptides, we performed 
MS3 analysis using an Orbitrap Eclipse Tribrid mass 
spectrometer which incorporates a high-sensitivity ion-
trap detector. Albumin was immunoprecipitated from 
pooled serum and glycopeptides were enriched by MAX. 
Precursor ions corresponding to four albumin-derived 
glycopeptides were isolated and fragmented using colli-
sion-induced dissociation (CID) followed by their detec-
tion in the ion-trap. At low collision energy, glycosidic 
bonds were expected to break forming ions consisting of 
the peptide backbone carrying glycan fragments (Y ions). 
Selected Y ions were fragmented at the MS3 level using 
higher-energy collisional dissociation (HCD) followed by 
detection in the ion-trap. MS3 fragmentation produced 
glycan oxonium ions confirming the presence of glyco-
peptides, as well as further fragments of the Y ions. The 
resulting spectra were manually inspected and annotated 
(Fig. 4).

The precursor ions selected included the two most 
abundant glycopeptides at each glycosylation site, 
i.e.,  LVN68EVTEFAK with  Hex5HexNAc4NeuAc1 
(m/z = 1021.7, charge state +3),  LVN68EVTEFAK with 
 Hex5HexNAc4NeuAc2 (m/z = 1118.8, charge state +3), 
 QEPERN123ECFLQHK with  Hex5HexNAc4NeuAc1 
(m/z = 907.8, charge state +4), and  QEPERN123ECFLQHK 
with  Hex5HexNAc4NeuAc2 (m/z = 980.6, charge 
state +4). As expected, prominent product ions generated 
from low energy CID fragmentation at MS2 level were 
glycopeptide Y ions (Fig.  4). Notably, we also detected 
singly charged oxonium ions (albeit with lower intensity) 
at m/z values of 274.0 (NeuAc with water loss), 292.1 
(NeuAc), 366.1 (HexNAc and Hex), and 657.2 (HexNAc, 
Hex, and NeuAc), further confirming the presence of gly-
copeptides (as depicted in Fig. 4). Subsequently, fragment 
Y ions for each precursor ion generated at the MS/MS 
level underwent further fragmentation via HCD, yield-
ing diagnostic MS3 fragment ions. The ion series with the 
serial loss of single monosaccharide residues validated 
the glycan composition of these glycopeptides. Further, 
the glycan oxonium ions at the MS3 level were detected 
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Fig. 2 Abundance and identification of albumin‑derived glycopeptides. A Extracted ion chromatograms (XIC) showing relative abundance 
of glycopeptides corresponding to  Asn68 detected in different fractions of an individual sample from size‑exclusion chromatography (SEC). In 
fraction 3, glycopeptides bearing the glycan  Hex5HexNAc4NeuAc2 at this site (represented by a grey line in other fractions) were identified with peak 
intensity of ~ 5 ×  107 at 79.3 min. To clearly depict the lower‑abundance glycopeptides with other compositions which would otherwise be lost 
to scale, we omitted the XIC of the glycopeptide bearing the glycan  Hex5HexNAc4NeuAc2 at this site in fraction 3. B XICs showing the relative 
abundance of glycopeptides corresponding to  Asn123 detected in different fractions of an individual sample from SEC. In fraction 8, glycopeptides 
bearing the glycan  Hex5HexNAc4NeuAc2 at this site (represented by a grey line in other fractions) were identified with a peak intensity of ~ 3 ×  107 
at 38.9 min. To clearly depict the lower‑abundance glycopeptides with other compositions which would otherwise be lost to scale, we omitted 
the XIC of the glycopeptide bearing the glycan  Hex5HexNAc4NeuAc2 at this site in fraction 8. C, D Annotated MS/MS fragmentation spectra 
of representative glycopeptides derived from albumin with the glycan  Hex5HexNAc4NeuAc2 at sites  Asn63 and  Asn123, respectively



Page 7 of 12Garapati et al. Journal of Translational Medicine          (2024) 22:454  

with higher intensities, confirming the presence of gly-
copeptides. Spectra resulting upon fragmentation of 
precursor ions with m/z of 1118.8 (charge state +3) and 
980.6 (charge state +4) with peptide sequence and glycan 
composition mentioned above are shown in Fig. 4A and 
4B respectively.

Albumin glycosylation in a larger cohort of volunteer 
donors
To assess if glycosylation of albumin is a general phenom-
enon and validate our findings, we analyzed serum sam-
ples from twenty volunteer donors by targeted MS. Eight 
albumin-derived glycopeptides identified in the discov-
ery experiment were targeted, i.e., glycopeptides with 
sequences  LVN68EVTEFAK and  QEPERN123ECFLQHK, 
each bearing one of four glycans,  Hex5HexNAc4NeuAc2, 
 Hex5HexNAc4NeuAc1,  Hex5HexNAc4NeuAc2Fuc1 and 
 Hex4HexNAc3NeuAc1. MAX-enriched N-glycopeptides 
from serum proteins were analyzed by parallel reac-
tion monitoring-mass spectrometry (PRM-MS). In all 
the twenty individuals that were tested, we detected 
glycosylation at both  Asn68 and  Asn123 of albumin. The 

heterogeneity in the overall glycopeptide complement 
detected among the individuals is shown in Table  S3 
(Additional file 3).

Albumin glycosylation in other species
Because albumin is a highly conserved protein, we were 
curious if its orthologs in other mammalian species are 
also glycosylated. Examining the amino acid sequences 
of albumin orthologs from cow, rabbit, dog and mouse 
revealed that only albumin from mouse has canoni-
cal Asn-X-Ser/Thr motifs, but without annotation for 
N-linked glycosylation on UniProt [13]. However, these 
orthologs have multiple non-canonical N-glycosylation 
motifs. Multiple sequence alignment showed that the 
non-canonical motif  Asn123-Glu-Cys, is highly conserved, 
whereas site  Asn68 is not an evolutionarily conserved gly-
cosylation site or amino acid (Fig. 5A). Therefore, to test 
if this site is glycosylated in other species, we analyzed 
bovine serum albumin (BSA) and rabbit serum albumin, 
which are commonly used in molecular biology and MS 
applications. Commercially available BSA was digested 
using trypsin followed by MAX-based enrichment of 

Fig. 3 Mass spectra showing the detection of deglycosylated peptides of albumin after treatment with PNGase F in stable isotope‑labeled water. 
A, B Precursor mass spectra of the albumin‑derived glycopeptide with glycosylation at  Asn68, detected in a charge state of +2 after deglycosylation 
by PNGase F treatment in the presence of  H2

16O with a mass shift corresponding to 0.98 Da (A) or in the presence of  H2
18O with a mass shift 

corresponding to 2.98 Da (B). C, D Precursor mass spectra of the albumin‑derived glycopeptide with glycosylation at  Asn123, detected in a charge 
state of +3 after deglycosylation by PNGase F treatments in  H2

16O with a mass shift corresponding to 0.98 Da (C) and in  H2
18O with a mass shift 

corresponding to 2.98 Da (D)
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Fig. 4 MS3 analysis of albumin‑derived glycopeptides. Precursor fragmentation is shown along with fragmentation of MS/MS‑derived fragments 
using MS3. A Glycopeptide  LVN68EVTEFAK with  Hex5HexNAc4NeuAc2 (m/z = 1118.8, charge state +3). The MS/MS fragmentation of the precursor 
glycopeptide is shown in the top half of the panel. The three annotated fragment Y ions (peptide backbone with glycan fragments still attached 
to it) from this scan were selected and further fragmented by MS3. Labeled arrows under the peak of each selected fragment ion in the MS/MS 
scan indicate MS3 fragmentation spectra for the corresponding Y ions. B Glycopeptide  QEPERN123ECFLQHK with  Hex5HexNAc4NeuAc2 (m/z = 980.6, 
charge state +4). The MS/MS fragmentation of the precursor glycopeptide is shown in the top half of the panel. The representations of the MS/MS 
spectrum, selected fragments and their MS3 spectra are as described in A
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glycopeptides followed by LC–MS/MS analysis for glyco-
peptide discovery. Database searching for glycopeptides 
was done using pGlyco3 with the UniProt bovine pro-
teome database for peptide sequences. As bovine N-gly-
cans are similar in composition to human N-glycans 
except for the presence of an additional sialic acid (N-gly-
colylneuraminic acid or NeuGc) which is also present in 
mouse, we used the in-built mouse N-glycan database for 
this search [27]. We detected BSA-derived glycopeptides 
with  Asn123 glycosylated by three complex sialylated gly-
cans, i.e.,  Hex5HexNAc4NeuGc1,  Hex5HexNAc4NeuAc1 
and  Hex5HexNAc4NeuAc1NeuGc1 (Fig.  5, Additional 

file  2: Fig. S3A and S3B respectively). Interestingly, 
besides glycosylation at the conserved site  Asn123, we 
also detected glycopeptides from BSA with glycosyla-
tion at  Asn185 with two glycans,  Hex5HexNAc4NeuAc2 
and  Hex5HexNAc4NeuAc1NeuGc1 (Additional file 2: Fig. 
S3C and S3D respectively). However, this non-canonical 
glycosylation site, which is in the motif  Asn185-Gly-Val, 
is not conserved across the species listed above. Addi-
tionally, in a separate experiment performed identi-
cally but with commercially available rabbit serum 
albumin and searched against the rabbit proteome and 
mouse N-glycan database, the conserved non-canonical 

Fig. 5 Glycosylation of albumin orthologs in other mammalian species. A Multiple sequence alignment of the region of human albumin 
containing the two N‑glycosylation sites with orthologs from selected mammalian species. The conserved non‑canonical N‑glycosylation motif 
with  Asn123 is shown highlighted in green. Non‑canonical N‑glycosylation motifs that were detected with glycosylation in this study are shown 
in red font. B Annotated MS/MS fragmentation spectrum of glycopeptide derived from bovine serum albumin (BSA) at site  Asn123 with the glycan 
 Hex5HexNAc4NeuGc1. C Annotated MS/MS fragmentation spectrum of glycopeptide derived from rabbit serum albumin at site  Asn123 
with the glycan  Hex5HexNAc4NeuAc2, with annotations as described in B 
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N-glycosylation site  Asn123 was also detected with two 
complex sialylated N-glycans, i.e.,  Hex5HexNAc4NeuAc2 
and  Hex5HexNAc4NeuAc1 (Fig.  5C; Additional file  2: 
Fig. S3E respectively). Overall, these data provide evi-
dence for the glycosylation of albumin at the conserved 
non-canonical N-glycosylation site orthologous to  Asn123 
of human albumin in two additional mammalian spe-
cies. Glycopeptides detected in bovine and rabbit serum 
albumin are listed in Additional file 3: Tables S4 and S5 
respectively.

Discussion
Although most abundant serum proteins are glycopro-
teins, albumin itself has been considered a notable excep-
tion until recently [10]. Through discovery analysis and 
rigorous testing using different enrichment strategies 
[11, 15] and high-resolution LC–MS/MS methods, we 
report a novel N-glycosylation site on albumin  (Asn123) 
and expand the glycan heterogeneity on another site 
 (Asn68). Effective enrichment strategies are key to MS-
based identification of glycopeptides owing to glycan het-
erogeneity [15, 28]. In the discovery experiments, SEC, 
which is based on physical properties and used here as 
a method for simultaneous enrichment and fractiona-
tion, resulted in identification of three times more gly-
copeptides in comparison to the single MS runs after 
MAX-based enrichment. Albumin glycopeptides at sites 
 Asn68 and  Asn123 were identified by both methods. Inter-
estingly, though albumin is the most abundant plasma 
protein, glycopeptides from albumin accounted for < 1% 
of identified glycopeptide precursor peak areas, indicat-
ing low site occupancy (Fig. 1C). This follows our expec-
tation based on previous reports on other proteins that 
non-canonical N-glycosylation motifs have lower stoichi-
ometry of glycosylation [8, 9]. We also show that  Asn123, 
which occurs within a highly conserved Asn-Glu-Cys 
motif is also glycosylated in bovine and rabbit serum 
albumin. In the case of BSA, we detected two glycopep-
tides containing NeuGc, a sialic acid that is not present in 
humans because the gene encoding an essential synthetic 
enzyme, cytidine monophosphate-N-acetylneuraminic 
acid hydroxylase (CMAH), is inactive in humans [29]. 
Though BSA is routinely used as a tool for quality con-
trol for MS, we believe that its glycosylation has generally 
been missed previously because of the absence of suspi-
cion owing to lack of a consensus N-glycosylation motif.

Physiologically, albumin is involved in several functions 
including binding and transportation of molecules such 
as fatty acids, hormones, drugs, vitamins and metal ions 
[30, 31]. These ligand-binding and antioxidant functions 
of albumin are influenced by its various post-translational 
modifications (PTMs) [30] including cysteinylation, oxi-
dation and nitrosylation [31]. Additionally, glycation is 

present at 20–30% in circulating albumin in hyperglyce-
mic individuals, and this modification alters its binding 
properties [2, 32]. Traditional methods of protein analy-
sis, e.g., isoelectric focusing (IEF) and two-dimensional 
gel electrophoreses (2DE) did not raise any suspicions of 
glycosylation of albumin on record, even though some 
such studies report separation of albumin into fractions 
based on isoelectric point [33]. In light of the current 
report, we wonder if the smears and unexplained spots 
annotated for albumin on IEF and 2DE experiments may 
be explained, at least in part, by albumin N-glycoforms 
[33, 34]. Additional studies may determine functional 
effects of glycosylation on the ligand-binding and antioxi-
dant properties of albumin, along with its susceptibility 
to undergo other PTMs [35]. For example,  Cys125, which 
is the C-terminal amino acid in the motif that  Asn123 is 
part of  (Asn123-Glu124-Cys125), participates in the forma-
tion of a disulfide bridge in the secondary structure of 
albumin [36]. It has been previously shown that degree of 
glycosylation at sites in Asn-X-Cys motifs is likely related 
to the rate of translation as well as the rate of disulfide 
bond formation [7]. Hence, the rate of glycosylation at 
 Asn123 may be altered in states such as liver disease and 
metabolic syndrome where liver function is affected [37].

Conclusions
To conclude, we report that albumin is a glycoprotein 
with multiple N-linked glycoforms at two non-canonical 
sites. As these findings are discordant with the long-held 
notion that albumin is a non-glycosylated protein, we 
confirmed them by multiple additional lines of investi-
gation. Serum albumin level is used as a marker for sev-
eral diseases including renal, hepatic and cardiovascular 
disorders [38]. Pathological modifications of albumin 
including glycation and cysteinylation are also associ-
ated with diabetes and liver disease [39]. In fact, gly-
cated albumin has been shown to complement glycated 
hemoglobin as a marker of prediabetes [40]. Given this 
importance of albumin in clinical practice, glycosylated 
albumin could also have clinical significance. Indeed, 
we have recently found reduced levels of the glycopep-
tide bearing  Hex5HexNAc4NeuAc1 at  Asn123 in patients 
with a congenital disorder of glycosylation (CDG) [41]. 
This indicates that glycosylation events on albumin could 
potentially be of diagnostic or other clinical uses. Future 
studies may determine the exact role of glycosylation of 
albumin and how it is altered in other diseases associ-
ated with altered protein glycosylation. Our findings alter 
the prevailing paradigm by showing that albumin is not 
a non-glycosylated protein and may expand our under-
standing of its structure and function, and its clinical and 
biochemical applications.
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