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ABSTRACT: Determining protein-specific glycosylation in
protein mixtures remains a difficult task. A common approach
is to use gel electrophoresis to isolate the protein followed by
glycan release from the identified band. However, gel bands are
often composed of several proteins. Hence, release of glycans
from specific bands often yields products not from a single
protein but a composite. As an alternative, we present an
approach whereby glycans are released with peptide tags
allowing verification of glycans bound to specific proteins. We
term the process in-gel nonspecific proteolysis for elucidating
glycoproteins (INPEG). INPEG combines rapid gel separation
of a protein mixture with in-gel nonspecific proteolysis of protein bands followed by tandem mass spectrometry (MS) analysis of
the resulting N- and O-glycopeptides. Here, in-gel digestion is shown for the first time with nonspecific and broad specific
proteases such as Pronase, proteinase K, pepsin, papain, and subtilisin. Tandem MS analysis of the resulting glycopeptides
separated on a porous graphitized carbon (PGC) chip was achieved via nanoflow liquid chromatography coupled with
quadrupole time-of-flight mass spectrometry (nano-LC/Q-TOF MS). In this study, rapid and automated glycopeptide
assignment was achieved via an in-house software (Glycopeptide Finder) based on a combination of accurate mass measurement,
tandem MS data, and predetermined protein identification (obtained via routine shotgun analysis). INPEG is here initially
validated for O-glycosylation (κ casein) and N-glycosylation (ribonuclease B). Applications of INPEG were further demonstrated
for the rapid determination of detailed site-specific glycosylation of lactoferrin and transferrin following gel separation and
INPEG analysis on crude bovine milk and human serum, respectively.

Among the myriad of post-translational modifications
(PTMs) of proteins, glycosylation is one of the most

common types with about 70% of human proteins predicted to
be glycosylated.1,2 There are multiple types of protein
glycosylation; however, the two main forms of eukaryotic
protein glycosylation are N-linked and O-linked.3 Although a
prerequisite for the occurrence of N-linked glycosylation
involves the Asn-Xaa-Ser/Thr consensus sequence (where
Xaa can be any amino acid except proline), O-linked
glycosylation lacks such a consensus sequence and can occur
on any Ser or Thr on a protein’s backbone. Irrespective of the
glycosylation type, the attached glycans are vital as they
influence structural and functional features of the proteins they
modify.4−14 It is therefore important to continuously develop
techniques aimed at extensively characterizing protein glyco-
sylation to further our understanding of the interplay between
glycosylation and protein function.
Protein glycosylation analysis remains an arduous analytical

challenge due to the diversity of glycan structures and the
nature by which they associate with the protein backbones.15

The analysis is particularly complicated for biologically relevant

protein mixtures, such as serum and milk, due to the broad
dynamic range in protein concentrations and the diversity of
the respective glycan structures. Consequently, separation
techniques such as affinity chromatography, liquid chromatog-
raphy (LC), and electrophoresis are typically incorporated in
glycosylation analysis involving complex protein mixtures.16,17

Gel electrophoresis is readily available, relatively rapid, and
generally robust for separating small amounts of protein
mixtures based on their molecular weights and/or isoelectric
points (PI). Following gel separation, the desired protein band
is typically excised, cut into pieces, and destained. The trapped
protein(s) in the gel pieces is then deglycosylated either
enzymatically or chemically before mass spectrometry (MS)
analysis of the recovered glycans.18 However, as gel bands are
often composed of several proteins, the released glycans even
from single bands often yield products from multiple proteins.
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This method further fails to address site-specific glycosylation
and site heterogeneity.
Developing MS-based glycoproteomic strategies by analyzing

glycopeptides is key to achieving detailed protein- and site-
specific analysis. These strategies are best employed while
incorporating existing methods such as gel electrophoresis. The
typical method for extracting peptides from gel is with in-gel
trypsin digestion of proteins.19 The yield for glycoproteins is a
mixture of glycopeptides and peptides, which provide protein
identification when analyzed by tandem MS and the subsequent
database search. However, proteolysis with trypsin yields
limited glycosylation information for several reasons. Many
proteins are resistant to tryptic digestion.20−23 Trypsin
digestion typically yields larger glycopeptides that are difficult
to extract from gels. Additionally, the vast majority of the
tryptic products are nonglycosylated peptides, with the
glycopeptides further partitioned into many glycoforms
effectively distributing their respective signals.24

To address these issues, we present a gel-based approach for
determining site-specific glycoprotein analysis. “In-gel non-
specific proteolysis for elucidating glycoproteins” (INPEG)
combines the simple and rapid one-dimensional (1-D) gel
separation of protein mixtures with a novel site-specific analysis
of N- and O-glycans via in-gel nonspecific proteolysis.
Glycopeptides are characterized using nanoflow liquid
chromatography with microfluidic porous graphitized carbon
(PGC) chip and quadrupole time-of-flight mass spectrometry
(nano-LC/Q-TOF MS). Rapid and automated glycopeptide
assignment was achieved via in-house software (Glycopeptide
Finder). The assignment is based on a combination of accurate
mass measurement, tandem MS data, and predetermined
protein identification (I.D.) (obtained via standard shotgun
analysis). The output from Glycopeptide Finder yields glycan
composition, glycosite, and peptide I.D. for each glycopeptide.
INPEG is here initially vetted using a cocktail of standard
glycoproteinsribonuclease B and κ casein with the identified
protein bands excised and digested with Pronase. Both proteins
were chosen as they represent N- and O-glycosylation,
respectively, and serve as a proof of concept to illustrate the
application of INPEG to both forms of protein glycosylation.
Also, applications of INPEG are shown toward targeted
protein-specific glycosylation analysis of bovine lactoferrin
and human transferrin following gel separation of bovine milk
and human serum, respectively.

■ MATERIALS AND METHODS
Materials and Reagents. Pronase, ribonuclease B (RNase

B), κ casein (k-CN) and human serum were all purchased from
Sigma-Aldrich. The 10% polyacrylamide Tris gel was purchased
from Bio-Rad. All reagents used were of analytical grade or
better.
One-Dimensional Gel Analysis. Amounts of 35 μL of a 1

μg/μL RNase B and k-CN cocktail, 35 μL of crude bovine milk,
and 35 μL of diluted human serum (×10 with water) were each
prepared in separate vials. To each of these were added 35 μL
of Laemmli buffer and 7 μL of 1 M dithiothreitol (DTT). The
resulting mixtures were then heated for 7 min at 70 °C to
reduce the proteins. Alkylation of the reduced proteins were
achieved by adding 7.7 μL of 100 mM iodoacetamide (IAA) to
each vial and leaving them in the dark for 30 min. One-
dimensional sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (1-D SDS−PAGE) of the alkylated protein mixtures
were performed on 10% Tris−HCl polyacrylamide gels. For

this analysis, 10 μg equivalent each of alkylated RNase B and k-
CN, 10 μL of bovine milk, and 10 μL of human serum solutions
were loaded onto separate gel lanes. A 10 μL solution of a
molecular weight marker was loaded onto a separate gel lane to
serve as molecular weight guide for the gel separations. The gel
was allowed to run in a 10% SDS buffer for 60 min at a
constant voltage of 140 V. The gel was then stained with 50 mL
of coomassie brilliant blue for 1 h and thoroughly rinsed in
water.

In-Gel Nonspecific Proteolysis. The targeted protein
bands from each gel were excised, cut into 1 mm3 pieces, and
placed in separate vials. Next, the gel pieces were rinsed and
destained via alternating washes with 200 μL of 100 mM
ammonium bicarbonate NH4HCO3 (pH 8.0) and 200 μL of
acetonitrile (ACN) with gentle agitation. The wash step was
repeated for a total of three washes. After the third wash, the gel
pieces were further treated with 200 μL of a 50:50 ACN/
NH4HCO3 for 30 min with gentle agitation and finally with 200
μL of ACN. After removal of the ACN, the gel pieces in each
vial were completely dried in the speed vac followed by
treatment with 40 μL of a 0.025 μg/μL Pronase solution made
in 100 mM NH4HCO3 (pH 8.0). Gel pieces were allowed to
expand in the Pronase solution for 30 min after which 200 μL
of 100 mM NH4HCO3 (pH 8.0) digestion buffer was added to
each vial to allow diffusion across gel pieces. Digestion was
allowed to proceed overnight at 37 °C in a water bath. Shotgun
proteomic analysis to identify the protein(s) contained in each
gel band was performed in parallel to the INPEG analysis. The
proteomic experiment was achieved in similar way as the
INPEG analysis except that in-gel tryptic digestion in each case
was performed using 40 μL of a 0.0025 μg/μL trypsin solution
made in 100 mM NH4HCO3 (pH 8.0).

Digest Recovery. The supernatants following in-gel
proteolyses in the different vials were carefully drawn out
into separate vials. Further recovery of glycopeptides still
trapped in the gel pieces was achieved via treatment of the gel
pieces in each vial with 200 μL of extraction solution containing
5% formic acid (FA) in 60% ACN followed by sonication for
30 min. The supernatants were again carefully drawn out from
each vial and combined to the earlier recovered digest. This
step was repeated one more time to ensure complete digest
recovery. All the recovered digests were then completely dried
in a speed vac prior to the MS analysis.

Instrumentation. After drying in the speed vac, glycopep-
tides were reconstituted in 10 μL of 0.1% FA in water prior to
injection for mass spectrometric analyses. The glycopeptides
were analyzed using an Agilent 1200 series LC system coupled
to an Agilent 6520 Q-TOF mass spectrometer (Agilent
Technologies, Santa Clara, CA). The nano-LC/MS system is
equipped with an autosampler, a capillary loading pump (for
sample enrichment), an analytical pump (for sample separa-
tion), an HPLC-Chip cube, and the Agilent 6520 Q-TOF MS
detector. Tandem MS analysis of glycopeptides was acquired in
a data-dependent manner following LC separation on a
microfluidic chip consisting of a 9 mm × 0.075 mm i.d.
enrichment column and a 150 mm × 0.075 mm i.d. analytical
column, both packed with 5 μm PGC as the stationary phase.
However, tryptic-generated peptide analyses for protein
identification were carried out with a C18 chip. The two
pumps in these analyses consist of a binary solvent: A, 3.0%
ACN/water (v/v) with 0.1% FA; B, 90% ACN/water (v/v)
with 0.1% FA. A flow rate of 4 μL/min of solvent A was used
for sample loading with 10 μL injection volume. A nanopump
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gradient was delivered at 0.4 μL/min using (A) 0.1% FA in
3.0% ACN/water (v/v) and (B) 0.1% FA in 90.0% ACN/water
(v/v). Samples were eluted with 0% B (0.00−2.50 min); 0−
16% B (2.50−20.00 min); 16−44% B (20.00−30.00 min); 44−
100% B (30.00−35.00 min), and 100% B (35.00−45.00 min).
The drying gas temperature was set at 325 °C with a flow rate
of 4 L/min (2 L of filtered nitrogen gas and 2 L of filtered dry
grade compressed air). MS and MS/MS spectra were acquired
in the positive ionization mode with an acquisition time of 1587
ms/spectrum and acquisition rate of 0.63 spectra/s. Also, while
the MS data was acquired over a mass range of 500−3000 m/z,
the tandem MS data was acquired over 50−3000 m/z mass
range. Mass calibration was enabled using reference masses of
m/z 922.010 and 1521.972 (ESI-TOF tuning mix G1969-
85000, Agilent Technologies, Santa Clara, CA). Data analysis
was performed on Agilent Mass Hunter (Agilent Technologies
Inc.). For the tandem MS analysis, glycopeptides were
subjected to collision-induced fragmentation with nitrogen as
the collision gas using a series of collision energies that were
dependent on the m/z values of the different glycopeptides and
peptides. The collision energies correspond to voltages
(Vcollision) that were based on the equation: Vcollision = m/z
(1.8/100 Da) V − 2.4 V; where the slope and offset of the
voltages were set at (1.8/100 Da) and (−2.4), respectively. The
preferred charge states were set at 2, 3, >3, and unknown.
Data Processing. Glycopeptides were assigned based on a

combination of accurate mass measurement, tandem MS data,
and I.D. (obtained via routine shotgun analysis). An in-house
software (Glycopeptide Finder) was used to achieve rapid and
automated assignment of the glycopeptides. The assignments
were made within a specified tolerance level (≤20 ppm). To
identify glycopeptides in the tandem MS data, product ion
spectra were sorted by the presence of carbohydrate-specific
oxonium fragment ions such as m/z 163 [Hex + H]+, m/z 204
[HexNAc + H]+, m/z 366 [HexNAc + Hex + H]+, m/z 292
[NeuAc + H]+, and m/z 274 [NeuAc − H2O + H]+. The
glycan moieties of the glycopeptides were confirmed by the
presence of B-type and Y-type ions derived from the sequence
of glycan fragmentations in the product ion spectra. However,
the peptide moieties were mainly confirmed via accurate
measurement of their masses in the tandem MS data. Database
search of the shotgun proteomic data was achieved using X!
Tandem.

■ RESULTS AND DISCUSSION
Validation of INPEG with Single Protein Standards.

The following experiments establish that a mixture of proteases
(Pronase E) can be used to yield small glycopeptides and that
glycopeptides of both N- and O-glycosylation types with and
without sialylation can be reclaimed from the gel. To illustrate
the capacity of the method to characterize N- and O-
glycosylation, bovine lactoferrin (b-LF) and k-CN were run
on a gel (Figure 1A) and their associated glycopeptides were
recovered from the gel bands after digestion with Pronase E. O-
glycosylation is particularly difficult due to the lack of
consensus sequence for the glycosylation site. k-CN is a
glycoprotein from bovine milk with six O-glycosites at Thr 142,
Thr 152, Thr 154, Thr 157, Thr 163, and Thr 186
predominantly occupied with sialylated glycans.25 The site-
specific heterogeneity has previously been well-characterized,26

but the protein is important for illustrative purposes.
Figure 2A represents the extracted compound chromatogram

(ECC) of glycopeptides resulting from INPEG analysis of the

k-CN band. The glycopeptide assignments were achieved by
accurate mass measurement using the Glycopeptide Finder
software and further verified with tandem MS. For example, the
deconvoluted tandem mass spectra for two k-CN glycopeptide
isomers with m/z 567.69 and corresponding in mass to
[S163TVAT + GalNAc + Gal + NeuAc + 2H]2+ are shown in
Supporting Information Figure S1, parts A and B. As expected,
most of the observed glycopeptides in Figure 2A were sialylated
with up to two sialic acid residues associated with a single O-
glycosite. The glycosylation information obtained from this
analysis is comprehensive as glycans associated with all six sites
were observed.
A summary of the detailed site heterogeneity of k-CN as

observed with INPEG is shown in Figure 2B. The signal
intensities of glycopeptides obtained from their MS analyses as
previously described27 yielded the abundances of glycoforms
present on each observed glycosite as shown in the inset
structure. The size of the amino acid letter and glycan structure
designation is associated with the degree of site occupancy.
High site occupancy is represented with large letters when the
combined abundance of glycopeptides associated with a site is
at least 10% of the total glycopeptide abundance for the entire
protein. Small letters are used to signify occupancies below this
threshold. Likewise, while large glycan structures are used when
the combined abundance of glycopeptides associated with a
specific glycan is at least 10% of the total glycopeptide
abundance associated with a particular glycosite, small glycan
structures are for glycoforms below this threshold. It is
imperative to state that, while the proposed scheme utilizes
glycopeptide ion abundances to determine the extent of site
occupancy, issues such as differences in ionization potential and
dispersion of signal across peptide forms by nonspecific
proteases could potentially influence the observed results and
require further evaluation. However, using the proposed
scheme, the Thr 152, Thr 154, Thr 157, and Thr 163 glycosites
were classified as being highly glycosylated while only minor
glycosylation was observed in the Thr 142 and Thr 186
glycosites.
RNase B was used to illustrate N-glycosylation as shown in

Figure 1A. RNase B is a bovine glycoprotein with a single

Figure 1. One-dimensional gel analysis of (A) various amounts of a
mixture of κ casein and ribonuclease B, (B) bovine milk proteins, and
(C) human serum proteins.
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known N-glycosite at Asn 60 exclusively occupied with high
mannose glycans.28 Figure 3A represents the ECC of
glycopeptides resulting from INPEG analysis of the RNase B
band. As expected, all the observed glycopeptides contained
high mannose glycosylation. The glycosylation information
obtained from the INPEG analysis is comprehensive as all five
glycoforms (GlcNAc2:Man5, GlcNAc2:Man6, GlcNAc2:Man7,
GlcNAc2:Man8, and GlcNAc2:Man9) of RNase B were observed
at the protein’s single N-glycosite. Figure 3B represents the

detailed site heterogeneity and observed site abundance of
RNase B glycosylation observed via INPEG. Again, the
abundance of specific glycoforms present at each site was
achieved using the MS signal intensities of glycopeptides. The
GlcNAc2:Man5 and GlcNAc2:Man6 glycoforms were observed
as being the major glycans of RNase B with glycopeptides
corresponding to both glycoforms accounting for at least 10%
of the total RNase B glycopeptide abundance. The
GlcNAc2:Man7, GlcNAc2:Man8, and GlcNAc2:Man9 glycoforms

Figure 2. (A) Extracted compound chromatogram (ECC) of κ casein glycopeptides generated following Pronase digestion of 10 μg of the protein.
(B) Detailed site heterogeneity and detected glycoform abundance of κ casein following INPEG analysis.

Figure 3. (A) Extracted compound chromatogram (ECC) of ribonuclease B glycopeptides generated following Pronase digestion of 10 μg of the
protein. (B) Detailed site heterogeneity and detected glycoform abundance of ribonuclease B following INPEG analysis.
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were observed as relatively minor components as the combined
abundance of their respective glycopeptides accounted for less
than 10% of the total RNase B glycopeptide abundance. This
result is consistent with those of previous studies involving the
quantification of RNase B N-glycans using nuclear magnetic
resonance (NMR)29 and capillary gel electrophoresis30 where
GlcNAc2:Man5 and GlcNAc2:Man6 glycoforms were observed
as being the major glycans of RNase B. This consistency also
points to the efficiency inherent with our glycopeptide
extraction procedure from gels. To confirm the RNase B
glycopeptide assignments made, two deconvoluted tandem
mass spectra of RNase B glycopeptides with m/z 846.359
(corresponding in mass to the glycopeptide [60NLTK +
GlcNAc2 + Man5 + 2H]2+) and m/z 1170.467 (corresponding
in mass to the glycopeptide [60NLTK + GlcNAc2 + Man9 +
2H]2+) are represented in Supporting Information Figure S2,
parts A and B, respectively.
Sensitivity of INPEG Analysis. The results obtained with

the k-CN and RNase B show that INPEG yields extensive site-
specific glycosylation with 10 μg of protein loaded on the gel.
To determine the lowest amount of protein required to obtain
extensive glycosylation information, a series of samples with
varying amounts of RNase B (1 μg, 100 ng, and 10 ng) were
loaded onto a gel, separated, excised, and digested. The
resulting glycopeptide digests in each case were extracted from
the gel pieces and characterized by MS and tandem MS. Parts A
and B of Supporting Information Figure S3 represent the ECCs
of glycopeptides observed from the INPEG analyses of 1 μg
and 100 ng of RNase B, respectively. Figure 4 shows the total
ion abundances of RNase B glycopeptides obtained from 10 μg,
1 μg, 100 ng, and 10 ng of gel-loaded protein. Since RNase B
has a single glycosite, the combined glycopeptide ion
abundance for each digestion was used in constructing the
histogram. Although the total glycopeptide abundance
decreased appropriately from 10 μg to 10 ng, similar glycoform
information was obtained in the various digestions. The
accompanying chromatograms (Figure 3A and Supporting
Information Figure S3, parts A and B) supporting the
histogram are annotated to show the number and types of
the major glycopeptides observed in each digestion. Due to the
nonspecificity of Pronase, it is expected to obtain a mixed
population of glycopeptide compounds during different
digestions. However, there is consistency in the site-specific
glycosylation information extracted from the data irrespective
of the digestion. As expected the GlcNAc2:Man5 and

GlcNAc2:Man6 glycoforms were predominant in the three
chromatograms.
Weak glycopeptide MS signals were obtained for the 10 ng

digestion that could not be confirmed by tandem MS.
However, tandem MS verification of glycopeptides was
obtained with larger amounts of protein. Hence, these results
show that INPEG is sensitive up to about 10 ng of gel-loaded
protein for the MS detection while about 100 ng of gel-loaded
protein is required to yield tandem MS data.

Compatibility of Proteases with Broad Specificity for
INPEG Analysis. Separate from Pronase E, other nonspecific
proteases and proteases with broad specificity were tested with
the INPEG strategy. Proteinase K, subtilisin, papain, and pepsin
are examples of such enzymes employed to determine the
broad application of INPEG to an array of nonspecific and
broadly specific proteases. The experiments with these enzymes
were carried out in similar way as that with the Pronase analysis
except that the digestion buffer for the pepsin analysis was
adjusted to pH 3.
Supporting Information Figure S4 represents the ECC of

RNase B glycopeptides observed following INPEG analysis
with subtilisin. With all the other proteases, glycopeptides
corresponding to the five glycoforms of RNase B were
observed. However, the number and size (peptide moiety
length) of glycopeptide compounds varied among the different
enzymes. The difference is mainly due to the degree of
nonspecificity of each enzyme. For example, fewer glycopep-
tides were observed in the subtilisin digestion of RNase B
compared to that obtained with the Pronase analysis.
Glycopeptides mainly containing RN, NLT, NLTK, and
NLTKD were observed following Pronase digestion of RNase
B while the subtilisin digestion of RNase B mainly yielded
glycopeptides corresponding to NLTK and SRNLTKDR. With
both enzymes, there is a unique advantage to the quality of data
observed. As previously reported by our group,26 Pronase
digestion presents a unique advantage toward verifying
glycosite and glycopeptide assignments as it yields a population
of glycopeptides where various peptide moieties surround a
particular glycosite. On the other hand, the fewer RNase B
glycopeptide population observed from the subtilisin digestion
presents a less complicated data analysis scenario in that there
is less glycopeptide signal splitting.

Application of INPEG toward Determining Targeted
Protein-Specific Glycosylation in Complex Mixtures. To
demonstrate the utility of this method, a number of proteins

Figure 4. Comparison of glycopeptide abundances following INPEG analysis of 10 μg, 1 μg, 100 ng, and 10 ng of gel-loaded ribonuclease B.
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were examined as part of a biological mixture. Bovine
lactoferrin (b-LF) is a component of bovine milk with a
molecular weight of 78 kDa and up to four known N-glycosites.
Bovine milk is typical of most bodily fluid in that it contains
hundreds of proteins with a broad dynamic range of protein
concentrations.31 Lactoferrin being a targeted protein was
partly isolated from bovine milk by using a 1-D gel and excising
the gel band around the 78 kDa region (Figure 1B). To confirm
the identity of the protein(s) in the band, a section of the
excised band was treated with trypsin for protein identification
while the rest of the band was treated with Pronase E for site-

specific glycosylation information of the identified protein(s).
Protein identification was achieved via database (X! Tandem)
search of the resulting peptides’ tandem MS data. The analysis
revealed that the band contained b-LF, polymeric immunoglo-
bulin receptor, albumin, and serotransferrin with UniProtKB
entries P24627, P81265, P02769, and Q29443, respectively.
Except for albumin, the other three proteins are glycosylated
and were considered in the glycopeptide matching analysis with
the Glycopeptide Finder software.
Figure 5A shows a representative ECC of the glycopeptides

after Pronase E digestion. Glycopeptides corresponding to

Figure 5. (A) Extracted compound chromatogram (ECC) of glycopeptides generated from INPEG analysis of a bovine milk gel band containing
bovine lactoferrin, polymeric immunoglobulin receptor, and serotransferrin. (B) Detailed site heterogeneity and detected glycoform abundance of
bovine lactoferrin following INPEG analysis.

Figure 6. (A) Extracted compound chromatogram (ECC) of glycopeptides generated from INPEG analysis of a human serum gel band containing
human transferring and immunoglobulin M. (B) Detailed site heterogeneity and detected glycoform abundance of human transferrin.
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lactoferrin (peaks shaded in blue), immunoglobulin receptor
(peaks shaded in green), and serotransferrin (peaks shaded in
red) were observed in the ECC. The majority of the observed
glycopeptides were those containing high mannose type
glycans, consistent with b-LF. Figure 5B is the site-
heterogeneity information of b-LF determined by the analysis.
Like with the k-CN and RNase B experiments, Figure 5B also
details the abundance of specific b-LF glycoforms present at
each site observed. While the Asn 252, Asn 495, and Asn 564
glycosites were observed as being highly glycosylated, the Asn
387 glycosite was observed as only being slightly glycosylated.
Parts A and B of Supporting Information Figure S5 represent
the deconvoluted tandem MS data for two b-LF glycopeptides
with m/z 1026.295 and m/z 1107.321 corresponding in mass to
the glycopeptides [564NDT + GlcNAc2 + Man8 + 2H]2+ and
[564NDT + GlcNAc2 + Man9 + 2H]2+, respectively.
Following the success in determining the site-specific

glycosylation of lactoferrin in bovine milk, INPEG is here
further extended toward determining targeted protein-specific
glycosylation in human serum. Human transferrin (h-TF) is
one of the glycosylated components of human serum with a
molecular weight of 78 kDa. Like bovine milk, human serum
contains hundreds of proteins with a large dynamic range of
protein concentrations.32 Using 1-D gel separation, transferrin
was partly isolated and excised around the 78 kDa region
(Figure 1C). Tryptic digestion of a part of the excised gel band
revealed transferrin, immunoglobulin M, and albumin with
UniProtKB entries P02787, P01871, and P02768, respectively.
The remaining portion of the band was digested with Pronase E
to determine site-specific glycosylation of the identified
protein(s). Besides albumin, the other two identified proteins
are glycosylated and were included in the Glycopeptide Finder
analysis toward matching the observed glycopeptides.
Figure 6A represents the ECC of glycopeptides observed

following INPEG analysis of the band being investigated.
Glycopeptides corresponding to transferrin (peaks shaded in
green) and immunoglobulin M (peaks shaded in blue) were
observed in the ECC. While the majority of the transferrin
glycopeptides were observed with sialylated N-glycans, the
immunoglobulin M glycopeptides were mainly observed with
high mannose glycans.
Figure 6B represents the site-heterogeneity information of

transferrin observed from the analysis. The site-specific
abundance of transferrin glycoforms is detailed in the figure
with the Asn 630 glycosite observed as being highly
glycosylated while the Asn 432 glycosite was observed as
only being sparingly glycosylated. Supporting Information
Figure S6 represents the site heterogeneity and glycoform
abundance information observed for IgM. While the IgM Asn
209 and Asn 279 glycosites were observed as being highly
glycosylated, the Asn 46, Asn 272, and Asn 439 glycosites were
considerably less glycosylated.

■ CONCLUSION
Determination of protein-specific and site-specific glycosylation
in complex mixtures is currently an extremely difficult task
requiring large amounts of glycoproteins and considerable
resources in time and funds. One-dimensional gel electro-
phoresis combined with glycomics strategies is typically
insufficient for the analysis as individual gel bands typically
contain a number of proteins that make site- and even protein-
specific glycosylation analysis impossible. Protein isolation may
often require the development of specific antibodies for protein

capture and release. However, such methods are laborious and
too expensive for routine analysis.
INPEG provides both protein-specific and site-specific

glycosylation analysis with minimal separation of proteins. It
employs an existing and readily available method for protein
separation avoiding other more labor-intensive separation
techniques. INPEG can also be employed for biological fluids
such as milk and serum. The analysis is generally sensitive with
limits of detection slightly below that of coomassie blue stains.
It can therefore be included in a standard workflow employing
gel electrophoresis. This means that less abundant proteins can
be analyzed with the appropriate methods for depletion of
more abundant proteins. The overall method is rapid allowing
the characterization of several proteins in a mixture
simultaneously. With this method, it will soon be possible to
obtain a glycan map of a target protein from any biological
sample at little cost and in a short amount of time (few hours).
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