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|dentification and quantification of N-linked
glycoproteins using hydrazide chemistry, stable isotope
labeling and mass spectrometry

Hui Zhang, Xiao-jun Li, Daniel B Martin & Ruedi Aebersold

Quantitative proteome profiling using stable isotope protein tagging and automated tandem mass spectrometry (MS/MS) is

an emerging technology with great potential for the functional analysis of biological systems and for the detection of clinical
diagnostic or prognostic marker proteins. Owing to the enormous complexity of proteomes, their comprehensive analysis is an
as-yet-unresolved technical challenge. However, biologically or clinically important information can be obtained if specific,
information-rich protein classes, or sub-proteomes, are isolated and analyzed. Glycosylation is the most common post-
translational modification. Here we describe a method for the selective isolation, identification and quantification of peptides
that contain N-linked carbohydrates. It is based on the conjugation of glycoproteins to a solid support using hydrazide chemistry,
stable isotope labeling of glycopeptides and the specific release of formerly N-linked glycosylated peptides via peptide-
N-glycosidase F (PNGase F). The recovered peptides are then identified and quantified by MS/MS. We applied the approach to
the analysis of plasma membrane proteins and proteins contained in human blood serum.

Quantitative proteomics, defined as the comparison of relative pro-
tein differences in different proteomes, has been recognized as an
important component of the emerging science of functional
genomics. The technology is expected to facilitate the detection and
identification of diagnostic or prognostic disease markers and the
discovery of proteins as therapeutic targets and to provide new
functional insights into biological processes. Two methods have
been used preferentially to generate quantitative profiles of com-
plex protein mixtures. The first, and most commonly used, is a
combination of two-dimensional gel electrophoresis (2DE) and
mass spectrometry (MS). The second is a more recently developed
technique based on stable isotope tagging of proteins and auto-
mated peptide MS/MS!=3. To date, neither method has succeeded in
determining the complete proteome of any species owing to the
‘top down’ mode of operation of each method in which the most
abundant proteins are preferentially or exclusively analyzed.
Accepting that global proteome analyses will remain difficult,
several studies have adopted a ‘divide and conquer’ strategy to han-
dle the ‘top down’ problem by comprehensively analyzing specific
subsets of the proteome that are selectively isolated. Such studies
include the analysis of functional multiprotein complexes such as
the ribosome*, spliceosome>®, and nuclear pore complex’, or
organelles, such as mitochondria®, peroxisomes®, microsomes!?
and nucleill. Alternatively, proteins that contain common distin-
guishing structural features, such as phosphate ester groups!>~!# or
cysteine residues>!?, or that have the ability to specifically bind to
certain compounds!®!7 have been selectively enriched before MS
analysis. These strategies have in common that they focus on the

in-depth (ideally complete) analysis of sub-proteomes of rich bio-
logical context, thus minimizing the repeated analyses of abun-
dantly expressed proteins.

Protein glycosylation has long been recognized as a very com-
mon post-translational modification. Typically, carbohydrates are
linked to serine or threonine residues (O-linked glycosylation) or
to asparagine residues (N-linked glycosylation)'8. N-linked glyco-
sylation sites generally fall into the N-X-S/T sequence motif in
which X denotes any amino acid except proline!®. Protein glycosy-
lation, and in particular N-linked glycosylation, is prevalent in pro-
teins destined for extracellular environments?’. These include
proteins on the extracellular side of the plasma membrane, secreted
proteins and proteins contained in body fluids (such as blood
serum, cerebrospinal fluid, urine, breast milk, saliva, lung lavage
fluid or pancreatic juice). These also happen to be the proteins in
the human body that are most easily accessible for diagnostic and
therapeutic purposes. It is therefore no surprise that many clinical
biomarkers and therapeutic targets are glycoproteins. These
include Her2/neu in breast cancer, 3 human chorionic
gonadotropin and o -fetoprotein in germ cell tumors, prostate-spe-
cific antigen in prostate cancer and CA125 in ovarian cancer. The
Her2/neu receptor is also the target for a successful immunother-
apy of breast cancer using the humanized monoclonal antibody
Herceptin?!. In addition, changes in the extent of glycosylation and
the carbohydrate structure of proteins on the cell surface and in
body fluids have been shown to correlate with cancer and other dis-
ease states, highlighting the clinical importance of this modifica-
tion as an indicator or effector of pathologic mechanisms?>24,
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Figure 1 Schematic diagram of quantitative analysis of N-linked
glycopeptides. (a) Strategy for quantitative analysis of glycopeptides.
Proteins from two biological samples are oxidized and coupled to hydrazide
resin. Nonglycosylated peptides are removed by proteolysis and extensive
washes. The nonglycosylated peptides are optionally collected and
analyzed. The N-terminus of glycopeptides are isotope labeled by succinic
anhydride carrying either dO or d4. The beads are then combined and the
isotopically tagged peptides are released by PNGase F and analyzed by MS.
(b) Oxidation of a carbohydrate to an aldehyde followed by covalent
coupling to hydrazide resin.

Therefore, it can be expected that a method for the systematic and
quantitative analysis of glycoproteins would be very useful for the
detection of new potential diagnostic markers and therapeutic tar-
gets.

Here we describe a method for quantitative glycoprotein profil-
ing. It is based on the conjugation of glycoproteins to a solid sup-
port using hydrazide chemistry, stable isotope labeling of
glycopeptides and the specific release of formerly N-linked glycosy-
lated peptides via PNGase F. The recovered peptides are then iden-
tified and quantified by MS/MS. The method was applied to the
analysis of cell surface and serum proteins.

Table 1 Quantitative analysis of glycoproteins in glycoprotein mixture
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RESULTS

Principle of the method

The method consists of six steps (Fig. 1a). (i) Glycoprotein oxidation:
periodate oxidation converts the cis-diol groups of carbohydrates to
aldehydes (Fig. 1b). (ii) Coupling: the aldehydes react with hydrazide
groups immobilized on a solid support to form covalent hydrazone
bonds (Fig. 1b). Nonglycosylated proteins are removed.
(iii) Proteolysis: the immobilized glycoproteins are proteolyzed on the
solid support. The nonglycosylated peptides are removed by washing
and can be collected, if desired, for further analysis, whereas the glyco-
sylated peptides remain on the solid support. (iv) Isotope labeling: the
o-amino groups of the immobilized glycopeptides are labeled with
isotopically light (d0, contains no deuteriums) or heavy (d4, contains
four deuteriums) forms of succinic anhydride after the €-amino
groups of lysine are converted to homoarginine?>. (v) Release: for-
merly N-linked glycopeptides are released from the solid-phase by
PNGase F treatment. (vi) Analysis: the isolated peptides are identified
and quantified using microcapillary high-performance liquid chro-
matography electrospray ionization (LLC-ESI) MS/MS or ULC sepa-
ration followed by matrix-assisted laser desorption/ionization
(MALDI) MS/MS. The data are analyzed by a suite of software
t00]s10:26,27.

To illustrate the new method, two mixtures (A and B) that contained
the three glycoproteins, 0-1-antichymotrypsin, O-1-antitrypsin and
0-2-hs-glycoprotein, at different concentrations were treated as
described above. Formerly N-glycosylated peptides were analyzed by
MLC-ESI-MS/MS and identified. Table 1 shows the identified
sequences and the observed d0/d4 peptide ratio for each identified
peptide from two experiments. Of the four identified N-glycosylation
sites, three have been described preViously28‘30, whereas N# in the
sequence FN#LTETSEAEITHQSFQH represents a glycosylation site in
o-1-antichymotrypsin that has not been described previously. The
abundance ratios calculated from the isotopic ratios agreed reasonably
with the expected values. These results indicate that the method selec-
tively isolates and quantifies N-linked glycopeptides from mixtures of
glycoproteins.

The specific capture of glycoproteins is based on the oxidation of
hydroxyl groups on adjacent carbon atoms of carbohydrates to alde-
hydes by sodium periodate as previously described®!. The aldehydes,
in turn, covalently couple to amine- or hydrazide-containing mole-
cules®2. Under the conditions used, the only expected side reaction of
sodium periodate oxidation resulting in aldehydes is the oxidation of
polypeptides containing a primary amine and a secondary hydroxyl
group on adjacent carbon atoms, as exemplified by N-terminal serine
residues®. This constellation is rare in proteins. The attachment of
periodate-oxidized proteins to hydrazide resin is therefore quite spe-
cific for glycoproteins containing N-linked and/or O-linked carbohy-
drates. Different types of oligosaccharides oxidize at different

Protein name Sequences of identified peptides?

Glycosylation

Observed peptide Protein ratio (A/B)¢  Expected protein

sites ratio (A/B)P ratio (A/B)
a-1-antichymotrypsin K.FN#LTETSEAEIHQSFQH.L Novel 0.69; 0.91 1.09 +0.39 1.00
F.LSLGAHN#TTLTEILK.G Known30 1.63;1.35
L.SISTALAFLSLGAHN#TTLTEILK.G Known30 0.88
a-1-antitrypsin R.QLAHQSN#STNIFF.S Known29 6.47; 4.06 5.27 +1.70 5.00
a-2-hs-glycoprotein K.AALAAFNAQNN#GSNFQLEEISR.A Known28 0.34; 0.51 0.42+£0.12 0.33

@ Sequences of identified peptides from the control glycoprotein mixture are shown in single letter code. N# indicates the asparagine with consensus N-linked glycosylation motif.
bThe observed peptide ratio shows the measured d0/d4 ratio of each identified peptide. cThe protein ratio show the average ratio of the peptides from each protein.
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periodate concentrations and reaction conditions. The conditions we
used here (15 mM sodium periodate, room temperature for 1 h) were
chosen to assure oxidation of all types of oligosaccharides with
hydroxy groups on adjacent carbon atoms. The enzyme-catalyzed
release of formerly N-glycosylated peptides by PNGase F provides
specificity for N-linked glycopeptides and N-linked glycosylation
sites®4. PNGase F will not, however, release N-linked oligosaccharides
containing core fucosylation. There is no enzyme comparable to
PNGase F for removing intact O-linked sugars. To successfully release
O-linked oligosaccharides, it is necessary to sequentially remove
monosaccharides by using a panel of exoglycosidases until only the
GalP1,3GalNAc core remains attached to the serine or threonine
residue. The core can then be released by O-glycosidase. Because not
all O-linked oligosaccharides contain this core structure, a chemical
method, such as -elimination, may be more generally useful and
effective for the release of the formerly O-linked glycosylated peptides.

Qualitative analysis of glycoproteins in human serum

To assess the potential of the glycopeptide capture method for serum
protein profiling, we first determined the specificity and efficiency of
conjugation. Human serum proteins were coupled to the hydrazide
beads. Identical aliquots (1 pl) were removed from the sample before
(‘- beads’) or after (‘+ beads’) capture of glycoproteins to hydrazide
resin. The samples were separated by 9% (wt/vol) sodium dodecyl sul-
fate—polyacrylamide gel electrophoresis (SDS-PAGE) and stained with
silver (total protein stain) or with a glycoprotein-staining reagent
(Fig. 2a). The following is apparent from this experiment. First, as
expected, the serum sample contains a considerable amount of glyco-
sylated proteins (glycoprotein stain, ‘- beads’ lane). Second, the major-
ity of the protein bands were essentially depleted by the coupling
reaction (silver stained bands ‘+/— beads’ lanes). Third, as far as could
be determined from the different staining intensities of the two stain-
ing methods used, glycosylated proteins were quantitatively depleted
and bands containing glycosylated proteins were preferentially
removed by the coupling reaction. Fourth, the major band represent-
ing serum albumin was not depleted by the coupling reaction and did
not stain with the glycoprotein-staining reagent. Collectively, these
results show that the hydrazide beads bind the oxidized glycoproteins
from the serum sample efficiently and specifically. They also show that
the major serum protein, albumin, predominantly remained in the
supernatant (left, ‘+ beads’ lane) and was not stained with the glyco-
protein stain (right, ‘+/— beads’ lane). Because the present method is
compatible with the immobilization of denatured proteins (data not
shown), it reduces the possibility that the affinity depletion of albumin
also removes albumin-associated proteins.

We then determined whether the reduced peptide complexity
achieved by the glycopeptide capture method allowed us to identify a
larger number of serum proteins compared to conventionally pre-
pared control samples if comparable HLC-MS/MS protocols were
applied. A serum sample was processed and the formerly N-linked gly-
cosylated peptides were analyzed by HLC-ESI-MS/MS (Fig. 1). The
resulting collision-induced dissociation (CID) spectra were searched
using Sequest against the human National Center for Biotechnology
Information (NCBI) sequence database (Fig. 2b, middle). Control
samples were generated by selectively isolating cysteine-containing
peptides using the isotope-coded affinity tagged (ICAT) reagent
method?. These were analyzed either using the same ULC-ESI-MS/MS
method used for the analysis of the peptides isolated by the glycopep-
tide capture method (Fig. 2b, right) or through extensive, three-
dimensional (cation exchange-biotin affinity—reverse phase liquid
chromatography (RP-LC)) separation in which the peptide mixture
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Figure 2 Isolation of glycoproteins from serum. (a) Specific capture of
glycoproteins by hydrazide resin. Total protein staining or glycoprotein
staining of serum before (=) and after (+) capture of glycoproteins by
hydrazide resin. Proteins were separated by SDS-PAGE and stained with silver
(left) or Gel Code Blue glycoprotein staining reagent (right). (b) Comparison of

total number of proteins or peptides identified from serum samples isolated
by either cysteine-reactive tag or glycopeptide capture method.

145 unique peptides
57 unique proteins

was fractionated into 17 cation exchange fractions that were sequen-
tially analyzed by MLC-ESI-MS/MS!? (Fig. 2b, left). Using a single
MLC-ESI-MS/MS run requiring approximately 2 h of mass spectrome-
ter time, we identified 145 unique peptides mapping to 57 unique
serum proteins with the glycopeptide capture method (2.5 peptides
per protein); when comparable MS methods were applied for the
analysis of cysteine-tagged peptides, we identified 72 unique peptides
mapping to 23 unique proteins, of which 15 were also identified via the
glycopeptide capture method (Fig. 2b, right). Using the extensive pep-
tide separation protocol for the analysis of cysteine-tagged peptides
that required approximately 34 h of mass spectrometer time, we iden-
tified 356 unique peptides mapping to 97 serum proteins. Of the
57 proteins isolated by the glycopeptide capture method and identified
by single-dimensional LC-MS/MS, 23 proteins were not seen by exten-
sive ULC-ESI-MS/MS-based protocol of cysteine-tagged peptides
(Fig. 2b, left). These data demonstrate the increased efficiency of
serum analysis provided by the glycopeptide capture method.

Four major conclusions can be drawn that are relevant for assessing
the potential of each method for serum protein profiling. First, the
cysteine-tagging method is substantially limited by the presence of a
number of high-abundance proteins that include the five major
plasma proteins, representing more than 80% of the total plasma
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Table 2 Quantitative analysis of glycoproteins from two identical serum samples

Gene name 2 Protein names Sequences of Observed ratio  Expected % Error
identified peptides® (Mean + s.d.) ratio
PGLYRP (GP:AF384856_1) Peptidoglycan recognition protein L R.GFGVAIVGN#YTAALPTEAALR.T 0.95 +0.02 1 5
A2M (GP:M36501_1) a-2-macroglobulin Y.VLDYLN#ETQQLTPEIK.S 0.93 +0.03 1 7
ORM1 (SW:A1AG_HUMAN) a-1-acid glycoprotein 1 N.LVPVPITN#ATLDQITGK.W 1.05+0.11 1 5
SERPINAI (SW:A1AT_HUMAN) a-1-antitrypsin K.YLGN#ATAIFFLPDEGK.L 1.10+0.11 1 10
SERPINAI (SW:A1AT_HUMAN) a-1-antitrypsin R.QLAHQSN#STNIFF.S 1.00£0.01 1 0
SERPINA3 (SW:AACT_HUMAN) a-1-antichymotrypsin K.YTGN#ASALFILPDQDK.M 1.05+0.03 1 5
C3 (SW:CO3_HUMAN) Complement c3 N.HMGN#VTFTIPANR.E 0.91 +£0.02 1 9
C4B(SW:CO04 HUMAN) Complement c4 R.FSDGLESN#SSTQFEVK.K 0.93 +0.07 1 7
HP (SW:HPT1_HUMAN) Haptoglobin-1 K.VVLHPN#YSQVDIGLIK.L 1.04 +0.03 1 4
HP (SW:HPT1_HUMAN) Haptoglobin-1 K.NLFLN#HSEN#ATAK.D 1.29+0.33 1 29
SERPINGI (SW:IC1_HUMAN) Plasma protease c1 inhibitor R.VLSN#NSDANLELINTWVAK.N ~ 0.90 £ 0.03 1 10
IGHEPI (SW:ITHI_HUMAN) Inter-a-trypsin inhibitor heavy chain hl ~ H.FFAPQN#LTNMNK.N 0.96 +0.01 1 4
IGHEP2 (SW:ITH2_HUMAN) Inter-a-trypsin inhibitor heavy chain h2 ~ K.GAFISN#FSMTVDGK.T 1.08 +0.12 1 8
ITIH4 (SW:ITH4_HUMAN) Inter-a-trypsin inhibitor heavy chain h4 ~ N.QLVDALTTWQN#K.T 1.01 +0.13 1 1
SERPINA4 (SW:KAIN_HUMAN) Kallistatin K.FLN#DTMAVYEAK.L 1.24 £0.30 1 24
KLKB1 (SW:KAL_HUMAN) Plasma kallikrein R.IYSGILN#LSDITK.D 1.06 + 0.08 1 6
KNG (SW:KNG_HUMAN) Kininogen K.LNAENN#ATFYFK.I 0.94 +0.10 1 6

aGene name is from the HUGO Gene Nomenclature Committee database (http://www.gene.ucl.ac.uk/nomenclature/) (and the human NCBI protein database
(http://www.ncbi.nlm.nih.gov/)). ®The consensus motif for N-linked glycosylation is highlighted and the asparagine residues to which carbohydate is linked are N#.

protein mass (albumin, -1-antitrypsin, -2-macroglobulin, transfer-
rin and y-globulins). When the cysteine-tagged peptides were ana-
lyzed, the mass spectrometer spent over one-third of the acquisition
time on CID spectra of albumin (39% of peptides identified by the
cysteine-tagging method were from albumin). In contrast, the
glycopeptide capture method selected against albumin, with only 1%
of peptides identified from albumin. Second, proteins that were not
identified by the cysteine-tagging method were readily identified after
glycopeptide capture (Fig. 2b). This attests to the potential of the
glycopeptide capture method to achieve deeper serum protein cover-
age within a substantially reduced data acquisition time. Third, the
glycopeptide capture method reduced the sample complexity; an
average of 2.5 peptides per protein were detected. Fourth, the presence
of the N-glycosylation sequence motif in the identified peptides
provided further validation of specific isolation and increased the
confidence in database searching results. Therefore, the reduction in
sample complexity achieved by the glycopeptide capture method
provides a substantial advance for the analysis of blood serum and
other body fluids of similar protein composition.

However, neither this nor any other method is currently capable of
profiling all the proteins present in serum. Although the use of more
extensive separation protocols for the formerly N-glycosylated
peptides will increase the depth of serum protein coverage, tryptic
peptides that are too short or too long to fall within the detection
range of the mass spectrometer used will not be identified. This limita-
tion may be overcome, at least in part, by the use of proteases with
cleavage specificities different from that of trypsin.

Quantitative analysis of glycoproteins

We also determined whether the glycopeptide selection method could
be used to detect quantitative changes in the profiles of N-linked gly-
copeptides isolated from different samples of human serum. In a
proof-of-principle experiment, glycopeptides from two equal
amounts of human serum (1 mg total protein) were isotopically
N-terminally labeled with either light (d0) or heavy (d4) forms of

NATURE BIOTECHNOLOGY VOLUME 21 NUMBER 6 JUNE 2003

succinic anhydride after C-terminal lysine residues were converted to
homoarginines. The lysine-to-homoarginine conversion facilitated
detection by MALDI quadrupole time-of-flight (MALDI-QqTOF)
MS? and the stable isotope tag was incorporated for quantification.
After labeling, the beads containing the two samples were combined
and the formerly N-linked glycopeptides were released. A portion of
the sample, equivalent to 1.25 pl of serum, was fractionated to 29 spots
on a MALDI plate by RP-LC and analyzed by MALDI-QqTOF MS and
MS/MS3>3, The experiment was repeated and samples were analyzed
by ESI-QqTOF MS with comparable results to those obtained by
MALDI-QqTOF MS. Table 2 lists the identified peptides, the proteins
from which they originated and their observed quantitative ratio from
two experiments. Generally, the observed ratios were close to the
expected ratio of 1. The differences between the observed and expected
ratio ranged between 0% and 29% with a mean of 8%. This indicates
that the glycopeptide capture method allows reasonable quantification
if combined with stable isotope tagging.

The quantification and identification process is further illustrated
for a single peptide pair (Fig. 3). A single scan of the mass spectrometer
at spot 28 in MS mode identified eight paired signals with a mass dif-
ference of four units (indicated with *, Fig. 3a). An expansion of the
mass range between m/z = 1,577 and m/z = 1,590 resolved the natural
isotopic distribution of a peptide pair with monoisotopic peaks at
1,579.74 and 1,583.78, in which the signals had a quantitative ratio of
1.11. The precursor ion with m/z = 1,579.74 was further analyzed by
MS/MS and sequence database searching of the resulting spectrum,
and it was identified as peptide sequence IYSGILN#LSDITK from
human plasma kallikrein, a serum protease (Fig. 3b). Cleavage of
oligosaccharides from glycoproteins catalyzed by PNGase F deami-
nates the linker asparagine to aspartic acid, causing a mass shift of
1 mass unit®’. The series of y ions from this peptide confirmed the
match, and indicated that the 1-mass unit difference between
asparagine and aspartic acid can be easily detected by MALDI QqTOF
MS, thus confirming the precise glycosylation site within the peptide
as N7.
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We carried out guanidination of lysine residues and isotope-tag
addition while the glycopeptides were still bound to the solid support.
Solid-phase attachment facilitates the reactions and the removal of
excess reagents and is therefore compatible with a range of different
tagging chemistries. The results show that glycopeptide capture, stable
isotope tagging and MS/MS constitute a method for quantitative pro-
filing of the glycoproteins in serum.

Glycopeptide analysis of cell surface proteins

To assess the potential of the glycopeptide capture method for the
analysis of cell surface proteins, we used a crude membrane fraction
from the LNCaP prostate cancer epithelial cell line*® to select and
identify peptides containing N-linked glycosylation sites. The released
peptides isolated from 60 pg of a crude membrane fraction were ana-
lyzed by single-dimensional ULLC-MS/MS and the data were processed
as described above.

The experiment identified 104 unique peptides mapping to 64 unique
proteins (1.6 peptides per protein) (see Supplementary Table 1 online).
All the peptides identified contained the conserved N-linked glycosyla-
tion motif (N-X-S/T), indicating that formerly N-glycosylated peptides
were isolated with high selectivity. We further analyzed the subcellular
localization of the identified proteins using information from the
SWISS-PROT database (http://www.expasy.org/sprot/)>°or the predic-
tion tool PSORT 114042 (http://psort.ims.u-tokyo.ac.jp/). Of a total of
64 identified glycoproteins, 45 (70%) were bona fide or predicted trans-
membrane proteins (Fig. 4). The nontransmembrane proteins were
mostly designated as either extracellular (7 proteins, 11%) or lysosomal
(9 proteins, 14%), thus belonging to two cellular compartments known
to be enriched for glycoproteins. Only three proteins were assigned as
cytoplasmic proteins (5%). Interestingly, two previously identified anti-
gens, melanoma-associated antigen ME491 (CD63) and prostate-
specific membrane antigen I (FOLHI), were also identified in this
experiment. These data indicate a marked improvement in selectivity
for cell surface proteins over the analysis of crude microsomal fractions,
in which over 40% of the proteins identified were not membrane pro-
teins!?. The data also indicate that proteins of high molecular weight
and extreme pI, typically underrepresented in analyses performed using
2DE, are readily identified by this method. This is exemplified by the
identification of basement membrane—specific heparan sulfate proteo-
glycan core protein (encoded by the gene HSPG2, also known as
PGBM), a 470-kDa extracellular protein®®, and the acidic (pI = 4.39)
transmembrane protein signal sequence receptor O subunit (encoded by
SSR1, also known as SSRA). These results indicate that the glycopep-
tide capture method is also effective for the selective analysis of proteins
contained in the plasma membrane.

The total number of proteins identified in this experiment is rela-
tively small but consistent with the number of unique proteins identi-
fied from complex samples using LC-MS/MS without extensive
separation. Because of the ‘top down’ mode of precursor ion selection
in the mass spectrometer, the most abundant proteins are preferen-
tially identified. To identify a larger number of proteins, the sample
would have to be more extensively fractionated before mass spectro-
metric analysis.

DISCUSSION

We describe a method for quantitative profiling of glycoproteins or
glycopeptides. The method allows the identification and quantifica-
tion of glycoproteins containing N-linked carbohydrate in a complex
sample and the determination of the site(s) of glycosylation. The selec-
tivity of the method makes it ideally suited for the analysis of samples
that are enriched in glycosylated proteins. These include cell
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Figure 3 Quantitative analysis of formerly N-linked glycosylated peptides by
MALDI QqTOF MS. (a) The peptides were analyzed by MALDI-QqTOF MS
with an initial MS scan to quantify the protein. The ratio of each peptide was
analyzed by comparison of the total area of the first three monoisotopic
peaks for the dO and d4 forms of the peptide. (b) An example of a peptide
with specific m/zvalue (1579.7431) was selected for CID spectrum to
identify the peptide and N-linked glycosylation site.

membranes, body fluids and secreted proteins. Such samples are of
great biological and clinical importance, especially for the identifica-
tion of diagnostic biomarkers and targets for immunotherapy or phar-
macological intervention.

By combining this method with the cysteine-tagging method using
ICAT reagents®, the occupancy of individual N-linked glycosylation
sites and changes thereof can also be determined. This would be of
particular interest in studies in which changes of glycosylation occu-
pancy are suspected, as exemplified by patients with type I congenital
disorders of glycosylation, in which the N-linked glycosylation path-
way is deficient®>.

The selectivity of the method also substantially reduces the com-
plexity of the peptide mixture if complex protein samples are being
analyzed because glycoproteins generally only contain a few glycosyla-
tion sites. The method as described in this paper is focused on the
analysis of N-linked glycosylation sites. Analogous strategies can be
devised to analyze O-glycosylated peptides as well; in fact, a protein
sample, once immobilized on a solid support, can be subjected to
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Figure 4 Subcellular location of glycoproteins identified from a crude
microsomal fraction of LNCaP prostate epithelial cells. For known and
characterized proteins, protein subcellular localization was from the SWISS-
PROT database (indicated by normal letter in Supplementary Table 1
online). For protein sequences from hypothetical proteins and functionally
uncharacterized proteins, PSORT Il and algorithms included therein

were used to predict cellular localization (indicated by italic letters in
Supplementary Table 1 online).

sequential N-linked and O-linked glycosylation peptide release, thus
further increasing the resolution of the method and the information
contents of the data obtained by it. We therefore believe that this
method will find wide application in proteomics research.

METHODS

Materials and reagents. For all chromatographic steps, high-performance
LC-grade reagents were purchased from Fisher Scientific. MALDI matrix
(a-cyano-4-hydroxycinnamic acid) was from Agilent Technologies. Succinic-
d4-anhydride was from C/D/N Isotopes. Gel-CODE glycoprotein staining kit
was from Pierce. PNGase F was from New England Biolabs. Hydrazide resin
was from Bio-Rad. All cell culture reagents and media were from Gibco-BRL.
All other chemicals and the human serum sample used in this study were pur-
chased from Sigma.

Purification of formerly N-linked glycosylated peptides from serum. Serum
glycoproteins in coupling buffer (100 mM sodium acetate and 150 mM NaCl,
pH 5.5) were oxidized by adding 15 mM of sodium periodate at room temper-
ature for 1 h. After removal of sodium periodate, the sample was conjugated to
the hydrazide resin at room temperature (20 °C) for 10—24 h. Nonglycoproteins
were then removed by washing the resin six times with an equal volume of urea
solution (8 M urea/0.4 M NH,HCO;, pH 8.3). After the last wash and removal
of the urea solution, the resin was diluted with 3 bed volumes of water.
Trypsin was added at a concentration of 1 pHg of trypsin/
200 pg of serum protein and digested at 37 °C overnight. The peptides were
reduced by adding 8 mM TCEP (Pierce) at room temperature (20 °C) for
30 min, and alkylated by adding 10 mM iodoacetamide at room temperature
(20 °C) for 30 min. The trypsin-released peptides were removed by washing the
resin three times with 1.5 M NaCl, 80% acetonitrile/0.1% trifluoroacetic acid
(vol/vol), 100% (vol/vol) methanol and six times with 0.1 M NH,HCO;.
N-linked glycopeptides were released from the resin by addition of PNGase F
(ata concentration of 1 pl of PNGase F per 40 mg of serum protein) overnight.
The released peptides were dried and resuspended in 0.4% acetic acid for
LC-MS/MS analysis.

Isotopic labeling of glycopeptides with succinic anhydride. The glycopeptides
on the beads were washed twice with 15% (wt/vol) NH,OH in water (pH > 11).
Methylisourea at 1 M in 15% NH,OH (NH,OH/H,0 = 15/85 v/v) was added
in 100-fold molar excess over amine groups and incubated at 55 °C for 10 min.
Beads were then washed twice with water, twice with DMF/pyridine/H,0O
(50%/10%/40% (vol/vol/vol)) and resuspended in DMF/pyridine/H,O
(50%/10%/40% (vol/vol/vol)). Succinic anhydride solution was added to a
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final concentration of 2 mg/ml. The sample was incubated at room tempera-
ture for 1 h, then washed three times with DMF, three times with water and six
times with 0.1M NH,HCOj;. The peptides were released from the beads using
PNGase F as described above.

Analysis of three-control protein mix using the glycopeptide capture method.
Two mixtures containing differing amounts of the same three glycoproteins
were prepared. The proteins were purchased from Calbiochem. The amounts of
each protein (Hg) in mixtures A and B were: a-1-antitrypsin (50, 10), 0-2-hs-
glycoprotein (10, 30) and da-1-antichymotrypsin (2, 2). Formerly N-linked
glycosylated peptides from the two protein mixtures were purified and labeled
as described above.

Profiling serum proteins using cysteine-specific tagging. Five milligrams of
total serum protein was labeled using ICAT reagent as described previously'?.
The proteins were digested by trypsin and the peptides were fractionated by
strong cation-exchange chromatography to 17 fractions. Each fraction was fur-
ther separated by avidin chromatography and HLC-MS/MS'°.

Purification of formerly N-linked glycosylated peptides from LNCaP crude
microsomal membrane fractions. LNCaP cells were grown in RPMI medium
supplemented with 10% FBS. A crude microsomal fraction was prepared as
described!?. The protein amount was measured using a BCA protein analysis
kit (Pierce). Sixty micrograms of crude microsomal membrane proteins was
conjugated to hydrazide resin and processed as described above.

Analysis of peptides by MS. The peptides were analyzed by Finnigan LCQ ion
trap mass spectrometer (Finnigan) or MALDI QqTOF mass spectrometer
(MDS SCIEX) as described previously>3>3¢.

Searching database using MS/MS spectra. The acquired MS/MS spectra were
searched against the human protein database from NCBI. For MS/MS spectra
acquired by MALDI QqTOF, the mass window for the single-charged ion of
each peptide being searched was given a tolerance of 0.08 Da between the meas-
ured monoisotopic mass and the calculated monoisotopic mass, and the b,
y and z ion series of the database peptides were included in the Sequest analysis.
For MS/MS spectra acquired by Finnigan LCQ ion trap mass spectrometer, the
mass window for each peptide being searched was given a tolerance of 3 Da
between the measured average mass and the calculated average mass, and the b
and y ion series were included in the Sequest analysis. The sequence database
tool was set to expect the following modifications: carboxymethylated cys-
teines, oxidized methionines and an enzyme-catalyzed conversion of
asparagine to aspartic acid at the site of carbohydrate attachment. No other
constraints were included in the Sequest search. All the MS/MS spectra were
manually checked to verify the validity of the database search results.

Note: Supplementary information is available on the Nature Biotechnology website.
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