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The cell surface glycoprotein 7y-glutamyl transpeptidase
(GGT) was isolated from healthy human kidney and liver to
characterize its glycosylation in normal human tissue in vivo.
GGT is expressed by a single cell type in the kidney. The spec-
trum of N-glycans released from kidney GGT constituted a sub-
set of the N-glycans identified from renal membrane glycopro-
teins. Recent advances in mass spectrometry enabled us to
identify the microheterogeneity and relative abundance of gly-
cans on specific glycopeptides and revealed a broader spectrum
of glycans than was observed among glycans enzymatically
released from isolated GGT. A total of 36 glycan compositions,
with 40 unique structures, were identified by site-specific glycan
analysis. Up to 15 different glycans were observed at a single site,
with site-specific variation in glycan composition. N-Glycans
released from liver membrane glycoproteins included many gly-
cans also identified in the kidney. However, analysis of hepatic
GGT glycopeptides revealed 11 glycan compositions, with 12
unique structures, none of which were observed on kidney GGT.
No variation in glycosylation was observed among multiple kid-
ney and liver donors. Two glycosylation sites on renal GGT were
modified exclusively by neutral glycans. In silico modeling of
GGT predicts that these two glycans are located in clefts on the
surface of the protein facing the cell membrane, and their syn-
thesis may be subject to steric constraints. This is the first anal-
ysis at the level of individual glycopeptides of a human glycopro-
tein produced by two different tissues iz vivo and provides novel
insights into tissue-specific and site-specific glycosylation in
normal human tissues.
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In mammalian systems, the carbohydrate structures present
on glycoproteins, glycolipids, and proteoglycans play pivotal
roles in the regulation of protein folding and sorting as well as
cell-cell recognition, communication, adhesion, and migration
(1-3). The array of glycans isolated from human tissues reveals
tissue-specific patterns, with some glycans common to multiple
tissues. Studies in mouse model systems have correlated the
general structural features of glycans on glycoproteins with the
tissue-specific expression pattern of glycosylation enzymes
(4—-6). Many additional factors, including compartmentaliza-
tion of glycosyltransferases and the supply and transport of sug-
ars and sugar nucleotides, have also been shown to influence
glycan synthesis (7, 8). This multifaceted process is altered in
cancer and other diseases (9, 10). Thus, disease-specific modi-
fications to glycan structures provide potential biomarkers.
The cell surface protein y-glutamyl transpeptidase (GGT)? is
shed into the urine and serum and may be useful as a biomarker
of kidney and liver disease. To identify the glycan profile and
site-specific glycosylation of GGT in normal human tissue, we
isolated and characterized GGT from healthy human kidney
and liver. Unlike profiles of tissue glycans, which are a mixture
of glycans produced by the many cell types within the tissue,
GGT is expressed only in the proximal tubule cells in the kidney
and is expressed on the bile canaliculi of the hepatocytes (11).
Therefore, the glycans on isolated GGT reveal the glycosylation
of this protein by a single cell type in each tissue. Recent
advances in mass spectrometry (MS) enabled us to identify the
microheterogeneity and relative abundance of glycans on spe-
cific glycopeptides within the GGT isolated from each tissue.
This is the first comparative analysis at the level of individual
glycopeptides from a human glycoprotein produced by two dif-
ferent tissues in vivo. GGT was isolated independently from
multiple healthy kidneys and livers to assess variations in gly-
cosylation from donor to donor.

GGT (EC 2.3.2.2) is a type II cell surface membrane glyco-
protein, which plays a critical role in glutathione and cysteine
homeostasis by catalyzing the first enzymatic step in the catab-
olism of extracellular glutathione and glutathione conjugates

2 The abbreviations used are: GGT, y-glutamyl transpeptidase; PNGase F, pep-
tide:N-glycosidase F; LTQ-FT, linear trap quadrupole-Fourier transform;
Neu5Gc, N-glycolylneuraminic acid.
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(11-15). GGT is expressed as a single polypeptide that under-
goes an intramolecular autocatalytic cleavage that resolves the
protein into a large (amino acids 1-380) and a small (amino
acids 381-569) subunit (16 —19). Both subunits are required for
enzymatic activity (20). The protein is anchored in the plasma
membrane by a transmembrane domain at the N terminus of
the large subunit (amino acids 5-26). The heterodimer faces
the extracellular environment. Human GGT has seven poten-
tial N-glycosylation sites (sequon, NX(S/T), X # P) as follows:
six on the large subunit and one on the small subunit. Early
studies of the glycans on human GGT identified tissue-specific
patterns of glycosylation based on differential lectin affinities,
distinct electrophoretic mobility patterns, and exoglycosidase
cleavage patterns (21-29). Further progress was hampered
by technical limitations in the sensitivity of the methods
used to characterize glycoforms, site differences in multiply
glycosylated proteins, and the challenge posed by glycan
microheterogeneity. Based on these early studies of GGT
from normal human kidney and liver tissue, we hypothesized
that tissue-specific glycopeptides could be identified. To test
this hypothesis, a combination of matrix-assisted laser desorp-
tion/ionization-time-of-flight (MALDI-TOF)/MS-MS and
high resolution liquid chromatography (LC)-MS-MS analyses
were used to analyze immunopurified human renal and hepatic
GGT.

EXPERIMENTAL PROCEDURES

Isolation of Membrane Proteins—Normal human kidneys
were obtained from the National Disease Research Interchange
(Philadelphia, PA). Three perfused kidneys (prepared but not
used for transplant) were acquired on ice from two Caucasian
females (46 and 75 years old) and one Caucasian male (51 years
old). The kidney cortex was frozen at —80 °C until use. Two
livers, one from a 90-year-old Caucasian female and one from
an 80-year-old Caucasian male, were received frozen and
stored at —80 °C until use. The exclusion criteria for the liver
tissue were as follows: no alcoholism, no HIV, no hepatitis, no
cancer or other liver disease, and no sepsis. Both livers were
frozen within 12 h post-mortem. Membrane fractions were
prepared as described previously (30). A 0.5% (v/v) Triton
X-100 extract of the membrane fraction was used for SDS-
PAGE and Western blot analysis, and a 0.5% (w/v) CHAPS
extract was used for immunopurification of GGT and mass
spectrometric analysis.

Electrophoresis on Nondenaturing (Native) Gels—Triton X-
100-solubilized membranes were incubated for 18 h at 37 °C
with papain (1 pg of papain/4 of ug protein; Sigma) to cleave
GGT from its hydrophobic anchor. Papain cleaves human GGT
at Ser-30 (31, 32). Samples were incubated as indicated in the
presence or absence of Clostridium perfringens neuraminidase
(New England Biolabs, Ipswich, MA). Samples were separated
on 10% polyacrylamide Tris-glycine gels, pH 8.3, containing
0.1% Triton X-100 and resolved at 100 V for 4.5 hin 25 mm Tris,
100 mm glycine buffer, pH 8.3. Using a modification of the
method described by Rutenberg et al. (33), GGT activity was
localized in the gels by the formation of a red precipitate during
incubation at 37 °C in a solution containing 400 um L-glutamic
acid y-(4-methoxy-B-naphthylamide) (Sigma), 30 mm glycyl-
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glycine, 1.2 mm Fast Blue, 100 mm NaCl, and 25 mm Tris-HCl,
pH 7.5.

SDS-PAGE and Western Blotting—Triton X-100-solubilized
membranes were incubated at 95 °C for 10 min in 25 mm Tris-
HCI, pH 7.4, 25 mM B-mercaptoethanol, 0.1% (w/v) SDS, and
0.5% Triton X-100. The solution was cooled to room tempera-
ture, supplemented with leupeptin (1 um) and aprotinin (1
pg/ml), and incubated in the presence or absence of peptide-
N-glycosidase F (PNGase F, EC 3.5.1.52; New England Biolabs,
Ipswich, MA) for 18 h at 37 °C. The reactions were stopped by
boiling in Laemmli sample buffer (2% SDS, 5% glycerol, 5%
2-mercaptoethanol, 0.002% bromphenol blue, 62.5 mMm Tris-
HCI, pH 6.8), subjected to electrophoresis on 8 or 10% SDS-
polyacrylamide gels, and electroblotted to nitrocellulose. The
nitrocellulose blots were blocked in Tris-buffered saline with
0.1% Tween 20 (TBST) containing 3% dry milk followed by
incubation in TBST buffer containing primary antibodies
directed against either the large (GGT129 (11)) or small
(GGT1, Abnova, Taipei City, Taiwan) subunits of GGT. The
blots were washed extensively in TBST, incubated with HRP-
conjugated secondary antibodies, and visualized by chemilumi-
nescence according to the manufacturer’s protocol (ECL Plus,
GE Healthcare).

Immunopurification of GGT—The GGT129 antibody, di-
rected against a 19-amino acid peptide sequence at the C ter-
minus of the large subunit of GGT, was used to immunopu-
rify GGT (11). The peptide sequence was not predicted to
undergo post-translational modification. Affinity-purified
GGT129 antibody was bound to a protein A affinity matrix
(ImmunoPure Protein A IgG Plus, Pierce) and covalently linked
using the NHS-ester cross-linking agent disuccinimidyl suber-
ate. CHAPS-solubilized membranes were heated at 85 °C in 1%
SDS for 15 min, diluted 50-fold in binding buffer (25 mm Tris-
HCI, pH 7.4, 100 mm NaCl, 0.5% CHAPS, 1 um leupeptin, 1
pg/ml aprotinin), and incubated with the immunoaffinity
matrix (with constant mixing) for 2 h at 22 °C. The matrix was
poured into a 10-ml column, washed extensively with binding
buffer (20X bed volume), and eluted with low pH buffer (0.1 m
glycine-HCI, pH 2.8, 0.2 M NaCl, 0.1% CHAPS) into tubes con-
taining 1.0 M Na,HPO,, pH 8.5. GGT-containing fractions were
pooled and concentrated in Ultracel YM-10 micro-concentra-
tors (Millipore, Bedford, MA) followed by vacuum centrifuga-
tion of the retentates to dryness.

Trypsin Digestion—Immunopurified GGT was resuspended
in 10 mM ammonium bicarbonate, reduced (in the absence of
urea), alkylated, and digested with proteomic grade trypsin
(Sigma) as described previously (34).

Release of N-Glycans—To release N-glycans from GGT, tryp-
sin-digested GGT was treated with 5 milliunits of PN Gase F for
18 hat 37 °C. To release N-glycans from total membrane glyco-
proteins, CHAPS-solubilized membranes (400 ug of protein)
were incubated at 95 °C for 10 min in 25 mMm Tris-HCI, pH 7.4,
25 mm B-mercaptoethanol, 0.1% SDS, and 0.5% CHAPS, cooled
for 10 min at 22 °C, and incubated with 17 units of PNGase F for
18 h at 37 °C. The released N-glycans (50-ul aliquots diluted
with 350 ul of water) were adsorbed to activated charcoal micro
spin columns (Harvard Apparatus, Holliston, MA), precondi-
tioned by rinsing three times with 400-ul aliquots of 85% ace-
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tonitrile/water (v/v) containing 0.1% (v/v) trifluoroacetic acid,
and twice with 400-ul aliquots of 5% acetonitrile/water, 0.1%
trifluoroacetic acid, eluted with 300 wl of 40% acetonitrile/wa-
ter with 0.1% trifluoroacetic acid, and dried by vacuum
centrifugation.

Solid-phase Spin Column Permethylation—NaOH beads
(Aldrich) were suspended in acetonitrile, packed in microcol-
umns (Harvard Apparatus, Holliston, MA), and precondi-
tioned with dimethyl sulfoxide (35, 36). Dried N-glycans were
resuspended in a mixture of 60 ul of dimethyl sulfoxide, 44.8 ul
of iodomethane, and 2.4 ul of water and recycled through the
spin columns three times by centrifugation at 800 rpm for 30 s.
A second 44.8-ul aliquot of iodomethane was added to the sam-
ple, which was again recycled through the column three times.
Permethylated glycans were extracted by the addition of 1 ml of
500 mMm NaCl and 400 pl of CHCI,; (EM Science, Gibbstown,
NJ). The aqueous layer was discarded, and the CHCIl, layer was
washed repeatedly with water by shaking and dried by vacuum
centrifugation.

Mass Spectrometric Glycomic Analysis—The N-glycans re-
leased from purified GGT were characterized by MALDI-TOF/
TOF mass spectrometry. Dried permethylated samples were
resuspended in 1:1 (v/v) MeOH/H,O containing 0.5 mm
sodium acetate, mixed 1:1 (v/v) on the MALDI plate with 10
mg/ml 2,5-dihydroxybenzoic acid in 1:1 (v/v) MeOH/H, 0, and
dried by vacuum. Samples were analyzed with an Applied Bio-
systems 4800 Proteomic Analyzer (Applied Biosystems, Fram-
ingham, MA) equipped with an Nd:YAG laser (355-nm wave-
length) operated in the positive-ion mode or on an Ultraflex II
(Bruker Daltonics, Billerica, MA) with a SMARTbeam laser
operated in reflectron positive mode. MALDI collision-in-
duced dissociation spectra were obtained at collision energy set
to 1 kV (defined by the potential difference between source and
collision cell). Cross-ring fragmentation was enhanced using air
as the collision gas at 8.0 X 10~ ° torr. MS and tandem MS data
were processed using DataExplorer 4.0 (Applied Biosystems,
Framingham, MA).

Permethylated N-glycans (~300 pmol) from kidney GGT
samples were also analyzed by ESI by resuspending in 30 ul of
50% methanol and diluted 1:100 or 1:20 into 50% methanol and
1 mm NaOH. The glycans were analyzed on a linear ion trap
mass spectrometer (LTQ, Thermo Fisher Scientific, Waltham,
MA). Each glycan mixture was infused directly into the LTQ at
a flow rate of 0.1-0.3 ml/min and electrosprayed through a
silica capillary (New Objective, Woburn, MA). MS” experi-
ments in the LTQ were carried out in positive ion mode using a
collision energy of 25-35%. Structures of the PNGase F-re-
leased and permethylated glycans were initially assigned on the
basis of exact mass match of the singly charged sodiated ions
and biosynthetic rules of N-glycosylation (37).

Glycopeptide Analyses—Tryptic digests of immunopurified
GGT were analyzed on a Dionex 3000 Ultimate nano-LC sys-
tem (Dionex, Sunnyvale, CA) interfaced to a linear trap quadru-
pole-Fourier transform (LTQ-FT) or LTQ Orbitrap XL mass
spectrometer (Thermo Fisher, San Jose, CA). A 5-ul aliquot (2
pg of protein equivalent) was loaded onto a PepMap300 C18
cartridge (5 um, 300 A, Dionex) and eluted through a pulled tip
capillary column (150 mm X 75 um inner diameter) packed
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with 90-A Jupiter Proteo 90 packing materials (Phenomenex,
Torrance, CA), using a reversed-phase gradient from 10 to 55%
solvent B (solvent A: 3% acetonitrile, 0.1% formic acid; solvent
B: 97% acetonitrile, 0.1% formic acid) over 50 min at 300 nl/min
(total run time 85 min). Alternative methods included a
reversed-phase gradient from 0 to 35% solvent B (solvent A:
0.1% formic acid; solvent B: 97% acetonitrile, 0.1% formic acid)
over 150 min at 300 nl/min or a 20-min wash interval with 3%
acetonitrile prior to initiating the gradient. The LTQ-FT mass
spectrometer was operated in an automated data-dependent
mode that performed seven scans per interval (an initial MS
scan, then skimmer in source decay-MS, then MS/MS scans
of the five most abundant ions). The total cycle (seven scans)
took less than 1 s and was continuously repeated for the
entire LC-MS run under data-dependent conditions with a
dynamic exclusion window of 60 s. In-source fragmentation
was attained by applying a maximum voltage between the
transfer tube and the skimmer. This promotes ion acceleration,
which in the presence of air molecules induces fragmentation.
The Orbitrap was also operated in a similar data-dependent
scanning mode by performing an initial MS scan (300-2000
m/z) and then selecting the five most abundant ions for MS/MS
fragmentation.

Candidate glycopeptides were identified by the program
GlycID that analyzes LC-MS/MS data based on selection crite-
ria, including the presence of glycan oxonium ions (singly pro-
tonated HexNAc and HexNAc + galactose at m/z 204.08 and
366.14, respectively) in the skimmer ISD spectrum co-eluting
with the glycopeptide, a high resolution mass match to a pre-
dicted tryptic peptide from GGT with a predicted glycoform
attached, and diagnostic ions present in the MS/MS spectra.
Potential glycopeptides identified by the algorithm were then
manually verified for the presence of glycan oxonium ions
and diagnostic peptide fragment ions (b- and y-type ions). The
search was then expanded by manually probing the entire
LC/MS-MS run for mass matches against predicted glycopep-
tides and expanded by the inclusion of glycans of related com-
positions, including those predicted by the glycans identified in
the glycomics data. Assuming equal ionization efficiency of
each glycoform at a particular glycosylation site, the relative
abundance of each glycoform on a single glycosylation site was
determined by summing the total ion intensities for all of the
glycoforms within a glycopeptide family over the entire elution
window. Each of the total ion intensities was then calculated as
a percentile relative to the other family members. The reported
percentiles represent the average of at least three separate
LC/MS-MS experiments.

N-Glycosylation of the sites was independently confirmed by
removing buffer salts and trypsin by C18 SepPak of a tryptic
GGT digest and incubating with PNGase F in a 1:1 mixture of
160-water and "#O-water (97% isotope purity, Cambridge Iso-
tope Laboratories, Andover, MA) at 37 °C for 3 h. Deglycosy-
lated peptides were analyzed by MALDI-TOF/MS on an Ultra-
flex II (Bruker Daltonics, Billerica, MA) with a SMARTbeam
laser operated in reflectron-positive mode. Enzymatic cleavage
of N-linked glycans by PNGase F converts glycosylated aspara-
gine residues into aspartates and incorporates either an '°O or
80 atom, which results in a 1- or 3-Da increase in mass of the

JOURNAL OF BIOLOGICAL CHEMISTRY 29513



Glycopeptide Analysis of Human Kidney and Liver GGT

residue from the unmodified asparagines. By performing the
deglycosylation reaction in a 1:1 ratio of heavy and light water,
peptides bearing N-glycosylated sites were observed as doublet
offset by two mass units.

Homology Model—The human GGT homology model was
constructed using MODELLER version 9 software (38). The
large subunit of GGT was generated using Escherichia coli GGT
(Protein Data Bank code 2DBW), which exhibits 29% sequence
identity, as a template (39). The small subunit of GGT was mod-
eled using E. coli GGT (Protein Data Bank code 2DG5) with
38% sequence identity (39). Structural models of N-glycans
were added according to GLYCAMO4 force field protocols
(40). Specific structural linkages were informed by the exo-
glycosidase experiments conducted by Yamashita et al. (28).
The heterodimer model was energy-minimized within the
MODELLER protocol.

RESULTS

Electrophoretic Behavior of GGT from Human Kidney and
Liver—GGT from human kidney and human liver differed in
their migration in native (nondenaturing) gels, indicating tis-
sue-specific differences in size and/or inherent charge. Deter-
gent-solubilized GGT was treated with papain, which cleaves
GGT at amino acid 30, releasing the enzyme from its N-termi-
nal transmembrane domain (32). The papain-cleaved GGT
readily migrates in nondenaturing gels. GGT from three human
kidneys had a similar migration pattern, consisting of a single
broad band, which indicates microheterogeneity in the inher-
ent charge of the glycoprotein (Fig. 14, lanes 1-3). GGT from
two human livers migrated more rapidly than kidney-derived
GGT, suggesting the liver protein was smaller or had a higher
inherent negative charge (Fig. 14, lanes 1-6). The migration of
liver GGT from two donors was similar (Fig. 14, lanes 5 and 6).
The kidney and liver samples were treated with recombinant
nonspecific clostridial neuraminidase, releasing the negatively
charged sialic acid residues. GGT from both tissues migrated
more slowly after neuraminidase treatment consistent with a
reduction in negative charge (Fig. 14, lanes 7-12). A greater
reduction in mobility was observed for the liver GGT than kid-
ney GGT, indicating that GGT is more heavily sialylated in the
liver than in the kidney. Treatment with neuraminidase also
sharpened the kidney GGT band, which suggests heterogene-
ous sialylation.

Analysis of GGT by SDS-PAGE indicated that N-linked
glycosylation is a major post-translational modification.
Intact, detergent-solubilized human kidney and liver GGT
(not treated with papain) were resolved on reducing SDS-poly-
acrylamide gels. The large and small subunits of GGT migrated
as discrete bands with apparent molecular masses of 62 and 22
kDa, respectively (Fig. 1B, lanes 1-4). The large subunit from
the kidney migrated more diffusely than the large subunit from
liver GGT, suggesting greater heterogeneity in size or charge.
The small subunit from kidney GGT migrated slightly slower
than the liver small subunit, suggesting a larger size or less neg-
ative charge. Pretreatment with PNGase F, to remove the
N-glycans, increased the electrophoretic mobility of both kid-
ney and liver GGT and also reduced the heterogeneity in the
migration of the large subunit (Fig. 1B, lanes 6 —9). The appar-
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FIGURE 1. Electrophoresis of GGT from human kidney and liver micro-
somes. A, native gel analysis of GGT. Triton X-100-solubilized microsomes
from normal human kidney (lanes 1-3 and 7-9) or liver (lanes 5 and 6 and 11
and 12) tissue were incubated at 37 °C with papain alone (lanes 1-6) or with
papain and clostridial neuraminidase (lanes 7-12) and resolved in parallel on
10% nondenaturing polyacrylamide gels. GGT was localized in situ with the
histochemical stain for GGT activity (red precipitate). B, SDS-PAGE analysis of
intact and deglycosylated GGT. Non-papain-treated samples from human
kidney (lanes 17 and 2 and 6 and 7) and liver (lanes 3 and 4 and 8 and 9) were
denatured and incubated in the absence (lanes 1-4) or presence (lanes 6-9)
of PNGase F and resolved on an 8% (upper panel) or 10% (lower panel) SDS-
polyacrylamide gel. Resolved proteins were electroblotted onto nitrocellu-
lose and Western blotted using antibodies against the large and small sub-
units of GGT. Positions of molecular mass (M) markers are indicated.

ent molecular masses of the deglycosylated large and small sub-
units were 42 and 19 kDa, respectively, consistent with the pre-
dicted molecular masses of the unmodified large (41.4 kDa) and
small (20.0 kDa) subunits. The shifts in apparent molecular
masses following deglycosylation (a reduction of 20 kDa for the
large subunit and 3 kDa for the small subunit) indicate exten-
sive N-glycosylation at the six potential glycosylation sites in
the large subunit and the single site in the small subunit.
N-Glycomic Analysis of Kidney Membrane Glycoproteins and
Kidney GGT—To investigate the N-glycans produced in the
kidney and the N-glycans on renal GGT, we analyzed the N-gly-
cans released from renal membranes and from isolated kidney
GGT. We began our analysis by investigating N-glycosylation
in the kidney. The renal membranes include glycoproteins
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FIGURE 2. MALDI-TOF-MS glycomic profile of permethylated N-glycans derived by PNGase F digestion of a soluble detergent extract of membranes
from the cortex of normal human kidney 1 (A) and GGT purified from human kidney 1 (B) are shown. B, inset, the immunopurified large subunit of kidney
GGT used for glycomic analysis was analyzed by SDS-PAGE and stained with Coomassie Blue (E, sample; M, molecular mass markers). Symbols used are as
follows: blue box, N-acetylglucosamine; green circle, mannose; yellow circle, galactose; half-green and half-yellow circle, hexose (galactose or mannose); red
triangle, fucose; purple diamond, N-acetylneuraminic acid.

expressed by many cell types within the kidney, and the N-gly- were prevalent. Only a subset of the complex type N-glycan
can profile revealed a diverse array of glycan ions (Fig. 24). High  structures in the kidney profile were sialylated. Relative levels of
mannose type and GlcNAc-bisected, complex type N-glycans  specific glycans were inferred from the ion abundance (41, 42).
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FIGURE 3. Tryptic glycopeptide sequence map for the large subunit of
human GGT. Predicted tryptic glycopeptides are underlined. Arrowheads
denote the positions of putative N-glycosylation sites.

The structures for most of the high abundance glycoforms
observed by MS, including the bisecting GlcNAc modification,
core and peripheral fucose, and sialylation, were confirmed by
tandem MS (data not shown). Virtually identical profiles were
obtained for the kidney glycans from three different donors (see
supplemental Fig. 1).

The N-glycans on renal GGT were characterized and com-
pared with the total profile of N-glycans on membrane glyco-
proteins in the kidney. Immunopurified large subunit of GGT
used for glycan analysis is shown in Fig. 2B, inset. N-Glycans
released from purified renal GGT consisted primarily of com-
plex type N-glycans dominated by bisected bi- and triantennary
structures with a high degree of fucosylation on both core and
peripheral GlcNAc residues and a low degree of sialylation (Fig.
2A). The most abundant structures, at m/z 2285.0 and 2663.2,
corresponded to neutral, core-fucosylated biantennary com-
plex type N-glycans modified with bisecting GIcNAc residues,
with the m/z 2663.2 ion exhibiting both core and peripheral
fucosylation. These structures were also prominent among the
N-glycans observed in the renal membrane glycoprotein pool.
In both profiles, relatively low sialylation was observed.

There were also marked differences between the two profiles.
Three of the 10 most abundant glycans in the kidney N-gly-
comic profile were high mannose type structures. In contrast,
these structures constituted only a minor portion of the GGT
N-glycans. The bisected biantennary structure at m/z 2489.2
dominated the kidney glycans (Fig. 24), but it was less promi-
nent among the GGT glycans (Fig. 2B). The total kidney glycans
exhibited less fucosylation than the N-glycans conjugated to
GGT. The prominent tetra-fucosylated, bisected triantennary
structure observed on kidney GGT (m/z 3821.6) was below the
limit of detection in the total kidney N-glycan pool. The differ-
ence in the relative abundance of specific glycans between the
two profiles may reflect cell type-specific glycosylation, as GGT
is only expressed in the proximal tubule cells of the kidney.

Site-specific Glycosylation of Renal GGT—Analysis of the
renal GGT glycopeptides provided specific, detailed informa-
tion regarding the structural compositions and relative abun-
dance of the N-glycans at each potential glycosylation site. Each
glycosylation site on the large subunit of GGT is contained
within a unique tryptic fragment (Fig. 3). A LC-MS/MS base
peak intensity chromatogram of the tryptic peptides is shown in
Fig. 4A. The elution intervals during which the individual gly-
copeptide families eluted are highlighted. Individual glycopep-

29516 JOURNAL OF BIOLOGICAL CHEMISTRY

100+
904 LAFATMFNSSEQSQK |-
809
8 7
[
©
2
HGE DGGSAVDAAIAALLCVGLMN
< i AHSMGIGGGLFLTIVNSTTR
2 s
g
8 Ll NMTSEFFAAQLR <. AELIEHPLNISLGDVVLY
3 MPSAPLSGPVLALILNILK
303 LTLPQLADTYETLAIEG
3 AQAFYNGSLTAQIVK
20 GYNFSR
10
"- K/\ T T M
10 15 20 25 30 _40
B *
& —*

el
2\
pe™

B
]

o
v

—
J %
il

[M+3H]**

11317733 [M+2H+Na]

1222.1422 [M+3H]”_/

IV 1270.4941 [M+3H]

1275.8244 [M+3H];

,.,..@;;;@;"ﬁwg
g

1367.5269 [M43H]>*
-
- 1441.5588 ,t\.@‘:
£227

1470.8967

1173.1218 [M+3H]*

Relative Abundance
g 3
geGiS
v

J
)

.
-

1251.1477 [M+3H]* —

w
S

N
S

¥ 1003.1126

1032.3884
1039.8781
1202.4612 [M#3H]>
1299.8366 [M+3H]**
1318.8406 [M+3H]**

L 10263979
1068.9860
1076.0888 [M+3H]**
1105.7624

. 1124.4358
1421.5447 [M+3H]*
1489.9064

hl. ihlﬂl‘l

[ W
1250 1300 1350 1400 1450 1500
Mass (m/z)

-
S

Lusitiul

=

-

B

5111004328

8

& 1154.1149 [M+3H]*

e
)
8
n
o
[ -
8

1050

-
=

o

-
o

[GYNFSR+2H+Na]3* = 1131.7733 m/z
100

x10

f

920

el
|

q
3
o
e
.
1083.5 [M+2H+Na]*

Relative Abundance
g 8 8
3651[Mou1]
5343 (Ms\»luza'f'[w"r] ,0
;/

]

1092.4615 [V+HT" —» =

946.4 [M+H]* >0

/10299 [Ms2H +Na*=
1035.0387

]

1596.6 [M+Na]**

[GYNFSR+H

737.2

7435

696.5 [M+Na]*
1296.8.2 [M+H+NaJ?*

825.4 [M+Na]
894.1 [M+H]

388.1 [M+Na]*
657.6 [M+H]* BO®
803.0 [M+H]

300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
Mass (m/z)

FIGURE 4. Glycopeptide analysis of GGT isolated from normal human kid-
ney cortex. A, base peak intensity chromatogram of the tryptic digest of GGT
immunopurified from normal human kidney. The shaded regions depict the
retention times of the different glycopeptides associated with this glycopro-
tein, and Table 1 summarizes the microheterogeneity at each site. B, aver-
aged LC/Orbitrap-FT MS spectrum for the GGT Asn-297 (GYNFSR) family of
glycopeptides from kidney tissue, showing the identified glycoconjugates
within the elution interval. Asterisks denote glycoconjugates that were con-
firmed by tandem MS analysis. P represents the GYNFSR tryptic peptide to
which the N-glycans are attached. Unannotated peaks represent nonglyco-
sylated peptides that co-eluted with this glycopeptide family. C, MS/MS spec-
trum showing the fragmentation pattern of the monosodiated glycopeptide
atm/z = 1131.7 identified on the Asn-297 glycosylation site. For symbol def-
initions, see Fig. 2.
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tide families eluted over wider (2—3-fold) chromatographic
intervals than peptides that were not glycosylated, indicating
that the elution time is influenced primarily by the peptide and
modulated by the glycoform type (Fig. 44). The glycans on the
GYNEFSR (Asn-297) glycopeptide are shown in Fig. 4B. The
composition of each glycan was associated with a mass accu-
racy of 5 ppm or less with respect to the theoretical m/z value
for each glycopeptide. The structural models within each gly-
copeptide family were identified by data-dependent collision-
induced dissociation MS/MS. An example is shown in Fig. 4C
for the low abundance GYNEFSR glycopeptide ion at m/z =
1131.8, which is the monosodiated form of the m/z = 1124.4
glycopeptide ion (Table 1). The presence of diagnostic oxonium
ions at m/z = 366.1, 512.2, and 657.6 are readily discernible
within the fragmentation pattern. Fragments matching the m/z
values for the core GIcNAc-modified peptide (m/z = 946.4), the
fucosylated core GlcNAc-modified peptide (m/z = 1092.5), and
the peptide backbone (/2 = 743.5) confirm assignment of the
glycosylation site to the GYNEFSR tryptic peptide fragment.
Fragment ions corresponding to Lewis-type fucosylation on
antennary GlcNAc residues (m/z = 696.5 and 803.0) were also
observed in this spectrum, indicative of a mixture of isoforms
containing a single fucose on either the core-GlcNAc residue or
on a distal antennary GIcNAc.

Table 1 shows the composition and relative abundance of
the glycans identified on the renal GGT glycopeptides. The
data reveal 8 —15 glycans at each of the six N-glycosylation
sites. A total of 36 glycan compositions were observed. The
Hex HexNAc,dHex;NeuAc, glycan composition, which was
observed on two of the sites, was identified as a mixture of both
core and antennary mono-fucosylated structures as described
above for the analysis of the monosodiated form of the 1124.4
glycopeptide ion. The array of N-glycans differed among the
glycopeptides, highlighting site-specific glycosylation within a
single protein. Notably, the N-glycans identified at the NST
(Asn-95) and NIS (Asn-266) sites were limited to neutral car-
bohydrates, although sialylated glycans were observed at each
of the other four sites. The NST and NIS sites were also unique
in having nonfucosylated glycans. On the NST site, nonfucosy-
lated glycans constituted 38% of the N-glycans. At the NIS site,
the nonfucosylated glycans were of low abundance, constitut-
ing only 3.4% of the glycans. Of the 36 glycan compositions
observed, 17 were sialylated and 19 were not. All of the glycans
at the NSS (Asn-120), NFS (Asn-297), and NMT (Asn-344)
sites were tri- and tetra-antennary glycans, although the other
three sites included less processed glycans. The variation
among the glycans at a single site was greatest on the NGS
(Asn-230) glycopeptide, where both neutral and sialylated,
small and large glycans were observed. All glycopeptides were
identified with a mass accuracy of <5 ppm with the exception
of two of the glycans at the NGS site. Independent confirmation
of site occupancy was obtained for all but the NGS peptide
based on mass match coupled with enzymatic incorporation of
the 'O stable isotope when glycosylated asparagine residues
were converted to aspartate in the presence of PNGase F and
H,'®0 (data not shown). No peptides corresponding to unmod-
ified sites were observed within the MALDI-TOF/MS data. All
six potential glycosylation sites appear to be fully occupied.
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TABLE 1

N-Glycan microheterogeneity of renal GGT as determined by
LC/MS-MS

Relative abundance values were deduced from comparative ion intensities among
glycopeptide family members. The tryptic peptides in which each glycosylation site
is contained are depicted in Fig. 3. Calculated m1/z values for the corresponding
permethylated N-glycans enzymatically released from either renal GGT (a) or from
the pool of kidney membrane glycoproteins (b) in Fig. 2 are included for reference.
Abbreviations used are as follows: Hex, hexose (mannose and galactose); HexNac,
N-acetylglucosamine; dHex, deoxyhexose (fucose); NeuAc, neuraminic (sialic) acid;
ND, not detected.

GGT N- Relative Mass of
glycosylation Abundance Theoretical Mass Error MS/MS  Permeth.
site Glycan (%) mass measured (ppm)  Support Glycan
[M+4H]+4
1-NST Hex4HexNAc5dHex1 19.7 1451.9181  1451.9170 0.7 v 22852°
(N95) Hex5HexNAc5 7.2 1455.9168  1455.9221 3.7 v 2315.2°
Hex4HexNAcé 18.9 1466.1734  1466.1682 3.6 v 2356.2
Hex5HexNAc4dHex2 28 14781759 14784717 2.8 v 24182°
Hex5HexNAc5dHex1 9.4 14924313 14924314 0.1 v 2489.2°
Hex6HexNAc5 37 1496.4300  1496.4358 3.9 v 2519.3°
Hex5HexNAc6é 8.2 1506.6866  1506.6877 0.7 v 2560.3
Hex5HexNAc5dHex2 6.2 1528.9457 1528.9408 3.2 v 2663.3°
Hex6HexNAc5dHex1 3.9 1532.9445  1532.9451 0.4 2693.3°
Hex5HexNAc6dHex1 87 1543.2011 1543.2058 3.0 v 2734.4°
Hex5HexNAc6dHex2 29 1579.7156  1579.7188 20 4 2908.5
Hex6HexNAc6dHex1 28 1683.7143  1583.7186 27 v 2938.5°
Hex6HexNAc5dHex3 22 16059734  1605.9688 2.9 v 304158
Hex6HexNAc6dHex2 38 1620.2288  1620.2344 3.5 v 3112.6°
[M+3H]+3
2-NSS Hex6HexNAc6dHex3 3.9 1439.9259  1439.9213 3.2 v 3286.7°
(N120) Hex6HexNAc5dHex3NeuAc1 1.2 1469.2646  1469.2630 11 4 3402.7°
Hex6HexNAc6dHex2NeuAc1 1.5 1488.2718  1488.2719 0.1 4 3473.7°
Hex6HexNAc6dHex4 20.9 1488.6119  1488.6096 15 v 34607
Hex6HexNAc5dHex4NeuAc1 28 1617.9506  1517.9579 438 3576.8
Hex6HexNAc6dHex3NeuAc1 13.5 1536.9577  1536.9581 0.2 v 3647.8°
Hex7HexNAc6dHex4 84 1542.6294  1542.6277 1.1 v 3664.8
Hex6HexNAc5dHex3NeuAc2 11 1566.2964  1566.2981 11 v 3763.9
Hex6HexNAc6dHexaNeuAc1 314 1585.6437  1585.6442 0.3 v 3821.9°
Hex7HexNAc6dHex3NeuAc1 21 1590.9753  1590.9751 0.1 3851.9
Hex6HexNAc6dHex3NeuAc2 37 1633.9895  1633.9908 0.8 v 4009.0
Hex7HexNAc6dHex4NeuAc1 1.9 1639.6612  1639.6591 1.2 4 4026.0
Hex6HexNAc6dHexaNeuAc2 7.5 1682.6755  1682.6718 22 v 4831
[M+4H]+4
3-NGS Hex5HexNAc5dHex2 25 1390.1496  1390.1402 6.7 2663.3°
(N230) Hex5HexNAc5dHex3 1.4 1426.6641 1426.6629 0.8 4 2837.4°
Hex6HexNAc5dHex3 43 1467.1773 1467.1784 0.7 3041.5°
Hex6HexNAc6dHex2 3.2 1481.4326  1481.4255 47 3112.6%
Hex6HexNAc6dHex3 114 1517.9472  1517.9501 1.9 v 32866°
Hex6HexNAc6dHex4 203 1554.4616  1554.4589 17 4 3460.7°
Hex6HexNAc6dHex3NeuAc1 103 1590.7210  1590.7162 3.0 3647.8°
Hex6HexNAc6dHex4NeuAc1 228 1627.2355 1627.2332 14 v 3821.9°
Hex7HexNAc6dHex2NeuAc2 8.9 1667.7487  1667.7333 9.2 4039.0
Hex6HexNAc6dHex2NeuAc3 5 1700.0093  1700.0092 0.1 4196.0
[M+4H]+4
4-NIS Hex5HexNAcS 34 1437.9790  1437.9775 11 2315.2°
(N266) Hex5HexNAc5dHex1 14.6 1474.4935  1474.4980 31 4 2489.2°
Hex5HexNAc5dHex2 29.2 1511.0080  1511.0111 241 v 26633°
Hex6HexNAc5dHex1 19.8 1615.0067  1515.0090 15 4 2693.3°
Hex6HexNAc5dHex2 12 16515212  1551.5277 42 v 2867.4°
Hex6HexNAc5dHex3 5.8 1588.0357 1588.0310 29 v 3041.5°
Hex6HexNAc6dHex2 54 1602.2910  1602.2943 20 4 3112.6°
Hex6HexNAc6dHex3 9.9 1638.8055 1638.8051 0.2 v 3286.6°
[M+3H]+3
5-NFS Hex6HexNAc6dHex2 0.3 1076.0907  1076.0888 1.8 v 31126°
(N297) Hex6HexNAc6dHex1NeuAc1 1.8 1124.4365  1124.4352 1.2 4 3299.6
Hex6HexNAc6dHex3 34 11247767  1124.7759 0.7 v 3286.6°
Hex6HexNAc5dHex3NeuAc1 1.4 11541153  1154.1172 16 v 3402.7°
Hex6HexNAc6dHex2NeuAc1 14.2 11731225 11731217 0.7 [4 3473.7°
Hex6HexNAc5dHex4NeuAc1 22 1202.8013  1202.8015 0.2 [4 3576.8
Hex6HexNAc6dHex3NeuAc1 21.0 1221.8085 1221.8083 0.1 v 3647.8°
Hex6HexNAc5dHex3NeuAc2 58 1251.1471 1251.1461 0.8 3763.9
Hex6HexNAc6dHex4NeuAc1 31.8 1270.4944 1270.4939 04 v 3821.9°
Hex6HexNAc6dHex2NeuAc2 1.5 1270.1543  1270.1538 0.4 v 3834.9
Hex7HexNAc6dHex3NeuAc1 0.9 1275.8260  1275.8253 0.5 v 3851.9
Hex6HexNAc5dHex4NeuAc2 27 1299.8331 1299.8337 0.5 [4 3938.0
Hex6HexNAc6dHex3NeuAc2 44 1318.8403  1318.8396 0.5 v 4009.0
Hex6HexNAc6dHex4NeuAc2 9.0 1367.5262 1367.5265 0.2 v 4183.1%
Hex7HexNAc6dHex4NeuAc2 04 14215438  1421.5448 0.7 4 4387.2
[M+3H]+3
6-NMT Hex6HexNAc6dHex1NeuAc1 3 1348.2136  1348.2199 46 v 3299.6
(N344) Hex6HexNAc5dHex3NeuAc1 79 1377.8924  1377.8990 48 3402.7°
Hex6HexNAc6dHex2NeuAc1 15.7 1396.8996  1396.9021 1.8 4 3473.7°
Hex6HexNAc6dHex3NeuAc1 3441 1445.5856  1445.5837 1.3 v 3647.8°
Hex7HexNAc6dHex4 9.1 1451.2573  1451.2531 29 3664.8
Hex6HexNAc6dHex4NeuAc1 18.5 14942715 1494.2742 1.8 v 3821.9°
Hex7HexNAc6dHex1NeuAc2 85 1499.2630  1499.2673 238 4 3864.9
Hex7HexNAc6dHex4NeuAc1 3.2 1548.2891 1548.2890 0.1 4026.0

A comparison of the information obtained from the anal-
ysis of the kidney GGT glycopeptides to the analysis of the
glycans released from kidney GGT shows that the data from
each approach confirm and further expand the insight into
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glycosylation of renal GGT. There was general agreement
between the analysis of the GGT glycopeptides and the
N-glycans released from GGT. On the NIS (Asn-N266) site,
all of the glycans identified in the glycopeptide analysis
were observed among the glycans released from GGT or the
kidney glycans. The most abundant glycan composition at
this site (Hex;HexNAc,dHex,) was also the most abundant
glycan released from GGT (m/z 2663.3). The two most abun-
dant glycan compositions on the NSS (Asn-120) site
(Hex¢HexNAcdHex,) and HexcHexNAc,dHex4 NeuAc,)
are also among the most abundant released from GGT (m/z
3460.7, 3821.9).

Among the 36 unique glycan compositions identified in the
glycopeptide analysis, 17 were sialylated (Table 1). Only three
(m/z 3647.8, 3821.9, and 4183.1) of the sialylated glycans had
been detected among the glycans enzymatically released from
GGT, and two additional glycans (11/z 3402.7, 3473.7) had been
identified in the total kidney glycans pool (Fig. 2). The identifi-
cation of 12 novel sialylated glycans by glycopeptide analysis
indicates the enhanced sensitivity of this approach. Of the 19
nonsialylated glycans identified in the glycopeptide analysis, 11
were detected among the glycans released from GGT, and 4
additional glycans were detected in the total glycan pool. Four
novel nonsialylated glycans were identified by glycopeptide
analysis. Of note is the Hex,HexNAc, glycan identified as the
second-most abundant at the NST site, which was not identi-
fied among the released glycans (predicted m/z 2356.2 for per-
methylated N-glycan). Data from the N-glycans released from
GGT provided novel information not present in the glycopep-
tide analysis. All 13 N-glycans with m/z >2200 identified
among the N-glycans released from kidney GGT (Fig. 2B) were
observed in the kidney GGT glycopeptide analysis (Table 1).
However, none of the eight N-glycans with m/z <2200, released
from GGT were observed in the glycopeptide analysis.

N-Glycomic Analysis of Liver Membrane Glycoproteins and
Liver GGT—The profile of N-glycans from liver membrane
glycoproteins reveals a diverse mixture of high mannose and
complex type structures, which is dominated by a biantennary,
di-sialylated N-glycan (m/z 2792.5, see Fig. 5A). There is con-
siderable overlap between the glycan ions identified among
those released from the total liver and kidney membranes. Of
the 44 glycan ions identified in the liver, 30 were also present
in the kidney (Fig. 2A4). The structures that were unique in
the liver were primarily complex type N-glycans, including
the tri- and tetra-antennary, di-fucosylated structures. Pro-
files of the N-glycans from the membrane glycoproteins of two
liver donors were indistinguishable (see supplemental Fig. 2).

The N-glycans released from hepatic GGT are shown in Fig.
5B and constitute a subset of the glycans from the total liver
membrane glycoproteins. The hepatic GGT N-glycans were
dominated by the same biantennary, di-sialylated structure
(m/z2792.4) that dominated the liver membrane glycan profile.
The pattern of complex type N-glycans on liver GGT mirrors
the relative abundance pattern of these glycans in the liver
membranes. However, the high mannose structures identified
in the liver membrane pool (Fig. 54) were not observed on
purified liver GGT (Fig. 5B), similar to the pattern observed in
the kidney (Fig. 2, A and B).
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The N-glycan profile from liver GGT (acidic, unbisected, and
rare antennary fucosylation) contrasts markedly with that of
renal GGT (low sialylation, bisected, and abundant antennary
fucosylation, see Fig. 2B). Only three low abundance glyco-
forms were identified on both the kidney and liver GGT (m/z
1906, 2070, and 2110). The N-glycans identified on liver and
kidney GGT confirm the variations in the molecular composi-
tion of hepatic and renal glycosylation proposed by the electro-
phoretic mobility differences (Fig. 1). The N-glycans on liver
GGT exhibited a higher degree of sialylation consistent with the
increased mobility of liver GGT on native gels and its more
pronounced migrational shift following neuraminidase treat-
ment relative to the kidney enzyme (Fig. 14). In addition, there
is less microheterogeneity among the liver GGT glycans com-
pared with the kidney GGT glycans, which correlates with the
more compact migration pattern observed for the liver GGT
compared with the broad band observed for kidney GGT in
native gels (Fig. 14).

Site-specific Glycosylation of Liver GGT—Tryptic peptides
from liver GGT were analyzed for their site-specific glycosyla-
tion patterns, and the data were compared with those observed
for kidney GGT. The time intervals during which the liver GGT
glycopeptides eluted are indicated on the LC-MS/MS base peak
chromatogram (Fig. 6A). The liver glycopeptides eluted as fam-
ilies. The averaged MS spectrum for the liver NMT (Asn-344)
glycopeptide family shows eight distinct glycans present at this
site (Fig. 6B), six of which were observed among the glycans
released from hepatic GGT (Fig. 5B). The low abundance com-
position at m/z = 1480.3 (Fig. 6B) was unique to the NMT site
(among the glycopeptides detected on liver GGT), but its struc-
ture is not clearly defined.

The fragmentation pattern for the NSS (Asn-120) liver GGT
glycopeptide bearing a biantennary, di-sialylated, core-fucosy-
lated complex type N-glycan (m/z = 1347.2) is shown in Fig. 6C.
The collision-induced dissociation fragmentation pattern con-
tains the diagnostic sialylated oxonium ion at m/z = 657.9 that
assisted in its preliminary assignment as a glycopeptide. Addi-
tional oxonium ions at m/z = 528.2 and 818.9 were also evident.
Two fragment ions at different charge states confirm the
assignment of the modified peptide backbone (/2 = 946.5 and
1892.7). Core fucosylation is evidenced by the detection of a
series of fragment ions bearing a single fucose residue on sub-
structural elements composed solely of proximal GlcNAc resi-
dues attached to the peptide backbone (Fig. 6C, m/z = 1019.9,
1121.1, and 1201.6).

The results from the liver GGT glycopeptide analyses are
presented in Table 2. The glycopeptide analysis yielded evi-
dence for glycosylation at four of the six sites. Of the 11 unique
glycan compositions identified in the glycopeptide analysis, all
were sialylated, although seven were also fucosylated. The non-
fucosylated, biantennary, di-sialylated N-glycan (m/z 2792.5),
which dominated the liver glycomics profile from both the total
membrane fraction and the GGT-specific pool of N-glycans
(Fig. 5), was also the most prominent glycan on the glycopep-
tides. It was the only glycan composition detected for the NIS
site by mass match and constituted greater than 50% of the
N-glycans on the NGS (Asn-230) and NMT (Asn-344) sites
(Table 2). This glycan constituted 23.5% of the glycans on the
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FIGURE 5. MALDI-TOF-MS glycomic profile of permethylated N-glycans derived by PNGase F digestion of a soluble detergent extract of membranes
from normal human liver 1 (A) and GGT isolated from normal human liver 1 (B). For symbol definitions, see Fig. 2.

NSS site, although its fucosylated derivative (m/z 2966.5) analysis were also observed among the glycans released from
accounted for 33.4% of the glycans on this site. As a result, the liver GGT, and an additional glycan Hex, HexNAc,dHex, NeuAc,
NSS site was the only site at which fucosylated glycans were (m/z 4226.1) was observed within the total liver membrane
more abundant than nonfucosylated glycans. Eight of the 11 ~ N-glycan pool (Fig. 54). Both of the two di-fucosylated gly-
glycan compositions identified in situ by the glycopeptide cans that were identified by the glycopeptide analysis,
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TABLE 2

N-Glycan microheterogeneity of hepatic GGT as determined by LC/

MS-MS

Relative abundance values were deduced from comparative ion intensities among
glycopeptide family members. The tryptic peptides in which each glycosylation site
is contained are depicted in Fig. 3. Calculated m1/z values for the corresponding
permethylated N-glycans identified on either hepatic GGT () or from the pool of
liver membrane glycoproteins (b) in Fig. 5 are included for reference. For abbrevia-
tions, see Table 1.

GGT N- Relative Mass of
glycosylation Abundance Theoretical Mass Error MS/MS Permeth.
site Glycan (%) mass measured (ppm) Support Glycan
1-NST ND
[M+3H]+3
2-NSS Hex5HexNAc4NeuAc1 0.6 1201.4960  1201.4938 1.8 v 2431.2°
Hex5HexNAc4dHex1NeuAc1 0.9 1250.1819  1250.1825 0.5 v 2605.3°
Hex5HexNAc4NeuAc2 235 1298.5278 1298.5293 1.2 v 2792.4°
Hex5HexNAc4dHex1NeuAc2 334 1347.2137  1347.2157 15 v 2966.5°
Hex6HexNAc5dHex1NeuAc2 25 1468.9245  1468.9218 18 v 3415.7°
Hex6HexNAc5NeuAc3 0.7 1517.2703  1517.2722 13 v 3602.8°
Hex6HexNAc5dHex2NeuAc2 15.3 1522.9421 1522.9402 1.2 ' 3589.8
[M+4H]+4
Hex6HexNAc5dHex1NeuAc3 232 1174.7192  1174.7200 0.7 v 3776.9°
[M+4H]+4
3-NGS Hex5HexNAc4NeuAc2 56.8 1411.8985  1411.9003 1.3 v 2792.4°
Hex6HexNAc5dHex1NeuAc2 3.0 1539.6961  1539.6982 14 3415.7°
[M+5H]+5
Hex5HexNAc4dHex1NeuAc2 57 1158.9323  1158.9314 0.8 v 2966.5°
Hex6HexNAc5dHex1NeuAc3 28.9 1290.1778  1290.1765 1.0 v 37769°
Hex7HexNAc6dHex1NeuAc3 5.6 1363.2042  1363.2045 0.2 4226.1°
[M+4H]+4
4-NIS Hex5HexNAc4NeuAc2 100.0 1532.7569  1532.7545 1.6 2792.4°
5-NFS ND
[M+3H]+3
6-NMT Hex5HexNAc4NeuAc2 50.0 1207.1556  1207.1566 0.8 4 2792.4°
Hex5HexNAc4dHex1NeuAc2 13.7 1255.8416  1255.8392 1.9 v 2966.5°
Hex6HexNAc5NeuAc2 25 1328.8663  1328.8677 1.0 3241.6°
Hex6HexNAc5dHex1NeuAc2 15 1377.5523 1377.5552 21 3415.7°
Hex6HexNAc5NeuAc3 126 1425.8981 1425.9006 17 4 3602.8°
Hex6HexNAc5dHex1NeuAc3 127 1474.5841 1474.5825 11 v 3776.9°
Hex7HexNAc5dHex2NeuAc2 5.0 1480.2559  1480.2571 0.8 v 3793.9
Hex7HexNAc6dHex1NeuAc3 2.0 1596.2948  1596.2928 1.3 4226.1
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FIGURE 6. Glycopeptide analysis of GGT isolated from normal human
liver tissue. A, base peak intensity chromatogram of GGT tryptic digests
immunopurified from liver tissue. The shaded regions depict the retention
times of the different glycopeptides associated with this glycoprotein. Table 2
summarizes the microheterogeneity of each site. B, averaged LC/Orbitrap-FT
MS spectrum for the liver GGT Asn-344 (NMTSEFFAAQLR) glycopeptide,
showing the associated glycoconjugates within the elution interval. Asterisks
denote glycoconjugates that were confirmed by MS/MS. Peaks annotated by
@ represent members of the Asn-120 (N-sequon = NSS) family of glycopep-
tides that co-eluted over this same interval. P represents the NMTSEFFAAQLR
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Hex ,HexNAc.dHex,NeuAc, and Hex HexNAc.dHex,NeuAc,,
were not observed among the glycans released from GGT or
liver membranes (predicted m/z 3589.8 and 3793.9 for per-
methylated N-glycans). A comparison of the N-glycans released
from hepatic GGT to the liver glycopeptides shows that the low
molecular weight glycans (m/z <2450) identified in the GGT
glycomic analysis were not observed on the glycopeptides,
although all of the larger glycans (m/z >2450) identified in the
glycomic analysis were observed on the glycopeptides.

As shown in Table 2, the analysis of liver GGT glycopeptides
yielded evidence for glycosylation at four (Asn-120, Asn-230,
Asn-266, and Asn-344) of the six sites in the large subunit.
Neither modified nor unmodified tryptic peptides containing
the NFS (Asn-297) or NST (Asn-95) sites were detected over
the course of multiple experiments, using GGT immunopuri-
fied from two independent normal human livers. The corre-
sponding unglycosylated peptides for these sites were also
absent in LC-MS/MS analyses. Multiple attempts were made to
address this discrepancy instrumentally, including increasing
the sample load, altering the elution parameters, using an alter-
native ion source, and re-probing the MS/MS data for evidence
of incomplete tryptic digestion, for tyrosine-sulfated peptides,
for the presence of O-glycans, or for the most common natural
sequence variants and single nucleotide polymorphisms in

tryptic peptide to which the N-glycans are attached. Unannotated peaks rep-
resent unmodified peptides that co-eluted over this interval. C, MS/MS spec-
trum showing the fragmentation pattern of the Asn-120 (NSS) glycopeptide
at m/z = 1347.2. For symbol definitions, see Fig. 2.
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FIGURE 7. Tissue-specific N-glycosylation patterns on the Asn-120 site of GGT. The relative abundances of
distinct N-glycan structures on the Asn-120 (NSS) glycosylation site, as inferred from glycopeptide ion inten-
sities, are graphically depicted for GGT immunopurified from either kidney (A) or liver (B) tissue. For symbol

definitions, see Fig. 2.

human GGT (10). This discrepancy may reflect a lack of glyco-
sylation at these sites in the liver, a pervasive and unanticipated
form of post-translational modification, or sequence variation
within these two tryptic peptides.

Unique Glycosylation of GGT in Human Liver Versus Human
Kidney—A comparison of the glycopeptides identified in liver
GGT shows that all of these glycopeptides are distinct from the
glycopeptides identified in kidney GGT. In addition, none of
the 11 glycan compositions identified on liver GGT glycopep-
tides were in common with any of the 36 glycan compositions
identified on kidney GGT glycopeptides (Tables 1 and 2).
N-Glycans identified on the NSS (Asn-120) site are illustrated
in Fig. 7 with their corresponding relative abundances. Thir-
teen glycan compositions were found on the kidney GGT at this
site and eight on the liver GGT. Tandem MS analysis of
the tri-antennary, tri-sialylated, and mono-fucosylated glycan
identified on the liver NSS site revealed a mixture of both core
and antennary-fucosylated structures for this glycan as indi-
cated in Fig. 7B. A distinct pattern of tissue-specific glycans can
be illustrated for all GGT glycosylation sites analyzed. These
data demonstrate that investigation of tissue-specific glyco-
sylation of proteins cannot rely upon analysis of total glycans
released from a tissue. Analysis of glycans released from an
isolated protein produced by a single cell type within a tissue
provides more refined information. However, as observed in
the N-glycan characterization of both liver and kidney GGT,
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cans released from membrane gly-
coproteins revealed that more than
65% of the glycan compositions
were common between kidney and
liver tissue. A major finding of this
study was that, despite the overlap in composition among the
N-glycans released from the two tissues, there was no over-
lap among the glycans identified in the glycopeptide analysis
of human kidney and liver GGT. Despite distinct glycosyla-
tion, GGT from both tissues retains full enzymatic activity as
shown on native gels (Fig. 14). Additional insights into site-
specific glycosylation were also gained from the glycopeptide
analysis of GGT isolated from both tissues.

The kidney consists of many different cells, including endothe-
lial cells, podocytes, mesangial cells, epithelial cells of the proximal
tubules, distal tubules and collecting ducts, fibroblasts, smooth
muscle, and nerves. A kidney that has not been perfused also con-
tains circulating blood cells and plasma. We focused on the glyco-
sylation of GGT, which, in the kidney, is expressed only by the
proximal tubule cells (11). We compared the glycosylation of GGT
isolated from human kidney to GGT isolated from human liver.
Theliver differs from the kidney in that 95% of the total mass of the
liver is composed of a single cell type, the hepatocyte (43). GGT is
expressed by hepatocytes and is localized to their bile canalicular
surface. GGT is also expressed by bile duct cells in the liver, but
these cells contribute only a minor fraction to the GGT in the liver
(11). Therefore, the GGT isolated from kidney and from liver pro-
vides insight into the biosynthesis of N-glycans within a single cell
type in each tissue.

We have identified 40 distinct N-glycan structures among
the glycopeptides from human kidney GGT with the potential
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for additional structural and linkage-specific isomers. The
N-glycans identified were of the complex type and ranged from
bi- to tetra-antennary structures, with a predominance of
bisecting N-acetylglucosamine residues. These multiantennary
structures exhibited a high degree of fucosylation, with some
structures containing both core fucosylation and up to three
Lewis-type peripheral fucose residues. Variable degrees of sia-
lylation (0—3) were also observed on the tri- and tetra-anten-
nary structures. These results confirm and extend those
reported by Yamashita ez al. (28) who, based on exoglycosidase
and paper electrophoresis analysis of human kidney GGT
N-glycans released by hydrazinolysis, concluded that human
kidney GGT is modified with bisected bi- and triantennary
N-glycans with variable degrees of core and Lewis™ periph-
eral fucosylation as well as sialylation. The sensitivity of the
mass spectrometric approach in this study revealed site speci-
ficity and a higher degree of compositional microheterogeneity
than previously known.

Our data are the first to demonstrate that each of the six
putative N-glycosylation sites on the large subunit of the kidney
enzyme is glycosylated. In addition, Western analysis (Fig. 1B)
demonstrates that the single putative N-glycosylation site in the
small subunit is also quantitatively occupied in the kidney
enzyme. The microheterogeneity of the GGT glycans at each
site in the kidney indicates all are accessible to the glycosylation
machinery as the heterodimer undergoes remodeling and mat-
uration in the endoplasmic reticulum and Golgi network. How-
ever, the smaller sizes and uniform neutrality of the N-glycans
on the NST (Asn-95) and NIS (Asn-266) glycopeptides relative
to the other glycosylation sites and the high relative abundance
of nonfucosylated glycans at the NST site suggested that steric
hindrance at these sites may restrict processing of the glycans
by the resident glycosyltransferases.

A three-dimensional structural model of human GGT was
developed. The model was based on the crystal structure of
GGT from E. coli, which shares 29% identity in the large subunit
and 38% identity in the small subunit with human GGT (39).
Crystal structures have only been reported for bacterial GGT.
None of the eukaryotic GGT enzymes have been crystallized.
The ribbon model of human GGT reveals two parallel B-sheets
that form a hairpin and open into a channel through which the
substrate gains access to threonine 381 in the active site of the
enzyme (Fig. 8A4). All seven of the N-glycosylation sites are on
the surface of the molecule. NST (Asn-95) and NIS (Asn-266),
the two sites bearing small neutral glycans in the renal enzyme,
are localized on the hairpin of the B-sheets. They are on the
surface of the protein from which the N terminus of the large
subunit extends. GGT is a type Il membrane protein, and the N
terminus of the large subunit contains a single transmembrane
domain (amino acids 5-26). The proximity of the Asn-95
and Asn-266 sites to the N terminus of the large subunit
indicates that the glycans modifying these sites are on the
surface of the protein facing the plasma membrane. Analysis
of a space-filling model that includes the most common gly-
can at each site reveals that the glycans at these two sites are
located in small clefts on the surface of the protein (Fig. 8B).
These two glycans are locked in a more rigid conformation
than the five other glycans, each of which arises from N-gly-
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Substrate
Channel

FIGURE 8. Human GGT homology model. A, ribbon diagram of human GGT
(large subunit, blue; small subunit, green). Glycosylated asparagine residues
are highlighted with CPK atom coloring, and their positions in the amino acid
sequence are indicated with white numbers. The position of the substrate
channel and catalytic threonine (7381, red sticks) are shown. The homology
model is based on the crystal structure of soluble GGT from E. coli. The first 34
amino acids of human GGT contain the transmembrane domain and do not
have homology to E. coli GGT. The position of amino acid 35 (aa35) is shown,
which defines the orientation of the enzyme on the cell surface. B, space-
filling model of human renal GGT with the most abundant N-glycans identi-
fied at each site (Table 1). Rotational view of the renal heterodimeric enzyme,
featuring a view from the intracellular perspective (i.e. base of transmem-
brane stalk). The Asn-511 glycosylation site is located on the distal surface of
GGT and is obscured by the N-glycan at position Asn-344.

cosylation sites located on ridges facing the extracellular
environment. The localization of the glycans on Asn-95 and
Asn-266 to small clefts facing the membrane strongly sup-
ports the contention that the smaller sizes and uniform neu-
trality of the N-glycans at these two sites result from steric
hindrance. Further studies of GGT glycosylation may pro-
vide additional insights into the temporal and spatial pro-
cessing of the protein, particularly with regard to folding,
autocleavage, and glycosylation as it traverses the endoplasmic
reticulum and Golgi. The space-filling model has been rotated
to show the maximal number of glycans (Fig. 8B). Six of the
seven are observed, including Asn-95 and Asn-266.
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We have identified 12 N-glycan structures among four gly-
copeptides within the large subunit of human liver GGT. West-
ern analysis (Fig. 1B) demonstrates that the putative N-glyco-
sylation site in the small subunit is also quantitatively occupied
on the liver enzyme. The glycosylation pattern in liver is strik-
ingly different from that of the kidney enzyme, with none of the
glycan compositions found in the liver identified on kidney
GGT glycopeptides. The relative abundance data reveal liver
GGT glycopeptides are dominated by a di-sialylated, nonbi-
sected biantennary complex type N-glycan. This structure
was previously inferred from lectin studies and identified by
Yamashita and co-workers on human liver GGT (24, 27, 29).
Our data identified a more extensive array of N-glycans on
human liver GGT than recognized previously. Although a
larger number of glycoforms were detected by MS, these could
be related in a homologous series of incremental additions of
monosaccharides, as shown in the example of glycoforms
observed on the NSS site (Fig. 7B). Analysis of the glycans on
liver GGT in the context of the GGT structural model (Fig. 8)
reveals that the glycans on Asn-120, Asn-230, and Asn-344,
which are predicted to be located on ridges readily exposed to
the extracellular environment, are complex and charged gly-
cans. This is similar to what was observed on the kidney
enzyme. We were unable to identify the Asn-95 liver glycopep-
tide and found only a single mass match (not confirmed by
MS/MS) for the Asn-266 liver glycopeptide; thus, we were
unable to determine whether the glycans on these sites were
smaller and less charged, as was observed on renal GGT.

Our data are in agreement with recent studies from other
investigators on large pools of tryptic protein fragments from a
variety of human tissues that provided preliminary evidence for
GGT glycosylation at sites Asn-120 (in liver and T-lympho-
cytes), Asn-230 (liver), and Asn-511 (liver and bile) (44 —46).
These studies employed general glycopeptide-enrichment
strategies (lectin or hydrazide chemistry) and tandem MS iden-
tification of the tryptic peptides released from the immobilized
N-glycans. No information was reported with respect to the
composition of the N-glycans attached to these sites.

The organ- and GGT-specific glycosylation patterns ob-
served during the course of our investigation were conserved
among tissue donors. In addition, the N-glycans identified in
our MS characterization of GGT isolated from kidney and liver
tissues and those documented by Yamashita et al. (28, 29) on
samples derived from geographically distinct donors further
document tissue-specific, gender-independent glycosylation
patterns within the human population. The N-glycoforms that
we identified on liver GGT isolated from two distinct donors
are similar in the composition and abundance of glycans iden-
tified by others on liver-derived serum glycoproteins (47—49).
These data suggest that GGT is glycosylated in a manner anal-
ogous to other liver glycoproteins and that the glycosylation
pattern is highly conserved among individuals. Babu et al. (50)
reported a similar degree of conservation in the glycosylation
patterns acquired from human neutrophils originating from
geographically isolated samples. These findings indicate that
factors such as age, gender, and environment have negligible
effects on N-glycosylation patterns in human tissues. This is in
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contrast to data derived from total N-glycan profiling of human
serum, which is variable from person to person (51).

Analysis of glycopeptides from human tissues is the opti-
mal approach for identifying the products of in vivo glycan
biosynthesis. Cell lines and primary cell cultures are prob-
lematic as glycosylation patterns are altered when cells are
cultured in vitro. Animal model systems also have limita-
tions. Although bisecting GlcNAc and peripheral fucosylation
are commonly observed among both human and mouse kidney
N-glycans, a biantennary, bisected, and nonsialylated core-fu-
cosylated structure was the predominant species in our gly-
comic analysis of the human kidney tissue, and a tri-fucosylated
variant of this structure is predominant in mouse kidney (4 - 6).
In addition, the N-glycomic analysis from human kidney tissue
revealed a greater degree of peripheral sialylation than previ-
ously detected in the mouse. The human and mouse liver pro-
files also differ in that the oxygen-substituted form of sialic acid,
N-glycolylneuraminic acid, which is abundant in the mouse,
was not detected in the human samples as expected, because
CMP-Neu5Ac hydroxylase is inactive in human tissues (52).

In the past, characterization of human glycoproteins pro-
duced by a single cell type within a tissue has been hindered by
the amount of purified protein required. Glycan modifications
at individual sites on glycoproteins present additional chal-
lenges because glycopeptide ionization is often suppressed by
the presence of unmodified peptides, and glycan heterogeneity
in each glycopeptide reduces the abundance of individual spe-
cies, and some structures share the same mass requiring
MS-MS or orthogonal methods to differentiate them. These
obstacles have been overcome in this study by the use of nano-
reverse-phase LC to enrich for glycopeptide families over an
elution interval, the implementation of sensitive strategies to
monitor these elution intervals, marked by the co-elution of
sugar oxonium ions, on-line screening for candidate glycopep-
tides based on a mass list of potential peptides and glycans from
the glycomics analysis, which is benefited by the 5 ppm mass
accuracy of the FT detector, and selected data-dependent
MS-MS to obtain confirmatory fragment ion support for the
preliminary assignments.

Glycans are receiving increased scrutiny as potential
biomarkers of cancer and other diseases. Membrane-bound
glycoproteins are often shed into the serum as a by-product
of the disease process. Our overall goal is to define disease-
specific alterations in the glycosylation of GGT and develop
the disease-specific glycopeptides as biomarkers that can be
detected on GGT released into the urine and serum. To identify
and develop glycoproteins as biomarkers requires sensitive
methodology to define the glycopeptides within the proteins
expressed in normal tissue and the alteration in the glycopep-
tides produced in the diseased tissue. The data presented in this
study are the first to provide an in-depth characterization of the
glycopeptides and site-specific microheterogeneity of the gly-
cans from human kidney and liver GGT produced in vivo.
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