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ABSTRACT: Tissue inhibitor of metalloproteinases-1 (TIMP-1) inhibits matrix metal-
loproteinases (MMPs) by binding at a 1:1 stoichiometry. Here we have shown the
involvement of N-glycosylation in the MMP inhibitory ability of TIMP-1. TIMP-1, purified
from HEK 293 cells overexpressing TIMP-1 (293 TIMP-1), showed less binding and
inhibitory abilities to MMPs than TIMP-1 purified from fibroblasts or SF9 insect cells
infected with TIMP-1 baculovirus. Following deglycosylation of TIMP-1, all forms of
TIMP-1 showed similar levels of MMP binding and inhibition, suggesting that glycosylation
is involved in the regulation of these TIMP-1 activities. Analysis of the N-glycan structures
showed that SF9 TIMP-1 has the simplest N-glycan structures, followed by fibroblast
TIMP-1 and 293 TIMP-1, in order of increasing complexity in their N-glycan structures.
Further analyses showed that cleavage of outer arm fucose residues from the N-glycans of
293 TIMP-1 or knockdown of both FUT4 and FUT7 (which encode for fucosyltransferases
that add outer arm fucose residues to N-glycans) enhanced the MMP-binding and catalytic
abilities of 293 TIMP-1, bringing them up to the levels of the other TIMP-1. These results demonstrate that the ability of TIMP-
1 to inhibit MMPs is at least in part regulated by outer arm fucosylation of its N-glycans.
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■ INTRODUCTION

Tissue inhibitors of matrix metalloproteinases (TIMPs) inhibit
the proteolytic activity of matrix metalloproteinases (MMPs)
by binding to MMPs with 1:1 stoichiometry.1 Inhibition of
MMPs by TIMPs is accomplished by coordination of the Zn2+

ion of the MMP active site with the amino and carbonyl groups
of N-terminal cysteine residues of each TIMP.2,3 MMPs
degrade various components of an extracellular matrix and are
involved in normal physiological processes such as wound
repair and in many pathological processes, including tumor
invasion, metastasis, arthritis, and inflammation. TIMP-
mediated MMP inhibition is thought to alleviate these
damaging processes.4,5

Glycosylation is one of the most common posttranslational
modifications. Glycoproteins are proteins that are modified by
the attachment of a heterogeneous collection of sugars at each
glycosylation site. Glycan-processing pathways are complex and
reflect the environment both inside and outside of the cells.
These pathways can be changed in normal physiological and
pathological situations. Glycosylation alterations resulting from

changes to glycan-processing pathways can often modulate the
biological functions of physiologically important proteins.6

Among the four types of TIMPs, TIMP-1 and TIMP-3 carry
N-glycans. TIMP-1 inhibits the majority of soluble MMPs,
including MMP-1, MMP-2, MMP-3, MMP-7, and MMP-9, but
it does not inhibit most of the membrane-type MMPs, such as
MMP-14, MMP-15, MMP-16, and MMP-24.7,8 The N- and C-
terminal domains of TIMP-1 have different functions. The N-
terminal domain, corresponding to residues 1−126 in humans,
is important in the inhibition of MMPs. Oligosaccharide chains
are attached at two asparagine residues in the N-terminal
domain: Asn30, between the first and second β sheets, and
Asn78, between the third and fourth β sheets.9,10 It was
reported that removal of these N-glycans, either singly or in
combination, reduces protein stability but does not affect its
MMP-inhibitory activity, implying the lack of involvement of
glycosylation in this process.11 However, more recently, Kim et
al. reported that overexpression of N-acetylglucosaminyltrans-
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ferase (GnT)-V gives rise to aberrant glycosylation, including
addition of β1,6-N-acetylglucosamine (β1,6-GlcNAc), of
TIMP-1, in colon cancer WiDr cells and that the aberrantly
glycosylated TIMP-1 showed weaker inhibition of MMP-2 and
9 and higher metastatic potential than normal TIMP-1.12

However, the TIMP-1 that was aberrantly glycosylated with β-
1,6-GlcNAc was detected at low concentrations of 0.8 ng/mL
in serum from colon cancer patients,13 whereas the levels of
normally glycosylated TIMP-1 in serum from colon cancer
patients reached 100−700 ng/mL.14−16 Therefore, it remains
to be elucidated whether aberrant N-glycan modifications on
TIMP-1 are involved in the reduction of the MMP inhibitory
activity and the enhancement of metastasis in colon cancer
patients.
In the current study, it was determined whether the

differential N-glycosylation of TIMP-1 affects its MMP binding
ability and/or inhibitory property. TIMP-1 variants, purified
from various cell types, were examined: SF9 TIMP-1 from SF9
cells infected with TIMP-1 baculovirus; fibroblast (FBB)
TIMP-1 from human foreskin fibroblasts; and 293 TIMP-1
from HEK 293 cells that overexpress TIMP-1. An ELISA-based
assay was developed to analyze the interaction of TIMP-1 and
MMPs. Glycosylated and deglycosylated TIMP-1 samples were
tested for their abilities to bind to MMP along with their
abilities to inhibit MMP. The glycosylation profiles of the
TIMP-1 types were determined using hydrophilic interaction
liquid chromatography (HILIC)-based glycoanalytical technol-
ogy. Further investigations were carried out on the form of
TIMP-1 that showed reduced MMP binding ability, and a sugar
modification and certain glycosyltransferases were identified as
being crucial in this process. Knockdowns of the glycosyl-
transferases of interest were generated, and the results
demonstrate that altered glycosylation of TIMP-1 can reduce
its MMP inhibitory function.

■ MATERIALS AND METHODS

Construction of TIMP-1 Expression Vector

The human full-length TIMP-1 cDNA was amplified by PCR
using a primer pair, 5′-CCCAAGCTTCCAGAGAACCCAC-
CATGGCC-3′ (nt. 179−198 of GenBank NM_003254 is
underlined, a HindIII site is italicized, and a translation
initiating codon is bold-faced) and 5′-CGGGATCCTCAGGC-
TATCTGGGACCGCA-3′ (nt. 816−797 of GenBank
NM_003254 is underlined, a BamHI site is italicized, and a
termination codon is bold-faced) and pGEM-T-TIMP-117 as
template. A human TIMP-1 expression vector, pcDNA3.1-
TIMP-1, was constructed by subcloning of the 644-bp HindIII-
BamHI fragment of the full-length human TIMP-1 cDNA into
the same sites of the pcDNA3.1 vector (Invitrogen, Carlsbad,
CA). The final construct was sequenced to avoid PCR errors.

Cell Culture and Cell Lines

Human foreskin fibroblast cells (Welskin, Seoul, Republic of
Korea) and HEK 293 cells were cultured in Dulbecco’s
modified Eagle’s medium (GIBCO BRL, Grand Island, NY)
supplemented with 5% FBS, 100 units/mL penicillin, and 0.1
mg/mL streptomycin at 37 °C. An HEK 293 cell line stably
expressing TIMP-1 (293-TIMP-1) was generated by trans-
fection of HEK 293 cells with pcDNA3.1-TIMP-1 by the
calcium phosphate method, followed by selection with 1200
μg/mL G418.18,19

Knockdown of FUT4 and FUT7 in HEK 293 Cells

shRNA constructs for fucosyltransferase-4 (FUT4) and
fucosyltrasferase-7 (FUT7) (MISSON TRC shRNA, Sigma-
Aldrich, St. Louis, MO) were screened for the ability to
knockdown their expression. shRNA constructs that efficiently
decreased expression of FUT4 and FUT7 were transfected into
293-TIMP-1 cells using the calcium phosphate method and
selected with 1 μg/mL of puromycin to generate shFUT4 293-
TIMP-1 or shFUT7 293-TIMP-1 cell line, respectively.

Preparation of TIMP-1

SF9 TIMP-1 was expressed from SF9 insect cells infected with
human TIMP-1 baculovirus as described previously.17,20 TIMP-
1 variants from foreskin fibroblasts, 293-TIMP-1 cells, shFUT4
293-TIMP-1 cells, and shFUT7 293-TIMP-1 cells, were
purified by using TIMP-1 monoclonal antibody (mAb) affinity
resin. The serum-free conditioned medium (1 L) was subjected
to ammonium sulfate precipitation with 80% saturation. The
pellet was dissolved in 20 mL of PBS (137 mM NaCl, 10 mM
Na2HPO4, 2.7 mM KCl, and 2 mM KH2PO4, pH 7.4)
containing 1 mM phenylmethanesulfonyl fluoride (PMSF) and
loaded onto an anti-TIMP-1 monoclonal antibody-conjugated
Sepharose column (0.5 mL of bed volume) equilibrated in PBS.
TIMP-1 was eluted with 0.1 M glycine-HCl, pH 2.5. The
collected fractions were dialyzed into MMP reaction buffer (20
mM Tris−HCl, pH 7.5, 150 mM NaCl, 5 mM CaCl2, 500 μM
ZnCl2, 0.001% Brij-35). For the analysis of the N-glycans of
TIMP-1, TIMP-1 variants were purified by serial column
chromatography. The conditioned media (1 L) were loaded
onto a Q-Sepharose FF column (10 mL of bed volume) (GE
Healthcare, Piscataway, NJ) equilibrated with 20 mM Tris-HCl,
pH 7.4. Proteins in the flow-through fraction were precipitated
by 80% ammonium sulfate and resuspended in 20 mM Tris-
HCl, pH 7.4. The resuspended sample was loaded onto a
heparin-Sepharose FF column (2 mL of bed volume) (GE
Healthcare) equilibrated with 20 mM Tris-HCl, pH 7.4, and
the bound protein was eluted with a linear gradient of 0−1 M
NaCl. The active fractions were loaded onto a ConA Sepharose
4B column (0.5 mL of bed volume) (GE Healthcare)
equilibrated with 20 mM Tris-HCl, pH 7.4, and 0.5 M NaCl,
and the bound protein was eluted with a linear gradient of
buffer containing 0.02−0.2 M α-D-methylmannoside. The
active fractions were dialyzed against MMP reaction buffer.
All purification steps were performed at 4 °C. Proteins were
quantified with a Micro BCA Protein Assay Reagent kit (Pierce,
Rockford, IL) and were confirmed by MS/MS analysis of
tryptic peptides using a Thermo Scientific LTQ ORBITRAP
XL mass spectrometer. Spectra were matched against a
redundant human Swissprot database using the algorithm
TurboSEQUEST.

Deglycosylation of TIMP-1

TIMP-1 was deglycosylated by incubating with 0.2 μg peptide
N-glycosidase F (PNGase-F)/μg TIMP-1 in 20 mM Tris-HCl
(pH 7.4) for 24 h at 37 °C.21

Preparation of MMPs

The catalytic domain of human MMP-3 (cMMP-3, Phe100-
Pro273), the pro, catalytic, and hinge domains of human MMP-
1 (pchMMP-1, Phe20-Ala277), and the catalytic and hinge
domains of human MMP-14 (cMMP-14, Tyr112-Ile318) were
expressed as inclusion bodies in E. coli and were purified using a
previously reported refolding method.22 Immediately prior to
use, the pchMMP-1 was activated to cMMP-1 by incubation
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with 1 mM 4-aminophenyl mercuric acetate (APMA) for 1 h at
37 °C.23

ELISA-Based MMP/TIMP-1 Binding Assay

96-well plates (650 061, Greiner, Monroe, NC) coated with
cMMP-3, cMMP-1, or cMMP-14 (1 μg/well) were incubated
at 4 °C overnight and were blocked with 1% BSA in Tris-
buffered saline (20 mM Tris-HCl pH 7.4, 150 mM NaCl) for 1
h at 37 °C. Various concentrations of TIMP-1 in MMP reaction
buffer were added to the wells and incubated for 2 h at 37 °C.
To detect TIMP-1 bound to MMP, anti-TIMP-1 antibody (Ab-
1; 1:5000, Calbiochem, Darmstadt, Germany), horseradish
peroxidase-conjugated antimouse IgG antibody, and 3,3′,5,5′-
tetramethylbenzidine substrate (Sigma) were sequentially
reacted and absorbance was then measured at 450 nm.
Electrophoresis and Western Blot Analysis

Prior to electrophoresis, all samples were reduced with 5% 2-
mercaptoethanol. Electrophoresis was performed in sodium
dodecyl sulfate (SDS) PAGE mini-gels buffered with Tris-
Glycine for analysis of TIMP-1 and fucosyltransferases or
buffered with Tris-Tricine for analysis of α-synuclein at room
temperature according to the method of Laemmli.24 The gels
were stained with Coomassie brilliant blue (CBB) R-250. For
Western blot analysis, proteins in gels were transferred to
nitrocellulose or PVDF membrane (Millipore Corp., Beford,
MA). Immunoreactive proteins were visualized with anti-
TIMP-1, anti-MMP-3 (AF513; R&D, Minneapolis, MN), anti-
FUT4 (sc-14871; Santa Cruz Biotechnologies, Santa Cruz,
CA), anti-FUT7 (AT2124a; ABGENT, San Diego, CA), and
antiglyceraldehyde-3-phosphate dehydrogenase (GAPDH)
(LF-PA0018; AbFrontier, Seoul, Republic of Korea) primary
antibodies, horseradish peroxidase-conjugated secondary anti-
body, and an enhanced chemiluminescent detection kit (GE
Healthcare).
Fluorogenic Peptide Cleavage Assay with cMMP-3 in the
Presence of TIMP-1

cMMP-3 (10 nM) was incubated in 100 μL of the MMP
reaction buffer containing 1 μM of a quenched fluorescent
peptide ((7-methoxycoumarin-4-yl)acetyl-Arg-Pro-Lys-Pro-
Tyr-Ala-Nva-Tyr-Met-Lys(2,4-dinitrophenyl)-NH2; M2105,
Bachem, Torrance, CA) as a substrate in the absence or
presence of TIMP-1 (1:0.5, 1:1, 1:2 molar ratio of cMMP-3/
TIMP-1) for 10 min at 37 °C. The fluorescence was measured
at an excitation wavelength of 328 nm and an emission
wavelength of 393 nm.
Cleavage of α-Synuclein with cMMP-3 in the Presence of
TIMP-1

α-Synuclein (1 μg, ATGen, Seongnam, Republic of Korea) was
digested with cMMP-3 in a 1:10 enzyme/substrate molar ratio
in 10 μL of MMP reaction buffer for 30 min at 37 °C25 in the
presence of TIMP-1 (1:1 enzyme/inhibitor molar ratio).
Reactions were stopped by the addition of SDS sample buffer.
Each sample was subjected to 15% Tris-Tricine gel and stained
with CBB R-250.
Purification and Fluorescent Labeling of N-Glycans from
TIMP-1

N-Glycans were released from TIMP-1 within a block of SDS-
gel by in situ digestion with PNGase F (Roche, Mannheim,
Germany) as described earlier.26 The N-glycans for HILIC
analysis were fluorescently labeled with 2-aminobenzamide
(2AB) by reductive amination27 (LudgerTag 2-AB Glycan
Labeling kit, Ludger Ltd., Abingdon, U.K.).

Exoglycosidase Digestion of 2AB Labeled N-Linked
Glycans

All enzymes were purchased from Glyko (Novato, CA) or New
England Biolabs (Hitchin, Herts, U.K.). The 2AB-labeled
glycans were digested in a volume of 10 μL for 18 h at 37 °C in
50 mM sodium acetate buffer, pH 5.5, using arrays of the
following enzymes: ABS, Arthrobacter ureafaciens sialidase (EC
3.2.1.18), 1 U/mL; NAN1, Streptococcus pneumoniae sialidase
(EC 3.2.1.18), 1 U/mL; BTG, bovine testes β-galactosidase
(EC 3.2.1.23), 1 U/mL; SPG, Streptococcus pneumoniae β-
galactosidase (EC 3.2.1.23), 0.1 U/mL; BKF, bovine kidney α-
fucosidase (EC 3.2.1.51), 1 U/mL; GUH, β-N-acetylglucosa-
minidase cloned from Streptococcus pneumonia, expressed in E.
coli (EC 3.2.1.30), 4 U/mL; JBH, jack bean β-N-acetyl-
hexosamidase or acetylhexos-amindase (EC 3.2.1.24), 50 U/
mL; AMF, almond meal α-fucosidase (EC 3.2.1.111), 3 mU/
mL; XMF, Xanthomonus sp. α-fucosidase (EC 3.2.1.51), 0.1 U/
mL. After incubation, enzymes were removed by filtration
through a protein-binding EZ filter (Millipore Corporation,
Beford, MA);26 the N-glycans were then analyzed by HILIC.

Hydrophilic Interaction Liquid Chromatography (HILIC)

HILIC was performed using a TSK-Gel Amide-80 4.6 mm ×
250 mm column (Anachem, Luton, U.K.) on a 2695 Alliance
separations module (Waters, Milford, MA) with a Waters
temperature control module and a Waters 2475 fluorescence
detector. Solvent A was 50 mM formic acid (pH 4.4 with
ammonia solution). Solvent B was acetonitrile. The column
temperature was set to 30 °C, and a linear gradient of 20−58%
A over 152 min at a flow rate of 0.4 mL/min was employed.
Samples were injected in 80% acetonitrile.28 Fluorescence was
measured at an emission wavelength of 420 nm with excitation
at 330 nm. The system was calibrated using an external
standard of hydrolyzed and 2AB-labeled glucose oligomers to
create a dextran ladder, as described previously.26

MALDI-TOF MS

Positive ion MALDI-TOF mass spectra of the SF9 TIMP-1 and
293 TIMP-1 N-glycans were recorded with a Micromass
TofSpec 2E reflectron-TOF mass spectrometer (Waters MS
Technologies, Manchester, U.K.) fitted with delayed extraction
and a nitrogen laser (337 nm). The acceleration voltage was 20
kV; the pulse voltage was 3.2 kV; the delay for the delayed
extraction ion source was 500 ns. MALDI-TOF spectra of the
FBB TIMP-1 N-glycans were recorded with a Waters Micro
MX MALDI-TOF mass spectrometer in reflectron mode with
an acceleration voltage of 12 kV. Samples were cleaned with a
Nafion 117 membrane29 and were prepared for MALDI
analyzis by depositing 0.5 μL of the sample solution onto the
stainless steel target plate, adding 0.3 μL of the matrix solution
(a saturated solution of 2,5-dihydroxybenzoic acid in
acetonitrile), and allowing the mixture to dry at room
temperature. The sample/matrix mixture was then recrystal-
lized from ethanol.30

Negative Ion Electrospray Ionization Mass Spectrometry
ESI-MS and ESI MS/MS

Nanoelectrospray mass spectrometry was performed with a
Waters quadrupole (Q)-TOF Ultima Global instrument.
Samples in 1:1 (v/v) methanol/water containing 0.5 mM
ammonium phosphate were infused through Proxeon (Proxeon
Biosystems, Odense, Denmark) nanospray capillaries. The ion
source conditions were as follows: temperature, 120 °C;
nitrogen flow, 50 L/h; infusion needle potential, 1.2 kV; cone
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voltage, 100 V; RF-1 voltage, 150 V. Spectra (2 s scans) were
acquired with a digitization rate of 4 GHz and accumulated
until a satisfactory signal/noise ratio had been obtained. For
MS/MS data acquisition, the parent ion was selected at low
resolution (about 4 m/z mass window) to allow transmission of
isotope peaks and fragmented with argon. The voltage on the
collision cell was adjusted with mass and charge to give an even
distribution of fragment ions across the mass scale. Typical
values were 80−120 V.
Exoglycosidase Digestion of N-Glycans of TIMP-1 for the
MMP-3/TIMP-1 Binding Assay

N-Glycans of TIMP-1 (2 μg) were digested for 24 h at 37 °C in
50 mM sodium acetate buffer, pH 5.5, using exoglycosidases,
ABS, JBH, BTG, AMF, BKF, and GUH. The exoglycosidase-
digested TIMP-1 was neutralized with 0.1 M Tris-HCl, pH 8.0,
in a final concentration.
Reverse Transcription (RT)-PCR

Total RNA was isolated using TRIzol reagent (Invitrogen)
according to the manufacturer’s recommendations. RT-PCR

was performed as detailed previously.31 The primer pair
sequences for PCR amplification of human FUT cDNAs32−34

were shown in Supporting Information Table 1.

Molecular Modeling

Molecular modeling was performed on a Silicon Graphics Fuel
workstation using InsightII and Discover software (Accelrys
Inc., San Diego, CA). Figures were produced using the program
MolScript.35 The molecular model of MMP-3/TIMP-1 was
based on the crystal structure of the human complex36 obtained
from the PDB database.37 N-Linked glycan structures, chosen
on the basis of sequencing results, were generated using the
database of glycosidic linkage conformations38 and in vacuo
energy minimization to relieve unfavorable steric interactions.
The Asn-GlcNAc linkage conformations were based on the
observed range of crystallographic values,39 with the torsion
angles around the Asn Cα-Cβ and Cβ-Cγ bonds then being
adjusted to eliminate unfavorable steric interactions between
the glycans and the protein surface.

Figure 1. Purification of TIMP-1 variants and their binding to MMPs. (A) SDS-PAGE of the TIMP-1 variants. The purified TIMP-1 variants, SF9
TIMP-1, FBB TIMP-1, and 293 TIMP-1, were subjected to SDS-PAGE. (B) Binding of TIMP-1 variants to MMPs analyzed with an ELISA-based
assay. FBB TIMP-1 (green line), SF9 TIMP-1 (red line), and 293 TIMP-1 (blue line) were assayed by an ELISA-based method to measure
background binding (no MMP) or binding to cMMP-3, cMMP-1, or cMMP-14. Values represent the mean ± SD of three independent
determinations. Statistical comparison was performed by Student’s t test and referred to the binding of FBB TIMP-1 to MMPs. *, p < 0.05; **, p <
0.01; ***, p < 0.005.
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■ RESULTS

293 TIMP-1 Exhibits Reduced Binding to and Inhibition of
MMPs

To investigate the ability of TIMP-1 to bind to and inhibit
MMPs, TIMP-1 variants purified from various cell types were
examined: SF9 TIMP-1 from SF9 cells infected with TIMP-1
baculovirus; FBB TIMP-1 from human foreskin fibroblasts; and
293 TIMP-1 from HEK 293 cells that overexpress TIMP-1.
Figure 1A shows that the apparent molecular weight of SF9
TIMP-1 is approximately 26 kDa and that FBB TIMP-1 and
293 TIMP-1 have higher apparent molecular weights of
approximately 30 kDa and 29 kDa, respectively.
TIMP-1 is known to bind to and inhibit most of the soluble

MMPs, including MMP-1, -2, -3, -7, and -9.40 In order to
measure the MMP binding ability of the various forms of
TIMP-1 in the current study, an ELISA-based MMP/TIMP-1
binding assay was performed using cMMP-1, cMMP-3, and
cMMP-14, that were proven to be catalytically active
(Supporting Information Figure 1). Under our experimental
conditions, the TIMP-1 variants did not bind to uncoated wells.
Binding of SF9 TIMP-1 to cMMP-3 or cMMP-1 was very
similar to that of FBB TIMP-1, which was used as a normal
TIMP-1 control (Figure 1B). However, 293 TIMP-1 exhibited
significantly reduced MMP binding to approximately 70% of
the level of the MMP binding of FBB TIMP-1 (Figure 1B).
TIMP-1 is known not to bind MMP-14.41 Consistently, the
TIMP-1 variants did not bind cMMP-14 used as a negative
control (Figure 1B).
Inhibition of the MMP-3 catalytic activity by TIMP-1 was

analyzed with a fluorogenic peptide cleavage assay and by
cleavage of α-synuclein, which is a protein substrate of MMP-
3.25 The results from the fluorogenic peptide cleavage assay
showed that 293 TIMP-1 had a lower inhibitory effect on
cMMP-3 than the other TIMP-1 variants (Figure 2A). The
digestion of α-synuclein by cMMP-3 was inhibited by SF9
TIMP-1 and FBB TIMP-1 but was inhibited less in the
presence of 293 TIMP-1 at a statistically significant level
compared to the other TIMP-1 (Figure 2B). These results
demonstrate that 293 TIMP-1 has a lower ability to inhibit and
to bind to MMP-3 than the other TIMP-1 variants.

Removal of N-Glycans Restores the MMP-Inhibiting Ability
of 293 TIMP-1

Considering the observation that TIMP-1 is a glycosylated
protein, investigations were carried out on the potential
involvement of the N-glycans on TIMP-1 in its reduced ability
to inhibit MMP. Following the removal of the N-glycans from
the TIMP-1 variants with PNGase-F, the resulting molecular
weights for all proteins were found to be approximately 22 kDa,
suggesting that the apparent molecular weight of glycosylated
293 TIMP-1 differs from other TIMP-1 variants because of its
N-glycan content (Figure 3A). Figure 3B shows that the
deglycosylated forms of the TIMP-1 variants bind with
increased affinity to MMP-3 than the glycosylated form of
FBB TIMP-1, implying that the presence of N-glycans in
TIMP-1 plays a negative role in this binding process. More
importantly, deglycosylated 293 TIMP-1 had similar cMMP-3
binding and inhibitory activities as the other deglycosylated
TIMP-1 variants (Figure 3B and C). Therefore, N-glycosylation
appears to be involved in the impaired ability of 293 TIMP-1 to
inhibit MMPs.

293 TIMP-1 Exhibits a Complex Glycosylation Pattern
Distinct from Other TIMP-1 Variants

The total N-glycans that were released from each TIMP-1
variant were analyzed by HILIC fluorescence, combined with
exoglycosidase digestions, with structural assignments made
using database matching (GlycoBase; glycobase.nibrt.ie) and by
MALDI-TOF and negative ion ESI MS/MS.42−45 The
nomenclature of glycans, typical HILIC chromatograms of N-
glycans, and N-glycan compositions of each TIMP-1 are shown
in Figure 4A and B and Table 1, respectively. Assignments of
N-glycan structures on each TIMP-1 are shown in Supporting
Information Figure 2. The experimental masses listed in Table
1 were all within 0.1 mass units of the calculated masses. The
glycans on SF9 TIMP-1 were found to be mostly core-

Figure 2. Effects of TIMP-1 variants on the MMP-3 catalytic activity.
(A) Fluorogenic peptide cleavage by cMMP-3. The catalytic activity of
cMMP-3 was assayed using a fluorogenic peptide in the presence of
FBB TIMP-1 (green bars), SF9 TIMP-1 (red bars), and 293 TIMP-1
(blue bars) in 1:0, 1:0.5, 1:1, and 1:2 molar ratios of cMMP-3 and
TIMP-1. Data are shown as percentages of the cMMP-3 catalytic
activity in the absence of TIMP-1 (mean ± SD, n ≥ 3). Statistical
comparison was shown, which referred to the inhibition of cMMP-3 by
FBB TIMP-1. *, p < 0.05. (B) Cleavage of α-synuclein by cMMP-3 in
vitro. α-Synuclein (1 μg) was digested with cMMP-3 (1:10 enzyme/
substrate molar ratio) in the presence of one of the TIMP-1 variants in
a 1:1 cMMP-3/TIMP-1 molar ratio. An example of the stained SDS
gel is shown in the upper panel. The intact α-synuclein remaining after
cMMP-3 cleavage in the presence of TIMP-1 variants was shown as
percentages of the uncleaved α-synuclein in a graph in the lower panel
(mean ± SD, n ≥ 3). Statistical comparison was shown, which referred
to the cMMP-3 cleavage of α-synuclein in the presence of FBB TIMP-
1. **, p < 0.01.
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fucosylated Man3GlcNAc2 (F(6)M3, see Table 1 for abbrevia-
tions) with some M3. FBB TIMP-1 contained mostly core
fucosylated biantennary glycans with one or two α2,3-linked
sialic acids [F(6)A2G(4)2S(3)1 and F(6)A2G(4)2S(3,3)2],
but also biantennary glycans without any sialic acids [F(6)-
A2G(4)2 and A2G(3,4,4)3] and monosialylated biantennary
glycans with one core fucose and one α1,3-linked outer arm
fucose [F(6)A2G(4)2F(3)1S(3)1] (Table 1). 293 TIMP-1
exhibited the most complex glycosylation pattern of the
analyzed TIMP-1 variants. All of the glycans on 293 TIMP-1
were found to be core fucosylated, biantennary glycans with

galactose or GalNAc residues (confirmed by differential
reactivity toward GUH and JBH) on the branches and were
unsialylated, monosialylated, or disialylated. In addition, many
of the glycans had outer arm fucosylation (confirmed by
differential sensitivity to the fucosidases and by negative ion
MS/MS), and some contained bisecting GlcNAc residues
(confirmed by negative ion MS/MS, Table 1).
MMP-3-Binding Ability of 293 TIMP-1 Increases after
Removal of Outer Arm Fucose

In order to identify the sugar(s) that may be responsible for
decreasing the MMP-inhibitory ability of 293 TIMP-1, 293
TIMP-1 was treated with exoglycosidases. As shown in Figure
5A, the apparent molecular weight of 293 TIMP-1 gradually
decreased after incubation with increasing numbers of
exoglycosidases. It was discovered that when 293 TIMP-1
was incubated with a mixture of glycosidases including almond
meal α-fucosidase (AMF), the MMP-3-binding ability of 293
TIMP-1 was increased to a level similar to that of FBB TIMP-1
(Figure 5B). Moreover, when 293 TIMP-1 was incubated with
AMF alone, the MMP-3-binding ability of 293 TIMP-1 was
increased to the same level as that of FBB TIMP-1 , that is, a
control level (Figure 5C, top panel), while the MMP-3-binding
ability of FBB TIMP-1 was not changed by incubation of AMF
(Figure 5C, bottom panel). AMF releases α1,3- and α1,4-linked
nonreducing terminal fucose residues.46 On 293 TIMP-1, core
fucosylation occurred through α1,6 linkage to GlcNAc residues
whereas outer arm fucosylation mostly occurred through α1,3
linkage to GlcNAc residues (Table 1). From these results, it
seems that outer arm α1,3-linked fucosylation is responsible for
the reduced MMP-3 inhibition of 293 TIMP-1.

Figure 3. Effects of deglycosylation on MMP-3 binding and inhibition
by TIMP-1 variants. (A) Deglycosylation of TIMP-1. The TIMP-1
variants deglycosylated by PNGase-F were subjected to SDS-PAGE.
(B) Binding of deglycosylated TIMP-1 variants to cMMP-3 analyzed
with an ELISA-based assay. FBB TIMP-1 incubated in deglycosylation
buffer (green line) as a normal control, deglycosylated FBB TIMP-1
(dotted green line), deglycosylated SF9 TIMP-1 (dotted red line), and
deglycosylated 293 TIMP-1 (dotted blue line) were assayed with an
ELISA-based method to measure their cMMP-3-binding abilities.
Statistical comparison was shown which referred to the binding of
glycosylated FBB TIMP-1 to cMMP-3 (mean ± SD, n = 3). *, p <
0.05; ***, p < 0.005. (C) MMP-3-inhibiting ability of deglycosylated
TIMP-1 variants analyzed with a fluorogenic peptide cleavage assay.
The cMMP-3 catalytic activity was assayed in the presence of
deglycosylated FBB TIMP-1 (striped green bars), deglycosylated SF9
TIMP-1 (striped red bars), and deglycosylated 293 TIMP-1 (striped
blue bars) as described above. Data are shown as percentages of the
cMMP-3 catalytic activity in the absence of TIMP-1 (mean ± SD, n ≥
3).

Figure 4. N-glycan structure of the TIMP-1 variants. (A)
Diagrammatic nomenclature of glycans. Each monosaccharide is
represented by a distinct shape and filled to indicate N-acetylation.
Each line indicates the linkage position at the nonreducing terminus.
(B) Typical HILIC chromatograms of N-glycans from SF9 TIMP-1,
FBB TIMP-1, and 293 TIMP-1. Peak identification and N-glycan
structure are shown in Table 1.
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Table 1. Chromatographic and Mass Spectral Properties of the Glycans Found on the TIMP-1 Variantsa
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N-Glycan Modification by FUT4 and FUT7 Decreases the
MMP-3-binding Ability of TIMP-1

A family of α1,3-fucosyltransferases (α1,3-FUTs), including
FUT3, 4, 5, 6, 7, and 9, have the ability to add α1,3 fucose
residues to GlcNAc residues on the antennae of N-glycan.47,48

In order to identify which α1,3-FUT members are expressed in
293-TIMP-1 cells, an RT-PCR analysis for α1,3-FUT mRNA

was performed. 293-TIMP-1 cells exhibited increased ex-
pression of FUT4 and FUT7 transcripts when compared to
fibroblasts that produce TIMP-1 with very low levels of outer
arm α1−3 fucosylation (Figure 6A). Consistent with the RT-
PCR data, Western blot analysis showed that FUT4 and FUT7
were expressed at high levels in 293-TIMP-1 cells but they were
not detectable in fibroblasts (Figure 6B).

Table 1. continued

aSee Figure 4A for glycan symbols. For further information, see ref 61. Structural abbreviations used: Briefly, all N-glycans have two core-N-
acetylglucosamine (GlcNAc) moieties and a trimannosyl core; F at the start of the abbreviation indicates a core-fucose linked α1,6 to the core-
GlcNAc; A[y]a, represents the number of antenna (GlcNAc) on the trimannosyl core-linked to the α1,y mannose arm; B, bisecting GlcNAc linked
β1,4 to β1,4 core-mannose; Fb after Aa, represents the number b of fucose residues linked α1,3 to antenna GlcNAc; Gc, represents the number c of
galactose residues linked β1,4 on antenna; GalNAcd represents the number d of N-acetylglucosamine residues linked β1,4 on antenna; S(z)e,
represents the number e of sialic acids linked α2,z to the galactose. % Area denotes the relative abundance of each peak from the HILIC
chromatogram of N-glycans of each TIMP-1. b[M+H2PO4]

− ion c[M-H]− ion d[M-H2]
2‑ ion eStructure not confirmed by fragmentation
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Knockdown experiments were carried out in order to explore
the involvement of FUT4 and FUT7 in the N-glycan
modification of TIMP-1. shRNA knockdown constructs that
decrease expression of FUT4 and FUT7 were screened in HEK
293 cells (Supporting Information Figure 3). Knockdowns of
FUT4 and FUT7, individually and together, in 293-TIMP-1
cells were performed by stable transfection of the selected
shRNA vectors, and their effectiveness was investigated by
Western blotting (Figure 7A). When TIMP-1 variants purified
from each cell line were analyzed by SDS-PAGE, all variants
showed similar molecular weights (Figure 7B). The MMP-3-

binding ability of 293 TIMP-1 increased significantly after
knockdown of FUT4 and to a lesser but yet significant extent
after knockdown of FUT7 (Figure 7C). Double knockdown of
FUT4 and FUT7 increased the MMP-3-binding ability of 293
TIMP-1 to a level similar to that of the FBB TIMP-1 (Figure
7C). Also, the fluorogenic peptide cleavage assay and the α-
synuclein digestion analysis revealed that the MMP-3 inhibitory
ability of the double knockdown shFUT4/shFUT7 293 TIMP-
1 was higher than the control 293 TIMP-1 (Figure 7D and E).
These results demonstrate that outer arm α1−3-linked
fucosylation, added by the FUT4 and FUT7 enzymes, is

Figure 5. Effects of exoglycosidases on the MMP-3-binding ability of 293 TIMP-1. (A) Digestion of N-glycans of 293 TIMP-1 with exoglycosidases.
N-Glycans of 293 TIMP-1 were digested with arrays of ABS, JBH, BTG, AMF, BKF, and GUH, or with AMF alone with FBB TIMP-1 as a control.
The N-glycan-digested 293 TIMP-1 was neutralized with 0.1 M Tris-HCl, pH 8.0. Each sample was subjected to SDS-PAGE and Western blot
analysis with TIMP-1 antibody. (B) MMP-3 binding of 293 TIMP-1 treated with exoglycosidases. FBB TIMP-1 (green line), 293 TIMP-1 (blue
line), 293 TIMP-1 incubated without glycosidases in digestion buffer (dotted blue line), 293 TIMP-1 digested with ABS (dotted pink line), with ABS
and JBH (dotted light green line), with ABS, JBH, and BTG (dotted violet line), with ABS, JBH, BTG, and AMF (dotted red line), with ABS, JBH,
BTG, AMF, and BKF (dotted orange line), and with ABS, JBH, BTG, AMF, BKF, and GUH (dotted brown line) were assayed by an ELISA-based
method to measure binding to cMMP-3. Values represent the mean ± SD of three independent determinations. Statistical comparison was shown,
which referred to the binding of 293 TIMP-1 to cMMP-3. †, p < 0.05; †††, p < 0.005. (C) MMP-3 binding of 293 TIMP-1 digested with AMF. FBB
TIMP-1 (green line), 293 TIMP-1 (blue line), 293 TIMP-1 incubated in digestion buffer (dotted blue line), and 293 TIMP-1 digested with AMF
(dotted red line) (top panel) and FBB TIMP-1 (green line), FBB TIMP-1 incubated in digestion buffer (dotted green line), and FBB TIMP-1
digested with AMF (dotted red line) (bottom panel) were assayed by an ELISA-based assay for binding to cMMP-3, as described above. Statistical
comparison was shown, which referred to the binding of 293 TIMP-1 to cMMP-3 (mean ± SD, n = 3). ††, p < 0.01; †††, p < 0.005.
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responsible for the decreased binding and inhibitory abilities of
293 TIMP-1.

■ DISCUSSION
The pathogenesis of many diseases involves modifications to
the glycosylation profile of proteins; some examples of these
diseases are cancer, congenital disorders of glycosylation, and
inflammatory diseases such as rheumatoid arthritis and
schizophrenia.49 For an example, tumor cells often have glycan
structures or glycan contents that differ from normal cells.50,51

These alterations include increased glycan branching by GnTs,
increased sialylation and polysialic acid synthesis by sialyl-
transferases, and the appearance of Lewis-type antigens by
fucosyltransferases.52 Such a subtle change in glycosylation
alters protein function and, therefore, can have damaging
downstream effects, such as increase of metastatic capacity.
TIMP-1, which is an endogenous inhibitor of MMPs, is a

glycoprotein with N-linked glycan chains on Asn30 and Asn78.9

The current study investigates the effects of altered N-
glycosylation of TIMP-1 on its MMP inhibitory function.
TIMP-1 variants, purified from various cell lines, were
examined for their abilities to bind to MMPs with an ELISA-
based MMP/TIMP-1 binding assay. It was found that the
MMP-3 binding ability of 293 TIMP-1 was reproducibly
reduced when compared to SF9 TIMP-1 and FBB TIMP-1.
Using an ELISA assay, the detection of directly bound TIMP-1
by the TIMP-1 antibody showed that the reduced binding of
293 TIMP-1 to MMP-3 was not due to the difference in the
binding of the antibody to TIMP-1 variants (Supporting
Information Figure 4). In addition, inhibition of MMP-3 by 293
TIMP-1 was statistically weaker than that by SF9 TIMP-1 and
FBB TIMP-1 in both assays using a fluorogenic peptide and α-
synclein as a protein substrate. However, the fluorogenic
peptide cleavage assay (1:100 enzyme to substrate molar ratio)
showed less difference in magnitude than α-synuclein cleavage
(1:10 enzyme to substrate molar ratio) probably due to excess

molar ratios of the peptide substrate that competes with the
inhibitor. Interestingly, the reduction of the MMP binding and
the inhibitory activity of the 293 TIMP-1 were abolished, and
the MMP binding of all TIMP-1 variants increased, when the
N-glycans were removed from the protein. These results imply
that altered N-glycosylation of 293 TIMP-1 is responsible for
its reduced binding and inhibition of MMPs.
Glycan analysis of TIMP-1 showed that the N-glycosylation

patterns of the TIMP-1 variants were significantly different. SF9
TIMP-1 has the simplest N-glycan pattern, consisting of M3
and F(6)M3 structures. FBB TIMP-1 contains mostly core
fucosylated biantennary glycans with no, one, or two α2−3
linked sialic acids. 293 TIMP-1 shows the most complex
glycosylation pattern. The 293 TIMP-1 glycans are core
fucosylated, biantennary structures, with galactose or GalNAc
on its branches. Some of the glycans are sialylated, and many
have outer arm fucosylation.
It was previously shown that the N-glycans of TIMP-1 do not

affect its MMP-inhibitory activity.11 However, Kim et al.
recently reported that TIMP-1 with N-glycans that were
modified with β1,6-N-acetylglucosamine, due to the over-
expression of GnT-V in colon cancer cells, exhibited weaker
MMP inhibition than normal TIMP-1, implying a role for
glycosylation in the inhibitory activities of TIMP-1.12 The
results in the present study show that 293 TIMP-1, which
poorly binds to and inhibits MMPs, does not contain β1,6-N-
acetylglucosamine in its N-glycans. Instead, the presence of
abundant outer arm fucosylation on 293 TIMP-1 glycans was
found to reduce its binding and inhibitory potential for MMPs.
Fucosylation is one of the common modifications involving

oligosaccharides on glycoproteins or glycolipids. Increased
levels of fucosylation have been reported under a number of
pathological conditions, such as inflammation and cancer.53

Outer arm fucose is part of Lewis epitopes and is increased in
cancer, especially with the formation of metastases, and linked
to a poor prognosis.54,55

FUT4 preferentially transfers fucose to the inner GlcNAc
residue of the polylactosamine chain, while FUT7 cannot
transfer fucose to the neutral chain but preferentially transfers
fucose to the distal GlcNAc residue of the sialylated
polylactosamine chain.56−58 The N-glycans on 293 TIMP-1
have α1−3 fucosylation on the outer arms, which is mostly
linked to GlcNAc residues of neutral glycans and partly linked
to GlcNAc residues of sialylated glycans. Knockdown of FUT4
exhibited a larger effect on the MMP-binding ability of 293
TIMP-1 than knockdown of FUT7. These results further
support our findings that α1,3 fucosylation on the outer arms of
N-glycans affects the MMP-inhibiting ability of TIMP-1.
The TIMP-1 protein is wedge-shaped, and the broad edge of

the protein occupies the active-site cleft of MMP-3.36 Figure 8
shows models of FBB TIMP-1 with F(6)A2G(4)2S(3,3)2 (see
F3 in Table 1 for structure) and 293 TIMP-1 with
F(6)A2G(4)1F(3)1GalNAc1S(3)1 (see T7 in Table 1 for
structure) attached. The binding of TIMP-1 to MMP-3 induces
conformational changes in TIMP-1, including dramatic bending
of the AB loop from Glu28 through Leu34, moderate hinge
bending of the CD loop between residues Ala65 and Cys70,
and modest bending of the Cys1 through Pro6 segment.36 The
bending of the AB loop involves a major change in the
backbone torsion angle for each of the residues from Glu28
through Leu34, and contained within this segment is Asn30,
one of the N-glycosylation sites.10 The second N-linked
glycosylation site, Asn78, is not located close to the MMP-

Figure 6. Expression of α1-3 FUTs in 293-TIMP-1 cells and
fibroblasts. (A) mRNA levels determined by RT-PCR. cDNA mixtures
from 293-TIMP-1 cells and fibroblasts were PCR-amplified with
primer pairs for various FUTs. RT-PCR products of GAPDH from the
tested cell types were shown to demonstrate that a similar amount of
RNA was used in each reaction. Negative control: no DNA. Positive
controls: HUVECs in the upper panel or MDAH-2774 cells in the
lower panel. (B) Protein levels by Western blotting. The cell lysates
were analyzed by Western blot analysis for FUT4, FUT7, and
GAPDH. Positive control: HUVECs.
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binding region but in the C-terminal region next to the CD
loop. The CD loop covers the wider end of a five-stranded β-
barrel and inserts Tyr72 into a hydrophobic pocket formed by
the β-barrel.10 Interestingly, the initial velocity of substrate
conversion by MMP-3 in the presence of FBB TIMP-1 showed
biphasic kinetics rather than the first order kinetics shown in
the absence of TIMP-1 (Supporting Information Figure 5). 293
TIMP-1, containing outer arm fucosylation, also exhibited
biphasic kinetics but delayed transition from the rate of the

faster component to the rate of the slower component
compared to FBB TIMP-1 without outer arm fucosylation.
Biphasic kinetics are known to occur in reactions involving an
enzyme and slow- and tight-binding inhibitors.59 Therefore,
outer arm fucose residues on the N-glycans of Asn30 and
Asn78 on TIMP-1, either alone or in combination, may reduce
the rate of binding to MMPs by restricting the conformational
changes in the MMP-binding region. Additional support for
this mechanism comes from the observation that a sialylated

Figure 7. Effects of FUT4 or FUT7 knockdown on MMP-3-binding and inhibition by 293 TIMP-1. (A) Knockdown of FUT4 and FUT7 in HEK
293-TIMP-1 cells. Knockdown was done by stable transfection of shRNA vectors: #2328 and #4886 for FUT4 and #797 and #822 for FUT7. For
double knockdown, #2328 FUT4 shRNA vector and #797 FUT7 shRNA vector were used. Expression levels of FUT4 and FUT7 were examined by
Western blotting. (B) Purification of TIMP-1 variants from FUT4 and FUT7 knockdown cells. TIMP-1 variants were purified from the serum-free
cultured media from FUT4 and FUT7 knockdown 293-TIMP-1 cells and subjected to SDS-PAGE. C) MMP-3 binding of FUT4 and/or FUT7
knockdown TIMP-1. FBB TIMP-1 (green line), 293 TIMP-1 (blue line), 293 TIMP-1 shFUT4 #2328 (light green line), 293 TIMP-1 shFUT4
#4886 (brown line), 293 TIMP-1 shFUT7 #797 (orange line), 293 TIMP-1 shFUT7 #822 (red line), and 293 TIMP-1 shFUT4/shFUT7 (purple
line) were assayed by an ELISA-based method to measure binding to cMMP-3. Statistical comparison was shown, referred to the binding of 293
TIMP-1 to cMMP-3 (mean ± SD, n = 3). †, p < 0.05; ††, p < 0.01; †††, p < 0.005. (D) MMP-3-inhibiting ability of double FUT4/FUT7 knockdown
293 TIMP-1 analyzed with a fluorogenic peptide cleavage assay. The cMMP-3 catalytic activity was assayed in the presence of 293 TIMP-1 (blue
bars), 293 TIMP-1 shFUT4/shFUT7 (purple bars), and FBB TIMP-1 (green bars) as described above. Statistical comparison was shown, which
referred to the inhibition of cMMP-3 by 293 TIMP-1 (mean ± SD, n ≥ 3). †, p < 0.05; ††, p < 0.01. (E) Effects of double FUT4/FUT7 knockdown
on inhibition of cMMP-3-mediated α-synuclein cleavage by TIMP-1. α-Synuclein was digested with cMMP-3 (1:10 enzyme/substrate molar ratio) in
the presence of FBB TIMP-1, 293 TIMP-1 shFUT4/shFUT7, and 293 TIMP-1 in a 1:1 cMMP-3/TIMP-1 molar ratio. A typical example of the
stained SDS gel is shown in the left panel. Statistical comparison was shown in the right panel, which referred to the cMMP-3 cleavage of α-synuclein
in the presence of 293 TIMP-1 (mean ± SD, n ≥ 3). †, p < 0.05.
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form of MMP-9 was inhibited by TIMP-1 less efficiently than a
desialylated form.60

In this study, we have shown that 293 TIMP-1 has poorer
binding and inhibitory abilities to MMPs than other TIMP-1
variants. The decreased binding and inhibition of 293 TIMP-1
were restored by removal of N-glycans from 293 TIMP-1 and,
more specifically, by cleavage of outer arm fucoses from the N-
glycans or silencing of fucosylation enzymes. Our results
demonstrate that aberrant glycosylation of TIMP-1, such as
fucosylation, could decrease the activities of MMPs. Although
the effect of aberrant TIMP-1 glycosylation on MMP activity is
not profound, it would result in increased influence on
functions of MMP substrates and thus affect the pathophysi-
ology of diseases involving MMPs. Recent advances in the
development of glycoanalytical technology have the potential to
elucidate aberrant glycan modifications in samples from
patients with various diseases, which may be beneficial as
molecular markers and therapeutic targets. Therefore, this study
would provide a clue for the development of glycan biomarkers
as well as the understanding of the mechanism of TIMP-1
inhibition of MMPs.
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■ ABBREVIATIONS
2AB, 2-aminobenzamide; ABS, Arthrobacter ureafaciens siali-
dase; AMF, almond meal α-fucosidase; APMA, 4-aminolphenyl
mercuric acetate; BCA, bicinchoninic acid; BKF, bovine kidney

Figure 8.Molecular model of the MMP-3/FBB TIMP-1 complex and the MMP-3/293 TIMP-1 complex. Molecular models show FBB TIMP-1 with
F(6)A2G(4)2S(3,3)2 (F3 in Table 1) and 293 TIMP-1 with F(6)A2G(4)1F(3)1GalNAc1S(3)1 (T7 in Table 1) complexed with cMMP-3, based on
the protein crystal structure of the human cMMP-3/TIMP-1 complex36 and the glycan sequencing results. cMMP-3 is shown in green with its N-
linked glycan in yellow and the bound zinc and calcium ions in orange and purple, respectively. TIMP-1 is shown in red with its N-linked glycans in
yellow and the outer arm fucose in light blue.
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α-fucosidase; BTG, bovine testes β-galactosidase; CBB,
Coomassie brilliant blue; ELISA, enzyme-linked immunosorb-
ent assay; ESI, electrospray ionization; FBB, fibroblast; FBS,
fetal bovine serum; FUT, fucosyltransferase; GAPDH, glycer-
aldehyde-3-phosphate dehydrogenase; GnT, N-acetylglucosa-
minyltransferase; GU, glucose units; GUH, β-N-acetylglucosa-
minidase; HEK, human embryonic kidney; HILIC, hydrophilic
interaction liquid chromatography; JBH, jack bean α-N-
acetylhexosaminidase; mAb, monoclonal antibody; MALDI,
matrix-assisted laser desorption/ionization; MMP, metallopro-
teinase; MS, mass spectrometry; NAN1, Streptococcus pneumo-
niae sialidase; PAGE, polyacrylamide gel electrophoresis; PBS,
phosphate-buffered saline; PCR, polymerase chain reaction;
PMSF, phenylmethanesulfonyl fluoride; PNGase F, peptide N-
glycosidase F; Q, quadrupole; RT, reverse transcription; SDS,
sodium dodecyl sulfate; SPG, Streptococcus pneumoniae β-
galactosidase; TIMP, tissue inhibitor of metalloproteinases;
TOF, time-of-flight; XMF, Xanthomonus sp. α-fucosidase
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