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ABSTRACT: Covalent association of LTBP-1 (latent TGF-â binding protein-1) to latent TGF-â is mediated
by the third eight-cysteine (also referred to as TB) module of LTBP-1, a domain designated as CR3.
Spodoptera frugiperda(Sf9) cells have proved a suitable cell system in which to study this association
and to produce recombinant CR3, and we show here that another lepidopteran cell line,Trichoplusia ni
TN-5B1-4 (High-Five) cells, allows the recovery of large amounts of functional recombinant CR3. CR3
contains an N-glycosylation site, which is conserved in all forms of LTBP known to date. When we
examined the status of this N-glycosylation using MALDI-TOF mass spectrometry and enzymatic analysis,
we found that CR3 is one of the rare recombinant peptides modified with complex glycans in insect cells.
Sf9 cells mainly processed the fucosylated paucomannosidic structure (GlcNAc)2(Mannose)3Fucose,
although hybrid and complex N-glycosylations were also detected. In High-Five cells, the peptide was
found to be modified with a wide variety of hybrid and complex sugars in addition to paucomanosidic
oligosaccharides. Most glycans had one or two fucose residues bound throughR1,3 andR1,6 linkages to
the innermost GlcNAc. On the basis of these results and on the structure of an eight-cysteine domain
from fibrillin-1, we present a model of glycosylated CR3 and discuss the role of glycosylation in eight-
cysteine domain protein-protein interactions.

Latent TGF-â binding protein-1 (LTBP-1) is the prototypic
member of a family of four related proteins, which are
potentially involved in the regulation of bioavailability and
activity of transforming growth factor-â (TGF-â). LTBP-1

was first characterized as part of the large molecular weight
complex containing latent TGF-â1 (1, 2), one of the three
forms of TGF-â known in mammals. TGF-â is a cytokine
involved in an extensive range of biological processes,
including development, wound healing, blood vessel ho-
meostasis, immune system regulation, bone metabolism,
fibrosis, and tumor growth (3). Unlike many cytokines,
TGF-â is secreted as a latent, inactive complex in which
the mature growth factor remains linked through noncovalent
interactions to the N-terminal part of its propeptide, called
LAP (4). In the secretion pathway, LAP associates covalently
via disulfide bonds with LTBP-1 (Figure 1A), which targets
the complex to the extracellular matrix (ECM) after secretion
(5). Incorporation into the ECM may be a means of storing
the cytokine in the intercellular space as well as the initial
step in the regulation of the release of the active cytokine
from the complex, a process called latent TGF-â activation.

All four LTBPs exhibit a modular organization comprised
of stretches of epidermal growth factor (EGF)-like domains
interrupted by eight-cysteine (or TB) domains. Similar
organizations are found in fibrillin-1 and -2, which are major
components of elastic fibers, and whose genes have been
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linked to congenital pathologies such as Marfan syndrome
and congenital contractural arachnodactyly, respectively (6).
Like fibrillins, LTBPs are secreted and incorporated into the
ECM (5, 7-11), and LTBP-2 is present in elastin-associated
microfibrils (8). Together with their role in the regulation
of active TGF-â formation, LTBPs may also contribute to
the architecture of microfibrils and may target TGF-â to
specific regions of the ECM.

Eight-cysteine domains have been found to date in LTBPs
and fibrillins. They are characterized by the presence of eight
cysteines forming four intramolecular disulfide bonds, which
stabilize a globular structure, and their sequences are rather
divergent. The function of these domains in fibrillins and
LTBPs is poorly understood, but a number of mutations in
fibrillin-1 linked to Marfan syndrome are found in these
repeats (12-14). Some evidence points toward a role for
these modules in protein-protein interactions. Cell adhesion
to fibrillin-1 and -2 is mediated in part by their fourth eight-
cysteine domain, which contains an RGD sequence recog-
nized by the integrinRvâ3 (15, 16). Also, incorporation of
LTBP-1 into the ECM requires an N-terminal region consist-
ing of the second eight-cysteine domain adjacent to an EGF-
like domain (17). Most strikingly, the third eight-cysteine
domain (CR3) in LTBP-1 is necessary and sufficient for
covalent bonding of LTBP-1 to LAP (18, 19), as illustrated
in Figure 1A. The corresponding module in other LTBPs is
assumed to play the same role, as LTBP-3 (20) and LTBP-4
(11) form complexes with latent TGF-â.

The molecular basis for CR3 functional specificity in
LTBP-1 is not understood. When not associated with LAP,

the eight cysteines in the CR3 domain are engaged in
intramolecular disulfide bonds (19), as observed in other
eight-cysteine domains (21, 22). Thus, a conformational
change of the CR3 domain is probably needed for association
with LAP. Interestingly, only the third eight-cysteine domain
in every LTBP contains an asparagine in a context for
N-glycosylation (N-X-S/T) (Figure 1B). Glycosylation is not
strictly required for association of CR3 to latent TGF-â, as
demonstrated by site-directed mutagenesis (18). However,
conservation of this N-glycosylation site in various mam-
malian species (human, mouse, rat, and cow, see Figure 1B)
suggests that it may contribute to either the function or the
structure of LTBPs. Recently, the structure of an eight-
cysteine domain from fibrillin-1 was solved by NMR,
providing the first direct insight into the folding of these
motifs (22). It is not clear from the structure how and why
CR3 associates with LAP. More structural and mechanistic
data are required to understand this interaction.

We have previously studied the association of CR3 and
latent TGF-â in Spodoptera frugiperda(Sf9) cells and used
these cells to produce the CR3 domain for structural studies
(19). In Sf9 cells, CR3 associates efficiently with latent TGF-
â1 when the two proteins are coexpressed. In addition, we
have found that the lepidopteran cell line fromTrichoplusia
ni, TN-5B1-4 or High-Five cells, allows production of large
amounts of recombinant CR3 (this work) as well as full-
length LTBP-1 (Mazzieri, R., Ushiro, S., Gleizes, P. E., and
Rifkin, D. B. unpublished results). With very few exceptions,
most recombinant glycoproteins produced in insect cells have
been found to be modified with oligomannose type glycans,

FIGURE 1: Schematic illustration of the latent TGF-â complex highlighting the interaction of CR3 with LAP. (A) N-glycosylation sites in
LTBP-1 are marked by lollipops. The lollipops are designed to show which domains in LTBP-1 are glycosylated, not the exact glycosylation
sites. LAP also contains three glycosylation sites at Asn 82, 136, and 176. (B) Partial sequence of the third eight-cysteine domain showing
the conserved N-glycosylation site (b, bovine; h, human; m, mouse; r, rat).
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whereas endogenous glycoproteins can bear complex sugars.
However, few data describing N-glycosylation in High-Five
cells are available, which makes it difficult to predict the
structure of the oligosaccharides added to CR3 or LTBP-1
produced in this cell line.

In the present study, we have characterized the glycans
attached to the conserved N-glycosylation site in CR3
produced in Sf9 and High-Five cells. The CR3 glycoforms
and the N-glycans released from CR3 expressed in High-
Five cells were analyzed by MALDI-TOF and HPLC. The
glycans include hybrid and complex glycans, some of which
have not been previously described in these cells. On the
basis of protein structural data, the glycan analysis, and the
Oxford Glycobiology Institute’s oligosaccharide database,
we present a model of glycosylated CR3 and discuss the
possible roles of glycosylation in eight-cysteine domain
protein-protein interactions.

MATERIALS AND METHODS

Expression and Purification of the CR3 Peptide.The
region encoding human LTBP-1 CR3 (fragment 3028-3271
in the human LTBP-1S coding sequence) was amplified by
polymerase chain reaction (PCR) from human LTBP-1S
cDNA and inserted into the baculovirus transfer vector
pAcGP67-His, a derivative of pAcGP67 (Pharmingen, San
Diego, USA), as previously described (19). In pAcGP67-
His, the fragment was subcloned in-frame downstream of a
sequence encoding a six-histidine tag followed by a thrombin
cleavage-site. A recombinant baculovirus was generated with
linearized AcNPV DNA using the BaculoGold transfection
kit (Pharmingen) according to the manufacturer. For produc-
tion of the peptide,T. ni High-Five cells were seeded in 15
cm dishes at a density of 15× 106 cells/dish in 401 serum-
free medium and infected 20-24 h later. The conditioned
medium was collected 60 h after infection and dialyzed
against TBS (150 mM NaCl, 20 mM Tris, pH 7.4, 25°C).
The medium was passed through a chromatography column
filled with TALON chelating resin (Clontech, Palo Alto,
U.S.A.) equilibrated with TBS. After the column was washed
with TBS and TBS+ 5mM imidazole, the peptide was eluted
with TBS containing 50 mM imidazole. A second dialysis
against TBS was performed to eliminate imidazole, and the
six-histidine tag was removed by digestion with thrombin.
The cleaved N-terminal fragment containing the tag was
removed from the solution by absorption on TALON
chelating resin. The peptide was left with 10 extra amino
acids (GSPGLDGMIP) at the N-terminus.

Release and re-N-acetylation of Glycans.A 50 µg sample
of protein was dialyzed against 0.1% TFA and lyophilized.
Glycans were released by hydrazine at 85°C and re-N-
acetylated using a GlycoPrep 1000 (Oxford GlycoSciencess
OGSsLtd, Abingdon, Oxon., OX14 1RG, UK).

Fluorescent Labeling of the Reducing Terminus with
2-Aminobenzamide (2AB).The pool of released glycans was
evaporated to dryness using a vacuum centrifuge. 2AB
labeling was carried out by reductive amination using the
OGS Ltd. Signal labeling kit (23).

Simultaneous Oligosaccharide Sequencing on the Released
Glycan Pool.Enzyme digests were performed at 37°C for
16-24 h in 100 mM citrate/phosphate buffer pH 4.5
containing 0.2 mM zinc acetate and 0.15 M sodium chloride.

Conditions for the individual enzymes in the arrays were as
follows: almond meal fucosidase (AMF), 3 mU/ml; bovine
epididymisR-fucosidase (BEF) (Oxford Glycobiology In-
stitute), 0.2 U/mL/1 mg/mL BSA;Streptococcus pneumoniae
â-galactosidase (SPG) (OGS Ltd.), 2 U/mL/1 mg/mL bovine
serum albumine (BSA);Streptococcus pneumoniaehex-
osaminidase (SPH), 2 U/mL. Sugars were purified from
protein and salts prior to matrix-assisted laser desorption
ionization time-of-flight mass spectrometry (MALDI-TOF
MS) by passing through mixed bed resins of AG3X4(OH-)
(bottom)/AG50X12(H+) (middle)/C18 (top). Samples were
purified from the exoglycosidases before high-performance
liquid chromatography (HPLC) analysis by passing through
a microcentrigfuge tube inset with a protein-binding filter
(Microspin 45 mm CN, Pro-Mem, suppliers R. B. Radley
and Co Ltd., Shire Hill, Saffron Walden, Essex). The filter
was washed with 15 mL of 5% acetonitrile, and the washings
were combined with the remainder of the sample.

Normal Phase Separations of Neutral and Acidic Oli-
gosaccharides.Normal phase separations were performed
on a Glycosep-N chromatography column (OGS Ltd.) and
structures assigned according to Guile et al. (1996) (24).

Matrix-assisted Laser Desorption Ionization Time-of-Flight
Mass Spectrometry (MALDI-TOF MS).Protein samples were
prepared for MALDI-TOF MS using the dried droplet
method. The matrix used wasR-cyano-4-hydroxycinnamic
acid (Sigma, Saint Louis, USA), which was purified by
recrystallization (25). To produce the dried droplets, a
saturated solution of matrix was prepared in 2:1 aqueous
0.1% TFA:acetonitrile at room temperature. The sample was
added to this solution so that the final sample concentration
was 1-10µM. One-half microliter of the solution was placed
on the mass spectrometer’s probe and allowed to dry. The
linear, time-of-flight mass spectrometer was custom built at
the Skirball Institute at the New York University Medical
Center.

Oligosaccharides were analyzed on a Perceptive Biosys-
tems Voyager Elite time-of-flight mass spectrometer. Samples
were prepared by adding the oligosaccharide sample (0.5µL)
in water to the matrix solution (0.5µL of a saturated solution
of 2,5-dihydroxybenzoic acid (2,5-DHB) in acetonitrile) on
the mass spectrometer target and allowing it to dry at room
temperature. The mixture was re-crystallized from 1µL of
ethanol (26).

Molecular Modeling.CR3 was modeled according to Yuan
et al. (22). Oligosaccharide structures were built using the
database of disaccharide linkage conformations based on
crystallographic data from saccharides, glycoproteins, and
lectins (27). The resulting structures were energy minimized
to eliminate unfavorable steric interactions, using the modi-
fied AMBER force field within the Discover II software
(MSI Inc.). The structure of the peptide-glycan linkage was
based on the NMR results from glycopeptide studies (28).
The torsion angles around the Asn CR-Câ and Câ-Cγ
bonds were adjusted to eliminate unfavorable steric interac-
tions between the oligosaccharide and the protein surface.
This leads to a significant range of allowed values for these
two torsion angles.

RESULTS

Production of the CR3 Peptide in High-FiVe Cells.High-
Five cells were infected with a recombinant baculovirus
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encoding CR3. The cDNA was fused to a signal sequence
for secretion and to a six-histidine tag for simple purification.
Transcription was driven by the polyhedrin promoter.
Purification from the conditioned medium yielded 10-15
mg of peptide per 109 cells (1 L of medium), which was
5-10-fold higher than in Sf9 cells. After purification, the
histidine tag was cleaved with thrombin. As judged by
MALDI-TOF MS analysis, the purified peptide was insensi-
tive to alkylating agents under nonreducing conditions,
indicating that the eight cysteines were involved in disulfide
bonds (not shown). In these cells, as in Sf9 cells, coexpres-
sion of CR3 and latent TGF-â1 resulted in the formation of
a complex (Figure 2). Therefore, High-Five cells provide
an efficient expression system for production of functional
CR3.

MALDI-TOF MS Analysis of the CR3 Peptide Produced
in Sf9 and in High-FiVe Cells.The CR3 peptide produced
in Sf9 cells or in High-Five cells was analyzed by MALDI-
TOF mass spectrometry. The spectra displayed different
patterns, depending on the producing cell (Figure 3A vs 3B).
The main mass shift for the Sf9-derived peptide corresponded
to a paucomannosidic structure containing fucose (H3N2F).
Minor peaks were consistent with fucosylated hybrid and
complex glycans (H3N3F, H3N4F). These fucosylated residues
were all sensitive to PNGase-F, indicating that they were
linked R1,6 to the glycan. The CR3 peptide produced in
High-Five cells showed a more complex glycosylation pattern
(Table 1). The paucomannosidic structures found in CR3
from Sf9 cells were still detectable (Figure 3B, peaks b, and
c) and corresponded to major peaks. In addition, higher
molecular weight residues were also detected (peaks f-q),
with masses consistent with the presence of hybrid glycans
such as H3N3F (peak f), or complex sugars such as H3N4F
(peak i) or H3N5F (peak l). Most of the fucosylated
glycoforms were resistant to treatment with PNGase-F,

suggesting the presence ofR1,3 core fucose residues. Several
peaks had masses consistent with the presence of difucosy-
lated glycans (peaks e, h, j, m, and n), consistent with
branching of bothR1,3- andR1,6- fucose on the innermost
GlcNAc.

Identification of the Structure of the Oligosaccharides by
HPLC and MALDI-MS.Glycans present on the CR3 peptide
produced in High-Five cells were further characterized by
HPLC (Figure 4). The glycans were released from the peptide
by hydrazine treatment and derivatized with 2-aminobenza-
mide. The HPLC elution profile was compared to a standard
dextran hydrolysate ladder, and a predictive structure was
assigned to the major peaks. Preliminary assignments were
confirmed by exoglycosidase digestions of the entire glycan
pool using enzyme arrays (29). As shown in Table 2, hybrid
and complex sugars were identified by this technique.
Furthermore, these data confirmed the presence ofR1,6 and
R1,3 core fucose residues as well as glycans with two fucose
residues attached to the GlcNAc at the reducing N-terminal.
Characterization of the glycans released from CR3 was also
performed by MALDI-TOF MS analysis (Table 3). Peaks
with compositions corresponding to most of the sugars
identified by HPLC were detected. Eleven out of the thirteen
glycans observed by MALDI-TOF MS were related to one
of CR3 glycopeptides reported in Table 1. The peak J,
containing a glycan with a difucosylated core, was analyzed
by MALDI-TOF MS using post source decay. The fragment

FIGURE 2: CR3 produced in High-Five cells associates with latent
TGF-â; Western-blot analysis, using anti-â1LAP monoclonal
antibody VB3A9, of conditioned medium from High-Five cells 60
h after infection with a baculovirus encoding latent-TGF-â1 alone
or together with CR3. In addition to LAP (monomers and dimers)
and the LAP-CR3 complex, unprocessed proTGF-â can be
detected due to overexpression (asterisk, monomer; double asterisk,
dimer).

FIGURE 3: MALDI-TOF MS analysis of CR3 produced in Sf9 cells
or in High-Five cells. CR3 purified from Sf9 or High-Five cells
conditioned medium was directly analyzed by MALDI-TOF MS.
The putative composition of the glycans present on CR3 produced
in High-Five cells (peaks a-q) is presented in Table 1. H, hexose;
N, N-acetylhexosamine; F, fucose.
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ions (data not shown) were those predicted for the structure
shown in Table 2. These data are all consistent with the
presence of hybrid and complex sugars on recombinant CR3
produced in High-Five cells.

DISCUSSION

High levels of the third eight-cysteine module of LTBP-1
(CR3) were produced inT. ni High-Five cells. All eight
cysteines were shown to be involved in intramolecular
disulfide bonds, indicating correct folding of the peptide.
MALDI-TOF MS analysis of CR3 showed that the peptide
was posttranslationally modified with N-glycans by both Sf9
and High-Five cells. The molecular masses found for CR3
glycoforms were compatible with the presence of complex
glycans in the protein produced in both cell types, High-
Five cells processing the larger variety of complex and hybrid
oligosaccharides. The presence of complex and hybrid
glycans in CR3 from High-Five cells was confirmed by
HPLC fractionation and exoglycosidase digestion of the
released glycans. Nineteen major species were identified by
HPLC analysis of the released glycans. This technique can
resolve oligosaccharides that have the same composition,
yielding information relating to linkage and arm specificity
and, therefore, complements the composition data obtained
by MS. We detected the presence of seven different
oligosaccharides terminating withN-acetylhexosamine and
three oligosaccharides terminating with galactose. There was
no evidence of sialylation in the HPLC data. The glycans
were released by hydrazinolysis optimized for the release
and recovery of sialylated glycans. However, although
sialylated glycans were recovered from other glycoprotein
samples processed at the same time, it remains a possibility
that some sialic acid residues were lost during the handling
of this sample. MALDI-TOF MS examination of the released
glycan pool revealed thirteen structures with distinct masses.

Twelve of these residues had masses expected from sixteen
of the glycans identified by HPLC, including the complex
sugars. These results, obtained by analyzing the isolated
glycans, fitted the data obtained by MALDI-TOF MS
analysis of the glycopeptides. MS examination of the
glycopeptides also showed peaks with masses corresponding
to the presence of oligosaccharides with five to sixN-acetyl-
hexosamines and five to seven hexoses, indicating that the
peptide bore glycans with a higher number of residues than
those identified by HPLC. However, these species repre-
sented a minor fraction of the total sugars and may have
been below HPLC detection threshold.

Most recombinant glycoproteins synthesized in insect cells
with baculovirus vectors contain mainly high mannose-type
and short-truncated oligosaccharides with core fucosylation
(30). CR3 is one of the few recombinant proteins reported
to be modified with hybrid and complex N-glycosylations.
Interleukin-3 produced inBombix morilarvae was found to
bear hybrid structures with one terminal GlcNAc, whereas
hybrid and complex glycans containing galactose were
detected in IgG from High-Five cells (31) and interferon-
gamma fromEstigmena acrea(EA-4) cells (32). Sialic acid
was reported to be present on recombinant plasminogen when
produced in several insect cell lines (33, 34), and in secreted
alkaline phosphatase fromT. ni larvae (35), although the
latter result was later questioned by its authors (30). In
contrast with the situation observed in most recombinant
proteins, N-glycosylations observed in endogenous insect
glycoproteins, like honey bee venom phospholipase A2 and
hyaluronidase (36, 37), apolipophorin III from Locusta

Table 1: Proposed Structures of the Glycans Born by CR3
Glycopeptides Observed by MALDI-TOF MS Analysis of CR3
Expressed in High-Five Cells

peak
designationa

calculated
glycan massb

theoretical
mass compositionc

a 733 730.7 H2N2
d

b 892 892.8 H3N2
d,e

c 1040 1039.0 H3N2Fd,e

d 1098 1096.0 H3N3
d,e

e 1189 1185.1 H3N2F2
d,e

f 1245 1242.2 H3N3Fd,e

g 1305 1299.2 H3N4
d,e

h 1391 1388.3 H3N3F2
d,e

i 1447 1445.4 H3N4Fd

j 1556 1550.4 H4N3F2
d,e

k 1598 1591.5 H3N4F2
d,e

1607.5 H4N4F
l 1654 1648.5 H3N5F
m 1759 1753.6 H4N4F2

n 1801 1794.7 H3N5F2

o 1966 1972.8 H5N5F
p 2131 2135.0 H6N5F
q 2298 2297.1 H7N5F

a The nomenclature of the peaks refers to Figure 3.b The calculated
mass corresponds to the difference of mass with the nonglycosylated
peptide.c H ) hexose (mannose or galactose), N) GlcNAc, F )
deoxyhexose (fucose).d Also detected by HPLC analysis of the released
glycan pool (Table 2).e Also detected by MALDI-TOF MS analysis
of the released glycan pool (Table 3).

FIGURE 4: Exoglycosidase digestions of glycan pool released from
CR3. Glycans released from CR3 by hydrazine treatment were
derivatized with 2-aminobenzamide and submitted to sequential
digestions with exoglycosidases. The structures of the different
glycans detected by this method are listed in Table 2. SPH,
Streptococcus pneumoniaehexosaminidase; BTG, bovine testes
â-galactosidase; BEF, bovine epididymisR-fucosidase; AMF,
almond meal fucosidase.
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migratoria (38), or membrane proteins (39), include glycans
with terminal GlcNAc and galactose residues. This correlates
with the identification in insect cells of enzymatic activities
involved in the processing of complex sugars, likeR-man-

nosidase I and II (40-45), N-acetylglucos-aminyltransferase
I and II activities (46, 47), andâ-1,4-N-acetylgalactosami-
nyltransferase (48). As pointed out, baculovirus infection can
perturb these enzymatic activities (33, 43, 47-49), which
may explain why most recombinant proteins are modified
with high mannose sugars. In addition, our results, as well
as those of others (32), clearly show that N-glycosylation of
the same peptide can vary depending on the insect cell line.

A majority of the glycans in CR3 had a fucose residue
linked to the innermost GlcNAc, either throughR1,6 orR1,3
linkages. Most notably, some of the major oligosaccharides
in High-Five cells were difucosylated, like H3N2F2 or H3N3F2

(Table 2, peaks Q, and U). Fucosyltransferase activities have
previously been characterized in lepidopteran cells.Ma-
mestrae bressicacells have been found to contain bothR1,3-
andR1,6-fucosyltransferase activities (50), which also seems
to be the case in High-Five cells. In contrast, Sf9 cell extracts
contain exclusivelyR1,6-fucosyltransferase activity (50).
Indeed, the fucosylated oligosaccharides born by the CR3
peptide produced in Sf9 cells were sensitive to PNGase-F,
as expected if only coreR1,6 fucose is present. As a practical
consequence, Sf9 cells should be used when large quantities
of deglycosylated protein are desired, since the presence of
R1,3-linked fucose hampers one-step enzymatic deglycosy-
lation of the peptide with PNGase-F. CoreR1,3 fucose has
been found in insect membrane glycoproteins (39), and in
honey bee venom (36, 37). CoreR1,3 fucose is also present
in a wide variety of plant extracts (51). It is essential for
recognition of the phospholipase A2 from honey bee venom
by IgG and IgE (52) as well as for the antigenicity of
N-linked carbohydrates in plants (51), for example, in the
Bermuda grass allergen BG60 (53). CoreR1,3 fucose may
thus be an important part of plant and animal allergens (51,
52). Recently, Hsu et al. (31) reported the first example of
a heterologous protein (IgG produced in High-Five cells)
containing this type of sugar. These authors have identified
a paucomannosidic oligosaccharide bearing two core fucose
resides. Our data extend this result by showing that in
addition to paucomannosidic glycans, at least hybrid (and
maybe complex) oligosaccharides also contain coreR1,3
fucose (Table 2, peaks U, W, and X; see also Table 1, peaks
h, j, m, and n). The presence of coreR1,3 fucose does not
require coreR1,6 fucose (Table 2, peak C), although the

Table 2: Oligosaccharides Identified By HPLC Analysis and
Exoglycosidase Digestions of the Released Glycan Pool

Table 3: Oligosaccharides Identified by MALDI-TOF MS Analysis
of the Released Glycans

observed glycan massa theoretical mass compositionb

917.3 917.3 H2N2Fc

933.3 933.3 H3N2
c,d

1063.3 1063.4 H2N2F2
c,d

1079.3 1079.4 H3N2Fc,d

1120.4 1120.4 H2N3F
1136.4 1136.4 H3N3

c,d

1225.4 1225.4 H3N2F2
c,d

1282.4 1282.5 H3N3Fc,d

1298.5 1298.5 H4N3
d

1339.4 1339.5 H3N4
c,d

1428.4 1428.5 H3N3F2
c,d

1590.5 1590.6 H4N3F2
c,d

1631.6 1631.6 H3N4F2
c,d

a Monoisotopic mass of the MNa+ ion. b H ) hexose (mannose or
galactose), N) GlcNAc, F ) deoxyhexose (fucose).c Also detected
by MALDI-TOF MS analysis of CR3 glycopeptides (Table 1).d Also
detected by HPLC analysis of the released glycan pool (Table 2).
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HPLC analysis suggests that most of the oligosaccharides
containingR1,3 fucose are difucosylated, as previously seen
in other lepidopteran cells (36, 50).

Molecular Modeling.Mutation of the N-glycosylation site
in CR3 previously showed that the presence of a glycan is
not absolutely required for the association of CR3 and latent
TGF-â, at least when both proteins are overexpressed (18).
All sugars can impart a similar range of physical properties
to the proteins to which they are attached. In the endoplasmic
reticulum (ER), these may include increasing solubility,
shielding the protein surface with a network of glycans and
organized water, which may prevent aggregation, and orient-
ing anchored glycoproteins in the membrane of the ER. In
addition, any sugar may be able to modulate sterically the
interactions of the protein if it is located close enough to
the binding site (54). There may also be roles for specific
oligosaccharide motifs, which can impart particular functions
to the proteins that contain them. For example, all proteins
using calnexin and calreticulin-folding pathways require the
GlcR1-3Man motif, turn-over rates may be determined by
glycosylation, and recognition of the sialyl Lewis X ligand
plays a role in cell adhesion (for review, see reference55).
The perfect conservation of this site among LTBPs strongly
suggests that this posttranslational modification is important
to the structure and/or to the function of these proteins. A
model of N-glycosylated CR3 containing a di-core-fucosy-
lated biantenary glycan is presented in Figure 5. The size of
the carbohydrate with respect to the domain is striking. The
moiety is expected to be flexible based on studies of
ribonuclease B (56) and thus restrict access to a significant
region of the surface of the domain. The model suggests
several possible roles for N-glycosylation in the formation
of the latent TGF-â complex. First, a CR3-LAP interaction

site has been proposed by Yuan et al. (22). It was suggested
that a unique insertion of two amino acids (FP) in the CR3
sequence relative to other eight-cysteine domains in LTBP-1
might confer specificity for CR3-LAP interaction. This amino
acid insertion is localized to a hydrophobic region of the
surface of the CR3 domain and is adjacent to a partially
exposed disulfide bond, which could exchange in covalently
linked CR3-LAP. Interestingly, the region containing the FP
sequence is on the opposite face of the CR3 domain from
the glycosylation site. Hence, the mobility of the carbohy-
drate side chain may be important for guiding the interaction
of CR3 with the LAP peptide.

Second, the proximity of the carbohydrate to the N-
terminus of the eight-cysteine domain suggests another role
for N-glycosylation in LTBP’s and the fibrillins: the
mediation of pairwise domain interactions. Usually a calcium-
binding EGF-like domain precedes an eight-cysteine domain
in these proteins. The position and flexibility of the sugar
may dictate a specific relative orientation of these tandem
modules. It is interesting to consider the pattern of eight-
cysteine domain (TB domain) glycosylation in human
fibrillin-1 with respect to protein-protein interactions and
connective tissue microfibril assembly. TB4 contains an RGD
sequence, which binds toRvâ3 integrins. Recently, trans-
glutaminase cross-links that stabilize the microfibril have
been localized to regions containing TB2 and TB7 (57). Only
TB domains 5 and 6 are glycosylated in fibrillin-1. Hence,
it seems that interaction sites and posttranslational modifica-
tions define specific functions for the different eight-cysteine
domains in this protein. Since it is expected that carbohy-
drates will be localized to the surface of the microfibril, it
seems likely that N-glycosylation is important for fibrillin
assembly. Specifically, the properties of the carbohydrate side
chain might limit the number of fibrillin molecules that are
incorporated into the microfibril, dictating their final dimen-
sions and also their supramolecular organization (58).

CONCLUSION

The data presented in this paper indicate unambiguously
that complex glycans are added to recombinant CR3 in insect
cells. An interesting feature shown by these results is the
high occurrence of difucosylated sugars in High-Five cells
as well as the superior ability of this cell line to process
hybrid and complex glycans as compared to Sf9 cells. The
status of LTBPs and fibrillins N-glycosylation in vertebrate
cells remains to be established. The possibility of producing
CR3, or any other domain of these proteins, with various
N-glycosylation patterns in insect cells may help to elucidate
the functions of these posttranslational modifications, which
may include mediation of intramolecular and/or intermo-
lecular protein-protein interactions.
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