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Novel forms of protein glycosylation
Johannes FG Vliegenthart* and Florence Casset

A large number of new glycans, derived from glycoproteins,
has been characterized in the past few years. O-linked fucose
was found in epidermal growth factor-like domains of several
proteins. For the N-linked glycans of Helix pomatia
hemocyanin, novel types of antennae were identified. The
positions of noncarbohydrate substituents were established in
N-glycans. C-mannosylation of a tryptophan residue was
discovered in human ribonuclease 2 and is the first example of
C-glycosytation in glycoproteins.
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Abbreviations

EDN eosinophil-derived neurotoxin
Fuc fucose

Gal galactose

GalNAc N-acetylgalactosamine

Gic glucose

GlcNAc N-acetylglucosamine

Hex hexose

HexNac N-acetylhexosamine

HNK cell human natural killer cell

Man mannose

N-CAM neural cell adhesion molecule
Neu neuraminic acid

Neu5Ac 5-N-acetylneuraminic acid
RNase ribonuclease
Introduction

Developments in striuctural glycobiology are proceeding
very quickly, mainly due to improvements in the mechod-

ology for characrenzing glycoconjugates. Small amounts of

material, that 1s, below the nunomole level are sufficient
for the unambiguous detcrmination of primary structures.
In particular, the advances in both isolation procedures
and physical techniques, like mass spectrometry and
NMR spectroscopy, have made this possible. For the pri-
mary structures of the glveans in glycoproteins, a large
array of new struetures has been established recently. Now
CarbBank conwains about 1000 unique N-hinked chains
and about 500 (Flinked chains. New types of curbohy-
drate—proccin linkages have been discovered and unusual
constituents and noncarbohvdrate substituents identificd
in terms of their chemical nature and localization in the
carbohydrate chain. Here, we give an overview of the new
forms of glveosvlation of cukaryotic proteins and describe
a selecton of the glycan structures thut have been deter-
mined. This review will highlight in particular the novet
tvpe of glyveosvlation that has been identified on human
ribonuclease (RNase) 2, numely C-mannosylation.

C-glycosylation

Recently, a new tvpe of glveosvlatuon, namely C-mannosy-
lation, has been observed in human RNuse 2 (formerly
RNasc Us) {1,2].
mannopyranosc residue is directly linked to the G2 atom
of Irp7 (Figure 1). Nonsecretory RNase 2, found in
human urine, is an enzvme involved in the digestion of
RNA. TH-NNMR measurements on RNase 2 have shown
that the mannose residue in the native protein adopts dif-
ferent orientations around its C-linkage compared to the
denatured protein [1.2). "T'he three-dimensional structure
of nurive RNase 2 scems o induce a specific orientation of
the mannose residue. Currendy, a study 1s being carried
out using NMR spectroscopy, in combinunon with molee-
ular modehnyg,

The anomeric carbon atom of an o-D-

in order to both idenufy the contacts
berween the C-linked mannose residue and the amino
acids of the native protein and determine the influence of
the mannosc on the protein structure. Fosinophil-derived
neurotoxin (EI1IYNT is a member of the pyrimidine-specific
RNuse superfamily in vertebrates. It has the same amino
acid sequence as RNase 2 and is also G-mannosylated [2].
I'he X-ray structure of recombinant KDIN [3] expressed in
Fescherichia cofi was used to model the C-linkage berween
mannose and Trp7 (Figure 2). "T'he short distances
berween the amino acid protons and those of the mannose
restdue, as obscrved by molecular modeling, were com-
pared to the INMR data on native RNase 2.
concluded that the mannose residue interacts with loop
residues 115-123, the end of B strand Mcetr105-Argl 14 and
the beginning of B strand Pro124-1le134. This interaction
stahilizes “1rp7 into a specific orientation. The interactions
between H2 of mannose and the methyl group of Vall 28,
and H3 of mannose and HB of Asp115 have been con-
firmed by NMR spectroscopy (I Casset, BR Leeflang,
} Hofsteenge, JEG Viegenthart, unpublished data). The
main structural roles of the mannose residue seem to be

It was
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The structure of C2-u-p-mannepyranosyl-tryptophan. Carbon atoms,
green; oxygen atoms, red; nitrogen atoms, blue; hydrogen atoms, gray.
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Figure 2
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T Stereo representation of the C-linked a-n-
mannopyranosyl unit with its surrounding
amino acids modeled as in EDN.

Th-6

Trp?7

to stabilize the N-terminal loop of the protein and to
keep Trp7 in a specifie orienaton, compured o the
non-C-glycosylated form.

In contrast 1o the processes of NV-glyeosylation and O-glyco-
svlation, which are widely distributed and well established,
very ietle 1s known about the biosynthetic aspects of
C-mannosvlation. [t has been shown, however, that a micro-
somal transfecrase cutalyzes the G-mannosvlation of 'Irp7
{4°]. A minimal biosynthetic pathwuy could be defined as
Man—=GDP-Man—dotichotP-Man -{(C2Man)-"Trp.
C-mannosylation occurs intracellularly. hefore the seercton
of the protein, and can be carried out by a varicty of mam-
malian cell cultures [3*]. Interestingly, pig kidney cells are
capable of C-mannosvlating “1rp7 of human RNase 2,
although the homologous RNase from pig kidney is not
(-plyeosvlated, due to the absence of tryptophun at position
7. The recombinant RNase 2 preparations isolated from
inscct cells, plant protoplasts and F. /i were not
C-mannosvlated [3*]. Site-direeted mutagenesis has
revealed char the sequence Trp-x-x-"Trp is required for the
C-mannosylation of the first oyprophan residue [6%*].
I'his amino acid motif is found in many mammalian pro-
teins. ‘T'he abundance of this motf in proteins suggests
thut C-glycosides could be part of the seructures of more
proteins [6°°].

O-linked fucose

In recent years, a number of proteins have been shown to
he modified with the monosaccharide 1.-tucose. O-linked
fucose is an unusual form of glycosylation of the hvdroxyl
group of scrine or threonine residucs ut consensus sites
within ¢pidermal growth factor-like domains of a numbcer of
scrum proteins. A fucosvltransferase, which catalyzes the
reaction that attaches fucose to the protein through an
{)-glveosidic linkage, has been identitied i CHO cells and
rat liver | 7], An assay for GDP-1.-fucose:polypepude fuco-
svlitransfcrase has been established and the results suggest
. T'he pathway of
this specific glveosyladion reaction has been studied [8*]. T

that the enzyme is membrane bound [7

could be shown that CHO cells not only modify several
endogenous proteins with O-linked tucose. but also that
O-linked fucose becomes clongated for a subset of these
proteins. Sonie proteins are modificd wich the monosaccha-
nde only, whercas others are modificd with cither a
monosacchande or disaccharide, or 4 moenosaccharide and
an oligosaccharide. 'The mujor form of elongation is the dis-
accharide Gle(B1-3)Fuc. The occurrence of clongated
forms of O-linked fucose suggests the presence of o novel
glveosylation parhway in mammalian cells, with several
potential end points all containing O-linked fucose as the
core sugar [8°*].

O-glycosylation

The post-translational modificanon of serine and threo-
nine hyvdroxyvl groups by glveosvlation has experienced
increasing interest, not only because the O-glveans are
involved in manv specific cell adhesion and recognition
processes but also hecause thev are involved in protein
folding. "I'he essentials of the function of CO-glveans are not
well elucidated and the determination of their structures
remains an importante tirst scep. The O-GLYCBASL,
which is a database of ghycoproteins and therr O-linked gly-
cosylation sites, has been updaced [9%]. [t now contains 158
¢lycoprotein entries, with 903 experimentally determined

O-~glveosvlation sites.

A mini-review has been published on the strucrure and
function of GaINAc(al-O)Ser/T'hr protein glyveosvlation,
highhighting the blood group anugens and relared antigens
of O-linked glycans and the core regions of serun, cell mem-
T'he mujority of
(-linked chains found on sermm and membrane glyveopro-
trisaccharide  and
tetrasaccharide type, with core tvpe 1 (IFigure 3a). A novel

branc and mucin glveoproteins [10].

reins  consist of  the  sialvlated
glycosvlation site has been identificd on ScrZ48 of human
plasminogen 2 [11]. The carbohvdrate chain that is attached
o Ser248 has the structure NeudSAc(o2-3Gal(B-3GalNAc.
which is identical to that of the known glyean on "Thr3ds of

the protein [11]. The structure of  the  O-linked



oligosaccharide on the 75 kDa neurotrophin receptor has
also been reported [12]. This the glycoprotein modulates
the affinity and activiey of tyrosine Kinases that promote
neuronal survival, 'The glvean synthesized by cultured cells
had & Gal{B1-3)GalNAe core structure, with (NeuSAc) s at
its nonrcducing end,

The structure of a novel sulvlated O-muannosyl-tvpe
oligosaccharide (Figure 3b) has been identified on bovine
peripheral nerve o-dystroglyean, a heavily glveosyvlared
protein. ‘T'his oligosaccharide constitutes at least 66% of
sialvlated O-linked carbohvdrate chains [13].

The (-glveosviauon of high molecular mass precursors of
insulin-like groweh fuctor 1L solated from human plasma,
has been characterized by matrix-assisted  laser desorp-
tionfionization (MALLDIY mass spectromcerry [14]. The
O-linked carbohydrates were found to be associated wich
the C-terminal extension of the protein and comprised
various sialvlated forms of one and two HexNAe—Hex
groups | 14].

The scructure of the O-linked glveans from a major calf
thyroid cell-surface glveoprotein has aiso been determined
[15]). In addition to known structures, a novel teorasaccha-
ride was identificd (Figure 30).

N-glycosylation

The structures of many N-linked oligosaccharides have
been determined over the past rwo vears. “Thirey five
kinds of complex oligosaccharide structires of integrin
5B have been reported, with the help of u new, sensi-
tve anulvtical method using different properties of
HPLC  [16]. The common ohigosacchuride  core
Gal(B1-HGNACPI-DNan(al -6 Gal(B1-HGIcNAC
B1-20N ana -3 an(B1-HGICNAC(B1-H)[F uc(a1-6) ]G]
cNAc was present, with different substitutions. More
than 80% of the sialic acids present were (2-3) linked to
nonreducing terminal galactose residues [16].

The same tvpe of core 15 also found in N-linked rtetra-
antennary oligosaccharides of the human "Tamm-Horsfall
glveoprotein, with two addinonal substicutions on the
branched mannose. The nonreducing end shows addigon-
al V-accevl-lactosamine units, sialvlated with (¢2-3)
linkages. This is a donor-specific feature [17].

T'he polvsialvlglycans found in neural cell adhesion mole-
cules (IN-CANsY from embryonic chicken brains showed two
distinet types of multantennary structures, triantennary and
retra-ancennary [18], The presence of GIeNAe(B1-6), Iinked
on the NMan(oel-6) arm, s required for the polvsialylacion of
the core glvean. Gal{f1-3)GleNAc and Gal(B1-+)GleNAc
scquences are both present in the peripheral part of the gly-
can.  Sulfute s present. probably  wirthin the
Gal(B1-h[SO; 3]1GINABL-DGal(B1-HGleNAC structure,
Interesungly, ac least one terminul residue of the antennae
was found to be not sialylated, indicating that polysialvlation
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Structures showing (@) the majority of the O-linked chains found on
serum and membrane glycoproteins, (b) an O-linked chain found on o-
dystroglycan and () an O-linked chain found on calf thyroid cell-
surface glycoproteins.

occurs asvmmetricallv on the antennac. T'he presence of
O-acetvl groups on the W-CANI polysialic acid chain has
been reported for the first time [18].

Ascorbate oxidase from Aervamoninn sp. HI-23 exclusive-
Iv contains N-linked glveans. In addition tw regular
oligomuannose-type glveans, a series of novel b-galacrofu-
ranosc-containing  oligomannosc-type

chains were dennficd [19].

curbohydrare

In contrast to previous studies, the structural analvsis of
glveans from bovine pituitary. membrane  glveoproteins
showed  the  presence  of  unsubstituted  GalNAc
(BI--HGIeNAe and Gal(B1-HGleNAcB strnetures at the
nonrcducing end of the N-linked glveans [20]. These
results indicate that B-N-acerylgalactosuminylation is not
unique w bovine piiutary glycoprotem hormones bute
oceurs i most bovine piuitary glveoprotenns.

For hemocvunin, the high molecular mass copper-containing
nxvgen transporeing protein that is freely dissolved in the
hemolymph of several arthropod and molluse species, the
structures of 21 novel monoantennary and diantennary V-
linked carbohvdrate chains from the o ,-hemocvanin of Hedix
pouidtiad have been determined. Four novel types of anten-
n:e were idenufied, the mose complex representative being
AN eGal(BL-613N e Gal(B1-0)3N e Gul{B1-3) 3N c Gal{B1-6))G
AINACPI-HGIENACBI -, which is atrached to O2 of o man-
nose residues of the oimannesvl- V. V-diacerylchitobiose
core clement (see FFigure 4). "T'he core structures are gencral-
Iv Bl.2-xvlosvlated and a1,6-tucosvlated [21].
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A glycoprotein carrying polvlactosaminoglyeans has been
identified in Zajdela hepatoma cells and the structures of
its N-glveans have been established. The carboliydrate
chain is a4 tetra-antennary lactosaminoglycan of 6.6 kDa,
containing galactose, GleNAc, mannose and Neu5Ac in a
16:14;3:4 ratio, with an average of three repeating N-acetyl-
lactosaminc units per branch {22].

The A-glveosvlation of proteins is a highly conserved
process in eukaryotic evolution. The oligosaccharides
Gle MangGleNAc, (x = 1-3) are involved in a number of
important steps during the biosynchesis and folding ot gly-
coproteins. 'The conformation of the oligosacchandce
Gle(al-2)Gle(ol-3) Gle(al-H)MangGleNAc,  has
studied by NMR spectroscopy [23). "The glucosyl cap has
a single well-defined conformation, independent of the

been

rest of the saccharide. 'The conformation of the mannosc
residues in MangGleNAc,, however, is largely unaffected
by the presence of the glucosyl cap in comparison to the
free oligosaccharide.

It is important to underline the fact that the regulation of
N-linked core glveosylation using rabies virus glycopro-
teins has been described as a model system. It was
demonstraced that amino acid X of the Asn-X-Ser sequon
is an important determinant of the cfficiency of
N-glvcosylation. “I'he presence of proline at the X position
completely blocked core glycosylation, whereas trypto-
phan, aspartate, glutamate and leucine were associated
with inefficient N-glveosylation [24].

N-glycosylation and O-glycosylation

Itansferning are proteins involved in iron transport in body
fluids and 1t is found in serum (serotransferrin) and in milk
(lactotransferrin), The glycosylation sites of various transfer-
rins have been characterized and it was shown that alterations
of the structure of the glycans on human transferrin occur

Figure 4

during pregnancy. Transferrin from the ammiotic fluid of a
pregnant woman suftering from hydramnion has been isolaced
and the structures of 14 V-linked and two O-linked carbohy-
drate chains have been determined [25°°]. The N-glycans
tound were monosialvlated, disialylated or erisialvlated struc-
tures, including three carbohydrates containing sialvl Lev
{NeusAc(o2-3)Gal(B1-H[Fucal-H]GLeNAc(B1-. In compar-
ison to human scrum transferrin, a higher degree of (01-6)
fucosvlation has been observed and there is also an increase in
branching from diantennary tw triantennary  compounds.
Furthermore, the presence of the O-glyeans Gal(B1-3)GalNAe
and NeudAc(o2-3)Gal(B1-1GalNAC has been demonstrated
for the first ume ina transterrin [25°°).

Sulfated glycans

The HNK-1 (human natural killer 1) cell’s carbohydrare
epitope [SO5 -3GIcA(BL-3)Gal(B1-+)GleNAc] is expressed
by scveral neural recognition molccules. It is involved in
the eellular interactions that control cell tvpe-specitic neu-
ritc outgrowrh and regeneration. In the bovine peripheral
myelin glycoprotein PO. the epitope was found for rthe firse
tme on an asparagine-linked carbohydrate. The HNK-1
cpitope s present in one of the major glycans of bovine PO
(Figure 5a) and is attached to the (01-6) arm of a dianten-
nary core with a bisccting GleNAc-residue [26].

The primary structures of 32 sulfated diantennary, cri-
antennary and tetra-antennary NVeglvcans of the human
Tamm-Horsfall glveoprotein have heen derermined
(Figure 5b, ¢). The glycans range from monosulfared to
uisulfated N-glycans, the sulfate being attached o either
position 3 of the terminal galuctose or position 4 of a rer-
minal GieNAc [27].

For the first time, a detailed investigation into the nature
of highly sulfated (keratan sulfate-likc), complex-type,
asparagine-linked  glveans with tetra-antennary  core
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Novel types of antennae in N-linked chains found on Hefix pomatia hemocyanin.




Novel! forms of protein glycosylation Viiegenthart and Casset 568
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Structures showing (a) the HNK-1 epitope in the V-linked glycan of bovine peripheral myelin glycoprotein PO and (b) and (¢) novel sulfated N-

linked chains in the human Tamm-~-Horsfall glycoprotein.

structures has been reported [28]. "The sulfated multianten-
nary  N-linked glvean chains were derived from a
ferulization-associated, carbohvdrate-rich glyeoprotein in
unferulized cpgs of Tribvlodvu hatkouensis | 28]. A novel, repeat-
ing carbohydrate scquence Gal(B1-HGal(BL-hP1[-HSO; -6)
GIeNACPL-3NGal(P1-HGalB1],, was obscrved, The GleNAc
linked to the mannosc core structure was sulfated at posi-
tion 6, in contrast to N-CANM, which was substituted at
position 3 [18].

Sulfated oligosialic acid units have been described in O-
linked glveans of the sea urchin egg recepror for sperm
[29]. Sulfated ohigosacchande chuains with the novel struc-
ture (SO; -9NCuASGea2(-50 i NeudGoal-), were
identified [29].

New protein glycosylation sites

T’he positions of N-glycosvlation sites have been idennfied
on various proteins. For example, on human thyroglobulin,
16 out of the 20 putative sites for V-glveosvlation have been
confirmed as being carbohvdrate-bearing sites [30]. Tt has
alsa been shown that murine SR-BI, a high-density

lipoprotein recepror that mediates selecuve lipid upuake,
is highly N-glveosvlated with muluple oligomannose
chains [31].

In the human Tamm-FHorsfall glycoprotein, 1solated from
the urine of a healthy male donor, it was established that
seven out of the cight putative glvcosvlation sites were
occupiced. The oligomunnose tvpe of chain occurs exclu-
sivelv at Asn231 in a  donor-specific wav. The
(80; -HGalNAc(B1-DGleNAe determinant is prescnt on
the glveans only at Asn489, preferenually in diantennary
structures. Asnl4 is not occupied [32].

Novel O-linked glveosvlation has been described, for
example, on basic human purotid protcins [33] and on the
Tau protein. The latter protein is important in modulating
microtuhule stability in neurons. It wus found that normal
bovine Tau protein is multply modificd by GleNAc¢ @-
linked to serine or threonine residues [34). This feature
mav play a role in the formation of paired helical filaments.

For serum immunoglobulins, the glyeans of [gG oure well
known, whereas those from 1gA, were not ver characterized.
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Recently, however, the glveosylation of the [gA; FFub and
Fe was unraveled. Over 90% of the V-glveans of [gA| are
sialylated. as opposed to only 10% ol the glveans of TG,
In contrast to 1gG, which has only MV-glveans, V-linked
and O-linked oligosuccharides were observed on the 1ab
ot TgA, [35].

T'he glycosylation of the complement regulatory protein
human erythrocvte CID39 has been analvzed [36]0 'This
cellsurfuce  glyeoprotein contains V-glyeans, O-glveans
and a glveosylphosphatidylinosicol anchor. "T'his study pro-
vides the most complete view
ghveoprotein studied so far.

ol any cell-surface

Conclusions

The past two vears have shown that the idenofication of
the varicty of carbohydrate structures oceurring on glveo-
proteins iy stll growing, thanks to the progress in
developing analvtical methodologics. SUGABASE [37], a
carbohvdrace NMR  database chat combines CarbBank
Complex Carbohydrate Structure Data (COSD) with pro-
ton and carbon chemical shift values, now includes
information on 379 A-linked and 340 O-linkcd structures,
derived from glycoproteins. The clucidation of primary glv-
can structures paves the way for studies on the ntegral
structures of intact glycoproteins. This should ultimately
lcad to ¢ molecular level understanding of the mode of
action of these compounds in their natural environment.
Here, we did not consider the function of glveosvlation,
although exciring experiments have heen carried out in this
arca. In the contexr of structnre/function relationships. the
prion molecule. which is a sialoglycoprotein containing two
Mlinked glveans, should be mentioned. In recent studies,
evidence has been provided that oligosaccharide chains
may modulate the efticieney of the conversion process from
the normal prion form into a pathogenic form [38]. "These
findings ure an example of the many interesting resultes thue
can be expected trom structural glveobiology.
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