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Because many recombinantly produced proteins
require post-translational modification to be properly
folded and active, there is a new emphasis on eulcary-
otic expression systems. Dictyostelium discoideum is a
well studied eukaryotic model organism for the
investigation of key questions in molecular and cell
biology. More recently D. discoidevm was successfuily
used as a system for recombinant glycoprotein pro-
duction. The vegetative amoebae are easy and
inexpensive to grow either in axenic
Ciran

culture or on
m negative bacteria. Reliable and uncomplicated
transformation systems are also well established. This
or?amsm harbours ‘the machinery to perform post-

ranslational modlf‘ catlons such as phosphorylation,
acylatlon, f@rmat:on ‘of glycosylphosphatidylinositel
anchors and more lmportantly M- and O-linked glyco-
sylation. This review provides an overviow of
glycosylation in  diffaren expression systermns  and
focuses on glycosylation in d"‘* discoideurn,

Froduction of glycoproteins for
biotechnological use

Sustained scientific and medical cffort continues to bhe
expended on the development, production and clinical
application of recombinant glycoproteins for the thera-
peutic manipuiation of animals and humans. As a resuit the
hior@chno!ogy industry has become increasingly interestec
it thie biological and therapeutic implications of post-trans-
lationai  miodifications  of prarticular
glycosylotion because it is the most common form of
protein dification.  Glycobiology has been dascribed
recently as ‘the sleeping giant of biotechnology’ [1] and the
imporrance  of carbohydrate residiies on  recombipant
glyc uprmenm destined for human “‘\e: 3oy is now well

wogioced 4 Altered ghyo roteine b
in scveral d«svases [3] and knowledge abc)ut the changes
might lead to a better understanding of the medical prob-
iems.  Although a number of important therapeutic

proteins, and in

glycoproteins do not require glycosylation for activity in-

vivo (e.g. erythropoetin, interleukin 2, tissue plasminogen
activator, y-interferon, granulocyte colony-stimulating
factor and granulocyte/macrophage colony-stimulating
factor), in general glycosylation of these proteins is respon-
sible for a decrease in antigenicity or an increase in
solubility, biological half-life, stability or protease resistance.
Therefore glycosylation is necessary for these to be effect-
ive products [4].

The preferred approach for recombinant glycoprotein
production will be the characterization of the authentic
post-translational modifications to the protein of interest,
and the determination of whether post-translational modifi-
cations are implicated in the functions mentioned . ove.
For the production of the potential therapeutic giyco-
protein, the most appropriate expression host for
large-scale glycoprotein production will involve & ncing
lesrals oFf nroduction, cost, reproducibility of giy{.o:";,
and stability in vivo. A recent review on glycosylation in
different expression hosts deals with this problem, but
stresses mainly N-glycosylation with rel:rence only o one
class of O-glycoforms [5]. Our review complements that of
Jenkins et al. [5] by focusing on O-glycasylation in different
expression systems, emphasizing glycosylation in th= cellu-
far sfire mould Dictyostefium discoideum.

SH

The textbool view of glycosylation

Dligosaccharides attached to Asn residues of secretad or
mernbrane-bound  proteins are described as  N-finked
(Figure 1A), with N-inked glycoforms falling into three
main categories: high-mannose, hybrid and complex. All of
these are derived from a precursor oligosaccharide consist-
ing of GlcNAc;MansGle;. These three rypes share the
same core structure (GleNAc,Many) with high-mannase
navxng only glucose and/or 1ddmo.ml Manne:e
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* Abbreviations used: CHO, Chinese hamster ovary: GST, glutathione
S-trarsferase; PsA, prespore-specific antigen; 1PA, recor binant Fu
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dition of mannose to the trimmed structure. 7

and complex forms are trimmed and then rocon.
structed with the addition of GleNAc, Gal, sialic acid as
sometimes fucose in animal systems. Whereas N- lycosyla-
tion in higher eukaryotes is well characterized [6], fess is
known about this post-translational protein modification in
various simple expression hosts [5].

O—g!ycosy!ation (Figure 1B) in different eukaryctic
systems is more challenging because O-glycosylation
(glycans attached to serine and threonine residues, and to
a2 smaller extent hydroxyproline and hydroxylysine resi-
dues) is less well understood and much more complex,
with at least seven different reducing terminal linkages
known [7,8]. O-glycans are buiit up in steps with sugars
added one at a time. The most common form of O-glyco-
sylation in mammals is the addition of GalNAc linked to
serine or threonine residues, and the further addition of

A) N-linked glycan

Focwl
Neurmcazwmaxa1-—4GicNAcgsr~2Manar\ ) !

6
g ManBl—4GleNAcp F4GleNAc~Agn
NeuNAca2~3GalB1—4GIeNACP ~2a =~

B) O-linked glycan

NeuMAca2
“

6

NeuNAco2~3GalBI-~3GalNAc—Ser/The
Figure |
e
One example of a complex N-finked oligosaccharide A and a common
O-finked glycan (B) in mammals [4]. (A) The N-glycan is linked to the amide
group of an Asn residue and consists of a GleNAc,Man; core structure
(indicated in bold) further modified with Gal, GleNAc, Fuc and NeuNAe
residues. (B) The O-glycan is attached to the hydroxy group of a Ser or Thr
residue. The reducing termingl linkage is GalNAC, which is further modified

with Gal and NeuNAc residues. The core structure is indicated in bold,

N-ghycosylation in different expression hosts is covered on
to add the oliposaccharide precursor (Glc;MangGIcN/\cz) to th
the precursor oligosaccharide means the ability to tr
Only the reducing termira) linkages to Ser or The residues

ll; iscoiceum uses this i

nkage on secreted pr
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N-glycosylation
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froer ot insect cells can forn compiex Neglycans disputed [26].
TS corps

o very large mannose structures (50-150 mannoge residues) ¢
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y superficially and for 3 inore comprehen
e anide group of an Asn residue within the sequon Asn-Xaa-Ser/Thr (Xaa not Pro)
im maniose residues; complax structures involve the addition of galact

within a polypeptide chan are i

an be constructed,

[ oresulting in a oo
caiNAcs | -Ser/ 1, v further oo
{the addition of up to three siafic acid residues [41

Changes in O-glycosylation are obsarved i
diszases and much work has been put.into undersr
mucins that are heavily O-glycosylated (GalNAc iorm)
secreted or cell surface proteins. Altered mucin glycosyia-
tion is common in cancer 19,101

O-glycosylated proteins are also found in the Cyto-
plasm of the celf with a single GIctNAc linked to isalated or
clustered serine or threonine residues [H1,12].

core

Cell culture expression systems

The benchmark system for the expression of ‘authentic’
recombinant glycoproteins is mammalian, Chinese hamster
ovary (CHO), cell lines (Table 1). CHO cells are wall
characterized and have contributed much to the under
standing of N-glycosylation [‘1345]. There have been
many glycosylation mutants isolated for studies on

fiydrate  function and oy have been charactes:

zed
biochemically. _The‘_disadvarﬁiagés‘o:‘f‘»u:"iﬁg‘CHO cells for
recombinant .glycoprotain production- include expensive

culture conditions and variability of glycosylation. This can

arise as a reysuzltfof:‘sfporitahe}iéqsﬂ ‘mutations during trans-
forimation and serial Eultivat | steps to  enhance
production fevels 13,16}, ¢ cell culture environment, es.
levels of glucose, arnmonia ions and hormonal content I 7%
and the presence of seeres ﬁsta! }
the product after secretion [18]. o

To give a flavour ‘'of how the CHO system perfo-ros
consider the expression of lycophorin A, Glycophorin A
is the major sialoglycoprotein of human erythrocytes, con-
taining one N-glycan ‘and 16 O-glycans  [19,20]. The
O-glycans of this protein consist mainly of short oligos
charides with one, two or three sialic acid residues lin

. which can mic

sive review seé‘[.‘”}]. “High Man’ indicates the ability of the cell

- Processing of

and sialic acid. Under O-glycasylalion,

icaled here. Single GleNAC rasidue: are normally found in the Cytuplasim
fe positvely identified, | ot yet found.
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Production of glycoproteins with Dictyostelium discoideum

to a commen core sugar Gaiffl-3GalNAcol-Ser/Thr, with
the disialylated structure being the most abundant. The
expression of recembinant glycophorin A in CHO celis was
authentic with respect to Ser/Thr glycosylation sites occu-
pied. However, no trisialylated derivatives and mainly
monosialylated oligosaccharides were found. Furthermore
recorbinant glycophorin A was shown to express a small
amount of the Tn antigen (GalNAcoi-Ser/Thr), owing to
the failure of the Galf1-3 transferase to modify all O-gly-
cans [19]. .

Tissue culture systems such as CHO cells can never
represent a ‘complete’ mammalian organism, where the
same molecule in different tissues is glycosylated in dif-
ferent ways [21]. Therefore further strategies in terms of
glycosylation engineering will need to be adopted [15,22].
This involves the use of glycosylation mutants, transfor-
mants with new glycosyltransferases, or modifications of
the purified glycoprotein in vitro with defined glyco-
syitransferases. :

A less expensive, but not as well studied, cell culture
expression system capable of high-level expression involves
insect Spodoptera frugiperda (SF9 or SF21) cells infected
with baculovirus (Table 1). Investigations on N-glycosyla-
tion in this system so far have led to the general belief that
SFY ceils can trim high-mannose side chains to three to
nine mannose residues and that there is.a fucosyltransfer-
ase that adds fucose to the asparagine-linked GlcNAc
residue [23-25]. However, whether or not this system can
process the trimmed side chains to complex structures
containing galactose andfor sialic acid is- disputed [26].

Thae well-known mammalian O-glycoform = Galf!-
3GalNAcoi-Ser/Thr has been reported on secreted
recombinant monocyte chemoattractant protein | in SF9
cells [27]. Studies on the expression of the human cytome-
galovirus tegument basic phosphoprotein showed the
potential of the insect system to express cytoplasmic glyco-
proteins modified with a single O-linked GicNAc [28].

Expression in simple eukaryotes

The expression of recombinant proteins in simple eukary-
otes has several advantages, as the costs for cultivation are
decreased and these systems represent stable organisms
that are easily maintained and are coften genetically
manipulable.

The expression of glycoproteins in the yeast Saccharo-
myces cerevisioe leads to heavily mannosylated oligo-
saccharides (Table 1). Most N-linked oligosaccharide chairis
in S. cerevisioe are an extreme high-mannose type with
typically 50-150 mannose residues forming the outer
chains [29]. N-linked oligosaccharide structures on
secreted proteins from S cerevisiae have been shown to be

exceedingly antigenic wi
which makes the production of glycoproteins from 5. cere-
visiae for use as human therapeutics unattractive. To avoid
hypermannosylation, glycosylation mutants, e.g. mnn-9,
have been created [30].

O-glycosylation of secreted proteins in S. cerevisiae
also differs exceedingly to mammals as it is catalysed in the
endoplasmic reticulum by a dolichyl-phosphate-p-mannose-
protein O-p-mannosyltransferase that requires a dolichyl
phosphate mannose as an intermediate [31]. The reducing
terminal monosaccharide becomes extended with up to
four additional mannose residues [32], a type of O-glycosy-
fation found in fungi but not in other eukaryotes. There is
also evidence that S. cerevisicge uses different peptide
recognition sites for O-glycosylation from those used for
mammalian O-glycosylation [33].

Glycosylation in the methylotrophic yeast Pichia pas-
toris differs from S. cerevisioe with respect to the
processing of N-linked oligosaccharides. Although high-
mannose N-glycans are formed, these are limited to less
than 30 mannose residues [34,35]. Whether or not this
leads to decreased immunogenicity in mammals needs to
be determinad.

Little is known about glycosylation in filamentous
fungal expression systems (e.g. Aspergillus, Neurospora and
Trichoderma species) for secreted recombinant proteins.
Although (as in yeast) O-linked glycans on secreted pro-
teins are composed of mannose residues, N-linked
oligosaccharides are described to be more diverse than in
yeast [36).

an introduced into mammals,

D. discoideum

Apart from yeast and fungi, D. discoideum is another inex-
pensive eukaryotic expression system whose genetics, cell
biology and development have been extensively studied.
Recently D. discoideumn has been used to express several
recombinant (glyco)proteins (Table 2) [37,38]. The levels
of proteins expressed so far are in the range of mg/l for
secreted proteins, although very little attention has been
paid to optimizing expression. In our studies on glutathione
S-transferase (GST) fusion proteins we purified 0.5 mg/i
secreted glycoprotein in a one-step purification (k. Jung,
AA. Gooley, N.H. Packer, M.B. Slade, K.l. Williams and
W. Dittrich, unpublished work).

Considerable progress has been made in understand-
ing glycosylation in D. discoideum, which is quite different
from that in yeast and fungi (Table 1). As in animals, there
are changes in glycosylation depending on the developmen-
tal stage of the life cycle and in different cell types [39-41].
Various glycosylation mutants have been isolated, defining
at least five genes. These include defects in the mod A locus
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S, fjaponicum GST [66]
Rotavirus VP7 [67]
Human IgE receptor s <

Human muscarinic receptor m [69]
Malaria circumsporozoite antigen m? [70]
Human antithrombin il s [7n

“Two different constructs: secreted form ([66), and E. Jung, AA, Gooley, N.H. Packer,
M.B. Slade, K.L. Williarns and W Dittrich, unpublished work) and GST expressed intra-
cellularly (E. jung, unpublished work)

" Location of VP7 i dependent on Tyl ! concentration when & secretion signal is used,
1 Wilson, M.B. Slade and KL Villiams, unpublished work.

‘ GIvcosylpbcsphatid,vmos:tmancx“ ar signal used.

(type I: N-glycosylaticn; failure to trim the N-glycan pre-
cursor), modB locus (type 2: O-glycosylation: defect
leading to the absence of GlcNAc on secreted proteins)
and the modC, mod?) and modE loci (all with defects in
fucosylation on O-glycans) ([42], and references therein).

M-linked ghycosylation

MNeglycosylation is e ¥y high-mannose in early develop-
ment, changing to  trimmed glycoforms  in  later
development [40]. The assembly of proteoglycans is also
different in late developrent [41].

In early development, processing involves removal of
glucose residues leading to several classes of high-mannose
structures [401. Abour half of these structures are rieutral
and endoglycosidase H-sensitive [43]. In late growth and
early development there is an increase in fucosylated endo-
glycosidase H-resistant species [44], of which many are
also sulphated and phicsphorylated [40,45]. Another class
does riot contain fucose residues but is modified with sul-
phate and phosphate groups [40,45,46]. Some of these
high-mannose structures also contain a peripheral GlcNAc
residue [43,47],

Glycosylation during late development is characterized
by the removal of glucose residues, the trimming of up to
four mannose residues, the incorporation of fucose and
less sulphation and phosphorylation [40]. Prespore cells are
described as being 2-3-fold more active than prestalk calls
in the assembly of M linked glycans, and 20-fold more
active in their furosylation [41]. There is no evidence for
incorporation of galactose, galactosamine or sialic acid at
any stage [48], although there is one publication that con-
tradicts  this [49]. Despite  the limited processing  of
N-glycans leading *o eorae unusya! '

Postructures. N

erins e not highly immunogenic in
rnammals, as there have boen no antibodies raised against

deiins N-linked iy

; 745 Admost all studies on MN-finked
glycans > been performedion pooled sugars; in future,
studies on N-glycans from individual molecules will be
needed,

[

O -linked glycosylation

Although it is clear that a aumber of reducing terminal
linkages occur in aninal O-glycoforms, in general there s
almost no literature on O-glycarns, other than oligosacchar-
ides  with reducing wrminal GalNAc on recombinant
proteins. One exception is epidermal growth factor (EGF)
domains within the hlood coaguletion factor XN and tissue
Plasminogen activator, where O-fucose has been reported
[50]. We have begun = systematic study of O-glycosylation
in D. discoideun and have found several reducing terminal
linkages.

L

O-linked GicMNAc
Studies on  the recombinant prespore-specific  antigen
(rPsA), expressed during vegetative growth, showed the
addition of single GleNAc residues within a threonine-rich
domain (PTVT), , (51} The same domain in authentic PsA’
isolated from prespare cells (late development) is further
modified with fucose residues and phosphate [52]. The
exact linkage between GleNAc and fucose remains to be
determined, but the GleNAc is the reducing terminal
linkage. This indicates that the ¢'Horation of the O-Ser/
Thr monosaccharides is dependent on the developmental
stage, . (I

To characterize the acceptor. sites for this type of
glycosylation (addition of GleMNAc to Thr) we exprassed
and purified chemical amounts of GST fusion proteins con-
taining only one repeat (PTVTPT) fused to the GST
C-terminus (E. Jung, AA. Gooley, N.H. Packer, M.B. Slade,
K.L. Williams and W. Dittrich, unpublished work). This
peptide motif was sufficient as a signal for O-glycosylation
because it was glycosylated in the same way as rPsA,
although it was fused to a heterologous protein. Replace-
ment of threonine by serine residues in this peptide
(PSYSPS) also yielded a glycosylated peptide modified with
single GIeNAc residues, but not all of the serine residues
were glycosylated, The different glycosylation pattern Jed
o 4 suggestion of two different UDP»GICNAC:polypeptide
glucosaminyltransferases responsible for threonine  and
serine residues, respeciively. The Q-linked glycosylation of
both peptides and (NPsA vresented the mod B -tdependent

carbohydrate-spacific epitope identifie by thae manncinng)
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of GalNAc linked to serine or threonine residues in D.
discoideum, it seems that in this organism GleNAc might
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substitute for GalNAc in secreted and membrane-anchored
proteins. Single GlcNAc residues are alse found on the
major cell-surface giycoprotein of Trypanesoma cruzi
Y-strain, although 80% of the GicNAc residues are further
rodified by galactose [53].

O-linked fucose and phosphoglycosylation

A well characterized protein expressed in late develop-
ment is the spore coat protein SP96, which is modified
with fucose and GlcNAc residues [41]. Recently we have
determined two reducing terminal linkages on SP96. These
are O-Fuc and O-P-GlcNAc respectively (M. Mreyen, N.H.
Packer, A. Champion, AA. Gooley, and KL. Williams,
unpublished work). Direct O-linkage of fucose to Ser/Thr
is known to occur in the epidermal growth factor domains
of several human blood proteins [54,55] and has been
described in CHO cells [56].

The other type of modification, called phesphoglyco-
sylation, was first identified in proteinases of D. discoideum,
present in vegetative cells [57-60], and the enzyme
responsible was recently identified [61]. Phosphoglycosyla-
tion has yet to be described in higher eukaryotes, although
phosphoserine-linked glycans (decorated Man-P-Ser) are
found on a secreted protein from Leishmania mexicana
[62,63], and phosphothreonine-linked glycans (decorated
Xyl-P-Thr) are found on celi-surface glycoproteins of T.
cruzi (P.A. Haynes, M.AJ. Fergusen and G.AM. Cross,
unpublished work). V

Cytoplasmic glycosylation

The linkage of single GlcNAc residues to thresnine and
serine is found on cytoplasmic glycoproteins in mammals
[11,12]. We are currently investigating whether D. discoi-
deum has a' cytoplasmic UDP-GlcNAc:polypeptide
glucosaminyltransferase in addition to the one(s) for
secreted and cell-surface proteins. So far enly one cytosolic
glycoprotein from D. discoideum has been identified (FP21)
and it is modified with fucose, galactose and xylose [64,65].
Although the reducing terminal linkages have not yet been
determined, this example indicates the presence of various
glycosyltransferases within the cytosol of D. discoideum.

T onclusions

Only now are we beginning to understand the capabilities
of different expression hosts with respect to N-glycosyla-
tion, whereas O-glycosylation remains a mystery. We
predict that in the next 5 years rasearch in the fields of
glycobiciogy and recombinant protein expression will
provide a library of expression systems, where one can
choose a system for the desired modifications. With
respect to O-glycosylation, D. discoideum is an organism

where the possibilities of engineering varicus C-glycoforms
are excellent.
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