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Background: Plants lack the machinery for mucin-type O-glycosylation.

Results: Transient expression of the mammalian O-glycosylation pathway in Nicotiana benthamiana resulted in the formation
of sialylated mucin-type O-glycans on recombinant erythropoietin.

Conclusion: Therapeutic proteins with engineered N- and O-glycosylation can be produced in plants.

Significance: Plants are attractive hosts for the production of glycosylated recombinant proteins with defined glycan structures.

Proper N- and O-glycosylation of recombinant proteins is
important for their biological function. Although the N-glycan
processing pathway of different expression hosts has been suc-
cessfully modified in the past, comparatively little attention has
been paid to the generation of customized O-linked glycans.
Plants are attractive hosts for engineering of O-glycosylation
steps, as they contain no endogenous glycosyltransferases that
perform mammalian-type Ser/Thr glycosylation and could
interfere with the production of defined O-glycans. Here, we
produced mucin-type O-GalNAc and core 1 O-linked glycan
structures on recombinant human erythropoietin fused to an
IgG heavy chain fragment (EPO-Fc) by transient expression
in Nicotiana benthamiana plants. Furthermore, for the genera-
tion of sialylated core 1 structures constructs encoding human
polypeptide:N-acetylgalactosaminyltransferase 2, Drosophila
melanogaster core 1 31,3-galactosyltransferase, human «2,3-si-
alyltransferase, and Mus musculus a2,6-sialyltransferase were
transiently co-expressed in N. benthamiana together with
EPO-Fc and the machinery for sialylation of N-glycans. The for-
mation of significant amounts of mono- and disialylated
O-linked glycans was confirmed by liquid chromatography-
electrospray ionization-mass spectrometry. Analysis of the
three EPO glycopeptides carrying N-glycans revealed the pres-
ence of biantennary structures with terminal sialic acid residues.
Our data demonstrate that N. benthamiana plants are amenable
to engineering of the O-glycosylation pathway and can produce
well defined human-type O- and N-linked glycans on recombi-
nant therapeutics.
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Recombinant protein-based drugs are one of the fastest
growing branches of the pharmaceutical industry. Conse-
quently, there is a demand for increasing current manufactur-
ing capacities and exploring novel expression systems that are
faster, more flexible, and possibly cheaper than established
hosts. During the last 10 years there have been remarkable
advances in expression technology and manipulation of post-
translational modifications in plants, which makes them prom-
ising hosts for the production of proteins of interest. In fact, a
carrot cell-produced recombinant human B-glucocerebrosi-
dase for treatment of Gaucher disease is now approved for
enzyme replacement therapy in humans (1, 2). Plants are ver-
satile production platforms as they are essentially free of human
pathogens and naturally lack certain glycan epitopes that are
present on recombinant glycoproteins produced in non-human
mammalian cell lines (3).

Many therapeutic proteins are glycosylated, and the presence
or absence of distinct sugar residues can have a significant
impact on protein function in vitro and in vivo. One of the best
examples demonstrating the importance of distinct glycoforms
for its function is the Fc region of IgG molecules (4, 5). For the
glycoprotein hormone erythropoietin (EPO),* which regulates
red blood cell formation and is the standard drug for the treat-
ment of anemia, proper glycosylation is crucial for its in vivo
function (6). In particular there is a direct, positive correlation
between the sialic acid content, increased half-life in the blood,
and its bioactivity. Consequently, the potency of EPO can be
increased by engineering of glycosylation, such as the forma-
tion of highly branched sialylated N-glycans, introduction of
additional glycosylation sites, or metabolic engineering to pro-
vide more CMP-sialic acid for sialylation (7, 8). The majority of
these glycosylation engineering approaches have focused on
modification of N-glycan structures on EPO, whereas little
attention has so far been paid to O-glycan engineering. Both

2 The abbreviations used are: EPO, erythropoietin; Fc, heavy chain fragment;
ESI, electrospray ionization; AXTFT, N. benthamiana glycosylation mutant
deficient in 81,2-xylosyltransferase and core a1,3-fucosyltransferase; CST,
CMP-sialic acid transporter; Glu-C, endoglucosaminidase C; GalNAc-T,
N-acetylgalactosaminyltransferase.
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urinary and recombinant human EPO contain a single O-gly-
cosylation site at Ser-126 that is mostly decorated with a disia-
lylated mucin-type O-glycan (9—11). The importance of O-gly-
can structures for EPO stability or biological function is not
entirely clear (12, 13). However, it has been suggested that the
sialic acid residues from the mucin-type O-glycans could also
contribute to the total sialic acid content and subsequently
might influence the clearance of EPO from circulation (14).

In comparison to N-glycans, the role of different glycoforms
and individual sugar residues on O-linked glycans of recombi-
nant proteins is much less understood. Dependent on the size
and composition of the O-glycan, the conformation of the pro-
tein or its activity might be affected (15). The presence of
O-linked structures can mask recognition sites for receptors
and other interacting proteins or protect them from degrada-
tion by proteases (16). Moreover, changes in O-glycosylation
are often seen in diseases (e.g. in IgA nephropathy), and specific
O-glycan structures are aberrant in tumors and are, therefore,
potential targets for the development of glycopeptide-based anti-
cancer vaccines (17, 18). An expression system that enables the
production of recombinant glycoproteins with well defined
homogenous O-linked glycans would be highly desirable not only
for the biopharmaceutical industry but also for structure function
studies involving glycoproteins with O-glycans.

Here we describe the production of tumor-associated anti-
gens (Tn and T antigen) and disialylated mucin-type core 1
O-glycans on recombinant EPO transiently expressed in leaves
of Nicotiana benthamiana plants. In addition, we combine N-
and O-glycan modification strategies to generate a production
platform equipped with a fully functional human-type N- and
O-glycosylation machinery. Our data demonstrate that plants
are amenable to extensive O-glycan engineering, which greatly
expands the potential of plants as novel expression hosts for the
production of recombinant glycoproteins with customized
glycans.

EXPERIMENTAL PROCEDURES

Counstruction of Plant Binary Expression Vector—The binary
vector for expression of human GalNAc-T2 (pH7WG2:GNT?2)
was described previously (19). Binary vectors for expression of
Caenorhabditis elegans UDP-GIcNAc/UDP-GalNAc trans-
porter (pH7WG2:GT) and Yersinia enterocolitica UDP-
GlcNAc 4-epimerase (pH7WG2:GE) were generated by Gate-
way LR-reaction transfer (Invitrogen) of the appropriate gene
from the pENTR/D-Topo-based shuttle vectors (19) to
pH7WG2 plant expression vector (20). EPO-Fc was expressed
using the magnICON viral-based expression system (21) as
described previously (22). A codon-optimized open reading
frame coding for human core 1 f1,3-galactosyltransferase
(C1GALT1) was obtained from GeneArt Gene Synthesis (Invit-
rogen). Xhol and BamHI restriction enzyme recognition sites
were incorporated at the 5'- and 3'-ends, respectively, to facil-
itate subsequent cloning into the Xhol/BamHI sites of the aux-
iliary vector pSAT1A (pSAT1A-C1GALT1) (23). The rare-cut-
ting enzyme Ascl was used to clone the expression cassette of
pSAT1A-C1GALT1 into pPZP-RCS2 binary expression vector.

A clone (IMAGE ID: 5724507) coding for human COSMC
was purchased from Source BioScience (Cambridge, UK). The
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open reading frame was amplified by PCR using oligos Chaper-
on-F1 (5'-TATACTCGAGATGCTTTCTGAAAGCAGC-3’')
and Chaperon-R1 (5'-TATAAGATCTTCAGTCATTGTCA-
GAACC-3'), digested with Xhol/BglII, and ligated into Xhol/
BamHI digested pSAT1A vector (pSAT1A-Cosmc). The rare-
cutting enzyme Ascl was used to transfer the expression
cassette from pSAT1A-Cosmc to pPZP-RCS2. A codon-opti-
mized clone of Drosophila melanogaster C1IGALT1 was synthe-
sized by GeneArt Gene Synthesis with flanking Xbal and
BamHI restriction sites. The Xbal/BamHI fragment was cloned
into the binary expression vector pPT2M (pPT2M-C1GALT1)
(24). In this vector, expression is under control of the cauli-
flower mosaic virus 35S promoter. A clone (IMAGE ID:
3925036) coding for human «2,3-sialyltransferase (ST3Gal-I)
was purchased from Source BioScience, amplified with oligos
S3GAL1-F1 (5'-TATACTCGAGATGGTGACCCTGCG-
GAAG-3")/S3GAL1-R1 (5'-TATAGGATCCTCATCTCCC-
CTTGAAGATC-3'), Xhol/BamHI-digested, and cloned into
pSAT6A to generate vector pSAT6A-ST3Gal-I. A clone
(IMAGE ID: 6844232) coding for Mus musculus a2,6-sialyl-
transferase (ST6GalNAc-III/IV) was purchased from Source
BioScience. The corresponding open reading frame was amplified
by PCR using oligos ST6GAL-F1 (5'-TATACTCGAGATGAAG-
GCCCCGGGCCGC-3")/ST6GAL-RL  (5'-TATAGGATCCCT-
ACTTGGCCCTCCAGGAC-3’), Xhol/BamHI-digested, and
cloned into pSAT1A vector (pSAT1A-ST6GalNAc). To reduce
the number of constructs during the agroinfiltration proce-
dure, ST3Gal-I and ST6GalNAc-III/TV were expressed from
one construct together with the Golgi CMP-sialic acid trans-
porter (CST) (25). CST was amplified from the M. musculus
c¢DNA clone using oligos CST-F1 (5'-TATACTCGAGATGG-
CTCCGGCGAGAGAAAATG-3")and CST-R1 (5'-TATAGG-
ATCCTCACACACCAATGATTCTCTC-3') and cloned into
Xhol/BamHI-digested pSAT3A vector (pSAT3A-CST). To
obtain the construct for simultaneous expression of the three
proteins, the expression cassette of pSAT1A-ST6GalNAc was
removed by Ascl digestion and cloned into the Ascl site of
pPZP-RCS2, the expression cassette from pSAT6A-ST3Gal-1
was removed by digestion with the homing endonuclease PI-
Pspl and cloned into the PI-Pspl site of pPZP-RCS2, and the
CST expression cassette was inserted into the I-Scel site of
pPZP-RCS2.

All binary vectors except the magnICON constructs were trans-
formed into the Agrobacterium tumefaciens strain UIA 143. All
magnICON constructs were transformed into strain GV3101
pMP90. Bacterial suspensions were infiltrated at the following
optical densities (ODg,): magnICON constructs, 0.1; binary vec-
tors, 0.05. In all co-expression experiments the respective bacterial
suspensions were mixed 1:1 before infiltration.

Plant Material—N. benthamiana wild-type and glycoengi-
neered AXTFT line (26) were grown in a growth chamber at
22 °C with a 16-h light/8-h dark photoperiod. All constructs
were expressed by agroinfiltration of leaves as described in
detail previously (26).

Analysis of N- and O-Linked Glycans—EPO-Fc was purified
from infiltrated leaves by affinity chromatography using
rProteinA-Sepharose ™ Fast Flow (GE Healthcare) as described
in detail previously (22). Purified EPO-Fc was separated by
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FIGURE 1. Schematic representation of the pathway for the formation of
disialylated O-glycans in plants. UDP-GalNAc formation and CMP-NeuAc
biosynthesis start from the nucleotide sugar UDP-GIcNAc. The steps for con-
version of UDP-GIcNAc to CMP-NeuAc and transport of CMP-NeuAc to the
Golgi have been engineered in plants previously (25, 34). The specific steps
that seem absolutely required for sialylated mucin-type O-glycan biosynthe-
sis are depicted in bold. GNE, UDP-N-acetylglucosamine 2-epimerase/N-
acetylmannosamine kinase; NANS, N-acetylneuraminic acid phosphate
synthase; CMAS, CMP-N-acetylneuraminic acid synthetase; NANP, N-acetyl-
neuraminate-9-phosphate phosphatase. Conversion of NeuAc-9-P to NeuAc
is very likely carried out by an endogenous plant enzyme.

SDS-PAGE, and protein bands were stained with Coomassie
Brilliant Blue or analyzed by immunoblotting using anti-EPO
(MAB2871, R&D Systems, Minneapolis, MN) or anti-human
IgG (anti-Fc) (Promega, Mannheim, Germany) antibodies. The
corresponding band was excised from the gel and double-di-
gested with trypsin and endoglucosaminidase C (Glu-C)
(sequencing grade, Roche Applied Science). Glycopeptide anal-
ysis was carried out by liquid chromatography-electrospray
ionization-mass spectrometry (LC-ESI-MS) as described in
detail previously (27, 28).

RESULTS

Strategy for Sialylated Mucin-type O-Glycan Engineering in
Plants—Biosynthesis of sialylated mucin-type core 1 structures
in N. benthamiana requires enzymatic reactions as well as
transport steps from the cytosol to the Golgi lumen. For the
transfer of GalNAc residues to Ser/Thr, which is the initiation
step of mucin-type O-glycosylation and presumably takes place
in the Golgi apparatus, UDP-GIcNAc must be converted to
UDP-GalNAc in the cytosol, and UDP-GalNAc must be trans-
ported into the Golgi lumen where it is used by a polypeptide:
N-acetylgalactosaminyltransferase (GalNAc-T) to attach Gal-
NAc residues to specific O-glycosylation sites within a protein
(Fig. 1). Constructs for expression of the corresponding pro-
teins are available from a previous study (19), and similar con-
structs have been successfully used by another group to initiate
O-glycan formation in plants (29).

One of the most common O-glycan extensions is the forma-
tion of the core 1 structure (T-antigen). Core 1 31,3-galactosyl-
transferase (C1GALT]1, also called core 1 or T-synthase) cata-
lyzes the transfer of a single galactose residue from UDP-Gal to
GalNAcal-O-Ser/Thr to generate Gal1-3GalNAcal-O-Ser/
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Thr. In humans, this particular step requires the co-expression
of a specific chaperone termed COSMC (30). COSMC binds to
human C1GALT1 in the endoplasmic reticulum and is required
for correct folding of the glycosyltransferase and subsequently
for localization and activity in the Golgi. Invertebrates and
plants lack COSMC homologs, and consequently, we hypothe-
sized that human C1GALT1 expression depends on the co-ex-
pression of COSMC. Alternatively CIGALT1 from Drosophila
or another invertebrate could be functional in plants without
any additional chaperone.

Core 1 structures are frequently capped with sialic acid resi-
dues. This terminal modification step requires the co-expres-
sion of the respective sialyltransferases, e.g. transfer of N-acetyl-
neuraminic acid (NeuAc) in «2,3-linkage to galactose by 2,
3-sialyltransferase (ST3Gal-I) and transfer of NeuAc in «2,6-
linkage to the GalNAc residue, which is catalyzed by «2,6-sial-
yltransferase (ST6GalNAc-1II/IV) (Fig. 1). All used constructs
are listed in Fig. 2.

Expression of Recombinant EPO-Fc in Plants—W e previously
showed production of human EPO fused to the Fc domain of an
IgG molecule (EPO-Fc) by transient expression in the glycoen-
gineered N. benthamiana line AXTFT (22). All three N-glyco-
sylation sites of AXTFT-produced recombinant EPO are occu-
pied by complex N-glycans almost completely lacking the
plant-specific 1,2-xylose and core al,3-fucose residues. In
another study it was reported that this EPO-Fc fusion protein
expressed in N. benthamiana using the viral-based magnICON
expression system accumulated to ~1-5 mg per kg fresh
weight and was biologically active (31). Here we used the same
magnICON construct for expression of EPO-Fc in AXTFT (Fig.
3) and purified the recombinant protein by protein A affinity
chromatography. As previously reported (22, 31), a 55-kDa
band corresponding to the full-length EPO-Fc as well as a
smaller 30-kDa band corresponding to the molecular mass of
free Fc was obtained (Fig. 3). The 55-kDa EPO-Fc was excised
from the SDS-PAGE gel, and trypsin/Glu-C double-digested
peptides were analyzed by LC-ESI-MS, which gave the
expected peptide AISPPDAASAAPLR and the cleavage variant
EAISPPDAASAAPLR (Fig. 4a). Tandem mass spectrometry of
peptides confirmed the identity of the non-glycosylated peptide
comprising Ser-126 in recombinant human EPO (data not
shown). A smaller peak corresponding to a non-glycosylated
peptide with a hydroxylated proline residue (mass shift +16
Da) was observed, indicating that one of the three proline resi-
dues that are adjacent to Ser-126 is modified by an endogenous
prolyl 4-hydroxylase. Furthermore a peak indicative of a dou-
ble-hydroxylated peptide occurred. Each substitution of Pro by
Hyp brought about a lowering of the retention time by about 2
min. As a result, the various peptides are spread over a consid-
erable elution time range. Because hydroxyproline residues are
sites for plant-specific O-glycosylation, we looked for the pres-
ence of arabinose chains, but no signals indicating the presence
of one to four arabinose residues were found.

Initiation of Mucin-type O-Glycosylation on Recombinant
Plant-produced EPO-Fc—Previously it has been shown by lec-
tin blotting that initiation of mucin-type O-glycan formation on
a recombinant reporter protein expressed in N. benthamiana
can be achieved by co-expression of human GalNAc-T2, a
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FIGURE 2. Schematic representation of newly generated vectors. A, binary vector for the expression of the Drosophila C1GALT1 is shown. B, shown are
structural features of the pSAT series of auxiliary vectors (pSAT1A, pSAT3A, and pSAT6A) for the assembly of promoter-gene-terminator cassettes. Rare-cutting
enzymes flanking each pSAT vector are used to transfer the expression cassettes into the expression vector pPZP-RCS2. C, shown is the outline of the cloning
strategy for expression of human C1GALT1 and its chaperone COSMC. D, shown is a schematic representation of the cloning strategy for the multiple gene
expression vector. The CST, ST3Gal-I, and ST6GALNAC-III/IV open reading frames were cloned into different pSAT auxiliary vectors and were then sequentially
assembled in pPZP-RCS2 using specific rare-cutting enzymes. In the final constructs all three proteins are expressed under different promoter and terminator
sequences. 355P, cauliflower mosaic virus 35S promoter; g7T, Agrobacterium gene 7 terminator; ocsP, octopine synthase promoter; ocsT, octopine synthase
terminator; rbcP, rubisco small subunit promoter; rbcT, rubisco small subunit terminator; masP, manopine synthase promoter; masT, manopine synthase

terminator; LB, left border sequence; RB, right border sequence.
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FIGURE 3. SDS-PAGE and immunoblot analysis of EPO-Fc expressed in
N. benthamiana. Total soluble protein extracts were subjected to SDS-PAGE
followed by immunoblotting with anti-EPO antibodies (a-EPO) (1). Eluates
from the protein A purification were separated by SDS-PAGE and analyzed by
immunoblotting with a-EPO (2) with anti human IgG antibodies (a-Fc) (3) or
by Coomassie Brilliant Blue staining (4). Representative images are shown.

Y. enterocolitica UDP-GIcNAc 4-epimerase, and a C. elegans
UDP-GIcNAc/UDP-GalNAc transporter (19). To investigate
whether the co-expression of this O-glycosylation machinery
leads to the initiation of O-GalNAc formation on recombinant
EPO-Fc, we expressed all four proteins transiently in AXTFT.
LC-ESI-MS analysis of trypsin/Glu-C digested EPO-Fc (Fig. 4b)
showed a peak that corresponds to the mass of an O-glycosy-
lated peptide. Tandem mass spectrometry of peptides con-
firmed the identity of the glycosylated peptide comprising Ser-
126 in recombinant human EPO (Fig. 4c). These data show the
successful initiation of mucin-type O-glycosylation on recom-
binant EPO-Fc.

Production of Core 1 Structures on Recombinant Plant-pro-
duced EPO-Fc—The next O-glycan elongation step is the trans-
fer of a galactose residue in 81,3-linkage to produce the core 1
structure on EPO-Fc. In our first attempt we transiently

OCTOBER 19, 2012+VOLUME 287+-NUMBER 43

expressed human C1GALT1 with human COSMC and the
three constructs for O-GalNAc formation together with
EPO-Fc in N. benthamiana. Analysis of trypsin/Glu-C double-
digested peptides by mass spectrometry revealed the presence
of a peak corresponding to a galactosylated O-GalNAc struc-
ture (Fig. 5, a and b). However, the major peak corresponded to
the O-GalNAc-modified peptide, indicating that the transfer of
galactose was not very efficient. Next, we chose to transiently
express Drosophila C1GALT1 together with GalNAc-T2 and
the UDP-GIcNAc/UDP-GalNAc transporter as well as the
UDP-GIcNACc 4-epimerase and analyzed the glycopeptide con-
taining Ser-126 from EPO-Fc (Fig. 5¢). In contrast to human
C1GalT1, expression of Drosophila CIGALT1 resulted in an
almost complete conversion of O-GalNAc to GalB1-3GalNAc.
These data suggest that human C1GALT1 is not properly
expressed in plants or is rapidly degraded, presumably because
the C1GALT1-COSMC interaction is less efficient when
expressed in a heterologous system. Drosophila CIGALT1 on
the other hand was very effective in synthesis of core 1 struc-
tures on recombinant EPO-Fc.

Decoration of Core 1 Structures on Recombinant Plant-pro-
duced EPO-Fc with Sialic Acids—The final steps in our engi-
neering approach were the capping of the core 1 structure by
sialic acid. Co-expression of the O-glycosylation machinery for
the core 1 structure formation with human ST3Gal-1, M. mus-
culus ST6GalNAc-III/IV, and the sialylation machinery
resulted in the formation of peaks corresponding to the incor-
poration of one and two sialic acid residues into the core 1
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FIGURE 4. Initiation of O-GalNAc formation on Ser-126 of recombinant
plant-produced EPO-Fc. Mass spectra of trypsin and endoproteinase Glu-C
double-digested EPO-Fc expressed in N. benthamiana AXTFT line are shown.
A, shown is a spectrum of the EPO-Fc Ser-126-containing peptide(s) in the
absence of any O-glycan machinery; due to partial miscleavage, two peptides
containing Ser-126 are generated, pep1 (AISPPDAASAAPLR) and pep2
(EAISPPDAASAAPLR). B, shown is a spectrum of the EPO-Fc Ser-126 peptides
from plants co-expressing GalNAc-T2, UPD-GIcNAc 4-epimerase, and
UDP-GIcNAc/UDP-GalNAc transporter with EPO-Fc. The presence of glycosy-
lated peptides is indicated (+An indicates the presence of GalNAc residues).
The presence of peptides with hydroxyproline residues (Pro to Hyp conver-
sion: +16 Da, e.g. pep20x) is indicated by arrows. The glycosylated versions of
this peptide as well as the double- hydroxylated peptide eluted outside of the
displayed time window. Asterisks denote the presence of co-eluting peptides
or contaminations. C, shown is the Y-ion series of LC-ESI-MS/MS fragmenta-
tion experiment of the O-glycosylated EPO-Fc peptide (+An indicates the
presence of a single GalNAc residue).

structure (Fig. 6a), thus showing that sialylated core 1 struc-
tures can be produced on recombinant EPO-Fc in our glycoen-
gineered plants.

The requirement of heterologous expression of UDP-
GlcNACc 4-epimerase and a UDP-GIcNAc/UDP-GalNAc trans-
porter has been controversial (19, 29). To investigate whether
these two proteins are necessary for O-glycan initiation and
modification on EPO-Fc, we compared the engineered O-gly-
can structures in the presence and absence of Y. enterocolitica
UDP-GIcNAc 4-epimerase and a C.elegans UDP-GIcNAc/
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FIGURE 5. Generation of T-antigen (Gal31-3GalNAc) by co-expression of
C1GALT1. A, co-expression of EPO-Fc with the machinery for O-GalNAc for-
mation is shown. B, co-expression of EPO-Fc with the machinery for O-GalNAc
formation, human C1GALTT1, and its specific chaperone COSMC is shown. C,
co-expression of EPO-Fc with the machinery for O-GalNAc formation and Dro-
sophila C1GALT1 is shown. The spectra show the O-glycosylated EPO-Fc Ser-
126-containing peptide ("'7EAISPPDAASAAPLR'3"). The arrow points at the
peptide with one hydroxyproline residue. Unrelated peaks are denoted by an
asterisk.

UDP-GalNAc transporter. We found that expression of human
GalNAc-T2 is sufficient for the generation of O-GalNAc on
EPO-Fc (supplemental Fig. S1). Moreover, core 1 and sialylated
core 1 structures were also generated in the absence of an addi-
tionally co-expressed epimerase or transporter (supplemental
Fig. S1), suggesting that endogenous plant proteins can pro-
duce sufficient amounts of UDP-GalNAc and perform UDP-

VOLUME 287+NUMBER 43-OCTOBER 19,2012


http://www.jbc.org/cgi/content/full/M112.402685/DC1
http://www.jbc.org/cgi/content/full/M112.402685/DC1
http://www.jbc.org/cgi/content/full/M112.402685/DC1

1001 A

Sialylated O-Glycans in Plants

GalNAc+Gal+2NeuAc
2413.13

EAISPPDAASAAPLR
GalNAc+Gal
1830.91
% peptide
1466.70 GalNAc+Gal+NeuAc
- 2122.03
v/
GalNAc
l 1668.88
: gk PR P |||I| '||'| II.II‘|I Ih' g Lot L.“."lulu FETC NP N W T NSRS WS U N
1300 1400 1500 1600 1700 1800 1900 2000 2100 2200 2300 2400 m/z
NaNa
o B - Z&“ 3401.13 GP1: AENITTGCAE
2494.36
AA
2818.64
Man4Gn/MA
245331 Man9
Man8 3077.84
% MNa | 2915.72
274457 NalaF
Man5Gn GnNa ana
;511.40 064.7 3547.25
RO I X 1T T )
2000 2500 3000 3500 4000 4500 miz
GnGn NaNa
:3 GP2: HCSLNENITVPDTK
100 2927.82 ﬁ“ 3834.65 NI
AA w‘.—
Man4Gn/MA 929219
2886.81 MNa 3'\232931
3178.05| Man8 .
ANa
% 333217 \354336 haar
NI |H||, |,\|‘|| I T T e R
2500 3000 3500 4000 4500 5000
m/z
3“" GnGn NaNa GP3: GQALLVNSSQPWEPLQLHVDK
— 365972 4566.48
. an
MG

%

Al

\
iR

MNa ANa
3909.87 | Man8 157537

NaNaF
4712.61

3000

3500 4000

4500

5000 5500  mlz

FIGURE 6. Generation of disialylated O-glycans on EPO-Fc. A, shown are co-expression of EPO-Fc with the mammalian pathway for CMP-sialic acid synthesis,
its transport to the Golgi, and the O-glycosylation machinery including UDP-GIcNAc 4-epimerase, UDP-GIcNAc/UDP-GalNAc transporter, GaINAc-T2, Drosoph-
ilaC1GALT1, ST3Gal-l, and ST6GalNAc-III/IV. The LC-ESI-MS spectrum depicts the presence of all possible glycosylation variants up to a doubly sialylated core-1
O-glycan structure. The presence of a peptide corresponding to the hydroxylation of a single proline residue is indicated by an arrow. The asterisk denotes the
presence of a contamination. B, analysis of the three EPO-Fc peptides containing N-linked glycans is shown. N-Glycan analysis was carried out by LC-ESI-MS of
tryptic/Glu-C double-digested EPO-Fc.
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GalNAc transport into the Golgi where it is used as donor sub-
strate by GalNAc-T2.

Structural Analysis of N-Linked Glycans on Recombinant
Plant-produced EPO-Fc—Efficient N- and O-glycosylation
requires sufficient pools of the nucleotide sugar UDP-GIcNAc,
which serves as the precursor for conversion into UDP-GalNAc
or CMP-sialic acid (Fig. 1). Furthermore, UDP-GIcNAc is also
used as the donor substrate by endogenous N-acetylglucosami-
nyltransferases during synthesis and processing of N-glycans.
In addition, introduction of the Golgi-resident mammalian gly-
cosyltransferases and the additionally expressed Golgi trans-
porter could disturb the organization of endogenous N-glyco-
sylation enzymes in the Golgi and subsequently affect
sialylation of EPO-Fc N-glycans. To investigate whether co-ex-
pression of the six proteins for O-glycosylation (UDP-GlcNAc
4-epimerase, =~ UDP-GIcNAc/UDP-GalNAc  transporter,
GalNAc-T2, Drosophila C1GALT1, ST6GalNAc-III/IV and
ST3Gal-I) affect the N-glycan processing on EPO-Fc, we co-ex-
pressed them together with the pathway for CMP-sialic acid
biosynthesis, transport, and transfer of sialic acid to B1,4-
galactosylated N-glycans (additional six proteins: UDP-
N-acetylglucosamine 2-epimerase/N-acetylmannosamine
kinase, N-acetylneuraminic acid phosphate synthase, CMP-
N-acetylneuraminic acid synthetase, CMP-NeuAc trans-
porter, B1,4-galactosyltransferase, and «2,6-sialyltransfer-
ase) (25). In total, 12 proteins were co-expressed transiently in
AXTFT plants together with EPO-Fc. All three glycopeptides
from EPO-Fc displayed as a major peak a disialylated bian-
tennary N-glycan structure that corresponds to
NeuAc,Gal,GIcNAc,Man;GlcNAc, (NaNa) (Fig. 6b), show-
ing that the generation of disialylated mucin-type O-glycans
does not interfere with N-glycan engineering.

To rule out the possibility of cross-talk between the two dif-
ferent glycosylation pathways, we analyzed whether sialylated
N-glycans can be generated by the two sialyltransferases
(ST3Gal-Iand ST6GaINAc-III/IV) used for O-glycan modifica-
tion. In the absence of «2,6-sialyltransferase, no sialylated
N-glycans were generated, showing that the two mammalian
O-glycan-specific sialyltransferases retained their specificity
when expressed in plants (supplemental Fig. S2). In addition,
the O-GalNAc structure was not modified by 81,4-galactosyl-
transferase and «2,6-sialyltransferase (supplemental Fig. S3).

DISCUSSION

Here we report for the first time the generation of sialylated
mucin-type O-glycans on a plant-produced recombinant glyco-
protein intended for therapeutic use in humans. In addition to
the disialyl core 1 structure, we could also very efficiently pro-
duce the T-antigen on EPO by expression of the Drosophila
C1GALT1, and our data show that O-glycan modifications do
not interfere with the N-glycosylation capacity of glycoengi-
neered plants. Notably, the leaves of infiltrated plants express-
ing the whole O-glycosylation machinery did not display any
obvious phenotype. Biomass production and expression of
recombinant EPO-Fc was also unchanged, which highlights the
flexibility of our N. benthamiana-based transient expression
platform. However, although N. benthamiana plants are ame-
nable to rapid scale-up and high biomass yield can be obtained
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within a short time period, the expression levels of EPO-Fc and
protocols for downstream processing have to be optimized to
make the production system commercially more attractive.

The first attempts toward formation of mammalian-like
mucin-type O-glycosylation in plants were performed by
expression of the machinery to transfer GalNAc residues to
O-glycosylation sites of recombinant proteins expressed in
N. benthamiana (19, 29). In the latter study the incorporation
of GalNAc residues was confirmed by structural analysis of the
corresponding glycopeptides. Several Ser/Thr residues of a
reporter protein containing a MUC1 tandem repeat motif were
modified by the transient co-expression of a GlcNAc 4-epi-
merase together with human GalNAc-T2 and GalNAc-T4 to
achieve high density O-glycosylation. A similar approach was
used to generate O-GalNAc modifications by stable expression
of the genes in Arabidopsis thaliana (32). Here, we demonstrate
that O-glycosylation initiation on EPO-Fc requires only
GalNAc-T2, and we extend the mucin-type O-GalNAc struc-
ture further by transfer of galactose and decoration of the ter-
minal positions with sialic acid. Especially the generation of
sialic acid containing O-glycans is challenging because plants
lack the whole machinery to produce CMP-NeuAc and related
sialic acid (33, 34). Consequently, the nucleotide sugar CMP-
NeuAc must be generated in the cytosol/nucleus (25) and
transported to the proper Golgi compartment where it is trans-
ferred to N- and O-linked glycans.

Furthermore, because our studies were carried out in our
glycoengineered AXTFT line (26), we could combine N- and
O-glycan engineering approaches to generate a platform capa-
ble for human-type glycoform production. Similar extensive
modifications of two interacting glycosylation pathways have
not been reported so far in other engineered expression hosts
(35-38).

The production of defined homogenous carbohydrate struc-
tures on recombinant proteins is a prerequisite for in-depth
structure function analysis of glycoforms. The role of O-linked
glycans is typically investigated by mutagenesis of the respec-
tive O-glycosylation sites (39) but not by analysis of the contri-
bution of individual glycan structures. Here, in this proof-of-
concept study the O-glycosylation site of EPO served as a
reporter protein to show that customized biosynthesis of O-gly-
can structures is possible. The role of the O-linked glycan for
EPO is not very well understood. In one study Ser-126 was
changed to Gly and the mutated EPO protein was not properly
secreted, which led to the conclusion that the O-glycan might
playarolein efficient secretion of EPO (40). However, a block in
O-glycan formation in a mutant CHO line did not affect the
secretion of EPO or its in vitro and in vivo biological activities
(12). In comparison, our plant-based production system offers
greater flexibility with respect to production of defined glyco-
forms and may provide a useful tool to discover novel functions
of O-linked glycans on recombinant EPO or other O-glycosy-
lated proteins in the future.

In contrast to CHO cells, N. benthamiana plants contain a
limited protein glycosylation repertoire and are, therefore, bet-
ter amenable to glycoengineering by expression of only those
mammalian proteins (e.g. @2,6-sialyltransferase) that generate
the desired glycan modification. Due to the presence of the
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endogenous O-glycosylation machinery heterogeneity is fre-
quently observed on recombinant proteins produced in mam-
malian cells. Analysis of O-glycosylation in an EPO-Fc CHO
cell-based producer line (41) showed that under different
growth conditions, only ~50% of all O-glycosylation sites on
EPO-Fc are occupied by glycans, and similar to our findings,
mono- as well as disialylated O-glycans were detected. Conse-
quently strategies are employed to reduce the background gly-
cosylation and the observed glycan heterogeneity in mamma-
lian cells (42). Apart from differences in glycosyltransferase
expression and substrate specificity, the number of homogenous
glycan structures might also be increased by strategies that
increase the availability of nucleotide sugars like CMP-NeuAc, e.g
by avoiding feedback regulation (43) or elimination of unwanted
nucleotide sugar hydrolyzing enzyme activities (44).

One potential hurdle for the broad use of plants for the man-
ufacturing of O-glycosylated therapeutic proteins or peptides
could be the presence of hydroxyproline residues close to
O-glycosylation sites. These hydroxyproline residues can be
further modified by the endogenous plant O-glycosylation
machinery, leading to the attachment of arabinose residues or
arabinogalactans. Arabinose residues close to O-glycosylation
sites have been described for maize-produced IgA and for a
mucin-tandem repeat containing peptide expressed in N. ben-
thamiana (45, 46). These plant-specific glycans could cause
immunogenic or allergenic reactions in humans (47). Although
small amounts of hydroxyproline residues were found on
recombinant EPO-Fc, we could not detect any incorporation of
arabinose to adjacent hydroxyproline residues or other plant-
specific O-glycosylation. These data are consistent with reports
on expression of recombinant EPO in Physcomitrella patens
and a mucin-tandem repeat containing protein in N. benthami-
ana (29, 48). Future research directions will focus on strategies
to prevent hydroxyproline formation by using inhibitors for
prolyl 4-hydroxylases or specific knockdown/knock-out of the
corresponding enzymes (32, 49, 50).

The approach presented here is the first step toward the gen-
eration of elongated and branched O-glycans in plants and is
not restricted to recombinant EPO-Fc but can very likely also
be used for other glycoproteins. In the future we will extend the
glycosylation repertoire of N. benthamiana further by engi-
neering of additional O-glycosylation steps like the formation
of other core structures (17) and the production of glycopeptide
vaccines containing well defined O-glycan structures like T, Tn,
and sialyl-Tn that are associated with cancer cells and might be
used to break self-antigen tolerance when applied as a vaccine.
Moreover, optimization of the expression of the different non-
plant proteins and their subcellular localization will help to
achieve even more homogenous N- and O-glycan structures on
recombinant proteins and thus will make glycoengineered
N. benthamiana an exciting new host for the production of gly-
coprotein pharmaceuticals.
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