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ARTICLE INFO ABSTRACT

Keywords: Microalgae are emerging production systems for recombinant proteins like monoclonal antibodies. In this
Gl}’cans context, the characterization of the host cell N-glycosylation machinery and of the microalgae-made bio-
Microalgae pharmaceuticals, which are mainly glycoprotein-based products, requires efficient analytical methodologies
Diatom . dedicated to the profiling of the N-glycans. Herein, in order to gain knowledge regarding its N-glycosylation
Phaeodactylum tricornutum . . : . . . . .

Oligomannosides pathway, we profile the protein N-linked oligosaccharides isolated from the diatom Phaeodactylum tricornutum
Isomers that has been used successfully to produce functional monoclonal antibodies. The combination of ion mobility

spectrometry-mass Spectrometry and electrospray ionization-multistage tandem mass spectrometry allows us to
decipher the detailed structure of the oligomannoside isomers and to demonstrate that the processing of the
oligomannosides N-linked to proteins occurs in this diatom as reported in mammals. Therefore, P. tricornutum
synthesizes human-like oligomannosides in contrast to other microalgae species. This represent an advantage as

an alternative ecofriendly expression system to produce biopharmaceuticals used for human therapy.

1. Introduction

Nowadays, microalgae are emerging alternative expression systems
for the production of biopharmaceuticals (Mathieu-Rivet, Lerouge, &
Bardor, 2017; Rosales-Mendoza, 2016; Rosales-Mendoza, Solis-An-
drade, Marquez-Escobar, Gonzalez-Ortega, & Banuelos-Hernandez,
2020). In this blue biotech context, protein N-glycosylation in micro-
algae is gaining an increasing interest, as most of the biopharmaceuticals
are glycoproteins bearing N-glycans. Protein N-glycosylation is the most
common eukaryotic post-translational modifications of secreted pro-
teins (Khoury, Baliban, & Floudas, 2011). It results from the attachment
of an oligosaccharide onto the asparagine residues belonging to the
consensus sequence Asn-X-Ser/Thr/Cys with X being any amino acid
except proline (Burda & Aebi, 1999; Matsui et al., 2011). This process
starts in the endoplasmic reticulum (ER) with the biosynthesis of a
lipid-linked oligosaccharide (LLO) precursor composed of a
GlcsMangGlcNAcy oligosaccharide linked to a membrane-anchor

dolichol pyrophosphate. This LLO is then transferred onto the aspara-
gine residue of the N-glycosylation consensus site of the proteins
through the action of the oligosaccharyltransferase (Mohorko, Glock-
shuber, & Aebi, 2011). After this transfer, the glucose residues of the
N-glycans are removed by a-glucosidases. Trimming of glucose residues
together with the interactions between the glycoprotein and ER-resident
chaperones ensure the folding and quality control of the glycoprotein
(Maattanen, Gehring, Bergeron, & Thomas, 2010). The glycoproteins
enter into the Golgi apparatus where MangGlcNAcy (Man-9, Supple-
mental Figs. 1 and 2) N-glycan is then processed through the action of
a-mannosidase I activities into a unique canonical MansGlcNAc,
(Man-5, Supplemental Fig. 2). Subsequently, a N-acetylglucosaminyl-
transferase I, an a-mannosidase II and a N-acetylglucosaminyltransfer-
ase II give rise to the N-glycan core GlcNAcsMan3GlcNAcy, which is
common to mammals, insects and land plants (Lerouge et al., 1998; Shi
& Jarvis, 2007; Stanley, Taniguchi, & Aebi, 2015). This core undergoes
further processing into organism specific complex-type N-glycans that
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are involved in multiple essential biological functions (Varki, 2017).

Publications describing the structures of N-glycans from different
microalgae species have recently revealed that these unicellular organ-
isms synthesize a wide diversity of N-glycan structures. Indeed, in
addition to oligomannosides, microalgae synthesize mature oligosac-
charides consisting of a ManyGlcNAc, to MansGlecNAc; core substituted
with various pentoses (Xylp, Arap, Araf), hexoses (Galp, Galf, Fucp,
GlcNAcp) and O-methyl groups (Dumontier, Mareck, Mati-Baouche,
Lerouge, & Bardor, 2018; Mdcsai, Blaukopf, Svehla, Kosma, & Alt-
mann, 2020). With regards to oligomannosides, microalgae synthesize
various isomers that rely on the structure of the LLO precursor from
which they derived and the specificity of a-mannosidases involved in
their trimming. As an example, the green microalga Chlamydomonas
reinhardtii proteins carry a Man-5 that possess a linear trimannosyl
sequence o(1,3)-linked to the f-Man of the core instead of the canonical
Man-5 isomer (Vanier et al., 2017). A mixture of Man-5 isomers has also
been identified in Chlorella vulgaris (Mocsai et al., 2019).

Among the different microalgae species, the diatom P. tricornutum
appears as one of the most promising expression system investigated so
far for the production of biopharmaceuticals. Indeed, functional
monoclonal antibodies have been efficiently produced in P. tricornutum
(Hempel & Maier, 2012; Hempel, Lau, Klingl, & Maier, 2011, 2017;
Vanier et al., 2018). Consistently with the N-glycan profile identified on
total P. tricornutum protein extracts (Baiet et al., 2011), the diatom-made
monoclonal antibodies carry N-linked oligomannosides having 5-9
mannose residues, of which linkages between monomers have not been
defined (Vanier et al., 2015). Indeed, P. tricornutum oligomannosides
may exist as multiple positional isomers depending on the glycosidic
linkages between the constitutive a-Man residues. As a consequence,
powerful analytical strategies are required for the detailed profiling of
the oligomannoside populations. Discrimination between those oligo-
mannoside positional isomers is highly challenging because they are
closely related structures and are usually available only in very low
amounts. In this context, mass spectrometry appears as a suitable sen-
sitive methodology that allows the structural characterization of oligo-
saccharide mixtures using tandem mass spectrometry (MS/MS). For
instance, multistage tandem mass spectrometry (ESI-MS™) analyses of
N-glycans isolated from the bovine ribonuclease B was demonstrated to
be able to structurally differentiate the three isomers of Man-7 and
Man-8 (Prien, Ashline, Lapadula, Zhang, & Reinhold, 2009) (Supple-
mental Fig. 2). Since a few years, the coupling of ion mobility spec-
trometry to mass spectrometry (IMS-MS) allows the separation of
oligosaccharide isomers (Harvey et al., 2016; Plasencia, Isailovic, Mer-
enbloom, Mechref, & Clemmer, 2008; Vanier et al., 2017; Lucas et al.,
2020; Zhu, Bendiak, Clowers, & Hill, 2009; Zhu, Lee, Valentine, Reilly,
& Clemmer, 2012) and the experimental determination of Collision
Cross Section (CCS) of ions. These CCS are specific chemical descriptors
providing information related to the shape and size of ions in a specific
buffer gas. They are used to increase the confidence in structural iden-
tification of complex molecules including oligosaccharide isomers
(Barroso et al.,, 2018; Manz & Pagel, 2018; Pagel & Harvey, 2013;
Struwe, Pagel, Benesch, Harvey, & Campbell, 2016; Torano et al., 2020).
Herein, we analyzed the detailed structures of the oligomannosides
ranging from Man-5 to Man-9 isolated from P. tricornutum endogenous
proteins by a combination of IMS-MS and ESI-MS". The results allow
gaining knowledge regarding the N-glycosylation capacity of
P. tricornutum that is currently developed as a green cell biofactory for
the production of biopharmaceuticals, especially monoclonal antibodies
intended to be used for human immunotherapy.

2. Materials and methods
2.1. Materials

P. tricornutum (Pt 1.8.6) was grown and collected as reported pre-
viously (Baiet et al., 2011). Bovine ribonuclease B and peptide
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N-glycosidase F (PNGase F) were purchased from Sigma (R7884) and
Roche (NGLY-RO), respectively. All buffers, solvents and reagents used
were Liquid Chromatography (LC) — Mass Spectrometry (MS) grade.

2.2. Methods

2.2.1. N-glycans preparation

P. tricornutum cell pellet was recovered by centrifugation at 4,500 g
during 5 min at 19 °C. Total proteins from P. tricornutum were extracted
as previously described in (Zhang et al., 2019) using a Tris 0.1 M pH 7.5
buffer containing a tablet of SIGMAFAST™ Protease Inhibitor Cocktail,
EDTA-Free (SIGMA). Then, the protein extract was spun down during 30
min at 15,000 g. The supernatant was dialyzed (6,000-8,000 Da mo-
lecular cut off, Fisher Chemical) for 24 h against deionised water. Then,
10 mg of proteins from P. tricornutum were freeze dried prior to enzy-
matic deglycosylation using the PNGase F as previously reported (Baiet
etal., 2011). Briefly, proteins were resuspended in 1 mL of Tris 0.1 M pH
7.5 buffer containing 0.1 % of SDS (w/v). Samples were heated at 100 °C
during 10 min. After cooling down, one mL of Tris 0.1 M pH 7.5 buffer
containing 0.5 % d’IGEPAL® (v/v) (MP bio, CA-630) was added prior to
15 units of PNGase F. Samples were then incubated overnight at 37 °C
under agitation. One mg of bovine ribonuclease B was digested and
treated in parallel to the P. tricornutum samples. Subsequently, degly-
cosylated proteins were precipitated with 4 volumes of ethanol at —20
°C during 24 h. Samples were centrifuged at 20,000 g for 15 min. The
supernatants containing the released N-glycans were air-dried. N-gly-
cans from C. reinhardtii were prepared as previously reported (Lucas
et al., 2020).

2.2.2. N-glycans derivatization

The free N-glycans were labelled with 2-aminobenzamide (2AB)
according to the literature (Vanier et al., 2017). Briefly, 10 mg of 2AB
suspended in 200 pL of acetic acid/anhydrous DMSO (SIGMA) (70/30,
v/v) were mixed with 12 mg of sodium cyanoborohydride. Ten pL of this
mixture were added on the dried N-glycans. Samples were then incu-
bated at 60 °C during 2 h. Excess of reagent was removed using a car-
tridge D1 from Ludger according to the manufacturer’s instructions.
Permethylation of samples was performed as described (Ciucanu &
Kerek, 1984). Permethylated 2AB labelled N-glycans were clean-up
using 3 mL C18 columns (Hypersep C18, Thermo Fisher) as reported
in Vanier et al. (2017). Permethylated N-glycans retained on the C18
stationary phase were eluted subsequently using 2 mL of 15 % aceto-
nitrile, 35 % acetonitrile, 50 % and finally 75 % of acetonitrile. The
fraction eluted with 50 % acetonitrile was air-dried prior to mass
spectrometry analysis.

2.2.3. Ion mobility spectrometry — mass spectrometry (IMS-MS)

The IMS-MS experiments were performed using a Waters SYNAPT G2
hybrid quadrupole/time of flight instrument equipped with an ESI
LockSpray™ source, (Waters, Manchester, UK). The SYNAPT HDMS
system was calibrated using sodium formate cluster ions (2 mg.mL™1)
and operated in ‘V’ resolution mode (resolution 20,000 FWHM for full
width at half maximum). The ESI parameters were in positive ion mode:
capillary voltage 3.1 kV; sample cone voltage 70 V; source temperature,
90 °C; desolvation temperature, 300 °C; desolvation gas flow (N3), 700
L.hL. The data were acquired using a 50-2,000 m/z range with 1 s scan
time and 0.02 s interscan delay. Sample solutions were infused into the
source at 400 pL.h~! with a syringe pump (Cole-Palmer, Vernon Hills,
Illinois, USA). The IMS conditions were: gas flow (N3), 90 mL.min’l;
IMS cell pressure, 2.98 mbar; IMS traveling wave height voltage, 40 V
and T-wave velocity, 550 m.s ! for 2AB glycans and 700 ms ™! for per-
methylated 2AB derivatives. Helium gas flow was 180 mL.min"'. IMS
wave delay was 450 ps. Data were recorded from three independent
preparations and processed using the Mass Lynx 4.1 and the Drift Scope
2.2 softwares (Waters, Manchester, UK).

Collision Cross Section (CCS, Q) of oligomannosides were deter-
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Fig. 1. Drift time (tp) recorded by Ion Mobility Spectrometry—Mass Spectrometry (IMS-MS) of non-permethylated (A) and permethylated (B) 2AB Man-5 isolated
from P. tricornutum, bovine ribonuclease B and C. reinhardtii proteins. (C) Structures of the canonical (middle) Man-5 N-linked to bovine ribonuclease B and the non-
canonical Man-5 as described in C. reinhardtii (bottom), respectively. Grey square: N-acetylglucosamine, grey circle: Mannose.

mined according to the literature data (Smith et al., 2009). Depending
on their charge, shape and size (related to Q), the ion migrates at
different velocities and pass through the IMS cell at different drift times
(tq). The ion velocity (v) is related to the ion mobility (K) by Eq. (1):

K== — @

where E is the electric field and L the length of the IM cell. The ion
mobility K is also related to Q in a define buffer gas according to Eq. (2)
(Revercomb & Mason, 1975):

SZe « 1
16N \/khT 273 15 P T Q

where ze is the ion charge, m and M are respectively the mass of the ion
and of the buffer gas, kp is the Boltzmann constant, N, P and T are the
number density, the pressure and the temperature of the buffer gas.
Thus, in uniform electric field (drift tube ion mobility, DTIMS), the CCS
can be determined directly from the drift time tg4, according to the
Mason-Schamp Eq. (3) (Revercomb & Mason, 1975):

3ze 2r T
16N m M \/ka 273.15

In TWIMS cells, the electric field is not constant and uniform. The Eq.
(3) is not applicable and the relation between tq and Q is then expressed
by the Eq. (4) (Smith et al., 2009):

3ze 2n 760 T
16N m M Vk,, 273 15

where A and B are the correction factors related to the electric field E
and to the compensation of the non-linearity of E, respectively

(2)

3

760 1, E
— X
P L

x Aty ® 4

(Wildgoose et al., 2006). This relation can be simplified to Eq. (5):

Q =Atp (5)
> _ .3 2r , 760
where A’ = 125 % ﬁx ><27315><A
and Q’ =

\/> \/—

To obtain CCS of an analyte ion, the coefficients A’ and B need to be
determined via the calibration of the TWIMS cell using reference com-
pounds of known CCS. These reference ions must exhibit the same
charge state as analyte ions. Various calibrating substances are available
which CCS have been reported either in helium or in nitrogen (Bush,
Campuzano, & Robinson, 2012; Pagel & Harvey, 2013). Note that
experimental CCS determined with a TWIMS cell can be labelled as
T™Wces, and more precisely as TWCCSn2—1e When estimated in helium
and as ™CCSny—n2 when estimated in nitrogen as recommended (May,
Morris, & McLean, 2017)

Correlating measured drift time (tq) of calibrant ions with corre-
sponding reduced CCS Q' according to Smith et al. (2009) method
permit to plot a calibration curve: Ln @ = LnA + B Ln tq. In our case,
two sets of TWIMS cell calibration were performed, the first to deter-
mine "WCCS of non-permethylated 2AB labelled N-glycans for which [M
+ Nal]™ adducts of dextran were used, the second to determine ™ces of
permethylated 2AB derivatives for which [M-&-2Na]ZJr ions of dextran
were applied. The experimental values for TWVCCS were measured with a
relative error below 2% as reported in the literature (Hines, May,
McLean, & Xu, 2016). The drift times of both sample and reference ions
were accurately determined by fitting the extracted ion mobility spectra
with a Gaussian regression (OriginPro 2016 b9.3.226 software,
OriginLab).
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Table 1

Experimental Collision Cross Section (CCS; ™CCSyz— n2) determined for per-
methylated 2AB derivatives of Man-5 to Man-9 oligomannosides isolated from
P. tricornutum proteins and from the bovine ribonuclease B.

22
Permethylated 2AB derivatives [M--2Na] O A1)
(m/2) Ribonuclease B P. tricornutum

Man-5 882.5 455.9 455.6
Man-6 984.6 494.0 492.8
Man-7 1086.7 528.9 527.7
Man-8 1188.7 561.0 560.0
Man-9 1290.8 595.0 591.2

2.2.4. Multistage tandem mass spectrometry analysis

Permethylated 2AB N-glycans were analyzed by ESI-MS" (n = 2-4)
using a Bruker HCT Ultra ETD II quadrupole ion trap (QIT) mass spec-
trometer and the data were processed using the Esquire Control 6.2 and
Data Analysis 4.0 softwares (Bruker Daltonics, Bremen, Germany). The
ESI parameters, in positive ion mode, were as followed: capillary voltage
set at —3.5 kV, end plate offset at —500 V, skimmer and capillary exit
voltages set at 40 V and 200 V, respectively, nebulizer gas (N2), pressure,
drying gas (N3) flow rate and drying gas temperature were 10 psi, 7.0 L.
min~! and 300 °C, respectively. Helium pressure in the ion trap was 1.3
x 107> mbar. The data were acquired using a 200-2200 m/z range, using
a scan speed of 8100 m/z per second. The number of ions entering the
trap cell was automatically adjusted by controlling the accumulation
time using the ion charge control (ICC) mode (target 100,000) with a
maximum accumulation time of 50 ms. The injection low-mass cut-off
(LMCO) value was m/z 120. The values of spectrum averages and rolling
average were 6 and 2. ESI-MS" experiments were carried out by Collision
Induced Dissociation (CID) using helium as the collision gas, isolation
width of 1 m/z unit for the precursor ions and 2 m/z unit for the inter-
mediate ions using a resonant excitation frequency with an amplitude
from 0.8 to 0.9 Vp-p. Samples were dissolved in 100 pL of CH3O0H/H,0
1/1 v/v and then diluted twice or 100-fold in the same solvent system
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for P. tricornutum and ribonuclease B, respectively. The final solutions
were infused into the source at a flow rate of 180 pL.h~! by means of a
syringe pump (Cole-Palmer, Vernon Hills, I, USA). External calibration
was performed using the ‘tuning mix’ from Agilent Technologies (Santa
Rosa, CA, USA). All mass spectra were manually interpreted according
to the literature (Domon & Costello, 1988; Prien et al., 2009). The
Glycoworkbench software v2.1 was used to confirm the assignment of
the fragment ions.

3. Results and discussion

3.1. Analysis by IMS-MS and ESI-MS" of P. tricornutum Man-5
oligomannoside

2-aminobenzamide (2AB) labelled N-glycans from P. tricornutum
proteins were divided in two fractions, one being permethylated. The
2AB derivatives of the diatom Man-5 oligomannoside was first analyzed
by IMS-MS. The ion mobility peak of the [M + Na]" adduct of 2AB
labelled Man-5 was compared to the ion mobility peaks of 2AB de-
rivatives of two Man-5 used herein as references; the canonical Man-5
isolated from the bovine ribonuclease B (Fig.1C; Fu, Chen, & O’Neill,
1994) and the non-canonical 2AB Man-5 prepared from C. reinhardtii
proteins that contains a linear trimannosyl sequence linked to C3 of the
B-Man (Fig. 1C; Vanier et al., 2017). The canonical 2AB Man-5 from
bovine ribonuclease B and the Man-5 derivative from P. tricornutum
proteins exhibited drift times tp of 11.53 and 11.57 ms respectively,
which is within the experimental error. This suggests that they share the
same structure. In contrast, non-canonical 2AB Man-5 from C. reinhardtii
exhibited a tp of 10.25 ms (Fig. 1A). Similar results were observed when
the analysis by IMS-MS was performed on [M+2Na]?* adducts of per-
methylated 2AB Man-5 derivative from P. tricornutum as compared to
the canonical permethylated 2AB Man-5 isolated from the bovine ribo-
nuclease B and the non-canonical permethylated 2AB Man-5 structures
from C. reinhardtii (Fig. 1B). Experimental CCS values of permethylated
2AB Man-5 were then determined by IMS-MS using dextran oligomers as

100J
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Fig. 2. Fragmentation pattern for m/z 882.5 [M+2Na]?" precursor ion and multistage tandem mass spectra (n = 2, 3 and 4) of permethylated 2AB Man-5 derivative
isolated from P. tricornutum proteins. Grey square: N-acetylglucosamine, grey circle: Mannose.
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Fig. 3. Full width at half maximum (FWHM, Atp, /») according to the drift time (tp) for permethylated 2AB Man-5 to Man-9 isolated from (A) bovine ribonuclease B
and (B) P. tricornutum. n: number of mannose residues.

calibrants and and their CCS previously published in either nitrogen or fragmentation pattern m/z 882.5 - m/z 1302.8 - m/z 1084.7 —» m/z
helium buffer gas (Hoffmann, Hofmann, & Pagel, 2014) (Table 1 and 866.6 — m/z 648.5 that is consistent with the canonical isomer of per-

Supplemental Table 1). methylated 2AB Man-5 (Fig. 2). Similar pattern of fragmentation was
Data recorded by IMS-MS suggested that P. tricornutum proteins carry observed for [M+2Na]?" precursor ion of permethylated 2AB Man-5
a unique canonical Man-5 isomer. For confirmation, the structure of obtained from bovine ribonuclease B (Supplemental Fig. 3) and

P. tricornutum Man-5 isomer was further investigated by ESI-MS" with n differed from the ESI-MS" fragmentation pattern of the permethylated
=2,n = 3 and n = 4. ESI-MS" of the doubly charged [M—&-2Na]2+ ion of 2AB Man-5 obtained from C. reinhardtii proteins (Vanier et al., 2017).
permethylated 2AB Man-5 (m/z 882.5) from P. tricornutum revealed a Taken together, IMS-MS data as well as ESI-MS" fragmentation patterns
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Fig. 4. Fragmentation pattern for m/z 1290.7 [M+2Na]>" precursor ion and multistage tandem mass spectra (n = 2, 3 and 4) of permethylated 2AB Man-9 derivative
isolated from P. tricornutum proteins. Grey square: N-acetylglucosamine, grey circle: Mannose.
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demonstrated that P. tricornutum proteins carry a unique canonical
Man-5 oligomannoside as reported in the literature for mammal, insect
and plant cells (Lerouge et al., 1998; Shi & Jarvis, 2007; Stanley et al.,
2015).

3.2. Analysis by IMS-MS of P. tricornutum oligomannosides

The structural analysis of P. tricornutum oligomannosides was
extended to the other oligomannosides going from Man-6 to Man-9.
Analysis of the whole diatom N-glycan population was investigated by
IMS-MS taking advantage of data recorded for Man-6 to Man-9 oligo-
mannosides isolated from bovine ribonuclease B for which structures of
each isomer have been already reported. Indeed, bovine ribonuclease B
is N-glycosylated by unique isomers of Man-5, Man-6 and Man-9
respectively, whereas different positional isomers of Man-7 and Man-8
have been structurally characterized by proton NMR (Fu et al., 1994),
mass spectrometry coupled to liquid chromatography (Costello,
Contado-Miller, & Cipollo, 2007) and ESI-MS" (Prien et al., 2009)
(Supplemental Fig. 2). The experimental CCS determined by IMS-MS
using nitrogen as buffer gas showed that values from P. tricornutum
oligomannosides were very close to those from bovine ribonuclease B
oligomannosides suggesting that both oligomannoside populations are
closely related (Table 1). Similar observation and conclusion can be
drawn from experimental CCS recorded in helium as buffer gas (Sup-
plemental Table 1).

The presence of positional isomers for each oligomannoside was
investigated by measuring the ion mobility peak width (full width at half
maximum, FWHM) that has been recently reported as an isomeric
descriptor (Farenc et al., 2017; Mendes Siqueira et al., 2018). The

presence of unresolved isomers can be detected based on the ion
mobility peak broadening. FWHM for permethylated 2AB Man-5 to
Man-9 ion mobility peaks were determined according to the method
previously described for other classes of compounds (Fig. 3; Farenc
et al.,, 2017; Mendes Siqueira et al., 2018). In the case of Man-5 and
Man-9 that present only one isomer in view of the NMR data, the FWHM
should be related only to the diffusion phenomenon. As shown previ-
ously, this factor rise almost linearly with the drift time (Farenc et al.,
2017).

The plots of FWHM (Atp;/2) values in function of drift time tp for
permethylated 2AB derivatives of bovine ribonuclease B oligomanno-
sides present higher values of FWHM than expected for Man-6, Man-7
and Man-8 (Fig. 3A). Thus, in contrast to Man-5 and Man-9 that both
exist as unique isomer (smaller Atp,/3), the higher Atp; /2 observed for
Man-6, Man-7 and Man-8 is likely due to the presence of positional
isomers for these oligomannosides. Similar trend has been observed for
P. tricornutum (Fig. 3B).

3.3. Structural analysis by ESI-MS™ of P. tricornutum Man-6 to Man-9
oligomannosides

The structures of P. tricornutum oligomannosides were further
investigated by ESI-MS" analysis of the doubly charged [M+2Na]?* ions
of permethylated samples in order to determine the different positional
isomers and their respective structures by comparison of ESI-MS" frag-
mentation patterns with those of oligomannosides isolated from the
bovine ribonuclease B (Prien et al., 2009).

In agreement with the CCS (Table 1) and FWHM measurements
(Fig. 3), ESI-MS" fragmentation pattern of [M+2Nal®>* ion of
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Fig. 6. Fragmentation pattern for m/z 1086.5 [M+2Na]>" precursor ion and multistage tandem mass spectra (n = 2, 3 and 4) of mixture of permethylated 2AB Man-
7 derivative isolated from P. tricornutum proteins. Grey square: N-acetylglucosamine, grey circle: Mannose.

permethylated Man-9 isolated from P. tricornutum proteins (Fig. 4)
indicated that this oligomannoside exists as a unique isomer that is
identical to the Man-9 of the bovine ribonuclease B (Supplemental
Fig. 4) (Prien et al., 2009). With regards to Man-6, ESI-MS" pattern of the
doubly charged [M+2Na]?" ions at m/z 984.6 from P. tricornutum pro-
teins (Fig. 5) and bovine ribonuclease B (Supplemental Fig. 5) revealed
similar fragmentation patterns m/z 984.6 — m/z 1507.0 - m/z 880.4
(or - m/z 866.4) specific for the Man-6 isomer represented in Supple-
mental Fig. 2. No other positional isomer was detected in the MS spectra
of the Man-6 isolated from P. tricornutum proteins, although the presence
of minor isomers cannot be ruled out because of the observed weak peak
broadening for Man-6 (Fig. 3).

The analyses of the ESI-MS" fragmentation patterns of the doubly
charged [M+2Na]2+ ions of permethylated 2AB derivatives of Man-7
(m/z 1086.5) and Man-8 (m/z 1188.6) suggest that these oligomanno-
sides exist as a mixture of positional isomers. As illustration, the main
Man-7 fragmentation pattern m/z 1086.5 - m/z 1710.9 - m/z 880.4 —
m/z 662.3 — m/z 458.2 is specific for Man-7B and Man-7C, whereas the
successive fragmentations m/z 1086.5 - m/z 1710.9 - m/z 1084.4 —
m/z 839.2 — m/z 648.3 are specific for the Man-7A isomer (Fig. 6,
Supplemental Schemes 1 and 2). For Man-8, the fragmentation pattern

m/z 1188.6 — m/z 1915.0 — m/z 1084.5 — m/z 866.4 — m/z 662.3 is
consistent with the Man-8B and C isomers having a linear trimannosyl
sequence located on the p-Man, whereas the sequence of fragmentation
m/z 1188.6 — m/z 1915.0 - m/z 880.4 — m/z 662.3 — m/z 458.2 is
discriminant for a Man-8A isomer (Fig. 7, Supplemental Schemes 3 and
4). Similar fragmentation patterns were observed for Man-7 and Man-8
mixture of positional isomers isolated from bovine ribonuclease B
(Supplemental Figs. 6 and 7; Prien et al., 2009).

These data demonstrated that proteins from P. tricornutum are N-
glycosylated with single isomers of Man-5, Man-6 and Man-9 oligo-
mannosides and mixtures of isomers of Man-7 and Man-8 (Fig. 8).

4. Conclusion

In conclusion, in this work, structures of oligomannosides isolated
from P. tricornutum proteins were investigated by IMS-MS and ESI-MS"
using glycans N-linked to bovine ribonuclease B and proteins of
C. reinhardtii as references. The structural analysis of Man-5 from
P. tricornutum proteins clearly demonstrated that this diatom synthesizes
a unique canonical Man-5 isomer as observed in mammals (Fig. 8). This
result is consistent with the expression in P. tricornutum of a N-
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acetylglucosaminyltransferase I that is supposed to transfer a terminal
GlcNAc residue specifically on this canonical Man-5 (Baiet et al., 2011;
Zhang et al., 2019). This suggests that this diatom is able to initiate the
processing of oligomannosides into complex type N-glycans although
only trace amounts of mature N-glycans have only been detected (Baiet

et al., 2011; Zhang et al., 2019). This study also demonstrated that oli-
gomannosides Man-6 and Man-9 N-linked to P. tricornutum proteins exist
as unique isomers, although the presence of minor Man-6 isomers
cannot be completely ruled out. In contrast, Man-7 and Man-8 exist as
different positional isomers as observed for the oligomannosides
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isolated from bovine ribonuclease B (Supplemental Fig. 2).

Since the structures of P. tricornutum oligomannosides are identical
to those of the bovine ribonuclease B, we conclude that the trimming of
the glycan precursor in the Golgi apparatus by a-mannosidases occurs as
reported in mammals and give rise to the unique canonical Man-5. These
data further support P. tricornutum as a suitable system for the engi-
neering of its endogenous glycan machinery for the production of
therapeutic proteins carrying human-like N-glycans. Moreover, if the
production of therapeutic proteins N-glycosylated with oligomanno-
sides, such as lysosomal enzymes, is envisioned, their expression in
P. tricornutum would result in recombinant proteins harboring an
optimal N-glycosylation.
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