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Microalgae are a renewable and promising biomass for large-scale biofuel,

food and nutrient production. However, their efficient exploitation depends
on our knowledge of the cell wall composition and organization as it can limit
access to high-value molecules. Here we provide an atomic-level model of the
non-crystalline and water-insoluble glycoprotein-rich cell wall of Chlamydo-
monas reinhardtii. Using in situ solid-state and sensitivity-enhanced nuclear
magnetic resonance, we reveal unprecedented details on the protein and
carbohydrate composition and their nanoscale heterogeneity, as well as the
presence of spatially segregated protein- and glycan-rich regions with differ-
ent dynamics and hydration levels. We show that mannose-rich lower-
molecular-weight proteins likely contribute to the cell wall cohesion by bind-
ing to high-molecular weight protein components, and that water provides
plasticity to the cell-wall architecture. The structural insight exemplifies stra-

tegies used by nature to form cell walls devoid of cellulose or other glycan

polymers.

Plants and algae are efficient producers of biofuel precursors,
textile and paper fibers, pharmaceutical compounds, and food
supplements'>. A central source of these products is the
carbohydrate-rich cell wall, commonly found in both land plants and
microalgae, by which it regulates cell integrity and many other
physiological processes such as stress response’. Microalgae are a
low-cost green production platform with rapid growth and facile
scalability, ease of genetic modification, able to grow under hetero-
or phototrophic conditions. As eukaryotes, they also offer a wide
post-translational modification machinery used for recombinant
protein expression and synthetic biology*°. However, to better
exploit microalgae for industrial applications, we imperatively need

an in-depth understanding of the molecular-level architecture of
their cell wall’.

Chlamydomonas reinhardtii is a freshwater microalga and stands
out as one of the most abundantly studied. It is a model organism for
directed mutagenesis applied to different research fields including
biochemistry, physiology, and genetics®’. In 2007, the fourth com-
plete report of the Chlamydomonas genome revealed that it shares
706 protein families with humans'. The cell wall of C. reinhardtii has
been investigated mainly from the 1970s to the late 2000s™" In con-
trast with the cellulose-based cell walls widespread amongst micro-
algae, that of C. reinhardtii is built on glycoprotein-rich layers
reminiscent of extensins in higher plants®. Specifically, it is composed
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of five dense glycoprotein-rich layers that form a protective shell, as
seen by electron microscopy (EM)**". The water-insoluble core of the
cell wall is made of three central layers, named W4/W6/W4, that con-
tain fibrous material and denser objects described as granules'®"
(Fig. 1a). According to previous studies, this central triplet comprises a
large number of proteins, including high molecular weight
hydroxyproline-rich glycoproteins (HRGPs), i.e., GP1 (300 kDa), GP1.5
(170kDa), GP2 (155kDa, 110kDa after deglycosylation) and GP3
(135 kDa, 65 kDa once deglycosylated)'**°. Low molecular weight pro-
teins ranging from 30 kDa to 50 kDa referred to as “14-3-3” are also
found and believed to act as cell wall cross-linking precursors'® >,
These “14-3-3” proteins are rich in serine (Ser) and threonine (Thr), but
not fully sequenced®. The remainder of the cell wall, also called the
“insoluble cell wall” since it cannot be extracted even using chaotropic
agents, is composed of a membrane-anchoring protein layer (W1), a
dense layer with fibrillar proteins (W2), and an outer fibrillar surface
(W7)*?°, The molecular mechanisms by which all these various gly-
coproteins interact are still unknown.

Previous investigations of C. reinhardtii cell wall provided a partial
sequencing and composition of HRGPs by chromatography and mass
spectrometry (MS), while EM revealed the layered architecture. HRGPs
were shown to be glycosylated by short O-oligosaccharides containing
1-5 residues in which arabinose (Ara) and galactose (Gal) are the most
abundant. These oligosaccharides would be linked to HRGP domains
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containing Ser or polyproline (PP) helices”” . Traces of mannose
(Man) were also reported, accounting for up to 7% of the overall glycan
content, as well as (1-2)-linked L-Arabinose (Ara) disaccharides sub-
stituted with galactofuranoses (Galf) and O-methylation?. While
O-glycosylation is the only post-translational modification described
so far in the cell wall, an N-glycosylation pathway has also been
described in C. reinhardtii that involved the linking of two
N-acetylglucosamines (GIcNAc) and two Man to an asparagine (Asn)~.

Here we use solid-state nuclear magnetic resonance (ssNMR) to
determine the chemical nature and dynamics of the different water-
insoluble but chaotrope-soluble cell wall constituents at the molecular
level, without compromising its integrity since no extensive purifica-
tion or digestion of the extracted cell wall is required. We establish the
complete amino acid and glycan profile and reveal preferential con-
tacts between carbohydrates and proteins. We also expose the pre-
sence of conformational domains and potential O- and N-glycosylation
on the proteins, as well as the abundance of Man residues corre-
sponding to low molecular-weight glycoproteins (LWGPs). We show
that oligosaccharides are short, and reveal the segregation of glycan-
and protein-rich domains with different hydration and dynamics. This
work provides a molecular-level refinement of the complex protein-
rich cell wall architecture of an aquatic microorganism in which gly-
cans play a key role, and highlights the role of water in this
superstructure.
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Fig. 1| Cell wall extraction of C. reinhardtii preserves carbohydrates and cell
surface. a Previously described layered organization and extraction protocol to
reconstitute the native central triplet of the cell wall, based on the overall assembly
observed by EM" (adapted from Goodenough et al.””, used with permission of
Rockefeller University Press; permission conveyed through Copyright Clearance
Center, Inc). b SEM image of whole wt C. reinhardtii cells (scale bar: 5 pm). ¢ TEM
image of C. reinhardtii cell surface before cell wall extraction reveals a layered
structure and large spherical components or cavities (scale bar: 200 nm). d TEM
image after wall extraction shows remnants on the cell surface (scale bar: 200 nm).
e 1D BC ssNMR of the cells after extraction (top; orange), cell wall extract (middle;
blue), and intact cells (bottom; red dash line). The weighted sum (bottom; black) of
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the cell wall extract and the cell residual matches the spectrum of the intact cells,
indicating no loss during the extraction protocol and that the cell wall accounts,
here, for 38% of the overall intensity (matching sample reconstitution performed
using Table 1). f Similarity of the intact whole-cell MAS-DNP (orange) and extracted
cell wall (teal) spectra. g MAS-DNP spectra of wt cells after wall extraction (red) and
cell-wall deficient cwI5 strain (purple) show that the central triplet, absent on the
cwis strain, is extracted in the wt strain. MAS-DNP C->C DARR experiments were
recorded on a 600 MHz/395 GHz spectrometer at 100 K and 8 kHz MAS frequency.
SEM/TEM (panels b-d) images were recorded in triplicate on independent biolo-
gical replicates giving similar results.
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Results

Cell wall extraction retains the macromolecular core

We extracted C. reinhardtii’'s water-insoluble (but chaotrope-soluble)
cell wall constituents and verified if their composition was identical
to intact cell walls. The cell wall was extracted with chaotropic
agents, then slowly reconstituted after dialysis. We employed a
milder protocol with fewer dialysis steps compared to the original
method®*, to preserve the minor constituents of the cell wall
(Fig. 1a). Scanning electron microscopy (SEM) (Fig. 1b) and trans-
mission electron microscopy (TEM) (Fig. 1c) respectively show the
intact microalga and the characteristic layered organization of the
cell wall described in the literature. Cells were also undamaged after
wall extraction, as demonstrated by the intact membrane bilayer and
internal organelles such as thylakoids, partially visible in Fig. 1d. This
was further confirmed by flow cytometry analysis, which revealed
that about 80% of the cells remained alive and metabolically active
after wall extraction.

The composition of the cell wall extract was also compared to
intact cells using both the standard 1D ssNMR (Fig. 1e) and Magic-Angle
Spinning Dynamic Nuclear Polarization (MAS-DNP) (Fig. 1f, g), which
uses microwaves and a polarizing radical to provide a tremendous
increase in sensitivity***. Here, we observed a 45-fold enhancement in
NMR signals (Supplementary Fig. 1) but a loss in spectral resolution
due to the low temperature required by this method. The weighted
sum of the two spectra recorded on the cell wall extracts and the
remainders after extraction correspond exactly to the spectrum of the
intact cell walls (Fig. le), indicating no loss during our extraction
protocol.

The 2D BC-BC correlation spectra of both intact C. reinhardtii
cells and extracts of cell walls exhibit a high degree of similarity. This
is evident in the overlap of MAS-DNP spectra at 100 K, which show
signals exclusively from the outer region of the cell (Fig. 1f), as well as
in the data collected at higher temperature (283 K), which encompass
all cellular components (Supplementary Fig. 2). This congruence
confirms that the preservation of cell wall structure in the extract. It
also suggests that the polarizing radical does not diffuse through the
membrane but preferentially localizes in the cell wall. The minor
differences can be ascribed to the fact that only the W4 and W6 layers
were removed when extracting the cell wall, leaving the fibrillar W1,
W2 and W7 layers attached to the cell surface (Fig. 1a). Because MAS-
DNP only enhances and detects signals from the cell surface con-
stituents, the intensity is thus improved, explaining for instance, the
glycan-protein intermolecular contacts seen on Fig. 1f. This was also
confirmed by the similarities between the MAS-DNP spectra of the
cell-wall deficient strain (cwI5) and the wild-type (wt) strain after cell-
wall extraction (Fig. 1g). The cwl5 mutant has compromised cell wall
synthesis®. The remaining wall components resemble the cell-wall
outer layer®, resist chaotropic extraction® and therefore likely cor-
respond to the residual chaotrope-insoluble W1, W2 and W7 layers.
The resemblance between the MAS-DNP spectra of cwiS5 cells and the
wt sample after cell-wall extraction further confirms that our extracts
are composed of the cell wall central triplet.

Glycan composition of the cell-wall extract

We determined the complete glycan and amino acid profile in C.
reinhardtii’s cell wall extracts. We used the flagella-deficient bald2
strain to avoid the occurrence of large flagella-associated proteins
(200 kDa) that could contaminate cell-wall extracts during the growth
cycle. Our results were independent of the strain type, i.e., with (wt) or
without (bald2) flagella, the growth conditions or cell differentiation
(sexually competent, differentiated or not), as revealed by the protein
composition of different cell wall extracts obtained using poly-
acrylamide gel electrophoresis (Fig. 2a) or ssNMR (Supplementary
Fig. 3 and Supplementary Table 1). The amino acid profile of the pro-
tein bands separated by SDS-PAGE was also analyzed using HPLC on

each cut band. The unlabeled and **C-labeled cell-wall protein profiles
were also comparable using these methods.

Using fully relaxed 1D *C ssNMR spectra, we compared the inte-
grals of peaks characteristic of carbohydrates (anomeric C;) or pro-
teins (carbonyl CO) (Fig. 1e; middle row). A 1:3 glycan/protein molar
ratio was determined, indicating that a considerable part of the cell
wall is composed of glycans, in agreement with the literature”. This
ratio can reach 1:2 because of the large proportion of GIn/Glu and Asn/
Asp - revealed by the amino acid analysis described below - that
comprise two carbonyl groups. The composition of the cell wall
extracts was then monitored using SDS-PAGE and compared to the
literature'. The amino acid analysis of the SDS-PAGE bands of the
native cell wall confirms that the high molecular weight proteins in cell
wall extracts are rich in hydroxyproline (Hyp) and correspond to the
reported HRGPs (Table 1). We found a higher abundance of low
molecular weight proteins following our milder extraction proto-
col (Fig. 2a).

Quantitative analysis of the saccharide content and bonds of C.
reinhardtii's reconstituted cell wall using our protocol’> was achieved
using MS (Fig. 2b) and 2D *C-C ssNMR spectra (Fig. 2c and Supple-
mentary Fig. 4). We found a majority of the residues being Man (52%),
followed by Gal (15%), Ara (15%), GlcNAc (11%), non-modified glucose
(Glc) (3%), rhamnose (Rha) (3%) and xylose (Xyl) (3%), as reported in
Fig. 2d. A significant proportion of Glc is N-acetylated (GIcNAc), as
previously but not quantitatively reported in Chlamydomonas cells®.
One-third of anomeric carbons ascribed to Man and Gal have very low
chemical shift values, and can therefore be assigned to non-reducing
terminal groups of oligosaccharides (pink bars on Fig. 2d)***. Their
abundance indicates the presence of short oligosaccharides, with
approximately two glycan units followed by a terminal glycan. In
addition, no Ara but almost all Gal are identified as terminal groups,
confirming that most Ara oligosaccharides would be terminated by a
Gal residue®. These results are supported by the high proportion of
non-reducing terminal groups detected by semi-quantitative GC-MS
(see t-X glycans on Fig. 2b).

The GC-MS analysis of glycan linkages demonstrates the high
variety of glycosidic bonds in C. reinhardtii’s cell wall (Supplementary
Table 2). It also helps evaluate the efficiency of our cell wall extraction
protocol by comparing the glycan composition of whole cells (domi-
nated by starch Glc), cells after wall extraction, and the extracted wall
(Supplementary Table 7), showing that about 40% of the cell’s glycans
are contained in the cell wall, and that almost no sugar was lost or
altered during the extraction and reconstitution (Supplementary
Table 8 and Supplementary Fig. 2).

A striking finding is the high abundance of Man and GIcNAc in C.
reinhardtii’'s cell wall, which has been debated in the literature”.
While Ara and Gal are generally presented as the most abundant gly-
cans in HRGPs"***, earlier work showed that a water-soluble fraction
of Chlamydomonas cell wall was rich in Man®® and, more recently, that
GP3 in the cell wall was heavily mannosylated*. The presence of gly-
coproteins rich in Hyp interacting with Man-rich lectin-like domains
involved in the cell wall of C. reinhardtii has also been demonstrated in
cell-differentiated zygotes”. Finally, recent work reported oligo-
mannose glycans and 6-O-methylmannose in soluble and membrane-
bound proteins of C. reinhardtii*®, as well as two putative mannosyl-
transferases, consistent with the presence of mannosylation®. The
Man depletion after cell wall extraction and in the bald2 mutant
(Supplementary Tables 7 and 8), together with the MAS-DNP detection
of Man signals in the intact cell walls, are strong indications that Man-
rich glycoproteins are part of the cell wall, or at least strongly asso-
ciated with it.

Amino acid composition and LWGP proteins
We then assigned and quantified the protein content using 2D C
refocused INADEQUATE spectra and HPLC methods (Fig. 3a,
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Fig. 2 | C. reinhardetii cell wall composition analyzed by electrophoresis, MAS
and ssNMR. a SDS-PAGE (performed at least in triplicate and giving similar results)
of cell wall extracts shows HRGPs and additional enrichment in low molecular
weight proteins (<100 kDa). Lane 1: cell wall extract published by Goodenough

et al."*, used with permission; lane 2: cell wall extracted from the bald2 strain; lane 3:
cell wall extracted from sexually differentiated cells; lane 4: *C-labeled wt cell wall;
lane 5: ®C-labeled bald2 cell wall used for ssNMR assays; lane 6: deglycosylated
3C-labeled bald?2 cell wall with tentative molecular weight shift assignment; lane
\: molecular weight ladder. b Representative structures of glycosidic linkages
identified by GC-MS (carbons involved in linkages shown in red). The numbers
for each unit correspond to the percentage of such linkages obtained semi-

quantitatively (Supplementary Table 2). ¢ ®C-2C through-bond ssNMR INADE-
QUATE spectrum of extracted C. reinhardetii cell walls used for carbohydrate and
amino acid identification and quantification. A XZ" glycan notation is used, where X
is the type of sugar, Y the spin system number, and Z the carbon number (for
example, Gaé' is the carbon 6 of the Gal unit number 1). Insets at the bottom right of
the spectrum show the unique signals of Rha C¢ (top), Ara C; (middle), and acetyl/
methyl group from GIcNAc (bottom). d SSNMR and GC-MS quantification of glycan
units; End groups/oligosaccharides are in pink, and polysaccharides in purple, both
differentiated by their C; chemical shifts (Supplementary Tables 3-6). Source data
are provided as a Source Data file.

Supplementary Figs. 5-7 and Supplementary Tables 9-12). According
to ssNMR, the most abundant amino acid residues in the cell wall
extract are alanines (13%), followed by glutamines and glutamates (9%
each), glycines (8%), asparagines and aspartates (6% each). We note
that ~18% of the amino acids can be glycosylated. The relative abun-
dance of the amino acids in the cell wall extract determined by HPLC,
which is more sensitive and reproducible throughout different sam-
ples (Supplementary Table 12), is consistent with the ssSNMR results for
most amino acids (Table 1). No cysteine (Cys) or tryptophan (Trp)
residues were detected by either technique, while histidine (His) or
Hyp residues could not be detected by ssNMR, their abundance being
below the 2% sensitivity threshold. Hyp was however detected using
2D BC-BC-PDSD and MAS-DNP at low temperature (see below and
Supplementary Fig. 8) but could not be quantified.

Table 1 and Fig. 3c reveal that Hyp is abundant (up to 22%) in GP1
to GP3, consistent with previous studies reporting that this residue
constitutes up to one third of the total amino acid content in
HRGPs'>1422374041 ts gverall proportion, however, is very low (-3%) in
whole C. reinhardtii cell walls since HRGPs constitute only ~20% of the
total protein content, based on SDS-PAGE image treatment (Figs. 2a
and 3b, Table 1). This is also true for other amino acids, such as Ser for
example.

To eliminate all glycan units from the cell wall extract without
degrading the proteins, we performed a chemical deglycosylation
since it allows removing both O- and N-linked glycosylations*’. The
deglycosylation led to a shift of all SDS-PAGE protein bands, proving
that the low molecular weight proteins are also glycosylated (Fig. 2a,
lane 5 vs. 6), to an approximate level of 20 % assessed by the change in
molecular weight.

We were thus able to identify four new groups of low molecular
weight glycoproteins (LWGPs) that we will refer to as GP4 to GP7,
which contribute to almost 80% of the amino acids content in our
reconstituted cell wall, and have a very low Hyp content. The mole-
cular weights of GP4 (-50kDa) and GP5 (-37 kDa) correspond to
those reported for the “14-3-3” protein fraction®?. GP4 and GP5
contribute ca. 35% of the amino acids, while the two lighter protein
bands, GP6 (25 kDa) and GP7 (<20 kDa), account for the ca. 45% left.
LWGPs as well as “14-3-3” proteins, could be considered as “non-
canonical cell-wall proteins”****, but they do survive the extraction
protocol, two dialysis steps, renaturing non-chaotropic conditions
and centrifugation. They should therefore be considered either as
part of the cell wall, or strongly interacting with it. The identification
of a greater variety of glycoproteins in our cell wall extract, without
any significant cell damage, confirms that our protocol is milder, and
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Table 1| Amino acid composition of the cell wall and specific proteins

HRGPs LWGPs

Total cell wall GP1/1.5 GP2 GP3 GP4 GP5 GP6 GP7

%mole 298/280 kDa 165 kDa 140 kDa ~50 kDa ~37kDa ~25-20 kDa <20 kDa

ssNMR HPLC %mole %mole %mole %mole %mole %mole %mole
Gln 9.1 19.0 (0.3) 7.2 5.6 19.5 17.3 18.7 23.0 15.3
Glu 8.8
Asn* 6.4 14.8 (0.3) 5.6/£/% 7.0/8.1 2.5/@ 10.2 14.3 19.5 12.9
Asp 5.9
Ala 131 10.9 (0.3) 9.4/@/% 10.5/8.5 15.4/% 8 9.9 1.9 8.7
Gly 8.5 8.0 (0.3) 11.6/6_.6/@ 7.8/@ 10.7/@ 8.2 10.3 6.5 10.8
Leu 8.0 5.5(0.3) 3.7/2.9/5.1 7.5/1.0 0.2/7.0 10.2 4.8 4.6 8.4
Lys 6.2 5.3 (0.1) 2.7/3.6/4.2 3.0/3.0 71/45 5.8 6.5 3.4 8.2
Ser* 6.2 5.0 (0.2) 14.4/15.8/10.7 7.0/8.3 8.1/9.3 3.3 5 3.2 5.3
Pro 5.8 4.8(0.2) 3.4/2.7/3.2 5.5/7.7 0.7/4.5 6.6 6.1 43 2.7
val 5.7 5.6 (0.3) 3.4/4.4/3.0 7.3/5.7 5.3/5.9 9.7 41 4.3 5.1
Arg 5.1 3.5(0.3) 1.91.7/2.7 3.4/3.0 3.6/21 3.8 4 2.4 5.5
Thr* 4.3 4.7(0.4) 5.3/4.2/4.3 6.7/6.6 7.7/1.4 25 3.9 3.8 4.3
Met 2.5 1.6 (0.2) 11/0.8/0.5 1.6/1.0 1.4/0.9 1.6 2.7 13 1.9
Ile 22 3.1(0.3) 3.2/3.3/2.3 4.21.3 2.2/3.2 5.9 3.1 4.0 2.9
Tyr 15 2.4(0.2) 1.9/0_.9/& 3.3/3.6 2.6/2 2 3.7 2.4 3
Phe 0.7 2.8 (0.4) 2.2/@/@ 4.4/3.8 6.4/@ 3.1 1.5 2.8 3.5
His NA 2.0 (0.1) 0.6/0.8/1.5 0.8/0.2 1.0/1.0 1.4 1.3 15 1.4
Hyp* NA 1.0 (0.1) 22.4@/@ 14.4/& 6.6/2 0.4 0.1 1.1 0.1
% SDS-page B3 7.2 9.3 10.6 24.3 35.1 8.3

21.8 78.2

Amino acid composition of the cell wall determined by ssNMR and HPLC (values in brackets correspond to standard deviation of three different HPLC samples) (see Supplementary Table 12 for
replicates), and of specific proteins separated by SDS-PAGE and analyzed by HPLC. Published values are indicated for comparison and underlined'®**. Relative protein proportions (bottom two lines)
were evaluated on Coomassie blue stained SDS-PAGE. The asterisk (*) symbol indicates amino acids that can be glycosylated.

is also an indication that its protein composition is closer to that of
the native microalga.

To summarize, our results show that the amino acid content in the
cell wall extract is dominated by GIn/Glu, Asn/Asp, Ala and Gly, with the
lower weight GP4 to GP7 enriched in GIn/Glu and Asn/Asp. Interest-
ingly, with the exception of GIn/Glu, these abundant residues have
been reported to play animportant role in plant cell walls*. Asparagine
is known to be involved in N-linked glycosylation, while Ala-rich and
Hyp-containing cell walls, possibly associated with arabinogalactan,
have been reported in plants and fungi*. Also, Gly-rich proteins are
involved in the formation of (3-pleated sheet structures important for
cell mechanical resistance in plant cell walls*’. Altogether, C. reinhardtii
probably shares some structural features with plants in terms of amino
acid composition of cell wall proteins.

B-sheet domains, protein-glycan and inter-glycan contacts
The protein secondary structure was probed by analysis of the amino
acids’ ®C chemical shifts, which are sensitive to the conformational
environment. We could find no evidence of a-helices, but identified
about half of the residues in 3-sheet environments, mostly Ile, Lys, Thr
and Val. The remaining chemical shifts were compatible with either
random coils or PPII helices™, principally for Asn/Asp, Gly, Pro and Ser
(blue bars on Fig. 3a and Supplementary Table 9). No correlation could
be established between the hydrophobicity or charge of the residues,
or their secondary structure propensity. Our results do not clearly
indicate but cannot rule out the presence of PPIlI that have been
reported in HRGPs**%,

We then explored the role of glycans in the structuration of cell
wall proteins by recording ssNMR spectra of deglycosylated cell walls.
While the complete deglycosylation resulted in a total disappearance

of the glycan signals in the 2D INADEQUATE (Fig. 4a) and DARR spectra
(Supplementary Fig. 9), the amino acid chemical shift values remained
almost identical, indicating no significant change in secondary struc-
ture of the proteins. However, Hyp and Thr signals were completely
lost following deglycosylation, which could be explained by an
increase in their mobility after deglycosylation, going from a “slow
motion regime” to the ssNMR unfavorable “intermediate regime”. This
is a strong indication that, in addition to Hyp, Thr residues are heavily
glycosylated to unidentified glycans in C. reinhardtii cell walls - another
information that has never been reported before. It is possible, how-
ever, that Hyp- and Thr-rich regions could be structured before
deglycosylation, but this change would not be detectable due to their
signals’ disappearance. Altogether, glycans appear to have almost no
influence on the overall protein structure and dynamics, suggesting a
model in which they are spatially isolated from the amino acids, in
sugar domains outside or within protein segments. This information
must be considered in building a new cell wall model.

We pursued the examination of glycan through-space con-
nectivities using dipolar-based ssNMR methods. Multiple glycan-
glycan contacts were revealed by the ®C-*C CP-PDSD spectrum of
C. reinhardtii’s cell wall (Fig. 4b). For example, we detected inter-Man
contacts between their C,/3 (76 ppm) and C, of units 9,13 (94.5 ppm), 2,
10 and 12 (97.2 ppm). We also identified inter-glycan contacts between
Man C; (94.5 and 97.2 ppm) and Ara C; (109.8 ppm), C, (82.2 ppm) and
Cs/4 (77.4 ppm). These units are probably not covalently linked”, but
spatially close.

The spin-diffusion driven experiments (PDSD and DARR) did not
allow detecting specific glycan-protein contacts (Supplementary
Fig. 11), probably because of fast relaxation or phase separation in
dynamically distinct domains. The increased sensitivity provided by
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Fig. 3 | C. reinhardtii cell wall protein composition analyzed by electrophoresis
and ssNMR reveal low Hyp relative abundance. a ssNMR (red/blue bars), and
HPLC (gray bars, error <0.5% for all amino acids) quantification of amino acid units
and ssNMR secondary structure prediction by TALOS+ (B-strands are in red, and

random coils are in blue, full spectrum and numerical values are reported in Sup-
plementary information). b Glycoprotein (GP) proportion and amino acid quanti-
fication in the cell wall extracts obtained from SDS-PAGE and HPLC, respectively.
Source data are provided as a Source Data file.

hyperpolarization and low temperature enabled the detection of
important glycan-protein contacts by MAS-DNP (Fig. 4c). As C; carbons
have a relatively large chemical shift value and dispersion, they were
used to identify glycans in the MAS-DNP spectrum. Since the spectral
resolution is reduced by line broadening at cryogenic temperature, we
used the assignment obtained at 283 K, assuming no major chemical
shift differences*>*°. These experiments, based on inter-spin dipolar
coupling, only provides information on the spatial distribution,
through-space contacts, but does not distinguish glycosylation via
covalent bonds. We found contacts between Thr (Cy at ~21 ppm) and
terminal Man units 10 or 12 (C; -~ 95.3 ppm). We also observed contacts
between all Hyp carbons (sidechain at ~35, 50, 59 and 73 ppm) and both
Ara (C; - 110 ppm) and the terminal Man units 9 or 13 (C; at ~94.8 ppm).
These connectivities might result from the specific geometry of the
Man-Hyp contact or reflect a tighter binding with reduced mobility.
Although the glycosylation of Ser is expected”, Ser-glycan contacts
could not be resolved due to the overlap of Ser Ca resonances with
those of Hyp and Thr, and that of Ser Cp resonances with glycans’ Cé.
Other intense glycan C;-amino-acid contacts could be detected for Glc
or Rha (C; at 103.5 ppm), or Man/Gal (C; at 105.8 ppm), but the limited
spectral resolution did not allow to identify the amino acid residues

involved. Conversely, unidentified glycan C; atoms showed an intense
contact with Asn’s carbonyl by MAS-DNP PDSD with a long (1.55)
mixing time (Fig. 4c, bottom).

The sensitivity enhancement provided by MAS-DNP also allowed
us to record a “N-C ssNMR spectrum (Fig. 4d and Supplementary
Fig. 13), and identify backbone nitrogen signals of amino acids, such as
Hyp and Thr (-118 ppm) and Asn (112 ppm). The one-bond NCa
spectrum revealed a likely different unidentified glycan C; signal with
an intense contact with Asn’s amide (Fig. 4d) - a contact that was not
detected at 283K (Fig. 4d, purple spectrum). Using an additional
BC-13C mixing time in an NCaCx experiment, we allowed magnetization
to transfer from Ca to surrounding carbons. Connections were thus
revealed between O-glycosylated Hyp/Thr’s amides (115 and 120 ppm)
and several glycans’ C; sites, including that of Ara (109 ppm) (Supple-
mentary Fig. 13).

In summary, we detected unambiguous contacts between Hyp
and Ara, Hyp and Man, Thr and Man, as well as Asn with unidentified
glycan C;s. While we could not quantify Ser or Asn glycosylations, the
glycan-Hyp/Thr contacts and their relative intensities mostly identified
using MAS-DNP DARR spectra, are summarized in Supplementary
Fig. 10 and Supplementary Table 13.
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effect of deglycosylation on C. reinhardtii extracted cell-wall is probed by 2D
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(orange) cell wall extracts. b Hyp detection, not possible via through bond
experiment, is enabled using a 100 ms-long through-space PDSD, and inter-glycan
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proximities (DARR 50 ms) (gray), allow glycan-protein contact detection using the
assignment obtained at 298 K (orange). Contacts between proteins and glycan C;
are circled and color-coded (Ara (green), Gal (yellow), and Man (pink)). d Asn

sidechain nitrogen (-113 ppm) covalently linked to GIcNAc C; (100 ppm) involved
in N-glycosylation are detected using a MAS-DNP enhanced N-Ca correlation (black
spectrum). These contacts are not detected at 283 K (purple spectrum recorded at
800 MHz). Additional amino acids with N in their sidechains are also be detected
(two top panels). Unique glycan-to-Thr/Hyp contacts are listed in Supplementary
Fig. 10. a, b NMR spectra are recorded at a field of 600 MHz and 298 K under
13.5kHz MAS while ¢, d data come from MAS-DNP experiments at 600 MHz/

395 GHz and 100 K under 8 kHz MAS.

The high abundance of Man in C. reinhardtii’s cell wall suggests
the presence of O-glycosylation to Thr. To verify this hypothesis, a cell-
wall protein extract was digested with trypsin and enriched by Con-
canavalin A lectin weak affinity chromatography (ConA-LWAC)**2, Our
glycoproteomic analysis identified 9 unique glycopeptide sequences
from 6 proteins (Supplementary Table 14) using higher-energy colli-
sional activation (HCD) and electron-transfer dissociation (ETciD) MS.
Although none of the identified proteins is annotated as a cell wall
protein, it should be noted that the approach used favors abundant,
small, soluble proteins with simple glycosylation patterns. Never-
theless, these glycoproteomic results suggest an O-linked glycosyla-
tion of Ser and Thr with hexose modifications, likely a-linked Man or
Man2, thus demonstrating the presence of biosynthetic machineries in
Chlamydomonas capable of catalyzing these modifications.

Large cell wall proteins with complex glycosylation patterns are
notoriously difficult to detect by the approach described above,
without using specific molecular separation techniques, enrichment
and targeted detection and analysis®***. They are however amenable to
ssNMR methods as those used in this study. To further ascertain the
high mannosylation of C. reinhardtii’s cell wall, our ssNMR approach
could be applied on cell-wall extracts from which mannose residues
would be removed by mannosidase and other enzymes™. Fluorescence
imaging using mannose-specific antibodies followed by enzymatic
treatment> could also be considered.

The presence of O-glycosylation in C. reinhardtii’s cell wall archi-
tecture, notably the O-glycosylation of Thr by Ara in HRGPs previously
demonstrated, is confirmed by our MAS-DNP results?***%, In addition,

our GC-MS analysis of partially methylated alditol acetates (Fig. 2b)
shows that Man linkages (1,2 and 1,3) are consistent with Man oligo-
saccharides attached to proteins via N-linked glycosylation”. Since
Asn residues are abundant in LWGPs (ca. 15%), and can only be
N-glycosylated - a post-translational modification never reported in
C. reinhardtii’s cell wall - at least some of the LWGPs GP4 to GP7 should
be N-glycosylated via their Asn residues, with GIcNAc linked to Man-
rich oligosaccharides®’.

Our results suggest a model in which glycans are spatially isolated
from the amino acid residues, and we postulate the presence of
abundant but short Man-rich oligosaccharides. We confirmed the
O-glycosylation of Hyp (and possibly Ser) to Ara in HRGP, and propose
two glycosylation bonds in LWGPs: an N-glycosylation of Asn with
GlcNAc and oligo-mannoside, and an O-glycosylation of Thr to Man.
Finally, we also report new intermolecular contacts between Hyp and
Man that would constitute the interface between HRGPs and LWGPs.

Glycans are more hydrated than proteins

Hydration heterogeneity in the cell wall is an essential feature for land
plants®. This has been poorly investigated in microalgae and here we
explored the water distribution in C. reinhardtii’'s cell wall, using a
water-edited 2D ®C-C DARR experiment (Supplementary Fig. 14)°".
The results shown in Fig. 5a and Supplementary Table 15 indicate that
water is more tightly bound to glycans than to amino acid residues.
Man and Gal with low C; chemical shifts, probably corresponding to
terminal units, are more hydrated than other glycans. This superior
hydration of glycans correlates with faster MAS-DNP hyperpolarization
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ssNMR and MAS-DNP results obtained on natively hydrated cell walls with proteins
being overall more dynamic than glycans. Key carbohydrates and amino acids are
identified using the symbols in the legend. Hydration is color coded, dark blue
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build-up (Supplementary information), which may indicate proximity
with the biradicals dispersed in the water phase. Moreover, the resi-
dues that can be glycosylated, i.e. Hyp, Thr and, to a lesser extent, Asn
and Ser, have a much higher hydration level than other amino acids, in
some cases almost reaching the hydration level of glycans. However,
GIcNAc are less hydrated, suggesting that they are involved in struc-
tural domains where water is either absent or weakly bound. This is
compatible with their implication in N-glycosylation of Asn residues,
which are also less hydrated than other glycosylated amino acids.

Considering the LC-MS results and the resolution of our MAS-DNP
spectra, glycosylation of at least a fraction of Ser residues is highly
probable. We explain the fact that Ser and Asn overall appear less
affected by deglycosylation, and that their spatial contacts to glycans
are hard to detect, from their dilution by pools of non-glycosylated
amino acids.

As mentioned before, the oligosaccharides bound to amino acids
in the cell wall extract should include an average of three sugar units.
Moreover, we determined a glycan/amino acid ratio of 1:2, which

would correspond to 50% glycosylated amino acids with a single gly-
can or 16% with an average oligosaccharide length of three glycans.
Therefore, Hyp and a significant part of Thr, Ser, and Asn residues must
be glycosylated. As shown in Figs. 2c¢ and 3a, our results are in good
agreement with a model where all Hyp and approximately half of Ser
are glycosylated in the form Hyp-O-Ara-Ara-Gal and Ser-O-Ara-Ara-Gal,
as suggested in HRGPs*, and potentially Thr-O-Ara-Ara-Gal. In addi-
tion, most remaining Thr and Ser residues as well as approximately half
of Asn would be glycosylated in the forms Thr-O-Man-Man, Ser-O-Man-
Man and Asn-N-GIcNAc-Man-Man in the LWGPs. There would be
additional minor forms of glycosylated amino acids with Glc, Rha or
Xyl glycans, but also possibly shorter, longer or branched oligo-
saccharides, as long as the ratio between glycans would remain
similar®?,

Altogether, these results help refining the macromolecular orga-
nization of the cell wall, in which “dry” globular protein cores would be
surrounded by hydrated layers containing glycans (Fig. 5a). Both
regions would be linked through glycosylation, implying that the
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protein surfaces would contain glycosylated amino acids, mostly Hyp,
Ser and maybe Thr in the HRGPs, Thr, Ser and Asn in the LWGP. The
significant hydration of glycans is probably an integral part of the high
plasticity of the cell wall, as observed in higher plants®***>, Moreover,
water can provide the flexibility enabling the glycan interactions that
are necessary for the bridging of structural proteins®*. In higher plants,
this is for example required to form nanostructures in secondary cell
walls, or at the hemicellulose-cellulose interface®.

Rigid glycans and mobile proteins

We then probed the dynamic properties of each chemical site by
recording 1D ssNMR spectra with different 'H-to-*C polarization
transfer schemes: Cross-Polarization (CP) - which enhances the sensi-
tivity of the rigid molecular segments - and Insensitive Nuclei
Enhancement by Polarization Transfer (INEPT)***° for dynamic seg-
ments Despite the low resolution of the 1D spectra, especially in the
carbohydrate region, 44 distinct carbon resonances could be identi-
fied, i.e., 20 from glycans and 24 from amino acids (Supplementary
Fig. 16 and Supplementary Table 17). The CP build-up was faster for
glycans, indicating a strong dipolar-coupling network, comparable to
crystalline starch® (Supplementary Fig. 17). However, the CP decay was
slower for glycans, indicating less motion on the millisecond regime.
Glycans with low C; chemical shifts, i.e. involved in terminal groups,
were particularly favored by INEPT. Terminal Man and Gal units are
therefore both highly hydrated and very mobile as compared to other
polysaccharides, suggesting their presence at the water-amino acid
interface. Polarization transfer efficiency differences also explain why
amino acids signals, including Hyp cross peaks, were preferentially
detected by CP-DARR, or at low temperatures (100 K) (Supplementary
Figs. 8 and 9). This is most likely due to their unfavorable dynamics or
relaxation rates®’.

Motional differences were more quantitatively determined by
measuring 'H and C longitudinal relaxation times in the laboratory
(Ty) and the rotating frame (T;,) (Supplementary Figs. 17 and 18). While
T, probes motions with correlation times on the order of ns, Ty, is
sensitive to slower (ms) motions. Comparing relaxation times to
published values measured in other contexts permits to refine our
model. No differences were observed in the 'H T; values, indicating
that 'H polarization is homogenized throughout the sample by spin
diffusion. On the other hand, carbohydrate *C T, as well as 'H and C
Ty, values were slightly longer than those of amino acids, showing that
glycans are less mobile than proteins, both on the nanosecond and
millisecond scales. To illustrate these clear discrepancies between
glycans and proteins, C T;s are shown in Fig. 5b as an example, while
the other T, and T;, values are plotted in Supplementary Fig. 18. The
response of carbohydrates and proteins to polarization transfer
schemes indicates a higher mobility of glycans, in particular for those
in terminal groups (see Supplementary Fig. 16 section for more
details). Overall, *C and 'H relaxation behaviors - both on the ns and
ms timescales - are not indicative of large crystalline regions but more
characteristic of a semi-mobile material akin to surface cellulose or
hemicellulose.

In conclusion, proteins and glycans differ in both dynamics and
hydration, with mobile protein domains, more rigid but hydrated
glycan domains, and glycosylated proteins at the interface. These two
families of molecules are spatially segregated, even if it is in small
nanometer-scale regions that are chemically and dynamically hetero-
geneous, similarly to layered semi-crystalline polymers or plant cell
walls®s,

Discussion

This work allowed refining the layered model of C. reinhardtii's cell
wall, which was primarily known from EM. The structural insights
provided here by both ssNMR and MAS-DNP on a complex sample
comprising proteins and glycans highlight the limitations of targeted

analysis and data mining prediction. By studying a hydrated cell wall
in a near native-environment in comparison with intact cells, we were
able to obtain unique structural and dynamic information on the
sugar and proteins that compose this complex biological scaffold.
These molecular-level data improve the current model of the
glycoprotein-rich cell wall of C. reinhardtii, and allow reconciling this
organization with the cell wall function of microalgae, and higher
plants to a certain extent. We determined the composition and
relative abundance of glycans and proteins and the presence of
previously underestimated lower molecular weight glycoproteins,
LWGPs, as well as the high Man content of these samples. Our data
support the presence of short length oligosaccharides, reveal the
presence of [-sheets, the existence of both O- and N-linked glyco-
sylations including mannosylation of Ser and Thr, show a spatial
segregation of glycans and proteins in regions with differing
dynamics and hydration, and uncover specific molecular interactions
between them. The relevance of our findings was reinforced through
comparisons with whole microalgal cells.

The surprising low abundance of Hyp residues and high abun-
dance of Man are most likely explained by the preservation of LWGPs
in our mild extraction process, which also contained the structurally
important HRGPs previously identified. LWGPs are shown to contain
short Man-rich oligosaccharides either O-glycosylated to Ser and Thr,
or connected to GIcNAc that would be N-glycosylated to Asn. This
provides an additional cross-linking strategy contributing to the
structural integrity of the cell wall®®. Considering that most of the Hyp
detected in our sample are located in the HRGPs (Fig. 3b), which
mostly contain oligosaccharides made of Ara residues and Man as a
terminal group®***°, the identified dipolar contacts of Hyp with Man
would most certainly be not covalent, but due to spatial proximity,
suggesting that Man is at the interface between the LWGPs and the
Hyp/Ara-containing HRGPs.

These results, schematized in Fig. 5c, suggest that partially
structured and highly mobile protein-rich domains are bound to less
mobile and highly hydrated glycan-rich regions. The binding occurs by
glycosylation to short (2-5 units long) oligosaccharides, thus con-
tributing to the cohesion of the protein scaffold. Hyp, Ser and possibly
Thr ensure O-glycosylation of HRGPs by Ara and Gal, while LWGPs are
mostly O- and N-glycosylated by Man through Thr, Ser and Asn. At a
larger scale, considering that we extracted the cell wall central triplet
observed by TEM (between W2 and W7, Fig. 5d, top), the spatial seg-
regation between protein- and glycan-rich regions by oligosaccharides
suggests an alternating layered structure (Fig. 5d, bottom) in which
hygroscopic glycans contribute to the cell-wall resiliency and flex-
ibility. This model evokes the protective and hydrated surface of
macroalgae enabling them to resist chemical and mechanical
stresses’.

Molecular-level details of the microalgal cell wall organization and
rigidity is determinant to exploit this high-value renewable biomass’.
The methodology employed here using in situ and in cell ssNMR and
MAS-DNP paves the way to investigate the responses of microalgae to
external contaminants or other stresses, or cellular processes during
cell growth. This work is a step towards a better understanding of
glycoprotein cell walls in intact cells.

Methods

Cell growth

The wild-type wt (CC-124), flagella deficient bald2 (CC-4478 mt’, also
named bld-2)”, cell-wall deficient cwl15 (CC-4349 mt"), and starchless
sta 6-1 (CC-5374 mt") strains were obtained from the Chlamydomonas
Culture Collection, University of Minnesota (Chlamydomonas
Resource Center, http://chlamycollection.org). Whole bald2 cells and
cell wall extracts were used, unless specified. Cells were grown in a
standard Tris bicarbonate-phosphate (TBP) medium buffered with HCI
to pH 7.3”%. The TBP medium was inoculated with microalgae
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previously kept on TAP-medium 1.6% agar plates. Autotrophic growth
conditions were imposed using N, bubbling before sealing the flask.
Then cells were grown asexually using continuous white light illumi-
nation (100 umol photons'-m™s™) at 23°C+1°C with gentle orbital
agitation (100 rpm). Typically, five days were required to reach the late
exponential phase (5x10° cell-mL™) for 3L of medium in a 6 L flask.
Cells were harvested after a 1500 x g centrifugation for 10 min. For
sexually differentiated cells, both mating types CC-124 (“mt+”) and CC-
125 (“mt-") were grown separately until the early exponential phase,
which was followed by centrifugation, resuspension in N,-depleted
medium, and mixing. After flagella loss, differentiation and gameto-
genesis, mated cells undergo sexual reproduction and usually have a
thicker cell wall.

3C, BN isotope labeling

The growth medium was supplemented with either 1g-L™ of NaH®CO;
or 400 mg-L™" of BNH,CI sterilized using 0.22 um filters immediately
prior to cell culture.

Cell viability

A fluorescence analysis was performed on a flow cytometer (BD
Accuri™ C6) to test the cell viability after NMR experiments 1000 intact
cells were acquired for each sample. This test measures the natural
chlorophyll fluorescence and fluorescein diacetate (FDA)-derived
fluorescence generation based on esterase activity level’®. A total of
5uL of a1 mM FDA solution was added to 1 mL of cell solution at 2 x 10°
cellss-mL™ for 20 min prior to measurement. Cell viability was shown to
be ~90% before whole-cell NMR experiments, and above 60 % after
2 days of experiments at 298 K.

Cell wall extraction

To prevent cell wall extracts from contamination with flagella, we
used the bald2 strain, although similar results were obtained with the
wild-type strain (Supplementary information). The cell wall was
extracted using Goodenough and Heuser’s protocol™. Briefly, cells
were grown until the late exponential phase was reached (-5 x10°
cellss-mL™), then harvested using a 15 min centrifugation at 1500 x g
and 8 °C. The cell pellets were rinsed twice with a 1 mM phosphate
buffer (pH 7.3) supplemented with 86 mM NaCl to mimic the ionic
strength of the growth medium. The cell wall was extracted by
diluting the pellets with a 2 M sodium perchlorate (NaClO,) solution,
to reach a final concentration of 6 x 108 cells:-mL™. Cells were gently
mixed by hand for 30 min before centrifugation at 2500 xg for
30 min at 8 °C. An additional extraction step was performed on the
cell pellets to obtain cells totally devoid of a cell wall (called
“uncovered cells”). The combined supernatants containing the cell
walls were centrifuged at 30,000 x g for 40 min to remove any cel-
lular material and debris from the solution. The solution (about
30mL) was then dialyzed against 10L of a 0.05% sodium azide
solution in nanopure water under gentle agitation for 5 days. The
dialysis solution was renewed twice a day. A precipitate progressively
appeared in the dialysis tubing. The dialyzed solution was then lyo-
philized before being resuspended again in a minimal volume of
NaClO,. The cloudy solution was dialyzed again - an important step
in the cell wall reconstruction. It can be noted that to obtain a cell
wall extract that contains only HRGPs, several additional dialysis and
freeze-drying steps are necessary”, and lead to an insufficient
amount of material for ssNMR analysis. In our case, after the second
dialysis, the cell wall sample was lyophilized and rehydrated just
before the ssSNMR experiments.

For experiments on whole uncovered cells, the pellet obtained
after NaClO, extractions was rinsed at least 5 times in a 1 mM phos-
phate buffer (pH 7.3) supplemented with a 86 mM NaCl solution. The
cell pellet was used without further purification for ssSNMR and GC-MS
experiments.

Chemical deglycosylation

Chemical deglycosylation was performed as reported elsewhere*.
Briefly, 100 mg of dry cell wall were cooled to O °C for at least 30 min.
The dry powder was then added to 7.5mL of a cold 2:1 v/v mixture of
trifluoromethanesulfonic acid and anisole. After complete dissolution
of the cell wall powder, the mixture was stirred at 0°C under N,
bubbling for 3 h. The solution was then cooled in a methanol-dry ice
bath (=15 °C) for a few minutes, and 15 mL of diethyl ether were added,
followed by a slow dropwise addition of 15 mL of 50% aqueous pyridine
(v/v %) solution. The solution was gently mixed and the ether phase
was removed. Ether extraction was performed a total of three times,
and the aqueous phase was dialyzed against nanopure water with
sodium azide. The protein extract was freeze-dried and hydrated
prior to use.

Solid-state nuclear magnetic resonance

All 800 MHz (18.8 Tesla) experiments were conducted on a Bruker
Avance Il HD NMR spectrometer using a 3.2 mm triple resonance HCN
probe at 10 °C, and at 13.5 kHz MAS to prevent rotational resonance
and spinning sideband interferences. The typical radiofrequency field
strength was 83 kHz for 'H decoupling, using the two-pulse phase-
modulated (TPPM) scheme, with 5.7 pus for each pulse. The radio-
frequency field strengths were also 83 kHz for 'H hard pulses and
50 kHz for 'H ramped spin-lock, 63 kHz for C hard pulses and spin-
lock, 42kHz for ®N hard pulses, 34 kHz for “N spin-lock. The key
acquisition parameters of all 1D and 2D experiments are summarized in
Supplementary Table 20. See Supplementary Table 21 for details of the
sample replicate compared by ssNMR. All assigned peaks will be
deposited to the Complex Carbohydrate Magnetic Resonance Data-
base (CCMRD)*, and the Bruker Topspin dataset is freely available
upon request.

We assess the protein/glycan ratio by using fully relaxed (30s
recycling delay) 1D direct polarization (DP) C ssNMR spectra, and
comparing the integrals of the carbohydrate C; (integral from 92.0 to
111.0 ppm, see the spectral regions highlighted in purple in Fig. 1e and
Supplementary Fig. 16) and the amino acid carbonyl resonances
(integral from 165.0 to 185.0 ppm, gray region in Supplementary
Fig. 16). We measured a carbohydrate/protein molar ratio of 1:3
(adjusted to 1:2 considering the amount of Asp and Glu with their
carboxyl end group). A significant part of the cell wall is thus com-
posed of glycans, in agreement with the literature”” and SDS-PAGE
(Fig. 2a). Non-destructive qualitative assessment of the glycan/protein
ratio is made available using simple 1D C ssNMR, while it is challen-
ging for colorimetric or MS approaches known to be destructive,
especially for complex eukaryotic samples.

To probe polysaccharides with diverse mobility, four 1D C
spectra were recorded using different schemes to create initial
magnetization. *C DP spectra were acquired using eithera30sora2s
recycle delay for quantitative detection of all molecules or a selection
of mobile molecules, respectively. Cross polarization (CP) was used
with a 1 ms contact time for rigid molecules. Refocused Insensitive
Nuclei Enhanced by Polarization Transfer (INEPT) experiments with
two 1.72 ms delays followed by two 1.15 ms delays were used for mobile
species. Interestingly and as shown on Fig. 1e, native cell spectra can be
reconstructed by a weighted sum of those of the extracts and
remainder after extraction (black spectra Fig. 1e) proving that the
extraction protocol is lossless and that the cell wall accounts, here, for
38% of the overall intensity.

The spin-lattice (T;) relaxation time was measured using inversion
recovery for ®C, and by inversion recovery followed by CP for 'H. *C
and 'H rotating-frame spin-lattice relaxation (T;,) were measured using
both CP build-up and Lee-Goldberg cross polarization (LG-CP) at 298 K
under 10 kHz MAS. The spin-lock field was 62.5kHz for the 'H-Ty,
measurement. Relaxation data were fit using a single exponential
decay function.
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To assign glycan and amino acid signals, a 2D C DP refocused
J-INADEQUATE spectrum was recorded using a 2s recycle delay as
reported in plant cell-wall”, *C CP refocused J-INADEQUATE was also
employed to detect rigid molecules, using CP parameters described
above for 1D experiments. INADEQUATE delays during the polarization
transfer were set to 2.4 ms. The double quantum INADEQUATE spectra
were sheared’”® using the “ptiltl” command available on Bruker Top-
Spin software to enable comparison with single quantum spectra. The
resonance assignments of 37 sub-forms of carbohydrates are sum-
marized and compared with literature values in Supplementary
Tables 2 and 3.

We also assigned 339 peaks corresponding to 87 different spin
systems in proteins, among 18 different amino acids. All of them were
quantified using both HPLC and ssNMR with a method that accounts
for overlapping peaks® (Fig. 3a and Supplementary Fig. 8, and Sup-
plementary Tables 8-11). Chemical shift prediction according to sec-
ondary structure was provided by TALOS+”” and CSI 3.0 (http://csi3.
wishartlab.com/)’®. Chemical shift differences between polyproline Il
(PPII) helices and random coils are still hard to detect using these tools,
especially since PPII helices remain underexplored by NMR. In our
sample for instance, lle, Lys, Thr and Val would be located in 3-strand
environments, while Asx, Gly, Pro and Ser would either be in random
coils or in PPII helices (Fig. 3a). The propensity of an amino acid to be
included in a B-sheet has been shown to be more correlated to its
neighboring residues than to its chemical nature” and, indeed, no
correlation could be established between the hydrophobicity or
charge of the residues and their 3-sheet propensity here. In summary,
while we can assert the presence of B-strands and exclude that of a-
helices in our sample, we cannot rule out the presence of PPII helices
previously reported in HRGPs?*?**%, Additional information is given in
Supplementary Fig. 4 and Supplementary Table 1-5.

2D BC-"N NCa and NCaCx spectra were acquired using a 1.7 s
relaxation delay, 600 ps 'H- "N CP, 5 ms “N-C CP, followed by 100 us or
100 ms BC-*C DARR correlation, respectively. DARR and PDSD experi-
ments were recorded on a Bruker Avance IlI-HD spectrometer operating
at a frequency of 599.95 MHz for 'H and 150.87 MHz for C. A 3.2 mm
Varian triple resonance MAS probe was used, with a typical spinning
frequency of 15kHz, and the temperature was kept at 278 K with a
dedicated cooling cabinet to prevent sample degradation. Dipolar
based DARR and PDSD experiments were acquired with spin diffusion
periods from 5 ms to 500 ms, and from10 ms to 1000 ms, respectively.
Peak intensities were followed using CCPNMR software accordingly to
peak assignment described in Supplementary information. 13C Ty, filter
is performed using a continuous 50 kHz Lee-Goldberg spin-lock on the
BC channel before DARR mixing and detection.

Water-edited C-C DARR spectra®® were initiated with 'H exci-
tation followed by a 'H-T, filter of 0.88 ms x2 that eliminates 97% of
overall signals but retains 80% of water magnetization. Then a 4-ms 'H
mixing period for water-to-glycan/amino acid transfer allows the best
discrimination between hydrated and less hydrated regions. A 0.25 ms

'H-C CP was used for *C detection. A 50-ms DARR mixing period was
used for both the water-edited spectrum and the control 2D spectrum
showing full intensity. Intensities were measured for all resolved and
assigned correlations, and the intensity ratio between the water-edited
spectrum and the control spectrum (S/Sp) was quantified. The error

bar was calculated following the formula (£)*, /-1 + —L, withsino
0 (sino)s ~ (sino)s,

being the signal-to-noise ratio provided by TopSpin for a given peak on
aslice of the 2D spectrum corresponding to the correlation of interest.
See Supplementary Table 15 for details of the hydration intensities.

Magic angle spinning - dynamic nuclear polarization ssNMR
The sample is mixed with a biradical solution, which unpaired elec-
trons have a 658-fold higher spin polarization than 'H nucleus under

the same experimental conditions. The electron spin polarization is
transferred to the nuclei under microwave irradiation as the sample is
maintained at a cryogenic temperature. The sample contains a cryo-
protectant to avoid ice formation and preserve potentially fragile
structures. A 10 mM biradical stock solution of AMUPoI®" was freshly
prepared using dg-glycerol/D,0/H,0 (60/30/10 v%), referred to as the
“DNP juice”. Then 50 pL of the DNP juice were added to ~-30 mg of the
BC,5N-labeled C. reinhardtii cell wall and mixed for 5-10 min. About
30 mg of well-hydrated sample was transferred into a 3.2-mm sapphire
rotor. For whole-cell experiments, fully *C-labeled microalgae were
centrifuged, then rinsed twice with a buffer containing 86 mM NaCl,
before being resuspended in the DNP juice and pelleted after a few
minutes in the solution.

All experiments were performed on a 600 MHz/395 GHz MAS-
DNP spectrometer equipped with a gyrotron microwave (pw)
source®®>, The cathode currents of the gyrotron were 160 mA. All
MAS-DNP spectra were measured using a 3.2-mm triple resonance
HCN probe at 8 kHz MAS frequency. The temperature was ~ 95-98 K
with the pw off and ~-100-110 K with the pw on. Typically, a 45-fold
enhancement factor of NMR sensitivity with and without pw irradia-
tion was achieved (Supplementary Fig. 1). We measured relatively short
build-up time constants, Tg=3-5s, indicating a good mixing of the
biradicals and biomolecules in these cellular samples. 2D correlation
experiments were implemented with 50-ms DARR, 1.5-s PDSD, NCa,
and 100-ms NCaCx experiments. The total acquisition time was 6 h for
the DARR, 8 h for the PDSD and 2 h for the NC experiments. *C che-
mical shifts were externally referenced to TMS using adamantane’s
CH, signal set to 38.48 ppm®‘. The key acquisition parameters of all
MAS-DNP experiments are summarized in Supplementary Table 20.

Cryogenic temperature ssNMR experiments
Low temperature experiments were performed at 98 K under the same
conditions described for the MAS-DNP experiments.

Denaturing gel electrophoresis (SDS-PAGE)

SDS-PAGE was performed using 4-20% polyacrylamide (total con-
centration of both the acrylamide and bis-acrylamide crosslinker)
gradient Mini-PROTEAN TGX Precast protein gels, with a Mini-
PROTEAN Il electrophoresis cell. Prior to any treatment, the dry cell
wall was resuspended at 5mg-mL™ in nanopure water. Samples are
then diluted 5 times with the proper amount of Laemmli buffer,
reduced with B-mercaptoethanol (5 % final concentration), and treated
for 25 min in an 85 °C bath. For electrophoresis, 10 pL corresponding to
10 pg of sample was injected per well, and Tris-glycine SDS running
buffer (25 mM Tris, 192 mM glycine, 0.1% SDS, pH 8.3) was used at
10 mA for 15min then 50 mA for approximately 1h. The prestained
protein ladder Precision Plus Protein Kaleidoscope for proteins in the
molecular range 10-250 kDa was used as protein standards. After
electrophoresis, total protein staining for relative protein proportion
evaluation was performed using Coomassie Blue (0.05% w/v Coo-
massie Blue R-250) for 40 min, and destained with 30% v/v methanol/
10% v/v glacial acetic acid for 5 h. Gels were acquired and visualized
using ChemiDoc MP and ImageLab. Final image editing and protein
quantification was performed with the same software. Error bars cor-
respond to the standard deviation obtained after quantifying two cell
wall extracts per strain. Uncropped pictures of the gels are found in the
Supplementary Fig. 19.

High-performance liquid chromatography amino acid analysis

Samples were vacuum dried, suspended in 6N HCI containing 1% phenol,
and hydrolyzed for 24 h at 110 °C under N, stream. Following hydrolysis,
samples were vacuum dried to remove excess HCI, resuspended in a
methanol:water:trimethylamine (2:2:1) redrying solution and dried
under vacuum for 15 min. Samples were derivatized for 20 min at room
temperature in methanol:water:trimethylamine:phenylisothiocyanate
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(7:1:1:1) solution. This solution was then removed under vacuum, and the
samples were washed with the redrying solution and vacuum dried for
an additional 15 min. Chromatographic analysis was performed using a
Waters Acquity Ultra-High Performance Liquid Chromatography (UPLC)
System. Samples were dissolved and injected into an ethylene bridged
hybrid C18 column, and a modified Pico-Tag gradient was used at 48 °C,
with phenylthiohydantoin (PTH)-derivatized amino acid detection
occurring at 254 nm. Cysteines were protected by performing acidic
oxidation prior to hydrolysis. HPLC data correspond to the average of 4
replicates (Supplementary Table 11).

Glycosyl composition and linkage analysis by GC-MS

Glycosyl composition analysis of neutral sugars was achieved after an
acetone extraction on dried cells removing most pigments in the
sample. The dried sample was then dispersed in 0.5mL of 2M tri-
fluoroacetic acid (TFA) in a sealed reaction tube. After 20 min of
sonication in an ultra-sound water bath at room temperature, hydro-
lysis was performed at 121 °C for 2 h, followed by overnight reduction
with NaBD,, and 1 h acetylation with acetic anhydride and pyridine (1:1,
v/v) at 80 °C. To obtain glycosyl linkage information, the cell wall is
suspended in DMSO and, after permethylation, hydrolysis, reduction
and acetylation, it is converted into partially methylated alditol acet-
ates (PMMAs) that can be efficiently detected by GC-MS®.

GC-MS analysis was performed on an HP-5890 GC interfaced to a
mass selective detector 5970 MSD using a SupelcoSP2330 capillary
column (30 x 0.25 mm ID) with the following temperature program:
60 °C for 1 min, then ramp to 170 °C at 27.5°C-min?, and to 235 °C at
4°C/min, with 2min hold, and finally to 240°C at 3 °C-min” with
12 min hold. Inositol was used as an internal standard. Glycosyl con-
stituents were assigned, based on the GC-MS retention time of the
derivatives of sugar standards, and on electron ionization MS (EI-MS)
fragments of “C-labeled alditol acetate derivatives. Results of the
quantitative GC-MS glycan composition is given in Supplementary
Table 1 and identified glycan linkages are displayed in Supplementary
Table 5. The relative El detector response (percentage) obtained by
GC-MS is a semi-quantitative reporter of linkage proportion, and is
provided in Supplementary Table 1 for several samples, including
whole cells.

0-glycoproteomic analysis by bottom-up mass spectrometry
Proteins from C. reinhardtii’s cell wall were further extracted in 50 mM
ammonium bicarbonate, 1% Rapigest before trypsin digestion, PNGase
F digestion and Concanavalin A lectin weak affinity chromatography
(ConA-LWAC) and mass spectrometry®¢, Our data mining strategy
included variable hexose modifications of Ser or Thr residues for
identification of Hexl, Hex2 or Hex3 modifications at each site, and we
found evidence suggesting O-linked glycosylation of Ser and Thr with
Hex1 and Hex2 modifications (Supplementary Fig. 20).

Scanning electron microscopy

Cells were first harvested by centrifugation, washed with deionized
water, and fixed in 2.5% glutaraldehyde in 0.1 M cacodylate buffer (pH
7.2) for 2 h at 4 °C, and again in 1% buffered osmium tetroxide for 1 h at
4°C. Samples were then washed three times with 0.1 M cacodylate
buffer. Dehydration was carried out with a series of ethanol washes
with concentrations from 10% to 100% on round glass slide. Specimens
were coated (5nm thickness) using a CCU-010 HV (turbo-pumped)
Safematic Coating System. The SEM analysis was carried out with a
high-resolution system capable of operating of up to 200 kV, equipped
with an EDAX Genesis EDS on Philips CM200 and AMTXR-60BCCD
camera.

Transmission electron microscopy
Microalgae were harvested by centrifugation, then washed several
times with sterile isotonic buffer prior to cell fixation as describe

above. Specimens were infiltrated with a resin, and thin sections of
70 nm were obtained using a diamond knife on a Reichert-Ultracut
ultramicrotome. The sections were mounted on copper grids and
coated with carbon for TEM observation. Images were recorded using
a FEI Tecnai 12 BioTwin microscope operating at 120 kV and equipped
with an AMT XR80C CCD camera system.

Supplementary Information

The online version contains supplementary material available at
https://doi.org/xxxxxx. Cell-wall extract and control samples addi-
tional 1D/2D MAS-DNP and ssNMR spectra, complete glycan (by
ssNMR and GC-MS) and protein (by ssNMR and HPLC) peak assign-
ments and integrations, glycan linkages composition determined by
GC-MS, mannosylated protein sequences identified by LC-MS, polar-
ization build-ups (MAS-DNP, CP and PDSD), supplementary relaxation
charts, detailed hydration calculation and a list of experiments with
corresponding acquisition parameters can be found in the supple-
mentary information.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Source data are provided with this paper. The NMR data generated in
this study have been deposited in the Zenodo public database under
accession code 10403721. The data generated in this study are pro-
vided in the Supplementary Information/Source Data file. Source data
are provided with this paper. All relevant data that support the findings
of this study are available within the article, as well as in the supple-
mentary information and source data tables. The source data under-
lying Supplementary Tables (“Tables_Poulhazan_20231219” Excel file),
Figs. 2d, 3a, b, and 5a, b and Supplementary Figs. 10, 15,17, 18, and 12c
(“SourceData_Poulhazan_20231219” Excel file) are provided as a Source
Data file. The mass spectrometry proteomics data have been deposited
to the ProteomeXchange Consortium via the PRIDE® partner reposi-
tory with the dataset identifier PXD048024. Source data are provided
with this paper.
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Supplementary Figure 1. MAS-DNP allows high sensitivity enhancement but loss in
resolution. 1D '3C CP spectra of C. reinhardtii cell-wall extract and whole cell (dashed line) at
600 MHz and 100 K with (microwaves signal enhancement ON, blue spectra) and without
(microwave signal enhancement OFF, orange spectra) MAS-DNP enhancement (cryogenic
temperature needed for MAS-DNP enhancement), and at 800 MHz and 283 K (red).
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Supplementary Figure 2. Comparison of bald2 cell wall and stda 6-1 whole cell at 800 MHz.
a Complete DP-INADEQUATE spectra of cell wall extracts (black) and whole cells (purple). b
Zoom of the glycan region. At this temperature, 283 K, all glycans are detected quantitatively, and
we know from GC-MS analysis that 40% of them are in the cell wall, but 60% are elsewhere in
the cell (Supplementary Table 8). We therefore only expect at best a 40% overlap of the two
spectra. Note that all peaks present in the cell wall spectra are indeed present in the whole cell

spectra with the same chemical shifts.
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Supplementary Figure 3. Comparison of the cell wall spectra of wt and bald2 strains. a
Complete DP-INADEQUATE spectra of cell wall extracts from wild-type (orange) and flagella
deficient (black) strains. b Zoom of the glycan region showing again very similar spectra. Spectra
were recorded at fields of 18.8 T at 800 MHz, at 283 K.
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Supplementary Figure 4. Complete DP-INADEQUATE spectra of C. reinhardtii’s cell wall.
Comparison of spectra at two field strengths allow to assess resolution differences. Red regions
are aliased peaks due to small indirect dimension used to save experimental time, but this artifact
still allows assignment of glycans (green region used for assignment and quantification plotted on
Fig 2d) and amino acids (blue region used for assignment and quantification reported in Fig. 3a
and Supplementary Fig. 5-7).
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Supplementary Figure 5. Protein carbonyl assignment of C. reinhardtii’s cell wall. Zoomed
regions of the '3C refocused DP-based J-INADEQUATE correlation spectrum with a short 3 s
recycle delay. The zoom here shows the carbonyl and Tyr/Phe side chains correlations. This
spectrum and the spectra plotted below on Supplementary Figure 6 and 7 allow assessment of
the overall resolution and provide examples of correlation paths for different amino acids (one-
letter coded). For the overall *C-*C JAINADEQUATE spectrum, see Supplementary Fig. 4.
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Supplementary Figure 6. Protein Ca assignment of C. reinhardtii’s cell wall. Zoomed regions
of the *C refocused DP-based J-INADEQUATE correlation spectrum with a short 3 s recycle
delay. The zoom here shows the Ca of amino acid side chains. For the overall *C-13C J-
INADEQUATE spectrum, see Supplementary Fig. 4.
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Supplementary Figure 7. Protein carbonyl assignment of C. reinhardtii’s cell wall. Zoomed
regions of the °C refocused DP-based JINADEQUATE correlation spectrum with a short 3 s
recycle delay. The zoom here shows the amino acid side chains correlations with one letter coding.
For the overall *C-13C JJINADEQUATE spectrum, see Supplementary Fig. 4.
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Supplementary Figure 9. Effect of deglycosylation on C. reinhardtii cell-wall extract.
13C-13C SQ-SQ DARR spectra with a mixing time of 50 ms of extracted cell wall (black) and
deglycosylated extracted cell wall (orange). Resonances of O-glycosylated hydroxyproline

and threonine are highlighted in red and purple, respectively.
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Supplementary Figure 10. Map of the resolved glycan-Hyp or -Thr spatial contacts.
These contacts were detected by MAS-DNP. Pie chart diameters correspond to the number
of contacts identified with a given glycan carbon. Sector area illustrates the propensity for
this carbon to preferentially interact with Hyp (orange) or Thr (green).
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Supplementary Figure 11. DARR/PDSD build-up spectra. a-c DARR build-up with 5,
50 and 500 ms mixing times. d-f PDSD build-up with 10, 50 and 1000 ms mixing time.

14



a b c
DARR 50 ms - CP 0.25 ms *C T, fitlered PDSD 200 ms - CP 0.25 ms *C T, fitlered
DARR 50 ms - CP 10 ms ! PDSD 200 ms - CP 10 ms ’ Porteins
DARR 1000ms - CP 10 ms PDSD 7500ms - CP 10 ms Glycans

20+

% \slow
\ “ | 1 decays

i fast
1004 | ' | decays

1‘00 80 1306(gpm) 40 20 100 80 ‘3C6(;03pm) 40 20 (]I I5ID‘ I1I()FP;JS‘.I5‘5§;|XI||ES?W|1IE2I?;?;5})5IO

Supplementary Figure 12. DARR/PDSD 2D spectral editing. To understand the effect of
different relaxations on spectral edition, we first applied long CP for both PDSD and DARR
(a and b respectively, red spectra). Then by combining long CP and long DARR/PDSD
mixing times (a and b respectively, purple spectra), we were able to further filter out the
amino acid fraction. Finally, we show that the most efficient filter is a dedicated '*C T}, filter
(a and b respectively, blue spectra). All spectra were recorded with a 600 MHz spectrometer.
¢ The PDSD cross peak normalized intensity build-ups show differences between glycans

(red) and amino acids (blue), and the intermediate behavior of glycosylated amino acids

(orange).
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Supplementary Figure 13. NCaCx MAS-DNP and higher field spectra. NCaCx spectra
of cell-wall extracts detected using MAS-DNP at 600 MHz, 100 K and 8kHz (black) and
ssNMR at 800 MHz, 283 K and 13.5 kHz (purple). Allowing magnetisation to transfer from
Ca to surrounding carbons, new peaks are detected. For example, O-glycosylated amino
acids (hydroxyproline, threonine and serine) have their backbone nitrogen at ~115 and ~120
ppm correlating with anomeric carbons of glycans at ~110 ppm and ~95 ppm, respectively.
Unfortunately, at 600 MHz and 8kHz spinning rate, previously NCa detected asparagine-
glycan C; contacts (Fig. 4d) are now overlapping with the carbonyl spinning sideband (Co
ssb).

16



B w N
o o o

a
o

~
o

*C chemical shift (ppm)

o}
o

[{e]
o

-
o
o

(o2}
o
I|IIII\\III|I\I\IIIII‘\IIIIIIII‘\IIIIIII\‘IIIIIIIHlIIII\I\II|II\\IIIII|I\IIIIIII|HIIIIIII‘HIIIIIII

/e

IM||IIII|\[lllllll\lllllH\lllllll\\IIII|\|||IIIH‘lllllH|\|IIIHHIIlIIlHIIIIlHIIIIIII‘HIIIIIH

110 100 90 80 70 60 50 40 30 20
3C chemical shift (ppm)

—
—_
o

Supplementary Figure 14. 2D 3C-13C DARR water edition applied to C. reinhardtii cell
wall. Control (teal) and water-edited (purple) 50 ms DARR spectra showing glycans and
glycosylated amino acids to be more hydrated than other protein segments. Spectra were
recorded on a 800 MHz spectrometer.
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Supplementary Figure 15. DNP build-up of C. reinhardtii’s cell wall extract. A slightly
faster build-up is observed for glycans as compared to amino acids.
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Supplementary Figure 16. 1D experiments revealing dynamics in C. reinhardtii cell
wall. The CP spectrum (top, blue) selects rigid molecule segments, while the J-coupling-
based refocused INEPT spectrum (middle, green) shows signals of highly mobile molecular
segments when compared to the quantitative spectrum (bottom, black).
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Supplementary Figure 17. CP build-up in C. reinhardtii’s constituents. a CP build-up of
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starch carbons '>!® Details of the CP build-up for the cell wall and starch are given in
Supplementary Tables 17 and 18, respectively. Fewer peaks were monitored compared to
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T1 measurements, due to the lower resolution of the CP (Supplementary Fig. 16).
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Supplementary Figure 18. Relaxation measurement of C. reinhardtii’s cell wall. a '"H
spin-lattice (T;) values of different amino acids and glycans. b 'H and ¢ 3C Ty,
measurements of the same cell-wall extract. All fittings were performed on the most resolved
peaks on the 1D spectra and separated based on the assignment obtained with the 3C-1*C
refocused J-INADEQUATE spectrum. Violin plots represent relaxation time dispersion
within a single sample but corresponding to different protons/carbons from a specific residue
or glycan unit.
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Supplementary Figure 19. Uncropped SD-PAGE gels. The uncropped gels were stained

using Coomassie blue (0.05% w/v Coomassie Blue R-250) for 20-60 min, and destained with
30% v/v methanol/10% v/v glacial acetic acid for 5 h.
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Supplementary Figure 20. Representative MS/MS spectra of glycopeptides. These
hexose modified glycopeptides were identified in ConA-LWAC enriched fractions. Top
spectrum is HCD fragmentation of HLVLPAATK (T8-Hex-Hex), z=+2, m/z=637.3487,
derived from Protein kinase domain-containing protein. Bottom spectrum is ETciD
fragmentation of VLSLASNDLVGTLPHAL (T12-Hex), z=+2, m/z=941.5123, derived from
Guanylate cyclase domain-containing protein.

23



Supplementary Table 1. wt and bald2 cell-wall glycan and amino acid composition.
Glycan and amino acid composition of both strains are determined by GC/MS and HPLC,
and compared with ssNMR, showing no significant differences. See Supplementary Fig. 7
for details. Amino acids highlighted in orange are the amino acids that can be involved in O-
or N-glycosylation.

bald2 wt bald2 wt
MS ssNMR MS ssNMR ssNMR HPLC ssNMR  HPLC

Man 504 482 4438 52.0 Gln 9.1

Ara 20.1 14.0 17.9 14.5 Glu 8.8 12003 Z:Z 19(1)0

Gal 187 204 16.6 153 Asn 6.4

Rha 22 25 2.0 25 Asp 59 14803 z:z Z:

Glc 1.5 3.0 1.3 3.1 Ala 13.1 10.9 (0.3) 13.2 10.9

Xyl 1.5 22 1.3 2.5 Gly 8.5 8.0(0.3) 8.5 8.0

GIcNAc 5.6 9.7 52 10.1 Leu 8.0 5.5(0.3) 8.0 55
Lys 6.2 53(0.1) 6.2 53
Ser 6.2 5.0(0.2) 6.2 50
Pro 5.8 4.8(0.2) 53 4.8
Val 5.7 5.6 (0.3) 56 56
Arg 5.1 3.5(0.3) 51 35
Thr 43 47(0.4) 43 4.6
Met 2.5 1.6 (0.2) 25 1.6
Ile 22 3.1(0.3) 20 3.0
Tyr 1.5 2.4(0.2) 15 24
Phe 0.7 2.8 (0.4) 0.7 28
His NA 2.0 (0.1) 0.0 2.0
Hyp NA 1.0 (0.1) 00 1.0
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Supplementary Table 2. Glycosyl linkages determined by GC-MS in different samples.

Sample bald2 bald2 bald2 wt wt cwl5 cwl5 Sta 6-1 Sta 6-1
whole cell cw extracted cw extract whole cell cw extracted whole cell cw extracted whole cell cw extracted
t-Manp 2.8 2.6 7.2 2.0 1.3 2.6 21.1 115 10.8
2-Manp 10.4 17.4 15.8 8.4 10.7 6.0 1.5 28.1 30.8
3-Manp 0.0 0.0 0.0 0.0 2.0 2.1 3.4 1.5 0.0
2,3-Manp 32 3.1 5.4 3.9 1.6 23 12.7 8.1 8.5
2,4-Manp 0.0 0.0 0.9 2.2 1.3 0.0 0.0 0.0 0.0
t-Araf 1.4 1.4 1.7 1.0 1.1 25.1 7.7 4.0 2.5
t-Arap 0.8 1.5 1.4 0.0 1.0 0.0 3.8 3.7 2.1
2-Araf 2.6 4.0 6.4 1.9 23 43 12.5 8.6 8.5
2-Arap 0.0 0.0 0.0 0.0 0.0 0.0 1.7 1.5 2.5
2,4-Arap/2,5-Araf 0.0 0.0 0.0 0.0 0.0 0.0 2.0 4.1 3.1
t-Galp 3.8 8.5 5.0 35 4.6 2.8 3.4 7.6 7.2
t-Galf 1.5 2.4 3.1 2.5 1.6 1.5 5.7 4.9 4.5
4-Galp 0.0 0.0 0.0 0.0 0.0 0.0 2.3 1.1 1.5
3,4-Galp 0.0 0.0 0.0 0.0 0.0 2.9 5.3 0.0 0.0
t-Glep 17.6 12.2 15.3 19.8 14.0 18.7 13.6 8.9 13.2
3-Glep 0.9 0.2 2.5 0.7 0.6 1.7 1.5 1.6 1.7
4-Glep 4.7 339 20.2 42.0 42.0 18.1 0.0 0.1 0.1
4,6-Glep 33 2.9 2.0 4.5 4.6 1.9 0.5 1.0 1.4
3,4-Glep 5.5 7.3 5.4 7.8 7.7 53 0.0 0.0 0.0
2,4-Rhap 0.0 0.0 2.9 0.0 0.0 0.0 1.3 1.0 1.6
3-Hexf 35 2.7 4.8 0.0 35 4.8 0.1 2.7 0.0
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Supplementary Table 3. Full 3C ssNMR glycan assignment of C. reinhardtii bald2’s cell
wall.

Sugar Type C1 C2 C3 C4 Cs Cé6 Ac Met

Mannose units

Manl 104.5 739 749 81.7 772 61.8
Man2 97.7 746 762 657 712 61.4
Man3 100.8 715 736 67.8 77.1 61.8
Man4 103.6 722 754 679 712 61.9
Man5 100.2 76.8 714 684 717 65.7
Man6 102.4 67.8 772 657 76.0 62.1
Man7 101.7 679 77.1 656 76.0 62.1
Man8 103 711 771 67.8 753 63.1
Man9 94.6 69.9 78.1 683 74.1 64.9
Manl10 96.7 704 76.8 658 76.0 62.2
Manll 97.6 68.6 80 662 769 61.9
Manl2 96.8 68.6 80.8 663 76.9 61.5
Manl3 94.5 70.2  78.6 66.7 77 61.8
Manl4 99.2 73.6 785 659 70.5 66.2

Arabinose units

Aral 110.3 824 776 81.8 618
Ara2 110.1 822 777 817 618
Ara3 109.8 81.9 772 814 66.1
Ara4 109.8 81.8 75 813 672

Galactose units

Gall 103.5 721 754 677 722 61.8

Gal2 98.5 724 737 71.7 751 62.9

Gal3 105.8 73.3 75 81.1 748 64.8

Acetyl-methyl

groups

Acl 234 1755
Ac2 226 1752
Ac3 238 1734

Ac4 215 175.6

Rhamnose units

Rhal 100.4 77.1 702 717 703 17.8
Rha2 100.4 77.1 702 719 69.8 17.6
Rha3 100.3 702 787 73.6 70.9 17.4
Glucose units

Glcl 100.4 69.6 741 725 709  63.6
Gle2 100 76.8 713 638 71.8 619

Xylose units

Xyll 97.7 76.1 772 67.7 60.2
Xyl2 100.3 708 759 748 649
Xyl3 100.9 774 751 795 678
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Supplementary Table 4. '3C ssNMR glycan assignment and comparison with literature

values.

Glycan
units SQ SQ Reference 1 Reference 2
Manl Kang 2018 Gorin 1975"
Cl 1045 739 C2 101 69.4 94.6 72.3
C3 739 749 C2 69.4 76.2 72.3 74.1
C4 749 81.7 C3 76.2 83.4 74.1 67.8
c4 817 712 C5 83.4 77.1 67.8 77.2
Cs5 772 618 C6 77.1 61.6 77.2 62.1
Man2 Bradbury 1984'% Gorin 1975"
Cl 977 746 C2 95.2 72.8 94.6 72.3
C3 746 762 C2 72.8 74.8 72.3 74.1
C3 762 657 C4 74.8 68.3 74.1 67.8
C5 657 712 C4 68.3 77.6 67.8 77.2
C5s 772 614 C6 77.6 62.6 77.2 62.1
Man3 Bradbury 1984'% Lundborg 2011"°
Cl 1008 715 C2 95.2 72.8 95 71.1
C3 715 73.6 C2 72.8 74.8 71.1 79
C3 736 678 C4 74.8 68.3 79 66.6
C5 678 77.1 Cc4 68.3 77.6 66.6 71.8
cs 771 61.8 C6 77.6 62.6 71.8 66.4
Man4 Gorin 1975"
Cl 103.6 722 C2 94.6 72.3
C3 722 754 C2 72.3 74.1
C3 754 679 C4 74.1 67.8
C5 679 712 C4 67.8 77.2
Cs 772 619 C6 77.2 62.1
Man5 Lundborg 2011"° Gorin 1975"
Cl 1002 768 C2 97.8 77.9 94.6 72.3
C2 768 714 C3 77.9 70.7 72.3 74.1
C3 714 684 C4 70.7 68.3 74.1 67.8
C5 684 717 C6 68.3 73.9 67.8 77.2
Cs 717 657 C4 73.9 62.4 77.2 62.1
Man6 Gorin 1975" Lundborg 2011"°
Cl 1024 678 C2 94.6 72.3 95 71.1
C3 678 772 C2 72.3 74.1 71.1 79
C3 772 657 C4 74.1 67.8 79 66.6
C5 657 760 C4 67.8 77.2 66.6 71.8
C5 760  62.1 C6 77.2 62.1 71.8 66.4
Man7 Gorin 1975" Lundborg 2011"°
Cl 101.7 679 C2 94.6 72.3 95 71.1
C3 679 771 Cc2 72.3 74.1 71.1 79
C3 771 656 C4 74.1 67.8 79 66.6
C5 656 760 C4 67.8 77.2 66.6 71.8
C5 760  62.1 C6 77.2 62.1 71.8 66.4
Man8 Gorin 1975" Lundborg 2011"°
Cl 103 71.1 C2 94.6 72.3 95 71.1
C3 711 77.1 Cc2 72.3 74.1 71.1 79
C3 771 67.8 C4 74.1 67.8 79 66.6
C5 678 75.3 Cc4 67.8 77.2 66.6 71.8
C5 753 63.1 C6 77.2 62.1 71.8 66.4
Man9 Gorin 1975" Lundborg 2011"°
Cl 946 699 C2 94.6 72.3 95 71.1
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C3 69.9 78.1 C2 72.3 74.1 71.1 79
C3 78.1 68.3 Cc4 74.1 67.8 79 66.6
C5 68.3 74.1 C4 67.8 77.2 66.6 71.8
C5 74.1 64.9 Co6 77.2 62.1 71.8 66.4
Man10 Gorin 1975”7 Lundborg 2011"°
Cl1 96.7 70.4 C2 94.6 72.3 95 71.1
C3 70.4 76.8 C2 72.3 74.1 71.1 79
C3 76.8 65.8 Cc4 74.1 67.8 79 66.6
C5 65.8 76.0 C4 67.8 77.2 66.6 71.8
C5 76.0 62.2 Co6 77.2 62.1 71.8 66.4
Manl1 Gorin 1975”7 Lundborg 2011"°
C1 97.6 68.6 C2 94.6 72.3 95 71.1
C3 68.6 80 C2 72.3 74.1 71.1 79
C3 80 66.2 Cc4 74.1 67.8 79 66.6
C5 66.2 76.9 C4 67.8 77.2 66.6 71.8
C5 76.9 61.9 Co6 77.2 62.1 71.8 66.4
Man12 Gorin 19757 Lundborg 2011"°
C1 96.8 68.6 C2 94.6 72.3 95 71.1
C3 68.6 80.8 C2 72.3 74.1 71.1 79
C3 80.8 66.3 Cc4 74.1 67.8 79 66.6
C5 66.3 76.9 C4 67.8 77.2 66.6 71.8
C5 76.9 61.5 Co6 77.2 62.1 71.8 66.4
Manl13 Gorin 1975”7 Lundborg 2011"°
C1 94.5 70.2 C2 94.6 72.3 95 71.1
C3 70.2 78.6 C2 72.3 74.1 71.1 79
C3 78.6 66.7 Cc4 74.1 67.8 79 66.6
C5 66.7 77 C4 67.8 77.2 66.6 71.8
C5 77 61.8 Co6 77.2 62.1 71.8 66.4
Man14 Lunborg 2011"°
Cl1 99.2 73.6 C2 94.9 71.2
C3 73.6 78.5 C2 71.2 79.3
C3 78.5 65.9 Cc4 79.3 66.9
C5 65.9 70.5 Cé6 66.9 71.9
C5 70.5 66.2 C4 71.9 66.8
Aral wang 2014%°
Cl1 1103 824 C2 110 82.2
C2 82.4 77.6 C3 82.2 71.7
C4 77.6 81.8 C3 71.7 84.9
C4 81.8 61.8 C5 84.9 62.3
Ara2 wang 2014°"
C1 110.1 82.2 C2 110 82.2
C2 82.2 71.7 C3 82.2 71.7
C4 71.7 81.7 C3 71.7 84.9
C4 81.7 61.8 C5 84.9 62.3
Ara3 wang 2014%° Phvo 2017a*
Cl1 109.8  81.9 C2 110 82.2 108.4 81.8
C2 81.9 77.2 C3 82.2 71.7 81.8 77.8
C4 77.2 81.4 C3 71.7 84.9 77.8 83.1
C4 81.4 66.1 C5 84.9 62.3 83.1 67.8
Ara4 wang 2014%° Phyo 2017a*
C1 109.8  81.8 C2 110 82.2 108.4 81.8
C2 81.8 75 C3 82.2 71.7 81.8 77.8
C4 75 81.3 C3 71.7 84.9 77.8 83.1
C4 81.3 67.2 C5 84.9 62.3 83.1 67.8
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Gall Wang 2014*°
Cl 103.5  72.1 C2 103.4 74
C3 72.1 75.4 Cc2 74 76.4
C3 75.4 67.7 C4 76.4 73.8
CS 67.7 72.2 Cc4 73.8 74.8
C5 72.2 61.8 C6 74.8 61.7

Gal2 Arnold 20187
Cl 98.5 72.4 C2 100.1 73.4
C3 72.4 73.7 Cc2 73.4 74.9
C3 73.7 71.7 C4 74.9 74.9
CS 71.7 75.1 Cc4 74.9 71.7
C5 75.1 62.9 C6 71.7 54.3

Rondeau-Mouro

Gal3 2008%
Cl 105.8 733 C2 105.5 72.9
C3 733 75 C2 72.9 74.4
C4 75 81.1 C3 74.4 78.8
C4 81.1 74.8 C5 78.8 75.7
CS 74.6 64.9 C6 75.7 61.6

Acl Kang 2018 King 2017
Ac 1755 234  Met

Ac2
Ac 1752 22.6 Met

Ac3
Ac 1734 238 Met

Ac4
Ac 1756 21.5 Met

Rhal Habibi 2004%
Cl 1004 77.1 C2 99.2 71.5
C2 77.1 70.2 C3 77.5 70.2
C4 70.2 71.7 C3 70.2 71.3
C4 71.7 70.3 C5 71.3 69.8
C5 70.3 17.8 C6 69.8 17.5

Rha2 Habibi 2004%
Cl 1004 77.1 C2 99.2 71.5
C2 77.1 70.2 C3 77.5 70.2
C4 70.2 71.9 C3 70.2 71.3
C4 71.9 69.8 C5 71.3 69.8
C5 69.8 17.6 C6 69.8 17.5

Rha3 Laguri 2018%
Cl 100.3  70.2 C2 101.2 71.2
C3 70.2 78.7 Cc2 71.2 81.2
C3 78.7 73.6 C4 81.2 73.8
C4 73.6 70.9 C5 73.8 70.2
C5 70.9 17.4 C6 70.2 18.1

Glel Pfeffer 1984%7
Cl 100.4  69.6 C2 929 70.5
C3 69.6 74.1 Cc2 70.5 73
C3 74.1 72.5 C4 73 72.6
C4 72.5 70.9 C5 72.6 71.6
C5 70.9 63.6 C6 71.6 63.7

Glc2 Poulhazan 2018"
Cl 100 76.8 C2 100.5 72.3
C2 76.8 71.3 C3 72.3 73.7
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C3 713 638 C4 73.7 70.4
C5 638 718 C4 70.4 73.7
C5 718 619 C6 73.7 61.1
Xyll Gorin 1975"7 Gorin 1975"
Cl 977 761 C2 100.6 72.3 97.6 75.1
c3 761 772 C2 723 74.3 75.1 76.9
c3 7712 6717 C4 74.3 70.4 76.9 70.3
C4 677 602 C5 70.4 62 70.3 66.3
Xyl2 Wang 2014°°
Cl 1003 708 C2 102.4 73.9
c3 708 759 C4 73.9 76.7
C3 759 748 C2 76.7 74.6
C4 748 649 C5 74.6 63.6
Xyl3 Wang 2014%°
Cl 1009 774 C2 102.2 77.6
c2 774 751 C3 71.6 73.7
c4 751 795 C3 73.7 77.4
C4 795 678 C5 774 63.8
Unk 1
Cl 1024 718 C2
c2 718 698 C3
Cc4 759 698 C3
c4 759 621 C5
Unk 2
Cl 1002 769 C2
c2 769 714 C3
Cc4 837 714 C3
C4 837 617 C5
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Supplementary Table 5. Glycan integrals used for ssNMR quantification. Values in red correspond to peaks overlapping
with other types of glycans, and therefore cannot be used for quantification. Nevertheless, as explained before'®, overlapping

peaks among same glycan types, in orange, can be used for quantification.

Glycan unit peak int. SQ SQ peak int. mono./poly.
Man 1 34E+07 Cl1 1045 739 C2 1.9E+07 poly
1.6E+07 C3 749 739 (C2 1.5E+07
3.0E+06 C4 81.7 749 C3 9.9E+06
8.1E+06 C4 817 772 C5 7.3E+06
8.6E+07 C5 77.0 618 C6
Man 2 1.6E+07  Cl1 977 746 C2  6.6E+06 poly
6.0E+06 C3 762 746 C2 7.0E+06
79E+06 C3 762 657 C4
55E+07 C5 772 657 C4
8.6E+07 C5 769 615 C6
Man 3 8.1E+07 Cl 100.8 71.5 C2 6.3E+07 poly
44E+07 C3  73.6 71.8 C2 4.8E+07
46E+07 C3 736 678 C4
24E+07 C5 711 678 C4
1.3E+06 C5 717 59.6 C6  1.4E+06
Man 4 1.0E+07 C1 1035 723 C2 6.2E+06 poly
28E+07 C3 754 722 C2 3.7E+07
1.8E+07 C3 754 677 C4 22E+07
24E+07 C5 712 677 C4
8.6E+07 C5 77.0 618 C6
Man 5 2.8E+06 Cl 1002 76.8 C2 2.7E+06 poly
51E+06 C2 768 713 C3  4.9E+06
27E+06  C3 714 684 C4 3.2E+06
1.L1IE+06  C5 77.7 657 C6  1.8E+06
9.0E+05 C5 777 684 C4 3.1E+06
Man 6 5.0E+06 Cl 1024 678 C2 22E+06 poly
24E+07 C3 772 678 C2
5.5E+07 C3 772 657 C4
79E+06 C5 760 657 C4
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Man 7

Man 8

Man 9

Man 10

Man 11

Man 12

Man 13

5.8E+06
2.9E+06
2.4E+07
5.5E+07
7.9E+06
5.8E+06
3.6E+06
5.1E+06
2.4E+07
1.8E+07
2.6E+06
1.8E+07
6.7E+06
2.8E+06
4.6E+07
4.4E+06
8.1E+06
3.6E+06
5.5E+07
7.9E+06
5.8E+06
2.7E+07
5.8E+06
6.7E+06

1.1E+07
2.4E+06
3.5E+06

4.4E+06

Cs
Cl
C3
C3
Cs
Cs
Cl
C3
C3
Cs
Cs
Cl
C3
C3
Cs
Cs
Cl
C3
C3
Cs
Cs
Cl
C3
C3
Cs
Cs
Cl
C3
C3
Cs
Cs
Cl
C3
C3

76.0
101.7
77.1
77.1
76.0
76.0
103.0
77.1
77.1
75.3
75.3
94.6
78.1
78.1
74.1
74.1
96.7
76.8
76.8
76.0
76.0
97.6
80.1
80.0
76.9
76.9
96.8
80.8
80.8
76.9
76.9
94.5
78.6
78.6
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62.1
67.9
67.9
65.6
65.6
62.1
71.1
71.1
67.8
67.8
63.1
69.9
69.9
68.3
68.3
64.9
70.4
70.4
65.8
65.8
62.2
68.6
68.3
66.2
66.2
61.9
68.6
68.6
66.3
66.3
61.5
70.2
70.2
66.7

c6
C2
2
c4
c4
c6
c2
2
c4
c4
c6
C2
c2
c4
c4
c6
c2
2
c4
c4
c6
c2
c2
c4
c4
c6
c2
c2
c4
c4
c6
c2
2
c4

3.0E+06

7.0E+06
4.9E+06

2.2E+07

2.3E+06

3.1E+06

3.2E+06

4.3E+06
3.6E+06

6.2E+06
2.4E+07

3.2E+06
4.9E+06

8.2E+06

poly

poly

mono

mono

poly

mono

mono



Cs 77.0  66.7 C4
Cs 770 618 C6
Man 14 83E+05 Cl 992  73.6 C2 4.2E+06 mono
1.6E+06  C3 78.5 73.6 C2 1.8E+06
1.7E+06  C3 78.5 66.1 C4 3.5E+06
Cs 70.5 662 Co6
Cs 70.5 659 C4
Ara 1 74E+06 Cl1 1103 824 C2 4.4E+06 poly
7.1E+06  C2 824 776 C3
8.1E+06 C4 81.8 77.6 C3 7.3E+06
1.5E+07 C4 81.8 618 C5
Ara 2 74E+06 Cl1  110.1 822 C2 4.4E+06 poly
7.1E+06  C2 822 777 C3  1.4E+07
8.1E+06 C4 81.7 777 C3 7.3E+06
1.5E+07 C4 81.7 618 C5
Ara3 2.6E+07 C1 109.8 819 C2 poly
8.1E+06 C2 81.9 772 C3 7.3E+06
8.1E+06 C4 814 772 C3 7.3E+06
1.5E+07 C4 80.7 662 C5 4.9E+06
Ara 4 2.6E+07 C1 109.8 81.8 (2 poly
3.0E+06 C2 81.8 750 C3 9.9E+06
1.3E+06 C4 81.7 749 C3 9.9E+06
1.6E+07  C4 81.3 672 C5 24E+07
Gal 1 1.0E+07 C1 1035 721 C2 6.2E+06 poly
2.8E+07 C3 754 721 C2  3.7E+07
1.8E+07 C3 754 677 C4 2.2E+07
9.5E+06  C5 722 677 C4 3.2E+06
7.4E+06 CS 722 618 C6 1.8E+07
Gal 2 3.3E+07 Cl 98.5 724 C2  23E+07 mono
1.2E+07 C3 737 724 C2  4.0E+06
44E+07 C3 737 717 C4  4.8E+07
6.3E+06  C5 75.1 71.7 C4  3.3E+06
2.6E+06 C5 75.1 629 C6 22E+07
Gal 3 1.9E+06 Cl1 1058 733 C2 2.4E+06 poly
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1.OE+05 C3 750 733 C2 4.1E+05
1.3E+06 C4 81.1 750 C3 9.9E+06
1.3E+06 C4 81.1 748 C5 9.9E+06
7.2E+06 C5 748 648 C6 3.2E+06
Ac-Met 1 3.0E+06 Met 1755 794 Ac 1.1E+06
Ac-Met 2 1.4E+07 Met 1752 77.6 Ac  7.7E+06
Ac-Met 3 4.0E+06 Met 1734 788 Ac  1.5E+06
Ac-Met 4 9.8E+06 Met 175.6 76.5 Ac  4.5E+06
Rha 1 2.8E+06 C1 1004 77.1 C2 2.7E+06 poly
3.6E+06 C2 77.1 702 C3 3.6E+06
3.7E+06 C4 717 702 C3 5.8E+06
37E+06 C4 717 703 C5 5.8E+06
2.8E+06 C5 703 178 C6  1.0E+07
Rha 2 2.8E+06 C1 1004 771 C2 2.7E+06 poly
3.6E+06 C2 77.1 702 C3 3.6E+06
37E+06 C4 719 702 C3 5.8E+06
37E+06  C4 719 69.8 C5 5.8E+06
28E+06 C5  69.8 176 C6  1.0E+07
Rha 3 2.6E+06 Cl 1004 69.6 C2 1.2E+06 poly
6.7E+06 C3 787 702 C2
1.6E+06 C3 787 73.6 C4 1.8E+06
44E+07 C4 73.6 709 C5 4.8E+07
3.0E+06 C5 709 174 C6  3.1E+06
Gle 1 2.6E+06 Cl 1004 69.6 C2 2.6E+06 poly
1.6E+06 C3 741 69.6 C2 4.5E+06
1.2E+07 C3 742 725 C4 4.0E+06
2.6E+06 C4 725 709 C5 1.3E+06
1.3E+07 C5 709 636 C6
Glc 2 29E+06 Cl1 100.0 768 C2 2.5E+06 poly
51E+06 C2 768 713 C3 4.9E+06
1.3E+07 C3 713 638 C4
1.3E+07 C5 71.8 638 C4
7.4E+06 C5 718 619 C6 8.8E+06
Xyl 1 1.0E+06  Cl1 977 761 C2  5.4E+06 mono
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C3 772 761 C2  ATEH06
24E+07 C3 772 677 C4  2.2E+07
32E407 C4 677 602 C5  2.2E+07

Xyl 2 1.0B+06 CI 1003 708 C2 1.6E+06 poly
6.0E+06 C3 759 748 C4 7.0E+06
14E+06 C3 759 708 C2 13E+06
726406 C4 748 649 C5  3.2E+06

Xyl 3 136406 CI 1009 774 C2 1.3E+06 poly
C2 774 751 C3  12E+06
1.5B+06  C4 795 751 C3  1.3E+06
136406 C4 795 678 C5 12E+06

Unk 1 27E+06  Cl1 1024 718 C2  4.6E+06 poly
37E+06  C2 718 698 C3  5.8EH06
44E+06 C4 759 698 C3  4.5E+06
58E+06 C4 759 621 C5 1OE+07

Unk 2 28E+06 Cl 1002 769 C2 2.7E+06 poly
516406 C2 769 714 C3  4.9E+06
20E+07 C4 837 714 C3  5.5E+07
32E+07 C4 837 617 C5 3.8EH07
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Supplementary Table 6. Results of the ssNMR-based glycan quantification. SSNMR can quantify the total amount of
each glycan but also its relative abundance as mono- or polysaccharides, according to their C; chemical shifts. Glycan
quantification has been performed as described before!S. Briefly, quantification takes into account all the carbon peak

integrals corresponding to one glycan type (values in black and orange in Supplementary Table 5). Then integrals are
normalized using the number of carbon integrated (tof nC) and, for comparison with other glycans, we take into account the
number of spin system assigned (n spin syst.). Results of the GC/MS-based quantification are shown for comparison in the

last column.

sumint. |nC nCoverlap totnC int/nCiol | nspinsyst.  (int/nC)*nspinsystem % norm. |GC/MS
TOTAL 8.9E+08 | 63 47 110 8.1E+06 14 1.1E+08 48.2
é poly. 5.8E+08 | 47 38 85  6.8E+06 10 6.8E+07 29.0 45
mono. 3.1E+08 | 16 9 25 1.2E+07 4 5.0E+07 213
TOTAL 1.6E+08 | 10 9 19  8.2E+06 4 3.3E+07 14.0
g poly. 1.6E+08 | 10 9 19 8.2E+06 4 3.3E+07 14.0 16
mono. 0.0E+00 | O 0 0 0.0E+00 0 0.0E+00 0.0
2 TOTAL 4.6E+07 | 8 0 8 5.7E+06 4 2.3E+07 9.7
Zz poly. 4.6E+07 | 8 0 8 5.7E+06 4 2.3E+07 9.7 5.6
& mono. 0.0E+00 | 0 0 0 0.0E+00 0 0.0E+00 0.0
TOTAL 1.6E+08 | 10 0 10 1.6E+07 3 4.8E+07 20.4
5 poly. 1.4E+07 | 5 0 5 2.9E+06 2 5.7E+06 2.4 17
mono. 1.5E+08 | 5 0 5 2.9E+07 1 2.9E+07 12.4
TOTAL 2.0E+07 | 5 2 7 2.9E+06 2 5.8E+06 2.5
5 poly. 2.0E+07 | 5 2 7 2.9E+06 2 5.8E+06 2.5 2
mono. 0.0E+00 | 0 0 0 0.0E+00 0 0.0E+00 0.0
TOTAL 4.9E+07 | 10 4 14 3.5E+06 2 6.9E+06 3.0
é poly. 4.9E+07 | 10 4 14 3.5E+06 2 6.9E+06 3.0 1.3
mono. 0.0E+00 | 0 0 0 0.0E+00 0 0.0E+00 0.0
TOTAL 2.6E+07 | 14 1 15 1.7E+06 3 5.2E+06 22
E‘ poly. 1.3E+07 | 10 1 11 1.2E+06 2 2.4E+06 1.0 1.3
mono. 1.3E+07 | 4 0 4 3.3E+06 1 3.3E+06 1.4
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Supplementary Table 7. 13C glycan composition of different intact C. reinhardtii strains. Highlighted column (bald2
cell-wall extract) corresponds to the cell-wall extract reported in the main text. The strains reported are the wild-type (wr)
strain, strain without flagella (bald?2), cell-wall deprived (cw15) and starchless mutants. The reported '3C alditol values show
relative mole percentages (%).

Strain bald? bald? bald? wt wt wt cwls cwl5 sta6-1 sta6-1
13C alditol whole cell cw extracted cw extract | whole cell cw extracted cw extract  whole cell cw extracted whole cell cw extracted
Man 27.2 12.8 50.4 12.9 49 48.4 2.4 10.5 28.6 12.8
Ara 229 24.8 20.1 133 11.8 19.6 9.5 10.2 249 30.6
Gal 15.9 14.2 18.7 11.6 9.8 20.0 1.7 7.7 29.8 34.0
Rha 4.9 6.5 2.2 0.9 0.6 2.6 0.0 0.7 32 5.1
Gle 22.7 35.9 1.5 54.4 66.2 2.0 85.1 66.0 3.8 5.6
Xyl 1.7 1.9 1.5 1.6 1.7 1.5 1.0 1.6 22 4.7
GlcNAc 4.7 4.0 5.6 5.2 5.0 5.9 0.2 33 7.5 7.1
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Supplementary Table 8. Glycan content determined by GC-MS.

Whole cell Whole cell a.fter Cell wall Proportionality
wall extraction extract factor
Man 27.2 12.8 50.4 38
Ara 229 24.8 20.1 40
Gal 15.9 14.2 18.7 38
Rha 4.9 6.5 2.2 37
Glce 22.7 359 1.5 38
Xyl 1.7 1.9 1.5 50
GlcNAc 4.7 4.0 5.6 44

Glycan contents (in molar %) of cells before and after wall extraction, and in the
extracted cell wall. The proportionality factor corresponds to the cell wall contribution
(molar %) in the whole cell glycans. See Supplementary Table 7 for glycan
quantification in other samples.

We calculated the contribution of glycans in the whole cells that originate from the cell
wall, and found a similar proportionality factor for each glycan, confirming that almost
no sugar units were lost or altered during the extraction and reconstitution, with an
uncertainty for xylose, which proportion is close to ssNMR and MS detection limits.
This proportionality factor indicates that about 40% of the whole cell glycans are
contained in the cell wall.
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Supplementary Table 9. 13C ssNMR amino acid assignment of C. reinhardtii bald2
cell wall. Amino acid assignment is performed using 800 MHz DP-based J-
INADEQUATE and DARR spectra. '3C chemical shifts are referenced using TMS (by
setting adamantane CH> chemical shift to 38.48 ppm), therefore TALOS+ calculation
have been made shifting all the chemical shifts by 2.0 ppm to match DSS referencing.
“b” and “c” correspond to beta-sheet and random-coil/polyproline helix prediction
given by TALOS+ calculation, respectively.

Amino acids secondary Co Ca cp cy s Ce e

residues structure
Lysl b 174.0 539 30.7 22.5 26.7 41.9
Lys2 b 1743  54.0 31.9 23.1 27.7 40.6
Lys3 b 1748 543 31.2 229 27.2 40.4
Lys4 b 1743  54.1 333 22.3 26.9 40.1
Aspl b 1740 540 409 178.9
Asp2 c 1740 540 403 177.8
Asp3 c 175.6  53.6 39.3 178.2
Asp4 c 1752 54.1 37.6 178.3
Asnl c 1742 526 39.3 176.0
Asn2 c 1743 523 38.6 176.4
Asn3 c 1744 511 37.2 175.2
Glul b 1739 558 29.4 33.8 182.9
Glu2 c 179.1  54.0 25.4 30.1 182.7
Glu3 b 1744  54.1 29.2 349 182.6
Glu4 c 1752 551 28.3 34.4 181.8
Glnl c 1752 54.6 28.4 32.5 179.0
GlIn2 b 1743  53.7 30.2 31.0 178.6
GIn3 b 1741 539 27.6 32.0 178.4
Gln4 c 1755 557 29.9 333 178.1
Gln5 b 1745 544 30.5 32.0 178.4
Hypl u 1719 58.8 34.8 73.1 50.2
Prol c 1753  60.6 30.5 25.7 49.0
Pro2 c 1754 613 30.1 25.4 48.5
Pro3 c 1740 59.2 29.0 25.2 47.9
Pro4 c 1758  61.7 28.5 25.0 47.4
Pro5 c 1759 62.0 29.8 24.6 47.1
Argl b 1744 542 31.5 249 40.6
Arg2 b 175.6 535 30.4 25.8 37.7
Arg3 b 1739 539 30.7 249 40.6
Argd b 175.6  53.7 30.1 25.2 41.6
Arg5 c 1739 55.8 29.8 24.6 41.6
Arg6 b 1744 542 28.9 25.4 41.6
Arg7 c 176.5 54.6 28.5 25.0 40.4
Sel b 172.7  56.6 64.4
Ser2 c 175.6  57.6 64.1
Ser3 b 172.7  56.6 63.9
Ser4 c 176.9  58.1 63.2
Ser5 c 176.1  56.6 62.1
Thrl b 174.1  60.4 68.0 19.6
Thr2 b 1739 61.1 68.9 19.4
Thr3 b 1739 599 70.8 17.5
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Glyl b 169.9 42.6
Gly2 ¢ 171.1 434
Gly3 ¢ 1720 433
Gly4 ¢ 172.8  43.6
Glys ¢ 1732 426
Alal b 173.7  49.0 257
Ala2 b 173.6 485 254
Ala3 b /479 252
Alad b /474 250
AlaS b /471 246
Ala6 b 173.6 483 228
Ala7 ¢ 176.6 518 184
Ala8 b 1770 506 192
Ala9 b 1751 500 189
Alal0 ¢ 176.7 515 172
Alall ¢ 176.1 510 172
Alal2 ¢ 1772 504 175
Alal3 b 1752 501 173
Alal4 ¢ 173.6 484 166
Tyrl c 1746 511 374 1302 1316 1167 1564
Tyr2 ¢ 1746 511 374 1302 1312 1169 1555
Tyr3 ¢ 1746 511 374 1302 1316 1160 156.0
Tyrd ¢ 1746 511 374 1302 1316 1165 155.1
TyrS ¢ 1746 511 374 1302 1316 1159 1555
Leul ¢ 1758 549 418 266 215
Leu2 ¢ 1752 550 415 254 219
Leu3 b 1740 542 408 251 232
Leud ¢ 1762 538 399  27.0 222
Leus ¢ 176.6 533 405 272 229
Leu6 b 1759 533 406 278 233
Leu?7 ¢ 176.6 524 397 288  23.0
Metl ¢ 1756 547 306 320  19.0
Met2 ¢ 1764 536 302 310 185
Met3 ¢ 1762 538 307 297  19.0
Metd ¢ 1747 544 309 298 176
Vall ¢ 1758 62.1 298 177
Val2 ¢ 1756 623 297 19.0
Val3 b 1748 615 314 197
Val4 b 1748 612 303 195
Vals b 1721 60.7 301 184
Val6 b 1724 60.1 309 185
Ilel b 173.9 593 367 252 111
15.8
Ile2 b 1742 593 367 254 118
15.8
Ile3 b 1737 592 369 255 12,0
15.7
Tled b / / 37.7 / /
16.3
Phel u / /1386 1302 1293 1276
Phe2 u / /1386 1301 1294  128.1
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Supplementary Table 10. Integrals of the amino acid used for their quantification.
Values in red correspond to amino-acid peaks overlapping with other types of amino
acids, and therefore cannot be used for quantification, while overlapping peaks among
same kinds of residues, in orange, can be used for quantification. This table also allows
to see the TALOS+ secondary structure prediction.

peak int. SQ SQ peak int. sect;l;lAngtfuc "
Alal 1.3E+07 Ca  49.0 25.7 Cb 1.1E+07 Beta-sheet
5.7E+06 Co 1737 49.0 Ca 5.5E+06
Ala2 1.3E+07 Ca 48.5 254 Cb 1.6E+07 Beta-sheet
5.7E+06 Co 173.6 48.5 Ca 5.5E+06
Ala3 5.5E+06 Ca 479 25.2 Ch 9.5E+06 Beta-sheet
Ala 4 1.4E+07 Ca 47.4 25.0 Cb 4.7E+06 Beta-sheet
Ala 5 1.6E+07 Ca 471 24.6 Ch 1.2E+07 Beta-sheet
Ala 6 5.9E+06 Ca 483 22.8 Cb 5.2E+06 Beta-sheet
5.7E+06 Ca 173.6 48.3 Ca 5.5E+06
Ala7 1.4E+07 Ca 51.8 18.4 Cb 3.9E+07 Random coil
1.1E+07 Co 176.6 51.8 Ca 1.9E+06
Ala 8 9.8E+05 Ca 50.6 19.2 Cb 1.1E+07 Beta-sheet
Co 177.0 50.6 Ca
Ala 9 7.6E+06 Ca 50.0 18.9 Cb 2.3E+07 Beta-sheet
3.6E+07 Co 175.1 50.0 Ca 3.0E+06
Ala 10 1.0E+07 Ca 51.5 17.2 Cb 1.6E+07 Random coil
Co 176.7 51.5 Ca
Ala 11 1.6E+06 Ca 51.0 17.2 Cb 3.2E+07 Random coil
Co 176.1 51.0 Ca
Ala 12 Ca 50.4 17.5 Cb Random coil
Co 1772 50.4 Ca
Ala 13 Ca 50.1 17.3 Cb Beta-sheet
3.6E+07 Co 175.2 50.1 Ca 3.0E+06
Ala 14 5.5E+06 Ca 484 16.6 Cb 1.2E+07 Random coil
5.7E+06 Co 173.6 48.4 Ca 5.5E+06
Arg 1 2.6E+07 Ca 54.2 31.5 Cb 4.4E+07 Beta-sheet

3.1E+06 Cb 31.5 249 Cc 3.2E+06
2.7E+07 Cd 406 24.9 Cc 2.4E+07
9.0E+07 Co 174.4 54.2 Ca 9.9E+07
Arg2 3.1E+06 Ca 53.5 30.4 Cb 3.6E+06 Beta-sheet
2.4E+06 Cb 30.4 25.8 Cc 1.3E+07
5.6E+06 Ccd 377 25.8 Cc 5.6E+06
6.2E+06 Co 175.6 53.5 Ca 1.2E+07
Arg3 2.6E+07 Ca 53.9 30.7 Cb 4.4E+06 Beta-sheet
1.8E+06 Cb 30.7 24.9 Cc 1.6E+06
2.7E+07 Cd 406 24.9 Cc 2.4E+07
9.0E+07 Co 173.9 53.9 Ca 9.9E+07
Arg 4 3.1E+06 Ca 53.7 30.1 Cb 3.6E+06 Beta-sheet
2.8E+07 Cb 30.1 252 Cc 3.1E+07
8.5E+07 Cd 41.6 252 Cc 6.9E+07
6.2E+06 Co 175.6 53.7 Ca 1.2E+07
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Arg 5 7.4E+06 Ca 55.8 29.8 Cb 1.6E+07 Random coil
7.0E+06 Cb 29.8 24.6 C 5.3E+06
8.5E+07 Cd 416 24.6 Cc 6.9E+07
2.4E+06 Co 1739 55.8 Ca 3.2E+06
Arg 6 4.5E+06 Ca 54.2 28.9 Cb 7.5E+06 Beta-sheet
1.3E+07 Cb 28.9 25.4 Cc 1.5E+07
8.5E+07 Cd 416 25.4 Cc 6.9E+07
9.0E+07 Co 1744 54.2 Ca 9.9E+07
Arg 7 3.3E+07 Ca 54.6 28.5 Cb 5.5E+07 Random coil
3.2E+06 Cb 28.5 25.0 Cc 7.6E+06
2.7E+07 Cd 404 25.0 Cc 2.4E+07
1.5E+07 Co 1765 54.6 Ca 3.6E+07
Asn 1 2.6E+07 Ca 52.6 393 Cb 1.9E+07 Random coil
9.4E+06 Cec 176.0 393 Cb 4.0E+06
2.6E+07 Co 1742 52.6 Ca 4.3E+07
Asn 2 2.2E+06 Ca 52.3 38.6 Cb 4.6E+06 Random coil
5.7E+06 Cc 1764 38.6 Cb 4.6E+06
2.6E+07 Co 1743 523 Ca 4.3E+07
Asn 3 9.1E+06 Ca 51.1 37.2 Cb 2.9E+07 Random coil
4.6E+07 Cc 1752 37.2 Cb 2.9E+07
3.6E+07 Co 1744 51.1 Ca 1.3E+07
Asp 1 6.7E+06 Ca 54.0 40.9 Cb 9.5E+06 Beta-sheet
1.4E+07 Cc 1789 40.9 Cb 1.3E+07
9.0E+07 Co 174.0 54.0 Ca 9.9E+07
Asp2 7.9E+06 Ca 53.1 40.3 Cb 1.2E+07 Random coil
6.7E+06 Cec 1778 40.3 Cb 1.2E+07
9.0E+07 Co 174.0 54.0 Ca 9.9E+07
Asp 3 2.0E+06 Ca 53.6 39.3 Cb 3.1E+07 Random coil
5.8E+07 Cec 1782 393 Cb 3.1E+07
6.2E+06 Co 175.6 53.6 Ca 1.2E+07
Asp 4 2.0E+06 Ca 54.1 37.6 Cb 3.1E+07 Random coil
1.5E+07 Cc 1783 37.6 Cb 3.5E+06
9.0E+07 Co 1752 54.1 Ca 9.9E+07
Gln 1 3.3E+07 Ca 54.6 28.4 Cb 5.5E+07 Random coil
9.1E+06 Cc 325 28.4 Cb 1.2E+07
1.1E+07 Cd 179.0 325 Cc 8.2E+06
9.0E+07 Co 1752 54.2 Ca 9.9E+07
Gln 2 3.1E+06 Ca 53.7 30.2 Cb 3.6E+06 Beta-sheet
7.3E+06 Ce 31.0 30.2 Cb 1.2E+07
Cd 1786 31.0 Ce 4.0E+07
9.0E+07 Co 1743 54.2 Ca 9.9E+07
Gln 3 1.4E+07 Ca 53.9 27.6 Cb 1.9E+07 Beta-sheet
2.7E+07 Cc 32.0 27.6 Cb 2.7E+07
Cd 1784 32.0 Cc 4.0E+07
9.0E+07 Co 1741 54.0 Ca 9.9E+07
Gln 4 7.4E+06 Ca 55.7 29.9 Cb 1.6E+07 Random coil
1.4E+06 Ce 333 29.9 Cb 1.8E+06
1.1E+07 Cd 1781 333 Cc 5.9E+06
2.7E+07 Co 175.5 55.7 Ca 1.0E+07
Gln 5 2.6E+07 Ca 54.4 30.5 Cb 4.4E+06 Beta-sheet
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6.5E+06 Ce 32.0 30.5 Cb 1.0E+07
Cd 1784 32.0 Ce 4.0E+07
9.0E+07 Co 1745 54.4 Ca 9.9E+07
Glu 1 7.4E+06 Ca 55.8 29.4 Cb 1.6E+07 Beta-sheet
5.7E+06 Ce 33.8 29.4 Cb 1.7E+07
2.3E+07 Cd 1829 33.8 Cc 4.2E+06
2.4E+06 Co 1739 55.8 Ca 3.2E+06
Glu 2 2.0E+06 Ca 54.0 254 Cb 2.2E+06 Random coil
2.8E+07 Ce 30.1 25.4 Cb 3.1E+07
9.0E+06 Cd 1827 30.1 Ce 8.0E+06
2.6E+06 Co 179.1 54.0 Ca 7.3E+06
Glu 3 4.5E+06 CA 54.1 29.1 Cb 7.5E+06 Beta-sheet
6.0E+06 Ce 349 29.2 Cb 1.7E+07
2.4E+07 Cd 1826 34.9 Ce 1.5E+07
9.0E+07 Co 1744 54.1 Ca 9.9E+07
Glu 4 7.6E+06 Ca 55.1 28.3 Cb 8.7E+06 Random coil
3.3E+07 Cc 34.4 28.3 Cb 4.6E+07
1.5E+08 Cd 1818 34.4 Ce 7.6E+07
3.5E+07 Co 175.2 55.1 Ca 1.4E+07
Gly 1 5.3E+06 Co 1699 42.6 Ca 6.9E+06 Beta-sheet
Gly 2 1.9E+07 Co 1711 43.4 Ca 9.7E+06 Random coil
Gly 3 3.5E+07 Co 1720 433 Ca 1.9E+07 Random coil
Gly 4 3.5E+07 Co 1728 43.6 Ca 2.9E+07 Random coil
Gly 5 2.8E+06 Co 1732 42.6 Ca 1.2E+06 Random coil
Ile 1 Ca 59.3 36.7 Cb Beta-sheet
1.3E+07 Cb 36.7 252  Cecl 1.7E+07
Cb 36.7 158 Cc2
Cel 252 11.1 Cd 2.7TE+07
1.4E+06 Co 1739 59.3 Ca 1.3E+07
Tle 2 Ca 59.3 36.7 Cb Beta-sheet
1.3E+07 Cb 36.7 254  Cecl 1.7E+07
Cb 36.7 158 Cc2
Cel 254 11.8 Cd
1.4E+06 Co 1742 59.3 Ca 1.3E+07
Tle 3 Ca 59.2 36.9 Cb Beta-sheet
1.3E+07 Cb 36.9 255  Cecl 1.7E+07
Cb 36.9 157 Ce2
Cel 255 12.0 Cd
1.4E+06 Co 1737 59.2 Ca 1.3E+07
Tle 4 4.8E+06 Cb 37.7 16.3 Cb 1.6E+07 Beta-sheet
Leu 1 6.0E+06 Ca 54.9 41.8 Cb 8.9E+06 Random coil
5.3E+06 Cb 418 26.6 Cc 1.6E+06
1.6E+06 Ce 26.6 21.5 Cd 1.1E+07
3.0E+07 Co 1758 54.9 Ca 3.6E+07
Leu2 4.8E+06 Ca 55.0 41.5 Cb 1.3E+07 Random coil
8.5E+07 Cb 415 25.4 Ce 6.9E+07
5.9E+06 Cc 25.4 21.9 Cd 1.2E+07
3.5E+07 Co 175.2 55.0 Ca 1.4E+07
Leu3 6.7E+06 Ca 542 40.8 Cb 3.5E+06 Beta-sheet
2.7E+07 Cb 408 25.1 Ce 2.4E+07
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7.0E+07 Ce 25.1 23.2 Cd 1.6E+07
9.0E+07 Co 1740 542 Ca 9.9E+07
Leu 4 7.9E+06 Ca 53.8 39.9 Cb 1.2E+07 Random coil
1.7E+08 Cb 399 27.0  Cc 1.1E+08
5.9E+06 Ce 27.0 22.2 Cd 2.1E+07
6.2E+06 Co 1762 53.8 Ca 1.2E+07
Leu 5 Ca 533 40.5 Cb Random coil
1.7E+08 Cb 405 27.2 Cc 1.1E+08
7.0E+07 Ce 27.2 22.9 Cd 6.0E+07
6.2E+06 Co 176.6 533 Ca 1.2E+07
Leu 6 Ca 533 40.6 Cb Beta-sheet
1.9E+07 Cb 406 27.8 Cc 1.0E+07
3.5E+06 Ce 27.8 233 Cd 1.5E+06
1.8E+07 Co 1759 533 Ca 3.0E+06
Leu7 2.6E+07 Ca 52.4 39.7 Cb 1.9E+07 Random coil
1.2E+07 Cb 397 28.8 Ce 2.0E+06
4.7E+06 Ce 28.8 23.0 Cd 9.9E+05
1.3E+07 Co 176.6 524  Ca 1.1E+07
Lys 1 2.6E+07 Ca 53.9 30.7 Cb 4.4E+06 Beta-sheet
5.4E+06 Cb 307 22.5 Ce 5.7E+06
5.9E+06 Cd 267 22.5 Ce 2.1E+07
5.5E+06 Ce 419 26.7 Cd 2.9E+06
9.0E+07 Co 1740 539 Ca 9.9E+07
Lys2 2.6E+07 Ca 54.0 31.9 Cb 4.0E+07 Beta-sheet
9.4E+06 Cb 319 23.1 Ce 3.8E+06
3.5E+06 Ccd 277 23.1 Ce 1.5E+06
1.9E+07 Ce 406 277 Cd 1.0E+07
9.0E+07 Co 1743 540 Ca 9.9E+07
Lys 3 2.6E+07 Ca 54.3 31.2 Cb 4.4E+07 Beta-sheet
4.2E+07 Cb 312 22.9 Ce 5.1E+07
7.0E+07 Cd 272 22.9 Ce 6.0E+07
1.7E+08 Ce 404 27.2 Cd 1.1E+08
9.0E+07 Co 17438 543 Ca 9.9E+07
Lys 4 4.7E+04 Ca 54.1 333 Cb 5.9E+06 Beta-sheet
6.5E+06 Cb 333 223 Cc 4.6E+06
5.9E+06 Cd 269 223 Cc 2.1E+07
1.7E+08 Ce  40.1 26.9 Cd 1.1E+08
9.0E+07 Co 1743 54.1 Ca 9.9E+07
Met 1 2.6E+07 Ca 54.7 30.6 Cb 4.4E+06 Random coil
6.5E+06 Ce 32.0 30.6 Cb 1.0E+07
3.4E+06 Ce 32.0 190 Cd 1.3E+07
1.9E+06 Co 1756 54.7 Ca 3.6E+07
Met 2 3.1E+06 Ca 53.6 30.2 Cb 3.6E+06 Random coil
7.3E+06 Cc 31.0 30.2 Cb 1.2E+07
6.1E+07 Cc 31.0 18.5 Cd 6.3E+07
6.2E+06 Co 1764  53.6 Ca 1.2E+07
Met 3 2.6E+07 Ca 53.8 30.7 Cb 4.4E+06 Random coil
7.3E+06 Cb 307 29.7 Ce 1.2E+07
2.6E+06 Cc 29.7 19.0 Cd 1.3E+07
6.2E+06 Co 1762 53.8 Ca 1.2E+07
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Met 4 2.6E+07 Ca 54.4 30.9 Cb 4.4E+07 Random coil
7.3E+06 Cb 30.9 29.8 Ce 1.2E+07
4.4E+06 Ce 29.8 17.6 Cd 9.7E+06
9.0E+07 Co 174.7 544 Ca 9.9E+07
Phe 1-u 2.0E+06 Cc 1386 1302 Cd 6.3E+06 Unknown
3.1E+06 Cd 1302 1293 Ce
7.1E+06 Ce 1293 1276 Cf 4.2E+06
Phe 2-u 2.0E+06 Cc 1386 1301 Cd 6.3E+06 Unknown
Cd 130.1 1294 Ce
5.9E+06 Ce 1294 1281 Cf 5.0E+06
Pro 1 Ca 60.6 30.5 Cb Random coil
2.4E+06 Cb 30.5 25.7 Ce 1.3E+07
1.3E+07 Cd  49.0 25.7 Ce 1.1E+07
Co 1753 60.6 Ca 2.3E+07
Pro2 Ca 61.3 30.1 Cb Random coil
2.8E+07 Cb 30.1 25.4 Cc 3.1E+07
2.6E+07 Cd 485 25.4 Ce 3.1E+07
Co 1754 61.3 Ca
Pro 3 2.2E+06 Ca 59.2 29.0 Cb 2.1E+06 Random coil
2.6E+07 Cb 29.0 25.3 Ce 3.0E+07
5.5E+06 Cd 479 25.2 Cc 9.5E+06
1.4E+06 Co 174.0 59.2 Ca 1.3E+07
Pro 4 1.5E+06 Ca 61.7 28.5 Cb 2.8E+06 Random coil
3.2E+06 Cb 28.5 25.0 Ce 7.6E+06
1.4E+07 Cd 474 25.0 Ce 4.7E+06
Co 1758 61.7 Ca
Pro 5 5.3E+06 Ca 62.0 29.8 Cb 8.4E+06 Random coil
7.0E+06 Cb 29.8 24.6 Ce 5.3E+06
1.6E+07 Cd 471 24.6 Ce 1.2E+07
2.7E+07 Co 1759 62.0 Ca 7.8E+06
Ser 1 1.1E+07 Cb 64.4 56.5 Ca 1.0E+07 Beta-sheet
Co 1727 56.6 Ca
Ser 2 1.5E+06 Cb 64.1 57.6 Ca 8.3E+05 Random coil
1.1E+07 Co 1756 57.6 Ca 7.2E+06
Ser 3 6.5E+06 Cb 63.9 56.2 Ca 3.1E+06 Beta-sheet
Co 1727 56.6 Ca
Ser 4 8.5E+06 Cb 63.2 58.1 Ca 4.4E+06 Random coil
7.6E+06 Co 176.9 58.1 Ca 3.5E+06
Ser 5 6.3E+07 Cb 62.1 56.6 Ca 3.1E+07 Random coil
3.5E+06 Co 176.1 56.6 Ca 1.1E+07
Thr 1 3.2E+07 Cb 68.0 60.4 Ca 2.2E+07 Beta-sheet
4.4E+07 Cb 68.0 19.6 Ce 1.9E+07
Co 1741 60.4 Ca
Thr 2 7.6E+06 Cb 68.9 61.1 Ca 3.1E+06 Beta-sheet
1.4E+07 Cb 68.9 19.4 Ce 2.9E+07
2.7E+07 Co 1739 61.1 Ca 2.8E+06
Thr 3 1.9E+06 Cb 70.8 59.9 Ca 7.9E+06 Beta-sheet
5.8E+06 Cb 70.8 17.5 Cc 1.3E+07
Co 1739 59.9 Ca
Tyr 1 9.1E+06 Cl 51.1 37.4 Cb 2.9E+07 Random coil
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Cc 1302 37.4 Cb
Cd 131.6 1302 Cc
Cd 1316 1167 Ce
8.4E+06 Cf 1564 116.7 Ce 2.9E+06
3.6E+07 Co 174.6 51.1 Ca 1.3E+07
Tyr2 9.1E+06 Ca 51.1 37.4 Cb 2.9E+07 Random coil
Cc 1302 37.4 Cb
4.4E+06 Cd 1312 1302 Cc
Cd 1312 1169 Ce
3.8E+06 Cf 1555 1169 Ce 6.8E+06
3.6E+07 Co 174.6 51.1 Ca 1.3E+07
Tyr 3 9.1E+06 Ca 51.1 37.4 Cb 2.9E+07 Random coil
Cc 1302 37.4 Cb
Cd 131.6 1302 Cc
Cd 131.6 1160 Ce
8.1E+06 Cf 1560 116.0 Ce 6.0E+06
3.6E+07 Co 174.6 51.1 Ca 1.3E+07
Tyr 4 9.1E+06 Ca 51.1 37.4 Cb 2.9E+07 Random coil
Cc 1302 37.4 Cb
Cd 131.6 1302 Cc
Cd 131.6 1165 Ce
8.3E+06 Cf 1551 1165 Ce 8.6E+06
3.6E+07 Co 174.6 51.1 Ca 1.3E+07
Tyr 5 9.1E+06 Ca 51.1 37.4 Cb 2.9E+07 Random coil
Cc 1302 37.4 Cb
Cd 131.6 1302 Cc
Cd 1316 1159 Ce
8.7E+06 Cf 1555 1159 Ce 8.5E+06
3.6E+07 Co 174.6 51.1 Ca 1.3E+07
Val 1 2.0E+06 Ca 61.6 31.4 Cb 9.5E+06 Random coil
1.1E+06 Cb 31.4 19.7 Ce 3.9E+06
2.7E+07 Co 175.8 62.1 Ca 7.8E+06
Val 2 Ca 62.1 29.8 Cb Random coil
4.4E+06 Cb 29.8 17.7 Ce 9.7E+06
2.7E+07 Co 1756 62.3 Ca 7.8E+06
Val 3 Ca 62.3 29.7 Cb Beta-sheet
2.6E+06 Cb 29.7 19.0 Cc 1.3E+07
Co 1748 61.5 Ca
Val 4 1.5E+07 Ca 61.2 303 Cb 3.9E+06 Beta-sheet
6.1E+06 Cb 30.3 19.5 Ce 6.8E+06
Co 17438 61.2 Ca
Val 5 Ca 60.7 30.1 Cb Beta-sheet
2.6E+06 Cb 30.1 18.4 Ce 1.8E+06
3.9E+07 Co 1721 60.7 Ca 3.1E+06
Val 7 Ca 60.1 30.9 Cb Beta-sheet
6.1E+07 Cb 30.9 18.5 Cc 6.3E+07
9.6E+06 Co 1724 60.1 Ca 2.1E+06
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Supplementary Table 11. Results of the amino acid quantification. SSNMR can
quantify the total amount of each amino acid, but also its relative abundance according
to their predicted secondary structure. Note that TALOS+ predicts B-sheet or random
coil environments, but that we cannot exclude the occurrence of PPII environment
within the predicted random coils. Amino-acid quantification can take into account
overlapping peaks only if they involve the same kind of residue, while two different
residue overlapping peaks cannot be used using our quantification methodology
(Supplementary Table 10). By analogy with glycan quantification, integrals are
normalized using the number of carbon integrated (tot nC) and, for comparison with
other residues, we take into account the number of spin system assigned (n spin syst.).
Results of the HPLC-based quantification are shown for comparison in the last column.

nC

n spin
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sumint. | nC overlap totnC  int/nCiotal syst. (int/nC)*nspin system % norm. | HPLC

TOTAL 3.4E+08 | 30 8 38 8.9E+06 14 1.2E+08 13.03

f:’ ¢ random 1.6E+08 12 6 18 8.8E+06 5 4.4E+07 4.64 5.30
b beta 1.8E+08 | 18 2 20 9.0E+06 9 8.1E+07 8.52
TOTAL 3.6E+08 | 18 4 22 1.6E+07 5 8.2E+07 8.59

5 crandom | 9.8E+07 | 10 0 10 9.8E+06 2 2.0E+07 2.06 8.10
b beta 2.6E+08 8 4 12 2.2E+07 3 6.6E+07 6.95
TOTAL 4.5E+08 | 20 0 20 2.3E+07 4 9.0E+07 9.40

g crandom | 3.5E+08 | 12 0 12 2.9E+07 2 5.8E+07 6.12 6.70
b beta 1.0E+08 8 0 8 1.3E+07 2 2.5E+07 2.66
TOTAL 1.8E+08 | 13 0 13 1.4E+07 4 5.6E+07 5.82

5 ¢ random 1.4E+08 9 0 9 1.5E+07 3 4.6E+07 4.83 9.00
b beta 4.3E+07 4 0 4 1.1E+07 1 1.1E+07 1.14
TOTAL 1.6E+08 | 10 0 10 1.6E+07 5 8.1E+07 8.46

g crandom | 1.5E+08 8 0 8 1.9E+07 4 7.5E+07 7.88 8.00
b beta 1.2E+07 2 0 2 6.1E+06 1 6.1E+06 0.64
TOTAL 2.4E+08 | 12 0 12 2.0E+07 3 6.1E+07 6.36

g crandom | 2.4E+08 | 12 0 12 2.0E+07 3 6.1E+07 6.41 1.00
b beta 0.0E+00 0 0 0 0.0E+00 0 0.0E+00 0.00
TOTAL 2.3E+08 | 19 5 24 9.4E+06 6 5.6E+07 5.88

;“ crandom | 3.0E+07 6 0 6 5.0E+06 2 1.0E+07 1.06 4.80
b beta 2.0E+08 | 13 5 18 1.1E+07 4 4.3E+07 4.56
TOTAL 3.2E+08 | 26 2 28 1.1E+07 7 7.9E+07 8.22

5 ¢ random 1.7E+08 18 0 18 9.3E+06 5 4.7E+07 491 3.50
b beta 1.5E+08 8 2 10 1.5E+07 2 2.9E+07 3.09
- TOTAL 2.1E+08 | 14 0 14 1.5E+07 4 5.9E+07 6.15

2 5.00
crandom | 0.0E+00 0 0 0 0.0E+00 0 0.0E+00 0.00



b beta 2.1E+08 | 14 0 14 1.5E+07 5.9E+07 6.19
TOTAL 2.4E+08 | 18 2 20 1.2E+07 5.9E+07 6.18

% ¢ random 1.5E+08 12 0 12 1.3E+07 3.8E+07 4.03 4.60
b beta 8.4E+07 6 2 8 1.0E+07 2.1E+07 2.20
TOTAL 3.9E+08 | 29 6 35 1.1E+07 5.6E+07 5.80

é crandom | 3.9E+08 | 29 6 35 1.1E+07 5.6E+07 5.84 8.00
b beta 0.0E+00 0 0 0 0.0E+00 0.0E+00 0.00
TOTAL 2.2E+08 | 14 2 16 1.4E+07 4.1E+07 4.23

E crandom | 0.0E+00 0 0 0 0.0E+00 0.0E+00 0.00 4.60
b beta 2.2E+08 | 14 2 16 1.4E+07 4.1E+07 4.26
TOTAL 7.6E+07 | 11 0 11 6.9E+06 4.8E+07 5.05

%‘) crandom | 2.7E+07 3 0 3 9.1E+06 1.8E+07 1.91 2.40
b beta 4.9E+07 8 0 8 6.1E+06 3.1E+07 3.21
TOTAL 1.0E+08 9 11 20 5.1E+06 2.0E+07 2.13

= crandom | 0.0E+00 0 0 0 0.0E+00 0.0E+00 0.00 2.00
b beta 1.0E+08 9 11 20 5.1E+06 2.0E+07 2.15
TOTAL 45E+07 | 11 2 13 3.5E+06 7.0E+06 0.73

E crandom | 4.5E+07 | 11 2 13 3.5E+06 7.0E+06 0.73 5.50
b beta 0.0E+00 0 0 0 0.0E+00 0.0E+00 0.00
TOTAL 1.1IE+08 | 17 23 40 2.9E+06 1.4E+07 1.49

E‘ crandom | 1.1E+08 | 17 23 40 2.9E+06 1.4E+07 1.51 1.60
b beta 0.0E+00 0 0 0 0.0E+00 0.0E+00 0.00
TOTAL 0.0E+00 0 0 0 0.0E+00 0.0E+00 0.00

‘é crandom | 0.0E+00 0 0 0 0.0E+00 0.0E+00 0.00 5.60
b beta 0.0E+00 0 0 0 0.0E+00 0.0E+00 0.00
TOTAL 1.8E+07 3 0 3 5.9E+06 2.4E+07 2.48

g ¢ random 1.8E+07 3 0 3 5.9E+06 2.4E+07 2.50 3.00
b beta 0.0E+00 0 0 0 0.0E+00 0.0E+00 0.00
TOTAL 0.0E+00 0 0 0 0.0E+00 0.0E+00 0.00

E& crandom | 0.0E+00 0 0 0 0.0E+00 0.0E+00 0.00 2.80
b beta 0.0E+00 0 0 0 0.0E+00 0.0E+00 0.00
TOTAL 0.0E+00 0 0 0 0.0E+00 0.0E+00 0.00

5\ crandom | 0.0E+00 0 0 0 0.0E+00 0.0E+00 0.00 0.20
b beta 0.0E+00 0 0 0 0.0E+00 0.0E+00 0.00

48



Supplementary Table 12. Amino acid composition of wt and bald2 C. reinhardtii
strains. These quantities are obtained by HPLC from cell-wall extracts. Amino acids
highlighted in orange are the amino acids that can be involved in O- or N-glycosylation.
Therefore, standard deviation given in the last column represent a statistical analysis
over 4 different samples.

wt-1 wt-2 bald2-1 bald2-2 Relative mole (%)

Amino acid Relative mol (%) Relative mol (%) | Relative mol (%) | Relative mol (%) avg stdDev
Asx (Asnt+Asp) 15.0 15.2 14.6 14.5 14.8 0.3
GIx(Glu+Gln) 18.9 18.6 19.4 19.2 19.0 0.3
Hydroxyproline 1.0 1.2 0.8 1.1 1.0 0.1
Serine 5.2 5.2 4.9 4.8 5.0 0.2
Glycine 8.5 7.8 7.7 8.1 8.0 0.3
Histidine 1.9 22 1.8 2.0 2.0 0.1
Arginine 3.6 3.7 3.0 3.5 3.5 0.3
Threonine 4.8 42 53 4.6 4.7 0.4
Alanine 10.5 11.0 10.8 11.2 10.9 0.3
Proline 5.0 4.7 4.5 5.0 4.8 0.2
Tyrosine 2.0 2.6 2.5 23 2.4 0.2
Valine 6.0 5.2 5.7 5.6 5.6 0.3
Methionine 1.7 1.4 2.0 1.4 1.6 0.2
Isoleucine 2.6 2.9 35 32 3.1 0.3
Leucine 5.1 5.8 5.4 5.8 5.5 0.3
Phenylalanine 2.9 32 2.7 22 2.8 0.4
Lysine 5.3 5.1 5.4 5.5 53 0.1
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Supplementary Table 13. Protein-glycan contacts detected by MAS-DNP in the
cell wall. MAS-DNP 3C-'>C DARR spectra allows identification of contacts between
hydroxyproline/threonine (red and green values, respectively, on the left table) and
surrounding glycans. Despite low MAS-DNP resolution, specific glycan to amino acid
contacts could be detected with Hyp or Thr (red and green values, respectively, on the
right table) or both (bold underlined values).

Amino acid o1 (ppm) AA Sugar unit Ci C: Cs Cq4 Cs Cs
Hyp 58.8 Hypa Manl 104.5 73.9 74.9 81.7 772 61.8
34.8 Hypb Man2 97.7 74.6 76.2 65.7 772 61.4
73.1 Hypc Man3 100.8 71.5 73.6 67.8 77.1 61.8
50.2 Hypd Man4 103.6 72.2 75.4 67.9 77.2 61.9
Thr 19.6 Thre Man5 100.2 76.8 71.4 68.4 77.7 65.7
19.4 Thre Man6 102.4 67.8 77.2 65.7 76.0 62.1
17.5 Thre Man7 101.7 67.9 77.1 65.6 76.0 62.1
Mang 103 71.1 77.1 67.8 75.3 63.1
Man9 94.6 69.9 78.1 68.3 74.1 64.9
Manl10 96.7 70.4 76.8 65.8 76.0 62.2
Manl1 97.6 68.6 80 66.2 76.9 61.9
Man12 96.8 68.6 80.8 66.3 76.9 61.5
Man13 94.5 70.2 78.6 66.7 77 61.8
Manl4 99.2 73.6 78.5 65.9 70.5 66.2
Aral 110.3 824 71.6 81.8 61.8
Ara2 110.1 82.2 71.7 81.7 61.8
Ara3 109.8 81.9 772 81.4 66.1
Ara4 109.8 81.8 75 81.3 67.2
Gall 103.5 72.1 75.4 67.7 72.2 61.8
Gal2 98.5 72.4 73.7 71.7 75.1 62.9
Gal3 105.8 73.3 75 81.1 74.8 64.8
Rhal 100.4 77.1 70.2 71.7 70.3 17.8
Rha2 100.4 77.1 70.2 71.9 69.8 17.6
Rha3 100.3 70.2 78.7 73.6 70.9 17.4
Glel 100.4 69.6 74.1 72.5 70.9 63.6
Gle2 100 76.8 71.3 63.8 71.8 61.9
Xyll 97.7 76.1 77.2 67.7 60.2
Xyl2 100.3 70.8 75.9 74.8 64.9
Xyl3 100.9 77.4 75.1 79.5 67.8
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Supplementary Table 14. Glycoproteomics and identification of hexose modified proteins/peptides. These
proteins/peptides were identified using ConA-LWAC enrichment. The accession number is based on taxonomy ID
3A3052 29 downloaded from Uniprot (May 13, 2023), and the table includes identifications for Chlamydomonas reinhardtii
only. The “Modification” column indicates number of hexoses identified on each peptide; the specific site is indicated for
specific entries based on the reliability of MS/MS data. Mass accuracy of precursor ions and deviation (ppm) from theoretical
glycopeptide mass is indicated in the last column.

Protein Peptide Accession (Uniprot) Modification Activation Charge m/z A ppm
Guanylate cyclase domain-containing protein VLSLASNDLVGTLPHALSR A0A2K3DIV2 T12(Hex) ETciD 3 709.05511 0.37
Guanylate cyclase domain-containing protein VLSLASNDLVGTLPHALSR AOA2K3DIV2 T12(Hex) ETciD 3 709.05505 0.28
Guanylate cyclase domain-containing protein VLSLASNDLVGTLPH A0A2K3DIV2 T12(Hex) ETciD 2 849.45160 0.15
Guanylate cyclase domain-containing protein VLSLASNDLVGTLPHAL AOA2K3DIV2 T12(Hex) ETciD 2 941.51227 0.21
Guanylate cyclase domain-containing protein VLSLASNDLVGTLPH A0A2K3DIV2 T12(Hex) ETciD 2 849.45227 0.94
Guanylate cyclase domain-containing protein VLSLASNDLVGTLPHALS AOA2K3DIV2 T12(Hex) ETciD 2 985.02826 0.18
Guanylate cyclase domain-containing protein VLSLASNDLVGTLPHALSR A0A2K3DIV2 (Hex) HCD 3 709.05511 0.37
Guanylate cyclase domain-containing protein VLSLASNDLVGTLPHALSR AOA2K3DIV2 (Hex) HCD 3 709.05505 0.28
Guanylate cyclase domain-containing protein VLSLASNDLVGTLPH A0A2K3DIV2 (Hex) HCD 2 849.45160 0.15
Guanylate cyclase domain-containing protein VLSLASNDLVGTLPHALS AOA2K3DIV2 (Hex) HCD 2 985.02856 0.49
Guanylate cyclase domain-containing protein VLSLASNDLVGTLPHAL A0A2K3DIV2 (Hex) HCD 2 941.51227 0.21
Guanylate cyclase domain-containing protein VLSLASNDLVGTLPH AOA2K3DIV2 (Hex) HCD 2 849.45227 0.94
Guanylate cyclase domain-containing protein VLSLASNDLVGTLPHALS AO0A2K3DIV2 (Hex) HCD 2 985.02826 0.18
Guanylate cyclase domain-containing protein VLSLASNDLVGTLPHAL AOA2K3DIV2 (Hex) HCD 2 941.51245 0.40
::'::::::tgfgﬁ‘a;:;:::‘“'“g D eininaipianti/pe ISGTLPPSWQSWQSVR AOA2K3DOL8 (Hex) HCD 2 995.99768 0.57
:Z‘:‘:'a'::Z::t;e"’:ﬁ;:z;:;"'"g N-terminal plant-type DNSFSGTLPDSWQLLR AOA2K3DTP7 (Hex) HCD 2 999.47589 | -0.33
:i‘:'a':::'::t'ael:;t:g;t;:‘“'“g S=ininaliplontityie NPNIAGSLPPEWAAGL AOA2K3DTP7 S7(Hex) HCD 2 884.94159 0.34
:i‘:::::'::trae"‘:ler::z:z:l"'"g N-terminal plant-type DNSFSGTLPDSWQLLR AOA2K3DTP7 (Hex) HCD 2 999.47614 -0.08
::'::::::tgfgﬁ‘a;:;:::‘“'“g D eininaipianti/pe LVGTVPEVLGSLPYLSR AOA2K3DN96 (Hex) HCD 2 981.54352 0.15
Oxygen-evolving enhancer protein 2, chloroplastic VTNKSGFVPYAGDGFALLLPAK P11471 S5(Hex-Hex) ETciD 3 863.78308 0.46
Oxygen-evolving enhancer protein 2, chloroplastic HQLIGATVGSDNKLYIIK P11471 S10(Hex-Hex) ETciD 3 765.40918 0.16
Protein kinase domain-containing protein HLVLPAATK AOA835SF10 T8(Hex-Hex) HCD 2 637.34888 1.50
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Uncharacterized protein SGTLPALPTSLQVLR AOA2K3DV32 (Hex) HCD 3 ‘ 572.32440 ‘ 0.02
Uncharacterized protein SSNSFSGTLPALPTSLQVLR A0A2K3DV32 (Hex) HCD 2 1119.08630 -0.32
Uncharacterized protein SNSFSGTLPALPTSLQVLR AO0A2K3DV32 (Hex) HCD 2 ‘ 1075.57080 ‘ 0.14
Uncharacterized protein NSLSGTLPR AOA2K3DV32;A0A835TDM1 (Hex) HCD 2 553.78815 0.16
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Supplementary Table 15. 3C DARR cross-peak intensities and calculated
hydration level. Resonance-specific
(Supplementary Fig. 12) were used for this hydration level calculation.

control and water-edited

S;T;:n R;i(;ll‘(/:d S/S0 el:;(:_r average/unit
Lys-c-1-b/c 023 0.12
Lys-c-1-e/d 0.14  0.05
Lys-c-2-a/b 028 0.12

Lys Lys-c-2-b/c 0.07  0.03
Lys-c-2-e/d 0.05 0.02
Lys-c-3-b/c 0.08 0.03
Lys-c-4-b/c 0.10  0.05 0.14
Asp-b-1-c/b  0.02 0.0l
Asp-b-2-c/b  0.01 0.0l

Asp Asp-c-3-¢/b 0.07  0.02
Asp-a-4-a/b 0.02 0.01
Asp-a-4-c/b  0.04  0.01 0.03
Asn-b-1-¢c/b  0.20  0.09
Asn-b-1-o/a 022 0.07
Asn-b-2-a/b 0.13  0.05

Asn Asn-b-2-¢c/b  0.34  0.14
Asn-b-2-o/a 022 0.07
Asn-c-3-¢/b  0.06  0.02 0.20
Glu-c-1-a/b 0.03  0.01
Glu-c-1-d/c 0.04 0.01
Glu-c-1-o/a 0.06 0.03
Glu-a-2-a/b 0.06 0.03

Glu Glu-a-2-d/c 0.05 0.01
Glu-c-3-d/c 0.03  0.01
Glu-c-4-a/b 0.02  0.01
Glu-c-4-c/b 0.06  0.02
Glu-c-4-d/c 0.07  0.02 0.05
Gln-b-1-c/b 0.01  0.02
Gln-b-1-d/c 0.09 0.17
Gln-b-2-d/c 0.05 0.02
Gln-c-3-d/c 0.04  0.07
Gln-b-4-a/b 0.07  0.02

Gln
Gln-b-4-c/b 0.02 0.0l
Gln-b-4-d/c 0.03 0.0l
Gln-b-5-c/b 0.07  0.02
Gln-b-5-d/c 0.04 0.01
Gln-b-5-0/a  0.03  0.01 0.05
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Pro-c-1-b/c 0.07  0.03
Pro-c-1-d/c 0.06 0.02
Pro-c-1-o/a 0.11  0.04
Pro-c-2-a/b 0.01  0.03
Pro-c-2-b/c 0.02  0.01
Pro-c-2-d/c 0.03  0.06
Pro-b-3-b/c 0.08 0.03
Pro-b-3-d/c 0.09 0.04
Pro
Pro-b-3-o/a 022 0.00
Pro-c-4-a/b 0.05 0.02
Pro-c-4-b/c 0.00  0.00
Pro-c-4-d/c 0.02 0.01
Pro-c-5-a/b 0.02  0.01
Pro-c-5-b/c 0.03  0.01
Pro-c-5-d/c 0.13  0.05
Pro-c-5-o/a 0.18  0.09 0.07
Arg-b-1-b/c 0.17  0.05
Arg-b-2-d/c 0.11  0.04
Arg Arg-b-3-b/c 0.09 0.03
Arg-c-5-b/c 0.07 0.03
Arg-c-6-b/c 0.16 0.06 0.12
Gly-b-1-o/a  0.04  0.01
Gly-c-2-o/a 0.02 0.01
Gly Gly-c-3-o/a 0.03 0.01
Gly-c-4-o/a 0.02 0.01
Gly-a-5-o/a 0.03  0.01 0.03
Ala-b-1-a/b 0.06  0.02
Ala-b-2-a/b 0.03  0.01
Ala-b-3-a/b 0.09 0.03
Ala-b-4-a/b 0.02 0.01
Ala-b-5-a/b 0.13  0.06
Ala-b-6-a/b 0.05 0.02
Ala-c-7-a/b 0.01  0.00
Ala Ala-c-9-a/b 0.02 0.01
Ala-c-10-a/b  0.00  0.00
Ala-c-10-0/a  0.01  0.00
Ala-c-11-a/b  0.01  0.00
Ala-c-11-0/a  0.10  0.04
Ala-c-12-a/b  0.07  0.02
Ala-c-13-a/b  0.14  0.05
Ala-c-14-a/b  0.17  0.05 0.06
Tyr Tyr-b-1-c/b 0.05 0.02
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Tyr-b-1-d/c 0.06 0.03
Tyr-b-1-d/e 0.04 0.01
Tyr-b-1-fle 0.14  0.04
Tyr-b-2-f/e 0.19 0.08
Tyr-b-3-c/b 0.05 0.02
Tyr-b-3-d/c 0.06  0.02
Tyr-b-3-d/e 0.18  0.07
Tyr-b-3-fle 0.16  0.05
Tyr-b-4-c/b 0.05 0.02
Tyr-b-4-d/c 0.06 0.03
Tyr-b-4-d/e 0.04 0.02
Tyr-b-4-fle 0.19 0.07
Tyr-b-5-c/b 0.05 0.01
Tyr-b-5-d/c 0.06  0.02
Tyr-b-5-d/e 0.18  0.08
Tyr-b-5-f/e 0.02  0.01 0.09
Leu-a-1-a/b 0.10  0.04
Leu-a-1-b/c 0.07  0.02
Leu-a-1-c/d 0.15  0.05
Leu-a-2-c/d 0.07  0.04
Leu-a-3-a/b 0.09 0.03
Leu-a-3-c/d 0.08 0.03
Leu
Leu-c-5-a/b 0.05  0.02
Leu-c-6-b/c 0.02  0.01
Leu-c-6-o/a 0.02  0.01
Leu-c-7-b/c 0.15  0.04
Leu-c-7-c/d 0.07  0.03
Leu-c-7-o/a 0.02  0.01 0.08
Met Met-c-1-c/d 0.12  0.04 0.12
Val-c-1-o/a 0.16  0.06
Val-a-2-a/b 0.01  0.01
Val-a-2-b/c 0.10  0.03
Val-a-3-a/b 0.11  0.04
Val Val-c-4-a/b 0.01  0.00
Val-c-4-b/c 0.07  0.02
Val-c-5-a/b 0.02  0.01
Val-c-5-b/c 0.07  0.03
Val-c-6-a/b 0.02 0.01
Val-c-6-o/a 0.02  0.01 0.06
Ile-c-1-a/b 0.05 0.02
Ile-c-1-c1/d 0.03 0.0l
Ile
Ile-c-2-b/c2 0.06 0.02
Ile-c-3-c1/d 0.04 0.01
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Ile-u-4-b/c 0.06 0.03 0.05
Phe-u-1-c/d 0.10  0.05
Phe-u-1-¢/f  0.05 0.02
Phe Phe-u-2-c/d 0.10  0.03
Phe-u-2-d/e 0.08 0.04
Phe-u-2-e¢/f  0.02  0.01 0.07
Hyp-u-a/b 0.86 0.16
Hyp Hyp-u-c/b 0.84 0.17
Hyp-u-c/d 0.85 0.16 0.85
Ser-b-1-b/a 0.40  0.08
Ser-b-1-o/a 0.41  0.09
Ser-b-2-b/a 023 0.05
Ser-b-2-o/a 031  0.07
Ser Ser-b-3-b/a 031  0.07
Ser-c-4-b/a 033  0.08
Ser-c-4-o/a 0.27  0.06
Ser-c-5-b/a 042 0.10
Ser-c-5-o/a 0.50 0.11 0.35
Thr-b-1-b/c 032 0.07
Thr-b-2-b/a 0.47  0.10
Thr-b-2-b/c 0.50  0.10
Thr Thr-b-2-0/a 0.49  0.09
Thr-b-3-b/a 0.58 0.11
Thr-b-3-b/c 0.46  0.08
Thr-b-3-0/a 0.57  0.13 0.49
Ac-1 021  0.05
Ac-2 0.13  0.03
GlcNAc
Ac-3 0.16  0.04
Ac-4 022  0.05 0.18
Ara-1-2/3 0.37  0.09
Ara-2-4/5 0.46  0.09
A Ara-3-1/2 0.66 0.14
Ara-4-4/5 0.19 0.04 0.42
Gal-2-1/2 090 0.21
Gal-2-3/2 0.81 0.18
Gal Gal-3-1/2 0.74  0.15
Gal-3-4/5 0.81 0.18
Gal-3-5/6 0.84 0.19 0.82
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Gle-1-1/2 046 0.11
Glc-1-3/4 0.36  0.08
Gle Glc-1-4/5 0.51  0.11
Glce-2-1/2 0.41  0.08
Glce-2-3/4 0.37  0.08 0.42
Man-1-1/2 0.25  0.06
Man-1-4/5 0.72  0.16
Man-1-5/6 0.54 0.11
Man-2-1/2 0.53  0.13
Man-3-1/2 0.73  0.17
Man-3-5/6 091 0.20
Man-4-1/2 0.78 0.18
Man-4-3/2 0.87  0.19
Man-4-5/4 0.79  0.16
Man-5-1/2 0.34  0.08
Man-5-2/3 032 0.07
Man-6-3/2 0.79  0.17
Man-6-3/4 0.69 0.15
Man-6-5/6 0.18 0.04
Man-7-1/2 0.67 0.14
Man Man-7-3/2 0.74  0.15
Man-8-3/4 0.79  0.19
Man-8-5/6 049 0.11
Man-9-1/2 0.41  0.09
Man-9-3/2 024 0.05
Man-9-3/4 0.27  0.06
Man-9-5/4 0.26  0.06
Man-10-1/2 0.35  0.08
Man-10-3/2 0.75 0.18
Man-11-3/2 0.39  0.08
Man-11-3/4 0.70  0.16
Man-11-5/6 0.66 0.14
Man-12-3/2 0.41 0.10
Man-12-5/4 0.66 0.16
Man-13-3/2 031  0.07
Man-14-3/2 0.36  0.08 0.55
Rha-1-5/6 026  0.05
Rha-2-1/2 0.59 0.14
Rha Rha-2-5/6 0.37  0.09
Rha-3-1/2 0.54  0.13
Rha-3-5/6 0.38  0.09 0.43
Xyl Xyl-1-1/2 052 0.11
Xyl-1-3/2 0.60 0.14
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Xyl-2-1/2
Xyl-2-3/4
Xyl-3-2/3
Xyl-3-4/3
Xyl-3-4/5

0.56
0.37
0.59
0.45
0.68

0.12
0.08
0.13
0.10
0.16

0.54
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Supplementary Table 16. Resonance-specific '3C intensity DNP build-up.
Intensities are measured on 1D 13C MAS-DNP spectra at 600 MHz/395 GHz, using
AMUPol as polarizing agent and 8 kHz MAS frequency. Intensities are indicated as a
function of DNP microwave (MW) time and plotted on Supplementary Fig. 13.

Tentative assignment is given but the resolution is not as good as on 2D spectra.
MW time

Assignment 3¢ 8(ppm) 01 02 04 08 16 32 64 128 256

lle Cy 15.6 34 68 146 262 453 678 880 984  100.0

Leu Gs 21.7 32 73 149 281 485 729 918 989  100.0

lle Cy/Pro C,/Ala Cp/Arg Cy 252 28 64 136 263 461 712 909 985  100.0

z GG 299 28 70 138 266 464 715 917 995  100.0
g Glu C;/Hyp Cp/Glu Cy 34.7 30 68 142 265 469 719 922 993  100.0
F LaG 39.8 27 68 134 261 462 714 918 993  100.0
< AlC, 49.6 28 69 143 264 458 706 905 993  100.0
Asn Cy 52.9 30 66 138 261 463 710 912 99.0  100.0

Ala Co 173.5 31 70 142 270 477 735 929  99.6  100.0

Hyp Ca 58.7 33 73 149 281 487 735 923 99.4  100.0
glycan C¢/ Val Ca 62.5 34 76 154 290 500 747 931 992  100.0

Man Cyss 65.8 36 79 158 296 504 751 931  99.1  100.0

»  Man C/Rha Cs/Gle G 69.8 36 80 158 298 505 753 932 992  100.0
_§, Gal C2 73.0 36 79 158 300 511 757 936 993  100.0
* AnG 82.3 44 82 166 307 531 783 970 999  100.0
Gal Ci 98.5 3.7 84 161 304 513 759 945 989  100.0
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Supplementary Table 17. Assignment of 1D INEPT and CP 3C ssNMR peaks.

Amino acids Glycans

BC S (ppm)  Assignment cp 3C & (ppm)  Assignment cp
54.1 AspdCa X 81.7 Man1C4 X
179.1 Glu2Co X 77.2 ManlC5 X
30.1 Glu2Cy X 61.4 Man2C6 X
28.3 GludCB X 103 Mang8C1 X
179.0 GInlCs X 67.8 Man8C4 X
30.5 Gln5CB X 69.9 Man9C2 X
58.8 Hyp1Ca. X 96.7 Man10C1 X
50.2 HyplCs X 97.6 Manl1C1 X
59.2 Pro3Ca X 80.8 Man12C3 X
315 ArglCB X 94.5 Man13C1 X
30.4 Arg2CB X 67.7 GallC4 X
55.8 Are5Ca X 105.8 Gal3Cl1 X
173.9 Th2Co X 81.1 Gal3C4 X
43.6 Gly4Ca X 69.8 Rha2C5 X
17.3 Alal3CB X 73.6 Rha3C4 X
51.1 Tyr4Ca X 69.6 GlelC2 X
130.2 Tyr5Cy X 74.1 GlclC3 X
23.0 Leu7Cs X 67.7 Xyl1C4 X
53.8 Met3Cal X 100.3 Xyl2C1 X
172.4 Val6Co X 74.8 Xyl2C4 X
1 Tle1C3 X
173.7 e3Co X
16.3 Tle4Cy2 x
128.1 Phe2Ce X
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Supplementary Table 18. 13C resonance CP intensity build-up in C. reinhardtii’s cell wall extract. Tentative
assignments are given but one-dimensional experiments involve peak overlapping compared to 2D spectra.

CP (ms)

Assignment B s om 0.001  0.01  0.05 0.1 0.2 03 05 075 1 15 2 3 4 5 7.5 10

Ile Cy 15.4 0.00 005 021 044 086 089 1.00 092 093 089 08 078 070 0.63 051 041

Tle Cy 16.3 0.00 002 023 045 088 087 1.00 089 095 08 08 076 0.69 061 052 042

Met Cs/Val Cy/Ala Cp 19.2 0.0l 003 020 032 085 093 100 095 098 093 08 08 073 066 051 042

Leu Cs 21.7 0.01 004 029 039 083 093 1.00 099 098 095 090 08 074 064 051 030

2 ArgC/ProCy 24.9 0.01 008 042 050 09 096 1.00 099 097 092 087 076 0.67 061 048 0.8

8 Val CyMet C, 29.7 0.01 0.1 027 047 084 095 1.00 098 096 091 085 075 0.67 060 049 039

é Hyp Cp/Glu C; 35.0 0.01 019 034 062 08 09 1.00 095 090 084 078 070 0.63 057 046 036

® Arg Cy/lle Cp 37.9 0.02 016 039 061 077 093 100 096 091 085 078 067 060 054 043 036

Ala Cq 50.0 0.0l 016 029 059 078 092 1.00 094 088 085 080 072 065 058 047 040

Val Co/Pro Cq 61.4 0.0l 005 030 032 065 075 08 08 094 099 100 094 085 079 064 053

Phe C: 128.6 0.01 005 045 060 08 095 1.00 096 088 084 077 063 058 054 043 031

Co 172.2 0.00 001 010 033 050 066 078 092 097 097 100 097 090 079 064 049

glycan Cs 63.2 001 006 037 052 08 09 1.00 097 098 099 097 095 089 083 073 0.66

Gle C2/Rha Cs/Man C> 69.7 0.01 009 047 064 085 091 097 1.00 1.00 099 097 090 08 076 063 0.54

Gal C2 73.2 0.0 009 047 064 084 090 094 097 098 100 098 093 085 079 066 0.58

Man C3 76.4 0.01 007 035 048 062 075 083 089 093 099 100 097 08 082 067 0.57

Ara C; 82.1 0.02 010 057 078 088 098 1.00 097 096 093 091 08 077 071 060 051

. A 83.9 0.0l 011 057 073 091 099 1.00 095 093 090 087 08 073 067 054 045

§ Man C; 94.8 0.00 014 053 070 080 094 099 099 1.00 097 094 08 078 072 056 046

S MawXyl C 97.1 001 005 033 046 053 069 079 088 096 1.00 098 086 079 071 053 043

Gal Cy 98.2 0.00 012 058 080 083 1.00 1.00 097 096 095 091 083 075 069 057 049
Man/Rha/Xyl/Rha/Glc

Ci 100.2 0.02 009 047 063 074 087 092 096 098 1.00 098 090 084 079 065 0.56

Man/Gal C: 103.6 001 004 029 037 062 079 08 099 098 1.00 094 082 070 062 046 032

Ara C 109.4 002 009 046 069 08 093 100 1.00 098 096 097 092 081 074 064 057

Ara C 108.5 001 008 045 066 08 096 100 094 094 093 088 079 073 065 052 043
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Supplementary Table 19. '3C resonance CP intensity build-up in C. reinhardtii’s starch. Resonance-specific *C
intensity build-up as a function of cross-polarization (CP) time in starch purified from C. reinhardtii °. Assignments are
given as described before!”.

cp

:m(;)“ 0.01 0.025 0.05 0.075 0.1 0.25 0.5 0.75 1 2 3 5
Cl am 102.6 0.12 0.29 0.52 0.83 1.00 1.00 1.00 0.76 0.72 0.60 0.56 0.48
Cla 101.2 0.13 0.36 0.60 0.92 0.97 0.94 1.00 0.97 0.96 0.92 0.86 0.80
—_ Clb 100.6 0.12 0.33 0.57 0.86 1.00 0.96 0.96 0.93 0.96 0.93 0.87 0.81
E E Clc 99.5 0.12 0.33 0.55 0.87 1.00 0.93 0.98 0.89 0.88 0.87 0.82 0.76
§ % C4 am 80.8 0.14 0.34 0.53 0.80 0.98 1.00 0.90 0.84 0.71 0.60 0.54 0.47
G < C3 75.4 0.12 0.33 0.56 0.85 1.00 0.97 0.99 1.00 0.97 0.87 0.77 0.71
C3 74.1 0.11 0.30 0.54 0.82 1.00 0.97 0.97 0.94 0.91 0.80 0.72 0.68
Cs 72.1 0.10 0.28 0.48 0.76 0.92 1.00 0.99 0.92 0.93 0.86 0.81 0.74
Co6 61.7 0.12 0.31 0.53 0.80 0.93 0.97 1.00 0.93 0.93 0.86 0.77 0.69
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Supplementary Table 20. List of experiments performed in this work and acquisition time. Key parameters used for

acquisition are also presented.

Cell-wall extract

. Temperature Spinning Initial . Mixing Recycling Number Number of Total
Interest Technique frequency s Experiment . . .
(K) (KHz) polarization time delay (s) of scans increments time (h)
Composition ssNMR 800 INADEQUATE
& Structure MHz 283 13.5 DP + THALOS* 2 64 350 12.6
CP 13C T (us) 3 32 12 0.3
1
SSNMR 600 Cp H T, (us) 3 32 12 0.3
MHz 293 15
DP BC T (us) 10 32 17 1.5
CP 'H Ti (us) 10 32 19 1.7
DP 1D DP 30s 30 128 0.0
DP IDDP2s 2 128 0.0
<sNMR 800 CP 1D CP 2 128 0.0
MHz 283 13.5
INEPT 1D INEPT 4 128 0.0
@ CP INADEQUATE 1.5 64 200 5.4
Q
g cp DARR 1.75 32 600 9.4
S E
g § CpP DARR 25 ms 2.5 64 256 11.4
<
< CP PDSD 250 ms 2.5 32 256 5.7
Cp DARR 300 ms 3 32 256 6.9
SSNMR 600 CP PDSD Is 3 32 256 6.9
MHz 293 15
long CP (10 ms) PDSD Is 3 32 256 6.9
long CP (10 ms) DARR 300 ms 3 32 256 6.9
CP + BC Ty, filter DARR 25 ms 3 64 256 13.7
CP + 13C Ty, filter PDSD 250 ms 3 69 256 14.8
ssNMR 600
MHz at 98 8 cp DARR 50 ms 2.86 16 512 6.6
cryogenic
temperature
Deglycosylation SSNMEZ@O 278 15 cp DARR 50 ms 2.5 64 256 11.4
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NMR 800 cp DARR 50 ms 1.75 32 600 94
Hydration 88 MHy 283 135 cp
- DARR 50 ms 1.75 2 600 9.4
& water edition
cp DARR 50 ms 2.86 16 512 6.6
cp PDSD 155 2.86 16 400 5.1
MAS-DNP
600 MHz [Iw 100 8 DP INADEQUATE 2.99 16 533 7.1
on
cpP NCa 0 28 16 533 6.7
Protein-glycan cp NCaCx 100 ms 2.8 16 533 6.7
contacts
NMR 800 cp NCa 0 1.5 48 180 36
MHy 283 135
cp NCaCx 100 ms 15 48 180 36
NMR 600 cp DARR 300 ms 3 2 256 6.9
MHy 278 15
cp PDSD Is 3 32 256 6.9
Composition DP INADEQUATE 2 64 350 12,6
- Dynamic filters SSNMR 800 5 s CP INADEQUATE 1.5 64 200 5.4
5} .
b Structure MHz cp DARR 50 ms 1.75 3 600 9.4
5
§ Hydration & watf(:iPe dition DARR 50 ms 1.75 32 600 9.4
MAS-DNP
Structure 600 MHz [w 100 8 CP DARR 50 ms 2.86 16 512 6.6

on
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Supplementary Table 21. List of replicates used for ssNMR in this study. All the
replicates showed identical overall composition and architecture based on 1D experiments
(DP with 2 and 30 s recycling delay, CP and INEPT pulse sequences) that were ran on all
the samples. Replicates consist in different cell culture leading to different cell-wall extracts.
It must be noted that part of each culture was kept before cell-wall extraction for whole cell
monitoring. Interestingly, cell-wall extraction done on cw15 cell-wall deficient strain did not
give any material after dialysis.

Number of

Strain used for cell-wall extracts . . .
biological replicates

Wild-type (CC-124) 6
Wild-type - deglycosylated 2
Flagella deficient bald2 6
Flagella deficient bald2 - deglycosylated 2
Cell-wall deficient cw15 2 (no cw extract)
Mating types CC-124 (“mt+”) 2
Mating types CC-125 (“mt-") 2
Starchless sta 6-1 2
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