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A B S T R A C T

The green colonial microalga Botryococcus braunii produces large amounts of liquid hydrocarbons that can be
converted into transportation fuels. Colony cells are held together by a complex extracellular matrix (ECM) made
up of a cross-linked long-chain hydrocarbon network around which liquid hydrocarbons are stored, a retaining
wall for holding hydrocarbons within the cross-linked hydrocarbon network, and a polysaccharide fibrillar
sheath radiating from the retaining wall and surrounding the entire colony. Analysis of “shells” shed from cell
apical regions during cell division and containing the retaining wall and polysaccharide fibers shows association
of a single protein where the fibers meet the retaining wall, suggesting involvement of this protein in poly-
saccharide fiber formation. Here we use peptide mass fingerprinting and bioinformatics to identify this protein
called polysaccharide associated protein (PSAP). PSAP does not show similarity to any protein in databases, but
contains several Proline-rich domains. Staining studies confirm PSAP as a glycoprotein, and mass spectrometry
analysis identified ten N-linked glycosylation sites comprising seven different glycans containing mainly man-
nose and N-acetylglucosamine. Three of these glycans also contain fucose, with one of these glycans being
unusual since it also contains arabinose. Additionally, four hydroxyproline residues have short O-linked glycans
of mainly arabinose and galactose, with one also containing a 6-deoxyhexose. PSAP secretion and localization to
shell material is confirmed using western blot analysis and microscopy. These studies indicate PSAP contains
unique glycans and suggest its involvement in ECM polysaccharide fiber biosynthesis.

1. Introduction

An extracellular matrix (ECM) is a common feature in multicellular
eukaryotic organisms and offers a range of functions from structural
support to cell-to-cell communication [1,2]. The ECM in algae is used to
hold cells into a multicellular organization that can contain differ-
entiated cell types or all non-differentiated cells [3,4]. This multi-
cellularity due to ECM development in green algae is thought to have
been the first step in the evolution of land plants [5,6]. For colonial
green microalgae, the ECM is integral to cell survival by offering a
scaffold for holding cells into a colony, helping to regulate cell devel-
opment and differentiation, and acting as a reservoir for molecules
secreted from the cells [7–10].

In terms of colony formation, some green microalgae form

interconnected chains of cells through an ECM consisting mainly of the
cell wall, while in others separate cells are implanted into an ECM made
up of the cell wall plus a complex structure extending beyond the cell
wall [4,8,11,12]. In typical descriptions, the ECM consists of all mate-
rial outside the cell membrane, including the cell wall [4]. For sim-
plicity, our discussions of the ECM in this study will refer only to ma-
terial exterior to the cell wall.

The ECM in green microalgae can consist of many molecules ran-
ging from glycoproteins to hydrocarbons [4,8,11,12], however, the
most common component is glycoproteins that are often cross-linked
with each other [4]. One of the best studied green microalgal ECMs is
that of Volvox carteri, which consists solely of glycoproteins, can hold
over 2000 cells differentiated mainly into somatic cells with a few re-
productive gonidia cells, and is highly enriched in 4-hydroxyproline
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(Hyp) rich glycoproteins (HRGPs) that are cross-linked for stabilization
[4,9,10,13]. The use of HRGPs is a common feature in the ECMs and
cell walls of both algae and land plants, and they are commonly O-
glycosylated at Ser, Thr, and Hyp residues with arabinose and galactose
[14–17].

The green colony-forming microalga Botryococcus braunii is well
known as a producer of hydrocarbon oils that can be converted into
combustion engine fuels [8,18]. The three chemical races of B. braunii
known as A, B, and L are differentiated by the type of hydrocarbons
produced; odd carbon number alkenes in the A race [19–22], triterpe-
noid botryococcenes and methylsqualenes in the B race [23–25], and
the tetraterpenoid lycopadiene in the L race [26–28]. In all three races
an ECM holds approximately 100–200 undifferentiated cells into a
colony, and the hydrocarbons are biosynthesized inside the cells for
secretion and storage in the ECM [8,18].

The B. braunii ECM shows some striking differences from the ECMs
of other green microalgae such as V. carteri. For example, the main
component of the B. braunii ECM is an intricate network of long chain
polyacetal hydrocarbons that are cross-linked through epoxide bridges
to monomers of the liquid hydrocarbons in each race [29–31]. Ad-
ditionally, the polyacetal hydrocarbons can be threaded through large
macrocyclic carbon rings [32]. These two types of linkages offer both a
strong chemical bond (epoxide bridges) for structural integrity and
mechanical linkages (carbon rings) for extensibility [8,29,32]. The
spaces within this cross-linked hydrocarbon network are filled with the
liquid hydrocarbon oils produced by each race of B. braunii [8,18].

In the B race of B. braunii the ECM also contains a retaining wall
located near the outer edge of the ECM that encompasses the cross-
linked hydrocarbon network [12]. As the name implies, the retaining
wall holds the liquid hydrocarbons around the cells and within the
spaces created by the cross-linked hydrocarbon network [12]. Ra-
diating outward from the retaining wall is a network of 2–3 μm long
polysaccharide fibers that completely circumscribe the colony
[12,33–35]. These fibers consist mainly of galactose and arabinose with
uncommonly abundant (1 → 2), (1 → 3) and (1 → 2), (1 → 4)
branching connections between the sugars, possibly to limit degrada-
tion by bacteria cohabitating the environment [12].

Protein granules are localized to the base of these polysaccharide
fibers where the fibers attach to the retaining wall, and it has been
suggested the protein in these granules may be involved in fiber bio-
synthesis [12]. During B. braunii cell division, portions of the ECM
covering the apex of each cell and containing the retaining wall,
polysaccharide fibers, and protein granules are broken off from the
ECM and shed into the culture media [12,33,36]. These fragments have
the appearance of cup-shaped “shells”, are easily collected from the
media, and analysis indicates the associated protein granules consist of
a single protein species [12].

Here we identify this protein, term it polysaccharide associated
protein (PSAP), confirm its localization to the ECM by association with
shell material, characterize it as an HRGP, identify the PSAP glycosy-
lations, and propose possible PSAP functions in B. braunii race B ECM
polysaccharide fibril formation.

2. Materials and methods

2.1. Identifying the PSAP full length cDNA

A partial PSAP sequence was initially identified by peptide mass
fingerprinting using the following approach. PSAP protein was ex-
tracted from 3.0 mg of lyophilized shell material by adding 200 μl of
extraction buffer (1 mM NaCl, 10 mM Tris, pH 6.8, 1× protease in-
hibitors) and 200 μl of 2× SDS-PAGE sample buffer to the shell ma-
terial, and placing the sample at 95 °C for 5 min. A 4–15% gradient SDS-
PAGE gel was used to separate 20 μl of the extract, the protein bands
visualized using Coomassie blue, the PSAP band excised from the gel,
and the samples in-gel digested with trypsin overnight. The resulting

peptides were separated and analyzed for mass and sequence identity
by liquid chromatography-mass spectrometry (LC-MS/MS) at the
University of Texas at San Antonio Health Science Center Institutional
Mass Spectrometry Core Laboratory. The analysis for peptide sequence
identity was done with MASCOT and X!Tandem software, and the re-
sults were summarized and validated using Scaffold v4 (Proteome
Science). The generated sequences were searched against locally en-
tered sequences concatenated to the Swiss-Prot database.

The identified peptides were queried against the B. braunii race B
transcriptome [37] using TBLASTN and contigs 11859, 10353, and
43184 were found to contain matches to the peptides. These contigs
were then queried against the race B genome [38] and the 401 kb
scaffold 141 was identified to contain sequence matches to the contigs.
To determine the full gene structure of PSAP, the race B RNA-seq reads
were aligned to scaffold 141 using TopHat [39] and assembled into
transcripts using Cufflinks [40]. This approach allowed identification of
the 5′- and 3′-UTRs, the intron-exon boundaries, and the open reading
frame for PSAP within the scaffold. The PSAP cDNA sequence has been
deposited in GenBank, accession number MF36074.

Conserved domains within the PSAP protein were identified using
the MyHits protein motif scan tool [41], the PSAP signal peptide was
identified using the TatP [42] and Phobius [43] signal peptide predic-
tion tools, and secretion pathway prediction was analyzed using the
YLoc subcellular prediction tool [44,45].

2.2. In-gel glycoprotein staining

PSAP protein was extracted from shell material as described above.
The extract was then separated by 8% SDS-PAGE as described pre-
viously [12]. The glycosylation status of PSAP in the gel was then
analyzed using the Pro-Q Emerald 300 glycoprotein gel and blot stain
kit (ThermoFisher) following the including instructions. Briefly, the
SDS-PAGE gel containing PSAP was immersed in the fixing solution at
room temperature for 45 min followed by one wash in the wash solu-
tion for 15 min with gentle agitation. The gel was then incubated in the
oxidizing solution for 30 min and washed for 15 min. For staining, the
gel was immersed in Pro-Q Emerald 300 staining solution while agi-
tating for 2 h followed by washing twice for 15 min. The gel was then
visualized under UV light using a Bio-Rad ChemiDoc XRS.

2.3. PSAP N-linked glycan site mapping

N-linked site mapping for PSAP was determined based on previously
described methods [46]. Coomassie blue-stained SDS-PAGE gel slices
corresponding to PSAP were cut into ~1 mm3 pieces, and destained
alternately with 40 mM ammonium bicarbonate and 100% acetonitrile
until the color turned clear. This was followed by re-swelling the gel
slices in 10 mM DTT and 50 mM ammonium bicarbonate at 55 °C for 1 h.
The DTT solution was exchanged with 55 mM iodoacetamide and in-
cubated in the dark for 45 min followed by washing twice alternately
with 40 mM ammonium bicarbonate and 100% acetonitrile. The dehy-
drated gel was re-swelled with chymotrypsin in 50 mM ammonium bi-
carbonate on ice for 45 min, followed by protein digestion at 37 °C
overnight. Peptides and the glycopeptides were extracted from the gel
slices with successive additions of 20% acetonitrile in 5% formic acid,
50% acetonitrile in 5% formic acid, and 80% acetonitrile in 5% formic
acid. The three collected solutions were dried and combined into one
tube. The chymotrypsin in the sample was inactivated, and deglyco-
sylation was carried out with 2 μl of PNGase A (Calbiochem) in 36 μl of
18O-labled water (H2

18O) and 2 μl of 0.5 M citrate phosphate buffer
pH 5.0. The sample was dried and resuspended in nanopure dH2O with
protease(s) to remove any possible C-terminal incorporation of 18O
from residual protease activity [47]. The sample was then dried and
analyzed by mass spectrometry.

The peptides were analyzed by LC-MS/MS as previously described
[46]. Briefly, an LTQ Orbitrap XL mass spectrometer (ThermoFisher)
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equipped with a nanospray ion source was used. One third of the la-
beled peptides was resuspended in 100 μl mobile phase A (0.1% formic
acid in dH2O) and filtered with 0.2 μm filters (Nanosep, PALL). The
sample was then loaded onto a nanospray tapered capillary column/
emitter (360 × 75 × 15 μm, PicoFrit, New Objective) self-packed with
C18 reverse-phase resin (10.5 cm, MICHROM Bioresources Inc.) in a
nitrogen pressure bomb for 10 min at 1000 psi (~5 μl load) and then
separated via a 160 min linear gradient of increasing mobile phase B
(80% acetonitrile, 0.1% formic acid in dH2O) at a flow rate of ~500 nl/
min with direct injection into the mass spectrometer. The LTQ was run
in the automatic mode collecting an MS scan followed by data depen-
dent MS/MS scans of the six highest abundant precursor ions.

The resulting data were analyzed manually as well as via a software
search. For the software search, the raw data was analyzed against the
PSAP protein sequence using the TurboSequest algorithm (Proteome
Discoverer 1.4, ThermoFisher). The SEQUEST parameters were set to
allow 10.0 ppm of precursor ion mass tolerance and 0.8 Da of fragment
ion tolerance with monoisotopic mass. Digested peptides were allowed
with up to three missed internal cleavage sites. The differential mod-
ifications of 57.02146 Da, 15.9949 Da and 2.98826 Da were allowed
for alkylated cysteine, oxidation of methionine, and 18O-labeled as-
partic acid, respectively.

2.4. Free N-linked glycan preparation for linkage analysis

Free N-linked glycans were prepared from shell material based on
previous studies [48] with slight modifications as follows. Shell mate-
rial was homogenized using a dounce homogenizer with methanol:-
water (1:1 v/v) on ice. Lipids were extracted by adjusting the solvent
mixture to give chloroform:methanol:water (4:8:3 v/v). The insoluble
proteinaceous material was collected by centrifugation and the ex-
traction procedure was repeated three times. The final pellet of in-
soluble protein was washed with cold acetone:water (4:1 v/v) two
times, washed with cold acetone once, and dried under nitrogen. The
sample was then reduced with 5 mM DTT for 1 h at 55 °C and carbox-
yamidomethylated with 15 mM iodoacetamide in the dark at room
temperature for 45 min. The modified protein was dialyzed with a
4 kDa cutoff membrane (Millipore) against nanopure dH2O at 4 °C
overnight, dried in a SpeedVac concentrator, dissolved in 50 mM am-
monium bicarbonate, and digested with chymotrypsin at 37 °C over-
night. The sample was then heated at 100 °C for 5 min to inactivate
chymotrypsin, centrifuged at 2000 ×g at 4 °C for 15 min, and the su-
pernatant collected and dried. The sample was then passed through a
C18 Sep-Pak cartridge, washed with 5% acetic acid to remove con-
taminants (salts, free sugar, etc.), the peptides and glycopeptides eluted
in series with 20% isopropanol in 5% acetic acid, 40% isopropanol in
5% acetic acid, and 100% isopropanol. All eluates where then com-
bined. The N-glycans were released with PNGase A (Calbiochem) at
37 °C overnight. After digestion, the sample was passed through a C18

Sep-Pak cartridge, the released N-glycans eluted with 5% acetic acid,
and dried by lyophilization.

2.5. N-linked glycan linkage analysis

For determination of sugar linkages, the free N-linked glycans were
converted to partially methylated alditol acetates (PMAAs) as pre-
viously described [49]. Briefly, the samples were fully permethylated as
previously described [50], hydrolyzed with HCl:water:acetic acid
(0.5:1.5:8 v/v) at 80 °C for 18 h, reduced with 1% NaBD4 in 30 mM

NaOH overnight, and acetylated with acetic anhydride/pyridine (1:1,
v/v) at 100 °C for 15 min. The PMAAs were then separated and ana-
lyzed by gas chromatography–mass spectrometry (GC–MS) using an
Agilent 7890A GC interfaced to a 5975C mass selective detector (MSD)
in electron impact ionization mode. The GC separation of the PMAAs
was performed on a 30 m SP2331 fused silica capillary column (Su-
pelco) for neutral sugar derivatives, whereas a 30 m DB-1 fused silica

capillary column (Agilent) was used for neutral and amino sugar deri-
vatives.

2.6. N-linked oligosaccharide profiling

MS profiling of N-linked oligosaccharides was performed as de-
scribed previously [51,52]. Briefly, the released N-glycans were per-
methylated and analyzed directly on MS instruments to identify size
and structural details. Matrix-assisted laser desorption/ionization-time
of flight-mass spectrometry (MALDI-TOF-MS) was performed in the
reflector positive ion mode using α-dihyroxybenzoic acid (DHBA,
20 mg/ml solution in 50% methanol:water) as a matrix. The spectrum
was obtained using an AB SCIEX TOF/TOF 5800 (AB SCIEX). Nanos-
pray ionization MS/MS (NSI-MSn) analysis was performed using an
LTQ Orbitrap XL mass spectrometer (ThermoFisher) equipped with a
nanospray ion source. The permethylated samples were dissolved in
1 mM NaOH in 50% methanol and infused into the instrument at a
constant flow rate of 0.5 μl/min. A full Fourier transform mass spec-
trometry (FTMS) spectrum was collected at a resolution of 30,000. The
capillary temperature was set at 210 °C and MS analysis was performed
in the positive ion mode. For total ion mapping (automated MS/MS
analysis), the m/z range of 600 to 2000 was scanned in ITMS mode in
successive 2.8 mass unit windows that overlapped the preceding
window by 2 mass units.

2.7. Hydroxyproline O-linked glycan analysis

For the analysis of hydroxyproline O-glycosylation, PSAP was ex-
tracted from 6 mg of shell material by boiling the material with SDS-
PAGE buffer as described above. After protein extraction, Cys residues
were carbamidomethylated and the protein was precipitated with
acetone. The protein precipitate was washed with chloroform:methanol
(2:1 v/v) to remove lipids, resuspended in Tris-HCl pH 8.2 with 10 mM

CaCl2, and digested with Pronase (Roche) at 37 °C for 48 h. The sample
was dried, an aliquot dissolved in 200 μl of mobile phase A (0.1%
formic acid in dH2O), and the sample passed through a 0.2 μm filter
(Nanosep, PALL).

For the LC-MS analysis of the pronase digest, the sample was se-
parated on a nano-C18 column (Acclaim pepMap RSLC,
75 μm × 150 mm, 2 μm particle size) via a 80 min gradient of in-
creasing mobile phase B (80% acetonitrile, 0.1% formic acid in dH2O)
at a flow rate of 300 nl/min into the mass spectrometer. MS analysis
was performed on an Orbitrap-Fusion equipped with an EASY nanos-
pray source and Ultimate3000 autosampler LC system (ThermoFisher).
For online MS detection, full MS data was first collected at a resolution
of 600,000 in FT mode. MS/MS-CID data and MS/MS–HCD activation
data (both in FT mode) were obtained for each precursor ion by data
dependent scan (top speed scan, 3 s). The resulting data were analyzed
manually.

2.8. Functional analysis of the PSAP secretion signal peptide

The synthetic gene product, SPPSAP-GFP, containing the PSAP signal
peptide (SP) fused to the N-terminus of GFP was synthesized with S.
cerevisiae codon optimization (ThermoFisher), inserted into the pMA-T
plasmid using the EcoRI and NotI restriction sites, and subcloned into
pESC-TRP using the same restriction sites for expression under the
control of the inducible GAL10 promoter. Additionally, a GFP:pESC-
TRP construct was generated for control experiments. The constructs
were transformed into S. cerevisiae strain CKY457 (MATa, leu2Δ1, ura3-
52, trp1Δ63, his3Δ200 and lys2-128δ) via lithium acetate transforma-
tion, positive transformants were grown at 30 °C in 40 ml SC-TRP
media to O.D600 = 0.6, protein expression induced by replacing media
with fresh media containing 2% galactose, and the cells grown for an
additional 8 h. The cells were then centrifuged at 1500 ×g for 30 min
at room temperature and both the cell pellet and supernatant (media)
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were saved for protein extraction. To extract protein from the cells, the
cell pellet was resuspended in 600 μl lysis buffer (0.1 M NaOH, 2% β-
mercaptoethanol, 2% SDS, and 0.05 M EDTA), incubated at 95 °C for
10 min, 4.56 μl of 4 M acetic acid added, incubated at 95 °C for 10 min,
150 μl of loading dye added (0.25 M Tris-HCl pH 6.8, 50% glycerol, and
1× bromophenol blue), incubated at 95 °C for 10 min, and centrifuged
at 3380×g for 2 min at room temperature. The collected media for
each sample was run through a 0.22 μm filter (Millipore Express PLUS
Membrane, EMD Millipore) to eliminate any S. cerevisiae cells in the
media and then lyophilized. For protein extraction from the lyophilized
media, 2 ml dH2O was added to each sample, the samples run through a
10 kDa cutoff centrifugal filter (Amicon Ultra, EMD Millipore) to
eliminate reagents and concentrate the samples to ~60 μl, and 20 μl of
4× SDS-PAGE sample buffer added to each sample. Twenty-five mi-
croliters of the cell protein extract and all of the media protein extract
were separated by 12% SDS-PAGE, transferred to a PVDF membrane,
and analyzed by western blot following standard procedures. The
αGFP-HRP antibody (1:3000 for cell protein extracts and 1:1500 for
media protein extracts, Santa Cruz Biotechnology) was incubated with
the membrane at 4 °C overnight with rotation. Detection and visuali-
zation were carried out using the Amersham ECL Prime Western
Blotting Detection Reagent and an Amersham Imager 600RGB, re-
spectively.

2.9. Lectin blot

PSAP was extracted from shell material, separated by SDS-PAGE,
transferred to a PVDF membrane as described above, and detection
using lectins followed standard western blot procedures. The biotiny-
lated lectin (10 μg) was first incubated with the membrane for 30 min
at room temperature, followed by treatment with the VectorLabs
VECTASTAIN Elite ABC HRP Kit following included instructions.
Detection and visualization were carried out using the Amersham ECL
Prime Western Blotting Detection Reagent and an Amersham Imager
600RGB, respectively. The biotinylated lectins used for this analysis
were Hippeastrum hybrid lectin (HHL), Lycopersicon esculentum lectin
(LEL), and Sambucus nigra lectin (SNA), all from VectorLabs.

2.10. PSAP peptide antibody generation and western blot analysis

A polyclonal PSAP specific antibody was raised in rabbit by
GenScript using the PSAP peptide 854-TGVRRIIAPPGTGFGD-869 with
a Cys added at the N-terminus for conjugation to a carrier protein.
Specificity of the antibody was tested by western blot using PSAP
protein extracted from shell material as described above and a B. braunii
total protein extract. The total protein extract was prepared by adding
350 μl of the extraction buffer (50 mM MOPS pH 7.3, 20 mM MgCl2,
5 mM β-mercaptoethanol, 5 mM EGTA, 20% glycerol) to 200 mg of race
B tissue, mixing well, bead beating for 10 min, and removing the cell
debris by centrifuging at 10,000 ×g for 10 min at 4 °C. Following 12%
SDS-PAGE, proteins were transferred to a PVDF membrane and western
blot analysis followed standard procedures. The PSAP antibody (1:500)
was incubated with the membrane at 4 °C overnight with rotation,
followed by incubation with a goat anti-rabbit-HRP secondary antibody
(1:3000; ThermoScientific) for 2 h at room temperature. Detection and
visualization were carried out using the Amersham ECL Prime Western
Blotting Detection Reagent and an Amersham Imager 600RGB, re-
spectively.

2.11. PSAP localization to shell material

Approximately 100 μg of lyophilized shell material was rehydrated
in 200 μl PBS, centrifuged at 15,000 ×g, and the PBS discarded. The
shell material was then blocked with 5% dry milk for 30 min, washed
with PBS three times, and incubated with the biotinylated HHL
(1:5000, 30 min, 25 °C), LEL (1:250, 30 min, 25 °C), and SNA (1:500,

30 min, 25 °C) lectins, and the PSAP antibody (1:100, 12 h, 4 °C). The
shell material was then washed three times for 5 min at 25 °C with PBS
+ 0.05% Tween 20 (PBST).

Detection of the biotinylated lectins was carried out by incubating
the shell material with a streptavidin-Texas red conjugate (VectorLabs)
in PBS (1:1000) for 30 min in the dark, washing three times with PBST,
and imaging on a Nikon Eclipse Ti inverted epifluorescence microscope
using a 100× objective (Plan Fluo, NA 1.40, oil immersion) with a 2.5
TV relay lens. A mercury lamp was used as the light source (X-Cite
200 DC, Excelitas Technologies) within a cage incubator (InVivo
Scientific) at 30 °C, and images acquired using a cooled EMCCD (elec-
tron multiplying charge-coupled device) camera (iXon3 897, Andor,
Belfast, Ireland). The images were acquired as phase-contrast (200 ms)
and Texas red cube (200 ms).

The HHL and LEL lectins were also detected using diaminobenzidine
(DAB). Following incubation with the lectins as above, the shell ma-
terial was washed three times for 5 min at 25 °C with PBST. Ten mi-
croliters of Reagent A and ten microliters of Reagent B from the
VECTASTAIN Elite ABC HRP Kit were added to 1 ml of PBS buffer,
mixed well with the shell material, and allowed to stand for 30 min. The
shell material was then washed three times with PBST, 550 μl of a DAB
solution (25 μl of 1% DAB in dH2O, 25 μl of 0.3% H2O2, 500 μl PBS,
pH 7.2) was added, mixed well, and incubated for 3 min or 10 min at
25 °C. The shell material was then visualized using a Zeiss Axiophot
light microscope equipped with a Plan Neofluar 100/1.3 oil immersion
objective and a Coolsnap CF monochrome CCD camera (Photometrics)
controlled by MetaView version 5.2 software (Molecular Devices) at the
Texas A&M University Microscopy and Imaging Center.

For detection of the PSAP antibody, following incubation with the
shell material as described above the sample was washed three times
for 5 min at 25 °C with PBST. The sample was then incubated with a
mouse anti-rabbit-Texas red conjugated secondary antibody (1:1000)
for 2 h at room temperature followed by three washes with PBST. The
shell material was then imaged using the fluorescence microscope de-
scribed above.

To visualize unstained shell material under transmission electron
microscopy, lyophilized shell material was resuspended in water, ap-
plied to a carbon support film on an EM grid, dried, and imaged on the
1200 EX transmission electron microscope (JEOL USA, Inc.). Images
were captured on a 15C CCD camera (SIA).

3. Results

3.1. Identification of cDNA and protein sequences for polysaccharide
associated protein

Analysis of the B. braunii race B shell material in our previous study
showed a single protein species associated with the shells [12]. This
was confirmed in our current study (Supplementary Fig. 1A) and we
termed this protein polysaccharide associated protein (PSAP). The
molecular mass of PSAP was previously estimated at ~150 kDa [12],
and a more detailed analysis estimated PSAP molecular mass at
162.2 kDa (Supplementary Fig. 1B).

In order to identify the PSAP protein and clone the associated cDNA,
the PSAP protein from SDS-PAGE (Supplementary Fig. 1A) was excised
from the gel, digested with trypsin, the generated peptides identified by
LC-MS/MS, and the resulting peptides BLASTed against a computa-
tional translation of a B. braunii race B transcriptome [37] (Supple-
mentary Fig. 2A). This process identified three contigs containing
matches to PSAP peptides (Supplementary Figs. 2B and S3). A combi-
nation of these contigs did not yield a full length open reading frame,
and thus further analysis was done to identify the full length PSAP
sequence.

The full length PSAP cDNA and protein sequence were identified as
laid out in Fig. 1A. Briefly, the three identified contigs were BLASTed
against the B. braunii race B genome [38] to match the contigs to a
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Fig. 1. Identification of the PSAP cDNA and protein se-
quences using bioinformatics tools. (A) Bioinformatics steps
followed to identify the full length PSAP cDNA. (B)
Alignment of PSAP transcripts to genomic scaffold 141 to
identify exon/intron junctions for assembling the PSAP
cDNA. Solid gray line with kb markers indicates location of
PSAP gene sequence within scaffold 141. Below the scaffold
line the PSAP exons are indicated by gray boxes and introns
by black lines. The translation start and stop locations are
indicated. Transcriptome sequence reads aligned to the
scaffold are shown as gray lines under the PSAP exons.
Spaces where no transcriptome reads matched the PSAP
sequence are shown as blue boxes. (C) Conserved domains
found in the PSAP protein and the amino acid sequence of
the Pro-rich motifs. (For interpretation of the references to
color in this figure legend, the reader is referred to the web
version of this article.)

Fig. 2. In-gel glycoprotein staining of PSAP. Three amounts of
the PSAP protein plus positive and negative controls were se-
parated by SDS-PAGE, treated with the glycoprotein stain, and
visualized by UV light. The gel was stained with Coomassie blue
(CBS) following the glycoprotein stain for visualization of all
proteins in the assay. Positive controls include glycosylated
molecular weight markers and a mouse antibody (IgG). Negative
controls include non-glycosylated molecular weight markers and
the tomato Adi3 protein. (For interpretation of the references to
color in this figure legend, the reader is referred to the web
version of this article.)
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9.5 kb region of a single 401 kb genome scaffold (Fig. 1B). The race B
transcriptome was then aligned to the identified scaffold to map po-
tential PSAP transcriptome reads to this scaffold (Fig. 1B). The mapped
transcriptome reads identified 11 exons and 10 introns spanning ap-
proximately 9 kb of genomic sequence (Fig. 1B). The exons were as-
sembled into a 4928 bp cDNA sequence containing a PSAP open reading
frame of 3798 bp (Supplementary Fig. 4A) that encodes a protein of
1266 amino acids (Supplementary Fig. 4B).

Analysis of the full length PSAP protein and cDNA sequence by
BLAST against the entire GenBank database showed no identity to any
proteins in the database. However, a domain search revealed an N-
terminal 33 amino acid secretion signal peptide and three Proline (Pro)-
rich motifs (Fig. 1C).

3.2. PSAP is a glycoprotein

The predicted molecular mass of PSAP is 132.8 kDa based on the
open reading frame (Supplementary Fig. 4B) and the estimated PSAP
molecular mass from shell material is 162.2 kDa (Supplementary
Fig. 1B). This discrepancy in size suggests PSAP posttranslational
modification such as glycosylation since many plant extracellular pro-
teins are glycosylated [53]. Thus, glycosylation of PSAP was analyzed
using an in-gel glycoprotein stain based on the periodic acid-Schiff
(PAS) method. In this assay, periodic acid converts sugar vicinal diols to
aldehydes, which are bound by the Schiff reagent for detection under
UV light [54]. Three different amounts of PSAP plus positive and ne-
gative controls were separated by SDS-PAGE and the gel stained for
glycoproteins. Positive controls included glycosylated molecular weight
markers and a mouse antibody (IgG). Negative controls included non-
glycosylated molecular weight markers and the tomato AGC protein
kinase Adi3 as expressed and purified from E. coli [55]. In the glyco-
protein staining assay all positive and negative controls showed the
correct staining pattern, and the PSAP protein showed staining in a
concentration dependent manner (Fig. 2). This suggests PSAP is gly-
cosylated and there may be ~29.4 kDa of glycosylation on PSAP to
reach the observed 162.2 kDa size.

3.3. Identification of PSAP N-linked glycans

Since the glycan staining assay confirmed PSAP as a glycoprotein
(Fig. 2), the identity of the PSAP glycans was investigated. First, the
possibility of N-linked glycosylation on Asn residues was analyzed. A

computational analysis showed PSAP contains 96 Asn residues and 14
of these 96 (Supplementary Fig. 5) are found within the known NXS/T
N-glycosylation consensus sequence [56]. Which of the 14 Asn residues
contained N-linked glycans was then analyzed experimentally. Briefly,
PSAP was in-gel digested with chymotrypsin followed by enzymatic N-
glycan release using PNGase A in an 18O-labeled dH2O buffer, which
will release the N-linked glycans, convert the glycan linked Asn to an
18O-labeled Asp, and introduce a 3 Da mass shift at the glycosylation
site. The resulting peptides were analyzed by LC-MS to identify 18O-
labeled peptides for N-linked glycan site mapping. This analysis iden-
tified 25 peptides covering 40% of the PSAP protein sequence including
12 peptides containing 13 of the 14 potential N-linked glycan sites
(Supplementary Fig. 5). A peptide containing potential N-linked glycan
site N1178 was not identified in the analysis. Within the 12 identified
peptides containing potential N-linked glycan sites, residues N54,
N718, N728, N767, N897, N930, N1006, N1052, N1064, and N1155
were found to be N-linked glycan sites (Supplementary Fig. 5). Possible
N-linked glycan sites N615, N620, and N1212 were found to not be
glycosylated. Overall, 10 of the possible 14 N-linked glycan sites were
confirmed to harbor glycans.

Next, structural details of the PSAP N-linked glycans were de-
termined by releasing the glycans with PNGase A, purifying the free
glycans [48], and subjecting the glycans to in-depth structural char-
acterization using several MS techniques. Conversion of the glycans to
partially methylated alditol acetates (PMAAs) followed by a GC–MS
glycosyl linkage analysis showed the N-linked glycans contained mainly
terminal, 2-linked, 3-linked, 6-linked, and 3,6-linked mannose
(Table 1). The next most abundant sugar was 4-linked N-acet-
ylglucosamine (GlcNAc) followed by terminal fucose and terminal
arabinopyranose (Table 1).

In order to determine the size and glycosyl sequence of the PSAP N-
linked glycans, the released and purified N-glycans were permethylated
and profiled directly by NSI-MSn (Supplementary Fig. 6). The analysis
revealed seven different glycan structures (Fig. 3A). The main N-glycan
components are high-mannose type structures, Man4-7GlcNAc2, that
contain a base of (1 → 4)-connected GlcNAc with branches of mannose
connected by (1 → 3)- and (1 → 6)-linkages (Fig. 3A). Interestingly,
three of the glycans were seen to contain a fucose (glycans 2, 3, and 5 in
Fig. 3A) and one unique glycan contained an additional arabinopyr-
anose (glycan 3 in Fig. 3A). Tandem MS analysis was performed to
identify the fucose and arabinose positions on the glycan ion at m/
z = 1709.85 corresponding to Man4GlcNAc2Fuc1Ara1 (Supplementary
Fig. 6). In the fragmentation analysis of this ion (Fig. 3B), the presence
of fragment ions at m/z = 389.3 (AraFuc) and m/z = 634.4 (Ara-
FucGlcNAc) indicates the AraFuc disaccharide is attached at the redu-
cing-end GlcNAc. This MS/MS data together with the glycosyl linkage
analysis indicated the fucose is linked to the terminal GlcNAc at the 3
position (glycans 2, 3, and 5 in Fig. 3A), and the arabinopyranose is
linked to the fucose at the 4 position (glycan 3 in Fig. 3A). The total
molecular mass of the released glycans is predicted to be between
10–16 kDa.

3.4. Identification of PSAP hydroxyproline O-linked glycans

PSAP was also analyzed for mucin-type Ser or Thr O-linked glyco-
sylation by chymotryptic digestion followed by LC-MS analysis of the
resulting peptides, but this analysis did not identify any mucin-type O-
linked glycans. Next, since PSAP contains three Pro-rich domains,
which commonly have the Pro hydroxylated to hydroxyproline (Hyp)
and glycosylated in plant extracellular matrix proteins [15], PSAP was
analyzed for Hyp O-linked glycans. For this analysis, PSAP was reduced,
alkylated, and digested with pronase, which should digest PSAP into
single amino acids or linkages of a few amino acids. However, the PSAP
Pro-rich regions will remain nearly intact since pronase is not active
toward Pro. The resulting digestion mixture was separated and ana-
lyzed by LC-MS (Fig. 4A, B). The analysis identified one Pro-rich

Table 1
Linkage analysis of the N-linked glycans on PSAP.

Peak # RT (min) Peak area Assignment Peak area %

1 7.255 895,846 T-Araf 0.6%
2 7.513 1,571,949 T-Arap 1.1%
3 7.725 6,361,609 T-Fuc 4.6%
4 8.24 369,399 4-Fuc 0.3%
5 8.509 85,705,175 T-Mana 59.3%a

T-Glca 2.8%a

6 8.646 764,836 T-Gal 0.6%
7 9.224 11,076,348 2-Man 8.0%
8 9.321 3,721,995 3-Man 2.7%
9 9.521 1,811,817 6-Man 1.3%
10 10.568 9,919,887 3,6-Man 7.2%
11 12.291 14,740,972 4-GlcNAc 10.7%
12 13.309 1,001,179 3,4-GlcNAc 0.7%
Total 137,941,012 100.0%

Araf: arabinofuranose; Fuc: fucose; Arap: arabinopyranose; Man: mannose; Glc: glucose;
Gal: galactose; GlcNAc: N-acetylglucosamine; T-: Terminal; 2-: 2-linked; 3,6-: 3 and 6
linked (branched); 3,4-: 3 and 4 linked (branched).

a These sugars co-eluted on a DB-1 column but were well-separated on an SPB-column.
The peak area % of terminal mannose and terminal glucose in the co-eluted peak was
calculated based on peak area % of the corresponding peaks observed in SBP-column
separation.
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peptide containing four consecutive Pro residues at positions 986–989
(Fig. 4B), all of which are hydroxylated to Hyp and carry arabinoga-
lactan-type oligosaccharides consisting of 1 6-deoxyhexose, 4 hexoses,
and 7 pentoses (Fig. 4A, B). A linkage or composition analysis was not
performed for the O-glycans, but the MS data (Fig. 4A, B) indicates a
pentose is attached to the peptide backbone and the 6-deoxyhexose is
terminally linked. This observation is consistent with the Hyp O-glycans
found on plant arabinogalactan proteins [57]. Based on this analysis,
the derived O-linked glycans on PSAP are shown in Fig. 4C. It should be
noted, at this time it is not clear which glycan is attached to each Hyp.
The total molecular mass of the Hyp O-linked glycans is predicted to be
between 1–2 kDa.

3.5. Estimation of PSAP molecular mass based on glycosylations

Taking into account the molecular mass of the naked PSAP protein
and the glycosylations found on PSAP, the glycosylated molecular mass
of PSAP is calculated to be between 143.8 and 150.8 kDa. This takes
into account 132.8 kDa from PSAP, 10–16 kDa from N-linked glycans
and 1–2 kDa from Hyp O-linked glycans. This value is below the cal-
culated value of 162.2 kDa for PSAP based on SDS-PAGE migration
(Supplementary Fig. 1B), suggesting there may be additional glycosy-
lations or other modifications on PSAP to account for the

~11.4–18.4 kDa needed to reach the observed mass. It should be noted
that if an SDS-PAGE gel is overloaded with PSAP a ladder of higher
molecular mass PSAP can be seen above the primary PSAP band. This
can be seen in Fig. 2 and may represent PSAP with different degrees of
glycosylation. Moreover, the difference between the calculated and
observed PSAP mass on SDS-PAGE could also be attributed to the low
mobility and higher apparent molecular weight of Pro-rich proteins on
SDS-PAGE [58,59].

3.6. PSAP contains a functional secretion signal peptide

Next we undertook a set of experiments to confirm that PSAP is
indeed localized outside of B. braunii cells in the ECM and with the shell
material. First, subcellular localization prediction tools [44,45] gener-
ated a 100% probability that PSAP is localized to the secretion pathway
via the predicted signal peptide. Next, the functionality of the PSAP
signal peptide as a secretion signal was tested through an N-terminal
translational fusion to GFP (Supplementary Fig. 7A). This fusion was
cloned into a galactose inducible yeast expression vector, expressed for
8 h in the presence of galactose followed by collection of the cells and
media separately. Analysis of cellular and media proteins for the pre-
sence of GFP by α-GFP western blot showed a small amount of GFP was
found in the media without the PSAP signal peptide, while a large

Fig. 3. Structures of the N-linked PSAP glycans. (A) Structures of
the seven N-linked glycans found on PSAP as determined by the
MS data shown in Supplementary Fig. 6. (B) Tandem MS analysis
of the unique fucose and arabinose containing N-glycan ion de-
tected at m/z= 1709.85 shown in Supplementary Fig. 6. Key
ions for identifying the location of arabinose and fucose are
shown diagrammatically above the MS spectrum. Presence of a
C-type fragment ion at m/z= 389.30, corresponding to an
AraFuc disaccharide unit, and a Y-type fragment ion at m/
z= 634.40, corresponding to an AraFucGlcNAc trisaccharide
unit, indicated the AraFuc disaccharide is attached to the N-
glycan chitobiose core.
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amount of GFP was found in the media when expressed with the PSAP
signal peptide (Supplementary Fig. 7B). These studies suggest the PSAP
signal peptide is a functional secretion signal for exporting PSAP out-
side of B. braunii cells into the ECM.

3.7. Localization of PSAP to shell material

The second set of experiments performed to confirm PSAP locali-
zation to the ECM shell material were based on glycan detection with
lectins coupled to fluorescence microscopy. Additionally, an α-PSAP
peptide antibody was developed and also used to confirm PSAP loca-
lization to shell material. An initial analysis of shell material by electron
microscopy showed many small dots on the shell surface
(Supplementary Fig. 8) that resembles the granules seen in our previous
studies [12]. We speculated that these small dots are the PSAP protein
in granules.

We have shown that PSAP is a mannose and GlcNAc containing
glycoprotein (Fig. 3A). The Lycopersicon esculentum lectin (LEL) speci-
fically binds to GlcNAc [60] and the Hippeastrum hybrid lectin (HHL)

binds specifically to α-1→ 3 and α-1→ 6 linked mannose structures
[61]. All of these types of sugars are found in the PSAP glycans
(Fig. 3A). Both lectins were capable of detecting PSAP protein in shell
material as well as a total protein extract by western blot using biotin
labeled lectins and streptavidin-HRP (Supplementary Fig. 9A, B). Next,
the lectins were used in fluorescence microscopy. Shell material was
incubated separately with biotin labeled LEL or HHL, followed by in-
cubation with streptavidin-Texas red and analysis by fluorescence mi-
croscopy. Both lectins were seen to bind to the shell material with the
LEL lectin labeling small dots on the shells similar to the granules
(Fig. 5A–B and Supplementary Figs. 9E, 10A–C). The Sambucus nigra
lectin (SNA), which is specific for sialic acid was used as a negative
control (Fig. 5C and Supplementary Figs. 9C, 10D). A similar procedure
was followed with the exception of following lectin binding with
streptavidin-HRP incubation and detection with diaminobenzidine
(DAB), which produces a dark staining that can be seen by light mi-
croscopy. The results show that the lectins labeled the shell material in
a lectin dependent manner (Supplementary Fig. 11). These studies
suggest the lectins are specifically binding to PSAP in the shell material

Fig. 4. Analysis of PSAP Hydroxyproline O-linked glycans by LC-
MS. PSAP was reduced, alkylated, digested with pronase, and
analyzed by nano C18-LC-MS. A glycopeptide ion, corresponding
to G984AP*P*P*P*IT991 from PSAP carrying 1 deoxyhexose, 4
hexoses, and 7 pentoses eluted at 16.81 min of the LC-MS run.
(A) The MS/MS-CID spectrum of the glycopeptide at m/
z= 1266.99 (2+) (mono isotopic m/z of the ion is 1266.4869)
showing a series of neutral losses of glycan moieties in the order
of deoxyhexose, hexose, and then pentose, suggesting the pen-
tose is attached to a hydroxyproline, whereas the hexose and
deoxyhexose are on the non-reducing terminal end. (B) MS/MS-
HCD spectrum (low mass region) of the same glycopeptide ion.
The raw mass region of the HCD data was analyzed to determine
amino acid content and sequence. The series of internal frag-
ment ions from the peptide backbone allowed determination of
the peptide sequence as G984AP*P*P*P*IT991 from PSAP. All Pro
in the peptide were hydroxylated (hydroxyproline, Hyp). (C)
Hydroxyproline O-linked glycan structures found on PSAP on
Hyp at positions 986–989 based on MS data shown in (A) and
(B). Hex, hexose; Pent, pentose; Deoxyhex, deoxyhexose; P*,
hydroxyproline.
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since PSAP is the only glycosylated protein associated with the shell
material. Additionally, it is unlikely the lectins are binding to the
polysaccharide fibers associated with the shell material since these
polysaccharides do not contain the mannose or GlcNAc sugars identi-
fied by the lectins [12].

An α-PSAP antibody was also developed for use in PSAP location
studies. A 16 amino acid peptide located at positions 854–869
(Supplementary Fig. 5) was used for antibody development. This region
was chosen to avoid any of the identified PSAP glycosylations.
However, it should be noted the peptide used contained an Ala-Pro-Pro
sequence. These Pro could potentially be hydroxylated and glycosylated
in vivo, which would likely interfere with antibody detection. This does
not seem to be the case since the α-PSAP antibody appeared to be very
specific, detecting PSAP from shell material and detecting only the

PSAP protein from a total protein extract (Supplementary Fig. 9D).
Incubation of the α-PSAP antibody with shell material followed by in-
cubation with an α-rabbit-Texas red conjugated secondary antibody
and fluorescence microscopy showed labeling of PSAP in small dots on
the shell material reminiscent of the protein granules (Fig. 5D, E and
Supplementary Fig. 12). The α-PSAP antibody was also used in im-
munogold labeling studies on thin slices of B. braunii colonies in order
to localize PSAP on the surface of the retaining wall. However, gold
labeling was not seen, possibly due to the α-PSAP antibody antigen not
being surface exposed under the conditions used for these studies. In
the future, whole-cell fluorescence microscopy with the PSAP antibody
should be attempted to confirm PSAP localization within the colony
ECM. Taken together, these studies suggest the PSAP protein is loca-
lized to the shell material and correlates to the protein granules seen in
our previous study [12].

4. Discussion

While the makeup of and potential biosynthesis mechanisms for the
cross-linked hydrocarbon network portion of the B. braunii ECM has
been well studied [29–32], and the ECM polysaccharides have been
studied in terms of ultrastructure, composition, and production levels
[12,27,33,34,36,62–65], proteins have not previously been identified
as part of the B. braunii ECM. Here we have identified the unique gly-
cosylated B. braunii ECM protein PSAP that is associated with the
polysaccharide fibers in the ECM, and may have a role in the bio-
synthesis of these ECM polysaccharide fibers for this alga.

4.1. PSAP is a unique hydroxyproline-rich glycoprotein (HRGP)

We have shown here the B. braunii PSAP protein is N-glycosylated at
ten Asn residues and O-glycosylated at four consecutive Hyp residues.
In addition to this Hyp-rich region, PSAP contains two additional Pro-
rich regions, and thus PSAP is classified as an HRGP. Interestingly, the
overall PSAP sequence does not match any other known sequences in
the NCBI database at both the DNA and protein levels. Thus, PSAP
appears to be a new and unique HRGP. Within the other B. braunii
races, a PSAP homologue appears to be present in both the A and L
races based on screening of unpublished transcriptome sequences
generated in our lab. However, a full length PSAP-like transcript is not
present in these transcriptomes, and the generation of A and L race
genome sequences will be required to positively identify a PSAP
homologue from these races.

HRGPs are found within the cell walls and ECMs of photosynthetic
organisms ranging from green algae to land plants with a wide variety
of roles including cell expansion and responses to pathogens [66,67].
HRGPs are classified into three main categories based on the types of
Hyp-rich motifs found in the proteins; arabinogalactan proteins (AGPs)
with [Ala/Ser/Thr]-Hyp-[Ala/Ser/Thr]-Hyp repeats, extensins (EXTs)
with Ser-Hyp3–6 repeats, and Pro-rich proteins (PRPs) with Pro-Hyp-
Val-Tyr repeats [14,15,66,67]. In all cases the Hyp residues are O-gly-
cosylated to varying levels with arabinose and galactose in the non-
contiguous Hyp repeats of AGPs consisting of up to 99% of the protein
molecular mass [15,67], or with one to four arabinose units in the
contiguous Hyp repeats of EXTs constituting 35–65% of the molecular
mass [15,68]. The Hyp residues in PRPs are minimally (3%–10%)
glycosylated with arabinose or are not glycosylated at all [66].

While PSAP does not fit well into any of these specific HRGPs ca-
tegories, PSAP appears to be most related to EXTs. For example, while
the first two PSAP Pro-rich motifs, if the Pro are converted to Hyp,
contain the typical Ser-Hyp3–6 sequence found in EXTs, PSAP also
contains shorter Ser-Hyp2 and longer and Ser-Hyp9 sequences (Fig. 1C).
However, none of the Pro in these domains were found to be hydro-
xylated or glycosylated. The Hyp region that was found to be glycosy-
lated, Ala-Hyp-Hyp-Hyp-Hyp (Fig. 4C), while rare in land plants and
can be found in both AGPs and EXTs [66], does not match the typical

Fig. 5. Detection of PSAP in shell material by fluorescence microscopy using PSAP glycan
specific lectins and the α-PSAP antibody (α-PSAP). (A) Negative control. Shell material
was incubated without a lectin followed by incubation with streptavidin-Texas red
(1:1000) and analyzed by fluorescence microscopy. (B) PSAP detection in shell material
using the LEL lectin. Shell material was incubated with LEL (1:250) followed by in-
cubation with streptavidin-Texas red (1:1000) and fluorescence microscopy. (C) Lectin
negative control. Shell material was incubated with the SNA lectin (1:500) followed by
incubation with streptavidin-Texas red (1:1000) and fluorescence microscopy. (D)
Negative control for α-PSAP antibody detection of PSAP. Shell material was incubated
without α-PSAP followed by incubation with α-rabbit-Texas red (1:1000) and fluores-
cence microscopy. (E) PSAP detection in shell material using the α-PSAP antibody. Shell
material was incubated with α-PSAP (1:100) followed by incubation with α-rabbit-Texas
red (1:1000) and fluorescence microscopy. Scale bars, 2 μm. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this
article.)
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EXT glycosylated SerHyp3–6 sequence. Moreover, the O-linked glycans
found on this PSAP Hyp region are different from typical EXT Hyp-
linked glycans, which contain only Araf [15,69]. Additionally, PSAP
contains ~18% glycosylations by molecular mass, which is closer to
that of PRPs.

This data raises the question whether the Pro residues in the first
two PSAP Pro-rich motifs are actually hydroxylated to Hyp, which in
HRGPs typically occurs posttranslationally, followed by glycosylation
[15]. Since no glycosylations were found in these Pro rich regions, it is
possible they were not converted to Hyp. No peptides covering these
regions were found in the original peptide mass fingerprinting to
identify the PSAP cDNA (Supplementary Fig. 2B), so it is not known at
this time if they are converted to Hyp [70]. Amino acid analysis could
be done to determine the amount of Hyp in these Pro-rich regions.

Another difference between PSAP and typical HRGPs is the high
degree of N-glycosylation found in PSAP. Generally, plant HRGPs do
not contain N-linked glycans [57], although some AGPs have been
shown to have N-glycans [71]. On the other hand, PSAP appears to
have the majority of its glycosylations at N-linked sites, which is not
typical for HRGPs.

The PSAP Hyp O-linked glycans show some similarity to those in
HRGPs from other green algae. For example, Chlamydomonas reinhardtii
HRGPs have been shown to contain two arabinoses with a terminal
galactose [72] like that found on PSAP (Fig. 4C). However, in C. re-
inhardtii the galactose exists in the furanose configuration, while in
PSAP the galactose is in the pyranose configuration (Fig. 4C). PSAP is
further differentiated from the C. reinhardtii O-glycans by containing a
6-deoxyhexose (Fig. 4C). Short chain O-linked di- and tri-glycosylations
containing arabinose and galactose have also been found on V. carteri
HRGP ECM proteins with additional unique glycosylations containing
two arabinose units connected by a phosphodiester bond [13,73–75].

4.2. PSAP has unique N-linked glycans

Some of the N-glycan structures found in PSAP are unusual. One
rare feature is the presence of an internal fucose residue, i.e. a fucose
that is further glycosylated. Usually, fucose is found as a terminal
decoration of the chitobiose core of N-glycans [76]. In mammalian
glycoproteins, fucose is attached to the 6-position of the inner GlcNAc
[77], while in plants and insects fucose is normally attached to the 3-
position of the inner GlcNAc [78]. In fruit fly, fucose can also be at-
tached to both the 3- and the 6-position of the inner GlcNAc [48]. In-
ternal fucose has so far only been found in invertebrates, such as C.
elegans [79], planaria [80], and squid [81]. In these cases, the fucose is
substituted at O-4 with a galactose residue. We have found that O-4 of
the core fucose in PSAP N-glycans is instead substituted by the pentose
arabinose in the pyranose form (glycan 3 in Fig. 3A). While xylose,
another pentose sugar, is common in plant N-glycans [57,78], arabinose
has only been found in a few plant N-glycans [82], including carrot [83]
and tomato [84]. A recent B. braunii N-glycoproteomic analysis [85]
identified similar N-glycans to that presented here, but with the addi-
tion of methylated hexoses. Also, that study did not identify any PSAP
peptides. In summary, while there are few reports presenting N-glycans
with internal fucose or N-glycans with arabinose, to our knowledge, this
is the first time an N-glycan with an arabinose-fucose disaccharide at-
tached to the chitobiose core has been identified.

4.3. Potential functional roles for PSAP

PSAP function is likely to be quite different from EXT proteins,
which are involved in cell wall formation and expansion [14], since the
PSAP protein is not associated with the cell wall, but rather the ECM.
Thus, PSAP may be involved in the formation of the retaining wall or
the polysaccharide fibers that extend from the retaining wall. When
these studies began, we hypothesized PSAP was the enzyme responsible
for forming the polysaccharide fibers by polymerizing sugar monomers

or oligomers. This is supported by our finding that a paste-like sub-
stance, presumably sugar monomers/oligomers, were found to enter the
cell side of the retaining wall near the PSAP protein granules and exit
the protein granule layer as the polysaccharide fibers [12]. It is also
possible PSAP does not have enzymatic activity and functions as an
anchor for the polysaccharide fibers. Given that PSAP is the only pro-
tein associated with the shell material it may serve both roles. Many
attempts to obtain purified PSAP protein for enzymatic studies were not
successful. Purification of PSAP from shell material without a dena-
turing environment (i.e. no SDS) or attempts at expressing PSAP in
heterologous hosts such as E. coli, Saccharomyces cerevisiae, Nicotiana
benthamiana, and Chlamydomonas reinhardtii were unsuccessful.

This suggests PSAP may contain intrinsically disordered regions
possibly due to the Hyp-rich motif and the Pro-rich regions, which is
another characteristic of HRGPs [66]. The PSAP disordered regions may
be leading to difficulties in heterologous expression. Indeed, an analysis
of PSAP for disordered regions found that the Hyp-rich motif and the
two Pro-rich regions are predicted to be highly disordered (Supple-
mentary Fig. 13).

Thus, identifying a specific function for PSAP will require refine-
ments in purifying PSAP from B. braunii shell material or in re-
combinant expression. Understanding PSAP function through knock-
down, knockout, or overexpression in B. braunii is not possible since B.
braunii transformation is not possible at this time.
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