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Abstract

Tissue-nonspecific alkaline phosphatase (TNALP) is a glycoprotein expressed by osteoblasts that promotes bone mineralization. TNALP catalyzes
the hydrolysis of the mineralization inhibitor inorganic pyrophosphate and ATP to provide inorganic phosphate, thus controlling the inorganic
pyrophosphate/inorganic phosphate ratio to enable the growth of hydroxyapatite crystals. N-linked glycosylation of TNALP is essential for protein
stability and enzymatic activity and is responsible for the presence of different bone isoforms of TNALP associated with functional and clinical
differences. The site-specific glycosylation profiles of TNALP are, however, elusive. TNALP has 5 potential N-glycosylation sites located at the
asparagine (N) residues 140, 230, 271, 303, and 430. The objective of this study was to reveal the presence and structure of site-specific
glycosylation in TNALP expressed in osteoblasts. Calvarial osteoblasts derived from Alp/”~ expressing SV40 Large T antigen were transfected
with soluble epitope-tagged human TNALP Purified TNALP was analyzed with a lectin microarray, matrix-assisted laser desorption/ionization-
time of flight mass spectrometry, and liquid chromatography with tandem mass spectrometry. The results showed that all sites (n=5) were
fully occupied predominantly with complex-type N-glycans. High abundance of galactosylated biantennary N-glycans with various degrees of
sialylation was observed on all sites, as well as glycans with no terminal galactose and sialic acid. Furthermore, all sites had core fucosylation
except site N271. Modelling of TNALR with the protein structure prediction software ColabFold, showed possible steric hindrance by the adjacent
side chain of W270, which could explain the absence of core fucosylation at N271. These novel findings provide evidence for N-linked glycosylation
on all 5 sites of TNALP as well as core fucosylation on 4 out of 5 sites. We anticipate that this new knowledge can aid in the development of
functional and clinical assays specific for the TNALP bone isoforms.
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Lay Summary

Tissue-nonspecific alkaline phosphatase (TNALP) is a protein that plays a key role in bone formation and mineralization. TNALP produced by bone-
forming osteoblast cells is known as bone alkaline phosphatase (BALP). Serum BALP is also a clinically important biomarker of bone formation.
The biochemical difference between BALP and other sorts of TNALP is how the protein is processed in the cells by a protein modification
process known as glycosylation. During glycosylation, different sugar molecules are synthetized and coupled to specific parts of the TNALP
sequence, thereby creating a diverse mixture of protein glycoforms with various length of sugar chains. However, the glycosylation structure
and site abundance of glycosylation in TNALP are unknown. In this study, we used different techniques to study protein glycosylation of TNALP
synthetized by osteoblasts and found that all hypothetical sites of TNALP were fully glycosylated, which has not been demonstrated before.
Furthermore, we found that the glycosylated sites had mixtures of different sugar chains, which might lead to the presence of different glycoforms
(isoforms) of BALP Further studies will examine how the observed sugar chains differ between the BALP glycoforms and what functional role
they have in bone formation and mineralization.
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Graphical abstract illustrating the N-glycosylation profile of tissue-nonspecific alkaline phosphatase. The 5 sites N140, N230, N271, N303, and
N430 were fully occupied by predominantly biantennary complex-type N-glycans composed of N-acetylglucosamine (GIcNAc), mannose (Man),
galactose (Gal), and sialic acid (Sia). Only site N271 did not have core fucose (Fuc).

Introduction

Tissue-nonspecific alkaline phosphatase (TNALP) is part of
an evolutionarily conserved isozyme family of alkaline phos-
phatases (ALP) and comprises about 95% of circulating ALP.
TNALP in human serum is predominantly derived from bone
and liver sources, in a 1:1 ratio, that can be identified as
isoforms identical in protein structure but different in post-
translational modifications."”> TNALP is also expressed in
other tissues such as the endothelium, kidney, brain, and
neutrophil granulocytes.?

The human TNALP gene locus, ALPL, is located on chro-
mosome 1 p34-p36.1.°> The over 50 kb-long gene contains
12 exons and encodes a 524-amino-acid long protein, where
the first 17 N-terminal amino acids (signal peptide) and the
last 22 C-terminal amino acids (pro-peptide) are removed to
obtain the mature TNALP protein of 485 amino acids with
a molecular weight of 55 kDa.* The tertiary structure of
TNALP is stabilized by disulfide bonds between 2 identical
monomers that contribute to homodimerization.’*® TNALP
is attached to the outer side of the cell membrane by a
glycosylphosphatidylinositol (GPI) anchor and is released by
GPI-specific phospholipase D.2

In bone, TNALP is expressed by osteoblasts and hyper-
trophic chondrocytes, and the main functional role for bone
ALP (BALP) is to hydrolyze ATP and the potent mineraliza-
tion inhibitor pyrophosphate to facilitate optimal conditions
for local biomineralization.” TNALP isolated from the human
osteoblastic cell line SaOS-2 comprises 4 glycoforms (BALP
isoforms),® and the same glycoforms can be detected in the
circulation.»? Circulating mouse ALP comprises matching
bone glycoforms as observed in humans.” Previous stud-
ies on lectin precipitation and glycosidase treatment demon-
strated that these glycoforms indeed have different N-linked

glycosylation patterns.'”>!! Functional studies have shown
that these bone glycoforms have different kinetic proper-
ties, unique interactions with collagen type I, and vary in
their ability to dephosphorylate the mineralization inhibitor
osteopontin.'?1* In addition, these glycoforms differ in their
distribution in cortical and trabecular bones!® and in patients
with various metabolic bone diseases.' 18

TNALP has 5 potential N-glycosylation sites with canonical
consensus sequences NXS/T at 140, 230, 271, 303, and 430,
which have been suggested to carry sialylated N-glycans.$-1°
However, the degree of site occupancy and the site-specific
glycosylation profiles are yet to be determined.'®12 N-linked
glycosylation is a post-translational modification that is ini-
tialized in the endoplasmic reticulum (ER) and proceeds in
Golgi apparatus during protein synthesis and is known to
affect protein folding, function, transportation, and degrada-
tion.!” Human glycans are mainly composed of N-acetyl glu-
cosamine (GlcNAc), mannose (Man), galactose (Gal), fucose
(Fuc), and sialic acid (N-acetylneuraminic acid; Sia), which
can be coupled by either a- or B-linkages. N-linked oligosac-
charides are initially synthetized and attached to the protein
backbone during processing in the ER. These initial struc-
tures are composed of 2 GlcNAc residues and one mannose
residue, followed by 2 high-mannose branches. Hybrid and
complex-type N-glycans are further synthetized in the Golgi
by stepwise removal of the high-mannose branch to obtain
the core structure of the complex-type N-glycans with 2
GlcNAc and 3 mannose residues. Further processing leads to
antenna attachment of one or 2 GIcNAc to each mannose and
thereafter potential synthesis of tri- and tetraantennary chains.
Terminal sialic acid can be attached to each galactose in «1-3
or «1-6 linkage. Fucose can be attached to galactose by a1-2
linkage or to GIcNAc in «1-3 or @1-4 linkages in the terminal
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Figure 1. Schematic representation of mammalian complex-type N-glycan synthesis from the high-mannose precursor added in the endoplasmic reticulum
and subsequent processing in the Golgi. “+Antenna” = structures above the complex-type N-glycan core, resulting in bi-, tri-, and tetraantennary N-glycans.

part of the structure. Furthermore, fucose in «1-6 linkage can
be added to the innermost asparagine-linked GlcNAc, termed
core fucosylation (Figure 1).20

This study was designed to elucidate the site-specific
glycosylation profiles of human TNALP expressed in
murine osteoblasts. Human TNALP was expressed from
hTNALP-FLAG pcDNA3-vector in Alplt/~ mouse calvarial
osteoblasts. Soluble epitope-tagged TNALP was purified
and analyzed in accordance to the MIRAGE guidelines for
glycomic analysis>!»>? by lectin microarray, matrix-assisted
laser desorption/ionization-time of flight mass spectrometry
(MALDI-TOF MS), and liquid chromatography with tandem
mass spectrometry.

Materials and methods

Three-dimensional protein model of TNALP with
ColabFold

A 3-dimensional model of TNALP was constructed with
ColabFold v1.5.2 that combines the novel DeepMind-based
AI database AlphaFold2%3:** with multiple sequence align-
ment (MMseq2) extracted from known protein structures in
the protein database.?’ In order to obtain the homodimer
model of TNALP, an input of the protein sequence (a.a. 18-
524, UniProtID: P05186) was inserted in duplicates separated
with “:” in the sequence input window at https://colab.re
search.google.com/github/sokrypton/ColabFold/blob/main/A
IphaFold2.ipynb. Multiple sequence alignment (MMSeq2
UniRef+Environmental) in “unpaired+paired” mode was
selected to search among structure similarities within and
across species, and 3 structure prediction cycles were run
with AlphaFold2-multimer-v2. ColabFold then compiles 5
prediction models that are ranked according to the predicted
local-distance difference test (pLDDT). All 5 prediction
models had high pLDDT scores of >80%. PyMOL v2.5

(Schrodinger) was used to visualize the predicted structure
of the TNALP dimer.

Cell culture

Calvarial osteoblasts were isolated from 1-d-old Alp/t/~ mice
following a standard protocol originated form the methods
by Boonekamp et al.>® The isolation procedure is described
in detail by Wennberg et al.?” The procedure was approved
by the Institutional Animal Care and Use Committees at
Sanford Burnham Prebys Medical Discovery Institute (SBP).
The TNAP knockout line has been maintained by Alplt/~
heterozygous breeding under specific pathogen-free condition
in the vivarium of SBP (currently AUF21-002). SBP animal
research program is accredited by the Association for Assess-
ment and Accreditation of Laboratory Animal Care Interna-
tional.

The isolated calvarial osteoblasts were transfected with a
pSV3 neo vector and were single-cloned by limiting dilution.
Integration of the SV40 Large T antigen gene was confirmed
by Southern blot.?® Clone 2F6 showed mineral deposition
when cultured with 8-glycerophosphate and ascorbic acid and
used in the experiments in this study. Cells were thawed and
cultured in Dulbecco’s modified Eagles medium (Merck Life
Science) supplemented with 10% heat-inactivated fetal bovine
serum (Merck Life Science) and 1% Penicillin/Streptomycin
(Merck Life Science) in a humidified incubator at 37°C with
5% CO;. Cells were regularly tested for mycoplasma contam-
ination with Mycoplasma check (Eurofins Analytik GmbH)
and were found free from contamination.

Expression and purification of TNALP

The cDNA encoding human TNALP (UniProt: P05186,a.a.1-
489) in a pcDNA3 vector was used for expression of human
TNALP in mouse osteoblasts. The GPI-anchor gene region
was substituted with a FLAG-peptide at the C-terminus
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of TNALP to produce secreted epitope-tagged TNALP
(setTNALP).2’ Mouse osteoblasts were subcultured and
transfected using the Nucleofector IIb device with Nucleofec-
tor Kit V according to the manufacturer’s instructions (Lonza
Group). Cells transfected with the set TNALP vector, or empty
vector, were cultured in Dulbecco’s modified Eagles medium
with 1% fetal bovine serum and Penicillin/Streptomycin
at 37°C/5% CO, for 48 h. After incubation, cell medium
was collected and concentrated in Vivaspin 20, 30 kDa
MWCO filter tubes (Sartorius Group, Gottingen, Germany),
and the concentrate was stored at —20°C with EDTA-free
protease inhibitor cocktail (ThermoFisher). The expressed
setTNALP was purified from the concentrated cell medium
with FLAG Immunoprecipitation kit (Anti-FLAG M2 Affinity
Gel, A2220, Merck Life Science). The protein was eluted with
3X FLAG-peptide (3xDYKDDDDK, Merck Life Science).
The protein concentration was measured using a Nanodrop
(ThermoFisher) with the molar extinction coefficient of
59.04 x 1000 M~! c¢cm~! and the theoretical molecular
weight for TNALP 54.7 kDa, calculated from the amino
acid sequence of TNALP with FLAG-peptide sequence, but
without the GPI-anchor signal sequence, in Expasy ProtParam
tool (https://web.expasy.org/protparam/). The eluted protein
fractions were stored in aliquots in Tris-buffered saline (TBS),
pH 7.4 at —20°C until further analysis.

Gel electrophoresis and Western blot

To check the purity of TNALP after immunoprecipitation,
1 pg of eluted protein was denatured and dithiothreitol-
reduced in lithium dodecyl sulfate buffer at 80°C for 10 min
and separated with SDS-PAGE on a 4%-12% Bis-Tris gel
(ThermoFisher). The gel was stained with SilverXpress Silver
staining kit (ThermoFisher). Western blot was performed
to determine the expression efficiency of TNALP. In brief,
protein was transferred to a nitrocellulose membrane, blocked
with Intercept TBS buffer (LI-COR Biotechnology GmbH),
and incubated with 1:2000 rabbit anti-FLAG monoclonal
antibody (F7425, Merck Life Science) in Intercept TBS buffer
(LI-COR), 0.1% Tween-20 overnight at 4°C. The membrane
was washed with TBST (TBS with 0.1% Tween-20) and
incubated with 1:10000 IRDye 800CW goat anti-rabbit
IgG secondary antibody (925-32213, LI-COR) in Intercept
TBS buffer, 0.1% Tween-20 for 1 h at room temperature.
The membrane was washed with TBST and developed with
Odyssey CLx Imaging System (LI-COR).

Lectin microarray

Purified TNALP was analyzed with the LecChip Lectin
Microarray at VelaLabs GmbH (Biomedica Medizinprodukte)
according to a standard protocol.>? In brief, purified TNALP
was labeled with Cy3 fluorescent dye, and the free dye was
removed by filtering through Zeba Spin desalting columns
(ThermoFisher). Serial dilutions (1:1) from 2000 ng/mL to
31.3 ng/mL of Cy3-labeled TNALP were applied on a glass
chip with 7 chambers (1 per dilution) with pre-printed lectins.
Each chamber contains 45 lectins that are specific for different
glycosylation epitopes present on complex-type or high-
mannose N-glycans as well as O-type glycans. Lectin origin
and specificity are described in Supplementary Table 1. After
an overnight incubation at room temperature in a humidity
chamber, the level of fluorescence intensity was measured by
scanning the LecChip with GlycoStation TM Reader 1200,
and the glycoprofile was analyzed with the GlycoStation®
Tools Pro Suite 2.0 software (Mx) by normalizing the
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fluorescent intensity of each lectin to the overall mean
intensity of the chip. Results are presented as a heat map
with color representation of mean values (7 = 3) of normalized
intensity for each of the 45 lectins in the lectin microarray.

Matrix-assisted laser desorption/ionization-time of
flight mass spectrometry

Purified TNALP was dissolved in 0.1 M ammonium bicar-
bonate, pH 7.8, denatured, and reduced in 0.01% SDS and
0.07% 2-mercapthoethanol at 80°C for 10 min. Glycans
were released with 0.06 U PNGase F from Elizabethkingia
meningoseptica (Merck Life Science) per microgram protein
with 10% Triton X-100 for 24 h at 37°C. TNALP not treated
with PNGase F was used as control. Denatured PNGase F-
treated TNALP was removed with an Isolute C18 column
(Biotage) and soluble glycans were collected, desalted with
BioGel P-2 gelfiltration (BioRad Laboratories), and vacuum
concentrated. Purified glycan samples were derivatized as
described by Hronowski et al.>! by mixing 1:1 with 10 mg/mL
2-anthranillic acid (Merck Life Science) in 90% methanol
with 2.5% formic acid and pipetted on a MTP Anchorchip
384 plate. Samples were run on an UltrafleXtreme MALDI-
TOF/TOF mass spectrometer (Bruker Corporation) in the
negative ion mode. The obtained spectral intensity is derived
from an average of 5 high energy analysis (85%) on the
crystalized matrix at random positions. Glycans released from
transferrin (Merck Life Science) were used as MS calibrator.

Liquid chromatography with tandem mass
spectrometry

Purified TNALP preparation (40 pg) in 50 mM triethylam-
monium bicarbonate, 0.5% sodium deoxycholate, pH 7.4,
was reduced with § mM dithiothreitol for 30 min at 56°C
and alkylated with 10 mM iodoacetamide in the dark for
30 min at room temperature. The alkylation reactions were
quenched by incubation with dithiothreitol (10 mM final
concentration) for 15 min at room temperature. Prior to
proteolytic digest, the alkylated sample was diluted with
50 mM triethylammonium bicarbonate (final volume of
300 uLl) and divided into 2 portions for proteolysis using
either chymotrypsin (V1061; Promega) (0.3 ug, overnight at
23°C) or with a combination of Lys-C (V1617; Promega) and
Glu-C (V1651; Promega) (0.4 ng and 0.3 ug, respectively,
overnight at 37°C). Sodium deoxycholate was removed by
acidification with 10% trifluoroacetic acid and subsequent
centrifugation. Supernatants were further purified using
Pierce peptide desalting spin columns (ThermoFisher), accord-
ing to the manufacturer’s instructions. Purified preparations
were reconstituted in 2% acetonitrile, 0.1% trifluoroacetic
acid for nanoLC-MS/MS analysis. Each of the purified
TNALP preparations was divided into 2 equal portions: one
half for nanoLC-MS/MS analysis of native sample and the
second half for sialidase treatment. For sialic acid removal,
TNALP preparations were incubated with 1 pL Sialidase
A (GK80040; Agilent Technologies) in 50 uL of provided
buffer, overnight at 37°C. All preparations were desalted
using Pierce Peptide Desalting Spin Columns (ThermoFisher)
prior to LC-MS analysis. The TNALP proteolytic prepara-
tions were analyzed on a QExactive HF and an Orbitrap
Exploris 480 mass spectrometers interfaced with Easy-
nLC1200 liquid chromatography system (ThermoFisher).
Peptides were trapped on an Acclaim Pepmap 100 C18 trap
column (100 pum x 2 cm, particle size 5 pum; ThermoFisher)
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and separated on an in-house packed analytical column
(75 pum x 30 cm, particle size 3 um, Reprosil-Pur C18; Dr
Maisch, Ammberbuch-Entringen, Germany) using a gradient
from 5% to 35% acetonitrile in 0.2% formic acid over 75 min
at a flow of 300 nL/min. Each preparation was analyzed using
2 different MS1 scans settings, in the m/z range of 380-1500
and 600-2000, both at a resolution of 120 K. MS2 analysis
was performed in a data-dependent mode at a resolution of
30 K, using a cycle time of 3 s (QExactive HF) or 2 s (Exploris
480). The most abundant precursors with charges 2-7 were
selected for fragmentation using higher-energy collisional
dissociation (HCD) at collision energy settings of either 28
(QExactive HF) or 30 (Exploris 480). The isolation window
was set to either m/z=1.2 for data acquired in the m/z range
of 380-1500 or m/z = 3.0 for data acquired in the m/z range of
600-2000. The dynamic exclusion was set to 10 ppm for 20 s.
To facilitate glycosylated peptide characterization, multiple
injections were acquired on Exploris 480 with precursors
detection in the m/z range of 600-2000 and different settings
for the normalized HCD energies of 24, 30, and 38.

Analysis of mass spectrometry data

The acquired data were analyzed using Proteome Discov-
erer 2.4 (ThermoFisher). Database searches were performed
against a custom protein database, consisting of expressed
TNALP sequence and the Swiss-Prot Mus musculus protein
database to control for protein contamination from the pro-
duction cell-line proteins. The data acquired in m/z range of
380-1500 were searched using Sequest HT. Precursor mass
tolerance was set to 5 ppm and fragment mass tolerance
to 20 mmu. Chymotryptic peptides with up to 5 missed
cleavages and Lys-C/Glu-C peptides with 4 missed cleavages
were accepted. Methionine oxidation was set as variable
modifications and cysteine alkylation as fixed modifications.
Target decoy was used for peptide spectrum match validation.

For glycopeptide analysis, the raw data acquired with dif-
ferent HCD energies were searched using the Byonic software
(Protein Metrics, Cupertino) in Proteome Discoverer v2.4,
with Minora Feature Detector node, against the single TNALP
sequence. Precursor mass tolerance was set to 5 ppm and
fragment mass tolerance to 30 ppm. Chymotryptic peptides
with 5 missed cleavages and Lys-C/Glu-C peptides with 4
missed cleavages were accepted. In addition to variable N-
glycosylation, fixed cysteine alkylation as well as variable
methionine oxidation, asparagine deamidation, and amino-
terminal pyroglutamic acid formation were allowed. Differ-
ent N-glycan databases were used during the data process-
ing of native and sialidase-treated samples. Each TNALP
proteolytic preparation was analyzed at least 3 times with
identical MS1 settings but different fragmentation energies in
MS2 to facilitate glycoform identifications. Prior to the final
assignment, identified glycosylated peptides were manually
validated based on the observed fragmentation pattern, the
number of glycoforms per site, the number of peptide spec-
trum matches per glycoform, and the retention time windows
for the different glycoforms (at the same site). The extracted
ion chromatogram peak intensities were used to determine the
glycoform abundances. The average values from 3 injections
were used to calculate glycoform abundances expressed as
percent of total signal for all modified and non-modified pep-
tides sharing the same amino acid sequence. These data were
used to calculate the glycan distribution at each site. The MS2
data were acquired at different collision energies and were
used to evaluate fucose position and antenna compositions

including additional Hex presence (HexNAcHexHex). The 26
retrieved and curated non-sialylated compositions were used
to create a new glycan database consisting of 72 glycan com-
positions (both, non-sialylated and sialylated) for the follow-
up analysis of native TNALP preparations. The native TNALP
proteolytic preparations were then used to evaluate degree of
sialylation at each site. The relative glycoform abundances
were used to calculate sialylation level for each site. An O-
glycan database consisted of 6 O-glycan compositions was
used to evaluate the presence of O-glycosylation on TNALP.
Since GIcNAc and GalNAc, as well as galactose and man-
nose, have the same m/z ratio, they are therefore annotated as
N-acetyl hexose (HexNAc) for GIcNAc and GalNAc¢ and hex-
ose (Hex) for galactose and mannose. Deoxyhexose (dHex) is
the chemical term for fucose, and neuraminic acid (NeuAc)
is for sialic acid. The UniCarb-DB database (https://unicarb-
db.expasy.org, accessed March 29, 2023) was used to search
for possible N-glycan structures based on the annotations of
the chemical terms above. All structures obtained from the
mass spectrometry analysis in relation to possible mammalian
N-glycan types are presented in Supplementary Table 2.

Results

Potential glycosylation sites of TNAP are located in
the peripheral loops

The 3D structure of TNALP, constructed with ColabFold,
showed a high prediction score pLDDT >80 (High accuracy
pLDDT score 80-100) according to the distance between
the residues. The predicted structure of the TNALP dimer
is shown in Figure 2A with front and top views. The 5
putative N-glycosylation sites at 140, 230, 271, 303, and
430 are marked on each dimer. All sites with N-glycosylation
are located in peripheral loops. The canonical NXS/T sites
of TNALP are designated in the amino acid sequence of
TNALP in Figure 2B. The GPI-anchor sequence is replaced
with FLAG-peptide sequence for the purpose of this study
(Figure 2B).

Treatment with N-glycosidase showed that the
expressed TNALP is N-glycosylated

Expressed soluble epitope-tagged TNALP, ie, set TNALP from
mouse osteoblast culture supernatant, was purified with
FLAG-immunoprecipitation (FLAG-IP). The degree of purity
and specific target enrichment for se#.TNALP was determined
by silver staining and Western blot, respectively. This showed
a broad band, approximately between 60 and 80 kDa,
corresponding to glycosylated TNALP (Figure 3A and B,
lane 1), whereas no band was present for the purified
sample from cells transfected with pcDNA3-FLAG empty
vector (Figure 3A and B, lane 2), indicating the specific
isolation of TNALP. Some co-migration of BSA was observed
(66 kDa; Figure 3A), and heavy and light chains from FLAG-
IP antibody (Figure 3B, lanes 1 and 2) were also detected.
PNGase F treatment resulted in one narrow band at approx.
55 kDa, indicating complete digestion of N-linked glycans
(Figure 3A and B, lane 3).

Lectin microarray shows presence of complex-type
N-glycans, core fucosylation, and sialic acid on
TNALP

The relative binding intensity of TNALP to each of the 45
lectins is shown in Figure 4. TNALP showed the highest
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Top view

1 MISPFLVLAIGTCLTNSLVPEKEKDPKYWRDQAQETLKYALELQKLNTNVAKNVIMFLGD 60
61 GMGVSTVTAARILKGQLHHNPGEETRLEMDKFPFVALSKTYNTNAQVPDSAGTATAYLCG 120
121 VKANEGTVGVSAATERSRCNTTQGNEVTSILRWAKDAGKSVGIVTTTRVNHATPSAAYAH 180
181 SADRDWYSDNEMPPEALSQGCKDIAYQLMHNIRDIDVIMGGGRKYMYPKNKTDVEYESDE 240
241 KARGTRLDGLDLVDTWKSFKPRYKHSHFIWNRTELLTLDPHNVDYLLGLFEPGDMQYELN 300
301 RNNVTDPSLSEMVVVAIQILRKNPKGFFLLVEGGRIDHGHHEGKAKQALHEAVEMDRAIG 360
361 QAGSLTSSEDTLTVVTADHSHVFTFGGYTPRGNSIFGLAPMLSDTDKKPFTAILYGNGPG 420
421 YRKVVGGERENVSMVDYAHNNYQAQSAVPLRHETHGGEDVAVFSKGPMAHLLHGVHEQNYV 480
481 PHVMAYAACIGANLGHCAPASSAGSLAAGRPELEEALALYRESYEE (DYKDDDDK)

Figure 2. Modeled protein structure of human TNALP (UniProtID: P05186). (A) Three-dimensional structure of the TNALP homodimer and designated
location of N-glycosylation sites from front and top view. All 5 N-glycosylation sites are marked with spheres. The protein model was generated with
ColabFold (https://colab.research.google.com/github/sokrypton/ColabFold/blob/main/AlphaFold2.ipynb)?® from the human TNALP amino acid sequence
and visualized with PyMOL. (B) Amino acid sequence of a human TNALP monomer. Underlined: pro-peptide sequence (not present in mature form),
underlined and bold: possible N-glycosylation motifs at N140, N230, N271, N303, and N430. Crossed out: GPl-anchor signaling peptide, deleted and

exchanged with FLAG-peptide sequence (DYKDDDDK) in this study.

signals for lectins with affinity for complex-type N-glycans
(DSA, RCA-120, ACG and TxLC-I) including those with ter-
minal galactose (ACG and ABA) and terminal GIcNAc¢ (non-
galactosylated glycans; LEL, STL, UDA and WGA), but also
complex-type N-glycans with bisecting GlcNAc (PHA(E) and
Calsepa). RCA120 and DSA are specific for GalB1-4GIcNAc
structures, present in complex-type N-glycans. ACG had also
high affinity for terminally «2-3 sialylated glycans and TxLC-
I for core-fucosylated complex-type N-glycans. High signals
were also found for lectins specific for terminal sialylation in
both Siaw2-3Gal (MAL-I and ACG) and Siac2-6Gal linkages
(SNA, SSA, and TJA-I). Binding to lectins specific for core
fucosylation (Fuca1-6GIcNAc; PSA and LCA) but not for
terminal fucosylation (Fuca1-2/4Gal; LTL, UAE-L, and AOL)
was detected. Low binding signals were mainly observed for
O-type lectins, with comparatively higher intensity for lectins
specific for Siaw2-3GalB1-3GalNAc (Jacalin and ACA) and
Siaa2-3GalB1-3(Siac2-6) GalNAc (MAH).

MALDI-TOF MS: Analysis of released glycans
showed presence of biantennary N-glycans with
fucose and sialic acid

The N-glycan profile of set TNALP was analyzed by MALDI-
TOF MS of PNGase F-released glycans (Table 1). MALDI-
TOF MS analysis showed presence of glycans in the m/z
range of 1500-2900. The calculated 2-aminobenzoic-acid-
derivatized masses corresponded to biantennary N-glycan
structures with or without fucose and sialic acid. The
most abundant structures were biantennary N-glycans with
1 fucose residue and 1 sialic acid (m/z=2197.071). The
majority of the biantennary N-glycans were sialylated (73%).
However, impurities of FLAG-peptide used for elution of
TNALP during purification were detected at m/z=2861.9
with high intensity and prevented high quality acquisition of
possible triantennary and tetraantennary N-glycans (data not
shown).
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Table 1. Released N-glycans from TNALP analyzed with MALDI-TOF MS.

Experimental Theoretical Relative N-Glycan structure

mass (+2-AA) mass (+2-AA) intensity

(m/z) (m/z) (%)?

1597.605 1597.42 10 (£ 0.1) Biantennary complex (1 terminal Gal)

1759.725 1759.57 13 (£ 1.3) Biantennary complex (2 terminal Gal)

1905.865 1905.72 5(+0.5) Biantennary complex with 1 fucose

2050.926 2050.83 6 (+0.1) Biantennary complex with 1 sialic acid

2197.071 2196.98 62 (+7.5) Biantennary complex with 1 fucose and 1 sialic acid

2360.472 2359.13 5(+£1.9) Biantennary complex with 1 fucose, 1 sialic acid and 1 extra hexose

3Mean + SD, 7= 3 Abbreviation: 2-AA, 2-aminobenzoic acid, 119 Da
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Figure 3. Purified soluble epitope-tagged TNALP (setTNALP) expressed
in Alpl/~ mouse calvarial osteoblasts after FLAG-IP and PNGase F treat-
ment. One microgram of purified setTNALP was denatured and loaded on
SDS-PAGE and subjected to: (A) silver staining or (B) Western blot. Lane
1: (A and B) setTNALP after FLAG-IP TNALP was detected approximately
between 60 and 80 kDa. (B) Presence of heavy (50 kDa) and light
(25 kDa) chains from IP antibody. Lane 2: (A and B) Control after FLAG-IP
from pcDNA3-FLAG empty vector transfected cells. (A) Presence of BSA
(66 kDa). (B) Presences of heavy (50 kDa) and light (25 kDa) chains from IP
antibody. Lane 3: (A and B) PNGase Ftreated setTNALP Deglycosylated
setTNALP at approx. 55 kDa, (A) PNGase F at 34 kDa.

LC-MS/MS: All 5 potential sites of TNALP were
fully glycosylated

TNALP contains 5 canonical NXS/T N-glycosylation sites.
Two different proteolytic preparations, Lys-C plus Glu-C and
chymotrypsin, were selected for the analysis of these sites. No
glycopeptide enrichment was performed prior to LC-MS/MS,
to avoid selective enrichment of specific glycoforms. Instead,
to facilitate detection of N-glycopeptides, precursor ions were
acquired in the m/z range of 600-2000. Acquired LC-MS/MS
data were first evaluated for the occurrence of oxonium ions
to confirm the presence of glycopeptides and to estimate
their potential glycan compositions. The expected HexNAc,
HexNAcHex oxonium ions (m/z=204 and 365), as well as
NeuAc oxonium ions (m/z=274 and 292) were observed.
The mass spectra was also examined for N-glycolylneuraminic
acid (NeuGc) oxonium ions (m/z =290 and 308) as this sialic
acid may be present in glycans produced in mouse cells.
However, ions consistent with presence of NeuGc were not
detected.

The initial proteomics data evaluation confirmed suc-
cessful TNALP production and purification. Strong signal
corresponding to the FLAG-peptide was observed but did
not prevent evaluation of the glycosylation sites. The initial

Table 2. Abundance of N-glycans, core fucose, Gala1-3Gal and sialic acid
on TNALP

Abundance (%)

High-mannose and hybrid 3
Complex-type: 97
Biantennary 76
Terminal GlcNAc 13
Galactosylated 63
Triantennary 17
Tetraantennary 4
Gala1-3Gal 20
Core fucose 45
1 Sialic acid 21
2 Sialic acids 3
3 Sialic acids 0.04

data evaluation revealed presence of N-linked glycosylation.
Native TNALP preparations were further treated with
Sialidase A, prior to the first round of the site-specific
glycosylation analysis. Removal of sialic acid decreased site
heterogeneity, thus improved the detection of the existing
glycoforms and facilitated relative quantification of the
site microheterogeneity. To evaluate the presence of O-
glycans, both acquisitions (m/z range of 375-1500 and
600-2000) were searched for the presence of the 6 most
common human O-glycans. None of these O-glycans were
detected.

The extracted ion chromatogram peak intensities were used
to determine the glycoform abundances expressed as percent
of total signal for all modified and non-modified peptides
sharing the same amino acid sequence (described in the Mate-
rials and Methods section). All 5 putative N-glycosylation sites
were occupied to >99% with only minor abundance of the
corresponding non-glycosylated peptide in N303 (1%) and
N430 (0.2%) (Table 2, Figure 5A). Most of the N-glycans
were of the biantennary complex-type (76 %). Terminal Glc-
NAc N-glycans (HexNAc(4)Hex(3)) were present in 13% of
all the desialylated glycopeptides. Galactosylated biantennary
N-glycans were detected in 63% of the desialylated glycopep-
tides with 1 or 2 galactose residues (HexNAc(4)Hex(4) or
HexNAc(4)Hex(5)). Triantennary N-glycans were detected in
17% of all the desialylated N-glycans, while high-mannose
and hybrid glycans and tetraantennary N-glycans were less
than 4% abundant on all sites (Table 2, Figure 5A).

The relative abundance of different N-glycans varied
among all § sites (Figure 5). High-mannose and hybrid N-
glycans were present on N271, N303, and N430, while
biantennary N-glycans with terminal GIcNAc were present
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Figure 4. Lectin microarray (LecChip) demonstrating the relative binding of TNALP to different lectins (n=45). Lectin origin and glycan specificity list
is presented in Supplementary Table 1. Lectins are grouped according to the nature of their epitopes required for binding to N-glycan epitopes, if not
otherwise specified. Lectin microarray analysis was performed with samples from 3 independent expression experiments. Heat map colors represent
mean values (n=3) of normalized intensity for each of the 45 lectins in the lectin microarray.

on all sites. Sites N140, N230, N271, and N430 showed
the highest abundance of biantennary galactosylated N-
glycans, while N303 had the highest abundance of tri-
and tetraantennary N-glycans. Tetraantennary N-glycans
were only present on N303 and N430 (Figure 5). N140,
N230, and N430 had the highest abundance of core-
fucosylated biantennary N-glycans (Figure 5). All sites were
sialylated with at least 1 sialic acid per complex-type N-
glycan (Table 2). Glycans with 2 or 3 sialic acid residues
were only found in small amounts with 3% and 0.04%
abundance, respectively, and were only present on tri- and
tetraantennary N-glycans (Table 2). The highest abundance
of sialic acid (29%) was found on triantennary N-glycans
(Figure 5C). The highest amount of sialic acid was found
on site N271 (32%), while N140, N230, and N430 had
a lower degree of sialylation (24%-29%) (Figure 6A).
Interestingly, N303 showed the lowest degree of sialylation
(4%), despite having a high amount of accessible galactose
residues (Figure 6A). Approximately 22% of both bi- and
triantennary N-glycans contained an additional fragment
ion with strong intensity at m/z 528, corresponding to
HexNAcHex (2), which indicates the presence of a galactose
extension. The highest amount of galactose extensions was
found on site N271 (data not shown). As expected, fragment
ions with m/z 657 (HexNAcHexNeuAc) but not m/z 819
(HexNAcHex(2)NeuAc) were found in the mass-spectra of
sialylated glycans. This observation suggests a competition of
sialyl-transferases and «1-3 galactosyltransferase activity for
the same substrate where either sialic acid or galactose will be

terminally linked to the GIcNAcB1-3/4Gal sequence on each
antenna.

Although the binding of PHA(E) and Calsepa lectins
indicated the presence of bisecting complex-type N-glycans
(Figure 4), the typical fragment ions composed of peptide
+ HexNAc(3)Hex (m/z = peptide +771 m/z)>? or peptide +
HexNAc(3)HexdHex (m/z = peptide +918) were not found in
the spectra with low collision energy for any of the 5 sites.

LC-MS/MS: Absence of core fucosylation on N271
possibly due to steric hindrance by W270

The typical fragment ion for core fucose (peptide + Hex-
NAcdHex) at m/z = pept+203 + 146 was observed in 45% of
all desialylated glycopeptides (Table 2). Triantennary complex
type N-glycans showed higher abundance of core fucose than
biantennary glycans (Figure 5B). No terminal fucosylation
was observed (HexNAcHexdHex, m/z=512). Furthermore,
the degree of core fucosylation varied among the 5 sites. N140
showed the highest degree of core fucosylation; however,
core fucosylation was absent on site N271 (Figure 6B). To
determine if there is any connection between the location of
N271 and absence of core fucosylation, the 3-dimensional
model of TNALP, obtained with ColabFold, was used to
measure the proximity of N271 to adjacent amino acids. This
revealed that the indol ring of W270 was located approxi-
mately 3.8 A from the free amine side chain of N271, where N-
glycosylation occurs, which suggests possible steric hindrance
to core fucosylation (Figure 6C).


https://academic.oup.com/jbmrpl/article-lookup/doi/10.1093/jbmrpl/ziae006#supplementary-data
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Figure 5. Relative abundance of different N-glycan types on TNALP analyzed with LC-MS/MS analysis. (A) Total glycan abundance on TNALP acquired
from desialylated glycopeptides. The highest abundance was observed for biantennary complex-type N-glycans. All 5 sites were fully glycosylated, except
N303 that had approximately 1% non-glycosylated peptide. (B) Abundance of core fucosylated N-glycans acquired from desialylated glycopeptides. (C)
Abundance of N-glycans with terminal sialic acid acquired from sialylated glycopeptides. (D) N140, (E) N230, (F) N271, (G) N303, and (H) N430. Relative
abundance of high-mannose and hybrid and complex-type N-glycans with or without core fucose on the 5 sites of TNALP acquired from LC-MS/MS
analysis of desialylated glycopeptides.
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Figure 6. Degree of sialylation and core fucosylation per site. (A) The highest degree of sialylation was observed for N271 and the lowest for N303. (B)
The highest degree of fucosylation was observed for N140 and absence of core fucosylation was confirmed for N271. (C) The distance between the indole
ring of W270 and the amide group of N271 averages 3.8 A (dashed lines), measured in PyMOL, suggesting a possible steric hindrance to the amide group
and glycosylation site of N271, which might explain the absence of core fucosylation at this site.

Discussion Those contained terminal galactose, GIcNAc, or sialic acid
This is, to our knowledge, the first study that confirms  in varying amounts. The presence of a high degree of core
the presence of N-linked glycosylation on all possible 5 fucosylated glycans at 4 out of 5 sites was another novel
N-glycosylation sites of TNALP. We found that most N- finding. Protein structure prediction using ColabFold revealed
glycans were of the biantennary complex type on all sites.  that the side chains of the asparagine residues at 140, 230,
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271, 303, and 430 are oriented outwards from the main
chain, which suggests that all § sites are accessible for
glycosyltransferases. The modeled TNALP also demonstrated
that the N-glycosylation sites were abundant on B-turns
and near intermediary unfolded regions, which is known to
enhance the folding efficiency and stabilize protein folding by
protecting hydrophobic residues to water exposure,!?»2%33
Hence, glycosylation at these structures promotes a higher
hydrophilic nature of secreted proteins including TNALP."

The amino acid sequence is a prerequisite for the high
degree of glycosylation on TNALP.?? The most common N-
glycan motif on secretory glycoproteins is the NXS/T-motif,
where X is any amino acid but proline.>> The absence of
aspartic acid (D), glutamine (Q), tryptophan (W), or leucine
(L) at the X-residues of all N-linked sites leads to increased
glycosylation efficiency.!? Early folding events, such as disul-
fide bonds, might influence the degree of glycosylation at
a particular site as the synthetized polypeptide chain enters
the ER lumen. The glycan processing rate, protein solubility,
and tertiary protein structure influence subsequent glyco-
sylation events such as complex-type N-glycan branching
and core fucosylation when the protein is processed through
the ER and Golgi.? Smaller glycoproteins (544 + 60 amino
acids) are often fully glycosylated by complex-type N-glycans
in comparison with larger glycoproteins (896 180 amino
acids).?’ We found that TNALP (monomer), composed of
485 amino acids, had 97% complex-type N-glycans fully
occupying N140 and N230. Presence of some high-mannose
and hybrid glycans at N271, N303, and N430 suggest some
incomplete glycosylation processes, or degree of hindrance
near these sites, even though N303 also had more tri- and
tetraantennary N-glycans in comparison with the other sites.
Tri- and tetraantennary N-glycans may be more abundant in
B-turn regions with higher accessibility.”’ Taken together, our
findings demonstrate that the 5 N-glycan sites of TNALP are
highly accessible for glycosylation, and the glycoproteomic
analysis with LC-MS/MS confirms that human TNALP is
fully glycosylated.

Glycosylation of TNALP has also been proposed as an
important factor for normal TNALP function and com-
partmentalization. Inhibition of N-glycosylation synthesis
in osteoblasts led to increased release of TNALP into the
osteoblast culture medium and decreased enzymatic activity of
membrane-bound TNALP3* Furthermore, catalytic activity
of both liver- and bone-specific ALP is dependent on the
presence of sialic acid.''> PNGase F treatment after
desialylation of liver ALP, however, restored the enzymatic
activity to native levels.'’ In vivo desialylation of TNALP,
using a sialyltransferase-deficient (ST3Gal6~/~) mouse model,
showed reduced circulating TNALP activity with normal
protein expression levels.>> Sialic acid deficiency enhanced
binding of the exposed galactose residues to the Ashwell-
Morell receptor in the liver parenchyma, which promotes
TNALP uptake and degradation.33-3¢

Lectin microarray and MS analyses of N-glycans on
TNALP revealed presence of sialylated complex-type struc-
tures. The lectin binding profile showed that sialic acid is
present in both «2-3 and «2-6 linkages to Gal. Analyses by
MALDI-TOF MS and LC-MS/MS showed mainly mono-
sialylated glycans, but with a significant difference in
the degree of sialylation, 73% vs 24%, respectively. This
discrepancy reflects probably some loss of sialic acid during
sample preparation or ionization in the mass spectrometer.

"

The actual degree of sialylation may therefore be higher
than indicated in this study. Although O-linked glycans were
not detected by LC-MS/MS analysis, the lectin microarray
showed moderate binding to the Jacalin and ACA lectins,
which both have affinity to the Sialyl T antigen (Sia o2-
3GalB1-3GalNAca—). The presence of O-linked glycans
on TNALP can therefore not be excluded, and they may
contribute to the net charge of TNALP due to additional
sialic acid residues.

Core fucosylation is important for protein stability and
function.?’ The presence of core fucosylation at 4 out of
5 sites on TNALP is a novel finding in this study. Core
fucosylation has previously been reported in placental ALP
and ALP from tumorigenic cell lines, such as hepatoma and FL
amnion cells.>”-3? Additionally, the lectin microarray analysis
in this study showed binding to lectins specific for Fucal-
6GlcNAc (core fucosylation), while there was no binding to
lectins specific for terminal fucosylation. According to the LC—-
MS/MS analysis, the degree of core fucosylation varied among
the sites, but no core-fucosylated glycans were found at site
N271 and modelling with ColabFold showed possible steric
hindrance by W270. Core fucosylation is performed by a1-6
fucosyltransferase (FUTS), which is located in the Golgi and
recognizes the NXS/T motif having a higher recognition for
complex-type than high-mannose N-glycans.*® The tertiary
structure of the protein determines the accessibility of FUTS,
since more buried sites are difficult to access and therefore
have a lower degree of core fucosylation.?’ Furthermore,
FUTS8 is blocked from reaching the N-glycan core by the
side chains of proximal amino acids that form a hydrogen
bond with functional groups of the innermost GlceNAc.*? We
suggest that W270 induces steric hindrance to N271 in a
similar way during the folding of TNALP. Though N271 is
efficiently glycosylated, an interaction may occur between the
side chain of W270 and the core GlcNAc after glycosylation,
which prevents FUTS8 interaction with this site. Additional
studies are required to determine the role of W270 in the
structure and function of TNALP.

TNALP expressed by mesenchymal stem cells has different
glycosylation patterns when cultured under either adipogenic
or osteogenic conditions, which might influence the local-
ization of TNALP in the cells.*' We speculate that, during
osteoblastogenic differentiation of mesenchymal stem cells,
differential glycosylation might lead to the origin of 4 bone-
specific glycoforms of TNALP (BALP isoforms). The BALP
isoforms B/I, B1, Blx, and B2 are expressed in bone by
osteoblasts, and B/I, B1, and B2 are present in serum samples
of healthy subjects.*? The Blx isoform is present in serum
only in patients with chronic kidney disease and its detection
is associated with lower levels of the other BALP isoforms,
total ALP, and with low bone turnover.*®> Calcifying vascu-
lar smooth muscle cells demonstrate increased Blx activity
and have been proposed as the source of circulating Bl1x in
these patients.'”>** However, the detection of Blx in serum
was associated with better long-term survival,> which led
to the hypothesis that it may indicate a state of low bone
turnover and low BALP associated with improved survival, in
accordance with previous reports.**>*® Despite associations of
circulating BALP with several clinically relevant outcomes, it
is still unclear whether the circulating BALP isoforms merely
reflect tissue activities or whether BALP also is functional
in the circulation. More studies are needed to determine
how glycosylation affects, and is affected by, the release of
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BALP into the circulation and its reactivity toward potential
circulating substrates.

The BALP isoforms, in particular B1x, B1, and B2, each
have a potential to become biomarkers of clinical use.!->>1”
However, it is challenging to measure serum BALP due to high
antibody cross-reactivity with the liver isoforms, since BALP
and liver ALP have identical protein structure.*”>*8 Moreover,
current immunoassays for the measurement of BALP cannot
differentiate between the different BALP isoforms. Therefore,
it is of interest to further investigate the post-translational
modifications of BALP, in order to develop more specific
analytical methods for the BALP isoforms. The development
of future isoform-specific detection methods will contribute
to the investigations of previously reported differences among
these circulating isoforms in metabolic bone diseases.!®!8

Strengths of the current study include osteoblast-specific
protein expression and optimal protein yield needed for
accurate glycoproteomic analysis. Moreover, the combined
approach of lectin microarray assays and mass spectrometry
analysis of both released glycans and glycopeptides provides
us with novel and detailed information about the structure of
the N-linked glycosylation of TNALP. We selected calvarial
osteoblasts from Alpl*/~ mice as an overexpression system
in order to reduce competition with endogenous protein to
sugar substrates and glycosyltransferases. Furthermore, this
cell line is SV40 T antigen immortalized, which promotes
high growth rate and protein yield without changing the
primary osteoblastic phenotype.2® Mouse and human TNALP
share 89.9% protein sequence homology and all 5 N-glycan
sites are conserved.”*’ Mouse osteoblasts produce the same
BALP isoform pattern as humans and mice have therefore
been proposed as a suitable animal model to study the
structure and function of TNALP2® Nonetheless, the choice
of a non-human expression model for the study of human
TNALP is a limitation since this can potentially influence
the glycosylation patterns. For example, we found that
some bi- and triantennary N-glycans contained an additional
galactose extension, which indicates the presence of Gala1-
3Gal epitopes. It is possible that the expression of TNALP
in osteoblasts, derived from mouse, has led to Gala1-3Gal
expression, an epitope that is highly abundant in many
mammalian proteins but absent in humans.’® This Gala1-
3Gal modification might influence the degree of sialylation,
as sialylation is hindered at the Gala1-3Gal antenna. It is,
however, unknown how this modification influences mouse
BALP isoform profile. We found that the isoform profile
of the expressed setTNALP was similar to the setTNALP
from the same plasmid in a previous study with human
osteoblasts (Sa0S-2)*% and therefore propose that the mouse
osteoblasts are a suitable cell model to study the glycosylation
of osteoblast-specific TNALP.

In conclusion, we applied an osteoblast-specific expression
model for human TNALP and determined the site occupancy
and characterized the glycosylation structure of TNALP with
a combined computational protein model with a thorough
glycomic and glycoproteomic analytical approach. We found
that the 5 N-glycan sites located at N140,N230,N271,N303,
and N430 were fully occupied by predominantly complex-
type N-glycans. Convincing evidence is also presented for a
high degree of core fucosylation on N-glycans at all sites,
except for site N271, where core fucosylation did not occur.
This is presumably due to steric hindrance by W270. Further
studies are necessary to explore the functional properties
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and differences, due to N-linked glycosylation, among the
bone-specific isoforms of TNALP driving biomineralization
processes.
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