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Prion diseases are transmissible, lethal neurodegenerative
disorders caused by accumulation of the aggregated scrapie
form of the prion protein (PrP5°) after conversion of the cellular
prion protein (PrP€). The glycosylphosphatidylinositol (GPI)
anchor of PrP€ is involved in prion disease pathogenesis, and
especially sialic acid in a GPI side chain reportedly affects PrP¢
conversion. Thus, it is important to define the location and
structure of the GPI anchor in human PrP€. Moreover, the sialic
acid linkage type in the GPI side chain has not been determined
for any GPI-anchored protein. Here we report GPI glycan struc-
tures of human PrP€ isolated from human brains and from
brains of a knock-in mouse model in which the mouse prion
protein (Prup) gene was replaced with the human PRNP gene.
LC- electrospray ionization—MS analysis of human PrP€ from
both biological sources indicated that Gly**’ is the w site in PrP¢
to which GPI is attached. Gly>*° in human PrP€ does not corre-
spond to Ser?®!, the previously reported w site of Syrian hamster
PrP€. We found that ~41% and 28% of GPI anchors in human
PrP€s from human and knock-in mouse brains, respectively,
have N-acetylneuraminic acid in the side chain. Using a sialic
acid linkage-specific alkylamidation method to discriminate
2,3 linkage from «2,6 linkage, we found that N-acetyl-
neuraminic acid in PrP’s GPI side chain is linked to galactose
through an 2,3 linkage. In summary, we report the GPI glycan
structure of human PrP€, including the w-site amino acid for
GPI attachment and the sialic acid linkage type.

Glycosylphosphatidylinositol (GPI) anchoring is a posttrans-
lational modification by a glycolipid and is highly conserved
among eukaryotes. Precursors of GPI-anchored proteins (GPI-
APs) have a GPI attachment signal peptide at the C terminus,
which is cleaved off and replaced by a preassembled GPI (1).
The amino acid residue to which GPI is attached is termed the
w site (1). The common core structure of GPI is EtNP-
6Manal-2Manal-6Manal—4GlcNal-myoinositol-phos-
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pholipid (where EtNP, Man, and GlcN are ethanolamine phos-
phate, mannose, and glucosamine, respectively; Fig. 14) (1-3).
GPI biosynthesis occurs in the endoplasmic reticulum (ER),
followed by attachment to proteins generating nascent GPI-
APs. GPI-APs then undergo structural remodeling of the GPI
moiety by post-GPI attachment to protein 1 (PGAP1) and
PGAPS5 in the ER (4, 5). After PGAP1- and PGAP5-dependent
reactions, GPI-APs efficiently exit from the ER, mediated by a
specific cargo receptor consisting of p24 family proteins (6).
They then enter the Golgi apparatus, where they undergo fatty
acid remodeling, in which PGAP3 removes an unsaturated fatty
acid (usually arachidonic acid) at the sn-2 position, and PGAP2
attaches a saturated fatty acid (usually stearic acid) to the same
position, which facilitates association of GPI-APs with lipid
rafts (7, 8). In mammalian cells, the GPI core is variously mod-
ified by several types of side chains. One is an EtNP side chain
linked to the 2 position of the first Man, Man being linked to
GIcN (Fig. 1A) (9). This EtNP side chain, which is added during
GPI biosynthesis in the ER, is common among mammalian
GPI-APs. Another side chain is the fourth Man linked to the
third Man via a1,2 linkage (Fig. 1A). The fourth Man is added in
the ER immediately before attachment to proteins (10, 11). A
third side chain is GalNAc linked to the first Man via 81,4
linkage (Fig. 1A) (11). The GalNAc modification occurs for
GPI-APs in the Golgi apparatus after fatty acid remodeling (12).
The GalNAc side chain may be further elongated by (1,3-
linked galactose (Gal) and then by sialic acid (Sia) (Fig. 14) (13).
The complete chemical structure of mammalian GPI was
reported in 1988 (11), but the enzymes responsible for GalNAc
side-chain modifications remained unidentified for 30 years.
We recently identified PGAP4 (also known as TMEM?246 or
C90rf125) as a GPI-specific GalNAc transferase (12). More
recently, we reported that B3GALT4, which is also known as
ganglioside GM1 synthase, also acts as a Gal transferase for the
GPI GalNAcsside chain (14). Although these achievements have
furthered our understanding of the GPI GalNAc side chain, the
biosynthesis pathway of the GPI glycan structure is still incom-
pletely understood. A major issue to be resolved is identifica-
tion the sialyltransferase. Currently, the characteristics of the
enzyme are not known because of a lack of information, includ-
ing the linkage type. Therefore, determination of the Sia linkage
type is important.
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Figure 1. Isolation of human PrP€ from KI mouse brains. A, schematic of
GPI-AP composition. Core and side-chain structures of mammalian GPI-APs
are shown. The cleavage site of PI-PLC is indicated by an arrow. Glycan sym-
bols follow the symbol nomenclature for glycans (44). B, PI-PLC treatment of
the mouse medulla oblongata. Medulla oblongata homogenates obtained
from mice expressing human PrP€ were treated with PI-PLC, and then free
GPI-GalNAc was detected by Western blotting. GAPDH was used as a loading
control. , isolation of human PrP€ from KI mouse brains. The lipid portion of
the GPI anchor of human PrP© was removed by PI-PLC, followed by immuno-
precipitation with an anti-prion antibody. N-glycans on isolated PrP“ were
removed by treatment with PNG-F. Bands corresponding to PNG-F and
human PrP¢ are indicated by arrows.

Prion diseases, including Creutzfeldt—Jakob disease in hu-
mans and scrapie or bovine spongiform encephalopathy in
animals, are lethal, transmissible, and progressive neurodegen-
erative disorders. These are designated protein misfolding dis-
orders, similar to other neurodegenerative diseases such as Alz-
heimer’s disease, Parkinson’s disease, Huntington’s disease,
and ALS (15). When specific proteins are misfolded because of
aging or genetic background, they aggregate and accumulate in
cells, leading to cell death. Prion diseases are caused by accu-
mulation of the scrapie form of the prion protein (PrP*), which
is converted from the normal cellular prion protein (PrP<) (16).
PrP€ has an « helix—rich structure, whereas PrP°¢ contains
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more B sheet structures. Prup (the gene encoding PrP) knock-
out mice are resistant to prion disease even after inoculation
with PrP*¢ (17, 18), indicating that the presence of PrP< is crit-
ical for the pathogenesis of prion diseases and that prevention
of prion conversion can be a therapeutic strategy, although the
mechanisms of conversion are still unclear. Because PrP< is
anchored on the cell surface via a GPI anchor, previous studies
have attempted to uncover the involvement of the GPI anchor
in conversion. Although cultured cells expressing GPI anchor—
less PrP© were unable to support persistent infection in vitro
(19), transgenic mice expressing only GPI anchor—less PrP€
showed accumulation of PrP*¢ and replication of infectivity in
the brain after inoculation with PrP5¢ (20). Transgenic mice had
a prolonged incubation period, altered deposition pattern of
PrP%¢, and distinctive spread pattern of PrP5¢ in the brain
(21). In addition, studies investigating Sia in the GPI anchor
strengthen the possibility that the GPI anchor is involved in
prion pathogenesis. Desialylated PrP< is resistant to conversion
to PrP*¢ in cultured neurons (22). Moreover, mice expressing
PrP€ lacking Sia on the GPI anchor have a prolonged incuba-
tion time after PrP5¢ inoculation (23). These studies indicate
the significance of the PrP< GPI anchor for the pathogenesis of
prion diseases. Therefore, understanding precise structures of
human PrP“ GPI is important to fully understand the role of the
GPI anchor in PrP%, Nevertheless, elucidation of the human
PrP< GPI anchor structure has not been achieved, although an
early study determined GPI structures in the Syrian hamster
(13).

In this study, we affinity-purified PrP< from knock-in (KI)
mouse brains in which Prup was replaced by human PRNP and
from human brains and determined their GPI glycan structure
by LC- electrospray ionization (ESI)—MS and the linkage type
of Sia using the sialic acid linkage-specific alkylamidation
(SALSA) method. We identified the w site of human PrP€ as
Gly**® and the Sia linkage type as 2,3 linkage.

Results
Isolation of human PrP€ from KI mouse brains

For structural analysis of GPI glycan by MS, the lipid portion
of the GPI anchor has to be removed because the presence of
lipid interferes with ionization, and, even when ionized, the
pattern of product ions is highly complex and confounds anal-
ysis. Thus, we first tested phosphatidylinositol-specific phos-
pholipase C (PI-PLC) for removal of the lipid portion of the
GPI anchor in mouse brains. The mouse brain (especially the
medulla oblongata) contains high levels of free GPIs with
the GalNAc side chain that are not associated with proteins and
exist as glycolipids on the cell surface (24). We estimated the
effect of PI-PLC treatment based on loss of free GPIs. We pre-
pared mouse medulla oblongata homogenates and incubated
them with PI-PLC. Samples were subjected to Western blotting
with an anti-T5 antibody, which specifically detects free GPIs
with GalNAc (12, 25). Free GPIs were detected as reported pre-
viously (Fig. 1B) (24). In contrast, no signals were obtained
after PI-PLC treatment, indicating that PI-PLC worked well
(Fig. 1B). Previously, we generated KI mice expressing human
PrP¢ with the 129M/M genotype (Ki-Hul29M/M) (26). To
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Figure 2. Identification of the w site in human PrP“ from Kl mouse brains.
A, peptide coverage of purified human PrP< from Kl mouse brains. Trypsinized
peptides were analyzed by LC-ESI-MS, and the obtained data were analyzed
using the MASCOT database. B, alignment of PrP¢ sequences. Sequence
alignment was performed using ClustalW and BoxShade. Residues conserved
among species are shaded in gray or black. Red boxes indicate the w sites
determined in this and previous studies (28).

investigate the structure of the human PrP< GPI glycan, we
affinity-purified human PrP“ from KI mouse brains after PI-
PLC treatment and then treated the isolated PrP“ with peptide
N-glycosidase F (PNG-F) to remove N-glycans. The prepared
sample was separated by SDS-PAGE, and the gel was stained
with Coomassie Brilliant Blue to visualize bands of PNG-F
and human PrP€ lacking N-glycans (Fig. 1C). We excised the
band corresponding to de-N-glycosylated human PrP“ and
subjected the isolated gel fragment to analysis.

Identification of the human PrP¢ w site as Gly**°

To determine the w-site amino acid and GPI glycan struc-
tures of human PrP<, we first performed LC-ESI-MS analysis.
Proteins in the excised gel fragment were digested with trypsin,
and the samples were separated by reverse-phase HPLC using
a nanoLC system connected to a C18 column. Data were
obtained by LTQ Orbitrap Velos MS. A MASCOT search
revealed eight peptides of human PrP<, and the coverage was
41% (Fig. 2A and Table S1), indicating that the excised gel frag-
ment mainly contained human PrP€. We searched for peptides
with GPI glycan, which contain fragment ions of m/z 422* and
4477 in the MS/MS profiles (these fragments contain GIcN,
which is highly specific to GPI glycan). However, we barely
detected peptides containing GPI glycan in this way, probably
because of low hydrophobicity of the expected peptides con-
taining a short peptide with large hydrophilic glycans. To over-
come this problem, sample separation was performed by for-
ward-phase HPLC with nanoLC using a hydrophilic interaction
LC (HILIC) column, which can capture hydrophilic peptides.
Using a HILIC column, we found six PrP“ peptides (Table S2)
and a C-terminal peptide with GPI glycan (total ion chromato-
gram and MS spectra are shown in Fig. S1, A and B). We initially
speculated that the w site of human PrP was Ser**° by using
PredGPI software to predict GPI attachment sites and because
of homology to the Syrian hamster PrP“ sequence (whose w site
is Ser*') (Fig. 2B) (27, 28). Unexpectedly, we only identified
Gly**® GPI glycan but not Gly***-Ser**° GPI glycan (Table S3;
raw data are available from PRIDE). These results strongly indi-
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cate that Gly**® and not Ser**° is the bona fide w site of human
PrP€. We compared the sequence of GPI attachment signal
among various species, including human and Syrian hamster.
Alignment of PrP“ peptides indicated that Syrian hamster
Ser**! is conserved among rodent PrP€ proteins, whereas
human Gly**” is conserved among nonrodent species such as
cows and sheep (Fig. 2B).

Determination of GPI glycan structures of human PrP¢
from Kl mice

Based on the known structures of the mammalian GPI
anchors, there are eight possible GPI glycan species: core only
(m/z 1211.3%), core + fourth Man (m/z 1373.47"), core +
GalNAc (m/z 1414.4%), core + GalNAc + fourth Man (m/z
1576.4"), core + GalNAc + Gal (m/z 1576.4"), core +
GalNAc + Gal + fourth Man (m/z 1738.5"), core + GalNAc +
Gal + Sia (m/z 1867.5" when Sia is N-acetylneuraminic acid
(Neu5Ac)), and core + GalNAc + Gal + Sia + fourth Man (m/z
2029.6" when Sia is Neu5Ac). Because MS analysis provides
m/z only, peptides with the same m1/z, such as core + GalNAc +
fourth Man and core + GalNAc + Gal cannot be distinguished,
and the precise sugar species are not determined. Thus, there
are seven possible species in MS analysis. We found four species
of GPI glycans and verified them by MS/MS spectra (Fig. 3,
A-C, and Table S3). Next we investigated the percentage of
each GPI glycan species. For this, peak intensities of each frag-
ment were calculated from the MS spectra (Fig. S1B). We
revealed that core + N-acetylhexosamine (HexNAc) + hexose
(Hex), core + HexNAc + Hex + Hex, core + HexNAc + Hex +
Neu5Ac, and core + HexNAc + Hex + Neu5Ac + Hex were
present at 34.5%, 37.7%, 17.4%, and 10.4%, respectively (Fig. 3D
and Table S3; HexNAc and Hex are GalNAc and Gal or fourth
Man, respectively). The peptides corresponding to core only,
core + HexNAc, and core + Hex were not detected (Fig. 3D
and Table S3). These results indicate that almost all of the GPI
anchor of human PrP€ is modified by a GalNAc side chain and
that at least 60% of the GPI anchor is elongated by Gal and 25%
is further elongated by Neu5Ac in the mouse brain. We did not
find N-glycolylneuraminic acid—containing GPI, probably
because of very low levels of N-glycolylneuraminic acid in ver-
tebrate brains (29).

Neu5Ac in the GPI anchor is attached by 2,3 linkage

Next, to determine the linkage type of a Neu5Ac in the
human PrP< GPI anchor, we used a linkage-specific chemical
derivatization approach, SALSA (30, 31). SALSA converts car-
boxyl groups in Sia residues into alkylamide forms with differ-
ent alkyl chain lengths in a linkage-specific manner, allowing
direct discrimination of the «2,3 linkage type from the «2,6
linkage type by MS. To suppress unfavorable by-products dur-
ing SALSA reactions, free amine groups were capped by
dimethyl labeling (DML) prior to SALSA reactions. After DML
and SALSA treatments, the derivatized sample was measured
in negative ion mode MALDI-MS. There are mainly four gly-
coforms at m/z 1630.5", m/z 1792.5, m/z 1934.6 ", and m/z
2096.6~ in human PrP€ (Fig. 4, A and B, and Fig. S2, A-C). The
peaks at m/z1630.5" and 1792.5" correspond to nonsialylated
GPI anchor glycopeptides (Fig. 4B). The peaks at m/z 1934.6~
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Figure 3. Determination of GPI glycan structures in human PrP€ from KI mice by LC-ESI-MS/MS analysis. A, left panel, the MS/MS spectra of the m/z
788.72%* ion shown in Fig. S1B and the identities of fragment ions. Right panel, the corresponding structure (MW 1576.2) of a C-terminal peptide with GPI
containing a HexNAc-Hex side chain. B, left panel, the MS/MS spectra of the m/z 870.25%" ion. Right panel, the corresponding structure (MW 1738.3) of a
C-terminal peptide with GPI containing Hex and HexNAc-Hex side chains. C, left panel, the MS/MS spectra of the m/z 934.3%" ion. Right panel, the corresponding
structure (MW 1867.4) of a C-terminal peptide with GPI containing a HexNAc-Hex-Neu5Ac side chain. In A-C, all annotated fragment ions are monovalent
cations. D, percentages of GPI glycan species in KI mouse brains. Core only, Core + Hex (fourth Man), and Core + HexNAc (GalNAc) were not detected.

and 2096.6~ correspond to sialylated GPI anchor glycopep-
tides, which include a methylamidated Neu5Ac residue (304
Da) (Fig. 4B). This indicates that the linkage type of a Neu5Ac
residue is «2,3-linked, not «2,6-linked. Structural analysis by
MS/MS supports these assignments (see Fig. 4C and Fig. S2,
A-C for MS/MS spectra). We could not identify GPI species
without HexNAc (m/z 14277) or Hex and HexNAc (m/z
12657) because of dense peaks of foreign substances (HexNAc,
GalNAc; Hex, fourth Man). Accompanying signals, including
—28, —14, and +14 Da, were by-products attributable to
incomplete or additional DML reactions (MS/MS data were not
shown). Signals of +25 Da also seemed to be by-products, but
their structures and origins were not identified because of
unexpected reactions. Although these by-product signals were
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detected, the main signals with Am = 304 Da clearly indicated
the presence of a2,3-linked Neu5Ac.

The w site and GPI glycan structures of PrP€ in the human
brain

Finally, we determined GPI-glycan structures of PrP< iso-
lated from a human brain. Deglycosylated and delipidated PrP<
was prepared by PNG-F and PI-PLC treatments, followed by
affinity purification as described above. Trypsinized samples
were analyzed by LC-ESI-MS (Table S4). Similar to the results
for human PrP< from KI mice, the C-terminal glycopeptide
corresponding to Gly**® GPI glycan, but not Gly**°-Ser*** GPI
glycan, was detected, confirming that Gly*** was indeed the o
site of human PrP€ (Table S5; raw data are available from
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Figure 4. Linkage analysis of Sia in GPl anchors using the SALSA method. A, structure of a peptide with the GPI glycan displayed in B and C. Numbers
indicate m/z values. Boxes show the neutral loss after MS/MS analysis. B, MS spectra of peptides containing the GPI glycan shown in A. A 304-Da difference
indicates the presence of @2,3-linked Neu5Ac. C, the MS/MS spectrum of a C-terminal peptide with GPI containing Hex and HexNAc-Hex-Neu5Ac. A 669-Da loss

indicates loss of a2,3-linked Neu5Ac, Hex (Gal), and HexNAc (GalNAc).

PRIDE). We again detected four kinds of GPI glycans, core +
HexNAc + Hex, core + HexNAc + Hex + Hex, core + HexNAc +
Hex + Neub5Ac, and core + HexNAc + Hex + Neu5Ac + Hex,
in the human brain sample (see Fig. 5, A and B, for MS/MS
spectra). The percentages of these species were 8.5%, 50.3%,
1.4%, and 39.8%, respectively (Fig. 5C and Table S5). This indi-
cates that almost all GPI in human brain PrP€ is modified by a
GalNAc side chain; 90% of the GalNAc side chain is further
elongated by Gal, and 40% of the GalNAc side chain has Gal-
Neu5Ac elongation. These results also indicate that 90% of GPI
in the human brain PrP contains a fourth Man. Taken
together, we conclude that the o site of human PrP€ is Gly***
and that the majority of human brain PrP< contains a fourth
Man and a galactosylated GalNAc side chain with or without
Neu5Ac modification.

Discussion

Here we determined the GPI glycan structures of human
PrP<, including the Sia linkage type. The GPI Sia linkage type
was unknown for any GPI-APs. We took advantage of KI mice
expressing human PrP€ in place of mouse PrP“ and the SALSA
method. In general, analysis of Sia-containing glycans by MS is
difficult because of low ionization and chemical instability. We
employed the SALSA method to enhance detection of Sia and
to determine the linkage types. We demonstrated that Sia in the
human PrP€ GPI anchor is Neu5Ac linked to Gal via «2,3
linkage (Fig. 4). Intriguingly, the GPI side-chain structure,
NeuNAca2-3GalB1-3GalNAcp1-, is exactly the same as a par-
tial structure of GD1a, a product of sialylation of GM1a gangli-
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oside (32). Because B3GALT4 is a common Gal transferase for
GPI GalNAc modification and GM1 ganglioside synthesis (33,
34), it seems possible that sialyltransferase for the GPI anchor is
the same as GD1a synthase. This possibility is being tested.

The profile of GPI glycan species identified in human PrP€ is
similar to that of Syrian hamster PrP (13), indicating that GPI
glycan structures of PrP< are conserved among species. Con-
servation of GPI glycan structures might suggest the signifi-
cance of these structures for PrP functions. Consistent with
this notion, sialylation of PrP< might be involved in the pathol-
ogy of prion diseases (22, 23). Elucidation of the physiological
significance of the GPI GalNAc side chain is an issue to be
addressed.

Galactosylated and sialylated GPI anchors are more abun-
dant in human brain PrP€ than in human PrP€ in KI mouse
brain (compare Fig. 3D with Fig. 5C) and Syrian hamster PrP
(13). This implies that enzyme activities for GPI anchor galac-
tosylation and sialylation are diverse in brain tissues of different
organisms. We recently reported that the percentages of Gal-
modified and Sia-Gal-modified GPI-glycans in CD59, a GPI-
AP, were only 10% and 1% respectively, in HEK293 cells (14).
Overexpression of B3GALT4 in HEK293 cells increased these
percentages, indicating that B3GALT4-mediated Gal transfer
was rate-limiting. We found that ~90% and ~40% of GPI gly-
cans in human brain PrP€ are modified by Gal and Sia-Gal,
respectively, indicating that the brain has high B3GALT4
activity for GPI side-chain modification (Figs. 3D and 5C). The
adult mammalian brain has high GM1 content (35, 36) and
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Figure 5. Determination of GPI glycan structures of human PrP€ from human brain by LC-ESI-MS/MS analysis. A, left panel, the MS/MS spectra of the m/z
869.75%" ion. All annotated fragment ions are monovalent cations. Right panel, the corresponding structure (MW 1738.3) of a C-terminal peptide with GPI
containing Hex and HexNAc-Hex side chains. B, left panel, the MS/MS spectra of the m/z 1015.802" ion. All annotated fragment ions are monovalent cations.
Right panel, the corresponding structure (MW 2029.6) of a C-terminal peptide with GPI containing Hex and HexNAc-Hex-Neu5Ac side chains. C, percentages of
GPI glycan species in the human brain. Core only, Core + Hex (fourth Man), and Core + HexNAc (GalNAc) were not detected.

B3GALT4 transcript levels (37). Therefore, the activity of
B3GALT4 in ganglioside biosynthesis and GPI-AP maturation
is high in the brain. In contrast to PrP<, GPI in Thy-1 from rat
brain always contains a GalNAc side chain without Gal modi-
fication (11). This indicates that the GPI glycan structures are
different among proteins, even in the same tissue. What deter-
mines the different GPI structures is currently unknown.
Recently, it has been reported that GPI glycan structures are
dependent on their GPI signal peptides; replacement of the
PrP€ GPI signal peptide with that of Thy-1 caused loss of Sia
modification in PrP€ (23). Because loss of Sia modification was
examined only by lectin blotting using Sambucus nigra lectin,
which preferentially binds to «2,6-linked Sia and, to a lesser
degree, a2,3-linked Sia, structural determination is needed for a
solid conclusion.
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We showed that the  site of human brain PrP< is Gly**°.
The o site of Syrian hamster PrP€ is Ser®*' (28), and that of
mouse PrP€ is Ser**® (38), both of which correspond to
Ser?® of human PrP€. In addition, the PredGPI software,
used to predict GPI attachment sites, indicated the w site of
human PrP€ to be Ser®*°. Therefore, it was believed that the
o site of human PrP€ is Ser”*°. However, LC-ESI-MS analy-
sis demonstrated that the bona fide w site of human brain
PrP€ is Gly**® (Tables S3 and S5). Thus, the w-site amino
acid could be different among species, and experimental val-
idation of GPI anchor structures, including the w site in var-
ious species, is important. It is unknown whether the differ-
ence in o sites has any effect on protein function because
several studies investigating the function of GPI attachment
signal peptides (23, 39) indicate that a difference in the w site
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might cause a functional difference in the same protein from
different species.

In conclusion, we report a bona fide w-site amino acid and
precise GPI glycan structures, including the Sia linkage type, of
human PrP€ in the brain. Our study will further our under-
standing of PrP“ physiology, the pathology of prion diseases,
and the complete pathway of GPI-AP biosynthesis.

Experimental procedures
Ethics statement

This study was approved by the Institutional Ethics Commit-
tee of Hokkaido University Graduate School of Veterinary
Medicine (VET27-1). All experiments using human materials
were in compliance with the Helsinki Declaration. Animal
experiments were performed in strict accordance with the Reg-
ulations for Animal Experiments and Related Activities at
Osaka University and Hokkaido University, and Fundamental
Guidelines for Proper Conduct of Animal Experiment and
Related Activities in Academic Research Institutions by the
Ministry of Education, Culture, Sports, Science, and Technol-
ogy in Japan, Notice 71. The protocol was approved by the Insti-
tutional Animal Care and Use Committee of Hokkaido Univer-
sity (14-0170).

Animals

Nine-week-old C57BL/6 mice were used to estimate the
effect of PI-PLC treatment. Production of knock-in mice
expressing human PrP¢ with the 129M/M genotype (Ki-
Hul29M/M) has been reported previously (26). Two-month-
old Ki-Hul29M/M mice were sacrificed, and the brains were
frozen immediately until purification of PrP<.

Patient

A patient included in this study was clinically, genetically,
and histopathologically diagnosed as having nonprion disease.
Brain tissue was obtained at autopsy after receiving written
informed consent for research use. The genotype and muta-
tions in the ORF of the PRNP gene were determined by
sequence analysis as described previously (40). The PRNP gen-
otypes at polymorphic codon 129 and 219 were methionine
homozygosity and glutamine homozygosity, respectively.

Antibodies and reagents

The mAb against GAPDH (clone 6¢5) was purchased from
Thermo Fisher (Waltham, MA). The T5_4E10 mAb against
free GPI GalNAc (mouse IgM) was kindly provided by Dr. Jean
Frangois Dubremetz (Montpellier University) (41). The T5_4E10
mAb is available from BEI Resources (ATCC, catalog no.
NR-50267). The mAb against PrP (clone 3F4) was purchased
from BioLegend (San Diego, CA). The secondary antibodies
were HRP-conjugated goat anti-mouse IgG (GE Healthcare)
and goat anti-mouse IgM (Thermo Fisher). PI-PLC was pur-
chased from Thermo Fisher. All reagents for DML, such as 37%
formaldehyde, 1 M triethylammonium bicarbonate buffer (pH
8.5), sodium cyanoborohydride, 28% ammonium hydroxide
solution, and formic acid, were purchased from Sigma-Aldrich
(St. Louis, MO). All reagents for Sia derivatization, such as
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1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochlo-
ride, 1-hydroxybenzotriazole monohydrate, isopropylamine
hydrochloride, 40% methylamine in water, and DMSO, were
purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo,
Japan). MALDI matrix chemicals including 3-aminoquinoline,
p-coumaric acid, and ammonium dihydrogen phosphate, were
purchased from Sigma-Aldrich. GL-Tip amide for HILIC solid
phase extraction was from GL Science Inc. (Tokyo, Japan).

PI-PLC treatment of mouse brain homogenates

Nine-week-old male mice were sacrificed, and brains were
eviscerated. To detect free GPI, the medulla oblongata was iso-
lated. Tissue homogenates were obtained as described previ-
ously (24). Briefly, tissues were washed with PBS and homoge-
nized in 30 volumes of lysis buffer (20 mm Tris-HCI (pH 7.4),
150 mMm NaCl, 1 mm EDTA, 60 mMm n-octyl-B-p-glucoside, and
1X protease inhibitor mixture) using a hand-held microho-
mogenizer (Microtec Co. Ltd.) and rotated at 4 °C for 2 h, fol-
lowed by centrifugation at 17,900 X g at 4 °C for 15 min. The
protein concentrations of samples were measured using a
Pierce BCA Protein Assay Kit (Thermo Fisher). 5 ug of protein
samples was treated with or without PI-PLC (1 unit) at 37 °C for
1 h. Samples were mixed with 4X SDS sample buffer and boiled
at 95 °C for 5 min. 5 ug of protein samples was run on SDS-
PAGE, followed by Western blotting.

Western blotting

Samples were run on 10%-20% gradient SDS-PAGE gels, fol-
lowed by transfer to PVDF membranes. The PVDF membranes
were blocked with 5% nonfat milk in Tris buffered saline con-
taining Tween 20 at room temperature for 1 h. Free GPI Gal-
NAc and GAPDH were detected using anti-T5_4E10 (1:500)
and anti-GAPDH (1:4000), followed by detection with anti-
mouse IgM HRP (1:1000) and anti-mouse IgG HRP (1:4000).

Purification of PrP¢

PrP< was purified from human or mouse brains using Protein
G Mag-Sepharose (GE Healthcare) according to the manufa-
cturer’s instructions. Briefly, 10% brain homogenates were pre-
pared with binding buffer (PBS, 0.5% Triton X-100, 0.5%
sodium deoxycholate, and 1X protease inhibitor mixture Com-
plete (Merck)). After removal of cell debris by centrifugation at
1000 X g for 10 min at 4 °C, the supernatants were treated with
PI-PLC (1 units/200 mg of tissue) for 30 min at 37 °C. The
digested homogenates were incubated with anti-PrP mAb 3F4
for 3 h at 4°C and then incubated with Protein G Mag—
Sepharose beads overnight at 4 °C. The beads were collected by
a magnetic stand and washed with binding buffer three times.
The washed beads were resuspended in Laemmli’s sample
buffer (60 mm Tris-HCl (pH 6.8), 5% glycerol, 2% SDS, and
0.01% bromphenol blue) and boiled at 100 °C for 10 min. After
removal of the beads, the supernatants were digested with
PNG-F prime (1000 units/200 mg of tissue) (N-Zyme Scientif-
ics) overnight at 37 °C to remove N-linked glycans.

In silico analyses

Prediction of the w site of human PrP€ was carried out using
PredGPI software (27). An amino acid sequence of human PrP<
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(reference sequence NP_000302.1) was obtained from the
NCBI and submitted to PredGPI (RRID: SCR_018363) for w site
prediction using a general model. Alignment of PrP< sequences
was constructed using ClustalW and BoxShade software. For
this, amino acid sequences of human, hamster, mouse, rat,
bovine, and sheep PrP€ (reference sequences NP_000302.1,
XP_012967855.1, NP_035300.1, NP_036763.1, NP_001258555.1,
and NP_001009481.1, respectively) were obtained from the NCBI
and submitted to ClustalW (RRID: SCR_017277). Alignment
was performed in protein alignment mode with the default set-
ting except for output options, ORDER: input. The data were
downloaded as an aln file and opened with a text editing appli-
cation. Sequence alignment with a shaded background was cre-
ated with the default setting and put out in an EPS_portrait
using BoxShade software (RRID: SCR_007165).

LC-ESI-MS analysis

To analyze the GPI structures of human PrP<, bands corre-
sponding to PrP< were excised, reduced with 10 mm DTT, and
alkylated with 55 mm iodoacetamide. After in-gel digestion
with trypsin, samples were subjected to LC-ESI-MS/MS analy-
sis. To obtain peptide coverage for human PrP<, mass spec-
trometry analysis was performed using a hydrophobic column
as described previously (12). The sample was purified using
Zip-Tip,, ¢ pipette tips (Millipore, Burlington, MA) before
analysis. Data were collected in positive ion mode on a nanoLC
system (Advance, Michrom BioResources) using a C18 column
(0.1 X 150 mm) coupled to an LTQ Orbitrap Velos mass spec-
trometer (Thermo Fisher). The mass tolerance for precursor
ions was =10 ppm. The mass tolerance for fragment ions was
+0.8 Da. The threshold score/expectation value for accepting
individual spectra was p < 0.05. The mobile phase consisted of
water containing 0.1% formic acid (solvent A) and acetonitrile
(solvent B). Peptides were eluted by a gradient of 5%—35% sol-
vent B over 45 min. The mass scanning range was set at m/z
350-1500. The ion spray voltage was set at 1.8 kV. The MS/MS
analysis was performed by automatic switching between MS
and MS/MS modes at a collision energy of 35%. To detect pep-
tides containing a GPI anchor, mass spectrometry analysis was
performed using a hydrophilic column. The samples were puri-
fied with Nu-Tip polyHydroxyethylA (HILIC) tips (GlySci)
according to the manufacturer’s protocol before measure-
ments. Purified peptides were then dissolved in 0.1% formic
acid for measurement. Data were collected in positive ion mode
on a nanoLC system using an EX-Nano Inert Sustain Amide
capillary (0.1 X 150 mm; particle size, 3 wm) coupled to the
same mass spectrometer. Measurement samples were injected
onto the column by loop injection method. The mobile phase
was the same as above, and peptides were eluted by a gradient of
90%-5% solvent B over 24 min or 67 min for samples from KI
mouse brains or human brains, respectively. The same MS
parameters were used as described above. The obtained mass
data were analyzed by Xcalibur (Proteome Discovererl.4 v.
1.4.0.288), and peptides were identified by MASCOT wv.
2.6(2.6.0) (Matrix Science) using the SwissProt_2020_01 data-
base (561,911 sequences; 202,173,710 residues; taxonomy:
Homo sapiens (human) (20,366 sequences)). Protease specific-
ity was set for trypsin (C-term, KR; Restrict, P; Independent, no;
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Semispecific, no; two missed and/or nonspecific cleavages per-
mitted). Fixed modification considered was carbamidomethyl
cysteine, and variable modifications considered were acetyl N
terminus, N-terminal Gln to pyro-Glu, and oxidation of methi-
onine. For quantification, the intensities of the top three peaks
(monoisotopic peak + 0.5 or 0.33 + 1.0 or 0.66 Da for divalent
or trivalent ions, respectively) corresponding to GPI-contain-
ing peptides in the MS spectra were calculated.

Chemical derivatization for prion GPI-anchor glycopeptides

In-gel tryptic digest of human PrP“ was collected to a tube,
and solvents were removed in vacuo. The digest was derivatized
by DML according to the literature with some modifications
(42). Briefly, the digest was redissolved with 20 ul of 100 mm
triethylammonium bicarbonate buffer. The mixture was vor-
texed and then mixed with 1.6 ul of 2% formaldehyde and 1.6 ul
of 300 mMm sodium cyanoborohydride. The mixture was gently
vortexed for 1 h at 25 °C (room temperature). After the reac-
tion, 3.2 ul of 1% ammonium hydroxide was added and vor-
texed for quenching. To acidify, 1.6 ul of formic acid was then
added, and the mixture was diluted with 170 ul of acetonitrile
(ACN).

Excess reagents were removed by HILIC solid phase extrac-
tion microtip (GL-Tip Amide). The ACN-diluted reaction mix-
ture was loaded into an equilibrated microtip. The microtip was
then washed three times with 100 ul of 90% ACN containing
0.1% TFA. The DML-derivatized samples were eluted using 20
wl of H,O. To ensure elution from styrene-divinylbenzene frit
located under amide particles, the microtip were additionally
washed with 20 ul of 90% ACN containing 0.1% TFA. The elu-
ents were mixed, and the solvents were then removed in vacuo.

DML-derivatized samples were further derivatized in a sialyl
linkage—specific manner by SALSA. The dried sample was
redissolved with 20 ul of the linkage-specific alkylamidation
solution (500 mm 1-(3-dimethylaminopropyl)-3-ethylcarbodi-
imide hydrochloride, 500 mm 1-hydroxybenzotriazole mono-
hydrate, and 2 M isopropylamine hydrochloride in DMSO) and
then incubated at 25 °C (room temperature) for 1 h. In this
reaction step, a2,6-linked sialic acids are amidated by isopro-
pylamine hydrochloride, whereas 2,3-linked sialic acids were
converted to lactone forms. Lactone forms were then converted
to methylamide forms via ring-opening aminolysis by adding 20
wl of 10% methylamine solution. The reaction mixture was
diluted by adding 160 ul of 2.5% TFA in ACN. The excess re-
agents were removed by the HILIC microtip, and then the sol-
vent was removed in vacuo.

MALDI-MS analysis

Mass spectra of DML and SALSA-derivatized GPI anchor
glycopeptides were obtained by MALDI-quadrupole ion trap-
TOF-MS (AXIMA-Resonance, Shimadzu/Kratos) in negative
ion mode using 3-aminoquinoline/p-coumaric acid liquid
matrix doped with 2 mmM ammonium dihydrogen phosphate.

Data availability

The mass spectrometric proteomics data have been deposited in
the ProteomeXchange Consortium via the PRIDE (43) partner
repository with the dataset identifiers PXD017655 (project name
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“GPI-glycan structures of human Prion from knock-in mice LC-
MSMS”) and PXD017656 (project name “GPI-glycan structures of
human Prion from a human brain”).
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