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(diagnostic ion)

H. CoreF(1731.7), LV*

(3501, 512.1)

deduced structure’
H, CoreF(1730.6) or L**
(3504, 512.0)
H, CoreF(1731.6), L
(350.1, 512.2)

opic values. © Peaks are numbered in decreasing order of their calculated mass. All glycopeptides are triply charged except for doubly charged ions

H, CoreF(1730.6) or
haracterized on the basis of altemative LC—MS* runs with conditions indicated in parentheses (A, a C30 column, scan range of m/z 1000—2000; B, a

51(512.3)

C, CoreF(1730.8), L¥*

(350.1, 512.2)

* Glycosylation was confirmed by

NA
0
0

0

N-glycan

deduced monosaccharide compaosition

HexNAc

d in the glycopey

Hex

2
2
2

dHex

miz"

1099 448
1104780

1113123
1134118
1153466

theoretical

miz in
SIM mode”

1099450 (3)
1104784 (3)
1113.127 (3)
134118 (1)
1153.466 (3)

observed

Structures are deduced by MS™ C, complex-type oligosaccharide; H, hybrid-type oligosaccharide; Man-5-9,

ssylcore fucose; bisectGN, bisecting GlcNAc; diSia, disiahic acid; L**, Lewis afx structure; sL*, sialylated Lewis a/x structure;

observed
peptide-

related ion”
15847
1585.6
1585.8
15845

1585.7

glycopeptides

scan
in Figure 4A7
1208 (C)
3144 (A)

1189
- (A)

= {A)
NAg;. The structure in parentheses indicates the possible structures to be ¢

; CoreF, tri

L™, Lewis b/y structure; 512, glycan motif consisting of dHex Hex,Hex

Asn—Asp conversion upon PNGase F digestion.

peak
no.
r-4
r-5

-6

Figure

LRV}

elution
position

d in p

700—-2000; C, a C18 column, scan range of m/z 1000—-2000). * Y\"* or Yiang'*. [(peptide + HexNAc + aH)Mn]"*; or Y(o"*. [(peptide + HexNAc + dHex + nH)n)* All

sequence®”
Z

peptides

“ Thearetical peptide mass
indicated by (2) after the peak number. “ Glycopeptides were ¢

C30 column, scan range of m/,

protein

peptide-related ions are singly charged except for doubly or triply charged ions indicated by (2) or (3).

high mannose-type oligosaccharide containing 5—9 mannose

Table |- Continued

integrated mass spectrum (peaks f-1—9 and g-1—3 in panel
F2 of Figure 5) and their MS/MS spectra suggested that
complex-type oligosacchandes including Le** or Le™ -mod-
ified and/or bisected oligosaccharides and BA-2 are attached
to Asn272 (Table 1F).

(vii) Asn287. The MS/MS spectra of GPI-linked peptides
were selected from all MS data on the basis of the GPI-
characteristic oxonium ions, such as GleN-Ino-POy* (m/z
422). The structures of the GPI moieties were characterized
from their product ions appearing in the MS/MS spectra,
and their peptide portions were identified by comparing their
observed masses with the theoretical masses of predicted
peptides. Figure 4B shows the TIC obtained by GCC-
LC—MS" for the hydrophilic glycopeptides. On the basis of
the presence of GPI-characteristic oxonium ions, the MS data
of GPI-linked peptides were located at position 26. The 9.5%
of spectra generated at elution position 26 were assigned to
those of GPl-linked peptides of LAMP, OBCAM, and
neurotrimin.

Figure 5G shows one of the MS/MS spectra acquired at
position 26 (precursor ion, [M + 2HP** at m/z 902.5; peak
L2 in Figure 4C). On the basis of the GPIl-characteristic
oxonium ions, such as NH;E1-PO4-Man-GlcN* (m/z 447.2),
NH:zEt-PO4-(HexNAc-)Man-GleN™ (m/z 650.3), NH,Et-PO,-
(HexNAc-)Man-GleN-Ino-POy* (m/z 910.2), NH;Et-PO,-
(HexNAc-)(Hex-)Man-GleN-Ino-POs* (m/z 1072.2), and
GleN-Ino-PO." (m/z 422.2), this pepuide was identified as
the GPl-linked peptide. The product ion at m/z 328.3 was
assigned 10 GIN**7.NH-Et* on the basis of the fragments
that arose by successive cleavages of HexNAc (m/z 1600.4),
Ino-POy (m/z 1340.5), GleN (m/z 1178.3), Man-PO4-EINH,
and Hex (m/z 732.2), Hex (m/z 570.2), and POy-Hex (m/z
328.3). In additon, the product ions at m/z 732.3 and 1072.2
suggested the existence of HexNAc-(NH;EW-PO,-)(Hex)-
Man3 in the core structure of GPI (inset of Figure 5G). The
presence of a positional isomer was inferred from the
acquisition of two different MS/MS spectra of GPI-linked
peptides (precursor ion [M + 2H)**, m/z 903) at different
elution times (Table 2). The alternative runs also suggested
the presence of a Hex-Manl and HexNAc-(Hex-)(NH;EI-
PO4-)Man3 (peak L1, data not shown, Table 2), and a
nonsubstituted Man1 and HexNAc-(NH:E1-PO;-)Man3 (data
not shown, Table 2) in the GPI core structure,

Glycosylation Analysis of OBCAM. OBCAM has six
potential N-glycosylation sites at Asnl7, -43, -113, -258,
<266, and -279, and the predicted linkage site of GPI is
Asn295. From the peptide-related ions, peptides eluted at
positions 2, 25, and 7 were estimated to be glycopeptides
containing Asnl7, -258, and -266, respectively (panels
A1—C1 of Figure 6). Panels A2—C2 of Figure 6 show the
integrated mass spectrum of glycopeptides obtained from
positions 2, 25, and 7, respectively. The glycopeptide
containing Asn43 is identical to VAWLN*R in LAMP. From
the glycosylation at Asn38 in LAMP, Man-5-9 were inferred
to be attached 10 Asnd3 (panel A2 of Figure 5 and Table
1A). Although the MS/MS spectrum of the glycopepude
containing Asnl13 (VHLIVQVPPQIMN!ZISSD) was not
acquired, glycosylation at Asnl13 was corroborated by
detection of VHLIVQVPPQIMD'ISSD after PNGase F
treatment (data not shown). The feature of glycosylation at
Asn279 was elucidated on the basis of the MS/MS specira
of glycosylated LGNTN?"ASITLYGPGAVID which was
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Table 2: Summary of GPI Structure in LAMP, OBCAM, and Neurotrimin

GP1 moiety

deduced glycan composition
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Itoh et al.

acquired in an aliernatve run with the C30 column (scan
range of m/z 1000—2000) (Table 1J).

(i) Asn I7. As shown in panel Al of Figure 6, the
glycopeptide that eluted at position 2 was assigned to
AMDN"VTVR (and/or AMDN"*VTVR in neurotrimin)
glycosylated with dHex,HexsHexNAcNeuAc, based on the
Yia ion and the monoisotopic mass of the molecular ion.
The attachment of three NeuAc residues in one branch of a
biantennary complex type was suggested by the existence
of charactenstic B ions (m/z 495.2, 744.9, and 1239.2) (panel
Al of Figure 6). The molecular ions appearing in the
integrated mass spectrum and their MS/MS spectra suggested
that most of the glycans at Asnl7 were disialic acid-
conjugated oligosaccharides (peaks h-1—3 in panel A2 of
Figure 6 and Table 1G).

(ii) Asn258. Panel B1 of Figure 6 shows the representative
MS/MS spectrum of glycosylated ISTLTFFN™*VSE that
eluted at position 25. The monosaccharide composition
(dHex;HexsHexNAcgNeuAc,) implied two possible struc-
tures: a sLe"* -modified core-fucosylated complex type and
a Le** or antigen H-modified core-fucosylated and sialylated
complex type (inset of panel B of Figure 6). The molecular
ions (peaks i-1—2) in the integrated mass spectrum (panel
B2 of Figure 6) and the detection of nonglycosylated
ISTLTFFN***VSE revealed that Asn258 is partly glycosy-
lated with the sLe* or Le"-modified core-fucosylated
complex type, and BA-2 (Table 1H).

(iii) Asn266. Panel C1 of Figure 6 shows the product ion
spectra of the glycopeptide at position 7, the peptide portion
of which was assigned to YGN**YTCVATNK on the basis
of the Yqs ion in the MS/MS/MS spectrum. The glycan
was characterized as the bisected and core-fucosylated
complex-type oligosaccharide containing Le*” structure from
the monosaccharide composition (dHex;HexsHexNAcs), and
the Le¥*-, bisecting-, and core-fucose-related ions. The MS/
MS specira acquired with other glycoforms (peaks j-1-4 in
panel C2 of Figure 6) together with the MS/MS spectra of
the glycopeptides DYGN™YTCVATNK (position 13) and
KDYGN¥YTCVATNK (position 6) suggested that the
Le**-modified and/or bisected complex type and Man-5 were
predominantly auached to Asn266 (Table 11).

(iv) Asn295. On the basis of the GPl-characteristic
oxonium ions and the peptide-related ion (m/z 314.3), the
MS/MS spectrum of GPI-linked GVN** was picked out from
position 26 (Figure 6D; precursor ion, m/z 976.5; peak O1
in Figure 4C). The fragments arising from the GPI moiety
suggested the linkage of Hex to Manl, and HexNAc, Hex,
and NH;Et-PO, to Man3 in the core structure (Figure 6D,
inset). Furthermore, the MS/MS spectrum of other GPI-linked
GVN (precursor ion, m/z 895; peak 02), which was picked
out from position 26 based on the peptide-related ion,
suggested that this GPI moiety contained HexNAc-(Hex)-
(NH;E1-POy-)Man3. Another MS/MS spectrum (precursor
ion, m/z 814; peak 03) suggested the linkage of GPI moieties
containing HexNAc-(NH,Et-POs-)Man3 (Table 2). The
existence of two 1somers was suggested in peak O2 by the
acquisition of two MS/MS spectra of GPI-GVN* (m/z 895)
at different elution times.

Glycosylation Analysis of Neurotrimin. Neurotrimin con-
tains seven potential N-glycosylation sites at Asnl2, -38,
-120, -184, -252, -260, and -273, and the predicted linkage
site of GPI is Asn289. As the amino acid sequence in the
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OBCAM/neurctrimin (Asn17/12)

OBCAM (Asn258)

FIGURE 6: MS spectra of OBCAM glycopeptides. (A1) MS/MS spectra of glycopeptide AMDN'TVTVR,; elution position, 2; precursor ion,
[M + 3H]* (m/z 1280.9). (A2) Integrated mass spectrum obtained from position 2. (B1) MS/MS spectrum of glycopeptide ISTLTFEN*#VSE;
clution position, 25, precursor ion, [M + 3H]** (m/z 1290.7). (B2) Integrated mass spectrum at position 25. (C1) MS/MS and MS/MS/MS
spectra of glycopeptide YGN*$YTCVATNK; elution position, 7; precursor ion, [M + 3H]™ (m/z 1083.5). (C2) Integrated mass spectrum
at position 7. (D) MS/MS spectrum of GPI-linked GVN®; clution position, 26; precursor ion, [M + 2HJ** (m/z 976.5). Symbols are as in

Figure 9.

glycopeptide containing Asnl2 (GTDN"ITVR) in neurol-
rimin is identical to GTDN'VITVR in OBCAM, the glycans
at Asnl2 are estimated to be hybrid and complex types
containing disialic acid (panel A2 of Figure 6 and Table 1G).
Likewise, the sequence of VAWLN?R in neurotrimin is
identical to that of VAWLNYR in LAMP, and therefore,
the linkage of Man-5-9 at Asn38 was inferred from the
glycosylation at Asn38 in LAMP (panel A2 of Figure 5 and
Table 1A). Although the MS/MS spectra of glycopeptides
containing Asnl20 were not acquired, glycosylation at
Asnl20 was confirmed by the identification of
GND'YISLTCIATGR, GND'®ISLTCIATGRPE, and GN-
D'YISLTCIATGRPEPTVTWR after PNGase F digestion
(data not shown). The substitution of Asnl184 with a Lys or
an Arg residue in neurotrimin was suggested as in case of
SD rat by the identification of VTVNYPPYISE, which is a
fragment of VN'*VTVNYPPYISE (data not shown) (33)

The MS/MS spectra of glycopeptides containing Asn252,
-260, -273, and -289 were located at positions 20, 5, 23,
and 26 based on the pepude-related 10ns, respecuvely (panels
A1=Cl and D of Figure 7). The integrated mass spectrum
of the glycopeptides containing Asn252, -260, and -273 are
shown in panels A2—C2 of Figure 7, respectively.

(i) Asn252. Panel Al of Figure 7 shows the representative
MS/MS spectra of glycopeptide LTFFN**2VSE linked by
dHex;HexsHexNAcq, acquired at position 20. A Le** -modi-
fied core-fucosylated and bisected hybrid-type oligosaccha-
ride was deduced from the Le™-related 1ons, and Y 1g3a05°"
and Y o The majonty of the glycans at Asn252 are estimated
o be Le** or Le®-modified complex- and hybrid-type
oligosaccharides from the molecular ions (peaks k-1—9) in
the integrated mass spectrum and their MS/MS spectra (panel
A2 of Figure 7 and Table 1K).
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FiGuRe 7: MS spectra of neurotrimin glycopeptides. (A1) MS/MS spectra of glycopeptide LTFFN*?VSE; elution position, 20; precursor
ion, (M + 3HP* (m/z 1011.7). (A2) Integrated mass spectrum obtained from position 20. (B1) MS/MS and MS/MS/MS spectra of glycopeptide
YGN¥YTCYASNK; elution position, 5; precursor ion, [M + 3H]* (m/z 1081.6). (B2) Integrated mass spectrum al position 5. (C1)
MS/MS and MS/MS/MS spectra of glycopeptide LGHTN?ASIMLFGPGAVSE; elution position, 23; precursor ion, [M + 3HP* (m/z
1102.5). (C2) Integrated mass spectrum at position 23. (D) MS/MS spectrum of GPI-linked VNN?*; elution position, 26, precursor ion, [M

+ 2H]** (mfz 842.8). Symbols are as in Figure 9.

(it) Asn260. Panel B1 of Figure 7 shows the representative
product ion spectra of the glycopeptide eluted at position 5,
the peptide portion of which was identified as
YGN™YTCVASNK on the basis of the Y anps ion in the
MS/MS/MS spectrum. The monosaccharide composition
(dHex;HexsHexNAcs), the Le**-related ions in the MS/MS
spectrum, and the presence of Y gnang® T and Yq in the MS/
MS/MS spectrum revealed the linkage of a Le**-modified
fucosylated and bisected complex-type oligosacchande to this
peptide (inset of panel Bl of Figure 7). The molecular ions
in the imtegrated mass spectrum (peaks |-1-4 in panel B2
of Figure 7) together with the MS/MS spectra of glycosylated
HDYGN**YTCVASNK (position 8) suggested that Asn260
was predominantly glycosylated with the Le** or Le-
modified bisected complex- and hybrid-type oligosaccharides
and BA-2 (Table IL).

{iii) Asn273. On the basis of the Y, 1on and the monoiso-
topic mass, the glycopeptide eluted at position 23 was
assigned to LGHTN?ASIMLFGPGAVSE glycosylated with
Hex;HexNAcs (panel C1 of Figure 7). Its glycan moiety was
charactenized as a bisected agalacto-complex-type oligosac-
charide based on Yiany’*. Other glycans at Asn273 were
assigned to bisected complex- and hybrid-type oligosaccha-
ndes (peaks m-1—4 in panel C2 of Figure 7 and Table M),

(iv) Asn289. Figure 7D shows one of the MS/MS spectra
of GPI-linked VNN? which was picked out from position
26 on the basis of the peptide-related ion (peptide-NH-Et*,
mfz 371.3). Three different MS/MS spectra of GPI-linked
VNN were picked out from position 26 (Figure 4B). From
the molecular ions [peaks N1 (m/z 1004), N2 (m/z 924), and
N3 (m/z 842)] and their fragments, it was suggested that they
contain Hex-Man| and HexNAc-(Hex-)(NH,El-POy-)Man3,
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FIGURE 8. MS spectra of Kilon glycopeptides. (A1) MS/MS spectra of glycopeptide GAWLN®R; elution position, 3, precursor ion, [M +
2H]** (m/z 1048.2). (A2) Integrated mass spectrum obtained from position 3. (B1) MS/MS and MS/MS/MS spectra of glycopeptide
GTN!""VTLTCLATGKPE: elution position, 16, precursor ion, [M + 3H]™* (m/z 1071.2), (B2) Integrated mass spectrum al position 16
(C1) MS/MS spectrum of glycopeptide LFNGQQGITIQNZ®FSTR; elution position, 22; precursor ion, [M + 3H]™* (m/z 1020.6). (C2)
Integrated mass spectrum at position 22. (D1) MS/MS spectrum of glycopeptide SILTVTN™VTQE; elution position, 17, precursor ion,
[M + 3HP" (miz 1054.9). (D2) Integrated mass spectrum at position 17. (E1) MS/MS and MS/MS/MS spectra of glycopeptide
HFGN*'YTCVAANK: elution position, 10; precursor ion, [M + 3H]™ (m/z 1051.2). (E2) Integrated mass spectrum at position 10, Symbols

are as in Figure 9

HexNAc-(Hex-)(NH;Et-PO4-)Man3, and HexNAc-(NH;EL-
PO4-)Man3, respectively. The existence of iwo isomers was
suggested in peak N2 by the presence of two different MS/
MS spectra at different elution times (Table 2).
Glycosylation Analysis of Kilon. Kilon has six potential
N-glycosylation sites at Asn36, -118, -238, -249, -257, and
-270. The predicted linkage site of GPI is Gly287. The typical
MS/MS spectra and the integrated mass spectra of the
glycopeptides containing Asn36, -118, -238, -249, and -257

are shown in panels AI-El and A2—E2 of Figure 8,
respectively. The MS/MS spectra of the glycopeptide con-
taining both Asn270 and Gly287 could not be picked out
from the MS data.

(i) Asn36. Panel Al of Figure 8 shows one of the MS/MS
spectra acquired at position 3. This glycopeptide was
identified as GAWLNR with Man-6 based on Y, ion and
the monosacchande composition. Other glycans at Asn36
were estimated as Man-5, -7, and -8 from the existence of
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FiGgure 9: Summary of glycosylation of IgLON family proteins.

molecular 1ons with 81 m/z units intervals in the integrated
mass spectrum (peaks n-1-3 in panel A2 of Figure 8) (Table
IN).

(ii) Asnll8. As shown in panel BI of Figure 8, the MS/
MS/MS spectrum acquired at position 16 contained Y g
i, which suggested that the peptide portion is
GTN''"|VTLTCLATGKPE. The linkage of BA-2 was
deduced from the monosaccharide composition
(dHex,HexsHexNAcs), and Yigaans®® and Y,q (inset of
panel Bl of Figure 8). Additionally, the linkage of Le¥*
or antigen H-modified and/or bisected complex type was
suggested by the integrated mass spectrum (peaks o-1-5
in panel B2 of Figure 8 and Table 10).

(tii) Asn238. The MS/MS spectra of glycopepudes that
contain Asn238 were picked out from positions 22
[LFNGQQGIIQN™FSTR (panel C1 of Figure 8)], 21
(RLFNGQQGIIQN*FSTR), and 19 (KRLFNGQQGIII-
QNBESTR). These MS/MS spectra and molecular ions
appearing in the integrated mass spectrum revealed that the
only carbohydrate structure at Asn238 was Man-5 (peak p-1
in panel C2 of Figure 8 and Table 1P). Together with the
results of the database search analysis, in which nonglyco-
sylated peptide LENGQQGIIQN#®FSTR was identified, it
was suggested that Man-5 was panly attached to Asn238
(Table 1P).

(iv) Asn249. Panel D1 of Figure 8 shows the representative
MS/MS spectrum of glycopeptide SILTVIN**VTQE at
position 17. The carbohydrate structure was characterized
as a LeY"-modified and core-fucosylated complex type by

the existence of the Le**-related ions and Y 5. The integrated
mass spectrum and altermative LC—MS” with the C30
column (scan ranges of m/z 700—2000 and 1000—2000)
suggested that Asn249 is glycosylated with Le* or antigen
H-modified core-fucosylated hybrid- and complex-type oli-
gosaccharides, BA-2, and Man-5 (peaks q-1—11 in panel
D2 of Figure 8 and Table 1Q).

{v) Asn257. As shown in panel El of Figure 8, one of the
glycopeptides eluted at position 10 was identified as
HFGNZ"YTCVAANK linked by dHex HexsHexNAc, based
on Yanp ion in the MS/MS/MS spectra and monoisotopic
mass. The carbohydrate structure was charactenized as a
bisected- and core-fucosylated hybnd-type oligosaccharide
based on the presence of Yignang®" and Y a (inset of panel
E2 of Figure 8). Other major glycans were estimated as Man-
5. Le**-modified complex- and hybnid-type oligosaccharides,
and BA-2 (peaks r-1—7 in panel E2 of Figure 8 and Table
IR).

DISCUSSION

The cell adhesion molecules in the central nervous system
play an essential role in the differentiation of neuronal cells
and formation of neural circuits. Although glycosylation on
the cell adhesion molecules is known to regulate cell—cell
interactions (2—4), their carbohydrate structures remain
unknown due to the difficulty with respect to their isolation
and the limited sample amounts. The glycans in the IgLON
family proteins are considered to be implicated in the
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formaton of neural circuits, including migrauon of neuronal
cells, axonal guidance, and fasciculation. However, the high
degree of homology of their amino acid sequences makes it
difficult to isolate them from each other and to analyze their
carbohydrate structures in detail.

In this study, we performed a site-specific glycosylation
analysis of LAMP, OBCAM, neurotrimin, and Kilon simul-
taneously using SDS—PAGE and LC—MS". Enriched GPI-
linked proteins were separated by SDS—PAGE, and four
target proteins were extracted from a gel piece together with
other contaminating proteins. The protein mixture was
digested and analyzed by the C30 and C18-LC—MS" runs
via MS, data-dependent MS in SIM by the FT ICR-MS, and
data-dependent MS/MS and MS/MS/MS. A set of MS data
consisting of the mass spectrum, the mass spectrum acquired
by the FT ICR-MS in SIM mode, the data-dependently
acquired MS/MS, and the MS/MS/MS spectra of a glyco-
peptide was selected from all MS data on the basis of the
existence of the oligosaccharide charactenstic oxonium ions
in the MS/MS spectrum. The carbohydrate structure and
peptide sequence were deduced from the carbohydrate-related
1ons and peptide-related ions in the product ion spectra. The
structural assignment of the glycopeptide was confirmed by
the accurate mass acquired on the FT ICR-MS. The b- and
y-ions arising from the peptide backbone in the MS/MS/
MS spectra were also used for the peptide assignment. The
carbohydrate heterogeneity at each glycosylation site was
characterized by integrating the mass spectra of the glyco-
peptides which yielded idenucal peptide-related ions. We
successfully determined the site-specific glycosylation in
LAMP, OBCAM, neurotrimin, and Kilon with the exception
of Asnl20 in LAMP, Asnll3 in OBCAM, Asnl20 in
neurotrimin, and Asn270 in Kilon. We also demonstrated
the structure of the GPI moiety using LC—MS" equipped
with a GCC. A set of data was picked out from all MS data
by using GPl-charactenstic ions, and the structure of GPI
and the linkage site were deduced from the product ions in
the MS/MS spectra. Three different structures are commonly
found in LAMP, OBCAM, and neurotrimin.

Figure 9 illustrates the site-specific glycosylation in the
four proteins. N-Glycosylation sites near the N-terminus in
LAMP, OBCAM, and neurotrimin were commonly occupied
with biantennary complex-type and hybrid-type oligosac-
charides containing disialic acids. Oligosialic acids and
disialic acids, which are found in several glycoproteins,
including NCAM, are considered 1o regulate the cell—cell
interaction by changing their degree of polymerization (6).
Disialic acids at the near N-terminus in LAMP, OBCAM,
and neurotrimin might regulate the cell—cell interaction in
a manner similar to that of other glycosylated adhesion
molecules.

The first domains in IgL.ON family proteins are commonly
glycosylated with Man-5, -6, -7, -8, and -9. The linkage of
high-mannose-type oligosaccharides is found in several Ig
superfamily proteins, including L1, MAG, and PO (3). Since
Horstkorte et al. have reported that L1 binds to NCAM
through oligomannosidic carbohydrates in L1 (34), the high-
mannose-type oligosaccharide in IgLON family proteins
could interact with certain biological molecules.

The third domains of all IgLON proteins were highly
heterogeneous due to a linkage of diverse oligosaccharides,
including BA-2, the Le** or Le® motif, and Man-5. BA-2,
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a bisected agalacto-complex type, is known as a brain-
specific glycan and is much more abundant in mammalian
brains than in other tissues (35, 36). Recently, the Na*/K*-
ATPase 1 subunit was identified as a GlcNAc-binding
protein in the mouse brain (37). The Na'/K*-ATPase 1
subunit is a potassium-dependent lectin which binds to
GlcNAc-terminating oligosaccharides and is involved in
neural cell interactions in a trans-binding fashion. A 74 kDa
protein was suggested to be the GlcNAc-terminating glycan
carrier protein binding to the Na*/K*-ATPase B1 subunit.
The linkage of BA-2 10 IgLON family proteins implies that
these proteins might be the ligand proteins for the Na*/K*-
ATPase f1 subunit.

Glycosylation in a great number of membrane glycopro-
teins remains largely unknown. This is mainly because the
limited amount of available sample and the low solubility
of glycoproteins make their isolation quite difficult. Our
strategy, which includes enrichment of the target glycopro-
teins, separation by SDS—PAGE, and LC—MS" of digests
of a protein mixture, can be applied to the site-specific
glycosylation analysis of various membrane glycoproteins.
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Abstract

Manufacturing processes used in the production of biopharmaceulical or biological products should be evaluated for their ability to remove
potential contaminants, including TSE agents, In the present study, we have evaluated scrapie prion protein (PrP*‘) removal in the presence of
different starting materials, using virus removal filters of different pore sizes. Following 75 nm filtration, PrP5 was detected in the filtrate by
Western blot (WB) analysis when a “‘super-sonicated™ microsomal fraction derived from hamster adapted scrapie strain 263K (263K MF) was
used as the spike material. In contrast, no PrP® was detected when an untreated 263K MF was used. By using spike materials prepared in a man-
ner designed to optimize the particle size distribution within the preparation, only 15 nm filtration was shown to remove PrP* 10 below the limits
of detection of the WB assays used under all the experimental conditions. However, infectious PrP*° was recovered following 15 nm filtration
under one experimental condition. The results obtained suggest that the nature of the spike preparation is an important factor in evaluating the
ability of filters to remove prions, and that procedures designed to minimize the particle size distribution of the prion spike, such as the “'super-
sonication” or detergent treatments described herein, should be used for the preparation of the spike materials.

@ 2007 The Intemmational Association for Biologicals, Published by Elsevier Lid. All rights reserved.

Keywords: Prion; Removal; Filter; Clearance study; Spike material

1. Introduction thought to be the causative agent of the transmissible spon-
giform encephalopathy (TSE) diseases, which include

The transmission of varant Creutzfeldi—Jakob disease Creutzfeldti—Jakob disease (CJD), vCID, and bovine spongi-

(vCID) through blood transfusion has been of increasing
concern, since a fourth possible transmission case was re-
ported [1]. In addition, prions have been detected in the
buffy coat separated from the blood of hamsters infected
with scrapie, using a biochemical assay (protein misfolding
cyclic amplification, or PMCA) [2]. Infectious prions are
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form encephalopathy (BSE). Therefore, to reduce the risk of
transmission when raw materials for protein products (such
as plasma) are contaminated with infectious prions, mea-
sures should be introduced to decrease the prion load, to
evaluate the risk to the product, and to introduce prion re-
movalfinactivation step(s) in the manufacturing process, if
feasible [3—5]. Unlike viruses, the minimum infectious
prion unit does not exist as a single particle. The infectious
prion unit is believed to be composed of protein polymers/
aggregates, rather than a prion particle. The unusual nature
of the prion agemt makes it particularly important to
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consider the effect of the prion spike material when evalu-
ating process steps for prion clearance. A rationale for the
choice of the spike preparation used for such evaluation
studies should be provided [4].

Several prion strains have been used to evaluate
manufacturing processes for their ability to remove TSE
agents, including hamster scrapie prion protein (PrP*,
263K or $¢237), and mouse PrPPSE (301V). In a polyethyl-
ene glycol (PEG) fractionation process, hamster PrP™ and
human PrP*“P, prepared using the same methodology,
were reported to behave in a very similar manner [6]. Dif-
ferent prion spike preparations have been used to investigate
prion removal, including crude brain homogenate (BH), mi-
crosomal fraction (MF), caveolae-like domains (CLDs), and
purificd PrP*. Of these materials, purified PrP*® was re-
ported to behave differently from the other preparations in
an 8% ethanol fractionation step [7]. This result suggests
that the methods used to prepare the prion spike material
may be a critical factor in prion clearance studies, Further-
more, these reports are useful in providing a rationale for
the choice of the prion source and spike preparation used
for such evaluation studies [8].

Tateishi et al. reported that sarkosyl influenced the ability
of BMMA40 filters to remove prions, using BH derived from
ClD-infected mice [9]. The presence of sarkosyl was also
shown to significantly reduce the capacity of Planova (P)-
35N to remove the scrapie agent MET7, while filtration with
P-15N resulted in the complete removal of infectivity, to be-
low the limit of detection of the bioassay used, in both the
presence and absence of sarkosyl [10]. Van Holten et al,
evaluated the capacity of Viresolve 180 membranes (de-
signed for virus removal from proteins of <180 kDa) to re-
move prions by using BH which was lysolecithin-treated,
sonicated, and subsequently passed through a 100 nm filter
(SBH), and demonstrated removal of PrP*® down to the limit
of detection of the Western blot assay used. They argued that
by using a better defined spike material, where the size of the
scrapie particles was limited, the results may be more rele-
vant with respect to the removal of potential TSE infectivity
in plasma than previous studies that used a less well-defined
BH [11].

Aggregation of the prion protein is a critical parameter
when evaluating nanofiltration steps. The actual form of the
infectious agent present in plasma in natural infection is not
known. In addition, nanofiltration is typically performed late
in the downstream processing, after protein purification steps,
which may result in removal of larger or aggregated prion
forms. Therefore, use of a spike preparation containing large
aggregates may result in an over-estimate of the prion removal
capacity of a filter. Although the reports described above, and
others, have shown excellent prion removal ability for a num-
ber of filters, most reports have not described the particle size
distribution of the prion protein in the spike preparations used.
Therefore, in this study we have investigated the prion re-
moval capacity of P-35N, P-20N and P-15N filters under di-
verse conditions, considering the particle size distribution of
the MF preparations used.

2. Materials and methods
2.1. Preparation of microsomal fraction (MF)

Brains removed from hamsters infected with scrapie strain
263K [12] (originally obtained from the Institute for Animal
Health, Edinburgh, UK), were homogenized in phosphate
buffered saline (PBS) until homogeneous, to a final concentra-
tion of 10% (w/v). The homogenate was clarified by low speed
centrifugation, to remove larger cell debris and nuclei, and the
supernatant material was then further clarified by centrifuga-
tion at 8,000 x g for 10 min at 4 °C, before being ultracentri-
fuged at 141,000 x g for 60 min at 4 °C, to concentrate the
scrapie fibrils, and small membrane vesicles and fragments.
The pelleted material was resuspended in PBS, aliquoted,
and stored at —80 °C. This material was designated 263K
MEF, Prior 1o use, stocks were thawed at 37 °C, and sonicated
2 x4 min on ice water (Ultrawave ultrasonic bath model
#U100, 130 W 30 kHz, Ultrawave Ltd., Cardiff, UK). Six
independent batches of 263K MF were used in this study.
These baiches are designated 263K MF preparation lots
A—F (Tables 1—3). Normal MF, derived from normal (i.e. un-
infected) hamster brain material, was also prepared as described
above.

Since we were unable to measure the particle size distribu-
tion of contaminated materials in our facility, we used normal
MF, and investigated changes in the particle size distribution
following strong sonication or treatment with detergent. Vari-
ous concentrations of sarkosyl (N-lauroylsarcosine sodium
salt, Nacalai Tesque, Inc., Kyoto, Japan), lysolecithin (L-a-
lysophosphatidyicholine, Sigma-Aldnch Corp., St. Louis, USA),
Triton X-100 (polyethylene glycol mono-p-iscoctylphenyl
ether, Nacalai Tesque, Inc.), TNBP (tri-n-butyl phosphate,
Wako Pure Chemical Industries, Lid., Osaka, Japan), and/or
1% Tween 80 (Nacalai Tesque, Inc.) were added to normal
MEF. Changes in the particle size distribution were then moni-
tored by dynamic light scattering method using volume-
weighted gaussian analysis using a submicrometer particle
sizer (NICOMP Type 370, Particle Sizing Systems, Inc., Santa
Barbara, USA). To evaluate the effect of strong sonication,
normal MF was sonicated using a closed system ultrasonic
cell disruptor (Bioruptor UCD-200T, CosmoBio Co. Lid., To-
kyo, Japan) with a resonance chip set in the tube. Sonication
was performed for | min at 20 kHz, 200 W in a cold water-
bath. Ten cycles of sonication were performed, with a 1 min

Table |
Scrapie infectivity in different 263K MF preparations®
Loga SE at 95%
LDs,/ml probability
Non-super-sonicated 263K MF lot C 51 0.44
Super-sonicated 263K MF lot C 6.0 053
Super-sonichted 263K MF ot D 53 0.69
SD-reated, ultracentrifuged, super-sonicated 69 0.69

and 220 nm-filtered 263K MF lot C
" This bicassay study was performed in accordance with GLP regulations.
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Table 2
Removal of PrP* from PrP*“-inoculated PBS

PVDF filter Planova filter

220 nm 100 nm P-75N (72 = 2 nm) P-35N (35 £ 2nm) P-15N (15 £ 2 nm)
Super-sonicated + - + - + - + = + =
Before filtration 4213.5" 3.5/4.2 4235 35142 42042 3.5/4.2 42142 3.5/4.2 42142 3.5/42
Filtered 3838 3138 3.8A.1 24131 2424 <L0/<1.0 <lL.0/<l.0 <1L.0/<1.0 <lL.0i<1.0 <1< 1.0
LRF" 04/-03 0.4/0.4 0.4/0.4 LI/LI 1.8/1.8 225232 >32/>32 225232 23.2>32 >2.5/>32
Data rey 1otal PP p in samples, exp d as logq arbitrary units, following Western blot analysis as described for WBI. This study was performed

in accordance with GLP regulations.

* Two independent batches of 263K MF were used: lot C (left) and lot D (right), respectively.
® LRF, log reduction factor = total PrP* in input/total PrP* in filtrate, expressed as a log,g value.

interval between each sonication treatment. During the treat-
ment cycle, the particle size distribution was monitored. We
named this treatment cycle “super-sonication™.

Different preparations of 263K MF, treated with various
combinations of detergent, ultracentrifugation and/or **super-
sonication”, were used as the spiking agent in the process
evaluation studies, and are described in the relevant methods
sections below.

2.2. Detection of PrP5 by Western blotting (WB)

To determine the relative levels of PrPS¢ present in different
samples, WB assays were performed. Three slightly different
WB methodologies were applied over the course of the studies,
all of which are based on detection of the disease-associated,
protease-resistant form of the prion protein (PrP%), using the
monoclonal antibody 3F4 (Signet Laboratories, Inc., Dedham,
USA)[13]. WB methods 1 and 2 were developed independently,
and use different approaches to calculate the titer of PrP%. As
these assays were performed as part of GLP studies intended

Table 3
Removal of PrP* from PrP*.inoculated plasma preparations’

for regulatory submission, the results are presented as reported
in these studies.

2.2.1. Method | (WBI)

Samples and controls were either tested directly, or first
ultracentrifuged at 141,000 x ¢ for 60 min at 4 °C, and the
pelleted material then resuspended in PBS. Ultracentrifugation
was performed to concentrate the PrP> present in large vol-
ume samples, and to remove soluble proteins or buffer compo-
nents that might interfere with the WB assay. Samples were
digested with proteinase K (Roche Diagnostics, GmbH, Penz-
berg, Germany) for 60 min at 37 “C. The optimal concentra-
tion of proteinase K, to remove any background that could
interfere with the detection of PrP** and to allow effective re-
covery of the PrPS° protein, was previously established for
cach sample. Digested samples were mixed 1:1 with Laemmli
sample buffer (62.5 mM Tris—HCI, pH 6.8, 25% (v/v) glyc-
erol, 2% (w/v) SDS, and 0.01% (w/v) bromophenol blue,
BioRad Laboratories Inc., Hercules, USA) containing 5% (v/v)
B-mercaptoethanol. After boiling, serial 5-fold dilutions of

Filter P-35N (35 + 2 nm) P-20N (19 + 2 nm) P-15N (15 + 2 om)

Preparation IVIG Haptoglobin WIG Haptoglobin Antithrombin Thrombin
Spike material 263K sMF' 263K sMF 263K sMF* 263K dsMF 263K dMF 263K sMF 263K dsMF°
MF preparation lot. /D B EF E/F AA B c/D

Spike ratio 1100 17200 1220 1200 1/50 1121 1720
Detection method" WEI WR3 WB2 WB2 WBI WB3 BA WBI

Before filtration 3.212.5 24 6.8/6.8 67161 31730 3.6 tve 330
Filtered 0.8/0.8 <10 4.8/43 4847 0.0/0.0 <08 +ve <0.2/<0.2
Log reduction factor 24117 =14 20123 1.9/1.4 >3.1/23.1 >28 NA >35/=235

Abbreviations used: 263K MF, microsomal fraction derived from hamster adapted scrapie strain 263K; IVIG, intravenous immunoglobuling 263K sMF, “super-
sonicated” 263K MF; WB, Western bloning; 263K dsMF, detergent treated and “super-sonicated™ 263K MF; 263K dMF, detergemt treated 263K MF; BA, bio-

assay, --ve, scrapie positive.
" Scaled down fitions were designed accordi

and the filtration was subsequently terminated.

2 to current g

" WEBI1, WB2, and WB3 mean Western blotting methods 1, 2 and 3, resy

However, in & study using P-35N filter and haptoglobin, clogging of the filter occurmed,

ly. The studies involving the use of WB1 and WB2 were performed in accordance

with GLP regulations; the studies involving the use of WB3 and the qualitative BA shown in this table, were performed as non-GLP studies.

© 263K MF was “super-sonicated™ then 220 nm-filtered prior to spiking.

? 263K MF was ultracentrifuged at 141,000 x g for 60 min at 4 “C, resuspended in buffer equivalent to the starting material without protein, “super-sonicated™,

and 220 nm-filtered prior 1o spiking.

© 263K MF was “SD-treated”, ultracentrifuged at 141,000 x g for 60 min at 4 °C, resuspended in the starting material (thrombin) or saline (haptoglobin), and

“super-sonicated"*. These materials were 220 nm-filtered prior 1o spiking.
' 263K MF was treated with 0.1% sarkosyl for 30 min ar room temperature,



