Downloaded by Noritaka Hashii on July 9, 2009
Published on May 19, 2009 on http://pubs.acs.org | doi: 10.1021/pr9000527

research articles

HHashii et al.

T x10 1
;3 v
!3\‘:: g S
_f;‘ Y5 2 "1‘4’3‘6
100 — Yy
(A) )
Y%.z? \'1'13':‘55 %
Vis™ \'3.:556, -
. Vweas® 4y
o jr' Y! ‘/42‘ Y:ysh
B, 3 2 v Yivmss o
™ & & =
& ¥ s S % o
@ s - § =
S o
N N - 9~
5 2 g £ 5 g 3
E & 2 = - o=
g [ Lo desak danan o Aosa AT | - N
’2 on o .
P . 5 g e
5 100 v . Y n f""'
*3
(B ) i Y Yrmh !
HexliexNAc2 4 y,, o o e
= [ty o5 s QB
o 2 & o
b1 2"1':&-:’42"‘ g
1 I £ I 3 Y
= i o
= v
) 5
Hex |} Hex | Hex -
L
1200 1400 1600 1800 2000

g

Relative Abundance

503 N'O! H 516
Lo ANIQILILPING THLY E K
Yz Yu Yo Yo ¥Ys Y1 ¥ Yi Y3
ys'!
1092.8 [Precursor ion - HexNAc]*
hgt
719.7 b',*‘
bt b THeNAC Yo"
: P oo
1 ! N i i '

> i P i i !

+1 1 - . . 1

b b by : ! ;
iy, éb:‘ { ¢ : 8807 7 y i 5 n
i U 60671 ot 12060 i ! 2

1M ) 1 1 ; ! ;

i ) Y v Y Y

Y 816.5 13190 1446 7156 7
995.4 l 319, )
N TR I ) | — ) 16'?8'2 .
400 600 800 100' a 1200 1400 1600 1800

Figure 4. ldentification of glycopeptide 8. (A) MS/MS spectrum acquired from the molecular jon |

M -+ 3HP' (m/z 1291.9) of glycopeptide

8 in Figure 2A. (B} MS/MS/MS spectrum acquired from the most intense ion {m7z 1681.0) in the MS/MS. {C) MS/MS/MS/MS spectrum
acquired from the product ion {m/z 806.2) in the MS/MS/MS of glycopeptide 8, and amino acid sequence deduced from the results of
database search analysis. (D} Deduced oligosaccharide structure. dHex, deoxyhexose; Hex, hexose; HexNAc, N-acetylhexosamine:
white circle, galactose; gray circle, mannose; black square, N-acetylglucosamine; gray triangle, fucose.
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Figure 5. ldentification of glycopeptide 15. (A) MS/MS spectrum acquired from the molecular ion [M + 4H]* (m/z 1111.5) of glycopeptide
15 in Figure 2A. {B} MS/MS/MS spectrum acquired from the maost intense ion {(m/z 1414.4) in the MS/MS. (C) MS/MS/MS/MS spectrum
acquired from the product ion (m/z 1346.3} in the MS/MS/MS of glycopeptide 15, and amino acid sequence deduced from the results
of database search analysis, {D} Deduced oligosaccharide structure.
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Figure 6. ldentification of glycopeptide 17. {A) MS/MS spectrum acquired from the molecular ion [M -+ 3H]® (miz 1564.0) of glycopeptide
17 in Figure 2A. (B} MS/MS/MS spectrum acquired from the mest intense jon (miz 1515.4) in the MS/MS. (C) MS/MS/MS/MS spectrum
acquired from the product ion {m/z 1315.0) in the MS/MS/MS of glycopeptide 17, and amine acid sequence deduced from the results
of database search analysis. {D} Deduced oligosaccharide structure.
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possible modification at Asn with HexNAc¢ {203.1 u) and with
dHex = HexNAc (349.1 ), seven glycopeptides were suceess-
fully sequenced with a high cross-correlation score (charge +1,
Xeorr » 1.5; charge =2, Xcorr » 2.0; charge +3, Xcomr > 2.5;
charge +4, Xcorr > 3.0). Figure 4C shows the MS/MS/MS/MS
spectrum acquired from glycopeptide 8 {precursor ion: {peptide
+ HexNAc + 2H?Y, m/z 906.2). The database scarch analysis
resulted in Leu™-Lys*® in y-glutamyl transpeptidase 1 (y-
GTP1) (charge +2, Xcorr: 4.12) (Table 1), The linkage of GleNAc
at Asn®'® in the N-glycosylation consensus sequence, Asn-Thr-
Thr, was suggested by the good agreement between the
experimental b/y-ion pattern and the predicted pattern.

The MS/MS/MS/IMS spectrum acquired from [peplide +
HexNAe + 2HPP (mfz 1346.3, glycopeptide 15) is shown in
Figure 5C. This peptide was identified as His?*-Arg™ in low-
density lipoprotein receptor-related protein 2 (LRP2, megalin)
(charge +2, Xcorr: 2.82). The b- and y-ion patern suggested
the linkage of GleNAc at Asn# in the N-glycosylation con-
sensus sequence, Asn-Lys-Ser.

Figure 6C shows the MS/MS/MS/MS spectrum acquired
{rom another expected Let-conjugated glveopeptide (glycopep-
tide 17; precursor ion: Ipeptide + HexNAc + 2H{™', mn/z 1315.0).
Database search analysis revealed that this peptide could be
Tyr'®-Arg!™in the cubilin precursor (charge +2, Xcorr: 2.02)
(Table 1). It was also suggested Lhat the linkage position of
GlcNAc was Asn*™ in the N-glycosylation consensus sequence
of Asn!"-Tyr-Ser#2t,

Glycopeptides 2, 10, 12, and 14 were also successfully
identified as Asn?*-Lys™ in cadherin 16 (glycosylation site:
Asn™™; charge +1, Xeorr: 1.52), Ser™-Lys%? in alanyl (mem-
branc) aminopeptidase (glycosylation site: Asn®™; charge +2,
Xeorr: 1,53), Asn®®-Arg® in y-GTPI (glycosylation site; Asn™™;
charge +1, Xcorr: 1.73) and Va4 Lys*% in LRP2 {(glycosylation
site: Asn*%; charge +2, Xcorr: 1.79), respectively, Additionally,
we deduced that glycopeptides 1, 3-6, 13, and 20 could be
Le¥-conjugated glycopeptides from tolerable scores (charges
+1 and +2 Xcorr > 1.30) (Table 1. All identified or probable
glycopeptides contained consensus sequences of N-linked
oligosaccharides.

By the present method, three glycoproteins were identified
as proteins carrying multiple Le-conjugated oligosaccharides—
namely, »~GTP1 (glycosylation site: Asn™ and Asn®™; glyco-
peptides 8, 12 and 13), LRP2 (glycosylation site: Asn!™7, Agni6%,
Asn'™ and Asn®*%; glycopeptides 53, 6, 14, 15 and 20), and a
cubilin precursor {glycosylation site: Asn'™2, Asn'®, glycopep-
tides 1 and 17). Only one glycopeptide was sequenced, but it
was deduced that cadherin 16, dipeptidase 1, H-2 class |
histocompatibility antigen, and K- K alpha precursor {H2~K{k}},
and alanyl (membrane) aminopeptidase could be the Le*-
conjugated glycoproteins.

The sequences of the Le*conjugated glycopeptides were
confirmed by an additional LC~MS/MS of deglycosylated
peptides prepared by PNGaseF-treatment, Because of the
deamination of Asn residues by PNGase F treatment, we set
the m/z values of {peptide + nH + 0.984 u monoisotopic
mass]™ (1= 2-5} as precursor jons on the MS/MS. By this
conventional method, 8 peptides that were sequenced by our
method were identified as shown in Table 1. Moreover, two
peptides which could not be sequenced by our method were
also identified as His™¥-Ly¢™™ in LRP2 (glvcopeptide 9}, and
Val™™ Lys™ in the meprin A 8 subunit precursor (endopepti-
dase-2, glycopeptides 18, 21 and 22). On the other hand, four
glveopeptides that were sequenced by our method were not
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identified by the conventional method. Using both methods,
we failed in the sequencing of four glycopeptides.

Structural Analyses of the Oligosaccharides in the
Le*-Conjugated Glycopeptides. The carbohydrate suructures of
the Le*-conjugated glycopeptides were deduced from the
fragment patterns and molecular masses obtained by the first
run using FTICR-MS. The structural assignment of glycopeptide
8 is shown in Figure 4A and B. The carbohydrate composition
was estimated to be 3dHex 5Hex 5SHexNAc from the molecular
mass of the carbohydrate moiety (calculated molecular mass
of the glycan moiety: 2281.850). The fragment ions at m/z
1681.0 and m/z 1425.6 in Figure 4A were assigned to ¥,;* and
Yau®', which arose from M + 2H** (m/z 1681.8) by the
dissociation of two molecules of the Lewis-motifs. The presence
of B," (mfz 512) in both Figure 4A and B also suggested the

binding of two Lewis-motifs. The Y/ further yielded [Hex +
2HexNAC (mlz 569.1), Yia™ (mlz 1190.3) and Y.42 (mlz

1263.2) on the MS/MS/MS, which suggested the presence of
bisecting GleNAc. The fucosylation of reducing-end GleNAc was
proven by the detection of Yy,+* (ipeptide + HexNAc + 2H™,
m/z906.2) and Y,** ([peptide + dHex + HexNAc + 2H)*, miz
979.0}. Conscquently, the glycan of glycopeptide 8 was char-
acterized as a bisected and core-fucosylated oligosaccharide
carrving two molecules of Let-motifs (Figure 4D). The possibil-
ity of the deduced structure was confirmed by the good
agreement between the experimental mass (2281.850) and the
theoretical mass (2281.845) (Table 1).

Figure 5A and B show the assignments of the carbohydrate
moiety in the glycopeptide 15. The predominant ion (m/z
1414.4) in the MS/MS spectrum was assigned 10 {M — HexNA¢
+ 3HPY (Y2™ or Y This Y7 (Y, don vielded the By*
{m/z512.3) by MS/MS/IMS, suggesting the presence of only one
molecule of the Lewis-motif. The presence of Yy,,* {(mlz
1346.3), Y™ (m/z 1447.0) and Yo (m/z 1520.2) suggested
the fucosylation at the reducing end of GleNAc. The presence
of bisecting GleNAc was deduced from the detection of the ion
[Hex + 2HexNAc) {mfz 569.3) and Y,’;m,«;,;,;'z (il z 1630.4).
From these fragments, the oligosaccharide structure was
characterized as a bisected and core-fucosylated oligosaccha-
ride carrying one molecule of the Le*-motif (Figure 5D),

The deduced carbohydrate structure of glycopeptide 17 is
indicated in Figure 6D. In the MS/MS spectrum, the fragments
al miz 1515.4 and m/z 1393.5 were assigned to [M — dHex +
3HP (Y, or Yo%) and [M — dHex — Hex — HexNAc + 3H]%!
(Y;*'}, respectively (Figure 6A). The detection of B, {(m/z512.3)
in both the MS/MS and MS/MS/MS spectra revealed the
binding of two Le*-motifs (Figure 6A and 6B). The presence of
bisecting GleNAc was suggested by the detection of the ion
IHex + 2HexNAcH (mfz 569.2), Y545 Unfz 1599.7) and
Yy3%" {m/z 1672.1) in the MS/MS/MS spectrum (Figure 6B},
The ions Y,.*” {Ipeptide = HexNAc + 2HPPY, miz 1315.0)
and Y** (ipeptide + dHex + HexNAc + 2ZH|Y, mi/z 1388.1)
revealed the fucosylation at the reducing end of GleNAc, We
also found the presence of a distinctive ion of the Lewis y (Le%)
motif, Fucel —2)Galpl ~4{Fucel - 3)GleNAc, at m/z638.3 in the
MS/IMS spectrum. To determine whether N-linked oligosac-
charides contained the LeY-motif, A-linked oligosaccharides
were released from mouse kidney proteins and weated with
wl—2 fucosidase. Then the glycan profiles of the fucosidase-
reated and -untreated oligusaccharides were compared by LC/
MS. No change was found in the mass spectrometric glycan
profiles between the two samples, but the fragment {n/z 658}
was still detected in the MS/MS spectra of the enzyme-treaied
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glycopeptide 17 (data not shown). These results suggest the
absence of «l~2 fucose on the glycopeptides. Consequently,
we assigned the glycans of glycopeptide 17 1o a bisected and
core-fucosylated oligosaccharide carrying two Lef-motifs (Fig-
ure 6D).

The oligosaccharide structures of other Le*-conjugated gly-
copeptides were deduced from their B- and Y-type ions as well
as the molecular masses obtained by FITCR-MS in the same
manner {Table 1 and Figure 7). The most common structure
was a bisected and fucosylated complex-type biantennary
oligosaccharide carrving two Le*-motifs {glycopeptides 1 -5, 8,
10, 12, 14, 17, 20 and 21). A bisected and core-fucosylated
complex-type blantennary oligosaccharide carrying one Le*-
motif was found in glvcopeptides 6, 13, and 15, A bisected and
core-fucosylated complex-type triantennary oligosaccharide
carrying three Le™-motifs was found in glycopeptides 9 and 18.
The oligosaccharide structure of the glycopeptide in glycopep-
tide 22 was a triantennary carrving two Let-motifs. All experi-
mental molecular masses of the deduced glycopeptides were
identical to their theoretical masses (Table 1).

Discussion

Several glycan-epitopes, including Lewis antigens, HNK-1,
and polysialic acid, have been widely shown to be involved in
the physiological functions of glycoproteins and certain dis-
eases. Some oligosaccharide-related antigens are being used
as diagnostic markers of tumors in a clinical stage."*"* How-
cver, only a few proteins are known to carry the glycan-
epitopes. To understand the physiological roles of the glvcan-
pitopes and to develop more effective diagnostic markers, we
need methods that allow for the identification of target proteins
carrving the glycan motifl ol interest. Glycan-epitopes are often
detected by two-dimensional (2D)-electrophoresis in combina-
tion with lectin or immuno-blotting. The stained spots are
subjecied to in-gel tryptic digestion followed by protein
identification by MS/MS and database search analysis. There

are still problems in this procedure with the verification of -

the glycan suucture in the identified protein. In addition,
the procedure cannot be employed on hydrophobic mem-
brane proteins having a high molecular weight

[n the present study, all proteins in the mouse kidney were
digested into peptides, and the fucosylated glycopeptides were
enriched by lectin-affinity chromatography. The resulting fu-
cosylated glycopeptides were subjected to two different runs
of LC-MS" In the first run, the elution positions of Let-
conjugated glycopeptides in the tryptic peptide map were
located based on the presence of Le¥-motif-distinctive ions. We
picked out the product jon spectra of expected Le*-conjugated
glycopeptides from the elution positions and carefully assigned
the peplide + HexNAc, peptide + (dHexjHexNAc, and peptide
fragment. Then the fucosylated glycopeptides were subjected
to a second run in which the peptide-related ions were set as
precursor ions. We successfully identified y-GTP1, LRP2, and
the cubilin precursor as Le“-conjugated glycoproteins by
sequencing of 2--5 glycopeptides. Although only one glyco-

and alanyl (membrane) aminopeptidase were characterized as
Let-conjugated glycoproteins based on the good agreement
between the experimental and theorctical masses of glycopep-
tides and their fragment patterns. Some of these were mem-
brane proteins with high molecular masses over 400 kDa, the
identification of which might have been difficult by 2D-
clectrophoresis with Western blouting.

research articles

Carbohydrate structures of the identified glycopeptides were
deduced from the accurate molecular masses as well as
fragment patterns obtained by the first run. We confirmed that
all glycopeptides contained a bisected and core-fucosylated
oligosaccharide carrving one or two molecules of LeY-motifs
at the N-linked oligosaccharide consensus sequence. Our model
tissue was a mouse kidney in which we had previously
confirmed the presence of Lewis x {Galpl —4(Fucal —3)GleNAc
and/or y [{Fucal —2)Gal31-4(Fucal -3)GleNAc! motifs as well
as the absence of Lewis a [Galfl-3{Fucal—4)GIcNAc} or b
H{Fucal-2)Galg1~3(Fucal —4)GleNAc] motifs.™ In this study,
the Le¥-distinctive fons, (2dHex + Hex + HexNAc)™ (n1/z 658),
were found in all MS/MS spectra of Lewis-conjugated peptides.
However, treatment of o 12 fucosidase led (o no change in
the mass spectrometric glycan profile, suggesting the absence
of the Ler-motif. Recently, several groups have reported the
internal migration of fucose residues in the ESI-CID of
underived or derived carbohydrates. ™ Fucose residues are
transferred between branches in liberated N-linked oligosac-
charides by the ESI=CID.* Our finding suggests that the
rearrangement of fucose residues also oceurs by the ESI-CID
of glvcopeptides. This phenomenon makes it difficult to deduce
the oligosaccharide structure from only the fragmentation
pattern. A simultaneous use of lectins and/or antibodies would
be crucial Tor the identification of the desired glycoproteins.

v-Glutamyl transpeptidase 1 is associated with ghutathione
salvage, metabolism of endogenous mediators such as teukot-
rienes and prostaglandins, The attachment of Let-conjugated
oligosaccharide to mouse y-GTP 1 has alvready been demon-
strated by Yamashita et al®* They determined the carbohydrate
structures by the purification of ¥-GTP 1 and the sequential
exoglycosidase digestion in combination with methylation
analysis. The oligosaccharide structures deduced from the MS/
MS and MS/MS/MS spectra were in good agreement with those
they reported. Furthermore, we revealed the heterogeneity of
glycosylation on Asn?t, ;

Dipeptidase 1 is a glycosylphosphatidylinositol-anchored
membrane glycoprotein. This protein is highly expressed in
the kidney and small intestine and plays an important role
in the degradation of cysteinyl-glycine, a glutathione pro-
duced by the removal of the glutamyl group from y-glutamyl
cysteinyl-glycine by y-GTP.® The present study is the first
report on the oligosaccharide structures of a mouse renal
dipeptidase.

Cubilin, which is highly expressed in the renal proximal
tubules, is a 460 kDa membrane glycoprotein consisting of 27
CUB (complement components Clr/Cls, Uegl, and bone
morphogenie protein-1) domains, Cubilin is an endocylic
receptor for intrinsic factor vitamin B12, albumin, apolipopro-
tein A-1, receptor-associated protein, immune globulin light
chain and high-density lipoprotein.® These factors bind to
cubilin through their CUB domains. The Le™conjugated oli-
gosaccharides we found were all located on Asn'*™ and Asn'®™
in the CUB12 domain (Figure 8).

Low-density lipoprotein receptor-related protein 2, a high
molecular weight membrane protein (520 kDa), is an endocytic
receptor for several ligands, vitamin-binding proteins, apoli-
poproteins, hormones and enzymes. Cubilin and LRP2 are
coexpressed in the renal proximal tubules and are associated
with tubular protein reabsorption, vitamin metabolism and
calcium homeostasis. Low-density lipoprotein receptor-related
protein 2 consists of four ligand-binding sites containing
cysteine-rich complement-type repeats and epidermal growth

Journal of Proteome Research « Vol. 8, No. 7, 2003 3425
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Figure 7. MS/MS and the MS/MS/MS spectra of glycopeptides 1—6, 9, 10, 12—14, 18 and 20—~22, and deduced oligosaccharide structures.
Boxed values are peptide-related ions. (A} MS/MS spectrum of the molecular ion (m/z 1136.4) of glycopeptide 1. (A'Y MS/MS/MS spectrum
of the predominant ion {m/z 1448.2) of {A). (B} MS/MS spectrum of glycopeptide 2 {m/z 1170.8). {B") MS/MS/MS spectrum of the ion {m/z
1499.3) in (B). (C) MS/MS spectrum of glycopeptide 3(m/z 1152.5). {C’} MS/MS/MS spectrum of the ion (mfz 1472.5) in {C}. {D) MS/MS spectrum
of glycopeptide 4 (miz 1294.2). (D'} MS/IMS/MS spectrum of the ion {m/z 1685.0) in (D). {(E} MS/MS spectrum of glycopeptide 5 {miz 1226.0).
{E) MS/MS/MS spectrum of the ion (mfz 1582.6) in (E). {F) MS/MS spectrum of glycopeptide 6(m/z 1123.4). (F"} MS/MS/MS spectrum of the
ion {(miz 1428.4) in {F). (G} MIS/MS spectrum of glycopeptide 9 {m/z 1156.9). {G') MS/MS/MS spectrum of the ion (m/z 1318.5) in {G). {H)
MS/MS spectrum of glycopeptide 10 (m/z 1100.8). {H') MS/MS/MS spectrum of the ion (méz 1297.1) in (H). {1} MS/MS spectrum of glycopeptide
12 {2 1238.1). ('} MS/MIS/MS specirum of the lon {imfz 1673.6) in {1). (3} MS/MS spectum of glycopeptide 13 {im/z 1135.5). (J°) MS/MS/MS
spectrum of the ion {miz 1600.3) in {J}. (K} MS/MS spectrum of glycopeptide 14 {m/z 1163.5}. (iK'} MS/MS/MS spectrum of the predominant
ion (m/z 1380.8) in (K}. {L) MS/MS spectrum of glycopeptide 18 {m/z 1482.6). (L'} MS/MS/MS spectrum of the predominant ion {m/z 1433.9}
in {LL (M) MS/MS spectrum of glycopeptide 20 (miz 15568.1}. {M’} MS/MIS/MS spectrum of the predominant ion {miz 1509.8) in {M). (N}
MS/MS spectrum of glycopeptide 21 {m/z 1279.2). (N} MS/MS/MS spectrum of the predominant ion (mz 1263.5} in {N). {O) MS/MS spectrum
of glycopeptide 22 {miz 1387.5). (0"} MS/MS/MS spectrum of the predominant ion {m/z 1825.5) in {O). White circle, galactose; gray circle,
mannose; black square, N-acetylglucosamine; gray triangle, fucose.
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Figure 8. Location of Le*-conjugated oligosaccharides on cubilin and LRP2, CUB, C1r/C1s, Uegf, and bone morphegenic protein-1;

LDLa, Low-density lipoprotein receptor domain class A,

factor (EGF) precursor hemology domains, which are associ-
ated with pH-dependent ligand dissociation. A previous study
demonstrated the linkage of high-mannose-type and bi- and
triantennary complex-type oligosaccharides bearing core fucose
and bisecting GleNAc. But there have been no reports on the
presence of lLe*-conjugated oligosaccharides in rat kidney
LRP2.% Interestingly, all of the Le-conjugated oligosaccharides
we found were located in the EGF precursor homology domains
(Asn*, Asni® Asn'™3 and Asn®**). Furthermore, hetlerogene-
ity of glycosylation on Asn'* was observed (Figure 8).

The cadherin 16, H2—K{k) protein and alanyl (membrane)
aminopeptidase (aminopeptidase N} were also identified as e
conjugated glycoproteins. Cadherin 16 is a kidney-specific
cadherin that is associated with Ca*"-dependent cell—cell
adhesion.™ The H2—-K(k) protein, which is a mouse-specilic
histocompatibility antigen (H-2 antigen), is involved in the
presentation of foreign antigens to the immune system. Alanyl
{membrane) aminopeptidase (aminopeptidase N) is a trans-
membrane protein that is expressed predominantly in intestinal
mucosa and kidney tissue.>*® [t was reported that this enzyme
is involved in several biological events such as tumorigenesis
and immune system.”” These proteins were unknown (o be Le*
conjugated proteins,

Using the present method, we successlully identified 14 Le'-
conjugated glycopeptides (12 peptides). Some peptides were
found to be glycosylated with different Le¥-conjugated oli-
gosaccharides (glycopeptides 5 and 6; glycopeptides 12 and 13},
In most cases only a peptide carvying a major oligosaccharide
was identified as a Led-conjugated glycopeptide. Minor Le-
conjugated glycopeptides were not subjected to MS/MS/MS
in the first run because they were less intense. Such minor
glycopeplides might be identified by an additional run in which
the glycopeptides identified in the first run are excluded. In
addition, our method tended to fail in the identification of
glycopeplides baving high molecular mass (>4500 Daj, glyco-

peptides detected as triply charged ions, and glycopeptides
containing triantennary oligosaccharides. These glycopep-
tides yielded a smaller number of peptide-related ions, which
was insufficient for further CID, and database scarch analysis
resulted in false-positive proteins, for example, a peptide not
containing N-glycan consensus sequences. Using a conven-
tional approach that included LC—MS/MS of the PNGase
F-treated tryptic digest, we found two additional Le*-expected
peptides. One was a high molecular mass peptide (3002 Da)
containing a triantennary oligosaccharide, and the other was
a peptide detected as sodium adducts in our method. The
conventional approach has the advantage of peptide sequenc-
ing, but does not allow confirmation of the Lewis-motif in the
oligosaccharide. Unlike the classical glycomic approaches that
are used for the comprehensive analysis of glycopeptides, our
method focused only on Lewis-conjugated glycopeptides. Ac-
cordingly, it could be applicable to the identification and
screening of glycoproteins carrying target glycan-motifs.

Acknowledgment. This swudy was supported in part
by a Grant-in-Aid from the Ministry of Health, Labor, and
Welfare, by the Core Rescarch for the Evolutional Science
and Technology Program (CREST), and by the Japan Science
and Technology Corp (JST).

References

(1) Dwek. Ro AL Glyeobiology: Toward Understanding the Function
of Sugars. Chien. Rer. 1896, 96, 683-720.

2} Helenius, A Aebi, M. Intracellular funetions of N-linked glycans,
Science 2001, 291, 2364-2369.

(3) Zak, L; Lewandowska, E.; Gnyp, W, Sclectin glycoprotein ligands.,
Acta Biochim. Pol. 2000, 47, 393-412.

() Feizi, T Gooi, 4. C; Childs, RAL Pieard, ). K Uemura, Ko
Ltoomes, L. M. Thorpe, S, 1; Hounscell, B T Twumour-associated
and differentiation antigens on the carbohydrate moieties of
mucin-type giycoproteins. Biochen. Soc. Trans, 1984, 12, 591-596,

Journal of Proteamme Research o Vol 8, No. 7, 2009 3427



Downloaded by Noritaka Hashii on July 9, 2009
Published on May 19, 2009 on http://pubs.acs.org | doi: 10.1021/pr9000527

research articles

185

=

5

<

{8}

)

[$10)]

(n

(12)

(i

=

(1)

(16}

(18

[SE]

20

{23}

Lt

} Hada, T.; Kondo, M

} Sutton-Smith, M. Morris, H. B Grewal, PORG Hewidtt, )L B

33 Zamfir, A Seidler, D, G Schonherr, Eo; Kresse, H.;

Kannagi, R. Izawa, M. Koike, T; Miyazaki, K Kimura, N
Carbohydrate-mediated cell adhesion in cancer metastasis and
angiogenesis. Cancer Sci. 2004, 95, 377-384.

Yasukawa, K. Amuro, Y., Higashino, K.
Discrimination of liver cirrhosis from chronic hepatitis by measur-
ing the ratio of Aleuria aurantia lectin-reactive serum cholinest-
crase to immunoreactive protein, Clin. Chim. Acta 1999, 281, 37-
46.

Rittner,
R. E.; Goldin, E;; Schiffmann, R, Dell, AL MS screening strategies:
investigating the glycomes of knockout and myodystrophic mice
and leukodystrophic human brains. Biochen. Soc, Symip. 2002,
105-115.
Taniguchi, N.; Ekuni, A, Ko, J. H.; Mivoshi, B Tkeda, Y Thara, Y,
Nishikawa, A;; Honke, K;; Takahashi, M. A glycomic approach to
the identification and characterization of glycoprotein function
in cells transfected with glycosyltransferase genes. Proteoniics
2001, 1, 239-247.
Morelle, W.: Michalski, 1. C. G
Crrr. Pharmi. Des. 2006, 11, 2615-2645.
Morelle, W, Canids, K Chirat, I5; Faid, V.: Michalski, J. C. The use
ol mass spectrometry for the proteomic analysis of glycosylation.
Proteomics 2006, 6, 3993 '}()} 5.

aﬂg,lund P \'L'llhi( sen, R. Elortza, B Hojrup, P Roepstordf,

s Jensen, O. Bunkvnbnrg, J. An enzymatic degiveosylation

schcmc cn.lhhnu Jdvnuﬁunmn of core fucosylated N-giycans and
O-glycosylation sitc mapping of human plasma proteins, L. Pro-
teome Res, 2007, 6, 3021-3031.

mics and mass spectrometry.

Alvarez-Manilla, G.; Atwood, 1, 3rd; Guo, Y,; Warren, N, L; Orlando,

R.; Pierce, M. Tools for glycoproteomic analysis: size exclusion
chromatography facilitates identification of tryptic glycopeptides
with N-linked glycosylation sites. 1. Proteome Res. 2006, 5, 701-
708.

Zhao, 1. Qiu, Wi Simeone, D. M. Lubman, D. M. N-linked
glycosylation profiling of pancreatic cancer serum using capillary
liquid phase separation coupied with mass spectrometric analysis.
J. Proteome Res. 2007, 6, 1126-1138.

Kyselova, Z.; Mechrel, Y.; Al Bataineh, M. M. Dobrolecki, L. E;
Hickey, R [.: Vinson, 1; Sweeney, C. ] Novotny, M.V, Alterations
in the serum glycome due to mietastatic prostate cancer. [
Proteome Res. 2007, 6, 1822-1832.

Peter-Katalinic,
J. On-line sheathless capillary electrophoresis/nanoelectrospray
ionization-tandem mass spectrometry {or the analysis of gly-
cosaminoglycan oligosaccharides. Electrophoresis 2004, 25, 2010~
2016.

Karlsson, N. G.; Wilson, N. L: Wirth, H. J.. Dawes, P.; Joshi, H;
Packer, N. H. Negative ion graphitised carbon nano-liquid chro-
matography/mass spectrometry increases sensitivity for glycopro-
tein oligosaccharide analysis. Rapid Conimun. Mass Spectroin.
2004, 18, 2282-2292.

Kawasaki, N.; Ohta, M.; Ttoh, S.; Hyuga, M. Hyuga, S Hayakawa,
T. Usefulness of sugar mapping by liquid chromatography/mass
spectrometry in comparability assessments of glycoprotein prod-
ucts. Biologicals 2002, 30, 113-123.

Kremmer, T.; Szollosi, E.; Boldizsar, M.; Vincze, B.: Ludanyi, X.;
Imre, T Schlosser, G.; Vekey, K. Liquid chromatographic and mass
spectrometric analysis of human serum acid alpha-1-glycoprotein.
Biomed. Chromatogr. 2004, 18, 323-329,

Thomsson, K. A.; Karlsson, H. Hansson, G. C. Sequencing of
sulfated oligosaccharides from mucins by liquid chromatography
and electrospray jonization tandem miss spectronetry. Anal,
Chent. 2000, 72, 4543-4549.

Kawasaki, N.; Ohta, M.; Hyuga, S; Hyuga, M. Hayakawa, T.
Application of liquid chromatography/mass spectrometry and
iquid chromatography with tandem mass spectrometry to the
analysis of the site-specific carbohydrate heterogeneity in eryth-
ropoietin. Aual. Biochem. 2000, 285, 82-91.

Schmid, D.; Behnke, B Metzger, J.; Kuhn, R, Nano-HPLC-mass
spectrometry and MEKC for the analysis of oligosaccharides from
human mitk. Biomed. Chromatogr. 2002, 16, 151-156.

Maslen, S, Sadowski, P; Adam, A, Lilley, Ko Stephens, E. Dil-
ferentiation of isomeric N-glycan structures by normal-phase
Hauid chromatography-MALDI-TOF/TOF tandem mass spectrom-
etry. Anal. Chem. 2006, 78, 8491-8498,

Yuan, J.; Hashil, No Kawasaki, N; Hoh, S;; Kawanishi, T, Hayakawa,
T. Isotope tag method for yuantitative analysis of carbohydrates
by liquid chromatography-mass spectromnetry, [ Chromatogr. A
2005, 1067, 143-152.

Lawrence, R, Of .8 Ko Steele, ROES Wang, Lo Waior, B
Cuminings, . D Esko. . D. Evolutionary differences in gly-

3428 Jourmnal of Proteome Research « Vol § No. 7, 2008

25

(26)

g

&

(28)

29

30)

GH k

32)

(33)

(34

(35)

(36)

{38)

(40)

(42}

{43)

Hashii et al.

cosaminoglycan fine structure detected by quantitative glycan
reductive isotope labeling. J. Biol. Chem. 2008, 283, 33674-33684,
Ridlova, G.; Mortimer, J. (,., Maslen, S. L.; Dupree, P.; Stephens,
E. Oligosaccharide relative quantitation using isotope tagging and
normal-phase liquid chromatography/mass spectrometry. Rapid
Commun. Mass Spectroni. 2008, 22, 272 ‘)7’%()
Harazono, A Kawasaki, N;; Kawanishi, T Hayakawa, T. Sllc
specitic glycosylation analysis of human .lpohpopr(xlcm B100 using
LC/EST MS/MS. Glye ubmlusg! 2005, 15, 447162,
Itoh, S. Kawasaki, N Harazono, A,; Hashii, N.; Matsuishi, Y,
Kawanishi, T.; de.lk.ma, T. Characterization of a gel-separated
unknown glycoprotein by lquid chromatography/multistage tan-
dem mass spectrometry: analysis of rat brain Thy-1 separated by
socium dodecyl sulfate-polyacrylamide gel electrophoresis. /. Cliro-
matogr. A 2008, 1094, 105-117.
Satomi, Y. Shimonishi, Y. Hase, T Takao, T. Sile-specific
carbohydrate profiling of human transferrin by nano-flow liquid
chromatography/electrospray ionization mass spectrometry. Rapid
Commun. Mass Spectrom. 2004, 18, 2983-2988.
Whuhrer, M.; Catalina, M. L; Deelder, A. M,; Hokke, C. H. Glyco-
proteomics based on tandem mass spectrometry of glycopeptides.
. Chromatogr., B: Analyt. Technol. Biomed. Life Sci. 2007, 849, 115~
128.
Stadlmann, ). Pabst, M. Kolarich, D Kunert, R; Altmann, F.
Analysis of immunoglobulin glycosylation by LC-ESI-MS of gly-
copeptides and oligosaccharides, Proteomics 2008, 8, 2858-2871,
Picariclo, G.; Ferranti, P;; Mamone, G.: Roepstodd!, P Addeo. F.
ldentification of N-linked glycoproteins in human milk by hydro-
philic interaction iiquid chromatography and mass spectrometry.
Proteomics 2008, 8, 3833-3847.
Hirabayashi, J. Lectin-based structural glycomics: glycoproteomics
and glvean profiling. Glycoconj. /. 2004, 21, 35-40.
) Takeia, K. Characterization of sugar chain structures of human alpha-
fetoprotein by lectin affinity elec lrophnr(sxs ibarahp@oka.urban.nejp.
[‘I(’(ll()[}ll()l{’.\l% 1998, 19, 25 2
Kuno, A Kato, Y,; Matsuda, A.; }\unoko MK Tto, He Amano, Ko
Chiba, Y. Narimatsu, H. Hirabayashi, J. Focused Differential
Glycan Analysis with the Platform Antibody-assisted Lectin Profil-
ing for Glycan-related Biomarker Verification. Mol. Cell. Proteomics
2009, 8. 99-108.
Madera, M.; Mechref, Y.; Klouckova, 1 Novotny, M. V. Semiau-
tomated high-sensitivity profiling of human blood serum glyco-
proteins through lectin preconcentration and multidimensional
chromatography/tandem mass spectrometry. J. Proteome Res.
2006, 5, 2348-2363.
Yang. 7.; Hancock, W. S; Chew, T. R; Bonilla, L. A study of
glycoproteins in human serum and plasma reference standards
(HUPO) using multilectin affinity chromatography coupled with
RPLC-MS/MS. Proteamics 2005, 5, 3353-3366.
Zhao, 1.; Simeone, D. M.; Heidt, D.; Anderson, M. A;; Lubman,
D. M. Comparative serum glycoproteomics using lectin selected
sialic acid glycoproteing with mass spectrometric analysis: ap-
plication to pancreatic cancer serum. J. Proteonie Res. 2006, 5,
1792-1802.
Hashii, N.; Kawasaki, N.; loh, §; Hvuga, M
Hayakawa, T. Glycomic/glycoproteomic analysis by liquid chro-
matography/mass spectrometry: analysis of glycan structural
alteration in cells. I’mlvoml( 200;), 5, 4665-4672.
Hashii, N.; Kawasaki, N,; Itoh, S.; Harazono, A; Matsuishi, Y.;
Hayakawa, T Kaw;mishi, T. Specific detection of Lewis x-carbo-
hydrates in biological samples using liquid chromatography/
muitiple-stage tandem mass spectrometry. Rapid Commun. Mass
Spectrom. 2005, 19, 3315-3321.
Carr, §. A; Huddleston, M. J.; Bean, M. F. Selective identification
and differentiation of N- and O-linked oligosaccharides in glyco-
proteins by liquid chromatography-mass spectrometry. Protein Sei.
1993, 2, 183-196.
Harazono, A Kawasaki, No; Hoh, §,; Hashii, N,; Ishii-Watabe, A
Kawanishi, T.; Hav al\a\\a ’i‘ Site- spuxh(’f J-glveosylation analysis
of human plasma cmuk)p]dsmm using liquid chromatography with
clectrospray ionization tandem mass spectrometry. Anal. Biochen.
2006, 348, 259-268.
Ueda, T,; Shimada, E.; Urakawa, T. The ¢
()l serwm CA 19-9- positive

.; Kawanishi, T,

tinicopathologic features
e colorectal cancers. Surg. Today 1994,

(ai\dg()v . T Tsuji, T.; Jibiki, M. Ohbatake, M, Nan-
.Mumd, As .hmdg ILhI. H.; \dsumkc, T.; Ayabe, H,; Tagawa, Y.
Differences in release mechanisms and distributions for sialy! Lefa}
and siaiyl Letx) aniigens in colorectal cancer. Ann. Surg. Oneol.
2000, 7, 289-295.




Downloaded by Noritaka Hashii on July 9, 2009
Published on May 19, 2009 on http://pubs.acs.org | doi: 10.1021/pr9000527

Identification of Le*-Conjugated Glycopeptides

(44

(45

46)

Harvey, D. 1 Mattu, T. S Wormald, M. R Royle, L Dwek, RoAS
Rudd, P. M. "Internal residue loss™ rearrangements occurring
during the fragmentation of carbohydrates derivatized at the
reducing terminus. Anal. Chem. 2002, 74, 734-740.

Matty, T. S Royle, Lo Langridge, J.; Wovmald, M. R; Van den
Steen, P. E.; Van Damme, |; Opdenakker, G.; Harvey, D. L. Dwek,
R. A.; Rudd, P. M. O-glycan analysis of natural human neutrophil
gelatinase B using a combination of nonnal phase-HPLC and
online tandem mass spectromelry: impiications {or the domain
organization of the enzyme. Biocheniistry 2000, 39, 15695-15704.
Brull, L. P.; Kovacik, V.; Thomas-Oates, |. E.; Heerma, W.; Haverka-
mp, J. Sodium-cationized oligosaccharides do not appear 1o
undergo ‘internal residue loss’ rearrangement processes.on tan-
dem mass spectrometry. Rapid Conimun. Mass Specirom. 1998,
12, 1520-1532.

st

¢ TFranz, A. H.; Lebrilla, C. B. Evidence for long-range glycosy! transfer

reactions in the gas phase. /. Anm. Soc. Mass Spectrom. 2002, 13,

Ma, Y. L.; Vedernikova, [; Van den Heuvel, H.: Claeys, M. Internal
glucose residue loss in protonated O-diglveosyl flavonoids upon
low-cnergy collision-induced dissociation. J. Am. Soc. Mass Spec-
trom. 2000, 11, 136-144.

wulirer, M.; Kocleman, C. A Hokke, G H,; Declder, Ao M. Mass
spectrometry of proton adducts of fucosylated N-glycans: fucose
transfer between antennae gives rise to misleading fragments.
Rapid Conumun. Mass Speciron. 2006, 20, 1747-1754.

(50)

520}

research articles

Christensen, E. I Birn, H. Megalin and cubilin: synergistic
endocytic receptors in renat proximal tubule. Am. J. Physiol. Renal
Physial. 2001, 280, F362-573.

Yamashita, K Hitoi. A; Tateishi, N.; Higashi, T.; Sakamoto, Y,;
Kobata, A, The structures of the carbohydrate moicties of mouse
kidney gamma-glutamyltranspeptidase: occurrence of X-antigenic
determinants and bisecting N-acetylglucosamine residues. Arch.
Biachem. Biopitys. 1985, 240, 573-582.

Habib, G. M, Shi, Z. Z; Cucvas, A, A5 Lieberman, M. W,
Identification of two additional members of the nembrane-bound
dipeptidase family. Faseb /. 2003, 17, 1313-1315.

¥ Morelle, W; Hastam, S, M. Ziak, M. Roth, L Morris, Ho R Deil,
A. Characterization of the N-linked oligosaccharides of megalin

an

{gp330; from rat kidney. Glyeobivlogy 2000, 10, 295-304.
Wendeler, M. W.; Praus, M.; Jung, R.; Hecking, ¥
Gessner, R. Ksp-cadherin is a functional cell-cell ad
ecule related to Ll-cadherin, Fxp. Cell Res. 2004, 294, 345-335.
Barnes, Ko Watkden, B, J.; Witkinson, T. C.; Turner, A, . Expression
of endothelin-converting enzyme in both nearoblastoma and giial
cell lines and its localization in rat hippocampus. J. Newrochen.
1997, 68, ¢ 577.

Lucius, R Sievers, 1. Mentlein, R Enkephalin metabolism by
microglial aminopeptidase N {CDI3). ] Newrochem. 1993, 64,
1841-1847.

Luan, Y. Xu, W, The structure and main functions of aminopep-
tidase N. Curr, Med. Chemi. 2007, 14, 639-647.

PRY000527

Journal of Proteome Research » Vol 8 No. 7, 2009 3429



796

Biol. Pharm. Bull. 32(5) 796—800 (2009)

Current Topics

New Era of Glycoscience: Intrinsic and Extrinsic Functions
Performed by Glycans

The Significance of Glycosylation Analysis in Development of
Biopharmaceuticals

Nana Kawasak,* Satsuki ITon, Noritaka Hasuu, Daisuke Taxakura, Yan Qmv, Xiaoyu Huang, and
Teruhide YAmacucHr

Division of Biological Chemistry & Biologicals, National Institute of Health Sciences,; 1-18—1 Kamiyoga,
Setagaya-ku, Tokyo 158-8501, Japan.
Received October 24, 2008

Many glycoproteins and glycosaminoglycans are approved for clinical use. Carbohydrate meieties in bio-
pharmacéuticals affect not only their physicochemical properties and thermal stability, but also their reactivity
with their receptors and circulating half-life. Modification of glycans is one target of drug design for enhance-
ment of efficacy. Meanwhile, there have been reports of serious adverse events caused by some carbohydrates. It
is crucial to maintain the constancy of carbohydrate moieties for the efficient and safe use of glycosylated bio-
pharmaceuticals. On the other hand, for scientific, safety-related, and economic reasons, changes in the manu-
facturing process are frequently made cither during the development or after the approval of new biopharma-
ceuticals. Furthermore, the development of biosimilar glycoprotein products has been attempted by different
manufacturers. Changes in pharmaceutical manufacturing processes possibly cause alteration of glycosylation
and raise concerns about alteration of their quality, safety, and efficacy. In this review we provide some current
topics of glycosylated biopharmaceuticals from the viewpoints of efficacy, safety, and the manufacturing process

Vol. 32, No. 5

and discuss the significance of glycosylation analysis for development of biopharmaceuticals.

Key words

1. INTRODUCTION

Many biological molecules containing carbohydrates are
approved for clinical use in Japan (Table 1). In the beginning,
most therapeutic glycoconjugates were naturally occurring
glycoproteins and glycosaminoglycans (GAGs) derived from
human and healthy animal tissues, such as gonadotropins
from human urine, and heparins from the porcine intestine.
Recombinant glycoproteins, including erythropoietin and tis-
sue plasminogen activator (tPA), have been developed as
copies of native human glycoproteins since the early 1990s in
Japan. In many cases their carbohydrate moieties were differ-
ent from the original human ones. Carbohydrate moieties in
glycoproteins affects not only their physicochemical proper-
ties and thermal stability but also their reactivity with their
receptors and circulating half-life.” Modification of carbohy-
drate moieties is one target of drug design to enhance the ef-
ficacy of the original ones. Meanwhile, there have been re-
ports from around the world of serious adverse events caused
by carbohydrate-related drugs. For the efficient and safe use
of glycoprotein/GAG products, it is necessary to maintain the
structures and heterogeneity of carbohydrate moieties in gly-
cosylated biopharmaceuticals.

On the other hand, carbohydrate moieties in biotechnol-
ogy-derived drugs are variable when the manufacturing
process is changed. For scientific, safety-related and eco-
nomic reasons, it has become common for companies to
change the manufacturing process for their approved prod-
ucts. Furthermore, biosimilar glycoprotein products, which
are manufactured by different companies, have been develop-
ing in many regions.*® One of the main issues for the devel-

* To whom correspondence should be addressed.  e-mail: nana@nihs.go.jp

Table 1.

glycoprotein; glycosaminoglycan; biopharmaceutical; efficacy; safety; manufacturing process

Glycosylated Biopharmaceuticals in Japan

Origin

Japanese accepted name

Granulocyte-colony
stimulating factor
Granulocyte macrophage
colony-stimulating factor
Interferon

Erythropoetin
Monoclonal antibody

Receptor

Follicle stimulating
hormone
Gonadotropin

Factor VIL

Factor VIII
Thrombomodulin
Urokinase
Pro-urokinase
Tissue-plasminogen
activator

Enzymes

Heparins

Hyaruronate
Chondroitin sulfate

Lenograstim

Mirimostim

Interferon Alfa (NAMALWA), Interferon Alfa
(BALL-1), Interferon Beta, Interferon Beta-la,
Interferon Gamma-nl

Epoetin Alfa, Epoetin Beta, Darbepoetin Alfa
Ibritumomab Tiuxetan, Basiliximab, Infliximab,
Rituximab, Cetuximab, Gemtuzumab
Ozogamicin, Palivizumab, Tocilizumab,
Trastuzumab , Bevacizumab, Adalimumab
Etanercept

Follitropin Alfa, Follitoropin Beta

Human Menopausal Gonadotropin, Human
Chorionic Gonadotropin, Serum Gonadotropin
Eptacog Alfa (Activated)

Octocog Alfa, Rurioctocog Alfa
Thrombomodulin Alfa

Urokinase

Nasaruplase

Alteplase, Monteplase, Pamiteplase

Kallidinogenase, Agalsidase Alfa, Agalsidase
Beta, Alglucosidase Alfa, Alglucerase,
Idursulfase, Imiglucerase, Laronidase,
Galsulfase

Heparin Sodium, Heparin Calcium, Parnaparin
Sodium, Dalteparin Sedium, Enoxaparin
Sodium, Reviparin Sodium

Sodium Hyaruronate

Chondroitin sulfate

© 2009 Pharmaceutical Society of Japan
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opment of biosimilar products is how to assure the similarity
of carbohydrate moieties between the biosimilar products
and the reference products.

In this review we provide some current topics of glycosy-
lated biopharmaceuticals in terms of efficacy, safety, and
manufacturing process and discuss the significance of glyco-
sylation analysis in the development of biopharmaceuticals.

2. ROLE OF CARBOHYDRATES ON EFFICACY

Glycosylation in some biopharmaceuticals is crucial for
their biological activity, Lysosomal storage diseases are char-
acterized by deficiencies of lysosomal enzymes that degrade
the glycoconjugates, such as mucopolysaccharides and gly-
colipids, and consequent cellular damages by their accumu-
lated metabolites.” For use in enzyme-replacement therapy
against lysosomal storage diseases, several recombinant gly-
coprotein products have been approved, namely agalsidase
alfa and agalsidase beta for Fabry’s disease, alglucosidase
alfa for Pompe’s disease, and laronidase, idursulfase, and
galsulfase for mucopolysaccharidosis I, II, and VI, respec-
tively.*® These drugs contain N-linked oligosaccharides at-
tached to mannose 6-phosphate (M-6-P), and the secreted en-
zymes are transported to an acidified prelysosomal compart-
ment through the M-6-P receptor.”™'” The carbohydrate
residue is essential for lysosomal targeting and to exhibit
complete enzyme activity in lysosomes, Imiglucerase is an
analog of human fB-glucocerebrosidase, which is used for the
treatment of Gausher’s disease. This glycoprotein is pro-
duced by recombinant DNA technology and exoglycosidase
treatment to expose mannose residues in N-linked oligosac-
charides. The carbohydrate modification facilitates incorpo-
ration of this drug into macrophages through mannose-bind-
ing receptors.'! These recombinant lysosomal enzymes have
achieved dramatic therapeutic effects against the lysosomal
storage diseases.

Several human glycoprotein analogs whose carbohydrates
are modified to enhance their efficacy have been developed
in recent years. Erythropoietin is a glycoprotein containing
three N-glycans and one O-glycan, and sialylation on its non-
reducing ends is closely associated with its circulating half-
life."? Darbepoetin alfa is an erythropoietin analog to which
two additional N-glycans are attached by replacement of five
amino acid residues.'” The modification of glycosylation
prolongs the half-time of this analog compared to its native
form. Similar genetic engineering for improvement of half
lives has been successfully attempted in antithrombolytic
drugs. T-PA consists of finger, epidermal growth factor
(EGF), kringlel, kringle2 and catalytic domains, and three
N-glycans. High-mannose type oligosaccharides at the
kringlel domain and EGF domain are related to the short
circulation half-life of t-PA.' Extension of half-life in
blood has been achieved by eliminating the kringle1 domain
from human t-PA and replacing one amino acid residue
(pamiteplase)."> These improvements have contributed to re-
ducing the frequency and dose of administration.

Recombinant monoclonal antibodies, which have been
successfully used in the treatment of cancers and immune
diseases, might be the next target of drug design by glyco-en-
gineering. Several anti-tumor monoclonal antibodies that
contain a constant region derived from immunoglobulin
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(Ig) G have antibody-dependent cellular cytotoxicity (ADCC),
and removal of a fucose (Fuc) residue from N-linked
oligosaccharides at the constant region causes the enhance-
ment of ADCC.'*'” A non-fucosylated IgG-derived antibody
is expected to improve the therapeutic effects of these anti-
tumor pharmaceuticals.

Glycosylation has also been used for the site-selective
modification of proteins with polyethylene glycol (PEGyla-
tion).'® In the GlycoPEGylation method, sialic acid cova-
lently substituted with polyethylene glycol (PEG) can be en-
zymatically transferred to O-glycans at serine or threonine
positions in proteins produced in Escherichia coli. This strat-
egy has overcome the problems of the previous PEGylation,
which provided a heterogeneous mixture of PEG positional
isomers. There is increasing interest in utilization and modi-
fication of glycans in the development of biopharmaceuti-
cals.

3. IMPACT OF CARBOHYDRATES ON SAFETY

Some glycans have caused serious adverse events in clini-
cal stages. Heparin is a highly sulfated GAG composed of a
disaccharide unit, B1-4 linked @-p-glucosamine and o-D-
iduronic acid or fB-p-glucuronic acid (averaging 2.5 sulfate
groups per disaccharide). In 2007-—2008, a serious adverse
event associated with heparin sodium, including over eighty
deaths, occurred in the United States (US).'” Over-sulfated
chondroitin sulfate (OSCS), which consists of fully sulfated
B1-3 linked o-p-N-acetylgalactosamine (GalNAc) and a B-p-
glucuronic acid unit, was identified as the contaminant in the
heparin sodium that had caused hypersensitivity reac-
tions.?**Y It has been reported that OSCS activated the kinin-
kallikrein system and induced generation of C3a and CS5a,
potent anaphylatoxins derived from complement proteins.
The contaminated heparin sodium was distributed to at least
twelve countries and raised concern about a shortage of he-
parin products. For ensuring the safety of heparin products,
pharmacopoeias in Japan, the US and EU immediately
amended their heparin sodium monograph to confirm the ab-
sence of OSCS by 'H-NMR and/or capillary electrophoresis
(Fig. 1A). This adverse event has left concerns about the
safety of GAGs and motivated the development of a sensitive
and selective analytical method for GAGs products all over
the globe (Fig. 1B).

An alternative concern for a carbohydrate-related adverse
event is immunogenicity of nonhuman glycan motifs. The
galactose-cr1,3-galactose (Gal(or1-3)Gal) motif is known as
one of the major problems in the transplantation of organs
from pigs to humans.?® Mouse myeloma cell lines, which are
often used for production of recombinant glycoproteins, also
expresses the Gal(a1-3)Gal motif in N-linked oligosaccha-
rides. Recently, a high prevalence of hypersensitivity reac-
tions was reported in patients who had been injected with ce-
tuximab, which is produced in mouse myeloma cells.” This
chimeric mouse-human antibody is attached to N-linked
oligosaccharide containing the Gal(ct1-3)Gal motif at the Fab
region®” It is reported that IgE antibodies against the
Gal(a1-3)Gal motif had been present in serum before ther-
apy, and these antibodies caused hypersensitive reactions
after cetuximab treatment. Another immunogenic nonhuman
glycan is N-glycolylneuraminic acid (NeuGc), a sialic acid.?®
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Fig. 1. 'H-NMR Spectra (A) and Anion-Exchange Chromatogram (B) of Heparin Sodium Containing 10% OSCS

"H-NMR spectrum was obtained at 298K using a 500 MHz JEOL JNM-ECAS00 instrument equipped with a 5-mm filed gradient tunable probe with standard JEOL software.
Chemical shifis were referenced to the signal of 3-(trimethylsilyl)propionic-2,2,3,3-d acid sodium salt (TSP) as internal standard (0.00 ppm). Anion-exchange chromatogram was
obtained using TSKgel DEAE-5PW (21.5mm 1.D.X15cm, 10 um) at a flow rate of 1.0 mi/min at 40 °C. The UV detector was set at 230 mn. GAGs were cluted by a linear gradient
of 0—100% B bufter (buffer: A, 20 mum Tris—HCI (pH 8.0); B. 20 mys Tris~-HC1 (pH 8.0) containing 2 M NaCl) within 40 min.

Since Varki er al. reported the incorporation of NeuGe into
human embryonic stem (ES) cells through the animal serum
and the feeder layer, contamination of cell therapy products
with NeuGce has become a serious issue in clinics.?® These
reports imply the significance of glycan analysis in recombi-
nant glycoprotein products and risk assessment of nonhuman
glycans.

4, ALTERATION OF CARBOHYDRATES BY CHANGES
IN EXPRESSION SYSTEM AND MANUFACTURING
PROCESS

In addition to recombinant technology using mammalian
cells, a transgenic technique has been also focusing on large-
scale production of therapeutic glycoproteins.?’?® Anti-
thrombin 1l is an anticoagulant factor, and a freeze-dried
preparation of human antithrombin III has been approved for
treatment of disseminated intravascular coagulation and
thrombogenic tendencies. In 2006, the European Medicine
Agency (EMEA) authorized the marketing of anfithrombin
alfa, a recombinant human antithrombin II1 produced from
the milk of transgenic goats. Detailed structural analysis re-
vealed that these two glycoproteins were structurally identi-
cal except for a difference in glycosylation.?” An alternative
approach for the large-scale and low-cost production of bio-
pharmaceuticals is the use of transgenic plants.* Plant cells
express nonhuman glycans, such as Fuc (a1-3) N-acetylglu-
cosamine (GleNAc), xylose (Xyl) (B1-2) GlcNAc and Gal
{(B1-3) GlcNAc at the reducing-end of complex-type N-
linked oligosaccharides. Currently, plant glyco-engineering,
including modification of glycosyltransferases, is developing
to overcome limitations in the production of glycoprotein
products,>®

For various scientific, safety-related and economic rea-
sons, changes in manufacturing processes for biopharmaceu-
ticals are often attempted during the development phase and
after marketing authorization. Meanwhile recombinant gly-
coprotein products that have been claimed to be similar to a
reference medical product already authorized (biogeneric/
biosimilar/follow-on biologics) have been approved by differ-
ent manufacturers. The changes in the manufacturing process
possibly cause the alteration of glycosylation in the glycopro-
tein products and consequent changes in quality, efficacy and
safety. The first biosimilar glycosylated pharmaceutical, epo-

etin alfa, was approved in the EU recently. According to the
Japanese guidelines for the biosimilar products, the appli-
cants have to submit some efficacy and safety study data but
not all if they can show the data on structural properties and
physicochemical/biological similarity between the authorized
and biosimilar products. One of the challenging issues in the
development of biosimilar glycoprotein products is a com-
parison of glycosylation between the authorized products and
the new entry biosimilar products.

Using some epoetin products, we have studied the possi-
bility of several analytical methods for comparison of the
glycosylation between closely related biopharmaceuticals.
Commercially available epoetin products (products A—D)
were electrophoresed, and N-linked oligosaccharides were
released from bands at 30kDa by an in-gel glycopeptidase F
digestion (Fig. 2A). The resulting oligosaccharides were re-
duced with NaBH, and subjected to LC/MS. In Fig. 2, Inter-
national nonproprietary names (INN) of epoetins contained
in the products A—C and D are tentatively named as epoetin’
o and B, respectively. Products A and B are marketed in
country X, while products C and D are manufactured and
distributed in country Y. Figure 2B shows the total ion chro-
matograms of N-linked oligosaccharides released from four
epoetin products, and the mass spectra acquired from the
most intense peaks (peak z,_,) are shown in Fig. 2C. The m/z
values of the most intense ions (m/z 1226.8) and a series of
triply charged ions with m/z 14 spacing pattern reveal that the
most abundant glycan in epoetin products are a tetrasialyl fu-
cosylated-tetraantennary oligosaccharide in common but
there are tangible differences in acetylation of sialic acids be-
tween products A—C (epoetin &) and product D (epoetin [5)
(Fig. 2C). Even among epoetin ¢ products there were some
significant differences, such as the non-fucosylated oligosac-
charides that were found in epoetin ¢ products in country X
(products A and B) but not in country Y (product C). The
latest analytical technology allows us to evaluate the similar-
ity of the glycosylation of closely related biopharmaceuti-
cals. 3132

5. CONCLUSION
As described above, glycosylation in most biopharmaceu-

ticals affects their efficacy and safety, and the glycosylation
is dependent on the manufacturing process and the expres-
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Fig. 2. Glycosylation Analysis of Epoetin Products

(A) SDS-PAGE images. Sample: lane 1, product A; lane 2, product B; lane 3, product C; lane 4, product D. (B) N-glycan profiles of products A—D acquired by LC/MS in the
negative ion mode. (C) Mass spectra of peaks z, . Product: A, an epoetin ¢ product manufactured/distributed by company a in country X; B, an epoetin o product manufactured
by company a and distributed by company b in country X; C, an epoetin ¢ product manufactured/distributed by company c in country Y; D, an epoetin 8 product manufactured/dis-
tributed by company d in country Y. {NN of products A—C, and D are tentatively named as epoetin o and epoetin B, respectively. Symbols: #, Man; O, Gal; B, GlcNAc; 4, Fuc;
#, NeuAc. * Bands of epoetins. LC: instrument, nanoFrontier nL.C system (Hitachi High-Technologies Corporation); column, graphitized carbon (0.075X 150 mm, ThermoFisher
Scientific); flow rate, 200 nl/min; buffer A, 5 my ammonium acetate with 2% acetonitrile (pH 9.6); buffer B, 5 my ammonium acetate with 80% acetonitrile (pH 9.6); gradient con-
dition, 5—35% B (110 min). MS: instrument, LTQ-TF (ThermoFisher Scientific); electron voltage, 2.0 kV (negative ion mode).

sion system. Physicochemical and biological characterization
of such glycosylation is crucial at various stages, namely the
development of new biotherapeutic glycoproteins, the estab-
lishment of changes in the manufacturing process, and the
development of biosimilar products. Appropriate glycan test-
ing must be adopted if the carbohydrate moiety influences
safety and efficacy of the pharmaceutical. Furthermore, an in
vivo assay could be replaced by the glycan test if the glycan
profile is strongly associated with in vivo activity. Advances
in analytical techniques for carbohydrate moieties are ex-
pected to facilitate the development of biopharmaceuticals.
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Quality and safety issues of hiotechnological
products used in early clinical studies

Teruhide Yamaguchi Akiko Ishii-Watabe
Division of Biological Chemistry and Biologicals National Institute of Health Sciences

Abstract

In the last decade, an increasing number of second-generation (engineered) protein products such as
humanized monoclonal antibodies, fusion proteins or chemically modified proteins, have been developed.
In the development of such products, selection of the optimal product from several candidates is a critical
step. However, the pharmacological effects and safety profiles of these non-natural protein products in
humans are difficult to predict. In addition, non-clinical study data on these products are not sufficient, due
to species specificity or technical limitations. Therefore, early exploratory clinical studies might be one
possible approach for improving the development success rate of engineered protein products.

To ensure the quality and safety of biotechnological products, the following two hurdles must be
overcome * 1) establishing a robust manufacturing process and 2) setting specifications based on data from
product characterization and non-clinical/clinical studies. In the early development stage, however, the
production process might not be fully established or information for setting the specifications might be
limited. Here we discuss approaches for ensuring the quality and safety of biotechnological investigational
products used for early and exploratory clinical studies. One of the indispensable tests is the viral safety
evaluation of the master cell bank and unprocessed bulk. Studies on biological properties and the potency
of products using human cell/tissue preparations should be useful for predicting the safety profile of the
products. When the manufacturing process of the investigational product has been changed, comparability
studies should provide sufficient assurance that no resulting product differences will have an adverse
impact on the product characteristics. The discussions herein will hopefully be useful in current efforts to
develop new biotechnological products.

Key words
biotechnological products, quality, safety, manufacturing process, IND
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Fig. 1 Approval year of biotechnological products in Japan, and cell substrates used for their production
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WEEL, BEO] E’ﬁ@’i‘ﬁﬁ@’ét&b@@@&l
SEHEOET S EETH S (Fig. 3). Thid, 1)
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Fig. 2 Drug substance of biotechnological products
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Fig. 3 Elements for ensuring product quality and consistency of biotechnological products
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