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WHEBSTWBEDHIEFTT., T3NSI L2
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MIENTWHLIESS.,
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Z3LT. DERVRETFRY NI EOH
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REBEERENDIEIBRBOLHSHTLLSL.

BEFOBENIONE. RETFTOLOER
FICANDENS ESRBELH D, SHRRY
F-MIET LI AN—ENTHRNOT,
BHRA=R—ZTTN, —BRETEHRAD
R T—BHELEVDVNHLONTES ERETFE
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<DBONLREF, BOAY U AYHE, HL
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R EELRELEAVET,
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2B RO WIFEERMICES 1D
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Genomic Drug Discovery

*Protein Products
*Human Antibodies
*Gene-based Products
*Cell-based Products
*Nucleic Acid Products
such as small interfering RNA
(siRNA), micro RNA, ribozyme
or antisense '
*Tailor-made Medicine
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r7n¥ s b, Hifk. Gene-based Products&h
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--Some enginsered proteins made by the combination

Other Approaches for. Producing Novel Types of
Biologicals

-Combination products (a biological used with either a
therapeutic agent, or a device, or both)

of functional domains

-CellfTissue-based products derived from stem cells,
committed progenitor cells, and tissues "engineered”
ex vivo

-Cancer vaccines

-New dosage forms of biologicals Inctuding
nanotechnology-based delivery systems
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SUMMARY

Liquid chromatography/tandem mass spectrometry (LC/MS/MS) is a powerful tool for
the analysis of glycosylation sites and of site-specific glycosylation in a glycoprotein. The
glycopeptides in a complex mixture of tryptic digest can be separated and monitored by
using oxonium ions produced from a carbohydrate moiety through CID-MS/MS. Based on b
and y ions in the product ion mass spectra, peptides can be identified, and the structure of
carbohydrates can be deduced from B ions and the molecular weight of precursor glyco-
peptide. Here we show the site-specific glycosylation analysis of a-fetoprotein and an SDS-

PAGE gel-separated GPl-anchored protein.

Key words: LC/MS/MS, glycopeptide, product ion scan, QTOF-MS, gel-separated protein.
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EBRTEET L2 v A2 AOES L LRt Y
ZPTW3EThh s Lo, B, TBELZERE
BHO1oTHS. BE /A7 BOBHSF I, BE65
R L RIG—UNEEL, FR - RE - ELEFCILT
TT B EDNHMOLATVBL™Y, Fr kESRRET
B2 v A7 BOBHEOBRULHHT HHRIL, BET
ARSHBEOEEYHOIRTHIERLDBHATHS
5, BESELEESEALORBEE L TWieh vl
LM THTENEETHA.

Btkr o~ 7574 —/8v52RBAFWE (LC/MS/
MS) i3, 2 v X7 BOBERHELIL L > TROhRRTF
LT YORSHY LC THRLENS, *v T4 Y
T MS/MS B %7 5 DIZBAVWbLhTWS, BX7FFD
TOXIPAFVARZ PARRRTFEREFTRL, B
SiECET 52 OEEIS TR T30 T, LC/MS/
MS R ROBHERITCIHEREERTLHS. LHL, &
BORTFFE— 7 Ohh b7 N e—2 ¥ BETS
DRELL, WLWHIERTF VoY —2 ¥RIT 1N,
PRI FERORE Io> TV 5.

RTF P - ERTF FOdhh, BR7F PRRNTS

HEr LT, LC LR aHEE, MS/MS CEJIT 3
HED DB, HHEOHEELT, Cyh T4 LHRT v 2=
YU A RBERYRBVTERYF PRy RIRBC BN ¢
EHEY R, VI F NS AkBCTE<TF FEERL,
2HIHPLC CHMET B/ 54 2% v » FEVSSREX
RTW%, MS/MS TEHT HHEE LTI, BHICRERY
frA* v =9 &4 v ((HexNAc*; m/z 204, [Hex-HexNAc)*;
m/z366 %) XFFA LT, BT+ F¥BETHHEN QS
R AVY—RT7FTAvF—av® £ TV H—y—
AxvRF s VIO RHBULLEFEIHEZIRTWS. 1V
V—ATSSAvF—vaVEBOREE, o= ST
LETCORKIFOER7F VYOBEHURYRETDZ &
BTEARN 7V D ——A 2V RHETHIIENTETS,
BHABHEDZRAARZ PARUT T o7 v F /AR
7 M ADERLS, BR7FYO4FVvERBELRTAIZ
febitvs, The®L T, 7V d—Y—A4FV/2AF 5 Vid
BRIF A VERETHIERTESH, Fusst
LAy A7 P ARBORRD, 7 F FOEFE
TAMBIEL RIS LV o RRIERD B,

FIT, B2, BOARERORTFV - BT+
DF7aF I b A FVARZ b ADFhG, FAFV DAL
AU RELLT, BT+ VehRTE L7 (T

Glycosylation analysis of glycoproteins by LC/MS/MS: analysis of glycosylation sites and of site-specific heterogeneity.
Satsuki Itoh, Akira Harazono, Nana Kawasaki, Noritaka Hashii, Yukari Matsuishi, Toru Kawanishi, Takao Hayakawa; By R R A&

TR
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VAR P AEBROCMOBL, 7FVERETSE
R, SAEAYEATIHEYACTWEY, UTF
A ERTEMBAESHE (quadrupole time of flight-
MS, QqTOF-MS) ¥A\VT, MRENEL v <2 RO
WBHRYEHLEALLT a-7= 70574V (AFP) &, B
K[IKBToEXINI T » + B Glycosylphosphatidylinositol
(GPD) 7v»—Bs v XrBoghikBnts.

1. LC/MS/MS ZRW8BY 7 BOBHE SR
—a-7z M7OF 4> (AFP) ORU—

MBI EET 2 v A7 BOdiTi, EESITID
HABBIBEIETEI 0D, BHe—r—L LA
WHRTWALORSH Y, FofkEMIsvyA27BEL
T AFP 8165 R T 5. AFP i3, N-#5ARUSEESAISRAL
(Asn233) »—fSRTFFET 55 F & 68,000 D m#HE # ~
27 BHe, gk, BIERKEGIKNAcD7 a2
LRI THI LG, VIFUYT 7 42T 4 —TR
M as oy b AVCERB2HEHAIATWL
51213 LC/MS/MS 2 FV~T, AFP DBESY I BT
TEHX5ichit, &%, Xv@FEr, A>BEOYV
AT, BYZKNRERRIA - EXEAND. T
2, BErMeisk AFP oW T - %Rt

Fig.1 (A) %, AFPE¥BIETH»rEx v 2 F0{LL, BRE
%, vV 7 HEEETY, LCMS 2T d0ThH
5 NTFV-HERIFFEEYDIDEL DL VIR
HEh T3, 7 KEHMSMS F—2 (Fig. 1 (B)
DOPhD mfz204 ([HexNAc]*) ¥ =5 —FTBZ (R X>»T
(Fig.1(C)), B~7FVFREXTHTaF b4+ ax
7 hPAEYROBTLERTES,

Az, Fig.2 12, 24 FRBEHIWILERATF V¥ (m/z
10618 D7 aF s v 44V ARP FATHS. ESFR
iz, m/z204 (HexNACIH) inz €, E&irhiXT5 m/i
168 ([HexNAc-2H,0)*), m/z186 ((HexNAc-H,01*) R U
m/z 366 ([Hex-HexNAc]*) #®, + 7 u iz ¥ 75 m/z 292
(NeuAc]*) R Um/z274 ([NeuAc-H,01*) OB 1 4 v 2R
HBEhTw5, B2TFRERE, *7F F VNFTEIQK =t
XKTBAAY m/z9785) &, bRy 1 Ay REHI AT
\ 5. Fig.2hDFiz<77 ¥ VNFTEIQK 264 L5 b R
Vy A 0BBm/zBLRL, EOPTCRFCRENL
Bz, B Fufrtr4Fvarz A bR EIN
AFVYERLTWS, AHE, *7F Vi HexNAc %1 %
TR 28F, EHEHx N1 ~3FFEA L4 A VIR
H2h, N-B5EREHO2 7RI YRBTH LR TE
5. BEMER, Taf 2 MF VAR PAEDOB AR
v &, TOF-MS CHROLORLER 7+ FOL-F1t (31823 Da)
b7 FORBSFE (977.5D2) ¥E£LIC T ik
IOBOhGFR (22228D2) hnb, »7AEN 28T

BELI2KSBMTHDLHEIND. 0L, m/2
2 WEHEh{- 70X 7 M AVARZMYLLEFDTY
A=At EBATHEI L 5T, AFPRESTS
WEEAHET B EANTEETH S (Table 1).

BVt dfithd AFP OFE& RSN, S h ¥ Titx #1514
RPUIFVFESLI>THHRINTEY, XLV VT
2EPHEHETHD - LOBEIATHBY, S4EDLC/
MS/MS FHOERT, tofliic, 77 ofifl 353K
FICEAERHIIBEL TV D L EBTREh, M
BIFC IVHACHAREIRITTERZ Lihhs.

BEDXb5, #%v=avaddveEELLT, BN
TFFDOToH s b4 v A2 b ARBEUCHTHED,
RTF POy 1A VRUSESIOBSAFvid t7F
FORE LEGHMMPOBEHE LTS Z ERFETHH T
e, BUFROBHBERTCEATHS. &I, LC/
MS/MS R IZH~7F Figifiky, BRKBETHEX
hicfiz vy ROBTLR LIl R

IL IS 1 ROBERERTT
—Z v FRA GPI 7 h—B5 L R BORRT—

B - T ROMAIE Eiiz, MAEAMZRes 2 Ed
ST 2580 v A ANEEL, BRI hbo

1.5c$
A)
3 w ~
1.0¢eS [
/ 4
] 5
H-—1 g
5.0¢4. l ! =
w - S
1.0e5 (B)
-
]
£ 504
y
0 vty
~2
©
1
-~
500
o l 1 syl
16 - 30 40 50 (4
Time{min)

Fig.1. LCMS/MS of AFP, (A) TOF-MS full scan at m/z 700-
2000, (B) product ion scan at m/z 100-2000, (C) product
ion scan at m/z 204.
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Carbohydrate
B ions
2040808 Residoe_Maws | b bNHD V3 |
v 9907 | 10008 8305 97853 94150
N 10 | 21412 19709 81946 820
F 14707 36119 34416 76541 74839
T 10105 | 46223 44531 61835 60132
E 12004 | $9128 S7428 51730 500.27
70 274.0913 1 11308 | 78436 68733 33826 INB
i Q 12806 | @242 81539 27517 25814
i 366,1311 K 12810 | 960.51 94349 14711 13009
186.4684 MW, 31823
- ; Peptide 971.8
‘g ! CHO 228
S i [Hex](HexNAc] [NeuAc),
=3 H
2921145
30 ; 7 peptide
117 978.5095
20 1181.6243
162 162 162
203 203 >
10 ¢ > 1709.8046
1547.9222 1871.8487
0 '—“‘"“L‘*"““'I“‘—““L“*"““"—‘

200 400 600 800 1000 1200 1400 1600 1800

mfz

Fig. 2. Product ion spectrum of a glycopeptide (m/z 1061.83%*) at 24 min.

2000

Inset table shows theoretical m/z values of b and y ions, and ions detected by MS/MS are

indicated by bold face.

Table 1. Glycosylation analysis of AFP

165

Peak Peptide sequence (theoretical Retention  Observed m/z

Carbohydrate composition

Calculated  Theoretical
Carbohydrate carbohydrate

. a . :
No. peptide mass?®) time (min) (charge) mass raass?
1 KVNFTEIQKL (977.5) 23 1013.43(3) [dHex],[Hex];[(HexNAc],[NeuAc); 20778 2077.7
23 1519.67(2) ([dHex},[Hex];[HexNAc),MNeuAc), 2077.8 2077.7
23 1081.29(3) [dHex),[Hex}s[HexNAc}s[NeuAc], 22814 2280.8
23 1621.44(2) [dHex),(Hex];[HexNAc)s[NeuAc], 22814 2280.8
23 1446.62(2) [Hex])s(HexNAc] NeuAc), 1931.8 1931.7
23 1118.67(2) [Hex],(HexNAc], 1275.9 1275.5
23 1264.05(2) [Hex],[HexNAck[NeuAc), 1566.6 1566.6
23 1110.48(3) ([Hex),[HexNAc){NeuAc], 1566.6 1566.6
24 1665.44(2) [dHex],[Hex];[HexNAc),[NeuAc), 2369.4 2368.8
24 1178.33(3) [dHex],[Hex]s(HexNAc)s[NeuAc), 25725 2571.9
24 1061.78(3) (Hex];[HexNAc],[NeuAc), 22229 2222.8
25 1592.17(2) [Hex];[HexNAc],[NeuvAc], 2222.9 22228
2 KFTKVNFTEIQKL (1353.7) 27 1236.04(3) [dHex},[Hex]s[HexNAc], [NeuAc], 2369.4 2368.8
27 1853.29(2) [dHex],[Hex])s(HexNAc],[NeuAc], 2369.4 2368.8
27 1187.17(3) [Hex)s[HexNAc)[NeuAc), 22228 22228
28 1780.23(2) [Hex);[HexNAc],[NeuAc], 2222.8 2222.8
28 1303.56(3) [dHex],[Hex];[HexNAc];[NeuAc), 2572.0 2571.9
28 1138.84(3) {dHex],[Hex][HexNAc][NeuAc), 20778 2077.7
28 1206.52(3) [dHex],(Hex]s;THexNAc]s[NeuAc], 2280.9 2280.8
28 1090.14(3) [Hexls[HexNAc][NeuAc], 1931.7 1931.7
28 1322.75(3) (Hex]s[HexNAc][NeuAc], 2629.6 26289

* Monoisotopic mass value,

BRCE b TWaEEXLATVWEY. oL, &
B2 A 27BTHAT 0D, BUNRET, FTRD
BERENIOIT, S0l v 2 BEOBHIEING
NIRRT, 2V A7 BERAMOSEERLLEER
k8 & LC/MS/MS #TEA T3 LItk o, Shb DR
BEYEBINCEDLMEENS. TR, GPI2ALTE

EEETHGPI7 v h—RBl2 v BOBMBRIT 2T -1

ITH%.

5 9 b O REE S 55, Phosphatidylinositol-specific
phospholipase C (PIPLC) {#{bic X » TH b h o T%HE GPI
Tvh—Ra v BlEY, BEIAVHEFVT I Fasn
{kt%, SDS-PAGE T#E L (Fig.3). &%, ¥ VRO %
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vAIBESER, YAARTe 77 —EH{LE HEIhi
R7FFORRAWTTOR TS5, EREERIT YT
54848, TRTOEST+ FTA¥AREORE CERT
HUBEHRDD. X T, YL XV v Bihifig, ¢
Y 7w BT S HEEBAL.

Fig.4 (A) i3, Av F1 %YoL, 1%SDS ¥ AWTZH
vy Bl b ¥ 7o v LRIV, LOMSMS 517
-7 b0ThHD i, F—2<—RBREOKR A
v F 143, Thy-l $EEEX iz Thy-1id, &S 07y v
A—se7 7 3V —BTBGPI7 v B2z v 7 KT
b, 3HEFON- A DEFA 0B (Asn23, 74, 98) *
HT57 I JEEEAN11 oz v 22 B TH5 (Fig.5).

iz, AFP LRERIC, m/z204 {EBEL LT, £R7FV
D7uF I I F A2 P ADHELG, BXSFVOT
aX s b4t v Ay b ARBIRACIOB L (Fig.4
©). #hoD7u g2 b AF VAR VARTT Y A —
#—da & D TOF-MS 026, T RU T2 LB I R B~
TF VR, ThEhEwv 7 -2 BESRN AL Asn23
AU ¥, His21-Phe33, XUt His21-Arg37 THH,
T3RU' T4, HABBRUERRBHIGAL AsnTd %
BUEE~ 75 I, Val6d-Lys78 TH B & & p¥)- 72 (Table 2).

Fig.6 12, T3 KBEH IR 7F FD 5, m/z153224
PRTER7FEDF a7 b LA VYRR ATHD. B
SFRMz, AFP CRIE X hic A 4, m/z168, 186, 204,
366 iM%, m/z528 ([Hex),[HexNAc]*), m/z 569 ([Hex)
[HexNAc),*) #, m/z 512 ([Hex][HexNAc){dHex]*) %D B

(kDa)
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Fig.3. SDS-PAGE of lipid-free GPI-anchored protein prepared
from rat brain,
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Fig. 4. LCMSMS of rat brain Thy-1, (A) TOF-MS full scan at
mfz 700-2000, (B) product ion scan at m/z 100-2000, (C)
Product fon scan at m/z 204.

£ A HREINTED, Gall-3(4)(Fucl-4(3))-GlcNAc 18
HPESUILNMETINE. BOTFRME, RIFFC
HXT544 v (m/211076) L bRV y 4 A Vi X h,
VLTLANFTTK ¢ RAE & hi: (Fig.6hoR). ik, =7
% Fiz HexNAc, HexNAc-HexNAc, HexNAc-HexNAc-Hex
PG LM v HRBEIRTWBfl, 36K, ThHKT
dHex N1 B FREG LA A Y HBRIEBIATWB I LD,
OO THREN 7 2 A {EIRTWD T &MY
5. WAz, TOF-MS tiibhiE~y+ FogFaR
(30624 Da) 526, =7 FOREKS TR (1106.6Da) ¥
LI 2 X v B h iS5 TR (1973.7Da) 225,
Fig.6 hiem3 L5 B THH LB I h 5. Table2 i3,
FHRC R L SR, Thy-l K& T3 LEEIhEHN
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30
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INVIRDKLVK
GPl-anchor

Fig.5. Amino acid sequence of rat Thy-1.

Glycopeptides produced by trypsin are underlined. N-
glycosylation sites are indicated by bold face.



J Electrophoresis 2004 ; 48 : 167

Carbohydrate
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Fig.6. Product ion spectrum of a glycopeptide (m/z 1532.22*) at peak 29.5 min. Inset table shows theoretical m/z values of
b and y ions, and ions detected by MS/MS are indicated by bold face.

Table 2. Glycosylation analysis of rat brainThy-1

Peptide sequence . . Calculated  Theoretical
Peak g .. Glycosylation Retention Observedm/z - :
No. (theoretxmllpepnde site time (min) _ (charge) Carbohydrate composition carbohydrate mrbohyd.rate
] mass?) mass mass
T1 H21-F33(1591.73) N23 23.9 991.1(3) [Hex];[HexNAc], 1396.6 1396.5
23.9 1486.2(2) [Hex]s[HexNAc), 1396.6 1396.5
239 1045.1(3) [Hex],[HexNAc], 1558.7 1558.5
240 1567.2(2) [Hex),[HexNAc), 1558.6 1558.5
240 937.1(3) [Hex]s[HexNAc], 1234.5 1234.4
240 1405.1(2) [Hex)s[HexNAc), 1234.5 1234.4
T2 H21-R37 (2048.99) N23 255 1197.6(3) [Hex),[HexNAc], 1558.6 1558.5
_ 25.6 1143.5(3) [Hex]g(HexNAc], 1396.6 1396.5
256 857.9(4) [Hex]{HexNAcl, 1396.6 13965
25.7 1089.5(3) [Hex)s[HexNAc], 12345 12344
25.7 817.4(4) [Hex];[HexNAc), 1234.6 12344
. 25.9 1633.8(2) [Hexl[HexNAc] 12345 12344
T3 V69-K78 (1106.62) N74 295 1686.3(2) [dHex]a[Hex]S[HzexNAc]s 2282.0 2281.9
296 1124.5(3) [dHex];(Hex]s[HexNAc]; 2282.0 2281.9
29.6 1532.2(2) [dHex],{Hex] [HexNAc]g 1973.9 1973.7
29.6 1021.8(3) [dHex],[Hex],[HexNAcls 1973.9 1973.7
29.7 1162.6(2) [Hex]5[ZHexNAc}2 1234.5 12344
29.7 1491.2(2) (dHex),[Hex]{HexNAc); 1891.8 1891.7
29.7 1592.8(2) [dHex],[Hex] [HexNAc], 2094.9 2094.8
29.8 13782(2) [dHex],[Hex);[HexNAc]s 1665.7 1665.6
29.9 919.1(3) [dHex],[Hex],[HexNAc)s 1665.7 1665.6
29.8 1438.7(2) (dHex],[Hex]sfHexNAc), 1786.8 1786.7
303 959.5(3) (dHex],[Hex]s[HexNAc], 1786.8 1786.7
29.9 1511.7(2) [dHex),[Hex);[HexNAc], 1932.8 1932.7
30.0 1008.1(3) [dHex]),[Hex]s{HexNAc]), 1932.8 1932.7
30.0 1519.7(2) [dHex),[Hex] [HexNAc], 1948.8 1948.7
30.0 1572.2(2) [dHexl,{Hex]}{HexNAc], 2053.9 2053.7
30.1 1499.2(2) [dHex],[Hex),{HexNAc}, 1907.8 1907.7
30.2 1276.6(2) [dHex],[Hex],[HexNAc], 1462.6 1462.5
30.2 1337.2(2) [dHex],{Hex]s{HexNAc], 1583.7 1583.6
317 1860.4(2) [dHex]),(Hex]s[HexNAc]s[NeuAc}, 2630.1 2630.0
31.7 1240.6(3) [dHex],[Hex);{HexNAc][NeuAc); 2630.1 2630.0
319 1706.3(2) [dHex],[Hex] [HexNAc]s[NeuAc], 23219 23219
T4 V69-K78 (1106.62) N74 32.1 1563.7(2) [dHex},[Hex]¢[HexNAcl;[NeuAc], 2036.8 2036.7
32.1 1482.7(2) (dHex],[Hex])s[HexNAc];[NeuAc) 1874.7 1874.7
321 1584.2(2) [dHex],[Hex)s[HexNAc),[NeuAc), 20778 2077.8

2 Monoisotopic mass value.
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Abstract

Background: The allergenic potential of chicken egg
white ovomucoid (OVM) is thought to depend on its sta-
bility to heat treatment and digestion. Pepsin-digested
fragments have been speculated to continue to exert an
allergenic potential. OVM was digested in simulated gas-
tric fluid (SGF) to examine the reactivity of the resuiting
fragments to IgE in sera from allergic patients. Methods:
OVM was digested in SGF and subjected to SDS-PAGE.
The detected fragments were then subjected to N-termi-
nal sequencing and liquid chromatography/mass spec-
trometry/mass spectrometry analysis to confirm the
cleavage sites and partial amino acid sequences. The
reactivity of the fragments to IgE antibodies in serum
samples from patients allergic to egg white was then
determined using Western blotting (n = 24). Results: The
rate of OVM digestion depended on the pepsin/OVM
ratio in the SGF, OVM was first cleaved near the end of
the first domain, and the resulting fragments were then
further digested into smaller fragments. In the Western
blot analysis, 93% of the OVM-reactive sera also bound
to the 23.5- 10 28.5-kDa fragments, and 21% reacted with

the smatler 7- and 4.5-kDa fragments. Conclusion: When
the digestion of OVM in SGF was kinetically analyzed,
21% of the examined patients retained their IgE-binding
capacity to the small 4.5-kDa fragment. Patients with a
positive reaction to this small peptide fragment were
thought to be unlikely to outgrow their egg white allergy.
The combination of SGF-digestibility studies and human
IgE-binding experiments seems to be useful for the eluci-

dation and diagnosis of the allergenic potential of OVM,
—_— Copyright ©2005 S. Karger AG, Basel

Introduction

Chicken egg white is one of the strongest and most fre-
quent causes of food allergies among young children [1-
5). Egg white contains several allergens, including ovalbu-
min, ovotransferrin, lysozyme and ovomucoid (Gal d 1,
OVM). OVM accounts for about 11% of all egg white pro-
teins [6] and has a molecular weight of 28 kDa, containing
a carbohydrate content of 20-25% [7]. OVM is known to
be stable to digestion and heat, and cooked eggs can cause
allergic reactions in OVM-specific allergic patients [8-
11]. One possible reason for this is that OVM contains
linear epitopes that are only slightly affected by conforma-
tional changes induced by heat denaturation.
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OVM consists of 186 amino acids divided into three
domains of about 60 amino acids each; the third domain
has been reported to be the most important domain with
regard to allergenicity [12]. In a previous report, N-gly-
cans in the third domain were suggested to be essentia! for
allergenicity [13]; however, a recent report found that the
deletion of the N-glycans did not affect the allergic reac-
tivity.

We previously reported the digestibility of 10 kinds of
food proteins in simulated gastric fluid (SGF) [8, 14).
OVM was digested relatively rapidly, but several frag-
ments were detected by sodium dodecy! sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) followed by Coo-
massie blue (CBB) staining. The reactivity of these frag-
ments with IgE antibodies from the sera of patients with
egg white allergy is very important to understanding the
mechanism of OVM allergy.

A few previous reports have described the reactivity of
IgE in sera from patients with egg white allergies with
OVM-derived fragments. Kovacs-Nolan et al. [15] sepa-
rated pepsin-digested fragments of OVM using high-per-
formance liquid chromatography (HPLC) and examined
the IgE-binding activities of each fragment using an
enzyme-linked immunosorbent assay (ELISA). Besler et
al. [16] investigated the reactivity of pepsin-digested frag-
ments with patient IgE using Western blotting and
showed that the fragments retain their binding capacity to
human IgE in some serum samples from OVM-allergic
patients. However, little attention has been paid to the
digestive conditions, and the number of serum samples
has been somewhat small in these studies. Urisuet al. [17]
reported that the sera of subjects that tested positive or
negative during an oral egg white challenge exhibited a
significant difference in their reactivity with pepsin frag-
ments.

In the present report, kinetic data for different genera-
tions of SGF-stable OVM fragments were obtained, and
the reactivity of the fragments with serum IgE from
patients with egg white allergies was investigated using
Western blotting.

Materials and Methods

Pepsin (catalog number P6887) and chicken egg white OVM
(T2011, Trypsin Inhibitor, Type I1I-O) were purchased from Sigma
Chemical Co. (St. Louis, Mo., USA). The concentration of the OYM
test solution was 5 mg/ml of water. The gels-and reagents used for the
SDS-PAGE analysis were purchased from Invitrogen (Carlsbad, Cal-
if., USA).

24 Int Arch Allergy Immunol 2005;136:23-32

Serum Specimens ,

Sera from 24 patients with egg white allergies and a healthy vol-
unteer were used after obtaining informed consent from the patients
and ethical approval by the Institutional Review Board of the
National Institute of Health Sciences. Twenty-two of the patients had
been diagnosed as having an egg white allergy at hospitals in Japan,
based on their clinical histories and positive IgE responses to egg
white proteins by radioallergosorbent test (RAST), while the remain-
ing 2 allergen-specific sera were purchased from Plasma Lab Interna-
tional (Everett, Wash., USA); the commercial sera originated from
adult Caucasians who had been diagnosed as having several food
allergies, including egg white, based on their clinical history and skin
tests. The commercial sera also showed positive IgE responses to egg
white proteins when examined using RAST.

Preparation of SGF

Pepsin (3.8 mg; approximately {3,148 units of activity) was dis-
solved in 5 ml of gastric control solution (G-con; 2 mg/ml NaCl, pH
adjusted to 2.0 with distilled HCI), and the activity of each newly
prepared SGF solution was defined as the production of a AA280 of
0.001/min at pH 2.0 and 37°C, measured as the production of tri-
chloroacetic acid-soluble products using hemoglobin as a substrate.
The original SGF was prepared at a pepsin/fOVM concentration of 10
unit/pg, and this solution was diluted with G-con for the experiments
performed at pepsin/OVM concentrations of { and 0.1 unit/ug. The
SGF solutions were used within the same day.

Digestionin SGF

SGF (1,520 pl) was incubated at 37°C for 2 min before the addi-
tion of 80 ul of OVM solution (5 mg/ml). The digestion was started
by the addition of OVM. At each scheduled time point (0.5, 2, 5, 10,
20, 30, and 60 min}, 200 ul of the reaction mixture was transferred to
a sampling tube containing 70 ul of 5 x Laemmli buffer (40% glycer-
ol, 5% 2-mercaptoethanol, 10% SDS, 0.33 M Tris, 0.05% bromophe-
nol blue, pH 6.8) and 70 p! of 200 mAf Na,COs. For the zero-point
samples, the OVM solution (10 pl) was added to neutralized SGF
(190 ! of SGF, 70 ul of 5 x Laemmli buffer, and 70 ui of 200 mM
Na,CO;). All neutralized samples were then boiled at 100°C for
3 min and subjected to SDS-PAGE.

SDS-PAGE Analysis and Staining Procedure

Samples (15 ul/lane) were loaded onto a 10-20% polyacrylamide
Tris/Tricine gel (Invitrogen, Carlsbad, Calif., USA) and separated
electrophoretically. The gels were fixed for 5 min in 5% trichloroace-
tic acid, washed for 2 h with SDS Wash (45.5% methanol, 9% acetic
acid), stained for 10 min with CBB solution (0.1% Coomassie Bril-
liant blue R, 15% methanol, 10% acetic acid), and destained with
25% methanol and 7.5% acetic acid. The stained gel images were
then analyzed using Image Gauge V3.1 (Fuji Film, Tokyo, Japan),
and the density of each band was quantified. Periodic acid-Schiff
(PAS) staining [18) was used to detect the glycosylated fragments,

N-Terminal Sequence Analysis

OVM (1.5 mg) was digested in SGF containing 1 unit/ml pepsin,
concentrated by centrifugation using Centriprep YM-3 (Millipore
Corporation, Bedford, Mass., USA) and subjected to SDS.-PAGE fol-
lowed by electrical transblotting to a 0.2-pm polyvinylidene difluo-
ride membrane (Bio-Rad, Richmond, Calif., USA) and CBB stain-
ing. The detected fragment bands were then cut out and sequenced
using a Procise 494HT Protein Sequencing System (Applied Biosys-

Takagi et al.



tems, Foster City, Calif., USA) or an HP G1005A Protein Seguenc-
ing System (Hewlett-Packard, Palo Alto, Calif., USA); each fragment
was analyzed for S cycles.

Carboxymethylation and Peptide Mapping Using Liguid
Chromatography/Mass Spectrometry/Mass Spectrometry
(LC/MS/MS)

The digested OVM sample was separated electrophoretically as
described above, stained with CBB, and the stained bands were cut
out. The gel pieces were homogenized in 20 mM Tris-HCl (pH 8.0)
containing 0.1% SDS and the proteins were extracted. The extracts
were concentrated and purified by acetone precipitation. The ace-
tone precipitates were incubated with 2-mercaptethanol (92.5 mM)
in 72 pl of 0.5 M Tris-HCl buffer (pH 8.6) containing 8 M guanidine
hydrochloride and S mAf EDTA at room temperature for 2 h. To this
solution, 1.5 mg of monoiodoacetic acid was added, and the mixture
was incubated at room temperature for 2 h in the dark. The reaction
mixture was desalted using a MicroSpin G-25 column (Amersham
Bioscience, Uppsala, Sweden) and lyophilized. Reduced and carbox-
ymethylated proteins were digested with trypsin (50 ng/ul in 50 mM
NHHCO;).

Tandem electrospray mass spectra were recorded using a hybrid
quadruple/time-of-flight spectrometer (Qstar Pulsar i; Applied Bio-
systems, Foster City, Calif,, USA) interfaced to a CapLC (Magic
2002; Michrom BioResources, Aubum, Calif., USA). Samples were
dissolved in water and injected into a C18 column (0.2 x 50 mm,
3 um, Magic C18, Michrom BioResources). Peptides were eluted
with a 5-36% acetonitrile gradient in 0.1% aqueous formic acid over
60 min at a flow rate of | pl/min after elution with 5% acetonitrile for
10 min. The capillary voltage was set to 2,600 V, and data-dependent
MS/MS acquisitions were performed using precursors with charge
states of 2 and 3 over a mass range of 400-2,000. .

Western Blotting of Digested Fragments with Human Serum IgE

The digested OVM samples were applied to a 10-20% polyacryl-
amide Tris/Tricine 2D gel, followed by electrical transfer to a nitro-
cellulose membrane. The membrane was then blocked with 0.5%
casein-PBS (pH 7.0) and cut into 4-mm strips. The strips were incu-
bated with diluted human serum (174 to 1/5) in 0.2% casein-PBS (pH
7.0) at room temperature for 1 h and then at 4°C for 18 h. After
washing with 0.05% Tween 20-PBS, the strips were incubated with
rabbit anti-human IgE (Fc) antibodies {Nordic Immunological Labo-
ratories, Tilburg, The Netherlands) at soom temperature for 1 h, and
then with horseradish peroxidase-conjugated donkey anti-rabbit Ig
antibodies (Amersham Biosciences, Little Chalfont, UK) at room
temperature for 1 h. Finally, the strips were reacted with Konica
ImmunoStain HRP-1000 (Konica, Tokyo, Japan), according to the
manufacturer's protocol.

Results

Kinetics of OVM Digestion by Pepsin

OVM was digested in SGF containing various concen-
trations of pepsin, and the fragments were separated by
SDS-PAGE and stained with CBB (fig. 1). The molecular
weight of OVM, based on its amino acid sequence, is
about 20 kDa, but a broad band representing intact OVM

Digestive Analysis and Allergenic Potential
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appeared at about 34-49 kDa in the SDS-PAGE gel
because of the presence of five N-linked sugar chains. The
pepsin band was detected at 39 kDa, overlapping with the
intact OVM band, and lysozyme (14 kDa) contamination
was detected in the OVM sample that was used. Intact
OVM rapidly disappeared within 0.5 min in SGF (pepsin/
OVM = 10 unit/pg), and a fragment band was detected at
7 kDa. When the pepsin content in SGF was reduced to 1
and 0.1 unit/pg, the digestion rate markedly decreased.
Intact OVM was still detected after 30 min when the pep-
sinfOVM ratio was 0.1 unit/ug. The fragment bands were
clearer (fig. 2) when a concentrated SGF-digested OVYM
solution (pepsin/OVM = 1 unit/pg, digestion times 5 and
30 min) was used, followed by SDS-PAGE. As shown in
figure 2, a strong 23.5- to 28.5-kDa band (FR 1) was
detected at 5 min, while 10- (FR 2), 7- (FR 3) and 4.5- to
6-kDa (FR 4) bands were detected after 30 min. FR 1 and
FR 2 were both positively stained by PAS, suggesting that
the FR 1 and FR 2 fragments have high carbohydrate con-
tents. The time courses for the amounts of intact OVM
and the four fractions are plotted in figure 3, where the
pepsin/OVM ratio is | unit/ug. FR 1 rapidly increased but
slowly disappeared after 2 min. FR 2 and FR 3 also rapid-
ly reached maximum values at 5 min and then slowly dis-

.appeared. On the other hand, FR 4 gradually increased

throughout the entire period of the experiment.

Preheating (at 100°C for 5 or 30 min) of the OVM
solution (5 mg/ml in water) did not influence the digestion
pattern (fig. 1).

Table 1. N-Terminal sequences of pepsin fragments

J T R A R A e A i

Smin FR1 11 50-54  FGINI 73
12 51-55  GINIS 116
1-3 1-5 AEVDC 69
Smin FR2 21 1-5 AEVDC 6838
2.2 134-138  VSVDC 282
smin FR3 31 1-5 AEVDC 484
32 134-138  VSVDC 243
33 104-108  NECLL 9.6
34 85-89  VLCNR 6.5
30min FR4 41 134-138  VSVDC  .30.6
42 104-108 NECLL 240
43 19-23  VLVCN 206

s Molar ratios of the fragments to the total amount in each frac-
tion.
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Fig. 1. Kinetic patterns of OVM digestion in SGF-containing pepsin.
Digested samples were analyzed by SDS-PAGE followed by CBB
staining. The digestion patterns of OVM without preheating (upper
panels), preheated at 100°C for 5 min (middle panels), and pre-
heated at 100°C for 30 min (lower panels) are shown. The ratio of
pepsin to OVM was 10 unit/1 pg (left), 1 unit/1 pg (middle), and 0.1
unit/1 pg (right). Lane M = Molecular weight markers; lanes C1 and

Sequence Analysis of OVM Fragments

The sequences of the five N-terminal residues in each
fragment were analyzed, and the data are summarized in
table 1. Figure 4 schematically depicts the identified frag-
ments; the arrows in the upper panel indicate the sites of
pepsin cleavage. :

The internal sequences of the FR 1, FR 3, and FR
fragments were also identified by LC/MS/MS and are
shown in table 2 and in the upper panel of figure 4.

26 ' Int Arch Allergy Immunol 2005;136:23-32

C2 = OVM without pepsin at 0 {C1) and 60 (C2) min; lanes 1-8 =
SGF-digested OVM at 0, 0.5, 2, 5, 10, 20, 30 and 60 min, respective-
ly; lanes S1 and S2 = SGF alone at 0 (S1) and 60 (S2) min; lanes I =
OVM without preheating; FR 1 = fraction 1 containing a fragment at
23.5-28.5 kDa; FR 2 = fraction 2 containing a 10-kDa fragment;
FR 3 = fraction 3 containing a 7-kDa fragment; FR 4 = fraction 4
containing 4.5- to 6-kDa fragments.

Reactivity of the Fragments with Serum IgE from

Patients with Egg White Allergy

Western blot analysis using patient sera as the source of
the primary antibodies was performed to identify sera
that reacted with intact OVM and the SGF fragments.
Representative blotting data are shown in figure 5, and all
the results are listed in table 3. Ninety-two percent of the
serum samples from allergic patients reacted with OVM,
and-93% of the OVM-positive sera reacted with FR 1

Takagi et al.
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Fig. 2. CBB and PAS staining of OVM fragments following digestion
in SGF (pepsin/OVM = | unit/ug) for S and 30 min. Lane M =
Molecular weight markers; lane | = original OVM (2.5 pg/lane); lanes
2 and 3 = OVM digested for 5 and 30 min, respectively, and concen-
trated (12 pg, equivalent to the original OVM/lane). Samples were
applied to two SDS-PAGE gels and electrophoresed, One plate (left
panel) was stained with CBB reagent, and the other (right panel) was
stained with PAS reagent.

Fig. 3. Quantification of the SGF-digestion pattern of intact OYM
and the digestion fragments at a pepsin/OVM ratio of 1 unit/ug. The
intensity of each band was calculated using the ratio of the band’s
density to the total density of the originally detected band at t = 0.
Values are the mean of duplicate analyses. Similar results were
observed in another set of experiments.

Table 2. Identified inside sequences in

pepsin- and trypsin-digested OVM Pepsin f‘_(gg:txon Residues
digestion . "7 . - i
5 min FR ! 83-89
90-103 AFNPVCGTDGVTYD .
90-112 AFNPYCGTDGVTYDNECLLCAHK
90-122 AFNPVCGTDGVTYDNECLLCAHKVEQGASVDKR
113-122 VEQGASVDKR
5 min FR3 90-112 AFNPVCGTDGVTYDNECLLCAHK
90-122 AFNPVCGTDGVITYDNECLLCAHKVEQGASVDKR
104-111 NECLLCAH
104-112 NECLLCAHK
104-121 NECLLCAHKVEQGASVDK
104-122 NECLLCAHKVEQGASVYDKR
113-122 VEQGASVDKR
134-159 VSVDCSEYPKPDCTAEDRPLCGSDNK
165-185 CNFCNAVVESNGTLTLSHFGK
30min FR4 90-112 AFNPVCGTDGVTYDNECLLCAHK
104-111 NECLLCAH
104-112 NECLLCAHK
104-122 NECLLCAHKVEQGASVDKR
112-122 KVEQGASVDKR
113-121 VEQGASVDK
113-122 VEQGASVDKR
165-185 CNFCNAVVESNGTLTLSHFGK

Digestive Analysis and Allergenic Potential
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11
Intact
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1 64 65 130 131 186
Q\ N-glycan m N-glycan (partial)
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5 min 1
S0 and 51 Fragments 2-2, 3-2
FR1,2,3 Fragment 3.3l
|9— Fragment 4-3 Fragmeat 4-1 [
30min 134

28
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after 5 min of digestion. Three of the serum samples also
reacted with FR 2, FR 3, and FR 4 after 30 min of diges-
tion.

The three samples that react with FR 2,FR 3,and FR 4
were obtained from patients who exhibited persistent
allergies to egg white. One of these serum samples, No.4,
was obtained from a 3-year-old girl who is presently 6
years old; her total IgE level has decreased slightly to
4,450 1U/m), but the specific IgE level for egg white
remains at more than 100 IU/ml, and the patient has not
outgrown her hypersensitivity to eggs. Another patient,
No. 13, was a l-year-old boy; 7 years later, his total and
egg white-specific IgE levels had been reduced to 947 and
6.85 IU/ml, respectively, but eating raw eggs still caused
allergic symptoms. The third FR 4-positive patient, No.
19, was an 11-year-old boy whose total IgE level decreased
to 3,940 IU/m! and whose egg white-specific IgE de-
creased to 13.5 IU/ml after a period of about 2 years; how-
ever, this patient has also not outgrown his allergies.
These cases and our previously reported data [17] indi-

cate that the induction of egg white tolerance may be diffi-
cult in patients whose serum IgE exhibits binding activity
to digested small fragments of OVM. '

Discussion

In the SGF-digestion system, preheating the OVM
(100°C for 5 or 30 min) did not affect the OVM digestion
pattern (fig. 1), consistent with the results of previous
reports [9] in which heat treatment did not markedly
decrease the allergenicity of OVM. On the other hand, a
decrease in the pepsin/OVM ratio dramatically reduced
the digestion rate, suggesting that digestibility may vary
depending on the amount of OVM intake and the condi-
tions of the individual’s digestion system. In its native
state, OVM possesses serine protease inhibitor activity.
Fu et al. [11] and our group [10] previously reported that
intact OVM was stable for 60 min in simulated intestinal
fluid. Kovacs-Nolan et al. [15] also reported that pepsin-

200kDs

918-F
66 —|.
a

20.1
13

N12 34567891011 1213141561718

Digested for 5 min

Digested for 30 min

N 13144 17

N 1457811131417

Fig. 4. Amino acid sequence and schematic representation of the
SGF-digestion pattern of OVM. The amino acid sequence of OVM is
shown in the upper panel. The arrows indicate the SGF-digested
points according to the results of an N-terminal analysis of the OVM
fragments (table 1); and the underlined regions indicate sequences
identified by LC/MS/MS. Solid line = FR I; dotted line = FR 3;
dashed line = FR 4. Shaded areas represent reported human IgE epi-
topes [16]. The lower panel is 2 summary of the OVM digestion pat-
tern according to N-terminal analysis.
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Fig. 6. Western blot analysis of intact OVM and the fragments with
serum IgE from egg white allergic patients and a normal volunteer.
The fragments were prepared as described in the legend of figure 2.
The number of each strip corresponds to the sample numbers in
table 2.
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Table 3. Reactivity of OVM and pepsin fragments with patient serum IgE

* 1gf dontent, TU/ml

.
sa 4 b

""" Reactivity with patient [gEr - '

et e, vtk el e

.,

total ) egg white-specific

. ‘.FR3 TS ',FR 4 ¢

intact OYM.  FR 11 £ 453 FR2 ¢

1 3700 >100 ++4 ++ - - -

2 402 374 + n.d. nd. n.d. nd.

3 251 6.85 + nd. n.d. nd. nd.

4 6,510 >100 e +++ + + ++

5 2,060 >100 ++ + - - -

6 1,240 124 ++ n.d. nd. n.d. nd.

7 4,180 31.3 ++ ++ - - -

8 56 20.1 + n.d. nd. n.d. nd.

9 1,355 50.7 ++ ++ - - -
10 22,810 2.11 + nd. nd. nd. nd.
11 1,463 4.65 + - - - -
12 14,230 0.70-3.49 + n.d. nd. n.d. nd.
13 8,000 >100 +4+4 +++ + + ++
14 22,490 1.05 44 + - - -
15 934 66.3 + nd. nd. n.d. nd.
16 345 20.1 + n.d. nd. n.d. n.d.
17 1,500 80 ++ + - - -
18 3,300 >10 - n.d. nd. n.d. n.d.
19 20,500 26.8 +++ ++ x + +
20 138 45.4 ++ + - - -
21 940 2.44 + + -
22 o1 . 0.70-3.49 + + - -
23 828 0.9 ++ + - - -
24 21 3.50-17.4 - n.d. n.d. nd. nd.

positive/tested 22724 (92%) 13/14(93%)3 3/14(21%)° 3/14(21%) 3/14 (21%)3

n.d. = Not done.

! Intensity of the reactivity of each band was evaluated by the ratio to normal serum: - =<1; % = 1-2; + = 2-5;

++=5-10; +++ =>10.
2 Percent of egg white-positive samples.
3 Percent of intact OVM-positive samples.

digested OVM retains its trypsin inhibitor activity. There-
fore, OVM and its pepsin-digested fragments were
thought to be stable in the small intestine.

At a pepsin/OVM ratio of 1 unit/ug, FR 1 reached a
maximum level after 2 min of digestion, while both FR 2
and FR 3 reached maximum levels after 5 min of diges-
tion; thereafter, FR 1, FR 2, and FR 3 gradually de-
creased. However, FR 4 increased continuously through-
out the 30-min period of digestion and the major frag-
ments were seen after 30 min of digestion (fig. 3). FR 4
was mainly composed of three fragments whose N-termi-
nals were 134V, 104N and 19V (table 1). A C-terminal
sequence, 165N-185C, was also identified in FR 4 (ta-
ble 2). These fragments contain known IgE epitopes [19]
and therefore may cause allergic responses. Three of the
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OVM-positive sera from patients with egg white allergy
reacted positively with the FR 4 fragments (table 3).

The present results are consistent with the previous
finding that pediatric subjects with a higher IgE-binding
activity to pepsin-treated OVM were unlikely to outgrow
their egg allergy [17). For peanut allergies, differences in
IgE-binding epitopes have been reported between the
patients with clinically active peanut allergies and those
who developed a tolerance, regardless of the presence of
high or low peanut-specific IgE levels [20].

The N-terminal residue of the major fragment (4-1) of
FR 4 was Val-134 (30%; table 1). This fragment retains
most of domain I, which has been reported to have sig-
nificantly higher human IgG- and IgE-binding activities
than those of domains I and II [12]. A domain-III OVM
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