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In ’solid-phase’ PEGylation, the conjugation reaction occurs as the proteins are attached to a solid matrix, and thus it can
have distinct advantages over the conventional, solution-phase process. We report a case study: rhiIFN-a-2a was first
adsorbed to cation exchange resin and then N-terminally PEGylated by aldehyde mPEG of 5, 10, and 20 kD through
reductive alkylation. After the PEGylation, salt gradient elution efficiently recovered the mono-PEGylate in a purified form from
the unwanted species such as unmodified IFN, unreacted PEG, and others. The mono-PEGylation and its purification were
integrated in a single chromatographic step. Depending on the molecular weight of the mPEG aldehyde used, the
mono-PEGylation vyield ranged 50-64%. We could overcome the major problems of random, or uncontrollable,
multi-PEGylation and the post-PEGylation purification difficulties associated with the solution-phase process. N-terminal
sequencing and MALDI-TOF MS confirmed that a PEG molecule was conjugated only to the N-terminus. Compared with the
unmodified IFN, the mono-PEGylate showed the reduced anti-viral activity as measured by the cell proliferation assay. The
bioactivity was reduced more as the higher molecular weight PEG was conjugated. !mmunoreactivity, evaluated indirectly by

antibody binding activity using a surface plasmon resonance biosensor, also decreased. Nevertheless, trypsin resistance as
well as thermal stability was considerably improved.
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A71E o]tk oA W gulde 87 ZAFPRY
£ 7HEA Hol &Sty A4S A7) multi
112]3l random PEGylationS 22 3Hch(12-14). o] Z 4|
3| 23l7] 93N, site-specific PEGylationo] A}&-5 3 Q).
] N-terminus amine$] reductive alkylation® A+ Z 739
A methoxy PEGS}e] At o3 435 (15-17), PEG
2 shunhg g de] HAPoEn iAo HES
A 24S A% F At 28y AARAY reductive
alkylation ¥2 Ao whgo] o]Folx FAA, uut
<% PEG, multi-PEGylates 5 2322 A A3 34 &4
o A4 FAL FRE 3= FAH] gATs-2D.

2 dApd e interferon  a-2a2]  N-terminal mono-
PEGylation2- $]3} ‘solid-phase PEGylation’-& 4338k o
714 AA GdiAS o] emBLA | FEAA Y. BA45E
PEG #AEL W& pHO YA %M N-terminal a
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e ol A PEGylation®| 1z, we}A ‘solid-phase PEGylation’©]
2 F2rh o] FAL N-terminal mono-PEGylates] ]84
Qe FEE YeERdT Y3te PEGylate™S &S A
FHeE Eadd 4 Ivh22, 23). Edman degradation,
trypsin-digested peptide mapping, MALDI-TOF$} #-& thoFsh
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E A3 A" rhIFN-a-2a= 384 #H¥"E o3
MC106D) 0. 2R E] A AL (F)=4x R&DIAM &
(50 mM acetate buffer, pH 4.09] 2.0 mg/mL)%] el A
Boltt. #As PEGE (F)Autel oA Fhstgon, %
T EAFe]l 5 kD, 10 kD, 20 kD (314 9 = 50002
mPEG-aldehydeE  A}8-3}%t}. PEGylation ®WHg o]&%
sodium phosphate, ¥UA 2 Al2-¥ sodium cyanoborohydride
(NaBH;CN) ® 7]g} AJekS Sigma-Aldrich (St. Louis, USA)
Aol A Fek ). Solid-phase PEGylation 2738 &4 83}
71 938 AFE" CM-Sepharose?} SP-Sepharose= Amersham
Bioscience (Uppsala, Sweden)Aloll A Fuftgict. ohad A eke
$13t Bradford dye$} SDS-PAGE A)2+2 Bio-Rad (USA)A}Y
A FAEETE SPRE AMR3H7] 9E CM5S H-S Biacore
(Uppsala, Sweden)Aloll A Ful3lgch.  Gel permentation
chromatographyol] A}-8-% Superose 12HR 10/30% 2-DEEZ 9
gt Ettan IPGphor IEF system® Amersham Bioscience
(Uppsala, Sweden)Atoll A Fojj &} th.

o off 1% FIU
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mPEG aldehydes§ 0|83t f=$ QIE{H B-gni-2a9|
1A PEGylation

IFN 489 1 mL 2 mgmL, pH 40)& 01 M SPB
(sodium phosphate buffer, pH 4.0)2 H¥L
CM-Sepharose B3 (bed volume 1 mL)o} 1 mL/min®o & F
Adste] CM-Sepharoseo]| FHAZATH FUT HHE 6 CV
(column volume)g 1 mL/min® 2 &0 v] AFH IFN
AH3gh o]F IFN the] & H]go] 2089 PEG &
(aldehyde mPEG, NaBH;CN 25 mM) 15 mL& #4|35}
10 mLE& WA AY Wi FYste ZY UlFe 24
PEG &9 Ao = gt5o] & 5 001 mL/min® = 120
b WEEAIZT o] WY WH 10 CVE 4y YEREE
# 3ol n] B¢-¥ PEGE AoJU3 05 ml/min §&£02
1 M NaCle] &-§-% SPBZ 0.1 MEE 0.6 M7}%| 358 =
o §&AIAY. 85F MEL Bradford assayE F A
PEGylation &5 A3tAT 858 EFELS GPC (bed
volume 25 mL)E %3] BA3}9ch

tor HT e R 12 o

N-terminus, mono-PEGylation9] 24|

GPCE %3] PEGylation &9 22985 A5
A 5 A MALDITOF MSZ ZAZFEHS E A
PEGylate®] #A#g Z=A3 Yt MZL narrow GELoader
tip (Eppendorf, Germany)S ©]-§3}4] Poros R2 resin® 2 ¢
S A A3IHch. PEGylate solution 1 pL$} matrix solution
(sinapinic acid saturated in 0.1% TFA: acetonitrile, 7:3) 1 pL
S M3, Y] 1 yLE MALDI target plated] F3tt
Positive ionization modeol]A]2] mass spectra= Burker
Ultraflex instrument (Burker Daltonik, Germany)ol| 725}
a1, 7MEASE 25 kvoli AR N, lasere= 337 nm, 39
ns T3 o] Y TH20).

F WA dAZ native 12T mono-PEGylate= tryptic
digestion® 2 88 21T}k, N-terminus-& ¥ 33} peptide 2 H
(1313.6 Da)<- database & £-3) 8213} 1L, tryptic digest 3} native
IFN 9] mass spectraS 8913}, v}lx] 9k 0 Z N-terminal A} E-&
3913} Edman degradation ©]-83}e} FDNB (i-fluoro-2,
4-dinitrobenzene)ol] 2] 3t peptide 23 ¥ 37} oA &= A
S 12 ZH Nterminal -7} FAHAFE IAY F
=

30, i

RP-HPLCE 0|88 &= 24

RP-HPLC C4 (Phenomenex, California, CA, USA) Z& o
& PEGylated] $52 BEA3I9T H¥wrE 100% DDW
(distilled deionized water)d] 0.1% TFAE A}43}3 238y
+ 80% acetonitrileo]] 0.1% TFA (trifluoracetic acid)E A&
AT AlE 20 ULE AF WE FSI8t 107 Ft B3
HAHE EHY FY3 502 608 T £3H{H 9 ¥
0] 0%9)A 100%7} 5l 2Ao® &394

Far UV CD (circular dichroism) 24

PEGylationo] 93t 13} @ 23} 7z #3lE B3/ ¢
3 Far-UV CD spectropolarimeter (Jasco, model J-715)Z A}
#3549tk CD A9 EYL 190250 nmo| 1 excitation 7
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2 200-230 nmo] 1t} Path length= 0.5 mmo]]t}.

BHiol3{A Ttel HAEIEN BN

Futoleis 97 XS MDBK (Madin-Datby Bovine
Kidney) AlZ7} VSV (Vesicular Stomatitis Virus)o] z+&®
¥ #F IFN (100 IUmL)o| o8 Q&3 HEE 7|20z
gto] ZPA|Z (IFN, mono-PEGylated IFNs)ol| ols) ) Z7}
Hpolgj ol Ags] HEF =2 Fa) 3 ot =3
SFATH2S, 26). HANHEA L AR 3 AEHE T
& 34 (product no. 211002, R&D systems, Minnesota,
USA)e} 314l (IFN, PEGylated IFNs) 7+e] Z3e 23
CM5 chipe] “43% SPR (Biacore 3000, Biacore AB,
Uppsala, Sweden)E ©] &3t 335k 3 Edd A
£ 1438leln IdJoE PEGylated IFNS &3 Z0) control
%1 unmodified IFN3} ®|w &}l SPR 7]&d] 7|4k =
in vitro immunoassayv= WWH-SAle] A Y HRE

A F3FL YrH27-29).

Fetaaof i YYD 2= oFHN BN

IFN PEGylate®] serumof]A] 2] <+ A 3} trypsin QFAA
€ S8 vungozA kg er Hrisigdtt GPCE
o]-83te] AAH IFN PEGylate® FE %2 39t} Trypsin
(Promega, Wisconsin, USA)2 50 mM ammonium bicarbonate
W3 (pH 7.8)o] 100 mg/mLz A&33F Tt Trypsint)
IFN9] A7 H]go] 11 300] Y2 7Axd IFN EX IFN
PEGylateo]] trypsin -89-S FQ38tgth 37C dLzoA 12
AZE HEAIFT 308 9E A2E HE3 sampled
20% TFA (trifluoroacetic acid)Z 50 uL #H7}3sfe] ¥I28 4
A AT}, o]F RP-HPLCE 534 IFNo] duts|o] Zo]
BT FE peak ¥019] MHE 2R3 17 WIEHT A
HEote] WEEE 42 T3] aypsind] hE AL
Hlastgh 5 AL 50T A dude] WA So
SHE F¥E w340 oMo FFE Wl E3
7F8E A ThH(30).

of
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dn 3 1

1A PEGylation® =#H

Resin#} pHe]| -2 PEGylation & W3} pH 3.0,3.5,4.0 71
2 I 4.59) 4 2] CM-Sepharose?} SP-Sepharose & ©]-23F 43S
ol A7530tk.  CM-Sepharose, pH 4.0014 714 =g
PEGylation <°&-0] YEpyith o]} 22 Z oA gl g thn
PEG ¥ 5% 10, 20. 30, 408) 2 W37 1 B-9A) 5 A
10,20, 40 mM 2 ¥ 3} A] 7] A PEGS] & H] &3} Ao th &
IEFES ATAAL Ho £ UEd F dE 2de
NaBH:CN %= 20 mM, T 2 v v 208} & 2] PEG F = ¢t}

1|4, mono-PEGylate2| &2

Fig. 12 CM-Sepharose column® ZHE 4o I Z2vE 13
o]t} PEGylated IFN-& & W %) peakoll 4] 0.2-0.3 M NaCl =%
X &&=, vurSE native IFNS ¥ WA peak?l
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0.3-0.4 M NaCl Fx oA &2} PEGylated IFNo] H A
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A EAFE 5455 ), PEGylation ¥H-§-of o3 pI g}
o WA sk B R 2713 AT Fig. 2. BUE pl gk
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Figure 1. Elution chromatogram from the CM-Sepharose. The column was
eluted by feeding the SPB containing 1 M NaCl at 0.5 mL/min by applying
a salt gradient from 0.1 M to 0.6 M NaCl for 35 min.

pl

Figure 2. Two dimensional electrophoresis of the mono-PEGylated IFNs
with 5, 10, and 20 kD mPEG aldehydes.
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F peak Ato]E £E]7} 9E 8 0 2 IFNT} PEGylated IFN
o] &8 FEo|t}h o] RS GPC (Superose 12 HR)S ©]
&3 ¥2)3 AL Fig 3.914 B2t} Mono-PEGylate (5 kD
mPEG aldehyde A}-§)9} 1) =21 € IFN2 5% Zo)9) & &
A Zroll o3l sl £ @ 4 Atk 1 Lo}r) Fig. 4% 10
kD3} 20 kD] PEGE 2 42| ¥ PEGylateE 0] 42t 2@ &
HAF2 gtk o] R GPC7} U3 PEGylate S A=v] %8
g 2el g olghe A A A £ Fig. 5t native IFN}
mono-PEGylate7} C4 resing A}-4-3F RP-HPLCE Rzd s #
< HojF ) of 7] mono-PEGylate7} native IENX T} T & 7]
£ 25 72 PEGylationd] 93] W9 AdAo] Z713HS
H o). Circular dichloism #43-& mono-PEGylation®] ]3] 2
A7 234 W e R FEg
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Figure 3. Resolution of the PEGylation mixture by GPC (Superose 12HR

10/30). The column was eluted isocratically by 0.1 M SPB (pH 4.0) at 0.4
mL/min.
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Figure 4. GPC chromatogram fo;ﬁ he g'{'licg‘l)lo-PEGylates with various MW
PEGs.
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£ lysine #7]E-& reductive alkylation 24 (-2 pH)oll )3}
w80l 015 9ITH12). £, ol lysine )5 o] A P
o 71 WAL Mg Aol ZOIEHE FE ATHII). 4
A, g do) ) o) FA3 ol PEG BRES] w3
A% Y7} Aol Hlete] 2ol STk

Z 0] Hl-24-& solid-phase PEGylation®] £ & +&37 &
A7t At 5, 10, 20 kD PEG9] mono-PEGylate9] & & z+2}
62, 58, 51%2 oh(m|ukg-¥ IFNE ¢f 32%th). Liquid-
phase PEGylation®] 7-¢- PEG tf ¥ A o] H] o] @& H¢
multi-PEGylate H T} mono-PEGylateo] 29t x| g, PEG ] &9
A 2] H]g-0] 5 o]Ao] 'Y multi-PEGylate’} &2 3] F7}3}<
mono-PEGylateE 3| 43t=t] %2 EAHo] ¢lti(data not
shown). ¥4, solid-phase PEGylation& n]y+-g-# IFN-E Fig. 1
oA BoF= A 55t AAE & 5 ok PEGY] B4
go] F7hgtel met g o] Fashe 94U 2 CM-Sepharose
resin®] microporeo] A 9] 71aletA ¢l wkel 7} 91 7] W Eo)etn
Hddn

Solid-phase PEGylation 3% o] liquid-phase PEGylation 373
o Hig FHoze APY L uE, EEE AA ¥
PEGylates #2] & 93t W x| TR o] Folgte 3, 1
g g F P A gAY AFeIES AAY ¢
Ak Aol Aot

%
0.00069
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Figure 5. RP-HPLC (C4) separation of the native and mono-
PEGylated IFNs.

mono-PEGylated IFN2| 4 E35N g4 HHN

PEGylation $9] dlze] WESH 42 7rA3r)
g A 9lom, PEGY EA#Ee] Z/1E4E g4
gttt ol IFNe g AFAME 2 Higo| #F
=} 5, 10, 20 kD2l PEG$} mono-PEGylated® IFN¢] g}
ulol e A& 242t native PEGS] ¢F 70.6%, 55.3%, 21.3%
Aok IEN 44 2 =2 Cys 29 - Asp 359} Phe
123 - Trp 14028 H % o] rH(14). N-terminus7} 47} 2]
24 FHE%H "oy AETH 48 Ja= 3
A 7] W&, JEGE A4 & £4L PEGylatono
ERE g g g o3 JAE 4+ AT9ED.

PEGylates®] W34 FA-FY whso o3 74
Aoz ZA39Y. 5, 10, 20 kD PEG$} mono-PEGylated ¥
IFN9] HHuk-gAe 217t native IENS] oF 48%, 23%, 15%

-}
b Ho Rl
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Figure 6. Mass spectra of the peptide fragment containing N-terminus ((a) native IFN, (b) 5 kD mono-PEGylated IFN, (c) 10 kD

mono-PEGylated IFN, (d) 20 kD mono-PEGylated IFN).
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Figure 7. Time course profiles of trypsin digestion of native (@) and
mono-PEGlated (lll) IFNs.
2 Z2Sch £3 PEGS AFHo] -39 whes
#ahe ey 27 BAo) BaHT, 1 %L PEG
A vt o)de AT} FUdAT. YwrHo
=

dd ZE FAY epitope 9= Leu 30 - lle 534}0] 4]
= 370 sitesE o] Foi ok LA Qlride, 17).
epitope §-917} N-terminus$} ZHs) 7] w) &) PEG
ol )3 PEGylates] a}4-3+¢l whgo] @e ofgke
T Aog gorEg,

Moy O 30 by M
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Figure 8. Thermal stability of the native (W) and the modified IFNs
conjugated by 5 kD PEG (O) and 20 kD PEG (@).

mono-PEGylate2| 9| E0|M E4

PEGylate2] digest mass spectra® H-E] N-terminus ¥ 92 £
33k peptide Aol ALt A=A #1319 31, PEG A wf £
S7He Aol W E A2 peak/} A7 AL Blsdot
(24). Fig. 6& HAWG7|E F el peptide o) Aak
(1313 kD)¢] Z@ ¥ PEG £AFNE ZV1EE BdFt} o
Z 3= PEGY} N-terminuso] 2@ E S-S HolFEth 181
Edman degradationo] 2] $F N-terminal sequencing- 4 cycle 0] 3
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% N-terminus7} A@HA F5S RAE Jvhstdd 4%
o2 HAY amine2 FDNB (1-fluoro-2,4-dinitrobenzene)ol] 2]
g peptide ATE "rolEtta ¢ A 7] WEo| PEGH}
N-terminusol] 22 A0 2 Aa ).

mono- PEGylated IFNS} OtH YN 24

U RE] FAME oo A S Hol ) 3 A] G d F
3 Faol 93 whg o2 AEEE Ao FA3| 74
=) A 9H(14, 17), $2 A 4F0] ¢rA & PEGylationol] 2|3} =LA
F4d 4 Utk £ AF X< in vitrod]| A trypsin A 3H& 24
3}t © 2 A mono-PEGylated] S+ A &3-S ettt =418
PEG7} trypsinol o3 HTe walstwAl, native IFNZ}
mono-PEGylated IFN9] &9 A7tg Esj&=rt dbz(17).
o] Mgl 13 ¥hE x4 o] A&AA 13 ¥hE S 24 (k)
g 73 AAAN FHaTE AFHOE ARSI Fig. 7
£ 5 kD PEGE ©] 43t mono-PEGylated] ¥Hg S Ab (k)7
0.82 x 107 min" o] A1 0.50 x 10” min' & 74 3-& B2t} o
©] zto] & &34 PEGylated IFN©] & o]l FHHUE
By B EL 3 Ao FHEE 3T F A
# 3L PEGS| ¥A#Fo] AAFE o] Afe tlS AF o2
o &3t}

Mono-PEGylate®] & S+ A 342 50T WAL &
$to 2 2239t} Fig. 80| A] B.5-0] native IFN-S 1005 1} of]
F 73 WA= 8 mono-PEGylatet= 2408 5-¢F #lAdo] o
oA &S5 E 4 ok 4 3E PEGE hydrophobic X8
Aol A T A B4} Abo] o] ApA Q1 A&-& Wl et} 83
HE & WASTH32). 298k, 3 typsingt & A
N-terminus mono-PEGylationd)| 23] & A 3}4 Z7}3ic}.

o &
ok 1

2 o

g U BA 94 9T wdUye BaE 9,
thIFN-a-2a&  N-terminus®] @-0}¥17]o] mPEG aldehydeS
solid-phase PEGylation A|71T}. CM-Sepharose$} 22 ¢fol& W
=27t 14 ARAAE AF-HTE Mono-PEGylatex 9Fo]&
W& A unmodified YA HFHo] &EHct Site-
specific PEGylation} mono-PEGylated] 27} 3 ©Alel 34
07 AojAttE= ZL solid-phase PEGylation] ©]3-& Sy 3]
ZFtt. 9x] Eo)Ae peptide digestd] Z% E43 Edman
degradationg ©]-83 N-terminal sequencingo] ]3] 213t
Mono PEGylaie= Sitolels 347 WgARe] B2 hehy
T, 74 AxE A¥EE mPEGY £x1Fd] ulg 3t} Trypsin
AFAF 2% ¢HAL mono-PEGylationd] 8] FEdAA
A=t} Solid-phase PEGylations 53] o] A4} wk$of A
e = e AEA B 9, X ks E A4, £ uksE
AA 34 59 93s SEL & AV 2HY solid-phase
PEGylation®] A1 A4 kol Hlwstel Be %¢ PEGE
A8t grhe e JjAdE ool gtk

)3
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AXY G vho| 2 oloF S AT ARANTY A1EAD)
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