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Abstract — Bioprocessing technologies utilizing ‘biorecognition’ between a solid matrix and a protein is being widely
experimented as a means to replacing the conventional, solution-based technology. Frequently the matrices are chro-
matographic resins with specific functional groups exposed outside. Since the reactions of and interactions with the proteins
occur as they are attached to the solid matrix, this ‘solid-phase’ processing has distinct advantages over the solution-phase
technology. Solid-phase refolding of inclusion body proteins uses ion exchange resins to adsorb denaturant-dissolved
inclusion body. As the denaturant is slowly removed from the micromoiety around the protein, it is refolded into a
native, three-dimensional structure. Once the refolding is complete, the folded protein can be eluted by a conventional
elution technique such as the salt-gradient. This concept was successfully extended to ‘EBA (expanded bed adsorption)-
mediated refolding,” in which the denaturant-dissolved inclusion body in whole cell homogenate is adsorbed to a
Streamline resin while cell debris and other impurity proteins are removed by the EBA action. The adsorbed protein
follows the same refolding steps. This solid-phase refolding process shows the potential to improve the refolding yield,
reduce the number of processing steps and the processing volume and time, and thus improve the overall process
economics significantly. In this paper, the experimental results of the solid-phase refolding technology applied to several

biopharmaceutical proteins of various types are presented.

Key words: Solid-phase Refolding, Inclusion Body, Biopharmaceutics, Packed Bed Adsorption Chromatography, Expanded

Bed Adsorption Chromatography

Case 1. 9X|AF Z§HE!: rhGHZ} rhIFN-a
LA B

Az T o] FAE U] 3 (overexpression)y> S5 U]
A (inclusion body) FEIZ YER|H o) 5 J&3} 33417 12
AEE A7 o] AzF iz ABilel] glo] 71 Fagh WA
9] spolth. WzAl= il E84<] 3% FHE olF 1 glo
o W o] Az TR xgtetal 9lar, 38 Aol
densedt cytoplasmic granule® RITh 7 A 7] o] 3]
TEEAIE kO cytoplasm WjellA] T Ae] vhe gl Q1
&l B 3ech= Azt AuiE oo 1].

Al Yjel] E3E YEAE e A4S 7F nativest ©
WAL AN 382 2o Tl g gl Aol wat ok
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ARbA o ® de] 2ol= A 34E SAISPA Fig. 13 22 Al
Z 3 T AARYE E3) JZAES pellet FEHE A=t} ©] pellet
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HE B84 DS random coil® 33t} a37gel 2rol=
WA A 2= 8 M ureal} 6 M guanidine-HCI(Gu-HCl) Z-& 73t
chaotropes, B+ SDS(sodium dodecyl sulfate)?Z-> Alx Ed A7}
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Fig. 1. Standard process to renature inclusion body protein.
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AASAA AlZHETE RIAA w25 W57 HEl g4, F4, F4
o] F}(diafiltration), &% column 5-& °o]&3t}. &3] A
A TR O] Hu| S-S 4] S8l 2 TS ATE, ClE &
iz o] s 1 = WAL T 9 T, Al TRt o
< %, pH, &%, AHE 842 redox potential, {3 31
7HAe] JEF so] mE oo} it

73] GAOIA cysteine 7] A10]2] misfolding®} o]of] 71213
izl S8 Alzbet TAlE At SAAS] P 2aF B
21 o)de] A mbgoa ket A7 w2 1Ak bSO R 4
A 3] WA AR 21S 24d3] AAste] SAI 34
= FAasishs WHol oY) 7k Mo R AEE T gtk A
© 2 sucrosett glycerols A3 Folol] Hrshd w2 ko] AF
& 28-S FA431e 4= QloH4). HZel= ‘molecular chaperones’®]
o] go] AT Qlth o5 WAL dFor FY FA
(refolding intermediates)2} A E3lo] H)7421Q1 S &d-& oJAls}
= Ao® dHA UTHS-6]. 22t o] WS T 7HA 9] o] Q)
=l 71 F s WAl EAI5IA chaperone’s HAo] Fo] 1
7ea A = Qs AloluH7]. HZells nlel=Ad Al &4
A7 SRS Ak A3 FHE P A HAE Sole &
Ao ARETIE $HH8-12]. ¥ ATFollX= AEF interferon-«
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garom, A4 AHY TS A F FE, S UEA &8 5
B AR FHOE o] F4 T gl Fs a7t
e 3 HEE 9 vl At

2. Fj2 L HiY

2-1. PHICHHE +hGH2} rhIFN-o)
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pH 7.5y 7Ftod 291 Al2|$Hc} YA pastet= 8 M urea, 6 M Gu-
HCI, ¥5= 0.5% SDS7} 228 46 mM sodium bicarbonate buffer(pH
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J,]_ 1.5 M2 % 045], 5 }\lgoﬂk] H;Hﬁ]ﬁ_ /\]x]——‘—]_oi Ou;] SDS—E‘ hva
e A R A 04 °Colld] A LS elste] SDSE
A AAgE $ A2eM Y 3ES AR mAAle] ¢
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AlF T &3] g3llE F 0.2 pm filters ©]-8-8ko] AR & o
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e hHut vlwstict. T S-S W eo] Hxjel| ujet i
21819tH13). Fig. 2014 ®320] SDS7} 7P 8 &312 Hol:=
Ze & = UG o] A= INF-08} thGH W3EA] g-ofolx =
YA ARSI WA H]E- WellA Gu-HClo] 71 v
a0, H5 A tﬂ"ﬂ’ﬂ ureatt Gu-HCl 73-¢- AagHo] =o} Halat
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Fig. 2. Effect of denaturants on dissolution efficiency of rINF-o and
rhGH inclusion body. Washed inclusion body was placed in a
100 ml sodium bicarbonate buffer solution containing (a) 0.5%
SDS, (b) 8 M urea, and (c) 6 M Gu-HCI. The buffer pH was
9.0 (for all) and the dissolution was carried out at room tem-
perature except one buffer with Gu-HCI that was at 4 °C (d).

5 dildTste] AAsISIth SDsS] ¢ A3 el o3 oF
30%2] SDS7} A AAYS RISkt Al & gy gons
gFodow AT 7, *‘ioﬂﬂ 247M7F F9F F7)AkeE Al ZL)
o] B2 shufflings £3t 0|33} A4S F8p] $3t 5o=
SHlE FE9 thiolZ |5 Atshe FES) o]=dst Ao R Wk

9] v WA AAHE Aol §—“’]';§|]O]E1r. rhGHL} rpGHE] 7

1-4 mg/ml SEoAME et AEe] ¥rka Has s IRk
[14], YHFH 22 120 ug/ml == FH) 0.1 mg/mlS G4 9= A
o] TeZ Ho] QUeH15]. 28 o]2ldt s A FHoE
olgat7]elli= U w7] witel S7H A 27t Stk & A3
A= SDSY A3 & &2l 5 thGHE S%F 0.1 mg/mlelx]
5 mg/ml7} H =% 2735k SDS?] FEE 0.35%% LA A
AA AFE 34 T T %Eﬂ PEEE AT HgIT)

Fig. 3°14 B0l AHY 252 0.5-1.0 mg/ml(17-34 pM)2] ©+
W7 Frod = gIE Eoﬂt} 2 mg/ml oM =§0]
o] 7rA3IelEd], 0|3 B 71 Adsa-go] AslEo] &
AAZY s dAdE ZAoR §7L5]U]' sk 0.1 mg/mld W
& FEME 'Eo] w2 A H=5H A= o= A SDS
FE7F S o] Bs Jtﬂxﬂ,gi ol 33k 7 S o
As7] wEQl Ao AYZAT} Kiethaber S[16]0] sk A%
3 32 WA Fenke] JEolgtar 7HEE W 10 pM o)l
AeE AEE #%01 H 0%e°ll Fetkar Buskglet. 12
FS 7101EEA] 9k& A0 FA] Ak ero]
A EA| BlellrlE AR FES A 5 9lom] o] A
7h i 7o) S S Al whEel Z o f5Erk =, &
Wzl o] o] H|ske] SDSS| F= b A o vhod Ak 3
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Fig. 3. Effect of rhGH concentration on refolding yield. Washed rhGH
inclusion body was dissolved as described in Fig. 2. After the
dissolution, the buffer was subjected to cryoprecipitation at
4 °C for partial removal of SDS. The buffer was diluted with the
sodium bicarbonate buffer containing 0.35% SDS accordingly
to (a) 0.1, (b) 0.2, (c) 0.5, (d) 1, (e) 2, and (f) S mg/ml rhGH con-
centration. Each solution was air-oxidized at room tempera-
ture for 24 h, and then fed to IRA420 column for complete
removal of SDS. The eluates were analyzed for oxidized form
of the monomeric rhGH by RP-HPLC.
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Fig. 4. Aggregation profiles at various rhGH concentrations. Washed
rhGH inclusion body was dissolved and cryoprecipitated as
described in Fig. 2. The buffer was diluted with the sodium
bicarbonate buffer containing 0.35% SDS to 0.34 (O), 0.75 (O),
1.95 (4), and 3.5 (V) mg/ml rhGH concentration. Each solu-
tion was air-oxidized and the aggregate formation profiles
were determined by measuring the absorbance at 350 nm at
room temperature.
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Case 2. Packed bed adsorption (PBA) chromatography
E 0|Zet M4 XiEE!: EGF-angiogenin 88}

= CHHEI
s

LM 2
A AFHE
FAE A F
A o3 52 Wy
Hel AHE 382 SNS wkshiA] FEERE gz 71
Aol ggt SRE o] A dojuh, ofefl wt AHE
g°1 |- S| A| FTh18-19]. FEgh, W EIzke] A5 Ahg-S vt
F7] 98l @A FE B2 50 pg/ml o5k WAl fAl sk &
bg 34 Furt SUeka, A5 3ol A go] dEH, B
T 30AIRF o] oW 3 AlTto] AL o WS 7
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A TR BAAE Astr] 9ste] wAAk Al wg( olid-
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& AR 93] £ D AS A matrixel] FEAT F
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T AEE ot HzA Pz 2HE EGF
(epldermal growth factor)?} angiogenin®] 57]2] oju]\-iko 2 4]
% linker pentapeptidecl] 2J3l Ast 53 GMA(E5A)l AVE
AEE 38E ALl 13 AHY FE2 Hulsz)7] S8l
ESAC] 67119] lysinex} 21?1 factor Xa protease®] 212152121
tetrapeptide S tagging(6L10ESA) A1 & 1A A3 5798 4
g3lo] maktt.
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2-1. EGF-angiogenin 8%} 4 CHEZIO| WS JH

H S oJokE Az wolellA ofg] FEe] FdEiAEo]
ol-§¥ 1 Jit}. 53] g MAS ARgslo] 54 AES] receptor
o cytotoxing HAG3h= 7|&S w2 AYe)l av= Qs 2
A2 o X FHOZ 7o|E] 3L QItH23-24]. Human EGF(pl 4.5, 6
kDa)= HA|E Q21§24 A5 31[25], human angiogenin(pl
9.0, 14 kDay> SHAHIE ZANE-$ 2 AREEITH26-27]. 17141 EGFS]
B 2R 5709] obr| A (GGGGS)C = 3 linker peptide©]]
23l angiogenin®] A~ Witel] A= QIT}. EGFi= targeting marker
24 Zgslo] B4 IAEe] e It W% EGF receptorel]
Y F54 @S dgshA st g Ao] internalization™]
WA angiogenin YAEE 0] ribonucleolytic toxin® & -8
3eH26-27].

B A= EGFE codingdhs f- A2 pTE105 2 E o]
clonings}, human liver cDNA library= €] < angiogenin®] +
A plasmid pRSET Al cloningdt A3 &+ A58 ()
& o2 5E 7|5ko}l AFE-s3Ath. GNPF HlI A (glycerol 25 g/L,
casein enzymatic hydrolysate 25 g/L, MgSO,7H,0 0.224 g/L, CaCl,2H,0
0.01 g/L, FeSO,7H,0 0.0005 g/L, KH,PO, 03 /L, Na,HPO,-8H,0
0.4 g/L(NH,),HPO, 025 g/L)& AHg310] 5 L F52] 3|4 Has
E3l wjeksisitt. ¥Ha 7] (B-Braun Biotech International, Germany)
S AR AR gt wiERAe 37°C, 400 rpm, pH 7, 5
S5 1 vvimE 4181319, mid-exponential phase?lA] 1 mM
IPTGE AH8319] ESA 9 6L10ESAS] T+ 71 &3t id
S A3 e AR SigmailellA AlekFo =z RISkt
ME T+ 54354 (Ultraspec 2000, Amersham Biosciences,
Uppsala, Sweden)& A-3121 600 nmellX 2355 S7d3sto] 2%
shoich Hed FRANAL SDS-PAGESH EGF A 9
angiogenin®] &A1& ©]-8-8k western blottingsr AHE-3t] E1H3]
11, SDS-PAGE gel scanning densitometers AR&-3}1o] g vkl
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2-2. LH=ZA| Bl ! Soll S

g olS 12,000 rpmollA] 2023 AR AlZE 353t
T AR $5-99(0.1 M sodium phosphate, 20 mM EDTA, 0.1%
Tween 20, pH 7.0)8 713t § 233} 4|7](Fisher Co., U.S.A)E
AHEEto] 5 8ol 30i7t TS SFiTE. Mlzuk S 8,000
rpmOlA] 30i7F LA st A F]esitt. S5 WA
+ A2 $-4(50 mM sodium phosphate, 0.1% Tween 20, pH 7.0y
ARg3sto] 33] AlFEITE 1 5 AlHE HEAE S8 a8 M
urea, 50 mM sodium phosphate, pH 7.0y ARE-51o] 2-3f|Sic).

2-3. A& AEE S3

AV AP 918 712 o mA o] gixlel] ek g3
WA (ESA, 6L10ESA)S] Ha5-S ARSI Ul3EA)] g3l|ds o
& pH Z71(6, 7, 8, 9, 10)°lX 47F4] o] W 3<=2|(CM-, Q-, DEAE-,
Heparin-Sepharose) (Amersham Biosciences, Uppsala, Sweden)2}-2]
F2%5-8 2RI 05 mo) Bl g3l WEA 05 mgS 1 mgml

FER PR S s Asmiela A4 A0 F A5

of

F|3te] Bradford assay 'Hell 98] @i w55 S5t S
< ARt

2L o] &3t AV AT FHeAE ZEE 88
(8 M urea, 50 mM sodium phosphate, pH 7.0)y= A-5107 33 A]
21 & zA) galos Lol loadinggtoirh. 22 $HE9l o= 1)
5oy o=z Asrst dildES AAS & AL 2kFA(50 mM
sodium phosphate, pH 7.0y -3l ureas A At dzlell &
2y gl o) Adele 58k, 2 M NaClE: AHg-slo] g8t

hEs S

g

2-4. BYU=A CHEC| Y 3

SR o] 2 =757] f18lo] tRNA assay2} ELISA method
£ AFESISITE tRNA assays ST 4E reaction buffer(120 mM
HEPES, 120 mM NaCl, 0.004% BSA, pH 6.8)° &35+ 3 1.2%
yeast (RNAS} §-51ehila gafots F3t Hul=2 E38t 3 15000 g
@°celr diEest 5 Aeds F38te 260 nmelld FH=E
=48I0t} BE AkS Sigmarloll A AlokFS 1918I3iTh.
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3-1. E5AQ| B35

Azl AR T3 Bl SHINES FATs] Y5k
T8l aAPE AR SelA TR T3t 94 F shike 54
ch o] el el Hofjsh S35 3230S 3= 2ok
Fig. 50l4] ®.20] E5A 73-9- BE 73-9-0ll 40%(0.4 mg-E5A/ml-resin)
olake] W F2e5 HolFlvh TA Tl hEGFS} human
angiogenin®] pl #k0] ZHZ}F 459} 9 oPdolehe AS ardshe] o]

|

A uERE E9s E3F GRS ARgSte] pHell W FAsS =
ARSI oL -GS ] 40%S FA Y3UTH(Fig. 6). ESAE o
7 pHellX EGF$} angiogenin®] Z+z} Qo] 75515 =7] uj
ol o F572] o] 2w R E Faleo] wol waAld AHY
S

e Ag37] ofelfich.

40
30 -
3
kel
2
> 204
oy
B
a8
[o]
3
2 10
0 T T T )
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Fig. 5. Adsorption yield of ESA in different resin and pH. Q-Sepharose
(®), CM-Sepharose (@), DEAE-Sepharose (A), Heparin-
Sepharose ().
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Fig. 7. Adsorption yield of 6L10ESA in different resin and pH. Q-
Sepharose (), CM-Sepharose (@), DEAE-Sepharose (4A),
Heparin-Sepharose (H).

3-2. 6L10E5AS| &3k

E5A°] F355 A1717] 91&ll EGFe] A4 deke] 671
lysine taggingdFSITh. ©] 6L10ESAS] WEAS L33t 3 i
pH(, 7, 8, 9, 10)°14] oI 7}4] o] 2w #4=%](CM-, Q-, DEAE-,

6(’3]:

Heparin-Sepharose)©]] "?l’ F25S ARSI Fig. 7oA 9} 2ol
6L10ESAS] 52152 2.5-3.08] J=|QlT}. 53] Heparin-Sepharose

735 80% ]”/] =2 & Ko =9t} Angiogenin} Heparm
Sepharose®] 3 13} 71E2] w=EellA] sl oH28], &

TollM= ESA AAR= vHE o] u dkFA| o) Bsto] Heparm-
Sephrosec]] T $* g;l%o] 4] Q3EOH, poly-lysines: tagging 4131

B
i=l |

H

Lol T2l wlg- =ob5lth. 6L10ESA7} Heparin-Sepharose®]] T
gk 3lgleo] a4 57 }6]' Z2 poly-lysine tagging®ll 2Ja] ol
o 58S AR AR Zlo] Frgsitt. o]elgh arzte] wheh 1A
A TS 943k 217 924 Heparin-SepharoseS A 4517 E 31T}

3-3. 6L10ESA2| JTA[AF X{EE!

Heparin-Sepharoses A&t A4 AHE 34N 5 ml
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Fig. 8. Solid-phase refolding results of 6L10ESA in Heparin-Sepharose
column. (a) Heparin-Sepharose chromatogram. (b) SDS-PAGE
result of Heparin-Sepharose chromatogram (Lane 1: Size marker,
Lane 2: solubilized IB, Lane 3: 3 min, Lane 4: 10 min, Lane 5:
13 min, Lane 6: 14.5 min, Lane 7: 52 min).

TS

y|o] 28-S ARE3lo] fallE 6L10ESA WA Q] Hof] S22
AFsI3AtE. 1.0 mg/ml F52] 6L10ESA WEA 318 2 ml/min
o] fHow FHFs W Ao ©F 50 mg FETt F2 ] @3l
1 ml & Ho S22 10 mg oIStk Hol 212 oF 20% H =7t
7] 37g0lM 7P a8 olst 85 185101 [29] 4-81E 6L10ESA
WZA(1.0 mg/ml) 10 mgS loading S}t Fig. 804 H20] 1.5 M
NaCloll ] Szghdo] §&59l o, 8l58-2 oF 64%3it}. o=
ESA HEZAE 34 e FAE o8-8t AP A3 34l <
3 AIAZ1 Aol vk oF 158 = @ Flo]th(Table 1).
ol AV ARE 2] 77 poly-lysine tagging®] o] 2
shel Axfet g 4 Qlok. 3k, BAS A3 A BE 304K
2] Azto] Al b, vAAE AR E A9ols I ARR F
Grzte] & 4= Q. 12]a AP AEE 3792 749 50 ugfml
oJate] FrollA A 34 sk v 1AV AR @l

Z1 1 ml & 9F 2 mg®] Thild FEoME AR Eo] 7kssto] 34

L
R

Fa e oF 4o Fe A=A 5 Sl
42 B
A2 2] m171Q1 hEGFS}F $HAISE 3AHE21Q] human angiogenin
o] geiehzQl ESA W3EA9] APde f1sto] 314 B Ao 9
g WA AR e Tl ol Ak SRR E Qs
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Table 1. Refolding yield profile of hEGF-angiogenin fusion protein

Conventional method

Solid-phase refolding

Method Dilution/dialysis /CM-Sepharose chromatography CM-Sepharose chromatography Heparin-Sepharose
Fusion protein ESA ESA 6L10E5SA 6L10E5A
Solubilized 1B mass lg lg lg lg
Refolded fusion protein mass 0.048 g 0.136 g 0337¢ 0.636 g
Refolding yield 4.8% 13.6% 33.7% 63.6%

AT o] vig- Witk AP AR a8 =o)7] sl
6719 lysine 719} factor Xa protease DEH-$]2] tetrapeptide= ESA
9] A2 Wt taggingdt 6L10ESAS A|Z8I3ATE E5Ad] B8] o]&
weAgo] ot F&go] 2531 FAEUTE 53] Heparin-
Sepharose®] 73-F- 80% ©]4e] ¥ FA¥S Rtk Heparin-
SepharoseE ARS8 AV AT 279l &J3l A9 3E 6L10ESAE
1.5 M NaClel] €417 4= 3ISIE}. ELISAS} tRNA assayol] 2]5}]
248 S319S Wl 42 50%, 60% o142 A4S JERYSIt
6L10E5SA A4l Heparin-Sepharose= ©]-&-3F 1241} A8 3788
A LS o] 7182 ESAE AP AR atolS whel] nlsl oF 154]
o] & g} oF o] FHAIRE @ U oF 4089] TN A

a7} Ut

Case 3. Expanded bed adsorption (EBA) chromatographyS
0|28t 1M[A THEIE!: rhGH-GST SEHHHE

LM B

Expanded bed adsorption(EBA) F 2v}ET8|¥])= 12|} &
Az o] S2kS WATA T (single-step process)©-FEA] FA] ol
T 7 Qe ANE FXolth. BTN A T oz
FE AEAAZ](cell debris) & 1A Eame A FAl) =
A S F& slpshe HA0R, AEAQ AR EE o1h

A3} 27] H3 AmrkEade 35E FHAA 5 G 330

e <2 ol=aglo] 7 wol o] &L protein ASF WSR2
Atolo] X3 45 218 (affinity interaction)?} A5 ez &
= AMEE I QITH31-33].

B Aol AR ZRf K el 9l Ul2A] Fel] i
= HES A Felsl WS AXA kAl EBA ZH UlellA
274 A Axiddel sl ABAA 5 s T el
%, A 309 U] BAR JEAE weatt S T EBA
ol WojlA] Y2 A2 A KAY] U 7[ef 1E &
TES EBA g0l Q3] AASa, E9 JHIS A olew
3 AYZ 2l #ixl xel] AgAATE 1§ s 79
sto] 24 Wl urea E5E 48] SR o2 APl AFE Al
71 & o Fafel gJal g7 SmAs 8= AZ

2-1. RECHIX ((hGH-GST SEICHIE!)
hGH-GST(697) o} At 712 FAE fragment)S] S-3hchla
S madhmd e AM-EAT} Urokinase EEHE$1Q) tetrapeptide™

linker sequence® ©]-5}] hGHS B4 Wt} GSTS] 24 Wtk
S sl §EH AL arabinose promotors ARESE E. coli
BL21 <ol YA Fejz B la, Sehiae] gL A4
Thinz] o] ok 40%0 AT}, Al AR Bl S Y] xFEEAS
ErsAAtelA AlgRisket,

2-2. EBA J20}E 12H|

Streamline 25 Z#-> Amersham Biosciences*(Uppsala, Sweden)
ZHE Y8 WX S 2= Streamline DEAES ARSI ©]
HZ-E- 100-300 pme] TRR¥SE YA A717F U318 278 200 pm)
U oF 1.20 g/mle]th34]. 2 Aol ARg-3t %l F3)= 50 ml
0131 AL bed2] 7} =] (settled heighty= 2F 10 cm¢| 3]t w2 &
o] GE AP 8le] @A loading® 1 ml AR G 1-10
mg/mlE H3AZCE Loading HA19] 75 &S H7] $18 bed
expansion ratiot 2, 3, 4= WA A& AT Gl vl
TGS AR S8l urea Al SOl 9] ekl 9] gF
(upflow) F4-8 80, 120, 160 c/h® TRFsHAl A&kt

2-3. EBA-mediated XIS 3 &AM

JA1E thGH =340, hGH-GST &3 d Wz 12]al g5
il HEZAS sk A tidd Al skl S Al 7
o) U AR 7 L AR R A S 38t AAIE thGH
GFAIE o851 ureacl] 23l E7 hiiElo] ixle] F3w=A],
123l ureas A7 =H AR le] HEAE ERlshs AES 6t
o). 54 7A%% rthGH 225 sodium bicarbonate buffer(46 mM,
pH 8.0)°l 1.8 mg/ml FE== E3AX $ ureaE 8 M F5E 37}
31} thGH W15 unfolding A1Z T ©] €9 20 miE 10 mlS]
Streamline DEAER. 21 E Zgol] 5:241717] S8l F=3da3ich.
A e S2he @S yrea’t $l bed volume 891 2] sodium
bicarbonate buffer(46 mM, pH 8.0)5 ©]8-5}o] Az AxE
Az

SAZ AFE WEA] 8 M ureaZ 71t 9 g
o] Zhel] S I AT ==A, B AHE EA] el g3
o] 40% Aol e AV A 7 F Ve B T
9] ks FESIITE AlHE Y3EA)] 46 mgs sodium bicarbonate
buffer(46 mM, pH 9.0)° ¥ F 8 M ureas 3715101 £-8)5151
o} g3lE WazA] §94 50 miS Streamline DEAE #7102 ¢
71 EBA Z-el] ofeflolA] 9] ko s F=laioitt. T+4o] ¢k &
SR b2 1B EHES 85 A7) 2IEl 8 M urea”} 23}
% buffer 100 ml(bed volume®] 24 H-3])S &) Wko 7 313
th Ureas AlE5to] S Fdb7] flall urea’} Q1= ELe
sodium bicarbonate buffer(46 mM, pH 9.0) 400 ml(bed volume®] 8
v F-a))E 9] ko w2 ]kl elxle AR 5 NaCle] 9

(R
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Fig. 9. Process sequence of the EBA-mediated refolding of the inclusion body protein from cell homogenate.

E 858 ¢S folA ol o E 558 Fo ARPE 040 100

SIS EAIZCh EBA @72 0.5 M NaOHSH 1.0 M NaCl 035 o

& ARkl ABAIR. _ | o
upR|Eko 2 M| RS o] 8319l o) A sl U] E 03+ \

3 25 A% A0 gEwde] Akt AN B RE § o W=

21817] $13F 201tk 8 M urea”} $H-8 €5 100 ml T 10 g2 © w e

ANZE et AIES £2E] A2 $ 1% homogenizer(model FA- % - . ,,/~1/”’/ o g

078-E1, SLM Instruments Inc., US.A )& ARE-31o] 800 7]¢tellx 29 gowy - = E’

FpAA BRIk A3 40 miy 50 ml2] Streamline DEAE 8 ol - o

ellxlo] A%l EBA ZRell ofefjell ¢ o FUARI. ¢ [

2 Atolef] ZlolAY EejA 0w Fabd A A7) LAES 8 M 005 1

urea”} 33 sodium bicarbonate buffer(46 mM, pH 9.0) 100 mi(2 0.00 +— N — 0

N _ _ 0 12 3 456 7 8 9 10 11 12 13 14 15 16 17 18
bed volume §-3))& F7IE ZEF2ER AAAZL 2L ©1F urea
AF, AR e & e 2 AL 91k 5d
_ - — Fig. 10. RP-HPLC chromatogram for the resolution of the oxidized and

B S ATt Fio 9= A ZEuli ol o ZHElo i}
sk WS /\}jg- 3tSITt. Fig. 9 A|lEZ3}sf o} © 2 FE] ] EBA the reduced forms of the fusion protein. Buffer A was 0.1% (v/v)
mediated A48 34 £AS =207 el o Q). TFA in deionized water and buffer B was 0.1% TFA in acetoni-
trile. Fifty microliter of the sample containing both oxidized and
beta-mercaptoethanol-reduced protein was injected into the C18
column (Macrosphere 300, 5 micron, 4.6x140 mm, Alltech Inc.,

Time (min)

2-4. FEE 2

e (s F) Ty AlE s ARYE) 9As U.S.A.). The gradient was 24-75% buffer B in 35 min.
g]5tar geFslsh=dl C18 Z- (Macrosphere 300, 5 micron, 4.6x140
mm, Alltech Inc., U.S.A.)°] 2l 94 HPLCE ARE3FATH35]. Stk I3 Superose 12 HR10/30 28-S AF&3F FPLC A| A~
Buffer A= 2] 5] 0.1%(v/v) trifluoroacetic acid(TFA)YE, buffer B (model P-500, Amersham Biosciences, Uppsala, Sweden)> #1733
+ 0.1%(v/v) TFAZ} $H3-% acetonitrile®| $1T}. Buffer B 555 24- T &5 U A A9} SAAY] FEE vaEAEl]
75%7HA 353t A% FalE AT Fig. 102 RP-HPLCE AR8-8F L1l A= AT
o] 9 chilldly) 4431 chidlo] Rejg-s VERITE & ) & Frdld 2R EBAC] S8l AP E Sl 24t
Sl O] == coomassie blue® 9 41%E SDS-PAGE(Mini Protein TZE H|w8}] 3 spectropolarimeter(Jasco, model J-715, Japan)
11, Bio-Rad, US.A.) getS scanning densitometerS AME-3}o] 4 2ks}a} £ AHgSIsiTh
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3-1. NI ®PH7| IHED} urea MIH Zut

EBA-mediated A AHE 42 A Axade
loading ¢ & 2% Ul 18 E558 & AANE F vl &
et shvkebd, viok Eemo] dixl oL Uil A%
Uk, = A gk} 97l 7k g AR o w SYAE B8
o] A9 g3t 55 Lt AHY TES Hol=d
7] witolct, webx 29 o] 18Ed-S 8] AASH] $s)
ot e BuE A5 Y3l % Brix® SHE 1A 5%
7F 472%<1 AETRH 100 miS Zloll F=1eka 8242 %
Brix7} 0] & w|7}4] sodium bicarbonate buffer(46 mM, pH 9.0)%. A
23, Fig. 11014 H%0] bed expansion ratio”} 32] <5114 bed
volume?] oF 2.5u19] eg-olef] ofaf ¢t F7] oF 0.5 ume] 1A A
7719] 93.4%7} 4452 02 AAE I ofi= ME A7719} i A
o] AJszrgo] HlwA okl A A 777} gl MH el 23|
B R AAE F Ue-S HolF== Aotk Bgh Fig. 1104 1.
50] urea?} 5] AA] ¢ sodium bicarbonate buffer(46 mM,
pH 9.0)Z bed volume®] 2 suH Fy 2 FJAA ureaZ 100% AAT
T ASTHE M urea”} S+l S5N2] % Brixiz 28.7%).

=t

3-2. A RHEE 28 £
gl hGHE| 75 2o =
urea®]] 9J3l E7 @iAo] 31x
H2 oF 81%e3lth. 72 W

)

B A4 urea AREOZA § M
A AR Bk AR B4 5
AR LA 253 2 A

™

oﬁﬂ__r
m10~

oF 84%°] FEEA, WA 73-5-9} 719 2lol7} QISIt. o] At
ke WEA] ol A 01—: e O 7“501 A RS A
A WA etk AES U 4 Qe =8t o] el F

o] HAF B A Q] TS G5 (
# ghelgl.

F 28%)7} H]wA] Ho]
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Fig. 11. Elution profile of the solid matters from the expanded bed. O :
sodium bicarbonate buffer only, A : the same buffer contain-
ing 8 M urea (the feed showed 28.7% Brix), [ : cell homoge-
nate containing 8 M urea (the feed showed 47.2% Brix). All
the feed was at pH 9.0. The expansion ratio was maintained at
3.0. For A and [, 100 ml was fed and the column was washed
by the buffer.
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Fig. 12. (a) UV monitoring (at 280 nm) profile of the elution from the
EBA-mediated refolding monitored, A: loading, B: chasing,
C: urea washing D: 0.2 M NaCl elution E: 0.3 M NaCl elu-
tion, F: 0.4 M NaCl elution, G: 1 M NaCl, and (b) the SDS-
PAGE of each eluate, lane 1: molecular weight markers, 2: cell
homogenate in 8 M urea, 3: loading step eluate, 4: chasing
step eluate, S: urea-wash step eluate, 6: 0.2 M NaCl eluate, 7:
0.4 M NaCl eluate.

3-3. EBA ZEMIMS| &F profile

Fig. 12(a)2} (b)l‘— Z}7F 280 nmollA] EUE]H 3 EBA-mediated
AT 34 - &% profile?} 7 WAl 8E42°] SDS PAGE A71&
LERASICE Loadmg A AlskA] x5t E}‘QEXE]L chasing t]’74]
oA -t SEH AL, UIF-E i e B wAEE
0.2 M NaCloll4, Z2chil 22 0.4 M NaClef|A] %g!zl 21@. Fig. 13(a)
< 04 M NaClelA 2] §&s FPLC°ﬂ °]8H 43 o), 544
o] o=tk seH) ¥ xﬂ 3 tes 1 - 9\/11:]. H.a]—u]-ﬂuxlv,]
fractions 5L gt FPLCE 24} AAI8ISIS o 2Rl & peaks
A HFig. 13(b)). ©] peak H %ﬂ—ﬁé 55 0.87 mg/mlo] It} EBA-
mediated A3 TS B3l =2 &Y I =2 O] thild
S DS USITk o] el <a) *—@fﬂ**g LA o A
g AT wiell SAA AATE FEARD AHY $ HAS
(post-refolding purificationys ket < = A o= 7|ciect.

spectras RO QT spectraL ﬂ"/ﬂ u—r-ﬂrxo]' , erEE Y

HA profilecH FUFHE = 4 Atk 208 nm9} 220 nmellA]
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Fig. 13. FPLC (Superose 12 HR10/30) chromatogram of: (a) the ini-
tial fraction from the 0.4 M NaCl elution, and (b) the frac-
tionated peak from (a).

10

Refolded

N \/ hGH-GST

Standard
CcD L hGH-GST

-60[

_70 | Ny | 1 | 1
190 200 220 240 260
Wavelength [nm]

Fig. 14. Far-UV CD spectra of the standard fusion protein and the
refolded protein from the EBA-mediated refolding.
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HAE = a-helix_?l 2412 3 1, 195 nmol| A BRE=
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=AM = 2 )|
A3, PBA ARrPE IS o] &5k AP A E 1231 EBA
AxrkE 7EuE o5 TAY A Z
o] &7 BEAE vlwetast sigict. weeh,
= o]ﬁ_zs]— ZH;GG]OH/‘T:‘ /q];dE LH_,_;Q] ],
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th A3 A AAAIE 7122 FaellA BAlE o] AdEE A
= "ol T Aol HolE AT R H AR oF AEA
T AT ITH36-37). YA T Hold Fhe 1= A
= f13to] AAE ] B/do] Hasl| witel], Foo] EAlsh ke
AL RG-S AL A~ 3]' T AT 7L 7] Wi
o|tH38]. ol e ER A (a)2: T+ T2 AP S (kingle) ¥ v
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Table 2. Buffer compositions used for solid-phase refolding of LK68

Buffers Compositions

Cell disruption 25 mM Tris-HCI, 50 mM NaCl, 5 mM EDTA, pH 7.5

IB washing 20 mM Tris-HCI, pH 7.5, and 50 mM deoxycholic acid,
pH7.5
Dissolution 8 M urea, 20 mM Tris-HCI, 100 mM DTT, pH 9.0

Column washing 8 M urea, 20 mM Tris-HCI, pH 9.0
Refolding 20 mM Tris-HCI, pH 9.0
Elution 20 mM Tris-HCI containing 1 M NaCl, pH 9.0

Regeneration 0.5 M NaOH, and 1.0 M NaCl

kDay> ()58 38kl e Al eIt LK68S obre]
A @] 36, 37, 38 ARSI SRS HHAA AEH
g qA G 2 3 AlE Al FREHo|h41]. A
O7d<t BL21(DE3)ell pET lla WE1E ©]-8-3}0] LK68 -3AHE 2
SIS LK682 & A&kl 5 20-30%0191.2H A FJe=
g i), HadS 10,000 pmollA 2057 YalEelsto] AlES
35t & A HHE 7bek & 2552 71(550 Sonic
Dismembrator, Fisher Co., U.S.A)Z 35t} o) 4 Ti= sl
HFER7A719] % 715 dynamic light scattering(LPA-3000, Otsuka,
Japany& o]€-sto] 4 ERIIGITh AlETRY S 10,000 rpmolA]
3007 Al = EAE Slsisiv. 3158 A CF 7% §
82 F 7 AIA s wzdolrhe 48] AHEISIt) AlAE
WA g3l S ARg3lo] 20017t Bt Gl Fic) A sk, o
A A W g8, A AEY 3 ARE e Sl F
2k 24-& Table 201 FERNISITE. A 3ol ARS-¥ A2k 25 Sigma
AKSt. Louis, MO, US.A)ZNE] Alefz o=@ 15t}

2-2. PBA-mediated JUAH[A} RHEE!

PBA A=2wFETHIE o] g5t A AHE FH A= AR
Q-Sepharose ZF# (HiTrap 1 ml, Amersham Biosciences, Uppsala,
Sweden)oll €3l NS | mUmin®] 507 FQUAA B &
2 5 K68 WEA &3l 1 ml2.5 mg/ml)yS loadingdlo] E2HA)
otk 2 AlE 5N bed volume?] 5H] F-3] 2 S]50] &2
Ao 7l0] gle AES AASII 1 F bed volume®] 20
v 23] o] A FNE FYAA uread AA18] AAT S ZH
A7) S22 LK68S] AHTS F sttt nAd AdE +
LK68S 2l5at7] Sl 65 H¥E 20-100%2 2023t A9 &
THIE o] EAIZIT

bt

2-3. EBA-mediated A4 ZHTE!

Streamline 25 2+ 7} Streamline DEAE #1731 Amersham Biosciences
AH(Uppsala, Sweden)ZF-E] -1t} 23l WI32A] 50 mg2
mg/ml)yS expansion ratio 3.02] 5.0 = ool ¢ Wgko R
A3kt 719 Q= 13 EAES 29 AlE 4E(bed volume
9] 4u)) Fa) o Z AAAFE. APaY £ (bed volume®] 108) F-])
< &850 ureaE AF3I] AT FE3IRITE LK68S 541
7171 98l "R J7A7)3 20, 40, 60, 100%S] &5 NS
dAH o7 QoA ol WEko® ZelFrt. A Ay ok
= ARgste] AAYSIITHA2). MAETRf e f WA ] A
A FU3 o7 F=85n).
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2-4. LK68 7= % SEH A

S EEE E9) DA Al s AP E) deEs 2
2)5tar =3lsl=tl C18 ZH (Jupiter 300, 5 micron, 4.6x250 mm,
Phenomenex, U.S.A.)°] 2 RP-HPLC(Gilson 302, U.S.A)E A}
L3It W3 A= EolFl 0.1%(v/v) TFAZE W3 B 80%
acetonitrile?l] 0.075%(v/v) TFAZ} = SItE %BE 10-100%714]
4553 A8 FE s F=ITh A3 LK6eS A% oF 258, F1
LK68 73-F- oF 27l 5o =M F FH TS Red 4
AATh. TAVE AER F LK68 S Y2 SHA SEE AP
$J3ll SEC-HPLC Z+4 (Biosep-SEC-S3000, 7.8x600 mm, Phenomenex,
US.A)S ARSI Loading F-3]+= 20 w/ ©]1$137, 20 mM sodium
phosphate(pH 6.8)5 0.5 ml/min2] F522 s8It

2-5. Lysine binding 585 &%t MWHE = 2%

Plasminogen®] internal fragmentol] Sgsh= thalS 33
25 ZFA H9 lysineo] AEE = i pockete] FAHTH38].
LK68 73 37 A2l lysineo] A3 5= = F-917F @Ad o]
=T 7Ts HER & Qlth= Zhs oulsith43]. A3lE LK68
9] lysine bindings 5°d3}7] $13ll lysine-Sepharose 4B(Amersham
Biosciences, Uppsala, Sweden)& ARSIATE 299 2l NaCls
AAT LK68 §E9S 50 mM phosphate ¥ (pH 7.5)% BHS
72 lysine-Sepharose®]| loadinggte] -2 LK682| & 73}
o] A3} &5 ARtSIGlaL olol A AT &S AkEStH

ek,

2-6. Disulfide bond &4 A

LK682 3709 A-== FAJH o] Jlome 97)9] olstsld oot
197119] cysteines A3t Qlch. webs] o]slAdt o] whil
Ae] kAR F25 e TS E 7 rkar delso]
A8 D59 free thiol”]2] -5 57d3}o] lysine binding A}2}
vl wako] A7) A5S -5-810 T}, Free thiol”]9] 5= Ellman
W& o]8ate] AReIiTh44]. =, iz g9 100 well 22 73
2] Ellman’s reagent(5,5'-dithio-bis(6-nitrobenzoic acid))E 4 ©] 4]
412 nmollA S718E SH % O free thiol”] 2] 5 S7d3ITh.

g

3.

!

af

x2

3-1. 4 EE S8

aAVE AR 372 e 7] 913 control Hlo[HE &
Hap] Q8 Y AR FHE TSI W AT &3l
H UEA Q2 mgmhE PFOE AFAA A 32 B4 mpHo.
24 ‘simple dilution’¥} ‘rapid dilution’ H'H-& 4831}, Simple
dilution®- -3l T gollel] A7 eFlE X8| H7leto]
HAAAIE M3 32 A]7]= Wilol, rapid dilution €8
Wy gols A7 dFHel MR ER WA SR F553]
A7) o)t 7 A BE HEH 0% 200 341E M pH
9.00114 oF 16AIF Ft A TS Faeleh. A E A= A
¥l LK682] |33t A% 5 S48kl LK68e] A=38H4] 249l
lysine binding 532 AA1¥ LK68 EFE22] lysine bindingZ
Hlwato] F71skgitt. Fig. 15014 Rizo] o|s)sld o] P+
747} lysine bindinge] F7 k= #gL wilg- WA s AATAE

|

¥
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Fig. 15. Correlation between disulfide bond formation and lysine
binding activity during refolding. H : the number of reacted
thiol groups and @ : lysine binding activity.

Table 3. LK68 refolding yield comparison

N
%

Total protein LK68
Process recovery recove
(mg/g-wet cell) (%)

Refolded LK68
Y (mg/g-wet cell)

Soluble phase refolding

Simple dilution 18 38 6.8

Rapid dilution 18 34 6.1
PBA chromatography

Inclusion body loading 16 68 10.9
EBA chromatography

Inclusion body loading 15 68 10.2

Cell homogenate loading 42 44 18.5

Hof Flvh. wbA LK689] 3xF 737F FA = Slel| nldsto]
AESH o] HAES I 5 st AHE 27] vlw A
F& HER free thiolZ]7} o8} d3te A8k, °F 100 o]
ol & 12-13719] thiolZ |7} R85} 6-77¢] ol }ebd & F4Jst
At

LK68 =4 83l ekl o3l ¢hds] &9 ] LK68
9] lysine bindingS 22} 89%2} 14%0] AT}, Bodk, f-aE LK68 Wi
ZA= 9F 12%2] lysine bindings YERYSITE. Simple dilution}
rapid dilution®] 73-%- & WA thn] A 782 247F 38%3%)
34%0]SItK(Table 3). W AT 3742 wlwA] whe: 82 ol
A 7 FT ARGl st SRl 711% 20 = A9, 45].
A% urokinase®] AV AHFAl UEA] Gole] =7t AT
ol & Y= PIRIths ok Slvh4e). w0 2 AR
TEE A7) S E UEA AH T e s v Tl s
o] Z7lo] Fashe thefst M7kl tigh JFS AR HA =
AL 35 Aot loh3s).

3-2. PBA-mediated X3! ZH

FAPY AR TS F G S ol 24 Fal gl 13t
A deellA] AE7] witol A E 7 2ol o]t 3FE
#4318t <= Q). Fig. 160 PBA-mediated 8T 37g14 2
= 2435 JERJRITE. Loading/chasing THAoIA 259 73k &
548 SHAA|E 2421 DTT(dithiothreitol)?] o2 1]},

ofd oo o

jetast Hl43H H2E 20054 48

tol

Absorbance at 280 nm
NaCl concentration (M)

Time (min)

Fig. 16. Solid-phase refolding chromatogram using packed bed adsorp-
tion chromatography. A: loading/chasing, B: urea washing C:
NaCl elution, D: regeneration step. Solid line () is UV
absorbance at 280 nm and dash line (——) is NaCl concentra-
tion for protein elution.

LK68 ©F 0.5 M NaClellx] €Z= it g ¥ LK6s &9
RP-HPLCe] &J&f 43+ A3} LK6e8 EE43 -2 A5 A7t
A HEH L o) ETE ERIs A} free thiol/ & 0.36712
RE cysteine®] o]33sbA3 Al FAPas IRl

AEE LK682] lysine binding 68%=A] 4F A58 oin]
ok 1.78) A QITH(Table 3). EGF-angiogenin 52 %219 A4
3] Aglollx] W AT A oF 5% AHE &0 ol 2w
A5 o]&st AP AT B9 oF 34%= Y=L, poly-lysine
taggingA|7] Heparin-Sepharoseel] Xt} 73S F2AI71 79~ oF
64%% FAFE QUH4A7]. wWebs] A A RlelA = o] #xl
of Boldog s FAETE AT Mo gato] o
oA go} g0 PE = A o® A7)

3-3. EBA-mediated X! 28
Fig. 179 A|3akal-S tiako 2 EBA A ZnFE 189S 0|83
TAPE AR B 85 5498 JYERISITE. Loading T
ofl A AgtehA] Hgt whilae 7y MF wAlA AAE L, o
o] B4 JdAEL 0.1-02 M NaClollA, LK682 0.3 M NaCl
oA &&=t 0.3 M NaCl §595 RP-HPLC 4] A7} LK68
EFEATY 2L ARARE) EEES ERIBIRI Fig. 182 03 M
NaClolA &% A 52 SEC-HPLCE Ag-3lo] #4131 Axjol},
AR RE LK68Y Ma o] AFARNE FUshie 7 w2
22 3719 FZZ o lrtal RIS
SZ2N Y T A2 1 g wet cell G 42 mge]™ lysine binding
= A% A 44%°) AHY TS HERISITH(Table 3). AH3
CAITE(step yieldy> PBA AFglel Hlato] wWo} F whijd
T2 PBACY H|5[o] w9 =T} EBAE ©]43t i g2
aAP AR Ay 2w AE YEAE AREERE g
% 84%2) AHY FES Ao NI A AFEA R F
o= 70%2 80 4TS TEskslv42). ol st A9E

O Of

od oY 1o fot fo
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68%] A TH(Table 3). A2 E W2EAE ARHEA 2 ARSE 75
A8 EBA AR 82 A9 #oka Mg AR div] oF
L7902 & S Bl
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