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Summary

I. Title

Molecular Recognition and Functional Regulation of Thrombopoietin
II. Objective of project

Platelet production in blood is regulated by a lineage specific humoral factor
called thrombopoietin (TPO). The three dimensional structure information of TPO is
essential for the atomic level understanding of the receptor activation mechanism as
well as for the development of the therapeutically useful molecules through the
design of the TPO variants with improved functions. We characterized receptor
binding properties of TPO via mutational alaysies. We also built a three dimensional
model of the receptor binding domain of TPO by homology modeling using its
structural similarity fo other 4-helix bundle cytokines. The model enabled us to

analyse the receptor interactions in atomic level.

III. Scope and contents

Establishment of in vitro assay of TPO activity

Mutational probing of the receptor binding

!

Homology modeling of the TPO N-terminal domain

Qverexpression of the TPO N-termiunal domain in E. coli

Overexpression of the soluble TPO receptor
IV. Results

We have developed a simple and rapid in vitro bicassay system for human
thrombopoietin  (hTPQO) * by constructing a recombinant murine BaF3 cell line
expressing hTPO receptor. The ¢DNA encoding hTPO receptor (c-Mpl) was cloned
from human erythroleukemia (HEL) cells by RT-PCR and linked to human
cytomegalovirus promoter in pcDNA3 to yield expression plasmid phTR. The

expression plasmid was stably transfected into BaF3 cells, then the resulting
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transformants were initially selected in RPMI medium containing G418 and murine
IL-3 (MullL-3) and subsequently in the medium containing hTPO. Finally, cell
proliferation of the selected clones in response to hTPO was measured using
colorimetric MTT assay. Most transformants showed a dose—dependent proliferation
in response to 0.1 to 100 ng/ml of hTPO. Among these transformants, a cell clone
(BaF-mpl), which showed a saturation density of 1.0 x 10° cells/m] and a doubling
time of 16 h in log growth phase, was chosen for the characterization of
hTPO-dependent proliferation. The BaF-mpl cells showed the specificity for TPO, but
in the absence of TPO they died within 24 h.. This assay system using BalF-mpl
cell line will be useful not only for the mutational analysis of TPO activity to study
the structure-function relationship but for the measurement of circulating TPO
activity in human serum.

The structural information of TPO would be important in understanding the
interaction of TPO with its receptor and the mechanism of the receptor activation.
However, little is known about the structural basis of the ligand-receptor interaction.
Therefore, to gain an understanding of TPO structure—function relationships, we
employed site-directed mutagenesis based on a three—dimensional model of the
amino-terminal domain of TPO and measured the specific activity of each mutein
using the in vitro bioassay system. Initiaily, for the testing of the TPO model and
also fast scan of the functionally important regions, each of 12 novel N-linked
glycosylation sites was introduced into the amino-terminal domain and the specific
bioactivities of these muteins were measured. The result showed that the four helices
and loop AB are functionally important. Next, alanine replacement scan of the
external surface residues on the helices and loop AB. Total forty four alanine
replacement muteins were prepared and tested for the specific bioactivities. The result
showed that Argl0 of helix A, Glud0 of loop AB and Lysl38 of helix D are
functionally important.

To understand the atomic level mechanism of TPO signaling we predicted the

three dimensional structure of the receptor binding domain of TPO (TPO-N).
TPO-N, which is comprised of N-terminal 150 amino acids of TPO, belongs to the
4-helical bundle cytokine family that includes human growth hormone (HGH) and
erythropoietin(EPQO). An extensive secondary structure analysis for the prediction of
accurate boundaries of the helices yielded a consistent pattern of four helices with
20-30 amino acids. Thus we concluded that TPO-N belongs to the long-chain
subfamily among the 4-helix bundle cytokines. We constructed a structural
framework by using the three dimensional structures of other members of the
subfamily for the comparative modeling of TPO-N by using program MODELLER.
First, the helical regions were built based on the seguence alignment by using the

structural framework. The connecting loops between helices were built later
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following the conformations of the loops of other members with similar loop length.
The structural integrity of the model was improved by the subsequent manual
adjustment and energy minimization.

An analysis of the final model allowed us to propose that the receptor
interaction may include the charged residues in helices A and D. This analysis was
later proved by the results of the alanine scanning mutagenesis experiment performed
by the research team IL The residues found to affect the TPO signaling by the
mutagenesis were Arg 10, Pro 42, Glu 50 and Lys 138. Pro 42 and Glu 50 of loop
AB, and Lys 138 of helix D are close to each other in the three dimensicnal
structure and form a continuous binding surface. Especially, Glu 50 and Lys 138
make a salt bridge. Arg 10 of helix A seems to be part of the binding site for the
second receptor molecule.

The wild type TPO-N, as it was, could not be expressed in E. coli due to
unidentified reasons. We therefore designed wvariants of TPO-N, based on modeling
and mutational analysis, for efficient expression inside E. coli cells. Deletion of six
N-terminal residues (SSPAPP) and substitution of suface exposed hydrophobic groups
in the model (Leu9>Asn, Leuld4>Gln, Vall4db>Thr, proline rich region in the AB
loop: Pro30>Ala, Pro34>Ala, Pro36>Ala) were very effective for increasing the
expression of TPO-N polypeptides. In addition, diminishing the clustered charges
(Argl7>Ala, Arg25>Ala, Argl36>Ala) was also effective. The best yield of 30% of
total cellular protein was achieved. For the use in the Various studies on the TPO
signaling we also overexpressed the N-terminal cytokine receptor module of the TPO
receptor, ¢c-mpl in E. coli. The Glu 26 - Ala 238 region of c—-mpl was subcloned
into an overexpression vector pRSET. The IPTG induction of the recombinant E.cohl
yielded a large amount of the TPO receptor in the form of inclusion bodies. We are
currently in the process of testing Vlarious refolding conditions to obtain a correctly

folded TPO receptor.
V. Plans for the usage of the results

The three dimensional mé)del and mutational analysis of the receptor binding
domain of TPO obtained by this study will aid in the atomic level understanding of
the biological functions of TPO and in the design of the therapeutically useful TPO
variants with improved functions for the treatment of diseases such as thrombopenia.
From the model we were able to propose residues that have potentiallto be involved
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in the interaction with the TPO receptor, c-mpl and the prediction was consistent
with the experimental results obtained an alanine scanning mutagenesis. Thus our
model has relatively high accuracy and can be used for the design of future
experiments including the development of the TPO wvariants with higher receptor
binding affinity and stability. We also overexpressed variant forms of TPO-N and
the cytokine receptor module I of the TPO receptor in the form of inclusion bodies in
E. coli and performed refolding experiments. The overexpressed TPO-N can be used
to get crystals of TPO for the determination of tertiary structure. Soluble TPO
receptor can be used for the various studies including the activity screening of the

TPQO variants.
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AlAdAHE

AEZEE FA ol AR 24 AAAASY} 400 435288
Ed ol2olATh AT} R AF B dE AXSH S8 7 A8 A%
st= AEEAY FEAS dfAs 280 ABAFAA AAde FL28 X A
g} o2rtA] GHAEE AZFelA 22 & YotE S5 AREY gL A7t
Aol gvr. ey ol @ AFAAEY QA7 AP Y giAte] @Y Ay 24
ATE obdx 7] dARZ ¥ 4 gk
ZEAXZE E79 ZYUTAZIRE Solzd AAAA o3td 7% v
dad zEAX2 FaEd oA a9 ABALS thrombopoietin (TPO) & &
F< lineage specific humoral factor o] 98] ZAHY. B dFgA= ANp
(megakaryocyte) 8] 23 FAHo R} Y5 EXAFE 7lFo] T3] H2o) vy
Z2¥ 474U Thrombopoietin (TPO)2 4=8-a1¢) oncogene AHE c-Mplate] 3o of
T F2A Q4713 @ mutagenesis B F8 B4 d2 @ AATFR BN 9
A, 2y @ o9 ALAEBAH AF5E T3 olsslm, 2 7Ive FAYYE AF
szl stgd. TPOS HAa+23 AR E TPOY FRAGe 43528 D activation?)
BEZE 715 dxsEAA os) Bt olvg 34d 7% TPO §=4 A
< % AW EAY de "EHojrh B HAFdAE 4-helix bundle cytokine
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TZ23 framwork® ¥7) 935t long-chain subfamily?] A7}A ohg g@lzase x4
Aot B AFE E8t9 dolm TPO-NY #4494 model2 TPOS 449 A5zg
S ATEANAM Y F QA W Fo o FaAATAEZ ABAZAN 540
AE oE 7HA] TPO WolAE L designdted £28% ARS L AFT ZHo|h,
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@3t 3z, AAARcR ZF oz Frist AFFHY I Toz Ry
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48 JhsAel Ak Y E A4 TPOY 2713t tidt dA4Fe) of#=
ABE 28 F1A9 AL Mzg E5 H5L stsetA & Aotk EH B dF
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H o ¢A " hematopoietic A4 213}, thrombopoietin (TPO)& megatokaryocytes
43 g 4w AAE FAAUG (1-3). TPOT 35 kDale] #4233 2e8n
=M domaing #3x g6 N-terminal domaind ¢ 160719 olv|xAitoc g FAE
4-helix bundle cytokine family2] $ memberZA] erythropoietin (EPO) # homology &
zt31 9le ¥, C-terminal domain< <4 712 N-linked glycosylation site® Zz Ut}
(4-6).  4-helix bundle F&E Z32 Qe 9WAEL human AZIZE, I
interleukine® 28 3 interferonE & T &3 B2 cytokineSdl A 2HAAT (7).

4-helix bundle cytokineE¢] helixE2 up-up-down-down #®EE 7IA olF
cytokineE & helix® Zole] Wt A71A subfamilyEE Vs F At (8). Short-chain
subfamilys ¥]23 &2 helixE(10-20 amino acids)® F719 A-strandE& T4 €@t}
Long-chain subfamily® memberEd A= helixS9 #Zol”} short-chain subfamily 2]
members Bt} 49 (20-30 amino acids), Interferon-like subfamily helix C¢} D A}o]
o] F719] helixE Zxngct Fx2H FAHdAXE ET33 4-helix bundle cytokine
family2] FAYLEL o¢ ¥& sequence homologyE Zerth 28y, o8& @A &S
A X Alele] communicationoll A 9] Q& B 2o} FAMSED, HlE exonTERE F-H3I
= Ao pol A BHE Z2 e Aoz A

4-helix bundle cytokineE-2 AHAH] FA AZHRLEL T TE£A949
oligomerization®l && 259 AZTELS ALt (9. TPOS FE#AA c-mple
extracellular region® 42t F7019] immunoglobuline-like domain® WSXWS boxE %
= F70e] cytokine receptor moduleE2 Zt3m e} (7). TPOY 3 AW #2323 ARE
c-mpl#2) atomic A EZE&3F TPOA 3 A3AEY 7]3E olsisi=d F L8 of
z TPOY 3149 Fx+ R2d v g TPOst +8ATY 45 &R digt 725
ZHeo] dFe v AAo|XW Erythropoietin (EPO) 2] homology Hl2l9}
Truncated TPOE 9 84S ulgoZ TPOY N- B¢ domainel F& At 453§
of Zojdtz (4), T 789 disulfide bond?t &Adel HxHelate Aol dEAd g (10),
o8 7] TPO AEMEFEC} MEEH As DACIT (11, 12), 3 L2 F = ol
AP A Fd| TPOZE 20 AZEeliA 30 AZHE half lifeE 717 @49 3
oy 44955 YEldA 1294 Aoz @3t ALZ BuHYn (13). o9 of
2] &3] HAZ S, E. Cwirla 5 peptide library screeningS %3] TPOol= EA 313
= A o2 olu|x4l HD9Y peptide’t TPOS 2 Az Az 4% zed
HAddo (14). ol TPOY Tx£™ A d7F &3 ¥z ¥ FEd 7+
e g AAEF J&5E XA Foh

¢
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A3FAFTNESFY s 2L A5
I. TPO A& 9T in vitro assay system &¥.
1. TPO 5849 c-Mpl9 cDNA cloning ¥ @71498 &4

TPO Y& MEFo /MEL 9% d TAZA, human erythroleukemia (HEL) A X5
258 RNAE 2] RT-PCR 71822 c-Mpl cDNAE cloning3tA T} cloning®
c-Mpl cDNA9 AA Fr7IXEE EA%Y olv] 2xgd c-Mpl¥ ®Ha{EL ZAFf (7),
N-terminal ¥$19] 77] otuliite] WAL Ao AF3 A2 USFS BAF
A (¥ 1). o] g4XE FAAGAA intron®] splicingg 3] AAHE o= (15)
PCR A9} errorgl?] BohE alternative splicing® EA Y 7lsAdo] ok mMAUE
7 /M9 v x=AEE signal peptide (aa 1-25)9} TPO binding domains (domain I: aa
37-287, and domain II: aa 288-491) Ake]ell A5t o] & A9 A= ol
NS Aoz BZEUC.

2. TPO A& AXFY /¢ E S4E84H

c-Mpl cDNAE YA E FFHAEQA pcDNA3Y 223t murine IL-3 dependent
cell line?! Ba/F3 AlE56] £ 3, G418 (1 mg/mhol Eahel wlojd szt wjk
sttt o] ZACA AR 25709 MEF FoAAM 14709 A EF o] TPOC| 7 4%
B} ol AL 2F ujxo} Asld TPOY < (0.1¢4 100 ng/ml7tA])el €]
T A% 2een (29 2), TPOZF 2 dRoM = 244 ol A 48X B o]
2 Jeldle olg F TPO digt &= 4o 2 AEXFE Zzt BaF-mpl
12} "3t o] F 2 in vitro assay °} At&3l7] 18 ¢ AXFe SAS ZASATH
H A BaF-mpl® growth rate® 33171 931 30 ng/mie] TPO FXEslelA 3L 52 )
kst A3}, 16 A3e] doubling time® 2P o® ol: murine IL-3 EAstol Mo} 2L
oAt (28 3). F AR BaF-mple] TPO S04 & Udotur] Y3, v<d FF
¢} growth factor & Y2 Wi¥s) £ A3 23 TPOd® SolH oz wrEste 443
= AL & AU (2" D.

o i wo
o ok

c

3. In vitro assay system & ¥

TPOY &4 AFPSHL BXM3r A TPO 9& AEF 9 proliferation &3 w4
o2 ZHASAME W2 MTT assavE M RB3A ). ©] assaye Aobre AHFEQ] active



Putative Ligand-binding Domain

ATG CC WS CC WS

TGA

pcDNA3 I

pcDNA3 .

Signal T—A(aa 27-33) ™™
Peptide
(2a 1-25)

25 30 35
S ¢ b v 8 L L A 8 D S E P
| AGCCAAGATGTCTCCTTGCTGGCATCAGACTCAGAGCCC

/\

Intron

3'-splice acceptor

Y77Y78Y31Y83Y00Y85Yg2Y¥81Ye6Y91Yg9N Yo7R100G100 | Gss :Consensus

CCAGCITGTITTCCTTA A G |A :ntron

CCITGCTGGCATTCA A G |a :DeletedSequence

M

g 1. At c-Mpl cDNA clone® F#%. (A) Splicinge] ¢ o &L}

F fiA 2k d7IME. (B) BdH L= splicing®] ol F7IA e vl
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3 mitochondria”} dehydrogenase 8422 yellow tetrazolium dye (MTT)E 7|32 5
o B84 formazang Ve HFE o|&% AR oy BEA formazand FI1E
W2 Hold I %2 ELISA reader® E£ARAESF A dd. AA TPO & HxF
(welld 2 x 10° cel)E Th¥® 559 TPO ¥ ¥Wo] TPOSS Y3 247 < ulgs
H 05 mg/mle] SEE2 MTT [3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium
bromide, Sigmal& ¥ 4A17F HiEsIATE (16). Hotle AT EXREH 9EA AR
< DMSOZ 39 ELISA reader (TiterTek Multiscan Plus) € %3] 540 nmolA ¢ &
F=E FAHAY. ODE FAHHE formazand] FF AXFe S vHAAS
RejFgdon (29 5) oY MTTE 05 mg/mle) $E2 4 A5 Hegych

O. TPOS F8&A ZA3N9 FAE AT 5980 ¥4

[E—

EAdU 22 9% primerel 3¢k

EPO®t homology?t 2 TPQ% N-terminal Domain oA 899 dge o4
= TG olm=dES ZASY] A AAEA BAugo) A4HAY. wHA e
He] WolE #2871 913 N-linked glycosylation sitec] EA EYHAL o] =

S T3l T84 ZdEEAE AdSHon, 2 299 olnxESL JFHOE
5171913} alanine X|& SAWH)ES AXSAY (27 6). old alanielE X FJHE
T xAtE2 TPO modeld &3] EWHA A3t AEo] B2y AGHY) ol =4

< 2% 3] JolwkE ZEE  recombinant PCRE £  site-directed
mutagenesis WA 22 vFEolx pcDNA3S = L& e o &4}

AL

2 2 % ooE S

2. ¥o] TPO9 TEAXY 2y 2 42 system &g

el TPOE W gA 47198 FEAZY 2dE A =sgr. o] el TPOS
< pcDNA3% = Sd¥EHA &AA lipofectamin® 34 COS7 AZFo] =Y T 48
Al B A AR s BEE] w2 EEFHATE 88 Wo] TPOSS AFslr 9
3 anti-human TPO polyclonal antibodyZ ©| %% sandwich ELISA(Enzyme linked
immunosorbent assay)Z $sttt o] antibodye TPO2 C-terminal Domaing &2
ANAEA7] W&ol N-terminal Domainol] ¥o|7} dojd Mol TPOLSY AFE A
sttt WA TPOCl 93§ polyclonal antibody (R&D systemn)E welld 1 xg® plated]
AR o4, 2EE ¥o] TPOS S 1110022 43te] #7148 H Biotinylation A7
anti-TPO polyclonal antibody€ 1x A& F 2% FAZ=  Streptoavidin-HRP

(Horse-radish peroxidase)& ©|&3tHth dARE A= 492 nmollH Y 358 =24



Optical Density (540 nm)

Optical Density (540 nm)

1.2

1.0

0.8

0.6

0.4

1.2

1.0

0.8

0.6

0.4

0.2

8.0 x 104 cells

4.0 x 104 cells

_ 2.0x 104 cells
/—4’& 1.0 x 10 cells

1 2 3 4 5
Incubation time (hours)

1 i i1 A

20,000 40,000 60,000 80,000
Cells/well

a3 5 MTT #lEFAZTT AEaete] 27

—-23 -



et RloB LR £Bl T=lale 0L 9 BT

¥ v v Y Y ¥ Y ¥Y.Y ¥V V99
HOOD- Y ADT I SPOATRNTIIANDTITITHOISTAI¢eNIANH
¥ ¥ ¥ T¢tT
I N N
v v o4
VIIHU90ddTITODIOTRHSOTYDTTITUEADODSTOOTITSS TOLAODT
x ¥ ¥ ¥ ¥ ¥ X T8
N N L N N
g Y v v ki v ¥ Y ¥ ¥ v ¥ Y V¥ 4
awmamm>mmqnmm>mmqHmmmmwwm_zoazzqumma>4mg
¥ ¥ ¥ * 1F
N N N N
Y¥YY ¥Y YV Y ¥ Y ¥y Y y
TAdILJdTAdHATAD IS TASHTARSAQITIASTAETAOYAEddYdS -ZHN
X x 3 X T
N N

—-24 -



ria
i
67

siich. ol W A=W Wo] TPO A Fd%o] e ErE Ad@ =
9] o}o] ELISAZ AAWYZ AUtk ELISAE A #o A4 $3H0 1 HF
Baianh 2ey SEATAN T¥HE TPOS ELISA & 2N A$ &4
TPOSH 2d) BT e naAiBAE Bolx geoz N Az 2AstE
Bleo] glth MaA ol & HeHs: ¥7bA PHo=s 2y wild type TPO & &5
gl® TPO o [AL vmated 7 By Be 2z e ol TPOSS wild type
TPOS) %3} Wlmato] AujRe FAsA, |

3 Wo] TPOS] ATZH5Y B4 B 284 P29 23

W Ao BulR Wol TPOY %<& UASA ¥FET (100 ng/m) HEFHTHE MTT
assay2 ZASE A 12712 WMol TPO (glycosylated) FolA 771x 8] &Ado] k3t
At (X 1). TPO 29L& 728 3t &do] ofstd ¥ 9E Helix A, C, D ¢ Loop
AB 2 Yeltoen ol ¥lo| TPO ¢ ¥:¥ MAXFAFaE 4Xd 2HE BogFL
otk (718 7). ol2% AFHEL TPOC Helix Dt Loop AB7F dhute] AFFHE ol F
3, Helix ASt C7F O & slue] dFRYE olEd= AL dE53HA &) o] AHREL
EU2 AExez 433 Alanine A3 mutagenesis 4823 (3 2 ¢ 28 8) Helix
Dol e 12893 lysineol, Loop ABAlA = 429 A proline® 50 A glutamic acid’} %
2% dge 3tz o9, Helix AdAE 1083 arginine®] & A te] Ao B
gde AS & F UM '

III. TPO2 N-terminal domain (TPO-N)9] t3 Homology Modeling
1. TPO TPO-N9} o|x+zx ¥ overall fold?} &

Holly-Karplus % (implemented in program QUANTA), program PHD (Profile
Network System, Heidelberg), program NNPREDICT (Neural Network Predict)& Ah-&
std  TPO-Nlresidues 1-156)2] helix®9 7ZAAS ZAASED. F7tA  secondary
structure prediction WHE oA AFeA helixZ AdEFHE <PixA] HHAES
model building®] 41 2] TPO-N2] «-helixE& AREsIHTH  A7FA 8] ©& prediction %
2o} 23 TPO-N9) secondary structure prediction®} Z3& F@& £ A7 <oF 20-25
amino acid 59 Zo]l& 2= 47/M9 e-helixS2 ZAE 4 YA o E helixsEd H
o] Bo} TPO-Ne] human growth hormone (HGH), granulocyte colony stimulating
factor (G-CSF), 28X leukemia inhibitory factor (LIF) (&3)& E¥38+ 4-helix

bundle cytokine family] long-chain subfamilyel £84 ZAY 4+ AUt
-25-



Table 1. Bioactivity of TPO muteins with novel N-linked glycosyltion

Domain Mutein Specific bioactivity (% wild type)
Helix A R17N 60.1
9-29 R17A 99.7
R25N 92
R25A 96
LoopAB D45N 45.6
30-55 D45A 90.8
W51N 14
Helix B ES6N 97.3
56-77 E56A 103
AB6N 70.2
Helix C Q92N 104.6
RO8N? 12.0
85-107 L100T 57.6
R9S8A 98.0
LoopCD 108N 113
108-126 R117N 100.5
R117A 96.9
Helix D F128N 2.8
127-147 = F128A 8.6
R136N? 0
K138T 1.8
R136A 97.5

a, double mutation (R98N: RO8N+L100T, R136N: R136N+K138T).

¥ 1. Asparagine2 2 X g3 ®¥o] TPOY 24,
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Table 2. Bioactivity of TPO muteins replaced with alanine

Domain Mutants Specific Activity (% wild type)

Helix A R10A 11.3 (%)
K14A 78.9
R17A 99.7
D18A 107.8
H20A 108.7
H23A 1031
R25A 96
Loop AB P30A 102.4
E31A 93.6
H33A 104 .4
P34A 106
P36A 106.6
T37A 106.2
P38A 88.6
P42A 6.6
D45A 90.8
F46A 24.9
S47A 110.7
ESOA 0
K52A 98.9
Helix B ES6A 93.6
ES7A 95.5
K59A 103.1
DB2A 101.9
GE5A 108.7
L6SA 104.7
E72A ?
G73A 106.7
LLoop BC R78A 96.6
Helix C R98A 98.0
Q105A 100
LoopCD R117A 96.9
H121A 102.2
K122A 101.4
D123A 90.9
Helix D 127A 94.3
F128A 8.6
F131A ?
Q132A 94.6
H133A 103.4
R136A g7.5
K138A 0
R140A 90.1
F141A 89.6

o]l TPOS &4,

¥ 2. Alanine2 & X 3t¥
_.28_
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2. TPO-N9] &At+2 modeling

%7) 29L& comparative modeling program®! MODELLER (17) o 2l3le} 5%
°ow comparative modelinge $1% structural frameworkg 27| ¢35, 334 7t
A¥H oz AAYE 4-helix bundle cytokine®] long-chain subfamily memberE Z ol A
371 o] @lFdEE AHadv. ©olE Al7FA cytokineE (human growth hormone
(HGH), 3hhr; granulocyte - colony-stimulating factor (G-CSF), 1rhg; leukemia
inhibitory factor (LIF), 1lki)¢] F+ZE& A}&3%4, program TOSS (Hendrickson, W. A,
personal communications)oll 2}&<] helixS& alignth (Z¥ 9). Secodary structure
prediction®. 2 EE 3 TPO-N9 helix ANHEL A7txe] Fxd g LeoiR
framework®l aligndld program MODELLERE <339t Program MODELLERZ
BE ¥olA modeldl M &3l disulfide bond ¥ helixAlel9] A4 loopEe ZHols 9
ZAES UFAE F UEF helixEY FAHAHA A} registerE AZAQsAH. A=
A ¥ modeldl 7]Z% sequence alignmentE AHE3t9) program MODELLERE thA] ¢
PilReoen ol FHL NFXLTE modele] Fojd wW7Hx] BB AT (Z¥ 10).

TPO-N& 4718 cysteine(residues 7, 29, 85, 151)& zx gled ARA(Cys 7)<
o} x| 2H(Cys 151) Cysteinedl 3338 EPOY cysteine residues 2 disulfide 282 8
Aggdn ruEe k. B AFdX9 modeling®d F¢ U A cysteine FI7E
(Cys 29 281 Cys 85)E MEZ 7HA fAs) 3o FHA disulfide 2¢S ¥4€ 7
TAE Z3 o] AT, Disulfide A& X9 helix® Aleol9] loopE & 49|
of 23t constrainti= & helix€9 AHFF alignmentE LHded =S FHUG
Long-chain subfamily®] member® A Hl=& loop ZolE R @A E9 loop
conformation-2 @&l TPO-N9| loopES modelingdt ot Loop ABE G-CSF ¢} LIF9
FZ2AqA HIJLeH loop CDY F&+& H|&d FolE 2= HGH, G-CSF, LIFY] 34 +
Z23E modeling 33T Program QUANTAE Al&3te] model®] AY3
conformation® FA3% ¥ program X-PLOR (18) ol 213t o] Xl minimizationg %
P A3 FL& geometryE ZE modeld ¥& F AT  Energy minimizationg 9
3+ empirical 9l X =2 A} conformation energy term, non-bonding energy term

(75 A cutoff), 28] polar hydrogens2| hydrogen bond& $ 3% electrostatic term$

_y
P

L A£39 . Energy minimizatione 300 cycle2]l Powell conjugate gradient
minimization® 3¢ +#®#ch Minimizationd 217 modele TZ 1% QUANTA
o 2ldte] A AARAeH, ZEH AFH HE2HA R main chain torsion 4k .
E & optimize ATt EAA9 minimization® optimization® 39 A& packingE

e & FZEE 22 7 AMH

(et
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HGH 1 FPTIPLSR

GCSF 9 ~————e———e LPQSF
LIF 9 NATCAIRHPCHGNLMNQ
TPO 1 - SPAPPACDLR
9
HGH 45
GCSF 49
LIF 61
TPO 47

HGH 97
GCSF 93
LIF 103

TPO 81

HGH 143
GCSF 142
LIF 147

TPO 116

2% 9. Long-chain subfamily®] @3 2% 3 TPO-N2 sequence alignment

HGH, G-CSF ZZ#]x LIFd] 3%t sequenceEg Ca -carbon superposition®] £]3}o]
aligndtAdct. o]2]3 HGH, G-CSF el LIF9 helixE°l secondary structure
analysisZ %8 92-& TPO-N9 helical A ¥ES alignstgd v, Helixol 9] BEE<] i
% alignmentt disulfide A€ &3 944E loopE Y +EZ optimizeE 13+ manual3tA
tha] 2439, Amphiphilic helixS 2 254 AHAA7EL BAMN boxP £A5S
c}.

— 32 —




2% 10. TPO-N& +%

F742] disulfide 43¥(Cys 7 : Cys 57, Cys 29 : Cys 85)3} C-terminal®] hydrophobic
patch®] amino acid side chainE2 TPO-N2| d &9 x9 ElE2ads 34 Jeugl
th. Z} helixE9] Alam £ K& 7S 2PN HAS Y} o] 2¥ L program
MOLSCRIPT (21) & AM8-3l9d Telzig
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3. Model®} A& tidt F7}

Z=239 PROCHECK (19) o ¢¥% <« ramachandran plot& 222 A3 H=
model¥] 2 E residueE©] main chain® energy@ o)Al favorabledt conformationg Zt3
J&HE & & AR Model9) integrityE B.7] $15to) TE& 38 GRASP (20) 2 AL
8t] model W%-9] cavity®& solvent accesible surface® Abg3le] AAs] 2 Fn H
% modeld] AFA coretd] I7|EL W2 F& packingd T Qo9 modele] WE
A cavity’} §l= A& & & 3AAh. TPO-NollA thEE22 454 IS 2o y
T wiAEe] =™ 11). zZ#Ed, ¥ 114 vERd uwrel Zo] TPO-N ¢}
C-terminal oA solventd *=&® 254 7159 patch7t 2HEUH  Phe 141,
Leu 144, Val 1452 o]FojX= o]&|d &FA  patch(Z® 100  TPOSY
carboxy~terminal domain (residues 157-332)0] ©]5 444 ZA7SH 43142 & 7}
Tl AFE AAPRTH

4. TPO-N3 &3 45249 £4

CytokineE ol & MEWgo2REle) NE= Yutgoz 4819 oligomerizationd]
ojste] AZ¥th  Long-chain subfamily®] @A Fox, ¥F F2E (21), prolactin
(22), G-CSF (23) = 749 $%% w84 A5 2% homodimerizationo] <&t
AEZ desHle ¥, IL-6 (24), LIF (25 $& & £4834 4S9
heterodimerizationell 9}ste} A& & HALgtt TPO N} v 2 =& homologyZE 2te
EPO9] -4 A3 HEo] 52849 homodimerizationo] £3te ¢} Fojxcts 7o) 2] A
Ak (26). G B dreMe 3% Z2E-$44, 283 EPO-5+84 453488
model2 st TPO-+&4 43x8& 243t 4x 3=2 (HGH) (21) 7 EPO
27 & FA 2& 584 B dagste F A GE siteE ZmYt 43
Z & site [2 helix D 28X loop AB9 R7] S0 93 o]FolA) 0, A5 AL site [[=
heilx A2} X71&S E&st=dl o5 W) charge® W2 Y= @A7|Soltk. HGHE
helix Al 3l Arg 165} Arg 19 ©71E 3 EPOY helix Adl Q& Arg 103 Arg 14=
site TIolY 2238 92& 92351, site Il HGHO helix Dol & Arg 167, Lys
168 223 Asp 171 # EPO9 helix Dol 3= Arg 143, Arg 150 ZZ2]3 Lys 1540] ¥
&=tk TPO-N9| helix A (site II) 3 helix D (site )] ¥ W= chargeS Wm Q=
7)1 Eo] #el ¥ helix A2l Arg 10, Lys 14, Arg 17, Asp 18, His 20, His 23,
Arg 25 332 helix D2 His 133, Arg 136, Lys 138, Arg 140°] o]d sigsit}t (23
12). o1& Z71€L HGHS EPO9 ZA9-cjM 243 ule} o] 83 Ba=nte) As
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TPO-N2] helical wheel diagram

a3 11
TPO-N9] F+Zo] 7]=&% helical wheel diagram& GCG package (Wisconsin seguence

analysis package, Genetics computer group)2 Ap&3l4
S open boxE FAIZTH of 2TYL O 29 ¥ E AdelA staFHo uf

residues <

e ol

142 131
G 146

¢ ,
138
135 145

128 127

134
139
0132 D 141
I127-G147 130
g
[M]143
137
136 G
R 144
129
L 140 133
H
G 127

[ :Hydrophobic residue

Lig=3ei=1 Hydrophobic
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TH 12, sEAed A #AE st5Aol 2 residues
(@) =84 2F site 19) BEL o2 754 Q& helix DY charge® 9 side chain

52 ARaFA Yehpgl

£ f
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(b} +&A A site 112} -2 o) & 7FsA°] A+ helix A9 chargeE ¥ side chain
% 2EagolA YeElAT.
o] 2¥L program MOLSCRIPT (21) & AF&38t9 23z
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ztgeol B2 NS ZIgoh

A II 7#2] alanine scanning mutagenesiso] ¢J3te TPOS A3ed FFEdA
4% Z4AE JeEe iy IS0 AR ol Z71E F F/AE helix A9
Arg 107 Helix D4 Lys 138¢]0 T & 7149 Z71E2 loop AB2 Pro 42 ¢ Glu 50
oltl. Loop ABOl ¥ Pro 429} Glu 502 helix Dol 91 Lys 1385 &7 A% site |
£ FA3l= Aoz BAY (I 13). FPIFAE, Glu 508 B modelolAl Lys 138%
salt bridge® AT F ZFA71E Alol9] charge HEZEL FEAYY AZFRHLEE 9
¥ F2E A7 H3tY 588 Aoz Ay,

IV. TPO-N9 Fdeoix 24

1. Human TPO cDNA<®] Cloning
PCR9] template2 A}&3} human liver cDNA libraryx Stratagene Co.ol A1 7438}

Rew, primer® A& ez wEULE =Y G7IMELS e 2y,

N-term primer : 5'-GCCAGAATGGAGCTGACTG-3' (19 mer)

C-term primer @ 5'-GATGTCGGCAGTGTCTGAG-3' (19 mer)
PCRE] ®¥F&2% 272 denaturation 94 T, annealing 55 T, reaction 72 T 2.2 3¢
o, zZ Al AL 18, 1E, 2802 d3 30 cycled BEF HFurAojd Ft
3¥ DNA fragmentE agarose gel elutiond o= Ea3lgtt. 223 DNA fragment
£ Bluescript KS(Stratagene Co.)8] Smal 99 Cloningdtx, G714 28402 A
MEE #UA3t9c A€ human TPO cDNA cloning vector® pBTPOE R %4
o Cloning¥ TPOS A71AMES 24% 23} £94d3 Ade] 2350 glden, A
A qEFAA 2769 vl = AHThr(ACC)—Ser(TCCY T} 288 o}u) e AHLeu(CTT)—
Pro(CCT)lel Wstsdl dee] cDNAE AUt o] ZRE 9714 <€ ¢ back mutation
2 MEE oA En

2. AT S £F2F human TPO ¢cDNAS] L& e Az

g gelA dEseiy TPOY Fulalzqdo] MAR Arele] N-terminal ATG
codon®} A4 AFEALEA7 doekgtel. wgty e pBTPOE templateZ23st &
AT FwZFULEEE AR T PCR WY 22 N-terminalel Neol £4777r £38 DNA
fragment’} WA EHE=ZE urstgtt N-terminald] ATG codon® Ncol 2§18 =317
AsA olul et Adot Meto 2 HYEAT Argl53E C-terminal® WHERE& TPO A
A Gl N-terminal 1537)  otvjxite] 7154 domaine® A= m,
Argl53-Argl547t E4E D 242 QAP L R domaindE HHL Azstd 99 7
Z+2] DNA fragmentE T7 promotor 27 3ol & T2 cytoplasmol Ao L& s
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29 13, &4 activationoll G &L F+ residues

Alanine scanning mutagenesisell Al receptor activation®] QL F= HezZ YEIY
residue® 2] side chaing TPO-N& = I#A JYetdiddvr. Pro 42, Asp 50, Lys
138 & 9% % binding surface® B A3 binding site [€ ¥ = ALE Bolm Arg 10
< binding site [1¢] B 2Y HoZ AZrE o

— 30—



pheriplasmell A ¢] $&d L AJE3to] SDS-PAGE A BAggeout RTE FLoi] v
#HH e I¥E bandE F3AE F YU

3. do] TPOS 2d
TPO2] AAHA L2 cDNAE 49 cytoplasm®} periplasm X 5ol A 23 5 )
At WA Moldeling A3 (28 10, 110 L3 A¥AA] A 2 AFu|FA~
dof Wo] TPOY 4 B4 AIE |, ¥ 208 FAZ &7 2L HolEL a4l
&ttt '
() N-ge2] S
TPOS] olvxit MEE AR 43 N-2d9 opvxibde) AR7F B4R
AeslA FeReE f[PAHY HFHEA ofr g A A AY mutagenesis ¥
Moz otulxit AHS AEsAct N-2ek 6709 obu]:=4HSSPAPP)o| #|AE
el flexiblity® AATIH SA] 2FAo] & prolined AMASE EFE s}
o Al AFRRYM RE 6712 olu]lxibE AASHY LM, modelling &2
#E EdE Leud>Asn (hydrophobic ©47]x4+& hydrophilic ¢tolxAte 2 X33
< XEsle] BdE 2 AAGAY refoldinge] &l mekstgnt LalnwEe
RE =& AMEE mutagenesis® FH 8 ofv|:=be GrIMEE AFEtn LHS
Al 8 T},
i) SR 259 2o 439 25492859 A7
+ Pheldl>Gln, Leuld4>Gln, Vall45>Thr
- Leut9>Ala, Ilel27>Ala
(iii) Arginine residue® 3%
Argl7, Arg25, Argl36& AlaZ A &3l LAl charge effect®s #4318
(iv) AB loop %93 proline rich region® =%
Pro30, Pro34, Pro362 Ala® X 3%
°] 2] mutagenesis gl &3 S0 cloneE S WFTAA HHAZIHE SDS-PAGE
S s

i

N-terminal proline-rich region® A2 Leu9>Asn X3S i3 cytoplasmel 4]
o] wdel] EFHo)Urt Wt 99 mutagenesis Wl & tlYE mutantESS A
a8 o o] Yol FEHoZ ¥gE Mutant TPO N-terminal domain (6-153H
otuj A F oA 714 WHFEo] AL Pheldl >GIn/Leuldd>Gin/Vallds>Thre] |
@ mutant2 Z2H4 MEY HddAdo] oF 30% Axe oz 2FHUT (ZE 14). LR
¥ TPO mutant @9 & & insolubledt ¥ ]2l inclusion body® WeErth 38 positive

charge®| L& Fol7] $1%F Argl7>Ala/Arg25>Ala (28 15), Argl36>Ala(z1® 16)2]
— 40 —



F141Q/L144Q/V145T

- IPTG + IPTG

19 14, ¥ol TPO-N2& &y 243
-IPTG: non inducton, +IPTG! induction,
T: total cell extract, S: supernatant, P: pellet
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R17A/R25A  L69A/I127A

a9 15, ¥Mo] TPO-N& &AWy 43
-IPTG: non inducton, +IPTG: induction.
T: total cell extract, S supernatant, P: pellet

...42_



L69A/I127A 1127A/R136A

+ PTG

23 16. ¥o] TPO-N¢ W& &4
-IPTG: non inducton, +IPTG: induction,
T: total cell extract, S: supernatant, P: pellet
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A= Z747F o, Leu69>Ala, llel27>Ala X8 g3 Ao B4 gt (2
3 15).

Inclusion bodySEl® 2dE TPO N-terminal domain(153 a.a.)> A 2 refolding
HAINE AT AFE FAFovt. dEddHo] 43 0F o]Fojx ok refoldingd-A 9
A7 Lol 4 o} iz 2HE mutant refoldinge] AFH o2 o]Foja £ 9]
=7t 4 4 ¢l 22y Modeling Z23E EdE 83 mutagenesisell &8 &k
FHo] HEIJPOEZE refoldingd] EA=E 28 = AS Aolrh EF ohFF mutant
zhz} )¢ 2] periplasmol A 2 &3} A, 2% reducing poteintials 2l @E %

o
g gasE A= 2L Pdol  F AL Aot

2 oo

4. GST-TPO 42 refolding ® A A

Glutathione S-transferase(GSTe] €3 a2 A2 TPOS
pGEX-4T-2(Pharmacia Biotech. Co.)9] BamHI-Xhol &4 R¢d e 2} DNA
fragmentE cloningdty &3 & @@ HMHE AzxzstIo.

[Ptad] Glutathione-S-transferase JJ| _ Thrombopoeitin(1-153a.a.) |

)
Thrombin site

GST €8¢y 2d3e 9 TPO AAHNES F2A B $YQ o] o
o] g 01} N-terminal FE 1537} o}vj=4tE A2 73 ¢ inclusion bodyE o &
2E U} GST-TPO 893 2d vector FolA TPOY 1537] ofmwite] 7
H vectord pGN6TP153& Z¥Hste] @l HAE A=t pGNETPIS3ES #3d =
23 dFE 37 CoA mEsd OD600=0.6NA [PTGE inductiondt ¢ 2A17F 30%
Fo MEE FFatt 353 AXEES BufferA(Tris-Cl 25mM, pH 88, NaCl 50mM,
EDTA ImM, 2-mercaptoethanol 1lmM)ell @Eslxn, 2594 Hg(30x x 108)ez2
AFERS BT 3 SS-34 rotordl A 10827 10,000rpme. 2 YA RS el @K
32 pelletg 05% Triton-X 100 £Ro g 2 Hojullm 7 WHoz YARgs)
pellet& 10M UreaZt & ¥ BufferAZ 315tk ool $ol2 108 23)¢ BufferA
of ¥ WA wWojma A o] 4%t & 108 ¥ 9 BufferAc] 29 FXdm 55
stk w5 @@ &S Glutathione-Agarose columnel loadingdt PBS §deo=

)

SRS S5 of GHEY refolding 23S HF g7 A&
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V. TPO9 4% A domain 2 3H

TPO receptor®] extracellular region® domain 1, 2 (GIn26-Ala283)3H& 28 A} 7]7)
2 5) oligomerE AlZststh. Oligomers T HE @¥de AAE LolstA 71 9
) A metal-affinity columng A& 4 AXE forward oligomerol] his-tage ZA713+4
£} Forward oligomers 5'-GCCGCCATATGAAAAAACATCATCATCATCATCAT
GGACAAGATGTCTCCTTGCTG-3'218 (2Z%#0°] His-tagell &9 reverse
oligomere 5-CCGCGCTCGAGTCATGCCACTGCATCTCC-3'2 A asdct.  AF}e
oligomerE& 7FA|I amino acid 26-283¢ 3Fste FH{E PCRE amplifystsith. PCR
product®t pRSET plasmid vector{Invitrogen)& <7 restriction enzyme(Nde I -Xho 1)
o8 Hsl &£ A48 E coli strain DH5a9| transformationdtith. Transformant®
2] plasmide® £2]% & restriction enzyme® Z double digestiondt] insert(800bp) S
&<l ¥ E. coli BL21(DE3)°l tansformationd} it}

Single colonyZ 5m! LB medial inoculation39 overnight%¢F 718t} 2 A& cell
€ 100ug/m! ampicilline] EEE LB media®] A4 37Tl 7189k Cell2 ODgol
A EFZE7 08 €A 718 F 05mM IPTGE induction?] 7] 3L 37Tl A 6413 A=
719tk o ZAe cell® centrifugested harvestd3tith. SDS-PAGE ZA 3 induction ¢l
% protein©] soluble®A] insoluble$t®] 2<isl7] 3 harvest® cellg 0.1mM PMSF,
100ng/ml lysozyme, 0.196 Triton-X100& X3l PBS bufferel] resuspensionsts 30T
ol 4 15%7t incubation§t ¥ ice “olA sonicationdt® ™.  Sonication ¥ SHE&
20,000gol A 20585t centrifugedted pellet?r-2 # # ). protein®l inclusion bodyZ A4
el ge] #lE P His-tage ©]-83% Ni-columno 2 ®al&) 1 liter & culture 3 ¢
2mg® % TPO receptord inclusion body® €€ 4 U (2d 17). AAL
inclusion body®l refoldings $3le pelletE 0.1IM Tris-HCl (pH 6.8), ImM EDTA,
20mM DTT, 8M urea’t £33 buffer2 resuspensiond 20,000g9l A 3087 centrifuge
e o] AAHE 2AASE B 53] washing$F- pellet& A resuspensiondtd 4T
ol A 48A17ke]4t protein solution volume® 20¥] HIZEA refolding buffer(0.1M
Tris(pH 8.3}, 0.4M L-arginine, 5mM GSH, 0.5mM GSSG, 2mM EDTA, 0.1mM PMSE)
2 dilution3}9} incubation3ttt. @A refolding® sample®] stability ¥ activity® =&
Al ot |
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a9 17. TPO F&Ae] ¢d

(o]

TPO E&A°] cytokine receptor module I € EcolielA inclusion body #ej=

overexpressiondt 1 ch.  lane 1, induction #; lane 2, induction ¥ lane 3, size marker

(KDal); lane 4, soluble fraction; lane 5, insoluble fraction
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2 AT TPOY & Z2¢8EE 534 AE in vitro assay system
& AYstgen, o8 71X Wo) TPOSE FEAZAA BAAA, BaAHAzRA glol
At BAL 2AAY. o8 T3] TPOZ} £4aste] Agd] W4 dde 3
t oo =228 TR =§ TPOY receptor binding domain (TPO-N)o} Abxb
Z& homology modeling®l 2|8} &3t receptorste} FEFEE YAFEANA £
Aagmn, TPOY £E442% domain ¥ soluble receptorE designdte] wAF o)A
inclusion body B el & overexpressiondticl. ol B A FXEY TPOY in vitro
assay system $H3% ol& o|£3% TPOY ¥ EAMez F&A e #AFH AYN&E
AREcH 223 ARE AFTJov, TPOY HAAFZHATE T3t TPOY AEF
H 71%E AAFEAA ot BAuFLTE A2AZA He4de] RE native &
et F48 7159 TPO RFREAEES dATEAdA HAJ3 e At ARAFT]
EZWoA B o dFEZE AFHE gASED. B dF9 AAE g9 =88
3 TR gHolt
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#8E Aol & dFdAME TPOY 7153 4L 3l TPOY AL 2385 9
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c-Mpl& 45288 & 7t54ol AT residueE L 42 4 AU o= TPO-N9
alanine séanning mutagenesisol] &3] Fojzt A Jxisgcr walA TPO-No| A
Al FE model2 HlEZH 2 AAEE ZL USE 4 £ o o modelS AHEEH
Z74 9 receptor binding region ® “structure?] F-Alo] F48 BREEL target 02 3}
o TPO2| receptor binding affinity @ stabilityE Eo]= tlx}¢l-& 3 ¢ Q& Zeo|u}
2 979 da=z fdeolxd TPOY receptor binding domainl N-terminal domain
(TPO-N)2} A=t 4 Tx2 modeld o4 TPOY HESH 7|52 YASTZ
M oldstn HamAAFFe XNFEAMEA 754 Qe TPOSY 71%52 native AFElR
9 NI FEASS dAYdsz Qdsed EEL F Roln. EE TPOY
receptor activation mechanismell #% AB 27l oluizg TPOS stability 2 724 =
el BT BRE AT FF ASATE 53 TPOY ZASH M7z
oA chain tracing 2 model buildingel £2 3% guidance® A& & 3 AHeo|t} A
2 @7 AM = TPO-N # c-Mpl®] cytokine receptor module [£ thaF ol A inclusion
body #HENE o3443t redox buffer system2 AFE3F refolding S A £35}o} folding
H didg dojM o]9 stabilityE ZAMsln @il dlBRdE TPO-NL AR 73
A7l AHEE R TPO 8= TPO FXEAIE 2| activity screening 9 o8 7bx &
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