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Almost all multicellular organisms arise from a single cell. After fertilization,
it gives rise to diverse cell types, and then these differentiated cells are organized into
tissues and organs of the body. In this embrvonic development, a series of sequential
embrvonic inductions, especially mesoderm and neural induction, are essential
processes for determining the individual basic body plan. Therefore, it is important
to elucidate what signaling molecules are involved in the inductions, and how these
molecules function in the cell-to-cell communication. To date, several signaling
molecules acting in early developmental processes have been identified, and among
them, bone morphogenetic protein (BMP), which is a member of the transforming
growth factor-p (TGF-B) superfamily, is thought to play a key role in early events
regulating morphogenesis. Recently, it has been demonstrated that BMP activity is '
antagonized by the factors (noggin and chordin) released by the Spemann’s organizer,
and that such an antagonism takes place by the direct binding between BMP and
noggin, or chordin. These findings revealed that such a negative regulation of BMP
activity by its binding proteins is essential for the pattern formation of early embryos.

In this thesis, he will focus on the regulatory mechanisms of BMP activity by
BMP-binding proteins at the protein level. To analyze the interaction of BMP and its
binding proteins, he introduced a surface plasmon resonance (SPR) biosensor
(BIACORE). This sensor was developed for monitoring biomolecular interactions in
real time, using non-invasive optical detection principle based on SPR, and can detect
a change in mass concentration at the sensor surface as molecules bind or dissociate.
To perform SPR analysis on BMP and its receptor, firstly, large-scale expression and
purification of xBMP-4 and its soluble form of type I receptor (sBMPR) was performed
using a silkworm expression system (chapter 2). Secondly, the interaction between
BMP-4 and follistatin, which is also expressed in the Spemann’s organizer region and
suspected to bind directly to BMP-4, was analyze'd (chapter 3). Lastly, the screening of
the BMP-4-binding protein was performed, and the interaction between BMP-4 and
isolated proteins was analyzed (chapter 4). In addition, the interaction was confirmed
by in vivo functional analysis using mRNA microinjection into early Xenopus embryos.

In chapter 2, to enable the analysis of protein-protein interactions, large scale
preparation of BMP-4 and sBMPR was performed using a silkworm expression system.
From the hemolymph recovered from infected larvae (approximately 2,000 larvae),
about 1 mg of xBMP-4 and 20 mg of sBMPR were purified by liquid chromatography.
This receptor was in monomer form in solution, and bound to BMP-4 but not to activin
A or TGF-B1. The SPR studies showed that the association rate constant (&,) of sBMPR
for BMP-4 is 3.81x10* Mg, and that the dissociation rate constant (%) is 3.69x10" s
(Kp=9.6 nM). This affinity was similar to that of the intact membrane-associated

receptor expressed on COS cells. The biological activity of expressed BMP-4 was
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confirmed by alkaline phosphatase (ALP) activity in BMP responsive cell lines such as
mouse osteoblastic cells MC3T3-E1 and bone marrow stromal cells ST2. The BMP-
binding ability of expressed sBMPR protein to BMP was confirmed as an inhibition of
BMP-induced ALP activity by the addition of sSBMPR protein.

In chapter 3, functional analyses of follistatin in the development of Xenopus
embryvos were performed using the SPR sensor and mRNA microinjection method.
Follistatin. originally known as an activin-binding protein, is localized to the
Spemann'’s organizer of early Xenopus gastrula, as well as chordin and noggin. Until
now, it is found that follistatin induces the secondary body axis when overexpressed in
ventral blastomeres, and that it can induce neural tissue in ectoderm without affecting
mesoderm. These observations indicate that follistatin might inhibit not only activin
but also BMPs through direct binding.

To examine the antagonism between follistatin and BMPs (BMP-4 or BMP-7),
mRNA microinjection assay was performed. BMP-4 and BMP-7 caused a ventralized
embryo that lacked the anterior head structure and notochord when they were dorsally
overexpressed by mRNA microinjection. These effects of BMPs were inhibited by
coinjection with follistatin mRNA. On the contrary, the dorsalizing effect of follistatin
in ventral side was repressed when coinjected with BMP mRNAs. These findings
reveal that follistatin and BMPs inhibit each other.

Next, the interactions between follistatin (FS-288) and BMPs were analyzed by
the SPR sensor. While the affinity of FS-288 for BMPs is lower than that for activin A,
the results clearly indicated that FS-288 binds to BMP-4, -7 homodimers, and BMP-4/7
heterodimer. In contrast to this, TGF-B1, other member of TGF-f superfamily, did not
bind to FS-288. The kinetic parameters for the binding of FS-288 to BMP-4 were
determined that the association rate constant (%) is 1.16x10° M's?, and that the
dissociation rate constant (k) is 2.7x10°% s! (Kp=23 nM).

The inhibitory mechanism of follistatin for BMP-4 was analyzed by the
biosensor, and compared with those of noggin and chordin. As previously reported,
noggin and chordin bind to BMP-4 directly, and inhibit the interaction between BMP-4
and its receptor. In contrast, it was suggested that follistatin, BMP-4, and sBMPR form
a trimeric complex, but follistatin does not interfere the binding of BMP-4 to sBMPR.

In chapter 4, novel BMP-4-binding proteins, which may regulate the
multipotent BMP activity in development, were screened using the SPR sensor as a
specific monitor. Two BMP-4-binding proteins were isolated from Xenopus embryo
extracts by 3-step chromatography. Comparisons of N-terminal amino acid sequences
established that they are Ep45 and lipovitellin 1. Lipovitellin 1 is an egg yolk protein
that is processed from vitellogenin, while Ep45 is a member of the serine protease
inhibitor (serpin) superfamily. Both Ep45 and vitellogenin are synthesized under
estrogen control in the liver. Because it has been reported that vitellogenin binds to

both activin and BMP, subsequent functional analyses were performed for Ep45.
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The binding specificity of Ep45 and the kinetic parameters for the binding of
Ep45 to BMP-4 were demonstrated by SPR studies. The results indicated that Ep45
can interact only with BMP-4 among TGF-B family ligands, activin A, TGF-B1, and
BMP-4 so far tested. Moreover, the kinetic parameters for the binding of Ep45 to
BMP-4 were calculated that the association rate constant (%,) and the dissociation rate
constant (k) are 1.06x10" M''s! and 1.6x10" s', respectively (X,=15.1 nM).

Next, functional analyses of Ep45 in the early development of Xenopus
embryos were performed using the SPR biosensor and mRNA microinjection. When
Ep45 mRNA was microinjected into embryos, it had no effect on the development.
Furthermore, analysis using the SPR sensor indicated that Ep45 does not inhibit the
binding of BMP-4 to sBMPR. These results suggest that Ep45 is not a negative
regulator of BMP-4, Subsequently, the influence of Ep45 on the interaction of BMP-4
with three organizer factors, which are noggin, chordin, and follistatin, was
investigated. In microinjection assay, Ep45 had no effect on dorsalization induced by
chordin or noggin, but inhibited dorsalization by follistatin in a dose-dependent
manner. This result is further supported by the SPR biosensor. Namely, Ep45 inhibited
the binding of BMP-4 to follistatin in a dose-dependent manner. Taking into
consideration their affinities to BMP-4, it is assumed that Ep45 does not interfere with
the high affinity binding of BMP to BMP-binding proteins such as noggin, or chordin.
By contrast, because Ep45 binds to BMP-4 with higher affinity than follistatin, Ep45 is
thought to be able to interfere the binding of follistatin to BMP-4. Taken together, it is
likely that Ep45 is a specific inhibitor of follistatin against BMP.

In conclusion, this work demonstrates the differentially controlled mechanisms
of regulation of BMP activity. Because the multipotent activities of polypeptide growth
factors are essential for a variety of patterning events during not only early
development, but also organogenesis, it is thought to be regulated through various
mechanisms. Accordingly, the isolation of new molecules that bind to growth factors,
and functional analyses of these growth factor-binding proteins would provide the key

to understanding the mechanisms of development.
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MHARE IR SMBEEMROMEERICE > TETT 5. TOMBMELIERIZIZME
HMBEEFIA T+ -9~ LTEELEESsH > TV E2HEN TS, 51T,
MBEEE TR ENLOEEREHETIHEAS V2B LI » THREIZHIE S L TWO
HZIELBELPIIENDDH D, BT IVAVAFN I N EMEFEEAWCHE,LS,
B¢ /%2 'E(bone morphogenetic protein, BMP) xR EDOERAMLCEFE LT, &
HRECIBITZ2HESMLOMFERFE LU TERAL TV ZEAHLMIZENTWS, L
plih s, BMPE#HOHIEHEBEOLERII OV TRTHLZRREZ D -7z,

AEFLEIFEFERICSLAOREE (X—H A4 —) KREITDBI 7+ RIF
(follistatin) M TGF-B8 X —X—7 73 —izBET 5 BMP * HEERA T2 2RE
STEVHBMEFEELEAWVWTHALIZLEZIE?, YAAZIIVHHBRIIEWT 7+ VR ¥
F i3 BMP it 2 HET 52 2R Lk, &5, BMP ¥ VX2 EMEERA R E =
Y —F Bk CHRMEKEY BMP #4572 BE2EE L. TOMERTZIT -
Tro TNHOWEIRMEARA TS 2MBEMERFOENEREREEZ Y N AMBEE
HAIZEBLBIFT A 812L > T, REEDFZHFLVOVHART 7o —F%2 L6000
EWE B, AMBICE > THELNTERILUTOBEY TH S,

(1) WA oHEERWEY VS0 ERBAIZEL > T BMP-2, BMP4 ) #> F& X
JEBEBIUHEDSEETHDY 1471 BMP Za4 (BMPRIA) ofifgst F x4 v &5
RBE XYW, b L. T/, MY VN2 EDEANAXRT 1 2 ARRE S5 X E VHBME
#r3E & BIACORE % B W T L7z,

(2) 70 X% F13 BMP s @A#. TGF-BA—R—=T7 73V —IZBTBHT727FED
AV VNRIBELTHLNTOWELN, AHFIZE>TT74 ) RYF 3 BMP 20 /A
L5222 RTEHEL, 74 )R FOMBRIIBIT 2EFRR TR 2 RITH =t iES
WIZ7 25 TR7%< BMP #lAE LR THDH I ERLE, TNITXD, §FT
BME LTWhET74 )RS F L 2MEFEEROBERL. BMP EHOBEEIZLS D
DTHdEFERIT LN,

(3) WHREFPICHFEET >HHEBMP&£&s v N2 E2BET A-HZ, BMP 2EZEIL L
72 BIACORE v v ¥ —F v 72 AW T @R EHE» > BMP #E&aFEE2 22 -2V 7
LTz iEAENEEETL2ESEMILL, a9 V2B DU &2 Epdd N % HFEE
TEAINHABEENZ L) vy FuFr7 -4 ey —HBEELD>Y V2 ETDH
By HEBHLEMZLK, Epdb 13 TGF-8 773V —DFRTHL TGF-BR7 7 FE VIZIEHE
HLWZrhs, BMP BBk Eay VS0 ETHZZ b h b, &5, Epdb
i BMP ¥ 7 4 U2 ¥ FUOEAEBAETSIE, FEMY T iz k b BMP @ N i
floTowy vy 7 ERETEHZIEREERELMIZI LI,
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MEMALE LTRHEENEFEZFRIIOVWTOERERI G LB, EEZENRIARTIC
SWTHRM UL, &512, BFEEAOBMEWRIFO—RABE LUCXOFER & 0 5 ERA
B OWTLOERAMICEIVEE L, Tho0RMIINT2HBFHZOLEBZTRINVTNILHY
BTh-7-2erb, BEEBII+SRA#BERE LTV LD0EBbNn b,

¥, BEENTERTBIEBTEINTEY., EEORNDIZODVLWILHEETHDH FEX
BNtz, BT, BRXO—EPIZEKEE TH 5 Proc. Natl. Acad. Sci., USA X ¢ J. Biol.
Chem izHKENTW3, INLDEREZ L NEBEZAQUIBRFZOEN I EATEIC
BT 5LDEHBTL T,
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