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SUMMARY

The XenopusLIM homeodomain (LIM-HD) protein, Xlim-

Ldbl molecules disturb Xlim-1/Ldbl stoichiometry.

1, is expressed in the Spemann organizer and cooperates Consistent with this, Ldbl overexpression in the dorsal

with its positive regulator, Ldb1, to activate organizer gene
expression. While this activation is presumably mediated
through Xlim-1/Ldb1 tetramer formation, the mechanisms
regulating proper Xlim-1/Ldb1l stoichiometry remains
largely unknown. We isolated the Xenopus ortholog
(XRnf12) of the RING finger protein Rnfl12/RLIM and
explored its functional interactions with Xlim-1 and Ldb1.
Although XRnfl12 functions as a E3 ubiquitin ligase for
Ldbl and causes proteasome-dependent degradation of
Ldb1, we found that co-expression of a high level of Xlim-1
suppresses Ldbl degradation by XRnf12. This suppression
requires both the LIM domains of Xlim-1 and the LIM
interaction domain of Ldbl, suggesting that Ldbl, when
bound to Xlim-1, escapes degradation by XRnfl2. We
further show that a high level of Ldbl suppresses the
organizer activity of Xlim-1/Ldbl1, suggesting that excess

marginal zone suppresses expression of several organizer
genes including postulated Xlim-1 targets, and importantly,
this suppression is rescued by co-expression of XRnfl2.
These data suggest that XRnfl2 confers proper Ldbl
protein levels and Xlim-1/Ldbl stoichiometry for their
functions in the organizer. Together with the similarity in
the expression pattern ofLdbl and XRnfl2 throughout
early embryogenesis, we propose Rnf12/RLIM as a specific
regulator of Ldbl to ensure its proper interactions with
LIM-HD proteins and possibly other Ldbl-interacting
proteins in the organizer as well as in other tissues.

Key words:XenopusSpemann organizer, Protein-protein
interactions, stoichiometry, E3 ubiquitin ligase, Proteasome, RING
finger protein, LIM homeodomain protelRnf1ZRLIM, Ldb],
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INTRODUCTION

exhibit a striking headless phenotype that lacks fore- and
midbrain structures anterior to rhombomere 3 (Shawlot and

The Spemann organizer plays a central role in body axiBehringer, 1995). IXenopusXlim-1 is also required for head
determination in vertebrates. It possesses the ability to direfrirmation (Nakano et al., 2000; Kodjabachian et al., 2001).
surrounding cells to specific characters, namely dorsalizatioAmong the targets of Xlim-1 are organizer genes such as
of mesoderm, neuralization of ectoderm, and anteroposterigoosecoid(gsg, chordin (chd), and Xotx2 the expression of
patterning of these tissues (Harland and Gerhart, 1997; Drhich is upregulated by Xlim-1 in the presence of its positive
Robertis et al., 2000; Bouwmeester, 2001), which are thoughegulator, Ldb1l (LIM-domain-binding protein 1) in animal
to be mediated by secreted antagonists for peptide growtaps (Taira et al., 1994b; Agulnick et al., 1996; Taira et al.,
factors such as BMPs, Wnts and Nodals (Harland and Gerhatt997; Mochizuki et al., 2000)chordin encodes a secreted
1997; De Robertis et al., 2000). Their gene expression BMP inhibitor (Sasai et al., 1995), which is likely to mediate
supposedly regulated by several transcriptional activatorthe neural inducing activity of Xlim-1 (Taira et al., 1994b;
expressed in the organizer region (Harland and Gerhart, 199&gulnick et al., 1996).

Bouwmeester, 2001). The LIM homeodomain (LIM-HD) LIM-HD proteins have two highly conserved LIM domains
protein Xlim-1 is one of the important transcriptional activatoran their N termini, which are involved in protein-protein
specifically expressed in the organizer (Taira et al., 1992; Taiiateractions (Dawid et al., 1998; Bach, 2000). The LIM
et al., 1994a; Taira et al., 1994b; Agulnick et al., 1996; Breedomains have been shown to produce negative regulatory
et al., 1998; Hiratani et al., 2001). In mitém1 null embryos effect on Xlim-1 (Taira et al., 1994b). Binding of cofactors to
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the LIM domains is thought to relieve the inhibitory effect of MATERIALS AND METHODS

the LIM domains on Xlim-1; Ldb1 (also known as NLI and

CLIM2) being one such factor (Agulnick et al., 1996; JurateEmbryo manipulations, preparation of synthetic mMRNAs

et al., 1996; Bach et al., 1997). Ldbl contains a selfand RNA injections

dimerization domain and a LIM interaction domain (JurataXenopus embryo manipulations were carried out as described
and Gill, 1997; Breen et al., 1998), and a dimer of Ldb1 hagliratani et al., 2001). Template preparations, and synthesis and
been shown to bridge two LIM-HD molecules (Lhx3/Lim3, quantification o]‘ mRNAs have been described (leatqnl etal., 200]7).
IsI1, or IsI3) to form a tetrameric complex (Jurata et al., 1998)FMPryos were injected with RNA (10 nl/embryo) and incubated until
In the Drosophila wing disc, overexpression of Chip, the he sibling embryos reached the appropriate stages. Animal caps were

Drosophilaortholog of Ldb1, results in wing malformation, dissected at stage 8-9, cultured, and collected at the gastrula stage for
o . ' further analysis.

which is rescued by co-expression of the LIM-HD protein _
Apterous, suggesting that the stoichiometric ratio betweefloning of XRnf12

LIM-HD and Ldb proteins is critical for LIM-HD activity PCR with degenerate primers, dF4 and dR_5, was carrie.d out using
(Fernandez-Funez et al., 1998; Milan and Cohen, 1999; veh Xenopusneurula (stage 17/18) cDNA library (J. Shinga and
Meyel et al., 1999; Rincon-Limas et al., 2000). Tetrameric¥-T-, unpublished). Primers were designed based on the conserved

; id sequences in mouse and chick Rnfl2: forward primer
complex formation has also been supported by th@&Mino ac
observations that chimeric molecules in which the§F4, 53-CA(A/G)AT(A/CIT)ATGACIGG(A/CIGIT)TT-(CIT)GG-3 (I,

dimerization domain of Chip or Ldbl is fused to a LIM Qos)n(r;{er?f,lvg’h|<;r;]go:;?/séeggdzr%?n;r:edaénsu:rl%ﬁi?esi?qcu(ir;é?_r()gAM TGFG
domain-deleted construct of Apterous or Xlim-1, respectively(c/t)TG(c/T)TC(C/T)TT-3, which corresponds to the sequence
are as functional as co-expressed wild-type molecules (MilaREQIDN of XRnf12. An amplified 0.36 kb fragment was cloned and
and Cohen, 1999; van Meyel et al., 1999; Rincon-Limas et alused as a probe to screeiXenopusgastrula cDNA library (a kind
2000; Hiratani et al., 2001). Thus, LIM-HD proteins are likelygift from B. Blumberg).

to function as a tetrameric complex with Ldb1 in a number OHE .
developmental contexts, but the mechanisms regulating tHa2Smid constructs

i ~hi ; ; - The following plasmids were constructed and used for mRNA
?;?ég?;oﬁiggwrnano between LIM-HD factor and Ldbl al’einjections. To make pCS2+XRnfl2, a PCR-amplifiddd-digested

. ... XRnfl2 coding region was subcloned intdcol-Stu-digested

In mice, a novel regulator for the LIM-HD transcription pCS2+AdN (Mochizuki et al., 2000). pCS2+XRnf12(HC>AA) was
factor Lhx3, RLIM (also referred to as Rnfl2 according tOgenerated by replacing His585 and Cys588 of XRnf12 with alanines
mouse gene nomenclature), has been isolated and shown tojagg the Gene Editor in vitro Site-Directed Mutagenesis System
capable of suppressing the activity of Lhx3 (Bach et al., 1999jPromega). pCS2+Xlim-1-FLAG contains the Xlim-1 coding region
Rnfl2 contains a RING finger motif at its C terminus, whichflanked by a single FLAG epitope tag at the C terminus. pCS2+FLAG-
is a conserved, cysteine-rich, zinc-binding motif found in a.dbl contains the Ldbl coding region downstream of a single FLAG
diverse group of ubiquitin (Ub) ligases that mediate the transfepitope tag derived from pCS2+FTn (formerly pCS2+FLAG)
of Ub to heterologous substrates (Jackson et al., 2000; Joaze{Mpchizuki et al., 2000). pCS2+FLAG-LABC was constructed by
and Weissman, 2000). Ub ligases (E3) are determinants é%placmg Ldb1 with LdbAC [formerly Ldb1(1-291)] (Hiratani et al.,

PP ; PTG 01). For pCS2+3HA-ubiquitin, a single copy of tXenopus
target specificity in the protein ubiquitination pathway. Afterubiquitin was PCR-amplified from denopusneurula cDNA library

Ub 1S trgnsferred from a Ub-aptlvatlng enzyme (E1) to a Ubé d subcloned intBcoRI-Xbal-digested pCS2+3HA, which provides
conjugating enzyme (E2), Ub ligases (E3) promotes transfer @dree N-terminal HA epitope tags. Primer sequences were based on
Ub from Ub-conjugating enzyme (E2) to a specific targethe second ubiquitin repeat sequence of pXIgC20 (Dworkin-Rastl et
protein, which is subsequently degraded by the proteasonag, 1984) and are as follows: forward,ggaatctATGCAGATCTTT-
(Hershko and Ciechanover, 1998; Glickman and CiechanoveBTAAAA-3’ (lower case, linker sequences; underline, restriction
2002). Suppression of LIM-HD factors by Rnfl2 possiblysite); reverse, 'gctctayalCTAGCCACCCCTGAGCCGAAG-3
relies on this activity, which has proved to be the case frorACS2+NLS-ABL60, pCS2+NLS-CT239, and pCS2+NLS-CT261

recent work by Ostendorff et al. (Ostendorff et al., 2002), irffontain amino acids 1-177, 239-403, and 261-403 of Xlim-1,
respectively, downstream of the SV40 large T antigen NLS

ggggg;lats% (I:fmpplrgf?gea?:h rgtleal Inlgrgg)ru%]lgs tgenflh;;ol—nle MAPKKKRKYV). pCS2+HD34 contains amino acids 178-272 of
" ) ’ lim-1. pCS2+LMO2 contains full-length mouse LMO2 amplified by

appears to be a negative regulator for LIM-HD/Ldblpcp ™ cs2+hRNF6, pCS2+hRNF13, and pCS2+hRNF38 were
complexes. _ constructed with pCS2+ by PCR amplification of the entire coding
To determine whether Rnfl2 also plays any role in theegion from cDNA clones (GenBank accession numbers: BC034688,
regulation of Xlim-1, we isolated théenopurthologXRnfl12  BC009781, and BC033786, respectively) provided by the Mammalian
and examined its functional interactions with Xlim-1 and Ldb1Gene Collection (MGC) project (NIH) through Open Biosystems.
in early Xenopusdevelopment. Developmental expressionpSP64-m (Xenopusf-globin) has been described (Krieg and
analysis of XRnfl12in comparison withXlim-1 and Ldbl  Melton, 1984). _
revealed that the three genes are co-expressed in the Spemanii'e following plasmids were used for GST pull-down assays.
organizer, raising the possibility that XRnf12 does not simplPCEXZTNEX-XRnf1AC and pGEX2TNEX-XRnfl12N  contain

: : . . : mino acids 1-283 and 282-616, respectively, of XRnfl2 in
function as a negative regulator for Xlim-1. Our blochemlcageEXZTNEX (Hiratani et al., 2001). pGEX2T-Ldb1 contains full-

and functional analyses show that XRnf12 initiates ubiquitinTength Ldbl in pGEX2T. pGEX2T-ABL60, pGEX2AC, pGEX2T-
proteasome-dependent degradation of excess Ldbl but n®239, pGEX2TaNA, and pGEX2T-Xlim-1 contain portions of
Ldb1 bound to Xlim-1 nor Xlim-1 itself, suggesting a role for xjim-1 shown in Fig. 5E in pGEX2T. pGEX2T-HD27 has been
XRnf12 in adjustment of Xlim-1/Ldb1 stoichiometry in the described previously [formerly GST/Xlim-1(HD27)] (Mochizuki et
organizer by assuring proper Ldbl expression levels. al., 2000). pSP64T-Xlim-5 was constructed as follows: the coding
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region of Xlim-5 was obtained from pBluescript-KS(+)Xlim-5 separated by SDS-PAGE, transferred to a PVDF membrane, and
plasmid (Toyama et al., 1995) Byul-Hincll digestion, and inserted visualized either by chemical luminescence using the ECL system
into end-filled Bglll site of pSP64T (Krieg and Melton, 1984). (Amersham Pharmacia) or by alkaline phosphatase staining using
pSP64T-Xlim-3 has been described previously (Yamamoto et alNBT/BCIP. Whole-mount immunostaining was done essentially as

2003). All constructs were verified by sequencing. described previously (Hiratani et al., 2001), except for the use of
) ImmunoPure Metal-Enhanced DAB Substrate Kit (Pierce) for
GST (glutathione S-transferase) pull-down assay staining. Bisection of gastrula embryos were done as described

Generation of GST fusion proteins, in vitro translation, and GST pullpreviously (Lee et al., 2001). Antibodies used are as follows: anti-

down assay were carried out as described previously (Mochizuki &L.AG (M2, Sigma), anti-HA (12CA5, Roche), aifiitubulin (clone

al., 2000; Hiratani et al., 2001), except for the use of approximateltub 2.1, Sigma), anti-Ldb1/CLIM2 (N-18, Santa Cruz), anti-Ldb1/NLI

5 pg of GST fusion proteins per assay. For in vitro translation(Jurata et al., 1996), horseradish peroxidase (HRP)-conjugated anti-

pCS2+Xlim-1 (Hiratani et al., 2001), pSP64T-Xlim-3, pSP64T-Xlim- mouse Ig antibody from sheep (Amersham Pharmacia), alkaline

5, pSP64RI-XLdbl (Agulnick et al., 1996), pCS2+Ldil phosphatase-conjugated anti-mouse 1gG antibody from goat

pCS2+XRnfl2, pCS2+hRNF6, pCS2+hRNF13 and pCS2+hRNF38romega), HRP-conjugated anti-goat IgG from donkey (Santa Cruz),

were used. and HRP-conjugated anti-rabbit Ig from donkey (Amersham
Pharmacia).

Northern blot and RT-PCR analysis

Northern blot analysis was performed using the stored original bideoimmunoprecipitation assay

from the previous study (Hikasa and Taira, 2001). A 0.36 kb PCRoimmunoprecipitation assays were done essentially as described

fragment amplified with degenerate primers dF4 and dR5, whicpreviously (Watanabe and Whitman, 1999), with slight modifications.

contained th&XRnf12Csequence, was cloned into the pT7Blue vectorCell lysates were collected as described above except for the use of

(Novagen), excised wittNdel-EccRl, gel-purified, and used as a lysis buffer [20 mM Tris-HCI (pH 8.0), 1 mM EDTA, 10% glycerol,

XRnfl2probe. RT-PCR analysis was done as described previous® mM DTT, 40ug/ml leupeptin, 2Qug/ml aprotinin, 1 mM PMSF]

(Osada et al., 2003). containing 0.1% NP-40. Equivalent amounts of lysates (1004800

o o o were incubated with fug of anti-FLAG antibody for 1 hour at 4°C,
Nuclear B-gal staining, whole-mount in situ hybridization then added with 4@l of protein G-agarose (Roche), and incubated
and sectioning for another 30 minutes at 4°C. After being washed 5 times with lysis

For lineage tracing, frgal mRNA transcribed from linearized buffer sequentially containing each of the following: (1) 0.1% NP-40,
pCS2+1f3-gal was co-injected and visualized by Red-Gal (Researck?) 0.4 M NacCl, (3) 0.5% NP-40, (4) 0.2 M NaCl and 0.25% NP-40,
Organics) staining. Whole-mount in situ hybridization was carried ouaind (5) nothing, SDS sample buffer was added and the bound proteins
as described previously (Harland, 1991; Shinga et al., 2001). Fovere eluted from beads by boiling. The eluted proteins were separated
hemisections, rehydrated embryos were embedded in 2% low mdly SDS-PAGE, followed by western analysis.

agarose in 2 PBS containing 0.3 M sucrose and 0.05% Triton X-100,

and sectioned with a razor blade before hybridization as described

previously (Lee et al., 2001). Digoxigenin-labeled antisense RNARESULTS

probes were transcribed frodlim-1 (Taira et al., 1992)gsc(Cho et

al.,, 1991) chd (Sasai et al., 1995)Xotx2 (Pannese et al., 1995), [solation and characterization of XRnf12

XgiPC(KimdeJt a"’.fgfgger(B?”""m%esmr et ?I"|l%%?FKHi To determine whether Rnf12 plays any role in regulating the
(Dirksen and Jamrich, 1992fnot(von Dassow et al., 1999iX.1 5 ivity of Xlim-1, we isolated thienopus Rnflartholog by

(Rosa, 1989) anibra (Smith et al., 1991) plasmid templates. PCR- te PCR d d b t . i
amplified template containing a T7 promoter sequence was us generate procedure and subsequent screening or a

for dkkl (Shibata et al., 2001). pBluescript-SK(-)XRnf12 and X€nopugyastrula cDNA library. We obtained a clone encoding
pBluescript-SK(-)XLdb1 (Agulnick et al., 1996) were used for& protein of 616 amino acids that shared 65% and 70%

XRnfl2andLdbl probes, respectively. identity with mouse and chick Rnf12, respectively. Based on
Albino embryos were stained slightly more intensively than usuaphylogenetic comparison with the mouse, chick, and human

for better interior staining and embedded in paraffin wax andRnfl2, and Rnfl2-related proteins such as RNF6 (data not

sectioned. Nuclei were stained with DAPI' @4diamidino-2- shown), we assume that this clone encodes Xbropus

phenylindole) as described previously (Shibata et al., 2001). ortholog of Rnf12, which we refer to as XRnf12 (Fig. 1A).

We also isolated two other genes highly relatedRnf12

Embryos were collected at the gastrula stage (stage 10.5 or 11 med XRnf12Band XRnflgC(F[g. 1A,B). XRnf12B and .
homo)g/;enized in 1Ql of homogeriqizing buffer%SO(ml\% Tris-HCI, pH) . r_n‘lZC Sh.a.fe 89% identity with each other,_ and Co.”t.a'”
8.0, 50 mM KCI, 20% glycerol, 1 mM EDTA, 1 mM EGTA, 5 mMm Similar repetitive sequences of heptamer peptide of distinct
DTT, 1 mM PMSF) per embryo (or 2-2u% per animal cap), and the sizes, the consensus of which is P-E/V-S-V-P/A-E/V. XRnf12B
supernatant was collected after centrifugation. For the dispersed ca@ind XRnf12C may either be paralogs or alleles of XRnf12
experiments, mRNA-injected embryos were cultured iR*R4g2*- because they both share 93% identity with XRnf12 outside
free Ix MBS containing 0.2% BSA and 5@/ml gentamicin sulfate  of the repetitive sequence. Because XRnfl12B and XRnf12C
in agarose-coated dishes, and vitelline membranes were removedsgjowed mMRNA  expression patterns and  activities
stage 6. Then, 5(M (final) MG-132 (Peptide Institute), or an equal jndistinguishable from XRnf12 in our studies (data not shown),
volume of DMSO for the negative control, was added to the mediuny,o omployed functional analyses that primarily used XRnf12,
and embryos were dispersed into single cells by gentle agitation. Ce ich is structurally closest to mouse RnfL2.

were collected at the gastrula stage for preparation of cell lysates. : . .
Protein concentrations of the lysates were determined by a Protein Because the N-terminal region of Rnf12 binds to both LIM-

Protein extraction

Assay kit (Bio-Rad). HD proteins and Ldb1/CLIM2 (Bach et al., 1999), we
performed GST pull-down experiments with XRnfl2,
Western blot analysis and whole-mount immunostaining XenopusLIM-HD proteins, and Ldbl. As expected, the N-

For western blotting, equivalent amounts of total proteins weréerminal region [amino acids (aa) 1-283] of XRnf12 interacted
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A

XRnfl2
XRnflZBE
XRnflzc
mRnfl2
cRnflz

XRnfl2
XRnflZB
XRnflzC
mRnfl2
cRnfl2

XRnfl2 182
XRnfl2B -PESVDEPVSVAEPVSVAEPVSVAEPESVAEPESVAASVE: VPESVFEFE FE SVPEPESVPEPESVPEPESVEEPE: PEP 279
XRnfl2C EPESVPEPESVPEPESVPEPESVPEPESVPEF AEPEPESVAASVPVPEPESIAEPESVPESES TAF‘PF“W’PF‘PR SVPEPESVPEPESVFEPESVEEP 299
mRnfl2 182
cRnfl2 182

XRnfl2 IPIATRS---A 189
XEnflZE ESVPEPESVPE PESVPEPESVPEPESVPEPESIAEPESVP----—-----VPESVFVATRFA 331
XRnfl2C ESVPEPESVPEPVSVAEPEPESVAASVPVPEPESIAEPESVPESESIAEPESVPEPESVPEPESVPEPESIAEPESVPEPESVPVPESVPESVPVATRPR 399
mRnfl2 SASARPSRAER 192

cRnfl2 SPSVROPGSER 192
XRnfl2z PAEVIV. Hmvni%mm:mmm T EG: T QVON TP 289
XRnfl2B EBVEVTV YTV SSQTVDASHT EG T QWHS IT 430
XRnf 1:28 PVEVTV, YOTVD! OHSSSQTVDASHT EG: T “JVHS ITT 5198
CRntls Svser IR — SaTeD, r 26s  Fig. 1.Characterization of
XRnf12. (A) Amino acid
XRnfl2 TVHLS S .
XRnf12B 50-STVAT SNPE SRSSSQTPOTDSPENARTTC sequence alignment of XRnf12,
XRnflz2C —! &2
kv o o XRnf12B, and XRnf12C, as
cRnfl2 IPSENAVLFSALETGPVPOARGSSETHGASESAR weII as mouse and ChiCk Rnf12.
XRnfl2 PTAVSPTARVEGEAQ - ————mmm e e NNANAEVRAPE 476 NOte the repetltlve heptamers
XRnfl2B ?P’mswﬁwmw@ ------------ NNPSAEVRAPI 617 present in XRnf12B and
XRnfl2c " PTAVSPPARVPGEVO-=—========= NNESAEVRAPI 685 .
mRnf12 SHESASVSSRIVERVESRNGRGSSGOGNSSGSSSSESPSPSSE 461 XRnfl12C. A PDZ domain-
cRnf12 s i nonvolisErou 5% pinding motif is present in the
XRnfl2 TEFVAFVETDEGSHVS TTAT 576 C terminus. NLS, nuclear
XRnfl2B AEPVAPVESDEGSNVATSAT) 717 . . . .
XRnf12C 785 localization signal; asterisks,
CRntls 252 sites of mutation in the RING
RING finger mutant XRnf12(HC>AA).
¥Rnf17p 9 DDBJ Accession Numbers are:
xenflac gz> XRnf12 (AB114039),
cRnfl2 593 C O XRnf12B (AB114040) and
— PDZ domaln- 3 g XRnf12C (AB114041).
binding motif . - (B) Schematic representation of
9 c £ § mRnf12, XRnf12, XRnf12B,
1) T T3 and XRnf12C. (C) The N-
B ~ < X J ’ )
5 - - B - terminal region (aa 1-283) of
NLS RING g. wn o u o XRnf12 interacts with LIM
mRnf12 [ [[ [ LI [ T £ 06 C O G homeodomain proteins and
Xlim-1 ; Ldbl. GST puII-dpwn assay
XRnf12 [ [T HT T TTIHH |.—|_.,. - was performed witR5S-labeled

Xlim-1, Xlim-3, Xlim-5, Ldb1
and LdbC. While GST-
XRnf12AC interacts with all of
the proteins tested, GST-
XRnf12AN shows little

?f
i
1
|
1

XRnf12B [ [TTNT [ T W
XRnt12C [ TTNT [ [T

|:| Conserved regions
B Repetitive sequence

Labiac [l W ]

interaction. GST and GST-
Ldb1 serves as negative and
positive controls, respectively.

with Xlim-1, Xlim-3, Xlim-5, and Ldbl (Fig. 1C, GST- we carried out northern analysis using a 359 base probe of
XRnfl2AC), while the C-terminal region (aa 282-616) of XRnfl2C which shares 93% and 99% identity at the nucleotide
XRnfl12 showed little or no interaction with any of them (Fig.level withXRnfl2andXRnf12B respectively, assuming that any
1C, GST-XRnfl2N). We also found that the N-terminal of the threeXRnfl2genes could be detected with this probe.
region (aa 1-291) of Ldb1 is sufficient for the interaction withTwo maternaXRnfl2transcripts of different sizes (3.0 and 3.5
XRnfl2AC (Fig. 1C, LdbA\C). Thus, XRnfl2 possesses kb) were detected at the cleavage stage (Fig. 2A). While the 3.0
characteristics similar to mouse Rnfl2 in terms of proteinkb transcript disappeared at the gastrula stage (Fig. 2A, stage
binding specificity. 11), the 3.5 kb transcript is maintained at relatively constant
levels throughout early embryogenesis, with a slight increase at
the late gastrula stage (Fig. 2A, stage 12.5). Judging from their
size differences, the 3.0 kb and 3.5 kb transcripts may represent
XRnfl2and XRnf12B/Cgenes, respectively.

Expression of XRnf12 overlaps with that of  Xlim-1
and Ldb1 in the gastrula mesoderm

To evaluate temporal expression patterns oixiRafl2genes,
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If XRnfl2 plays any role in the

A regulation of Xlim-1 or Ldb1, it should be
3 is i colocalized with Xlim-1 or Ldbl. Thus,

kb) § . e TN N 0w o o we next carried out whole-mount in situ

3 hybridization using sagittally bisected

XRnf12 embryos to compare their mRNA

expression patterns at the gastrula stage.
188 Xlim-1 mRNA was enriched in the dorsal
rRNA mesoderm, with a faint expression also
detected in the ventral mesoderm (Fig. 2B)
as reported previously (Taira et al., 1992).
XRnfl2 expression was detected in the
entire mesoderm and ectoderm (Fig. 2C),
and showed remarkable resemblance to
Ldblexpression (Fig. 2D), consistent with
the reported expression Bhfl2andLdbl
in mice (Bach et al., 1999) aridibl in
Xenopus(Agulnick et al., 1996). Taken
together, these results show that the three
mRNAs colocalize in the gastrula
mesoderm.

The similarity of XRnfl2 and Ldbl
expression at the gastrula stage led us to
further compare their expression during
embryogenesis. After the gastrula stage,
the expression of both transcripts is
gradually restricted to tissues originated
from the ectoderm, the neuroectoderm,

XRnf12

Fig. 2. Temporal and spatial expression
patterns oiXRnf12 (A) Northern analysis. The
3.5 kb transcript is expressed throughout early
embryogenesis, while the 3.0 kb transcript
disappears at stage 11. 18S rRNA stained with
ethidium bromide served as a loading control.
Numbers at the top are developmental stages.
(B-D) Overlapping expression oflim-1,
XRnfl2andLdblin the gastrula mesoderm as
revealed by whole-mount in situ hybridization
of sagittally bisected gastrula embryos (stage
10.5). Animal side is to the top, dorsal to the
right. Arrowhead, blastopore. (E-J) Co-
expression oKRnfl2andLdblin neurula and
tailbud stage embryos. Dorsal is to the top,
anterior to the left. Arrowhead indicates
profundal-trigeminal placodal area; numbers
in the bottom right of each panel are the
developmental stages. (K-P) Co-expression of
XRnfl2andLdblas revealed by cross sections
of stained tailbud embryos (stage 26). Upper,
or left, panels are bright-field images; lower, or
right, panels show DAPI stainingRnf12(E-
G,K-M) andLdb1(H-J,N-P) are similarly
expressed throughout early embryogenesis.
Turquoise staining inside of the embryos
shown in the cross sections resulted from
BCIP staining as NBT was depleted by strong
staining in the epidermis. Both genes are
expressed similarly in the neural tube along
the AP axis. ba, branchial arches; dc,
diencephalon; ey, eye; hb, hindbrain; hm, head
mesenchyme; nc, neural crest; ov, otic vesicle;
p, pronephros; pf, pronephric field; sc, spinal
cord.

Ldb1

XRnf12

Ldb1
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neural crest and epidermis (data not shown), and subseque A
to the neural tube as well as the head and the tailbud req
(Fig. 2E-J). Additional expression dfdbl is seen in the
pronephric field, and the profundal-trigeminal placodal ar
(pPrV) (Schlosser and Northcutt, 2000) at the neural groove
neural tube stages (Fig. 2H,l, arrowhead). Although not
localized,XRnf12also appears to be present in the pPrV ar

n (expt)

1
B-globin | I 144(3)
XRnf12 46 (3)
XRnf12(HC>AA) | 1] 46 (3)
I
1 1 1 1

Xlim-1+Ldb1+

(Fig. 2E,F, arrowhead). At the tailbud stage, expression of b B-globin 44(3)
genes is detected in the pronephric region and branchial ar 0% 20% 40% 60% B80% 100%
(Fig. 2G,J). Cross sections of tailbud embryos confirmed tr secondary axis formation

colocalization in the epidermis, neural crest, neural tube ¢ B C D
head mesenchyme (Fig. 2K-P). These results show that . R

expression domains oXRnf12 and Ldb1l largely overlap € /’-? ¢ € ?
throughout early embryogenesis, suggesting that the two ge c B & »F (“J:-"—'}‘H!v
may function in a common regulatory process rather tr r -—, ‘_ o (,__,

having distinct roles independent of each other (<

Discussion). Q: —» ¢ > ( =2

_ _ XRnf12(HC>AA) XRnfi2 B-globin
XRnfl2 suppresses secondary axis formation
elicited by Xlim-1/Ldb1 and antagonizes organizer Fig. 3.XRnf12 suppresses axis duplication elicited by Xlim-1/Ldb1
activity upon overexpression and antagonizes head organizer activity in a RING-dependent

Becausexlim-1, Ldb1 andXRnf12transcripts colocalize in the Manner. (A) XRnf12 blocks secondary axis formation elicited by
gastrula mesoderm, we next asked whether XRnf12 could affeé{'m'll Ldb1, whereas the RING mutant XRnf12(HC>AA) does not.

e - - P . mbryos injected with the mRNAs indicated were scored for axis
the axis-inducing activity of Xlim-1/Ldb1 (Agulnick et al., development at the tailbud stage and categorized as secondary axis

1996). As shown in Fig. SA’ CO-Eexpression .Of XRnflg mal’kedly(dark blue bars), normal (white bars), or others (hatched f3ars).
suppressed_secondary_aX|s formation elicited by XI|m-1/Ldl_) lobin serves as a negative control. n, total number of injected
while B-globin, as negative control, had no effect. Notably, poingmbryos; expt, number of independent experiments. Amounts of
mutations in the RING finger, which is supposed to abolisiinRNAs injected (ng/embryo): Xlim-1, 0.25; Ldb1, 0.5; XRnf12

its zinc binding activity (Saurin et al., 1996), almost totally constructs, 0.253-globin (coinjected), 0.23-globin (alone), 1.0.
abolished the inhibitory action of XRnfl2 (Fig. 3A, (B-D) Overexpression of XRnfl2 in the dorsal marginal zone leads
XRnf12(HC>AA)). We further examined the effect of to head defects. While XRnf12(HC>AA) has little or no effect (B),
overexpression of XRnf12 in the dorsal marginal zone. Whil&Rnf12 overexpression in the dorsal region results in reduced head
XRnf12(HC>AA) had only a small effect (9% headless orStructures (C)-globin has no effect (D). Amounts of mRNAs
cyclopic, n=118: Fig. 3B), overexpression of XRnf12 resulted'M/ected were 2.0 or 4.0 ng/embryo.

in reduced head structures (52% headless or cyclopid1;

Fig. 3C), suggesting that XRnfl12 is likely to interfere with

organizer function through RING finger-dependent activityFLAG and anti-HA antibodies. Anti-FLAG immunoblotting
This was also confirmed by downregulation of organizer geneonfirmed that co-expression of XRnfl2 results in

expression by XRnfl12 as described below. downregulation of non-ubiquitinated FLAG-Ldb1 expression
levels as expected (Fig. 4C, lower panel, lanes 6,7). While low

XRnf12 mediates ubiquitination and proteasome- amounts of ubiquitinated proteins, probably resulting from

dependent degradation of Ldb1 but not Xlim-1 intrinsic ubiquitin ligase activity, were detected by anti-HA

To examine whether specific protein degradation could accoumhmunoblotting in the absence of XRnf12 (Fig. 4C, upper
for the RING-dependent suppression by XRnfl2, we examinepanel, lane 4), strong ladder-like signals, which probably
the steady-state levels of FLAG-tagged Ldbl or Xlim-1correspond to polyubiquitin-conjugated Ldbl products,
overexpressed ventrally in the presence or absence of XRnfl&ppeared in the presence of XRnfl2 (upper panel, lane 7), in
XRnfl12 did not alter the steady-state level of Xlim-1-FLAG, contrast to the low amounts of non-ubiquitinated FLAG-Ldb1
either in the presence or absence of Ldb1 (Fig. 4A). Rather, vweesent (lower panel, lane 7). As expected, XRnfl2(HC>AA)
found that Ldb1 enhanced expression levels of Xlim-1-FLAGdid not enhance ubiquitination (Fig. 4C, compare lane 8 with
(Fig. 4A, compare lanes 4,5 with lanes 2,3; see Discussion). lane 4), suggesting that the enhancement was RING dependent.
contrast, XRnf12 caused marked reduction in the steady-staBy using FLAG-LdbIC, we obtained basically the same
level of FLAG-Ldb1 (Fig. 4B, lanes 3,5) in a RING-dependentresult except for the smaller sizes of the ubiquitinated protein
manner (Fig. 4B, lane 6), in good correlation with the RING-bands (Fig. 4D), confirming that the ubiquitinated proteins in
dependent suppression of axis duplication (Fig. 3A). We alsbig. 4C are indeed Ldb1 but not some other proteins associated
noticed that the expression level of FLAG-Ldb1 was increasedith FLAG-Ldb1. The results also suggest that the N-terminal
by Xlim-1 co-expression (Fig. 4B, compare lanes 2 and 4region (aa 1-291) of Ldbl is sufficient for the ubiquitination
further described below). and degradation mediated by XRnfl2. However, we also
We next tested whether XRnf12 ubiquitinates Ldb1l. FLAG-oticed that the degradation efficiency of LAltlis somewhat

Ldbl and HA-ubiquitin were co-expressed in the presenckwer than full-length Ldb1l, possibly due to the lack of some
of XRnfl2 and the lysates were immunoprecipitated withresidues present in the C-terminal region important for its
anti-FLAG antibody, followed by immunoblotting with anti- ubiquitination and degradation. In contrast to Ldb1, we did not
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+| +| + | +| Xlim-1-FLAG +| +| +| +| +| FLAG-Ldb1
+ | +| Ldbi +| + | +| Xtim-1
+ + | XRnf12 + + XRnf12
Xlim-1-FLAG +| XRnf12(HC>AA)

B-tubulin | - --—-‘ FLAG-Ldb1

23 4s P..--l B-tubulin
c mRBRNA D mRBNA

+ | + +| + | + | FLAG-Ldb1 +| + +| +| 4+ | FLAG-Ldb1AC
+ +| + + | + | HA-Ub + +| + +| + | HA-Ub
+ |+ + XRnf12 +| +| + XRnf12
+ | XRnf12(HC>AA) + | XRnf12(HC>AA)
Ub,-Ldb1
IP: FLAG ; 4| FuUb,-LdbiaC
IB: HA [ S ] . G- IP: FLAG
IB: HA
| — -— -|FLAG-Ldb1 v
1 2 3 4 5 6 7 8 IP: FLAG
IB: FLAG | -— - -—-|FU\G-Ldb1Ac
1 2 3 4 5 6 7 8 ki
E mRNA F mRNA G 3 5
+ |+ | 4] +]| Xiim-1 g&E& EEE
+|+| +| +| FLAG-Ldb1 € E|z g | RNFproteins £ 0
T £ £
+| +| XRnf12
T3 T+ meas +]+ ]+ |+ +| FLAGLapr  XROM2 [':l
-1 ]
[ - cmamem| FLAG-LdDI neves [l O]
| JR—— —| FLAG-Ldb1 hRNF13 .—
|-—-_—-| B-tubulin
|———| B-tubulin hRNF38 |i —
1 2 3 4 5 6

12 3 4 5 6

Fig. 4. XRnf12 causes ubiquitination and proteasome-dependent degradation of Ldbl1 in a RING-dependent manner. (A) XRnf12 does not
affect the steady-state level of Xlim-1-FLAG, either in the presence or absence of Ldbl. The indicated mMRNAs were injétged into
ventral region and the expression levels of the FLAG-tagged proteins were examined at the gastrula stage. Note thaif tkintetels

FLAG are increased in the presence of Ldbiubulin, loading control. Amounts of mMRNAs injected (ng/embryo): Xlim-1-FLAG, 0.25;
Ldb1, 0.5; XRnf12, 0.25. (B) XRnfl2 decreases the steady-state level of FLAG-Ldb1 both in the presence and absence o& Xlim-1 in
RING-dependent manner. Note the increase in the expression level of FLAG-Ldb1 by Xlim-1 co-expression. Amounts of mMRNAs
(ng/embryo): FLAG-Ldb1, 0.5; Xlim-1, 0.25; XRnf12 constructs, 0.25. (C) XRnf12 enhances ubiquitination of Ldb1. Embryos were
injected ventrally with the mRNAs indicated and the cell lysates were immunoprecipitated (IP) with anti-FLAG antibody foyi@ithdr
anti-FLAG or anti-HA immunoblotting (IB) to detect non-ubiquitinated Ldb1 or ubiquitinated proteins, respectively. Co-erpEssio
XRnf12 results in downregulation of non-ubiquitinated FLAG-Ldb1 expression levels (lower panel). While weak ubiquitindisenviec

in the absence of XRnfl2 (lane 4), strong ladder-like ubiquitination signals appear in the presence of XRnf12 (lane 7HGRA)2(

does not enhance ubiquitination (lane 8). Amounts of mMRNAs (ng/embryo): FLAG-Ldb1, 2.0; HA-Ub, 1.0; XRnf12 constructs,Th®. (D)
N-terminal region (aa 1-291) of Ldb1 is sufficient for ubiquitination by XRnf12. By using FLAGAGlifistead of FLAG-Ldb1, smaller-

sized ubiquitinated protein bands are detected, confirming that the ubiquitinated proteins in C are indeed Ldb1 and net pooheirath
associated with Ldb1. Co-expression of XRnf12 also results in downregulation of non-ubiquitinated FLAS&L@h& amounts of

MRNASs used are the same as in C. Arrowhead indicates the position of IgG. (E) XRnfl12 causes proteasome-dependent ddgtbdation of
After mRNA injection, cells were dispersed and cultured in the presence or absence of MG-132 until the gastrula stageofPeédk€ase
Ldb1 levels by XRnfl2 (lane 5) is suppressed in the presence of MG-132 (lane 6). MG-132 does not affect the expressiohdifIFLAG-
(lanes 3,4). Amounts of MRNAs (ng/embryo): FLAG-Ldb1, 0.5; Xlim-1, 0.25; XRnf12, 0.25. (F) The steady-state level of FLA&-Ldb1
downregulated by hRNF6 and, to a lesser extent, by hRNF38, but not by hRNF13. The experimental design is the same asin A and B
tubulin, loading control. Amounts of mMRNAs (ng/embryo): FLAG-Ldb1, 0.5; RING finger proteins, 0.5. (G) RING finger protetasi sieat
reduction in the steady-state level of Ldb1 interact with Ldb1. GST pull-down assay was perform@8adtieled XRnf12, hRNF6,

hRNF13 and hRNF38. Human RNF13 does not interact with GST-Ldb1, while other RING finger proteins do. GST serves as a negative
control.
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observe ubiquitination of Xlim-1 by XRnf12 (data not shown),11,12), it continued to increase at the same Xlim-1 dosages in
consistent with the fact that XRnfl2 does not alter thehe presence of XRnfl2 (Fig. 5A, lanes 6,7). These results
expression level of Xlim-1-FLAG (Fig. 4A). These data suggest that Xlim-1 suppresses the degradation of Ldb1 caused
suggest that XRnf12 functions as a ubiquitin ligase specific tby exogenous XRnfl2 and possibly endogenous XRnfl2,
Ldbl1, confirming a recent report on its mouse counterpaitmplying mutual interactions between the three proteins.
(Ostendorff et al., 2002). The weak intrinsic ubiquitin ligase To define the region in Xlim-1 required for this suppression,
activity toward Ldbl (Fig. 4C, upper panel, lane 4) may be duere expressed a series of Xlim-1 deletion constructs together
to endogenous XRnf12. with FLAG-Ldb1 and XRnfl12, and examined the expression
We further examined whether XRnfl2 mediates Ldbllevel of FLAG-Ldb1. Of all the constructs tested, only the LIM
degradation by the proteasome. We co-expressed FLAG-Ldbdpmain-containing ABL60 efficiently suppressed degradation
Xlim-1, and XRnfl12 ventrally, dispersed embryos into singleof Ldbl caused by XRnfl2 (Fig. 5B, lane 5). Mouse LMO2
cells, and cultured them in the presence of the proteason(E€oroni et al., 1992) also suppressed degradation of Ldbl
inhibitor MG-132 until the gastrula stage. XRnfl2-mediatedcaused by XRnf12 (Fig. 5C), although the interpretation of this
reduction of FLAG-Ldb1 showed suppression in the presenaesult is complicated a little by the reported ubiquitin ligase
of MG-132 (Fig. 4E, lane 6). MG-132 treatment alone had littleactivity of Rnf12 toward LMO2 (see Discussion). We conclude
or no effect on FLAG-Ldbl expression (Fig. 4E, lanes 3,4)from our results that LIM domains are sufficient for the
These results suggest that XRnfl2 causes degradation of Ldimhibition of XRnfl12 activity.
by the proteasome, also confirming the recent report on its We next defined the XRnf12-binding region in Xlim-1 by
mouse counterpart (Ostendorff et al., 2002). GST pull-down assay using a series of GST-Xlim-1 constructs
To test the specificity of XRnf12, we analyzed three otheand 3°S-labeled XRnfl12. Contrary to the reported LIM
related RING finger proteins, human RNF6, RNF38 andiomain-binding of mouse Rnfl2 (Bach et al., 1999), the LIM
RNF13, for their ability to reduce Ldbl expression levelsdomain-containing ABL60 showed virtually no interaction
These three human proteins were chosen because they showstth XRnfl2 (Fig. 5D). In contrast, the homeodomain-
highest similarity to XRnf12 from database searching. Amina@ontaining HD27 andANA showed weak interactions with
acid sequence identities of hRNF6, hRNF38 and hRNF13 t§Rnfl2 (Fig. 5D). Thus, the homeodomain-containing region
XRnfl12 are 42%, 22% and 16% in entire proteins, and 80%aa 178-265) of Xlim-1 is necessary and sufficient for the
51%, and 55% in the RING fingers, respectively. As shown iimteraction with XRnf12 (Fig. 5E). Under our experimental
Fig. 4F, hRNF6 caused reduction in FLAG-Ldb1 expressiorconditions, GST-Xlim-1 showed a weaker affinity for XRnf12
levels, which seemed reasonable because of the relatively hitan GST-Ldbl (Fig. 5D). We also noticed that XRnfl2
sequence similarity between hRNF6 and XRnfl2. Thainteracts with itself through the C-terminal region (aa 282-616)
hRNF38 also caused reduction in FLAG-Ldbl expressiorfFig. 5D, GST-XRnflAN), suggesting that XRnf12 may form
levels, albeit to a lesser extent, was somewhat unexpected, lsuhomodimeric complex.
the observed interaction between Ldb1l and hRNF38 in a GST Taken together, the LIM domain-containing region of Xlim-
pull-down assay provides a possible explanation for the activity, which is required for the interaction with Ldb1 (Agulnick et
of hARNF38 as well as hRNF6 (Fig. 4G). Human RNF13, whichal., 1996; Breen et al., 1998) but not XRnf12, is sufficient for
is the least similar to XRnfl12 in the entire region of the thre¢he suppression of XRnfl12-mediated Ldb1l degradation. This
Rnfl2-related proteins tested, did not interact with Ldb1l osuggests that binding of Xlim-1 to Ldb1l is a requisite for the
affect its expression (Fig. 4F,G). These results suggest that retppression. We further tested this possibility by using FLAG-
all Rnf12-related RING finger proteins can be involved in Ldb1Ldb1AC, which does not contain the LIM interaction domain
degradation, indicating that there is some degree of specificifyurata and Gill, 1997; Breen et al., 1998). FLAG-LABG1

in the activity of XRnfl12. contains the region required for ubiquitination (Fig. 4D) and
) ) _ RING finger-dependent degradation by XRnf12 (Fig. 5F, lanes

Xlim-1 suppresses XRnf12-mediated degradation of 2,3,6). In striking contrast to FLAG-Ldb1, XRnf12-mediated

Ldb1 through interaction with Ldb1 degradation of FLAG-LdMC was not suppressed by Xlim-1

The fact that XRnfl2 mediates ubiquitin-proteasome-or other Xlim-1 constructs tested in Fig. 5B (Fig. 5F lanes 4,5
dependent degradation of Ldbl raises important questionand data not shown), further supporting our hypothesis that
First, how is the activity of Xlim-1/Ldb1, which is apparently binding of Xlim-1 to Ldbl is required for the suppression.
required in the organizer, assured in the presence of XRnflZhese results suggest that Ldbl escapes degradation by
Second, what is the functional significance of Ldb1XRnf12 upon association with Xlim-1, providing a plausible
degradation by XRnf12? explanation of the way in which Xlim-1/Ldb1 could exert its

A clue to the first question came from our observation thagffect in the presence of XRnfl2 in the organizer.
co-expression of Xlim-1 reproducibly caused an increase in the ) )
expression level of FLAG-Ldb1 (Fig. 4B, compare lanes 2 andlo apparent dorsal-to-ventral (D/V) difference in the
4). As shown in Fig. 5A, we further confirmed that Xlim-1 expression levels of the Ldb1 protein
dose-dependently increased the expression level of FLA@ecause Xlim-1 is enriched in the dorsal mesoderm, our results
Ldbl (lanes 8-12), which may result from interfering with suggest that Ldbl may be subject to selective degradation by
endogenous XRnfl2. Moreover, we found that Xlim-1XRnfl2 in the ventrolateral mesoderm, thus contributing to
suppressed XRnfl2-mediated reduction of FLAG-Ldb1 leveldurther spatial restriction of Xlim-1 activity to the dorsalmost
in a dose-dependent manner (Fig. 5A, lanes 3-7). While thegion. We addressed this question by using an anti-Ldbl
expression level of FLAG-Ldb1 became saturated in our rangentibody, N-18, which recognizes a peptide sequence mapping
of Xlim-1 dosages in the absence of XRnfl2 (Fig. 5A, lanesit the conserved N terminus of vertebrate Ldb1l. Specificity of
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the antibody to theXenopusLdbl protein was assessed by Furthermore, exogenous Ldbl expression by mRNA injection
immunoblotting ofXenopusmbryo extracts, which expressed enhanced this 46 kDa band, whereas addition of blocking
a single band of a predicted size of approximately 46 kDgeptides at lug/ml eliminated immunoreactivity, reflecting

A mRNA B mBNA
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Fig. 5. A high level of Xlim-1 suppresses XRnfl2-mediated degradation of Ldb1 through interaction with Ldb1. (A) Effects of Xlim-1 on
XRnfl2-mediated degradation of Ldb1. The experimental design is the same as in Fig. 4A,B. Xlim-1 increases the expreddihi@vel
Ldb1 dose-dependently in the presence (lanes 3-7) or absence (lanes 8-12) of XRnf12. Comparison between lanes 6 andlZ,armti12ne
suggests that Xlim-1 suppresses Ldbl degradation by XRnf12. See text for details. Amounts of MRNAs (ng/embryo): FLAG-X&nf1D,5;
0.25; Xlim-1, 0.25 (lanes 4,9), 0.5 (lanes 5,10), 1.0 (lanes 6,11), 2.0 (lanes 7,12). (B) The LIM domain-containing fr&jr68nofA<lim-1

is sufficient for the suppression of XRnfl12-mediated degradation of Ldb1. A series of Xlim-1 constructs depicted in Eedeatehestighest
dose used in A (lanes 7,12) for their ability to block Ldb1 degradation by XRnf12. ABL60, which contains the LIM domaérg)yefflocks
Ldb1 degradation whereas other constructs does not. Amounts of mMRNAs (ng/embryo): FLAG-Ldb1, 0.5; XRnf12, 0.25; Xlim-ts cRristruc
(C) LIM-only protein LMO?2 also efficiently blocks Ldbl degradation in a different set of experiments designed as in BrgEt)dngebetween
35S-labeled XRnf12 and a series of GST-Xlim-1 constructs depicted in E were analyzed by GST pull-down assay. XRnf12 shows weak
interactions with GST-HD27 and GRNA, while other GST-Xlim-1 constructs shows little or no interaction with XRnf12. GST-Ldb1 shows
stronger interaction with XRnf12 than GST-Xlim-1 does. XRnfl12 also shows weak self-interaction with GSTMR(d4282-616). GST
alone serves as a negative control. Coomassie brilliant blue staining (lower panel) shows comparable amounts of GSEifiss{oTdmated

by dots) used in the assay. (E) Representation of the GST-Xlim-1 constructs used for mapping experiments and the sumesatjsafiiben
in D. The homeodomain-containing region (aa 178-265) of Xlim-1 is necessary and sufficient for the interaction with XmnfilJ A,
domains A and B; HD, homeodomain; n.d., not done; numbers, amino acid positions. (F) The LIM interaction domain of LdieH iforethe
suppression of XRnfl12-mediated Ldb1 degradation by Xlim-1 as revealed by the use of FLAKELHRNf12 causes degradation of L@l

in a RING-dependent manner, which is not suppressed by Xlim-1 or ABL60. To avoid an overlap with a non-specific band, tire used an
Ldb1/CLIM2 (N-18) antibody in F to detect FLAG-LdAC instead of anti-FLAG antibody used in the rest of the experiments in Fig. 5.
Amounts of mMRNAs injected (ng/embryo): FLAG-LdKX, 0.5; XRnf12 constructs, 0.5; Xlim-1 constructs, 2.0.
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specificity (not shown). We also confirmed 1’

endogenous Ldbl expression in animal ca|
downregulated by overexpression of XRnfl:
a RING-dependent fashion (Fig. 6A), consis
with the results using exogenous Ldb1 consti
(Figs 4, 5).

Explants from the ventral marginal zc
(VMZ) or dorsal marginal zone (DMZ) we
dissected from gastrula embryos, and prc
extracts were subjected to anti-Lc
immunoblotting. We noticed little dorsal-i
ventral (DV) difference in Ldb1 expression lev
throughout early to mid gastrula stages 10,
and 11 (Fig. 6B and data not shown). We fur
examined DV difference by whole-mot
immunostaining of bisected mid gastrula st
embryos (stage 10.5). Because the N-18 anti
did not react with Ldbl on hemisections,
tested anti-mouse Ldb1/NLI antibodies (Jura
al.,, 1996), and found they cross reacted
XenopusLdbl. As shown in Fig. 6C, sign:

B sti1 C

mRBNA
XRnf12

A
= _
+ | XRnf12(HC>AA) E Ldb1
[ ] Lo [ =] 5-tubuiin
(o= o =]

B-tubulin V@ D

gastrula

DMZ

Fig. 6. Analysis of endogenous Ldb1 protein levels. (A) XRnf12 downregulates
endogenous Ldb1 expression level in a RING-dependent manner. Animal caps were
dissected at the blastula stage (stage 8-9) from embryos injected with the mRNAs (2
ng/embryo) indicated, and collected at the gastrula stage (stage 11). Endogenous
Ldb1 expression levels were analyzed by western blotting using anti-Ldb1/CLIM2
(N-18) antibody. (B) Ldb1 does not exhibit dorsal-to-ventral (DV) difference in
protein expression levels as revealed by western blot analysis. DMZ and VMZ
explants dissected at the gastrula stage (stage 11) were compared for Ldb1
expression using anti-Ldb1/CLIM2 (N-18) antibody. (C) Ldb1 is uniformly

expressed in the bisected mid gastrula embryo as revealed by immunostaining using

were again detected uniformly in the mesod
and ectoderm, and weakly in the endoderm,
showed subcellular localization to the nuclei
predicted (Agulnick et al., 1996). Taken toget
these results suggest that Ldbl is not su |,

anti-Ldb1/NLI antibody. Animal side is to the top, dorsal to the right. Arrowhead
indicates blastopore.

to selective degradation by XRnfl2 in the ventrolatera (ot
mesoderm, possibly because of the presence of a Ldb1-bindi Ldb1 (0.5) 53(2)
protein in the ventrolateral mesoderm. Such a ventrall Ldb1 (1.0) 52(2)
expressed Ldbl-interacting factor could be the LIM-,. . (0.25) + :
only protein, XLMO4 (J. L.Gomez-Skarmeta, personal Ldb1 (2.0) 52 (2)
communication; see Discussion).

Ldb1 (4.0) | 53 (2)
Excess Ldb1l suppresses the expression of X!im-l Xlim-1 (1.0) + Ldb1 (4.0) 20(1)
target genes, which is rescued by co-expression of
XRnf12 B-globin | . : : [} 50 (2)
We next hypothesized that the functional significance of Ldb: 0%  20% 40% 60% 80% 100%

degradation by XRnfl2 may be to eliminate excess Ldb:
molecules. We first examined the effect of Ldbl

overexpression on the axis-inducing activity of Xlim-1 (Fig.. . o ; o
- . A . 2" inducing activity. Ldb1 dose-dependently suppresses axis duplication
7). As previously reported (Agulnick et al., 1996; Hiratani etby Xlim-1, which is rescued by co-expression of a higher dose (1 ng)

al., 2001), co-expression of Xlim-1 (0.25 ng mMRNA/embryo)qf xjim-1. Embryos injected with the mRNAs indicated were scored
and Ldbl (0.5 ng mRNA/embryo) initiated secondary axigor axis development at the tailbud stage as in Fig3dlobin (2.0
formation. Notably, excess amounts of Ldbl (1.0 to 4.Ghg/embryo) serves as a negative control. n, total number of injected
ng/embryo) inhibited this activity dose-dependently, whereasmbryos; expt, number of independent experiments. Amounts of
increasing the dose of Xlim-1 effectively suppressed thenRNAs injected are indicated in parentheses (ng/embryo).
inhibitory action of excess amounts of Ldbl (4.0 ng
mRNA/embryo) (Fig. 7). These results suggest that the
stoichiometry of Xlim-1 and Ldb1 is important for the exertionmesodermal and pan-mesendodermal markisa and
of their function, and that excess Ldbl molecules ardlix.1, respectively (Rosa, 1989; Smith et al., 1991), were also
deleterious to Xlim-1. It is also possible that excess LdbExamined. As shown in Fig. 8, the patterns of alterations in
interferes with LIM domain-dependent association of Xlim-1gene expression could be categorized roughly into three
with other proteins, if any. groups. Group 1 is composed of genes that are downregulated
To further assess the likelihood of this hypothesis, wdy overexpression of either Ldb1l or XRnfl2 alone (Fig. 8A-
analyzed the effect of Ldb1l overexpression on the expressidf), but restored by their co-expression in a RING-dependent
of candidate Xlim-1 targetgsc chd Xotx2 cerberus(cer),  manner ¢sc chd Xotx2 XPAPCandcer). We found that genes
andParaxial protocadherifXPAPQ (Taira et al., 1994b; Taira reported as targets or candidate targets of Xlim-1 are all
et al.,, 1997; Mochizuki et al., 2000; Hukriede et al., 2003gategorized into group 1. We have recently shown tekat
Yamamoto et al.,, 2003), as well as other organizer genesxpression is regulated by a complex of Xlim-1, Siamois and
XFKH1, Xnot and dickkopfl (dkkl) (Dirksen and Jamrich, Mix.1 in a LIM domain-dependent fashion that does not
1992; von Dassow et al., 1993; Glinka et al., 1998). Parinvolve Ldbl (Yamamoto et al., 2003). Therefore, the effect of

secondary axis formation

Fig. 7.Disturbing Xlim-1/Ldb1 stoichiometry affects their axis
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Ldb1 oncerexpression could be explained by disruption of theno simple explanation for the effect of XRnf12 overexpression
LIM domain-dependent transcription factor complex, as hasncerexpression, but it may result from some uncharacterized
been exemplified in the case of complex formation by the LIMyoles of the pleiotropic factor Ldbl (Mukhopadhyay et al.,
HD protein Lmx1 and the bHLH protein E47, which is 2003) in cer regulation. Nevertheless, these results are
disrupted by Ldb1 (Jurata and Gill, 1997). In contrast, there igenerally consistent with the idea that XRnfl2 indirectly
contributes to organizer gene expression through

injected mRNA elimination of excess Ldb1 molecules, which are
supposed to disturb Xlim-1/Ldbl stoichiometry.

Ldb1 We also observed two other types of gene

Ldb1 +XRnf12 response to overexpression of Ldb1 and XRnf12.

B-globin Ldb1 XRnf12 (HC>AA)

Group 2 contains genes that are downregulated
by XRnf12 overexpression but not by Ldb1, and
the effect of XRnfl2 was suppressed by co-
expression of Ldbl XFKH1 and Xnot, Fig.
8F,G,). Group 3 is composed of genes that are
downregulated dkk1 and Mix.1, Fig. 8H,l) or
slightly affected Xbra, Fig. 8J) by Ldbl
overexpression, but not by XRnfl2. The effect
on Xbrawas relatively weak, compared to other
genes, implying only a partial contribution of
Ldbl, if any. Although there are no convincing
explanations for the phenotypes of groups 2 and
3 at present (see Discussion), co-expression of
Ldbl and XRnf12 always restores the expression
of the genes in groups 2 and 3 as well as those
in group 1. This emphasizes the specificity of
XRnf12 toward Ldbl as well as the importance
of maintaining the expression of Ldbl to a
proper level.

+XRnf12

Xotx2 chd

Group 1

XPAPC

Ldbl1 overexpression affects the
maintenance phase of organizer gene
expression

Our previous study suggests a role for Xlim-1 in
the maintenance phase of organizer gene
expression rather than initiation (Mochizuki et
al., 2000). Therefore, we analyzed the effect of

Fig. 8. Effects of Ldb1 or XRnf12 overexpression on
organizer gene expression. Embryos injected dorsally
15/18 | Ll with the mRNAs indicated were scored for

| expression of various marker genes in the organizer
‘ as assayed by whole-mount in situ hybridization.

Genes categorized in group 1 (Adsg chd, Xotx2

XPAPCandcer) are downregulated by
15/18 | 14/16 overexpression of either Ldb1 or XRnf12, whereas
genes categorized in group 2 (FG&KH1 andXnof)
are downregulated only by XRnf12, and those in
group 3 (H,l,dkklandMix.1) are downregulated
only by Ldb1.Xbra(J) is only slightly affected by
Ldb1 overexpression. Numbers indicate the
frequency of the phenotype observed: numbers in red
indicates downregulation, whereas numbers in black
or white indicates normal expression. Note that
downregulation of gene expression by either Ldb1 or
XRnf12 overexpression was restored upon co-
expression of both, and that the rescuing effect of
XRnf12 co-expression was RING-dependent (except
for dkk1, see Discussion)ffagal mRNA was
coinjected as a lineage tracer, stained in red.
Amounts of mMRNAs (ng/embryo)frgal, 0.06;3-
globin, 4.0; Ldb1, 4.0; XRnf12, 2.0 or 4.0; XRnf12
constructs coinjected with Ldb1, 1.0 or 2.0.

Group 2

Mix.1 dkk1

Group 3

Xbra
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Ldbl overexpression ogscexpression during late blastula to unbound to Xlim-1, which contributes to the establishment of
mid gastrula stages (stages 9.5, 10, 10.5, and 11) to see if Ldwbper Xlim-1/Ldbl stoichiometry for the formation of
overexpression primarily affected the maintenance phaséunctional Xlim-1/Ldbl complex (Fig. 10).
Embryos were injected dorsally wittdbl mRNA and RNA We assume that Xlim-1/Ldbl tetramer is the functional
was then isolated from these embryos at stages 9.5, 10, 1@a&mplex in the dorsal mesoderm (Figs 7, 10) (Hiratani et al.,
and 11 and subjected to RT-PCR analysis. As shown in Fig. 2001), as has been suggested in the cafgasphilaLIM-
downregulation ofjscby Ldb1 overexpression was prominent HD Apterous and Chip/dLDB (Milan and Cohen, 1999; van
at stages 10.5 and 11, whereas the effect was not as prominbfayel et al., 1999; Rincon-Limas et al., 2000). This is also
at stages 9.5 and 10. Consistent with the results in Fig. 8, tisepported by the observation that overexpression of AGb1
reduction of gsc expression at stages 10.5 and 11 wasvhich is expected to disturb Xlim-1/Ldb1 tetramer formation,
suppressed by co-expression of XRnfl2. These data suppamt the dorsal marginal zone (2 ng/embryo) leads to
the idea that Ldbl overexpression primarily affected the&ownregulation of putative Xlim-1 targetgscandchd (data
maintenance phase gécexpression elicited by Xlim-1 rather not shown). The importance of LIM-HD/Ldb stoichiometry
than initiation. has also been dealt with in the case of Apterous and
Chip/dLDB (Fernandez-Funez et al., 1998; Milan and Cohen,
1999; van Meyel et al., 1999).

DISCUSSION We have shown that overexpression of Ldbl or XRnfl2
affects expression of candidate Xlim-1 target gegss,chd,

Role of XRnf12 in gene regulation by Xlim-1 and Xotx2 XPAPCand cer (Fig. 8, group 1). However, we have

Ldbl in the organizer also noticed that overexpression of either XRnf12 (group 2) or

In this study, we have analyzed the role of XRnf12 in thd-dbl (group 3) affects the expression of genes that have not
regulation of the activity of Xlim-1/Ldbl in the Spemann been shown to be regulated by Xlim-1 and Ldb1 (Fig. 8, groups
organizer. Our initial overexpression study suggested a role fér and 3). Possible explanations for this observation with the
XRnf12 in negative regulation of Xlim-1/Ldb1 through Ldb1 group 2 and 3 genes are as follows: (1) The group 2 genes may
degradation (Fig. 3), in agreement with a recent report on ifé€ regulated by a Ldb1-containing complex which is disrupted
mouse counterpart (Ostendorff et al., 2002). However, we haly XRnf12 but not by excess amounts of Ldbl, andVi)1
further shown that: (1) overexpression of Ldb1 suppresses ax@§ddkklin group 3 may be regulated by a Ldbl-independent
duplication elicited by Xlim-1/Ldb1 (Fig. 7) as well as the complex, but this complex is disrupted by excess Ldb1 through
expression of Xlim-1 target genes in the organizer (F|g 8), (zl)dbl-lnteractlng components In the complex, similar to the
co-expression of XRnfl2 rescues the effect of Ldbicase of theergene. Curiously, inhibition odkklexpression
overexpression on putative Xlim-1 targets in a RING-by Ldbl was also rescued by XRnfl2(HC>AA) (Fig. 8H).
dependent manner (Fig. 8); (3) ubiquitination-mediateddinding of XRnf12(HC>AA) to Ldbl may suffice to suppress
degradation of Ldb1 by XRnf12 is inhibited by Xlim-1 through the effect of excess Ldbl in this case. Although these
association of its LIM domains with the LIM interaction possibilities remain to be elucidated, it should be emphasized
domain of Ldbl (Fig. 5). Therefore, we propose a role fothat the expression of candidate Xlim-1 target genes, but not

XRnf12 in selective degradation of excess Ldbl molecule§ther genes examined, are affected by both Ldb1 and XRnf12.
In addition, because the effect of excess Ldb1 on the expression

of group 3 genes was relatively small compared to that on

stage : : S
group 1 genes, it seems that Ldbl overexpression primarily
injected o n |_$ affects dorsal mesodermal gene expression by Xlim-1. Most
mRNA s 2 2 F k& importantly, all the genes examined show normal expression
- sc upon co-expression of Ldbl and XRnfl2, supporting the
B-globin 9% . S requirement of proper expression levels of Ldb1, which may
EF-10 | won wes wn = be assured in the presence of XRnfl12.

Roles of XRnfl2 in other developmental contexts
Ldbi g5c |y .. XRnfl2andLdblare expressed in a similar fashion throughout
EF-10 | ann e aun @b early developmental stages (Fig. 2). This is reminiscent of the

term ‘synexpression group’ (Niehrs and Pollet, 1999),
supporting the close functional interactions between Ldb1 and
Ldb1 | 9SC |™= == s == XRnfl2. Because Ldbl seems to escape degradation by
+XRnf12 | £k 4, binding to Xlim-1, we first assumed a dorsal-to-ventral
gradient of Ldbl protein expression, according to the
distribution of Xlim-1 protein (Karavanov et al., 1996). This
seems not to be the case, as we did not observe dorsal-to-
ng/embryo) indicated were collected at stages 9.5, 10, 10.5 and 11 ventral Q|fference n L.d.b.l expression levels .(F'g' 68’.(:)' This
(late blastula to mid gastrula) and the expressigsoivas analyzed result raises the p_OSS|b|I|ty that_ Ldbl-interacting proteins other
by RT-PCR. Downregulation @fscby Ldb1 overexpression was not than Xlim-1, which could bind and protect Ldbl from
prominent at early-gastrula stages (st 9.5, 10) but became prominerflégradation, are present in the lateral and ventral regions as
after mid gastrula (stage 10.5, 11). Co-expression of XRnf12 restoratiell as in the animal pole region (Fig. 10). This possibility
gscexpressionEF-1a serves as a loading control. could be explained by the presence of XLMO4 in the

Fig. 9.Ldb1 overexpression affects the maintenance phagscof
expression. Embryos injected dorsally with the mRNAs (4.0
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ventrolateral mesoderm of tikenopuembryo (J. L. Gomez- Apterous and Chip/dLDB attenuates proteasome-dependent
Skarmeta, personal communication) and Xlim-5 in the animadegradation of Apterous and stabilizes Apterous protein
pole region (Toyama et al.,, 1995). In the ventrolatera(Weihe et al., 2001). Interestingly, we also noticed an increase
mesoderm, Ldb1 may participate in a transcriptional regulatorin the expression level of Xlim-1 by Ldb1 co-expression (Fig.
complex that contains XLMO4 and perhaps GATA proteins, bytA, compare lanes 2,3 with lanes 4,5), suggesting that a similar
analogy with the case of Ldbl, LMO2, and GATA-1 in bloodmechanism for stabilization of Xlim-1 protein exists in
development (Osada et al.,, 1995; Wadman et al., 199Aertebrates. Therefore, Xlim-1 may be more susceptible to
Because mouse LMO2, which is related to XLMO4, can bloclproteasome-mediated degradation by some unknown factor(s)
degradation of Ldbl by XRnf12 (Fig. 5C), it is possible thatwhen not bound to Ldbl. This may contribute to the
LMO proteins [LMO1-4 (reviewed by Bach, 2000)] also utilize establishment of proper Xlim-1/Ldb1 stoichiometry dorsally,
XRnfl2 to acquire proper LMO/Ldb1 stoichiometry. or may contribute to complete elimination of Xlim-1 protein
During the course of neuronal differentiation in the neuralentrally (Fig. 10). Notably, similar protein stabilization by
tube, several LIM-HD proteins are expressed to generate a dweterodimerization has been reported for the yeast transcription
called LIM code that is thought to define neuronal identityfactors MATo2/MATal (Johnson et al., 1998) and for the
(Lumsden, 1995; Tanabe and Jessell, 1996). LIM-HD proteinBrosophila homeodomain proteins Homothorax and
are also involved in brain development (Sheng et al., 199@&xtradenticle (Abu-Shaar and Mann, 1998).
Porter et al., 1997; Zhao et al., 1999). Interestingly, it has )
recently been shown that LIM-HD/Ldb1 stoichiometry appearé-ofactor exchange or maintenance of
to be important for the specification of motor neuron andtoichiometry?
interneuron identity by Lhx3/Islet-1/Ldbl and Lhx3/Ldbl, Ostendorff et al. proposed a model showing that Rnfl2
respectively (Thaler et al., 2002). Because XRnf12 and Ldbfnediates degradation of Ldb1/CLIM2 in complex with Lhx3
are co-expressed in the brain and the spinal cord (Fig. 2n the promoter region, thereby replacing Ldb1/CLIM2 with
XRnfl2 may contribute to LIM-HD/Ldb1l stoichiometry in other cofactors (Ostendorff et al., 2002). However, this does
these regions as well. not accord with our results that showed suppression of
_ ) - ) _ XRnfl2-mediated degradation of Ldb1 by excess amounts of
Regulation of protein stability by mutual interactions Xlim-1. It was also reported that Rnf12 regulates the activity
In the Drosophila wing disc, complex formation between of Lhx3 by recruiting the histone deacetylase complex (Bach
et al., 1999), and that this regulation is independent of its
RING finger (Ostendorff et al., 2002). In contrast to
Lhx3, the inhibitory effect of XRnfl2 overexpression on
the activity of Xlim-1 solely relied on its RING finger,
suggesting that ubiquitin ligase activity toward Ldb1l is
the primary cause of the inhibition. Thus, there seems to
be some difference in the way in which Rnf12 regulates
different LIM-HD transcription factors. Alternatively, the
difference may be the result of the different experimental
systemsXenopusembryos and cell cultures. We also did
not observe interaction between XRnfl2 and the LIM
domains of Xlim-1, contrary to the reported binding of
mouse Rnfl2 to LIM domains of LIM-HD proteins,
Lhx2, Lhx3 and Isl-1 (Bach et al., 1999). This may imply
a difference in the binding affinity between Rnf12 and
different LIM-HD proteins. Alternatively, XRnf12 might
actually interact with the LIM domains of Xlim-1,
although this could not be observed under our

in the organizer

e o o T o i T it T o

D
an excess amount negative regulation
of Ldb1 by other proteins
XRnf12
Q degradation? QE
- . ‘_: w A
T w il HD e B

- XLMO4
in the ventral region

etc.

Fig. 10.A model for the role of XRnf12 in the establishment of proper
Xlim-1/Ldb1 stoichiometry in the Spemann organizer. In the organizer,
tetramer formation of Xlim-1/Ldb1 is required for their activity. XRnf12

experimental conditions. Thus, the molecular basis
underlying the difference in Rnfl2-mediated regulation
of Lhx3 and Xlim-1 remains to be elucidated. The

selectively degrades excess Ldb1 unbound to Xlim-1, which interferes witfunctional significance of the reported ubiquitination and

organizer gene expression presumably by disturbing Xlim-1/Ldb1 tetrameflegradation  of

formation. Excess Ldb1 may also possibly interfere with LIM domain-

dependent association of Xlim-1 with other proteins. In this way, proper

stoichiometry and maximal activity of Xlim-1/Ldb1 is assured in the

LMO proteins by Rnfl2/RLIM
(Ostendorff et al., 2002), and the mechanisms by which
Rnf12/RLIM distinguishes LMO proteins from LIM-HD
proteins, are also important questions to be answered.

presence of XRnf12 in the organizer. In the ventrolateral mesoderm, Ldbl Nevertheless. the results so far seem to be in good

may escape degradation by XRnf12 through interaction with Ldb1-

interacting proteins, one of which may be XLMO4 (J. L. Gomez-Skarmet
personal communication). The putative Ldb1/LMO complex may contribut
to complete suppression of Xlim-1/Ldb1 activity in the ventrolateral region

agreement about the close functional interactions

agletween LIM-HD, Ldb1 and Rnfl12 proteins. We believe

at our results expand the knowledge of LIM-HD

and may participate in a distinct transcriptional regulatory complex. Xlim-1régulation and provide an attractive possibility that
unbound to Ldb1 may be subject to proteasome-dependent degradation Bjultimeric transcriptional regulatory complex such as

an unidentified ubiquitin ligase, similar to the cas®ufsophilaApterous
(Weihe et al., 2001).

LIM-HD/Ldb1 complexes are regulated in a similar way
in which selective degradation of excess transcription



4174 |. Hiratani and others

factors or adapter proteins occurs through the ubiquitin- Brannan, C. I., Jenkins, N. A., Copeland, N. G. and Rabbitts, T. H.

proteasome pathway for the establishment of their proper (1992). The rhombotin gene family encode related LIM-domain proteins

stoichiometry whose differing expression suggests multiple roles in mouse development.

’ J. Mol. Biol.226, 747-761.
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