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Abstract Krippel (Kr), a member of the gap class obasal promoter (Sauer and Jackle 1991). The Krippel
Drosophila segmentation genes, encodes a zinc fingemonomer causes activation whilst Krippel dimers,
type transcription factor. After blastoderm formatiém, formed at high concentrations, act as repressors (Sauer
is expressed in various spatially and temporally restrictead Jackle 1993). In vivo studies indicated that Kriippel
patterns of the developing embryo, including a subsetfofctions mainly as a repressor by acting upon far-up-
muscle precursors. By virtue of Krippel in vitro bindingtream enhancer elements of other segmentation genes
sites, we identified a putativkr target gene, termedduring blastoderm formation (reviewed in Pankratz and
KrT95D. It encodes a novel protein which contains evdackle 1993). During later stages of embryogenésis,
lutionarily conserved regionKrT95D is expressed in activity plays multiple roles by acting in the development
spatially restricted patterns throughout embryogenesi§.the larval visual system (Schmucker et al. 1992), the
Kr and KrT95D expression overlap in several locationkidney-like Malpighian tubules (Gaul and Weigel 1991;
including muscle precursor cells, the tip cell of the MaHoch et al. 1994), the central nervous system (Romani et
pighian tubules and the ventral midline cells of the ceml: 1996), the stomatogastric nervous system (Gonzalez-
tral nervous system. Results from the analysis of tBaitan and Jackle 1995) and the muscle pattern of the
KrT95D expression pattern iKr loss-of-fuction andkr embryo (Ruiz-Gomez et al. 1997).

gain-of-function embryos suggest th&t activity is not Using a molecular approach, we have identified a pu-
essential foKrT95D expression in most locations of theative Kr target gene, termeldrT95D. It encodes a pro-

embryo, except in the muscle precursors VOS5. tein of novel sequence which contains two small do-
mains in common with partial sequences of human and
Key words Conserved protein domains - mouse cDNAsKrT95D is expressed during oogenesis
Developmental expression pattern - and in restricted patterns during embryogenesis which in
Drosophila embryoKrippel- Muscle developme:t part overlap withKr-expressing cells. In at least one lo-

cation, the precursor cells of the ventral oblique muscle 5
(VO5), KrT95D expression is absent when the precursors
fail to expresKr due to a mutation. The results indicate

The Drosophila segmentation gen&riippel (Kr) en- that Kr activity is necessary to activakeT95D expres-
codes a zinc finger-containing transcription factor (Lickton in the VOS5 muscle precursors, consistent with re-
et al. 1990; Sauer and Jackle 1991; Zuo et al. 1991). F@nt results indicating tha€r activity is necessary for
sue culture as well as in vitro transcription studies rfé&e specification of a subset of muscles and their proper
vealed that th&r protein (Kriippel) functions as a coninnervation during embryogenesis.

centration-dependent activator and repressor of transcrip-

tion when acting from a single binding site close to-a——
Material and methods

Introduction

Edited by D. Tautz

Isolation of genomic DNA containing Kriippel-binding sites

C. Hartman - H. Jackle

Abteilung Molekulare Entwicklungsbiologie, DNA fragments containing in vitro binding sites for Krippel were

_ Inati o i Seali ; isolated by whole genome PCR-immunoprecipitation (Kinzler and
X;XFE?Snbcéénsl:;l_tg;(f;;r?bcl?dpt%zllégl|sécgr$ngﬂim|e, Vogelstein 1989). For this, 5g genomic DNA of Oregon R flies

’ ' were incubated with the restriction endonuclease Haelll to yield
Present address 70- to 350-bp-long DNA fragments. They were ligated to linkers
1 Harvard Medical School, Dept. of Genetics, of the sequence 5’-GAGTAGAATTCTAATATCTC-3'. After Xhol
200 Longwood Avenue, Boston, MA 02115, USA digest (which serves to cleave tandems of the ligated linkers) fol-



187

lowed by a phenol extraction, about 200 ng DNA were incubatkehgth) were cloned. They were examined for the pres-
é?gtg?r']”ef)’(ft‘ré‘é?) (gvggkrlfgfgt ng ?g‘gg)“?r']'yaptggm%‘ﬁdrﬁgfgggo ence of Kriippel-binding sites of the consensus sequence
binding buffer [150 mM NaCl, 100 mM TRIS pH 7.5, 30 mMAAAA cGGGGTTAA (Pankratz et al. 1992; Small and

KCl, 0.5 mM ethylenedinitrilotetraacetic acid (EDTA), 1 mmLevine 1991; Stanojevic et al. 1989; Treisman and Des-

Dithiothreitol (DTT), 10% glycerol, 1@M ZnSQ,, 500ug/ml bo- plan 1989) by sequencing (for details see Materials and
vine serum albumin (BSA), 500 ng poly dI/dC]. Twenty microlimethods).

tres polyclonal rabbit anti-Krippel antibodies (1: 100 diluted; : _ : i
Gaul et al. 1987) precoupled to protein A sepharose beads V\%ereStartlng from a 150-bp immunoprecipitated DNA

added. After incubation (30 min on ice) DNA fragments bound {fAgment which contains three in vitro Kruppel-binding
the Kriippel-antibody complex were spun down by centrifugatig@ites (see Fig. 1), we isolated more than 50 kb of overlap-

(500 xg). Unbound DNA fragments were removed by five washgsing genomic DNA fragments covering a novel transcrip-
in 1 ml binding buffer containing 400 instead of 150 mM Na&?1 n unit, termed<rT95D, in chromosome region 95D on
(see above). The remaining DNA-containing pellet was treat{ang - h, fch ' Fia. 1A). In additi

with 200 pl proteinase K solution [50Qg proteinase K in 1ml U1€ right arm of chromosome 3 (Fig. 1A). In addition, we
500 mM TRIS pH 9, 20 mM EDTA, 10 mM NaCl, 1% sodium doisolated a total of five cDNA clones corresponding to
decyl sulphate (SDS)] and the DNA was phenol extracted. The plaree splicing variants of th&rT95D transcript. The
rified DNA fragments were amplified by PCR using catch linkeigtycture ofkKrT95D, the size of three embryonically ex-

(see above) as primers. One fifth of the PCR reaction was use f PR
repeat the above described immunoprecipitation and DNA pur -8ssed transcripts and the characterization of two of the

cation steps. After five rounds of immunoprecipitation-PCR argpliced transcripts which code for the same open reading
plification, the amplified DNA fragments were digested witlirame (see below) are summarized in Fig. 1B-D.

EcoRI (cleavage site within the catch linkers; see above) andThe embryonic expression patternskafT95D were

cloned into the pBstKS Il vector. DNA fragments were sequenc, ; _ i i At _
by the chain termination method (Sanger et al. 1977) using ﬁ%amlned by whole-mount in situ hybridization to ova

USB sequencing kit to verify that they contain Krippel-bindinf€S and embryos at different stages of development
sites. ig. 2). KrT95D is expressed in nurse cells of stage-9

egg chamber and the transcripts are transported into the
Cloning of theKrT95D gene and in situ hybridization oocytes (Fig. 2A). After egg deposition, the maternal

. o ) _ KrT95D transcripts appear homogeneously distributed
A 150-bp DNA fragment containing three in vitro Kriippel-bind

! , . . ! (Fig. 2B). From gastrulation onwards, zygoKeT95D
ing sites was used to isolate genomic phages fromFan ge- : . b di . | ’ f th
nomic Drosophila DNA phage library (Canton S; Stratagene)€XPression is observed in various locations of the em-

Whole-mount in situ hybridizations (Tautz and Pfeifle 1989) foryo including the anterior and posterior midgut anlage,
wild-type embryos were done with digoxygenin-labelled DNAhe tip cells of the Malpighian tubules (Figs. 2C, 3A), the
fragments or by the double-labelling technique described by Ha{ts\,roectoderm and visceral mesoderm (Fig. 2D), precur-

mann and Jackle (1995). cDNAs were isolated from\gh
11 cDNA phage library prepared from 0 to 15-h-old embryos ag@"S of the dorsal, lateral and ventral body wall muscle

from aAZap cDNA phage library (2- to 14-h-old embryos; StratdFig. 2E) and the proventriculus (Fig. 2F). Furthermore,
gene). Further genomic DNA fragments from #&95D tran- KrT95D expression continues in the developing central

scription unit (see Fig. 1B) were isolated from an EMBL4 g&rervous system (CNS), in a subset of the myotubes

nomic DrosophilaDNA phage library and from a cosmid library,; : Py ; _
(Hoheisel et al. 1991). Localization of tKeT95D gene in poly- (Fig. 2G, H), in the ventral midline cells (Fig. 2I) and re

tene chromosomes, mapping of the cloned DNA, location of tRins in the dorsal organ, the dorsopharyngial aPOdemeS
Kriippel-binding DNA-fragment within the transcription unit and@nd throughout the CNS of the mature embryo (Fig. 2J).
the structural analysis of th&@T95D gene and its transcripts (see

Fig. 1) were done as described by Wimmer et al. (1993). The

DNA sequence has been submitted to GenBank (accession ninis necessary for the activationkfT95D in VO5

ber AF001796). Northern blot analysis with 1@ poly(A)+ RNA scle precursors

of 0- to 16-h-old embryos prepared as described (Sambrook em#

1989) was done according to Farrell (1993) using a 5.8-kb X . . .
genoznic DNA fragment cgvering the <()pen 2eadin% frame of t#_g stage 14, when the different precursors can be identi-
KrT95D gene as a probe. fied by their shape and positioyT95D expression is

Fig. 1A-D Chromosomal localization, genomic structure and

transcripts of th&KrT95D transcription unitA In situ hybridiza-

. o . tion of genomicAFix 14.1 insert DNA to polytene chromosome

Isolation, localization, structure and expression indicating that the KrT95D gene is localized in region 95D on the

of a putativeKr target gene right arm of the third chromosomasterisi. B Physical map of
the genomic structure of th&rT95D transcription unit B

In order to identify putative target genes of Krippel, wgamHI, G Bglll, Rl EcoRI, S Sall, Sc Sacl, X Xbal, Xo Xhol).

; indinFhe gray barindicates the localization of the immunoprecipitated
performed a search by employing the DNA bindi NA fragment containing the three Krippel-binding sites. The

properties of the Kriippel zinc finger domain. To thigquence of the in vitro Kriippel-binding sites (confirmed by
end, Drosophilagenomic DNA was digested with Ha&ootprinting analysis, not shown) is shovabove Nucleotides

11, ligated to polymerase chain reaction (PCR) primerwatching the Kr consensus sequence are indicatedjtial let-
incubated with recombinant Krippel and co-immunoprgre 20 TR SEEnaig o B AT e e e
cipitated with antl-KruprI ar,'t'bOd'es' After five fOU,”Q' plicedKrT95D transcripts differing in the 5’ and 3’ untranslated
of repeated PCR amplifications and immunoprecipitgmgions are indicatedelow They consist of at least seven or nine
tions, the DNA fragments (between 70 and 350 bp érons, respectively spanning a genomic region of about 20 kb.

Results and discussion
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Note that the exact localization of the 5’ exon of the second traDNA clones isolated from two different cDNA librarie8 (
script is not determined. The open reading frame (ORF) is inBiamHI, Rl EcoRI,SnSnaBl, X Xbal, Xo Xho). Note that the two
cated by theblack bars the untranslated 5 and 3’ regions areDNA clonesAZap H1 and H2 contain a SnaBl restriction site
shown byopen bars Genomic DNA from th&rT95D locus pres- close to the polyA-tail which is not present in the cDNA clone
ent in phagesAFix and EMBL4) and cosmidscps Hoheisel et AZap c2.1 suggesting that these two cDNA clones represent a
al. 1991) is showrbelow Arrowheadsindicate the direction in third splicing variant of the KrT95D transcription unit. The isolat-
which the cosmid clones are extendifgNorthern blot showing ed cDNA clones differ in their lengti\Zap c2.1, 3.7 kbAZap

that theKrT95D transcription unit encodes three transcripts (5.£8.2, 4.6 kb) from that of the transcripts identified by northern
6.2 and 6.3 kb; probe: a 5.8-kb Xbal genomic DNA fragmebtot analysis suggesting that there are 5’ untranslated sequences
covering the ORF oKrT95D). D Physical maps of five different missing;
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Fig. 2A-J Expression pattern okrT95D during oogenesis and E KrT95D expression in dorsal, lateral and ventral muscle precur-
embryogenesis examined by in situ hybridizatioAsOvariole sor cells arrowhead$ at stage 13F KrT95D expression in the
from a wild-type fly showingKrT95D expression in the nursecentral nervous system (brain and ventral nerve cord) and in the
cells (ac) and in the oocyteopq) at stage 9B Homogeneous dis- region of the proventriculusfrow). G Ventral view of a stage 14
tribution of maternaKrT95D transcripts at the syncytial blasto-embryo showingKrT95D expression in the ventral cord and in
derm stageC Zygotic KrT95D expression in the anterioafig ventral musclesH Lateral view of a stage 14 embryo showing
and posterior mid gut primordiunprig at embryonic stage 9. KrT95D expression in two ventral muscle precursors, VO2 and
WeakKrT95D expression can also be detected in the region wh&f@5 (arrow). | Ventral view of a stage 16 embryo showing strong
the tip cells of the Malpighian tubles are formedr¢whead. D KrT95D expression in cells of the midlinarfowhead of the ven-
KrT95D expression in a segmentally repeated pattern of aails (tral cord.J KrT95D expression in the dorsal organ of the antenna-
rowhead and in the visceral mesodermarifow) at stage 10. The maxillary complex &rrowhead, in two parallel stripes of cells,
segmentally repeated expression belongs to cells of the neuroettie- dorsopharyngial apodeme cellréw) and throughout the
derm (vhite arrowheadl and the somatic mesodermigck arrow- CNS at stage 17

head inset showing a dorsal view of a late stage 10 embryo).
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Fig. 3A-1 Co-expression oKrT95D andKr in different tissues found in a subset of muscle precursor cells including
during embryogenesis and lossKifT9SD expression in the pre- DAl | T2, T4, VO2 and VO5 (not shown; for a de-

cursor cells of muscle VO5 in embryos lacking Kriippel activity, . . .. f
A—G Whole-mount in situ hybridizations using a biotinylatéd %crlptlon ofDrosophilamuscle pattern and nomenclature

DNA probe prown) and a digoxygenin-labellerT95D-DNA ~ S€€ Bate 1993). During muscle development, its putative
probe plue) to visualize co-expression of both genasCo-ex- regulator, Krippel, is expressed in a subset of precursors
pression ofKrT95D andKr in the Eip Ct;” {c) of the Ma'Pighia"f which give rise to muscles DA1, DO1, LL1, LT1, LT2,
tubule at stage 10 and stage 16 (sse). B-D Co-expression o B i

the two genes in different muscle precursor cells at late stage 1£-14' VL2-4, VA2, VO.Z’. VOS5 anq DT1 (Ruiz-Gomez et

B In the precursor of the dorsal-acute muscle D&1n two lat- al- 1997). Double staining experiments show #yaand

eral transverse muscles, LT2 and L#in the ventral-oblique KrT95D expression indeed overlaps in the precursors of
muscles VO2 and VO Dorsal view of a stage 9 embryo showmuscles DA1, LT2, LT4, VO2 and VOS5 (Fig. 3B-D).

ing co-expression oKrT95D andKr in cells of the ventral mid- ; ; i
line (vmlg). F Ventral cord of a stage 16 embryo showing expreg-urthermore' overlapping expression of the two genes is

sion of KIT95D in midiine glia cells g, of Kr in a pair of oPserved in the tip cell of the Malphigian tubules
cells located posterior of the posterior connectiweisite arrow- (Fig. 3A; see also Hoch et al. 1994), in cells of the ven-
head and co-expression of both genes in a cell located lateraitgl midline and in segmentally repeated, laterally locat-
in he ventral cord Kack amowhea)i G Co-expression of ed groups of neuroectodermal cells (Fig. 3E-G).

r andKr in a cell located ventrally above the longitudina - : i -
axons.H Wild-type KrT95D expression in the precursor cells o} In order to investigate Whetht(_lr aqthlty IS reqwr_ed
the two ventral-oblique muscles VOar(ow) and VOS5 &rrow- for the control ofKrT95D expression in these locations,
head at stage 141 KrT95D expression inKrcd+Krl embryos we examined th&rT95D expression pattern in embryos
showing that th&rT95D expression is lost in the precursor cellgyhich lack Kr activity due to aKr mutation. However,

r . .

of muscle VO*. Kr lack-of-function alleles cause strong segmentation de-

fects early in development and, thus, any phenotypic de-
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MDAVLQKSMDMIIELTASGKNGRPGTVVACLRAERVSSIPVDHDNKNNNS 50
VLLADRVAEYSDEDEEAEFSSGEFNDEANELGLIRGYDPKDPRDYNHPAK 100
HDMRKYRNKLQRSGIEDCALVGHHPGSIQHHHPGVVVDSDSEFEMKDKSS 150

SRAKFSRTISLQORNFKQKIVALLKRFKVSEELEGESGHRGTAALRGERD| 200

[LDALFQELESLSCCEGDDSGPDMDSISVGSTPKPSLRPFFTNSRIMLHDN| 250
[TTGNGGDLSQLVGGGLGPGTGTAGNSERRSISDKSDQLTNSSYNLENNKNQ 300

KCIHLTNNNNSATTPDRGGNDSSGNEGNAGYTDGQNSDPQNSPPRDKDYL 350
RLQOMQQQQLTPVSSVAASMGSGSVITPAQTEKRSRLFRTSSNTPANAGS 400
GGNSVSAITRSGGGKRKHTLSLSAEPRSVLEACLSPTNVEPRKLLLDQLS 450
RVFAGEDSAIPEVVTIISPPEALGGSALLAKLVTLFANSFKPAFVPQONTA 500
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VRPPDWLNHLRFYLVPVGGSCGSVARHLSQMDQAYAVMFGSDNWTQLCER 600
AAATAAAVSAVTTVNATALTTNLADAAGVAKSDIAELVQRIQRYLLAAGP 650
CTQIPIAEAMVNYKDEDSCQIFVPFVSDVRIGYLDAQASLDLEENAAGSN 700
AVGSGLGSGSASSSAIPIGSQSSPNVHGVVSGSPPQQQSLGRISPPLQTP 750
PSSASSHRERNTSESLSTPSSVQQQSFSGALAAAEAVELQVDYWPLVRPG 800
EGHAKESKGGLSKGSDAGGKNSIKSTFRNLQVWRLPQHAQQLGDMFNGLT 850
VSFAﬂKEKKQKQIMRLGKKKDKERDLEKEQCVEGVARLICSPKQSHPVPL| 900
A RVYIDGTEWTGVKFFQVSSQWQTHVKNFPIAL IGQTPCPVLNYPSHFKPR 950
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KRT95D KOKIVALLKRFKVSEELEGESGHRGTAALRG-ERDLDALFQELESLSCCE
emb([Z44004] KOKFVALLKRFKVSDEVGFGLEHVSREQIREVEEDLDELYDSLEMYNPS -

KRT95D GDDSGPDMDSISVG-STPKPSLRPFFTNSRIMLHDNITGNGGDLSQLVGG
emb[Z44004] --DSGPEMEETESILSTPKPKLKPFFEGMSQSSSQTEIGSLNSKGSLGKD

KRT95D GLGPGTGTAGNSERRS
emb[Z44004] TTSPMELAALEKIKST

KRT95D KEKKQKQIMRLGKKKDKERDLEKEQCVEGVARLICSPKQOSHPVPLRVYID
gb[W81731] KNKK---VMFLPKKTKDKEVESKSQCIEGISRLICTAKHQQONM-LRVLID
gb[H24655] VLID
gb[R50269] LRVSID

KRT95D GTEWTGVKFFQVSSQWQTHVKNFPIALIGC
gb[W81731]  GVECSDVKFFQLAAQWSSHVKHFPICIFGH
C gb[H24655] GVECSDVKFFQLAAQWSSHVKHFPICIFG
gb[R50269] GVEWSDIKFFQLAAQWPTHVKHFPVGL

Fig. 4AA—C Amino acid sequence, hydrophobicity blot and similaaa amino acids)C Alignment of the amino-terminal (aa 167—280)
ities to the putative proteins encoded by human and mouse cD&Aino acid sequence of KRT95D with the putative protein encoded
clones.A Amino acid sequence &frT95D deduced from the com- by a human partial cDNA clone (gene bank accession number
mon open reading frame of the two different splicing variants (s844004) and of the carboxy-terminal (aa 856—935) amino acid se-
Fig. 1B). The eight putative N-glycosylation sites of the KRT95Quence with the putative proteins encoded by the mouse EST clone
protein are indicated bpold letters The boxed regionsndicate (gene bank accession number W81731) and the two human EST
conserved regions in the amino- and carboxy-terminal part of ttlenes (gene bank accession numbers H24655 and R50269), re-
KRT95D (seeC). B Hydrophobicity analysis of the KRT95D ami-spectively, revealed two conserved regions in the KRT95D protein.
no acid sequence after Kyte-Doolittle (+, hydrophobic; —, hydr@&onserved amino acids between the proteins are highlighted by the
philic) showing that the KRT95D protein is mainly hydrophilidlue, similar amino acids by theellowcolor
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fects observed iKr embryos could be a consequence sfon causes a mutant phenotype. VO5 precursor cells
the abnormal segmentation process. FurthermKre, which lack Kr, and consequently alg¢rT95D, expres-
mutant embryos fail to develop Malpighian tubulesion develop into VO5 muscles as judged by their normal
(Gloor 1954; Hoch, et al. 1994). To circumvent this diffsize, shape and position. Thus, neitienor KrT95D ac-
culty in assessing the role & for the expression of tivities contribute to a morphological function that is ap-
KrT95D, we examinedrT95D expression in the recent-parent in thékr mutant muscle pattern.

ly described KrCb+Krl embryos” (Romani et al. 1996).

Such embryos, which are homozygous for kné lack-

of-function mutation, carry Kr transgene providing ear-KrT95D encodes a novel protein containing conserved

ly Kr expression corresponding to the segmentation protein regions

function. Provision of th&r transgene specifically res-

cues the segmentation defectkaflack-of-function mu- In the absence of a morphologically apparent phenotype,
tants (Romani et al. 1996) and thereby permits the stwdy reasoned that the protein sequence ofKiE95D

of segmentation-unrelated aspect¥ofrequirement, ex- product may provide a hint towards the function of the
cept for the Malpighian tubules which fail to form igene and, therefore, we sequenced the cDNA clones
such embryos. AFix ¢8.2 andAFix c2.1. Sequencing revealed a single

In KrCb+Krl embryos, we found that the transieripen reading frame of 2,832 bp which codes for a 959-
KrT95D expression in the muscle precursors DAL, LT@mino acid protein of a calculated molecular weight of
and LT4 is variably affected (not shown). However, r&03 kD which is mostly hydrophilic (Fig. 4A, B). No di-
cent examination of the muscle pattern has shown thghostic protein motif has been found. However, se-
DA1, LT2 and LT4 are also morphologically affected iguence comparison with known polypeptide sequences
KrCb+Krl embryos, i.e. they are either lost or transevealed two relatively short stretches of conserved se-
formed into muscles of different specification (Hartmarguences which are encoded by partial cDNA clones of
1996; Ruiz-Gomez et al. 1997). Thus, the alterationshafman and mouse transcripts (Fig. 4C). The observation
KrT95D expression in the muscle precursors DAL, LTtkat the conserved sequences were found in the N- and
and LT4 are likely to be a secondary effect of the lack Gfterminal region of th&rT95D protein, respectively,

Kr activity in those muscles. In contragtfT95D con- leave the possibility that the two partial sequences of the
stantly fails to be expressed in the muscle VO5 prechuman cDNAs derive from the same transcript, which
sors while it is still expressed in the muscle VO&ould imply that theKrT95D gene is in fact conserved
(Fig. 3I). Thus, the lack oKr activity affectsKrT95D in humans. Alternatively, or in addition, the conserved
expression in all four muscle precursor cells where thmtein regions may represent functional domains of dif-
two genes are co-expressed. However, only in the caséeoént proteins which are conserved in evolution. In this
the VOS5 precursors, cdfr requirement be demonstratedontext it is interesting to note that no corresponding do-
directly. Nevertheless, the variable lack KfT95D ex- mains have been found in the yeast genome. This argues
pression in the other muscles can be explaineHlrif that the conserved regions of tKeT95D protein may
functions in these precursors as a component of a parsalrve functions not required in lower eucaryotes.

ly redundant activator system.
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