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Prep1, a novel functional partner of Pbx proteins
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The human transcription factor, UEF3, is important
in regulating the activity of the urokinase plasminogen
activator (UPA) gene enhancer. The UEF3 DNA target
site is a regulatory element in the promoters of several
growth factor and protease genes. We reported pre-
viously that purified UEF3 is a complex of several
subunits. In this paper we report the cloning of the
cDNA of one of the subunits which encodes for a novel
human homeodomain protein, which we have termed
Prepl. The Prepl homeodomain belongs to the TALE
class of homeodomains, is most closely related to
those of the TGIF and Meisl proteins, and like these,
recognizes a TGACAG motif. We further identify the
other UEF3 subunit as a member of the Pbx protein
family. Unlike other proteins known to interact with
Pbx, Prepl forms a stable complex with Pbx independ-
ent of DNA binding. Heterodimerization of Prepl and
Pbx results in a strong DNA binding affinity towards
the TGACAG target site of the uPA promoter. Overall,
these data indicate that Prepl is a stable intracellular
partner of Pbx in vivo.

Keywords gene expression/homeobox/protein—protein
interaction/transcription/urokinase

Introduction

transactivators is essential for enhancer function, and
requires a 72 bp region, spanning from PEA3-AP-1a to
the AP-1b site, termed COM for co-operation mediating
(Nerlov et al,, 1992). Several nuclear proteins (urokinase
enhancer factors: UEF-1 to 4) recognize partially over-
lapping binding sites in the COM region (Nerlat al.,
1992; De Cesaret al, 1996). The UEF3 binding site
exists not only in the urokinase COM sequence, but also
in the promoters of cytokine and chemokine genes, such
as interleukin 3|.D78/MIP-1a GM-CSF, of other protease
genes, such as stromelysin (Berthelstnal, 1996; De
Cesareet al, 1997), and of the murine intracisternal
A-particle (IAP) LTR (Basuet al,, 1997). All these genes
undergo transcriptional activation by a variety of inducers,
including the phorbol ester TPA, and contain AP-1 and
PEA3 sites in their regulatory regions. We demonstrated
previously that the purified UEF3 factor also binds to
the homologous motives of the IL-3 and LD78/MI@-1
promoter (Berthelsert al, 1996). In the uPA enhancer,

a mutation specifically destroying the UEF3 binding site,
weakens the response of the enhancer to TPA (Nerlov
et al, 1992; De Cesaret al, 1996). UEF3 specifically
recognizes a TGACAG core sequence, and forms two
retarded complexes in a electrophoretic mobility shift
assay (EMSA). Purification of these complexes shows that
each share a common 64 kDa protein. In addition, they
contain a protein of either 50 or 40 kDa (Berthelsen
et al, 1996).

In this paper, we report the cloning of the cDNA
encoding the 64 kDa subunit common to both complexes
of UEF3, named Prepl, a hovel homeodomain-containing,
DNA-binding protein. The Prepl homeodomain is structur-
ally related to the PBC homeodomain class, contains an
isoleucine residue in the third position of the conserved
WF_N sequence in the homeodomain and displays a weak

Transcriptional regulation of extracellular proteases is in but specific affinity for the TGACAG sequence of the
general a tightly controlled, and highly inducible, process. UPA promoter. The Prepl homeodomain shows highest
Urokinase plasminogen activator (UPA) is a serine proteasehomology to the murine proto-oncogenic Meis protein
and a key enzyme in the proteolytic cascade leading to family and to human TGIF. In addition, we also demon-
fibrin degradation (Bessest al, 1996). uPA is constitu-  strate that the 40 and 50 kDa subunits of HeLa-purified
tively expressed in murine extra-embryonic tissue at the UEF3 complexes are products of tiikbx gene family,
post-blastocyst stage, in embryonic and adult kidney and Pbx1b and Pbx2 These data suggest that intracellular
in the lung (Teesalet al., 1996), and urokinase synthesis stable Prepl-Pbx complexes existvivo. We also show

is induced by a variety of factors in most cells battvivo the in vitro reconstitution of these complexes and the
andin vitro (Bessetet al,, 1996). Transcription of thaPA effect of Prepl in modifying the affinity and DNA-
gene depends on the activity of an enhancer locatedbinding specificity of Pbx: hence the name Prep1,_for Pbx
~2000 bp upstream of the transcriptional start site, requir- regulating _protein 1. The Pbx—Prepl complex displays
ing the co-operation of binding sites for three transactivator strong affinity for the TGACAG motif by which it was
proteins: a combined PEA3-AP-1a and a downstream AP- purified, a target sequence also bound by the TGIF protein.

1b site (Verdeet al, 1988; Rgrthet al, 1990; Nerlov

In contrast to other homeodomain proteins known to

et al, 1991, 1992). The transactivator proteins ets-2 interact with Pbx, Prepl forms a strong and stable complex

(Staceyet al, 1995), Atf2—c-jun and c-jun—c-jun or c-jun—
c-fos (De Cesareet al, 1995) bind to these sites to

with Pbx independent of DNA binding, and does not
contain the conserved YPWMX, or similar amino acid

activate transcription. Co-operation between these threemotif, required for the interaction of Hox proteins with
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64pep1-R
3' RACE
64pep1-F2 > 180 bp fragment (probe)
———-, —
"dT-anchor"
cDNA phage library screen
Probe SToP 2.1Kkb
1278bp ORF ' 3'UTR :
LDE 5'-RACE
ATG STOP
SUTR <. < ' 3'UTR 220
LDR1  LDR2 1308bp ORF
Name Identity  Similarity Species
Helix 1 Helix 2 Helix 3
Prepl SKNKRGVLPKHATNVMRSWLFQHIGHPY PTEDEKKQIAAQTNLTLLQVNNWFINARRRILOPM 63 (100%) 63 (100%)  Human/murine
MRG2 R-K---IF--V---I--A---=-LT-~=~§-EQ-~-L-QD-G--I=m=mmmmmmmm = V---  45(71%) 55(87%) Human
Meisl RHK---IF=--V===I==A-===-LT--==S-EQ---L-QD-G--I============== V---  44(70%) 54 (86%) Murine
TGIF KRRR--N---ESVQIL-D--YE-RYNA--S-Q--ALLSQ--H-ST---C-—---——-~ L-PD-  31(49%) 45(71%) Human/murine
Kn-1 K-K-K-K---E-RQQLL--WD--YKW---S-TQ-VAL-ES-G-D-K-I------Q-K-HWK-S  30(48%) 38 (60%) Maize
Pbxl ARR--RNFN-Q--EILNEYFYS-LSN---S-EA-EEL-KKCGI-VS--S---G-K-I-YKKN-  22(35%) 41 (65%) Human/murine
Exd ARR--RNFS-Q-SEILNEYFYS-LSN---S-EA-EEL-RKCGI-VS--S---G-K-I-YKKNI  20(32%) 40 (63%) Drosophila
MATa2 KPYRGHRFT-ENVRILE--FAKN-EN--LDTKGLENLMKN-S-SRI-IK--VS-R--KEKTIT 14 (22%) 26 (41%) Yeast
Hox Consensus RRR--TAYTRYQLLELEKEFHFN  R-L-RRRRIEL-HSL---ER--KI--Q-R-MKWKKEN 14 (22%) 21 (33%) n/a
Prep1 C I )
1 HR1 HR2 HD 436
Meisla  ( B §
Prepl: ..MDVDKQAIYRHPLFPLLALLFEKCEQSTQG.. + .CEDPETDNLMVKAIQVLRIHLLELEKVNELCKDFCSRYIACLKTE. .
Meisl: ..LKR--D---G-======== I-==== LATCT. . ++SSN--L-=---IQ F H---DN--H S---GK. .

Fig. 1. Cloning, sequence and homologies of human Prefd]l Scheme of the cloning strategy of the Prepl cDNA. From the originally obtained
peptide sequence of Prepl (p64-pepl), we designed two degenerate primers, 64pepl-F1 and 64pepl-R, corresponding to the flanking ends of p64-
pepl, and used these to amplify the 50 bp cDNA fragment encoding for p64-pepl by RT-PCR. A new primer, 64pepl-F2, identical to the middle
part of the 50 bp fragment, was used together with an ‘anchor’ primer identical to an anchor sequence in the dT-primer used to prime the cDNA
synthesis, in a 3RACE protocol. The resulting 180 bp fragment (primed from F2 and an internal poly(A) stretch) was used to screen a HeLa cDNA
phage library. The longest clone from this screening was 2.1 kb long, but lacked the 'nebth& ORF and 8JTR sequences. An additional five
screenings of five different cDNA phage libraries failed to reveal clones with intadt/® therefore used a modified-RACE protocol, using

primers LDR1 and -2, to clone the remaining 50 bp. The integrity of the whole cDNA was accessed by PCR on single-strand cDNA using

primers LDF and a downstream primer complementary to the mos¢@uence.R) DNA sequence of Prepl cDNA and extrapolated amino acid
sequence of the 1308 bp ORF. The single letter code is employed. The underlined sequence shows the amino acid sequence of Pepl originally
obtained from the purified p64 protein band of UEF3 (Bertheksteal,, 1996). C) Amino acid homologies with the Prepl homeodomain. Amino

acid identity with respect to Prepl is indicated by (-). Residue identities and similarities of the different homeodomain with respect to Prepl are
indicated as an absolute number (in bold) and in percentage (in brackets). Besides Meisl and MRG2, the other proteins showed is no significant
homology with Prepl outside of the homeodomain. The following accession numbers or references were used: MRG2:U68285; Meis1:U33629;
TGIF:X89750; KN-1:X61308; Exd:L19295; Pbx1:M86546; M&tP01367; Hox consensus sequence as compiled (Burglin, 1994). A sequence,
termed Pknox1, encoding for a protein identical to Prepl, has recently been published as a gene mapping to chromosome 21 (U6&#2a1), (Chen
1997). D) Alignment of full-length Prepl and Meis1, showing the conserved positions of three homologous regions: (HR1 and HR2), homology
region 1 and 2; and (HD), the homeodomain. Below: sequence alignments of HR1 and HR2. Residue identities between Prepl and Meisl are
indicated by (-). All Meis family proteins contain these homology regions. Outside HR1, HR2 and HD there is no significant homology between the
two proteins.
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B logy search in the DDBJ/EMBL/GenBank and NCBI data
HaCACCCAGACACCATTCOCTMTTCACCCAAGATGA T GATGICTIATAAAACTCTGA 120 banks revealed Prepl as a novel protein with the 60 amino
N TGA“CCAQGA;GGETASACSGA?TEAA‘S;TA?AG";CAECTéTchGSTGgGCSACQGAEG 180 acids from residues 257—317 being atypical homeodomain.
CAAGTAGTAACAGAGTTAAAGACAGAACAAGATCCAAACTGCTCTGAACCCGATGCAGAR 240 The Prepl homeodomain resembles those of the dlvergent

18 Q VVTETLTEKTET QDTPNTCSETPTDAE . . s
GGAGTGAGCCCTCCCCCTGTGGAGTCTCAGACCCCGATGGATGTGGACAAGCAGGCCATT 300 TALE class of homeodomain prote_lns Wh|Ch includes the

% GVs?PPPVESQTEPMNDVDKQRAI PBC class, KN-1 and MAG?2 proteins (Figure 1C), and
TATAGGCATCCACTATTTCCATTATTAGCTTTGTTGTTTGAAAAATGTGAACAATCTACA 360 . . . . .

8 YR HPLFOPLLALLTFETE T CEDG QST is characterized by a conserved insertion of three amino

 ClSCTBGEBEITeICTITIITee e ReTTIaIS, 420 acids between helix 1 and 2 (Burglin, 1994). The Prepl
AAGCAAGAGAAGGAAGGGAAACCTTTCTTTTGTGAAGATCCAGAAACCGATAATTTAATG 480 seguence has 14/60 identical residues with the homeo-

98¢ K Q E K E G K P F F CEDGPETTDNTL M . . .
GTAAAAGCAATCCAGGTTTTGCGCATTCATCTTCTTGAGCTGGAAAAGGTTAACGAACTC 540 domain consensus (Burglm, 1994), 14/60 with the yeast

118 Vv K A I Q VL R I HL L EL E K V N E L ; ; ;
TGCAAAGATTTCTGCAGTCGATACATTGCTTGTCTGAAAACAGAAATGAACAGTGAAACT 600 Matuz prOteIn’ 21/60 Wlth Pbx_eXd and 30/60 Wlth

33 ¢ XDFCSRYIACLEKTEDMDNSET plant KN-1. The highest homologies are found with the
CTGTTGAGTGGAGAGCCTGGAAGCCCGTACTCACCAGTGCAGTCCCAGCAGATT! 660 - . .

158 L L £ 6 Z PGS P YSPVESOQeTIos homeodomain of Meisl (44/60), its related human and

178 G:CA:T[‘CAgAGgCAgCA';CAgCCgTCZQ\GGgAA’i"I‘G$GG$GCgGGiGTgCG;GCEGCgGC}Q\G 720 murin-e h0m0|ogues M RG2 (45/60), and the human TG”:

. GgAAgCGgAGiCA;GG;GAgGG"I;GG;AGgTGgCAiAG"I,‘GTIY\.TCSGCgTGgCA;GG:CG\‘I,‘C 780 protein (31/60) Meisl I1s a murine oncogenic protein
ACTCCCCAAGGCCAAGTGGTCACACAGACATTGTCGCCTGGGACAATTAGGATCCAGAAC 840 involved m. murine lymphoma formation (MOSkOﬁM al,,

#8 TP OGOVVTOTLSPCTIRION 1995), while TGIF is a repressor of RXR-dependent
TCCCAGCTTCAGTTACAGTTAAACCAAGATCTCAGCATCTTGCATCAAGATGATGGTTCA 900 . . . .

28 S 0L OQLOLDNGOQD LS ILHQDDGS activation in several promoters (Bertolired al, 1995).

e MMM 99 The homology of Prepl with Meis1 is spread all over the
TTCCAGCACATCGGGCATCCCTACCCAACAGAGGATGAGAAAAAACAGATTGCTGCTCAG 1020 homeobox, but is main|y concentrated (16/]_8 residues) in

2786 _F O H I G H P Y P T E D E K K Q I A A Q . s . . . .
ACAAATTTGACACTACTCCAAGTCAACAACTCGTTCATCANTGCCAGRAGACGAATTCTT 1080 helix 3, i.e. the DNA-recognition helix. Finally, in Prepl

B o AT A AR A AN AL AR AR TCOTCn, the third position of the conserved WF_N sequence

TGTTGGATTCAAGTTGTTCAGAGACCCCCAAAAC ARAACTGCTCAG 1140 . . . . . - .

38 @ P M L DS SCSET?P?XKTXKEKEKTRADQ contains anisoleucine (asin KN-1, Meis1 and TGIF), while

e A:CCSGClC)AG\’[I‘TCgGAiGT§TTﬁGC(Pf’I‘G}gTT(S?TA’;‘TGEAT(SZAGSAG\l;CGiACgGCEACSG 1200 PBC proteins contain a glycine and the Hox consensus a

- CiGA(SECGII;GCECAgCA;GT(SIGG};AGSAG;TG\T]TGgCAgCA’;‘CAECAEGCSCG\TIGAQCA?: 1260 g|utamine' The a.mirllo acid pr'esent in thlS pOSition has
AACGTGGACAGCCTTCAGTCTCTGTCCTCGGACGEEGCCACCCTGGCGGTGCAGCAGGTC 1320 been shown to be Important in determlnlng the DNA-

378 N vV D S L Q S L S SDGATTILA AVOQQV s . .
ATGATGGCAGGGCAGAGCGAGGACGAGTCTGTGGACAGCACAGAGGAGGATGCGGGTGCC 1380 bmdmg sequence SpeCIfICIt'y (Trelsmam a!., 1989)!

96 MM AGOQSEDESVDSTEEDRAGCR thus Prepl and PCB proteins may have different DNA
CTGGCCCCTGCCCACATCAGCGGGCTGGTCTTGGCGAACAGTGACTCCCTGCAGTAGGGG 1440 cpe . . .

48 L A P A H IS GLUVLANSGDS L Q specificity. Outside the homeodomain two Prepl regions
CAGGAGCAGACGCACCTGACTTTTTGGAGTTTGCACAGCAAACATTTTACACAGTTTTAT 1500 . . .
TTCTAATATGTTTTATATGTAGATATAGAAGAGTGCACTTTTGTATTTCATAGTAAGCTT 1560 of 22 and 40 amino aCIdS7 I’espectlvely HR1 and HRZ,
AAAGCGCGTCTTTGCCGGTGCAGCGACTTCTTTCAAGTGTGTGTGTGTGTGTGCGTGTGT 1620 . L . . .
GCGTGTGTGTGGATTTTTAAAGAAATTCTTTAAAGGTTTAACGCTAGATTGTGAGGAATG 1680 dISplay Strong h0m0|0gy to similar regionsin Meis-related
ACACACCACTCCCTCCCCACCTTGAATCCCTAATTAGATTAAGGAATAGCGCTGCCATTT 1740 . . " o
TCTAAACCGTGATGCGGTTGTCACTTAGTCCTGNGGTCCCAGAAGATCTCAGTGGGCTGG 1800 pl’OteInS (Flgure 1D) In addltlon, the pOSItlon of HR1 and
TTGATTTGTTTTGGCCCATGGANNTNGAAAGAACTNCTTCAACCCGAAACCTGCCAGTGT 1860 . L
GCGGTTGCCCNCGGCACACCGCCTAGACTGAGTGTGGTTTCCGTCGTGAGTGGATGGNCG 1920 HR2 relative to the homeodomain is conserved between
R AT AT T RACCTROCNGOAATTAT OGN TARAAGCTATTTTATAR 2040 Prepl and Meis proteins. These regions are not found in
IR A T AN TR GA AT PRV TCACCARA T TAACEARCCT 2160 any of the other proteins listed in Figure 1C, while the

GCCCAAAGTTAGCTACCGTTCCATGGTTCTTTGCTCTCCCCCGAATTC

dbEST database at NCBI contains several EST sequences
containing HR1 and/or HR2 homologies. Prepl, however,
is not the human homologue of Meis proteins, as we have
also cloned a murine homologue of Prepl which shows
100% homology in the homeodomain (Ferretti, Schulz,
Blasi and Berthelsen, unpublished).

Pbx. Based on these data, we therefore propose that Prep
is an intrinsic partner for Pbx protein function.

Results There is an apparent discrepancy between the observed
Prep1 belongs to the PBC-like class of molecular mass of Prep1l purified from HelLa cells (64 kDa)
homeodomain proteins with extended homology and the cDNA ORF sequence which suggests a protein

to the murine proto-oncogene Meis1 of 436 residues, corresponding to 49 kDa. To investigate

UEF3 consists of three subunits, p64, p50 and p40. In a this point, the cDNA of Prepl was cloned downstream of
previous study, upon purification of UEF3 from HeLa Pacterial T7 promoter (pBS-Prepl), transcribeditro,
cells, we obtained a peptide sequence from the p64 subunittnd the RNA translateth vitro using rabbit reticulocyte
(p64pepl, Berthelseat al, 1996). Using this 17 amino Iysate. As ghown in Figure 2A, the protein band obtained
acid sequence, we generated a DNA probe of 180 bp by Migrates with an apparent molecular mass of 64 kDa. The
RT-PCR (Figure 1A; see Materials and methods) using additional 40 kDa band (*) appears to be due to the
as a template poly(A) RNA from HeLa cells. This probe  utilization of an internal ATG codon at position 731 in
was used to screen a Hela cell cDNA library, which, the cDNA, as shown by site-directed mutagenesis (data
together with a final SRACE screening, led to the not shown). The apparent molecular mass of 64 kDa for
isolation of a 2.2 kb cDNA clone for Prepl. As shown in Prepl was confirmed by transient transfection of NIH 3T3
Figure 1B, the cDNA clone contains 126 nucleotides of cells with a construct containing the Prepl cDNA driven
a 5-untranslated sequence, after which an ATG codon is by a eukaryotic promoter (pBOSPrep1). Immunoblotting
followed by an uninterrupted ORF of 1308 nucleotides, experiments with anti-Prepl antibodies (Figure 2B)
coding for a predicted 436 amino acid residue polypeptide, showed a weak band of ~64 kDa in the nuclear extract of
including the 17 residues sequenced originally (Berthelsen untransfected NIH 3T3 cells, co-migrating with that of
et al, 1996). After the stop codon, the clone continues HelLa cells. NIH 3T3 cells transfected with pBOSPrepl
with >1000 bp of a 3untranslated sequence. An homo- plasmid showed an increase in the appearance of the

1425



J.Berthelsen et al.

w
-
A B £ — NIH3T3 — C >
- &
popt | - |+ | o - &2
KD N N C N C Antisera — |
— 69 — ST
Prepl — @=. @ -‘ — Prept
— 4% - b m !
* o— - {
— — ; ' v
_ 3 _ .-
— 21—

Fig. 2. Analysis of Prepl cDNA expressiorAY SDS—PAGE analysis o°S-labelledin vitro transcribed and translated Prepl products. The major
product run as a 64 kDa polypeptide. A minor product (marked with *) is observed as a 40 kDa polypétislemunoblotting analysis with anti-

Prepl antibodies on transfected NIH 3T3 cells lysates separated by SDS—-PAGE. N, nuclear extracts; C, cytosolic extracts. The lane labelled HeLa
shows the results obtained with crude nuclear extract from HelLa cells. Cells were either mock transfected, or transfectqegvatrpBOSPrepl

plasmid. A major product appears in transfected NIH 3T3, both in the nuclear and cytosolic fraction, with the same mobility as endogenous HelLa
cell Prepl (64 kDa).§) Effect of addition of anti-Prepl serunaPrepl) or pre-immune serum (PI) on the DNA binding of endogenous UEF3
complexes. EMSA binding reactions with HeLa nuclear extract and o-1 oligonucleotide were assembled with the additioplairQ00Bul

aPrepl or 0.5l PI, as indicated.

same band in the nucleus but, interestingly, most of the Pprotein: HelLa NE GST-Prep  GST-Prep+NE EGSHNE
exogenous protein remained in the cytoplasm.

As a final test of the presence of the Prepl product in
UEF3, we used an anti-Prepl serum raised against a GST—
Prepl fusion protein, and tested its effect on the DNA-
binding activity of UEF3 in crude nuclear extract. As
shown in Figure 2C, the addition of Prepl antiserum
strongly and specifically inhibited the formation of both
bands of UEF3 while pre-immune serum had no effect. .
From all these data, we conclude that Prepl cDNA does
indeed code for the 64 kDa subunit of both complexes
of UEF3.

Competitor: + o1 oim + o1 o1m + o1 o-im o-1
=] =] P P P PO |

Prep1 is a DNA-binding protein with specificity for

the TGACAG sequence

To investigate the DNA-binding capacity of Prepl, we
tested the DNA-binding activity of a recombinant, bac-
terially expressed GST-Prepl fusion protein with a
labelled DNA sequence from the human urokinase gene
containing a TGACAG motif that specifically binds the Fig. 3. EMSA analysis of recombinant Prepl protein. Labelled o-1
UEF3 f.aCtor (Berthelseet al, 19_96)’ (0-1 OllgonUCIe_o'_ oIi%'on.ucIeotide Wa)g incubated with either Eg gf HeLa crude

tide). Figure 3 shows the comparison between the binding nyclear extract (NE), or 100 ng of purified recombinant GST-Prep1

of the HelLa cells nuclear extract (NE) and the purified fusion protein, or a combination of both (NESST—Prepl). As a
recombinant protein (GST—Prepl). By EMSA, the nuclear control we included purified recombinant GST protein (GST) and the
extract gave two bands which were specifically competed ¢ombination of nuclear extract and recombinant GST {\&ST).

i} g . DNA-binding specificity was tested by competing with unlabelled o-1
by unla_belled o-1, bu,t not by the mutated o-1m oI|go or mutated o-1 (0-1m) oligonucleotides, at 50- and 500-fold molar
nucleotide (see Materials and methods). The GST—Preplexcess over labelled oligonucleotide.
protein preparation gave rise to two slower migrating
bands (possibly due to the presence of the GST tail) which
were specifically competed by unlabelled o-1, not by Prepl bound specifically to the same sequence as the
0-1m, oligonucleotide. Binding of the recombinant protein HelLa cell UEF3 factor, but with an apparently lower
to o-1 was specific, as no activity was found with the affinity, as high concentrations of GST—Prepl are neces-
GST control. These results indicated that the recombinantsary for binding, and higher concentrations of unlabelled
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0-1 oligonucleotide are required to compete for binding. using crude UEF3 (Figure 4B). In EMSA, formation of
When we added the recombinant protein to the nuclear both UC and LC complexes was abolished by anti-Prepl
extract (NE+GST—Prep1l in Figure 3), the binding pattern antibodies. Incubation with anti-Pbx1 supershifted all LC
was the sum of that obtained with the nuclear extract and but not UC, whileaPbx2 oraPbx1/2/3 inhibited DNA
the recombinant protein, separately. The presence of thebinding of UC only. BothaPbx3 and pre-immune sera
recombinant protein reduced the binding by the nuclear had no effect. Overall, these data confirm that crude UEF3
extract, while the control GST had no effect. from Hela cells contains Prepl complexed with either
We have shown previously, using mutation analysis and Pbx1b or Pbx2, and that the migration of the two complexes
methylation interference analysis, that UEF3 preferentially seen by EMSA is in agreement with the size of the Prep1-
binds the TGACAG core motif (Berthelsest al., 1996). associated Pbx subunits.
The data in Figure 3 thus indicate that the Prep1 component
of UEF3 is sufficient for specific recognition of the Association with Pbx increases the affinity of
TGACAG motif, and suggest that the p50 and p40 subunits Prep1 for DNA
may be important in raising the binding affinity. In several In view of the difference in DNA-binding affinity of
cases, heterodimerization of homeodomain proteins recombinant Prepl versus UEF3, heterodimerization with
increases DNA-binding affinity (Vershon, 1996). Interest- Pbx might lead to increased DNA-binding affinity. To test
ingly, the TGIF protein, which contains a homeodomain for this possibility, we carried out DNA-binding studies
highly homologous to Prepl and almost identical in the with in vitro translated products of the Prepl, Pbxla and
third helix (Figure 1C), has been found by PCR-mediated Pbx2 cDNAs, using oligonucleotide 0-1 as the binding
binding site selection to bind to a TGACA; motif, site. In vitro translated Prepl, Pbxla, Pbx1b or Pbx2 did
identical to the UEF3 binding site (Bertolired al,, 1995). not give rise to any retarded complex in EMSA when
This type of recognition sequence is seen rarely for translated individually (Figure 5A and B). However,
homeodomains, thus Prepl, TGIF, Meisl (Chanal, retarded bands were observed when Prepl-Pbx1b, Prepl—
1997) and similar homeodomains may constitute a novel Pbx2 and also Prep1-Pbx1a were co-translated. In contrast,
class of homeodomains recognizing this type of binding mixing singly translated Prepl and Pbx proteins did not

motif. lead to efficient DNA binding (not shown). Thus, co-
translation of Prepl with one of the Pbx proteins led to

The 40 and 50 kDa subunits of UEF3 complexes the reconstitution of the high-affinity DNA-binding UEF3

are members of the Pbx protein family complex. The migration of the retarded complexes again

Active transcription factor UEF3 has been purified from agreed with the size of the Pbx subunits. Theitro data
HeLa nuclear extracts by employing a variety of column show that co-translation of Prepl with Pbxla or Pbx2
chromatography procedures, including DNA-affinity chro- (both 50 kDa polypeptides) gave raise to the UC slow-
matography. The two complexes of UEF3, UC and LC, migrating complex of UEF3 (UC), while Prepl and Pbx1b
co-purify throughout the purification procedure, but could (40 kDa) gave raise to the fast migrating complex,
be partially separated by a final Mono-S chromatography. LC. The complexes exhibited the same DNA-binding
Such purified preparations analysed by SDS—PAGE, dis- specificity, as shown by the specific competition with
played two bands: a common 64 kDa band (Prepl) andexcess unlabelled UEF3 binding site (Figure 5B, lanes 1-3
either a p40 or a p50 polypeptide, respectively (Berthelsen versus lanes 4-6). Thus, co-translated Prep1—Pbx displays
et al, 1996). We set out to determine the nature of the co-operative DNA binding to the TGACAG motif and
p40 and p50 bands. As discussed above, since Prepl is ®NA-binding specificity indistinguishable from crude and
homeodomain protein, its partners in the UEF3 complexes purified UEF3. Importantly, co-translation of Prepl and
might be other similar homeodomain proteins. We noticed one of the Pbx family members was sufficient to reconstit-
that the molecular weights of p40 and p50 were compatible ute UEF3 binding activityin vitro.
with those of members of the Pbx family. To investigate
this possibility, we performed immunoblotting experiments Prep1 and Pbx form a strong DNA-independent
with anti-Prepl and different anti-Pbx antibodies using complex
both a crude nuclear fraction of HelLa cells and purified The co-purification of Prepl and Pbx subunits of UEF3
UEF3 containing the p64, p50 and p40 polypeptides. throughout several chromatographic steps (Berthelsen
Overall, anti-Prepl antibodies detected the 64 kDa bandet al, 1996), the composition of the individual EMSA
from both fractions, while anti-Pbx antibodies recognized complexes, the need for co-translation in order to
the 50 and 40 kDa bands (Figure 4A). In particular, reconstitute DNA bindingn vitro and the effect of specific
antibodies specific for Pbx1 identified the p40 band in the antibodies on DNA binding of crude UEF3, indicate that
purified UEF3 preparation, corresponding in size with the a Prepl-Pbx complex assembles intracellularly independ-
Pbx1b splice variant. Additional bands were detected in ent of DNA binding. We confirmed this by immuno-
the crude extract. Antibodies specifically reactive with the precipitation ofin vitro translated Prepl and Pbxla. As
50 kDa splice-variant product of all Pbx family genes shown in Figure 6, co-translated Prepl and Pbxla were
(aPbx1/2/3) or withaPbx2 only, recognized the p50, and readily co-precipitated, using either anti-Prepl or anti-
not the p40, band in both purified and crude preparations. Pbx1 antibodies (lanes 7 and 8); translation of single
Antibodies to Pbx3 did not react with either fraction. proteins showed the absence of cross-reactivity of the
Overall these results indicate that the two complexes of antibodies (lanes 1-4). In addition, precipitation of singly
HelLa UEF3 are heterodimers of Prepl with either Pbx2 translated Prepl and Pbxla which were mixed after
or Pbx1b. translation did not lead to co-precipitation (lanes 5 and
We tested the same antibodies in DNA-binding assays 6), showing that complex formation only occurs during

1427



J.Berthelsen et al.

¥
rF Ly Yy P
A B Y o N
123 45686 7
Prep1, 64kD
Ss't';ﬁ" aPrepl aPbx1 “PUX qpbx2 apbxa 4
P NP NP NP NP NP *LC — .
1 23 45 67 89 1011 _/
kD uc—» ' - ‘ Fhid, SN0
: LC —» - -
— o7 — \Prep‘l,&dkl)
—68 —
2 =e -
-
- — 5 — Se o= o
- Pbx1b, 40kD
— 3 — S i

Fig. 4. Subunit composition of purified and crude UEFA) (Analysis after SDS—PAGE separation of purified UEF3 (P) and crude nuclear extract

(N) from HelLa cells. Lane 1: Silver-staining of purified UEF3, showing the presence of the three co-purifying polypeptides, p64, p50 and p40.
Molecular weight markers are shown. Lanes 2-11: Immunoblotting analysis on purified UEF3 and nuclear extracts with antibodies against Prepl or
against the various Pbx family members (see Materials and methods). The antibodies employed are indicated on top of &dkffaceof the

same antibodies on the DNA binding of endogenous UEF3 upper complex (UC) or lower complex (LC). EMSA binding reactions with HeLa nuclear
extract and o-1 oligonucleotide were assembled with the addition ofil0o5 aPrepl or 3ul of the various anti-Pbx antibodies, as indicated. As a
control, we used 0.5 of PI. A supershifted LC is indicated by *LC. To the right: A model of our conclusion on the subunit composition of HeLa

cell UEF3 UC and LC.

co-translation, in agreement with DNA-binding experi- antibodies. Inimmunoblot, faint cross-reacting background
ments (see above). Prepl and Pbxla contain comparabldands can be observed in lysates containing Prepl, Meisl
amounts of labelled methionine (13 versus 14), and thus or non-programmed lysate (lanes 3-5). A strong band co-
the relative intensity of the bands reflects their molar ratio. migrating with Prepl can be observed in Prepl-containing
This experiment therefore shows that all available Pbxla lysate only (lane 3), while no band co-migrating with
was complexed with Prepl. Thus, during co-translation, Meisla can be observed in Meisla-containing lysate (lane
the Prep1-Pbx complex formed highly efficiently in solu- 4). In immunoprecipitation, Prepl is precipitated by anti-
tion, and was resistant to stringent washes (600 mM NacCl) Prepl (lane 6) while Meisla is not (lane 7). These data
during precipitationln vitro translated Prepl preparations show that the anti-Prepl antibodies are specific for Prepl
always contained a 40 kDa truncated product (marked by and do not cross-react with Meisl proteins. This is also
an *) due to translation from an internal ATG codon (see supported by the observation that anti-Prepl antibodies
Figure 2 and comments above); this band, however, did do not recognize bands with migration-rates corresponding
not associate with Pbxla. We conclude that the UEF3 to Meis proteins, in immunoblot analysis on extracts from
factor must be a Prep1-Pbx complex; our data also indicateHeLa or NIH 3T3 cells (see Figures 2B and 4A).

that this complex has the properties necessary to exist
intracellularly as a stable entity.

Discussion
Anti-Prep1 antibodies do not cross-react with Prep1 is a novel homeodomain protein
Meis1 We have identified a novel homeodomain protein compon-

A recent paper shows that Meisl interacts with Pbx ent of the UEF3 DNA-binding activity. The protein has
proteins, and that Meis1-Pbx complexes can be detectecbeen named Prepl for Pbx regulating protein-1. UEF3 is
in the nuclear extracts of several cell lines (Chanal, a transcription factor binding to the TGACAG core motif
1997). Since Prepl and Meisl share three short homo-of the human and murine urokinase enhancer, located
logous domains (Figure 1D), we tested whether the anti- within a 17 bp sequence (UCOM) which is essential for
Prepl polyclonal antiserum, raised against the entire Preplenhancer function (Nerloet al, 1992; Berthelsemt al,
protein, was able to cross-react with the Meis proteins. 1996). Yet, the uCOM sequence cannot substitute for the
Prepl and Meisla were produced inyvitro translation enhancer and does not mediate transactivation, but appears
(Figure 7, 1.T., lanes 1,2). The proteins were then subjectedto allow the co-operation of two flanking transactivators
to either immunoblot analysis (I.B., lanes 3-5) or to (De Cesareet al, 1996). In this paper, we have reported
immunoprecipitation (I.P., lanes 6-8) using anti-Prepl the cloning of the novel homeodomain protein, Prepl,
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Fig. 5. Reconstitution of UEF3n vitro. (A) DNA-binding ability of in vitro translated or co-translated Prepl and Pbx products. EMSA with o-1
oligonucleotide and HelLa nuclear extracts (H, lanes 1 anéth®@)itro translated Prepl, Pbx1b or Pbx2 (lanes 2, 3 and 5) or co-translated

Prepl-Pbx1b (lane 4) or Prep1-Pbx2 (lane 6). Lanes 1-6 are all from the same gel, but lanes 5-6 have been exposed for three times as long due to
the weaker binding of the Prep1-Pbx2 complex. Right-hand side: comparison of DNA-binding complexes formed by co-translating Prepl with either
of the two splice variants of Pbx1, either Pbxla (lane 8), Pbx1b (lane 9) or both together with Prepl (lane 10) or without Prepl (BnBNA). (

binding specificity of endogenous aimavitro reconstituted UEF3 complexes. EMSA with o-1 oligonucleotide and either HelLa nuclear extract (NE)

or in vitro co-translated Prepl-Pbxla complex. Binding was competed by addition of 500-fold molar excess of unlabelled o-1 or 0-1m
oligonucleotides.

which is part of the transcription factor UEF3. In nuclear
extracts UEF3 forms two retarded bands in EMSA, named
upper (UC) and lower complex (LC), when assayed with

the oligonucleotide (o-1) containing the TGACAG motifof [ o 0 o1 o 2 Pﬁ;;;,

the human urokinase enhancer. Mutation of this sequence Pbxia Pbxla

together with methylation interference data have shown antibody:

that the upper and lower complexes have the same DNA  [qPrep1] + + + +

specificity, recognizing the sequence TGACAG present in aPbx1 + + +

and important for the activity of the urokinase enhancer koooo.—. . & 3 & 5 & 7 8

(Nerlov et al., 1992; Berthelsert al., 1996; De Cesare

etal, 1996). During purification, the two complex-forming

activities remain together through five subsequent chroma- o

tographic procedures involving ion exchange, heparin- 68 — - - o = < Prepi

affinity and DNA-affinity chromatography, but can be
separated somewhat in the last stage by Mono-S ion a6 —
exchange chromatography. The two complexes share a — -

64 kDa band and, in addition, UC contains a 50 kDa

polypeptide, while LC contains a 40 kDa polypeptide

(Berthelsenet al, 1996). In this paper we report the N —

cloning of th.e CD.NA Tor the common 64 kDa protelr_1 Fig. 6. Prepl-Pbx1a form a DNA-independent complex.

(Prepl), the identification _Of the _40 an_d 50 kDa subunits Immunoprecipitation ofn vitro translated Prepl (lanes 1-2), Pbxla
and also demonstrate their functional interaction. (lanes 3-4), Prepl and Pbxla mixed after translation (lanes 5-6) or
Prepl cDNA encodes a novel protein of 436 amino co-translated Prepl-Pbxla (lanes 7-8). Translation products were

acid residues containing a homeodomain resembling struc—g;%c'?)'tg‘ﬁegnzsé”b%f'g‘neﬁfb?)';ti'éZ';gxllag's::gﬁf%15:1%”3? ;rv]d& 5
turally those of the PBC class of dlvergent homeOd(.)mamS’ protein A-Sepharose. The precipitat‘es were resolved by SDS-PAGE.
a group comprising human and murine Pbx family, the a minor product (*) is observed when Prepl is translated
Drosophila Exd and theCaenorhabditis elegan€eh-20 in vitro.

L -—‘ <4— Pbx1A
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homeodomain proteins, that in turn also share homeodo-
main homology with the maize KN-1, yeast M& and
others (Burglin and Ruvkun, 1992). The highest homeo-
domain homology was found with members of human,
murine andXenopusMeis proto-oncogene family, and
with human TGIF. In addition, Prepl contains two short
regions, HR1 and HR2, which display strong homology
with all members of the Meis protein family.

Prepl displays a specific, albeit low, affinity for the
TGACAG motif which is identical to that bound by human
TGIF (Bertolinoet al, 1995). Prepl, TGIF and Meis1 are
almost identical in the third helix of their homeodomains,
that is, DNA recognition, and in particular they have a
isoleucine at the third position of the highly conserved
homeodomain motif, WF_N_N, of the third helix. Iso-
leucine is rarely found at this position in homeodomains

o r o @
03' 9 w{? & & wf? & &
Q) o
8 d ¥ TFS L
1 2 3 4 5 7
97— 6 8
68— o e = <—Prep1
e <+—Meisla
‘6_ —— — -
31—
ET: 1.B. 1.P.

Fig. 7. Anti-Prepl antibodies do not recognize Meisl. Lanes 1 and 2:
Prepl and Meis1 were produced ioyvitro translation (I.T.). Lanes

3-5: Immunoblot (I.B.) analysis dh vitro produced proteins or of
non-programmed reticulocyte lysate (lysate) with anti-Prepl

(Burglin, 1994), although searching the EST database atantibodies. Lanes 6-8: Immunoprecipitation (I.P.) of the different

NCBI revealed numerous different EST sequences from
yeast to human which contain homeodomains with a third
helix that is highly similar to that of Prepl and with
isoleucine in this third position. Thus, Prepl, TGIF and
Meisl represent a novel emerging subclass of homeo-
domains that shows binding preference for a TGACAG-
like motif.

Prepl cDNA encodes a protein with a calculated
molecular mass of 49 kDa, that migrates as a 64 kDa
polypeptide in SDS—PAGE. The slow migration of Prepl
possibly results from an intrinsic, SDS-resistant folding
of the protein, since the protein migrates much faster in
SDS—-PAGE in the presence of 8 M urea (data not shown).
An antibody raised against recombinant Prepl is able to
specifically inhibit binding of both UEF3 complexes to
the o-1 oligonucleotide, proving that Prepl is part of both
complexes, as originally shown by purification (Berthelsen
et al, 1996).

UEF3 complexes are heterodimers of Prep1 and

Pbx proteins

Immunoblotting, in vitro co-translation and functional
inhibition by specific antibodies have shown that the p40
and p50 subunits of UEF3 purified from HelLa nuclear
extract belong to the Pbx family: Pbx2 (50 kDa) and
Pbxlb (40 kDa). Because of the composition of the
respective polypeptides (Berthelsehal,, 1996), the UC

of UEF3 is composed of Prepl-Pbx2, and the LC is

lysate with anti-Prepl antibodies. Molecular weight markers are
indicated. The migration of Prepl, Meisl1 or of minor product of
Prepl (*) are shown.

So far, no differential function for the various members
of the Pbx family has been described. The HelLa cell
nuclear extracts from which UEF3 was purified are nega-
tive for Pbx3 protein. However, the high similarity between
Pbx1, 2 and 3 would also argue that Pbx3 can interact
with Prepl, but this is yet to be demonstrated. In this
view, the subunit composition of UEF3 in a given cell
would depend on, and reflect, the expression of the various
genes and splice variants of the Pbx family. Preliminary
data from our laboratory seem to support this view
(not shown).

Prep1 and Pbx interaction is DNA-binding
independent

Pbx and theirDrosophila homologue Exd interact with
Hox and HOM-C proteins (Mann and Chan, 1996).
Although Pbx can interact with various Hox proteins in a
yeast two-hybrid analysisn vitro the interaction seems
to occur only in the presence of DNA target (Chaal.,
1995). Thus, it is not clear whethén vivo Pbx—Exd
interacts with the Hox—HOM-C proteins in solution, or
whether the interaction only occurs on specific DNA
sequencesln vitro data, on the one hand, suggest that

composed of Prepl-Phbx1b. The fact that the proteins co-DNA binding promotes complex formation. Prepl, on the
purify through a series of five different chromatographic other hand, forms a strong complex with Pbx in solution
columns suggests that Prepl and Pbx are associated in amdependent of DNA binding. All homeodomain proteins

intracellular complex. In fact, antibodies specific for Prepl
or specific for individual members of Pbx inhibit or
supershift binding of UEF3 complexes in EMSA even in
crude nuclear extracts.

We are able to reconstitute the DNA-binding activity
of UEF3in vitro, by co-translation of the Prepl and the

known to interact with Pbx contain a conserved pentapep-
tide sequence YPWMX, or a similar ANW amino acid
motif, N-terminal to the homeodomain (Chared al,
1995, 1996; Johnsomt al, 1995). Together with the
homeodomain, this motif is essential for the heterodimeriz-
ation of HOX—-HOM-C proteins with Pbx—Exd (Chang

Pbx components. The association between the two proteinset al, 1995, 1996; Johnsoat al, 1995; Knoepfler and

increases the DNA-binding affinity towards the TGACAG
motif strongly, and the reconstituted activity exhibits
DNA binding specificity indistinguishable from UEF3.

Kamps, 1995; Lu and Kamps, 1996; Let al, 1995;
Neuteboomet al, 1995; Phelaret al., 1995; van Dijk
et al, 1995; Chan and Mann, 1996; Chat al., 1996;

Furthermore, by using the different splice variant products Peltenburg and Murre, 1996). Interestingly, Prepl does
of Pbx1 in association with Prepl we are able to reproduce not contain any such motif. In fact, Prepl does not contain
the migration of the two UEF3 complexes in EMSA. any tryptophan residue N-terminal to the homeodomain.
Overall, Prepl and Pbx are necessary and sufficient toThis, together with the strength of the Prep1-Pbx complex,
form the UEF3 activity. classifies the Prepl-Pbx interaction as different to that of
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Pbx—HOX, and probably involves structurally different annealing at 55°C for 1 min followed by extension at 72°C for 30 s.
dimerization motives The reaction products were separated on a 4% NuSieve (FMC) agarose

. gel in 0.5XTBE. The expected band of 50 bp was cut out, cloned into
It has been reported recently that Meis1—-Pbx complexes pBluescript and sequenced. From the sequence obtained we constructed a

can be immunoprecipitated from NIH 3T3 extracts, that nested forward primer, 64pep1-F2 GAGCACATCGGGCATCCCTA 3
Meis1-Pbx DNA-binding activities are present in extracts Figure 1A), that was used, together with a primer containing a sequence
from several cell lines, and can be reconstituted with €dual to the anchor part of the poly(dT) primer, in'aRACE reaction

: . : on 10 ng HelLa cDNA as described previously (Frohnearal., 1988).
in vitro translated Meis1 and Pbx1 (Chaag al, 1997)‘ The 180 bp fragment obtained was used as a probe to screen a Hela

Mo_reover, Homothorax has bee'_" shown to_bem“eso'_ dT-primed cDNA library cloned in the\gtll vector (Clontech) by
phila homologue of Meis and is able to interact with hybridization (Sambrookt al, 1989). Of 500 000 plaques, four positive
extradenticle, th®rosophilahomologue of Pbx (Rieckhof  ones were isolated and sequenced. The longest clone was 2.1 kb.

et al 1997) The amino acid sequence of Prepl and the The 5 region of the Prel cDNA was found using the Marathdn 5
'.’f. . f - ibodi h h b RACE protocol (Clontech), following the supplier’s manual, and a nested
specificity of anti-Prepl1 antibodies show that Prep1l—PbX ,iyer set, LDR1 and LDR2.

is a novel intracellular complex, as the DNA-binding

activities described in this paper are completely dependentHomology search

on the presence of Prepl. All homology searches in data banks were done using the BLAST e-mail

server at NCBI at NIH (blast@ncbi.nlm.nih.gov), employing the Blastn,

. . . tblastn and blastp programs.

Prep1-Pbx complexes are involved in regulating

protease and growth factor gene expression Purification of UEF3 and recombinant Prep1

UEF3 (i.e. the Prepl—Pbx heterodimers) is known to be As a source of purified UEF3, we used a fraction (fraction 12) containing

. . . s all three UEF3 co-purifying polypeptides. This fraction was taken
involved in regulatlng the activity of the enhancer of the after the final Mono-S chromatographic step of the UEF3 purification

human_ Ur0kin3_‘se gene. This e.nha!"cefr reqUireS the CO-procedure as described previously (Berthelseal, 1996).
operative function of three protein-binding sites, a PEA3 ~ The cDNA insert of a\-clone of Prepl lacking the first 10 codons
(binding ets-2) an octameric CRE-AP-1 site (binding the after the ATG initiation codon (see Figure 1A), was cut out by

- : : 1 o = ;-4 Ppartial digestion ofEcaRl and cloned into thécoR| site of pGEX2T
cJun—ATF2) and a classical heptameric AP-1 site binding (Pharmacia) downstream of, and in frame with, 88T gene. The

cFos-cJun d|m_er_3 (Nerlost al, 1992; De Cesaret al, GST-Prep1 fusion protein was expressed in XL-1 blue cells (Stratagene)
1995). Transcription factor UEF3 is one of the factors for5 h at 37°C by the addition of 0.1 mM IPTG. The cells were washed
which allows this co-operation (Nerlom al, 1992; De and lysed by sonicatiqn. The fus_ion protein was purified on Glutathione—
Cesareet al, 1996), aIthough the mechanism remains Sepharose (Pharmacia) according to the manufacturer’s instructions.
unknown. UEF3 also binds specifically a negativ_e r€QU- Transfections and cell extracts
latory element (NIP) of the phorbol ester-responsive stro- For expression in eukaryotic cells, we cloned the cDNA of Prepl into
melysin, interleukin-3, LD78 cytokine and GM-CSF gene the pEF-BOS expression vector (Mizushimi and Nagata, 1990), between
promoters and of the murine intracisternal A-particle (AP) Gt Eiel S i DMEM Supplemented with 10% newborn

. (1]
LTR (Berthelseret al, 1996; De. Cesam al, 1996, 1997). calf serum and antib?otics. Cells were t?e?nsfected with the pBOSPrepl
In these genes, the UEF3-binding sequence (TGACAG plasmid by CaP@precipitation in 10 cm dishes. After 48 h the cells
consensus) has a negative regulatory function and, like inwere washed with PBS, collected with 1aDof cold buffer A (10 mM
the urokinase gene, resides in the immediate neighbour-HEPES pH 7.9, 30 mM KCl, 1.5 mM Mggl 1 mM DTT, 0.5 mM

_ _ ; ; PMSF, 1 mM NaS,0s) into a microfuge tube on ice, and lysed by the
hood of AP-1 and PEA-3 sites (Nomiyared al, 1993). addition of Triton X-100 to a final concentration of 0.3%. The nuclei

Thus, growth factors or proteases are putative target genes,, y cell debris were collected by centrifugation. The supernatant was
for the Prep;—PbX complex. removed to a new tube, 0.11 vol of buffer B added (0.3 M HEPES
In conclusion, we have uncovered the molecular nature pH 7.9, 1.5 M KCl, 15 mM MgCJ}) and centrifuged. The resulting
of a transcription factor which co-operates in activating supernatant was denoted cytoplasmic extract (CE). Nuclear extract was

: ; A prepared by resuspending the pelleted nuclei inub0f buffer C [20
the uro_klnase enhancer, as well as in the_ transcnpjuonalmM HEPES pH 7.9, 25% glycerol (v/v), 0.42 M NaCl, 1.5 mM MgCl
reg'ulatlon of other genes. The demonstration of an inter- 1 mum pTT, 0.5 MM PMSF, 1 mM Ng5,04] for 30 min on ice. The
action between the Hox co-factor Pbx and the novel extract was cleared by centrifugation.
homeodomain protein Prepl is of the utmost interest, as . .
the properties of this heterodimer may interfere with the Antibodies and immunoblotting

f ti f Pbx i lati t t lectivity. bindi Anti-Prepl rabbit antiserum was produced by immunizing a rabbit with
unction o X In regulating target selectvity, binding purified GST—Prepl recombinant protein. GST-Prepl (2 mg) was used

affinity and transcriptional activation of Hox proteins. to immunize a rabbit over a period of 4 months, after which the antiserum
was taken. IgG was isolated by Protein A chromatography, dialysed and
suspended in PBS to a concentration of 10 mg/ml.

Materials and methods Antibodies against PBX proteins were obtained from Santa Cruz
Biotechnology. The antibodiesPbx1, aPbx2 andaPbx3 recognize a
Cloning of p64-Prep1 cDNA peptide from the N-terminal of the respective proteins and are type-

A 50 bp fragment corresponding to the originally obtained 17 amino specific.aPbx1 andxPbx3 will, however, recognize both splice variants
acid peptide sequence of Prepl (p64-pepl) was found by RT-PCR usingof their type. The antibodgPbx1/2/3 recognizes a common C-terminal
the following procedure: first-strand cDNA was prepared from polj(A)  peptide in all of the 50 kDa splice variants of the PBX proteins.

RNA from HelLa cells using a cDNA synthesis kit (Pharmacia) with an Cell extracts or purified UEF3 were separated by a 10% SDS—-PAGE
anchored poly-dT primer,/ AACTGGAAGAATTCGCGGCCGCAGG- and the proteins were blotted onto PVDF membrane in a semidry blotting
AAT 13’, according to the manufacture’s manual. Two internal degenerate apparatus. Immunoblotting with Prepl antisera (1:10 000 dilution)
primers, 64pepl-F1 [SATGTGGCT(C/G/T)TT(C/T)CA(A/G)CA(C/ or PBX antibodies (1:1000 dilution) was carried out using the BM
T)AT 3'] and 64pepl-R [STT(C/T)TC(A/G)TC(CIT)TC(A/GIT)GT(A/ Chemoluminoscent Kit (Boehringer Mannheim) according to the sup-
GIT)GG(A/G)TA 3] derived from the amino acid sequence of p64-pepl plier's manual.

(see Figure 1A) were used for the amplification. cDNA (10 ng) and

100 pmol of each primer were used in a BlOreaction with 0.2 mM Immunoprecipitation

dNTP, 1unit Taq polymerase (Boehringer Mannheim) and supplied Proteins producedn vitro were immunoprecipitated by resuspending
buffer. The reaction involved 30 cycles of 94°C denaturation for 30 s, 3 pl of translation lysate in 20l of NET buffer (50 mM Tris—Cl
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pH 7.5, 150 mM NaCl, 2% Gelatine, 0.1% NP-40), |29 of anti-Prepl (MEIS, PBC, KNOX, IROQUIS, TGIF) reveals a novel domain
1gG or 5ug aPbx1 antibodies were added and the mixture was incubated  conserved between plants and animdiicleic Acids Res 25,

on ice for 1 h. Immunocomplexes were precipitated by the addition of =~ 4173-4180.

5 ul (bed volume) of protein A—Sepharose (Pharmacia Biosystems), and Burglin, T.R. and Ruvkun,G. (1992) New motif in PBX gené&ture
rotating for 1 h. The resin was recovered by brief centrifugation, and  Genet, 1, 319-320.

washed three times with 20@l of NET600 (NET buffer containing Chan,S.-K. and Mann,R.S. (1996) A structural model for a homeotic
600 mM NacCl) for 20 min each wash and once in TENP (10 mM Tris— protein—extradenticle—DNA complex accounts for the choice of HOX
Cl,pH 7.5, 1 mM EDTA, 0.1% NP-40). The resin was finally resuspended protein in the heterodimePRroc. Natl Acad. Sci. USA3, 5225-5228.

in 10 pl of 2X SDS loading buffer (100 mM Tris—Cl pH 6.8, 100 mM Chan,S.-K., Popperl,H., Krumlauf,R. and Mann,R.S. (1996) An
DTT, 4% SDS, 20% glycerol) and boiled for 5 min. A quantity (10 extradenticle-induced conformational change in a HOX protein
was separated using 10% SDS-PAGE, after which the gel was fixed overcomes an inhibitory function of the conserved hexapeptide motif.
(10% HAc, 10% methanol), soaked in Amplify (Amersham), dried and EMBO J, 15, 2476-2487.

exposed to Kodak X-OMAT at —80°C. Chang,C.P., Shen,W.F., Rozenfeld,S., Lawrence,H.J., Largman,C. and
Cleary,M.L. (1995) Pbx proteins display hexapeptide-dependent
EMSA cooperative DNA binding with a subset of Hox protei@enes Dey.
EMSAs were carried out essentially as described by Berthedseai. 9, 663-674.
(1996). Briefly, 10ug of nuclear extract, 3Qug of cytoplasmic extract Chang,C.P., Brocchieri,L., ShenW.F., Largman,C. and Cleary,M.L.
or 2 pl of in vitro translation lysate were incubated with |y of (1996) Pbx modulation of Hox homeodomain amino-terminal arms
poly(dldC) in 9l of H2K150 [25 mM HEPES pH 7.9, 20% glycerol establishes different DNA-binding specificities across the Hox locus.
(viv), 150 mM KCI, 0.2 mM EDTA, 1 mM MgC), 1 mM DTT, Mol. Cell. Biol, 16, 1734-1745.

0.5 mM PMSF, 1 mM NgS,05] on ice for 10 min. We then added Chang,C.P., Jacobs,Y., Nakamura,T., Jenkins,N., Copeland,N.G. and
20 000 c.p.m.32P-labelled oligonucleotide together with the eventual Cleary,M.L. (1997) Meis proteins are majar vivo DNA binding

cold competitor oligonucleotide or antibody and the mixture was left at  partners for wild-type but not chimeric Pbx proteiiol. Cell. Biol,

room temperature for 20 min. The reactions were separated by a 5% 17, 5679-5687.

PAGE in 0.5 TBE. The TGACAG-sequence containing oligonucleotide Chen,H.M., Rossier,C., Nakamura,Y., Lynn,A., Chakravarti,A. and

0-1 CACCTGAGAGIGACAG AAGGAAGGCAGGGAG and the mut- Antonarakis,S.E. (1997) Cloning of a novel homeobox-containing
ated 0-1m CACCTGAGATCACAGAAGGAAGGCAGGGAG were gene, PKNOX1, and mapping to human chromosome 21g22.3.
used as binding sites (Berthelsenal,, 1996). Genomics41, 193-200.

De Cesare,D., Vallone,D., Caracciolo,A., Sassone-Corsi,P., Nerlov,C.
In vitro transcription/translation and Verde,P. (1995) Heterodimerization of c-Jun with ATF-2 and c-
For use inin vitro transcription/translation reactions, the Prepl cDNA Fos is required for positive and negative regulation of the human
was inserted into th&caRl site of pBluescript SK, downstream of the urokinase enhance@ncogenell, 365-376.
T7 promoter. The Pbx cDNA constructs (pSG-Pbx) were under the De Cesare,D., Palazzolo,M. and Blasi,F. (1996) Functional
control of the T7 promoter of the pSG5 plasmid (Di Roetal., 1997). characterization of COM, a DNA region required for cooperation
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into pBluescript SK as 8anHI-Notl fragment, downstream of the T7 2551-2562.
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in vitro using the TNT coupled transcription—translation reticulocyte Characterization of UEF-4, a DNA-binding protein required for
lysate (Promega) according to the manufacturer’s instructions, using T7  transcriptional synergism between two AP-1 sites in the human
polymerase anéPS-methionine (Amersham). Plasmids were added either ~ urokinase promoted. Biol. Chem. 272, 23921-23929.
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Note added in proof

A recent paper identifies the HR1 and HR2 domains also iiCte&egans
CEH-25 homeoprotein by sequence comparison with Meis-proteins
(Burglin, 1997).
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