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ABSTRACT

The t(1;19) chromosomal translocation of pediatric
pre-B cell leukemia produces chimeric oncoprotein
E2a—Pbx1, which contains the N-terminal transactivation
domain of the basic helix—loop—helix (bHLH) tran-
scription factor, E2a, joined to the majority of the
homeodomain protein, Pbx1. There are three Pbx
family members, which bind DNA as heterodimers
with both broadly expressed Meis/Prepl homeo-
domain proteins and specifically expressed Hox
homeodomain proteins. These Pbx heterodimers can
augment the function of transcriptional activators
bound to adjacent elements. In heterodimers, a
conserved tryptophan motif in Hox proteins binds a
pocket on the surface of the Pbx homeodomain,
while Meis/Prepl proteins bind an N-terminal Pbx
domain, raising the possibility that the tryptophan-
interaction pocket of the Pbx component of a Pbx—
Meis/Prepl complex is still available to bind trypto-
phan motifs of other transcription factors bound to
flanking elements. Here, we report that Pbx—Meis1/
Prepl binds DNA cooperatively with heterodimers of
E2a and MyoD, myogenin, Mrf-4 or Myf-5. As with Hox
proteins, a highly conserved tryptophan motif N-terminal
to the DNA-binding domains of each myogenic bHLH
family protein is required for cooperative DNA binding
with Pbx—Meis1/Prepl. In vivo, MyoD requires this
tryptophan motif to evoke chromatin remodeling in
the Myogenin promoter and to activate Myogenin
transcription. Pbx —Meis/Prepl complexes, therefore,

have the potential to cooperate with the myogenic
bHLH proteins in regulating gene transcription.

INTRODUCTION

Homeodomain (HD) transcription factors specify positional
and lineage information through regulation of target gene tran-
scription during embryogenesis and in adult organisms (1-5).
Class | Hox proteins bind TAAT core elements monomerically
or bind TGATTNAT elements as heterodimers with Pbx1,
Pbx2 and Pbx3 (6-12), a divergent family of HD proteins that
contain an additional three amino acid loop in their HD and
which also includes Meisl, Meis2, Meis3, TGIF and Prepl
(13-16). On TGATTNAT elements, Pbx binds the 5' TGAT
core (17) and heterodimerization can change the specificity of
the Hox protein for the N residue of its 3' TNAT core from an
AtoaTorG (18-20). In this heterodimer, a conserved trypto-
phan motif adjacent to the Hox HD binds the Pbx1 HD (17,21).
Pbx—Hox heterodimers can activate transcription when the
Hox protein contains a transcriptional activation domain
[e.g. the HoxB1 R4 autoregulatory element (22), the EphA2
R4-specific enhancer (23) and the Somatostatin distal enhancer
element (12)] or they can augment the function of other tran-
scriptional activators while exhibiting little intrinsic trans-
activation potential [e.g. with AP1 on tHerosophilaLAB-1
enhancer, (24) and with Ptf-1 in the eucaryotic elastase promoter
(25)]. In this context, Pbx—Hox complexes function as both
selectors and co-activators that restrict and augment the function
of other transcriptional activators.

Meisl, Meis2, Meis3 and Prepl also heterodimerize with
Pbx proteins, binding canonical TGAC 3' half-sites in TGATT-
GAC elements (26—28) in which the C residue at position four of
the Meis/Prepl core precludes binding of Pbx—Hox complexes
(29). This element was first identified by immunoselection
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with Pbx antisera using nuclear extracts and it was named tHdATERIALS AND METHODS
Pbx-cooperativity element (PCE) (29). A PCE that binds Pbx— .
Meis/Prepl is essential for cCAMP responsiveness of the bovin{utagenesis

CYP17a promoter (30), and PCE elements can activate tra®ite-directed mutations were introduced in cDNAs using the
scription of artificial promoter constructs in response to Pbx1Muta-gene phagmiah vitro mutagenesis kit (Bio-Rad). Deletion
plus Prepl expression (31). In other promoters, PCE elemenfutations in Hox and Meis1 were created by introducing two
function similar to that of Pbx—Hox elements in directing theMlul sites in the same reading frame on either side of the
specificity of and augmenting the potency of other trantegion to be deleted and excising the interktilil fragment.
scriptional activators. In the uPA enhancer, activation througi\s a result of this approach, an N-termitalul site is present
PEA3/AP1 and AP1 elements requires binding of Pbx—Prepi e_ach ofthe delethn mutants,_ c_onvertmg th(_a second and_t_hlrd
to an intervening PCE, restricting uPA expression to cells the@Mino acidto threom_ne and arginine. All mutations were verified
both contain nuclear Pbx—Prepl and exhibit activation of signalingy S€duence analysis.

through AP1 (32,33). Likewise, a PCE in the Somatostatin proTranscription—translation in vitro

moter binds Pbx—Prepl and augments transcription 10-f0|ﬁi

through an adjacent motif that binds the HD transcriptiona ! ;
activator, Stf-1 (31). Because mutation of theosophilaPbx ‘Dromega TNT Retlcg_locyte Lysate System according to _the
anufacturer’s specifications. Comparable amounts of wild-

Egmolg?(’ Eé(r?églt(ﬁz)t(rig?ﬁgﬁ'og)O;;Zegzgejgs?ﬁz (t)rf h(:cr)nio; /pe and mutant proteins were added to gel shifts by monitoring
PIEX g 9 yptop e incorporation of5S-methionine in parallel reactions and

Interaction .pocket on the surface of the Pbx HD IS unoccupie ormalizing for differences in transcription—translation efficiencies.
in Pbx—Meis/Prepl complexes, another mechanism by whic

Hox proteins could cooperate with Pbx proteins is througlElectrophoretic mobility shift assays (EMSA)
binding @ monomeric TAAT-like Hox element and contacting b ple-stranded oligonucleotides were labeled FAERATP
an adjacent Pbx-Meis/Prepl complex using its tryptophag, ihe same specific activities by phosphorylation of a common
motif. Thus far, however, no one has described a physicakyerse oligonucleotide that was annealed to the 3'-portion of
interaction between Pbx—Meis/Prep1 complexes bound to PCjigonucleotides containing different DNA-binding motifs and
elements and Hox proteins or other transcriptional activatorgxtended using dNTPs and Klenow polymerase. Bound and free
bound to their distinct motifs. probe were separated by electrophoresis in 10% acrylamide gels
After identifying TGATTGAC as the optimal motif bound formed in 0.5 TBE (27 mM Tris, 27 mM boric acid, 0.6 mM
by Pbx—Meis/Prepl, we were surprised to discover that thiEDTA) and run in the same buffer. For EMSA, 20—40 000 c.p.m.
same element had been immunoselected previously in a searchprobe (30 Ciimol) was incubated with nuclear extract in
for optimal E-box elements that bound Myogenin (34). In thatthe presence of g of poly(dl:dC) in a buffer containing
study, using nuclear extract derived from C2C12 myotubes anti0 mM Tris (pH 7.5), 1 mM EDTA, 1 mM DTT, 0.1% NP-40
antisera to Myogenin, selected E-box motifs (5'-CANNTG-3"and 5% glycerol for 30 min at room temperature. EMSA gels
were flanked on their 5' side by 5-TGATTGAC-3' elementswere dried and visualized by autoradiography. Abundance of
that bound an unknown cellular factor designated COMP. Thigwtant and wild-type proteins was normalized by performing
coincidence prompted us (i) to test whether Myogeninparallel transcription—translation reactions ys?ﬁ@-methlonme
containing heterodimers could interact on DNA with Pbx—followed by molecular quantitation. For oligonucleotide com-
Meis/Prep1; (i) to determine whether the remaining threg?€lition assays, doubled-stranded, unlabeled oligonucleotides
members of the myogenic basic helix—loop—helix (bHLH)Were mixed with Iabe_led probe before or afte_r complexformf’itlon.
family of proteins (MyoD, Mrf-4 and Myf-5) also co-select Complex abundancies were measured using a phosphoimager.

TGATTGAC sites 5' to E-box motifs; (iii) to identify the EMSA for Pbx—Meis1/Prepl and tetrameric complexes was per-

molecular basis of these cooperative interactions. Here V\;ﬁrmed as described above, with the exception that formation of
these complexes was performed using 20—40 000 c.p.m. of

report that heterodimers of all myogenic bHLH proteins with . = .

E2a bind DNA cooperatively with Pbx—Meis1/Prep1, and tha r(2)be (3(’)? Cgllmgll)_ag_Siﬁl gf ;)Z?flg:octéﬁ?;ﬁtned %Otr?'&s ?ﬂg
cooperativity is mediated by an essential tryptophan residu&;H L;Qs) Opl r);(M.ED)T A 1 mM DTT. 100 m?\/l KClL. 3 mM
within a highly conserved motif N-terminal to the bHLH domain MgCI. and 12% egceroI' for 30 min at room température. A
of all MyoD family members. This is the first identification of a versién of E12 that lacks the first 493 residues of E12 and
transcription factor complex that binds this motif in myogenicponaves identically to E12 in tetramer formation with Pbx—
bHLH proteins and suggests that interaction with Pbx—Meis/Preg@qeisllprepl (E12N) was utilized in certain reactions (35).
may regulate transcription of a subset of the genetic targets @f12p, 5 second mutant form of E12 lacking the first 529 residues
myogenic bHLH proteins. In MyoD, this conserved motif is of E12, was generated by PCR. The consensus probe

required for both transcriptional activation of the myogenin(TTGATTGACAGGAACAGGTG) was used for tetrameric
gene and for chromatin remodeling in the myogenin promoterlzcomplex formation.

Finally, the fact that bHLH heterodimers containing E2a can )

physically interact and functionally synergize with HD hetero-/mmunoselection assays

dimers containing Pbx suggests that oncoprotein E2a—PbXinmunoselection was conducted as described previously (34).
may combine independent transcription functions that normallpliquots of 10ug of the original double-stranded oligonucleotide
cooperaten vivoin the context of independent bHLH and HD containing 35 consecutive randomized positions were used.
heterodimers. This represents approximately #@lifferent sequences. Six

ranscription—translation was performead vitro using the



3754 Nucleic Acids Research, 1999, Vol. 27, No. 18

cycles of consecutive immunoselection followed by amplification

by PCR were performed. Selection of DNA sequences bound by |A }— cour —| FEbox o
Myogenin was performed with the monoclonal anti-Myogenin O oizes e £ A eaGore crnoac
antibody 1F5D7 as described (37). DNA sequences bound by e e an, & anancace & chacrd Sad
MyoD, Mrf-4 and Myf-5 were selected using anti-HA antibodies MyoD AAGGGT TGATTGACAG G AA_CAGGTG CCTTAG
and versions of MyoD, Mrf-4 and Myf-5 modified by addition T aache ¢ o Caoore memans
of the HA tag. Aliquots of 10Qul of anti-mouse-coated magnetic COGTAT TGATAGACAG A 3400029 Ctmrra
beads were incubated overnight with 10 ml of culture supernatant TTCCAA GTATTGACAG G AR CAGCST GGCCGA
from the monoclonal 12CAS5 anti-HA cell line. Samples qfl4 N e e e macacs
of eachin vitro translated HA-cDNA were then mixed withj4 Mrf-d TAAGGT TGATTGACAG G A _CAGGTG GT
of myotube nuclear extract and incubated at room temperature iy gy o L Y B e rce
for 20 min with either 1Qug of the degenerate library or 10 e iy oT ChGomg Aoear
of the PCR-amplified material from the previous cycle. Aliquots TACGCA_GGAATGACGG A TG AA CAGCTG TTCATT
of 1 pl of anti-HA-coated beads were then added and incubated e SEGEEES AL SR S
on a vibrating platform to keep the beads in suspensionfor1h | _ = = * e o A CnGeTe
at room temperature. The beads were then washed three time s S
with cold PBS containing 0.1% NP-40 and 0.1% BSA and Tl | e £ Box chaors
ampllfle_d by PCR as described prevu_)usly (34). F_|fty-n|ne oll_go- T G —r— o Fr T r—
nucleotides selected by Myogenin, 113 oligonucleotides [gza:myon ¥ [+ [COmpetior] |9 £|_post formation
selected by Mrf-4 and 23 oligonucleotides selected by Myf-5  [E2a+Myog o S 2| &2 [s0[30]60[90
were sequenced. The TGATTGAC motif was present in five, e 3 :
seven and two non-identical oligonucleotides, respectively, L;.ra!::m.;[ Tetramer— ' .Q -~
within each of these pools. Ayl
Luciferase assays EE::f1,,’;Z?,, [ g I

ns— et W0 bl bl ns-—
Luciferase assays were conducted in NIH 3T3 cells using '
Superfect-mediated transfection of DNA expression constructs
encoding Pbxla, Meislc, MyoD or Myogenin in conjunction
with Luciferase reporters containing either a single E-box, a
single Pbx—Meis/Prep1 site, a paired PCE-E-Box site or four
repeated E-boxes and, in each case, 3&&l. Luciferase values
were normalized t3-Gal using the MUG assay fds-Gal
activity. B 1234556|C 123465676859

Endogenous gene assays

The effects of Pbx and Meis1 on endogenous genes were analyzed
b)_’ transfection of 3T3 cells with expression vectors encodingigure 1. MyoD family members bind DNA cooperatively with Pbx—Meis1/Prepl
wild-type or mutant forms of MyoD together with Pbx and/or and interact with a nuclear factor that binds TGATTGACAG, the Pbx-Meis1
Meis1 constructs. Co-transfection with 4R-CAT was performedcj’repl elemelf)tﬁo |qu307<z)|ec?i0n of Pb*\/lfleisllprepl ?indincgzéitezs frongl

; o _ ;. degenerate oligonucleotide libraries using nuclear extract from 12 myoblasts
FodaquSt for I\/IIIyOD aCtI\_llty. Twenty fO(lj,lr hprl]JrS Eé)féer myloglemcland antisera specific for MyoD, Myf-5 and Mrf-4. Sites are compared to those
in F'Ct'on' ce S were 'mmunOStame with rabbit polyclona originally selected using antisera to Myogenin (34B) Heterodimers b
anti-CAT (5 Prime - 3 Prime Inc.) and mouse monoclonal pbxi-Meis1 bind cooperatively to the consensus DNA sequence TTGATT-
F5D anti-Myogenin or mouse monoclonal MF20 anti-Myosin GACAGGAACAGGTG with E2a-MyoD or E2a-Myogenin. EMSA analysis
Heavy Chain. CAT and Myogenin or Myosin was visualizegWas performed in the presence of the recombinant proteins indicated above

S . . . ach lane.¢) Off-rate analysis of PbxMeis, E2a—Myogenin and Pbx—Meis

after b'”‘?"”g a Secondary ant'bOdy Of_ flouresceln-conjggate 2a—Myogenin complexes. All recombinant proteins were produced by coupled
905_‘;) a:jr]“'mouse and rhodamine-conjugated goat anti-rablhnscription-translation as described in Materials and Methods.
antipodies.

cDNAs
Meis3 was a generous gift of Dr T. Nakamura. We also thank

Dr C. Murre for his generous gift of Pbx2 and Pbx3 cDNAs. using nuclear extract from C2C12 myotubes, antisera specific
for each factor and the same degenerate DNA library used in

RESULTS anti-Myogenin selections, which contains 35 sequential random-

) ) ized positions. Fifteen E-box sequences, representing 6—10%
All four MyoD family members in C2C12 myotube nuclear  of the total number of oligomers sequenced from each selection
extract bind E-box elements in conjunction with a complex o0, contained TGATTGAC-like sites (Fig. 1A; see Materials
that binds TGATTGAC and Methods). In each case the order and orientation of the E-box
To determine whether MyoD, Myf-5 and Mrf-4 also select aand the TGATTGAC sequence were the same and the consensus
TGATTGAC motif and position it in the same orientation 5' to sequence containing both elements was 5'-TTGATTBEC
the E-box as did Myogenin, immunoselection was performe@AACAGGTG-3', in which both the TGATTGAC core
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sequence, as well as the 5'-flanking nucleotide (T) and 3'- .
. . . . . |Pbx partne Meisic 1 Hih
flanking nucleotides (AG) were identical to the PCE motif Pbx Ero!einr_ . m}ps@ B3 p1|[pm‘3 l11EI: m}na{_ﬂr:_s
immunoselected by an anti-Pbx serum (29). rEa-Myogenin

Pbx—Meis1 and Pbx—Prepl bind DNA cooperatively with Tetramers — -
MyoD-E2a and Myogenin—-E2a Eanhvod— QM”
Thus far, Pbx—Meis1/Prepl heterodimers are the constituent: ne— -

of all nuclear extract complexes that bind TGATTGAC
(29,31,32). Therefore, the ability of Pbx1-Meis1 to bind DNA

cooperatively with MyoD—-E2a and Myogenin—E2a was tested
by EMSA, using proteins produced by coupled transcription—

translationin vitro and a DNA probe containing the consensus A 123 45678 81011121314
sequence (TTGATTGABGGAACAGGTG,; Fig. 1B). While [FranEQ] [ 1=+ | [Foxis87 | = )|
heterodimers of Pbx1-Meisl (lane 2), Myogenin—E2a (lane 3) |P19.NE (+) ; +[+] [Phetsce + =
and MyoD-E2a (lane 4) bound the probe, addition of Pbx plus [gasimas [ 15 1ot 151151 Eaxton P
Meis1 to binding reactions containing E2a plus either MyoD or ||
Myogenin resulted in the formation of a new higher order complex  [Tetramers- - EZ';“,.',";:;[

! - - !Phn-mn: inmd & i

and a 50-80% reduction in each dimeric complex (lanes 5 and 6) | E2*Myos-
In isolation, Pbx1, Meisl, E2a or MyoD failed to bind the ns- HE
probe (data not shown). The mobility difference of the putative
tetrameric complex containing MyoD or Myogenin paralleled | pyy peis
the mobility difference between MyoD—-E2a and Myogenin— 'cgrrnsrmg
E2a heterodimers, indicating that the higher order complex |in nuciear
contains MyoD or Myogenin. Antisera supershift experiments | =
and mutational analysis demonstrated that all four factors are M
in the higher order complex (data presented below) andwewill (21 2 3 4 5 8 7 8] |.C 123458678
refer to this higher order complex as ‘tetrameric’. The abundance
of the tetrameric complex was greater than either of its hetero-
dimer constituents, indicating a cooperative form of DNA
binding in which a surface of Pbx1-Meis1 binds a surface oFigure 2. E2a—Myogenin binds DNA cooperatively with heterodimers containing
E2a—MyoD/Myogenin or in which the binding of one complex different members of the Meis and Pbx families, with Pbx complexes from
to DNA alters the structure of DNA such that binding of the Puclear extract, but not with Pbx—Hox complexes) Cooperative tetramer
second complex is stabilized. Off-rate analysis using competitiogmapon usf'ngf various Pbx a?,d:t',\/' i'ﬁl’,f’{ep;bfag‘;"ypg“’ﬁ”fs'f"”ﬁ'”g {e""cf,'i?f,
with excess cold oligonucleotide confirmed that the tetrameri@13r}:f:ilir(]::t%lcji“/:bicttaalamn%usm;nod We)r(e a(nal)ged )t<)y E(MS)A A8clisciit(i:6n roepr);ac?genitn'
complex was more stable than either of its heterodimer constituentsus E2a is designated by a + sigi8) (E2a-Myogenin heterodimers bind
While half the PbxMeist or E2a—Myogenin dimers dissociatelid, Ebe el Tt o o untieated P16 oall [P1 NE
from. DNA W.Ithm .30 s or 1 min, respecftlvely, 30 mm. was =) orgellstreated for 7 days with RA [P19 NE (+)] and either no additions or
required to dissociate half of the tetrameric complex (Fig. 1C)aqdition of E2a plus Myogenin, as indicated above each la®pPpx-Hox

Multiple criteria were used to demonstrate that Pbx proteingjimers fail to interact with E2a—Myogenin on DNA. A binary probe in which
Meis1/Prep1 proteins, E2a and MyoD/Myogenin were containeie PCE element was replaced with a Pbx—Hox element (boldBATT-.
in the tetrameric complex. In the presence of E2a plus MyogenidALCA-GAACAGGTG) was used for EMSA. Binding reactions contain the

. . . : récombinant proteins indicated above each lane. All recombinant proteins

faddltlct)'n of EP);]- or P.bX3 pluls enhe&::Me'ZSj\- cl)r Pre%]- éndguceg;/ere produced by coupled transcriptigranslation as described in Materials
ormation of tetrameric complexes (Fig. 2A, lanes 5, 6, 9 anchnd Methods.
10) whose differential mobilities paralleled the difference in
mobility of Pbx1 or Pbx3 with Meisl (lanes 3 and 4) or with
Prepl (lanes 7 and 8). Therefore, both Pbx proteins and Meis1/
Prepl proteins are in the ;etrgmerlc complex._Thls conclusion Wa&rum also supershifted and partially disrupted formation of
confirmed by demonstrating: (i) that both spliced forms of Ple[he tetrameric complex (dat t sh Collectivelv. th
(Pbxla and Pbx1b), which differ by 7 kDa at their C-termini, also P (data not s own). Collectively, ese
produced higher order complexes whose differential mobilitie ata demonstrate () that the higher orde_r complex contains
paralleled those of their heterodimers with Meisl; (ii) that. bx, Meis, MyoD and E2a, strongly suggesting that the complex

Pbx1 antisera supershifted and partially disrupted the tetramerit tetrameric, angl (if) that the_ mechanism of cooperative bing-
complex; (iii) that inclusion of a C-terminal deletion of Meis1 "9 between various heterodimers of Pbx1/3-Meis1/Prepl and
increases the mobility of both Meis1-Pbx1 and of the tetrah€terodimers of MyoD—E2a or Myogenin—-E2a is conserved.
meric complex (data not shown). Homothorax, Dmsophila
homolog of Meis1/Prepl, also formed heterodimers with Pbx
and Pbx3 (lanes 11 and 12) as well as tetrameric complexe
with E2a—Myogenin (lanes 13 and 14). E2a must also be in th#n P19 embryonal carcinoma cells, which can exhibit muscle
complex because different truncations of E2a (E12P or E12NJifferentiation, the abundance of PCE-binding complexes, like
see Materials and Methods) yielded tetrameric complexes dhat of Pbx and Meis proteins, can be up-regulated upon treatment
vastly different mobilities (Fig. 4B, lane 4 versus 8). An anti-E2awith retinoic acid (RA) (29,36,37). Formerly, we demonstrated

o - | |Pox-B7/ICB- il ™ ™
| 4

ns

CE-binding complexes in nuclear extracts bind DNA
é)operatively with E2a—MyoD/Myogenin
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that 100% of the P19 cell nuclear extract complex that bindshe separation of the PCE and E-box from five to three bases
the PCE is supershifted by anti-Pbx sera (29). To test whetha@brogated tetramer formation (Fig. 3B, lanes 7-12) while
such endogenous Pbx complexes can exhibit cooperative DNificreasing separation to 10 nt retained efficient tetramer
binding with E2a—MyoD, nuclear extracts from uninduced andormation (lanes 13-18). Increasing separation to 15 nt
RA-induced P19 cells were examined for complexes thastrongly suppressed tetramer formation in conjunction with
bound 5-TTGATTGARGGAACAGGTG-3' in the presence Meislc (lanes 19-24) but did not significantly affect tetramer
or absence of recombinant E2a and Myogenin (Fig. 2B)formation in conjunction with full-length Meisl (data not
Nuclear extract from uninduced P19 cells, which contains lowshown).

amounts of PCE-binding complex (lane 5) (36), produced a ) ,

small, but detectable, higher order complex upon addition of” the presence of Pbx—Prep1, Myogenin can bind the

E2a and Myogenin (lane 6 versus 2) that co-migrated with th&-P0ox in the absence of E2a

tetrameric complex formed with recombinant factors (lane 4)Mixing Pbx1, Meis1, Myogenin and E2a produced a second
In contrast, nuclear extract from P19 cells treated with RA fothigher order complex that migrated faster than the tetrameric
7 days contained higher levels of the endogenous PCE-bindingomplex but slower than either the E2—Myogenin or Pbx—Meis
complexes (lane 7) and, upon addition of E2a and Myogenincomplexes (e.g. Fig. 2A, lane 5, and B, lane 4), suggesting that
produced high levels of the higher order complex (lane 8). Thé/lyogenin or E2a alone might interact with Pbx—Meis1 or that
addition of E2a plus Myogenin also eliminates formation ofPbx or Meis1 alone might interact with Myogenin—-E2a. To
the PCE-binding complexes (lane 8 versus 7), indicating thadetermine whether E2a or Myogenin was capable of binding
endogenous Pbx—Meis/Prepl complexes are strongly stabiliz&thx—Prepl on DNA, twice the normal amount of E2a or Myogenin
on DNA through their interaction with E2a—Myogenin. Thesewas added to binding reactions containing Pbx plus Prepl
results also indicate that the interactions underlying tetramgfFig. 4). Neither E12 nor Myogenin bound the probe significantly
formation in our EMSA assays are not an artifact of either proteirflanes 5 and 6) (39); however, while addition of E12 to Pbx1-Prepl
overexpression or production of partially denatured ‘sticky’heterodimers failed to form an additional complex (lane 7 versus 2),
forms of Pbx or Meis1/Prepl, which could bind Myogenin—addition of Myogenin shifted approximately one-third of the
E2a or MyoD—E2a through non-specific hydrophobic surfacesPbx1-Prepl complex to a slower mobility (lane 8), demon-
strating that Myogenin will bind DNA cooperatively with
Pbx—Prepl in the absence of E2a. The middle band in the
tetramer assay in lane 4 that co-migrates with Myogenin—E12
The ability of Pbx—Hox dimers to cooperate with E2a—Myogeninis therefore likely to be comprised predominantly of Pbx—
dimers in DNA binding was tested by substituting TGATTTAT, Prep—Myogenin complexes. Myogenin did not associate with
the optimal motif for binding Pbx—HoxB7, Pbx—HoxC8 or Pbx—Prepl complexes in the absence of an E-box; rather, its
Pbx—HoxD10 heterodimers, for the PCE motif in conjunctionability to interact with Pbx—Prepl required the presence of a
with a 3' E-box (probe TTGATTTARGGAACAGGTG). The  correctly positioned E-box, as the probe containing an inverted
spacing, order and orientation of sites was maintained. Heteracopy of the Pbx—Prep1l site precluded formation of the higher
dimers of Pbx1 plus HoxB7, HoxC8 or HoxD10 bound thisorder complex in the presence of Myogenin (Fig. 3, lanes 7-12).
probe efficiently (Fig. 2C, lanes 2—4). However, in the presenc&hese results suggested the unanticipated prediction that the
of E2a plus Myogenin, heterodimers of Pbx plus HoxB7,myogenic bHLH component of the E2a heterodimer binds
HoxC8 or HoxD10 formed only faint higher order complexesPbx—Meis1/Prepl. Deletion analysis of E12 also supported this
that co-migrated with the tetrameric complex but whose venprediction. A version of E12 (E12N) that lacks the first 493
weak abundance, in comparison with that of each individualesidues behaved identically to wild-type E12 in tetramer for-
heterodimer, indicated tetramer formation by a non-cooperativenation with Pbx—Meis1/Prepl (Fig. 4B, lanes 1-4). Failure of
mechanism. This observation suggested that the surface ffil-length E12 to interact with Pbx—Prepl was not due to its
Pbx—Meis1/Prepl that binds MyoD-E2a is either not present antrinsic failure to form homodimers on DNA because a version of
not available for interaction in the context of Pbx—HoxE12 that eliminates a sequence that blocks homodimerization
heterodimers. (produced by deletion of the first 529 residues; E12P) (35)
homodimerized readily on the E-box (Fig. 4B, lane 5), but failed
to form a higher order complex in the presence of Pbx1-Meis1
(lane 7 versus 3), while an E12P-MyoD heterodimer, which
Based on the orientation of each heterodimer on its separagso bound the E-box (lane 6), mediated tetramerization that
element, the predicted order of the tetrameric complex on th@as as efficient as that of E12N (lane 8 versus 4) or wild-type
tandem element is 5'-Pbx1, Meisl, MyoD, E2a-3' (28,38)E12 (compare with Fig. 4A, lane 4). These results support the
Inversion of the PCE abolished tetramer formation (Fig. 3A hypothesis that MyoD is the component of E2a—MyoD that
lanes 7-12 versus 1-6). Inversion of the E-box resulted ibinds Pbx—Meis1l/Prepl and that some conserved structure
weaker binding of E2a—-MyoD and E2a—Myogenin dimerspresent in all four myogenic bHLH proteins contacts Pbx—
(lanes 15 and 16) with retention of cooperative tetramer formatiolyleis/Prep1.

(lanes 17 and 18); however, in this case, cooperative interactions Rf . . :

E2a—MyoD or E2a—Myogenin with Pbx—Meis1 could result tryptophan .mot|f.conser\./ed n all myogenic bHLH

from enforced binding of E2a—MyoD to a sub-optimal CAC- proteins mediates interaction with Pbx—Meis1/Prepl

CTG E-box relative to the adjacent PCE site (38). TranspositioBequences conserved in MyoD, Myogenin, Mrf4 and Myf5 are
of the two motifs while maintaining their same orientation restricted to their bHLH domains and a tryptophan-containing
(lanes 19-24) also abolished tetramer formation. Decreasingotif juxtaposed to the bHLH domain that is required for the

Pbx—Hox dimers cannot substitute for Pbx—Meis1/Prepl
dimers in cooperation with Myogenin—E2a

Formation of the tetrameric complex requires specific
orientation and spacing of heterodimer elements
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Figure 3. Cooperative interaction between heterodimers requires a specific orientation, order and spacing of conjugate eAgridietsts(of orientation and

order. Recombinant proteins indicated above each lane were analyzed for complex formation by EMSA using the probes indicated above eaclypenerabéd-t
(TTGATTGACAGGAACAGGTG; lanes 1-6), a probe in which the Pbx—Meis element was inverted (CCTGTCAABGRMACAGGTG; lanes #12), a probe
containing an inverted E-box (TTGATTGAXGGAACACCTG,; lanes 13-18) and a probe with the PCE and E-box sites transposed (CAGBRGBITGATT-
GACAGG,; lanes 1924). B) Effects of spacing. Recombinant proteins indicated above each lane were analyzed for complex formation by EMSA using the wild-type
probe, which contains 5 nt separating the core elements (larf®sd probe with 3 nt separating the elements (TTGATTGEACAGGTG, lanes +12), a probe

with 10 nt separating the elements (TTGATTGAGGAAAGGAA CAGGTG lanes 13-18) and a probe with 15 nt separating the elements (TTGATTSBC
GAAAGGAAAGGAA CAGGTG, lanes 1924). Core elements in each probe are underlined and intervening sequences are printed in bold.

ability of MyoD to activate Myogenin gene transcriptiom  ability of MyoD to activate transcription of the Myogenin gene

vivoand to remodel chromatin at the Myogenin promoter (40)and to induce chromatin remodeling of the Myogenin promoter
Conservation of this element suggests it performs a conservéyy 99.5 and 78%, respectively (40). Each of the four MyoD
transcriptional function, yet no nuclear factor has yet beefleletion mutants dimerized efficiently with E2a (Fig. 5A, lanes
found that binds this motif. The consensus of this tryptophars—/) @nd Myo170-209 and MyoD218-269 formed

e ) : . ) ; .1 tetramers as abundant as those formed by wild-type MyoD
g]}ggKls('gL h%/g;op_)rf:)oibé(;rzgfs;d;\.lﬂe (\)/I\;Ag:fggggotﬁgbgn;eigii (when normalized to dimer formation with E2a; lanes 8, 10 and
9. ’ y 11 versus 3, 5 and 6). Myai3-99, however, exhibited only

Meisl/Prepl, a lpangll of MyoD deletion mutants pr§V|oust5% and Myo[A270-318 only 25% of the tetramerization potential
analyzed for their ability to induce chromatin remodeling andyf jig-type MyoD (lanes 9 and 12 versus 8). Therefore, the ability
to activate Myogenin gene transcription was examined fopf MyoD-E2a to interact with Pbx1—-Meis1 parallels the ability
their ability to mediate tetramerization (Fig. 5A) (40). Former of MyoD to activate transcription of the Myogenin gene.
studies revealed that elimination of residues 63-99 Within sequences encompassed by residues 63—-99 of MyoD,
(MyoDA63-99) and 218-269 (Myafi?18-269) reduced the the only residues that are conserved with each of the other
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Pt =TT T+ [Ean T =T T T transfection with a Myogenin or MyoD expression vector
[Prept 1= + [+ |[E2e EIEREAE: while a reporter driven by the PCE-E-box consensus was
[E12 1 T 1% I+ + yogenin + + + + . . .
myogenin | | T+ 1+ [+ T+ |coxt Fan e activated 3- and 14-fold by co-expression of Myogenin or

MyoD, respectively (Fig. 6A). Physical interaction with Pbx—
Tetramer= E12MN 1ot — Meis1/Prepl was not, however, essential for the cooperative
b .“' “ Ll ﬂ ' effects of the PCE, as Myaf92-99, which eliminates the CL
Na— et B et ng— e and W residues required for interaction with Pbx—Meisl/
E12P-Myag = E Prepl, retained 60% of the wild-type level of transcriptional
E12P diFRer = activation on reporter constructs driven by tandem elements.
Nonetheless, MyoR92-99 was only 2% as active as wild-type
MyoD in inducing endogenous Myogenin gene expression in
NIH 3T3 fibroblasts (Fig. 6B). Mutation of W96 and C98 to
alanine resulted in only 1% of wild-type values of endogenous
Myogenin gene activation. Myai92-99 and MyoD W96A/
C98A activated transcription of the endogenous Myosin Heavy
Chain gene at efficient levels, 57 and 52% that of wild-type
MyoD, respectively. Therefore, the interaction of MyoD complexes
Figure 4. Myogenin alone, but not E2a alone, binds DNA cooperatively with yyith Pbx—Meis1/Prepin vitro correlates with its ability to

Pbx—Meis1/PreplA) Myogenin, but not E2a, binds DNA cooperatively with : . P )
Pbx—Prepl. Binding reactions contained the wild-type binary DNA probe activate endogenous Myogenin gene transcripiiovivo. Co

plus the recombinant proteins indicated above each lane and were resolved fjansfection of vectors expressing Pbx1 or Meis1c had no specific
EMSA. (B) Sequences N-terminal to the bHLH domain of E12 are dispensableeffects on either transactivation of reporter constructs by
for interaction with Pbx-Meis1/Prepl, and a form of E2a that homodimerizes MyoD or on activation of the endogenous Myogenin geme

on DNA efficiently fails to bind DNA cooperatively with Pbx—Meis1. E12N gviVO, suggesting that an excess of Pbx—Meis/Prepl complexes

contains a deletion of the first 493 residues of E2a. E12P lacks the first 52 - . .
residues of E12 and can homodimerize efficiently. In all cases, the wild-typeare presentin NIH 3T3 cells or that a Meis1/Prep family member

consensus DNA probe was used. Recombinant proteins added to binding reactiofiéfferent from Meislc may mediat@ vivo function. Indeed,
are indicated above each lane and were produced by coupled transcriptioNIH 3T3 fibroblasts contain large amounts of Pbx complexes

translation as described in Materials and Methods. that bind TGATTGAC (29).

prervvey

|A 123456?33 12 345 6748

DISCUSSION

The differentiation of muscle cells and the transcription of
. . muscle cell-specific genes is orchestrated by four myogenic
myogenic bHLH proteins are 93-99, part of the tryptopharyegatory genes encoding the bHLH proteins MyoD, Myogenin,
motif that juxtaposes the bHLH domain (Fig. 5C). Analysis of ot 5 and Mrf-4 (42). Typically, muscle cell-specific promoters
site-directed mutants within this conserved motif of MyogeiTctivated by these factors contain multiple E-box elements and
demonst_ratgd that mutation W6EBA dl_srupted >90% of th%any also contain elements that bind Mef-2, a cofactor that
tetramerization POteT‘“a'. of the Mypgen_m—EZa complex whilezcys intrinsic transcriptional activation potential but strongly
not altering its dimerization potential (Fig. 5B, lanes 10 Versu$gments transcriptional activation by adjacent muscle
6; controls in lanes 7 and 3). Mutation CLAA atresidues 65 || H_E2a complexes (43,44). Mef-2 binds a conserved
and 66 reduced tetramerization by 40% while not alteringequence in the bHLH domain, and DNA elements that bind
dimerization potential (lane 8 versus 4) and mutationyief.2 were also co-selected with E-box elements in the same
KRK - AAA encompassing residues 74—76 had no effect onypnti-Myogenin immunoselection experiments that co-selected
either dimerization or tetramer formation (lane 9 versus 5)TGATTGAC and its associated nuclear factor, COMP (34).
These data indicate that MyoD, Myogenin, Mrf-4 and Myf-5 ere we demonstrate that TGATTGAC elements are also co-
ut|I|;e the N-ter_mmal half of this <_:onserved tryptophan mOt_'fseIected with E-boxes during immunoselection of optimal
to bind Pbx—Meis1/Prepl. Interestingly, MyoR, a bHLH protelnSequences bound by the remaining three myogenic bHLH pro-
highly related to MyoD that antagonizes activation of musclegijns, MyoD, Myf-5 and Mrf-4, and that recombinant Pbx—
cell target genes by MyoD contains the cognate sequenqgeis1/Prepl heterodimers, which are the constituents of all
GSLGAAGGCKRK. just upstream of its bHLH domain, TGATTGAC-binding complexes isolated from nuclear
retaining the CKRK sequence that is dispensable for interactiogxtracts to date (29,31,32), function like COMP, exhibiting
with Pbx-Meis1/Prepl, but lacking the essential CL-X-W¢ooperative DNA binding with MyoD—E2a or Myogenin—E2a.
sequence (41). This is the first example of a physical interaction between Pbx—
Meis/Prepl and a transcriptional activator and it is interesting
to note that Pbx—Meis/Prepl complexes function similarly to
Mef-2, augmenting the function of other transcriptional activators
while themselves not containing a strong activation domain
Originally, COMP and E-boxes were shown to synergize >30-fold24,25,31-33).

in activating reporter gene transcription coincident with muscle Pbx—Meis1/Prepl bound a CL-X-W motif that is a portion of
differentiation induced in C2C12 myoblasts by serum withdrawah 12-residue conserved sequence residing directly N-terminal
(34). In NIH 3T3 fibroblasts, reporter constructs driven byto the bHLH domains of MyoD, Myogenin, Myf-5 and Mrf-4,
either a single E-box or a single PCE failed to respond to coand which is the only sequence outside the bHLH domain that

The Pbx—Meis1/Prepl-interaction motif of MyoD is not
essential for cooperative transactivation, but is essential
for activation of the Myogenin genein vivo
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Figure 5. An essential tryptophan within a conserved motif N-terminal to the bHLH domain of MyoD is required for interaction with Pbx—Meis1/®rBeletion

of residues 6399 strongly compromises interaction with Pbx1-Meis1c. Wild-type E2a, Pbx1b and Meis1c were added to binding reactions as indicated above eacl
lane in the presence of deletion mutants of MyoD and analyzed by EMBA2dint mutations at a single W residue and an adjacent CL dipeptide in Myogenin
suppress interaction with Pbxdeis1c. Myogenin point mutants indicated above each lane were evaluated for their ability to dimerize with E2a (lanes 3-6) and
form tetramers with Pbx1b and Meis1c (lanes 7—10), using the wild-type consensus DNA probe and analysis by&MN84uénce of the conserved tryptophan

motif and its proximity to the bHLH domain within MyoD, Myf-5, Myogenin (Myog) and Mrf-4. The tryptophan motifs of Class | Hox proteins and Engrailed HD
proteins that interact with the Pbx1 HD are listed below the tryptophan motif of the myogenic bHLH proteins.

is conserved in each factor. Pbx—Hox heterodimers themselvesids to the C-terminus. Binding of the tryptophan in the CL-X-
interact by a similar mechanism, in which an essential tryptoW ACK-X-CKRK maotif to a pocket in the Pbx1 HD would also
phan within a highly conserved motif N-terminal to the DNA- account for failure of Pbx—Hox heterodimers to bind DNA
binding domain of the Hox protein binds a pocket in the Pbxcooperatively with Myogenin—E2a, as this pocket would
HD (17,21). Because Meis and Prepl do not bind the tryptophamdready be occupied by the Hox tryptophan motif. Mutually
interaction pocket on the Pbx HD, but rather interact withexclusive interaction with multiple tryptophan-containing
sequences N-terminal to the HD, the HD tryptophan-bindingnotifs of adjacent transcription factor complexes would provide a
pocket may be available for interaction with other tryptophansiovel mechanism for permitting interaction of Pbx—Meis/Prepl
containing motifs, and it is possible that it binds the tryptopharwith multiple classes of transcription factors while restricting
residue in the CL-X-WACK-X-CKRK motif of the myogenic such interactions to the highest affinity factor at any one
bHLH proteins in ouin vitro assays. The context of the trypto- moment. Depending on the function of the interacting factor,
phan residue within CL-X-WACK-X-CKRK is also consistent such a system could permit Pbx—Meis/Prepl complexes to
with its potential ability to bind the Pbx HD. The tryptophan cooperate in gene activation or repression, a function predicted
motifs of Hox proteins are conserved within subfamilies butfor Pbx proteins based on studies of EXD null mutations (45).
diverge significantly between subfamilies, having the consensus The essential tryptophan residue is embedded within a highly
IYPWMR for paralogs 1-8 of Class | Hox proteins, ANWLHAR conserved 12-residue sequence and is essential for activation of
for paralogs 9-13 and WPAWVYCTRY for the eucaryotic the Myogenin genén vivo and for chromatin remodeling of the
homologs of Drosophila Engrailed (EN1 and EN2). These Myogenin promoter (40). Point mutations and deletions,
diverse motifs are similar to the CL-X-WACK sequence of theincluding W96, not only strongly suppressed interaction of
myogenic bHLH family in the sense that all contain the trypto-MyoD-E2a with Pbx1-Meis1/Prepl, but also virtually eliminated
phan residue within the context of hydrophobic residues anthe ability of MyoD to activate transcription of the Myogenin
are flanked by a lysine or arginine residue two to five aminogene and remodel chromatin in the Myogenin promoter (40).
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would have an affinity greater than that of Pbx—Meis/Prepl
A 12 and would have been isolated in our assay. Nonetheless, while
104 the expression of Pbx complexes in muscle progenitors
[C2C12 (34) and P19 EC cells (36)] suggests they play some
role in gene expression in muscle cells, their transcriptional
cooperation with muscle bHLH protein® vivo remains
unproven. It will be important to determine whether elimination
of Pbx transcripts using antisense mRNA or elimination of func-
tional Pbx proteins using dominant negative Meis/Prepl in
C2C12 myoblasts alters muscle differentiation or precludes

Luc/MUG
)
1

) o_}l'g.r@ 1.1
myogenic: I

PoMels  10T:1 1011 1:01:1 expression of muscle-specific genes.
ratmgn MyoD YO0 If the interaction between Pbx—Meis/Prepl and muscle
Delta p
B 100 -y bHLH complexes promotes specific gene expression, the fact
. 90 that deletion of the interaction motif on MyoD does not
'g gg: significantly alter synergy between MyoD and Pbx—Meis/Prepl
3 60— in co-transfection assays suggests that this interaction may be
8 50 designed to juxtapose distant Pbx—Meis/Prep complexes next
e gg: to bHLH-E2a complexes rather than to stabilize DNA binding
25 poll by or activate a transcriptional function of either heterodimer.
S 10 Such long distance interactions could mediate chromatin
= 0 . T remodeling and could explain the fact that we do not find sites
Mol Mo WA similar to TGATTGACAG flanking E-boxes in muscle-specific

promoters. Synergy between bHLH and HD transcription
complexes in transcriptional activation with and without
accompanying chromatin remodeling has already been
reported, both in synergistic transcriptional activation of Pho5
Figure 6. The conserved tryptophan motif of MyoD is not essential for the by the Pho2 HD protein and the Pho4 bHLH protein (46) and
cooperative transcriptional properties of the E-box and PCE elements, but & activation of the elastase promoter, where a Pbx—Meis/Prepl

essential for transcriptional activation of the Myogenin promot&j. Tran- oo A
scriptional activity of reporters driven by either a single E-box (hatched), a singlt,?Iement promotes transcriptional activation by the Ptf-1 bHLH

PCE (open) or an E-box paired with a PCE (filled). Reporters were co-trart$fectepr0F9in (25). ) N _
into NIH 3T3 cells with vectors expressing Myogenin, MyoD or My&#2—99 Finally, the juxtaposition of normal Pbx and E2a proteins
alone or in the presence of vectors expressing Pbx1b plus Meislc. Luciferasmrough cooperative DNA binding of their heterodimer
activity was normalized to an intern@tGal control (MUG value).B) MyoD ; : : P

mutants that fail to interact with PbsMeis1/Prepl fail to activate transcription complexes IS partlcularly provocative in |Ight of the _faCt that
of the Myogenin genén vivo. The abilities of wild-type and mutant versions E22 IS fused to Pbx1 as a consequence of the t(1;19) trans-
of MyoD to activate expression of the Myogenin (filled bars) and Myosin location of pediatric pre-B cell leukemia. If Pbx proteins have
Heavy Chain genes (MHC; hatched barsyivowere determined by immuno- novel biochemical functions that synergize with those of E2a
fluorescence in transfected 3T3 cells using antisera specific for Myogenify transcriptional activation or if the interaction of Pbx and E2a

(monoclonal antibody F5D) or MHC (mouse monoclonal Ab MF20). The efficiency teins in tet " | d f ti
of gene activation by wild-type MyoD is defined as 100% and transfection efficiency! roteins in tetrameric compleéxes proauces a new conrormation

is controlled by co-transfection of vectors expressing CAT, and quantitatingn €ither PrOtein that augments its ability to _regulate transcript_ior_l,
CAT-positive cells by immunofluorescence, using rabbit polyclonal anti-CATthen fusion of E2a to Pbx1 could reconstitute such synergistic

(5 Prime - 3 Prime Inc.). effects persistently, forming a more potent transcriptional activator.
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