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ABSTRACT

Eight of the nine homeobox genes of the  Hoxb locus
encode proteins which contain a conserved hexa-
peptide motif upstream from the homeodomain. All
eight proteins (Hoxb-1-Hoxb-8) bind to a target oligo-
nucleotide in the presence of Pbx1la under conditions
where minimal or no binding is detected for the Hox or
Pbxla proteins alone. The stabilities of the Hox—
Pbx1a—DNA complexes vary >100-fold, with the pro-
teins from the middle of the locus (Hoxb-5 and Hoxb-6)
forming very stable complexes, while Hoxb-4, Hoxb-7
and Hoxb-8 form complexes of intermediate stability
and proteins atthe 3 '-side of the locus (Hoxb-1-Hoxb-3)
form complexes which are very unstable. Al  though
Hox-b proteins containing longer linker sequences
between the hexapeptide and homeodomains formed
unstable complexes, shortening the linker did not confer
complex stability. Homeodomain swapping experi-
ments revealed that this motif does not independently
determine complex stability. Naturally occurring
variations within the hexapeptides of specific Hox
proteins also do not explain complex stability
differences. However, two core amino acids (tryptophan
and methionine) which are absolutely conserved within
the hexapeptide domains appear to be required for
complex formation. Removal of N- and C-terminal
flanking regions did not influence complex stability and
the members of paralog group 4 (Hoxa-4, b-4, c-4 and
d-4), which share highly conserved hexapeptides,
linkers and homeodomains but different flanking
regions, form complexes of similar stability. These data
suggest that the structural features of Hox proteins
which determine Hox—Pbxla—DNA complex stability
reside within the precise structural relationships
between the homeodomain, hexapeptide and linker
regions.

INTRODUCTION

TheHoxhomeobox-containing genes appear to regulate regional
specification along the A—P axis and in the limb bud of the
developing embryol(2). The distinctive morphogenetic role of
these genes has been most clearly demonstrated by the differen
phenotypic changes observed in mice carrying a range of targeted
disruptions of differentiox genes &9). The homeodomain has
been shown to be a DNA binding motif (reviewetiGhand Hox
proteins are thought to function as transcription factdd %).
However, despite markedly divergent biological effettgvo,

the homeodomains of many different Hmoteins can binéh

vitro to similar or identical DNA sequences containing a TAAT
core recognition sequence with similar affiniti&s,{4). Indeed,

the highest degree of sequence conservation between different Hox
proteins is in helix three of the homeodomair),(which appears

to bind in the major groove of the target DNA and to contribute to
binding specificity {6-18). These observations raise the question

of how Hox proteins mediate selective gene regulation.

The 38 human or murine Hdomeodomain proteins, arrayed
within four genetic loci, can be aligned in so-called paralog groups
based on the degree of amino acid homology within the homeo-
domain (519). Outside the homeodomain there is variable
sequence conservation among paralog members and relatively little
homology between proteins across a single locusxégpéon to
this general rule is the presence of a hexapeptide motif, containing
a relatively conserved YPWM core sequence and variably located
5-53 amino acids N-terminal of the homeodomain, which is shared
by all of the Hoxproteins in paralog groups 1-8 and is absent in
groups 9-131(5). Although X-ray crystallographic studies which
have defined the binding of the homeodomain to DNA have not
used proteins containing the hexapeptid&l(’), NMR studies
have shown that the hexapeptide and linker sequences are
unstructured and do not appear to make direct DNA binding contacts
(18). Much of the data on DNA binding by Hox proteins has been
obtained using only the 61 amino acid homeodomaiti{). These
experiments have shown that the highly variable N-terminal portion
of the homeodomain can contribute incrementally to DNA binding
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selectivity and affinity. However, there is little data on contribusimilar amounts of proteins were used for complex formation. For
tions to DNA binding by the flanking regions of the full-length Hoxeach synthesis reaction a control containing reticulocyte lysate and
proteins. In one experiment the full-length Ubx-Ib protein and thihe appropriate viral polymerase was used to detect possible DNA
corresponding homeodomain bound the same consensus DHiAding by endogenous factors. As shown in the figures, lysate
binding site, suggesting that under the conditions studied tleentrols show variable intensity gel shift bands with the DNA target.
hexapeptide motif did not directly influence DNA bindiag)( These bands varied with both the lysate batch and the batch of
One proposed mechanism for generating binding specificity apaly(dl-dC) used as non-competitive inhibitor. Human Hoxb-6 and
increasing affinity is the formation of multi-protein-DNA com- b-7 have been cloned previoushp@0). Variant forms of Hoxb-3
plexes. The best example of homeodomain protein cooperativityvigre cloned from either a human CH8&ne marrow library or by
the interaction of yeast mating type proteisand al, for which PCR amplification of mMRNA from the human erythroleukemia cell
both genetic and biochemical data have been obtained for coogdiere K562. The other human full-length cDNA clones were kindly
ative binding to the haploid-specific gene operat®d,2(). provided as follows: Hoxb-1.f), b-2 (L5), b-4 @1) and c-4 42),
Following genetic data which indicated that BesophilaUbx  Dr E. Boncinelli; Hoxb-5 43), Dr C. Hauser. Full-length murine
homeodomain protein acts in concert with the Exd homeoproteitipnes were provided as follows: Hoxaddl)( Dr D. Wolgemuth;
several laboratories have demonstrated that these proteins fatioxb-8 @5), Dr S. Cory; Hoxd-446), Dr G. Firestone.
cooperative complexes with DN# vitro (22,23). Pbx1 is a
non-Hox homeobox-containing proto-oncogene which was initiallpNA constructs

discovered at the site of t(1,13) chromosomal translocations in pre-B . i , o
cell leukemias 44,25). The Pbx proteins share a high degree oppecific amino acids within the YPWM sequence of Hoxb-4 were

sequence homology with the Exd aBdenorhabditis elegans altered by insertion of synthetic double-stranded oligonucleotides
ceh-20 proteins26,27). We @8) and others29,30) have recently containing th_e deswed change and flankeddyy and P.ml sites,
shown that Hox homeodomain proteins cooperatively bind with Pihich were ligated into thacd (463) andPml (487) sites in the
proteins to DNA targets. In our studies three homeodomain protefpddinal clone. The distance between the YPWM motif and the
from the humarHoxb locus, Hoxb-4, b-6 and b-7, cooperatively "omeodomain in Hoxb3 was reduced from 53 to either 17 amino
bound with Pbx1a protein to an oligonucleotide containing Hox arRfids, consisting of the first 12 and last five residues in the linker
Pbx DNA recognition sites under conditions where there wd§9ion (Table?), or to a linker consisting of the first 12 residues by
minimal DNA binding by either the full-length Hox or Pbxla PCR amplification and conventional cloning methods. Replacement
proteins alone. These studies also demonstrated that the consefféfe Hoxb-3 homeodomain with that of Hoxb-6 and the Hoxb-6
hexapeptide motif and the homeodomain were required fBPmeodomain with that of Hoxb-1 were accomplished using PCR
cooperative binding with Pbxla. Introduction of the Hoxb-70 generate specific restriction sites allowing precise replacement of
hexapeptide together with the 13 amino acid linker preceding th8Ch homeodomain using conventional cloning methods. Each
homeodomain into Hoxa-10 protein, which lacks this motifutation was checked by DNA sequence analysis and mutant
substantially increased cooperative binding to Pbx1a/DNA. proteins were shown to have the correct size by gel electrophoresis
In the current study the stabilities of complexes formed by t the in vitro translation products generated in the presence of
eight Hoxb proteins which contain a hexapeptide motif with Pbx13°SImethionine.
and an oligonucleotide target have been determined. There is a ) - _
>100-fold difference in dissociation rates across the locus, with théectrophoretic mobility shift assays

Hoxb-5 and Hoxb-6 proteins forming the most stable complex@s,y;iementary oligonucleotides which contained consensus bind-
with Pbx1a on an oligonucleotide containing consensus.blndlng SRS sites for Hox proteinsl) and Pbx147) were synthesized
for both proteins. Data from mutagenesis and domain swappifgheron Technologies, Alameda, CA). The orientation of the Hox
studies suggest that within each Hox protein the hexapeptide, §i¢ ppy sites to each other within the oligonucleotide sequence was
linker sequence and the homeodomain function as a unit to mediglaced on the basis of the orientation of sites in the yeast
cooperative DNA binding. haploid-specific operatorg). This DNA fragment was previously
used to demonstrate cooperative binding of Hoxb-4, b-6 and b-7 to

MATERIALS AND METHODS DNA in the presence of Pbx12gj. The standard conditions used

: : were similar to those previously described. Briefly, double-stranded
Protein expression end-labeled DNA (50 000 c.p.m./binding reactiboh, ng) was
cDNAs encoding individual full-length Hox proteins, tcl-3 and Pbxincubated with 21 test Hox protein (<0.5 ng) either in the presence
were subcloned into either a derivative of sp65 (Promega, Madisari,Pbx1a (2ul) or with 2l lysate control, in 75 mM NaCl, 1 mM
WI) which was engineered to contain a FLAG sequencEDTA, 1 mM dithiothreitol, 10 mM Tris—HCI, pH 7.5, 6% glycerol,
(MDYKDDDDK) (Hoxb-2, b-3, b-4, b-6, b-7, tcl-3 and Pbx 1a), 2 ug bovine serum albumin andug poly(dl-dC) as non-specific
pSG5, which contains a T7 promotéd) (Hoxb-1), Bluescript competitor, in a final reaction volume of 18. In reactions
(Stratagene, La Jolla, CA), which contains a T7 promoter (Hoxb-Berformed under reduced stringency conditions the concentration of
or into a pET vector (Novagen, Madison, WI) containing the Tpoly(dl-dC) non-specific inhibitor was reduced to 16 ngil5
promoter and His sequences (MGSSHHHHHH-SSGLVPRGSHeaction and the concentration of NaCl was decreased to 50 mM.
MASMTGGQQMGR) (Hoxa-4, b-8, c-4 and d-4). Full-length HoxReaction mixtures were incubated on ice for 30 min and either
proteins fused to the respective peptides were synthesized usingaplied directly to a 6% polyacrylamide gel (zero time sample) or
TNT coupledin vitro transcription/translation system (Promegamixed with a 100-fold excess of unlabeled oligonucleotide followed
Madison, WI), in both the presence and absené&Sjhfiethionine. by incubation for fixed times (1-35 min) prior fopdication to the
The labeled proteins were electrophoresed separately to demonstiataing polyacrylamide gel. Gel electrophoresis was performed in
synthesis of the appropriate full-length product and to ensure tftaP5< TBE buffer as described previously. For the Hoxb-6/b-1 box
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complex, which migrates to a position very close to non-specificg
shift bands attributed to lysate proteins, a supershift using antisen Hew - - 4
to the FLAG-tag protein (IBI, New Haven, CT) was performed tc """ = * °
confirm the identity of the complex (Fig. lane 15).
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Calculation of complex half-lives "'“'"E ol :!H e ."' -
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Gels from electrophoretic mobility shift assays were dried an
autoradiographed to permit densitometric estimation of comple
band intensities by scanning autoradiographs into a Macinto
Quadra computer, followed by quantitation of individual band:
using the NIH Image software program. Each gel was autoradi
graphed for various times to ensure that the densities measured v
within the linear range of the scanner and software program.
dissociation rate was calculated for each Hox—Pbx1a—DN.

complex by plotting the log of the complex band intensities versi iy pay e Rl WeE R Shanc e

time. The dissociation rate was estimated as the slope of 1 e B L TR L
regression line generated from this plot. For each dissociati ——

experiment the correlation coefficient for the line was >0.96 — H
For each complex the half-life was calculated using th — — '
equationTy, = —log(0.5¥y. __*i
RESULTS

; i : ; Figure 1.Hoxb proteins form cooperative DNA binding complexes with Pbx1a.
Hoxb locus proteins containing the hexapeptide motif Each of the Hoxb proteins formed a complex with a radiolabeled oligo-

form cooperative DNA binding complexes with Pbx1a nucleotide containing consensus Hox and Pbx1a binding sites in the presence
. . .. f Pbx1a. No specific complex was visualized in the absence of Pbx1a protein.
We h‘_"“/e p_I'EVIOUS|y shown CQOPerat'Ve_bmdmg by several Hox owever, non-specific bands of variable intensity, representing DNA binding by
proteins with Pbx1a on an oligonucleotide (&AATTGATT- endogenous proteins in the reticulocyte lysate used to synthesize Hoxb and
GATGCACTAATTGGAG-3) containing consensus binding sites Pbx1a proteins, were observed in control lanes containing DNA and lysate alone
for bt prteins 9. We and fhers nave shou it bt e Ho(2% 1) P s ot be N8 it e asrce o
a,nd, Pbx proteins bind to the TGATTGAT Seq,uence Wlthm this OEhift assay of the reactio% mixtures. EI)'|1n@1itro translatec¥5S—Iabe)Iled proteins
similar DNA fragments48,29,31). The same oligonucleotide was are shown below the gel shift lanes to demonstrate that approximately equal
now used to study cooperative binding of each of the full-lengtlamounts of protein were used in each complex formation assay.
Hoxb proteins which contain a conserved hexapeptide motif. As
shown in Figurel, Hoxb proteins representing paralog groups 1-8 i
were capable of forming a cooperative DNA binding complex wit§omplex. Figure2 shows the complete EMSA gels for three
Pbxla. With the exception of weak complexes formed by Hoxb!gPresentative dissociation experiments, while Figuskows the
(Fig. 1) and moderately strong complexes by Hoxb-3 @itane dissociation time course profiles of the_ Hox—Pbx_la—DNA
6), there was no evidence of interaction of the full-length Ho%omplexes for each of the other Hoxb proteins. There is at least a
proteins with the DNA in the absence of Pbx1a under the conditiok80-fold variation in the dissociation rates and corresponding
of our standard electrophoretic mobility shift assays (EMSA), which@lf-lives of the Hoxb protein complexes with Pbxla and the
employ moderately high levels of non-specific competitor DNA a8ligonucleotide (Tablé). Hoxb-6 and b-5 formed the most stable
well as low concentrations of vitro synthesized Hox proteins. In complexes, Hoxb-4, b-7 and b-8 showed intermediate complex
this regard, we have observed that in each case tested (Hoxb-4,35llities, while Hoxb-1 dissociated much more rapidly. Hoxb-2
and b-7) truncated proteins containing only the homeodomain wetad Hoxb-3 dissociated so rapidly that it was impossible to visualize

able to form complexes with the oligonucleotide under conditior®"Y complexes at the earliest time point following addition of
where DNA binding by the full-length Hox proteins was notcompetitor DNA. Dissociation rate constants were also determined

detected (results not shown). at 22 C for Hox proteins representing stable and rapidly dissociating
complexes (Hox6 and b-1 respectively). These experiments
revealed that although each complex was less stable at the highel
temperature, the relative stabilities remained similar to those
determined at 4C. Thus the half-ife of the complex formed
Although each of the Hoxb proteins tested was capable Bftween Hoxb-6 and Pbxla on the DNA target decreased from 59
cooperative DNA binding, we wished to quantify these interactiont? 16 min, while that for Hoxb-1 decreased from 2.5 to 1.0 min (data
Since dissociation rate constants are independent of both protein Batishown).

PEx1A-DNA complexes, Preformoed compieres containing radiSPoC DEtween the YPWM moti and the

labeled DNA were incubated at@ with a large excess of cold omeodomain does not regulate complex stability
oligonucleotide to prevent reformation of labeled complexe$o investigate the possible structural features responsible for the
following dissociation. At timed intervals aliquots of the reactiordifferences in complex stability we first examined the effects of the
mixtures were subjected to EMSA to measure the remaining labelgidtance between the hexapeptide domain and the homeodomain.

Hoxb protein—Pbx1a protein—-DNA complexes show
varying stability
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Figure 2. Hox proteins form complexes with Pbxla and DNA of highly I R A
variable stability. Pre-formed Hox protein—Pbxla protein-DNA complexes i R —— -
were either subjected to immediate gel electrophoresis (time 0) or incubatec N - - T
in the presence of a 100-fold excess of unlabeled DNA for the times indicated
(min) prior to electrophoresis. For each Hox protein, samples lacking the Hox @
or Pbx1a protein appeared similar to those shown for Hoxb-1. Densitometric e b= P b-T4
measurements of each Hox-Pbxla-DNA band were used to calculatc®™* @ 2 & 10 15 & 2 4 8 1 303 @ 5 10 20 0
dissociation rate constants and apparent half-lives as described in Material: - - _—
and Methods and reported in Table I. F--

-

. . . . . . Figure 3. Dissociation of Hox—Pbxla—DNA complexes. EMSA bands
This explanation Seeme(_j particularly interesting since there appeaspresenting the dissociation time courses are shown for naturally occuring and
to be a rough correlation between the distance separating th@tant Hoxb protein complexes with Pbxla and the target oligonucleotide.
hexapeptide and homeodomains in the Hoxb proteins and PbxlﬁiSSfrJtCigtipnTrag?S Icallzculatedhfrgm th‘?st? data and th? derived hatlf-llives afle

HE R _ reported In lable I. For eac ISsOoclation experiment approximately equal
DN.A complex Stabl."ty (Tableﬂ and 2)' Hoxb-2 and HO.Xb 3, . amounts of Hox protein was used, as estimated f%rabeled protein
which have long linker sequences (43 _and 53 amino aCiO§nthesis as reported in Figure A) Hoxb proteins show variable complex
respectively) showed extremely short half-lives, whereas Hoxb-gtability. Dissociation data are presented for the Hoxb proteins not shown in
and Hoxb-4, which have smaller linker sequences (18 and 1Bgure 2 or in part (B) belowBj Hoxb-3 proteins form unstable complexes
respectively), showed intermediate stabilty. Hoxb-5 and Hoxb-8100 2t 20 o A B ot protein containing & runoated
which have e,v en Sma"_er separation between the hexapeptide a‘ndl r region. The'two alternatively spliced proteins were indistinguishable,
homec’domam (12 reS|due_s) were the most stable. - since they both form complexes (0 time) but dissociate too rapidly to measure

To test the influence of interval length on complex stability wea dissociation rate. The mutant Hoxb-3-17 protein, which contains a shortened
took advantage of our isolation of two Hoxb-3 proteins containingjnker, did not SEOWianease_d C?mpleﬁ St]:’ibilit%/ (comlparfe also with |H0Xb_3'$12’
variable linkers and assayed these proteins for complex stability g“re 4). €) The Hox proteins from the fourth paralog form complexes wit

. L x1a and DNA which show similar dissociation rates. The four members of
described al?ove- One H_OXb'3 transcript, isolated from bone_marr%ralog 4 share highly conserved hexapeptide, linker and homeodomain
cells, contains 53 amino acids between the hexapeptide aBeluences, but vary considerably in their N- and C-terminal flanking regions.
homeodomains (Hoxb-3-53). An apparent alternatively splicedhese proteins form complexes with Pbxla and DNA of similar stability,
Hox-b3 transcript was cloned from the K562 leukemia cell Iineiggggrs\}g‘dg z‘gggﬁ'srg‘;rmggg”gs)‘zgi';idﬁ{hc‘lw;’r'%’gﬁ"'3’);‘?“3(')‘?163 V‘g}“{ﬂéhe
contammg a 35 amlno acid linker (HOXb'3'35)', In add',tlon' tWohexapeptide motif or lacking the N- and C- terminal flanking regions show
variant Hoxb-3 proteins were constructed in .Wh|Ch. the linker Wasimilar dissociation rates to unmodified Hox proteins. Hoxb-4 proteins
further shortened to 17 (Hoxb-3-17) or 12 amino acids (Hoxb-3-1Z)ontaining point mutations of the proline at position 3 of the hexapeptide
respectively. As shown in FiguB and Tablel, neither the  (b4-P-A, b4-P-. D) form complexes with similar stability to that of Hoxb-4,
Hoxb-3-35 splice variant nor the Hoxb-3-17 protein, with a 178u9gesting that this residue does not influence complex stability. A truncated

. . . . ; Hoxb-7 protein lacking the N- and C-termini (B)7shows a similar
residue linker, formed tighter complexes with Pbxla than th@jssociation rate to native Hoxb-7, suggesting that the terminal regions do not
Hoxb-3-53 protein. In addition, the Hoxb-3-12 variant, containingcontribute to complex stability.

a 12 amino acid linker, which represents the linker distance in the

naturally occurring Hox proteins with the tightest binding, did not

bind to DNA with Pbx1a under nom_]al assay cond|t|ons41FIg_ne The homeodomain alone does not confer complex

3). A very weak complex could be visualized under lower St”ngen@fability

conditions (Fig.4, compare lanes 20 and 21 or 24 and 25),

demonstrating that the homeodomain of the mutant protein we¢e next investigated whether the homeodomain alone confers
folded correctly. Therefore, at least for the Hoxb-3 mutants testeshmplex stability by performing swapping experiments between
the distance between the hexapeptide and homeodomains doesanteodomains of Hox proteins which show high versus low
appear to have a dominant effect in controlling complex stability.complex stability. Recent studies have shown that the capacity of the
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Figure 4. Neither the homeodomain sequence nor linker distance determine complex sfabilityinferic Hoxb proteins. Mutant Hox proteins were constructed

in which the homeodomain from a protein which forms a strong complex (Hoxb-6) was replaced by the homeodomain from a protein which forms a weak com|
(Hoxb-1) to form Hoxb-6/b1 HD or where the homeodomain from a protein which forms an unstable complex (Hoxb-3-53) was replaced by the homeodomain fi
a protein forming a stable complex (Hoxb6) to form Hoxb-3/b-6 HD. The naturally occuring 53 amino acid linker arm in Hoxb-3-53 was reduced to 12 amino ac
in Hoxb-3-12. B) Chimeric Hoxb proteins form weak complexes with Pbx1a and DNA. Complex formation between the mutant Hox proteins with Pbx1a—DNA wa
compared with that of the unmodified proteins under normal stringency conditions (lanes 1-9) or reduced stringency conditions (lanes 10-25). Neither mutant
protein containing a swapped homeodomain forms a complex with Pbx1a and DNA under standard incubation conditions (lanes 4 and 9 respectively). When cor
formation was allowed to occur under conditions of reduced stringency, weak complex bands were formed for both Hoxb-6/b1 HD (lanes 13 and 14) and Hoxb-:
HD (lanes 18 and 19). Since the Hoxb-6/b-1 HD complex migrates to a position very near the shifted bands seen in the lysate controls, an antiserum to a tag se
fused to the Hox protein was used to supershift this complex (lane 15). The mutant Hoxb-3 protein containing a 12 amino acid spacer (Hoxb-3-12) was unable to
a detectable complex with Pbx1a and DNA under standard conditions (lane 3). However, under reduced stringency conditions a weak complex band can be de
(compare lanes 20 and 21). Lanes 22-25 represent a lorpaui@adiographic exposure of lanes 18-21 to more clearly show the complex bands (arrow).

Ubx but not that of th®rosophilahomeodomain protein Antp to Pbxla and the target oligonucleotide and suggesting that complex
form complexes with Exd is dependent on the respective homesiability is not due solely to properties inherent within the
domain sequenc8&%). The homeodomain from the Hoxb-6 protein,homeodomain.

which forms the most stable complex, was replaced with the

homeodomain from the Hoxb-1 protein, which forms an unstabl@ertain amino acids within the Hox protein hexapeptide

complex (Fig4A, Hoxb-6/b-1 HD). Conversely, the homeodomainmotif are required for complex formation with Pbxla

of Hoxb-3, which forms a very unstable complex, was replaced witind DNA

the homeodomain from Hoxb-6 (FigA, Hoxb-3/b-6 HD). The

accuracy of each chimeric construction was confirmed by DNMVe have previously reported that removal of the entire hexapeptide
sequencing and by sizing iof vitro translation products by gel sequence prevents complex formation between either Hoxb-7 or
electrophoresis. In each case the resulting proteins were unabléitixb-6 and Pbxla with DNA2B). We have attempted to dissect
form complexes with Pbx1a and DNA under our standard assthe contributions of each of the amino acids within this domain to
conditions (Fig.4, compare lane 4 with 5 or 7 with 9). Whencomplex formation and stability. As seen in Talile the
complex formation was studied under reduced stringency conditionexapeptides of the Hgxoteins in paralog groups 1-8 show
weak complexes were detected for each chimera4Fmpmpare substantial variation around an absolutely conserved tryptophan—
lane 13 with 14 and 15 or 18 with 19), demonstrating in each casethionine core at positions 4 and 5. These invariant amino acids
that the homeodomains within the chimeric proteins were foldeslere changed to glycine and isoleucine respectively in Hoxb-4 to
correctly but incapable of forming high affinity complexes withtest their importance in complex formation. Changing either the
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i3 position three, it was unlikely that this residue conferred complete
I3 B stability on Pbxla—DNA interactions. However, since Hoxb-1
Parie - * formed the least stable complex for which we could obtain

meaningful half-life data, we tested the possibility that the aspartic

' acid in positon 3 was destablizing, using a mutant Hoxb-4
containing this amino acid in place of the normal proline in position
3. However, Hoxb-4-B D formed a complex with Pbx1a and DNA
which was at least as stable as that observed for the Hoxb-4
wild-type molecule (Fig5A, lane 5, Fig3D and Tablel). Since
position 3 of the hexapeptide naturally contains either proline or
aspartic acid (Tabld), this position was changed to alanine to
further test the importance of this residue for complex stability. The

Hoxb-4-P- A protein formed a complex with Pbxla and DNA
which had a half-life very similar to that of wild-type Hoxb-4.
(Fig. 5A, lane 6, Fig3D and Tablel). These data demonstrate that
complex stability of the Hox proteins with Pbxla and DNA is
relatively insensitive to changes at position 3. Since proline is
- ———— -
1 2 3 4 5§ 8 T

relatively conserved within the hexapeptide domains, there may be
additional functions for this amino acid which are not revealed by
the current assay.

Although the literature refers to a conserved YPWM core,
Figure 5. (A) Specific amino acids within the hexapeptide domain appear to beexamination of Tablé shows that the tyrosine at position two of the
required for cooperative binding with Pbxla and DNA. A series of mutant hexapeptide is replaced by phenylalanine in four of the eight Hoxb
Hoxb-4 proteins, containing specific point mutations in the hexapeptide roteins studied. This variability does not appear to influence

domain, were synthesized and tested for cooperative DNA binding with Pbx1. . . - g . . .
and DNA 35S-Labeled protein is shown below the gel shift lane to demonstrate omplex stability, since proteins containing either amino acid can

that approximately equal amounts of protein were used in each DNA bindingform strong Pbx1a—DNA interactions (Tatilecompare Hoxb-5

assay. Variability in complex intensities reflects differing autoradiographic and Hoxb-6). These data, together with those described above,
times, rather than complex stability, as shown by the dissociation data i“suggest that within the core YPWM the invariant tryptophan and
Figure 3D and reported in Table)(cl-3, a non-rox homeodomain protein  \athinnine as well as an aromatic residue at position 2 appear to be
containing a YPWM motif, forms a complex with Pbx1la and DMAvitro . . o .
translated tcl-3 and Pbxla proteins formed a complex with the samd€quired for cooperative binding with Pbx1a to DNA. However, we
oligonucleotide which was used for the Hox-b proteins when incubated undegannot exclude the possibility that substitution of these positions

standard assay conditions, under which the tcl-3 protein did not bind alone tevith other amino acids might permit complex formation.
the oligonucleotide.

[SHECST =

The hexapeptide domain, linker region and

. homeodomain appear to be sufficient for stable
tryptophan (b-4-W-G) or the methionine (b-4-Ml) of the complex formatigr?

hexapeptide motif resulted in complete abolition of complex
formation (Fig5A, lanes 3 and 7 respectively). As described belowye have previously reported that a Hoxb-7 deletion protein which
Hoxb proteins containing either a tyrosine or a phenylalanine ééntains only the hexapeptide, a five amino acid linker and the
position 2 of the hexapeptide are capable of forming Pbx1la—DNAvmeodomain can form a complex with Pbx1a and DRE} put
complexes. However, replacement of an aromatic side chain at #hig stability of this mutant was not determined. The mutant Hoxb-7,
position with a leucine in Hoxb-4 also resulted in complete loss @fhich lacks 119 amino acids preceding the conserved hexapeptide
complex forming capacity (Fi§A, lane 4). motif and 50 amino acids C-terminal to the homeodomain, formed
; ; ; e - ; a complex with Pbx1a and the oligonucleotide which was essentially
Xg?gglc%gml?oor 3%%‘:2?:22;”i;hgoﬁggzesﬂg%ﬁig otif do as stable as that formed with the fuII—Ien_gth protein G@anc_i
Table 1, b-7A). These data, together with the results of linker

Examination of the natural variations which occur within theshortening and homeodomain swapping experiments, suggest that
hexapeptide sequence in the Hoxb proteins (Tghbleveals that although each component alone does not confer stability, taken
differences in the first and sixth positions do not appear to determitagether, the hexapeptide, linker and homeodomain are sufficient to
complex stability. For example, Hoxb-3 and Hoxb-7, which share atetermine complex stability. Support for this hypothesis was
isoleucine at position one of the hexapeptide, formed Pbxla—DNobtained by examining complex stabilities of the four Hox proteins
complexes of dramatically different stabilities. In a similar fashionyhich comprise the fourth homology group (a-4, b-4, c-4 and d-4).
Hoxb-6 and Hoxb-5, which have a glutamine or an argininén these proteins the hexapeptide motif is absolutely conserved in the
respectively at position six of the hexapeptide, showed very similfiust five amino acids, with a conservative LyArg change in
complex stabilities. Furthermore, Hoxb-1, b-2 and b-3, whicposition 6 in Hoxb-4, the 15 amino acid linker preceding the
formed unstable complexes, possess a basic amino acid (lysindh@nheodomain is highly conserved (Ta)land the homeodomains
position six, while Hoxb-5 and b-7, which also possess a basiontain only seven conservative amino acid substitutions. There is
residue (arginine) at this position, formed very stable complexesconsiderably more sequence variation outside these regions among

Hoxb-1 contains an aspartic acid in place of the proline which tee four proteins. The observation that these four Hox proteins
conserved in position 3 of the hexapeptide in all of the other Hoxdinowed very similar Pbxla—DNA complex stabilities (Bgyand
proteins. Since proteins which formed both unstable (Hoxb-2 arfféble 1) suggests that the hexapeptide, linker and homeodomain
b-3) and stable (Hoxb-5 and b-6) complexes contain a proline @infer most of the complex stability.
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Table 1.Half-lives of complexes formed between Hox proteins, Pbx1a and DNA

Hox protein Hexapeptide Amino acids between kg2 Half-life (min)
sequence hexapeptide and homeodomain

b-1 TFDWMK 18 0.120 25

b-2 EFPWMK 43 Binds <08

b-3-5F IFPWMK 53 Binds <0.8

b-3-3% 35 Binds <0.8

b-3-17 17 Binds <08

b-3-12 12 No binding

b-3/Hox b-6 HD 53 No bindiry

b-4 VYPWMR 15 0.031 9.6

b-4-Y - L e No binding

b-4-P- A ---A--e- 0.034 8.8

b-4-W-G e G----- No binding

b-4-M-1 e [--- No binding

b-4-P- D --=-D---ome- 0.027 11.0

b-5 IFPWMR 12 0.007 40.1

b-6 VYPWMQ 12 0.005 59.0

b-6/Hoxb-1 HD 12 No bindirg

b-7 IYPWMR 5 0.021 14.4

b-7A 5 0.018 10.6

b-8 LFPWMR 6 0.013 23.1

a-4 VYPWMK 15 0.029 10.3

b-4 VYPWMK 15 0.031 9.6

c-4 VYPWMK 15 0.024 12.3

d-4 VYPWMK 15 0.033 9.0

tcl-3 TFPWME 22 Binds <0.5b

aThe value foky represents the slope of the line generated from a dissociation plot of log(complex) versus time. For each determination the
correlation coefficient for the best fit line was >0.96.

bDissociation is too rapid to measure a half-life, all complex having dissociated by 1 min following addition of cold competitor DNA.
CAlternatively spliced variants, differing by an 18 amino acid glycine-rich region between the hexapeptide motif and the homeodomain.
dNo binding is observed under standard conditions, while weak binding is detected under reduced stringency.

Table 2. Sequences separating the hexapeptdd homeodomains

Hox protein  Amino acid sequence between hexapeptide and homeodomain kg Relative stability
b-1 TEFDWMYKRNPPKTAKVSEPGLGS 0.120 4.2
b-2 EFPWMRKKSAKKPSQSATSPSPAASAVPASGVGSPADGLGLPEAGGGG Binds <F
b-3-53 IFPWMHKSRQTSKLKNNSPGTAEGCGGGGGGGGGGGSGGSGGGGGGGGGGDKSPPGSAA  Binds <F
b-3-35d IFPWMHKSRQTSKLKNNSPGTAEGCG-----------------~ GGGGGGDKSPPGSAA Binds <F
b-3-17 IFPWMKESRQTSKLKNNS -PGSAA Binds <F
b-3-12 IFPWMHKSRQTSKLKNNS No binding

b-4 VYPWMRVHVSTVNPNYAGGE 0.031 16
b-5 IFPWMKLHISHDMTGPD 0.008 68
b-6 VYPWMRMNSCNSSSFGP 0.005 100
b-7 IYPWMBSGTD 0.021 24
b-8 LFPWMRQAAAG 0.013 39
a-4 VYPWMKIHVSAVNSSYNGGE 0.029 17
b-4f VYPWMRVHVSTVNPNYAGGE 0.031 16
c-4f VYPWMKIHVSTVNPNYNGGE 0.024 21
d-4f VYPWKKVHANSVNPNYTGGE 0.033 15
tcl-3 TFPWMESNRRYTKDRFTGHPYQNRTPPK Binds <I°¢

aThe hexapeptide sequences are underlined.

bThe relative stability is reported as the ratio of the half-life compared with that for Hoxb-6, which was normalized to 100.
CDissociation is too rapid to measure, a maximum relative stability is estimated.

dThe alternatively spliced variant (b3-35) is missing a glycine-rich domain.

€No binding is observed under standard conditions; weak binding is detected under reduced stringency.

fldentical amino acids within the paralogous proteins are double underlined.
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A non-Hox homeodomain protein containing a YPWM flanking N- or C-terminal regions18,14). We have obtained
motif binds cooperatively to DNA with Pbxla contradictory data concerning the modularity of Hox proteins with
o ) o ] _ regard to cooperative DNA binding with Pbxl1a. Replacement of
Although the majority of homeodomain-containing proteins whickither the Hoxb-3 homeodomain with that of Hoxb-6 or the Hoxb-6
contain a conserved hexapeptide sequence are found within fneodomain with that of Hoxb-1 yields mutant proteins which
Antennapedia or class | homeoproteins, there are several protqiitn barely detectable complexes with Pbxla and DNA. These
with divergent homeodomains which contain a hexapeptide motiesuits support the concept that the unique flanking regions of each
The tcl-3 (Hox11) protein, which was isolated as a break-poip{ox protein interact with its homeodomain in a manner which is
mutation in T cell leukemias3§,34), contains a TFPWME  sensitive to subtle changes induced by domain swapping experi-
sequence which is located 22 amino acids upstream from thfants and that the capacity to bind cooperatively to DNA with
homeodomain (Tableisand?). tcl-3 protein bound cooperatively ppx1a reflects specific protein—protein contact residues within each
to the target oligonucleotide with Pbx1a, but exhibited no capaciparticular Hox protein. However, we have previously demonstrated
to bind in the absence of Pbx1a (F88). The tcl-3-Pbx-DNA  gypstantial enhancement of the cooperative DNA binding of
complex was so unstable that a half-life could not be measurggdya-10 with Pbxla by mutational insertion of the Hoxb-7

(data not shown). hexapeptide and linker domains into the Hoxa-10 struch@e (
Taken together, these results suggest that the capacity to form a
DISCUSSION cooperative DNA binding complex with Pbxla appears to result

from the combined interactions of the hexapeptide and homeo-

Although all of the Hoxb proteins containing a recognizabléomain motifs which, at least in some cases, do not appear to
hexapeptide sequence (Hoxb-1-Hoxb-8) display cooperative bir{anctlon_ as autonomous modules. Furthermore, the structgral
ing with Pbxa, the stability of the complexes formed with a specifffformation required for stable complex formation appears to reside
oligonucleotide sequence vary over 100-fold. We have examined #Aggely within the hexapeptide, linker and homeodomain, since
contributions of three structural features of Hox proteins to complégmoval of amino acids outside these regions did not affect the
stability: (i) variability in the linker length between the hexapeptidétability of complexes formed with Hoxb-7. To exemplify this point
and homeodomain; (ii) differences in homeodomain sequencdyfther, the four proteins from the fourth paralog, which have almost
(iii) variability of amino acids within the hexapeptide. Our findingddentical hexapeptide, linker and homeodomain sequences, were
suggest that these determinants function in restricted combinati@h@wn to form Pbx1a~DNA complexes with very similar half-lives.
to modulate complex stabilities. In addition to our previous report demonstrating the importance
Within the proteins of thiloxblocus the conserved hexapeptide©f the hexapeptide motif for cooperative Hox protein binding with
motif is separated from the homeodomain by a variable linkdPbx1a and DNA18), several other groups have also recently
Computer analysis of the linkers for the Hoxb proteins revealed ffentified the YPWM sequence as being important for mediation of
conserved amino acids or apparent structural motifs. Mast complex formation 30,32,37). While this work was under
genes contain an intron which interrupts the linker regiorgubmission, Neutebooet al have reported that within the Hoxb-8
presenting the possibility of multiple splicing variants which wouldexapeptide the phenylalanine, tryptophan and methinone at
place the hexapeptide and homeodomains at different distan&@sitions 2, 4 and 5 respectively are required for interaction with Pbx
from each other, such as are found in the protein variants of f@teins 87). These results agree completely with those which we
Drosophila Ubx gene 85). The Hoxb-3 cDNA clones isolated have observed for Hoxb-4 interactions with Pbx1a. However, other
from normal bone marrow CD34ells and a leukemic cell line data suggest that a conserved YPWM or similar motif may not be
contain linker regions of 53 and 35 amino acids respectiveltgquired for cooperative binding. The Engrailed protein, which lacks
However, in this case both variants formed unstable complexes a@ngcognizable hexapeptide motif, cooperatively binds to DNA in the
it was not possible to detect differences between them. Theesence of Exd2@). At much higher protein concentrations a Ubx
appears to be a rough inverse correlation between linker length @eaistruct lacking the N-terminal region, including the hexapeptide,
complex stability for the Hoxb proteins, as well as for tcl-3, whicffiorms a complex with Exd in the presence of DN&)( Ubx
contains a long linker arm between the two domains. Howeveppears to react with Exd through the C-terminal portion of the
mutant Hoxb-3 proteins in which the linker was reduced to 17 (omeodomain itself, suggesting that the analogous region of the
12 residues showed either no change (Hoxb-3-17) or decreasa@mmalian homeodomains may interact with Pbx and DNA. We
complex stability (Hoxb-3-12), suggesting that linker length by itselfiave previously demonstrated that the Hoxa-10 homeodomain
is not sufficient to determine complex stability. Although stabilityprotein, which lacks a YPWM motif, can weakly cooperate with
data were not reported, Ubx proteins containing different linkeiBbx1 to bind DNA, but that cooperativity is greatly enhanced by
show differences in their abilities to interact with Exd in a yeast twinsertion of a YPWM domain into the Hoxa-10 proté&ig)( These
hybrid system, suggesting that linker length and composition majata suggest that although elements of the hexapeptide appear to b
under other conditions, contribute to overall DNA—protein complesequired for cooperative binding of certain Hox proteins to DNA
stability (32). Since manyox genes express multiple cDNAs, mostthrough Pbxla, there are additional mechanisms which stabilize
of which have not yet been characterized, it remains to be seemifractions between Hox and Pbx proteins.
differences between linker distances represents a mechanism fdn addition to effects of protein—protein interactions, a likely
altering Hox protein function. In addition, individual linkers may beexplanation for the observed differences in complex stabilities is that
involved in additional protein—protein interactions. the various Pbx—Hox complexes might have different optimal DNA
In some respects the Hox proteins resemble other transcriptiseguence preferences. Thus there may exist endogenous sites ir
factors which appear to have distinct modular structures whiabhich either the sequence and/or the orientation between Hox and
confer DNA binding or transcriptional activatioB6f. Thus the Pbxla recognition sites favors formation of strong complexes
homeodomains of Hox proteins can bind to DNA in the absence loétween the proteins which form weak complexes on the particular
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synthetic site we studied. In this regard, the Engrailed proteid
cooperatively binds with Exd to a DNA sequence which differs from
that to which Ubx and Exd cooperatively biri?)( Furthermore,

a different consensus DNA binding site for Hoxb-1 with Pbx/Exd g
has recently been identifiedd). Thus, there may be a ‘code’ of 20
particular Hox proteins and Pbx proteins which will bind to specifiél
DNA sites which result in differing arrays of complex stabilities??
across thédox loci. Although we have initiated studies to identify2
optimal synthetic and biological binding sites for each of the,
different Hox proteins with Pbx, these experiments will require
substantial efforts beyond the scope of the present investigation2s
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