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ABSTRACT: This study investigates the sequence features that contribute to the differential DNA binding 
properties of two divergent homeodomains, Msx-1 and HoxA3. We show that these homeodomains have 
overlapping, but nonidentical, DNA binding site preferences. W e  defined the amino acid residues that 
contribute to the observed differences in DNA binding specificity by producing a series of mutated 
polypeptides in which selected residues in Msx-1 were replaced with the corresponding ones in HoxA3. 
These analyses show that the DNA binding specificity of Msx- 1 versus HoxA3 results from the cumulative 
action of multiple residues in all segments of the homeodomain (Le., the N-terminal arm and helices I, 11, 
and 111). Therefore, substitutions of residues in both helix I11 and the N-terminal arm (but not in either 
segment alone) produced an Msx- 1 polypeptide whose binding site preference was indistinguishable from 
that of HoxA3. Residues in helices I and I1 also influence DNA binding activity; these oppositely charged 
residues (e.g., lysine 19 and glutamate 30) may mediate ionic interactions between helices I and I1 which 
stabilize DNA binding by Msx-1. These findings demonstrate a critical interplay between residues in 
each homeodomain segment for appropriate conformation of the protein-DNA complex. 

Selective gene expression in eukaryotic cells is achieved 
by the action of transcriptional regulatory proteins which 
function by interacting with sequence-specific DNA elements 
in the transcriptional control regions of their respective target 
genes. A hallmark of transcription factors is that they utilize 
a limited repertoire of conserved domains to interact with 
DNA; thus, many such proteins are encoded by members of 
related gene families which share conserved sequences 
corresponding to these domains (Mitchell & Tjian, 1989). 
Although the various family members are likely to exhibit 
related DNA binding specificities in vitro, typically they have 
highly specific functions in vivo that are mediated by 
selective interactions with DNA elements of specific target 
genes. The homeodomain provides an excellent example 
of a conserved DNA binding domain and exhibits limited 
DNA binding specificity in vitro that also contributes to 
target gene selection in vivo (Kuziora & McGinnis, 1989; 
Gibson et al., 1990; Mann & Hogness, 1990; Lin & 
McGinnis, 1992; Zeng et al., 1993). The homeodomain is 
found in numerous proteins that regulate gene expression 
during embryogenesis, and it has been highly conserved 
throughout evolution with respect to primary sequence, 
tertiary structure, and mode of interaction with DNA 
(Gehring, 1987; Kessel & Gruss, 1990; McGinnis & Krum- 
lauf, 1992; Scott et al., 1989; Laughon, 1991). The sequence 
corresponds to 60 amino acid residues that comprise three 
a-helices and an extended N-terminal arm (Figure 1). A 
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subset of these residues are invariant among all home- 
odomains and constitute a consensus sequence (Figure 1A) 
that is critical for appropriate structure and for mediating 
DNA binding activity (Scott et al., 1989; Laughon, 1991). 
Accordingly, the structures of many homeodomain proteins 
are highly conserved (Kissinger et al., 1990; Billeter et al . ,  
1993), as is their interaction with DNA sites that share the 
common nucleotide sequence TAAT (Scott et al . ,  1989; 
Laughon, 1991). 

Despite its many conserved features, the homeodomain is 
also a major determinant of functional specificity in vivo. 
Therefore, numerous homeodomain proteins are expressed 
during development, and (of those examined) their charac- 
teristic functions are directed by specific residues within their 
homeodomains (Kuziora & McGinnis, 1989; Gibson et al., 
1990; Mann & Hogness, 1990; Lin & McGinnis, 1992; Zeng 
et al., 1993). It is presumed that these residues mediate target 
gene selection, through a combination of selective protein- 
protein and protein-DNA interactions. Therefore, while all 
homeodomains bind to DNA sites that contain a common 
TAAT core, divergent homeodomains exhibit subtle, but 
distinct, preferences for DNA sites that differ at the nucle- 
otides flanking this core (Treisman et al., 1989; Ekker et 
al., 1991, 1992; Dessain et al., 1992; Corsetti et al., 1992; 
Catron et al., 1993; Pellerin et al., 1994). Moreover, it has 
been shown that DNA binding specificity in vitro is 
correlated with functional specificity in vivo (Dessain et al., 
1992; Ekker et al., 1992), which indicates that their dif- 
ferential binding properties may provide a significant con- 
tribution to the selective functions of homeodomain- 
containing proteins. 

We have compared the DNA binding properties of two 
divergent murine homeodomain proteins, Msx- 1 and HoxA3 
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FIGURE 1: Comparison of Msx with the homeodomain and Hox consensus sequences and modeling of the Msx-1 homeodomain. (A) 
Homeodomain consensus sequence (Scott et al., 1989) indicating residues that contact DNA and the positions of the N-terminal arm (NT 
arm) and helices I, 11, and 111. Also shown is the position of the homeodomain (numerically) and the sequences of Msx, HoxA3, and the 
Hox consensus. The boxed residues are those that were replaced in the mutated polypeptides (see Table 1) .  Asterisks (*) indicate residues 
19 and 30 that are predicted by our mutagenesis studies and homology modeling to interact ionically. (B) Model of the structure of the 
Msx-1 homeodomain [described in Shang et al. (1994a)l based on the crystallographic structure of the engrailed-DNA complex. The 
homeodomain is shown as a ribbon representation indicating the residues in helix I11 (47, 50, 51, 53) and the N-terminal arm (3, 5, 6) that 
contact DNA; note that residues 43 and 54 lie on the same face of helix I11 as the above mentioned residues. Also shown are residues 19 
and 30, which are predicted to interact ionically as indicated by the dashed line. 

(Catron et aZ., 1993). Msx-1 [formerly Hox 7.1 (Scott, 
1992)] belongs to a relatively small family, comprising three 
members whose homeodomain sequences are nearly identical 
(Holland, 1991). HoxA3 [formerly Hox 1.5 (Scott, 1992)] 
belongs to a relatively large family comprising 38 members 
(McGinnis & Krumlauf, 1992) that share a high degree of 
sequence identity within their homeodomains, including 
certain residues that are conserved among all Hox proteins 
(e.g., Hox consensus, Figure 1A). Previously we showed 
that Msx and HoxA3 exhibit differential DNA binding site 
preferences in vitro. In this study we define the amino acid 
residues that contribute to these differences, and we show 
that the DNA binding specificity of Msx-1 results from the 
cumulative action of multiple residues distributed in each 
segment of the homeodomain. 

EXPERIMENTAL PROCEDURES 

Bacterial expression plasmids encoding the homeodomains 
of Msx-1 (Msx) and HoxA3 have been described (Catron et 
aZ., 1993). Mutations were introduced into the Msx bacterial 
expression plasmid [pmsx-l(157-233)] by PCR mutagenesis 
using overlapping oligonucleotides that contained the ap- 

propriate nucleotide substitutions. Each of the mutations was 
verified by DNA sequence analysis. Table 1 lists the specific 
amino acid substitutions in each of the mutated Msx 
polypeptides. The 5' and 3' oligonucleotides used for PCR 
mutagenesis also contained BamHI and HindIII restriction 
sites to facilitate cloning into the bacterial expression plasmid 
pDS56 [as in Catron et al. (1993) and Pellerin et al. (1994)l. 
This plasmid contains six histidine codons, and the Msx 
polypeptides were expressed as hexahistidine fusion proteins 
to facilitate purification by nickel affinity chromatography 
[as in Catron et al. (1993) and Pellerin et al. (1993)l. 
Proteins were purified in the presence of 6 M guanidine- 
HC1 (GuHC1) and renatured by dialysis against 25 mM 
potassium phosphate, pH 7.5, 50 mM potassium chloride, 
10% glycerol (v/v), and 1 mM dithiothreitol. 

For in vitro transcription and translation, BamHI-Hind111 
fragments containing sequences encoding the msx or h o d 3  
homeodomains (Catron et al., 1993) were cloned into plasmid 
pGEM-7zf (+) (Promega) which was engineered to delete 
the downstream BamHI site in the polylinker. The msx- or 
hoxA3-pGEM plasmids were linearized at the HindIII site, 
and RNA was transcribed in vitro from the T7 promoter as 
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Electrophoretic mobility shift ussays were performed as 
in Catrnn 1'1 ri l .  ( 1993). Briefly. oligonucleotides containing 
the Msx binding sites were radiolabeled using T4 polynucle- 
otide kinlise in the presence of  I y-P"]ATP. Oligonucleotides 
were annealed at equiniolar cnncentrations tor I h at 37 "C. 
Binding reaction mixtures contained 10 m M  Tris-HCI, pH 
7.5. 50 m M  sodium chloride. I m M  EDTA, 7.5 m M  MgCL, 
5% (vlv) glycerol, 5% (w/v) sucrose, 0.1% NP40, 0.5 mg/ 
mL bovine serum albumin. 10 tnM dithiothreitol, and 0.025 
ing1niL dldC (Pharmacia). Conditions for the iii virro 
translated proteins were identical to those described for the 
hiicterial proteins except for the nmissinn of  hovine serum 
albumin in the reaction inixtures. Protein-DNA complexes 
were formed at room temperature fnr 10 min and resolved 
by polyacrylainide gel electrophoresis at 4 "C. Where 
indicated. D N A  binding iictivitv was uuantitated usinP a 

Tahlr I" 

protein 
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Rlh7K: KIhXR: plh'JCL p172A: F173Y) Phosphorlmnger (Molecular Dynamics) and was calculated 
a s  the percentage of hound DNA divided by total D N A  Nlh6S: R167K: KIhXR: P lhW:  P172A: 

1'173Yl [bound/(hound + free)]. The D N A  binding activity o f  Msx 

Mrxlll + NTI Msx-l(157-2331 IQI9OR: I IWR:  ElWiR: 

- 
M s I l  + I 1  + NT) M ~ x - l ( l 5 7 - 2 3 3 I l A I X I E :  KIXSEQ190R: to site TAATTG was in the linear range (30-5096); this 

I I W R :  El')hR: Nl(16s: R167K: KlhXR: value was designated as I. Values of other proteins were 
Plh4G:P172A:F173Yl 

Msx(l + + + NTl M1x.11157-~33)lAlXI~.1: KIXsE~QI~lOR~ expressed relative tn this value by using the following 
1194R: IJI9hR:T2OVR: AZXM: NlhhS: formula: ]bound/(hound + free)] (mutated Msx)/[houndl 
Rlh7K: K16XR: PIfAE: P172A: F173Y) (bound + free)](Msx). To iiccnunt for the variability 

" M s  refers io ihu hoineodotnain 0 1  M w l  liiinino acids 157-2331, observed in D N A  hindin: activitv (see. e.%. Figure 6B). 

protein (Hill CI d, 19X91. 

per the inanufacturer (Promega). Proteins were translated 
iri izirro using ii rabbit reticulocyte lysate system (Promega). 
In  some experiments. Msx i i lso contained an epitope from 
the iuyc protein which did not affect DNA bindins specificity 
or affinity. The representative assny shown i n  Figure 2 used 
the epitope-tagged version nf Msx: identical results were 
obtained with the M s x  protein that had not been epitope 
tagged. 

Circular dichroism (CD) analysis was performed using an 
Aviv Model 6LD spectrnphotnmeter at 25 OC i n  buffer 
containing 10 m M  potassium phosphate, pH 7.0. Spectra 
were recorded in a I -min jacketed cuvette, and data were 
collected in triplicate from 260 to 198 nm with a step size 
o f  0.25 nm. Protein cnncentrations were determined by 
absnrhance at 280 nni ( c ? ~ , ,  = 7000 c n i r  M-0 in the 
presence of  6 M GuHCl. C D  experiments were repeated a 
minimum of three times. 

HoxA3 Msx-1 

TAATTG TAATEG TAGTTG TAAlTG TAATEG TAGTTG 

... + 



7130 Biocheriiistn, V d  34. N u  21, 1995 Ebu Iwac et a l  

C DNA Binding Activity A 
Msx 

Msx(lll.1) 

Msx(lll.2) 

Msx(lll) 

Msx(ll) 

Msx(l) 

Msx(l+ll) 

Msx(ll+lll) 

Msx(l+lll) 

Msx(l+ll+lll) 

B 
Msx(NT) 

Msx(lll+NT) 

Msx(ll+NT) 

Msx(l+ll+NT) 

Msx(l+ll+lll+NT) 

HoxA3 

I I 
0 0 2  0 4  0 6  0 8  1.0 1 2  1.4 

D 

ti- , I I , I 

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1 

6 

Fl(it '~ti 3: Design 01 the Msx mutated polypeptidcs. (A and B) Msx is shown by the light hatched boxes; HoxA3 is shown by the dark 
hatched hoxes. The relative positions 01 the NT arm and helices I. II. and III are indicated. Amino acid substitutions in heliccs 1. II. and 
111 are shown using the single-letter amino acid codes. Table I lists the aminn acid substitutions in the mutated Msx polypeptides. (C and 
D) DNA binding activity was ;issciscd by electrophoretic mobility shift assays performed (as in Figurc 6 )  using Ihc DNA sites shown. 
Activity was quantitated as described in Experimental Procedures. To compare directly the binding iictivitic~ 01 each protein. binding by 
Mrx to the consensus DNA site (TAATTG) was dcsignated I.(]. and thc activities 01 the mutatetl polypeptides were expressed relative to 
this value as indic:ircd by thc bars. Data represent the average 01 five independent cxpcrimcnts using (1.06 pM protein (as in Figurc 6 ) .  and 
the standard errors are shown 

RESULTS AND DISCUSSION 

Coriipwisuri uf fhr Horiieorloriinirt Seqoeiices of M.sx mid 
HorA3. In a previous study, we coinpared the DNA binding 
properties of Msx and HoxA3 using proteins obtained by 
Escherichia coli expression, and we showed that they bound 
with similar apparent affinity to a common consensus DNA 
site (e.&, TAATTG) (Catron et nl.,  1993). However, HoxA3, 
but not Msx, also bound efficiently with DNA sites that differ 
at the nucleotide position 3' (if the TAAT core (e&, 
TAATGG), and neither interacted with DNA sites that 
contained substitutions within the TAAT core (e.& TACT- 
TG) (Catron C f  ul., 1993). We extended this observation to 
show that the binding specificity of HoxA3 was similar to 
other members of the Hox fimily with respect to preferences 
for 3'-substituted DNA sites (Pellerin et nl., 1994). As shown 
in Figure 2. these differences in DNA binding site preference 
were greatly enhanced by using Msx and HoxA3 proteins 
obtained by iri  t,itro transcriptionltranslation; this is presum- 
ably due to the limiting concentrations of HoxA3 and Msx 
in the rabbit rcticulnte lysate system. In fact, under these 
conditions both Msx and HoxA3 interact with the same 
apparent affinity with the consensus site (TAATTG): how- 

ever, only HoxA3 interacts with the .i'-substituted site (e.& 
TAATGG). 

To investigate the basis for these observed differences. 
we sought to identify amino acid residues that contribute to 
the differential DNA binding specificity of MSX and HoxA3 
(Catron e f  nl..  1993). Since these proteins share limited 
sequence identity (i.e.. 50%) within their homeodomains 
(Figure IA: Catron et rrl. 1993). we selected a s  potentially 
critical residues several that are conserved within the Hox 
family and that differ in Msx (Figure IA). The rationale 
for choosing these Hox consensus residues is based on our 
observation that the ability of HoxA3 to interact with 3'- 
substituted sites is a general feature of Hox homeodomains 
(Pellerin e f  nl., 1994). As shown in Figure IA, residues that 
distinguish Msx and the Hox consensus are contained within 
each segment of the homeodomain, namely, the N-terminal 
arm and helices 1. 11, and 111. Of particular interest are two 
residues at positions 43 and 54 in helix Ill,  the DNA 
recognition helix (Kissinger et ril. .  1990; Laughon. 1991: 
Billeter et n l ,  1993). Molecular modeling predicts that these 
residues lie on the same face 01 helix Il l  a s  those that directly 
contact DNA in the major groove (Figure IB: Shang r! ol. ,  
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1Y94b; H. Li and G. Montelione, personal communication). 
This suggests that they are good candidates for determining 
the DNA binding specificity of Msx. Residues in the 
N-terminul arm contact DNA in the minor groove (Kissinger 
ef nl., 1990: Billeter cf <I/., 1993). Although the residues in 
the N-terminal arm are not well conserved (Figure I A). they 
are notahle since N-terminal arm residues mediate functional 
specificity of certain homeodomains iri v i w  (Lin & McGin- 
nis, 1992; Zen; ('f irl., 1993). 

Helices I and I1 lie perpendicular to helix 111 and may 
intluence the way in which helix 111 docks with the major 
groove (Kissinger ef a/.,  1990: Laughon, 1991: Billeter ef 
ol.. 1993). Several residues in helices I and I I  differ between 
Msx and the Hox consensus (Figure IA). It is noteworthy 
that some of these residues in helix I are oppositely chirged 
from those in helix I I  (Figure IA), suggesting the potential 
for ionic interactions between these helices. Fix example, 
position 19 in helix I is occupied by a lysine (K) in Msx 
and a glutamic acid (E) in the Hox consensus (Figure IA). 
Conversely, position 30 in helix I I  is occupied by a glutamic 
acid (E) in Msx and an arginine (R) in the Hox consensus 
(Figure IA). 

Desi,qri und Cliormwri:ofiori of Miifrifd Mvx P o l ~ / x p i d ~ . s .  
To investigate the contribution of residues which distinguish 
Msx and HoxA3 (Figure IA), we constructed a series of 
mutated polypeptides that contained substitutions of residues 
in Msx with the corresponding ones from HoxA3 (Figure 
3A,B). A majority of residues were selected for this analysis, 
although those corresponding to conservative substitutions 
were not changed (e.g., positions 18 and 23, Figure IA). 
The mutated polypeptides contained substitutions within the 
individual homeodomain segments [Figure 3A,B: e.g.. Msx- 
(111). Msx(I1). Msx(I), and Msx(NT)I or within combinations 
of these segments [Figure 3A.B: e.g., Msx(1 + II), Msx(ll + I l l ) ,  Msx(l + I1 + 111). Msx(ll1 + NT), Msx(l + I I  + 
NT), Msx(l + I1 + 111 + NT)]. To facilitate rapid and 
comparative analyses, polypeptides were expressed in E. coli 
and were purified from hacterial cell lysates to near 
homogeneity as evidenced by Coomasie blue staining of an 
SDS-polyacrykimide gel (Figure 4). Each mutated polypep- 
tide was expressed at similar levels in E. coli and had similar 
solubilities subsequent to renaturation, which indicated that 
the substitutions did not adversely affect protein expression 
or stability. 

To confirm that the mutated polypeptides were ap- 
propriately folded, CD analysis was performed (Figure 5). 
The CD spectra indicated that each polypeptide (with the 
exceptions noted helow) formed a-helical structures similar 
to Msx (Figure SA,C,D). Moreover, their helical content, 
as determined by the nonconstrained method of Greenfield 
and Fasman (1969). was in the range of 70%. similar to Msx 
and to the predicted value based on the homology-modeled 
structure (67%) [Figure IB and Shang e f o l .  (1994h): H. Li 
and G. Montelione, personal communication]. Polypeptides 
that contained substitutions of residues in helix I 1  alone le& 
Msx(II)] or in combination with substitutions in the N- 
terminal arm or helix 111 [e.& Msx(l1 + NT), Msx(ll + Ill)] 
did not form a-helical structures: rather. their C D  spectra 
were reminiscent of a denatured or aggregated protein (Figure 
5B). In contrast, polypeptides that contained substitutions 
of residues in helix I1 in combination with substitutions of 
residues in helix I had appropriate a-helical structure (Figure 
SD). Therefore. these substitutions in helices I and I I  are 
complementary. Since these residues arc oppositely charged 

Riochernisfn. V f ~ l .  34, No. 21, 1995 7131 

-..---- 
Ficiiinb 4 SDS-polyacrylamidc gel Msx polypeptides (as in Figure 
3: Tahlc I )  wcre produced in E. col i  and purified hy nickel affinity 
chromatography (Catron CI C i I L  1993). Purified proteins (2.5 pg) 
werc resolved on a 13.Sc/c SDS-polyaurylamide gel and visualixed 
hy stainin: with Commssie brilliant hlue. Markers (from lop to 
hottorn) correspond to the molecular weieht standards (Bin-Rad): 
hovine serum alhumin. 68 kDa: ovalhumin. 46 kDa: carbonic 
anhydrase. 31 kDa: soyhean trypsin inhibitor. 2 0  kDi: and 
lysozyme. 14 kDa. 

(Figures IA and 3A). their complementarity is likely due to 
ionic interactions hetween helices I and I1 which stabilize 
the structure of the homeodomain. In fact. inspection of the 
homology-modeled structure of Msx indicates that residues 
19 (helix I) and 30 (helix I I )  are in close enough proximity 
(-4.5 A) to form it salt hridge (H. Li and G. Montelione, 
personal communication). I t  is noteworthy that all classes 
of homeodomeins cnntain oppositely charged residues at 
positions 19 and 30 (Scott c'f <I/ . ,  1989). 

Ariril~.sis of f l ie  DNA Binding Sire Pwfi'rmcc f!fMirfnfed 
M.xr Polxlxytides. DNA binding analyses were performed 
using the three DNA sites that were previously tested to 
compare the binding properties of Msx and HoxA3 (Figure 
2). To facilitate reliable cnmparison. DNA sites were 
radiolabeled in parallel to equivalent specific activity, and 
equimolar concentrntions of each site were included in the 
binding assays. Electrophoretic mobility shift assays were 
performed using a range of protein concentrations (0.06 or 
0.25 JIM) and two independent preparations of the purified 
Msx polypeptides. Our strategy to compare the relative 
binding specificities of the various Msx polypeptides was 
to measure their binding activity and to compare the relative 
activity of each protein to each DNA site with those of Msx. 
It should be noted that this analysis was not intended to 
provide a quantitative comparison of DNA affinities hut 
rather a comparison of relative binding activities. The results 
shown in Figure 3 represent the average of several experi- 
ments; Figure 6 shows a representative electrophoretic 
mobility shift assay. 

As discussed above, it was anticipated that the residues 
in helix 111 that differ between Msx and the Hox consensus 
(e.g., residues 43 and 54) would he primary determinants 
for directing DNA binding specificity because of their 
position within the recognition helix (Figure IB). Therefore, 
we examined the binding properties of Msx polypeptides that 
contained substitutions of the individual residues in helix 
111 [e.:.. Msx(lll,l) or Msx(lll.7-)] o r  of both residues [e.g., 
Msx(ll1); Figures 3 and 61. Surprisingly, these substitutions 
did not grossly alter DNA binding specificity since there was 
no increase i n  the DNA binding activity to site TAATGG. 
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FIGURE 5: Circular dichroisim analysis (A-D) Far-UV CD suectra were measured for the indicated proteins (0.1 mg/mL) in buffer containing 
10 mh4 potassium phosphate, pH 7.0. 

In fact, binding activity was reduced by 3-fold relative to 
Msx (Figures 3 and 6). Their CD spectra show that Msx- 
(111) and Msx have similar a-helical contents (Figure 5A,C), 
and their thermal denaturation profiles are indistinguishable 
(V. Ebu Isaac and C. Abate, unpublished observations). 
Therefore, the reduced binding activity of Msx(II1) relative 
to Msx is not due to a gross alteration in protein structure or 
stability. 

In contrast to substitutions of residues in helix I11 alone, 
a protein that contained substitutions in the N-terminal arm 
combined with those in helix I11 [e.g., Msx(II1 + NT)] 
exhibited binding properties that were indistinguishable from 
Hox A3 (Figures 3 and 6). Therefore, Msx(II1 + NT) 
interacted with the 3'-substituted DNA site (TAATGG) with 
similar efficiency as HoxA3 (Figure 3). The apparent 
alteration in DNA binding specificity of Msx(II1 + NT) 
relative to Msx was due to substitutions of residues in both 

helix I11 and the N-terminal arm, since the binding properties 
of a protein that contained substitutions in only the N- 
terminal arm [e.g., Msx(NT)] were intermediate between Msx 
and HoxA3 (Figures 3 and 6). It is noteworthy that the CD 
spectra and thermal denaturation profiles of Msx(II1 + NT) 
are similar to those of Msx (Figure 5 and V. Ebu Isaac and 
C. Abate, unpublished observations), which further indicates 
that differences in binding specificities were not due to 
alterations in protein structure or stability. These findings 
identify a critical interplay between the residues in the 
N-terminal arm and helix I11 for directing DNA binding 
specificity. Therefore, it seems likely that residues in both 
the N-terminal arm and helix I11 need to be compatible to 
achieve efficient binding activity and appropriate binding 
specificity. 

Although helices I and I1 do not make primary contacts 
with DNA, they are thought to stabilize the interaction of 
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helix 111 with DNA and may affect the positioning of the 
homeodomnin with respect to DNA (Kissinger ef ol.. 1990; 
Billeter ef ul., 1993). The results obtained hy comparing 
the binding properties of polypeptides containing substitu- 
tions within helices I or II alone [e.& Msx(l) and Msx(Il), 
respectively; Figure 31 or a combination of these 1e.g. Msx- 
(Ifll). Figure 31 are analogous to those obtained from the 
CD analyses. Specifically, Msx(ll) [as well as Msx(1l + 
Il l )  and Msx (I1  + NT)], which lacks appropriate secondary 
structure (Fiyure 58) .  a l s o  lacks DNA binding activity 
(Figures 3 and 6). whereas Msx(I) and Msx(l + !I), which 
form a-helical structures (Figure SD), exhibit binding activity 
(Figures 3 and 6). In fact. Msx(1 + 11) exhibits a modest 
( I  .2-fold), hut reproducible, increase in DNA binding activity 
relative to Msx (Figure 3). The finding that Msx(l + I I )  
interacts with DNA further emphasizes the complementary 
nature of substitutions of the residues in helices I and I1 and 
further indicates that ionic interactions between residues in 
these helices may contribute to appropriate structure and 
DNA binding activity. 

The preceding results show that residues in helix Ill 
combined with those in the N-terminal arm influence DNA 
binding specificity and that residues in helices I and I I  
intluence structure and binding activity. The implication of 
these findings is that all seyments of the homeodomain 
contribute to the DNA bindiny properties of  Msx. To test 
this idea. polypeptides were examined that contained sub- 
stitutions of residues in various combinations of the home- 
odomain segments [e.€., Msx(l + I I  + 111). Msx(1 + I I  + 
NT), and Msx (I + I I  + 111 + NT)]. These polypeptides 
exhibited altered DNA binding specificity and enhanced 
binding activity relative to Msx (Figures 3 and 6). Therefore, 
Msx(1 + 11 + Il l ) ,  Msx(1 + I 1  + NT), and Msx(l + I I  + 111 
+ NT) exhibited a 1.4-fold increase in binding activity 
relative to Msx for the consensus DNA site (TAATTG) 
(Figures 3 and 6). Moreover, each protein interacted with 
the 3'-substituted site (TAATGG) with enhanced efficiency 
relative to Msx and bound with similar or yreater efficiency 
than HoxA3 (Figures 3 and 6). In fact. a polypeptide that 

contained substitutions in all homeodomain segments [e.&., 
Msx(I + 11 + III + NT)] interacted most efficiently with 
this DNA site (Figures 3 and 6). Overall, the appropriate 
interaction of Msx with DNA is conferred by a combination 
of residues in each homeodomain segment. 

CONCLUSIONS 

The major finding of the present study is that the 
differential DNA binding specificities of two divergent 
homeodomains, Msx and HoxA3. result from the cumulative 
interaction of multiple residues in all segments of the 
homeodomain. Thus, residues in helix 111 are not sufficient. 
and additional residues in the N-terminal arm are required 
for appropriate DNA binding specificity. These observations, 
which highlight the role of the N-terminal residues in 
combination with residues in helix 111, are provocative in 
light of numerous studies that have shown the importance 
of the N-terminal residues for directing functional specificity 
in vivo (Kuziora & McGinnis, 19x9; Gibson Pf a/. ,  1990; 
Mann & Hogness, 1990; Lin & McGinnis, 1992; Zeng et 
a/ . ,  1993). One possibility is that the N-terminal residues, 
which are divergent even among closely related home- 
odomains (Scott et al., 1989). allow for subtle differences 
in the conformation of the protein-DNA complex, which 
contributes to the ability of particular homeodomains to 
interact with distinct DNA sites. Moreover, these differences 
are likely to he amplified in vivo due to competition among 
related proteins, interactions with associated proteins, and 
limiting concentrations of other protein factors. 

In addition to the residues that contact DNA, residues in 
helices I and I I  also contribute to appropriate binding activity 
through complementary ionic interactions which presumably 
affect the overall positioning of the homeodomain with DNA. 
Therefore, the conformation of the Msx-DNA complex is 
dictated by multiple residues in all segments of the home- 
odomain. This concept contrasts a previous notion which 
suggested that homeodomain binding specificity could be 
explained by a single residue (position 50) within helix Ill 
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which was thought to confer DNA binding specificity 
(Triesman et al., 1989). It has become increasingly evident 
that the differential DNA binding properties of home- 
odomains cannot be explained by a single residue. In fact, 
both Msx and HoxA3 contain the same residue at position 
50 (see Figure 1). Moreover, two Antennapedia-type ho- 
meodomains that share the same residue at position 50 have 
distinct DNA binding specificities which, in fact, correlate 
with their distinct functions in vivo (Dessain et al., 1991). 
The observations presented herein suggest that it is more 
suitable to consider the homeodomain as an intact structural 
unit in which multiple segments contribute to the overall 
protein-DNA interaction. Indeed, this is the case for POU 
domains, which have been shown to be dynamic structures 
in which multiple segments contribute interdependently to 
DNA binding activity (Aurora & Herr, 1992). 
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