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ABSTRACT: The homeodomain defines a family of transcription factors broadly involved in the regulation 
of gene expression. DNA recognition, as observed in three representative complexes (Engrailed, Antennapedia, 
and MATa2), is mediated in the major groove by a helix-turn-helix (HTH) element and in the minor 
groove by an N-terminal arm. The three complexes share similar overall features, but they also exhibit 
significant differences in DNA interactions. Because these differences may distinguish the biological activities 
of different classes of homeodomains, we have investigated the contribution of the Oct-2 POU-specific 
homeodomain (POUHD) to the specificity of the bipartite POU motif. Comparative studies of variant 
protein-DNA complexes demonstrate the following. (i) Mutations in an invariant residue in the POUHD 
HTH (N347; residue 10 of the putative recognition a-helix) reduce octamer binding with the relaxation 
of specificity at one position (5’-ATGCAAAT). The inferred HTH side chain-base interaction, although 
not observed in the solution structure of the Antennapedia complex, is in accord with homologous contacts 
in the Engrailed and MATa2 cocrystal structures. (ii) Comparison of the DNA-binding properties of POU 
and POUHD demonstrates that POUs and POUHD independently regulate specificity a t  opposite ends of 
the DNA site ( 5 ’ - T A T G C A U ) .  Both domains contact the two central bases (5’ -TATGaAAT) where 
coordinate binding of POUS in the major groove overrides the intrinsic specificity of POUHD in the minor 
groove. (iii) The differential sensitivity of POU and POUHD to 2’-deoxyinosine substitutions (a minor- 
groove modification) suggests that POUS binding repositions the POUHD N-terminal “arm”. Such 
repositioning is likely to be mediated indirectly through the DNA structure. The existence of alternative 
POUHD arm binding sites would be in accord with the differences between minor-groove binding sites 
observed in Engrailed and MATa2 cocrystal structures. 

The helix-turn-helix (HTH’), first described in prokaryotic 
gene-regulatory proteins (Anderson et al., 198 1; McKay & 
Steitz, 1981; Ohlendorf et al., 1982; Pabo & Lewis, 1982; 
Steitz et al., 1982; Sauer et al., 1982), provides a conserved 
motif of protein-DNA recognition (Pabo & Sauer, 1984, 
1992). Eukaryotic HTH elements were first recognized in 
sequences of homeodomains (Laughon & Scott, 1984; 
Shepherd et al., 1984), which define a family of proteins 
broadly involved in the regulation of gene expression (Scott 
et al., 1989). The structures of three homeodomain-DNA 
complexes (Engrailed, Antennapedia, and MATa2) have been 
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determined by X-ray crystallography (Kissinger et al., 1990; 
Wolberger et al., 1991) or NMR spectroscopy (Otting et al., 
1990). These structures demonstrate contacts in the major 
groove by HTH and in the minor groove by an N-terminal 
arm. The orientation of the homeodomain HTH in the major 
groove differs from that of prokaryotic DNA-binding proteins 
(Anderson et al., 1985,1987; Jordan & Pabo, 1988; Aggarwal 
et al., 1988; Wolberger et al., 1988; Mondragon & Harrison, 
1991). A model of the Engrailed-DNA complex is shown in 
Figure 1A. 

The bipartite POU motif defines a subgroup of home- 
odomain-containing transcription factors (Bodner et al., 1988; 
Ingraham et al., 1988; Sturm et al., 1988; Clerc et al., 1988; 
KO et al., 1988; Schneidereit et al., 1988; Finney et al., 1988; 
Herr et al., 1988). The motif consists of an N-terminal POU- 
specific subdomain (POUS) and a C-terminal variant home- 
odomain (POUHD). The structure of POUs is similar to those 
of the DNA-binding domains of bacteriophage repressor and 
Cro proteins (Assa-Munt et al., 1993; Dekker et al., 1993), 
whereas the structure of POUHD is similar to those of canonical 
homeodomains in secondary (Morita et al., 1993) and tertiary 
structures (Sivaraja et al., 1994). The POU motif thus 
contains two distinct HTH elements, which are proposed to 
bind in successive DNA major grooves (Verrijzer et al., 1992; 
Assa-Munt et al., 1993; Dekker et al., 1993; Jancso et al., 
1994; Botfield & Weiss, 1994). The present study focuses on 
the role of POUHD in POU-DNA recognition. A model POU 
domain is obtained from human Oct-2, a B-cell-specific 
transcription factor also expressed in the developing central 
nervous system (Clerc et al., 1988; KO et al., 1988; Muller- 
Immergliick et al., 1988; Scheidereit et al., 1988). Oct-2 
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FIGURE 1: (A) Cylinder model of the Engrailed homeodomain (Kissinger et al., 1990). a-Helices 2 and 3 compose the HTH. The side chain 
of N51 is shown; in the cocrystal structure the carboxamide forms bidentate hydrogen bonds with an adenine (dotted lines; see also Figure 
5 ) .  (B, upper panel) Core TAAT recognition sequence of a canonical homeodomain; the boxed adenine is contacted by N51 in the Engrailed 
cocrystal structure. (Lower panel) Octamer motif (base pairs 2-9). The proposed alignment is based on shared asparagine contact (boxed) 
as inferred from relaxed specificity mutant N347K (Figure 7; see part I1 of Results). 

belongs to a subfamily of POU proteins, whose members 
(designated Oct-1, Oct-2, Oct-3, etc.) recognize an octa- 
nucleotide sequence (5’-ATGCAAAT-3’) conserved in ver- 
tebrate promoter and enhancer elements. 

We have previously described the overexpression of Oct-2 
POU and POUHD fragments as thrombin-cleavable fusion 
proteins in Escherichia coli, their purification following 
thrombin digestion, and the initial characterization of their 
domain structures and DNA-binding properties (Botfield et 
al., 1992). Here we investigate the contribution of Oct-2 
POUHD to the DNA-binding properties of the intact POU 
motif. Alignment of POUHD HTH against a consensus 
octamer site is established by study of a mutant POU domain 
with relaxed sequence specificity (Ebright, 1985, 1986; 
Hochschild & Ptashne, 1986). The mutation occurs at an 
invariant site in the putative POUHD recognition a-helix 
(position 10); this site (N347 in Oct-2) is homologous to N51 
in Engrailed (shown in Figure 1A). The inferred side chain- 
base interaction is shown to regulate the specificity of the 
POU domain at one position of the octamer (boxed in Figure 
1B). Comparison of the sequence specificities of the POU 
domain and the POUHD fragment at other positions suggests 
a functional interaction between domains: in the center of 
the octamer site, the intrinsic specificity of POUHD in the 
minor groove is overridden by POUs contacts in the major 
groove. Our results are discussed in relation to cocrystal and 
NMR-derived structures of homeodomain-DNA complexes 
(Kissinger et al., 1990; Otting et al., 1990; Wolberger et al., 
1991) and the recent NMR structure of an Oct-1 POUs 
fragment (Assa-Munt et al., 1993; Dekker et al., 1993). 

MATERIALS AND METHODS 

Synthetic Methods. Oligonucleotides containing standard 
nucleosides and the 2‘-deoxyinosine nucleoside were purchased 
from Oligos, Etc. (Ridgefield, CT). Oligonucleotides con- 
taining N6-methyl-2’-deoxyadenosine were kindly provided 
by Dr. L. C. Sowers (City of Hope Medical Center, Duarte, 
CA). 

Site-Directed Mutagenesis. The Oct-2 POU domain 
(nucleotides 646-1 143) was cloned into phage M13mp18 as 
described (Botfield et al., 1992). Oligonucleotide-directed 
mutagenesis was accomplished by the phosphorothioate 
method as described by the vendor (Amersham Corp., Inc., 
Arlington Heights, IL). Substitutions were identified by 
single-stranded-DNA sequencing; variant POU coding regions 
were recloned by PCR into pGEX-2T and resequenced to 
exclude PCR errors (Botfield et al., 1994). 

Protein Expression and Purification. The native Oct-2 
POU domain and isolated homeodomain (POUHD) were 
expressed in pGEX-2T (Pharmacia, Inc.), purified, cleaved 
with thrombin, and fractionated as described (Botfield et al., 
1992). Mutant POU domains were isolated as described for 
the wild type; purity was >90% as assessed by SDS-PAGE. 

DNA- Binding Assays. Gel-retardation assays (GRA, Fried 
& Crothers, 1981) were performed at 4 OC under low-salt 
conditions as described (Botfield et al., 1992,1994). Shifted 
and unshifted counts were quantified using a PhosphorImager 
(Molecular Dynamics, Inc., Sunnyvale, CA). All GRA 
experiments were repeated at least twice. The low affinity of 
the POUHD fragment for 12-base-pair sites limits the 
quantitative determination of dissociation constants by GRA. 

RESULTS 

Overview of Experimental Design. A model of bipartite 
octamer recognition by the POU motif has been proposed by 
homology between POUHD and canonical homeodomains 
(Verrijzer & Van der Vliet, 1993) and by analogy between 
POUs and the DNA-binding domain of X repressor (Assa- 
Munt et al., 1993; Dekker et al., 1993). This model is 
predicated on the following alignment of DNA recognition 
sites: 
5 ’  
3 ’  

T A A T T A  canonical 
A T T A A T  homeodomain 

0 1 2  3 4 5 6 7 8 9 1 0 1 1  
5 ’  G T A T  G C A A A T G G octamer 
3‘ G A T A C  G T T T A C C 

0 1 2 3 4 5 6 7 8 9 1 0 1 1  

5‘ T A T C A C G G C  
3 ‘  A T A G T G C C G  

h operator 
half-site 

Such alignment predicts that, in a POU-DNA complex, 
POUHD regulates the specificity of the 3’ base pairs (5’- 
TATGCAAAT), whereas POUs regulates the specificity of 
the 5’ base pairs (5’-TATGCAM); the central base pairs 
(5’-TATGCAAAT) presumably would be jointly recog- 
nized. The model further predicts that the POUHD HTH 
affects DNA recognition in the 3’ major groove by contacts 
homologous to those of canonical homeodomains; because the 
POUHD N-terminal arm is part of a linker between domains, 
its contacts in the central minor groove are not specified. This 
model is supported by the recent crystal structure of a specific 
complex between the Oct-1 POU domain and a related DNA 
site (Klemm et al., 1994; see Added in Proof). 
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FIGURE 2: Sequence specificity of the Oct-2 POU domain at positions 
2-9 (the classical actamer; 5'-GTATGCAAATGG). In each set of 
four, the preferred base (upper strand) is show in boldface type. The 
protein concentration was 50 nM. Sequence specificity at position 1 
is weak (data not shown; see Figure 3A). The figure is a composite 
of two gels. The experiment was repeated in quadruplicate. 

Here, we test these predictions by biochemical studies of 
variant POU-DNA complexes. Our results are presented in 
three parts. In part I, the contribution of POUHD to sequence 
specificity is investigated by comparison of the DNA-binding 
properties of Oct-2 POU and POUHD fragments; differences 
in specificity are ascribed to POUS. In part 11, the role of an 
invariant residue in the POUHD HTH recognition a-helix 
(N347) is investigated by the analysis of a mutant domain 
with relaxed sequence specificity (N347K). In part 111, DNA 
analogues are used as complementary probes of the protein- 
DNA interaction (McLaughlin et al., 1987). 

(I) Sequence Specificity of POUand POU'D. The following 
12-bp DNA site is used as a baseline for analysis of specificity: 

0 1 2  3 4 5 6 7 8 9 1 0  11 
5 '  G T  A T G C  A A A T  G G 
3 ' G A T A C G T T T A C C  

0 1 2  3 4  5 6 7  8 9 1 0 1 1  

Base pairs 2-9 (in boldface type) represent a consensus 
octamer; base pair 1 is the first position identified by random 
binding-site selection (Verrijzer et al., 1992). GC base pairs 
at each end (positions 0, 10, and 11) were included in this 
model site to enhance DNA stability and protein affinity. In 
the presence of 0.1 pg/mL poly(dI-dC) as a nonspecific 
competitor, the Oct-2 POU domain binds to this oligonucle- 
otide with an apparent Kd of 60 nM at 4 OC; the isolated 
homeodomain binds with an apparent Kd of > 10 pM (Botfied 
et al., 1992). 

Twenty-seven variant duplex oligonucleotides were prepared 
that contain all possible single-site transitions or transversions 
at positions 1-9. The POU-binding properties of the variant 
sites were tested individually by GRA (Figure 2). The native 
Oct-2 POU domain binds more strongly to the consensus site 

than to any of the 27 variants. However, the extent of 
discrimination varies significantly from position to position 
(Figure 3A). The wild-type base pair is uniquely specified at 
positions 2 and 8; at these sites any alternative reduces POU 
binding by at least 25-fold. At positions 1,4, 5,6, and 7, a 
single alternative is tolerated to within a factor of 5. 
Recognition is least specific at position 1. Sequence prefer- 
ences at position 1 are similar to those of phage X repressor 
(Sarai & Takeda, 1989), in accord with a predicted analogy 
(Assa-Munt et al., 1993; Dekker et al., 1993). 

The variant 12-mer DNA sites were also used to characterize 
the specificity of Oct-2 POUHD (Figures 3B and 4). The 
results differ from those obtained with the intact POU domain. 
Loss of sequence specificity is observed at 5' positions (5'-G- 
TATGCAAATGG-3'), which presumably are contacted by 
POUs and not by POUHD. In addition, altered specificity is 
observed in the center of the binding site (positions 5 and 6; 
5'-GTATGUAATGG-3'). The isolated homeodomain 
binds more strongly to T at positions 5 and 6 than to the 
wild-type C and A (asterisks in Figure 3B). These differences 
occur at positions expected to be contacted in the minor groove 
by the POUHD N-terminal arm (Kissinger et al., 1990; Otting 
et al., 1990; Wolberger et al., 1991). We speculate that 
differences in the specificity of POU and POUHD at these 
positions reflect the effects of coordinate POUs binding in the 
major groove (Assa-Munt et al., 1993; Dekker et al., 1993), 
as will be investigated further in part I11 using 2'-deoxyinosine 
analogues. The A+T transversion at position 6 (asterisks in 
Figures 3B and 4) recreates a consensus TAAT homeodomain 
target site (Figure 1B). Preferential binding of POUHD to 
this site is consistent with the proposed alignment of the POUm 
subsite in the octamer. 

(11) A Mutant Oct - 2 POU Domain with Relaxed Sequence 
Specificity. The above studies establish that POU-DNA 
recognition is most stringent at position 8 (5'-GTATGCAA- 
- ATGG-3'). Indeed, no specific binding is detectable fol- 
lowing any sequence change (Figure 3A), indicating that the 
wild-type dissociation constant is perturbed by at least lo3 in 
each case. Moreover, cocrystal structures of canonical 
homeodomains (Kissinger et al., 1990; Wolberger et al., 1991) 
predict that such recognition is effected by bidentate hydrogen 
bonds between adenine N7 (donor) and 6-NH2 (acceptor) 
and the side-chain carboxamide of an invariant asparagine in 
the HTH recognition a-helix. This interaction, shown in 
Figure 5,  is specific for adenine (Seeman et al., 1976). The 
homologous contact is not observed, however, in the solution 
structure of the Antennapedia homeodomain-DNA complex, 
despite an analogous overall alignment of its HTH and TAAT 
binding site (Otting et al., 1990). The NMR evidence indicates 
that the carboxamide side chain is instead disordered adjacent 
to a solvent cavity in the protein-DNA interface (Billeter et 
al., 1993). 

Because of the apparent disagreement between the predic- 
tions of crystal and NMR structures, we have focused on the 
roleof the homologous asparagine (N347) in the Oct-2 POUHD 
HTH. In a previous study, we showed that each of the 19 
possible substitutions at Oct-2 position 347 reduces octamer 
recognition by at least 50-fold (Botfield et al., 1994), Le., only 
the wild-type N347 confers high-affinity octamer binding. 
Here we extend this observation by screening the 19 mutant 
POU domains for altered or relaxed DNA specificity as follows. 
(i) At each octamer position, variant DNA sites with 
significantly reduced affinity for the native POU domain were 
pooled to define a set of eight "challenge sites". For example, 
the challenge site at position 8 contains the sequences 5'- 
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FIGURE 3: Quantitation of gel-retardation assays. (A) Effect of octamer base-pair changes on binding of the Oct-2 POU domain (see Figure 
2). The vertical scale shows the relative binding as a % of the wild-type shift under conditions in which the native domain shifts approximately 
50% of the native 12-mer site. (B) Effect of base-pair changes on binding of the POUHD fragment (see Figure 4). The vertical scale shows 
the observed % shift in each case. Results are shown in duplicate. In each panel, the preferred base (upper strand) is show in boldface type. 
ND indicates that no complex was detectable. 

A C G T  ACGT A C G T  A C G T  

POUHD 
bound 

-uuu 
2 3 4 5 

A C G T  ACGT A C G T  A C G T  
* 

free 4 
6 7 8 9 

FIGURE 4: Sequence specificity of the Oct-2 POUHD fragment at 
positions 2-9 (5’-GTATGCAAATGG). The asterisk - indicates 
enhanced binding to non-native site 5’-GTATGCTAATGG, which 
recapitulates the consensus homeodomain target TAAT (Figure 1 B). 
In each set of four, the preferred base (upper strand) is show in 
boldface type. The protein concentration was 1 pM. 

GTATGCAACTGG, 5’-GTATGCAATTGG, and 5’-GTA- 
TGCAAQTGG. (ii) The residual affinities of the native 
POU domain for these challenge sites were determined by 
GRA. These affinities are as predicted; the individual results 
are summarized in Figure 3A. (iii) The affinitiesof the mutant 
POU domains for the challenge sites were screened by GRA. 
Since the mutant domains each exhibit >50-fold-reduced 
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FIGURE 5: Bidentate hydrogen bonds between the N5 1 carboxamide 
in the Engrailed homeodomain and the adenine N7 and 6-NHz 
functions in the major groove (Kissinger et al., 1990). This interaction 
is also observed in the MATa2 complex (Wolberger et al., 1991), 
but not in the NMR structure of the Antennapedia-DNA complex 
(Otting et al., 1990; Billeter et al., 1993). 

octamer binding, and since the challenge sites are also of low 
affinity, little or no detectable complex formation would be 
expected under the conditions used. Substitutions conferring 
altered or relaxed sequence specificity are thus identifiable by 
anomalous binding to one or more challenge sites, as illustrated 
in Figure 6. 

Of the 19 substitutions, three were thus identified: N347K, 
N347S, and N347G. In each case, the site of relaxed or altered 
specificity was position 8 only. The N347K mutant POU 
domain was investigated in more detail. Of the three variant 
sites at position 8, only one (5’-GTATGCAAGTGG-3’) 
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FIGURE 6: Screening for altered or relaxed specificity was ac- 
complished by testing wild-type and mutant POU domains against 
a mixture of oligonucleotides, excluding high-affinity sequences 
(Figure 3). The screening of positions 6-9 is illustrated as follows: 
position 6,s’-GGTATGCCAATGG and 5’-GGTATGCGAATGG; 
position 7,s’-GGTATGCATATGG, 5’-GGTATGCACATGG, and 
5’-GGTATGCAGATGG; position 8,5’-GGTATGCAATTGG, 5’- 
GGTATGCAACTGG, and 5’-GGTATGCAAGTGG; and position 
9, 5’-GGTATGCAAACGG, 5’-GGTATGCAAAAGG, and 5’- 
GGTATGCAAAGGG. An X indicates contaminating DNA-binding 
activity in the partially purified extract. 
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FIGURE 7: (A) GRA data testing the relative affinities of the N347K 
mutant POU domain for variant sites 5’-GTATGCAANTGG, where 
N is A, C, G, or T. (B) Quantitation of GRA using a PhosphorImager 
(Molecular Dynamics, Inc., Sunnyvale, CA). The asterisks in each 
panel indicate new (relaxed) specificity for guanine at position 8. 

exhibits significant binding to the mutant protein (asterisk in 
Figure 7). The N347K substitution thus confers a new 
specificity for G at position 8. Because preferential binding 
to the wild-type site is maintained, specificity is relaxed rather 
than altered (Ebright, 1985, 1986; Hochschild & Ptashne, 
1985). Variant DNA sites were also tested individually at  
positions 7 and 9 but revealed no changes in specificity (data 
not shown), verifying that the relaxation of specificity is 
selective for position 8. The affinity of the N347K domain 
for the native octamer site is approximately 100-fold weaker 
than that of the native POU domain, as estimated by GRA 
titration (Figure 8). The autoradiogram also exhibits a “tail” 
of complexes of intermediate mobilities, indicating the 
dissociation of unstable complexes during electrophoresis. 
Although the relaxed specificity of the N347S and N347G 
mutants may be rationalized as “loss of contact” substitutions 
(Ebright, 1991), the structural basis for the DNA-binding 
properties of the N347K analogue is not clear. Nevertheless, 

mutant 
complex- 

native 
octamer - dissociating 

complexes 

a b c d  e f  g h  i j  

FIGURE 8: Binding of the HPLC-purified N347K mutant POU 
domain to the wild-type octamer site (5’-GTATGCAAATGG) at 
successive protein concentrations (indicated at top of figure). The 
estimated dissociation constant (6 pM) is 100-fold greater (weaker 
binding) than that of the native domain (60 nM) for the 1Zmer site. 
Instability of the mutant complex leads to a broad tail of dissociating 
complexes (lanes h-j). 

correlation between mutations at protein position 347 and 
selective relaxation of specificity at octamer position 8 
demonstrate that the wild-type asparagine regulates DNA 
specificity at this site. Such regulation is consistent with (but 
does not prove) the formation of an adenine4arboxamide 
contact, as seen in the cocrystal structures of canonical 
homeodomains (Figure 5 ) .  This contact has recently been 
observed in an Oct- 1 cocrystal structure (Klemm et al., 1994; 
see Added in Proof). 

(111) DNA Analogues. The POU-octamer interaction was 
investigated further using DNA analogues M-methyladenos- 
ine (a major-groove modification; Figure 9B) and 2’-deoxy- 
inosine nucleoside (a minor-groove modification; Figure 1 OC). 
The results of systematic adenosine modification are shown 
in Figure 9A. In accord with models of the POU-DNA 
complex, only two sites (boxed in Figure 9C) exhibit >loo- 
fold interference with protein binding: positions 2 (in the 
POUS-binding site) and 8 (in the POUHD-binding site). Such 
interferences are in accord with the critical roles of these two 
6-NH2 groups as predicted by model-building (Verrijzer & 
Van der Vliet, 1993; Assa-Munt et al., 1993; Dekker et al., 
1993). Elsewhere, we have shown that the complementary 
thymidines (Ty and Tv) are unlikely to be contacted, as uridine 
substitutions are well tolerated at  these sites (Jancso et al., 
1994). The results of DNA modification thus further support 
the hypothesis that POUHD specificity at position 2 is effected 
by an adenine-specific contact. At positions 6 and 7, 
substitution of M-methyladenosine reduces POU binding by 
approximately 50% (dashed circles in Figure 9C). Because 
sites of partial interference may reflect nonlocal changes in 
DNA structure or transmitted perturbations in protein-DNA 
contacts, structural interpretation is not possible. 

Inosine and guanine are distinguished by the absence (I) 
or presence (G) of a 2-NH2 group (Figure 1 OC). Since POUs 
and POUHD HTH motifs are expected to bind in the major 
groove, 2’-deoxyinosine nucleoside substitutions are of par- 
ticular interest as probes of minor-groove recognition by the 
POUHD N-terminal arm. This arm is in fact part of a flexible 
linker between POUs and POUHD and would be expected to 
bind near the center of the octamer site (5’-TATG- 
CAAAT-3’). The role of the N-terminal arm is of particular 
interest in light of the differential specificity of POU and 
POUHD at positions 5 and 6 (part I; see above). Moreover, 
structural variation in arm binding sites is observed between 
Engrailed and MATa2 cocrystal structures (Kissinger et al., 
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nM. (B) Structure of the modified base pair; the W-methyl group is circled. (C) Summary of interference results and the base numbering 
scheme. 
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numbers designate positions of inosine modification (see panel D). The arrow and asterisk in panel B (upper panel) indicate positions of 
differential sensitivity between POU and POUHD (positions 4 and 5'). (C) Structure of the inosine/cytidine (IC) base pair, which is distinguished 
from GC by the absence of the 2-NH2 group in the minor groove (dashed circle). (D) Summary of the numbering scheme and positions of 
overlapping POUHD- and POUS-binding sites in the octamer motif. Positions of differential sensitivity to inosine are circled (G4 and Go). 

1990; Wolberger et al., 199 1). Such variation alters the pattern 
of side chain-DNA contacts, demonstrating that this flexible 
region can recognize DNA in different ways. 

The effects of 2'-deoxyinosine nucleoside substitution were 
determined separately for POU and POUHD (Figure 10A,B, 
respectively). No significant effects of the 2'-deoxyinosine 
nucleoside on POU binding are observed. In contrast, inosine 
at position 5' (lower strand; Figure 10D) enhances POUHD 
binding (asterisk in Figure 10B). This enhancement is in 
accord with preferential binding of the isolated POUHD 
fragment to the variant 5'-TATGTAAAT-3' site (part I; 
asterisk in Figure 3), as the complementary adenine at position 
5' would (like inosine) lack the 2-NH2 group. Inosine at 
position 4 (upper strand) also reduces POUHD binding 
somewhat (arrow in Figure 10B). The differential effects of 
inosine on POU and POUHD further suggest an interaction 
between the binding of POUs in the major groove and the 
binding of the POUHD N-terminal arm in the minor groove. 

Because the intervening linker is flexible (Botfiel et al., 1992) 
and not well conserved (Verrijzer & Van der Vliet, 1993), 
this interaction is more likely to reflect an indirect effect of 
DNA structure than a direct POUS-arm interaction (see 
Added in Proof). 

DISCUSSION 
The POU motif defines a class of transcription factors of 

central importance in metazoan development [for review, see 
Verrijzer and Van der Vliet (1993)l. Bipartite DNA 
recognition is accomplished by distinct HTH scaffolds, POUs 
and POUHD, which differ in structure and presumed mode of 
DNA binding (Assa-Munt et al., 1993; Dekker et al., 1993). 
Whereas the structure of POUHD is similar to those of canonical 
homeodomains (Morita et al., 1993; Sivaraja et al., 1994), 
the structure of POUs is similar to that of the DNA-binding 
domain of phage X repressor (Assa-Munt et al., 1993; Dekker 
et al., 1993). In the present study, we have investigated the 
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contribution of the Oct-2 POUHD subdomain to the affinity 
and specificity of the intact POU motif. Evidence that the 
mechanism of POUs binding is analogous to that of X repressor 
is presented elsewhere (Botfield & Weiss, 1994; Jancso et al., 
1994). A crystal structure of a homologous Oct-1-DNA 
complex has recently been described (Klemm et al., 1994; see 
Added in Proof). 

In this paper, the baseline specificity of the Oct-2 POU 
domain has been investigated by a systematic study of variant 
DNA sites. The parent oligonucleotide is a 12-mer duplex 
5‘-GTATGCAAATGG-3’, which contains a consensus oc- 
tamer site (underlined). Each possible transition and trans- 
version have been synthesized and tested individually. Because 
the parent site is identical to the core recognition element, 
identified by random binding-site selection using an Oct- 1 
POU fragment (Verrijzer et al., 1992), thevariant DNA sites 
explore sequence space in the immediate neighborhood of the 
global optimum. A limitation of such a local search is the 
possible exclusion of sites with multiple sequence changes of 
compensatory effect. Nevertheless, the results presented in 
part I indicate that the octamer motif consists of an exclusive 
POUs-binding subsite (5’-GTATGCAAATGG-3’), an ex- 
clusive POUHD-binding subsite (5’-GTATGCAAAT- 
GG-39, and a region of central overlap (5’-GTATGU- 
AATGG-3’). The region of overlap presumably corresponds 
to coordinate binding of POUs in the major groove and the 
POUHD N-terminal arm in the minor groove; corecognition 
may also be effected by POUs and POUHD contacts to opposing 
phosphates of the same base pairs (Botfield & Weiss, 1994). 
Within these three subsites, the stringency of specificity differs 
from position to position. Recognition is most stringent at 
positions 2 and 8, which are predicted to be contacted by 
analogous adenineGarboxamide interactions (Figure 5) from 
invariant residues in POUs and POUHD, respectively. These 
adenines are distinguished as sites of interference following 
N6-methylation (Figure 9). The predicted asparagine-adenine 
contact at position 8 is consistent with the observation that 
mutations in this invariant site in the POUHD recognition 
a-helix are associated with the selective relaxation of speci- 
ficity. 

An alignment of prokaryotic and eukaryotic HTH binding 
sites is provided in Figure 1 1. The upper two sequences are 
the binding sites for the Engrailed and MATa2 homeodomains 
used in cocrystallization (Kissinger et al., 1990; Wolberger 
etal., 1991). Ineachcase,major-groovecontactsbytheHTH 
recognition a-helix are boxed, and minor-groove contacts by 
the N-terminal arm are circled. Despite the similar overall 
orientation of the two protein-DNA complexes, differences 
are seen in the pattern of base-specific contacts, especially in 
the extent of the arm binding site. The central panel shows 
the octamer sequence and possible POUHD contacts inferred 
from biochemical footprinting methods (Kristie & Sharp, 
1990;Verrijzer et al., 1990; Verrijzer & van der Vliet, 1993) 
and studies of DNAanalogues (Jancso et al., 1994). Positions 
10 and 11, not tested by these methods, may also contribute 
to POUHD binding, as suggested by sequence preferences at 
these positions detected by random binding-site selection 
(Verrijzer et al., 1992). The extension of POUHD contacts 
outside the classical octamer (dashed line in central panel of 
Figure 1 1) would bein accord with the Engrailed and MATa2 
cocrystal structures and with observations that 12-mer, 14- 
mer, and 18-mer sites exhibit progressively higher affinities 
for the Oct-2 POU domain (A. Jancso and M. A. Weiss, 
unpublished results). These downstream base pairs may also 
contribute additional phosphate contacts (Botfield & Weiss, 
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FIGURE 11: Proposed alignment of DNA-binding sites for canonical 
homeodomains (upper panels; Engrailed and MATa2), POUHD and 
POUs (central panels), and bacteriophage h repressor (bottom panel). 
Major-groove contacts are boxed, and minor-groove contacts are 
circled. Engrailed, MATa2, and h repressor contacts are obtained 
from the respective cocrystal structures (Kissinger et al., 1990; 
Wolberger et al., 1991; Jordan & Pabo, 1988). POUHD and POUS 
contacts are inferred from footprinting and studies of DNA analogues, 
asdescribedin thisand previousstudies (LeBowitzet al., 1988; Kristie 
& Sharp, 1990; Verrijzer et al., 1990,1992; Jancso et al., 1994). The 
dashed line in the POUHD panel leaves open the possibility of additional 
major-groove contacts in accord with the Engrailed structure and 
random binding-site selection (Verrijzer et al., 1992). 

1994). The lower two sequences in Figure 11 compare base- 
specific contacts by the operator-binding domain of the X 
repressor (Jordan & Pabo, 1988) with POUs contacts inferred 
from studies of DNA analogues (Jancso et al., 1994). The 
consistency of these results supports the hypothesis that POUs 
and phage HTH domains bind DNA by a common mechanism 
(Assa-Munt et al., 1993; Dekker et al., 1993). 

In summary, the POU motif contacts two distinct HTH 
motifs, POUs and POUHD, which each contribute base-specific 
contacts and are jointly required for DNA recognition 
(LeBowitz et al., 1988; Kristie & Sharp, 1990; Verrijzer et 
al., 1990, 1992). In the present study, the contribution of 
POUHD to the DNA-binding properties of the intact POU 
motif is investigated by analysis of sequence specificity, site- 
directed mutagenesis, and DNA modification. Our results 
strongly suggest that in the POU-DNA complex the orienta- 
tion of the POUHD HTH is similar to those of canonical 
homeodomains. In particular, an invariant asparagine in the 
recognition a-helix (position 10) appears to make an analogous 
side chain-base contact. By contrast, the POUHD N-terminal 
arm, which is part of a flexible linker between POUHD and 
POUS, is likely to be repositioned in a POU complex from its 
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intrinsicspecificity in an isolated homeodomain complex. The 
POU-octamer complex provides an intriguing example of 
overlapping DNA target sites. Coordinate recognition of its 
central base pairs in the major (POUS) and minor (POUHD) 
DNA grooves provides a model for the higher-order assembly 
of multiple transcription factors at eukaryotic promoters. 

ADDED IN PROOF 

The crystal structure of a specific complex between a 
homologous Oct-1 POU fragment and related DNA site (5’- 
GTATGCAAATAAGG) has recently been determined by 
Pabo and colleagues (Klemm et al., 1994). The structure 
demonstrates the predicted analogy between POUS and phage 
X repressor (Assa-Munt et al., 1993; Dekker et al., 1993) and 
verifies that POUHD binds the CAAAT subsite by a mechanism 
similar to that of Engrailed (Kissinger et al., 1990). The 
linker region is not visualized, which is consistent with its 
flexibility in solution (Botfield et al., 1992). The conclusions 
of the present study are in accord with the cocrystal structure. 
The mechanism by which coordinate POUs binding overrides 
the intrinsic specificity of POUHD in the minor groove remains 
unclear, however, but may involve overlapping phosphate 
contacts near the center of the site (Klemm et al., 1994). Such 
coupling reflects broader issues of cooperativity in protein- 
DNA recognition. 
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