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ABSTRACT: Ultrabithorax (Ubx) and Deformed (Dfd) proteins ofDrosophila melanogastercontain
homeodomains (HD) that are structurally similar and recognize similar DNA sequences, despite functionally
distinct genetic regulatory roles for Ubx and Dfd. We report in the present study that Ubx-HD binding
to a single optimal target site displayed significantly increased affinity and higher salt concentration
dependence at lower pH, while Dfd-HD binding to DNA was unaffected by pH. Results from studies of
chimeric Ubx-Dfd homeodomains showed that the N- and C-terminal regions of the Ubx-HD are required
for this pH dependence. The increase in binding affinity at lower pH was greater for the Ubx optimal
binding site than for other DNA binding sites, indicating that subtle sequence alterations in DNA binding
sites may influence pH-dependent behavior. These data demonstrate enhanced DNA binding affinity at
lower pH for the Ubx-HDin Vitro and suggest the potential for significant discrimination of DNA binding
sitesin ViVo.

Protein binding to specific target DNA sequences to
activate or repress the expression of associated genes is a
primary mechanism for gene regulation. Specificity and
stability of protein-DNA complexes are determined prima-
rily by the available functional groups on the macromolecular
species, but these properties are also influenced by physical
environment (ionic strength, ion type, pH, temperature,etc.)
(Riggset al., 1970; Recordet al., 1976, 1977; Barkley, 1981;
Barkleyet al., 1981; Roeet al., 1984, 1985; Roe & Record,
1985; McClure, 1980, 1985; Buc & McClure, 1985; Bre-
nowitz & Jamison, 1993; Wong & Bateman, 1994) [see
Recordet al. (1991) for review].
The homeodomain is a motif of∼60 amino acid residues

(Figure 1A) that displays significant evolutionary conserva-
tion among the members of a large family of eukaryotic
transcriptional regulatory proteins [reviewed in Scottet al.
(1989), Hayashi and Scott (1990), and Gehringet al.
(1994a,b)]. The homeodomain is capable of sequence-
specific DNA recognition, binds to DNA as monomer, and
contains a fold with significant similarity to the helix-turn-
helix motif of prokaryotic DNA binding proteins (Hayashi
& Scott, 1990; Kuziora & McGinnis, 1989, Hanes & Brent,
1989; Mann & Hogness, 1990; Gibsonet al., 1990; Ekker
et al., 1991, 1992, 1994; Florenceet al., 1991; Damante &
Lauro, 1991; Lin & McGinnis, 1992; Chan & Mann, 1993;
Furukubo-Tokunagaet al., 1993; Pomerantz & Sharp, 1994;
Draganescuet al., 1995; Laughon & Scott, 1984; Scottet
al., 1989; Pabo & Sauer, 1992; Laughon, 1991). Structural
studies have shown that sequence-specific DNA contacts are
made by the N-terminal arm of the homeodomain in the
minor groove and by helix 3 at the C-terminus of the

homeodomain in the major groove (Billeteret al., 1993; Li
et al., 1995; Ottinget al., 1990; Qianet al., 1989, 1994;
Wolbergeret al., 1991; Kissingeret al., 1990).

Homeodomain-containing proteins include the proteins
encoded by genes of theDrosophila homeotic complexes
and by the clustered Hox genes of vertebrates (Akam, 1987;
Duncan, 1987; Kaufmanet al., 1990; McGinnis & Krumlauf,
1992; Scottet al., 1989; Hayashi & Scott, 1990; Gehringet
al., 1994a,b). HOM-C and Hox proteins in a variety of
organisms are presumed to specify the developmental identi-
ties of spatial units along the anterior/posterior axis by
regulating the expression of target genes in spatially and
temporally precise patterns (Akam, 1987; Duncan, 1987;
Kaufmanet al., 1990; McGinnis & Krumlauf, 1992; Scott
et al., 1989; Hayashi & Scott, 1990; Gehringet al., 1994a,b).
A long-standing question regarding the biological specificities
of HOM-C proteins has been the mechanism(s) by which
individual HOM-C proteins address themselves to distinctive
sets of regulatory targets. InDrosophila melanogaster, for
example, Ultrabithorax (Ubx)1 specifies the identities of
parasegments five and six, comprising the posterior thorax
and part of the first abdominal segment, while Deformed
(Dfd) specifies mandibular and maxillary segment identities
(Akam, 1987; Duncan, 1987; Kaufmanet al., 1990; McGin-
nis & Krumlauf, 1992). Although functional specificityin
ViVo has been found to reside primarily in the homeodomain
regions of the Ubx and Dfd proteins (Kuziora & McGinnis,
1989; Lin & McGinnis, 1992) and distinct DNA sequence
preferences are observed for Ubx-HD and Dfd-HD, the
differences in sequence-dependent binding affinities are small
(Ekker et al., 1992, 1994). In the context of discrete
biological function, this low level of discrimination in site
recognition is surprising. We show here that changes in the
physical environment can
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significantly enhance Ubx-HD DNA binding affinityin Vitro
in a selective manner, suggesting potential mechanisms for
generating site discriminationin ViVo.

MATERIALS AND METHODS

Construction and Purification of Homeodomains.Ubx
and Dfd homeodomains and four chimeric homeodomains
derived from these proteins, DDU, UUD, UDD, and UDU
(see Figure 1A for structures) were constructed and purified
as described in Ekkeret al. (1991, 1992). Concentration of
purified homeodomains was determined using molar absorp-
tivity for aromatic amino acids at 280 nm (Wetlaufer, 1962),
calculated on the basis of the amino acid composition of
each homeodomain (Ekkeret al., 1992). The values in units
of M-1 cm-1 used were Ubx-HD, 9860; Dfd-HD, 15 460;
DDU, 9860; UUD, 15 460; UDD, 14 040; and UDU, 8440.
The active concentration of the homeodomains was deter-
mined by DNA binding activity assay under stoichiometric
conditions. The percentage of activity measured for each
proteins was as follows: Ubx-HD,∼100%; Dfd-HD,∼50%;
DDU, ∼100%; UUD,∼70%; UDD,∼40%; UDU,∼50%.
The calculated active concentration based on percent activity
was used in the experimental analyses.
Oligonucleotide Sequences for DNA Binding.Synthetic

oligonucleotides of 40 and 32 bp were used for DNA binding
measurements (see Figure 1B for sequences). The first
contained the Ubx optimal DNA binding site sequence,
TTAATGGCC; the second contained the Dfd optimal DNA
binding site sequence, TTAATGAAC; and the third con-

tained a sequence selected for high affinity for Dfd-HD,
TTAATGACT (Ekkeret al., 1992). The 32-bp Dfd optimal
binding DNA fragment was the same sequence as the 40-bp
Dfd binding sequence with omission of 4 base pairs from
both its ends. Similar binding affinities were measured for
40- and 32-bp fragments containing the Dfd optimal DNA
sequence (data not shown). Equal molar amounts of
synthesized single-stranded oligonucleotides (top and bottom
strands) were annealed, purified by electrophoresis if neces-
sary, and then end-labeled with [γ-32P]ATP. The labeled
oligonucleotide was separated from free [γ-32P]ATP using
a QIA quick-spin column (QIAGEN) or a NICK column
(Pharmacia).
Equilibrium DNA Binding Measurements.Binding reac-

tions were performed for 20 min at room temperature (22
°C) in 50µL of buffer containing varying concentrations of
active homeodomain polypeptide, constant labeled oligo-
nucleotide (1× 10-13 to 1 × 10-12 M, depending on the
particular experiments), 1 mM dithiothreitol (DTT), 50µg/
mL bovine serum albumin (BSA), and 10% glycerol.
Freshly thawed homeodomain polypeptide was used for each
DNA binding experiment. The buffer type, pH, and ionic
strength were varied as indicated in particular experiments.
Loading dyes were not included in the reactions since it was
reported that loading dyes significantly altered apparent
thermodynamic equilibrium of thelac repressor-operator
complex (Zhanget al., 1993).
Two types of buffers, Tris (pKa ) 8.1 at 25°C) and

phosphate (pKa ) 6.9 at 25°C), were selected for studies of

FIGURE 1: (A) Structures of Engrailed-HD (En-HD), Ultrabithorax-HD (Ubx-HD), and Deformed-HD (Dfd-HD) and four chimeric proteins
derived from Ubx- and Dfd-HDs. Location of the three helices is based on the cocrystal structure of En-HD/DNA complex described by
Kissingeret al. (1990). The asterisks (*) correspond to base contacts and triangles (∆) to phosphate contacts assigned in the En-HD/DNA
cocrystal. The amino acid sequences of the Ubx-HD and Dfd-HD are shown as hatched and open bars, respectively. The regions of Ubx
and Dfd sequences contained in each of the four chimeras are shown schematically, and these are abbreviated as DDU, UUD, UDD, and
UDU to indicate the segments corresponding to the parent HD. All homeodomains were constructed and purified as described in Ekkeret
al. (1991, 1992). Concentration of purified homeodomains was determined using molar absorptivity at 280 nm, and active concentration
was determined by DNA binding activity assay under stoichiometric conditions. (B) DNA sequences used in this study. The binding-site
sequences in each DNA are shown in boldface type. The 32-bp Dfd optimal sequence had 4 bp deleted from each end of the sequence
shown.
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pH and ionic strength. In all experiments in which pH was
varied, total ionic strength was kept constant (µ ) 0.12 M,
with 0.02 M contributed by Tris-HCl or potassium phosphate
and 0.1 M by KCl). Individual ion concentration in the
buffer at a particular pH was calculated according to the
Henderson-Hasselbalch equation.
The experiments to determine effect of salt concentration

on binding were carried out at two selected pHs, pH 7.5, at
which most DNA binding experiments were performed
previously, and pH 6.0, the optimal pH for the DNA binding
of the Ubx-HD found in the present study. Potassium
chloride in differing concentrations was used to vary ionic
strength. Dependence of equilibrium constant on salt
concentration was analyzed by logKa Vs log [M+] plot
(Recordet al., 1976), where [M+] is the monovalent cation
concentration contributed by KCl andKa is the observed
equilibrium association constant. The number of ionic
interactions,Z, formed between homeodomain polypeptide
and phosphate charges on the target DNA was calculated
from the experimental value ofZψ according to the formula
d log Ka/d log [M+]) -Zψ, whereψ is the number of
counterions thermodynamically bound per phosphate. For
double-helical DNA,ψ ) 0.88 (Recordet al., 1976).
Retardation gels contained 8% polyacrylamide (19:1

acrylamide:bisacrylamide), 0.5× TBE (0.045 M Tris-borate,
0.001 M EDTA), and 3% glycerol. Electrophoresis of gels
in 0.5× TBE yielded results identical to those obtained in
buffer similar to the reaction mixtures. Gel conditions were
therefore kept constant while reaction conditions were
altered. The gels were preelectrophoresed to constant current
at 100 V with recirculation of 0.5× TBE buffer. Fifteen
microliters of each sample was loaded onto the gels running
at 300 V. Once tracking dyes (loaded side by side with
experimental samples) had separated from each other, the
voltage was reduced to 150 V, and the gel was electrophore-
sed at room temperature for 1.5 h [conditions modified from
Carey (1988) and Liu and Matthews (1993)]. Dried gels
were exposed to a FUJI phosphorimaging plate for 3 h (or
overnight), and homeodomain-DNA complexes were quan-
tified by scanning and analyzing the image generated using
a Fuji Imaging Analyzer BAS1000 (Fuji Photo Film Co.,
Ltd, Japan) (Li & Matthews, 1995). The DNA binding data
were then analyzed using the program Igor, version 2.0, to
generate fits to the binding equation,R ) [protein]/(Kd +
[protein]), whereR is the fractional saturation,Kd is the
equilibrium dissociation constant, and [protein] is the protein
concentration. The maximum value ofR was not fixed in
the fitting process to ensure that saturation was reached. The
indicated equation represents the simplest binding process
with no linked equilibria and was sufficient to fit the data.
Experimental errors are expressed as standard deviations.

RESULTS

pH Dependence of Ubx and Dfd Homeodomain Binding.
To monitor the effect of pH on Ubx-HD/DNA binding, the
equilibrium association constant (Ka) was measured by gel
retardation assays over the pH range 5.0-10.0 in Tris binding
buffer (TBB) and over the pH range 5.0-7.5 in phosphate
binding buffer (PBB) at constant ionic strength (see Materials
and Methods for detail). In both TBB and PBB systems,
Ubx-HD binding to DNA containing its optimal site,
TTAATGGCC, is maximal not at neutral pH but at pH 6.0

(Figure 2). In the pH range 5.0-7.0, a dramatic effect on
Ubx-HD binding is found. From pH 5.0 to 6.0, logKa

increases essentially linearly with pH, with a least-squares
slope of the logKa Vs pH plot of 1.0( 0.1; from pH 6.0 to
7.0, logKa decreases almost linearly with pH, with a least-
squares slope of-1.2( 0.1. In the pH range from 7 to 10,
the change of logKa with pH diminished, with a slope of
-0.17( 0.04 over this pH range.
To determine whether pH dependence of DNA binding is

a characteristic in common with otherDrosophila home-
odomains, we examined the pH dependence of Dfd-HD using
its optimal DNA binding site, TTAATGAAC, the Ubx
optimal DNA binding site, TTAATGGCC, or a DNA binding
site, TTAATGACT, to which Dfd-HD bound with high
affinity (Ekker et al., 1992) (for sequence comparison of
Ubx-HD and Dfd-HD and their binding sites, see Figure 1).
In contrast to the pH dependence of Ubx-HD/DNA interac-
tion, only a small change for Dfd-HD DNA binding affinity
was observed between pH 7.5 and 6.0 using any of the DNA
sequences examined (Figure 3B, Table 1).
N-Terminal Arm and Helix 3 plus the C-Terminal Exten-

sion of Ubx Homeodomain Are Required for pH Differential.
To determine which subregion(s) of Ubx-HD might con-
tribute to pH-dependent DNA binding, we have examined
four chimeric homeodomains derived from Ubx- and Dfd-
HDs (see Figure 1A for structures). Slightly increased DNA
binding affinity for the Ubx optimal sequence was found at
pH 6.0 relative to pH 7.5 for three chimeric homeodomains,
DDU (1.8-fold), UUD (2.4-fold), and UDD (1.6-fold) (Figure
3C-E, Table 1). Each of these chimeric proteins contained
one, but not both, of two regions: the Ubx N-terminal arm
or helix 3 with C-terminal extension (Figure 1A). The pH
dependence was maximally recovered with the chimeric
protein UDU (11-fold) (Figure 3F, Table 1), which contained
both of the segments that appear to contribute to pH-
dependent behavior. Although a very small degree of
apparent cooperativity is indicated by the shape of some of
binding isotherms (Figure 3C,E,F), there was no evidence
of additional bands or protein aggregation in the experiments.
Therefore, it is unclear whether these small shape differences

FIGURE 2: pH dependence of Ubx-HD/DNA binding. Ubx-HD
binding to32P-labeled 40-bp dsDNA with the optimal site sequence
for Ubx-HD (TTAATGGCC) was measured over the pH range
5.0-10.0 in Tris binding buffer (TBB,b) and pH 5.0-7.5 in
phosphate binding buffer (PBB,O) at constant ionic strength (µ )
0.12 M) (see Materials and Methods for detail). The least-squares
slope of the logKa Vs pH plot from pH 5.0 to 6.0 is 1.0( 0.1;
from pH 6.0 to 7.0,-1.2( 0.1; and from pH 7.0 to 10.0,-0.17
( 0.04.
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are significant. A similar pattern of behavior was observed
for Ubx-HD binding to either the Dfd optimal target DNA
sequence or a sequence selected by Dfd-HD binding (Table
1). These results indicate that both N- and C-terminal

regions of Ubx-HD contribute to pH-dependent DNA bind-
ing, and this property cannot be assigned to a single, specific
amino acid residue but appears to derive from more dispersed
structural influences.

FIGURE 3: Comparison of pH dependence of Ubx, Dfd, and four chimeric homeodomains using the Ubx optimal binding site sequence,
TTAATGGCC. Proteins used for each experiment are indicated in each panel. Measurements of equilibrium association constant (Ka) were
carried out at pH 7.5 (b) and pH 6.0 (O) in PBB with constant ionic strength (µ ) 0.12) (see Materials and Methods for detail). This figure
was derived from replicates within a single experiment, and the error bars indicate the standard deviation for these replicates. Values
reported in Table 1 are the average of all replicates for multiple experiments.

Table 1: pH Dependence of DNA Binding by Ubx-HD, Dfd-HD, and Ubx/Dfd Chimeric Homeodomainsa

Ubx-optimal: TTAATGGCC
Ka (M-1) × 10-9

Dfd-optimal: TTAATGAAC
Ka (M-1) × 10-9

Dfd-selected: TTAATGACT
Ka (M-1) × 10-9

homeodomains or
chimeric proteins pH 7.5 pH 6.0 pH 6.0/pH 7.5 pH 7.5 pH 6.0 pH 6.0/pH 7.5 pH 7.5 pH 6.0 pH 6.0/pH 7.5

Ubx-HD 17( 4.1 400( 16 24 3.5( 1.8 25( 14 7.1 17( 2.3 71( 6.8 4.2
Dfd-HD 5.9( 1.8 8.1( 2.6 1.4 13( 9.8 18( 8.3 1.4 9.4( 0.9 10( 2.6 1.1
DDU 2.5( 0.6 4.6( 1.2 1.8 2.4( 0.9 3.9( 1.3 1.6 4.8( 1.8 11( 1.9 2.3
UUD 3.2( 0.7 7.8( 2.5 2.4 3.9( 1.6 6.3( 1.4 1.6 3.2( 1.6 7.0( 1.1 2.2
UDD 5.7( 3.3 9.1( 3.9 1.6 1.7( 0.2 3.7( 0.6 2.2 2.0( 0.4 3.9( 0.5 2.0
UDU 2.7( 0.2 29( 6.9 11 2.1( 1.0 6.9( 2.7 3.3 4.2( 0.9 16( 3.9 3.8

a The equilibrium association constant was measured in PBB (see Materials and Methods for details). In all experiments, ionic strength was kept
constant (µ ) 0.12 M with 0.02 M contributed by PBB and 0.1 M by KCl). Experimental errors are expressed as standard deviations (n g 4).
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DNA Binding Site Sequences Contribute to pH Depen-
dence of Ubx Homeodomain Binding.To explore whether
protein structure is the only determinant for pH dependence
of DNA binding, we have compared the binding of Ubx-
HD, Dfd-HD, and the chimeric HDs to three different DNA
sequences (see Figure 1B for comparison of DNA se-
quences). Interestingly, the difference in DNA binding
affinity for Ubx-HD between pH 7.5 and 6.0 was 24-fold
for its optimal DNA sequence, but this differential was
reduced toe7-fold when the other two DNA binding site
sequences were used (Figure 3A, Table 1). Similar effects
were observed for the chimeric homeodomain UDU (Figure
3F, Table 1). These results demonstrate that pH dependence
is determined not only by the differences between Ubx- and
Dfd-HD structures but also by DNA sequence differences.
Since DNA binding affinity for Ubx-HD is greater when

it interacts with its optimal DNA sequence, especially at pH
6.0, we tested the possibility that Ubx-HD could select its
optimal DNA binding sequence when both Ubx and Dfd
target sequences are present. To distinguish complexes
formed from these two different DNAs, we employed
mixtures of a 40-bp fragment containing the Ubx optimal
site and a 32-bp fragment containing the Dfd optimal site
for the binding reactions. No differences in binding affinity
were observed for either homeodomain binding to fragments
of 32 or 40 bp; thus, there is no length dependence for
binding within this size range. As expected, Ubx-HD binds
to its optimal DNA site preferentially at low protein
concentrations and binds to the Dfd optimal site only at
higher protein concentrations that exceed the concentration
of the Ubx optimal DNA sequence (Figure 4). At pH 7.5,
significant DNA binding is observed only at higher protein
concentration with minimal Dfd DNA binding even at this
protein concentration. Discrimination between DNA se-
quences is not observed for Dfd-HD at either pH (Figure
4).
pH Dependence of Ionic Interactions for Ubx and Dfd

Homeodomains with DNA. The equilibrium association
constants for the binding of Ubx- and Dfd-HDs and their
respective target DNAs were determined as a function of
salt concentration to measure the number of ionic interactions
in the complexes formed (Recordet al., 1976). Within the

salt concentration range studied (0.1-0.25 M), linear log-
log plots ofKa Vs salt concentration were observed (Figure
5). Presuming the absence of anion release over this range
based on the linear responses (Recordet al.,1976; Barkley
et al.,1981), the slope of the log-log plots in Figure 5 yields
the number of counterions (Zψ) released from DNA upon
formation of the protein-DNA complex, and this value in
turn can be used to calculate the number of ionic interactions
(Z). The slope is much steeper at pH 6.0 than at pH 7.5 for
Ubx homeodomain (Figure 5A), indicating more counterions
are released at pH 6.0. Approximately 8-10 monovalent
counterions are released at pH 6.0 compared to∼4 at pH
7.5. These results demonstrate that the effect of salt
concentration on DNA binding by Ubx-HD is pH-dependent,
and more counterions are released at pH 6.0 than at pH 7.5.
The number of ionic interactions,Z, formed between the
homeodomain and phosphates in the DNA backbone can be
calculated from the experimental value ofZψ with the
appropriate value ofψ (for double-helical DNA,ψ ) 0.88;
Recordet al., 1976). For Ubx-HD, the values forZ were
∼11 at pH 6.0 and∼5 at pH 7.5. In contrast to the pH
dependence of ionic interactions found for Ubx-HD, the
number of ionic interactions for Dfd-HD binding to DNA
was found to be pH-independent (Figure 5B). The number
of monovalent counterions released is∼4, and the number
of ionic interactions,Z, was∼5 at both pH 6.0 and 7.5.

FIGURE 4: Discrimination in DNA binding by Ubx-HD. DNAs are
present throughout at 1× 10-10 M. Lane 1, free Ubx 40-bp DNA
and free Dfd 32-bp DNA; lane 2, Ubx 40 bp DNA and Ubx-HD (1
× 10-10 M, pH 7.5); lane 3, Dfd 32-bp DNA and Dfd-HD (1×
10-10 M, pH 7.5); lanes 4-15, Ubx 40 bp and Dfd 32-bp DNA
[lanes 4-9, Ubx-HD (lanes 4-6, pH 7.5; lanes 7-9, pH 6.0); lanes
10-15, Dfd-HD (lanes 10-12, pH 7.5; lanes 13-15, pH 6.0)].
Lanes 4, 7, 10, and 13, protein concentration is 5× 10-11M; lanes
5, 8, 11, and 14, protein concentration is 1× 10-10 M; lanes 6, 9,
12, and 15, protein concentration is 5× 10-10 M. The affinities of
32-bp DNA and 40-bp Dfd-DNA sequences are similar for both
Ubx-HD and Dfd-HD (data not shown); therefore, no influence of
DNA length between 40 and 32 bp is involved in the binding
reactions.

FIGURE5: Ionic strength dependence of HD/DNA interactions. (A)
Ubx-HD binding to 40-bp DNA containing Ubx optimal sequence
in PBB at pH 7.5 (b) and pH 6.0 (O) and (B) Dfd-HD binding to
40 bp DNA containing Dfd optimal sequence in PBB at pH 7.5
(9) and pH 6.0 (0). KCl in differing concentrations was used to
vary ionic strength, and plots of logKa Vs log [M+] were used to
analyze the data (see Materials and Methods for detail). The slopes
of the plots were used to determine the number of counterions
released,Zψ, from which the number of ionic interactions,Z, was
calculated (see Materials and Methods). For Ubx-HD the values
for Z were∼11 at pH 6.0 and∼5 at pH 7.5. In contrast,Z for
Dfd-HD was found to be pH-independent, with a value of∼5 at
both pH 6.0 and 7.5.
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DISCUSSION

Subtle Differences in Protein Structure Can Cause Dif-
ferential Responses to Physical EnVironment. The results
reported demonstrate that the DNA binding properties of Ubx
and Dfd homeodomains are differentially influenced by
alterations in physical environment. DNA binding of Ubx-
HD is highly pH-dependent, with 24-fold increased affinity
at pH 6.0, while that of Dfd-HD is pH-independent.
Furthermore, the number of ionic interactions for Ubx-HD/
DNA binding derived from change ofKa with monovalent
cation concentration exhibits strong pH dependence, while
the number of these interactions is unaffected by pH for Dfd-
HD. The differences in the pH dependence of these two
homeodomains must arise from their structural differences,
in spite of the fact that the amino acid sequences of these
two homeodomains are 72% identical and the recognition
helices of the two homeodomains are almost identical with
the exception of residue 56 (see Figure 1A). The discrepancy
in response to environmental factors, however, mirrors
differences observed in thein ViVo functions of these two
proteins (Beachyet al., 1985, 1988; Krasnowet al., 1989;
Bergson & McGinnis, 1990; Regulskiet al., 1991). It is
interesting to note that not only these two homeodomains
but many proteins in this family share a high degree of
identity and homology (Scottet al., 1989). These conserved
elements nonetheless result in distinct physiological effects,
reflecting the complexity and delicacy of these genetic
regulatory processes.
The homeodomain/DNA structures determined to date

have revealed that the homeodomain has a similar molecular
fold and interacts with DNA sequences in a conserved
manner (Figure 6), with a bidentate contact between an
invariant Asn side chain and an adenine base in the major
groove providing a fixed frame of reference for all of these
complexes (Qianet al., 1989, 1994; Ottinget al., 1990;

Billeter et al., 1993; Kissingeret al., 1990; Wolbergeret
al., 1991; Li et al., 1995). Biochemical studies of DNA
sequence preferences indicated that the optimal binding site
generally includes a core TAAT motif (the underlined A
participates in the bidentate contact with the invariant Asn),
with some variation in preference for flanking sequences
(Scottet al., 1989; Florenceet al., 1991; Hanes & Brent,
1989; Hoey & Levine, 1988; Laughon, 1991; Treismanet
al., 1989; Walteret al., 1994; Gehringet al., 1994a,b;
Hayashi & Scott, 1990; Ekkeret al., 1991, 1992, 1994;
Kuziora & McGinnis, 1989). Despite these differences in
flanking sequence preference, however, and particularly for
HOM-C and other closely related homeodomains, sequence-
dependent differences in affinity are not large when optimal
DNA sites for different homeodomains are compared (Ekker
et al., 1991, 1992, 1994; Kuziora & McGinnis, 1989;
Desplanet al., 1988; Hayashi & Scott, 1990; Hoey & Levine,
1988; Walteret al., 1994; Pomerantz & Sharp, 1994). The
question thus arises to what extent can DNA sequence
discrimination account for the target specificity clearly
evident from the distinctive biological properties of HOM-C
proteins? Ubx and Dfd are two relatively well-studied
homeodomains. Despite the fact that the optimal binding
sites for Ubx-HD and Dfd-HD differ by only two base
differences at position 7 and 8 in the 9-bp binding site
sequences (TTAATGGCC for Ubx-HD and TTAATGAAC
for Dfd-HD) (Ekkeret al.,1992), recent examination of these
proteins by hydroxyl radical footprinting and missing nucleo-
side experiments revealed striking differences in contacts
with DNA between the Ubx and Dfd homeodomains using
the optimal sequence for either Ubx or Dfd binding (Draga-
nescuet al., 1995). These observations suggest that subtle
differences in protein structure can result in different side
chain-nucleoside interactions in the protein/DNA com-
plexes. The data presented here suggest that small differ-
ences in homeodomain structures are enough to generate
differential responses of protein-DNA interactions to physi-
cal environment.
The Magnitude of pH Dependence Is Affected by DNA

Binding Site Sequences.By using different DNA sequences,
we have found that the magnitude of the pH differential in
Ubx homeodomain binding can be altered by base sequence.
When the optimal site for Ubx-HD was employed, the DNA
binding affinity at pH 6.0 was 24-fold higher than that at
pH 7.5, while this difference diminished toe7-fold when
sequences that bound better to Dfd were used. It is apparent
from these results that both protein and DNA structure
contribute to the pH dependence observed for Ubx-HD. The
increase in DNA binding affinity was maximal only when
Ubx-HD and its optimal DNA binding sequence were
employed in the reaction.
Low pH May ImproVe Contacts between Ubx-HD Protein

and DNA. The experiments with chimeric proteins demon-
strated that the N-terminal arm and helix 3 with C-terminal
extension of Ubx-HD are required for differential DNA
binding at low pH. Only the chimeric protein UDU, which
contains both the N-terminal arm and helix 3 with C-terminal
extension, showed pH-dependent differential binding ap-
proaching that of Ubx-HD. According to the homeodomain/
DNA structures determined (Qianet al., 1989, 1994; Otting
et al., 1990; Billeteret al., 1993; Kissingeret al., 1990;
Wolbergeret al., 1991), the N-terminal arm contacts DNA
in the minor groove and helix 3 contacts DNA in the major

FIGURE 6: X-ray crystallographic structure of En-HD complexed
with DNA. This figure was generated from PDB file 1HDD
(Kissingeret al.,1990) using the program QUANTA. Side chains
are shown only for residues in the N-terminal region (amino acids
3-13) and C-terminal helix 3 (amino acids 47-59) to facilitate
identification of these regions. Note the separation in the structure
of these two regions that contribute to pH-dependent behavior.
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groove. Figure 6 shows the structure for theengrailed
homeodomain oriented to view these contacts. The absence
of information on the structure of a significant portion of
the C-terminal region (residues past position 59) and the
apparent physical separation of the regions that influence
pH dependence of Ubx-HD binding preclude facile identi-
fication of amino acid residues that might contribute to the
observed binding effects. The difference in affinity between
Ubx-HD binding at pH 6.0 and 7.5 can be derived from the
equivalent ofe2 hydrogen bonds and may be the sum of
small increases in the strength of multiple single interactions.
The latter mechanism is consistent with the DNA sequence
dependence of this differential binding, as optimal alignment
may depend not only on the protein fold but also on the
DNA conformation.
On the basis of identification of subdomain requirements

for pH dependence of Ubx-HD binding, measurements of
salt dependence of Ubx- and Dfd-HD/DNA binding, and
examination of the structures determined for homeodomains,
we postulate that low pH may generate a protein configu-
ration that optimizes Ubx-HD contacts along the DNA
backbone for increased contribution of ionic interactions to
the overall affinity. The differences in behavior between
Ubx-HD and Dfd-HD with respect to pH are consistent with
the striking distinctions in DNA contacts revealed for these
proteins by the hydroxyl radical footprinting and missing
nucleoside experiments of Draganescuet al. (1995). This
conformation with increased affinity and enhanced ionic
contacts may be stabilized not only by pH but also by other
interactions or environments.
Potential Mechanism for the Discrimination of DNA

Binding Sites in ViVo. The data presented in this study
indicate that marginal binding affinity differences derived
from small differences in protein structures and DNA
sequences can be amplified by differential responses of
protein-DNA interactions to physical environment. In the
case of Ubx-HD, the physical environment can be manipu-
lated in Vitro to generate significant differences in DNA
binding. Although pH differentials are not known to be
associated with normal developmental processes, cellular pH
shifts in response to growth factors or hormones have been
identified in other signal transduction pathways [e.g.,Sug-
imoto et al. (1992) and Isfortet al. (1995)]. Presuming the
absence of such environmental alterations, the conformational
state of Ubx-HD corresponding to that elicited by pH
variation could nonetheless be generatedin ViVo by associa-
tion with other proteins. For example, differences in DNA
binding specificity, and therefore presumably affinity, for
the homologous Hox proteins can be generated by association
with Pbx proteins (Changet al.,1996). The data given here
arise from protein binding to DNA containing a single
binding site, whereas, in contrast, naturally occurring binding
sites for the Ubx-encoded protein contain multiple clusters
of individual binding site sequences to which cooperative
binding of Ubx protein occurs (Beachyet al., 1993).
According to a multisite integrative model of homeotic
protein action proposed by Beachyet al. (1993), even small
differences in binding of homeotic proteins to individual sites
can be summed to yield large overall differences in binding
to multiple sites. Differential responses of homeodomain
proteins, whether to protein-protein association or local
environment, to generate states with increased sequence
discrimination would further expand the potential distinctions

in DNA binding. It will be of interest to determine whether
other HOM-C and related homeodomain proteins can assume
states with increased sequence discrimination or increased
affinity and whether and how such states may be inducedin
ViVo.
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