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ABSTRACT. The amino acid sequences of the homeodomains (HD) within the Ultrabithorax (Ubx) and
Deformed (Dfd) proteins fronDrosophila melanogasteare highly conserved despite distinct genetic
regulatory functions for these proteins in embryonic development. We reported recently that Ubx-HD
binding to a single target site displayed significantly increased affinity and greater salt concentration
dependence at lower pH; in contrast, Dfd-HD did not show pH dependence in its DNA binding properties
[Li, L., et al. (1996) Biochemistry 359832-9839]. We demonstrate in this study that water activity
differentially affects Ubx-HD and Dfd-HD DNA binding affinity. The sensitivity of the proteDNA
binding constant to osmotic pressures generated by neutral solutes was measured, and the formation of
the Ubx-HD-DNA complex is associated with significantly greater water release than that of the Dfd-
HD—DNA complex. No influence of pH on water release was detected for either HD. Experiments
with chimeric Ubx-Dfd homeodomains demonstrated that the C-terminal region of the Ubx-HD is the
primary determinant for the greater water release associated with DNA binding for this protein. DNA
sequences do not exert a significant effect on the magnitude of water release associated with protein
DNA binding for Ubx-HD and the chimeric HD, UDU.

Homeoproteins, found widely in insects and vertebrates, vitro (Ekker et al., 1992, 1994), although distinct DNA
direct body plan organization during embryonic development contacts were revealed by hydroxyl radical footprinting and
by regulating the expression of target genes both spatially missing nucleoside experiments (Draganestal., 1995).
and temporally (Akam, 1987; Duncan, 1987; Scettal., To explain how homeodomain proteins with marginal
1989; Kaufmaret al., 1990; McGinnis & Krumlauf, 1992;  differences in DNA binding specificity might perform their
Gehringat al., 1994a,b). The homeodomain, an evolution- gistinct functionin vivo, a multisite integrative model of
arily conserved sequence found in homeoproteins, containshomeotic protein action has been proposed on the basis of
a fold similar to the helix turn—helix motif in prokaryotic the gccurrence of multiple clusters of individual binding site
DNA binding proteins and mediates sequence-specific DNA sequences and cooperative DNA binding by Ubx protein
recognition (McGinniset al.,19$4a,b; Scott & Weiner, 198_4; (Beachy et al., 1993). According to this model, small
S_cot_t_et al. 1989, Hayashi & Scott, 1990)'_ Despite differences in binding of homeotic proteins to individual sites
5|gn|f|can'F efforts to und_erstand gene regu_lgat_lon by ho- can be summed to yield large overall differences in binding
meopr(.)t_eln.s, the_mechanlsm by which speC|f|C|ty of DNA to multiple sites. Furthermore, cooperative DNA binding
recognition is achieved remains poorly defined. The central and increased sequence selectivity of homeodomain proteins

difficulty arises from the ability of diverse homeodomains . ht b ted th h it h brotei ¢
to bind the same target sequence with only slightly differing might be generated through association with protein cotac-

affinities (Desplaret al., 1988; Hoey & Levine, 1088; Ekker tors, illustrated by the HoxPbx interaction [Changt al.,
et al., 1991, 1992, 1994). 1996; reviewed in Mann and Chan (1996)]. Recently, we

Ultrabithorax (Ubx} and Deformed (Dfd) are two ho- h_avg_found that chan_ges in the physical environm_ent can
meoproteins fronDrosophila melanogasterUbx specifies ~ Si9nificantly and selectively enhance Ubx-HDNA binding
the identities of parasegments 5 and 6, comprising the IN ¥itr0, suggesting other potential mechanisms for generating
posterior thorax and part of the first abdominal segment, Sit€ discriminatiorin zivo (Li et al.,, 1996). In this study,
while Dfd specifies mandibular and maxillary segment W€ have explored the role of water in DNA binding by both
identities (Akam, 1987; Duncan, 1987; Kaufrmetral., 1990; Ubx and Dfd homeodomains.

McGinnis & Krumlauf, 1992). Despite these distinct func-  Bound water is involved in multiple types of macromo-
tions, homeodomains from these two proteins display only |ecylar interactions, including ligand binding (Colombb
small differences in sequence-dependent DNA bindmg 5| 1992; Ranckt al., 1993; Sidorova & Rau, 1995), electron
transfer (Kornblatt & Hui Bon Hoa, 1990), and protein
TThis work was supported by grants to K.S.M. from the NIH protein interactions (Kornblatet al., 1993). Typically,

(GM22441) and the Robert A. Welch Foundation (C-576). ; ; ; u ;
* Corresponding author. Phone: 713.527-4871. Fax. 713-285-5154, PrOt€iN @nd DNA in solution are surrounded by a “hydration
E-mail: ksm@bioc.rice.edu. shell”, which excludes many solutes. When association
® Abstract published irAdvance ACS Abstractsune 1, 1997. between protein and DNA takes place, a portion of water

1 Abbreviations: Ubx, Ultrabithorax; Dfd, Deformed; HD, home- bound on each of their surfaces is displaced by the partner
odomain; TEG, triethylene glycol; TBE, Tridoric acid-ethylenedi- d rel di he bulk soluti ph | y f P .
aminetetraacetic acid (EDTA); DTT, dithiothreitol; BSA, bovine serum and released into the bulk solution. The role of water in

albumin; TBB, Tris binding buffer; PBB, phosphate binding buffer.  mediating specificity of proteirDNA interactions has been
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B Ubx optimal sequence: 5' CCGGGCTGCACATGGTTAATGGCCAGTCCACGCGTAGATC 3
GGCCCGACGTGTACCAATTACCGGTCAGGTGCGCATCTAG

Dfd optimal sequence: 5' CCGGGCTGCACATGGTTAATGAACAGTCCACGCGTAGATC 3
GGCCCGACGTGTACCAATTACTTGTCAGGTGCGCATCTAG

Ficure 1: (A) Sequences of Engrailed-HD (En-HD), Ultrabithorax-HD (Ubx-HD), Deformed-HD (Dfd-HD), and four chimeric proteins
derived from Ubx- and Dfd-HDs. The location of the three helices is based on the cocrystal structure of the-BiNAIDomplex described

by Kissingeret al. (1990). The asterisks (*) correspond to base contacts and trianglée phosphate contacts assigned in the En-HD

DNA cocrystal. The amino acid sequences of the Ubx-HD and Dfd-HD are shown as filled 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 describest in Ekker

al. (1991, 1992). Concentration of purified homeodomains was determined using molar absorptivity at 280 nm, and the active concentration
was determined by a DNA binding activity assay under stoichiometric conditions. (B) DNA sequences containing the Ubx optimal binding
site or Dfd optimal binding site. The binding site sequences in each DNA are highlighted.

illuminated by structural studies of multiple proteiDNA osmotic stress strategy is simple, generally applicable, and
complexes, including homeodomaiBNA complexes (Law- sensitive (Rand, 1992; Parsegiaenal., 1995).

son & Carey, 1993; Otwinowslet al., 1988; Chuprinzet The number of water molecules released by the formation
al., 1993; Luisiet al., 1991; Gewirth & Sigler, 1995; Feng  of 5 complex between protein and DNA can be estimated
et al., 1994; Steitz, 1990; Pabo & Sauer, 1992; Qéral., by examining the effects of altering water activity on the

1989, 1994; Ottinget al., 1990; Billeteret al., 1993, 1996;  pinding affinity using neutral solutes to vary the osmotic
Kissingeret al.,1990; Wolbergeet al.,1991,; Billeter, 1995; strength (Parsegiaet al., 1986, 1995; Rand, 1992). With
Li et al., 1995; Morton & Ladbury, 1996). These studies yariation of osmotic stress, water participation in molecular
have shown that water molecules may both compete for andyecognition of specific DNA sites has been demonstrated for
mediate hydrogen bonds between these macromolecules. nymerous proteins, including restriction endonucleEses|,

In the Antennapedia homeodomaibNA complex, for  EccRv, BanHl, andPuull (Robinson & Sligar, 1993, 1994,
example, molecular dynamics simulations have indicated that19954: Sidorova & Rau, 1996&)al repressor (Garner & Rau,
lle 47, GIn 50, and Asn 51 as well as other residues may 1995), and Hin recombinase (Robinson & Sligar, 1996).
each be involved in multiple direct hydrogen bond interac- sing this approach, we show in the present study that Ubx-
tions with different base pairs and may participate in @ {p—pNA binding involves greater water release than does
number of water-mediated hydrogen bonds with bases pf4-HD—DNA binding. Such a disparity in osmotic stress-
(Billeter, 1996). Obviously, such interactions do not occur rejated behavior for closely related proteins has been
simultaneously, illuminating the dynamic nature of the qpserved previously for DNA binding by restriction enzymes
binding interface and suggesting an active role for water in (Robinson & Sligar, 1995a), oxygen binding by hemoglobin
complex formation and maintenance. Presumably, a greatergpq myoglobin (Colombet al.,1992), and proteirprotein
number of water molecules will remain in a proteiDNA complex formation of cytochrome—cytochromebs and

interface if water-mediated hydrogen bonds dominate over cytochromec—cytochrome oxidase (Kornblatét al., 1993).
direct hydrogen bonds between protein and DNA. While

NMR in aqueous solutions and X-ray crystal diffraction MATERIALS AND METHODS

studies provide information on the lifetime and positions of

tightly bound hydration water molecules, complementary  Construction and Purification of Homeodomain&lbx
information may be derived from osmotic stress techniques, and Dfd homeodomains and four chimeric homeodomains
in particular to detect additional weakly bound waters that derived from these proteins, DDU, UUD, UDD, and UDU
are difficult to discern by other methods (Rand, 1992). The (see Figure 1A for structures), were constructed and purified
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as described in Ekkeat al. (1991, 1992). Concentration of these changes do not affect the data values recoided (
purified homeodomains was determined using the molar contrast is independent of data valuation in the Fuji Imaging
absorptivity for aromatic amino acids at 280 nm (Wetlaufer, system). For determination of the equilibrium binding
1962), calculated on the basis of the amino acid composition constant, a simultaneous fit for multiple satsx 4) of DNA
of each homeodomain (Ekket al., 1992). The values in  binding data was carried out using the program Igor Version
units of Mt cm™! used were as follows: Ubx-HD, 9860; 2.0 to generate fits to the binding equation
Dfd-HD, 15 460; DDU, 9860; UUD, 15 460; UDD, 14 040; ) )
and UDU, 8440. The active concentrations of the home- R = [protein]/(Ky + [protein]) (1)
odomains were determined by DNA binding activity assays ) ) o
under stoichiometric conditions. The percentage of activity Where R is the normalized apparent saturatidty, is the
measured for these proteins was as follows: Ubx-HD, equilibrium dissociation constant, and [protein] is the protein
~100%: Dfd-HD, ~50%: DDU, ~100%: UUD, ~70%: concentration. Both minimum and maximum valuesRof
UDD, ~40%: and UDU,~50%. The calculated active Were floated in the fitting process. Bound DNA was
concentration based on the percent of activity was used in€mployed for analysis of binding isotherms, although disap-
the experimental analyses. pearance of free DNA and appearance of bound DNA yielded
Oligonucleotide Sequences for DNA Bindingwo syn- similar results. _
thetic oligonucleotides of 40 bp were used for DNA binding ~ OSmotic Stress Strategyw/e have employed a series of
measurements (see Figure 1B for sequences). The firstheutral solute molecules, which are presumably excluded
contained the Ubx optimal DNA binding site sequence, from the surface water that surrounds prqtem and_DNA
TTAATGGCC, and the second contained the Dfd optimal surfac_es. These solutes lower the water activity ou_t5|de the
DNA bintﬁg site sequence, TTAATGAAC (Ekket al., _hydrat|on shell and the_reby favo_r yvater removal. This ef'_fe_ct
1992). The differences in the two ming site sequences N tum may aIt_er the b.|nd|ng affinity obsgrve_d f_or a specific
are indicated by underlining. Equal molar amounts of Protein-DNA interaction. In an analysis similar to con-
synthesized single-stranded oligonucleotides (top and bottomVentional determinations of thermodynamic linkage (Wyman
strands) were annealed, purified by electrophoresis if neces-& Gill, 1990), e.g., for the number of ions involved in
sary, and then end-labeled with-f2PJATP. The labeled proteir—-DNA binding (Recordet al., 1976, 1991), _t_he
oligonucleotide was separated from free3fP]JATP using number o_f water molecules released can be quantified by
a NICK column (Pharmacia) or a QIA-quick-spin column the equation
(QIAGEN). dlin(K,))/d[solute] = —An,/55.6 @)
Equilibrium DNA Binding Measurement®inding reac- )
tions were performed by incubating homeodomain polypep-
tides (concentrations ranging from>2 107*2to 1 x 108
M) with constant 40 bp oligonucleotides (6 10°12 M) in
reaction mixtures containing 20 mM Tris-HCI (pH 7.5), 100
mM KCI, 50 ug/mL BSA, and 1 mM DTT, with various
concentrations of neutral solutes. The buffer contained no
glycerol or tracking dyes to avoid problems with osmotic
pressure or the influence of dyes on the protddiNA
interaction. Freshly thawed homeodomain polypeptide was
used for each DNA binding experiment. Electrophoresis of
retardation gels was performed as described previously (Li
etal.,1996). Briefly, gels which contain 8% polyacrylamide
(19:1 acrylamide:bis-acrylamide), &5TBE (0.045 M Tris-
borate and 0.001 M EDTA), and 3% glycerol were preelec-
trophoresed to a constant current at 100 V with recirculation
of 0.5x TBE buffer. Aliquots (15:L) of each sample were
loaded onto the gels running at 300 V. To avoid sample
diffusion and proteirr DNA complex dissociation, especially
for samples without addition of neutral solutes, samples were
loaded slowly onto the bottom of wells with microcapillary
gel tips. Once tracking dyes (loaded side by side with
experimental samples in a separate lane) had separated from _ 2
each other, the voltage was reduced to 150 V, and the gel Prec = 1.0263n+ 0.0291m (3)
was electrophoresed at room temperature~§ar5 h.
Dried gels were exposed to a Fuji phosphor imaging plate
overnight, and homeodomatDNA complexes were quanti- RESULTS
fied by scanning and analyzing the image generated using a
Fuji BAS1000 Imaging Analyzer (Fuji Photo Film Co., Ltd., Ubx-HD—DNA Binding Involves Greater Water Release
Japan) (Li & Matthews, 1995). Each set of titrations Than Dfd-HD-DNA Binding. Binding of Ubx-HD to its
included a sample with only free DNA as a background for optimal binding sequence, TTAATGGCC, was significantly
quantitative analysis of proteirtDNA complexes in other  enhanced by the presence of a neutral solute, sucrose (Figure
samples. Although the contrast for prints of the gel images 2A—C). The effects of TEG, betaine, and glycerol were
can be varied by adjusting the brightness and/or contrast,found to be qualitatively similar to that of sucrose, despite

whereKj, is the equilibrium association constant, [solute] is
the osmolal concentration of the neutral solute employed,
An, is the change in the number of water molecules in the
hydration shell as a result of proteiDNA association, and
55.6 is the number of moles of water 1 L (Parsegiaret

al., 1995). To propagate errors from fits of the binding data
to generate errors for the slopes to deternfimg, fits were
performed using the NonLin program (Johnson & Frasier,
1985; Johnson & Faunt, 1992), and confidence intervals for
the fits are reported at one standard deviation.

Four chemically diversified neutral solutes, triethylene
glycol (TEG), sucrose, betaine, and glycerol, were selected
to vary the water activity. Osmotic pressure data for sucrose
and glycerol were obtained from tiandbook of Chemistry
and Physic§Weast, 1985). The osmolal concentrations for
TEG and betaineR) were derived from molal concentrations
(m) according to data measured with a Wescor model 5100C
vapor pressure osmometer and provided by D. C. Rau
(personal communication; Garner & Rau, 1995; also see http:
/laqueous.labs.brocku.ca/osfile.html):

Poewaine= 0-0021+ 0.994In + 0.12487%  (4)
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Ficure 2: Effect of the neutral solute sucrose on Ubx-HD and Dfd-HD binding to their optimal DNA binding sequences. Binding reactions
were conducted by incubating homeodomain polypeptides with1®-12 M 40 bp oligonucleotide in reaction mixtures containing 20 mMm
Tris-HCI (pH 7.5), 100 mM KCI, 5Qug/mL BSA, and 1 mM DTT with or without 1.5 M sucrose. To determine the equilibrium binding
constant, DNA binding data from multiple experiments were analyzed using the program Igor version 2.0 to generate fits to the binding
equationR = [protein]/(Ky + [protein]), whereR is the normalized apparent saturatidf, is the equilibrium dissociation constant, and
[protein] is the protein concentration. The maximum and minimum valuéswére floated in the fitting process. Lines in panels C and

F are the fits to the data shown. (&) Ubx-HD—Ubx 40 bp DNA: (A) a single titration without sucrose in the reaction mixture and (B)

with 1.5 M sucrose in the reaction mixture and (C) data and fits for multiple titrations under the conditions shown in panels A and B.
(D—F) Dfd-HD—Dfd 40 bp DNA: (D) a single titration without sucrose in the reaction mixture and (E) with 1.5 M sucrose in the reaction
mixture and (F) data and fits for multiple titrations under the conditions shown in panels D and E. Protein concentrations from lanes 1 to
10 in panels A, B, D, and E are as follows: 0x210712 5 x 10712, 2 x 10714, 5 x 1071, 1 x 10710 2 x 10710, 5 x 10719 1 x 107,

and 2 x 107° M. In panels C and F, filled circles indicate experiments without sucrose in the reaction mixtures and filled diamonds
represent experiments with 1.5 M sucrose in the reaction mixtures.

the distinct chemical natures of these four compounds. To associated with the binding of these two homeodomains to
quantify the effect of neutral solutes on the binding of Ubx- DNA, we have examined four chimeric homeodomains
HD to this DNA, the equilibrium association constakt) derived from Ubx- and Dfd-HDs (see Figure 1A for
was measured for this series of solutes at varying concentra-structures). Similar to that of Ubx-HD, DNA binding affinity
tions. The data generated were analyzed by plotting.ln  increased with addition of the neutral solute TEG for two of
vs [solutelsmolar (€Q 2). Figure 3 shows that TEG, sucrose, these chimeric homeodomains, DDU and UDU (Figure
betaine, and glycerol have quantitatively similar effects on 4C,F). Both of these chimeric proteins contain the C-
the binding of Ubx-HD to its optimal binding sequence, with terminal region of the Ubx-HD. In contrast to DDU and
release of~25 molecules of water upon complex formation UDU, no significant solute-dependent increase in binding
(Table 1). affinity was found for UUD or UDD (Figure 4D,E). Similar

In contrast, only very minor effects of the neutral solute results were observed in experiments using glycerol as a
sucrose were observed on the binding of Dfd-HD to its neutral solute (data not shown). These data demonstrated
optimal DNA sequence, TTAATGAAC (Figures 2£F and that the C-terminal region of the Ubx-HD is the primary
3). No qualitative or quantitative differences were noted determinant for differential water release associated with
among the series of four solutes utilized. For Dfd-HD DNA binding between the Ubx-HD and Dfd-HD.

binding, complex formation is accompanied by the release DNA Binding Site Sequences Do Not Exert Significant
of ~5 water molecules (Table 1), 5-fold lower than observed Effect on the Magnitude of Water Release Associated with
for the closely related Ubx-HD. Ubx-HD—DNA Binding. To explore whether the DNA
The C-Terminal Region of Ubx-HD Is Responsible for the binding site sequences affect water release associated with
Enhancement of Water Release on DNA Bindingo binding of Ubx-HD, we have compared the binding of Ubx-
determine which subregion(s) in Ubx-HD and Dfd-HD might HD to its optimal binding sequence, TTAATGGCC, with
be responsible for the significant difference in water release its binding to the Dfd optimal sequence, TTAATGAAC.
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25 No Influence of pH on Water Release Was Indicated for
either Ubx- or Dfd-HD. We reported recently that Ubx-
HD binding to a single optimal target site displayed
significantly increased affinity at lower pH, while the binding
of Dfd-HD to DNA was unaffected by pH (L&t al., 1996).

We therefore attempted to determine whether the pH effect
correlates with water release associated with Ubx-HD binding
to DNA. Our experiments showed that solute effects on
Ubx-HD binding to DNA were similar at pH 7.5 and 6.0,
and addition of solutes did not increase the binding of the
Dfd-HD to DNA at either pH (data not shown).

23 F
W DISCUSSION

Role of Water Acitiity in Homeodomairr DNA Binding.
Water activity exerts a significant influence on multiple
29 s ' ; cellular functions, from membrane assembly to protein
-0.5 0.5 1.5 2.5 protein interactions to proteirDNA association [Rand &
Parsegian, 1989; Parsegian & Zimmerberg, 1993; Preisler
o o et al., 1995; reviewed in Rand (1992), Leiket al. (1993),
Ficure 3: Effects of neutral solutes on equilibrium association phinson and Sligar (1995b), and Parsegsral. (1986,

constants K;) of Ubx-HD and Dfd-HD binding to DNA. The S . .
conditions for binding reactions for determining equilibrium as- 1999)]. The binding of hexokinase to glucose is ac-

sociation constants were identical to those indicated in Figure 2. companied by the release o%65 water molecules, and the
Triethylene glycol (TEG), sucrose, betaine, and glycerol in different specific binding ofgal repressor to its operator sequence is
concentrations were used to vary the osmolality. DNA binding data accompanied by the release-e100-180 water molecules

from multiple titrations were simultaneously fit using Igor program
version 2.0, and the number of water molecules released can be(Garner & Rau, 1995)'. The results from the pre_sent study
quantified by the equation d[IK¢)/d[solute]= —An,/55.6, where ~demonstrate that the binding of Ubx-HD to DNA is associ-

Ka is the equilibrium association constant, [solute] is the osmolal ated with significantly greater water release26 water
concentration of the neutral solute employAd, is the change in molecules) than the binding of Dfd-HD to DNA-6 water
the number of water molecules in the hydration shell as a result of molecules).

protein—DNA association, and 55.6 is the number of moles of water . . .
in 1 L (Parsegiart al., 1995); @) Ubx-HD—TEG, (©) Ubx-HD— In various complexes for which protetDNA structures

In Ka

[Solute] osmol.

sucrose, ) Ubx-HD—betaine, [J) Ubx-HD—glycerol, (a) Dfd- have been completed, extensive networks of hydrogen bonds
HD—TEG, (») Dfd-HD—sucrose, (*) Dfd-HD-betaine, I with and salt bridges have been found between amino acid side
+) Dfdl-HD—egceroI. The resultingAn,, values are summarized  .hains and the bases and sugpnosphate backbone of

in Table 1. double-stranded DNA (Steitz, 1990; Pabo & Sauer, 1992;

Qianet al., 1989, 1994; Ottinget al., 1990; Billeteret al.,

Table 1: Water Rel F tion of H domBiNA 7
ave ater release upon Formation of Homeodom 1993, 1996; Kissingeet al., 1990; Wolbergeet al., 1991,

Complexe’d - -

homeodomain DNA olute A Billeter, 1995; Liet al., 1995; Morton & Lgdbury, 1996).
Although water release that accompanies prot&hNA

Bgi::giﬂgi 28 EB lECGrose 22% g complex formation is presumably a general phenomenon, a
Ubx-HD—Ubx 40 bp betaine 24 direct correlation between water activity and structural
Ubx-HD—Ubx 40 bp glycerol 25t 3 complementarity of protein and DNA has been explored only
Dfd-HD—Dfd 40 bp TEG 52 recently [reviews in Leikiret al. (1993), Robinson and Sligar
B;g::g:g;g 38 EB pucrose i% (1995b), Parsegiaat al. (1995), and Morton and Ladbury
Dfd-HD—Dfd 40 bp glycerol 5k 1 _(1996)]. For e>_<e_1mple, water r_nolecules appear to participate
Ubx-HD—Dfd 40 bp TEG 28+ 5 in DNA recognition by restriction endonucleases (Robinson
UDU-HD—Ubx 40 bp TEG 30t 4 & Sligar, 1993, 1994, 1995a; Sidoroeaal.,1995; Sidorova
UDU-HD—Dfd 40 bp TEG 305 & Rau, 1996), Hin recombinase (Robinson & Sligar, 1996),

aThe number of water molecules released was quantified as the drug netropsin and its analogue (Sidorova & Rau, 1995;
described in Materials and Methods and the legend to Figure 3. To Sidorovaet al., 1995), and the Antp homeodomain (Billeter
propagate errors carried from fits to the binding data and to generate et al., 1996)
errors for the slopes, fits were performed using the NonLin program " '

(Johnson & Frasier, 1985; Johnson & Faunt, 1992), and confidence A coupling has been found between local folding, water

intervals for the fits are reported at one standard deviation. release, and site-specific binding of DNA in numerous
protein—DNA complexes, including homeodomain proteins
Neutral solutes increased the binding affinity of Ubx-HD (Haet al.,1989; Spolar & Record, 1994; Morton & Ladbury,
for both DNA binding sequences examined to a similar 1996; Tsaoet al., 1994, 1995; Coxet al, 1995; Carra &
degree (Figure 5A). Analogous results were obtained for Privalov, 1997). Furthermore, the number of water mol-
the binding of UDU to Ubx and Dfd optimal binding ecules that appear to participate in macromolecular interac-
sequences (Figure 5B). These data suggest that proteirtion can be quite large. While a small number of tightly
structure is the primary determinant for the effect of water bound waters have been identified in crystallographic and
activity on proteir-DNA binding and that, at least for the NMR studies of proteinr DNA complexes, significantly less
two DNAs examined, base sequence does not influence theinformation is available on weakly bound waters that have
magnitude of the observed water release. low occupancies and short half-lives. Molecular dynamics
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Ficure 4: Comparison of the effect of TEG on DNA binding by chimeric homeodomains derived from Ubx- and Dfd-HDs. The Ubx
optimal DNA binding sequence was used for binding reactions of Ubx-HD and chimeric homeodomains, while the Dfd optimal sequence
was used for binding reactions of Dfd-HD. The identification of homeodomain protein used in the individual experiments is indicated on
the top of each panel. Filled circles indicate experiments in the reaction mixtures without TEG, and filled diamonds specify experiments
in the reaction mixtures with 1.5 M TEG. The results demonstrate that the C-terminal region of Ubx-HD is the primary determinant for the
greater water release associated with DNA binding for this protein.

analyses indicate that residues in the Antennapedia home-a conserved manner. The N-terminal region contacts bases
odomain-DNA complex may participate in multiple direct in the minor groove, and residues in helix 3 contact bases in
hydrogen bonds and be involved in a number of distinct the major groove (Qiaat al.,1989, 1994; Ottingt al.,1990;
water-mediated hydrogen bonds with bases, all with different Billeter et al., 1993; Kissingeret al., 1990; Wolbergeret
occupancies and different half-lives (Billeter, 1996). These al., 1991; Billeter, 1995; Liet al.,1995). Residues contact-
results suggest that water molecules may participate in aing the DNA backbone were found to be concentrated in
dynamic fashion, with varying degrees of retention, in the helix 3, although additional points of contact are found
protein—DNA interactions. throughout the entire homeodomain (Qtral., 1989, 1994;
Protein Structure Appears To Be the Major Determinant Otting et al., 1990; Billeteret al., 1993; Kissingeret al.,
for the Differential Water Release with Ubx-HD and Dfd- 1990; Wolbergeet al.,1991; Liet al.,1995; also see Figure
HD Binding to DNA. The difference between Ubx-HD and 2A).
Dfd-HD water release upon the formation of their respective  Our studies of chimeric homeodomains indicate that the
proteir—~DNA complexes must arise from their structural C-terminal region of Ubx-HD contributes significantly to the
differences, although these two homeodomains share a highhigh level of water release associated with the formation of
degree of sequence similarity. The homeodom@iNA the Ubx-HD-DNA complex. Ubx and Dfd homeodomains
structures determined by X-ray crystallography or NMR have near amino acid sequence identity in helix 3; the only
reveal that the homeodomains examined have a similarmajor exception is L56 in Ubx-HD and W56 in Dfd-HD
molecular fold and form specific interactions with DNA in  (see Figure 1A for comparison). Although no critical contact
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25 impact on the associated water release for Ubx-HD. A
greater degree of water exclusion may occur in the interface
of Ubx-HD and DNA. In a similar vein, the more hydro-
philic character of the C-terminal extension of Dfd-HD may
result in greater water retention in the protelDNA

A
23/ . . . .
/ o UbsHD/Ubx 40 bp interface, resulting in less water being excluded from the

24

In Ka

binding surface. Whether these waters participate directly
in hydrogen bond interactions in the complex is not discern-
ible from the data. A further possibility is that similar
amounts of water may be released from the prot&iNA
interface of each homeodomain, but water binds elsewhere
. . upon the formation of the complex. This water binding
20 0.5 1.5 2.5 might occur as a consequence of local unfolding of Dfd-
HD when it binds to DNA, as has been observed in binding
of a subset of restriction enzymes to DNA (Robinson &
25 Sligar, 1995).
Previous studies reported that specific protdiiNA

B
24} binding is associated with significant water release, whereas
weaker, nonspecific proteirDNA associations are unaf-
23l fected by solute addition (Hat al., 1992; Garner & Rau,
* UDU/Ubx 40 bp 1995; Sidorova & Rau, 1996). In this instance, however,
@ UDU/Dfd 40 bp both Ubx-HD and Dfd-HD binding to DNA are sequence-
22r specific; nonetheless, the extent of water release upon
complex formation differs greatly. The origin of this
21} difference for such similar proteins remains unclear, and

conclusions regarding the detailed mechanism by which

° Ubx-HD/Dfd 40 bp
22

21

[Solute] osmol.

In Ka

20 L . . differential water release is generated for these related
-0.5 0.5 1.5 2.5 homeodomains will require further study. However, striking
[Solute] osmol. differences in the response to neutral solutes have also been

FIGURE 5: Effects of DNA binding sequences on water release by found in other structurally similar sets of proteins. For
protein—-DNA complex formation. Ubx and Dfd—optimal 40 bp example, the cleavage specificity &cadrl, BarmHI, and
oligonucleotides were used to monitor effects of different DNA  Pyull was dramatically reduced at elevated osmotic pressure,
sequences on the osmotic pressure sensitivity of pro@iA while the cleavage specificity foECARV was unaffected

binding. The conditions for binding reactions were the same as those . . -
indicated in Figure 2. The resulting DNA binding data were (Robinson & Sligar, 1993, 1994, 1995a). Approximately 60

analyzed as described in Materials and Methods and in the legendgvater molecules are associated with hemoglobin binding to
to Figures 2 and 3 and Table 1. The differences observed for theoxygen, but myoglobin binding to oxygen does not show

binding to Ubx 40 bp and Dfd 40 bp DNAs are not significant  thjs effect (Colombcet al., 1992). Complex formation of

within 67% confidence limits. (A)®) Ubx-HD—Ubx 40 bp DNA cvtochrome a—cvtochromeb- is enhanced b lvcerol:
and ©) Ubx-HD—Dfd 40 bp DNA. (B) @) UDU-chimeric HD- Y =Y 5 y glycerol,
Ubx % bp DNA and ) U%U-chir;e)ricp)HD—Dfd 40 bp DNA. however, association of cytochrorae cytochromec oxidase

is inhibited by glycerol (Kornblattet al., 1993). These

of this side chain with either a base or phosphate in the DNA observations, in concert with the results reported here,
backbone was indicated in structural studies for homologousdemonstrate that effects of water activity on protdigand
homeodomain proteins (Kissinget al, 1990; Wolberger binding may not be similar even within the same structural
et al, 1991; Liet al, 1995; Ottinget al, 1990; Billeteret families of proteins. Subtle differences in protein structures,
al., 1993), a bulky hydrophobic side chain at this position is as indicated for the homeodomain family (see below), may
important to packing of the core of the protein and the generate a significant differential response to the physical
elongation of helix 3 observed in some proteins upon DNA environment.
binding (Qian et al., 1994; Tsaoet al, 1994, 1995). Differential Responses to the Physical:Eonment Pro-
Moreover, the adjacent residue at position 57 (often Lys) vide Potential Site Discrimination.The data presented in
makes contact with the phosphate backbone in somethis study demonstrate that quite small differences in Ubx-
structures (Kissingeet al., 1990; Wolbergeet al, 1991; HD and Dfd-HD structures yield significant differences in
Billeter et al, 1993). The extension of helix 3 upon complex the response of their DNA binding to the presence of neutral
formation of the homeodomain with its DNA target sequence solutes. As indicated previously, Ubx-HD, Dfd-HD, and
has been demonstrated for the NK-2 homeodomain, the Oct-lother homeodomains from both insect and mammalian
POU homeodomain, and the MAPR homeodomain (Tsao  sources share a high degree of sequence identity (Scott &
etal, 1994, 1995; Coxt al,, 1995; Carra & Privalov, 1997).  Weiner, 1984; Scotet al., 1989; Hayashi & Scott, 1990).

We demonstrate that helix 3 with its C-terminal extension For the homeodomain proteins for which structures have been
contains residues that contribute to the increased waterdetermined, a similar molecular fold has been observed
release upon the interaction of Ubx-HD and DNA that may (Gehringet al., 1994a,b), although subtle differences in
arise either from coupled binding and folding or from other structure have been identified.fj.,Qianet al. (1994), Tsao
mechanisms. For example, the C-terminal extension of Ubx- et al. (1994, 1995), Billeter (1995), and Draganestual.
HD is more apolar and more electrostatically neutral than (1995)]. Furthermore, these proteins recognize similar DNA
that for Dfd-HD, and this difference may have a significant binding sequences (Ekket al., 1991, 1992, 1994). An
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important question that remains largely unanswered is how differences derived from small differences in protein struc-
the individual homeodomain proteins, which exhibit only tures and DNA sequences with those generated by homo-
low-level discrimination in site recognitian vitro, perform and heteromeric protein interactions and differential re-
distinct biological functionsin vivo. Individual home- sponses of proteinDNA interactions to the physical envi-
odomains have particular preferences in sequences flankingonment.

the TAAT core, which account for their small differences

in binding specificity and affinity (Scott al.,1989; Kuziora =~ ACKNOWLEDGMENT

& McGinnis, 1989; Hayashi & Scott, 1990; Catren al.,
1993; Gehringet al.,1994a,b; Ekkeet al.,1991, 1992, 1994;
Pomerantz & Sharp, 1994). The optimal binding sites for
Ubx-HD and Dfd-HD differ by two bases at positions 7 and

8 in the 9 bp binding site sequences (TTAATGGCC for Ubx-
HD and TTAATGAAC for Dfd-HD) (Ekkeret al., 1992).
Different flanking sequences, however, generate differences
of only a few orders of magnitude in both the dissociation
rate constant and half-lives of proteiDNA complexes
(Ekkeret al., 1992, 1994).

Recent examination of the Ubx- and Dfd-homeodomains
by hydroxyl radical footprinting and missing nucleoside
experiments revealed striking differences in contacts with
DNA between these two homeodomains using the optimal REFERENCES
DNA sequences for either of these proteins (Draganescu
al., 1995). These observations suggest that subtle differenceg\kam, M. (1987)Development 1011-22.
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