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ABSTRACT:. The Msx-1 homeodomain protein plays a crucial role in craniofacial, limb, and nervous system
development. Homeodomain DNA-binding domains are comprised of 60 amino acids that show a high
degree of evolutionary conservation. We have determined the structure of the Msx-1 homeodomain
complexed to DNA at 2.2 A resolution. The structure has an unusually well-ordered N-terminal arm with
a unique trajectory across the minor groove of the DNA. DNA specificity conferred by bases flanking the
core TAAT sequence is explained by well ordered water-mediated interactions at Q50. Most interactions
seen at the TAAT sequence are typical of the interactions seen in other homeodomain structures.
Comparison of the Msx-2HD structure to all other high resolution HIDNA complex structures indicate

a remarkably well-conserved sphere of hydration between the DNA and protein in these complexes.

Homeobox genes code for a large superfamily of regula- vertebrate developmer@7, 38). They are mainly expressed
tory proteins. The two defining characteristics of these and appear to play important roles during early, middle, and
proteins are that they contain a 60 amino acid homeodomainlate stages of craniofacial, limb and nervous system develop-
that apparently confers sequence specific DNA binding ment @9). Interestingly, in generdiisx gene expression is
activity to all of these genes, and that they all appear to be restricted to cells that are either proliferating or dying as
involved in transcriptional regulatiori{3). Initially identi- opposed to cells that are differentiating, implicating them in
fied as the master control geneslimosophiladevelopment, the regulation of these processés. (

they have subsequently been identified in all animal species Though very few genes have been identified that are
as well as plants and fungh(5). Several types of deformities  yegylated by the Msx proteins in organisms, both in vivo
and cancers can be attributed to defects in homeoproteins;ng in vitro studies show that these proteins act as potent
(1, 6-15). transcriptional repressor87, 40—44). Surprisingly, this

The homeobox itself codes for a sequence specific DNA transcriptional repression activity is independent of Msx
binding domain distantly related to prokaryotic helix-turn- DNA binding sites. Instead, repression activity appears to
helix domains. It consists of three helices that form a core pe transduced via proteitprotein interactions with basal
structure and an N-terminal arm that extends outward from machinery factors and with other homeodomain proteins. In
this core. Several homeodomain structures have been solvedact Msx-1 binds tightly and specifically to the TATA
both by NMR and by X-ray diffraction and most of these binding protein (TBP) while Msx-2 interacts specifically with
structures are in complex with DNAL6—36). The overall TFIF (42, 44). Mutations that abrogate these interactions
fold of the homeodomain is very similar in these structures, correlate with loss of repression activity and are localized
as is the way in which they interact with the DNA. Though to the N-terminal arm of the homeodomain. Msx-1 also
most homeodomains bind DNA exclusively as monomers, directly interacts with members of three other homeodomain
some also bind as heterodimers, the MATAMAT o2 protein families, DIx (DIx 2 and DIx 5), LIM(Lhx2), and
heterodimer17, 34) and the HoxB*-Pbx-1 heterodimer24) Pax (Pax3) 43, 45, 46). In each case, the interactions are
being examples. Other families of homeodomain proteins localized to the homeodomain and in each case the interaction
contain a second DNA binding domain within their sequence. abrogates DNA binding of both proteins, and neutralizes the
These include thé>OU and Paired classes of homeobox  transcriptional effects of each. It thus appears that these
genes. interactions may lead to functional antagonism in vivo in

The threeMsx genesMsx-1, Msx-2 andMsx-3 form a tissues where there is coexpression of Msx-1 and these other
subfamily of homeobox genes and play essential roles in proteins.

To further understand the details of Msx-1 function, we
t This work was supported by MCB/NIH (Grant 9982536). have determined the three-dimensional structure of the Msx-1
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2F, — FcandF, — F. maps, 153 water molecules were added
and the model refined with CN$8—56). The finalR-factor

Table 1: Data Collection Statistits

mas‘g‘f&?ig%t?;@e @ 14'822 15 stands at 19.8% arf@he. = 26.8% with good stereochemistry
reflections recorded 11219 as determined by PROCHECKY). The R factors were

completeness (last shell)
R () mergé (last shell) 6.2%(29.8)

@ Rmerge = 2illi — OOVY OO where |, is an individual intensity
measurement, andCis the average intensity for this reflection with
summation over all the data.

98.9%(99.8) calculated for data within-82.2 A andF, > 20(F, ). The
rms deviations from ideality for bond lengths and bond angles
are 0.0192 A and 2.174espectively. The averages of the
final B-factors for the HD and the DNA are 32.4 and 42.8

A2 respectively.

homeodomain bound to its cognate DNA site. This structure RESULTS

elucidates the details of Msx-IDNA binding specificity and Structure of the @erall Complex.The overall structure
allows us to make some further conclusions regarding of the Msx-1 HD-DNA complex is very similar to that seen
homeodomair DNA recognition. for all other known high resolution homeodomaBNA
complexes, with the recognition helix of the HD running
across the major groove of the DNA, roughly parallel to the
planes of the bases (Figure 1A). It is this helix which makes
the majority of the protein DNA interactions. Additionally
and analogously, the N-terminal arm of the Msx-1 HD tracks
to homogeneity by nickel-affinity chromatography. The the minor groove of the DNA in an extended conformation
purity of the protein was determined by SBgolyacryl- and also makes several direct interactions with the DNA.
amide gel electrophoresis. Purification of the DNA has been As expected, the Msx-1 homeodomain binds the recognition
described previousiy@). The final DNA concentration was  helix as a monomer. Due to the propensity for homeodomains
approximately 2 mM. The DNA and protein were combined to make what are thought to be spurious pseudo-specific
in a 1.2:1 ratio and final protein concentration was 10 DNA interactions 16, 19—21, 32) resulting in two HD’s

MATERIALS AND METHODS

Crystallization. Purification of the Msx-1 (Hox 7.1)
homeodomain protein has been described previousty. (
Msx-1 was overexpressed scherichia coliand purified

mg/mL.
The Msx-1-DNA complex was crystallized using the

bound to the same DNA in the context of crystallography,
the oligonucleotide used here was carefully designed to

hanging drop vapor diffusion method. Crystals were grown contain only a single binding site that could conceivably be

by mixing equal volumes of the prote#DNA solution and

recognized by the Msx-1 HD. The sequence of the recogni-

a precipitating solution containing 12% PEG 4000 and 0.1 tion element was designed to be optimal for Msx-1 HD
M sodium acetate, pH 4.6. The DNA that yielded the largest binding as determined by selection asséy) @nd is shown
crystals was 5TGTCACTAATTGAAGG-3 and contained  in Figure 1B. The most significant differences between the
an overhang T on each end that promotes stacking of theMsx-1 HD—DNA structure and the structures of most other
complex in the crystal. The crystals grew in 4 weeks to the HD—DNA complexes include an extension by several amino
maximum dimensions of 0.4 0.2 x 0.2 mm. The crystals  acids of the interaction of the N-terminal arm with the minor
were cryoprotected with 30% glycerol in the precipitating groove, and the degree of DNA bending seen in this complex.
agent solution. The Msx-1DNA complex crystallizes inthe  Both of these issues will be elaborated in detail below. The
P2,2,2; space group with unit cell dimensionsaf 33.66, overall model includes 58 of the 60 amino acids that make
b= 60.96,c = 83.37 A with one complex in the asymmetric up the homeodomain, 29 of the 32 bases of DNA and 153
unit (55% solvent). A flash-frozen crystal maintained-dt50 water molecules. Additionally, the side chain atoms of
°C diffracts X-rays to 2.1 A. residues R21, Q22 and R57 are disordered in our model.
Structure Determination and Refinemebata were col- Structure of the Msx-1 Homeodoma#s predicted from
lected on a single crystal at150°C using a MSC Raxis the high degree of sequence homology (Figure 1C), the
imaging plate detector (Molecular Structure Corp., TX). structure of the Msx-1 homeodomain takes the form seen in
CuKa X-rays were produced by a Rigaku RU 200 rotating those HDs whose structures are known. This structural
anode source operating at 5 kW (50 kV x 100 mA). Data homology is maintained due to the dispensation of several
collection parameters are listed in Table 1. The data werehighly conserved hydrophobic residues that make up the
processed with DENZO and scaled with SCALEPAGK)( small hydrophobic core of the domain. Mutation of these
AMoRe was used for the molecular replacement solution of residues severely compromises both the transcriptional
the Msx-1-DNA complex 60). Because of high conserva- repression activity as well as the DNA-binding affinity of
tion among homeodomains in general, many of the known the Msx-1 HD, indicating the importance of these residues
structures were used as search models. A stripped-downfor structural integrity 42). Superposition of all known HD
version of the even-skipped (Eve) homeodomdiiNA structures to the Msx-1 HD results in root-mean-square
complex gave the only interpretable molecular replacement deviations between 0.54 and 0.85 A. The most significant
solution @9). All surface amino acid side chains not structural differences between HDs are seen in the N-terminal
homologous to Msx-1 were mutated to Ala in this search arm conformation. In fact much of this region is disordered
model, and in addition the DNA was truncated to the three in many of the known HD structures. The Msx-1 HD
central base pairs at the binding site. Though this model N-terminal arm on the other hand is unusually well ordered
contains only about one-third of the total asymmetric unit, a with only the first residue of the HD not accounted for in
weak but correct molecular replacement solution was ob- the final model. The Msx-1 HD is additionally stabilized by
tained with a correlation coefficient of 19.3 and Rsfactor three salt bridges, which serve as “electrostatic cross-links”
of 46.5%. The model was built using FROD®BIL(52). Using between each of the three helices (Table 2). The salt bridge,
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A.
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5'-TGTCACTAATTGARAGSEG
CAGTGATTAACTTOCCT-5'
32 31 30 29 28 27 26 25 24 23 22 21 20 19 18 17
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.

Msx-1 NRKPRTPFTTAQLLALERKFRQKQ---YLSIAERAEFSSSLSLTETQVEIWFQNRRAKAKRLO
MATal SPKGKSSISPQARAFLEQVF - - RREKQSLNSKE - KEEVAKKCGITPLQVRVWF INKRMRSK

MATalpha2 KPYRGHRFTKENVRILESWFAKNIENPYLDTKGLENLMENTSLSRIQIKNWVSENRRRRKEKTIT
pbx ARRKRRNFNKQATEILNEYFYSHLSNPYPSEEAKEELAKKCGITVSQVSNWFGNKRIRYRKKNI
hoxbl PEGLRTNFTTRQLTELEKEFHFNEK - - -YLSRARRVEIAATLELNETQVEKIWFQNRRMECKKRE
ubx RRRGROTYTRYQTLELEKEFHTNH - - -YLTRRRRIEMAHALCLTERQIKIWFQNRRMELKKET
exd ARRKRENFSKQASEILNEYFYSHLSNPYPSEEAKEELARKCGITVSQVSNWFGNERIRYKENI
engrailed EKRPRTAFSSEQLARLKREFNENR- - -YLTERRROOLSSELGLNEAQIKIWFQNKRAKIKEST
antennapedia RERGROTYTRYQTLELEKEFHFNR- - -YLTRERRIEIAHALCLTERQIKIWFQNRRMEWEEEN
even-skipped VRRYRTAFTRDQLGRLEKEFYKEN- - - YVSRPRRCELAAQLNLPESTIKVWFQNRRMKDKEQR
paired CRRSRTTFSASQLDELERAFERTQ-- -YPDIYTREELAQRTNLTEARIQVWFQNRRARLEEOH
Majority ARRGRTTFTEQQLLELEKEFHSNR- - - YLSRERREELAKELGLTESQIKIWFONRRMELKKET

Ficure 1: (A) Ribbon ©6) drawing of the Msx-1HD-DNA complex. The protein is shown in blue while the DNA is shown in red and
purple. This view is looking down the recognition helix. (B) Sequence of the 16-bp DNA fragment used to crystallize the complex. The
bases in boldTAAT ) are the core binding site for Msx-1. (C) The sequence of the Msx-1 construct aligned with other homeodomains
found in crystal structures. In the majority sequence every 10th residue is underlined. The Msx-1 residues involved in DNA recognition are
denoted by an asterisk (*), and those involved in HD core stabilization are marked with acarat (

Table 2: Salt Bridges in Msx-1 that recognize the canonigal TAAT sequence. The 147 in
Msx-1 makes a hydrophobic contact to Ade9 and Thy10 but

anion cation distance (A) this contact is seen no matter what residue is there, with
Glu 30 COO Lys 23 NH 2.82 valine and asparagine also occurring at position 47. Figure
Glu 42 COO Arg 31 NH, 4.57

Glu 17 GO0 Arg 52 NH, 369 2 schematically summarizes all of the interactions seen in
the Msx-1 HD-DNA structure.

between E30 and K23 links helix one with helix two; the Residue Q5Residue 50 deserves special mention because
salt bridge between E42 and R31 links helix two with helix it is one of the critical residues involved in discriminative
three; the salt bridge between E17 and R52 links helix three DNA recognition for distinct classes of homeodomains.
with helix one. Similar, though not identical salt bridges are When residue 50 is K, there is a clear preference fer 5
observed in most of the other HD structures, indicating these TAATCC-3' sequences over other sequences such as GG
electrostatic interactions to be important for domain stability. and TA. The structure of the Q50K mutaengrailed

For example, in most HD’s residue 30 is basic and interacts homeodomain bound to a GG containing DNA sequence
with the highly conserved E19 residue, which still represents clearly explains this preference by showing a direct hydrogen

an electrostatic interaction between helix one and two. bond between K50 and the GG of the DNB2J. What is
Proteir—DNA RecognitionMost of the proteirr-DNA more difficult to explain, however, is why Q50 variants

interactions between the HD recognition helix and the DNA disfavor the GG sequence relative to other sequences such

major groove are common among other HDNA com- as TG, which is part of the core binding sequence for the

plexes whose structures are known, especially those HDsMsx-1 homeodomain, or TA, which is the preferred sequence
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a bit different from the engrailed and Msx-1 HDs and
therefore we do not see this exact pattern in the paired
structure 16). The paired HD also has a mutation of the
DNA from TAATCA to TAACGA which encompasses part
of the core sequence. There is a reduction in binding from
this mutation but how much is due to the flanking sequence
is hard to infer 16).

Residue A54In most homeodomains, residue 54 is a
reasonably large hydrophobic residue (I or M) that fills a
cavity that exists between the recognition helix and the
surface of the DNA, often making direct interactions with
the DNA (17, 19, 21, 23, 24). In contrast, the Msx-1,
engrailed and paired homeodomains have alanines at this
position (L6, 20). In Msx-1 andengrailedthe lack of a large
side chain produces an identical ring of ordered water
molecules that surround the residue, some of them making
interactions with the DNA (Figure 3B). These water-
mediated interactions serve to replace the direct hydrophobic
interaction that was lost. The paired HD has four of these
waters but also has an R at position 57, which swings into
this area to fill the gap. In the other two structures with A54,
K57 has a different conformation that does not interfere with
the water ring.

FiIGURE 2: Contacts between the DNA and the protein in the ~ DNA Minor Groave and N-Terminal Arm Interactionfn
complex. The major and minor groove DNA contacts are shown addition to the interface between the HD recognition helix
by squares and circles, respectively. Dotted lines indicate hydrogengnd the DNA major groove, which is reminiscent of bacterial
bonding, and solid lines indicate hydrophobic interactions. helix-turn-helix-DNA interactions, homeodomains have
for the wild-typeengrailedhomeodomain. We believe that additionally an N-terminal arm region lacking secondary
GG sequences are disfavored both by the Msx-1 and structure that snakes across the minor groove, making critical
engrailed homeodomains because of the water-mediated interactions with the DNA. The Msx-1 HD N-terminal arm
interaction between Q50 and DNA. In the Msx-1 homeo- makes three direct interactions with DNA (Figure 3C). T6
domain-DNA complex there is a water-mediated interaction makes a hydrogen bond to the DNA phosphate backbone,
between Q50, Thyll, Gual2, and Wat a (Figure 3A). The which is commonly found in other HD structures containing
26.9 B-factor of Wat a is low compared to the average this residue 19, 20, 24). R5 makes a direct base contact to
B-factors for all of the waters in the structure (43.6), Thy7, which is virtually identical to the interaction seen in
indicating this water to be quite well ordered in our structure. all other HD-DNA structures that have an R at position 5.
The coordination sphere of Wat a interacts with Q50, Thy11, In contrast to most other HBDNA structures, however, the
Gual2, and Wat b serving to completely define its hydrogen N-terminal arm of Msx-1 is well ordered all the way to R2.
bonding pattern. Substitution of either Thyl1l or Gual2 with In fact, R2 forms a tight hydrogen bondingalt bridge

a Cyt nucleotide would cause a hydrogen-bonding clash with interaction with base Thy26, this can also be seen in the
Wat a necessitating some structural reorganization in this paired structurel(®). The averag®-factor of the N-terminal
region. An almost identical duplication of the water-mediated arm residues in Msx-1 is 402Awhich compares well with
interaction seen in the Msx-IDNA complex can be seen  the averag®-factor of the entire protein (32.4% indicating

in the engrailed-DNA complex structure Z0). Binding the N-terminal arm to be well ordered relative to the rest of
studies for both the Msx-1 and engrailed homeodormain the structure. We believe that the structural integrity of the
DNA complexes have shown that the presence of a Cyt Msx-1 N-terminal arm is partially preserved by the presence
nucleotide at either of these positions causes a significantof two unconserved prolines in the sequence. The paired
loss of binding affinity for each of these complex88,(47). structure does not contain these prolines but is involved in
This interaction interface defines most of the Msx-1 base a dimerization interaction with helix 1l and helix Ill of its
specificity flanking the core TAAT sequence. The conclusion second HD.

to be drawn from this is that the fully coordinated Wat a is
thecritical component in the Thy}XGual?2 base specificity
for Msx-1 and other homeodomains which favor this
sequence.

Hydration of the HD-DNA Interface The protein-DNA
interface not only includes protefDNA interactions, but
protein—water and DNA-water interactions as well. Though
the complex buries 1832%f surface area between protein

An example of a structural reorganization in this region and DNA, there is also significant hydration within the

can be seen in the HoxBPbx1-DNA complex structure

interface. It turns out that this hydration is remarkably well

(24). Though a water is present very near to the location of conserved between the homeodom&adNA structures. By
Wat a, the presence of a Cyt nucleotide has forced Q50 tooverlaying all known HB-DNA complex structures and
move completely out of the region. Q50 actually makes looking for conserved waters, i.e., waters in different
interactions with the phosphate backbone in this structure. structures that were no more than 1.5 A away from
The paired HD structure also shows an important water corresponding Msx-1 waters, we observed a remarkable
mediated interaction for Q50 but the DNA in this region is conservation of water structure in these complexes (Table
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Ficure 3: Structure of the proteinDNA interface. (A) Simulated annealing omit map of the @%@ater—DNA interaction, contoured at

1.50. Picture was made with Setd8%). (B) The conserved water ring that surrounds A54 and fills the cavity present between the protein
and the DNA backbone in this region. (C) Stereoview of the trajectory of the N-terminal arm of Msx-1. Hydrogen bonds are represented
by dotted lines in all parts of this figure.

Table 3: Conserved Water Table

res. no. data total
HD/DNA limit  conserved collection no. of
complex A waters condition waters ref
Antennapedia 24 8 roomtemp 3821
MATal/MATo2 2.5 at7,02—10 frozen 58 17,18
even-skipped 20 12 frozen 6819
HoxB1/Pbx1 2.35 hox-10,pbx-13 frozen 6124
Ubx/Exd 2.4 ubx-15,exd-12 frozen 11023
engrailed 22 13 room temp 5320
engrailed mutant 1.9 14 frozen 18332
paired 20 12 frozen 242 16
Msx-1 22 16 frozen 153

3). Table 3 contains those HD complexes that diffract to
better than 2.5 A. Figure 4 depicts the MsxINA structure

with all 16 of the most conserved waters. Note how virtually
all of these waters create a hydration sphieedwveenthe
recognition helix and the major groove of the DNA. A total
of 130 of the possible 180 conserved waters are observed
(72%). A total of 23 of the 50 missing waters are in the
three structires whose water Strucw.re IS least Conserveq:lGURE4Z Conserved water network present in the homeodomain
(MATal, MATalpha2, andAntennapediadiD—DNA com- DNA complexes studied. The waters are shown in gold.

plexes). Of the 130 conserved waters identified in this

analysis, only 16 are more than 1.2 A away from the while three make contacts only to the DNA. The overwhelm-
corresponding waters of the Msx-1 structure and most areing majority of these waters are making similar interactions
within 1 A of anMsx-1 water. Thirteen of the sixteen waters in each of the HB-DNA structures. All of these interactions
make bridging interactions between the protein and DNA and distances are tabulated in the Supporting Information to
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both the Msx-1 HB-DNA complex and for the HoxB1 HD

Base Roll for Msx-1 HD DNA in the HoxBLI-Pbx1-DNA complex, a structure that is
highly homologous to that of the Msx-1 HEDNA complex
(24). The base roll parameter can give an indication of
1 relative bend per base for a DNA sequence, since a DNA
[ bend must be accommodated by some base roll. As shown

in Figure 5, the base roll per residue is very similar for the
& s} e BaseRol() two structures in the core binding region, but the Msx-1 base
| / —+— Triple helix Base Roll ) roll parameters deviate significantly at the end of the
4 | ' sequence where the crystal packing-induced triple helix is
2
0

Base Roll (degrees)

*

‘ - e BORARRe el formed. It is apparently the formation of this triple helix that
. causes the larger bend in the DNA of the Msx-1 -HDNA
mmmmm Efoxzo0 complex.
TS 2I= This triple helix formed when the first two bases of the
Msx-1 DNA Sequence double stranded portion of the DNA melted (Gua2 and
Thy3). One of the resulting single-stranded segments (Ade31
Base Roll for HoxB1 HD DNA and Cyt32) then formed a triple helix interaction with the
end of a neighboring DNA in the crystal, while the other
18 single-stranded segment (Thyl, Gua2, and Thy3) was not
14 seen in the structure and is likely disordered. The result is
that a triple helix is formed between GuaiGyt19 (Cyt32)
and Gual6Cytl8 (Ade3l) with the base in parentheses
—+—Base Roll () being the third base forming the triple helix between the
= Avg. B-DNA base roll(°) Watson and Crick base pairs. In addition, a third triple helix
base step is formed by the interaction of an overhanging
Thy17 with Cyt4-Gua30, which is butted against Gual6
Cyt18 in the crystalline lattice. The complete triple helix is
depicted in Figure 6, panels A and B. There are a few
possible explanations for this phenomenon. Some DNase |
footprinting experiments have shown that there is a propen-
sity for triple helixes to form in GA and GT rich oligonu-
FiGURe 5: Plots of DNA base roll (A) and helical twist (B) as a  cleotides 61) such as ours. The Msx-1 DNA has an AGG
function of DNA sequence. Horizontal dotted or dashed lines sequence in the region where the triple helix forms. Also, in
indicate average values for B-DNA. The sequence of the top strandg|| three steps of triple helix seen in this structure base
only is shown. All parameters were calculated with the program protonation is observed. We believe this protonation to be a
Curves 68). . .
result of the comparatively low pH (pH 4.6 in the crystal-
this paper. It appears that the strong conservation in-HD lization). The protonation values for the nucleotides appear
DNA interactions extends to the sphere of hydration of these to support this theory with thelKas of the ring nitrogens
complexes. Interestingly, no conserved waters are seenbeing around pH 4 62). This low pH served to both
outside the proteinDNA interface. These waters have a low destabilize the double helix and to stabilize the triple helix
averageB-factor of 30 & when compared to the average by base protonation. Figure 6C shows the GuaC§t18
water B-factor in the Msx-E+DNA complex which is (Ade31) triple helix step, a structure not seen previously in
43.6 A, DNA or protein-DNA structures.

Structure of the DNAMost of the DNA-HD complexes The source of the T%end in the region of the triple helix
have a modest bend in the DNA caused by protein binding. is more difficult to explain, since triple helix formation has
In the MATal-MAT a2—DNA heterodimer complex, there  not previously been correlated with DNA bending. Clearly,
is a significant 60 bend in the DNA 17), while in the however, in this unusual case of triple helix formation,
majority, there is a modest bend of about-1B° toward modest DNA bending is a result. There are examples in the
the major groove X7, 19—21, 23, 24, 32). The paired HD literature of a triple helix forming at the ends of double-
complex shows a 21lbend (L6). This bend appears to be stranded DNA with overhang63—65), and these have been
caused by the protein pulling the DNA toward it on the major utilized in designing DNAs for crystallization purposes. The
groove side. This deformation is very common in major triple helix in this case is not a pseudo continuous helix but
groove binding proteins including helix turn helix proteins one that has packed against their opposing strands. So it is
and other DNA binding proteins36, 58—60). The DNA in a rare occurrence in itself but the way that it has formed
the Msx-1 HD-DNA complex, however, exhibits a much makes it even more unusual.

A
CB
T7
AB
A

c4
A5,
C6
T7
AB
2]
0
1
2
3
4
5

Base Roll (degrees)

more severe bend of 28elative to other monomeric HD Msx-1 HD Protein Interactiondn addition to its interac-
DNA complexes. The very close structural homology tion with DNA, the Msx-1 HD makes specific and function-
between the Msx-1 HBDNA complex and other HBDNA ally important interactions with other proteins as well.

complexes indicated that the extra bending was not due toSpecifically, GST pulldown experiments and gel shift
protein—DNA interactions. Further evidence of this can be analyses have shown that Msx-1 binds TBP and the-tBP
gleaned from Figure 5 where the base roll angle is plotted TATA box DNA complex. While residues in the N-terminal
for each sequence in the DNA. The roll angle is shown for arm of the homeodomain are required for this interaction



Msx-1 HD Crystal Structure

C32_A31
A4 G15SGI6 (30729
T20lC19. 18 4

N

TV7

G186

s
=

]

c18

Ficure 6: Structure of the triple helix. (A) Overall triple helix
interaction for the stacking DNA. (B) Triple helix schematic for
the unusual helical interaction of the stacked DNAs. (C) The triple
helix trio of Gual6:Cytl8 and Ade31, a previously unseen
interaction in triple helix combinations.

(42), residues in other parts of the HD had little effect on
this interaction.

Specifically the F8A, R5A, K3A triple mutation com-
pletely abrogated Msx-1 HBTBP interaction. All three of

Biochemistry, Vol. 40, No. 40, 200112019

capable of transcriptional repression, again indicating that
the DNA binding interface is not required for this activity.
The two residues in helix | are part of the conserved
hydrophobic core and when mutated to Alanine probably
cause important changes in the structure of the HD. Our
structure indicates that the structure of the Msx-1 N-terminal
arm is somewhat unique relative to many other HDs and
also indicate it to be comparatively less flexible. It is possible
that this increased structural rigidity is important in defining
a TBP binding interface.

In addition to its interaction with TBP, a member of the
transcriptional basal machinery, Msx-1 appears to make
interactions with several other members of the homeobox
gene family. These interactions appear to play important
regulatory roles in transcription. The HD protein DIx, a
transcriptional activator, is one of these proteins. Hetero-
dimerization between Msx-1 and DIx causes mutual loss of
transcriptional activity43). Mutations both in the N-terminal
arm and in the recognition helix of Msx-1 severely com-
promise this interaction, indicating the interaction to encom-
pass the entire DNA binding surface of the protein. Presum-
ably, a similar interaction surface is used in the interactions
between Msx-1 and other homeodomain proteins such as
Pax3 and Dhx245, 46).

The same mutations studied above for TBP binding were
also studied for DIx binding. The N-terminal arm residues
again proved important as the Msx-DIx interaction was
demolished when residues in this region were mutated. Helix
I and helix Il mutations also reduced dimerization, indicating
that the interaction is at least partially mediated via the
recognition helix. The dimerization of the Msx and DIx
proteins seems to differ from the interaction of Msx-1 with
TBP. Gel retardation assays indicate that Msx and DIx
proteins bind to homeodomain sites as monomers. Dimer-
ization excludes DNA binding, and mutual repression of their
transcriptional activities is the result.

CONCLUSIONS

Comparison of our 2.2 A Msx-1 homeodomaBNA
complex structure with all other homeodomaldNA com-
plexes has illustrated some enlightening aspects of homeo-
domain structure and DNA recognition. Most notably
comparison of ordered water molecules between-IDA
complex structures has identified a well conserved hydration
interface between the recognition helix and major groove.
More insight has been gained concerning how residue Q50
determines HD binding site preferences. The coordination
sphere of Wat a (a very conserved water) dictates the
interaction of Q50 with the DNA flanking sequence. Muta-
tions of this flanking sequence led to a significant loss in

these residues reside in the N-terminal arm. In contrast, bothbinding affinity of the complex, mainly due to the disruption

the double mutant, L16A, F20A, and the triple mutant I147A,
E50A, N51A, bind TBP with near wild-type affinity. While

L16 and F20 lie in helix I, 147, E50, and N51 are all located
in the DNA binding interface of helix Ill. All of these

mutants have lost measurable DNA binding affinity, indicat-
ing that the interaction with TBP is independent of the
protein’s DNA binding interface. Both the helix | mutants
and the N-terminal arm mutants were inactive toward
transcriptional repression in the context of the full-length
protein. Mutants in helix Ill, on the other hand, were still

of the critical water coordination sphere of Wat a. Our
structure has reaffirmed the importance of water-mediated
interactions for HB-DNA binding.

There are also important differences between our structure
and those of other structures. The N-terminal arm of Msx-1
is unusually well ordered, exhibiting clear electron density
to the second residue. We believe that two proline residues
not usually seen in HD N-terminal arms stabilize the
structure. A combination of HBDNA interactions and the
formation of an unusual triple helix packing interaction leads
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to a significant, 28 bend in the DNA, which is significantly
larger than that seen in other monomeric-HDNA complex
structures. Though an artifact of crystal-packing interactions,

the

triple helix formed between stacked DNA helices

provides an interesting example of triple helix structure. It

contains an unusual GC (A) step not previously seen in triple

helices and leads to a significant DNA bend not typically
seen in triple helix structures.

SUPPORTING INFORMATION AVAILABLE

Tables of the interactions and distances of water. This
material is available free of charge via the Internet at
http://pubs.acs.org.
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