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The importance in downstream target regulation of tertiary struc-
ture and DNA binding specificity of the protein encoded by the
vnd/NK-2 homeobox gene is analyzed. The ectopic expression
patterns of WT and four mutant vnd/NK-2 genes are analyzed
together with expression of two downstream target genes, ind
and msh, which are down-regulated by vnd/NK-2. Three mutants
are deletions of conserved regions (i.e., tinman motif, acidic motif,
and NK-2 box), and the fourth, Y54M vnd/NK-2, corresponds to a
single amino acid residue replacement in the homeodomain. Of the
four ectopically expressed mutant genes examined, only the Y54M
mutation inactivates the ability of the vnd/NK-2 homeodomain
protein to repress ind and msh. The acidic motif deletion mutant
slightly reduced the ability of the protein to repress ind and msh.
By contrast, both tinman and NK-2 box deletion mutants behaved
as functional vnd/NK-2 genes in their ability to repress ind and
msh. The NMR-determined tertiary structures of the Y54M vnd/
NK-2 homeodomain, both free and bound to DNA, are compared
with the WT analog. The only structural difference observed for the
mutant homeodomain is in the complex with DNA and involved
closer interaction of the methionine-54 with A2, rather than with
C3 of the (—) strand of the DNA. This subtle change in the
homeodomain—-DNA complex resulted in modifications of binding
affinities to DNA. These changes resulting from a single amino acid
residue replacement constitute the molecular basis for the pheno-
typic alterations observed on ectopic expression of the Y54M
vnd/NK-2 gene during embryogenesis.

Drosophila | neurobiology | protein—-DNA binding | nuclear magnetic
resonance

H omeobox-containing genes are of widespread interest be-
cause they encode transcription factors that regulate cell
identity decisions in all eukaryotic species (1-3). Furthermore,
mutations in these genes have been identified with various
congenital anomalies and altered embryonic development or
lethality in many species. The proteins encoded by these genes
always contain a highly conserved 60-aa domain (i.e., the
homeodomain) encoded by the 180-bp homeobox. In addition,
other amino acid sequences conserved during evolution are also
present in many homeodomain-containing proteins. Although it
is now well established that some amino acid residues in specific
positions are critical to function, the roles of these various
conserved motifs are not fully understood, nor is the tertiary
structural basis of their specificity of action well characterized.
The homeodomain contains a helix—turn—helix motif and binds
to specific DNA sequences. Proper regulation of transcription
depends on this homeodomain—-DNA interaction as well as on
other protein—protein interactions, such as ones involving nu-
clear protein kinases and Groucho proteins (4). The specificity
and strength of the homeodomain—-DNA interaction are deter-
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mined, at least in part, by particular amino acid residues found
in selected positions in both the DNA-recognition helix and in
the N-terminal arm of the homeodomain. Determination of the
functional role of these conserved amino acid sequences and
characterization of the structural behavior of critical amino
acid residues that leads to functional specificity are fundamen-
tal to understanding how homeodomain proteins regulate
transcription.

Among the homeobox genes, members of the NK family are of
particular interest because they are expressed in neuroectoder-
mal cells (5) and are associated with the development of vital
organs (6, 7) such as the heart, lung, prostate, or thyroid, or with
the formation of part of the CNS (8). Within the NK family of
homeobox genes, the NK-2 class, whose founding member is
vnd /NK-2 from Drosophila melanogaster (8—10), is defined by the
presence of tyrosine in position 54 of the homeodomain (11, 12).
This tyrosine is the major determinant of the nucleotide-binding
specificity (13, 14) to a sequence of DNA that contains 5'-
CAAGTG-3'" as its core (15-18) through direct interaction
between the side chain of Y54 and the cytosine that comple-
ments the guanine (in bold) of the consensus DNA (14). This
core DNA sequence is recognized by all members of the
Nirenberg and Kim (NK)-2 class of homeodomains (15-18). The
vnd/NK-2 promoter has been identified and contains several
copies of this consensus sequence (19).

NK-2 class homeodomain proteins contain an evolutionarily
conserved EH1, or tinman motif, on the N-terminal side of the
homeodomain, as well as an NK-2-specific domain (NK-2 SD) on
the C-terminal side of the homeodomain (20). The NK-2 SD is
separated from the C terminus of the homeodomain by a short
linker of 8-31 amino acid residues. In addition, an acidic domain
on the N-terminal side of and near the homeodomain has been
conserved during evolution in some, but not all, members of the
NK-2 class of homeodomain proteins. The roles of these con-
served amino acid residue segments are not fully understood,
although the NK-2 SD has been shown to be an intramolecular
inhibitor of a transcriptional activator domain (20).

Many homeobox genes in the NK-2 class are essential for
proper development during embryogenesis (6-8, 21-23) for
many species, including humans. The vnd/NK-2 gene of Dro-
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sophila is expressed in ventral neuroectodermal cells and then in
ventral neuroblasts whose progeny give rise to part of the ventral
nerve cord (8, 24). Neural pathways of development are initiated
independently in three anterior to posterior stripes of neuroec-
todermal cells on each side of the embryo. The ventral nervous
system defective (vnd)/NK-2 pattern initiates neural develop-
ment in the ventromedial neuroectoderm (25), and the inter-
mediate neuroblast defective (ind) homeodomain protein ini-
tiates neural development in the intermediate column of
neuroectoderm (26-28). The mechanism of initiating neural
development in the lateral neuroectoderm is unknown; however,
muscle segment homeodomain (msh) is expressed in the lateral
column of neuroectoderm (24, 26) and is required for the
specification of some lateral neuroblasts. The vnd/NK-2 ho-
meobox gene has been shown to mediate repression of the ind
(25, 26) and msh (25, 27-29) homeobox genes. Gel shift and
footprinting results indicate that the viad/NK-2 protein represses
ind through binding to regulatory sites that contain the nucle-
otide sequence 5'-CAAGTG-3' (26). Important questions relate
to the role of the entire vad/NK-2 protein, including the other
conserved segments, in addition to that of the homeodomain, in
regulation of ind and msh. Our approach to this question
involved deletions of each of the three conserved parts of the
gene as well as alteration of the individual codon in the
homeobox to replace tyrosine-54 by methionine in the home-
odomain. The ectopic expression of the WT and four mutant
vnd/NK-2 genes in Drosophila embryos was examined together
with the effects on ind and msh expression. The alteration of a
single amino acid residue in the homeodomain was designed to
permit us to correlate functional changes with structural alter-
ations in a region of the protein that is critical for sequence-
specific binding to DNA.

Materials and Methods

DNA Constructs and Transgenic Flies. The WT and mutant vad/
NK-2 genes were expressed ectopically throughout the embryo to
examine the effect of the modifications on embryogenesis. The
upstream activating sequence (UAS)-Gal4 system was used to
overexpress these genes (30, 31). The UAS-vnd/NK-2"T con-
struct was made by subcloning vind/NK-2 cDNA into the EcoRI
site of pUAST (30). To generate the UAS-vnd/NK-2 variants,
the vnd /NK-2 cDNA was subcloned into the EcoRI site of a
modified pBluescript (Stratagene) that had the cloning sites
Hpal, Notl, EcoR1, and Sfil replaced. Alterations of the vnd/
NK-2 ¢cDNA were performed by PCR mutagenesis. The PCR
primers used to make the various vand/NK-2X constructs were as
follows: a, GCCCTGCCATTGGGCGATAGTTCCAAA-
CTGGGA; b, GCCACCCATCCGCATCACCCCAGTGC-
CCTGCCATTGGGCGATAGT; ¢, CATCCTGGTCTACTG-
CACGGCCATGCCACCCATCCGCATCACCCC; d, CAC-
TAGTATTGATTTTTATTTAGAAGG; e, CTGCGAG-
AACCAACGCTCTGGCTCTGAGCTGAAGAATGCAGCA;
f, GAAGATCTTCACCTGGGTCGGCGTCAGGCGGA; g,
CTCCATCGATCCTCTGGTAATGGAAGTGCC; h, CACT-
GCCGTGACCACTGCCTGCTCCGTTGATCCCCT; i, TTG-
CATCCCCGCCGCCACTGCCGTGACCACTGCCTG; j,
CGTCGGATCCATTTGCATCCCCGCCGCCACTGC; k,
GAAGATCTGGTTTCAAAACCATCGCATGAAGAC-
GAAGCGGGCGCAAAACGAGAA; and 1, CACTAGTATT-
GATTTTTATTTAGAAGG.

UAS-vnd/NK-2Y5*™ Construct. PCR was carried out with primers k/1
to make a point mutation from TAC (the codon for Y54) to ATG
(the codon for M54) at base pairs 2145-2147. The PCR product
then was inserted into the Bg/l/Spel-digested vad/NK-2 cDNA.

UAS-vnd/NK-222<dic Construct. A BamHI/BamHI fragment was
replaced with a PCR product at the same location, but with one
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that lacks the acidic motif that corresponds to base pairs
1876-1935. The first round of PCR generated a DNA fragment
that corresponds to base pairs 1740-1944 with the acidic box
deletion. The second and third rounds of PCR were performed
to extend this DNA fragment in the 3’ direction to the second
BamHI site (base pair 1962). The combinations of primers are
g/h, g/l, and g/j.

UAS-vnd/NK-2Atinman Construct. a BSTx1/BGIII fragment was re-
placed with a PCR product lacking the finman motif that also
corresponds to base pairs 949-981 (primers e/f).

UAS-vnd/NK-22NK-2 box Construct. An Accl/Spel fragment of the
vnd/NK-2 cDNA was replaced by a PCR product corresponding
to the same region of the cDNA, but lacking the NK-2 box (base
pairs 2244-2294). To make this deletion fragment, three rounds
of PCR were performed. The first round PCR (primers a/d) was
designed to generate a 223- to 2838-bp fragment with the NK-2
box deletion. To extend this DNA fragment to the 5’ direction
by the Accl site (base pair 2195), the second (primers b/d) and
third round (primers c¢/d) of PCR were carried out. The final
PCR product then was digested with Accl/Spel and inserted into
the vnd /NK-2 cDNA.

After modification, each of the vnd/NK-2 cDNAs was sub-
cloned into the EcoRI site of pUAST. DNA (1 ug/pl) was
injected into the Drosophila embryos of A2-3 Sb/Ser flies to
generate the transgenic fly lines. Most P-element insertions were
mapped to a specific chromosome.

Crosses. Each of the UAS-vnd/NK-2X variants was crossed with
the Kruppel (Kr) Gal4 driver lineKr-Gal4/TM3 Sb, which ex-
presses the Gal4 transcription activator protein in a Kruppel
expression pattern (32). The crosses were as follows: UAS-vnd/
NK-2X/UAS-vnd /NK-2X X Kr(DNA regulatory region) Gal4/TM3
Sb. Thus, 50% of the embryo progeny contained the genotype
UAS-vnd /NK-2/Kr(DNA regulatory region)Gal4 and ectopically
expressed WT or mutant vind/NK-2. The remaining 50% of the
embryo progeny contained the genotype UAS-vnd /NK-2X/TM3
Sb and did not express ectopic vad/NK-2. Embryos were col-
lected and incubated to allow development to proceed to stage
5, 8, or 10. The embryos were then fixed and subjected to in situ
hybridization (described below) with vnd/NK-2, ind, or msh
probes.

In Situ Hybridization. A 1.6-kb BamHI/EcoR1vnd/NK-2 fragment
was subcloned into pBluescript to make the vind/NK-2 antisense
probe catalyzed by RNA polymerase (27). A PCR fragment
(primers m/n) that corresponds base pairs 467-958 of the ind
cDNA was cloned into pBluescript. The ind antisense RNA
probe was then synthesized by using T7 RNA polymerase. A
PCR product (primers o/p) that corresponds to base pairs
1470-1871 was cloned into the pCR4-TOPO (Invitrogen) to
make the msh antisense probe by using T7 RNA polymerase.

The PCR primers used to make the antisense probes were as
follows: m, ATAAGAATGCGGCCGCTCTACGGATCTC-
CAGTTGTGGGCGG; n, AAAACTGCAGACGCCTCAAC-
CTTCAATTCGTGGAC; o, AAGTGCAACCTGCGGAAG-
CACAAGCCCAAC; and p, AGGATGAAGATGATCG-
TGGGCACTGTGGCC.

In situ hybridization experiments were carried out according
to the 96-well In Situ Hybridization Protocol [Berkeley Drosoph-
ila Genome Project (BDGP); www.fruitfly.org] with a minor
modification: 1.5-ml tubes were used for each reaction instead of
the 96-well plates.

NMR Spectroscopy. The protocols used to acquire the NMR data

were described (14). The uniformly '*C/!>N doubly labeled and
5N singly labeled Y54M mutant vnd/NK-2 homeodomain pro-
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Table 1. Transgenic lines and P-element locations

Transformants
Construct P-element location No.
UAS-vnd/NK-2WT 2nd chromosome 3
Unknown 1
UAS-vnd/NK-2ANK-2 box 2nd chromosome 3
UAS-vnd/NK-24atinman 2nd chromosome 2
UAS-vnd/NK-24acidic 2nd chromosome 1
Unknown 2
UAS-vnd/NK-2Y54M 2nd chromosome 2
X chromosome 1
Unknown 1

teins were expressed from the pET15b vector in Escherichia coli
grown in Bioexpress (Cambridge Isotopes Laboratories, Cam-
bridge, MA) medium and purified as described (33). All NMR
spectra were obtained on a Bruker Instruments (Billerica, MA)
Avance 600 or an Avance 800 NMR spectrometer at 35°C. Both
heteronuclear single quantum coherence (HSQC) and NOESY-
HSQC experiments were obtained on the Y54M mutant and the
spectra were compared with the spectra of the WT vnd/NK-2
homeodomain-DNA complex obtained (14). In addition, a 3D
13C-edited NOESY-HMOQC experiment on the doubly labeled
complex in 2H,O was performed to examine short distances
between the M54 side chain and the DNA. A typical mixing time,
Tmix, fOT the NOESY experiments was 100 ms (14).

Electrophoretic Mobility-Shift Assays (EMSAs). Complementary oli-
gonucleotides that contain the vnd/NK-2 DNA consensus bind-
ing sequence were used as described (33). Apparent Ky values
were obtained by quantitating the intensities of the EMSA bands
and plotting the percentage of the total DNA that is bound to
protein against the concentration of protein.

Mutant Selection. To study vnd/NK-2-mediated repression of the
ind or msh genes, 16 lines of transgenic flies (Table 1) were
generated that ectopically express WT or mutant vnd/NK-2
proteins. An EcoR1vnd/NK-2 cDNA fragment that encodes the
full-length WT vnd/NK-2 homeodomain protein was inserted in
the polylinker of the P-element [PP (UAST)] with a 5’-flanking
hsp70 promoter and five binding sites for Gal-4 protein (five
UASSs) to make UAS-vnd /NK-2"T. In addition, P-elements with
four mutant vnd/NK-2 cDNA constructs were prepared (27).
One construct, the UAS-vnd /NK-22NK-2 box 15cks the NK-2 box;
i.e., the region of the vnd/NK-2 cDNA that encodes the NK-2
SD. The NK-2 SD is a 17-aa sequence that has been conserved
during evolution and is separated from the C terminus of the
homeodomain by a short linker. Another construct was the
UAS-vnd /NK-24tmman \which contains a deletion of vnd/NK-2
cDNA that encodes the EF1 or tinman motif, another amino acid
sequence that has been conserved during evolution. A third
construct was UAS-vnd /NK-2%e¢ic which lacks the region of the
gene that encodes an acidic domain found on the N-terminal side
of the homeodomain. The fourth construct was UAS-vnd /NK-
2Y5#M in which the codon for tyrosine-54 of the homeodomain,
TAC, was replaced by the codon for methionine, ATG.

Results and Discussion

Transgenic Lines. A total of 16 transgenic lines of flies were
obtained from injection into Drosophila embryos of each of the
five P-element constructs. As shown in Table 1, between two and
four transgenic lines fly lines were obtained for each P-element
construct. We were able to identify the chromosomal location for
most of these P-element constructs (Table 1).
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WT Y54M AACIDIC  ATINMAN ANK-2 BOX
vnd/
NK-2
ind
Fig. 1. (Upper) Patterns of the ectopically expressed WT and mutant UAS-

vnd/NK-2 genes at stage 5 of embryonic development. Embryos were stained
by using a vnd/NK-2 or ind RNA probe as described in Materials and Methods.
(Lower) The expression pattern at stage 5 of embryonic development of the
ind gene in the presence of the ectopically expressed WT or mutant vnd/NK-2
genes.

Ectopic vnd Expression. Ectopic expression of vnd/NK-2 mRNA
was observed first at stage 5 as a broad band of mRNA in the
middle of and encircling the embryo. At stage 8, the ectopic
vnd /NK-2 mRNA band was found in the posterior ventral half
of the embryo, and at stage 10, ectopic vad/NK-2 mRNA was
found in the posterior ventral quarter of the embryo. At stage 11,
the broad areas of ectopically expressed vnd/NK-2 mRNA
disappeared, and ectopic expression was found in minor popu-
lations of cells in various tissues. Fig. 1 shows the ectopic
expression for the WT and mutant vnd/NK-2 genes in the
Kruppel pattern (row 1) together with expression of ind at stage
5 of embryonic development (row 2). In the first row of Fig. 2,

(Endogenous)
WT WT

vnd/ ‘
NK-2
]

¥ .15 al ala

ECTOPIC
AACIDIC ATINMAN A NK-2 BOX

Y54M

Fig. 2.  (Upper) Patterns of the endogenous and ectopically expressed WT
and mutant UAS-vnd/NK-2 genes at stage 10 (or early stage 11) of embryonic
development. Embryos were stained by using a vnd/NK-2 or ind mRNA probe
as described in Materials and Methods. (Lower) The expression patterns of the
ind genes in the presence of the endogenous WT (first column) or of the
endogenous WT and ectopically expressed WT or mutant (second through
sixth columns) vnd/NK-2 genes. Brackets indicate area of WT vnd/NK-2 ex-
pression and down-regulation of ind.
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Fig. 3. Patterns of the expression of the msh gene in the presence of the
ectopically expressed WT and mutant UAS-vnd/NK-2X genes at stage 10 (or
early stage 11) of embryonic development. Embryos were stained by using a
vnd/NK-2 or ind RNA probe as described in Materials and Methods.

the endogenous expression for the WT vnd /NK-2 gene together
with the ectopic expression patterns for the UAS-vnd /NK-2"T
and vnd/NK-2 mutants, UAS-vnd/NK-2Y>*M, UAS-vnd/NK-
DAacidic JAS-ynd /NK-22mman  and UAS-vad /NK-2ANK-2 box are
shown. The corresponding patterns for ind at stage 10 (or early
stage 11) of embryonic development are shown in row 2 of Fig.
2. Fig. 3 shows msh expression patterns at stage 10 (or early stage
11) of embryonic development. The bracket is placed to indicate
the region of high ectopic expression of the WT vnd/NK-2
mRNA (Fig. 2 Upper) and the repression of ind (Fig. 2 Lower).

For two of the mutant lines, UAS-vnd /NK-2%4man and UAS-
vnd /NK-24NK-2 box ¢ significant difference in the ectopic ex-
pression level of vnd/NK-2 relative to that of the WT UAS-
vnd /NK-2"T transgene was seen at stages 5 or 10. Reductions in
UAS-vnd /NK-2V*" and UAS-vnd/NK-224ic mRNA expres-
sion levels were seen in stage 5 (Fig. 1), stage 8 (data not shown),
and stage 10 embryos (Figs. 2 and 3), with the greatest reduction
being observed for the construct that codes for the single Y54M
amino acid residue replacement in the vnd/NK-2 homeodomain,
UAS-vnd /NK-2Y3*M_ This latter reduction in mRNA expression
appears to take place where some neuroectodermal cells showed
no mRNA expression, whereas other cells appeared to show
relatively high levels of mRNA expression. The inability of the
mutant protein encoded by UAS-vnd /NK-2Y>*M to bind with the
proper affinity to 5'-CAAGTG-3’ vnd/NK-2 binding sites is
likely the origin of the observed overall lower mRNA expression.
The vnd/nK-2 protein, directly or indirectly, is a feedback
activator of the vnd/NK-2 gene expression (19, 27). In the case
of UAS-vnd /NK-24%¢idic_the proximity of the negatively charged
encoded protein to the homeodomain might decrease the affin-
ity to the (negatively charged) DNA over that when the acidic
domain is absent. For both the Y54M and Aacidic mutants, the
most likely explanation for the reduction in mutant vad/NK-2
mRNA is that these mutant proteins are less active autoregula-
tors than the corresponding WT vnd/NK-2 proteins. Ectopic
expression of WT or mutant vind/NK-2 protein in all transgenic
fly lines resulted in lethality.

ind Expression. In previous studies, the vnd/NK-2 protein was
shown to mediate repression of the ind gene (27). WT ind
expression initiates at stage 5 and persists until the germ-band
shortening stage (stage 11). In the neuroectoderm (stage 7), the
expression of ind mRNA is characterized by a stripe on each side
of the embryo and along the anterior/posterior axis, adjacent
and lateral to the stripes of vnd/NK-2 mRNA. Ectopic expres-
sion of vnd/NK-2 mRNA from the WT UAS-vnd/NK-2"T
transgene greatly reduced ind expression in the posterior part of
stage 5, stage 8 (data not shown), and stage 10 embryos (Figs.
1 and 2). Expression of mutant vnd/NK-2 mRNA lacking the
acidic region from the UAS-vnd/NK-224¢idi¢ transgene was less
effective in down-regulating the ind gene than the expression of
the WT UAS-vnd/NK-2"T transgene (Fig. 2). Ectopic expres-
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sion of the mutant UAS-vnd/NK-2¥>*M transgene, which has the
homeodomain tyrosine-54 residue replaced by methionine,
showed little or no activity as a repressor of the ind gene
expression. However, expression of two of the deletion mutant
vnd/NK-2 lines from the UAS-vnd/NK-2%man or UAS-vad/
NK-2ANK-2box were as effective in down-regulating the ind gene as
ectopic expression of WT vnd /NK-2 from the UAS-vnd /NK-2"T
transgene. Similar results were obtained with three distinct
UAS-vnd /NK-2Y*M transgenic fly lines and with two distinct
UAS-vnd/NK-244idic fly lines. Analogous results with all four
mutant transgenes were likewise observed with embryos at other
stages of development (data not shown).

msh Expression. vind/NK-2 also has been shown to down-regulate
the msh homeobox gene (26, 31). msh is expressed initially in the
lateral neuroectoderm at stage 6 as two anterior-posterior stripes
of cells adjacent and lateral to the cells that express ind. The
stripes of cells that express msh change to segmentally repeated
clusters of cells that express msh at late stage 8 and, soon
afterward, multiple clusters that express msh appear in each
hemisegment (26, 34). Similar to the expression of ind, repres-
sion of msh was not found in the presence of the ectopically
expressed UAS-vnd/NK-2Y>*" mutant transgene (Fig. 3). The
ectopic expression of WT vnd /NK-2 from the UAS-vnd /NK-2"T
transgene results in repression of the msh gene in the posterior-
ventrolateral portion of the embryo. Ectopic expression of
mutant vad/NK-2 mRNA lacking the acidic domain from the
UAS-vnd /NK-2%¢ictransgene was less effective in down-
regulating the msh gene relative to that of the WT vnd/NK-2
transgene.

Structures of the WT and Mutant Y54M Homeodomain-DNA Com-
plexes. The inability of the Y54M vnd/NK-2 protein to repress
expression of ind and msh suggests a critical role for the
homeodomain-DNA interaction. This role may involve both
specificity and affinity. To address this suggestion and to com-
pare the conformations of the tyrosine and methionine side
chains in position 54 of the vad/NK-2 homeodomain both in the
free state and bound to a 16-bp segment of DNA, structural
studies were carried out by NMR spectroscopy. These studies
were performed on an 80-aa protein that encompasses the Y54M
vnd/NK-2 homeodomain (33). NMR was the technique of
choice, because the homeodomain does not crystallize in the
absence of DNA. NMR spectroscopy was used previously to
generate the coordinates of the WT vnd/NK-2 homeodomain in
both the free (35) and the DNA-bound states (14). The tertiary
structure of the Y54M vnd/NK-2 homeodomain in the absence
of DNA, as evidenced by the HSQC spectra (12, 35), is un-
changed over that of the WT analog. Furthermore, this replace-
ment of tyrosine-54 with methionine does not result in any
measurable alteration in secondary structure or thermal stability
of the free homeodomain in solution. Helix III of the home-
odomain, the DNA recognition helix, is 11 residues in length and
goes from P42 through H52 in the absence of DNA, as seen for
the WT homeodomain. For the Y54M mutant homeodomain
bound to DNA, complete assignment of the proton N, and 3C
resonances showed no discernable differences between the WT
and mutant homeodomains except around position 54. The
implication of this result is that the global fold of the Y54M
mutant homeodomain is identical to that of its WT analog. Two
heteronuclear 3D NOESY experiments showed that the indi-
vidual atom—-atom distances between the mutant homeodomain
and the 16-bp DNA fragment are essentially the same as those
determined for the WT homeodomain (14, 33), except for local
differences associated with the Y54 and M54 side chains. As in
the case of the WT vnd/NK-2 homeodomain, the third helix of
the Y54M mutant is inserted into the major groove of the DNA
and makes the majority of specific intermolecular contacts (i.e.,
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Fig. 4.

Superimposed 3D structures of the WT and Y54M mutant vnd/NK-2
homeodomain-DNA complexes, where the region around helix Ill (green)
and the DNA recognition helix are shown. The DNA bases (orange) indicate
that both tyrosine-54 (yellow) and methionine-54 (red) are in close proximity
(<6 A). The base in yellow indicates that only tyrosine-54 (yellow) is in close
proximity (<6 A). The coding strand that contains the 5'-CAAGTG-3’ consensus
sequence of the DNA is white and the noncoding strand is pink.

has short atom-atom distances) with the DNA bases. A super-
position of the structures of the two homeodomains that shows
the orientations of the WT Y54 and mutant M54 side chain in
the DNA major groove is shown in Fig. 4. A notable feature of
this superposition is the similarity of the conformations of the
M54 side chain and the Y54 side chain including part of the
tyrosine ring. The only apparent qualitative difference between
the WT and M54 homeodomains is in the set of atom-atom
interactions the tyrosine and methionine side chains experi-
ence with the DNA. The longer tyrosine side chain shows
additional atom-atom interactions with the DNA, including
those with the thymine that complements the adenine (bold) of
5'-CAAGTG-3'".

Homeodomain-DNA Binding. The NMR studies have demonstrated
that position 54 makes important contacts with the DNA, and
these contacts have been shown to be critical to recognition of
the unusual sequence of DNA (13, 33). Replacement of the
tyrosine with methionine alters the strengths of the interactions
with the various neighboring DNA bases. Whereas the structural
studies show the importance of Y54 in sequence-specific DNA
binding, the transgenic experiments demonstrate that this inter-
action of Y54 with the DNA is critical for proper function.

To quantify the interaction of the WT and Y54M vnd/NK-2
homeodomains with DNA, the binding affinities to selected
18-bp segments of DNA that contain the consensus sequence
(Table 2) were determined. Because the structural studies
showed that the side chain of residue 54 interacts with two
variable positions, 4 and 5, of the DNA consensus sequence (i.c.,
5'-CAAGTG-3’, where positions 4 and 5 are shown in bold), only
these two bases were modified in this study to resemble the
binding site (A18 and 5 in Table 2) for Antennapedia and ftz,
which contain methionine in position 54 of their homeodomains
(22). The apparent Ky values were determined from EMSAs.
Although the apparent Ky values differ somewhat from those
previously obtained (12, 18, 33), probably because of slightly
different experimental conditions, the results (Table 2) show
that the Y54M replacement reduces the affinity for the NK-2
binding site (18NK-2 no. 1) by ~10-fold. Replacement of the G
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Table 2. EMSA for binding of the WT and Y54M vnd/NK-2
homeodomain to a set of 18-bp DNA oligomers

Kq, NM* Ky, relative
No. Sequence WT Y54M WT Y54M
1 TGTGTCAAGTGCCTGTAG 13 135 1.0 10.3
3 - T—------- 136 160 10.4 12.2
4 - G------- 138 130 10.6 10.0
6  -------- G------- 211 122 16.1 9.3
A18 CTCTAATGCCTTTTTCTC 313 260 23.9 19.9
5 R O 284 301 21.7 22.9

The core sequence is bold. The underlined area indicates DNA bases whose
complementson the (—) strand are close to Y54 or M54, respectively, of the WT
or mutant vnd/NK-2 homeodomain. Hyphens indicate identity with the se-
quence above.

*The measured affinities are apparent K4 values only.

in position 4 by T (18NK-2 no. 3 and 18NK-2 no. 6) likewise
reduces the K4 by ~10-fold. The double replacement in the DNA
of GT by TG (18NK-2 no. 6) suggests that there is a slight
preference of the Y54M vnd/NK-2 homeodomain for DNA that
contains G in position 5 rather than T (18NK-2 no. 4 and 18NK-2
no. 6). This alteration in specificity of the Y54M vnd/NK-2
homeodomain might be understandable, because the methio-
nine side chain in position 54 is in close spatial proximity to the
base in position 5 (i.e., 5’CAAGTG-3) of the DNA that com-
plements the T (in bold), although admittedly it is difficult to
quantify these interactions solely from the structural informa-
tion. The structural alterations seen for the Y54M change in
vnd/NK-2 are only local in nature involving residue 54 side-chain
orientations, and the changes in DNA-binding specificity are
subtler than those seen in an analogous assay on ftz-DNA
binding (36, 37).

One might suspect that the apparent inability of the Y54M
mutant vid/NK-2 protein to repress the ind and msh genes may
be because of the decreased level of UAS-vnd /NK-2Y*M mRNA
compared with the WT or other mutant vnd/NK-2 mRNA levels
(18, 25) seen at stage 10 (Fig. 1). However, at stage 5, the mRNA
level of the UAS-vnd/NK-2Y3*M appears comparable to that of
UAS-vnd /NK-2"T. Thus, at least at stage 5, the inability of the
Y54M mutant protein to repress ind and msh is not because of
a lower expression level.

The combined transgenic, structural, and binding data pre-
sented here demonstrate that the ability of vnd/NK-2 to repress
the two downstream target genes, msh and ind, depends on a
local very specific interaction between the homeodomain and its
cognate DNA. The presence of tyrosine-54 results in the correct
interaction required for autoregulation of vnd/NK-2, directly or
indirectly, as well as for down-regulation of both ind and msh by
the vind/NK-2 homeoprotein. Having the structure of the vnd/
NK-2-DNA complex was necessary to the interpretation of these
transgenic results. Although the structural studies do not directly
yield binding affinities, and because they have shown that the
only change in the Y54M mutant homeodomain is in the
side-chain interaction with the DNA, the inability of the mutant
homeoprotein to function most likely results from the alteration
in the affinity for the DNA. This reduction in the homeodomain—
DNA binding affinity appears to result in complete elimination
of the ability of the vnd/NK-2 gene to regulate its downstream
targets. The results from such a diverse set of transgenic and
biophysical experiments demonstrate not only the utility of the
approach but also that control in embryonic development can be
exquisitely sensitive to very small molecular alterations. The
results described here demonstrate, through tertiary structural
studies, the sensitivity of individual amino acid residue replace-
ments in the alteration of the transcriptional regulation of
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downstream targets. A mutation of tyrosine-54 to cysteine in a
highly sequentially and structurally homologous homeodomain,
CSX or NKX-2.5, has been suggested to be an origin of atrial
septum defect in the human heart (21). The heart alterations
seen for this Y54C replacement were as pronounced as those
observed where a stop codon occurred before the homeobox
(21). The results described above indicate an analogous alter-
ation in DNA-binding affinity because of the presence of
cysteine-54 in CSX/NKX-2.5 together with no other structural
modification. In addition, the results described in this study show
a relation between structural and functional modularity. In cases
where single residue mutations are related to genetic disease,
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