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ABSTRACT. The interactions responsible for the nucleotide sequence-specific binding of the vnd/NK-2
homeodomain oDrosophila melanogasteio its consensus DNA binding site have been identified. A
three-dimensional structure of the vnd/NK-2 homeodom&iNA complex is presented, with emphasis

on the structure of regions of observed protedNA contacts. This structure is based on protddNA
distance restraints derived from NMR data, along with homology modeling, solvated molecular dynamics,
and results from methylation and ethylation interference experiments. Helix Il of the homeodomain
binds in the major groove of the DNA and the N-terminal arm binds in the minor groove, in analogy with
other homeodomainDNA complexes whose structures have been reported. The vnd/NK-2 homeodomain
recognizes the unusual DNA consensus sequeRCABGTG-3. The roles in sequence specificity and
strength of binding of individual amino acid residues that make contact with the DNA are described. We
show, based primarily on the observed protddNA contacts, that the interaction of Y54 with the DNA

is the major determinant of this uncommon nucleotide binding specificity in the vnd/NK-2 homeodomain

DNA complex.

The homeodomain, the product that results from encoding
the homeobox, is a highly conserved DNA-binding domain
of approximately 60 amino acid residues that is found in
many proteins known to specify positional information and
segmental identity in the commitment of embryonic cells to
specific developmental pathways (Gehrieg al, 1994,
McGinniset al., 1984; Scott & Weiner, 1984). The example
that is of particular interest in this study comes from the
vnd (ventral nerwous system defeet) gene (White, 1980),
where mutations lead to loss of function in early neurogenesis
(Jimenez & White, 1995). Thend gene of Drosophila
melanogasteris the earliest predominantly neural gene
regulator found thus far that is expressed in part of the
ventrolateral neurogenic anlage, which gives rise to part of
the central nervous system of the embryo (Skeatd, 1994;
Jimenez & Campos-Ortega, 1990; Mellerick & Nirenberg,
1995). Strong evidence was presented recently” (Jéné&
White, 1995) that thend gene is identical to thBlK-2 gene
that has been studied extensively in our laboratories (Niren-
berg et al, 1995). The 723 amino acid residue protein
product of this gene contains the vnd/NK-2 homeodomain.
The NK family of genes, to whichvnd/NK-2belongs, was
first described by Kim and Nirenberg (1989). The identi-
fication of a set of sequentially related genes, all of which
are phylogenetically ancient, led to the establishment of the
NK-2 class of homeobox-containing genes'(@in, 1993;

the site 5>CAAGTG-3 (Damanteet al.,, 1994; Cheret al.,
1995; Harvey, 1996) rather than the canonical BATGG-

3. One of the purposes of this paper is to describe the
association of Y54 with the DNA and to demonstrate that it
is the interaction primarily responsible for recognition of the
unusual DNA sequence.

Homeodomains recognize specific nucleotide sequences
in DNA and in many cases a single homeodomain is the
sole DNA-binding domain for the entire regulatory protein
(Scottet al, 1989; Affolteret al, 1990; Lin & McGinnis,
1992; Zenget al, 1993; Damantet al, 1994). Although
the overall structures of proteins containing homeodomains
most likely vary significantly, structures of the free home-
odomains, including vnd/NK-2 (Tsaat al., 1994, 1995; Qian
et al, 1994; Coxet al, 1995; Sivarajat al., 1994; Morita
et al, 1995), as well as those complexed with DNA studied

thus far exhibit significant similarities (Billetest al., 1993;

Kissingeret al., 1990; Wolbergeet al., 1991; Liet al., 1995;
Klemm et al,, 1994; Hirsch & Aggarwal, 1996; Wilsoat
al., 1995). Since homeodomains from a wide range of

species recognize a limited variety of DNA sequences, an

understanding of the contribution of the interaction of the
homeodomain with DNA in exerting specific regulatory
effects becomes important.

Our investigation of the vnd/NK-2 homeodomain and its

Harvey, 1996). A unique feature of homeodomains in the unusual DNA binding behavior has motivated us to examine
NK-2 class is the presence of tyrosine at position 54. The mechanisms of binding specificity with respect to vnd/NK-2
consensus DNA sequence recognized by the vnd/NK-2 as well as to the homeodomains in general. The rules for
homeodomain K = 1.9 x 10°1° M) as well as other  specific protein/DNA interactions are still evolving and there
homeodomains in the NK-2 class is unusual and consists ofare many open questions in this field. In this study we
describe the site specific formation of the vnd/NK-R2NA
complex by combining the experimentally determined in-
termolecular protein DNA distances from NMR data with
molecular modeling computations and complementary results
from methylation and ethylation interference experiments.
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Basis of vnd/NK-2DNA Binding Specificity

We identify features of the homeodomain that are responsible
for sequence-specific DNA binding, examining in terms of
these features the roles played by various driving forces in
DNA binding strength and specificity.

MATERIALS AND METHODS

Sample Preparation.The expression and purification of
the*N-labeled vnd/NK-2 was as described previously (Tsao
et al, 1994). The!N/3C-labeled vnd/NK-2 protein was
purified in Escherichia coligrown in minimal medium M9
containing*®>NH,Cl and*3Cs-glucose as the sole nitrogen and
carbon sources. The vnd/NK-2 homeodomain protein was
purified to apparent homogeneity as described previously
(Tsaoet al, 1994). The molecular weight of the protein
was confirmed by electrospray mass spectrometry.

The preparation of the 16-mer duplex DNA and the vnd
NK-2—DNA complex were described previously (Tsab
al., 1994). The protein to DNA ratio of samples for NMR
was 1.0:0.95. The concentration of the sample varied from
1.5 to 2.0 mM®N- or 15N/*3C-labeled vnd/NK-2 and natural
abundance DNA and contained 80 mM NaCl (pH 6.0) in
90% H0/10% DO or 100% DO. The™N/C vnd/NK-
2—DNA complex in DO was prepared by lyophilizing the
complex in water to dryness and redissolving the complex
in Dzo

NMR SpectroscopyAll NMR measurements were per-
formed at 35°C on a Bruker AMX 600 spectrometer. A
variety of double- and triple-resonance experiments were
conducted to help obtain the assignments for the protein in
the complex, together with isotope edited or isotope-filtered
nuclear Overhauser enhancement-(NOESY-) type experi-
ments. For the protein, the spectra obtained were &8b
edited NOESY (3D NOESY-HMQC) (Marioast al., 1989)
for the'>N-labeled protein in BD (80 ms mixing time, 512
x 105 x 32 complex data points) andC-edited NOESY
for the 15N/13C-labeled protein in BD (120 ms mixing time,
512 x 150 x 32 complex data points) (lkurat al,, 1990).
Additionally, a 3D*2C-filtered**C-edited NOESY spectrum
(120 ms mixing time in RO, 512x 150 x 32 complex data
points) was measured in which only the NOE cross peaks
between protein and DNA protons are observed (lkura &
Bax, 1992). For the DNA, assignments of exchangeable
protons that have resonances between 12 and 14 ppm wer
obtained from a 2D NOESY experiment (150 ms mixing
time in HO, 1024 x 390 complex data points) with a 1-1
semiselective excitation pulse (Plateau & Gure 1982). All
other DNA protons were assigned from 2BC-filtered
NOESY, 100 and 160 ms mixing times (Ikueaal., 1992),
and TOCSY in RO, 1024x 420 complex data points. Here
protons attached t&C are observed, and protons attached
to 13C (from the protein) are suppressed (Bzbal., 1994).
The Felix software package of Molecular Systems, Inc. was
used to process the spectra.

Homology Modeling.To generate an initial model struc-
ture for the vnd/NK-2-DNA complex, structural homology
with other reported homeodomatDNA complexes was
assumed. All modeling was done using Quanta/CHARMmM
(Molecular Simulations, Inc.). The backbone of the struc-
tured core of unbound vnd/NK-2, residues®3 (Tsaoet
al., 1995), was aligned with the Antennapedia (Antp)
homeodomain core from the coordinates of the Antp/DNA
complex (Billeteret al, 1993). The 16 base pair deoxy-

/
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Ficure 1: Sequences of the vnd/NK-2 homeodomain, plus flanking
amino acid residues, and its consensus DNA binding site. The NMR
and binding studies were done using the 77 residue protein, while
the modeling was done with the 61 residue sequence shown in
uppercase letters. The homeodomain is defined as amino acid
residues £60. The three helical segments are boxed. The consensus
DNA sequence was used for the NMR and modeling studies. The
core DNA binding sequence is boxed.

8 9 10 11 12

nucleotide sequence used in the NMR study (see Figure 1)
was generated in B-DNA form with thé &nds hydroxylated
and aligned to the coordinates of the double-stranded
oligodeoxynucleotide of the Antp/DNA complex. The
N-terminal arm backbone and side-chain torsional angles
were adjusted to correspond to those found for engrailed (en)
(Kissingeret al,, 1990) and MATa2 complexes (Wolberger

et al, 1991). The backbone torsional angles of the C-
terminal end of helix Il (residues 530) were set at typical
o-helix values § = —57°, v = —47°, o = —179), since
these residues were shown previously to be helical in the
vnd/NK-2—DNA complex (Tsacet al, 1994). The unstruc-
tured N- and C-terminal ends of the protein were removed
from the coordinate file to simplify the molecular dynamics
simulations (see Figure 1). A total of 16 sodium ions were
placed 3 A from 16 of the 30 DNA phosphate groups. The
ions were placed at those phosphates which were furthest
for the vnd/NK-2-DNA interface. The net charge of the
vnd/NK-2—DNA/sodium ion system is zero.

Energy Minimization and Molecular Dynamics Simula-
tions. The model of the vnd/NK-2DNA complex was first
solvated with a 8 A shell of water, which corresponds to
about 1000 water molecules. Initially the solvent was
energy-minimized to a gradient of 0.42 kJ/(m#%)I[0.1 kcal/
(mol-A)] holding the vnd/NK-2-DNA/sodium ion complex
fixed. Subsequently, the protein, sodium ions, and solvent
were energy-minimized to a gradient of 0.42 kJ/(Md[[0.1

kcal/(motA)], holding only the DNA fixed. The following

restraints were imposed during this and all subsequent energy
minimizations and restrained molecular dynamics simula-
tions:

(1) The torsional angles for the three helical segments of
the homeodomain were restrained to be withis® of their
typical values with a quadratic restraining force for deviations
beyond this range with force constant 71 000 kJ/¢naaf)

[300 kcal/(motdeg)].

(2) The backbone hydrogen-bond lengths for helical
regions of vnd/NK-2 were restrained to be between 1.8 and
2.4 A with a quadratic restoring force beyond this range with
force constant 420 kJ/(md\) [100 kcal/(motA)].

(3) Distance restraints for assigned protein to DNA NOE
cross peaks were imposed with the distance ranges depending
on the cross-peak intensity (see Table 1) using a quadratic
restraining force with a force constant of 420 kJ/(Pdl
[100 kcal/(motA)]. These restraints were supplemented with
additional distance restraints for several intraprotein NOE
cross peaks of side chains at the DNA/protein interface.
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Table 1: Proteirr-DNA and Selected Intraprotein NOESY Cross Peaks and Restraints

DNA or proteintH proteiniH intensity restraint (A) avg distant€h)
(+)A3 H1' R5 Ho1l very weak 3.55.0 4.3(0.2)
(+)A3 H1' R5 Ho2 very weak 3.55.0 4.6 (0.2)
(+H)A3 H5 orr b L7 CH3o1° medium 2.56.4 3.8(0.5)
(+)A3 H5 o' b L7 CHgo2¢ medium 256.4 5.5 (0.6)
(+H)A3 H8 147 CHy)® weak 3.16.0 6.2 (0.7)
(+)A3 H1 147 CHgy® weak 3.1-6.0 5.7 (0.3)
(+H)A4 H1' K3 Hel:2d medium 2554 3.4(0.2)
(+H)A4 H2 K3 Hel-2d weak 3.1-6.0 5.5(0.2)
(+H)A4 H3' V6 CHgy2¢ weak 3.1-6.0 5.6 (0.1)
(+H)A4 H3 F8 Hel weak 3.+5.0 4.4(0.2)
(+)A4 H3' 147 CHgy® weak 3.16.0 3.5(0.1)
(+H)A4 H1 147 CHgy© very weak 3.56.0 5.6 (0.1)
(H)A4 H8 147 CHyy© medium 2554 2.7(0.2)
(+)A4 H8 147 CHo° very weak 3.56.0 5.4 (0.1)
(+)G5 HI K3 Hel:2d very weak 3.56.0 45(0.1)
(-)T4 CH® Y54 Ho1 weak 3.16.0 5.8 (0.3)
(—)T4 CHs Y54 Hel medium 2554 4.2(0.2)
(—)C5 H5 Y54 H2 very weak 3.55.0 3.7(0.1)
(-)C5 H5 Y54 H2 weak 3.15.0 3.2(0.1)
(—)A6 H8 Y54 Ho2 very weak 3.55.0 4.9(0.1)
(—)A6 H8 Y54 He2 very weak 3.55.0 4.0(0.1)
(—)A6 H2 ore Y54 He2 weak 3.+5.0 3.1(0.1)
(—)A6 H2 or're Y54 He2 weak 3.+5.0 4.5(0.2)
(—)A6 H3' Y54 He2 medium 2544 3.8(0.2)
(=)c7 H5 Q50 Hx very weak 3.55.0 3.8(0.1)
R5 Hol L7 CHg01°¢ medium 2.56.0 5.2(0.4)
R5 Ho2 L7 CHo2¢ medium 2.56.0 3.8(0.4)
R5 He L7 CHzd1¢ medium 2.55.0 4.6 (0.1)
R5 He L7 CHgo2¢ medium 2.55.0 3.3(0.2)
K46 Hel 147 CHso® medium 2.55.0 4.9(0.1)
K46 He2 147 CHo¢ medium 2.55.0 3.4(0.1)
K46 Hel 147 HN very weak 3.55.0 4.8 (0.1)
K46 He2 147 HN very weak 3.55.0 4.0(0.2)
Q50 HNe2 147 CHo¢ very weak 3.%5.6 4.2 (0.3)
N51 HNS1 147 CHyy© weak f 3.4(0.3)
N51 HNo2 147 CHgy© weak f 4.1(0.2)

a Average distance and rms deviation (in parentheses) during the 50 ps of restained dyh#@hegsroton resonance is not stereospecifically
assigned so 1.0 A was added to the upper bound of the res&@ime. restraint is to the methyl carbon and 1.0 A was added to the upper bound
of the restraintd The proton resonances of K3H are degenerate, so the restraint was applied to both protons and 1.0 A was added to the upper
bound of the restraint. The shorter of the two average interproton distances is given in the last édllhil@.these proton resonances are not
stereospecifically assigned, Y54Bhas NOE cross peaks of approximately the same intensity to both the protons, so no adjustment to the restraint
upper bound was needéd\o restraints for these cross peaks were employed since these cross peaks were not confirmed until after the time of the
simulation.

With the coordinates of the DNA fixed, several simulation ~ The segment of the DNA major groove lined by ethylation
cycles of slow heating from 0 to 500 K for 5 ps, dynamics binding interference sites (see Figure 2) corresponds to where
for 10 ps, and reminimization were performed in order to the recognition helix contacts the major groove. In the
allow the protein structure to relax to a low-energy confor- methylation binding interference experiment, methylation can
mation without undue distortion of the DNA structure. occur at the N7 atom of guanine (in the major groove) and
Having achieved a stable, low-energy protein conformation, the N3 atom of adenine (in the minor groove). Methylation
the constraint on the DNA was removed, and several binding interference observed at)G5 and ¢)G7 in the
additional heating-dynamics-minimization cycles were  major groove and+{)A3, (+)A4, and (-)A1 in the minor
performed at 500 K, allowing both the DNA and protein to groove correspond to where the recognition helix and the
simultaneously adjust so as to best satisfy the pretBiNA N-terminal arm of the homeodomain contact the DNA,
distance restraints. For the final simulation cycle, the sys- respectively. Methylation interference found at base} (
tem was heated to 300 K and dynamics was performed for Gg, (-)A6, and @)A9 not in direct contact with the
50 ps. homeodomain are difficult to interpret; methylation at these
sites may alter DNA structure or charge distribution or even
the flexibility of the core nucleotide sequence in a manner

Methylation and Ethylation Binding Interferencélwo unfavorable for binding of the vnd/NK-2 homeodomain
vnd/NK-2 binding sites in the'Bupstream region of thend/ protein.

NK-2 genomic DNA were characterized by DNase footprint- NMR SpectroscopyThe sequence-specific assignments
ing and by methylation and ethylation binding interference for the vnd/NK-2 homeodomain are essentially complete and
studies; these results will be described elsewhere. The corghose for the DNA are approximately 90% complete. A total
of both of the high-affinity vnd/NK-2 binding sites matched of 25 intermolecular NOE cross peaks have been assigned
the consensus sequence, the latter having been selected frofpetween eight amino acid residues in the protein and eight
a random pool of oligonucleotides. DNA bases using®C-edited *N-edited, and3C-edited’C-

RESULTS



Basis of vnd/NK-2DNA Binding Specificity Biochemistry, Vol. 36, No. 18, 19956375

S R R U A U R e

PEPO0rF 10>rrrr0-"100PFr022r0

c
T
c
T
G
c
A
c
T
T
G
A
T
G
T
T

LT R T EUESy (SR ERTTRS S

FiGure 2: Methylation and ethylation binding interference sites
for the vnd/NK-2-DNA complex. Methylation interference sites :
in the major groove (N7 of guanine) are shown as blue spheres,

methylation interference sites in the minor groove (N3 of adenine) |
are shown as purple spheres, and ethylation interference sites

(phosphates) are shown as green spheres. Larger spheres indicat g 3 |
a greater degree of binding interference at those sites. bl 5 2 o T

fitered NOESY data. ProteinDNA cross peaks are ob- i
served between 147 and Y54 side chains and Q50 backbone
and protons in the major groove of the DNA (see Figure 3). | 8
The side chains of V6, L7, and F8 have cross peaks with |
the phosphate backbone in the area where the N-terminal
arm of vnd/NK-2 crosses from the minor to the major groove, =
and the side chains of K3 and R5 have cross peaks with
protons in the minor groove (see Table 1). Also, a significant |
number of NOE cross peaks are observed between the side
chains of R5 and L7 only when the protein is bound to DNA, =
which suggests some ordering of the N-terminal armupon 30z 0w
binding. The modeling suggests that the side chains of K46, Figure 3: Slices from!3C-edited and?C-filteredA3C-edited 3D
Q50, and N51 potentially can contact the DNA, although NOESY-HMQC spectra for the G methyl resonance of 147 and
no Corresponding Cross peaks were found. The Side_chainthe Hel,2 resonance of Y54. In theC-filteredA3C-edited slices )
resonances of these three amino acid residues show signii{1e Z05% E2IS o DA are boxed, The orange and e coarno
canf[ broad'enlng, presumably due 'to fluct_uatlons in the side- 5toms lie in different regions of theC frequency range.
chain environments at the proteiDNA interface on a
millisecond time scale. As a consequence of the broadening,and Y54 that contact the DNA (see Figure 4). For example,
the ability to find cross peaks involving these resonances is the H5 proton of {)C5 lies directly beneath the ring of Y54,
greatly reduced. In the analogous study on Antp, no direct accounting for the large, 2 ppm change in chemical shift.
protein—DNA cross peaks were reported for N51, although Another large chemical shift change is observed for the H1
protein—DNA cross peaks were observed for the K46 and proton of (—)G2, a base that is in contact with the N-terminal
Q50 side chains (Billeteet al, 1993). Intraprotein cross arm of vnd/NK-2. This change from 5.47 ppm to an unusual
peaks between the side-chain resonances of K46, Q50, andialue of 4.96 ppm [H1chemical shifts typically fall between
N51 and the methyls of 147 were observed, and the 6.3 and 5.3 ppm (Whhrich, 1986)] does not appear to be
corresponding distance restraints were included along with related to any ring current effect from the protein (the closest
the proteir-DNA restraints in the molecular dynamics in is F8 at~13 A) and thus might be an indication of some
order to better characterize the conformations of these sidedistortion of the DNA structure in that region.
chains with respect to the DNA. Molecular Modeling and SimulationgdHdomology model-
Binding of vnd/NK-2 to the DNA results in large DNA  ing to other homeodomairDNA complexes provided a
chemical shift changes in the region of the core vnd/NK-2 reasonable starting structure for vnd/NK-2. Most of the
binding site in DNA and negligible changes at the ends of NOESY-derived restraints were satisfied quite easily at a
the DNA. Most of the largest changes are attributed to ring very early stage in the simulations, thereby lending validity
current shifts associated with amino acid residues F8, Y25, to the homology modeling approach. The resulting structure
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Ficure 4: Chemical shift changes of the DNA upon binding vnd/
NK-2. Base protons H6/H8, ribose Htytosine H5, and thymine

C5 methyl resonances are compared; the other proton resonances
of the unbound DNA have not yet been assigned. Protons whose
chemical shifts changed by greater than 0.2 ppm are shown as gray
spheres, and those that changed by-0.2 ppm are shown as blue
spheres. Aromatic rings of the protein that contact the DNA are
also shown.

Ficure 6: Major-groove base contacts in the vnd/NK-RNA
complex. The five side chains of the recognition helix that contact
bases in the major groove are shown with corresponding distances
(in angstroms) averaged over the 50 ps simulation. The trapped
water is also shown. All distances are heavy atom to heavy atom
except for those of the water molecule.

protein—DNA distances during the simulation (Table 1) with
those of similarly restrained proteifDNA distances in the

set of 16 NMR structures of the Antp complex (Billettr

al., 1993). The root mean square deviations of the vnd/NK-2
distances ranged from 0.1 to 0.7 A overall, while those of
Antp ranged from 0.2 to 0.8 A for major-groove contact
distances and from 0.2 to 1.1 A for minor-groove and
phosphate backbone contact distances. While the 50 ps
simulation reproduced the distance variations in the more
restrained and sterically hindered major-groove contacts,
larger fluctuations were not reproduced for the less restrained,
less sterically hindered minor-groove and phosphate back-
bone contacts.

Ficure 5: vnd/NK-2-DNA complex. The recognition helix is Contacts between the protein and the major groove of the
inserted into the major groove, while the N-terminal arm contacts DNA are shown in Figure 6 and likewise summarized in
the minor groove. The residues that form the recognition helix Figure 7 with other homeodomaifDNA complexes given

extension upon binding are shown in red. Potential methylation : : .
and ethylation binding interference sites (see Figure 2) contacted?cor comparison. Solvation and subsequent restrained dynam-

by the protein are shown as blue spheres (major groove), purple!CS Of_ the Complex reye_a_led a water pock_et at the pretein
spheres (minor groove), and green spheres (phosphates). DNA interface in the vicinity of the side chains of N51, Q50,

147, and Y54, analogous to that observed for the Antp, even-
is shown in Figure 5. In order to assess the extent to which skipped (eve), and paired (prd) homeodomddNA com-
the restrained dynamics simulation explored the allowed plexes (Billeteret al, 1993; Hirsch & Aggarwal, 1996;
conformations of the protein side chains with observed DNA Wilson et al, 1995). Two water molecules were present
contacts, we compared the fluctuations in the restrainedafter initial solvation of the complex, though one molecule
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Major Groove
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Minor Groove

47 50 51 54 3 B
I Q N Y K R
vid/NK-2 IGTCAAG TCAAGT TCAAG TCAAGTG TCAAG TCAAGTG
CAGTTCA TTCACICAGTT GTTCAC G TTCAC
1 E R IR
Antp TCTAA AL CTAA TAATGG "AATGGITCTAATGG]
AGATTACCAGATTAC GATTAC GATTACC GATTACCIAGATTACC
] ) N A
en TGTAATTAITGTAATTAITGTAATTAITGTAATTA TAATT& GTAATTA
IACATTAAT lACATTAAT IMCATTAAT|ACATTAAT CATTAAT TTAAT
0 Q N
prd ITGTAAT GTMT M GTAATCA I‘.}TAﬂT TA&TC&
hcarrm‘r CATTAGT TTAGTIACATTAGT
o R2 R
Oct-1 GCAAAT T AAIGCAAATAA] T. TAAl
CGTTTATT ‘TTTATT ITICGTTTATT 'TTTATT 'TTTATT
M K K
MAT a1 m-rcmm A'r&am ATGATG ATGATGT| [TATGATGT{TATGATGT
ATACT. TACT. TACT. TACTACA) i.q'rmm TACTACA
M N R4 R7
MAT o2 JAATTACAT TTACAT TTACAT TTACAT TTACAT TTACAT
TTAATGT. AATGTAITTAATGTA AATGTA AATGTA AATGTA

Ficure 7: Comparison of DNA base contacts in the homeodomBINA complex structures. In order to focus on sequence-specific
contacts, ribose and phosphate contacts were not included. Yellow indicates the closest contacts between homeodomain amino acid residues
and DNA bases, with at least one heavy atom to heavy atom distance less than 3 A. Green indicates a contact distafceetigen

heavy atoms, and blue indicates a contact distance-6f &. The gray regions show where modeling indicates close contact between the
amino acid residue and the base, despite the inability to directly observe the contact experimentally. The amino acid residue/base contacts
shown above do not necessarily include all such contacts in each individual structure. The coordinates of the recently published even-
skipped homeodomairDNA complex have not yet been examined.

was deleted during the course of the simulation since it
interfered with the packing of Y54 and-JC5. During the
course of this simulation, the remaining water molecule was

of particular interest since its position is well-defined in
crystal structures but poorly defined for the ArtpNA
complex studied in solution (Billeteet al, 1993). For

able to form various transient hydrogen bonds including onesvnd/NK-2, only the hydrogen bond to the N7 nitrogen
between the side-chain amide oxygen atom of N51, the N4 remained during the final dynamics simulation, despite the

amine of ()C5, and the O6 atom ofK)G5.

Residues K46, Q50, and N51 lie in the middle of the major
groove (see Figure 6) where they can interact with both
hydrogen-bond donors and acceptors of the DNA, as well
as with water trapped at the proteiBDNA interface. The

fact that several cycles of dynamics were run initially using
distance restraints for the two hydrogen bonds (to allow
the complex to relax and to accommodate the conformation
imposed on N51). Note that the initial conformation with
the two hydrogen bonds, and the subsequent N51 side-

side chain of Q50 appears to form hydrogen bonds from the chain conformations, always had the side-chain,lgkbup

amide oxygen atom to the N6 amine ef)A6 and from the
amide NH group to the O6 atom off)G5. The simulation

suggests that hydrogen bonds involving Q50 also are possiblegroups (Table 1).

with the N4 amine of {)C7 and the O4 atom of)T6.
Although no proteir-DNA cross peaks are observed for

well within 5 A of the CHy methyl of 147, consistent
with the observed NOE cross peaks between these two
We observed identical behavior in
modeling of en, where only the hydrogen bond to N7
remained, during a 10 ps solvated dynamics simulation of

residue K46, the NOE cross peaks between K46 and 147 the en-DNA complex, again despite initial cycles of dynamics

have the consequence of directing thlH; group of K46
toward the carbonyl groups of-)T6 and (-)G7, as well as
toward the side-chain carbonyl of Q50. This orientation of
K46 is similar to that observed for en (Kissingaral., 1990)
but significantly different from the conformation of K46 in
Antp (Billeteret al,, 1993), where the-NH3; group contacts

a phosphate group in the DNA.

The side-chain conformation of N51 initially was set to
the coordinates observed for en (Kissingeal, 1990), Oct-1
(Coxetal, 1995), MATa2 (Wolbergeret al, 1991), MATal
(Li et al, 1995), eve (Hirsch & Aggarwal, 1996), and prd
(Wilson et al,, 1995) with two hydrogen bonds from the N51
side chain to{)A4 [one from N51 NH to (+)A4 N7 and
one from N51 CO to{)A4 N6 amine]. The behavior of
the invariant N51 in the homeodomaiDNA complex is

where restraints for the N51 hydrogen bonds were included.
In a 2 ns, fully equilibrated, fully solvated simulation of the
Antp—DNA complex, the two-hydrogen-bond conformation
between N51 and adenine was not observed (Billetex.,
1996).

Residues 147 and Y54 lie at the more hydrophobic edges
of the major groove. The side chain of 147 makes hydro-
phobic contacts with H8 base protons and the ribose rings
of (+)A3, (+)A4, and (+)G5. Since the hydrophobic side
chain of 147 is fully solvent-exposed in the unbound form,
the burial of 147 at the interface in the proteiDNA
complex no doubt enhances binding affinity. The interaction
of 147 with the edge of the major groove could be important
for the proper alignment of the helix Il contacts with the
DNA bases. Contact between 147 and a thymine methyl
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Table 2: DNA Groove Widths DISCUSSION
V“d./NKf‘ MAT gzg'b o (A AR vnd/NK-2-DNA Binding Specificity. The molecular dy-
major (A) minof () major (A) minor® (A) namics simulations using NMR-derived experimental dis-
20.0 104 16.8 13.6 tance restraints show that the vnd/NK-2 homeodomain binds
194 10.5 181 12.9 to it te DNA utilizing the helixturn—helix bindi
19.9 96 187 13.4 0 its cognate utilizing the helixturn—helix binding
19.9 119 16.6 12.8 motif in a manner similar to that found previously for other
20.7 10.5 17.2 124 homeodomains. The results presented above on vnd/NK-2
i—'g ﬂ-g 132 %6 and its interaction with DNA, taken together with a detailed
188 10.9 18.8 122 examination of several biological studies on homeodomain
20.1 9.9 18.5 12.0 binding specificities, suggest the following ranking of the
18.7 11(3)? 112-82 %53 importance of the various protefDNA contacts with
108 171 @ respect to k.)lndlr?g spemﬂmty of vnQ/NK-?:
18.4 12.6 (1) The invariant N51 side-chain amide always must
18.7 12.9 interact with adenine. The interaction may be mediated by
%‘8 ﬁ'g’ water in the proteirrDNA interface. (2) The Y54 side

The Wi of . o _ e cted chain must contact a cytosine base. The Y54 side chain,
2 The widths of the sections of the major and minor grooves contacte L ; ) _
by the homeodomains are in boldface type and underlibtAT o2 which is found thus far only in the NK-2 class of home

has two bound homeodomains in the X-ray structure. The DNA strands ©d0mains, is a primary determinant of recognition of the
in the MATo2 X-ray structure have an extra-&nd base, giving the ~ unusual nucleotide sequence by the vnd/NK-2 homeodomain.

same number of major- and minor-groove distanéeési + 5 cross- (3) The somewhat variable Q50 prefers to interact with T or

Stﬁa”d phﬁSphﬁr@hé’_Sphorus distancei, i + 3 cross-strand phos- G phases. (4) The nonconserved L7 contacts the phosphate

phorus-phosphorus distance. backbone in a way that favors G/C base pairs. (5) The
N-terminal arm of the homeodomain binds in the minor

group, as seen in Antp (Billeteet al, 1993) and en  groove of the DNA and interacts preferentially with A/T-
(Kissingeret al.,, 1990), doesiot occur for vnd/NK-2. The rich regions.

hydrophobic interactions involving Y54 include contacts with
the methyl group of£)T4, the H5 and H6 base protons of role for this residue in homeodomatDNA recognition and

(-)C5, and the ribose ring of)A6 (Figure 6). binding. Mutation of {-)A4, the base nearest N51 in vnd/
The minor groove contacts for the vnd/NK-BNA and NK-2, results in at least a 50-fold reduction in binding
other homeodomain complexes are summarized in Figureaffinity. Mutation of N51 typically eliminates binding and
7. Both K3 and R5 of the vnd/NK-2 homeodomain are in the best cases reduces binding affinity by factors of 20
inserted into the minor groove in a manner which appears 1000 with concomitant loss of specificity (Botfiekt al.
analogous to that found in en (Kissingaral, 1990). Even  1994: Pomerantz & Sharp, 1994; Hanes & Brent, 1991). The
though we have three observed cross peaks between K3 an@bserved cross peaks between N51 and 147 (Table 1) limit
the DNA, a variety of conformations for the side chain of the allowable conformations of the N51 side chain to be
K3 are possible that satisfy the corresponding restraints. within 3—4 A from the (+)A4 base. However, perhaps due
Although we have only one experimental restraint between to the substantial broadening of the side-chain amide
R5 and the DNA, the packing of L7 with its own restraints resonances, no cross peaks from the DNA to the side chain
above R5 serves to restrict the set of conformations accessibleould be detected. In the AngDNA complex a similar

to R5. Hydrogen bonds were observed between R5 andproadening of the same resonances prevented the observation

Asparagine 51.The invariance of N51 implies a critical

(—)AL, (H)C2, and {H)AS. of N51/DNA contacts (Billeteet al, 1993). This broadening
Homeodomairr DNA Groave Widths. Major- and minor- of resonances in the vnd/NK-2 and Antp complexes indicates
groove widths are shown in Table 2 for the vnd/NK2NA that the side chain experiences large-scale fluctuations in its

complex together with a corresponding set of widths from environment on a time scale comparable to that of the NMR
the MATa2 crystal structure (Wolbergest al,, 1991) for measurement [characteristically on the order of a millisecond
comparison. (MAT2 was chosen since the structure has (Billeter et al, 1996)]. Motion of the N51 side chain on
two MAT a2 homeodomain molecules bound at separate andthe NMR time scale would typically be the explanation for
nonidentical sites on the DNA, providing two sites for such line broadening. However, the six X-ray structures,
examination of groove widths.). For the vnd/NK-DNA en (Kissingeret al, 1990), Oct-1 (Klemmet al, 1994),
complex, the distances shown are the averages from the 50MAT a2 (Wolbergeret al, 1991), MATal(Liet al, 1995),

ps dynamics simulation. The groove widths of the Antp eve (Hirsch & Aggarwal, 1996), and prd (Wilsaet al,
(Billeter et al,, 1993), en (Kissingeet al,, 1990), and Oct-1  1995), all show that N51 makes two hydrogen bonds to the
(Klemm et al, 1994) complexes also were examined, and second adenine in their respective consensus DNA sequences.
in all cases the major groove narrows at the N-terminal side These observations suggest the side-chain resonance broad-
of the recognition helix DNA interface and widens at the  ening might be due to some process other than side-chain
C-terminal side. The minor grooves tend to narrow in the motion. In this case water molecules whose interactions with
region of the N-terminal armDNA interface, with the the side chain vary significantly on the NMR time scale
exception of vnd/NK-2, which shows a narredwroad- would seem the most likely explanation. Such water mole-
narrow pattern. For vnd/NK-2 this broader distance corre- cules near N51 could be important for the specificity of nu-
sponds to where L7 packs against thgA3 ribose ring and cleotide sequences bound by homeodomains. Consequently,
C5 methylene. a full explanation of the specificity might ultimately entail
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the detailed description of the ensemble of N51/water/DNA fold reduction in binding of the vnd/NK-2 homeodomain,
contacts. compared to a 425-fold reduction for mutations of the
Tyrosine 54. The amino acid residue in position 54 is cytosine ()C5 contacting Y54.

variable, although it is usually conserved in evolutionarily [ eucine 7. Leucine 7 of the vnd/NK-2 homeodomain
related homeodomains (Gehriegal, 1994). Tyrosine in  appears to be important in sequence specificity in a manner
position 54 has been found thus far only in the NK-2 class not observed in any other homeodomain complex. Leucine
of homeodomains. The contact between Y54 and the ( in this position is conserved for the NK-2 class of home-
C5 gives rise to the requirement for the guanine [the base odomains but does not occur in any other homeodomain
paired with (-)C5] in the sequence'#£AAGTG-3 and  sequences known thus far except cut (Gehehgl, 1994).
therefore is a primary determinant of the nucleotide sequence| eycine 7 is located above the minor groove and above R5
of the vnd/NK-2 homeodomain binding site in DNA. and packs t|ght|y against thetJA3 ribose ring. This
Mutation of this base pair reduces the proteIDNA affinity packing gives rise to strong NOE cross peaks to the H5
by a factor of 4-25. Guanine in this position is distinct H5" and H4 protons of the ribose ring. It is rather surprising
from all other homeodomainDNA complexes whose struc- o find a hydrophobic leucine side chain lying between
tures have been solved, with thymine being most common negatively charged phosphate groups; one would expect a
(see Figure 7). Mutation of this tyrosine to methionine positively charged amino acid side chain. It is established
(found in Antp) results in a 10-fold reduction in the binding  that A/T tracts of DNA have narrow minor grooves but that
affinity (Weiler et al, 1996). upon mixing with G/C bases, the minor groove widens (Yoon
The hydrophobic effect [burial of hydrophobic surface et al, 1988). The adjacent{)C2 (—)G2 base pair could
from exposure to solvent (Hat al, 1989)] provides the  thus permit a wider minor groove, which would allow L7
principal mechanism favoring the contact between Y54 and deeper access to the groove and hence better shielding from
(—)C5. In addition, theyOH is well-positioned to form a  solvent. This concept is supported by the observation that
hydrogen bond with the cytosine phosphate and thus maymutation of ¢-)C2 to T, a base more commonly found in
be compensated for any loss of enthalpy due to lack of this position, reduces the binding affinity of the vnd/NK-2
solvation. Hydrophobic contacts between Y54 and the homeodomain to DNA by a factor of 3 (Damargé al.,
thymine and adenine neighboring-YC5 suggest that the  1994).
tyrosine might prefer these bases flanking the cytosine.  \ terminal Arm. The interactions of the N-terminal vnd/
I-_|owever, most of the contact with adenine is with its ribos_g NK-2 homeodomain residuesl through 5, KKRKRR, with
ring and therefore would seem to be. a non-base-spemﬁcthe DNA are characterized by strong electrostatic attraction
contact. In the_case 9f—0T4, this pase IS already req_uwed between the positively charged side chains of amino acid
because it is paired with thg adenlng that interacts with N51, residues and the negatively charged phosphate groups of
zsng;gfstﬁ;mference for this thymine by Y54 would be pya  Both K3 and R5 are inserted into the minor groove
e of DNA, while the other side chains are relatively unstruc-
Glutamine 50. I_n v_nd/ N.K'Z’ Q5.0 contacts the ba_ses al tyred and form nonspecific contacts with the phosphates. The
the 3 end of the binding site. While the NMR experiments inq graove surface of AT base pairs is more electrostati-
detected cross P.eaks be_tween the backbone protons_of _Q.SQaIIy negative than that for GC base pairs; hence, the
and (-)C7, the side-chain proton resonances were signifi- \_yerminal arm of the vnd/NK-2 homeodomain should prefer
cantly broadened, indicating that this side chain experiences T-rich binding sites. In addition, A/T-rich sequences have
a disordered environment. Simil_ar broadening was observed, 5 .-ower minor grooves than mixéd and G/C-rich sequences,
for the Antp-DNA complex (Billeteret al, 1993), and pyinging the phosphate groups of opposite strands closer
multiple side-chain conformations for Q50 were observed together (Yooret al, 1988). More closely spaced phosphate

in the eve homeodomairDNA X-ray.structu_re (Hirsph & groups should enhance longer range electrostatic interactions
Aggarwal, 1996). The entropy associated with the dlsorderedwith the N-terminal arm.

Q50/DNA interactions could have important thermodynamic
consequences favoring homeodom&aiNA complex for- CONCLUSION
mation.

A role for residue 50 in sequence specific binding has been  The protein-DNA contacts observed by NMR, together
demonstrated by mutation experiments. When Q50 is with homology modeling and restrained molecular dynamics
mutated to lysine, many homeodomains bind to sites with simulations, permit the identification of interactions in the
CC near the 3end of the binding sequence rather than TG vnd/NK-2—-DNA complex that give rise to the unique
or GG (Laughon, 1991). This lysine/glutamine effect on binding specificity of the NK-2 class of homeodomains.
binding specificity has been shown for the bicoid (Hanes & Numerous contacts observed between Y54 and the DNA
Brent, 1989), prd (Treisman et al, 1989), fushi tarazu (ftz) serve to place the tyrosine ring in direct contact with)
(Percival-Smithet al,, 1990), and NKx-2.1 (TTF-1) (Damante C5, and it is this base pair position that most distinguishes
et al, 1994) homeodomains. From the structural standpoint, the NK-2 class binding-site sequence from those of other
the preference for TG or GG;H)T6(+)G7 for vnd/NK-2, homeodomains. Although the importance of residue 50 for
appears to be due to the carbonyl oxygens of these basesjetermining binding specificity is known, this study presents
which are conveniently placed to form hydrogen bonds with evidence that residue 54 can be an even more important
the side-chain Nklprotons of Q50; and, at the same time, determinant of specificity. In addition, the strong signals
the side chain &0 oxygen atom of Q50 can form hydrogen observed from L7 to the DNA phosphate backbone and the
bonds to NH protons of the paired bases. The Q50 amino slight preference for G/C base pairs in this region suggest a
acid residue is not as discriminating in its base contacts asmechanism of binding specificity for the N-terminal arm not
Y54, since mutations off{)T6 or (+)G7 lead to only a 2 7- seen thus far in any other known homeodomdidiNA
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structure. Future studies on the role of waters in mediating Kissinger, C. R., Liu, B., Martin-Blanco, E., Kornberg, T. B., &

the homeodomainDNA interaction as well as the role of
cofactors will provide important additional information
regarding sequence specificity.
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