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To date, NMR structures of protetDNA complexes have
been determined by using solely homonuclear'datavith only
the protein component isotopically labeked. All of these

complexes have involved sequence-specific DNA binding proteins
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to compare the mode of binding of a sequence-specific and non-
sequence-specific HMG box protein on the same DNA sequence.
Assignment of intermolecular NOEs in proteiDNA complexes
is often particularly difficult to obtain due in part to line
broadening at the protein DNA interface, in addition to spectral
overlap especially for the deoxyribose resonances. Here we show
that the use of isotopically labeled DNA in this proteidDNA
complex was essential to obtain unambiguous assignment of
intermolecular NOEs which were unresolved in the spectra of
the complex using uniformI¥PN,'3C-labeled protein alone. These
NOEs, which could not have been assigned without the use of
labeled DNA, allowed a precise positioning of the protein on the
DNA. This is the first time that intermolecular NOEs have been
reported and a precise side-chain localization achieved in a
protein—DNA complex with a non-sequence-specific HMG box
protein, despite several attemptSurprisingly, the protein binds
at a different site and in an opposite orientation on the DNA to
what is observed for the sequence-specific proteins.

Structure determination of the free NHP6A protein reveals that

which make specific contacts with the DNA bases, with one recent it has the expected L-shaped structure of an HMG domain protein,

exceptiont The recent development of protocols for the production
of uniformly *N,'3C-labeled DNA in sufficient quantity for
multidimensional NMR® now makes the acquisition of the

with the unusual feature of a kink in helix!3.For the NMR
investigation of the NHP6ADNA complex, four different
samples were prepared, one wit,'>N-labeled NHP6A com-

complementary data possible. We have applied heteronuclearPlexed with unlabeled DNA and three witHC,'*N-labeled

multidimensional NMR spectroscopy to study the interaction of
the 93 amino acid yeast Non-Histone Protein 6A (NHP&A,
nonsequence specific HMG bbgrotein, with the 15 base-pair
DNA duplex d(GGGGTGATTGTTCAGH(CTGAACAATC-

NHP6A complexed with the SRYDNA uniformly 3C,'>N-
labeled in one strand, the other strand, or both strands. The labeled
DNA was prepared by enzymatic synthesis with Taq polymerase
as previously describeédAlthough the majority of the base and

ACCCC). The DNA sequence contains the seven nucleotide deoxyribose DNA resonances in the complex could be assigned
recognition sequence of the sequence-specific HMG box protein With homonuclear data only, most of the HHS', and HS' could

SRY (a sex-determining factor in mammal®gnd was chosen
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not be unambiguously assigned. Analysis of the BD-13C
NOESY-HMQGC? and HCCH-TOCSY¥ spectra run on the three
complexes with®N,*C-labeled DNA samples resolved all of the
ambiguities and made it possible to obtain complete resonance
assignments of the DNA in complex with NHP6A.

To observe intermolecular NOEs between the protein and the
DNA in the complex, 3D double-half-filteretH—'C HMQC-
NOESY!>16 experiments were run on all four samples. Figure
1A shows a slice of such a 3D spectrum from the sample where
only the protein is'3C'*N-labeled. The slice shows several
intermolecular NOEs from the side chain methyl of Leu 25 of
NHPG6A to several DNA sugar resonances: between 5 and 6 ppm
to two H1's and/or Cyt H5's (weak), between 4.6 and 5 ppm to
two H3's (very weak), and between 3.8 and 4.4 ppm to an
unresolved set of H4H5', and H53' resonances (medium). The
H4', H5', and HB' from at least 20 nucleotidesesonate at the
frequency of this latter cross-peak. This overlap could not be
resolved without the use of labeled DNA. As shown in Figure
1B, the same sets of intermolecular NOEs are observed in the
3D double-half-filtered HMQC-NOESY spectrum recorded on
the complex with uniformly*3C>N-labeled SRY DNA at the
slice corresponding to th&éH frequency of Leu 25 side chain
methyl (0.34 ppm). However, in this case thR&€ dimension
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Figure 1. Planes from 600-MHZz3C double-half-filtered HMQC- A
NOESY!® spectra of the NHP6A-SRY DNA complex: (A) F1 plane at
0.34 ppm of'3C,!>N-labeled NHP6A bound to unlabeled SRY DNA and c21
(B) F3 plane at 0.34 ppm JdfC,'>N-labeled NHP6A bound t&°C,15N- G10

labeled SRY DNA. Seven of the eight assigned NOEs are labeled in part

B. An additional very weak L25 methyl-G10 H&oss-peak is not visible

at the contour levels shown. Samples are 2 mM in pretBINA complex

at 37°C in 10 mM NacCl, 2 mM phosphate pH 5.5 in 99.9%@ For

part A, the spectral widths in F1, F2, and F3 were 6000, 10500, and

5700 Hz, respectively. 160 increments were acquired in t1 and 68 in t2

in States-TPPI mode with 16 scans and 512 complex points in t3. The

spectra were processed with 512*128*512 complex points after apodiza-

tion with a shifted squared sine bell (shifted 4044 in t1 and t2, andi/3

in t3). Spectra for part B were acquired and processed as for those in compared to the sequence-specific HMG box proteins ‘SRivd

part A, except the spectral widths in F1, F2, and F3 were 6000, 9100, | EF13 will be presented elsewhet®.

gnd 5900 Hz, respectively, 168 increments were acquired in t1, and 68 |, summary, the use of isotopically labeled DNA in a protein

in t2. DNA complex provides complementary information to that
obtained with isotopically labeled proteins in double-half-filtered

resolves the sets of intermolecular NOEs found between 3.8 andHMQC-NOESY experiments. This not only provides confirmation

4.4 ppm into four unambiguously assignable intermolecular NOE of the intermolecular NOEs obtained from spectra of complexes

cross-peaks between Leu 25 methyl to twd k¢ 4.18 and 4.02  with isotopically labeled protein, which is important since double-

ppm) and two H3HS" pairs (Figure 1B). In addition, the two  half-filtered and half-filtered spectra tend to have some artifacts,

cross-peaks between 5 and 6 ppm can be unambiguously assignegyt also allows unambiguous assignment of intermolecular cross-

to HI rather than Cyt H5 resonances. As indicated in Figure 1B, peaks which could not otherwise be resolved, especially in the

the 8 intermolecular NOEs are assigned to the,Hi3', H4,  crowded H4, H5—H5" region, due to spectral overlap in both

and H3,H5" of T9 and G10, which are the only two sugar spin  the carbon and proton dimensions. This is particularly essential

systems that can simultaneously match this ensemble of reso-for non-sequence-specific DNAprotein interactions, since most

Figure 2. Stereoviews of the contacts between Leu 25 and T9 and G10
observed in a mod&lof the NHP6A-SRY DNA complex of the structure

of the free NHP6A protei? the 8 intermolecular NOEs obtained from
the spectra of Figure 1, and the structure of the sequence-specific HMG
box LEF1-DNA compleX (A) Shown in the context of the protein
structure represented by its backbone ribbon. (B) Close-up view of the
interaction. The dotted lines illustrate the distance constraints derived
for the 8 intermolecular NOEs shown assigned in Figure 1.

nances. of the proteir-DNA contacts would be expected to involve the

The use of NMR data from complexes prepared witi,**C- DNA backbone and few, if any, base contacts are expected to be
labeled DNA was essential not only for unambiguous assignment present. In the example presented here, spectra obtained on the
of intermolecular NOEs involving the deoxyribosg &, 5" complex with23C 15N-labeled DNA led to unambiguous assign-

resonances, but also for precisely localizing the Leu 25 side-chain,ment of intermolecular NOEs involving the phosphodiester
since eight intermolecular distance constraints could be calibratedpackbone that could never have been obtained WAEhSN-

and used for the structure calculations versus four if only protein |apeled protein alone. This provided additional constraints which
isotopic labeling were used. The strong cross-peaks from Leu 25¢ould be included in structure calculations, making it possible
methyl to the H5 HS5" and H4 resonances of the deoxyribose  for the first time to precisely localize a non-sequence-specific
localize Leu 25 in the minor groove of the DNA, roughly HMG—box protein onto DNA.

equidistant from the sugar rings of T9 and G10 (Figure 2). In
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