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Abstract

Nearly completéH, 13C and'®N NMR assignments have been obtained for a doubly labeled 14-base pair DNA du-
plex in solution both in the free state and complexed with the unifofiNiylabeledAntennapedifiomeodomain.

The DNA was either fully'3C 1°N-labeled or contained uniforml%AC, 1°N-labeled nucleotides only at those
positions which form the protein—-DNA interface in the previously determined NMR solution structurefoftre-
napediahomeodomain—DNA complex. The resonance assignments were obtained in three steps: (i) identification
of the deoxyribose spin systems via scalar couplings using 2D and 3D HCCH-COSY and soft-relayed HCCH-
COSY:; (ii) sequential assignment of the nucleotides Mia'H NOEs observed in 333C-resolved NOESY:

and (iii) assignment of the imino and amino groups #k-'H NOEs and®N-'H correlation spectroscopy. The
assignment of the duplex in the 17 kDa protein-DNA complex was greatly facilitated by the fatitteanals

of the protein were filtered out iHC-resolved spectroscopy and by the excellent carbon chemical shift dispersion
of the DNA duplex. Comparison of correspondittf chemical shifts of the free and the protein-bound DNA
indicates conformational changes in the DNA upon complex formation.

Abbreviations: Antp(C39SinutantAntennapedidaomeodomain with Cys39 replaced by Ser; COSY, correlation
spectroscopy; CPMG, Carr—Purcell-Meiboom—Gill; ct, constant time; DNA, deoxyribonucleic acid; DSS, 2,2-
dimethyl-2-silapentane-5-sulfonate sodium salt; NOE, nuclear Overhauser effect; NOESY, NOE spectroscopy;
ppm, parts per million; RNA, ribonucleic acid; 2D, two-dimensional; 3D, three-dimensional.

Introduction lates into an improvement of the quality of the NMR
structures. Efficient preparation 6$C, 1°N-doubly-

Isotope labeling combined with heteronuclear NMR 1abeled RNA thus enabled studies of larger RNA
techniques enhances the spectral separation of themolecules (Puglisi et al., 1995; Ye et al., 1995;
proton resonances, facilitates sequence-specific resoAllain et al., 1996; for reviews, see Varani et al.,
nance assignments and enables measurements of otht996, and Nikonowicz and Pardi, 1993). In con-
erwise inaccessible scalar coupling constants. The rast, efficient labeling protocols for DNA have been
resulting increased number of conformational con- developed only more recently (Ono et al., 1994a,b;
straints is of special interest for nucleic acids, which Zimmer and Crothers, 1995; Kainosho, 1997). Here,
yield comparatively few NOE constraints, and trans- W€ prepared a 17 kDa protein—-DNA complex com-
prising a'3C, 1°N-doubly-labeled 14-base pair DNA

duplex (Figure 1) bound to the uniformiyN-labeled

*To whom correspondence should be addressed.
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Figure 1. Survey of the NOE connectivities observed for the presently &%@&5N—doubly—labeled DNA duplex in solution, in the free
state (A) and in theAntp(C39Shomeodomain—DNA complex (B). Sequential NOEg) (@re indicated by horizontal bars, and interstrand
NOEs (i) by vertical arrows. Solid arrows are used to indicate imino proton-aromatic proton NQEA2d T3), and broken arrows denote
imino proton-amino proton NOEsyd(G1; C4) and g (T3; A6) (for the notation used see Withrich, 1986). The sequence numbering of the

nucleotides is indicated at thé &nd 3 termini of each strand. Nucleotides enriched in the parti%ﬁ[y,15N—doubly—labeled DNA duplex are
underlined.

Antennapedidnomeodomain. In addition to uniform the role of hydration water in protein—~DNA recogni-
double—labeling, we used a DNA duplex with only tion (Billeter et al., 1996; Qian et al., 1993). This
those nucleotides labeled that form the protein~-DNA well-characterized system is used here to develop
interface (Billeter et al., 1993) (Figure 2H, 13C and techniques for NMR assignments of isotope-labeled
15N resonance assignments were obtained for the la- DNA in complexes with proteins.
beled DNA duplex in solution both in the free state
and in the homeodomain complex.

Understanding protein—DNA interactions is one of Materials and Methods
the major challenges in structural biology. The NMR
solution structure of th&ntennapedifilomeodomain-  Preparation of the NMR samples
DNA complex has previously been determined using Fully and partially 13C 1°N-doubly-labeled DNA
uniformly 13C- or *°N-labeled protein and unlabeled gligomers were synthesized on a DNA synthesizer
DNA (Billeter et al., 1993; Qian et al., 1993). Ad- (Applied Biosystems Model 392-28) by the solid-
ditional NMR studies ylelded also novel inSightS into phase phosphoroamidite method, using isotopica”y
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Figure 2. Newly implemented pulse sequences: (A) 2D soft ct‘jB4 (C3 C2 C1)H1'-COSY (the number of relay steps is=n2); (B) 2D

soft ct-(H5,5”(C5 (C4 C3 C2 C1)H1'-COSY, n= 3, which differs from (A) in the selection scheme used for the inftta-13C INEPT; and

(C) 3D soft ct-H5,5”(C5'C4C3C2)CL'HL-COSY and 3D soft ct-H55"C5 (C4C3C2 C1)H1'-COSY, n= 3. Rectangular 90and 180

pulses are indicated by thin and thick black vertical bars, respectively, and phases are indicated above the pulses. Where no radio-frequency
phase is marked, the pulse is applied along x. Th§ M 90;]-composite13c-pulses are represented by triplets of bars. Fotthpulses, the
carrier is placed at the position of the water line at 4.64 ppm, an&*@earrier for rectangular pulses was set to 65 ppm for schemes (A) and
(B), and to 77.5 ppm for scheme (C). The selective E-BURPL1 excitation pulse (Geen and Freeman, i!—)Bih) @9 (pulse length 1.3 ms)

is placed near the center of thel4’ region at 4.1 ppm, and the selective I-BURP inversion pulses (Geen and Freeman, 193Q)iorB)

and (C) (pulse length 1.9 ms) were placed near the center i) signals at 65 ppm. The durations and amplitudes of the sine-bell-shaped
PFGs are 40Q.s and 10 G/cm for @ 2 ms and 32 G/cm for & 1 ms and 32 G/cm for & and 400us and 15 G/cm for @ The recovery
delays after G and Gg are set to 1 ms. The delays have the following valugs= 1.7 ms,t> = 21 ms,t3 = 3.3 ms,ty = 5.7 ms,

8 =23 ms. In (C),ta = 15 = 14, Tp = 14 + 12/2 andyy, = 14 — 12/2 are used for 3D soft ct-HE’(C5 C4C3C2)CYH1'-COSY, while

Ta = T4+ 12/2, vy = 14 — 12/2 andtp = 7, = 14 are used for 3D soft ct-HEF'CE (C4C3C2CL)HL'-COSY. A DIPSI-2 sequence

with rf = 2.5 KHz (Shaka et al., 1988) is used to decou"pbduring the heteronuclear magnetization transfers and a GARP sequence with rf
= 3.1 kHz (Shaka et al., 1985) is used to decoU€ during proton detection. Phase cyclingi = x; ¢p2 = 4 {x},4{y}L4{ —x}4{ -y}

43 =Y -V da =8} 8{ —x} b5 = X dg = XX=X=XYY. Y=Y ¢7 = AXEA{ —xE 98 = XX —X,—X b9 = X; drec =

X, —X, — X, X,—X, X, X,—X,—X,X,X,—X,X,—X,—X,X. Quadrature detection inH) and t(*3C) in 3D soft ct-H%,5"(C5 C4C3C2)CIHI'-COSY

is accomplished by alternating the phaggsand ¢g according to States-TPPI (Marion et al., 1989). The same technique is used in 3D soft
ct-H5,5”C5 (C4C3 C2CY)HL-COSY, except thab; andds are alternated instead ¢f anddg.

labeled monomer units that had been synthesized ac-by Miiller et al. (1988). Preparation of the 1:1 com-
cording to a previously described strategy (Ono et al., plex between théntp(C39Shomeodomain and the
1994b). Approximately Jumol of oligomer was ob-  isotopically labeled DNA was performed as described
tained from 5umol of nucleoside bound to the resin, by Otting et al. (1990).

and the purity of the labeled oligomers was higherthan ~ NMR samples of the free DNA duplex at a concen-
99% as estimated by HPLC analysis on g €olumn tration of about 2 mM were prepared in 90%®10%
(Inertsil ODS-2, GL Science). UniformiPN-labeled D>0 orin 99.98% DO containing 50 mM potassium
Antp(C39Shomeodomain was produced as described phosphate and 20 mM KCI at pH 6.0. Samples of
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Figure 3. Contour plots from 2D¥3C,1H]-COSY spectra of the fully-3C,15N-labeled DNA duplex. (A) spectra recorded for studies of the
deoxyriboses; (B) spectra acquired for studies of the bases. The inset in (A) shows an expansion’eHiier&gion, where the cross peaks

are labeled according to their sequence positions (see Figure 1). The dotted rectangles identify spectral regions corresponding to the specified
CHn moieties. The spectra were recorded on a Varian Ungpectrometer operating at a proton frequency of 750 MHz.

the Antp(C39Shomeodomain—DNA complex at con- Newly implemented multiple-relayed soft HCCH-
centrations of about 1.5 mM were prepared in 90% COSY experiments (Figure 2) were recorded to iden-
H>0/10% DO or 99.98% DO at pH= 6.0. tify the deoxyribose spin systems of the ffé€,15N-

labeled DNA. In the 2D experiments, high resolution
was attained in the indirect®C dimension by ex-
tending the ct carbon evolution period by a complete
1J@3c 13C) dephasing/rephasing cycle (Szyperski et
al., 1997a). These experiments exhibited good sen-

; sitivity for the free DNA duplex. The application
13~ 15 1y (13 31
{7°C, "N} and"H-{*°C,”" P} triple-resonance probe- . oo hyises for the selective excitation of mag-

heads. Table 1 affords a survey of th? NMR experl- petization in the initial INEPT transfer and proper

ments per_forme_d f(_)r the present studies. Q_uadraturetuning of the delays for the carbon—carbon magne-
_detect|on in the |nd|re_ct dimensions was achmv_ed US" tization transfer ensured selective observation of re-
ing States-TPPI (Marion et al., 1989). The carrier layed correlations. In particular, double-relayed 2D

?E())sition.was set tlo thg water line at;g4 ppm, and the soft ct-(H4)C4/(C3C2CY)HL-COSY was recorded
N carrier was placed at 91 ppm. ThC carrier was to assign thé3C4 resonances (Figure 2A). Applica-

setto 65 ppmin 2D e>'<periments rgcorded for deoxyfri- tion of an E-BURP1 pulse (Geen and Freeman, 1991)
boses,_to 77'.5 ppm in 3D exf%erlmepts recorded for leads to selective excitation of the Hpgrotons in
deoxyriboses in order to fold theC2'signals, and to a1 15 gbtain selectively only the GHY correla-

1ﬁ5 p.pml inhﬁ:;(perimerlwts' performed folr the b;%zf" tions and suppress the generation of direct-B1
chemical shifts are relative to internal DSS, correlations, which would overlap with the CA1’

and=°C chemical shifts are relative to DSS calculated . < peaks. Thé3C5 and H5, H5 chemical

with the E values reported by Wishart et al. (1995). shifts were measured in triple-relayed HCCH-COSY,

For data processing and spectral analysis, we used thq_e_ 2D soft ct-(H55")C5 (C4C3C2CL)HL-COSY
programs PROSA (Gintert et al., 1992) and XEASY (Figure 2B), 3D soft ct-H55 (C5C4C3C2)CLHY -
(Bartels et al., 1995), respectively.

NMR spectroscopy

NMR measurements were performed at=T36°C
on Bruker DRX500 and DRX600 spectrometers and
a Varian U750- spectrometer equipped withH-
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Figure 3. Continued.

COSY and 3D soft ct-HEE'C5(C4C3C2CT)HY'-
COSY (Figure 2C). The pulse sequence of Figure 2C
is a 3D extension of the experiment shown in Fig-
ure 2B, where the ¢C chemical shift evolution takes
place either fof3C1 or for 13C5.. Here, the I-BURP1

13C-resolved in-phasetf,'H]-COSY spectra (Grze-

siek et al., 1995; Szyperski et al., 1998). Second, the
base C2H, C5H, C6H and C8H moieties were distin-
guished according to their characteristic and largely
conformation-independent carbon chemical shifts that

pulse (Geen and Freeman, 1991) employed during thewere obtained using$C,*H]-COSY. C5H and C6H

initial INEPT step ensures selective observation of the
H5',H5”-H1’ correlations.

Assignment strategy

The IH, 13C and1®N chemical shift assignments of
the13C, 1N-doubly-labeled DNA duplexes were per-
formed in three steps. First, the deoxyribose spin
systems were identified in HCCH-COSY spectra. The
H2 and H2 protons were stereospecifically assigned
based on the intensity of the(d; 2',2”) NOEs ob-
served in a 3D'3C-resolved H,'H]-NOESY spec-
trum recorded with a short mixing time (see Wij-
menga et al., 1993), and the values for thkx
and3Jy» scalar coupling constants measured in 3D

could independently also be identified from observa-
tion of the 1J-506 scalar coupling. Third, we em-
ployed the conventional sequential assignment proto-
col (Feigon et al., 1983; Frechet et al., 1983; Haasnhoot
et al., 1983; Hare et al., 1983; Chazin et al., 1986)
based on the observation of intranucleotigé'sR”;

6,8) and ¢(1’; 6,8) NOEs and sequentiak(@',2”;
6,8) and d(1’; 6,8) NOEs in3C-resolved {H, H]-
NOESY (for the notation, see Withrich, 1986). The
sequential walk was started at theahd 3 terminal
nucleotides, which could be readily identified from
their uniqgue C8H and C3H chemical shifts, and be-
cause the Gterminal C6H or C8H groups exhibit
only intranucleotide NOEs to deoxyribose protons
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Figure 4. Contour plots of different spectral regions taken
from the following experiments: (A) 2D c&fCIH]-COSY.
(B) 2D ct-(H)C(C)H-COSY. (C) 2D ct-(H)C(CC)H-COSY. (D)
2D soft ct-(H4)C4(C3C2CY)HY-COSY; and (E) 2D soft
ct-(H5,5”)C5(C4C3C2CY)HL-COSY. All spectra were
recorded with the fully3C, 15N-labeled DNA duplex. The five
spectral regions show the correlations betweenh &t C1, C2,
C3, C4 and C5, respectively. Note that the lower resolution in the
13¢ dimension in (B) is due to the use of a shorté€ evolution
time (Table 1).

(Wathrich, 1986). The thymidine methyl groups were
assigned through observation of intranucleotid@t
TCHzs) NOEs. The sequential assignment of X—T and
X-C dinucleotides was then confirmed by observation
of dy(6,8; TCHs) and d(6,8; C5) NOEs, respectively.
Finally, amino protons, imino protons and C2H of A
were assigned in 3B°C-resolved {H,'H]-NOESY
and 2D fH,'H]-NOESY spectra recorded in 0.
Sequential imino proton—imino proton NOEs were de-
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tected in a 2D {H,*H]-NOESY spectrum recorded in
H0, and the imind°N chemical shifts were obtained
from 2D ['°N,'H]-COSY. Since the amino proton
resonance lines of G and A were broadened by ex-
change processes, we used 2B-NOESY-relayed
[1°N,1H]-COSY implemented with a CPMG sequence
for heteronuclear magnetization transfer (Mueller et
al., 1995) to detect additional NOEs to the NH
groups.

Results

Identification of the deoxyribose spin systems
Identification of the deoxyribose spin systems for the
free DNA duplex was based on 2B%C 'H]-COSY
(Figure 3), 2D HCCH-COSY and multiple-relayed 2D
and 3D HCCH-COSY (Figures 4 and 5; Table 1).
The 2D experiments were used to achieve high res-
olution in the indirect!®C dimension, which would
not be feasible with the 3D experiments within a rea-
sonable measurement time. Figure 4 shows spectral
regions taken from the spectra that were used to as-
sign the13C2, 13C3, 13C4 and °C5 resonances
via through-bond correlation to theH1’ resonances,
which exhibit excellent dispersion. Complete reso-
nance assignments were obtained for the deoxyriboses
of the free DNA duplex, with the sole exception of
six H5, H5” proton pairs. The spectral overlap in the
C5-H5, H5” region could be resolved using the 3D
soft ct-HB,5"(C5C4C3C2)CIH1 experiment. Fig-

ure 5A shows g1(*H5, 5"), wz(*H1)] strips from

this experiment taken in th€C1’ plane, which pro-
vide correlations between H1C1 and H5,H5". To
obtain the C5assignments, we recorded a 3D soft ct-
HY5',5"C5(C4C3C2,C1)H1'-COSY experiment with
frequency labeling duringzton C8 instead of C1
(Figure 5B). The two 3D spectra yielded complete
assignments of the 08, groups for the free DNA du-
plex (chemical shifts have been deposited in the Bio-
MagResBank (http://www.bmrb.wisc.edu; accession
number: 4104)).

For the 17 kDaAntp(C39S}DNA complex, the
multiple-relay experiments turned out to have low
sensitivity because of the shortx(F3C) relaxation
times. We therefore used 3D ct-HCCH-COSY (lkura
et al., 1991) and 3B3C-resolved in-phase'H,H]-
COSY (Grzesiek et al., 1995) for the deoxyribose
assignments, where the latter experiment was primar-
ily recorded to determine th&lyy scalar couplings
of the sugar rings (Szyperski et al., 1998). We also
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Figure 5. [(nl(lH), (,03(1H)] strips taken from 3D soft triple-relayed spectra recorded for the assignment of tHe @Bieties. The strips (A)
are taken at th&3C1’ chemical shifts (indicated at the top of the strips) from the 3D soft ¢t84EC5 C4C3 C2)C1'H1'-COSY spectrum. The
strips (B) are taken at th*C5’ chemical shifts in the 3D soft ct-H&’C5 (C4 C3C2,C1)H1-COSY spectrum. Both spectra were recorded

with the fully 13C 15N-labeled free DNA duplex. The strips are centere

d about tHehtimical shifts alongz, and the H5and HZ' chemical

shifts were measured along . The nucleotide positions are indicated at the top of the strips.

made reference to the chemical shift assignment of
the free DNA duplex, and eventually complete proton
and carbon assignments were obtained for all deoxyri-
boses of the protein-bound DNA, except for the-€5
H5',H5” resonances of 1B, A1g9 and Apg (Tables 2
and 3). In these nucleotides, chemical shift degeneracy
of H5, H5 and H4 prevented resonance assign-
ments based on 3D HCCH-COSY ahtC-resolved
[*H,'H]-NOESY.

Sequential resonance assignment

In both the free DNA duplex (Figure 1A) and the
Antp(C39S}DNA complex (Figure 1B) a complete set
of sequential ¢g2',2; 6,8) and ¢(1’; 6,8) NOEs was
identified in the 3D13C-resolved {H,'H]-NOESY
spectra. The ¢6,8; TCH;) and @(6,8; C5) sequential
NOEs for X—T and X—C dinucleotides, respectively,
were also observed, with the sole exception that the
ds(6,8; C5) NOE for the dinucleotide;3—Cyg could

not be detected in the complex. To illustrate the high
quality of the data used for sequential resonance as-
signment viatH-'H NOEs, Figure 6 showsi(*H),

w3(tH)] strips taken at the Cland C6/C8 carbon
chemical shifts of the first six nucleotides from the 3D
13C-resolved fH,'H]-NOESY spectra acquired with
the Antp(C39S}DNA complex.

Sequential assignment of imino and amino groups

Assignments of the imino and amino protons were ob-
tained from 2D }°N,*H]-COSY, 2D [tH,'H]-NOESY

and 2D'H-NOESY-relayed{°N,'H]-COSY recorded
with a CPMG sequence for the heteronuclear mag-
netization transfer. The G H1 proton chemical shifts
were inferred from observation of interstrand NOEs
to the amino protons H41 and H42 of the base-paired
C, which in turn are connected by an intranucleotide
NOE to C H5. The interstrand connectivities(&G1;

C4) could be observed for all nontermina=G base
pairs. Based on these connectivities, G H1, C H41 and
C H42 for the free DNA and théntp(C39S}DNA
complex could be assigned for all except the terminal
base pairs, where fraying of the helical ends leads to
rapid exchange of the labile protons with the solvent
(Figure 1). Assignment of the T H3 and A H2 base
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Figure 6. Contour plots of §1(XH), wz(tH)]-strips taken from 3D'3C-resolved $H,1H]-NOESY spectra®{m = 50 ms) recorded for the
Antp(C39Shomeodomain complex with the fuIVC,lsN—Iabeled DNA duplex. The strips labeled at the bottom witH &i® taken from the
spectrum recorded for studies of the deoxyriboses (Table 1) and are centeredatmaut the Hichemical shifts of the first six nucleotides

of the upper strand in Figure 1. The strips labeled with H6 or H8 are taken from the spectrum recorded for studies of the bases and are
centered about the H6 or H8 chemical shifts, respectively. The correspohtifand13C6 or13C8 chemical shifts are indicated at the top

of each strip. As an illustration, cross peaks representing intranucleotide NOESHitiof G, are identified on the left of the figure. Cross

peaks corresponding to the intranucleotidé-HH2 and HI-H2’ NOEs are enclosed in solid rectangles, and the sequentiaH82H8 and
H2"-H6/H8 NOE connectivities are indicated with arrows.

protons of A=T base pairs was achieved via inter- NOEs d(G1; G2) could be detected for,gand Gs.
strand ¢i(T3; A2) and intranucleotide;(T'3; TCHa) The ®N-!H and 13C2-'H2 correlations were then
NOEs. The g(T3; A2) NOE connectivities were ob-  established in 2D'PN,*H]-COSY and 2D {3CH]-
served for all A=T base pairs in the free DNA duplex COSY spectra, respectively. As an illustration of the
and theAntp(C39S}DNA complex (Figure 1), yield-  high quality data obtained, Figure 7A shows the re-
ing complete resonance assignments for T H3 and gion of the 2D1H-NOESY-relayed 1°N,'H]-COSY

A H2. For the centrally located base pairg=AT 21, spectrum recorded with CPMG that comprises the
To=A20, T10=A19 and Aj1=Tig, interstrand NOEs interstrand amino proton—imino proton contacts and
between the imino protons H3 of T and the amino shows how the assignment of the amino proton reso-
protons H61 and H62 of A,g(T3; A6), could be de- nances of C and A was performed. This spectrum was
tected in the 20H-NOESY-relayed °N,1H]-COSY essential for identifying the A H61 and A H62 chemi-
spectrum. The A H61 and A H62 chemical shifts cal shifts, since most of these resonance lines could not
could not be obtained from these data because of be observed by 2D'H,*H]-NOESY (Figure 7B) due
the small’®N and 'H chemical shift dispersion of to the exchange broadening arising from the rotation
the adenine amino groups in the free DNA duplex, of the NH group about the C-N bond (Wijmenga et
but the H61 and H62 protons ofgA A11, A1g9 and al., 1993).

Ao could be assigned in thentp(C39S)YDNA com-

plex. Two intranucleotide imino proton—amino proton
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Figure 7. (A) 2D 1H-NOESY-relayed }°N,IH]-COSY spectrum of theAntp(C39S)homeodomain—-DNA complex containing fully

13¢ 15N-labeled DNA recorded using a CPMG pulse train for heteronuclear magnetization transfer (Mueller et al., 1995). This experiment was
used for the detection of NOEs with exchange-broadened amino protons. Cross peaks belonging1 iretctorrelations are enclosed in

solid rectangles that are labeled with the type of the,Mtbiety. The pattern of cross peaks representing interstrand amino proton—imino proton
NOEs is illustrated with two examples: dashed lines identify the connectivity between the H6 amino protggsaofiAhe H3 imino proton

of T10, and dot-dashed lines indicate the connectivity between the H4 amino protong afiCthe H1 imino proton of & Negative contours,
indicating cross peaks folded once in theN dimension, are drawn with broken contour lines, and a correspondingly adapted chemical
shift scale is shown on the left side of the figure. (B) Expanded region of thetB3HI]-NOESY spectrum recorded for thentp(C39S)
homeodomain—-DNA complex, showing NOEs to the imino protons of T. The assignments of the interstrand aromatic proton—imino proton
NOEs, ¢j(A2; T3), are indicated by the sequence numbers at the top and on the left side of the spectrum. Cross-peak positions corresponding
to amino proton-imino proton NOEs@A6; T3), observed in (A) are indicated by circles in this spectrum.
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Table 2. TH chemical shifts in ppfof the DNA duplex bound té\ntp(C39Shomeodomain in b, pH 6.0, 36.

Residue H1 H2', H2” H3 H4/ H5',H5” Base protons

Gy 5.46 2.27,2.47 4.72 4.08 3.61, 3.61 H87.74

Ao 5.85 2.69 2.82 4.99 4.33 4.08, 3.98 H88.13; H2 7.40

A3 5.84 2.58 2.81 5.00 4.38 4.32,4.15 H8 7.97; H2 7.16

As 6.04 2.58 2.86 4,80+ 4.44 4.33,4.24 H8 7.89; H2 7.36

Gs 5.84- 2.3832.70 5.07—- 431 4.19,4.17 H8 7.3841 12.89-

Cs 6.06- 1.75+,2.54 4.83 4.25 4.06, 4.00 H6 7.1#5 4.66+; H41 8.32—; H42 5.72+
Cy 5.28+ 1.80+, 2.26 4.70 3.92 4.06, 4.01 H6 7.24+; H5 5.39; H41 8.35H42 5.7+
Ag 6.29 2.6Q 2.95 4.95 4.41 4.07,4.01 H8 8.28; H2 7.56; H61 7.90; H62 6.17
To 554+ 1.68+, 2.35 4.66 4.00 4.32,4.07 H6 6.86+; C7H3 1.41; H3 13.44

T10 5.68 1.94 2.23 4.81 4.01 4.01, 3.85 H6 7.13+; C7H3 1.48; H3 13.41

A11 549+ 2.65,2.70 495 410+ 3.86+,3.90 H8 8.28H2 6.86+; H61 7.18; H62 6.61
G1o 5.41 2.63, 2.68 497 4114+ 4.24,3.88+ H8 7.78; H1 12.39

A1z 5.99 2.592.81 4.99 4.29 4.203.95+ H8 8.00; H2 7.73

Gig 5.95 2.342.20 4.56 4.09 4.20,4.09 H8 7.58

Cis 5.82 2.13 2.50 4.59 4.04 3.81,3.73 H6 7.81; H5 5.89

T16 6.06 2.13 2.48 4.81 4.17 4.00, 4.03 H6 7.52; C3H.58; H3 13.66

C17 5.91 1.90+,2.26+ 4.72 4.09 3.97,3.88+ H67.47; H55.56H41 8.22 H42 6.98
T1g 4.6 2.10,2.22+ 4.70 3.94+ H6 7.47, C7H 1.66;H3 13.92-

A1g 6.14- 2.93-,3.03- 4.89 4.33 H8 8.15H2 7.07—; H61 6.82; H62 6.19
A2o 5.8+ 2.31+,2.75 5.01 4.25 H8 7.44+; H2 7.45; H61 6.95; H62 6.83
To1 5.72 1.652.28 4.70 3.99 3.95+,3.8% H66.68+; C7H3 0.94+; H3 13.21

Goo 5.56 2.552.61 4.91 4.25 4.13,4.09 H8 7.72; H1 12.46

Go3 5.84 2.5Q0 2.65 4.88 4.31 4.14,4.08 H8 7.61; H1 12.65; H21 6.72

Coa 5.87 2.06 2.48 4.63 4.18 4.10,4.03 H6 7.30; H5 5.21; H41 7.96; H42 6.34
Tos 6.00 2.10 2.55 4.80 4.16 4.07,4.07 H6 7.36; C3H.48; H3 13.86

Toe 6.13 2.17,2.57 4.84 4.15 4.17,4.17 H6 7.43; C4H.60;H3 13.73+

To7 6.14 2.16 2.47 4.85 4.12 4.14,4.03 H6 7.40; C3H.66;H3 13.7#4

Cog 6.20 2.20, 2.20 4.50 3.98 4.13,4.01 H6 7.63; H5 5.85

2 The chemical shifts are relative to internal DSS. Where stereospecific assignments of diastereotopic’pZirsrot@hs
were obtained, these are printed in italics, and the first number is the chemical shift optbtoR. Labeled nucleotides
in the partially labeled samples are underlined. Numbers are in bpid iffree DNA—complex) > 2.0 ppm, where shifts
to higher field relative to the free DNA are indicated with' ‘and shifts to lower field with~’. The chemical shifts have
been deposited in the BioMagResBank (http://www.bmrb.wisc.edu; accession number: 4104).

Discussion IH-NOESY-relayed PN,1H]-COSY (Mueller et al.,
1995). With regard to the structure determination, it is
Double labeling of the DNA with3C and®*N com- of interest that thé>C labeling of the DNA allowed
bined with the presently applied assignment strategy efficient measurement 8ficp and3JyH coupling con-
yielded nearly completéH, 13C and'°N resonance  stants for the DNA backbone and the deoxyribose
assignments for the free and the protein-bound DNA rings, respectively (Szyperski et al., 1997b, 1998).
(Tables 2 and 3). The resonance assignment of the  The standard NOE-based sequential assignment
DNA duplexin the 17 kDa homeodomain—DNA com- method is robust for B-type DNA duplexes (Withrich,
plex was greatly facilitated by the largéC chemical 1986) and allows sequential resonance assignments
shift dispersion and the fact that the protein proton with a small set of spectra (Table 1). For the present
signals were filtered out iF?C-resolved spectroscopy.  project, there was thus no need to record triple-
Since for the imino groups th&N chemical shift resonance NMR experiments for the sequential assign-
dispersion is very limited (Figure 7A), the major ment of the DNA duplex via through-bond correla-
benefit from°N labeling arises from observation of tions, which is of interest since the shog('P) relax-
imino proton—amino proton NOE connectivities in 2D  ation times at higher field strengths limit through-bond
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Table 3.13C and1®N chemical shifts in ppf of the DNA duplex bound to théntp(C39S)
homeodomain in KO, pH 6.0, 36'C.

Residue C1 c? c3 c4 cy basel3C and15N

Gy 85.7 39.9 79.4 89.4 64.4 C8139.0

Ao 85.0 40.0 80.2 88.1 68.3 C8141.2;,C2154.1

A3 84.1 40.7 78.7 87.2 68.1 C8140.6; C2 153.6

Ag 85.4 42.2 76.6+ 86.1 68.1 C8 140.1; C2153.7

Gs 85.5- 428~ 76.2+ 855+ 679 C8 136.0+; N1 147.0; N2 75.6
Ce 87.2 40.5 80.0- 86.8- 675 C6142.7; N4 98.6

C7 85.4+ 39.8 749+ 84.6+ 66.2 C6 142.8; C598.1; N4 98.1
Ag 85.1 40.7 80.2 88.1- 683 C8 141.8; C2 154.4N6 81.7-
To 85.0 38.9 75.4- 84.6 65.7 C6137.5; C7 14.3; N3 159.1
T10 85.3 38.6 78.9- 86.3 67.9 C6139.7; C7 14.7; N3 158.5
A11 84.6 40.0 78.4+ 87.6 68.3 C8 141.9; C2153.2; N6 79.9
G2 84.0 40.0 79.4- 87.6 69.2 C8137.5; N1 146.7

A1z 85.0 40.6 79.6 87.5 68.7 C8140.9; C2 154.8

G1q 84.5 42.7 72.3 87.6 67.5 C8138.2

Cis 88.5 40.8 75.9 88.1 63.1 C6143.3; C598.9

T16 86.4 39.1 78.+ 86.8 67.9 C6139.7; C7 14.5; N3 158.7
Ci7 85.8 38.6 78.4- 857 68.3- C6143.2; C599.0; N4 98.0
T18 86.2 37.+ 768+ 86.9 C6140.0; C7 14.443 160.4-
A19 85.4 39.9 79.2 87.3 C8142.7, C2 153N 77.4+
Aoo 82.8+ 423 76.1+ 86.3 C8139.0+; C2 154.4; N6 81.5
To1 85.8 40.5 76.5 859 68.3- C6137.2;C714.8;,N3158.4
Goo 84.1 40.3 79.3 87.2 68.8 C8138.2; N1 147.0; N2 75.5
Go3 84.6 41.0 79.3 87.2 68.8 C8 137.2; N1 147.0; N2 75.3
Coyg 86.8 40.3 76.8 85.9 67.9 C6 142.2; C597.7, N4 97.0
Tos 86.3 39.4 79.8- 86.3 67.5 C6 139.5; C7 14.83 160.4-
Toe 85.4 39.2 78.0 85.9 66.6 C6 140.0; C7 148 160.4-
To7 85.4 39.4 77.0 85.9 66.6 C6 140.0; C7 14\8 160.5-
Cog 87.2 41.2 72.1 87.2 67.0 C6144.7,C598.9

@ The chemical shifts are relative to internal DSS with the followiBgratios: 13C/AH =
0.251449530,15N/*H = 0.101329118 (Wishart et al., 1995). Labeled nucleotides in the
partially labeled samples are underlined. Numbers are in balsif(free DNA—complex)
> 1.0 ppm, where shifts to higher field relative to the free DNA are indicated wittahd
shifts to lower field with —’. The chemical shifts have been deposited in the BioMagResBank
(http://Iwww.bmrb.wisc.edu; accession number: 4101).

sequential resonance assignment protocols (Pardi etacterization of variations in the DNA conformation
al., 1983) to smaller systems (Varani et al., 1996). upon binding to a protein. In thAntp(C39S}DNA
However, in the absence of a regular helical confor- complex, the major chemical shift changes are ob-
mation, e.g., in protein—-DNA complexes in which the served at the protein—DNA interface (Tables 2 and
DNA duplex is highly distorted, or for single-strand 3). Additional small chemical shift differences sug-
DNA and its protein complexes (Omichinski et al., gest that parts of the DNA duplex that do not directly
1997), additional efforts would be needed to establish contact the protein are also subject to subtle confor-
intranucleotide links between deoxyribose and base mational changes upon complex formation. A more
via scalar couplings (for a review, see Dieckmann and precise description of these conformational features
Feigon, 1994). will result from the ongoing refinement of the NMR
Since the deoxyribos€C chemical shifts are sen-  structure of theAntp homeodomain—-DNA complex,
sitive to local conformational changes (e.g., Ghose et which makes use of additional data resulting from the
al., 1994; Oldfield, 1995), they enable an initial char- use of the'3C, 1°N-labeled DNA, i.e., an extensive



collection of vicinal*H-'H and heteronuclear cou-
pling constants (Szyperski et al., 1997b, 1998), and
a significantly increased number of NOE upper dis-
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