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We present a new NMR experiment for estimating the type and
degree of sugar-puckering in high-molecular-weight unlabeled
DNA molecules. The experiment consists of a NOESY sequence
preceded by a constant-time scalar coupling period. Two subex-
periments are compared, each differing in the amount of time the
3 Juzrnrand 3 Jyayyr couplings are active on the H3’ magnetization.
The resultant data are easy to analyze, since a comparison of the sig-
nal intensities of any resolved NOE cross peak originating from H3’
atoms of the duplex can be used to estimate the sum of the 3 Jy3/yy/
and 3 Jyy,» couplings and thus the puckering type of the deoxyri-
bose ring. Isotope filters to eliminate signals of the 1*C-labeled com-
ponent in the F1-dimension are implemented, facilitating analyses
of high-molecular-weight protein-DNA complexes containing '3C-
labeled protein and unlabeled DNA. The utility of the experiment is
demonstrated on the 26-kDa Dead Ringer protein-DNA complex
and reveals that the DN A uniformly adopts the S-type configuration
when bound to protein. © 2001 Elsevier Science

Key Words: DNA; isotope filter; J modulation; protein—-DNA
complex; NMR; sugar pucker.

or bound to protein. Recently new methods have been employe
to study sugar-puckering in high-molecular-weight systems, bu
these methods requitéC-labeling of the DNA 6, 12—14. Since
the vast majority of NMR studies of protein—DNA complexes are
performed on samples consisting of carbon-13- and nitrogen-1!
labeled protein and unlabeled DNA, we have developed a simpl
and efficient NMR experiment for measuring sugar-puckering
in protein~-DNA complexes that does not requif€-labeled
DNA.

To estimate the type and degree of sugar-puckering of ur
labeled DNA molecules in protein DNA complexes, we con-
structed the pulse sequences shown in Fig. 1. Each sequence
essentially a two-dimensional (2D) R3c filtered NOESY ex-
periment that incorporates a constant-time period in which th
coupling between the HH2” and the H1and H3 atoms of
the deoxyribose ring are active for differing amounts of time. A
comparison of the signal intensities of the appropriate NOE cros
peaks therefore provides an estimate of the scalar couplings b
tween these atoms and provides a quick and simple method

Deoxyribose rings in DNA adopt two principal conforma&stimating the type and degree of puckering. We call this nev

experiment JUNSY, fod-utilization in NOE spectroscop.

tions: S- and N-type sugar-puckerh.(Since the energy bar- ) : : )
rier between these conformers is smat(kcal/mol) @), they The JUNSY consists of two subexperiments, which differ

rapidly interconvert in solution. Hydrated molecular dynamic® the relative positioning of rectangular and selective shape
roton 180 pulses. In the following argument, we discuss the

simulations of B-form DNA suggest that repuckering occurs a\g X e e
proximately every 0.1 ns, with the transition requiring only a feg€havior of NOE cross peaks originating from only thé pt®-

picoseconds3, 4). While in the absence of protein the dominanfons ©f the DNAmolecule, since thesge Cross pe?ks are of prima
conformer in B-form DNA is the S-type (typically greater tharfPortance in estimating the valuesdfignz and”Jugpz- Itis
75% of the species at equilibrium) (e §), the furanose ring has |mpo.rtant to note thgt data from these tvyo experiments d!spla
been shown to alter its structure to adaptively recognize proteﬁ’@y intra-DNA and |_ntermolecular proteln—DNA ,NOES’ since
(6-9. Several NMR methods for analyzing sugar-puckering ;ﬂtramolgcular protein NOE cross peaks are eliminated by a F1
small unlabeled DNA molecules in the absence of protein aré-"filtering schemels). In gach subexpgerlment the scalar cou-
available (0, 1. However, they are largely ineffective for theP!ings described bYInzrz, 3 Inghzr, and®Juzna are active on

study of higher molecular weight systems in either the free-stdfl§ transverse magnetization of the’td8oms between points
a and b. The REBURP 18@ulse (L6) is selective for the H1

1To whom correspondence should be addressed. E-mail: iwahara@niBs » and H4 resonances located between 4.0 and 6.2 ppm an
ucla.edu or rclubb@mbi.ucla.edu. does not significantly perturb the signals originating from the
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A 0, REBURP t ) o, coupling and transverse relaxation of the in-phase transverse H
R R KRR |A|Al:f2 magnetization. The attenuation of these signals can be describ
Ta I bTTe by a factorq,
31P
¢1 2
R KA R qa = c0s(2r 3 a2 8)cos(2r3 Jnanz8)
gl 2 g4
ore A - ! A x o973 Jgra (2T + 28)} exp{— Ra(2T + 26)
v
— R*7reBuRA, (1]
B kg . " BEBUR;P @, @ O = COS(ZTaJHngz/T)COS(ZTSJH::/HZHT)
wlz T @ Tvi-c gEmyel| IAIA|>'2 s
Ta 1 bTTe x COST° Inzna (2T + 28)} exp{— Ru(2T + 268)
31P
0, 9, — R*treurs, (2]
oo el
g‘l & o g whereqa andqg represent the attenuation of the’H&nal in
PFG - '—‘ the A and B subexperiments, respectiveRg;is the transverse

relaxation rate of the H3atom; andR* is the rate of relax-
FIG.1. Pulse sequences ofthe JUNSY experiment. Two experiments Aagéion during the REBURP pulse applied for duratiggsurpe
B should be run in an interleaved manner. Narrow and bold lines indicate hig{h\;4 0 ms). We ignore the effects of strong coupling in this anal-

power 90 and 180 pulses, respectivelyfl, 33.8 kHz at 5.0 ppmt3C, 19 kHz T . . . ;
at 70 ppm?3'P, 19 kHz at 0 ppm). Unless indicated, the pulse phaseTaetH  YSIS: Since scalar couplings involving the’tdt H3 protons are

carrier position set at 5.0 ppm is close to the center of te &, H4' region. €Xpected to satisfy the weak coupling condition, regardless c
The REBURP 180pulse is selective for HIH3', and H4 resonances and does the pucker type. Inspection of Eqgs. [1]-[2] reveals that in the
not affect resonances from the Hihd HZ' atoms. On a 500-MHz spectrometertyo subexperiments the amount of transversé id8gnetiza-

the pulse length and the maximynB, /27 of this pulse were 4.0msand 1.6 kHz,t- ; o ; ; ; ;
ion at point b is identical, except for differing cosine dependen-
respectively. The phase of the REBURP pulse was adjusted to achieve the same P P 9 P

phase as the rectangular 188ulses13C pulses are applied to eliminate sig-¢/€S ON the’Jyzz andg‘JH@Hz’ ‘?OUP“”QS (in subexperiments
nals from'3C-bound protons in the F1 dimension, which is useful in analysis & @nd B, the couplings are active for time& @nd 2T, respec-
DNA bound to &3C-labeled protein. Delays e, t,, andz. for the F113C-filter  tively). The remainder of each subexperiment is composed of
scheme are 3.0, 3.5, and 4.0 ms, respectively. Phase cycling was as fpllows: NOE mixing period in which the transverse proton magnetiza-
14X, 4=}, 92 = (8. 8(-x)}. ¢3={X.y, =X, —y}. 1 ={x. =X}, $2= " tion present at point b is used to generate off-diagonal NOES)
{2x,2(—x)}, receiver={x, -y, =X, VY, 2(—=X, ¥, X, =Y), X, =Y, =X, y}. The . . . . .
quadrature detection in thé domain was achieved by alternatingl _CrOSS peaks by dl.p0|al’ relaxation with proximal PrOtons' Slncg
and receiver phases in the States-TPPI manner. The spin-echo period Ifh€ach subexperiment the NOESY transfer periods are ident
mediately before acquisitioiA —1H180° — A} is optional and was in- cal, their spectra are identical except that the NOE cross peal
cluded to obtain better baselines. If omitted, the receiver phase Sh0u|ddﬁginating from the H3atoms in the F1 dimension are atten-
{=X, =Y, X, ¥, 2(X, ¥, =X, —Y), =X, =Y, X, y}. Gradient conditions were as ; ; ; .
follows: g1 (0.5 ms; 20.0 G/cm), g2 (0.5 ms; 8.6 G/cm), g3 (0.5a1st. 4 G/cm), uated Filﬁerently. A measure of the extent of th!s dlsparatel at
g4 (1.0 ms; 25.7 Glcm). The gradient powers of g1, g2, and g3 must satilfnuation can be obtained by comparing the signal intensitie
the condition of g2= g1 + g3. The delays off, §, rm, and A are 22 ms, Of NOE cross peaks between any hydrogen atom frequency |:
1.5 ms, 200 ms, and 1Q@s, respectively. Weak presaturation was applied obeled in the F2 dimension and the 'H2om frequency labeled

the HDO resonance during the repetition delay and'Hhearrier position was in the E1 dimension. The cross-peak intensity ratio is describe
jumped to 5.0 ppm just before the firsl 90° pulse. To minimize contribu-

tions to the NOE cross-peak intensities other than the desired scalar couph)r}/g

effects, it is important that the rectangular and REBURP IR0ses be of cor-

rect duration and relative phase. Application of the pulsed field gradients gllg/lo = g/qa = cos(213JH3,H2,T)cos(213JH3,H2,/T)/

02, g3 compensates for imperfection in these°lj@@ses. These gradients de-

phase the transverse magnetizations that are not refocused 180° pulses, {COS(ZTSJHS'HZ’5)005(2T3~]H3/H2”5)}, [3]
while the g3 gradient rephases the desired magnetization. Therefore, cross peaks

in the JUNSY experiment are observed only within the selective bandwidth of . ..
the 'H REBURP pulse in the F1 dimension. TR pulses eliminatéH-31p wherel, and I are the intensities of NOE cross peaks (F1,

scalar couplings providing better sensitivity. However, e pulses are not H3" atom; F2, any proton atom) in subexperiments A and B,
essential and their presence or absence does not affeig thg ratio. respectively. It is important to note that the ratio is indepen-
dent of the distance between the two nuclei and the effects ¢
H2 and HZ atoms, which typically resonate between 1.8 arghin diffusion, enabling the use of relatively larggvalues for
2.9 ppm. The judicious placement of the REBURP pulse theriecreased sensitivity.
fore enables the selective manipulation of th&sn, and An estimation of the sugar-pucker type can be obtained b
8 Juanzr couplings between points a and b of the sequence. Taealysis of thel g /| A ratio. Because deoxyribose rings rapidly
intensity of NOE cross peaks originating from the’HBoms interconvertbetweenthe N-and S-type conformers, the observe
in the F1 dimension of each experiment is modulated by scakargar proton scalar coupling constants are an ensemble avera
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0.8 important to note that this approach is much easier and more €
ficient than analyzing homonuclear COSY-type data. First, the
JUNSY experiment provides a greater chance to obtain informe
tion about the sugar-pucker compared to homonuclear COS?
type experiments. In COSY-type data only a limited numbel
of through-bond correlations are observed. In contrast, any re
solved NOE cross peak involving the H&om frequency la-
beled in the F1 dimension can be used to analyze puckerin
in the JUNSY experiment. In practice, both intra- and internu-
0 20 40 60 80 100 cleotide NOE cross peaks between the pidtons frequency
fsx 100 [%] labeled in the F1 dimension and the 'HH2/H2", CHz, H6,
. . N __or H8 protons labeled in the F2 dimension can be used. Th
FIG.2. Therelation be‘tween_the peakmt(_ensny rz;_lt_;q!Aand the fraction NOESY based JUNSY experiment is also significantly more
of S-type sugar-puckerfg) in the interconversion equilibrium between N- and ~ - e
S-type puckers. Solid and dashed lines represent the intensity ratios of ci®8§1Sitive than COSY-type experiments. This is because cro:
peaks frequency labeled in the F1 dimension with chemical shifts of the H3eaks in COSY data have an antiphase multiplet fine structur
and H1 resonances, respectively. The ranges of the pseudorotation phase anglaich suffers from peak cancellation effects as the line width in-

p for N- and S-type puckers are 0= py < 36" and 144 < ps < 180, crag5esy(1); in contrast the JUNSY experiment has cross peak:
respectively. The amplitude of the pucker is assumed to beR& each nu- - .
with in-phase lineshapes.

cleus, the upper and lower lines represent the maximum and minimum . .
pectedig/I 4 values for the extreme ranges pf and ps. The center lines 10 demonstrate the utility of the JUNSY experiment, we

were calculated assumingy = 9° and ps = 162", the energy-minima for recorded each subexperiment on a 26-kDa ARM—DNA
N- and S-type puckers, respectiveB) (The theoretical values for the coupling complex. The complex consists Btc-, 1°N-labeled AT-rich in-
constants were obtained from Altona and co-work&)s The fraction of N- - taraction domain from the Dead Ringer protein (residues Gly26:
type pucker is 10k (1 — fs) %. Experimental conditions shown in Fig. 1 areto Gly398 with a phenylalanine to leucine mutation at pOSi-

0.6
1./1, 04

0.2

0.0

assumed. )
tion 355 (ARID™3%Y)and an unlabeled 15-bp DNA fragment
dissolved in 100% BO (17). NMR measurements were per-
given by formed at 37C on a Bruker DRX-500 spectrometer using an
~1.4 mM sample of the complex. The spectral widths in the
Jobs = fsJs+ fndn, [4] F1and F2 dimensions were 10.0 and 13.0 ppm, respectively. .

total of 216 and 1024 complex points were acquired in the

whereJs andJy are the scalar coupling constants of pure S- arahdt, domains, respectively. The two subexperiments A and E
N-type puckers ands and fy are the fractions of these puck-(Fig. 1) were recorded in an interleaved manner with 128 scan
ers in the ensemblé&(11). The expected values o/l as a per FID, resulting in a total measurement time~e46 h. The
function of fg are plotted in Fig. 2 and have been derived uNMR data were processed and analyzed using NMRPige (
ing Egs. [3]-[4] and the theoretical values of thé;zy> and and NMRView (L9), respectively.
3 JhzH2e couplings in S- and N-type DNAJ. Inspection re-  The JUNSY spectrum of the ARMP®-DNA complex is
veals that thd g/l ratios of NOE cross peaks involving theshown in Fig. 3. Three regions of the spectrum are plotted
H3 atom (frequency labeled in the F1 dimension) afe2 for demonstrating that for each H&sonance, several cross peaks
N-type puckers that have pseudorotation angles ranging betwean be used to estimate the type of puckering. For example
0° and 36, and~0.7 for S-type puckers that have pseudorotaguanine-30 exhibits resolved cross peaks from its&8m to
tion angles between 144nd 180. An analysis of cross peakits own H8 atom (Fig. 3A), to its own Hhtom (Fig. 3B), and
intensities of NOEs involving the Hproton (frequency labeled to its own H2 and H2 atoms (Fig. 3C). Since these cross peaks
in the F1 dimension) is also useful. Using the same line of reare resolved, they provide a reliable measurd©fThe high
soning employed to derive Egs. [1]-[3], the intensities ratios e&nsitivity of the JUNSY experiment may appear to be surpris
H1 NOE cross peaks can be shown to depend on the scalar dag-at first, given the fact that the Hgagnetization in both
pling constant8lyy > and®Jq1 w2 . Figure 2 shows a plot of the experiments is transverse between points a and b for a total «
expected values of thg /| 5 ratio of NOE cross peaks involving 47 ms (I + 25, whereT ands are 22 and 1.5 ms, respectively).
the HI atoms (frequency labeled in the F1 dimension) as a funidewever, a low density of protons encircles the’ HBoms
tion of fs. Cross peaks to the Hatoms have an opposite andn B-form DNA, resulting in slow transverse relaxation rates
smaller dependence on the pucker type, and therefore proviaethe ARID™3%5.-DNA complex the H3atoms on average have
a convenient check of the puckering information derived froff, relaxation time constants 642 ms (data not shown)). Since
analysis of the HANOE cross peaks. proton transverse relaxation rates are roughly proportional t

Analysis of the intensity ratios of cross peaks involving ththe rotational correlation time of a macromolecule, we anticipat
H3' protons provides a rapid method for estimating the rangieat our experiment will be useful for protein-DNA complexes
of pseudorotation angles that the deoxyribose ring adopts. luis to~35 kDa.
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H6/H8 and internucleotide proton distances derived from NOE build-
a6l [g]Gs0 up curves of the complexl{, 21 (data not shovyn). Although
bd - the ARID™%L_DNA complex does not contain any N-type
HO (F1), c16 q © ™ sugar-puckers in it, the JUNSY experiment should readily iden:
feprm] ™ o0 =0 T M &, | tify these pucker types as well. This is because the experimer
Y @@ 0 9%2 4 vo gt P relies on distinct frequency differences between thet/H4'
>0 W, atoms and the H&H2” atoms, which are preserved in both S-and
55 a5 =5 == = — =4 N-type configurationsl4). However, it is likely that the JUNSY
'H (F2) [ppm] experiment will exhibit lower sensitivity for DNA adopting N-
, type puckers. This is because, thizs coupling attenuates
Al = the relevant signal (Egs. [1]-[2]), and this coupling is signif-
4.6 915@@ & cl icantly larger in N-type puckers (S-typ&lyznse = 0.8 Hz,
Pl . ;527 N-type3Jyzns = 8.6 Hz (5)). This problem can be overcome
H3 (F1)
4.8 C2lo T3 B »
lppm A20 im@ Gao T25 BIC17
o B B2 TABLE 1
&G . . .
5.0 A0 G4 Plapg G4 Intensity Ratios 15/l and Calculated fs of the Dead Ringer
ARIDFSL_DNA Complex
6.6 6.4 6.2 6.0 58 5.6 5.4
'H (F2) [ppm] Ig/1 2 100x fs[%]
H2’/H2"/ thymine CH DNA residue H3(F1) H1(F1) H3(F1P HY(F1F Average
4.6 Strand 1
Cc1l 056+ 0.02 043+0.06 59+4 52+20 56
Ha (F1) , o C2 0704+ 0.05 033+0.05 87+13 71+9 79
(ppm) ™ T3 069+ 0.05 031+0.04 84+11 7346 79
G4 068+0.08 021+0.04 82+17 87+5 85
5.0 T5 0.64+0.07 —d 73+ 17 — 73
AB —d 0.30+ 0.09 — 75+15 75
T7 — 0.32+0.08 — 72+14 72
T8 —d —d — — —
G9 087+0.06 031+0.05 106 7347 86
FIG.3. Representative NMR spectra of the JUNSY experiment. The figure A10 0.76 £ 0.03 —d 100+ 5 — 100
shows data from subspectrum A (Fig. 1A) recorded on the 26-kDa ARFb- T11 069+0.05 030+0.05 85+11 75+8 80
DNA complex dissolved in PO. Three regions of the spectrum are plotted G12 Q73+£0.07 032+0.06 96+19 72+12 84
showing F1-frequency labeled cross peaks of thé ai8ms to HEH8 atoms T13 — 0.33+0.06 — 71+ 11 71
(Fig. 3A); to HY atoms (Fig. 3B); and to H2H2”, and CH atoms (Fig. 3C). Gl14 Q77+0.06 028+0.03 100+ 10 78+5 89
Isolated NOE cross peaks involving H&sonances frequency labeled inthe F1 G15 Q055+ 0.04 —d 57+7 — 57
dimension are enclosed in boxes and are used in the generation of Table 1.g45nq 2
C16 055+ 0.05 041+0.03 58+9 5648 58
c17 080+005 032+005 106  72+8 86
Table 1 lists the measured values feffor the ARIDF3%5L—  Al8 081+007 022+005 100+6  85+6 89
DNA complex. There are a total of 30 nucleotides in the duplex, S-> 068:£009 031+005 82418  73+7 79
piex. the : PI€X,p20 074+0.10 027+0.08 100+£27 79+12 90
29 of which exhibited resolved cross peaks enabling tigir 15 _d 0.30+ 0.07 _ 75411 75
values to be estimated. The data clearly reveal that the S-type22 Q61+ 0.05 —d 684+ 10 — 68
pucker is the dominant form in the complex. The majority of A23 079+008 030+005 100+10 75+8 86
nucleotides exhibitfs values greater than 70%, while the re- ﬁgg gggig-gg 028+0.05 88;: ;g 87 gg
- o . _ _
maining 6 havefs values between 56 and 68%. Of the latter, ,.,¢ T 0.24+0.04 _ 834+ 4 83
4 are located at the ends of the DNA and are presumably morgs7 Q57+ 006 0334003 61+6 70+8 66
mobile in solution, enabling facile switching between the N- and A28 0.81+0.06 —d 100° — 100
S-type conformers. Nucleotides C22 and C27 are located towar&29 Q73+006 028+004 96+27 78+7 87

A d
the center of the duplex and also exhibitvalues smaller than _ ©30 060+£006  — 65+12  — 65

70%. They may be slightly perturbed by the presence of the® The peak heights were used for calculating the ratios. Error estimation wa
bound ARID35 protein, but more likely may represent thebased on the standard deviation of the noise in the spectra.
¢ AR &l bo . ) o

hlgher intrinsic preference of deoxycytldlne to adopt the N-tyq_e The yalues offs are_c_alcu_lated withg /I a us!ng condltlons of the f:enter

. S . ines in Fig. 2. The precision is also shown, which was estimated Miftha
conformer that has been predicteddlyinitio calculations 2, ..
20). It is important to note that we confirmed the results of thed |, |, could not be measured due to peak overlap or errors greater than 0.
JUNSY experiment by carefully analyzing the pattern of intra- ¢ Errorvalues cannot be determined, butthe ratio value indidgtes~100%.
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by shortening the delay at the expense of the numbertf 8. J. L. Kimand S. K. Burley, 1.9 resolution refined structure of TBP rec-
data points that can be recorded. ognizing the minor groove of TATAAAGNature Struct. Bioll, 638-653

In conclusion, we have developed a new experiment for in- (1994).
vestigating deoxyribose ring puckering in large unlabeled DNA&- H-Robinson, Y.-G. Gao, B. S. McCrary, S. P. Edmondson, J. W. Shriver, an
molecules and demonstrated its utility ona 26-kD protein—DNA A. H.-J. Wang, The hyperthermophile chromosomal protein Sac7d sharpl;

. . . . ._kinks DNA, Nature392,202—-205 (1998).
complex. The experiment is designed to assess ring pucke%g

. . LS. L. J. Rinkel and C. Altona, Conformational analysis of the deoxyribofura-
15 d
in protein—DNA complexes consisting b’t" N-labeled pro- nose ring in DNA by means of sums of proton-proton coupling constants:

teins and unlabeled DNA, the most commonly used samples in a graphical methody. Biomol. Struct. Dyr4, 621-649 (1987).

NMR studies of protein-DNA complexes. The resultant data. 4. widmer and K. Withrich, Simulated two-dimensional NMR cross-
provide important information about the puckering state of the peak fine structures fdiH spin systems in polypeptides and polydeoxynu-
deoxyribose ring, enabling more accurate and precisely deter-cleotides,). Magn. Resorv4, 316-336 (1987).

mined solution structures to be obtainéﬂ)( It should be noted 12. J. Boisbouvier, B. Brutscher, A. Pardi, D. Marion, and J.-P. Simorre, NMR
that while this paper was being reviewed a related constant- determination ofs_ugar—puckers in nucleic acids form CSA—dipolar cross-
time NOESY experiment that measures vicinal®Zouplings Co"elate_d rela)fat'onl' Am. C,he_m' $00422,6779-6780 (2000). o
was publishedZ3), Suggesting that the constant-time NOESQS' I. C. Feli, C. Richter, C. Griesinger, and H. Schwalbe, Determination of

. RNA sugar pucker mode from cross-correlated relaxation in solution NMR
approach will be of general use for the measurement of other gpeciroscopy. Am. Chem. Sod21,1956-1957 (1999).

scalar and dlpOIar coupllngs. 14. A. P. Dejaegere and D. A. Case, Density functional study of ribose anc
deoxyribose chemical shiftd, Phys. Chem. A02,5280-5289 (1998).
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