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A method in which *H-'H scalar and dipolar couplings are ob- (18, 19. For 13C-labeled proteins, an interesting method fol
tained from the cross-peak nulling condition in a series of constant- measuring methylenéH—lH couplings has been developed
time (CT) COSY spectra, as a function of the duration of the (20). Recently, it has been demonstrated that the CT-COS
CT period, is described. The method is best suited for measure- experiment (21) can be used for measurementliefiH

1t inos i _ i - . . T . . .
ment of "H-"H couplings in th_e_range 5-20 Hz. It is shown, hqw dipolar couplings in oligosaccharides and proteins, without th
ever, that results can be sensitive to cross-correlated relaxation requirement of heteronuclear labeling2( 23. This type of

effects. Also, artifactual resonances, resulting from strong cou- . . .
pling, can be quite pronounced in CT-COSY spectra, even when measurement relies on the nonlinearity of the CT-COSY cro:

|Jns/(6a—68)| < 0.1. The experiments are demonstrated for the peak to diago'nal peak 'intensity ratio buildup as a function c
DNA dodecamer d(CGCGAATTCGCG),, both in isotropic solu-  the constant-time duration.
tion and in a liquid crystalline phase. Here, we describe a different way of extractitg—"H cou-

plings from CT-COSY spectra, which relies on the idea the
all cross peaks from a protord, to protons other tharX
INTRODUCTION change sign when the constant-time duration, CT, cross
the CT=(2N +1)/(2Jax) conditon (N=0,1,...). The
The utility of H-*H J couplings in structure determinationmethod is demonstrated for an unlabeled oligonucleotid
has long been recognized, and numerous methods for meagy€GCGAATTCGCG), which recently has been studied in de-
ing these couplings in the case of overlapping multiplets hatsil using heteronuclear dipolar couplings, combined with ver
been proposed. These include homonucleapectroscopyl), qualitative'H-*H couplings, estimated from cross-peak inten:
homonuclear E.COSY method2){ triple-resonance E.COSY sities in a regular COSY spectrurd4).
techniquesJ), quantitativeJ correlation 4, 5, comparison of  We find that the CT-COSY experiment can yield remarkabl
cross sections through in-phase and antiphase cross gdks ( intense artifactual cross peaks that result from non-first-ord
and the so-called DISCO metho8)(which relies on the same effects (strong coupling), even if the difference in chemical shif
principle. is rather largelda — 8g| > 10| Jag|. A method to attenuate such
Tunable, very weak degrees of molecular alignment withrtifacts is also described.
the magnetic field can be induced by dissolving the moleculeltis well recognized that in macromolecules, cross-correlate
of interest in a dilute liquid crystalline phas8)(Such liquid relaxation 25) can affect the measurement'¢f—*H couplings
crystal media typically consist of oriented large particlegonsiderably. From the deoxyribose structure, the cross pee
such as bicelles1(), filamentous phagel(, 12, or cellulose that are expected to have a cross correlation contribution a
crystallites (3). Several other lyotropic liquid crystals alsoeasily predicted. Analysis of the remaining cross peaks is shov
have been found suitable for this purpo$4£16. The partially to yield accurate measurements for the corresponttifgH
aligned molecules permit measurement of internuclear dipotasuplings.
couplings, which normally average to O in isotropic solution.
H-'H dipolar couplings contain information on both the MATERIALS AND METHODS
interproton distance and on the orientation of the interproton
vector with respect to the molecular alignment tensor. However,The unlabeled DNA dodecamed(CGCGAATTCGCG),
guantitative measurementdi—H coupling in the aligned state was purchased from Midland Certified Reagent Compar
can become more complicated because the complexity 8kthe(Midland, TX). It was dialyzed against sterilized® using a
multiplet greatly increases due to a multitude of unresolvab®00-MW cutoff dialysis cassette and subsequently lyophilize
splittings. For *N-labeled proteins, homonuclear dipolato dryness. The powder was then dissolved ®Duffer, con-
couplings involving*HN can be measured with the HNHA ex-taining 10 mM sodium phosphate (pH 6.8), 50 mM KCI, anc
periment 9, 17), and were shown to improve structural qualityd.02% sodium azide. Two different NMR samples were used ft
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where the products extend over all spksoupled toA, and
Kg % Ks T%h I\> spinsq coupled toX, T is the duration of the constant-time
t2 evolution period S, is the diagonal time domain signal strength
for T =t, = 0, 2 andQx are angular chemical shifts of spins
FIG.1. Pulse scheme of the 2D CT-COSY experiment. Rectangular pulsés and X, and T,5 and Tox are theA- and X-spin transverse
correspond to 90flip angles. The two shaped pulses are of the hyperbolic secari|laxation times. In the weakly coupled limit, the effects of scala
type @6), and have durations of 5Qds each. Phase cyclings = v; 2 = X;  anq dipolar couplings are additive, adglq here refers to the
$3 = X, Y, —X, —Y; Receivee= x, —x. Quadrature detection in thedimension . . .
is accomplished by simultaneously incrementing ¢, andes in the regular sum of the scalar and dlpOIar cqupllngs betwee.n SBIanQ.
States—TPPI manner. After 2D Fourier transformation, th8ax/Saa intensity ra-
tio is proportional to tant Jax T), although the proportionality

measuringH-1H couplings at DNA concentrations of approxi-_conStam is a complex function of tlke spin multiplet shape and

; ; o lly unknown. As shown by Tigbal.(22), Jax can be
mately 2 mM duplex, one isotropic sample and one liquid cryési genera . . :
talline sample, based on use of the filamentous phagelfi ( derived from this ratio provided at least two CT-COSY spectre
The liquid crystal sample contained 20 mg/ml Pf1 phage (ASLﬁ\re ;ecordecilj, W?”g for at least ane Of_éhe tli':mT >| Al;OII5,d
Labs, http://130.237.129.141//asla/asla-phage.htm), which wigsthat tang JaxT) becomes nonlinear idax. For unlabele

first exchanged into the same buffer as mentioned abovemacromolecul_es, the diagonal resonance is frequently not r
by using a 30-kD cutoff centricon concentrator. All measurg!vable, and in the present study we simply focus on the cros

ments were carried out in 300 Shigemi microcells at 3. peak signal of Eq. [1b]. As can be seen from this expression, tt

Experiments were performed on a Bruker DRX-800 spectrorﬁ‘-x cross-peak intensity is propolrtional I:x COSGr JacT),

eter, equipped with a triple-resonance, three-axis pulsed fisf) it regches a null wheda, T 2 andl chanlges sign V\ghen
gradient probehead. comparing spectra recorded wilakT < 5 and3 < JakT < 3.

CT-COSY spectra were recorded with the pulse scheme Bffcause the same passive coupling typically modulates seve
Fig. 1. A hyperbolic secant-shaped td@version pulse was 0SS peaks, multiple measurements for a single coupling a
used to ensure perfect inversio?g), together with a second ty'plcallly obtained from a series of CT'COSY spec.tra recorde
such pulse just after the first 98H pulse, which refocuses theW'th d|_fferent_T values. In essence, tldevalue is obtained from
effect of F, phase distortion introduced by the (moving) qgointensity nulling of cross peaks, and we refer to the method a
pulse @7). Spectra were acquired with the maximum number NX; _ . ) ,

t; increments, except for cases where €50 ms, where the A limitation of JINX is that if large couplings are present, the
time domain was truncated at 50 ms. Thacquisition time was

shortesftT value should preferably be smaller thadi{g,) .. If

63.9 ms. Spectral widths were 8 kHz in baffandt,, and 4-16 2 Single passive coupling is larger tharT{2", all cross peaks
transients were acquired per comptesncrement, resulting in involving this passive coupling will have opposite sign relative
total measuring times of 1—4 h per spectrum to cross peaks between spins that do not involve large passi

The data were processed using the program NMRR#elf couplings. Accurate fitting of the cross-peak intensity modula
thet, dimension, the data were apodized with a squared cosff? @S a function off can be difficult in such cases. A second,
bell window, followed by zero filling to 2048. In theg dimen- related problem is that for short values Df the inherent res-
sion, for spectra with less than 50-ms constant-timevolution olution in thet; dimension of the 2D spectra is poor. To some

periods, mirror-image linear predictioBq) was used to extend extent this can t_)e remedied by mirror-image linear p_redictior
the time domain to 50 ms, followed by apodization with a-72 ©f the nondecaying time domain data29), although this ad-

shifted sine bell window and zero filling to 2048 data points. versely affects the accuracy of cross-peak intensities. Thirdl
only the absolute value of the coupling is obtained, which in the

case of dipolar couplings can present problems during structul
calculation (9).

Ignoring cross-correlated transverse relaxation, and assuming

the weak coupling limit, the time domain signals of thespin  Effects of Strong Coupling on CT-COSY Spectra
diagonal,Saa(ty, t2), and AX cross peakSax(ty, t2), in a CT-

RESULTS AND DISCUSSION

COSY experiment are given by Extra resonance lines are observed in 2D hqmpnuclge
J-spectra of non-first-order spin systems. Their origin is easily
Saalts, t2) = STk cosgr JakT) cosQaty) exp(=T/Tza) understood by considering that the eigenfunctions in such sy

- tems are no longer simple products of the wave function of th
xTTi cosfr Jatz) expE<2atz) eXP(-to/Ton) (18] i ivial spins, but linear combinations there®®¢32. Non-

Sax(ty, t2) = S sin(w Jax T)Tkzx COSET JakT) cos2at1) first-order effects can also give rise to artifactual cross peak

. in heteronuclear correlation and NOESY spec83, 39. The

X OXPET/Ton) sinGr axta)aza COSE I t)  oac0n for the extra complexity occurring in the 2D CT-COSY

x expl 2xt2) exptz/ Tox), [1b] is similar to that in the 2DJ-spectrum, and below we briefly
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discuss the effects of non-first-order coupling on CT-COStey contain a small fraction of-spin coherence. These two
spectra. As we will show, these effects can be remarkably largeherencesr;, andos,, have frequencies defined Bf — E,,

In the case of two spinsA and B, with a scalar coupling and E3 — E4, respectively, i.e., approximatebg + %(JAB +
Jag and a dipolar couplind® ag, the Hamiltonian under free Dag). After a 180 pulse, the coherences are redistributed

precession is described by according to
Ho = dalaz + dglez + (JaB + Dap)lazl B2 012 = SiN Y024+ COS Dozy [6a]
+(Jag — 2Dag)(Iaxlex + laylsy). (2] 034 — —SiN Voys + COS Doy [6b]

wheres , andsg are the resonance frequencies of sgiandB. . ) ) )
Fully analogous to the textbook case of AB scalar-coupled gnd similar equations for thA-spin coherences. This process

spin system, the stationary eigenfunctions of the system é'?eschemaotli%allyigogvn in I;ig. 2. Doublet C(()jnz)ponentsBdof
linear combinations of the wave functions of the individudt €. rotate Dy 1oba outy, ‘%t are a_lttenuate oy _c@san_
spins 85) a sing fraction is transferred into spid magnetization, with

the 1-3 component antiphase with respect to 1-2. The relativ

intensities of the twaB-spin doublet components retain their

regular (14 sin2)/(1 — sin ) ratio, and the same for the

U, = cost|af) + sind|Ba) [3b]  newly formedA-spin magnetization. This latter magnetization

W3 = cosh|Ba) — sindlap) [3c] contributes to the anomalous cross peak. Jus_t prior to the fin;
90 pulse, the angles;3 anday, in Fig. 2C are given by

Vs = |BB) [3d]

¥, = |aa) [3a]

. . . 13 = —034(T/2 = 11/2) + 013(T/2+ 11/2) + 7
with their energies

= (013 — 03 T/2+ w13+ waats + [7a]
1 1
E1 = —3(8a+88) + 3(JaB + Das) [4a] wos = —w12(T/2 — 11/2) + wpa(T /2 + 11/2)
211/2
E> = —%[(53 —8a) + (InB — %DAB) ] / = (w24 — w12)T/2 + %(w24 + wi)ts. [7D]
— 7(Jag + Dag) [4b]
Es = 3[(6a — 88)* + (Jag — %DAB)Z]UZ A) oy B)
G,
— 2(Jag + Das) [4c] ”
G
Es = +3(8a+88) + 3(Jas + Das). [4d] y 180y y
4
whered is a measure for the non-first-order character of thi s
coupling defined as
1 1 Oi2
0 = jarctar{(Jag — ;Dag) /(6a — 88)}.  [4e] X X
Below we will focus on the case where the non-first-orde
effect is relatively small{ « 1), such that the frequencies of
the A-spin doublet to a good approximation egsiak: (Jas + C)
Dag)/2. A perfect 180 pulse converts the mixed states into
linear combination of stationary eigenstates: O3
o g Oy y
Vi = |pp) = Va [5a] 3.
W, = cosf|Ba) + sinf|apf) = sin YW, + cosDW3  [5b] Gas
W; = cosflef) — sinf|Ba) = cos DWW, —sinHW3  [5¢] (O
X
V), = |aa) = V. [5d]

FIG. 2. Evolution of coherences;; andoss during the CT-COSY exper-

. . iment. (A) Just prior to the moving 18@ulse; (B) just after the 180pulse,
For convenience, we will refer to coherences betweand hen part of ther1, andoss coherences has been transferred pandoys;

W, and betweenl; and W, as B-spin transitions, even while (C) immediately prior to the final 90pulse.
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The phase of both of these “spurious” vectors is modulated
by 2 (w24 + w12) = 3 (w134 w34) = (A + 2B)/2, Where2 4 and
Qp are the angular chemical shifts of spihandB, respectively.
The difference in phase ig3 — ap4 = 7w + 27 JapT, SO, forT
durations where the regular doublet components are antiphase,

3.8

this spuriousA-spin magnetization, which originated from the 3.9 ﬁ ﬁ |
B-spin doublet, is in-phase just prior to the finaP $ulse and ) Q 9 9
givesrise to an in-phade A-spin doublet, as shown in Fig. 3A.

This m-p_ha_se doublet is of ma>_<|mum_|nten5|ty for aluration 4.0 (Y @@
that maximize#—B cross-peak intensity. In contrast, whenr=

N/Jag, i.€., when regular cross peaks are the weakest (Fig. 3C),
the spurious antiphad®-spin magnetization is transferred back
to A by the mixing pulse, yielding an antipha8espin signal in
F,. Figure 3B shows the artifactual resonances wheihg <
T < 3/2Jag, in which case they are the superposition of in-
phase and antiphase components inRhdimension.

IntheF; dimension, theA-B artifact atF; = (A + Qg)/47
is a singlet with a phase that rapidly oscillates as a functidn of
with a frequency equal to half the-B chemical shift difference
(cf. Egs. [7a], [7b]). Note that the intensity ratio of the spurious
to regular peaks is on the order of taf)(2and even for a case of
weak coupling, whereta — 2g)/27 = 10x Jag asin Fig. 3A,
the spurious cross peak intensities are 10% of the maximum
achievable regular cross-peak intensity (foe= 3/2Jag). For
the case wher@ =~ 1/Jag (Fig. 3C) the regular cross peaks
are very weak, and the artifacts become stronger thaise
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ABX Spin System a9 o ﬁ

As discussed below, foAB X spin systems, the strong- D= 0
coupling induced artifacts in CT-COSY spectra can be as strong
or stronger than the trud—X and B—X cross peaks. The same 4.0t {‘hﬁ . §
simple vector analysis, described above for thB system, * 4 - ;
can be used, provided we assurmix + Jgx — Dax/2—
Dex/2| < |24 — Qg|/27. The A-spin originating magneti- 3 x :
zation, transferred tdB by the 180 pulse in the manner ppm 4.0 3.9 3.8

described above, yields a cross-peak contributiorXtacen-
tered at F1, F2) = [(Q2a + Qg)/47, Qx/27]. At t; =0, the
signal contributing to this spurious cross peak has an am:
plitude proportional to tan@ sin[r(Jax + Jsx + Dax +
Dex)T/2]sin[z(Jdag + Dag)T], and anF; phase of g —

Fa

Qa)T/2. ThisA— B — X artifactual cross peak superimposetime delays of (A) 150, (B) 110, and (C) 100 ms.

on the B— A— X cross peak, which has the same ampli-

245

FIG.3. Simulated 2D CT-COSY spectra, showing the artifactual resonance
between two strongly coupled spims and B, which have a chemical shift
differences = 100 Hz and scalar couplingng = 10 Hz, at different constant-

tude, but anF; phase of 4 — Qg)T/2. The first compo- pends on cogf(Jax + Jex + Dax + Dex)T/2] cosfr(Jag +

nent is antiphase with respect B in the F, dimension, the Dag)T]. These contributions are calculated under the condi
B — A— X cross peak is antiphase with respecttoNever- tion of relatively weak coupling|0ag| < ~5|Q2a — Q8|/27),
theless, the two cross peaks can constructively interfere, partict show fair agreement with results from simulations with
ularly whenJax + Dax ~ Jgx + Dgx, and yield a cross peakthe ANTIOPE program36) and the Bruker NMRSIM spectral
with an intensity of up to 2tan(@ for (Jag + Dag)T = simulation program, which take the strong coupling effects intc
(2N + 1)/2. Note that for this duration of the regularAX account rigorously.

andB X cross peaks have vanishing intensity (Eq. [1b]). In ad- TheA— B — X andB — A— X pathways yield artifactual
dition to this main contribution to this artifactual cross pealcross-peak contributions that have oppobBitphase dependen-
there is a second contribution that is s)(2veaker, and de- cies on the duratioii. A simple way to attenuate these artifacts
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FIG.6. H1-H2/H2’ regions of the 800-MHz CT-COSY spectrad{fiCGCGAATTCGCG), (A) recorded with a constant-time duratidn, of 37.5 ms, and
(B) obtained by co-addition of CT-COSY spectra recorded Witk 35.5, 36.5, 37.5, 38.5, and 39.5 ms. Black and red contours correspond to positive and nega
intensity, respectively. The artifactual resonances caused by strong coupling are circled in (A) (except for G2 and G10, vaherélEiearly overlap). The
arrows indicate the attenuated but not completely eliminated artifactual resonances for A5, A6, and C9, and virtually unchanged artifacts @&t laed
resonance marked by an asterisk originated from a small molecule impurity in the sample. The spectra have been phased such that the diagamealasdbsot
the antiphase cross peaks are dispersi ibut absorptive in the constant-tinke dimension. Owing to their antiphase nature, the dispersive cross peaks actua
have the appearance of resolution-enhanced absorptive signals, with net zero integral.

simply coadds two spectra collected fbrdurations that differ (M X = |aa) or|88)), but partially cancel each other if they are
by 27 /(Q2a — Q2B). anti-parallel M X = |a8) or|Ba)). Consequently, the multiplet
components of spir that experience the stronger local field
. (MX = |aa) or|B8)) will relax faster than those corresponding
Cross-Correlated Relaxation to MX =|aB) or |Ba). After the initial 9q, pulse in the CT-
When extracting the size of and dipolar couplings from COSY experiment, the transverse magnetization of gpaan
cross-peak intensities in CT-COSY spectra, it is importabe written as
to take into account the effects of cross-correlated relaxation
(25, 37, 38. As described in detail by Wimperis and Boden- Ay = (A + 4AM, X,) /2 + (A — 4AM;X;) /2, [8]
hausenZ5), the presence of cross-correlated relaxation can give
rise to significant antiphase magnetization terms after a period@dfare the A+ 4AM,X,) term corresponds to the two
free evolu_tion.AsaresuIt, Cross peaks canappearin COS\_( SP@&t-relaxing multiplet components of spik and the second
tra, even in the absence dfcoupling @9, 40. Analogously, in - term corresponds to the two slower relaxing components. |
the application of CT-COSY to the measuremen @buplings 1 anqr. are the auto- and cross-correlated relaxation rates
in DNA, the interference between cross-correlated relaxatigiq G+ — exp[—T (T + I'.g)], the transverse magnetization of
andJ-dephasing can alter the duration of the constant-time, ;n_resonance spirk at time T after an initial 99 pulse is
for which nulling of a cross peak occurs. described by
For a simple three-spiAMX system that is relaxed solely
by the AX, AM, and M X dipolar interactions, the different
relaxation rates of the fouA-spin multiplet components can
easily be understood by considering the dipolar field at spin + sinfr (Jam + Jax) TIRAyM, 4+ 2A) X,)}
A caused by different spin states of theand X spins. If A, 1L~
M, and X are arranged linearly, the dipolar fields of spin + 267 {coskr(Jam = Ja) TI(Ac — 4AMX,)
and M at the site of spinA will add up if they are parallel + sinfr(Jam — Iax) TI2A/M; — 2Ay X,)}.  [9]

AX g %G+{Cosh(JAM + JAX)T](AX + 4Ax szz)
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FIG. 4. CalculatedA — M cross-peak intensity in aAM X spin system as
a function of the constant-time duration farof 0, 3, 6, and 9 ns. ThAM X

spin system simulates the HH2’—H2 spin system in a deoxyribose with the

geometry shown in Fig. 8. The following coupling values were usagi =
10 Hz; Jax = 14 Hz. The effect of dipole—dipole auto- and cross-correldted
relaxation is taken into account, but the finite lifetime of spins ignored to
exemplify the effect of cross-correlated relaxation on the JINX condition.

The terms 2yM; in Eq. [9] give rise to theAM cross peak
after the subsequent 9nixing pulse. IfGT = G~ = G, the
cross-peak intensity is simply proportional%@{sin[n(JAM +
Jax)T]+ sinfr (Jam — Iax) T]} =G sin(r Jam T) cosfr JaxT),
and nulling of the cross-peak intensity occurs whénr=
(N+ %)/JAX. However, wherG* # G, this nulling condition

be quite different in the isotropic and liquid crystalline states
so it is important to note that the cross-correlated relaxatiol
effect does not cancel out when calculating the dipolar cou
plings from the difference in apparent coupling in the two
states.

Passive Spin Relaxation

As emphasized by Harbison, the finite lifetime of the passive
spin reduces the apparent splitting of an in-phase doublet re
ative to the truel coupling @1). This effect also is important
when analyzing a range of othércoupling measurements, in-
cluding HNHA (@, 42, 43 and J-modulated HMQC4Q, 43.
Figure 5 shows how much JINX-derivedl couplings are af-
fected by passive spin relaxation, as a function of the selectiv
T, of the passively coupled spin. Clearly, as is the case for th
other experiments mentioned above, the effect is largest for sms
couplings and becomes small when the coupling is much large
than the inverse of the selectiifg of the passive spin.

Application to DNA

The analyses described above are illustrated for the doubl
stranded B-DNA dodecamel(CGCGAATTCGCG). With a
chemical shift difference between H&nd HZ of 200-500 Hz
(at 800 MHz) andljz 12 ~ 14 Hz, the HI-H2—-H2" spin sys-
tem would normally be considered as a first-ordev X-type
spin system. However, as can be seen in Fig. 6A, rather inten:
artifactual resonances can appear midway between tle H2
H1 and H2—-HX' cross peaks, whose intensities are in quantita
tive agreement with values predicted on the basis of non-firs
order effects discussed above. As mentioned uAdRX Spin

is shifted. Figure 4 shows numerical examples of how much the

nulling condition in a typicalAM X system may be affected

for different values of the rotational correlation timg, In

the example shown, the constant-time duration at which
nulling condition of theAM cross peak occurs is reduced witk

increasing correlation time, resulting in overestimatior gf.

The dipole—dipole cross-correlation ratés;, depends on
the angle,0amax, between theAM and AX internuclear
vectors 25):

[ee r;,?,,r;f((S cog Oamax — 1), [10]

1

Japp
Jtrue
0.75

wherer o andr ax are the internuclear distances. As can b
seen from Eq. [10], whefiam ax approaches the “magic angle”
of 54.7°, I'¢c reduces to 0. As we will show for deoxyribose, by
selecting spin-pair interactions that as a result of this angu
dependence are inherently less sensitive to cross correlati %% o1 02 03
reliable values _for the H2H2’ cou_pllngs can be measured. T+ of passive spin
The change in apparent coupling caused by cross correlation
depends on the values of the couplings involved. The dipolaf!CG-5- Theratio of the apparerix coupling (Japp) over the true coupling

coupling in a liquid crystalline medium can be substantiall Jue) derived using JINX of thed — M cross peak in amM X spin system,
piing q Yy .as a function of theTy of spin X. The Japp/ Jrue ratio is calculated fordye

larger than theJ coupling itself, and the apparent change iQques of 5 ), 10 @), 15 (¥), and 20 Hz #), assumingr = 100 msTM =
coupling caused by cross-correlated relaxation therefore cao ms, andiay = 4 Hz.
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Systemthese cross peaks can be attenuated by coaddition
spectra recorded over a narrow range of constant-time dul
tions. Figure 6B corresponds to the sum of five such specti
collected withT durations spaced 1 ms apart, and centere
aroundT = 37.5 ms. Most of the artifactual peaks encirclec
in Fig. 6A are eliminated in Fig. 6B. However, the intense arti
facts for the quite strongly coupled G2 and G10 sugars remeHs
because the difference in H&nd H2 chemical shift frequency
is small compared to the changesTindurations used. Simi-
larly, the A5, A6, and C9 artifacts are merely attenuated ar
not eliminated because no single set of five differéndura-
tions can achieve complete elimination of these artifacts for ¢
deoxyribose sugars in the dodecamer simultaneously.

Figure 7 shows the fit of the H2H2', H2-HY, and H2—

H3' cross-peak intensities for nucleotide C3, as a function or
T, to Eq. [1b]. Each set of five closely spaced points, recorded!G. 8. Interproton distances and angles in a typical B-DN/e@do de-
for the artifact suppression described above, shows a sootRXYrbose sugar.

dependence of the intensity changes and a virtual absence of

scatter in these higlis/N data. As will be discussed in more

detail below, the first null in the H2H3 curve (caused by the sult, the H2—H1' cross peak cannot be used for accurate mea
passive H2-H2’ couplings) is affected by H2H3 dipolar cross surement ofdyoy2r, and neither can the M2H2 cross peak
correlation with H2-H2’, and occurs slightly earlier than thebe used for measurindy, 2. Throughout, arA—B cross peak
null in the H2—HY curve. This H2-H1 curve is nearly free of refersto a cross peak at the frequency of $pin the F; dimen-
cross correlation (see below), and the firsturation with zero sion and spirB in F,. Interestingly, the HEH2—-H2" angle is
intensity is close to A(2J4212+). The second zero crossing in theclose to the magic angle of 54, where cross correlation equals
H2'-H3 curve occurs when the cos{yzn1 T) termin Eq. [1b] 0 (Eq. [10]). Consequentlyly>h2r can be determined by mon-
reaches zero, and coincides with the first null of thé-#H2’ itoring at whatT value the H2-H1' cross peak changes sign
curve, yielding two independent measurementsiony . (Eq. [1b]). Similarly, in the case of H2H2'-H3, J4oH2 Can

Figure 8 shows a deoxyribose sugar ring with atypical B-DNBe determined from the M2H3' cross peak, but not from the
2-endo conformation. Considering a three-spin systemt-HIH2'-H3' cross peak.

H2'—H2’, the dipole—dipole cross-correlated relaxation rBge, The above features are illustrated in Fig. 9, for four section:
(cf. Eq. [10]), between H2-H1 and H2Z—-HZ is relatively large taken from the CT-COSY spectra of the Dickerson dodecame
because the HEH2'—H2 angle is approximately 90As a re- Durations of the constant-time evolution period range from 2:
to 64.5 ms, and each spectrum actually represents the sum
five 2D spectra, withl durations 1 ms apart, and centered at

1.00 T = 25, 37.5, 50, and 62.5 ms.

The cross peaks in the Hiegion of the spectrum are la-
beled in Fig. 9A, with the upfieldr; signals corresponding to
H2'—HY interactions and the downfield ones to'HRI1'. When
the constant-time duration is increased from 25 ms (Fig. 9A
0.50 to 37.5 ms (Fig. 9B), the H2H1, H2"-HY, and H2-H3
cross peaks all change signs, but not thé4H2’ cross peaks,
indicating thatJy» o is the largest coupling. Figures 9E and 9F
areF; cross sections through Hef C3 in Figs. 9A and 9B. Al-

though both H2-H1 and H2-H3 cross peaks change signs be-
/W'/WF tweenT = 25 msandl = 37.5 ms, interpolation of the nulling
condition for the H2-H1' cross peak yield$yypy = 14.2 Hz,
whereas a slightly larger value of 14.8 Hz is obtained if the
025 nulling condition of the H2-H3 were used to derivé >y . As
0 0.02 0.04 0.06 0.08  mentioned above, cross-correlated relaxation between the H3
T (s) H2 and HZ—H2 dipolar interactions shifts the nulling condi-
FIG. 7. Fit of the HZ—H2’ (A), HZ—H1 (@), and H2-HZ (V) cross- toN for this cross peak, whereas for the'Ha1' this effect is

peak intensities for nucleotide C3 to Eq. [1b], as a function of the constant-tifXpected to be very small. Similarly, if the nulling condition
duration,T. were derived from the H2H1' cross peakT,y = 31 ms) the

Peak intensity

o
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FIG.9. Smallregion from a series of 800-MHz CT-COSY spectraff@GCGAATTCGCG). Spectra are obtained by co-addition of five CT-COSY data sets
recorded with CT durations of (A) 23-27, (B) 35.5-39.5, (C) 48-52, and (D) 60.5-64.5 ni5; (fE)ss section through spectrum (A) at the C3~f#&quency;
and (F) the same cross section from spectrum (B). THelH/H2” peaks are labeled in spectrum (A). The asterisk in (F) marks the signal from a small molec
impurity in the sample.

stronger cross-correlation effect yields an even larger appar®MNA in Phage Medium
Jhzn2 coupling of 16.2 Hz.

When increasing the constant-time duration from 50 ms Figure 10 shows small portions of CT-COSY spectrarecorde
(Fig. 9C) to 62.5 ms (Fig. 9D) both the HH3 and H2-H2" for T = 25, 35, and 45 ms for the Dickerson dodecamer ir
cross peaks change signs, but thé-H1' cross peak does not. 20 mg/ml Pfl phage. Additional cross peaks betweehat?l
This indicates thafy vy T has become larger thdp with the the aromatic protons, not present in isotropic solution, are see
precise values folyyy again determined by interpolation.in the left-hand region of these panels. These mark througt
Table 1 lists thetH-'H coupling constants measured for thepace dipolar couplings, which on average tend to be small
DNA dodecamer measured using this method. These valtdlean couplings (sum of + D) between H2and other sugar
are in close agreement with those reported previously framotons. Cross peaks betweerl H2d H3are particularly strong
P.E.COSY measurement4), and recently remeasured usingompared to the spectrum of Fig. 9, suggesting Dains
selective deuteratiop). has the same sign dsynz, i-e., positive. This is confirmed by
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TABLE 1
Isotropic *H-H J Couplings in d(CGCGAATTCGCG),
Nucleotide Joron N Jvor Joy
C1 143  85/8.2X/71.F  6.3/6.1°6.F  59/6.P/—°
G2 14.4 11.1/10.1/9.7 5.5/5.7/5.8 5.4/—I4.5
C3 14.2 9.1/8.8/8.9 6.2/6.2/5.8 6.6/6.1/—
G4 13.5 11.0/10.2/10.0 6.0/5.1/5.6 5.5/—/—
A5 14.0 9.7/9.7/9.8 6.1/5.7/6.5 5.4/—/5.1
A6 14.2 9.3/9.3/9.5 5.7/6.0/6.2 5.4/—/5.1
T7 145 9.1/8.3/8.6 6.4/6.2/6.6 7.1/—/—
T8 14.6 9.8/9.5/9.8 6.3/6.0/6.5 6.0/—/5.7
c9 13.7 9.2/8.7/8.9 6.0/6.0/5.6 6.5/6.3/5.6
G10 14.3 11.2/9.7/9.9 5.7/5.5/6.0 5.4/—/—
Cl1 14.3 8.8/8.4/8.3 6.2/6.2/6.3 6.6/6.6/—
G12 14.7 7.8/8.1/7.8 6.7/6.3/6.3 6.0/6.3/—

a8 Measured by the CT-COSY method.
b Previously measured using P.E.COSM)
¢ Average of previous measurements by Yangl (45).

which confirms the large (13—-17 Hz) values 8pp'13 + Dhonz,

in good agreement with a structure recently calculated on the b
sis of primarily heteronuclear one-bond dipolar interactions an
qualitativeH—'H couplings (24). Interestingly, as can be seenin
Fig. 10B, for C9 the H2H1 and H2—G10H8 cross peaks stay
positive when increasing from 25 to 35 ms, whereas both the
H2-H3 and H2-H2’ cross peaks change signs. This is cause
by a change in sign of both the ca{Pnony + Dron2)T]
and the cost(Jyznz + Daznz)T] terms in Eq. [1b]. As both
terms are present for the HR1' and H2/G10H8 interaction,
but only one for the H2H3 and H2—H2’ cross peaks, only
these latter two change signs. Remarkably, C9 is the onl
nucleotide for whichJyynyr + Duonor increases with phage
concentration; for all othergy,,» and Dyynyr have oppo-
site signs. At 20 mg/ml Pfl phage we found, for example,
that for C9|Jnon2” + Duon| = 17 &£ 1 Hz, whereas for C3

| Jnoh2 + Dhono| is less than 5 Hz. Considering that the gem-
inal J coupling is quite similar for all sugars in this dodecamer
(Table 1), the large variationsifyyn> + Dponor| are attributed

spectra recorded at lower phage concentration (7 mg/ml, dadavariations inDyyo; i.€., they are caused by different orienta-
not shown), which show a small increase in’H23 cross- tions of the H2-H2" vector relative to the molecular alignment
peak intensity, thereby excluding the possibility tBat -y and
Juonz have opposite signs.
For residues C1, C3, T7, and C11, the 'H2l' and below threshold intensity in Fig. 10. Although for most sugars
H2'—aromatic cross peaks either change signs or become vanishihe phage medium the absolute valuelgf> + Dyyny is
ingly weak wher isincreased from 25 to 35 ms (Figs. 10A, B)decreased relative to isotropic conditions, the degree of “stron

tensor.
The strong-coupling artifacts, highlighted in Fig. 6A, have
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FIG. 10. Small regions of the 800-MHz CT-COSY spectraldCGCGAATTCGCG) in 20 mg/ml Pf1, recorded with constant-time durations of (A) 25, (B)

35, and (C) 45 ms. Cross peaks from COHZHZ2, C1HZ, C11HZ, and C3H2to H3, H1, and base protons are labeled in (A).
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product are considerably smaller in the aligned state than in the
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