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Residual dipolar couplings (RDCs) can readily be measured in
proteins that are weakly aligned with respect to the magnetic field,
either as a result of their intrinsic magnetic susceptibility anisofropy
or by the use of a dilute liquid crystalline medignor an
anisotropically compressed hydrodél. These RDCs not only
provide global structural information by aligning all bond vectors
in a molecule relative to a single axis system, but they also can
significantly improve local geomettyand provide unique op-
portunities for structure validatiol, So far, mostly one-bond
heteronuclear couplings and two-bottt-N and'H—13C interac-
tions have been studied, which due to their short internuclear
distances can yield large dipolar couplirfgd-ere, we demonstrate
that sensitive and accurate measurement of dit¢etH couplings
over distances of upot7 A is feasible. In contrast to NOE
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Figure 1. Pulse scheme of the 3D SS-HMQC?2 experiment. Narrow and
wide pulses correspond to flip angles of°%hd 180, respectively. Low
amplitude corresponds to selective (1 msj 820 pulses. All pulses are
alongx, unless specified otherwise. The four shaped 180° pulses are
of the hyperbolic secant adiabatic inversion type with durations of 1 ms
each; shapetH pulses are 180reBURP?° 13C decoupling (not shown) is
used for samples that includéC enrichment. Prior to time point ¢he H
carrier is at 8 ppm; after g it is switched t@®l. Delay durations:z = 5.3

s; Ta andTg are typically in the 36-80 ms range. Phase cycling; =

interactions, which in perdeuterated proteins also can be observed, _y." », = 2x2(—x): receiver= x,—x,—xx. Quadrature in botHN

over such distancé8!!dipolar couplings are not affected by spin
diffusion, and their interpretation in structural terms is therefore
quite straightforward?

The dipolar coupling between a pair of protons, P and Q, is given
by

Dpo(0.8.1pg = _ﬂo(h/ZH)VHZ/(S”Z"|='Q3)'A‘a[(3 cos 6 — 1)+
%/, Rsir? 6 cos 2] (1)

wheref and¢ describe the orientation of the-) vector relative
to the molecular alignment tensaogg is the interproton distance,
A, is the magnitude of the alignment, aiis its rhombicity?
Owing to the high'H magnetogyric ratioyn, *H—H couplings
are inherently the largest. Measurementtéf-1H couplings over

dimensions is obtained by alterig and ¢,, respectively, in the regular
States-TPPI manner. Pulsed field gradients are sine-bell shaped with
durations ofGg 1 23= 1, 1, 0.5, 0.5 ms, with peak amplitudes of 25 G/cm,
and directionsGp,1,23= (Xy), X, ¥, Z

(between b and c) the signal existsi&bs-15N multiple quantum
coherence (MQC). Transverse relaxation of this MQC contains no
J(0) IH—'N dipolar terms, thereby enhancing sensitivity, and
signals are encoded by the#N chemical shift between time points

b and c. The reBURP pulse applied at the midpoint between a and
d affects only the amide protons and therefore rephasekall

and dipolar interactions between amide and aliphatic protons but
leaves f—HN dephasing intact. So, initial magnetizatioh ktime
point a) evolves to yield

larger distances has remained difficult, however, because most oley—. —2 cosQyut;) sin@Dyuy2Ta) r! coS@Dyuy TAH H,
1=

the dephasing of a givetH spin is caused by its nearedt
neighbors. With typically more than 25 protons within a 5-A radius,

the smaller dephasing caused by a proton outside such a sphere

becomes difficult to measure. We propose two solutions to this

+ cos@uty) |_| cosérDHlHjTA)Hly + other terms (2)
j

problem: decoupling of the interactions with most of the nearest just prior to the 90, (*H) COSY-type mixing pulse (time point d).
protons, and perdeuteration of the nonexchangeable protons. DeuThis 9C, pulse converts K H? into H, H, and leaves the {
teration has the additional advantage of decreasing the transverseéerm unaffected. A subsequent second HMQC element (between e
relaxation rates of the remaining protons. Measurements discussedand f) partially rephases thelHi? term and dephases’j; the

below utilized both deuteration and homonuclear decoupling, but
the method is equally applicable to protonated proteins, albeit at

amplitudes of which aré-modulated by thé®N frequency Q2
andQy:, respectively). Only the & N2, (yielding the H—H? cross-

somewhat reduced sensitivity caused by faster transverse relaxationpeak) and HN%, (H! diagonal) terms, remaining after the

The pulse sequence used (Figure 1) is of the quantitakive
correlation typ&?12 and measures the fraction of magnetization

subsequent 99 H pulse (time point g), are converted into
observable'H signal during the subsequent WATERGATH—

transferred from one proton to another (cross-peak) relative to the {1°N} rephasing period. If for protons P and Q the-PQ and Q
untransferred magnetization (diagonal). The approach is demon-— P cross-peak intensities alg andlqp, their product divided

strated for I—HN but is easily converted to other interactions.

by their respective diagonals is given by

The pulse scheme concatenates two semiselective HMQC experi-

mentd214and is referred to as SS-HMQC2—1H dephasing takes
place between time points a and d, whereas for most of this time
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lodolpd oo = tar?(ﬂDPQTA) tar?(”DPQTB) 3)

Equation 3 ignores fractional labeling of the amides, and a
correction must be applied if incomplete protonation of amides is

10.1021/ja026845n CCC: $22.00 © 2002 American Chemical Society
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Figure 2. Two cross sections through the 600-MHz 3D SS-HMQC2
spectrum of 1.0 mM3N/*3C2H Ca*—calmodulin, pH 6.8, 10 mM Cagl
in 95% H0/5% D0, 16 mg/mL Pfl, usinga = Tg = 50 ms. (A) Taken
at F3 = 8.15 ppm; (B)F; = 9.38 ppm. Data were acquired as 38*36*
x 512* data matrixes, correspondingtignax= 38 ms,t2 max= 36 ms, and
= 63.9 ms. Dashed contours correspond to negative intensity.

t3 max —
significant (Supporting Information). Otherwise, use of eq 3 is
insensitive to the amounts of initial magnetization for protons P
and Q, incompletd; relaxation between scans, and values of the
passive couplingq{j=2 term in eq 2). If for all couplings to a given
amide Dyy < 1/(2T), and initial magnetizations of P and Q are
similar, an approximate value fdPpq derived fromleosdldiag =
tan@Dpqla) tan(zDeqls) May suffice. Although less accurate, this
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Figure 3. Comparison of 86Dun-nn dipolar couplings, measured for
ubiquitin in the presence of a 5% w/w ditridecanyl-PC/dihexyl-PC/CTAB
bicelle mixture (molar ratio of 33:10:1.5), with valuBsc2¢ predicted on
the basis of ©) the NMR structure (PDB entry 1D3Fand (») the X-ray
structure (PDB entry 1UBS). The predicted couplings were calculated for
an alignment tensor witlD,N\H = 11.9 Hz,R = 0.40. The sign of the
observed coupling is selected in accordance with the calculated value.

Figure 1 can be adapted to yield such sign information by insertion
of a spin-state selection filter prior t@ evolution, using a small

flip angle at time point d and removal of the purge pulse at time
point f. However, this approach lowers the signal-to-noise ratio and
therefore is not applicable to some of the smalgt couplings
measured here. In our experience, structure calculation based on
the absolut®yy valug?is adequate. It works particularly well when
sufficient other structural parameters are available, where use of
absoluteDyy values does not cause serious convergence problems.

approximation can be useful if one of the diagonal or cross-peak In contrast to one-bond heteronuclear couplihgse internuclear

intensities cannot be measured accurately due to overlap.
Figure 2 shows two cross sections from the 3D spectrum of
Ca*—calmodulin in liquid crystalline Pf1 mediuA}. Diagonals
correspond to protons resonatingfat = 8.15 (Figure 2A) and
9.38 ppm (Figure 2B); cross-peaks are seeRt&°N frequencies
of amides dipolar coupled to tHe; protons, which are dispersed
along F, by their ownN shift. Most interactions in this highly
a-helical protein correspond to short2.8 A) sequential M—HN
couplings. Although the sequentiaNHHN distances inu-helices
are rather uniform, the orientations oNHHN vectors in a helix
differ strongly from one another, resulting in very different cou-
plings. Numerous nonhelical interactions (e.g., V88 to 1100~

HN in Figure 2B) also give rise to observable cross-peaks. The dis-

tance cutoff for observation of cross-peaks in the SS-HMQC?2 cal-
modulin spectrum is over 6 A for interproton vectors nearly parallel
to the alignment tensar axis (e.g., E114HN to L116—HN).

To evaluate the intrinsic accuracy of the method, we also
measuredyy values in the protein ubiquitin. Comparisonfiy
with ubiquitin’s solution structufe shows excellent agreement
(Figure 3), with a Pearson’s correlation coefficid®t = 0.985,
and only slightly lower agreemeri® = 0.95, with its crystal struc-
ture16 Distances exceedin? A are observed in this protein (Sup-
porting Information) Dc@¢values in Figure 3 were calculated using
an alignment tensor derived frotN—H dipolar couplings (using
a librationally corrected 1.04 Ay value). The slope of the corre-
lation is very close to unity, indicating that internal dynamics has
comparable effects olH—1H and one-bondH—1°N interactions.

The SS-HMQC2 method presented here for measurement of

IHN—IHN dipolar couplings relies on selective removal of a large
fraction of coupling partners by either selective (de)coupling,

distance is a variable when usil, in structure calculation¥.

The possibility to observe direct dipolar interactions in weakly
aligned macromolecules over longer distances offers new op-
portunities in the study of protein structure and dynamics.
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Supporting Information Available: Equation 3, adapted for
incomplete protonation; one figure illustrating7 A direct dipolar
connectivities in ubiquitin (PDF). This material is available free of
charge via the Internet at http://pubs.acs.org.
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