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Abstract

A simple spectral editing procedure is described that generates separate subspectra for the methyl '3C-{'H3} mul-
tiplet components of "H-13C HSQC spectra. The editing procedure relies on co-addition of in-phase and antiphase
spectra and yields 'H-coupled constant-time HSQC subspectra for the methyl region that have the simplicity of
the regular decoupled CT-HSQC spectrum. Resulting spectra permit rapid and reliable measurement of 'H-13C J
and dipolar couplings. The editing procedure is illustrated for a Ca?*-calmodulin sample in isotropic and liquid

crystalline phases.

Following the first measurement by Prestegard and
co-workers of 'H-1N one-bond dipolar couplings in
myoglobin, weakly aligned with the magnetic field by
its paramagnetism (Tolman et al., 1995), such mea-
surements have become widely used. The introduction
of dilute liquid crystalline media (Tjandra and Bax,
1997a; Clore et al., 1998; Hansen et al., 1998; Prosser
et al., 1998; Barrientos et al., 2000; Fleming et al.,
2000; Ruckert and Otting, 2000) and gel-based meth-
ods (Sass et al., 2000; Tycko et al., 2000) for inducing
tunable degrees of solute alignment has made it pos-
sible to measure a wide range of different types of
one-bond and more distant dipolar couplings (Tjandra
and Bax, 1997a; Ottiger and Bax, 1998; Yang et al.,
1999; Tian et al., 2000; Delaglio et al., 2001). These
couplings contain information on the orientation of in-
ternuclear vectors relative to the alignment tensor of
the macromolecule. In contrast to NOE and J cou-
plings, these dipolar restraints are therefore global in
nature. Incorporation of dipolar restraints in structure
calculations can yield remarkable improvements in
quality, both in terms of local geometry and as judged
by cross-validation (Tjandra et al., 1997; Cornilescu
et al., 1998; Clore et al., 1999; Drohat et al., 1999).
For proteins, most applications so far have focused
on the use of backbone dipolar couplings. Several

methods for measurement of side-chain dipolar cou-
plings have also been proposed, however. These in-
clude the recording of heteronuclear 3D HCCH-type
correlation spectra that are '3C-coupled in the 'H
dimension (Olejniczak et al., 1999), and a sophisti-
cated E.COSY-type method which permits simultane-
ous measurement of both individual '>C-'H couplings
and the geminal 'H-'H coupling for methylene groups
(Carlomagno et al., 2000). A third method mea-
sures the ey coupling from a set of Jcy-modulated
constant-time HSQC (CT-HSQC) spectra (Tjandra
and Bax, 1997b; Ottiger et al., 1998b), and another
recent experiment derives *CP-'HP couplings from
the intensity ratios observed in two or three interleaved
CB(CA)CONH spectra (Chou and Bax, 2001).
Relatively few measurements have been reported
for methyl groups in macromolecules so far. Due to the
rapid rotation around their threefold symmetry axis,
dipolar couplings are reduced by a factor P>(cosf) =
(3cos20 — 1)/2 relative to a 13C-'H bond that is paral-
lel to the symmetry axis, where 0 is the angle between
the methyl C-H bond and its symmetry axis. Mea-
surements in proteins indicate that P>(cos6) for methyl
groups is in the —0.31 to —0.33 range (Mittermaier
and Kay, 1999; Ottiger and Bax, 1999). These methyl
group '3C-'H couplings were simply measured from
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HSQC spectra recorded in the absence of 'H decou-
pling in the '3C dimension. The outer '3C quartet
components in such spectra are three times more in-
tense than the inner components and typically yield
high sensitivity, which is about 35% of that in the cor-
responding decoupled CT-HSQC spectrum. Although
the methyl group rotation reduces the dipolar coupling
by nearly 70%, the outer components of the '3CHj
quartet are separated by 3Jcy. The absolute value of
the change in splitting for the outer quartet compo-
nents therefore is less than 10% smaller compared
to the dipolar splitting contribution for a single C-H
vector oriented parallel to the methyl group axis.

The fourfold increase in the number of resonances
that results if 'H decoupling is omitted in the F
dimension of CT-HSQC spectra can cause severe spec-
tral crowding. An interesting solution to this prob-
lem was presented recently by Kaikkonen and Otting
(2001), who proposed to measure the "H-'H dipolar
coupling within the methyl group. Alignment of the
methyl group results in a triplet splitting for the pro-
tons, where the 'H-'H dipolar coupling causes a sep-
aration between the outer components that equals 1.5
times the '3C-'H dipolar contribution to the separation
between the outer components of a '>CH3 quartet. The
precise ratio between 'H-'H and 'H-!3C dipolar cou-
plings can reveal interesting information on the methyl
group geometry itself (Wooton et al., 1979), but for
most protein structural studies the information carried
by Dyn and Dcy couplings is redundant. One po-
tential problem with measurement of Dyy couplings
is that they are extracted from antiphase 'H multi-
plets, which can make smaller couplings difficult to
measure. Here, we present a spectral editing method
that generates CT-HSQC subspectra containing only a
single 13C-{'H3} multiplet component. This method
can be considered an extension of the S’E (Meissner
et al., 1997) and IPAP-HSQC (Yang and Nagayama,
1996; Ottiger et al., 1998a) methods, which sepa-
rate heteronuclear doublet components into separate
subspectra.

The pulse sequence used for generating '>CHj
quartet component subspectra is shown in Figure 1.
The scheme is a variant of the original CT-HSQC pulse
sequence (Santoro and King, 1992; Vuister and Bax,
1992). It differs by the insertion of a dephasing delay
2A, followed by a z-filter, prior to the constant-time
t1 evolution period, which lacks the usual 'H 180° de-
coupling pulse. Also, in order to minimize the effects
of offset and RF inhomogeneity, adiabatic hyperbolic
secant inversion pulses (Silver et al., 1984) are used

Figure 1. Pulse scheme of the IPAP 13C—ll—{3 CT-HSQC experi-
ment. Narrow and wide pulses correspond to 90° and 180° flip
angles respectively, with phase x unless indicated. For each t| in-
crement, separate data are acquired in an interleaved manner for
2A =0, 6Jcp)~ !, Glep) ™!, and Icg)~!. The low-power,
shaped 90° pulses surrounding the final 'H 180° pulse are part of
the WATERGATE solvent suppression scheme (Piotto et al., 1992).
The 'H 180° pulse at the center of the 2A interval is of the com-
posite type (90;-210;,-90;). 13¢” and 1SN decoupling may be used
as indicated, such that correlations for C* and side-chain Asx and
Glx residues are not affected by Jcoc and Jon couplings. The 180°
pulse applied during CT t; evolution is of the adiabatic hyperbolic
secant variety (375 ps at 201 MHz), with a squareness level of 3
(Silver et al., 1984). Delay durations: T = 1.8 ms, 2A = 0, 1.33,
2.67,4 ms, T = 14 ms. Phase cycling ¢1 = 4(y), 4(—y); ¢o = x for
2A =0, ¢y =y for 2A=(6Jcyy) L, ¢p = —x for 2A = Glep) L
by = —y for 2A = QIcw) ™1 ¢3 = X, —x; ¢4 = 2(x), 2—x);
receiver = Xx,2(—x),X, —X,2(x),—x. Quadrature detection in the t;
dimension is achieved by alternating ¢3 in the usual States-TPPI

.....

were sine-bell shaped, with peak amplitudes of Gj 234,56 = 25,
12, 30, 24, 30, 18 G/cm.

during the constant-time evolution period, where the
second hyperbolic secant pulse serves to remove phase
anomalies introduced by the first one (Conolly et al.,
1993).

The 13C magnetization vectors at the end of the 2A
dephasing period are shown in Figure 2. The magni-
tude of the vectors reflects the signal strength of the
components, with the outer ones being three times
stronger than the inner components. For 2A = 0,
the resulting spectrum is the same as the regular
"H-coupled CT-HSQC spectrum, with all four mul-
tiplet components in-phase (Figure 2A). For 2A =
(6Jcy)~!, the outer components have refocused and
are parallel to the —x axis. The inner components have
rotated away from the y-axis by 30°, and only their x
component is retained after the subsequent z-filter. The
resulting spectrum will therefore yield an antiphase
multiplet (Figure 2B) with the center lines being half
the magnitude of those in the 2A = 0 spectrum. Use of
2A = (3Jcy) ! and 2A = (2Jcp) ™! yields spectra that
have similar antiphase patterns (Figure 2C,D), with the
center components in the 2A = (3JCH)_1 spectrum
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C) 2A=1/3J D) 2A=1/2J

Figure 2. Vector diagram illustrating the evolution of 12C {H3} transverse magnetization during the dephasing period 2A in the pulse scheme
of Figure 1. The vectors correspond to orientations in the xy plane after dephasing delays, 2A, of (A) 0, (B) 1/6Jcy, (C) 1/3Jcy, and (D)
1/2]Jcy. Underneath each vector diagram the corresponding schematic drawings of Fy cross-sections through the 2D spectrum for a methyl
multiplet are shown. Note that in (B) and (C), where the inner multiplet components have evolved by £30° and £60°, only the x (B) and y (C)
components are retained after the subsequent z-filter, reducing their amplitude twofold.

again twofold attenuated. The z-filter ensures that the
spectra are pure phase, and that undesirable compo-
nents are purged (Keeler et al., 1994). This z-filter also
eliminates 13C-13C double quantum coherence, which
results from !Joc dephasing during the 2A period, and
the subsequent 90° 13C pulse.

If the spectra acquired with 2A = 0, 2A =
OJen) "L, 2A = BIcy)~! and 2A = (2Icy)~! are
named A, B, C, and D, respectively, linear combina-
tions are taken to select a single multiplet component.
For example, as can be readily seen from Figure 2,
A + 2B + 2C +D yields only the most downfield
multiplet component, whereas A — 2B 4 2C — D only
retains the most upfield component. Similarly, A + B
— C — D only yields the downfield center component,
and A — B — C + D yields the upfield center compo-
nent. For the purpose of measuring dipolar couplings,
the outermost quartet components are most useful as
they have the highest signal-to-noise ratio, and they
also show a threefold larger displacement resulting
from dipolar couplings than do the inner components.

For the editing method to be useful, it is nec-
essary that the undesired multiplet components are
highly suppressed, such that partial overlap with in-
completely canceled components does not affect the
apparent peak position of a selected component. In
this respect, the editing procedure is highly self-
compensating and offers excellent suppression of the
undesired components. As a numerical example, we
will consider the case where 2A is optimized for
Jcu = 125 Hz, and examine the effect of an additional
15 Hz dipolar contribution to the splitting. Note that
this coupling is scaled by the methyl group rotation,
and corresponds to a dipolar coupling of nearly 50 Hz
for a 13C-"H pair oriented in the same direction as the
methyl axis. For this case, if the A + 2B + 2C +
D spectrum is selected, the center components have
spurious intensities of only 3.2% of the selected com-
ponent, and the upfield component has an intensity
that is even weaker (1.4%). So, the editing proce-
dure is quite tolerant to mismatches in the size of the
coupling and yields a very high degree of selectivity.
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Figure 3. lle 13C?’I—IH3 region of the IPAP CT-HSQC spectra of Ca2+—ligated calmodulin, recorded at 800 MHz. Panels (A-D) show sub-
spectra for 2A = 0 (A), 1/6Jcyg (B), 1/3]cyg (C), and 1/2]Jcy (D), acquired in isotropic solution. Solid and dashed contours mark positive and
negative intensity, respectively. Subspectra (E) and (F) result from A + 2.04 B + 2.13C 4+ 1.14 Dand A — 2.04 B +2.13C — 1.14 D,
respectively. In order to account for T, relaxation during the 2A intervals, the numerical coefficients differ slightly from those in Equation 1.
Assignments are marked in (E), and the displacement between the most downfield and upfield components (3 1JCH) is also marked. Panels
(G) and (H) are the same as (E) and (F), but have been derived from spectra recorded in the liquid crystalline phase. The four interleaved time
domain data matrices each consist of 140* x 512* data points, with acquisition times of 28 (t;) and 51 ms (t), and 4 transients per FID. The

total measuring time for a full set of four spectra was 1.25 h.

From a sensitivity per unit of measuring time per-
spective, it is optimal if spectra B and C are recorded
with twice the number of scans relative to A and D.
However, if the subspectra are recorded with iden-
tical numbers of transients, the signal-to-noise ratio
for a fixed total measuring time is reduced by only
a fraction of 1—(3/«/@), i.e., by only 5%. Because
signal-to-noise for the methyl region of a CT-HSQC
spectrum frequently is not a concern, we recorded all
four subspectra with the same minimum number of
transients needed for phase cycling, such that the total
measurement time was minimized.

Finally, one other point that requires attention is
the effect of '3C-13C couplings in uniformly '3C-
enriched proteins. The !Jcc coupling itself is about

33+1 Hz (Krivdin and Kalabin, 1989), and the dipolar
contribution for the above discussed degree of protein
alignment equals +5 Hz. So, the largest possible ef-
fective Jcc splitting equals 39 Hz, and the smallest
possible one equals 27 Hz. The effect of this '3C de-
phasing is most pronounced for subspectrum D, with
2A = (2Jcy)~! & 4 ms. 13C-13C dephasing attenuates
this spectrum by cos(2ntJccA), which equals 0.882 for
Jcc = 39 Hz, and 0.943 for Joc = 27 Hz. This attenu-
ation can largely be compensated for by adjusting the
scaling factors used in co-adding the four subspectra
to

S=A+4+202xB+4+208xC+1.095xD (1)

Using these coefficients, the calculated degree of sup-
pression of the non-selected multiplet components



remains better than 99% over the entire range of 27 Hz
< Jcc < 39 Hz (assuming uniform Jcy). The scaling
factors in Equation 1 may need to be further adjusted
to account for T, relaxation during the dephasing
period, 2A. This can be done by multiplying each
subspectrum by its corresponding exp(2A/T») factor,
where T; is the 13C transverse relaxation time.

The IPAP-CT-HSQC experiment is demonstrated
for two samples, containing 0.4 mM DN/13C-
calmodulin (CaM), pH = 6.5, 100 mM NaCl,
10 mM CaClp, in the absence and presence
of 18 mg/ml Pfl phage (ASLA Ltd.,, Riga,
Latvia; http://130.237.129.141/asla/asla-phage.html).
Both samples were dissolved in ~95% H;0/5% D,0O
in 270 pl thin-wall Shigemi microcells. Experiments
were carried out at 32 °C on a Bruker DRXS800 spec-
trometer equipped with a H/N/C triple resonance,
three-axis pulsed field gradient probehead. All spec-
tra were processed and analyzed using the NMRPipe
software package (Delaglio et al., 1995). Pulse se-
quence code and processing scripts can be found at
http://spin.niddk.nih.gov/bax.

Figures 3A-D show the Ile '3CY-Hj regions
of the subspectra recorded with the IPAP-CT-HSQC
method for the isotropic CaM sample, for 2A du-
rations of 0, 1.333, 2.667 and 4 ms. Even in this
well-resolved region of the spectrum, partial overlap
for four of the six Ile C?! resonances occurs, which
makes it difficult to measure the corresponding split-
tings accurately. This overlap is completely removed
in Figures 3E and 3F, which show the subspectra
for the most downfield and upfield multiplet compo-
nents, as obtained by linear combination of spectra
A-D. For comparison, Figures 3G and 3H show the
corresponding regions for the aligned sample. Dipo-
lar contributions to the splittings range from —21 Hz
(Me®) to +17 Hz (1le'3°). Outside the region shown,
the full range of dipolar contributions to the splitting
between the outer quartet components is consider-
ably larger and spans from —32 Hz (Ala%8-CPH3) to
+35 Hz (Val’!-CY2H3).

For both the isotropic and liquid crystalline sam-
ples, suppression of unselected multiplet components
is excellent, even at contour levels much lower than
shown in the figure. However, even minute residual
peaks resulting from incomplete cancellation can be
the source of small peak distortions when partially
overlapping a selected multiplet component. We there-
fore expect that the accuracy of this method is slightly
below what can be achieved by the extremely pre-
cise J-modulated HSQC method (Tjandra and Bax,
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1997b). However, as in liquid crystalline media the
range of '3C-'H dipolar couplings usually is quite
large, the accuracy attainable in the IPAP-CT-HSQC
experiment is more than sufficient for deriving regular
structural restraints.

Small changes in the average orientation of a
methyl group upon complexation with a target can
have a pronounced effect on its dipolar coupling. In
addition to simply using methyl group dipolar cou-
plings as restraints in simulated annealing structure
calculations, they therefore may also be particularly
useful to probe the effect of target binding on a pro-
tein surface containing methyl groups. Methyl group
dipolar couplings also can provide information on
side-chain rotamer distributions, and can yield stere-
ospecific assignments of prochiral Val methyl groups
(Chou and Bax, 2001). Several of these applications
are currently under investigation.
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