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Abstract

In order to measure residual dipolar couplings, the molecule under study has to be partially oriented in the presence
of the magnetic field. It has been observed that some protein samples are not stable under the conditions imposed
by the orienting media. If different types of dipolar couplings are measured sequentially, their values will not agree
with a unigue alignment tensor that is changing slowly over time. This could bias the structure calculation. It would

be more appropriate to obtain different types of dipolar couplings simultaneously, such that all the data correspond
to one effective alignment tensor. We describe here a general NMR strategy designed to do so, that can be adapted
to various existing pulse sequences.

Residual dipolar coupling has proven to be a very ment, especially when the protein is unstable under the
valuable parameter in the structure calculation of orienting media conditions. In this way, if the mag-
biopolymers (Tolman et al., 1995; Tjandra and Bax, nitude and/or orientation of the alignment tensor are
1997a). It provides long-range information that, in changing slowly over time due to the instability of the
contrast to the nuclear Overhauser effect, can relate sample, the different sets of dipolar couplings will be
structural elements that are not in proximity. In pro- consistentwith a unique effective alignmenttensor. On
teins, the most common measured dipolar couplings the contrary, if the 4D values corresponding to dif-
are the one-bond amide NH,,8,, C'N and GC'. ferent types of bond vectors are measured sequentially
The residual dipolar coupling (D) appears as an ad- and the sample conditions are changing slowly over
dition to the scalar coupling (J) under anisotropic time, the alignment tensor will be systematically dif-
conditions, and can be calculated by subtraction of the ferent for each type. This will bias the protein structure
J value present under isotropic conditions. In order to calculation process.

obtain most of the dipolar couplings, 2D or pseudo- In order to illustrate this idea we have modified
2D NMR experiments are used (Ottiger et al., 1998a, the 3D NMR experiments HNCO (Kay et al., 1994)
b). However, the analysis of 2D experiments can be and (HA)CA(CO)NH (Tjandra and Bax, 1997b). The
difficult when studying large proteins, especially when maodification consists of allowing one or more J cou-
these are mainly-helical, since spectral overlap can plings to evolve during the chemical shift evolution
be severe. In this case it will be more advantageous periods of the indirect dimensions. In addition, the
to use three-dimensional (3D) NMR experiments to IPAP strategy (Ottiger et al., 1998a) is employed and
measure dipolar couplings. Additionally, it would be it serves to reduce spectral overlap by acquiring the
preferable to measure as many types-pblvalues as in-phase and anti-phase components resulting from J
possible within the committed time of the 3D experi- coupling in an interleaved manner. The in-phase and
anti-phase components are processed separately. The
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nico@helix.nih.gov



64

A) 1 ¢1 X X
H |~ T warzie | | 1 I A E
y 0o (b
sy L Ll el el 1 =272 [ ] o] )
| 2 ]
el IR (L 3] I B
1355 | 3 i i I T l A
+ l ] | | Ll !
T . i
| [ | |
grad cgo & Gﬂz cgs é‘4 Gﬂ4 G‘as‘aee Gae
B)
1 ¢1 X=X
H |T|Tl WALTZ-16 11 I i
%2 t % 0o | =
e, 1L L2 | %7 |4 Rl IS Y e
i [ 13 [ i
oo | b Qe L
! I ‘1 t [ ¢ R !
5 5 j| WALtTZI-16 | | ”T;t;lﬁrfz@ E i H |
R
g Go G1 G2G2 G3 G4 G5 G5 GeG7 G7

Figure 1. Schematic representation of the pulse programs used for the modified version of the HNCO (A) and the (HA)CA(CO)NH (B)
experiments. In Figure 1A; = 2.65 ms,§ = 5.4 ms,e = 125 ms, 2T=

27.2 ms. All pulses for which there is no specification of phase are

applied in x. The phase cycling of the rest of the pulsegis=y, —y; $2 = 4(x), 4(—X); 3 = X; ¢4 = 2(—X), 2(X); Rec.= X, 2(—Xx), X,
—X, 2(X), —x. Quadrature detection in tHéC and®N dimensions is achieved by States-TPPl¢ghand¢3, respectively. All gradients are

1.1, 0.7, 1.3, 1.0, 2.7, 0.4 ms, with respective gradient axes: yz, X, yz, Xz, Xy, yz, z. In Figute=1B,5 ms,3 = 8.6 ms, Tc = 126 ms,
A =45ms,t = 13 ms, 2 = 29.6 ms,y = 2.65 ms. The phase cycling i$l =y, —y; $2 = X; $3 = 2(X), 2(—x); $4 = X; $5 = 4(x),
4(y); 6 = 4(x), 4(—x); Rec.= X, 2(—X), 2(x), 2(—x), X. Quadrature detection in tHéC and15N dimensions is achieved by States-TPPI on

are: yz, X, Xyz, Xz, y, Xy, yz, z. For both figures, narrow rectangular bars represepu@s, while wide bars represent 1§fulses. Shaped
pulses are represented by non-rectangular bars and are (sinx)/x in shape, except the second antl philse3806 ¢ of Figure 1B, whose

shape is hyperbolic-secant type with a squareness level of 3. The white bars represent the extra pulses that are applied in an interleaved manner

to collect the in—phaséSN magnetization. The anti—pha%éN magnetization is collected with the application of the white pulses.

tra, each containing one of the components of the anti-phase proton magnetization with a regular INEPT

multiplet.

In the modified HNCO (Figure 1A), the L' cou-
pling is active during C chemical shift evolution.
Therefore, it allows the measurement of thgQC
dipolar coupling. The IPAP strategy (Ottiger et al.,
1998a) is incorporated after theN constant time evo-
lution, during which the'H-1°N coupling is active.
This allows one to obtain the amide J coupling. In
the IPAP strategy the anti-phase magnetizatighiN
present after thé®N constant time is transferred to

step symbolized by the lasPN andH 90° pulses

of Figure 1A. SubsequentlyH in-phase is generated
and then recorded. After the constant time evolution,
the N, in-phase magnetization is transformed iftN
anti-phase magnetization during the time 2n the
middle of which two 180 pulses, one iftH and the
other in1®N, are applied simultaneously (white pulses
in Figure 1A) to allow*H-°N J coupling evolution.
The two 90 pulses represented as white bars in Fig-
ure 1A do no affect the Nin-phase magnetization,
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while they serve as purge pulses. The in-phase and(Clore et al., 1998; Hansen et al., 1998) that served
anti-phase components are collected separately in anto create the anisotropic environment. Nevertheless,
interleaved manner. The pulses represented by whitethere is evidence that a number of proteins are unstable
bars in Figure 1 are applied only when collecting the in orienting media such as bicelles (Clore et al., 1998).
in-phase magnetization. Pulses symbolized as black Additionally, it is known that certain phospholipids
bars (Figure 1) are applied when collecting both the used to form bicells, which contain ester bonds, are
in-phase and the anti-phase magnetization. Once thehydrolyzed over time, thus the orienting properties of
two experiments are processed, il in-phase and  the solution are modified too (Ottiger and Bax, 1999).
anti-phase multiplets of the three-dimensional spectra For these cases it may be convenient to measure dipo-
are added and subtracted such that spectral overlapar couplings of different bond vectors simultaneously,
is reduced. This same idea has also been applied toand the utilization of the pulse programs presented
an (HA)CA(CO)NH type experiment (Figure 1B). In  herein allows one to do so.
this example, €H, dipolar coupling is measured dur- Figure 2 shows selected portions of the modi-
ing G, chemical shift evolution and the IPAP (Ottiger fied versions of the HNCO and the (HA)CA(CO)NH
et al., 1998a) strategy is applied after #i8l constant spectra acquired for the protein Bax. As can be ob-
time evolution. In this case amide NH dipolar cou- served, two values of the dipolar coupling of each
plings can also be obtained sintd-1°N J coupling  bond vector can be measured. The frequency differ-
is active during the constant time. ence between the two components of each multiplet
Residual dipolar couplings are measured by allow- can be used to obtain two values of thgQC (in the
ing J coupling evolution between a pair of nuclei while case of the HNCO) and /&, (in the case of the
the chemical shift of one of them is recorded. The (HA)CA(CO)NH) dipolar couplings for a particular
presence of J coupling implies that the signal to noise residue. In addition, the difference in frequency of the
ratio will be reduced due to the splitting of the signal. 1°N up-field and down-field components of each of
If J+D values of different types of one-bond vectors the signals of the multiplet allows one to obtain two
are to be measured simultaneously in one NMR ex- values of the amide NH dipolar coupling from each
periment, the signal will be halved the corresponding NMR experiment.
number of times. In the experiments proposed herein,  Figures 3A and B represent the amide NH and
the signal is halved twice in order to measure two dif- CyH, JD values obtained for the protein Bax
ferent types of one-bond dipolar coupling. The signal using the proposed experiments, in which differ-
to noise ratio will be the square-root of 2 smaller if ent J-couplings are measured simultaneously, versus
the J+D values are measured simultaneously than if the same type of dipolar couplings obtained using
they are measured sequentially, using the same NMRthe HNCO and the (HA)CA(CO)NH experiments in
experimental time. As it will be shown later, it is which only one J-coupling is measured. While de-
possible to obtain two values for eachD. The use veloping the pulse programs presented here, we have
of the average value will compensate for the loss in found systematic deviations between the two sets of
sensitivity, such that the error in the measured dipolar data depending on the position in the sequence of the
couplings depending on the signal to noise ratio will be selection of the individual components of the doublet.
the same no matter if they are measured sequentially The good correlation observed indicates that the mod-
or simultaneously. ifications introduced in the pulse programs to obtain
The modified experiments HNCO and (HA)CA several J-couplings simultaneously do not affect the
(CO)NH have been used to measure dipolar couplings results in any way.
of the apoptotic inducing protein Bax (Oltvai et al., In conclusion, the proposed experiments are ex-
1993). This protein has been selected as an exam-pected to facilitate the measurement of dipolar cou-
ple since it is alla-helical and it is a relatively large  plings in medium-sized proteins, since the incorpo-
protein for NMR structure determination-2 kDa); ration of the IPAP strategy plus the use of three di-
thus, severe NMR signal overlap has been observed.mensions will reduce spectral overlap. Additionally, in
In fact, using the conventional 2D experiments, the the case of an unstable anisotropic sample, the values
dipolar couplings of only~20% of the residues can corresponding to different types of one-bond dipolar
be obtained. The use of the 3D NMR experiments couplings are measured simultaneously, and this will
described here greatly reduces spectral overlap. Theensure an agreement between the obtained data and
protein is stable in the fd bacteriophages solution a unique effective alignment tensor. The reduction in



66

175.1 1777
- — [

1753 177.9
€
=y

186 1755 Jeac!™ 1781 %
JeocT Ko
175.7 178.3
JNHA81
L _ —— B
- ‘ 8
120.2 1186 117.0 1202~ 1186 = 117.0 1228 1212 1196 1228 1212 119.6
c 53.4
I 7 o188 | R S |
) I 188 61.9 A%
53.8

62.3 €

2
81 81 o
ool ™™ Jooral® Joaro Joasiolt 542 3
62.7 ?
54.6
63.1
226 | 1210 119.4 1226 | 1210 1194 1187 1174 1159 1187 1171 1159
5N (ppm) 3N (ppm)

Figure 2. Selected regions of the HNCO-based (A and B) and the (HA)CA(CO)NH-based experiments (C and D). A and B show-#i two J
values that can be measured for NH of residues 1187 and A81 (dashed lines), as well as the two vaikBfdZ,C’ of residues T186 and
180 (solid lines). 3-D values of NH of residues W188 and A82 (dashed lines), together with \vhlues of GH, of residues 1187 and A81
(solid lines) are shown in parts C and D.
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Figure 3. J+-D values of NH (A) and gH,, (B) of the protein Bax in bateriophages measured with the modified HNCO and (HA)CA(CO)NH

experiments to measure various J-couplings simultaneously, versus the same type of data obtained with the original versions of these

experiments.
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Note added in proof

During the writing of this manuscript the work re-
ported by Permi et al. has been published.iBiomol.
NMR (vol. 17 (2000) 43-54) in which the IPAP strat-
egy is incorporated into the HNCO-based experiment.



