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Residual dipolar couplings are now widely used for structure de-
termination of biological macromolecules. Until recently, the main
focus has been on measurement of dipolar couplings in the pro-
tein main chain. However, with the aim of more complete protein
structure, it is also essential to have information on the orientation
of protein side chains. In addition, residual dipolar couplings can
potentially be employed to study molecular dynamics. In this Com-
munication, two simple NH2 and spin-state edited experiments are
presented for rapid and convenient determination of five residual
dipolar couplings from 15N, 1H correlation spectrum in asparagine
and glutamine side chains. The pulse sequences are demonstrated
on two proteins, 30.4-kDa Cel6A in diluted liquid crystal phase and
18-kDa human cardiac troponin C in water. C© 2001 Elsevier Science

Key Words: cardiac troponin C; Cel6A; HSQC; NMR; residual
dipolar couplings; side chains; spin-state selective filters.
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NMR spectroscopic structure determination of biologi
macromolecules has been under rapid development durin
past 20 years. One of the latest milestones was the introdu
of residual dipolar couplings as a means for structure dete
nation of proteins and nucleic acids (1–3). Residual dipolar cou
plings, which originate from anisotropic tumbling of molecu
in dilute liquid crystals, can be used for improved definition
molecular structures or for recognition of protein folds (4–7). As
magnitude and sign of dipolar couplings depend on the orie
tion of the internuclear vector with respect to the magnetic fi
dipolar couplings serve as truly range independent restrain
structure determination of biomolecules. The level of alignm
can be tuned by altering the concentration of the liquid cry
medium enabling the measurement of inherently smaller dip
couplings, in addition to1DCH and1DNH (2, 3, 6). Measuremen
of several dipolar couplings per residue allows the accurate
mation of the principle components of the alignment tensor5)
and effectively averages the nonlinear response of each ind
ual dipolar coupling with respect to the polar angles (8).

Due to the enormous potential of the structural restraints
rived from dipolar couplings, a number of experiments have b
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designed for precise and convenient measurement of coup
in 15N/(2H)- and15N/13C/(2H)-labeled proteins. The main focu
has been on the measurement of dipolar interactions bet
nuclei in the protein backbone (8–15). Recently emphasis ha
been shifting toward protein side chains, in order to obtain in
mation on their orientation and conformational space (16–22).
In addition, dipolar couplings can potentially be used for stu
ing molecular dynamics because methods for measuring dip
couplings are sensitive to molecular motions ensuing on
scales shorter than 100 ms (23, 24). In this respect the measur
ment of dipolar couplings in protein side chains is crucial
attaining arrant molecular structures and studying of molec
behaviour.

We have favored simplified two-dimensional15N, 1H cor-
relation spectra for measuring main-chain dipolar coupli
(13–15). However, for large proteins three-dimensional exp
iments are preferred, due to spectral crowding (8, 11, 12). For
side-chain NH2 moieties found in asparagine and glutam
residues, two-dimensional15N, 1H correlation spectra are ofte
adequate and very practical. In this Communication we pre
two sensitive, NH2 edited, (double) spin-state-selective NM
experiments for measuring1JHN N (1JNCO and2JHNCO) couplings
in Asn and Gln side chains. The proposed experiments pro
information on the orientation of five internuclear vectors
the form of1HN1–15N, 1HN2–15N, 1HN1–13CO,1HN2–13CO, and
15N–13CO couplings, which enables one to assess the orient
and study the dynamics of the Asn and Gln residues in15N/(2H)-
or 15N/13C/(2H)-enriched protein samples.

The H2N–HSQC–α/β–J pulse sequence depicted in Fig.
can be used for measuring one-bond15N–1H couplings in the
NH2 moieties in15N/(2H)-labeled proteins. The pulse sequen
is based on a familiar15N HSQC experiment (25) but it employs a
novel NH2 editing, and spin-state selection (26–28) with respect
to the15N spin in theF2 dimension, for convenient and rap
determination of the1JHN N and1DHNN couplings in Asn and Gln
residues. In the presented pulse scheme, the proton magn
tion is initially transferred to nitrogen. Subsequently the des
7 1090-7807/01 $35.00
C© 2001 Elsevier Science
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FIG. 1. The H2N–HSQC–α/β–J pulse sequence (a) for determination of scalar and residual dipolar15N–1H couplings from simplified two-dimensional NH2

edited15N–1H correlation spectra in Asn and Gln side chains. Narrow (wide) bars denote 90◦ (180◦) pulses, with phasex unless otherwise indicated. Half-ellipse
describe water selective 90◦ pulses to obtain water-flip-back (36, 37). All 180◦ pulses for13C’ and 13Cali are 333-µs band-selective G3 inversion pulses (38)
applied at the center of13C’ (176 ppm) and13Cali (35 ppm) regions. The1H, 15N, 13C’, and13Cali carrier positions are 4.7 (water), 120 (center of15N spectral
region), 176 ppm (center of13C’ spectral region), and 35 ppm (center of aliphatic13C spectral region), respectively. The delays employed are1= 1/(4JNH);
0 ≤ κ ≤ (21)/t1,max. Phase cycling:φ1= x; φ2= x,−x; φ3= 2(x), 2(−x); φ4= 4(x), 4(y); φ5= 8(x), 8(−x); φrec.= x, 2(−x), x,−x, 2(x),−x. For the in-phase
spectrum filled 180◦ and 90◦ pulses are applied during the filter, whereas for the antiphase spectrum two unfilled 180◦ pulses are applied. Quadrature detectio
in the F1 dimension is obtained by altering the phase ofφ1 according to States-TPPI (39). The resolution and sensitivity in the15N dimension is improved by
implementing the15N chemical shift evolution in a semiconstant time manner (29, 30). If the pulse scheme is used for simultaneous determination of15N–13CO and
1HN–13CO couplings, the13C decoupling should be replaced by the semiselective13Cali decoupling scheme (40). Pulsed field gradients are inserted as indicat
for the suppression of the undesired coherence pathways and residual water suppression. Strengths and durations of gradients are G1= (0.5 ms, 4 G/cm), G2=
(0.7 ms, 18.5 G/cm), G3= (0.5 ms, 7 G/cm), G4= (0.5 ms, 9 G/cm), G5= (0.3 ms,−13.3 G/cm). Due to 90◦ phase difference between the in-phase and antiph
spectrum, the real and imaginary parts must be interchanged in either the in- or antiphase data set prior to addition and subtraction of the data sb) The
H2N(α/β–HNCO–J) scheme for measuring13CO–15N, 1HN–13CO (and15N–1H) couplings in Asn and Gln side chains. All parameters as in the scheme (a) ex
Ta= 1/(8JNC′ ). Phase cycling for the in-phase spectrum (filled 180◦ pulses are applied on13C’) with respect to1JNCO φ1= x; φ2 = x, −x; φ3= 2(x), 2(−x);
φ4= 4(x), 4(−x); φ5= 8(x), 8(−x); φ6 = 16(x), 16(−x); φrec. = x, 2(−x) x,−x, 2(x),−x; for the antiphase spectrum (unfilled 180◦ pulse is applied for13C’):
φ1= y. If 1JHNN is measured simultaneously inF2 using the spin-state selection, additional in- and antiphase spectra with respect to1JHNN are recorded as in the
scheme (a). Otherwise in-phase filter and subsequent15N decoupling are applied. The gradient strengths and durations are G1= (0.5 ms, 4 G/cm), G2= (0.7 ms,

18.5 G/cm), G3= (0.5 ms, 7 G/cm), G4= (0.8 ms, 9 G/cm), G5= (0.5 ms,−12.8 G/cm), G6= (0.3 ms, 5.7 G/cm), G7= (0.3 ms,−13.3 G/cm). For each scheme,
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the in- and antiphase data are recorded in an interleaved manner and s
subspectra.

magnetization described by the density operator 2HN1
zNy, aris-

ing from the NH2 groups, remains antiphase with respect to
of the amide protons (conversion from 2HN1

zNy to 2HN2
zNy)

after the first order filtering period (21= 1/(2JHNN)). Two 90◦

(1H) pulses ensure selection of the coherence, which is antip
with respect to proton. Therefore the magnetization origin
ing on NH2 moieties passes through the filter, whereas the
ter efficiently purges the magnetization initially residing in t
amides of the protein backbone. The15N chemical-shift evolu-
tion is labeled during the followingt1 period, which is inserted
into the pulse sequence in a semi-constant-time manner (29, 30)
for improved sensitivity and resolution. The second 21 period
acts, in fact, as a second orderJ filter. The magnetization aris
ing from the main-chain amides, which leaks through the
J filter (2HN

zNy cos(2π JHNN1)), will be diminished further by
this second filter element (2HNzNy cos2(2π JHNN1)). In contrast,
the desired magnetization from the NH2 side chains will remain
antiphase with respect to one of the directly bonded pro
(conversion from 2HN2

zNy back to 2HN1
zNy).

After the NH editing and the15N chemical-shift labeling pe
2

riod, the magnetization is transferred back to protons 2HN1
yNz.

The unnecessary spectral crowding due to the one-bond15N–1H
bsequently added and subtracted to separate the multiplet components tour
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ase
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coupling during acquisition can be avoided by spin-state se
tion. Thus, the in-phase and antiphase filter periods replace
refocusing INEPT period. These two experiments are refer
to here as the in-phase and the antiphase experiments, res
tively. In the in-phase experiment, the 2HN1

yNz magnetization
that is antiphase with respect to15N evolves into in-phase HN1

x

coherence during the in-phase filter element (depicted with fil
180◦ and 90◦ pulses on15N). The final 90◦ pulse on nitrogen re-
moves the undesired dispersive contribution (2HN1

yNz) result-
ing from J-mismatch. In contrast, in the antiphase experime
the magnetization remains antiphase after passing through
antiphase filter element (described with unfilled 180◦ pulses on
15N) since the15N–1H coupling is efficiently eliminated during
the filter. Both filter elements (28) average the cross-correlatio
between dipole–dipole and chemical shielding anisotropy rel
ation mechanisms (31). Although it is possible to use IPAP-style
(9) filtering (i.e., for which the filtering block for the creation
of the antiphase magnetization can be removed), we favor
principle described above in order to achieve identical wa
suppression in both filter elements. Addition and subtraction

the corresponding in-phase and antiphase data sets result in two
NH2 correlation spectra with cross peaks at (ωN,ωHN1 −π1JHN1N
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and ωN, ωHN1 +π1JHN1N), and (ωN, ωHN2 −π1JHN2N and ωN,
ωHN2 +π1JHN2N) for 1HN1–15N and 1HN2–15N correlations,
respectively. Thus,1JHN1N and1JHN2N can be measured from th
frequency difference in theF2 dimension between two spect
for the1HN1–15N and1HN2–15N correlations, respectively.

In the anisotropic phase where dipolar couplings may c
tribute 20–30 Hz to the one-bond15N–1H couplings, some of
the undesired magnetization of the main-chain signals will l
through the NH2 filters, resulting in incomplete cancellatio
of the backbone amide signals (vide supra). For the NH2 moie-
ties, the filtering performance is excellent given that the
sired transfer pathway from antiphase HN1

zNy via HN2
zNy

to HN1
zNy coherence has sin2(2π JHN1N1) sin2(2π JHN2N1) de-

pendence, whereas the undesired from/to HN1
zNy transfer

has cos2(2π JHN1N1) cos2(2π JHN2N1) dependence on signal in
tensity. Consequently, the main-chain amide signals are
tenuated by sin2(2π JHN1N1) sin2(2π JHN2N1)/ cos2(2π JHNN1)
and the undesired NH2 transfer pathway by sin2(2π JHN1N1)
sin2(2π JHN2N1)/ cos2(2π JHN1N1) cos2(2π JHN2N1) with re-
spect to the preferred NH2 correlations in the resulting spectrum

Concerning the spin-state-selection filtering, the filter tune
1/(2JHNN) is rather insensitive to variations in the1JHNN coup-
ling values (94± 25 Hz,<3% leakage) as has been discuss
earlier (9, 13). The influence of incomplete suppression of t
undesired multiplet components on the measurement of
coupling constants has been discussed previously (8, 13, 14, 32)
and will not be elaborated further here.

One caveat of the proposed experiment stems from the
that large homonuclear dipolar interactions may complic
measurement of couplings from the proton dimension. H
ever, in the case of NH2 moieties the measurement of individu
1JHNN couplings can be accomplished more easily in the pro
dimension than in the nitrogen dimension, where the1JHN1N and
1JHN2N couplings are quite similar in size with respect to the15N
linewidth. Consequently, theαβ- and βα-components of the
doublet of doublets overlap, preventing accurate measure
of these couplings in the frequency domain. Moreover,
use of perdeuterated samples reduces unresolved homonu
dipolar couplings in side-chain amides to a minimum, and c
sequently the vital contribution to linewidth arises from the ge
inal proton pair itself, the information that can be useful itse

It is worth mentioning that the H2N–HSQC–α/β–J experi-
ment can be simultaneously used for measuring also1JNCO and
2JHNCO couplings in15N/13C/(2H)-labeled samples by simpl
replacing the broadband13C decoupling, during the period n
trogen is in transverse plane (41+ t1), with the semiselective
13Cali decoupling. Thus, the coupling between15N and 13CO
evolves duringt1. However, this increases the number of pea
in the spectrum by a factor of 2 and thus may become an i
in large proteins. Furthermore, if the1JNCO doublets are not re
solved to baseline, the measured couplings are underestim

of their true value (13). Therefore, it is advantageous to mak
use of the spin-state selection for measuring1JNCO and2JHNCO

especially with larger proteins.
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The H2N(α/β–HNCO–J) pulse sequence, used for th
simultaneous measurement of the one-bond15N–1H, 15N–13CO
and two-bond1HN–13CO couplings in15N/13C/(2H)-enriched
protein samples, is illustrated in Fig. 1b. The pulse seque
is based on the HN(α/β–NC’–J) experiment devised for
measuring one-bond15N–13C’ and two-bond1HN–13C’ cou-
plings in the protein backbone (13). First the magnetization is
transferred from amide protons to their directly bound nitrog
The following second-order NH2 editing analogous to the
H2N–HSQC–α/β–J experiment, with simultaneous spin-sta
selection relative to the adjacent carbonyl carbon, enables s
ration of the NH2 signals from the main-chain amides and me
surement of the15N–13CO and1HN–13CO couplings from two
subspectra each containing only a single set of NH2 correlations.
Thus, starting from the antiphase 2HN1

zNx magnetization (time
pointa), the desired pathway during the antiphase filter elem
(a 180◦ pulse denoted by an unfilled bar is applied on13CO after
the delay 2Ta) leads to 4HN1

zNyCOz coherence (time pointb).
The coupling between15N and 13CO is removed during the
in-phase filter element (two 180◦ pulses denoted by filled bar
are applied on13CO) and, as a result, the initial 2HN1

zNy

coherence evolves into 2HN1
zNy (time pointb). The subsequen

pulsed field gradient (PFG)z-filter purges the undesired
magnetization components, while the desired components
transformed into the transverse plane prior to thet1 period.
During t1, the 15N chemical shift evolves simultaneously wit
its coupling to the13CO spin and ultimately the desired ma
netization is brought back to proton. Thus, the relevant te
for the in-phase and antiphase experiments can be de
bed by the density operators 2HN1

yNz cos(π JNC,t1) cos(ωNt1)
and 4HN1

yNzCOz sin(π JNC,t1) sin(ωNt1) and 4HN1
yNzCOzcos

(π JNC,t1) cos(ωNt1) and 2HN1
yNz sin(π JNC,t1) sin(ωNt1) prior

to the reverse-INEPT, respectively. If the simultaneous m
surement of15N–1H couplings is preferred, spin-state-selecti
filtering similar to Fig. 1a can be used. This can be very use
in the case of unstable samples, which are unable to pres
identical alignment for long periods (33). Alternatively, the
in-phase filter element can be used with simultaneous de
pling of 15N during acquisition (marked with a dashed bo
during acquisition). It is worth pointing out that although th
signal-to-noise ratio is smaller for the15N-coupled version of
the experiment, the number of measurements for each coup
(2 for 1JHNN and2JHNCO, 4 for 1JNCO) will partly compensate for
this. In other words, the loss inS/Nwill be somewhat reimbursed
by averaging the random error; i.e., the net loss is

√
2/2. The

appropriate addition and subtraction of two (four, if spin-st
selection is used for measuring1JHNN) data sets result in two
(four) subspectra with correlations occurring atωN + π1JNCO,
ωHN1 +π2JHN1CO and ωN−π1JNCO, ωHN1−π2JHN1CO (ωN+
π1JNCO, ωHN1 + π2JHN1CO + π1JHN1N; ωN + π1JNCO, ωHN1 +
π2JHN1CO−π1JHN1N; ωN−π1JNCO, ωH1−π2JHN1CO+π1JHN1N

1 2 1
eand ωN−π JNCO, ωHN1 −π JHN1CO−π JHN1N). Correlations
for 1HN2 can be described analogously. Thus, the1JNCO

couplings can be measured from cross-peak displacements
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in the 15N dimension between two subspectra. Two-bo
2JHNCO couplings can be measured in the same way from
cross-peak displacement in the proton dimension betw
two subspectra. If additional spin-state selection int2 is
used, the one-bond coupling between15N and 1H can
be obtained by comparing averaged frequencies ofωN+
π1JNCO, ωHN1 +π2JHN1CO+π1JHN1N andωN+π1JNCO, ωHN1 −
π2JHN1CO+π1JHN1N with ωN+π1JNCO, ωHN1 +π2JHN1CO−
π1JHN1N and ωN+π1JNCO, ωHN1 −π2JHN1CO−π1JHN1N sub-
spectra in the proton dimension. The same approach applie
1JNCO and 2JHNCO also. It is noteworthy that determination o
1JNCO is based on four independent measurements.

As mentioned previously, the spin-state selection with
ter length adjusted to 1/(2J) is rather insensitive toJ-leakage.
However, in the anisotropic phase clean separation of multi

components is not always achieved for all residues due to large

us
cquisition

can be abolished by scaling the in- or antiphase data sets prior

dipolar contributions. In the proposed H2N(α/β–HNCO–J) ex-

FIG. 2. Expansion of H2N–HSQC–α/β–J spectrum, recorded from 0.5 mM uniformly15N-labeled Cel6A, in a dilute liquid crystal composed of filamento
Pf1 phages at 800 MHz1H frequency. The spectrum was collected with 128 and 1024 complex points using 8 transients per FID, which corresponds to a

to Fourier transformation (8, 9, 32).
times of 128 and 102 ms int1 andt2, respectively. Data were zero-filled to 1024×4
dimensions. Up- (thick) and downfield (thin) multiplet components are show
in the spectrum.
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periment, the undesired magnetization hampering the meas
ment arises in practice from two sources (if the sequenc
used for measuring one-bond15N–1H couplings simultaneously
the problems already discussed above apply also to H2N(α/β–
HNCO–J)). The first source is incomplete elimination of mai
chain amides, which may overlap with the NH2 correlations
(vide infra). Second, theJ-mismatch of the1JNCO antiphase
filter results in an inadequate separation of multiplet com
nents. In our hands, the second-order NH2 editing was adequate
even in the anisotropic phase. It is worth emphasizing that e
higher order NH2 filtering can easily be utilized in the H2N(α/β–
HNCO–J) scheme without increasing overall length of the s
quence. Regarding the purity of spin-state selection, the filte
quite insensitive toJ-mismatch in the range 15±3.5 Hz (13). If
necessary, the incomplete suppression of multiplet compon
096 data matrices and apodized with shifted squared sine-bell functions in both
n overlaid. The measured couplings (J+ D) in the anisotropic medium are indicated
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The proposed experiments were tested with two prote
0.5 mM uniformly 15N-labeled Cel6A from the thermophili
soil bacteriumThermobifida fusca(286 amino acid residues
30.4 kDa), dissolved in liquid crystal medium composed of
particles (13 mg/ml, the corresponding magnitude of alignm
tensor was∼20 Hz) (6) 92/8% H2O/D2O, pH 6.0, 40◦C, in
a 350-µl Shigemi microcell; 0.9 mM U-15N/13C-enriched hu-
man cardiac troponin C (cTnC, 161 aa, 18 kDa), dissolve
95/5% H2O/D2O in a 270-µl Shigemi microcell, pH 6.5, 40◦C.
The experiments were recorded on a Varian UNITY INO
800 NMR spectrometer, equipped with a15N/13C/1H triple-
resonance probehead and an actively shielded triple-axis
dient system.

Figure 2 represents two overlaid subspectra recorded

Cel6A in a dilute liquid crystal phase using the proposed

ng
ed
different

contributions between geminal protons yield values of∼15 Hz
-
H2N–HSQC–α/β–J experiment (Fig. 1a). Clean separation of

15N–1H multiplet components, as well as very good suppres-

FIG. 3. Expansion of the NH2 region of 0.9 mM U-13C/15N-labeled cTnC recorded using the H2N(α/β–HNCO–J) scheme. The spectrum was recorded usi
4 transients per FID with 128 and 512 complex points corresponding to acquisition times of 128 and 64 ms int1 andt2, respectively. The data were postprocess
to a 4096× 4096 matrix prior to Fourier transformation and phase-shifted squared sine-bell window functions were applied in both dimensions. Four
subspectra are superimposed. Each NH2 cross peak is split in theF1 (F2) dimension by the1JNCO (2JHNCO and1JHNN) couplings. The15N and (1H) upfield and

(assumingrHH = 1.8 Å); however, in the case of a large, proto
nated protein, these are hardly resolved.
downfield components of the corresponding13CO–15N (1HN–13CO and15N–1H)
of the in-phase and antiphase data sets are illustrated with different scales
ATIONS 271
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sion of the main-chain amide correlation, is obtained, dimi
shing the partial overlap of cross peaks that may occur es
cially in larger proteins. The measured couplings (J+ D) are
marked on the spectrum. The figure clearly illustrates that the
polar contribution to nonredundant N–H bond vectors can
very different, albeit motional averaging is likely to reduce th
effect. The maximal1DNH values found in backbone amide
were ca. 20 Hz, compared with the values of ca.±10 Hz mea-
sured in the side chains. This may reflect motional averag
or sparse orientation of NH2 groups. Although clear indication
of line broadening, arising from homonuclear dipolar contrib
tions, was visible for a number of resonances, no splitting d
to the homonuclear dipolar coupling between geminal prot
was resolved in theF2 dimension. In theory, maximal dipola
doublet components obtained by postacquisitional summation and subtraction
of gray color. The couplings measured from cTnC are indicated in the spectrum.
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Figure 3 shows four overlaidF1-13CO and F2-15N, 13CO
coupled 15N, 1H subspectra of cTnC recorded using t
H2N(α/β–HNCO–J) pulse scheme. Cross peaks are displa
by the 1JNCO coupling in theF1 dimension, and by the1JHNN

and2JHNCO couplings in theF2 dimension, as described abov
The spectral simplification, obtained from spin-state select
is clearly demonstrated, enabling the measurement of a la
number of couplings than would be possible using the conv
tional approach. The multiple measurement of the same
pling gave a precision of±0.5, ±0.5, and±0.2 Hz for the
1JHNN, 2JHNCO, and 1JNCO couplings, respectively. In the cas
of cTnC, all of the measured1JNCO couplings varied between 1
and 16.5 Hz. A clear difference in the2JHNCO couplings can be
found between the up- and downfield amide protons in all N2

moieties. The2JHNCO is negative and usually larger in magn
tude for the downfield proton, whereas it is positive for the m
shielded proton. In fact, this provides an alternative method
stereospecific assignment of NH2 group to that proposed b
McIntoshet al. (34). All measured15N–1H couplings were be-
tween 86–91 Hz, indicating that1JHNN in side chains is somewha
smaller than in the protein main chain. Furthermore, the1JHNN

couplings are a bit larger (more negative) for deshielded prot
which was observed already in 1976 by Bystrov (35).

In conclusion, we have described two new pulse sequen
which enable convenient and rapid measurement of1JHNN, 1JNCO,
and 2JHNCO couplings in the NH2 side chains of Asn and Gln
residues. The proposed experiments provide high sensitivity
resolution, which are essential for the precise measureme
couplings. The simultaneous editing with respect to the N2

moieties and spin-state selection facilitates the reduction of s
tral width in theF1 dimension owing to the limited number o
cross peaks in the two-dimensional15N, 1H correlation spec-
trum. Therefore, these experiments provide a wealth of st
tural information of NH2 side chains obtained from high-quali
spectra with relatively short experimental times.
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