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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 NH, and spin-state edited experiments are
presented for rapid and convenient determination of five residual
dipolar couplings from N, 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. © 2001 Elsevier Science

Key Words: cardiac troponin C; Cel6A; HSQC; NMR; residual
dipolar couplings; side chains; spin-state selective filters.

designed for precise and convenient measurement of coupling
in 15N/(?H)- and*>*N/*3C/(°H)-labeled proteins. The main focus
has been on the measurement of dipolar interactions betwee
nuclei in the protein backbon®&{15. Recently emphasis has
been shifting toward protein side chains, in order to obtain infor-
mation on their orientation and conformational spab@-@2).
In addition, dipolar couplings can potentially be used for study-
ing molecular dynamics because methods for measuring dipole
couplings are sensitive to molecular motions ensuing on time
scales shorter than 100 n3( 24. In this respect the measure-
ment of dipolar couplings in protein side chains is crucial for
attaining arrant molecular structures and studying of molecula
behaviour.

We have favored simplified two-dimension@N, H cor-
relation spectra for measuring main-chain dipolar couplings
(13-15. However, for large proteins three-dimensional exper-

NMR spectroscopic structure determination of biologicainents are preferred, due to spectral crowdi@gl(l, 13. For
macromolecules has been under rapid development during $iee-chain NH moieties found in asparagine and glutamine
past 20 years. One of the latest milestones was the introductiesidues, two-dimension&iN, H correlation spectra are often
of residual dipolar couplings as a means for structure deterradequate and very practical. In this Communication we preser
nation of proteins and nucleic acids<3). Residual dipolar cou- two sensitive, NH edited, (double) spin-state-selective NMR
plings, which originate from anisotropic tumbling of moleculesxperiments for measurifdyvn (* Inco and? Jynco) couplings
in dilute liquid crystals, can be used for improved definition af Asn and GIn side chains. The proposed experiments provid

molecular structures or for recognition of protein foldsT). As

information on the orientation of five internuclear vectors in

magnitude and sign of dipolar couplings depend on the orientae form of*HN-15N, 1HN2_15N, IHNI_13C O, 1HN?213CO, and
tion of the internuclear vector with respect to the magnetic fieltN-*3CO couplings, which enables one to assess the orientatio
dipolar couplings serve as truly range independent restraintsaimd study the dynamics of the Asn and GIn residué3Nin(2H)-
structure determination of biomolecules. The level of alignmeat °N/*3C/(*H)-enriched protein samples.

can be tuned by altering the concentration of the liquid crystal The HbN-HSQC-«/8—J pulse sequence depicted in Fig. 1a
medium enabling the measurement of inherently smaller dipotzan be used for measuring one-bdAN—'H couplings in the
couplings, in addition tdDcy and Dy (2, 3, 6). Measurement NH, moieties int>N/(?H)-labeled proteins. The pulse sequence
of several dipolar couplings per residue allows the accurate egibased on afamilidPN HSQC experimen®5) butitemploys a
mation of the principle components of the alignment tenSpr (novel NH, editing, and spin-state selectid®6-29 with respect
and effectively averages the nonlinear response of each indiviothe >N spin in theF, dimension, for convenient and rapid

ual dipolar coupling with respect to the polar anglés (

determination of théJyvy and'Dyny couplings in Asn and Gin

Due to the enormous potential of the structural restraints desidues. In the presented pulse scheme, the proton magnetiz
rived from dipolar couplings, a number of experiments have began is initially transferred to nitrogen. Subsequently the desirec
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FIG.1. The hbN-HSQC-«/B-J pulse sequence (a) for determination of scalar and residual di3dlatH couplings from simplified two-dimensional NH
edited'>N-'H correlation spectra in Asn and GIn side chains. Narrow (wide) bars dendt@&D) pulses, with phase unless otherwise indicated. Half-ellipses
describe water selective 9pulses to obtain water-flip-bac8§, 37). All 180° pulses for'3C’ and 13C? are 333us band-selective G3 inversion puls@8)(
applied at the center 3fC’ (176 ppm) and3Ca (35 ppm) regions. Thé&H, 15N, 13C’, and13Ca! carrier positions are 4.7 (water), 120 (centefd{ spectral
region), 176 ppm (center dfC’ spectral region), and 35 ppm (center of aliphdfi€ spectral region), respectively. The delays employedrasel/(4Inp);

0 < k < (2A)/t1.max- Phase cyclingps = X; ¢p2 =X, —X; ¢p3 =2(X), 2(—X); ¢pa = 4(X), 4(y); ¢5 = 8(X), 8(—X); ¢rec = 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 unfilledul88s are applied. Quadrature detection
in the F; dimension is obtained by altering the phasepgfaccording to States-TPP8g). The resolution and sensitivity in tH€N dimension is improved by
implementing thé>N chemical shift evolution in a semiconstant time man@ér 80. If the pulse scheme is used for simultaneous determinatibiNef-3CO and
IHN_13CO couplings, thé3C decoupling should be replaced by the semiseleéfi@@ decoupling schemet(). Pulsed field gradients are inserted as indicated
for the suppression of the undesired coherence pathways and residual water suppression. Strengths and durations of gradigiots ams,@ G/cm), 6=

(0.7 ms, 18.5 G/cm), &= (0.5 ms, 7 G/cm), &= (0.5 ms, 9 G/cm), &= (0.3 ms,—13.3 G/cm). Due to 90phase difference between the in-phase and antiphast
spectrum, the real and imaginary parts must be interchanged in either the in- or antiphase data set prior to addition and subtraction of the)dake sets
H2N(a/ B~HNCO-J) scheme for measuringCO-*>N, 1HN-13CO (and'®>N-'H) couplings in Asn and GIn side chains. All parameters as in the scheme (a) exce
Ta=1/(8Jyc)- Phase cycling for the in-phase spectrum (filled°1B0lses are applied of*C’) with respect totyco ¢1=X; ¢2 = X, —X; ¢3=2(X), 2(—X);
da="24(x), 4(—X); ¢5 = 8(x), 8(—X); g6 = 16(X), 16(—X); drec = X, 2(—X) X, —X, 2(x), —x; for the antiphase spectrum (unfilled 288ulse is applied fot3C’):
$1=y. If Wy is measured simultaneously F using the spin-state selection, additional in- and antiphase spectra with reshipgit@re recorded as in the
scheme (a). Otherwise in-phase filter and subsedahtlecoupling are applied. The gradient strengths and durations;as{@5 ms, 4 G/cm), g= (0.7 ms,
18.5 G/cm), G=(0.5ms, 7 G/cm), = (0.8 ms, 9 G/cm), &= (0.5 ms,—12.8 G/cm), G = (0.3 ms, 5.7 G/cm), &= (0.3 ms,—13.3 G/cm). For each scheme,
the in- and antiphase data are recorded in an interleaved manner and subsequently added and subtracted to separate the multiplet components to t
subspectra.

magnetization described by the density operatdt’2My, aris- coupling during acquisition can be avoided by spin-state selec
ing from the NH groups, remains antiphase with respect to ont®n. Thus, the in-phase and antiphase filter periods replace tt
of the amide protons (conversion from #HIN, to 2HY2,N,) refocusing INEPT period. These two experiments are referre
after the first order filtering period (2=1/(2Jyny)). TWo 90 to here as the in-phase and the antiphase experiments, resp
(*H) pulses ensure selection of the coherence, which is antiphéigely. In the in-phase experiment, the PN, magnetization
with respect to proton. Therefore the magnetization originahat is antiphase with respectfN evolves into in-phase My
ing on NH, moieties passes through the filter, whereas the fidoherence during the in-phase filter element (depicted with fille
ter efficiently purges the magnetization initially residing in th@80> and 90 pulses ort°N). The final 90 pulse on nitrogen re-
amides of the protein backbone. TH& chemical-shift evolu- moves the undesired dispersive contribution Y2H,) result-
tion is labeled during the following period, which is inserted ing from J-mismatch. In contrast, in the antiphase experiment
into the pulse sequence in a semi-constant-time ma28eB() the magnetization remains antiphase after passing through tl
for improved sensitivity and resolution. The secontl geriod antiphase filter element (described with unfilled 18Qlses on
acts, in fact, as a second ordefilter. The magnetization aris- *°>N) since the>N—'H coupling is efficiently eliminated during
ing from the main-chain amides, which leaks through the firlte filter. Both filter element2g) average the cross-correlation
J filter (2HY,Ny cos(2r JyvwA)), will be diminished further by between dipole—dipole and chemical shielding anisotropy relax
this second filter element (2N, cos’(2r JynyA)). Incontrast, ation mechanisms3(l). Although it is possible to use IPAP-style
the desired magnetization from the plside chains will remain (9) filtering (i.e., for which the filtering block for the creation
antiphase with respect to one of the directly bonded protookthe antiphase magnetization can be removed), we favor th
(conversion from 2I'5|22Ny back to 2H”ZNy). principle described above in order to achieve identical wate
After the NH; editing and thé®N chemical-shift labeling pe- suppression in both filter elements. Addition and subtraction o
riod, the magnetization is transferred back to proton¥'2N,.  the corresponding in-phase and antiphase data sets resultin t
The unnecessary spectral crowding due to the one-bidhetH  NH,, correlation spectra with cross peaksag (wpn: — w3 ny
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and oy, ogv 4+ 7i4ny), and @y, ogve — 7 ey and oy, The HN(a/B-HNCO-J) pulse sequence, used for the
iz 4+ 730pey) for HNIASN and THN2-15N correlations, Simultaneous measurement of the one-bBhe-H, 2°N-*3CO
respectively. Thusiniy and®Jyey can be measured from theand two-bond"HY—*CO couplings in*>N/**C/(*H)-enriched
frequency difference in thE, dimension between two spectraprotein samples, is illustrated in Fig. 1b. The pulse sequenc
for the 'HN*-15N and*HN?-15N correlations, respectively. ~ is based on the HN{/S-NC'-J) experiment devised for
In the anisotropic phase where dipolar couplings may comeasuring one-bontPN-**C’ and two-bond"HN-*C’ cou-
tribute 20-30 Hz to the one-bort@N-'H couplings, some of plings in the protein backbondd). First the magnetization is
the undesired magnetization of the main-chain signals will legiansferred from amide protons to their directly bound nitrogen.
through the NH filters, resulting in incomplete cancellationThe following second-order NHediting analogous to the
of the backbone amide signaidde suprd. For the NB moie- H2N-HSQC-«/p-J experiment, with simultaneous spin-state
ties, the filtering performance is excellent given that the d&election relative to the adjacent carbonyl carbon, enables sep
sired transfer pathway from antiphaséN, via H\?,N, ration of the NH signals from the main-chain amides and mea-
to HVL,N, coherence has sit2r JiniyA) sir?(27 vy A) de-  surement of thé>N—3CO and'H"-*CO couplings from two
pendence, whereas the undesired from/t§!,N, transfer subspectraeach containingonly asingle set of bibirelations.
has co$(2r Jyun A) cof(2r Jinen A) dependence on signal in-Thus, starting from the antiphase '#HN, magnetization (time
tensity. Consequently, the main-chain amide signals are Be@inta), the desired pathway during the antiphase filter elemen
tenuated by s#(2r Jynin A) SirP (27 Jynven A)/ coS (27 JynwA) - (@ 180 pulse denoted by an unfilled bar is applied¥@O after
and the undesired NHtransfer pathway by sfi2r JnyA) — the delay ) leads to 4H,N,CO, coherence (time poirt).
i (2 Jynen A)/ COL(2 Jpan A) c02(2 JyvenA)  with re-  The coupling betweer®N and *3CO is removed during the
spect to the preferred Nitorrelations in the resulting spectrumin-phase filter element (two 18@ulses denoted by filled bars
Concerning the spin-state-selection filtering, the filter tuned@e applied on*3CO) and, as a result, the initial 24N,
1/(23m) is rather insensitive to variations in tAéwy coup- coherence evolves into 24Ny (time pointb). The subsequent
ling values (94t 25 Hz,<3% leakage) as has been discusselised field gradient (PFGY-filter purges the undesired
earlier @, 13. The influence of incomplete suppression of thexagnetization components, while the desired components a
undesired multiplet components on the measurement of tii@nsformed into the transverse plane prior to theeriod.
coupling constants has been discussed previo8s, 14,32 Duringt;, the>N chemical shift evolves simultaneously with
and will not be elaborated further here. its coupling to the**CO spin and ultimately the desired mag-
One caveat of the proposed experiment stems from the faetization is brought back to proton. Thus, the relevant term:
that large homonuclear dipolar interactions may complicafer the in-phase and antiphase experiments can be desc
measurement of couplings from the proton dimension. Howed by the density operators PN, cosfr Iyc,t1) cosnts)
ever, in the case of Nfmoieties the measurement of individuagnd 4H'YyN,CO; sin(r Jyc,ti) sinfwnti) and 4H'1,N,CO,cos
138y couplings can be accomplished more easily in the protém Iuc,t1) cosgnts) and 2HLN, sin(r Jyc,ti) sin(nty) prior
dimension than in the nitrogen dimension, where'the:y and to the reverse-INEPT, respectively. If the simultaneous mea
13,2y couplings are quite similar in size with respect totfe  surement of°N—tH couplings is preferred, spin-state-selective
linewidth. Consequently, thes- and Ba-components of the filtering similar to Fig. 1a can be used. This can be very usefu
doublet of doublets overlap, preventing accurate measuremignthe case of unstable samples, which are unable to presen
of these couplings in the frequency domain. Moreover, th@entical alignment for long periods3g). Alternatively, the
use of perdeuterated samples reduces unresolved homonudteghase filter element can be used with simultaneous decol
dipolar couplings in side-chain amides to a minimum, and copling of *N during acquisition (marked with a dashed box
sequently the vital contribution to linewidth arises from the gengluring acquisition). It is worth pointing out that although the
inal proton pair itself, the information that can be useful itselfsignal-to-noise ratio is smaller for tHéN-coupled version of
It is worth mentioning that the iN-HSQC-«/8—J experi- the experiment, the number of measurements for each couplir
ment can be simultaneously used for measuring g, and (2 for 1wy and?Junco, 4 for Lnco) will partly compensate for
2Jneo couplings in*®N/A3C/(2H)-labeled samples by simply this. In other words, the loss 8N will be somewhat reimbursed
replacing the broadbanidC decoupling, during the period ni- by averaging the random error; i.e., the net loss/®/2. The
trogen is in transverse planeA4tt;), with the semiselective appropriate addition and subtraction of two (four, if spin-state
13cali decoupling. Thus, the coupling betwe®iN and13CO selection is used for measuriddy) data sets result in two
evolves during;. However, this increases the number of peak$our) subspectra with correlations occurringeat + 7 *Jnco,
in the spectrum by a factor of 2 and thus may become an issuign + 72Jqvco and wy — 7 nco, @pNL— 72nco (N +
in large proteins. Furthermore, if tRéyco doublets are not re- 7lnco, ot + 72Jqnco + T8N on + 71Nco, wpn +
solved to baseline, the measured couplings are underestimat&hnico — 7 3 Jqnvin; oy — 7 3 ncor @l — 72nco + 7y
of their true value 13). Therefore, it is advantageous to makand wy — 7Jnco, wxn — 12Janco — miqny). Correlations
use of the spin-state selection for measufiligo and?Jnco  for *HN2 can be described analogously. Thus, thikco
especially with larger proteins. couplings can be measured from cross-peak displacemen
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in the >N dimension between two subspectra. Two-bonperiment, the undesired magnetization hampering the measur
2Janco couplings can be measured in the same way from theent arises in practice from two sources (if the sequence |
cross-peak displacement in the proton dimension betweased for measuring one-bomiN—'H couplings simultaneously,
two subspectra. If additional spin-state selectiontinis the problems already discussed above apply alsoM(d} S—
used, the one-bond coupling betweéPN and 'H can HNCO-J)). The first source is incomplete elimination of main-
be obtained by comparing averaged frequencieswQf+ chain amides, which may overlap with the Didorrelations
7 Nnco, o + 12dnico + 7 vy and oy + lnco, wpnt — - (vide infra). Second, thel-mismatch of thetJyco antiphase
72nico + iy With oy 4+ 78nco, wnve +2Jimco — - filter results in an inadequate separation of multiplet compo
78y and oy + 7 nco, wpn — 72qnco — iy SUD-  nents. In our hands, the second-orderNditing was adequate
spectra in the proton dimension. The same approach appliegten in the anisotropic phase. It is worth emphasizing that eve
Lnco andZJynco also. It is noteworthy that determination ofhigher order NH filtering can easily be utilized in theaM («/ S—
LJnco is based on four independent measurements. HNCO-J) scheme without increasing overall length of the se-
As mentioned previously, the spin-state selection with figuence. Regarding the purity of spin-state selection, the filter i
ter length adjusted to/{2J) is rather insensitive td-leakage. quite insensitive td-mismatch in the range 153.5 Hz (13). If
However, in the anisotropic phase clean separation of multiptegcessary, the incomplete suppression of multiplet componen
components is not always achieved for all residues due to lagn be abolished by scaling the in- or antiphase data sets pri
dipolar contributions. In the proposedM(«/8—HNCO-J) ex- to Fourier transformatiors( 9, 39.
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FIG.2. Expansion of HN-HSQC-/8-J spectrum, recorded from 0.5 mM uniformiyN-labeled Cel6A, in a dilute liquid crystal composed of filamentous
Pf1 phages at 800 MH frequency. The spectrum was collected with 128 and 1024 complex points using 8 transients per FID, which corresponds to acqu
times of 128 and 102 ms in andty, respectively. Data were zero-filled to 1041096 data matrices and apodized with shifted squared sine-bell functions in bo
dimensions. Up- (thick) and downfield (thin) multiplet components are shown overlaid. The measured couplirigit the anisotropic medium are indicated
in the spectrum.
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The proposed experiments were tested with two proteirsgon of the main-chain amide correlation, is obtained, dimini-
0.5 mM uniformly 1>N-labeled Cel6A from the thermophilic shing the partial overlap of cross peaks that may occur espe
soil bacteriumThermobifida fusc€286 amino acid residues, cially in larger proteins. The measured couplinds{ D) are
30.4 kDa), dissolved in liquid crystal medium composed of Pfharked on the spectrum. The figure clearly illustrates that the di
particles (13 mg/ml, the corresponding magnitude of alignmepolar contribution to nonredundant N—H bond vectors can be
tensor was~20 Hz) @) 92/8% H,O/D,0, pH 6.0, 40C, in very different, albeit motional averaging is likely to reduce this
a 350u! Shigemi microcell; 0.9 mM UN/*3C-enriched hu- effect. The maximafDyy values found in backbone amides
man cardiac troponin C (cTnC, 161 aa, 18 kDa), dissolved irere ca. 20 Hz, compared with the values of £40 Hz mea-
95/5% H,O/D,0 in a 270u| Shigemi microcell, pH 6.5, 4@C. sured in the side chains. This may reflect motional averagin
The experiments were recorded on a Varian UNITY INOVAr sparse orientation of NHyroups. Although clear indication
800 NMR spectrometer, equipped with2N/*3C/*H triple- of line broadening, arising from homonuclear dipolar contribu-
resonance probehead and an actively shielded triple-axis dgfans, was visible for a number of resonances, no splitting due
dient system. to the homonuclear dipolar coupling between geminal proton:

Figure 2 represents two overlaid subspectra recorded fravas resolved in thé, dimension. In theory, maximal dipolar
Cel6A in a dilute liquid crystal phase using the proposecbntributions between geminal protons yield values-@6 Hz
HoN-HSQC-«/8-J experiment (Fig. 1a). Clean separation ofassumingpy = 1.8 A); however, in the case of a large, proto-
ISN-'H multiplet components, as well as very good suppresated protein, these are hardly resolved.
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FIG.3. Expansion of the Nkregion of 0.9 mM U3C/**N-labeled cTnC recorded using thel{«/S—HNCO-J) scheme. The spectrum was recorded using
4 transients per FID with 128 and 512 complex points corresponding to acquisition times of 128 and G4 ansltp, respectively. The data were postprocessed
to a 4096x 4096 matrix prior to Fourier transformation and phase-shifted squared sine-bell window functions were applied in both dimensions. Four dif
subspectra are superimposed. EachyNtbss peak is split in thE; (F2) dimension by thédnco (BJiNco and1J4Ny) couplings. Thé®N and ¢H) upfield and
downfield components of the correspondif@O-°N (*HN-13CO and!®N-'H) doublet components obtained by postacquisitional summation and subtractic
of the in-phase and antiphase data sets are illustrated with different scales of gray color. The couplings measured from cTnC are indicateduimthe spec
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