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Abstract

A new pulse sequence exploiting double- and zero-quantum evolution of two-spin 15N–13C0 coherence is
proposed for the accurate measurements of 2JN(i),Ca(i ) 1) coupling constants. Application of the new
experiment is presented for 13C,15N-labeled ubiquitin sample. The density functional theory calculations
of 2JN(i),Ca(i ) 1) coupling constants have been performed to study their dependence on both w(i ) 1) and
/(i ) 1) angle in model peptides, and the results exhibit a good correlation with experimental data.

Introduction

Over the years, analysis of the torsion angles on
the basis of the 3J coupling constants and the Kar-
plus relation (Karplus, 1963) has been widely used
for determination of local conformation of pro-
teins backbone (Bystrov, 1976). After introduction
of residual dipolar couplings (RDC) as additional
valuable constraints in determination of protein
structure from NMR data (Tolman et al., 1995;
Tjandra and Bax, 1997) the interest in 1J and 2J
scalar coupling constants as well as 1D and 2D
dipolar coupling constants has rapidly increased.
Recently, numerous methods have been proposed
for accurate measurement of different 1J and 2J
coupling constants. These include J-modulated
HSQC for measurement of 1JN(i),Ca(i) and

2JN(i),-

Ca(i ) 1) (Wirmer and Schwalbe, 2002), which was
extended to J-correlated [15N-1H]-TROSY-HNC
experiment (Wienk et al., 2003). Another tech-
nique is a HNCO experiment with a spin-state-

selection module, which was used for evaluation
of 1JC0(i ) 1),Ca(i ) 1),

1JN(i),C0 (i ) 1),
1JN(i),Ca(i),

2JN(i),-

Ca(i ) 1),
2JHN(i),Ca(i),

3JHN(i),Ca(i ) 1), and
1JCa(i ) 1),

Cb(i ) 1) (Permi et al., 2000) with a possibility of
TROSY optimization (Permi and Annila, 2000).
More sophisticated HSQC-TOCSY-HSQC experi-
ments utilizing either S3CT (Meissner et al., 1997)
or IPAP (Ottiger et al., 1997) approaches were
proposed for measurements of 1JN(i),Ca(i), and
2JN(i),Ca(i ) 1) coupling constants (Heikkinen et al.,
2001). Very recently a new experiment for determi-
nation of 1JHa(i),Ca(i) and,

1JCa(i ) 1)C0(i ) 1) coupling
constants on the base of IPAP HSQC using accor-
dion principle (Bodenhausen and Ernst, 1981,
1982) has been reported (Ding and Gronenborn,
2004a), and extended for determination of 1JN(i),-

Ca(i),
2JN(i)Ca(i ) 1) (Ding and Gronenborn, 2004b).

Relation between the backbone / and w tor-
sion angles and the 1JN(i),Ca(i) and 2JN(i)Ca(i ) 1)

scalar coupling couplings was noted previously
by several authors experimentally (Delaglio et al.,
1991; Wirmer and Schwalbe, 2002, Ding and
Gronenborn, 2004b), and theoretically (Edison
et al., 1994a, b). Moreover, the Karplus-type
relation has been parametrized with respect to
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experimental values of 1JN(i),Ca(i) (Wirmer and
Schwalbe, 2002; Wienk et al., 2003) and 2JN(i),-

Ca(i ) 1) (Wirmer and Schwalbe, 2002; Wienk
et al., 2003; Ding and Gronenborn, 2004b) cou-
pling constants. The 2JN(i)Ca(i ) 1) can be used as
a valuable indicator to identify secondary struc-
ture elements in folded proteins (Wirmer and
Schwalbe, 2002; Ding and Gronenborn, 2004b).
However, the determination of given geometrical
parameters from coupling constants is a nontriv-
ial task because numerous other factors, not only
the / and w torsion angles, influence the magni-
tude of the coupling constants.

In principle, theoretical calculations constitute
a perfect tool for establishing the correlation of
spectroscopic parameters with molecular struc-
ture because it is possible to model systems of
interest in every conformation. However, until
recently, ab initio calculation of coupling con-
stants in biochemical interest was practically
impossible. Nowadays, it has become feasible to
calculate spin–spin coupling constants – at least
their dominant Fermi contact contribution – in
realistic models of biomolecules by means of the
density functional theory (DFT), and there are
many works employing this methodology (see
Helgaker and Pecul, 2004 for the review).

In this report we describe new simple and
robust method for accurate measurements of
2JN(i),Ca(i ) 1) coupling constant based on
recently proposed, reduced dimensionality (RD)
(Szyperski et al., 1993a, b; Brutscher et al.,
1994, 1995), double quadrature (Koźmiński and
Zhukov, 2003) MQ-HNCO experiment
(Koźmiński and Zhukov, 2004), and exploiting
advantages of MQ-evolution for the determina-
tion of coupling constants (Rexroth et al.,
1995). This technique is designed for extracting
coupling constants of interest from zero- and
double-quantum spectra and is ideally suitable
for automated measurement of 2JN(i),Ca(i ) 1).
Additionally, it enables identification of second-
ary structure elements on early stages of NMR
protein structure determination.

In addition to the NMR experiment, quantum
chemical calculations have been performed for
two simple models of polypeptide: Ace-Ala-N-
Me and Ace-Ala-Ala-N-Me. The surfaces of the
spin–spin coupling constants generated by the
rotation about the CAC and CAN bonds have
been obtained. The calculated results have been

fitted into a simple equation, and the predictions
have been compared with experimental data.

Results and discussion

Pulse sequence

The pulse sequence scheme for the proposed
13Ca-coupled-MQ-HNCO experiment is depicted
in Figure 1. It employs out-and-back coherence
transfer with excitation and detection of HN pro-
tons, and is characterized by a single t1 double-
and zero-quantum coherences evolution period.
The sensitivity enhancement detection block (Pal-
mer III et al., 1991; Kay et al., 1992; Sattler
et al., 1995) introduces 15N phase modulation in
t1, while

13C0 evolution causes amplitude modu-
lations. The characteristic feature of the pro-
posed experiment is replacement of polarization
transfers in INEPT manner by nested HMQC
building blocks (Kay et al., 1990). As it was
shown in our previous communication (Koźmiń-
ski and Zhukov, 2004), pulse sequences designed
in this way consist of fewer pulses, and they are
made as short as possible. The t1 period is placed
at the central point of the sequence, and directly
after it the evolution is refocused in such a way
that the effective evolution time of transverse
magnetization is either equal to t1 for coherences
of interest or equal to zero. The 13C carrier offset
was constant for the whole duration of pulse
sequences and set to the center of 13C0 region
(176 ppm). Since active coupling does not evolve
for MQ-coherences, the 1JN(i),C0(i ) 1) couplings
need not to be refocused in the t1. The couplings
involving passive spins, however, give rise to
splittings- equal to sum and difference of
coupling constants with 15N(i) and 13C0(i ) 1), in
double- and zero-quantum spectra, respectively.
Only splittings due to spin–spin coupling with
13Ca(i ) 1) could be resolved in a typical protein
sample, owing to relatively large 1JC0(i ) 1),Ca(i ) 1),
typically of in the range of 50–55 Hz. The split-
tings due to 1JN(i),Ca(i) combined with relatively
small 2JC0(i ) 1),Ca(i) are not observable.

Neglecting, in the first approximation, cross-
correlation effects and vanishing 13C–15N dipolar
interaction, relaxation rate of DQ/ZQ coherences
could be assumed as sum of respective single-
quantum relaxation rates. Therefore, the obtain-
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able resolution is decreased in comparison to
methods with 15N SQ-evolution. In the proposed
experiment this causes vanishing of 1JN(i),Ca(i)

splittings. However, the evolution of multiple
quantum coherences is very useful for accurate
measurements of coupling constants with passive
spins. It is known that in the case when a rela-
tively large coupling is combined as a sum or as
a difference with a small one, the accuracy of the
latter is improved due to weaker effects of differ-
ential relaxation (Abragam, 1961; Harbison,
1993). This outcome was for the first time
explored for the measurement of 3JHN,Ha cou-
pling constants in proteins (Rexroth et al., 1995).
The systematical errors due to differential relaxa-
tion give rise to underestimated data, but their
size is inversely proportional to the magnitude of
splitting. Therefore since in proposed experiment
2JN(i),Ca(i ) 1) of magnitude 6–11 Hz is measured
in combination with 1JC0(i ) 1),Ca(i ) 1) of ca.
55 Hz, the almost fivefold reduction of systemati-
cal errors is expected. The extraction of coupling
data from DQ/ZQ spectra was also successfully
applied in the field of organometallic chemistry
(Otting et al., 1999).

Application of the double quadrature is essen-
tial for evaluation of single quantum frequencies,
and enables separation of zero- and double-quan-
tum spectra. It requires interleaved acquisition of

an array of four data sets per each t1 increment.
The appropriate processing scheme has already
been comprehensively described (Koźmiński and
Zhukov, 2003). Here we only note that it relies
on coaddition of a cosine and sine amplitude
modulated data sets with ±p/2 phase correction
of the latter in t1.

The double and zero-quantum spectra obtained
using 13Ca-coupled-MQ-HNCO sequence for sam-
ple of 1.5 mM 13C, 15N-labeled ubiquitin are
shown in Figure 2a and b, respectively. The signal
dispersion is enhanced by combination of both
15N and 13C0 frequencies in the F1 domain. In com-
parison with a conventional HNCO experiment
the cross-peaks are split along F1 dimension into
doublets due to the sum and the difference of 15N(i)

and 13C0(i ) 1) coupling with
13Ca(i ) 1), respectively.

It is noteworthy that DQ/ZQ experiment preserves
information about relative signs of coupling con-
stants. The larger magnitude of splittings in appar-
ent DQ-spectra (with multiplets centered at
d(13C) + d(15N), see Figures 2 and 3), with regard
to the negative sign of c(15N) (Levitt, 1997) enables
us to attribute the negative sign to the measured
2JN(i),Ca(i ) 1) coupling constants. The negative sign
of the 2JN(i),Ca(i ) 1) coupling, therefore the positive
sign of the reduced 2KN(i),Ca(i ) 1) coupling,
(KAB ¼ 4p2h/cAcB · JAB) is consistent with posi-
tive signs of other reduced geminal couplings

Figure 1. The pulse sequence of the reduced dimensionality DQ/ZQ 2D 13Ca-coupled-HNCO experiment. Dark-filled and open bars
represent p/2 and p pulses, respectively. The selective rectangular 13C0 pulses are applied on resonance with cB1 set to DW/

ffiffiffiffiffi

15
p

and DW/
ffiffiffi

3
p

for p/2 and p pulses, respectively, where DW is a difference between centers of 13C0 and 13Ca spectral regions. Water flip-back was
applied as a sinc-shaped pulse of 2.1 ms duration, in the initial INEPT step. The 13C carrier offset was set to the center of the 13C0

region (176 ppm). All pulses were applied along the rotating-frame x-axis unless indicated differently. The delay D should be tuned to
0.5/1J(15N, 1H), and s set to 28 ms for maximum amplitude of polarization transfer between 1H, 15N, and 13C. e includes the
rectangular – shaped gradient pulse and a 100 ls recovery time. The basic phase cycle is: u1 ¼ x,)x, u2 ¼ x,x,)x,)x,
u3 ¼ 8x,8y,8()x)8()y), u4 ¼ 4x,4()x), and uR ¼ x,)x,)x,x,2()x,x,x,)x),x,)x,)x, x. 15N quadrature was obtained using echo-anti-
echo PFG-selection by G1 and G2 gradients with duration of 1 ms, and the relative amplitude of ±cH/cN, with phase w set to )y in
echo, and +y in antiecho experiments, respectively. 13C0 quadrature was obtained by p/2 phase shifts of u1 (States et al., 1982). The
double quadrature detection requires acquisition of four data sets per each t1. The axial peaks were displaced by simultaneous reversing
of the sign of u1 and receiver phase (uR) for the even t1 increments (Marion et al., 1989).
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(2KHH,
2KCH) across the carbonyl group (see Con-

treras and Peralta, 2000; and experimental papers
quoted therein).

Figure 3 provides two different examples of
F1 cross-sections through amide resonance of
Ile36 (a) and Leu67 (b) obtained from the spectra
presented in Figure 2. The distinctive features of
the spectra are good resolution and high signal
to noise ratio. The 1JN(i),Ca(i) splittings are not
resolved.

The coupling constants were evaluated using
peak-picking procedure of zero- and double-quan-
tum spectra in Sparky program (Goddard and

Kneller). We estimated, on the base of digital res-
olution and signal to noise ratio, the accuracy of
experimental 2JN(i),Ca(i ) 1) coupling constants to
±0.3 Hz. It could be further improved by appro-
priate signal deconvolution. The 2JN(i),Ca(i ) 1) val-
ues are available in Supplementary Materials, and
the obtained coupling data generally agree with
previously published 2JN(i),Ca(i ) 1) coupling con-
stants for ubiquitin (Heikkinen et al., 2001).

The new pulse sequence proposed in this work
could be compared with the IPAP-type method
proposed recently by Ding and Gronenborn
(2004b), in which the relatively small 1JN(i),Ca(i)

Figure 2. Contour plots of two-dimensional spectra obtained for 13C, 15N-labeled ubiquitin using the reduced dimensionality 2D 13Ca-
coupled-HNCO sequence from Figure 1. Plots (a) and (b) show double and zero quantum spectra, respectively. The time-domain data
was processed, according to previously published procedure (Koźmiński and Zhukov, 2003) with retention of positive 15N frequencies.
The signal frequency in F1 domain is equal to d(15N) ± Dm(13C0), where Dm(13C0) denotes frequency differences between 13C0 resonance
and carrier offset. Thirty two scans were coherently added for each data set for 256 t1 increments. The maximum t1 and t2 times were 85
and 82.6 ms, respectively. The spectral width of 3100 Hz, covering the sum of 15N and 13C0 spectral ranges, was set for the F1

dimension. A relaxation delay of 1.5 s was used. The data matrix containing 256 · 512 complex points in t1 and t2, respectively, was
zero-filled to 8192 · 2048 complex points. Cosine square weighting function was applied prior to Fourier transformation in both
dimensions.

Figure 3. The F1 cross sections across amide resonance of Ile36 (a) and Leu67 (b) taken from spectra presented in Figure 2. The signal
frequencies in upper and lower traces represent DQ and ZQ spectra with difference and sum of the involved frequencies, respectively.
The splittings are equal to sum and difference of 1JC0 (i)1),Ca(i)1) and

2JN(i),Ca(i)1)), in DQ and ZQ spectra, respectively. However to
obtain correct sign of 2JN(i),Ca(i)1) the negative sign of c(15N) should be considered (Levitt, 1997).
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and 2JN(i),Ca(i ) 1) couplings evolve and give rise
to small splittings. Therefore the latter method is
more prone to systematic error due to differential
relaxation and line-width effects, so it requires
slow relaxation rates and excellent resolution.

All the spectra presented were recorded at
298 K on a Varian Unity Plus 500 spectrometer
equipped with a Performa II z-PFG unit and a
5 mm 1H, 13C, 15N-triple resonance probehead.
High power 1H and 15N p/2 pulses of 6.5 and
48.0 ls, respectively, were employed. A sample of
1.5 mM 13C,15N-labeled ubiquitin in 9:1 H2O/
D2O at pH ¼ 6.0 was used. The experimental
details are given in the Figure legends.

Calculations

The aim of the calculations was to correlate the
2JN(i),Ca(i ) 1) couplings in polypeptide with the
backbone conformation. The first set of calcula-
tions was carried out on the model alanine
dipeptide analogue, Ace-Ala-N-Me. The same
peptide model has been previously used for

modeling of the conformational dependence of
1JCaCb (Cornilescu et al., 2000), proton chemical
shift (Sitkoff and Case, 1997), and vibrationally
averaged dipolar coupling strengths (Case,
1999). The torsion angles /(i ) 1) and w(i ) 1),
shown in Figure 4, represent the rotation about
the (NACa) and (CaAC0) bonds, respectively.
The /(i ) 1) and w(i ) 1) backbone torsion
angles were sampled every 30� over the entire
//w space. A set of these angles thus represents
the conformation at the a-carbon atom. The sec-
ond set of calculation was performed for a lar-
ger peptide model, Ace-Ala-Ala-N-Me, in order
to investigate the dependence of 2JN(i),Ca(i ) 1) on
the second torsion / angle, denoted as /(i) (see
Figure 4).

The geometry optimization were carried out
at the DFT-B3LYP (Becke-3-Lee-Yang-Parr)
level as implemented in Gaussian 98 (Frisch
et al., 1998) using the augmented correlation-con-
sistent basis set aug-cc-pVDZ on N, C, O and
cc-pVDZ on H (Dunning, 1989). The full geome-
try optimization have been performed for the

Figure 4. Structures of models Ace-Ala-N-Me and Ace-Ala-Ala-N-Me, with torsion angles /(i)1), w(i)1), and /(i) marked. The
coupled nuclei are marked by circles.
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Ace-Ala-N-Me molecule with /(i ) 1) and
w(i ) 1) angles frozen at their respective value
from the grid. The indirect spin-spin coupling
constants have been calculated at the DFT level
using B3LYP functional (Becke, 1993; Stephens,
1994) as implemented in a local version of the
DALTON program (Helgaker et al., 2001). We
used the HII-su2 basis set (Schindler, 1982),which
contains the tight s functions necessary for the
spin–spin couplings calculations, on the coupled
nuclei, and the HII basis set on the other nuclei.
The spin-dipole (SD) term, the most time-con-
suming one, was omitted from the calculations,
and only Fermi contact (found to dominate the
conformational dependence of the coupling) and
spin–orbit terms were included.

The calculated dependence of the 2JN(i),Ca(i ) 1)

coupling on the /(i ) 1) and w(i ) 1) torsion
angles in Ace-Ala-N-Me is shown in Figure 5.
The minimal (in a sense of the absolute value) val-
ues of 2JN(i),Ca(i ) 1) (minimum )7.49 Hz) are for
w(i ) 1) in the range )30 < w(i ) 1) < 30 and
for /(i ) 1) close to 180�, while the maximum val-
ues of this spin–spin coupling (up to )13.61 Hz)
are for w(i)1) equal ca 120� and /(i ) 1) close to
0�. When one compares this range with the experi-
mental values of 2JN(i),Ca(i ) 1) couplings, they
seem overestimated. However, it should be men-
tioned at this point that the range when the calcu-
lated absolute values of the couplings are the
highest is also very high in the energy (approxi-

mately 70 kJ/mol above the global minimum),
and such conformations are not assumed in nat-
ure. Other possible sources of error include: (a)
strong electron correlation effects for the geminal
coupling constants (and more so for the geminal
couplings across the carbonyl carbon atom), diffi-
cult to render even by means of more sophisti-
cated computational methods than DFT/B3LYP,
although this method, while tending to overesti-
mate the couplings (as in our case) is well suited
for the calculations of the coupling constants to
the proton, nitrogen and carbon (Pecul and Hel-
gaker, 2003; Helgaker and Pecul, 2004); (b) the
fact that the calculations were performed for a
rigid molecule, without taking into account the
vibrational effects; (c) possibly the basis set
incompleteness, although the basis set employed
should be suitable for the purpose; (d) incomplete-
ness of the molecular model (see below).

The dependence of the coupling constants on
the /(i ) 1) and w(i ) 1) backbone torsion angles
calculated for Ace-Ala-N-Me was fitted to a trun-
cated Fourier series, containing at most four
terms, in a least-squares manner. Such a series
has been used for fitting of the dependence of
most of the calculated coupling constants on the
dihedral angles on many occasions (Contreras
et al., 2003). The resulting fitting equation
is: 2JN(i),Ca(i-1) ¼ )10.1982 ) 1.2395cos[w(i ) 1)
)140])0.4346cos[2(w(i ) 1) )140)] ) 0.8644 cos[/
(i ) 1)]. Figure 6a contains the correlation

Figure 5. The dependence of the 2JN(i),Ca(i)1)), coupling (in Hz) calculated for Ace-Ala-N-Me on the /(i ) 1) and w(i ) 1) torsion
angles.
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between the calculated and experimentally mea-
sured 2JN(i),Ca(i ) 1) couplings (each coupling com-
pared for the given //w pair). As one can see, the
correlation is not perfect. To some extent it can
be attributed to the above mentioned overestima-
tion of the couplings by DFT/B3LYP. The fact
that the fit for the theoretical values was done for
the entire space of //w, while in fact only a subset
of it is probed by the protein also contributes.
Another, and most probably even more substan-
tial source of errors is not taking into account the
dependence of 2JN(i),Ca(i ) 1) on the /(i) torsion
angle (see Figure 4). To check this hypothesis the
dependence of 2JN(i),Ca(i ) 1) on /(i) was investi-
gated by means of the calculations of the Fermi
contact term only for the extended model, Ace-
Ala-Ala-N-Me, where /(i ) 1) and w(i ) 1) were
fixed at the values of )120� and 150�, respec-
tively, and /(i) was probed every 30�. The result-
ing dependence visualized in Figure 7 clearly
shows that the dependence on /(i), although
smaller than on /(i ) 1) and w(i ) 1) (compare
Figure 5) is not negligible (the changes of 2JN(i),-

Ca(i )1) span 2 Hz), and should not be ignored.
Unfortunately, the rigorous probing of the entire
/(i)1)/w(i)1)//(i) conformational space is not
feasible at the moment (the calculations of the
couplings alone, without geometry optimization,
would take approximately 6.5 years of CPU
time). Another possible source of error is the fact
that the peptide CN bonds in the alanine dipep-
tide analogue optimized at the DFT level seem to
long in comparison with the X-ray data. Setting

them to the values of 1.33 Å causes a slight
decrease in the calculated 2JN(i),Ca(i ) 1) coupling,
but too small (0.1 Hz) to account for the discrep-
ancy with experiment. However, it shows the sen-
sitivity of this coupling to the quality of the
molecular geometry.

Figure 6b shows the plot of correlation
between the 2JN(i),Ca(i ) 1) couplings predicted
by means of the empirical parametrization
2JN(i),Ca(i-1) ¼ ){7.8509)1.5176cos[w(i)1)])0.6616
cos2 [w(i)1)]} (Ding and Gronenborn, 2004b)
and measured in the present work. The resulting
slope and intercept of linear regression line are in
this case correct. However, the two groups of
points appear separately, which enables only a

Figure 6. The correlation between experimental 2JN(i),Ca(i ) 1) coupling constants obtained for ubiquitin sample by application of pulse
sequence from Figure 1, and their predicted values. (a) using the equation: 2JN(i),Ca(i ) 1) ¼ )10.1982)1.2395cos[w(i ) 1)
)140] ) 0.4346cos[2(w(i ) 1) )140)] ) 0.8644cos[/(i ) 1)] obtained from calculations, and (b) using the empirical formula: 2JN(i),-

Ca(i ) 1) ¼ ){7.8509)1.5176cos[w(i ) 1)])0.6616cos2[w(i ) 1)]} (Ding and Gronenborn, 2004). Data calculated using / and w torsion
angles from structure of ubiquitin 1D3Z (Cornilescu et al., 1998) deposited in PDB databank (http://www.rcsb.org/pdb).

Figure 7. The dependence of the 2JN(i),Ca(i ) 1)), coupling (in Hz)
calculated for Ace-Ala-Ala-NMe on the /(i) torsion angle, with
/(i ) 1) and w(i ) 1) fixed at the values of )120 and 150�,
respectively.
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qualitative discrimination between secondary
structure elements. Most probably there are two
reasons of such behavior of empirically parame-
trized //w equation. First, the dependence of
2JN(i),Ca(i ) 1) on the /(i ) 1) angle is ignored.
Second, the experimental data span only a nar-
row regions of entire //w space. The other equa-
tion provided by Wirmer and Schwalbe (2002) is
very similar to the above one, and is unlikely to
change the conclusions.

Conclusions

We proposed a new technique for determination
of 2JN(i),Ca(i ) 1) coupling constants based on
13Ca-coupled double- and zero-quantum HNCO
experiment. The experiment is sensitive and pro-
vides coupling data with significantly reduced
influence of differential relaxation systematic
errors. It could be applied for accurate determina-
tion of 2JN(i),Ca(i ) 1) and 1JC0(i ) 1),Ca(i ) 1) scalar,
as well as 2DN(i),Ca(i ) 1) and 1DC0 (i ) 1),Ca(i ) 1)

residual dipolar couplings. The density function
calculations of 2JN(i),Ca(i ) 1) show the ability of
the DFT method for prediction of NMR parame-
ters for biomolecules. The theoretical results
correlate with the experimental data and can be
used for their interpretation.
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