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Abstract

A new, simple procedure is proposed which enables acquisition of two or more chemical shifts encoded in a
common dimension simultaneously in quadrature. For n chemical shifts projected in a single dimension, the
expected effect is obtained by interleaved acquisition and appropriate combination of 2n data sets per increment
of respective evolution time. The particular chemical shifts can be calculated from sums and differences of signal
frequencies obtained by different combination of the acquired data sets. In comparison to the established reduced
dimensionality (RD) techniques, the proposed method enhances resolution due to reduction of the number of
signals and requires less evolution time increments owing to narrower spectral width in the RD-domain. We show
examples of the application of the new approach to the 2D HNCA and HN(CO)CA techniques with two, and 2D
HACANH with three frequencies simultaneously encoded in the t1 evolution period, for 13C,15N-labeled ubiquitin.

Introduction

The conventional strategy of NMR based protein
structure determination was enabled by the application
of 1H homonuclear 2D NMR experiments (Wüthrich,
1986). A significant extension of this procedure has
been achieved due to the availability of 13C, 15N
enriched proteins by introduction of triple-resonance
three- or four-dimensional experiments (Montelione
and Wagner, 1989; Ikura et al., 1990; Bax and Grze-
siek, 1993; Yamazaki et al., 1994). These recently
reviewed techniques (Sattler et al., 1999) utilize scalar
couplings for polarization transfers and enable one to
assign all backbone 1H, 13C and 15N resonances.

The acquisition of 3D or 4D data sets allows one
to correlate three or four different chemical shifts,
respectively, and to separate degenerated signals by
spreading them in different frequency domains. The
obtainable digital resolution is however strongly lim-
ited by the acceptable experimental time. The most
important source of this limitation, directly relating
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the experiment time and achievable resolution, is the
necessity of acquisition of a large quantity of data sets,
proportional to the product of the number of points in
all indirectly detected time domains.

A promising solution of this problems was the
idea of Reduced Dimensionality (RD) experiments
(Szyperski et al., 1993a, 1993b, 1994, 1995, 1996,
1997, 1998; Brutscher et al., 1994, 1995; Löhr and
Ruterjans, 1995). These methods, analogously to
the concept of Accordion Spectroscopy (Bodenhausen
and Ernst, 1981, 1982), employ simultaneous sam-
pling of two chemical shifts evolutions. Thus, the N
chemical shifts could be effectively encoded in the
resulting (N − 1)-dimensional spectrum with the ad-
vantage of shorter experimental time and with digital
resolution typical for the (N−1)D spectra. Recently, it
was also shown that such a technique could be applied
for incorporating three different frequencies in a sin-
gle domain, hence a reduction of dimensionality from
ND to (N − 2)D (Ding and Gronenborn, 2002) was
obtained. In these cases, except for the recently pub-
lished 3D HNN[CAHA] and 3D HNN(CO)[CAHA]
techniques (Xia et al., 2002), quadrature detection was
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employed for only one of the chemical shifts. The
successive simultaneously sampled frequencies sim-
ply introduced a cosine-type amplitude modulation in
the time domain and consequently doubling of sig-
nals in the frequency domain was observed, with the
apparent separation equal to twice the rotating-frame
frequency of the respective nuclei.

The lack of quadrature for all of the simultaneously
sampled frequencies in most of the so far proposed
RD-techniques leads to two significant drawbacks of
the latter. First, the number of peaks is doubled for
each additional frequency in the common dimension,
which unnecessarily complicates spectra and may in-
troduce peak overlap. And second, the frequency off-
set for the nuclei detected without quadrature should
be set outside of the spectral region of interest ow-
ing to the impossibility of defining the sign of the
frequencies, which forces one to increase the spectral
width in the RD-domain and accordingly increases the
number of evolution time increments necessary to ob-
tain the required maximum evolution time. The TPPI
method can be applied in order to obtain artificial fre-
quency offsets (Ding and Gronenborn, 2002; Xia et al.,
2002). This approach is helpful in separating different
kinds of cross-peaks, however, at the expense of a fur-
ther increase of the spectral width in the RD-domain.
Although simultaneous quadrature for Hα and Cα fre-
quencies was recently proposed (Xia et al., 2002), the
described method involves a number of pulses and
appears not to be generally applicable.

In this work we propose a simple and general
method for multiple simultaneous quadrature detec-
tion with preservation of purely absorptive line-shape.
The expected effect is achieved by a straightforward
extension of known rules of quadrature detection. For
n frequencies in a common domain the acquisition
and appropriate combination of 2n FIDs per each
t1 increment is necessary. These data sets collected
in interleaved mode should consist of all possible
combinations of sine and cosine modulation. The
new technique is applicable to any ND experiment
(N > 2), where it is possible to detect each sin-
gle frequency in quadrature. Additionally, the same
procedure is appropriate to separate single-quantum
frequencies in multiple-quantum evolution periods. In
most cases the expected effect could be obtained by
simple modifications of the existing pulse sequence
codes.

Methods

In the case of single frequency (n = 1) the standard
States (States et al., 1982) or States-TPPI (Marion
et al., 1989), procedures to obtain quadrature detec-
tion and pure absorption line-shapes are the methods
of choice. In both cases, recording of the two am-
plitude modulated data sets, cos(�t1) and sin(�t1),
which form the real and imaginary parts of the t1 in-
terferogram, respectively, is required. However, in the
case of phase modulation in t1, which is usually ob-
tained using gradient echo- and anti-echo coherence
selection, in sensitivity enhanced sequences (Palmer
III et al., 1991; Kay et al., 1992; Sattler et al.,
1995) or TROSY (Pervushin et al., 1997; Weigelt,
1998) experiments, the amplitude modulation should
be reestablished prior to Fourier transformation. The
cos(�t1) and sin(�t1) amplitude modulated interfer-
ograms are calculated as the sum and difference of
echo- and anti-echo data sets, respectively, followed
by π/2 phase correction along the directly detected
time domain, of the second one.

For the two frequencies of spins A and B, sampled
simultaneously, i.e., n = 2, the following four data
sets should be generated:
(1) cos(�At1) cos(�Bt1),
(2) sin(�At1) cos(�Bt1),
(3) cos(�At1) sin(�Bt1),
(4) sin(�At1) sin(�Bt1).

Conventional Fourier transformation of pairs (1,
2) and (3, 4) produces two different spectra with
quadrature for spin A, modulated by cos(�Bt1) and
sin(�Bt1), respectively. The first consists of in-phase,
while the second, after π/2 phase correction in t1, of
the anti-phase doublets along the F1 dimension, with
splittings equal to 2�B. Thus, addition of π/2 phase
corrected pair (3, 4) to (1, 2) generates the spectrum
with cross-peak frequencies of �A + �B, whereas
its substraction – of �A − �B, in the F1 dimension,
respectively. Analogously, simply by negating the re-
spective imaginary contributions, quadrature image
spectra, i.e., ones consisting of peaks at −�A − �B,
and −�A + �B frequencies, could be created. How-
ever, only the pair of spectra with opposite signs of
one of the frequencies, is independent and should be
considered. The equivalent technique was described
for determination of one-bond 15N-1H couplings and
referred to as IPAP (In-Phase – AntiPhase) (Ottiger
et al., 1998). In this case �A and �B were �(15N)
and πJ, respectively. The 15N quadrature was ob-
tained conventionally in States-TPPI manner, whereas
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Figure 1. Two-dimensional spectra obtained using reduced dimensionality 2D HN(CO)CA (a and b) and 2D HNCA (c and d) experiments
applied for 13C, 15N-labeled ubiquitin sample. The time-domain data was processed, according to Table 1, to obtain cross-peak frequencies
at δ(15N) + ν(13C) and δ(15N) − ν(13C), (a and c) and (b and d), respectively. 16 scans were coherently added for each data set for 145 t1
increments. The maximum t1 and t2 times were 27.9 and 85 ms, respectively. The spectral width of 5200 Hz, covering the sum of 15N and
13Cα spectral ranges, was set for the F1 dimension. A relaxation delay of 1.5 s was used. The data matrix containing 145 × 512 complex points
in t1 and t2 respectively, was zero-filled to 512 × 1024 complex points, cosine weighting function was applied prior to Fourier transformation
in both dimensions.

sin(πJt1) modulation was chosen by insertion of an
additional (2J)−1 coupling evolution period.

The same procedure could be further extended for
simultaneous labeling of any number (n) of chemical
shifts in a common dimension. However, sampling of
each additional evolution doubles the number of re-

quired data sets owing to the necessity of recording
both sine and cosine modulated interferograms.

The number of necessary data sets increases anal-
ogously to conventional ND experiments, were also
a 2N−1 data sets should be collected for each (t1,
. . . , tN−1) point in order to obtain pure absorption
line-shapes. Therefore, the measurement time of pro-
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Figure 2. Comparison of the F1 cross sections across amide resonances of Ile36 (a, b) and Leu67 (c, d) residues obtained from the spectra
given in Figure 1. (a, c) 2D HN(CO)CA and (b, d) 2D HNCA experiments. In each pair, in upper spectrum 13C frequencies are positive in
relation to carrier frequency. The dotted lines denote the 15N chemical shift and arrows the relative 13Cα frequencies.

Figure 3. Pulse sequence of the reduced dimensionality 2D HACANH experiment. Dark-filled and open bars represent π/2 and π pulses,
respectively. All pulses are applied along the rotating-frame x-axis unless indicated differently. The selective inversion C’ π-pulses are applied
in pairs to avoid Bloch-Siegert phase shifts. The delays �1 and �2 should be tuned to 0.5/1J(13C, 1H) and 0.5/1J(15N, 1H), respectively. τ

(28,6 ms) was optimized for maximum amplitude of polarization transfer between Cα and N. ε includes the rectangular – shaped gradient pulse
and a 100 µs recovery time. The k factor enables relative scaling of the t1 increments in both evolution periods, thus maximum possible t1 can
be optimized with respect to effective relaxation rates and the expected spectral resolution. The basic phase cycle is: ϕ1 = 4x,4(−x), ϕ2 = x,−x,
ϕ3 = 8x,8(−x), ϕ4 = 2x,2(−x), ϕ5 = 16x, 16(−x) and ϕR = x, 2(−x), x, 2(−x, 2x, −x), x, 2(−x), x, −x, 2x, −x, 2(x, 2(−x), x), −x, 2x, −x.
Gradients G1 and G2 with a duration of 1 ms and the relative amplitude of ± 0.5 γH/γN, were used for echo-antiecho selection. Additionally,
the sensitivity-enhancement scheme requires phase ψ to be set to ϕ5 − π/2 in echo and ϕ5 + π/2 in antiecho experiments, respectively. The 1H
and 13C quadrature could be obtained by π/2 phase shifts of ϕ1 and ϕ2, respectively. The axial peaks are displaced by reversing of sign of ϕ1
and receiver phase (ϕR) for the even t1 increments. The quadrature detection for all three chemical shifts labeled in t1 requires acquisition of
the eight data sets per each t1 increment, consisting the combinations of echo and antiecho selection for 15N with the phases ϕ1 and ϕ2 set to
x and y.
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Figure 4. Contour plots obtained by application of the 2D HACANH pulse sequence from Figure 3 to 13C, 15N-labeled ubiquitin sample. The
13Cα and 1Hα frequencies were scaled down using k factor set to 0.2. The data was processed with retention of correct 15N frequency (a) All
three 15N, 13Cα and 1Hα frequencies positive, (b) 13Cα and 1Hα negative (c) 13Cα negative and (d) 1Hα negative. 64 scans were coherently
added for each data set for 180 t1 increments. The maximum t1 and t2 times were 85.7 and 85 ms, respectively. The spectral width of 2100 Hz,
covering the sum of 15N, 13Cα and 1Hα spectral ranges (considering scaled of 13Cα and 1Hα frequencies) was set for the F1 dimension. A
relaxation delay of 1.4 s was used. The data matrix containing 180 × 512 complex points in t1 and t2, respectively, was zero-filled to 512 ×
1024 complex points, cosine square weighting function was applied prior to Fourier transformation in both dimensions.

posed experiment is reduced by a factor proportional
to product of number of evolution time points to be
sampled in t1, . . . , tN−1 domains of ND spectrum
divided by number of t1 increments collected in 2D-
RD experiment. The theoretical signal-to-noise ratio
(S/N) achieved in multiple quadrature RD experiments
remains the same as in their single quadrature variants.
For example formally 4D technique with three chemi-
cal shifts in common dimension proposed recently by
Ding and Gronenborn could be considered (Ding and

Gronenborn, 2002). The analogous experiments with
quadrature for all three indirectly detected frequen-
cies would require acquisition of eight, i.e., four-fold
more, data sets per t1 increment. However, since all
of these data sets are summed prior to Fourier trans-
formation, the S/N obtained for spectra acquired in
the same measurement time; i.e., with equal number
of increments, the same F1 spectral width, and ad-
equately adjusted number of repetitions, is retained.
Considering, the narrower F1 spectral window allow-
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Figure 5. The F1 traces through the Ile36 (a, c, e) and Leu67 (b, d, f) resonances, obtained from the spectra given in Figure 4. For comparison
three different arrangements are shown: With positive sign of 15N (a, b), 13Cα (c, d) and 1Hα (e, f) frequencies, respectively, with adequately
adjusted chemical shift scale. The dotted lines indicate the chemical shifts of involved nuclei.
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able in a experiments with full quadrature detection, in
the same time longer evolution period can be sampled
without lengthen of experiment. Although, for a very
sensitive experiments and/or concentrated samples,
where single scan acquisition is possible a shortest
possible measurement time of multiple quadrature ex-
periment would be four times longer, thus in such
a case the Ding and Gronenborn approach could be
advantageous.

Results and discussion

The 2D HNCA and 2D HN(CO)CA sequences, with
simultaneously sampled 13Cα and 15N chemical shift
evolution, were adapted from the original 3D versions
(Ikura et al., 1990; Grzesiek and Bax, 1992; Muhandi-
ram and Kay, 1994; Kay et al., 1994; Yamazaki et al.,
1994), implemented in the Varian Userlib Protein-
Pack package (Varian Inc., Palo Alto, 2002). Both
experiments are of the out and back type and em-
ploy constant-time 15N evolution. In both cases phase
modulation in t2 is obtained as a result of sensitiv-
ity enhancement detection scheme (Palmer III et al.,
1991; Kay et al., 1992; Sattler et al., 1995), and it is
combined with amplitude modulation in t1, using the
States-TPPI (Marion et al., 1989) method. The modifi-
cation was achieved simply by setting the t2 evolution
time equal to t1, while retaining the all statements re-
sponsible for quadrature in both evolution times. The
resulting experiments produced an array of four data
sets per each t1 increment (echo- and anti-echo in re-
spect to 15N, both with sine and cosine modulation due
to 13Cα frequencies), which should be acquired in in-
terleaved mode. The processing scheme which allows
one to obtain spectra with peaks at δ(15N) + ν(13Cα)

and δ(15N) - ν(13Cα) is described in Table 1.
The spectra obtained using modified 2D HN(CO)

CA and 2D HNCA sequences are shown in Figure 1(a,
b) and (c, d), respectively. In comparison with a con-
ventional 1H-15N HSQC experiment the cross-peak
dispersion is enhanced by combination of both 15N
and 13C frequencies in the F1 dimension, while their
number is retained. It is worth noting that the obtained
signal pattern is different for the two possible com-
binations of the 15N and 13C frequencies. This could
enable one to recognize and to assign peaks which are
overlapped in one of the spectra. As a consequence of
constant-time 15N evolution, the maximum t1 time of
only 27.9 ms could be used. In the presented case this
produced sufficient quality of the experiment. How-

ever, the effective resolution could be further improved
using not limited by 15N-13C coupling refocusing
period, ‘real-time’ or ‘semi-constant-time’ evolution
(Sattler et al., 1999) of 15N chemical shifts. In such a
case the evolution of Cα coherences should be scaled
down to allow full evolution of the slower relaxing 15N
nuclei.

Figure 2 provides two different examples of F1
cross-sections obtained from the spectra presented in
Figure 1. The 15N chemical shifts are marked by
dotted lines, and arrows assign the relative 13Cα fre-
quencies. Note that the signal displacements for the
Ile36 and Leu67 residues are reversed, which indicates
opposite signs of the respective 13Cα frequencies. In-
terestingly, for all signals except the interresidual cor-
relations involving Cα of glycine residues, the residual
doublet structure due to Cα-Cβ scalar coupling is
recognizable. This difficult to decouple splitting de-
creases obtainable S/N and increases F1 line-width.
However, this feature could be useful for sequen-
tial identification of amino acid residues following
Gly, and for determination of these valuable coupling
magnitudes (Cornilescu et al., 2000).

The pulse sequence scheme for the HACANH ex-
periment is depicted in Figure 3. For both the intra-
and inter-residual correlations, the three Hα, Cα, and
N frequencies are labeled in a common time domain,
and therefore four chemical shifts could be corre-
lated in a single 2D measurement. The sequence is
designed as an Hα(i), Hα(i-1) → HN (i) transfer ex-
periment, however, it could be also considered in the
out and back fashion. After the transfer of the ini-
tially excited steady-state Hα(i) and Hα(i-1) protons
magnetization to the respective Cα nuclei, the Hα/Cα

zero- and double-quantum coherences are created and
evolve during k*t1 period, taking advantage of the less
effective relaxation of such coherences. The following
refocused 13Cα−15N INEPT step allows creation of
single quantum 15N coherences, which after evolution
in t1 are transferred to amide protons HN for detection
in t2. The factor k could be used for the relative scal-
ing of both evolution periods in order to optimize the
maximum t1 and the expected resolution with respect
to the effective transverse relaxation rates. The quadra-
ture for 15N is obtained by simultaneous inversion of ψ

and G1, while for 13Cα and 1Hα by States and States-
TPPI incrementation of ϕ2 and ϕ1, respectively. Thus,
for a correct result eight data sets, consisting of all
possible combinations of ψ/G1, ϕ1 and ϕ2, should be
recorded for each t1 increment and stored separately.
Their appropriate combination as described in Table 2,
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Table 1. Appropriate combination of four data sets per each t1 increment for 2D RD-HNCA and
HN(CO)CA experiments presented in this work. In both cases, amplitude modulation (sine/cosine
– S/C) for 13C (States-TPPI) and phase modulation for 15N frequencies (echo/antiecho – E/A) is
generated. R and I denotes real and imaginary parts of the successive FIDs, respectively

Data set Modulation Contribution to the t1 interferogram
15N 13C Real part Imaginary part

1 E C [cos(�N t1)−isin(�N t1)]cos(�C t1) R aI

2 A C [cos(�N t1)+isin(�N t1)]cos(�C t1) R −aI

3 E S [cos(�N t1)−isin(�N t1)]sin(�C t1) abI −bR

4 A S [cos(�N t1)+isin(�N t1)]sin(�C t1) −abI −bR

The a and b factors determine sign of 15N and 13C frequencies, respectively.
a = −1, b = −1 cross-peaks at ν(15N) + ν(13C)
a = −1, b = 1 cross-peaks at ν(15N) − ν(13C)
Note: The processing macros for Varian VNMR 6.1B (Varian Inc. Palo Alto) and NMRPipe (Delaglio
et al., 1995) software are available from authors on request. The signs of a and b may depend on
particular implementation and spectrometer type.

Table 2. Appropriate combination of eight data sets per each t1 increment for 2D RD-HACANH experiment presented
in this work (Figure 1). Amplitude modulation (sine/cosine – S/C) for 1H and 13C (States and States-TPPI) and phase
modulation for 15N frequencies (echo/antiecho –E/A) is generated. R and I denotes real and imaginary parts of the
successive FIDs, respectively and k is the scaling factor

Data set Modulation Contribution to the t1 interferogram
15N 13C 1H Real part Imaginary part

1 E C C [cos(�N t1)−isin(�N t1)]cos(�C t1)cos(�H t1) R aI

2 A C C [cos(�N t1)+isin(�N t1)]cos(�C t1)cos(�H t1) R −aI

3 E S C [cos(�N t1)−isin(�N t1)]sin(�C t1)cos(�H t1) abI −bR

4 A S C [cos(�N t1)+isin(�N t1)]sin(�C t1)cos(�H t1) −abI −bR

5 E C S [cos(�N t1)−isin(�N t1)]cos(�C t1)sin(�H t1) acI −cR

6 A C S [cos(�N t1)+isin(�N t1)]cos(�C t1)sin(�H t1) −acI −cR

7 E S S [cos(�N t1)−isin(�N t1)]sin(�C t1)sin(�H t1) −bcR −abcI

8 A S S [cos(�N t1)+isin(�N t1)]sin(�C t1)sin(�H t1) −bcR abcI

The a, b and c factors determine sign of 15N, 13C and 1H frequencies, respectively.
a = 1, b = 1, c = 1 cross-peaks at ν(15N) + k[ν(13C) + ν(1H)]
a = 1, b = 1, c = −1 cross-peaks at ν(15N) + k[ν(13C) − ν(1H)]
a = 1, b = −1, c = 1 cross-peaks at ν(15N) + k[−ν(13C) + ν(1H)]
a = 1, b = −1, c = −1 cross-peaks at ν(15N) + k[−ν(13C) − ν(1H)]
Note: The processing macros for Varian VNMR 6.1B (Varian Inc. Palo Alto) and NMRPipe (Delaglio et al., 1995)
software are available from authors on request. The signs of a, b and c may depend on particular implementation and
spectrometer type.

provides the set of four independent spectra plotted in
Figure 4. Again the relative cross-peak displacements
are different in each spectrum which is helpful for
signal assignment. Sample F1 traces are shown in Fig-
ure 5. It is characteristic for the discussed HACANH
experiment that the signal originating from the Gly35
residue vanishes owing to the inability to refocus C-H
coupling in the second �1 period for the CH2 group. A
three different arrangements of spectra are shown with
signal frequencies distributed around 15N, 13C, and 1H
chemical shifts.

An interesting feature of the proposed method is
the excess of information obtainable for n > 2. The
number of independent spectra which can be gener-
ated from acquired data is equal to 2n−1 (the number
of lines in a spectrum with single quadrature). Thus,
e.g., for n = 3, available are four independent, out
of eight possible, combinations of the frequency signs,
e.g. : �A +�B +�C , �A−�B +�C , �A + �B −�C ,
and �A − �B − �C . Hence, there are four linear
equations describing three unknowns for n = 3, and
eight equations for four unknowns for n = 4. Since
the cross-peak displacements in all the spectra are,
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in general, different, the same peaks could be over-
lapped in one spectrum while separated in the others,
still enabling a full analysis. Additionally, the preci-
sion of obtained chemical shifts could be significantly
improved by simple averaging.

In Figures 1, 2, and 4, for clarity and conve-
nient signal frequency calculations, we decided to
keep constant positive sign of 15N frequencies com-
bined with all possible combinations of the other ones.
Therefore, the peaks obtained using the described data
sets combination, are centered around 15N frequency.
However, different arrangements of the spectra are
also possible as illustrated on Figure 5. Note that, due
to the determination of the sign of the rotating frame
frequency for all nuclei involved, the frequency offsets
could be set in the center of the regions of interest, thus
reducing the sampled spectral width to a minimum, i.e.
the sum of the respective spectral ranges.

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, 13C,
and 15N π/2 pulses of 6.5, 14.4, and 48.0 µs, re-
spectively, were employed. A sample of 1.5 mM 13C,
15N-labeled ubiquitin in 9:1 H2O/D2O, at pH = 6.0
was used.

Conclusions

The application of quadrature detection for all the
frequencies sampled simultaneously enables full ex-
ploration of the advantages of reduced dimensional-
ity experiments, i.e., short measurement times and
the resolution limited only by apparent transverse re-
laxation rates. We have demonstrated that multiple
quadrature detection not only clarifies the spectrum by
two-fold reduction of the number of peaks for each fre-
quency in the RD-domain, but also allows decreasing
the sampled frequency range. Additionally, implemen-
tation of this technique in the existing pulse-sequences
is straightforward. The described modification of the
RD-techniques, due to the high resolution and the
presence of redundant information, is ideally suitable
for precise peak-peaking algorithms (Koradi et al.,
1998) and automatic assignment of NOESY cross-
peaks (Mumenthaler et al., 1997; Herrmann et al.,
2002). We believe that RD-experiments with multiple
quadrature detection will find a variety of applications
in the field of biomolecular NMR.
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Notes

After submission of this work a similar approach has
been published (Kim and Szyperski, 2003).
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