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Abstract

The new pulse sequence building block that relies on evolution of heteronuclear multiple quantum coherences is proposed. The
particular chemical shifts are obtained in multiple quadrature, using linear combinations of frequencies taken from spectra mea-
sured at different quantum levels. The pulse sequences designed in this way consist of small number of RF-pulses, are as short
as possible, and could be applied for determination of coupling constants. The examples presented involve 2D correlations HNCO,
HNCA, HN(CO)CA, and H(N)COCA via heteronuclear zero and double coherences, as well as 2D HNCOCA technique with
simultaneous evolution of triple and three distinct single quantum coherences. Applications of the new sequences are presented
for 13C,15N-labeled ubiquitin.
� 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The introduction of 2D NMR techniques [1,2] has
created new possibilities in applications of NMR spec-
troscopy in chemistry and biochemistry. The acquisition
of multidimensional data sets allows one to correlate
several different chemical shifts, and to separate degen-
erated signals by spreading them in different frequency
domains. However, the possible digital resolution is
strongly limited by the acceptable experimental time.
The most important course of this limitation, directly
relating the experimental time to the achievable resolu-
tion, is the necessity of acquiring large quantity of data
sets. The number of these sets is proportional to the
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product of the number of data points in all indirectly de-
tected time domains.

Recently, a number of new ideas accelerating the
acquisition of multidimensional data sets have been pro-
posed. The new approaches involve: spatially encoded
chemical shift evolution followed by spatially resolved
acquisition [3–6], reconstruction of multidimensional
spectra from sets of projections [7–10], and new variants
of reduced dimensionality (RD) techniques [11–13].
These recently introduced RD experiments employ
either TPPI for signal displacement [14] or a multiple
quadrature variant [15–17] for elucidation of single
frequencies.

The general idea of RD-methods, analogously to the
concept of Accordion spectroscopy [18,19], involves
simultaneous sampling of two or more chemical shifts
evolutions. Thus, the N chemical shifts could be effec-
tively encoded in M-dimensional spectrum (2 6M 6

N � 1). However, for full exploration of the advantages
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of RD-type experiments, i.e., short measurement times
and resolution limited only by apparent transverse
relaxation rates, determination of sign (with respect to
carrier offset) of all simultaneously sampled frequencies
requires the application of a multiple quadrature [15–
17]. The multiple quadrature effect could be easily
achieved by extension of the known rules of quadrature
detection, i.e., by acquisition and appropriate combina-
tion of sine and cosine amplitude or echo and antiecho
phase modulated data sets for each involved frequency.
Thus, for the n frequencies in a common domain, the
acquisition and appropriate coaddition of 2n FIDs per
each t1 increment is necessary, producing a set of spectra
with 2n possible sign combinations of particular frequen-
cies. The 2n � 1 relevant combinations form a system of
independent linear equations, the solving of which al-
lows the recovery of full chemical shift information.
Additionally, the number of spectra which can be gener-
ated from acquired data (2n � 1) increases faster than the
number of combined frequencies. Thus, for three fre-
quencies in a single dimension four independent, out
of eight possible combinations of the frequency signs
are available. Hence, there are four linear equations
describing three unknowns, and eight equations for four
unknowns for n = 4. Therefore, the precision of ob-
tained chemical shifts could be significantly improved
by simple averaging (i.e., for three spins A, B, and C,
each particular resonance frequency could be evaluated
as an average from signal frequencies obtained from
three different sets of four subspectra with +XA±
XB±XC, ±XA+XB±XC, and ±XA±XB+XC, respec-
tively). Since the cross-peak displacements in all the
independent spectra are, in general, different, the same
peaks could be overlapping in one spectrum while sepa-
rated in the others, still enabling a full analysis. In a sin-
gle quadrature RD-experiments [11–14] frequency offset
for the nuclei detected without quadrature should be set
outside of its spectral region, thus increasing number of
necessary time domain points. Multiple quadrature
detection not only clarifies the spectrum by 2-fold reduc-
tion of the number of peaks for each frequency in the
RD-domain, but also allows decreasing of the sampled
frequency range, by setting the transmitter offsets at
the center of regions of interest. The implementation
of this technique in the existing pulse-sequences is
straightforward, and simply requires equal or mutually
proportional setting of all evolution times, while retain-
ing all statements responsible for quadrature in the indi-
rectly detected domains. A suitable processing scheme,
providing spectra with all possible combination of fre-
quency signs (i.e., ±XA±XB±XC), is described in our
previous communication [16].

In the present work, we propose a new set of tech-
niques optimized for RD-type acquisition by the use
of a single MQ-coherences evolution period. We also
demonstrate that application of the same processing
procedure as for the standard RD-spectra could be em-
ployed for elucidating single frequencies. Although we
have already applied a DQ/ZQ Ha–Ca evolution period
in the HACANH technique [16], until now most of the
RD-sequences were derived directly from their multidi-
mensional versions. MQ-evolution period has been also
used for simultaneous sampling of two frequencies in
HN(CO)CACB, HN(COCA)CACB, HN(CO)CAHA,
and HN(COCA)CACB sequences [14], however, in this
case a TPPI method was employed to distinguish differ-
ent peaks, instead of the multiple quadrature. The spec-
tra obtained using MQ-evolution periods are similar to
those acquired using several simultaneously incremented
evolution periods; for example, the 2D RD-spectra ac-
quired using sequences with two separate single quan-
tum evolution periods, shown in [15], are also by
analogy called zero and double quantum. Employing a
single t1 period results in evolution of true multiple
quantum coherences. Moreover, pulse sequences de-
signed in this way consist of a small number of RF-
pulses and are as short as possible. Recently, a similar
concept of multiple quantum RD-evolution has been ap-
plied to magic angle spinning experiment in solid state
NMR of biomolecules [20].
2. Results and discussion

The pulse sequence schemes for the proposed experi-
ments are depicted in Figs. 1 and 2. All of them employ
out-and-back coherence transfer with excitation and
detection of HN protons, and are characterized by a sin-
gle t1 evolution period. The sequences obtained by the
combination of a general scheme (Fig. 1A) with the cen-
tral elements (Figs. 1B–E) give the MQ variants of
HNCA, HNCO, HN(CO)CA, and HNCOCA experi-
ments, respectively. The sensitivity enhancement detec-
tion [21–23] introduces 15N phase modulation in t1,
while 13Ca/

13C 0 evolution causes amplitude modula-
tions. In the H(N)COCA experiment (Fig. 2A), charac-
terized by the lack of a 15N chemical shift evolution,
purely t1-amplitude modulated data sets are being
acquired.

The characteristic feature of the proposed experi-
ments is replacement of polarization transfers in INEPT
manner by nested HMQC building blocks. Only in
H(N)COCA (Fig. 2A) the N–C INEPT is used. 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 equal either to t1 for coherences of
interest or to zero. Since we have used a spectrometer
equipped with a single 13C RF-channel, to avoid break-
ing the phase coherence by frequency changes, the 13C
carrier offset was constant for the whole duration
of pulse sequences [24]. It was set to the center of 13C 0



Fig. 1. Pulse sequences of the reduced dimensionality multiple quantum experiments. (A) General, with sensitivity enhancement, scheme for out and
back experiments involving HN nuclei, (A) + (B) HNCA, (A) + (C) HNCO, (A) + (D) HN(CO)CA, (A) + (E) HNCOCA, and (F) element for
relative scaling up of a 15N chemical shift evolution by factor of j. Dark-filled and open bars represent p/2 and p pulses, respectively. The selective
rectangular pulses are applied on resonance with cB1 set to DX=

ffiffiffiffiffi

15
p

and DX=
ffiffiffi

3
p

for p/2 and p pulses, respectively, where DX is a difference between
centers of C 0 and Ca spectral regions. Off resonance pulses are realized using linear phase modulated sinc shapes. Water flip-back was applied as a
sinc-shaped pulse of 2.1 ms duration, in the initial INEPT step. For all sequences, except HNCO (A) + (C), the 13C carrier offset was set to the center
of the Ca region (56 ppm). Thus, for HNCOCA sequence (A) + (E), involving simultaneous 15N, 13C 0, and 13Ca chemical shift evolution, TPPI in
steps of �360DX/(2p SW1) degrees was added to /1 to shift the center of the C 0 signal region by �118 ppm, where SW1 is the F1 spectral width. For
efficient simultaneous inversion of 13Ca and refocusing of 13C 0 spins the six-element composite pulses [32] were employed. All pulses were applied
along the rotating-frame x-axis unless indicated differently. The delays D should be tuned to 0.5/1J (15N, 1H). 2s1 and 2s2 (28 and 22 ms) were
optimized for maximum amplitude of polarization transfer between 13C and 15N, and d was set to 7 ms. � includes the rectangular-shaped gradient
pulse and a 100 ls recovery time. All delays are carefully matched regarding pulse widths to obtain zero phase corrections for the coherences of
interest. The basic phase cycles are: for sequences (A) + (B,C) /1 = x,�x, /2 = x,y,�x,�y, /3 = 8x, 8y, 8(�x)8(�y), /4 = 4x,4(�x), and
/R = /1 + 2/2 + 2/3 + /4, whereas for (A) + (D,E) /1 = x,�x, /2 = x,�x, /3 = 4x, 4(�x), /4 = 8x,8(�x), and /R=/1 + /2 + /3 + /4.

15N
quadrature was obtained using echo-antiecho PFG-selection by G1 and G2 gradients with duration of 1 ms, and the relative amplitude of ±cH/cN,
with phase w set to �p/2 in echo, and +p/2 in antiecho experiments, respectively. 13Ca and

13C 0 quadratures were obtained by p/2 phase shifts of /1

[33]. The quadrature detection requires acquisition of four data sets per each t1 increment for formally 3D sequences (A) + (B–D), whereas for
formally 4D HNCOCA experiment (A) + (E), eight independent data sets per each t1 value should be collected. The axial peaks were displaced by
simultaneous reversing of the sign of /1 and receiver phase (/R) for the even t1 increments [34].
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region (176 ppm) in HNCO (Figs. 1A and C), whereas
to 56 ppm in others. For this reason the usual off reso-
nance 13Ca/

13C 0 linearly phase modulated sinc pulses
were applied. For the H(N)COCA (Fig. 2A) and
HNCOCA (Figs. 1A and E) sequences, where multiple
quantum coherences involving 13Ca and

13C 0 evolve with
carrier offset in the middle of the 13Ca region, a standard
procedure would require a very large spectral range.
Hence, we decided to use the TPPI [25,26] incrementa-
tion of /1 with a phase shift of �360DX/(2pSW1) de-
grees. (DX/2p is the difference between 13C 0 and 13Ca

spectral region centers (118 ppm) and SW1 actual spec-
tral width in indirectly detected dimension). Thus, the
effective 13C 0 and 13Ca spectral regions were centered
at the middle of the F1 dimension, allow the use of min-
imal necessary SW1. Since active coupling does not
evolve for MQ-coherences, only couplings involving
passive spins need to be refocused in the t1, which sim-
plifies the pulse sequences.
Application of the multiple quadrature, which is
essential for evaluation of single quantum frequencies,
requires interleaved acquisition of an array of four data
sets for DQ/ZQ sequences (Figs. 1A and B–D) and (Fig.
2A). However, formally 4DHNCOCA experiment (Figs.
1A and E) encoding three frequencies in a common do-
main, requires the acquisition of eight data sets per each
t1 increment. The appropriate processing scheme has al-
ready been comprehensively described [16], and relies on
coaddition of a cosine and sine amplitude modulated
data sets with ±p/2 phase correction of the latter in t1.

In case of several simultaneously sampled evolution
periods, the application of relative scaling of evolution
increments is straightforward and allows for optimiza-
tion of spectral resolution with regard to transverse
relaxation rates. For the MQ-sequences proposed in
the present work, it is still possible to scale up the 15N
evolution by factor of j. It simply requires insertion of
the element Fig. 1F, prior to the first 13C p/2 pulse.



Fig. 3. Contour plots of two-dimensional spectra obtained using
reduced dimensionality 2D HNCO sequence from Figs. 1A and C
applied to 13C, 15N-labeled ubiquitin sample. (A and B) Plots show
double and zero quantum spectra, respectively. The time-domain data
were processed, according to previously published procedure [16] with
retention of positive 15N frequencies. The signal frequency in F1

domain is equal to d (15N) ± Dm(13C 0), where Dm (13C 0) denotes
frequency differences between 13C 0 resonance and carrier offset. Sixteen
scans were coherently added for each data set for 256 t1 increments.
The maximum t1 and t2 times were 85 and 102 ms, respectively. The
spectral width of 3000 Hz, covering the sum of 15N and 13C 0 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 1024 · 1024 complex points. Cosine
square weighting function was applied prior to Fourier transformation
in both dimensions.

Fig. 4. Contour plots obtained by application of the HNCA (A and
B), HN(CO)CA (C and D), and H(N)COCA (E and F), pulse
sequences from Figs. 1(A and B), (A and D), and 2A, respectively to
13C, 15N-labeled ubiquitin sample. The signal coordinates in F1

dimension of DQ- (A, C, and E) and ZQ-spectra (B, D, and F) are
equal to the sum and differences of involved frequencies, respectively.
The data were processed according to [16], with retention of positive
13Ca frequencies, common in all spectra. Sixteen scans were coherently
added for each data set for 192 t1 increments. The maximum t1 and t2
times were 36 and 102 ms, respectively. The spectral width of 5400 Hz,
covering the sum of 15N, 13Ca, and

13C 0 spectral ranges, was set for the
F1 dimension. A relaxation delay of 1.4 s was used. The data matrix
containing 192 · 512 complex points in t1 and t2, respectively, was
zero-filled to 1024 · 1024 complex points. Cosine square weighting
function was applied in both dimensions prior to Fourier
transformation.

Fig. 2. Pulse sequences for reduced dimensionality H(N)COCA
experiments. (A) Pulse sequence with single DQ/ZQ evolution period,
(B) technique with separate evolution periods, according to [24]. In
both cases the 13C carrier offset was set to the center of the 13Ca region
(56 ppm), and TPPI in steps of �360DX/(2pSW1) degrees was added
to /1 to shift the center of the C 0 signal region by �118 ppm, where
SW1 is the F1 spectral width. Additionally, the BSP correction was
added to /3. The phase cycle applied was: /1 = x,�x, /2 = x,�x,
/3 = 4x, 4(�x), /4 = 8x, 8(�x), and /R = /1 + /2 + /3 + /4. Water
signal suppression was accomplished by PFG-spin-echo with 3-9-19
refocusing element in reverse INEPT step. 13Ca and 13C 0 quadratures
were obtained by p/2 phase shifts of /1 and /2 [33]. Because of lack of
15N chemical shift evolution we modified original H(N)COCA
sequence [24], replacing heteronuclear PFG echo with sensitivity
enhancement 15N–1H coherence transfer by simple inverse INEPT with
water signal suppression (see above).
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The spectrum obtained using MQ-HNCO sequence is
shown in Figs. 3A and B. The peak frequencies in dou-
ble quantum spectra (Fig. 3A) are equal to the sum of
respective 15N and 13C 0 frequencies, whereas in zero
quantum spectra (Fig. 3B) the difference of frequencies
is observed. The spectra containing information about
Ca chemical shifts, obtained using the MQ-versions of
HNCA, HN(CO)CA, and H(N)COCA, are plotted in
Fig. 4. Similarly as in Fig. 3 the DQ-spectra are located
in the left column (A,C,E) and ZQ in the right one
(B,D,F). Fig. 5 shows the results of application of a for-
mally 4D experiment HNCOCA, correlating amide pro-
ton resonances with 15N, 13C 0, and 13Ca (i � 1) in a single
experiment. In this case triple spin coherences are cre-
ated and evolve over t1. Thus, the triple and three dis-
tinct single quantum spectra could be obtained with all
possible combinations of frequency signs. This experi-
ment exhibits good sensitivity and signal dispersion.

In Fig. 3 the spectra are presented with positive sign
of 15N frequencies combined with positive and negative
signs of 13C 0 displacement. However, for the spectra



Fig. 6. Comparison of the F1 cross sections across amide resonance of Leu
INEPT transfer between 15N and 13C 0 nuclei and constant-time 15N chemica
(the maximum t1 was 27.7 ms). (B) 2D reduced dimensionality HNCO acq
above. (C) The same sequence as in (B) but recorded with eight scans added
(D) 2D reduced dimensionality H(N)COCA spectrum obtained by application
using sequence from Fig. 2A with single DQ/ZQ period. For traces (D and E
signal frequencies in upper and lower traces represent spectra with differenc
represent doubly modulated single quantum spectra, while (B, C, and E) are

Fig. 5. Contour plots obtained by application of the HNCOCA pulse
sequence from Figs. 1A and E, to 13C, 15N-labeled ubiquitin sample.
(A) TQ-spectrum and (B–D) three distinct SQ-spectra with different
sign combination of 15N and 13C frequencies. The data were processed
with retention positive sign of 13Ca frequency [16]. Sixteen scans were
coherently added to each data set for 192 t1 increments. The maximum
t1 and t2 times were 36 and 102 ms, respectively. The spectral width of
5400 Hz, covering the sum of 15N, 13Ca, and

13C 0 spectral ranges, was
set for the F1 dimension. A relaxation delay of 1.5 s was used. The data
matrix containing 192 · 512 complex points in t1 and t2, respectively,
was zero-filled to 1024 · 1024 complex points. Cosine square weighting
function was applied prior to Fourier transformation in both
dimensions.
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shown in Figs. 4 and 5, we decided to retain the positive
sign of 13Ca frequencies since they are common for all
four experiments. Therefore, in Fig. 3 peaks are centered
around the 15N frequency, whereas in Figs. 4 and 5—
around 13Ca one. Different arrangements of the spectra
are also possible by straightforward data manipulation
[16].

The sensitivity of the new multiple quantum version
of the HNCO and H(N)COCA sequences should be re-
lated to their known variants with single quantum evo-
lution periods. The comparison of F1 cross sections
across amide resonance of Leu67 is shown in Fig. 6.
Trace (A) is obtained by application of standard 2D
HNCO, with INEPT transfer between 15N and 13C 0 nu-
clei and single quantum evolution periods, acquired in
reduced dimensionality manner. The maximum t1 was
limited by constant-time 15N chemical shift evolution
to ca. 28 ms. Trace (B) was recorded using DQ/ZQ 2D
HNCO from Figs. 1A and C, using the same acquisition
parameters. There is no significant difference in signal-
to-noise ratio. To show ability of DQ/ZQ 2D HNCO
(Figs. 1A and C) to acquire spectra with longer evolu-
tion time t1, we show trace (C) which is extracted from
spectrum obtained in the same experimental time as
(A and B), but with doubled number of t1 increments
and halved number of accumulations. The line width
is almost 2-fold reduced with slight decrease of S/N
67 residue. (A) Conventional 2D reduced dimensionality HNCO with
l shift evolution, 16 scans added for each data set for 83 t1 increments
uired using sequence from Figs. 1A and C, acquisition parameters as
for each data set and 166 t1 increments (the maximum t1 was 55.3 ms).
of sequence from Fig. 2B [24], and (E) H(N)COCA spectrum acquired

) identical acquisition parameters were used (see caption to Fig. 4). The
e and sum of the involved frequencies, respectively. Traces (A and D)
examples of zero- and double quantum experiments.
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due to transverse relaxation in longer t1 period. The con-
ventional HNCO would require for this t1 two separate
13C 0 and 15N evolution periods. It should be noted, how-
ever, that at the higher B0 fields significant extending of
t1 evolution in DQ/ZQ 2D HNCO, would be limited by
effective chemical shift anisotropy relaxation of 13C 0 nu-
clei. Similarly, in the case of similar multiple quantum
HNCA sequence such effect could not be achieved due
to more effective relaxation of 13Ca nuclei. For larger
proteins, however, the cross-correlation effects should
be considered and different linewidth for ZQ and DQ
spectra might be expected. Comparison of multiple
quantum H(N)COCA from Fig. 2A with analogous se-
quence, depicted in Fig. 2B according to [24], with two
separate single quantum evolution periods, is given in
Figs. 6D and E. Neglecting, in the first approximation,
cross-correlation effects, relaxation rate of DQ/ZQ
coherences could be assumed as sum of respective sin-
gle-quantum relaxation rates. For the same length of
t1 relaxation of DQ/ZQ coherence affects both se-
quences from Fig. 2 identically, however, sequence 2b
is longer by additional period t1, where SQ-transverse
relaxation of 13C 0 spins reduces overall signal amplitude.
As it might be expected S/N ratio obtained by longer se-
quence (Fig. 2B) is reduced, while resolution for MQ-
variant is limited only by splittings due to 13Ca–

13Cb

couplings. Although, the sensitivity of sequence from
Fig. 2B could be improved by constant time 13C 0 evolu-
tion, in such a case the maximum t1 evolution would be
limited to ca. 7 ms. Similarly, formally 4D MQ-HNCO-
CA technique could be compared with analogous HNC-
OCA sequence with three separate evolution periods
[27], used in reduced dimensionality manner. When con-
stant time evolution of 13C 0 and 15N would be used, the
overall sequence lengths will equal and sensitivity com-
parable but resolution limited. However, when longer
evolution of 13C 0 and or 15N will required the shorter se-
quence with single MQ-evolution period should be
advantageous.

The evolution of multiple quantum coherences is very
convenient for measurement of coupling constants with
passive spins. The apparent splittings are equal to the
sum and difference of couplings with particular nuclei.
It is well known that in case when a relatively large cou-
pling is combined with a small one, the accuracy of the
latter is improved due to a weaker effect of differential
relaxation [28–30]. The proposed techniques, after sim-
ple modification, are suitable for the measurement of
scalar and residual dipolar couplings, which provide
valuable information about protein structure and
dynamics [31], and examples of such applications will
be presented elsewhere.

All the spectra presented were recorded at 298 K on a
Varian Inova 400 spectrometer equipped with a Per-
forma II z-PFG unit and a 5 mm 1H, 13C, 15N-triple res-
onance probehead. High power 1H, 13C, and 15N p/2
pulses of 6.7, 14.0, and 44.0 ls, respectively, were em-
ployed. A sample of 1.5 mM 13C, 15N-labeled ubiquitin
in 9:1 H2O/D2O at pH 6.0 was used. The experimental
details are given in the figure legends. The conventional
HNCO sequence with two separate evolution periods
was adapted from 3D version implemented in the Var-
ian Userlib ProteinPack package.
3. Conclusions

The application of multiple quadrature rules for
multiple quantum spectra allows for full exploitation
of the advantages of reduced dimensionality experi-
ments, i.e., short measurement times and resolution
limited only by apparent transverse relaxation rates.
This kind of experiments is also essential for acquiring
tilted projections in reconstruction experiments pro-
posed by [7–10]. The described multiple quantum
RD-techniques, due to shorter and simplified pulse
sequences, as compared with their single quantum
counterparts, are less prone to relaxation loses and
RF-pulses imperfections. Additionally, sequences of
this type are ideally suitable for scalar or residual dipo-
lar coupling measurements.
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[13] F. Löhr, H. Rüterjans, A new triple-resonance experiment for the
sequential assignment of backbone resonances in proteins, J.
Biomol. NMR 6 (1995) 189–197.

[14] K. Ding, A.M. Gronenborn, Novel 2D triple-resonance NMR
experiments for sequential resonance assignments of proteins, J.
Magn. Reson. 156 (2002) 262–268.

[15] B. Bersch, E. Rossy, J. Coves, B. Brutscher, Optimized set of two-
dimensional experiments for fast sequential assignment, secondary
structure determination, and backbone fold validation of 13C/
15N-labelled proteins, J. Biomol. NMR 27 (2003) 57–67.
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