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Abstract We present here an NMR pulse sequence with
5 independent incrementable time delays within the frame
of a 3-dimensional experiment, by incorporating polariza-
tion sharing and dual receiver concepts. This has been
applied to directly record 3D-HA(CA)NH and 3D-HAC-
ACO spectra of proteins simultaneously using parallel
detection of 'H and '*C nuclei. While both the experiments
display intra-residue backbone correlations, the 3D-
HA(CA)NH provides also sequential “ — 1 — i’ correla-
tion along the 'Ho dimension. Both the spectra contain
special peak patterns at glycine locations which serve as
check points during the sequential assignment process. The
3D-HACACO spectrum contains, in addition, information
on prolines and side chains of residues having H-C-CO
network (i.e., 1HB, 13CB and 13COy of Asp and Asn, and
"Hy, 13Cy and "*CO$ of Glu and Gln), which are generally
absent in most conventional proton detected experiments.
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Nuclear magnetic resonance (NMR) spectroscopy has
proven ability to provide in-depth information on structure,
dynamics, and interactions of proteins, which is so crucial
to understand biological functions at atomic mechanistic
details, by virtue of the fact that it provides many reporters
of information in terms of various nuclei along the protein
chain. This has led to the development of a plethora of
multidimensional NMR experiments which establish cor-
relations among the various nuclei (Kanelis et al. 2001;
Permi and Annila 2004; Wagner 1997). While higher
dimensionality enhances information content by enabling
monitoring of larger number of nuclei, for example,
7-dimensional automated projection spectroscopy (7D-
APSY) (Hiller et al. 2007) in one experiment, it also
increases data acquisition time and requires complicated
data analysis. The best and most commonly used strategy
has been to record multiple three dimensional experiments
with different information contents (Kanelis et al. 2001).
The challenge today, in the context of emerging fields of
‘targeted proteomics’ (Marx 2013), ‘targeted metabolo-
mics’ and ‘drug discovery programs’, is to extract maxi-
mum multidimensional spectral information, as rapidly as
possible to keep pace with the data coming out from gen-
ome sequencing consortia. This has led to many new ideas
for rapid data acquisition, such as reduced dimensionality
approaches (Szyperski et al. 1993; Reddy and Hosur 2012),
single scan methods (Frydman et al. 2002), different
sampling approaches (Atreya and Szyperski 2005), sensi-
tivity enhancement approaches (Schanda et al. 2006; Per-
vushin et al. 2002), automation of data analysis (Lescop
and Brutscher 2009; Borkar et al. 2011), etc. to name a few.
The most recent development in this context is the use of
multiple receivers for acquiring data simultaneously on
more than one nucleus, for example, '"H and °C, in the
same experiment (Kupce et al. 2006; Kupce 2011). With
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these, the magnetization transfer pathway can be split into
different paths that can be manipulated separately and
recorded. The different data sets can be recorded either in
parallel or in sequential fashion and the sequential acqui-
sition method has been explored rather more extensively
(Kupce et al. 2010; Kupce and Freeman 2008, 2011;
Chakraborty et al. 2012). However, one drawback of
sequential acquisition is that the length of one of the direct
detection periods would be restricted, and this would limit
the resolution along that dimension. On the other hand, in
parallel acquisition, signals from both the pathways are
detected simultaneously at the end of the pulse sequence
(Kupce and Kay 2012), and this does not have any length
limitation. The distinctive feature of the experiment pre-
sented here, compared to the previously reported dual
receiver experiments (Kupce and Kay 2012) is the intro-
duction of different chemical shifts during the second
indirect dimension evolution. As a result, a total of five
different nuclei are encoded in the entire pulse sequence. In
other words a five dimensional spectral information cov-
ering almost all the nuclei along the protein backbone can
be recorded in the time of one three dimensional experi-
ment. This enables rapid and unambiguous complete
assignment of the protein backbone, on one hand, and
would facilitate extensive interaction studies with different
molecules within a practical time frame, on the other.

The general approach in our scheme is shown in Fig. 1.
A Pulse sequence would start with creating transverse
magnetization on one nucleus (preparation period) which
further undergoes evolution for the time period ‘f;” (first
indirect dimension). The magnetization present on the fre-
quency labeled nucleus undergoes polarization sharing
between two directly bonded nuclei. This creates two dif-
ferent magnetization flow pathways which can be manipu-
lated separately for two different mixing periods (mixing 1
and mixing 1’) and chemical shift encoding during the sec-
ond indirect dimension evolution (during #, and #,’ periods).
The magnetization is then relayed to correspondingly bon-
ded nuclei for detection (shown as 73 and 73’ periods). Thus
there are five independent incrementable time periods, which
could encode different chemical shifts. The entire data from
the two pathways are recorded as two different 3D-data sets
and Fourier transformed separately to produce two 3D-
spectra, which together encode 5 chemical shifts.

Figure 2a presents a pulse sequence incorporating the
above ideas for resonance assignment in proteins. The
magnetization transfer pathway resulting in two 3D-spectra
is summarized in Fig. 2b. The experiment starts with cre-
ating Ha transverse magnetization followed by INEPT
(Morris and Freeman 1979) polarization transfer to directly
bonded Ca carbon (at the end of A + B + C in Fig. 2a).
During this INEPT step the a-proton is frequency-labeled
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Fig. 1 Schematic approach for designing NMR pulse sequence with
5 independent incrementable time delays within the frame of a
3-dimensional experiment, by incorporating polarization sharing and
dual receiver concepts

(‘ty> period embedded in semiconstant-time manner)
(Grzesiek and Bax 1993). Between the gradients G1 and
G2, the Ca magnetization which is anti-phase with respect
to Ho converts into in-phase magnetization by Hoa—Ca J-
coupling evolution for ‘x’ time period. This Co transverse
magnetization now evolves under the influence of one-
bond Co—CO coupling for ‘21’ time period and under the
influence of one-bond and two-bond N-Ca couplings for
‘210N’ time period, simultaneously. This is the crucial step
where polarization sharing happens between two different
nuclei. After the 90° pulse on Ca, followed by crusher
gradient G2 the magnetization terms relevant for final
detection are:

{~2c0s[2n('Jcaco)rc] {cos [2n(nc,) ]

x sin| 27w e | (Co) (V) + cos |27 e ew

x sin |27y e | (Coy) (N 1) } + 2sin [22(eaco) e
x c0s 27" Incw)ew] x cos [22Cnex) e | (Ca) (CO%) )
X cos [271('1@)@} x cos[(Qu)t] % Kca (1)

where, K¢, is a relaxation term (details are given in sup-
plementary material). The two terms in Eq. (1), represented
by operator terms Co,,N, and Ca,CO, evolve through the
rest of the pulse sequence separately to generate the two
pathways. Between gradient G2 and G3, Ca,N,(i, i + 1)
terms evolve into in-phase N,(i, i + 1) and also undergo
chemical shift evolution for ‘#;” in a constant time manner
during 2TN’ time period (D + E 4+ F in Fig. 2a). This
magnetization is stored as in-phase N,(i, i + 1) terms till
gradient G5, after which it is transferred back to "HN for
detection. This magnetization transfer pathway generates
the 3D-HA(CA)NH data set with 'Ho, "N and 'HN
chemical shifts.

The other term in Eq. (1), namely, 2Ca,CO, is manip-
ulated by the scheme between gradients G3 and GS5. It is
converted to transverse anti-phase term 2Co,,CO,’ which
is then frequency labeled by Co chemical shift evolution
for ‘t3’ time period and then transferred to carbonyl carbon
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Fig. 2 a The pulse sequence for dual receiver 3D-HA(CA)NHII3D-
HACACO experiment, with parallel acquisition of "HN and "*CO nuclei.
Hollow and filled (black) rectangular bars represent non-selective 90°
and 180° pulse, respectively. Unless indicated, the pulses are applied with
phase ‘x’. WALTZ-16 decoupling sequence (Shaka et al. 1983a, b) with
field strength of 6.3 kHz is applied for proton decoupling, and '°N
decoupling using the GARP-1 sequence (Shaka et al. 1985) with the field
strength 0.9 kHz is applied during acquisition. The pulse durations of the
B3Ca pulses (standard Gaussian cascade Q3 (180°) and Q5 (90°) pulses)
(Emsley and Bodenhausen 1990) is adjusted so that they cause minimal
perturbations of carbonyl carbons. The 180° '*CO shaped pulse had a
standard Gaussian cascade Q3 pulse profile with minimal excitation of
13Co. The offset of '*C carrier is kept at 54 ppm for effective excitation of
the o-carbons. After gradient pulse G4, the offset is switched to 176 ppm
(13CO offset) for effective excitation of carbonyls and also for detection
of 3CO at the end of the pulse sequence. The delays were set to
A=18ms, B=3ps, C=20ms, x =22 ms, Tcny = 12.5 ms,
In=14ms, A=08=27ms, and A = tcy — Tc. ‘Tc’ period is
optimized to 3.5 ms as discussed in the text. Chemical shift evolution
in 'Hovis achieved in a semi-constant manner (Morris and Freeman 1979)
by varying A, Band C as: AA = #,/2; AB = (#,/2) — C/niand AC = —

by pair of 90° pulses on both Co and CO. Then, in the
following IPAP scheme (Ottiger et al. 1998; Andersson
et al. 1998) this anti-phase 2Co,CO, term, generates in-
phase term, 2Ca,CO, — CO, for Oy =y, Tp=0_,
Tap = 0 and anti-phase term, 2Co,COy — 2Co,CO, for
Oy =-x, tp=20R, Tap=202 where, (= [4("Tc,
co)l™!' = 4.5 ms. Addition/subtraction of these two com-
ponents results in observable '*CO magnetization
following the final carbonyl 90° pulse prior to detection.
This pathway is responsible for a <'*Ca decoupled, *CO
detected’” 3D-HACACO spectrum with '"Ha, ¥Co, and
'3CO chemical shifts. In the experiment described here, we
utilized "HN and '*CO nuclei for parallel acquisition of

X S (. — T

C/ni, where ni = no. of complex points in ‘#;”. The values for the
individual periods containing ‘t,° for 3D-HA(CA)NH were:
D =Ty — (#/2), E = Tn, and F = £} /2. The phase cycling for the
experiment is ®; = x, —x; ®, = O3 = 2(x), 2(—x) and P = X, 2(—
x), X (same for both 'HN and *CO detection). In this experiment
frequency discrimination in t; and tg’ / tzc has been achieved using States-
TPPI phase cycling (Marion et al. 1989) of ®; and ®,/®3, respectively,
along with the receiver phase. The IPAP scheme (Ottiger et al. 1998;
Permi and Annila 2004) is implemented for recording 3D-HACACO data
set by setting @4 = y, Tip = { = 4.5 msand top = O msto record the in-
phase component and @, = —x, t1p = {/2 and t4p = {/2 to record the
anti-phase component. This has no effect on the 'HN detected signal. The
gradient (sine-bell shaped; 1 ms) levels are as follows: G1 = 50 %,
G2 =G3 =G4 =30%,G5 = G6 =80 %and G7 = G8 = 60 % of
the maximum strength 53 G/cm in the z-direction. The recovery time
after each gradient pulse was 160 ps. Before detection, WATERGATE
sequence (Piotto et al. 1992) has been employed for better water
suppression. b Practical approach for acquiring five dimensional
information covering almost all the nuclei along the protein backbone
in the time of one three dimensional experiment

two multi-dimensional data sets. The two-bond scalar
coupling between 'HN and ">CO nuclei is small (Yang
et al. 1999) (4.4 &+ 0.4 Hz), and therefore decoupling of
these nuclei from each other is not essential during parallel
acquisition. The complete magnetization transfer on amino
acid sequence and resulting 3D-HA(CA)NH and 3D-
HACACO data sets are schematically shown in Fig. 3.
The special feature of the present experiment is that not
only are the directly detected nuclei different, but also the
indirectly detected nuclei in the second indirect dimension.
In 3D-HA(CA)NH data set "N is labeled during #) period,
whereas, in 3D-HACACO data set 3Caq is labeled during
1§ period. Accordingly, there are two separate spectral
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Fig. 3 Schematic representation of the complete magnetization
transfer pathway and frequency labeling shown on amino acid
sequence and resulting 3D-HA(CA)NH and 3D-HACACO spectra

widths and two separate time increments in the second
indirect dimensions which of course, occur at different time
points along the pulse sequence. The two indirect dimen-
sion time increments are related as ratio of their spectral
widths in Hz:

AfS = (SWy/SWe) * A (2)

the number of increments along the ‘z,” dimension of both
the data sets is the same.

The sensitivity of the experiments depends critically on
the gyromagnetic ratio (y) of the detected nucleus, which
increases as y>'?. Therefore in theory, sensitivity of proton
detected experiments is eight fold higher than that in car-
bon-detected experiments. In the present case, the two
pathways for both of which the polarization comes from
proton have different transfer efficiencies at the intervening
steps, as also relaxation characteristics along the pathways.
Thus, the resultant polarization arising due to sharing
between the two pathways is not the same at the beginning
of the two detection periods. Further, the sensitivity along
carbon detection is reduced by a factor of 8. Therefore, in
order to get similar intensities in the two spectra, which is
necessary for optimizing signal averaging for meaningful
benefits in both the spectra, polarization sharing will have
to be adjusted so that a greater fraction goes into the carbon
detection pathway than in the proton detection pathway
(e.g. if initial proton polarization is 1.0 and is shared such
that the polarizations just before detection are 0.11 and
0.88 along the "H and '*C detection pathways, respectively,
then the detected signals along the two pathways will be
similar). The transfer efficiency functions and the param-
eters for optimization of ‘1’ and ‘tcN’ time delays to
obtain maximum intensities in both the 3D-data sets are
discussed in detail in the supplementary material and
resultant plots are shown in Fig. 4. The relative intensities
in 3D-HA(CA)NH and 3D-HACACO spectra can be con-
trolled by the optimization of ‘T’ since the sensitivities of
these data sets are proportional to cos(ZnIJCacorc)and

@ Springer

sin(2n'Jc,cotc), respectively. One can optimize the ‘t¢’
value to adjust the polarization sharing suitably. The sen-
sitivity parameters [Eqs. (6) and (7) in supplementary
material] as function of ‘tc’ period are shown in Fig. 4a.
Considering the relaxation effects on the signal intensities
and noting that transverse relaxation of Cal is very efficient,
the optimization of the ‘tcn’ period, during which mag-
netization resides on Ca is also essential for obtaining good
intensities. Figure 4b shows sensitivity parameters as a
function of ‘tcn’ period. The vertical lines (gray color) in
Fig. 4a, b indicate the optimal values for ‘¢’ and ‘tcN’
periods, respectively, for the present experiment.

At this stage it is worthwhile comparing the sensitivity
of the experiment presented here (signal/noise ratios in the
two 3D-spectra) vis-a-vis the sensitivities that would have
been obtained had the two 3D-spectra been collected
independently. For this purpose we have made a calcula-
tion of the transfer efficiencies in the two cases and plotted
them also in Fig. 4. It appears that the sensitivity of the
experiment presented here (solid lines in Fig. 4) would be
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Fig. 4 Plots of sensitivity parameter functions and
(discussed in the supplementary material) as a function of variables,
‘¢’ (a) and ‘ten’ (b). Plots for experiment presented here and the
individual experiments are shown in solid and dotted lines, respec-
tively. The plots were calculated by using lJCu,CB, lJCQ,,CO, 1JCEX,N,
and ZJCoc—N values of 35, 55, 11, and 7 Hz, respectively. The values of
transverse relaxation termsR$*, RY and RSC used here are 30, 15 and
10 sfl, respectively. In a, the value of ‘tcyN’ is 12. 5 ms, and in b, the
value of ‘t¢c’ is 3.5 ms. Vertical line (Gray) shows the optimal value
of ‘“1¢’ in (a) and of ‘tcy’ in (b) for obtaining maximum intensity in
both the spectra



J Biomol NMR (2013) 56:77-84

81

Fig. 5 a Fo,(">’N)-F;('HN)
projection plane of the 3D-
HA(CA)NH data set recorded
on human ubiquitin. It provides
identification of backbone
"HN-'°N correlation peaks like
in ">N-HSQC spectrum.

b Illustrative stretches of
sequential connection through
F("Ha)—F5("HN,) strips
centered at F5('°N;) of the 3D-
HA(CA)NH data set for
residues Gln41-Leu50. The red
and green contours indicate
positive and negative peaks,
respectively. The strips provide
identification of self (i) and
sequential (i — 1) o-proton
chemical shifts. The labels
(bottom) and numbers (top)
present in each panel identify
the residue and the respective
F>(*’N) chemical shifts,
respectively. A horizontal line
connects a self peak in one
plane to a sequential peak in the
adjacent plane on the right. The
negative peaks (shown in green)
in both spectra are of glycine
check points

low compared to the individual acquisitions (dashed lines
in Fig. 4), but, one should also note that the experimental
time for separate data collection is at least twice of what
would be required in the present experiment. Moreover, in
our scheme, both the 3D-spectra carry Gly specific check-
point information (Ala and Ser/Thr specific information
can also be easily incorporated by simple manipulations)
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(Chugh and Hosur 2008), which is mainly arising because
of the time period where polarization sharing is happening
and this is a major advantage for sequence specific reso-
nance assignments. This offsets the slight loss of sensitivity
in the present scheme. Moreover, the experiment presented
in this paper demonstrates a new paradigm for parallel
acquisition of multidimensional NMR spectra. Using dual
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receivers which would enable different magnetization
transfer pathways, a great variety of experiments with
specific advantages can be designed.

The 3D-HA(CA)NHIB3D-HACACO pulse sequence
(Fig. 2) was tested and demonstrated with 1.2 mM uni-
formly '>N/'*C labeled human ubiquitin dissolved in ace-
tate buffer pH 5.0 in 90 % H,0 and 10 % D,O. All NMR
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experiments were performed at 25 °C on a Bruker Avance
IIT spectrometer equipped with a RT TBI-probe, operating
at 'H frequency of 700 MHz For the 3D-HA(CA)NHII3D-
HACACO experiment the spectral width(offset) in ppm
along the "Ho, N, 'HN, ¥Co and *CO dimensions,
respectively, were 7.0 (4.7), 34.0 (117.5), 11.0 (4.7), 40.0
(40.0) and 24 (172.0). These two data sets were recorded
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with 1,024 complex points along the direct dimensions and
64 complex points along both the indirect dimensions. For
each increment, 16 scans were accumulated. The recycling
delay was set to 1.0 s. The two data sets were recorded in
parallel as described above in a total measurement time of
approximately 23 h 10 min. All the spectra were processed
using Topspin (BRUKER, http://www.bruker.com/) and
analyzed using CARA (Kellar 2004).

The proton-detected 3D-HA(CA)NH spectrum and the
carbon-detected 3D-HACACO spectrum are shown in
Figs. 5 and 6, respectively. The 3D-HA(CA)NH spectrum
provides "Ho, 15N and 'HN correlations along the Fy, F,
and F5 dimensions, respectively. F,—F3 projection plane
(Fig. 5a) of the spectrum displays '"HN and '°N correla-
tions of all amino acids except proline (like '*N-HSQC
spectrum). In the F;—F3 planes of the 3D-HA(CA)NH
spectrum, sequential ‘i — 1 — i’ correlations are observed
along the 'Ho dimension. An illustrative stretch of
sequential walk from these planes through the spectrum of
human ubiquitin is shown in Fig. 5b. A self (i) peak in one
plane connects to the sequential (i — 1) correlation peak in
the adjacent plane on the right. From these figures, it is
clear that glycines make an important difference in the
peak patterns. This arises due to the absence of Co—Cf
coupling evolution during the ‘2tcy’ period (Chugh and
Hosur 2008). Note that the G47-Q48 panels in Fig. 5b act
as start/check points in the sequential walk, and the
absence of sequential peaks will break the sequential walk,
which is mostly due to presence of proline in the (i + 1)
position.

The 3D-HACACO spectrum provides 'Ho, '*Ca and
3CO correlations along the F;, F, and F3 dimensions,
respectively. The F1—F5 and F>—F5 projection planes of the
3D-HACACO spectrum displaying 'Ho—'*CO and
3Ca~"3CO correlations of all amino acids including pro-
lines are shown in Fig. 6a, b, respectively. The 3D-HAC-
ACO data set also provides information on side chains of
residues having H-C-CO network (i.e., ]HB, 13C[3 and
BCoy of Asp and Asn, and 'Hy, 13Cy and CO8 of Glu
and Gln), as shown in blue boxes in Fig. 6. We may point
out that the two o-protons of most of the glycines present in
the polypeptide sequence show different chemical shifts
(see Figs. 5b, 6a), which reflects their non-equivalence.
Similarly, the two B-protons of Asp and Asn side chains
and the two y-protons of Glu and Gln side chains also show
different chemical shifts (Fig. 6a).

In summary, we have described here a dual-receiver
based parallel-acquisition pulse sequence which results in
two 3D-spectra yielding five different chemical shifts
(IHN, 15N, 13CO, 3Co and 1Hoc) and also sequential walk
through one of them (Ha). The two 3D-spectra acquired
this way, as against independent acquisitions, have special
spectra features (Gly specific peak patterns) which offer a

significant advantage in sequential resonance assignments.
With the prospect of further development in the '*C
detection methods and fast acquisition methods we expect
such experiments to emerge more and more in the near
future.
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