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Abstract

Conventional multidimensional magic angle spinning (MAS) solid-state NMR (ssNMR)
experiments detect the signal arising from the decay of a single coherence transfer pathway (FID),
resulting in one spectrum per acquisition time. Recently, we introduced two new strategies,
namely DUMAS (DUal acquisition Magic Angle Spinning) and MEIOSIS (Multiple Experlments
via Orphan Spln operatorS), that enable the simultaneous acquisitions of multidimensional
ssNMR experiments using multiple coherence transfer pathways. Here, we combined the main
elements of DUMAS and MEIOSIS to harness both orphan spin operators and residual
polarization and increase the number of simultaneous acquisitions. We show that it is possible to
acquire up to eight two-dimensional experiments using four acquisition periods per each scan.
This new suite of pulse sequences, called MAeSTOSO for Multiple Acquisitions via Sequential
Transfer of Orphan Spin pOlarization, relies on residual polarization of both 13C and 15N
pathways and combines low- and high-sensitivity experiments into a single pulse sequence using
one receiver and commercial SSNMR probes. The acquisition of multiple experiments does not
affect the sensitivity of the main experiment; rather it recovers the lost coherences that are
discarded, resulting in a significant gain in experimental time. Both merits and limitations of this
approach are discussed.
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INTRODUCTION

Magic angle spinning (MAS) solid-state NMR (ssNMR) spectroscopy is a fundamental
technique to study the structure, conformational dynamics, and ligand binding of
biomacromolecules that are often recalcitrant to crystallization or not amenable to solution
NMR spectroscopy, including fibrils, microcrystalline protein preparations, and membrane
proteins [1-7]. However, the inherent low sensitivity of this technique leads to days or weeks
of experimental time for routine multidimensional experiments. The classical schemes for
signal detection are based on the acquisition of a single coherence pathway, /.e., free-
induction decay (FID), which gives rise to one experiment per acquisition time. Under this
classical scheme, the NMR spectrometers utilize about 5% of total experimental time for the
execution of the pulse sequence and acquisition of the signal, while 95% time is necessary
for the recovery of the longitudinal magnetization (T4 relaxation) and/or probe duty cycle
(recycle delay).

Recently, we introduced a new class of ssNMR experiments called polarization optimized
experiments (POE) that optimize the nuclear spin polarization to acquire multiple
experiments utilizing only one receiver and commercially available probes for MAS [8] and
static (oriented) experiments [9]. For MAS experiments, POE consists of two different
strategies: dual acquisition magic angle spinning (DUMAS) [10, 11] and multiple
experiments via orphan spin operators (MEIOSIS) [12]. Both DUMAS and MEIOSIS
enable the acquisition of multiple spectra using a single recycle delay per each scan. In the
case of the DUMAS experiments, we doubled the capability of the NMR spectrometer,
collecting two FIDs per each experiment. The main experiment dictates the total
experimental time, while the second acquisition has negligible (less than 5%) contribution to
the total experimental time [10]. Although MEIOSIS utilizes principles similar to DUMAS,
it exploits 13C and 15N residual polarization for the simultaneous acquisitions of three or
four multi-dimensional experiments [12]. The DUMAS and MEIOSIS strategies enabled us
to concatenate several pairs of 2D and 3D experiments substantially reducing the
experimental time for both crystalline and membrane bound proteins [8].

In this work, we combined the DUMAS and MEIOSIS strategies, showing that it is possible
to acquire up to eight two-dimensional experiments using a single pulse sequence with four
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acquisitions per scan. This new strategy, called MAeSTOSO for Multiple Acquisitions via
Sequential Transfer of Orphan Spin pOlarization, combines both the 13C and 15N residual
polarization resulting from multiple NC transfer periods. Specifically, the resigual 1>N/13C
polarization originating from each NC (or CN) transfer step is utilized for two different
experiments: MAeSTOSO-4 and MAeSTOSO -8, which enable the simultaneous acquisition
of fourand eight 2D experiments, respectively. We tested the performance of MAeSTOSO-4
and MAeSTOSO-8 on uniformly 13C and 15N labeled microcrystalline ubiquitin.

MATERIAL AND METHODS

All of the NMR experiments were performed on a VNMRS spectrometer operating at a 1H
Larmor frequency of 599.61 MHz, equipped with a 3.2 mm scroll coil BioMAS probe [13].
A spinning rate of 12 kHz and a temperature of 2 °C were used in all the experiments. The
microcrystalline U-13C,15N-labeled ubiquitin sample was crystallized from 10 mg of powder
dissolved in 20 mM citrate buffer at pH 4.1. The protein was then crystallized by adding 2-
methyl-2,4-pentanediol (60% final volume) [14]. Approximately 5 mg of

microcrystalline 13C,15N-labeled ubiquitin was loaded into the MAS rotor. The 90° pulse
length for 1H, 13C, and 15N were set to 2.5, 6, and 6 s, respectively. For all experiments, the
t, acquisition time was set to 15 ms for each of the four acquisitions with a 10 ps dwell time
and a recycle delay of 2 s. The dwell times for 13C and 15N indirect dimensions were set to
30 (t1) and 240 ps (t;”), respectively. A total of 256 t;” increments were used for 13C-edited
experiments with 128 and 416 scans for MAeSTOSO-4 and MAeSTOSO-8 sequences,
respectively; whereas the parallel evolution of 15N was obtained with 32 t;” increments
repeated eight times [10, 12]. Hence, the effective number of scans for 1°N-edited
experiments is eight times the scans used for the 13C-edited experiments.

For MAeSTOSO-8 the spectra were acquired in /interleaved mode with 1°N spin lock phase
(¢) switched between x and —x. For all four acquisitions, the FIDs with phases x and —x are
added or subtracted to obtain residual 1°N and transferred CN polarization pathways
resulting from the first NC transfer [12]. During the simultaneous cross-polarization (SIM-
CP) [11], 13C and 1°N RF amplitudes were 35 kHz, while the 1H RF amplitude was linearly
ramped from 80 to 100% with the center of the ramp corresponding to 59 kHz. The optimal
Hartmann—Hahn (HH) contact time for the SIM-CP was estimated to be 500 ps. The 1°N RF
carrier was centered at 120 ppm, while the 13C RF was centered at 100 ppm. For the
specific-CP transfer [15] from 15N to 13C,, (or 13C0), the 13C offset was shifted to 60 (or
177) ppm. During specific-CP, the 1°N RF amplitude was set to 5/2- ®, (30 kHz),

whereas 13C RF amplitude was 3/2- o, (18 kHz) and 7/2- o, (42 kHz) for 13C,, and 13CO
specific-CP, respectively. The specific-CP was implemented with an adiabatic ramp and the
contact times for NCA and NCO transfers were set to 3.0 and 3.2 ms, respectively. For
heteronuclear decoupling (CW or TPPM [16]), the 1H RF amplitude was set to 100 kHz.
During the DARR [17] mixing period, the 1H RF amplitude was set to 12 kHz (o). The 13C
spectra were referenced with respect to the CH, (methylene) resonance of adamantane at
40.48 ppm and indirectly to 1°N, using the relative gyromagnetic ratio of 1°N and 13C. All of
the spectra were processed and analyzed using the NMRPipe software [18].

J Magn Reson. Author manuscript; available in PMC 2017 June 01.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnue Joyiny

Gopinath and Veglia Page 4

RESULTS

Multiple 1D experiments using MAESTOSO-4 and MAESTOSO-8

For the 1D MAeSTOSO-4 experiments (Figure 1A), the spin operator formalism can be
described by the following equations:

M AeSTOSO—4 . (90°)'H —SIMCP—(90°)'°N
pin c X ZH; (ac : CT)lstfacq.—’_bN'NZ
i
(90°)°N —NCA—(90°)°N 1
(bN ' CL ) 2ndfa.Cq‘+bNN ' NZ O
(90°)°N —NCA—(90°)'5N .
(bNN ’ Cxa)Brdfacq._'—bNNN ' NZ

b* . Ca

(90°)'°N —NCA ( )
M T
NNN v 4th—acq.

M AeSTOSO—4 * * *
Plinal O Cz)lst*a-cq- + <bN ' C;“) 2nd—acq. * (bNN ' C;“) 3rd—acq. + (bNNN ' Cg) sth—acq. @

Where H;, C;, and N; (I = x,y,z) represent Pauli spin operators for 1H, 13C, and 15N,
respectively. In equation 1, the coefficients ‘a’ and ‘b’ are the amplitudes for the 13C

and 1°N polarizations. The initial 13C polarization is denoted by ‘ac’, whereas ‘by’
corresponds to that of 1N. The residual >N polarization is indicated by ‘byn’ and “bynn’
and the transferred polarization from 15N to 13Ca is represented by ‘b*\’, ‘b*nn’, and
‘b*nnN’- As shown in Figure 1A, the pulse sequence starts with a 90° excitation pulse on
the 1H spin bath followed by SIM-CP [11] that creates initial 13C and 15N polarization.

The 13C polarization is acquired in the first acquisition (blue FID), whereas 1°N polarization
is stored along the z-direction. A 6 ms t/2—(n/2)— /2 is applied at the end of 1st acquisition
period to dephase any unwanted polarization that would otherwise interferes with the
subsequent acquisition [10]. Note that this spin-echo sequence is applied at the end of the
2"d and 3'd acquisitions as well. After the first FID, a 90° pulse is then applied on 1°N and is
followed by a specific-CP [15] for the NCA transfer. While the transferred polarization
from 15N to 13Ca (bp*-Cx) is acquired during the second acquisition (red FID), the

residual 1°N polarization (byn'N,) is stored along the z-direction. The remainder of the
pulse sequence has two additional NCA blocks with a combination of 90° pulses on 15N to
transfer the residual 1°N polarization to 13Ca, corresponding to the b*pp-Cx and b*ynn:Cx
terms (equation 1). These terms are acquired during the third and fourth acquisitions
corresponding to the green and orange FIDs, respectively (Figure 1A). The spectra of
U-13C,15N ubiquitin acquired with the 1D MAeSTOSO-4 pulse sequence are reported in
Figure 1B, where the relative sensitivity for the four acquisitions is obtained by integrating
the intensities of the Ca. spectral region. The first FID containing the entire 13C spectrum has
the highest sensitivity (100%), while the second FID resulting from the transferred
polarization from the 15N to Ca has ~32% of the sensitivity of the first one. The third FID
has ~30% of the signal of the second, and the remaining 30% of the polarization is further
reduced by ~30%, resulting in approximately 10% residual polarization that is transferred
via NCA to Ca and detected as a fourth FID. The intensities of four spectra are proportional
to the ‘a’ and ‘b*’ coefficients of equation 1. Experimentally, we found that the relative
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ratios of polarization amplitudes are: 1.00 : 0.32 for ac:b*y and 1.00 : 0.29 : 0.12 for
b*N:b*NN:b*NNN-

To test how much we can push the residual polarization, we designed MAeSTOSO-8 (Figure
1C) that is able to record eight 1D experiments with four sequential acquisitions in a single
scan. The initial 13C and 15N polarization resulting from SIM-CP undergoes bidirectional
polarization [11] between 15N and 13CO during NCO specific-CP. At this point, each of

the 13C and 15N polarization pathways splits into two components, resulting in four different
pathways: CN, CC, NC and NN. While CN and NC represent transferred polarization from
Ca to N and vice-versa, CC and NN correspond to residual 13C and 1°N polarization,
respectively. The spin operator formalism for MAeSTOSO-8 is:

in NC +(bNN'NZ:tQCN'NZ)

1 y 0y15
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The 13C signals from CC and NC pathways are detected during the first acquisition, while
the 15N polarization from NN and CN pathways is stored in the z-direction and detected in
the following three acquisition periods. To encode two FIDs per each acquisition period, we
utilized the MEIOSIS strategy [12]. Namely, the phase of 1°N pulse during the first NCO
transfer is switched between 0° and 180° in alternate scans to invert the sign of the NC and
CN pathways, while the sign for the CC and NN pathways is left unchanged. The sum and
difference of the two scans in the first acquisition give the 13C polarization resulting from
the CC and NC pathways, respectively. After the first acquisition, the 15N polarization from
the CN and NN pathways is transferred via NCA transfer to Ca followed by a second
acquisition and the residual 1°N polarization is stored along the z-direction. Unlike
MAeSTOSO-4, the residual 1°N polarization encodes two different pathways, CN and NN,
which are detected during the third and fourth acquisition periods. The density matrix for
MAeSTOSO-8 is reported in equation 4, with eight terms corresponding to eight 1D spectra
registered. Figure 1D shows the eight MAeSTOSO-8 spectra obtained with the 13C 15N-
labeled microcrystalline ubiquitin. The relative sensitivities for CC (first acquisition) and CN
(second, third, and fourth acquisitions) pathways are 1.00:0.60:0.16:0.02 (spectra in orange,
red, pink and cyan colors). The 1°N polarization contributes NC and NN polarization
pathways with a relative sensitivity of (spectra in blue, green, brown and black colors)
1.00:0.30:0.09:0.01 recorded in first to fourth acquisitions.
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Multidimensional CC and NC correlation experiments using MAeSTOSO-4

The general scheme for the 2D MAeSTOSO-4 is shown in Figure 2A. In this pulse
sequence, the 13C polarization from SIM-CP is used to acquire one 2D CC correlation
experiment during the first acquisition, whereas the 15N polarization is exploited for 1°N-
edited NC correlation experiments in the subsequent three acquisitions. Figure 2B shows
different combinations of CC and NC correlation experiments that can be concatenated into
the 2D MAeSTOSO-4. An example of this scheme is shown in Figure 2C, where CXCX and
three NC correlation experiments (NCACB, NCACX, and NCO) are combined. For the CC
experiment, the t; evolution period is coded right after the SIM-CP block followed by a CC
mixing and the t,” acquisition time. Note that the t;” evolution for 1°N-edited experiments is
implemented after the first acquisition and all three 1°N-edited experiments share the same
t1°” evolution period. In this scheme, a DARR sequence [17] is used for

homonuclear 13C-13C transfer for both CXCX and NCACX experiments [19], while for the
CACB transfer we implemented a DREAM sequence [20]. The heteronuclear polarization
transfer for NCA or NCO is obtained using the specific-CP sequence [15]. Note that other
combinations of CC and NC experiments can be achieved by permutating the hetero- and
homonuclear mixing periods.

The four 2D CC and NC correlation spectra of U-13C, 15N ubiquitin acquired with the
MAeSTOSO-4 pulse sequence are reported in Figure 3. For the CXCX and NCACX
experiments, we utilized the DARR mixing times of 100 and 20 ms, respectively; whereas a
2.5 ms DREAM [20] mixing period was used for the CACB transfer. The total experimental
time for 2D MAeSTOSO-4 spectra was 38 hrs. To give an estimate of the total acquisition
time for 2D MAeSTOSO-4 versus the conventional single-acquisition experiments, we
compared the intensity of the first increments of the pulse sequences. Specifically, for the
MAeSTOSO-4 spectra we considered the first increment of the 2D data in Figure 3, whereas
for the conventional experiments we set the dwell time in the indirect dimension to zero. To
acquire these four spectra with identical signal-to-noise ratios, MAeSTOSO-4 required 35
min, whereas 75.2 min was necessary for the individual CXCX, NCACB, NCACX, and
NCO. Therefore, the total estimated time required to acquire these 2D experiments using
conventional pulse sequences is ~2.2 times longer than the corresponding MAeSTOSO-4
experiment.

Multidimensional CC, NC, and C(N)C experiments using MAeSTOSO-8

The 2D MAeSTOSO-8 pulse sequence enables the acquisition of eight 2D spectra
simultaneously using four acquisitions per scan (Figure 4A). Generated from the SIM-CP
sequence, the initial 13C and 1°N polarization evolves for a t;” evolution period and is
followed by an NCO transfer, creating the CC, CN, NC and NN pathways. The 13C
polarization of CC and NC pathways utilizes DARR mixing period for

homonuclear 13C-13C homonuclear transfer followed by t,” acquisition, while the 15N
polarization from CN and NN pathways is stored along the z-direction. Therefore, the first
acquisition generates 2D CXCX and NCACX correlation experiments, respectively. The 15N
polarization from CON and NN pathways is then transferred via NCA to Ca followed by a
DARR mixing period and a second acquisition period, t,”, to obtain 2D CO(N)CACX and
NCACX spectra. The residual 1°N polarization from CON and NN pathways remaining after
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the NCA transfer is exploited for recording two more sets of 2D C(N)C and NC correlation
experiments in third and fourth acquisitions, respectively. A shorter DARR mixing period
(20 ms) is used prior to the third acquisition period. This gives 2D CA(N)COCX and
NCOCX in the third acquisition, whereas CA(N)CO and NCO were collected in the fourth
acquisition. To deconvolute the eight experiments in 2D MAeSTOSO-8, we employed a
phase switching scheme previously used for the 2D MEIOSIS experiments, where the phase
of 15N spin-lock during first NC period was altered between 0 and 180°. Although we tested
only one combination, the MAeSTOSO-8 strategy can be used to concatenate several
different combinations of experiments (Figure 4B). As shown in Figures 1C and 1D the
relative sensitivity of the 3" and 4™ acquisitions in MAeSTOSO-8 is weaker. Therefore, to
optimize the experiments in the 2D MAeSTOSO-8, one must use relatively higher sensitive
experiments that contain shorter 13C-13C mixing times (or no mixing times) prior to the
acquisition of the 3™ and 4t FIDs. The sensitivity of 1D MAeSTOSO-8 spectra should be
used as a reference to optimize the combination of experiments in Figure 4B. The
performance of 2D MAeSTOSO-8 is shown in Figure 5, where eight 2D spectra were
collected on U-13C, 15N-labeled microcrystalline ubiquitin for a total experimental time of
5.2 days. The NCACX-200 ms and CA(N)COCX-50 ms experiments were obtained from
transferred polarization via SIM-CP and bidirectional specific-CP. Therefore, they used the
polarization generated by SIM-CP and their sensitivity is similar to that of the conventional
single acquisition experiments. The remaining six experiments utilized either the 13C or 15N
residual polarizations and are less sensitive than the corresponding 2D experiments acquired
separately. Figure 2S compares the sensitivity of MAeSTOSO-8 and conventional single-
acquisition experiments as for the MAeSTOSO-4 experiments. The total experimental time
for eight spectra using conventional methods is ~2.5 times longer than the corresponding
experiments acquired with the MAeSTOSO-8 pulse sequence.

DISCUSSION

The inefficiency of the polarization transfer schemes together with undetected (orphan) spin
operators contribute to the intrinsic insensitivity of the SSNMR experiments [21]. To
overcome these limitations, we have been developing a class of experiments (POE) that
optimize the sensitivity by recovering residual polarization as well as orphan spin operators
to obtain multiple NMR experiments [8, 10, 11]. These experiments do not require special
experimental settings or additional hardware for the spectrometer. Spectrometers equipped
with one receiver and commercial probes are sufficient to execute them. However, the
architecture of the pulse sequences needs to be optimized to be able to generate multiple
polarization pathways via SIM-CP [11] and bidirectional polarization transfer [12], with the
concatenation of multi-dimensional schemes and phase cycling. The first POE were the 2D
DUMAS and MEIOSIS suite of experiments that are now routinely used in our laboratory
for both crystalline and membrane proteins [8, 10-12, 22]. In the case of 2D DUMAS, we
were able to combine CC and NC correlation experiments. On the other hand, with
MEIOSIS we obtained simultaneous acquisition of CC, NC, NCC, and C(N)C experiments.
The MAeSTOSO strategy (MAeSTOSO-4 and -8) combines both DUMAS and MEIOSIS
schemes to push the residual polarization even further. Of course, the sensitivity of the 1°N
residual polarization is lowered by approximately 30—-35 % for each NC transfer, resulting in
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about 10 and 4% residual polarization after two and three NC transfer periods. As the
number of building blocks in MAeSTOSO increases, the signal decreases due to the lower
amount of residual polarization transferrable and the intrinsic T1p of the protein.
Nonetheless, achieving up to eight different transfers and corresponding experiments is quite
remarkable. A key to achieving the successful application of MAeSTOSO is the use of a
larger number of scans to accumulate sufficient residual polarization to drive the third and
fourth acquisitions. To this extent, it is important to code the low-sensitivity experiments,
which require a larger number of scans, during the first two acquisitions of the pulse scheme
and the more sensitive experiments for the other acquisitions. In this way, it is possible to
accumulate in the main experiment sufficient residual polarization to drive the acquisition of
the other experiments. Also, it should be noted that for more sensitive experiments, e.g., 2D
CXCX (20 ms), NCACX (20 ms), NCA, NCO, CA(N)CO efc.,, DUMAS and MEIOSIS
strategies are preferable over the MAeSTOSO. On the other hand, for low sensitivity
experiments, e.g., 2D CXCX (100-200 ms mixing time) or NCOCX (100-200 ms mixing
times) that require a significantly higher number of scans, the MAESTOSO strategy is
preferable as the accumulation of residual polarization is such that one can acquire
simultaneously a greater number of experiments and optimize the total experimental time.
Typically, longer mixing times are necessary to obtain distance restraints for protein
structure determination. These experiments require several days for insensitive samples such
as those of membrane proteins. In these cases, MAeSTOSO can represent a cost-effective
solution to acquire multiple experiments using one pulse sequence.

The idea of multiple acquisitions using discarded coherences was introduced by Takegoshi
and co-workers [23]. Recently, a number of research groups have also been developing
multiple acquisition MAS experiments with one or multiple receivers for solution and solid-
state NMR under fast spinning conditions [24-32] and several of these experiments can be
further developed using the MAESTOSO strategy.

Finally, one should take into account that the POE schemes (DUMAS, MEIOSIS, and
MAeSTOSO) may challenge the hardware of the NMR spectrometer due to the increase of
RF duty cycles. Usually, for microcrystalline protein samples, the acquisition times are ~15—
20 ms, under moderate spinning speeds (10-15 kHz). In our case, we used 15 ms to avoid
possible RF heating. While shorter acquisition times might represent a shortcoming of the
method, for membrane proteins embedded into lipids 15 ms are sufficient, as the relaxation
rates are faster than microcrystalline proteins. Nonetheless, we should point out that under
fast-MAS conditions MAeSTOSO can be implemented with longer acquisition times, as low
decoupling powers are usually employed. Finally, we anticipate that the utilization of longer
acquisition times will be possible with advancements in probe design. The pulse sequences
described here have been extensively tested with both BioMAS and E-free ssSNMR probes
and we found they are well within the RF capabilities of the commercial spectrometers and
probes.

CONCLUSIONS

In conclusion, we added a new strategy (MAeSTOSO) to the class of POE. MAeSTOSO
enables the acquisition of up to eight 2D experiments simultaneously using commercial
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ssNMR probe and one receiver. Depending on the sensitivity of the experiments planned,
one can choose DUMAS, MEIOSIS or MAeSTOSO schemes for concatenating multi-
dimensional experiments. For low-sensitivity experiments, where a significant number of
scans are required for high sensitivity, the accumulation of residual polarization justifies the
use of the MAeSTOSO strategy. Although demonstrated for 2D experiments, the
development of 3D MAeSTOSO pulse sequences is an ongoing effort in our laboratory. We
anticipate that the combination of these methods with other sensitivity enhancement
methods such as IH detection and DNP will further enhance the application of ssSNMR to
biomacromolecules.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

New solid-state NMR strategy for the acquisition of up to 8 spectra
simultaneously.

Orphan spin operators and residual polarization are combined for multiple
acquisitions.

Reduction of the experimental time up to 40%.
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Figure 1.
A) 1D MAeSTOSO-4 pulse sequence for acquisition of four spectra. B) Color-coded 1D

spectra of U-13C, 15N microcrystalline ubiquitin acquired with MAeSTOSO-4 pulse
sequence. The relative scaling of the spectra is indicated in the figure. C) 1D MAeSTOSO-8
pulse sequence for the acquisition of eight spectra. D). Color-coded 1D spectra of U-13C 15N
microcrystalline ubiquitin acquired using MAeSTOSO-8 pulse sequence. Note that the pulse
sequences are implemented with a two-step phase cycle (y, —y) between @1 and ¢rec. For
MAeSTOSO-8, the two data sets were recorded with ¢ set to x and —x, respectively.
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Addition and subtraction of the two data sets prior to Fourier transform deconvolutes them
into eight different spectra.
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Figure 2.

A) General scheme of the 2D MAeSTOSO-4 pulse sequence for acquisition of CC and NC
correlation experiments. B) Possible combinations of experiments that can be concatenated
with the 2D MAeSTOSO-4 strategy. The 13C-edited CC correlation experiment is acquired
in the 15t acquisition, whereas 15N edited NC or NCC are acquired in 2"d, 37 and 4th
acquisitions. C) Example of 2D MAeSTOSO-4, the CXCX and NCACX use DARR mixing
periods for homonuclear 13C-13C transfer, and DREAM mixing for CACB transfer during
NCACB. The NCA and NCO polarization transfer steps are achieved using specific-CP. The
phase ¢* is switched between y and x for phase sensitive t; acquisition.

J Magn Reson. Author manuscript; available in PMC 2017 June 01.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Gopinath and Veglia Page 16
1stAcq 2 Acq 39 Acq 4" Acq
—r NCACB NCACX-20ms NCO
Y 20
=t s~ ) 100 —~ 100 __ 100
IY) 2 E » * E . ' E E
L+ Q. =% Q. Q.
o 08 |t W3 Lt £ LE%] e = e
R = P SRR TN T 120 & i o i & &
. £ i B BWGT, £ Ve e = 1208
15 @) o $ 4 %) S ) )] w
- T 60 = . : P4 =
;: & ¥ 1402 ) )
3 . 2 _id . ’ . 1140 140
60 40 20 180 170 60 40 20 180 170

180 170 60

40 20

3C Chemical Shift (ppm)

Figure 3.

3C Chemical Shift (ppm)

8C Chemical Shift (ppm)

3C Chemical Shift (ppm)

Color-coded 2D CC and NC correlation spectra of U-13C,15N ubiquitin obtained using the
2D MAeSTOSO-4 pulse sequence reported in Figure 2C.
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Figure 4.

A) General scheme for 2D MAeSTOSO-8 strategy for acquisition of the CC, NC, NCC,
C(N)C and C(N)CC experiments. B) Table of experiments that can be concatenated using
the MAeSTOSO-8 strategy. C) Example of a pulse sequence of 2D MAeSTOSO-8 that
combines eight experiments shown by the arrow in the table reported in B.
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Figure 5.
Color-coded 2D spectra of ubiquitin acquired using the MAeSTOSO-8 combination of

experiments shown in Figure 4C.
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