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Abstract We present a scheme that allows the simulta-
neous detection of PAR and PAIN correlation spectra in a
single two-dimensional experiment. For both spectra, we
obtain almost the same signal-to-noise ratio as if a PAR or
PAIN spectrum is recorded separately, which in turn
implies that one of the spectra may be considered addi-
tional information for free. The experiment is based on the
observation that in a PAIN experiment, the PAR condition
is always also fulfilled. The performance is demonstrated
experimentally using uniformly '°C,'°N-labeled samples of
N—f—-MLF-OH and ubiquitin.
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Magic-angle-spinning (MAS) solid-state  NMR is an
emerging spectroscopic technique for obtaining protein
structures at atomic-resolution (Castellani et al. 2002;
Franks et al. 2008; Jehle et al. 2010; Lange et al. 2005;
Loquet et al. 2008; Manolikas et al. 2008; Nieuwkoop et al.
2009; Zhang et al. 2010; Zhou et al. 2007; Bockmann
2008; Huber et al. 2011). It is particularly promising for
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non-crystalline systems including membrane proteins
(Cady et al. 2010; Mani et al. 2006; Todokoro et al. 2006;
Traaseth et al. 2009), prions and amyloid fibrils (Nielsen
et al. 2009; Wasmer et al. 2008; Ferguson et al. 2006; Iwata
et al. 2006; Jaroniec et al. 2004; van Melckebeke et al.
2010), and their complexes with small molecules (Schiitz
et al. 2011). Using higher magnetic fields, improved iso-
tope-labeling procedures and pulse sequences, the size of
the investigated proteins has been increasing steadily over
the past decade (Bockmann 2008). However, atomic-res-
olution structure determination of large systems, tentatively
defined as proteins with more than 100 residues (Gath et al.
2011; Habenstein et al. 2011; Higman et al. 2009; Lange
et al. 2010; Renault et al. 2011; Franks et al. 2010) remains
presently limited by spectral resolution and the low sensi-
tivity and correspondingly long experimental times of the
experiments that yield structural restraints.

For the collection of structural restraints in solid pro-
teins, second-order recoupling schemes (Scholz et al. 2007,
Grommek et al. 2006) are typically applied to avoid or
reduce the effects of dipolar truncation (Bayro et al. 2009).
Second-order methods using a common third spin to assist
dipolar recoupling between two rare nuclei, namely the
homonuclear proton-assisted recoupling (PAR) (De Paepe
et al. 2008) and heteronuclear proton-assisted insensitive
nuclei (PAIN) (Lewandowski et al. 2007; de Paepe et al.
2011) experiments, are an important pair of experiments in
the context of structure determination (van Melckebeke
et al. 2010; De Paepe et al. 2008). In these experiments,
continuous-wave spin-lock fields are applied on the passive
("H) and active spins ('>C and/or '°N). Both techniques
have been shown to be effective for measuring long-range
restraints at varying MAS frequencies from 10 to 65 kHz
on uniformly labeled samples (Lewandowski et al. 2009;
Bertini et al. 2010; De Paepe et al. 2008; de Paepe et al.
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2011). Typical measurement times of proteins amount to a
few days for each of the experiments.

In this Communication, we show an experimental setup
for simultaneously measuring '*C—'*C PAR and '*N-'3C
PAIN correlation spectra. We take advantage of third-spin
assisted recoupling to enable homonuclear and heteronu-
clear coherence transfer concurrently, thus saving valuable
measurement time. The experiment is based on two
observations: (1) due to the relatively small number of BN
spins in uniformly labeled proteins, initial adiabatic cross-
polarization (CP) (Hediger et al. 1995) to >N and "*C can
be performed simultaneously without significantly reduced
intensity when compared to the individual '"H-"*C and
'"H-'>N CP experiments. Similar approaches have been
implemented before (Linser et al. 2011; Herbst et al. 2008).
(2) the fulfillment of the PAIN condition automatically
ensures the fulfillment of the PAR condition. Thus,
whenever the PAIN 'N-'3C transfer is effective, B B¢
coherence transfer will also occur.

The pulse sequence for the simultaneous PAIN/PAR
experiment is given in Fig. la. After simultaneous adiabatic
"H-13C and 'H-""N CP, both the 13C and PN magnetization
are frequency labeled in t; before the simultaneous '*C—'3C
and '"N="2C polarization transfer. This simultaneous mixing
is mediated by employing the coinciding PAR and PAIN
condition. Note that the only difference between a standard

Fig. 2 Experimental efficiency
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Fig. 1 a Pulse sequence for simultaneous acquisition of two-dimen-
sional PAR and PAIN correlation experiments with TPPI applied to ¢,
and ¢,. The broken and solid gray lines represent the magnetization
pathways for the PAR and PAIN experiments, respectively. A four step
phase-cycling on CP is utilized given by ¢; = ¢, = {x, x, —x, —x} and
receiver phase @q.; = {x, —x, —x, x}. The black bars indicate 7/2 pulses
using phases (y, —y, y, —y). b Pulse sequence employed for testing
simultaneous "H-">C and "H-""N cross polarization transfer. X and Y
correspond, in our experiments, to either 13C_ or '*N-channel

of the CP step for U-3C,N-
labeled ubiquitin using the pulse
sequence in Fig. 1b with a,

¢ acquiring the '*C- (X channel
in Fig. 1b) and b, d the "°N-
channel. a and b show the CP
transfer efficiency (integrated
'3C and "N signals over full
spectral region, respectively) as
a function of the mixing time
employing no rf irradiation on
the third Y channel for the black

—
o

o
N

Integrated signal intensity ('3C)
o
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curves and rf irradiation on both
channels (simultaneous CP) for
the red curves. ¢ and d illustrate,
in black, experimental spectra
for best CP performance

without rf irradiation on the Y
channel for '*C CP (c¢) and >N
CP (d). The green curves show
the difference between
optimized conventional CP (the
black spectra) and simultaneous
CP. See supporting material
Table S1 for a complete list of
experimental parameters
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2D PAIN pulse sequence and the one in Fig. la is an
additional rf field on '*C during the initial CP. The raw 2D-
spectrum will contain both '’N="°C and "*C-"*C correla-
tion peaks. In order to distinguish between heteronuclear
and homonuclear correlation peaks, two experiments are
performed which differ by a 7 phase change for the "N rf
field under CP, ¢,. The sum of the experiments will result

Fig. 3 Experimental 2D a
400 MHz spectra for

in the PAR spectrum, the difference in the PAIN spectrum.
We note that the spectral width is the same in both the '°N
and "*C dimensions but this has no effect on the signal-to-
noise ratio of the spectra and could only become relevant in
cases where the acquisition is time-limited, e.g. for very
high signal-to-noise ratio. Furthermore, the decay-time of
the FID is similar for '>C and "N signals.

U-"3C,"*N-labeled ubiquitin
employing the pulse sequence
shown in Fig. la. The PAR

a and PAIN, b spectra are
obtained by adding or
subtracting the spectra given in
Fig. S2a and Fig. S2b. See
supporting material Table S2 for
experimental parameters. The
indirect "*N dimension for the
PAIN spectrum was processed
as '3C data and then rescaled by
a factor of 3, /713, ~2.5
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All data presented were acquired at a spinning frequency
of 19 kHz on a 9.4 T wide-bore Bruker Avance-III spec-
trometer (400 MHz for 'H) using a 3.2 mm triple-reso-
nance MAS probe. To optimize the initial CP period with
simultaneous adiabatic 'H-"3C and 'H-"°N CP, we used
the scheme from Fig. 1b where X is the detection channel
(13C/15N) and Y refers to the “third” channel (ISN/BC).
Our experiments use identical contact times for the two CP
processes, although this could be changed by storing the
magnetization for either X or Y along the z-direction
during part of the contact time. For the simple model
peptide U—["*C,"’N]-N-f-MLF-OH (N—f-Methionine—
Leucine—Phenylalanine—OH) diluted to 10% in material
with natural isotopic abundance) both channels (‘°N and
13C) show near-optimum transfer at the same contact time
for both 'H-'*C and 'H-'>N CP (see Supplementary
Figures Sla and b), but a compromise may have to be
found in other systems. We have further investigated the
CP dynamics for the model protein ubiquitin. The sample
was prepared as described in (Manolikas et al. 2008) and a
3.2 mm rotor was filled using an ultracentrifuge with
approximately 15 mg of protein (Béckmann et al. 2009).
While the CP-buildup dynamics are almost identical for
individual transfer to only >N or '*C transfer (black curves
in Fig. 2a, b) and for simultaneous transfer (red curves), the
optimum mixing time is clearly longer for '’N compared to
'3C. Hence, a compromise has to be made for the mixing
time for simultaneous CP depending on which nuclei one
wants to obtain the higher signal intensity for. Typically, in
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Fig. 4 A comparison of 1D traces from 2D PAIN (a) and (b) and
PAR (c¢) and (d) correlation spectra are shown. The red traces are
taken from the 2D spectra shown in Fig. 3a, b. The black traces are
taken from individually optimized and measured PAR and PAIN
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a protein, the PAIN experiment is less sensitive than the
PAR experiment and, therefore, the CP may often be
optimized for the 'H-'°N transfer. The small sensitivity
loss seen between the red and black curves (<5%) is
attributed to the limited number of protons (more precisely
the limited heat capacity of the proton system).

Figure 2c, d illustrate the signal loss for simultaneous
detection when compared to the individually optimized
"H-"3C and "H-'N CP. For the simultaneous CP we chose
a contact time of 1.0 ms, the "H-3C and 'H-'>N contact
times were optimized to be 0.6 and 1.6 ms, respectively.
The individual CP spectra are given as black traces, the
loss in simultaneous CP in green. The major contribution to
the loss arises from the compromise in mixing time but the
signal intensity per unit time is still significantly higher
than for the conventional method.

Employing the pulse sequence in Fig. la, two PAR/
PAIN experiments with a © phase change on ¢, have been
measured for ubiquitin. Figure 3 shows the experimental
PAR spectra, obtained by addition of the raw spectra
(Fig. 3a) and of the PAIN spectrum, obtained by subtrac-
tion (Fig. 3b). The two raw data sets are presented in
supporting material Figure S2. The simultaneous PAR and
PAIN mixing period was set to 5 ms. The rf amplitudes
were optimized in two steps. The first step was to deter-
mine the PAR condition and, in the second step, the 5N rf
field strength was optimized for '"N-'°C transfer. The
simultaneous experiment involves identical mixing times
for the PAR and PAIN transfer but usually, optimal mixing
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spectra. The position of the traces in the indirect dimension are
marked by broken lines in Fig. 3a, b (114.6 ppm (a), 125.7 ppm (b),
61.8 ppm (c¢) and 174.5 ppm (d))
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times for these experiments are similar, typically 2—-10 ms
in uniformly labeled samples.

To investigate the relative sensitivity of individually
sampled PAR and PAIN experiments (see supporting
material Figure S3) and the simultaneous experiment, we
compare one-dimensional traces out of the 2D spectra. For
the PAIN experiments, two representative traces are shown
in Fig. 4a, b (in red for the simultaneous experiment, in
black for a conventional PAIN). The signal loss for the
PAIN spectrum from the simultaneous experiment is
almost constant over the spectrum and everywhere smaller
than 15%. This signal loss is accounted for by the
CP-efficiency, and could be further reduced at the cost of
the PAR intensity, as discussed in the context of Fig. 2. For
the 2D PAR spectrum from the simultaneous experiment a
somewhat stronger signal loss of up to 30% for selected
traces (and 50% for a few peaks) is seen in Fig. 4c where a
trace with a J, frequency in the '*C, region (61.8 ppm) is
shown. About half of the signal loss is explained by the
initial CP (see Fig. 2c) and we attribute the additional loss
to magnetization to polarization transfer to the '>N spins
during mixing (inverse PAIN process). For all other reso-
nances (carbonyl and side-chain '*C) the signal is
approximately the same for simultaneous and conventional
experiments because the PAIN-type loss is smaller. This
finding is illustrated in Fig. 4d and Figure S4, respectively.

As mentioned above, we chose a concurrent CP mixing
time of 1.0 ms for acquiring simultaneous PAR and PAIN
spectra in order to maximize overall signal intensity.
Usually, the PAIN spectrum has the lowest sensitivity and
for practical applications it might be more beneficial to
optimize the CP time for the '>’N CP transfer. Under such
conditions, the PAIN part from the simultaneous experi-
ment has a negligible intensity loss compared to a separate
PAIN experiment (<5%) and a good PAR spectrum is
obtained simultaneously “for free”.

In conclusion, we have introduced a scheme for simul-
taneous recording of 2D PAR and PAIN spectra. The
scheme allows us to obtain a PAR spectrum as a byproduct
while recording a PAIN spectrum without compromising
the sensitivity of the PAIN spectrum. Using ubiquitin it is
experimentally shown, that efficient PAR and PAIN
transfer are indeed fulfilled concurrently and that simulta-
neous '*C—'C and '’N-"°C coherence transfer takes place.
In our example, the reduction in experimental time was
40% when compared to the time to separately record PAIN
and PAR spectra with the small signal-to-noise ratio.
Depending on relaxation times, the scheme allow saving up
to 50% of the magnet time in biological applications.
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