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The effect of selective pulses on the apparent carbon longitudinal relaxation is investigated in three fully
13C-labeled systems, histidine as a model system and two proteins MerP and YajG. It is shown that the
longitudinal relaxation of a selectively excited carbon spin is greatly enhanced, mainly because of fast
spin-diffusion. This relaxation enhancement allows reducing the time necessary for polarization recovery
between two experiments. This effect can be exploited either to improve the sensitivity of NMR experi-
ments or to reduce the experimental time. Using selective carbon excitation combined with fast pulsing
on fully '3C-labeled proteins, a sensitivity improvement of 20-45% over standard cross-polarization
methods is predicted from the measured relaxation times.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

Since the first protein structure obtained by solid-state NMR in
2002 [1], the field of biomolecular solid-state NMR has expanded
very quickly. The different steps of structure determination by
NMR are based on a series of multidimensional (nD) NMR experi-
ments performed on '3C, >N isotopically labeled biomolecules,
that allow correlating frequencies over several spectral dimen-
sions. The major drawback of nD NMR is the long acquisition time
due to the independent incrementing of time variables associated
with the indirect dimensions. Several approaches have been devel-
oped in solution NMR to overcome this problem. They can be clas-
sified into two categories. The first one is based on a different way
to sample the multidimensional time space. It embraces the tech-
niques of Ultrafast NMR [2,3] proposed by Frydman and co-work-
ers, where the entire nD acquisition is performed in one scan,
projection spectroscopy [4-6], where the information of the nD
spectrum is extracted from some projections of lower dimension,
and non-linear sampling [7] combined with alternative processing
algorithms [8-11]. The second category of techniques to fasten nD
experiments consists in shortening the inter-scan delays (fast-
pulsing techniques). The experimental sensitivity of such fast-puls-
ing techniques can be enhanced by the use of selective excitation

* Corresponding author. Fax: +33 4 38 78 50 90.
E-mail address: Sabine.Hediger@cea.fr (S. Hediger).

1090-7807/$ - see front matter © 2009 Elsevier Inc. All rights reserved.
doi:10.1016/.jmr.2009.06.008

pulses that were shown to reduce the longitudinal relaxation times
[12-14]. In some cases the sensitivity for very fast repetition rates
can be further reduced by Ernst-angle excitation [15], as exploited
in the SOFAST experiment [16,17].

In solid-state NMR, isolated attempts to use single-scan and pro-
jection-reconstruction spectroscopy have been presented [18-20]. A
broad application of these techniques is however limited due to the
low sensitivity of the heteronuclei detection usually used in solid-
state NMR. For the implementation of the second alternative, con-
sisting in reducing the inter-scan delay, two limiting factors have
to be taken into account: the relaxation time Ty, but also the duty cy-
cle of the probe. Indeed, high-power pulses and decoupling used reg-
ularly in protonated solid-state samples limit the repetition rate of
the experiment to the duty-cycle of the probe, usually on the order
of 5%. It was demonstrated some years ago that low-power decou-
pling can be efficient in protonated samples if ultra-fast Magic-Angle
Spinning (MAS) is used [21-23], leading recently to the first fast
NMR-data acquisition on protonated samples spinning at 60 kHz
[24]. Low-power experiments have the additional advantage to limit
heating of the sample, especially when fast pulsing is used. The prob-
lem of the probe duty-cycle being solved, the time needed for the
magnetization to recover, called in this contribution the apparent
longitudinal relaxation time T7, has to be fast enough to allow reduc-
tion of the repetition delay without compromising the sensitivity.
Even though fast T in the order of 200-400 ms are found for protons
in hydrated and protonated microcrystalline proteins, this apparent
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relaxation time becomes much slowerinrigid or perdeuterated sam-
ples. In this context, dilution of paramagnetic ions in the solid sam-
ple has been proposed in order to fasten the return to equilibrium of
the magnetization [25-27].

Here we investigate how selective carbon pulses can signifi-
cantly accelerate the carbon longitudinal relaxation. The choice
of carbon spins instead of protons, as common in solution NMR
was motivated by the following aspects. The strong dipolar cou-
pling among protons leads to a strongly coupled proton system
rendering the use of standard selective pulses impossible, except
perhaps at much higher spinning speeds than those available in
most NMR laboratories. Additionally, in fully '3C-labeled samples,
the number of protons per carbon spin is not high enough to obtain
the maximum theoretical sensitivity gain from cross-polarization
(CP), which in such samples was reported not to be necessarily
much better than direct carbon excitation [28]. Improvement of
the apparent longitudinal carbon relaxation may therefore render
the direct excitation of carbons competitive with CP. To study
the impact of selective excitation on the apparent longitudinal
relaxation times of carbons, selective inversion-recovery experi-
ments were performed on a model system, fully >C-labeled histi-
dine, and on two fully '*C-labeled proteins, MerP (72 residues) [29]
and YajG (192 residues) [30]. The measurements were performed
at intermediate and fast MAS frequencies, representing the two re-
gimes where the carbon resonances are not broadened by rota-
tional resonance effects [31-33], namely below the CO-C, and
above any other rotational resonance condition. In the selective
excitation cases, the apparent mono-exponential relaxation of car-
bon magnetization is replaced by a strong bi-exponential behavior
with a very fast component attributed to spin-diffusion from the
many equilibrium carbon spins to the excited one. This fast compo-
nent reduces considerably the apparent relaxation time of the
selectively inverted carbon spin. On the basis of the measured
relaxation time constants, curves of signal-to-noise-ratio per unit
time (S/N), were calculated as a function of the repetition time of
the experiment, allowing the comparison of the sensitivity of selec-
tive carbon excitation with non-selective direct excitation and CP.
Thus, for hydrated protein samples, a sensitivity improvement is
predicted for selective excitation over CP at short repetition times
of the pulse sequence.

2. Materials and methods

Uniformly '3C-, '>N-labeled L-histidine was purchased from Cam-
bridge Isotope Laboratories and re-crystallized in a 0.9 mM CuCl,
solution. After crystallization, a mixture of two different crystal forms,
denoted for convenience in this contribution A- and B-histidine, was
obtained in different proportions. Fig. 1 shows the '>C CPMAS NMR
spectrum of the histidine sample. By comparing the measured chem-
ical shifts, we could assign the resonances of the minor form (A-histi-
dine) and the major form (B-histidine) to the crystal structures
described in Refs. [34] and [35], respectively. Carbon assignment of
the histidine spectrum is given in Table 1. Almost all resonances of
both crystal forms are resolved. Overlapping is only found for both
Cs (A- and B-form), and for A-C;, B-C; and A-C,.

Uniformly '3C-, N-labeled MerP from Cupriavidus metallidu-
rans CH34 was produced as follows. The DNA fragment coding
for the cytoplasmic part of the MerP protein (residues 20-91 of
the full-length sequence) was amplified by PCR with suitable
restriction sites for subcloning in the expression vector pET28a.
The authenticity of the DNA insert generated by PCR was con-
firmed by sequencing. The resulting plasmid pET28-MerPcyt was
used to transform the T7 RNA polymerase-containing host Esche-
richia coli BL21(DE3). The freshly transformed bacteria were grown
at 37 °C in M9 minimal mineral medium with '>NH,4CI (1 g/L) and
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Fig. 1. NMR '3C CPMAS spectrum of uniformly '>C-labeled histidine. IUPAC

nomenclature was used for the labeling of carbons in the histidine molecule. The
two crystal forms found in the sample are arbitrarily labeled A and B.

Table 1
Experimental '>C chemical-shift values of A-histidine and B-histidine.

13C chemical shift?/ppm
Cc=0 G Cy Cs Cy Cp

A-histidine® (minor) 175.2 135.2 137.2 1133 57.0 26.5
B-histidine® (major) 172.5 135.9 127.7 118.8 539 26.5

2 Chemical shift values are calibrated indirectly using the glycine carbonyl res-
onance set at 176.45 ppm with respect to DDS.

b Crystalline form described in Ref. [34].

¢ Crystalline form described in Ref. [35].

13Cg-glucose (2 g/L) as sole nitrogen and carbon sources, and sup-
plemented with MnCl, (0.1 mM), ZnSO4 (0.05mM), FeCls
(0.05 mM) and a vitamin solution according to Ref. [36]. Protein
expression was induced by the addition of 0.5 mM isopropyl-1-
thio-B-p-galactopyranoside when cells reached an Aggg between
0.6 and 0.8. Cells were grown overnight at 20 °C and harvested
by centrifugation. The protein was then purified as previously de-
scribed [29]. The pure protein was concentrated up to 30 mg mL™"
in a Diaflow cell equipped with a YM-3 membrane (Amicon corp.).
The final buffer was 50 mM Tris/HCl pH 7.5. Crystals suitable for
solid-state NMR were obtained by using the sitting-drop vapor-dif-
fusion method at 293 K as follows. Drops were prepared by mixing
20 uL of MerP with 20 pL reservoir solution composed of 40%
unbuffered PEG 4000. Crystals appeared in less than 24 h when
the drops were equilibrated against 1 mL reservoir solution. Crys-
tals from 20 drops were harvested and centrifuged directly into
the NMR rotor.

Fully '3 C-'°N-labeled YajG protein [30] has been provided by
Dr. J.-P. Simorre from the Structural Biology Institute in Grenoble
(France). The protein was slowly precipitated in water and directly
centrifuged into the NMR rotor.

All solid-state NMR experiments were performed at 9.4 T ('H
NMR frequency of 400.13 MHz) using a Bruker 400 NMR spectrom-
eter. For experiments at 9 kHz MAS, a Bruker 4 mm MAS double-
resonance probe was used. The bearing gas temperature was set
to 283 and 268 K for the histidine and MerP samples, correspond-
ing to a sample temperature of 293 and 280 K, respectively. For the
experiments at 30 kHz MAS, a Bruker double-resonance 2.5 mm
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MAS probe was used. The sample temperature was stabilized at
293 K (bearing gas at 268 K) for the histidine sample and at
301 K for YajG.

The longitudinal relaxation behavior of proton and carbon spins
was measured by inversion-recovery experiments. As in uniformly
13C-labeled samples the relaxation of longitudinal proton or carbon
magnetization is not only dictated by incoherent modulation of
anisotropic interactions due to molecular dynamics, but also by
multi-spin deterministic mechanisms such as spin-diffusion, we
choose to call the apparent measured relaxation times T; (in anal-
ogy to T; used in solid-state NMR for the apparent FID decay),
reserving T; for the relaxation induced by molecular dynamics.
Proton T; (Tj,) were measured indirectly on carbons, with a CP
step of 1 ms (1.5 ms in experiments on YajG) after the inversion
of the protons and the incremented recovery time. Experimental
conditions for CP were not optimized individually for each reso-
nance, but set to the best compromise in terms of sensitivity for
the entire spectrum. Carbon T (T;.) were measured by a standard
inversion-recovery experiment applied directly on carbons. This
was preferred to the method of Torchia [37] which leads to expo-
nential decaying curves, but requires a CP transfer from protons to
carbons. In case of a non-uniform polarization of the different car-
bon spins after CP, the beginning of the decaying curves measured
with Torchia’s method are perturbed by spin-diffusion effects
among the different carbons. This effect is avoided with the stan-
dard inversion-recovery experiment. In the non-selective carbon
inversion-recovery experiment, a T-n—t echo period in presence
of 'H decoupling was added prior to detection to avoid background
signal from the probe. The echo time 7 was set to one rotor period.
For the selective T;. measurements, a selective 180° I-Burp1 pulse
[38,39] was used to invert the desired '3C spin followed by the
incremented recovery time and a hard 90° detection pulse. The
length of the selective pulse (between 620 ps and 2 ms) was ad-
justed to invert selectively each resonance type of the histidine
sample (CO, C, or aromatic signals). For the protein samples, the
selective inversion pulse was designed in such a way that it acted
separately on the CO, C, or C4_; region. TH heteronuclear decou-
pling was applied during the selective 180° pulse. The carbon rf-
field strength was 60 kHz for all hard pulses. SPINAL heteronuclear
decoupling [40] at a rf-field strength of 90 kHz (9 kHz MAS) or
120 kHz (30 kHz MAS) was applied during detection in all experi-
ments. For the experiments at 9 kHz MAS, the acquisition time
was set to 30 ms for histidine and 20 ms for MerP. It was set to
45 and 20 ms for experiments at 30 kHz MAS on histidine and
YajG, respectively. The repetition delay was adjusted such that it
was always longer than 6 times the slowest measured T;
component.

The apparent relaxation times T; (Tj, or Tj.) were extracted
from the inversion-recovery curves by fitting the signal intensity
or integral I(t) as a function of the recovery time t to a multi-expo-
nential function of the form:

1 1
I(t)—10<l—A Bnexp{—f}) with B, =1 (1)
n=1 Tln n=1

where A is the inversion quality factor (A ~ 2), and the factors B, are
the normalized weights of the different exponential components.
All 'H and non-selective '3C relaxation curves could be fitted with
a mono-exponential equation (i = 1), except for one aromatic and
the C; carbon resonances, which contain signal from both crystal-
line forms of histidine (i = 2). All selective '3C relaxation curves re-
quired two components to be fitted.

Using the measured T; time constants, theoretical curves of sig-
nal-to-noise ratio per unit time (S/N); as a function of the experi-
mental time Ts.., were calculated using the following equation
[17]:

1- iBn exp{—%}
n n

(S/N).=n T )

The experimental time Ts.,, is defined as the total time needed
for one transient (scan) of the experiment, e.g. the sum of the inter-
scan delay, the pulse-sequence duration and the acquisition time.
The recycle time T, comprises only the time intervals where the
spins relax back towards equilibrium after the pulse sequence.
For non-selective experiments, Ty is thus given by the sum of in-
ter-scan delay and acquisition time. In selective experiments, two
components contribute to the relaxation. The fast component,
which is attributed to spin-diffusion, becomes only active once
the proton decoupling stops. For this fast component, only the
interscan delay was taken into account for T.e.. For the slow com-
ponent, T is the same as in non-selective experiments. B, are the
normalized factors obtained from Eq. (1). The enhancement factor
n takes into account the sensitivity enhancement of CP over direct
13C excitation. It is set to 1 for direct broadband or selective exci-
tation, and should reach about 2.4 for CP experiment in fully la-
beled proteins or amino acids [28].

NMR data were processed with Topspin2.0 software, and the
relaxation curves were fitted with Origin7.5.

3. Results and discussion
3.1. Histidine sample

First, we have measured non-selective longitudinal relaxation
times of protons T;, and carbons T;. for histidine at 9 kHz MAS.
All resolved carbon resonances show a mono-exponential behavior
for the inversion-recovery curves (not shown). As expected, the
measured time constants T;, or T;. are very similar for resonances
originating from the same crystalline form of histidine, as spin-dif-
fusion among protons as well as among carbons averages the
relaxation times over the molecule. Interestingly, the apparent lon-
gitudinal relaxation times are faster for the A-form, about 0.7 and
30 s for Ty, and T, respectively, compared to 3.6 and 84 s for the
B-form. We believe that this difference is explained by the co-crys-
tallization of paramagnetic Cu®* ions inside A-histidine only. This
explains also the slightly lower resolution obtained for the reso-
nances of A-histidine compared to B-histidine (see Fig. 1). Consid-
ering the difference of more than one order of magnitude between
the relaxation times of 'H and '3C, it is evident that CP techniques
are much more efficient than direct broadband '3C excitation for
rigid solids, as they allow a faster repetition rate of the experiment
without compromising sensitivity.

Interestingly, selective inversion of one '3C resonance leads to
a significantly different longitudinal relaxation behavior com-
pared to broadband inversion. As an example, the recovery curve
of the B-histidine CO resonance after its selective inversion is
shown in Fig. 2a). This selective recovery curve is representative
of all other resonances in histidine when selectively inverted. Re-
turn to equilibrium after selective inversion is clearly bi-exponen-
tial, with a very fast component of about 1-20 ms depending on
the inverted resonance (exact values are given in Table 2). This
fast component is important as it brings back about 70-80% of
the equilibrium magnetization. The mechanism for this fast
recovery component is attributed to proton-driven spin-diffusion.
Indeed, as only one carbon spin is inverted, a difference of polar-
ization is created between the inverted spin and its neighbors.
Zero-quantum proton-driven spin-diffusion will act on this polar-
ization difference during the recovery time to re-equilibrate the
total polarization on all carbon spins. This effect has been already
observed a long time ago in natural abundance '3C polymers by
VanderHart [41]. As expected, the re-equilibration of polarization
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Fig. 2. *C-magnetization recovery curves after selective inversion of the B-CO
resonance of histidine at 9 kHz MAS for (a) the excited B-CO resonance (filled
squares), and (b) the non-excited B-C, (filled triangles), B-C; (open triangles), B-C4
(filled squares), B-Cs (open circles), and B-C; (filled circles) resonances. In (a) the
solid line is a bi-exponential fit to the experimental data according to Eq. (1). In (b)
the insert shows an expansion of the data for short recovery times, and the lines are
smoothened interpolations of the experimental data points.

Table 2
Fast selective T;. component in ms for different resonances of Histidine

A-CO B-CO B-Cy4 B-Cs A-C, B-C, AB-Cy
9 kHz MAS 209 19.1 1.5 2.2 8.1 6.6 2.7

30 kHz MAS 3936 11,007 34.2 41.0 63.1 41.4 46.6

is also visible for the non-inverted resonances of histidine, which
all show a fast decrease of their longitudinal magnetization before
recovering to equilibrium (see Fig. 2b). The time scale of this de-
crease is about the same as the fast recovery component of the
inverted resonance, and corresponds also to the build-up time
constant of cross-peaks in a 2D proton-driven spin-diffusion
experiment (not shown).

Values of the second, slower recovery component after selective
inversion are compared to non-selective Tj. in Fig. 3(a) for differ-
ent resonances of histidine. Interestingly, even the slow compo-
nent of the selective Tj. is significantly faster than the
broadband Tj. for all measured resonances. It remains however
slower than Tj, (see Fig. 3a). The physical mechanism leading to
this enhanced recovery of magnetization after re-equilibration of
polarization by spin-diffusion is still unclear, but could be attrib-
uted to long-range spin-diffusion effects.
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Fig. 3. (a) T; values measured for histidine from inversion-recovery experiments
at 9 kHz MAS using CPMAS (Tj,,, white bars), broadband carbon excitation (T},
light and dark grey bars for A- and B-histidine, respectively), and selective
carbon excitation (Tj., black bars). For the selective Tj., only the slow
component of the bi-exponential curve is represented. Error bars indicate
standard errors in the experimental determination of the time constants. (b
and c) Calculated and experimental (S/N), plotted as a function of the scan time
Tscan for (b) B-CO and (c) B-C,, resonances of histidine at 9 kHz MAS. Lines are
numerical curves calculated with Eq. (2) for CPMAS (dotted lines), direct
excitation (dashed lines), and selective excitation (solid lines), using the
experimental T; values given in (a). The CP enhancement factor 1 used to
calculate the (S/N), of CP (dotted line) was adjusted in such a way to best fit the
experimental points. It was set to 2.2 in (b) and 1.65 in (c). Theoretical curves
are compared to experimental points obtained using CPMAS (filled squares),
direct excitation (filled triangles), and selective excitation (crosses and plus
signs). For each experimental point, the signal was accumulated over 8 scans
after 32 dummy scans, except for points labeled with crosses where only 2 scans
after 2 dummy scans were used.
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Fig. 4. (a) T; values measured for histidine from inversion-recovery experiments at
30 kHz MAS using CPMAS (white bars), broadband carbon excitation (light and dark
grey bars for A- and B-histidine, respectively), and selective excitation (black bars).
For the selective Tj., only the slow component of the bi-exponential curve is
represented (black bars). (b) Calculated and experimental (S/N); plotted as a
function of the scan time Ty, for the B-C,, resonance of histidine at 30 kHz MAS.
Lines are numerical curves calculated with Eq. (2) for CPMAS (dotted lines), direct
excitation (dashed lines), and selective excitation (solid lines) using the experi-
mental T; values given in (a). The enhancement factor # for the CPMAS curve was
adjusted to best fit the experimental points (1 = 2.1). Experimental points were
obtained using CPMAS (filled squares), direct excitation (filled triangles), and
selective excitation (black crosses and plus signs), using 64 scans after 32 dummy
scans, except for points labeled with crosses (2 dummy scans and 2 scans).

In order to estimate whether experiments based on selective
carbon excitation can compete with CP-based techniques, theoret-
ical curves of signal-to-noise-ratio per unit time (S/N); were calcu-
lated using Eq. (2) for CP, broadband and selective '3C excitation.
The curves are compared in Fig. 3(b) and (c) for B-CO and B-C, res-
onances of histidine, respectively, together with a few experimen-
tal points. The experimental points agree very well with the

>

Fig. 5. (a) T; values measured for fully '*C-labeled MerP from inversion-recovery
experiments at 9 kHz MAS using CPMAS (white bars), broadband carbon excitation
(light grey bars), and selective excitation (dark-grey and black bars for the fast and
the slow components, respectively). The inversion-recovery curves were obtained
by integrating separately over the CO, C,, and Cy_; regions of the spectrum. (b-d)
Calculated and experimental (S/N), plotted as a function of Ty, for (b) the CO, (c)
the C,, and (d) the Cj_; regions of MerP at 9 kHz MAS. Lines are numerical curves
calculated with Eq. (2) for CPMAS (dotted lines), direct excitation (dashed lines),
and selective excitation (solid lines), using the experimental T} given in (a). The
enhancement factor 5 for the CPMAS curve was adjusted to best fit the CP
experimental points. It was set to 1.5, 2.0, and 2.2 in (b-d), respectively.
Experimental points were obtained using CPMAS (filled squares), direct excitation
(filled triangles), and selective excitation (black crosses), accumulating 512 scans
after 8 dummy scans for each point.
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simulated recovery curves. Theoretically, optimal sensitivity is ob-
tained with selective excitation at short inter-scan delay
(Tscan < 1 ). This could only be verified experimentally when very
few transients (scans) are accumulated (see experimental points
with symbol x acquired using 2 dummy scans followed by 2 real
scans in Fig. 3(b) and (c)). When more dummy scans are used to
reach steady-state conditions (see experimental points with sym-
bol + acquired after 32 dummy scans), sensitivity is lost at short
Tscan, as a result of a slow depolarization of the non-excited coupled
carbon spins (called in the following carbon bath). Indeed, after a
first experimental scan, some polarization from the equilibrium
carbon spins is transferred to the excited one, which allows its fas-
ter recovery. When the repetition rate is faster than the longitudi-
nal relaxation of the non-excited spins, a depolarization of the
carbon bath is observed. The spin-diffusion contribution to selec-
tive T is consequently decreased, and the overall sensitivity is re-
duced. Selective excitation can therefore only compete with CP at
short inter-scan delays, if the non-excited carbon bath is large en-
ough and relaxes in a time comparable to the repetition delay of
the experiment.

As very fast repetition rates are for the moment only conceiv-
able when combined with low-power sequences (as required from
the probe duty cycle), and therefore at very high MAS spinning
speed, the inversion-recovery experiments were repeated at
30 kHz MAS on histidine. In this regime again, the apparent relax-
ation behavior after CP (T},) or broadband carbon inversion (Tj.)
was found to be mono-exponential, with an average Tj, of 0.9
and 3.4 s for A- and B-histidine, respectively, and 60 s (A-histidine)
and 99 s (B-histidine) for non-selective T;. (see Fig. 4(a)). Stronger
variations around the average values were observed compared to
the previous experiments at 9 kHz as a result of a better averaging
of dipolar couplings at 30 kHz MAS. Notably, there is a strong in-
crease in Tj. of the A-form, probably due to a better averaging of
the dipolar coupling to the electronic spin of the paramagnetic
Cu?* ion, which becomes then less efficient as a relaxing agent.

After selective inversion, the recovery of carbon polarization is
qualitatively the same as at 9 kHz MAS, with a fast and a slow
relaxing component. The fast component is however much slower
than at 9 kHz MAS (see Table 2), especially for the CO resonances. It
is also observed that only carbon spins with a chemical shift close
to the one of the inverted spin contribute to the spin-diffusion
mechanism allowing for fast recovery of the inverted carbon-spin
magnetization. Polarization transfer from other spins happens as
well, but on a longer time scale. These observations are all in good
agreement with what is expected from spin-diffusion at high spin-
ning speed. However, even at 30 kHz MAS the slow recovery com-
ponent after selective inversion is much faster that the non-
selective T;. (see Fig. 4(a)).

In Fig. 4(b), theoretical curves of signal-to-noise ratio per unit
time (S/N) calculated with the measured T; of B-C, resonance
and Eq. (2) are compared for CP, broadband and selective '3C exci-
tation at 30 kHz MAS. Despite the slower spin-diffusion, selective

>

Fig. 6. (a) T; values measured for fully '*C-labeled YajG from inversion-recovery
experiments at 30 kHz MAS using CPMAS (white bars), broadband carbon excitation
(light grey bars), and selective excitation (dark-grey and black bars for the fast and
the slow components, respectively). The inversion-recovery curves were obtained
by integrating separately over the CO, C,, and C;_; regions of the spectrum. (b-d)
Calculated and experimental (S/N), plotted as a function of T, for (b) the CO, (c)
the C,, and (d) the Cj4_; regions of YajG at 30 kHz MAS. Lines are numerical curves
calculated with Eq. (2) for CPMAS (dotted lines), direct excitation (dashed lines),
and selective excitation (solid lines), using the experimental T; values given in (a).
The enhancement factor # for the CPMAS line was adjusted to best fit the
experimental points. It was set to 0.58, 1.17, and 1.12 in (b-d), respectively.
Experimental points were obtained using CPMAS (filled squares), direct excitation
(filled triangles), and selective excitation (black crosses), accumulating 400 scans
after 8 dummy scans for each point.

excitation becomes theoretically more efficient than CP at fast rep-
etition rates of the experiment (Tsca, < 15). Experimentally how-
ever, the carbon bath around the selective excited spin has
become too small as a result of better averaging of dipolar couplings
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at such high spinning speed, and even with very few transients, a
depolarization of the coupled equilibrium spins is observed leading
to a loss of sensitivity compared to the theoretical expectation. The
behavior of aromatic resonances (not shown) is similar to the B-C,
resonance. For the carbonyl resonances, spin-diffusion is getting so
slow that even at fast repetition rates of the experiment, selective
excitation cannot compete with CP (data not shown).

Our results on histidine suggest that despite the enhancement
of the apparent carbon relaxation obtained by the use of selective
excitation of carbon spins, this approach does not seem very prom-
ising for designing fast NMR sequences for crystalline solids. In-
deed, even if a significant sensitivity improvement is predicted
by using selective carbon excitation combined with very fast repe-
tition rates of the experiment, depolarization of the carbon bath
will appear in the course of the experiment as a result of the slow
relaxation times of carbon spins. Nevertheless, much faster carbon
relaxation rates are found in hydrated solid-state biomolecular
samples. Consequently, the selective excitation approach may be
interesting to fasten experiments in biomolecular solid-state
NMR. To test this hypothesis, we have investigated the sensitivity
of selective carbon excitation for two protein samples.

3.2. Solid-state protein samples

As mentioned above, T;;; as well as non-selective T;. time con-
stants measured on hydrated MerP and YajG are much faster than
what has been measured for crystalline histidine both at 9 kHz
(Fig. 5a) and 30 kHz MAS (Fig. 6a). At 9 kHz MAS, T;, values in
MerP are around 270 ms. They are lengthened to about 760 ms
in YajG when spinning at 30 kHz. Non-selective Tj. values are
about 1 s, both at 9 and 30 kHz, except for the CO resonances that
show a longer time constant of ~3 s at the higher spinning speed.
The selective '3C recovery curves present a similar behavior as de-
scribed above for histidine, with a very fast component coming
from spin-diffusion and a slower component. The time constants
of the fast spin-diffusion component (see Figs. 5 and 6a) are similar
for MerP and YajG to the ones of histidine at the corresponding
spinning speed (Table 2). For MerP at 9 kHz MAS, the slower com-
ponents of the selective T;. show values which are close to Tj.
This is however not enough to counterbalance the polarization
enhancement of CP. As shown in Fig. 5(b-d), better sensitivity is
found with selective excitation only at very short inter-scan delays
(Tscan < 200 ms), if at all.

In YajG at 30 kHz MAS, the selective T;. recovery is globally fas-
ter than the 'H one, except for CO resonances (Fig. 6a). Addition-
ally, CP transfer under these conditions of spinning speed and rf
fields was found to be very inefficient, resulting in an enhancement
factor 77 as low as 1.1 for C, and C;_; resonances. For the CO region,
a better sensitivity can be obtained at longer CP contact times, but
at the cost of the rest of the spectrum. In such conditions, selective
excitation becomes attractive in terms of sensitivity. Indeed, as
shown in Fig. 6(b-d), the sensitivity of selective carbon excitation
is better than CP for all resonance types in YajG for recycle times
shorter than 1.5 s, with an optimum for T, ~ 200-300 ms. Due
to the globally fast proton and carbon relaxation in hydrated pro-
tein samples, depolarization of the equilibrium carbon spins in
selective experiments were neither observed for MerP nor for YajG
at repetition times as short as 1s.

4. Conclusions

We have demonstrated that the use of selective carbon exci-
tation in fully '3C-labeled samples leads to a significant enhance-
ment of the apparent longitudinal relaxation of the excited spin.
This enhancement comes to a large part from a spin-diffusion

process between the non-excited carbons in equilibrium and
the selectively excited one. Spin-diffusion occurs on a time scale
shorter than 100 ms. Despite the better averaging of dipolar cou-
plings at high MAS spinning speed, which is expected to quench
spin-diffusion, the enhancement of longitudinal relaxation was
still important at spinning speeds as fast as 30 kHz. The apparent
magnetization recovery observed after selective carbon excita-
tion is fast enough to compete with CP at short repetition times
of the experiment. In crystalline solids, the theoretical gain in
sensitivity could however not be obtained experimentally, be-
cause of a depolarization of the equilibrium carbon bath for rep-
etition rates of the experiment much shorter than the non-
selective carbon longitudinal relaxation times. This drawback
seems not to be present for hydrated labeled protein samples
with much faster longitudinal relaxation. Thus, based on the
measured relaxation times of the protein YajG at 30 kHz MAS,
a sensitivity enhancement of 20-45% is predicted for selective
excitation compared to optimal CP sensitivity when the repeti-
tion time is set to 200-300 ms. The relaxation enhancement ob-
tained by selective carbon excitation may become of interest for
the development of fast NMR methods in biomolecular solid-
state NMR.
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