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Abstract Biological solid-state nuclear magnetic reso-
nance spectroscopy developed rapidly in the past two
decades and emerged as an important tool for structural
biology. Resonance assignment is an essential prerequisite
for structure determination and the characterization of
motional properties of a molecule. Experiments, which rely
on carbon or nitrogen detection, suffer, however, from low
sensitivity. Recently, we introduced the RAP (Reduced
Adjoining Protonation) labeling scheme, which allows to
detect backbone and sidechain protons with high sensitivity
and resolution. We present here a "H-detected 3D (H)CCH
experiment for assignment of backbone and sidechain
proton resonances. Resolution is significantly improved by
employing simultaneous '>CO and 'Cp J-decoupling
during evolution of the 'Ca chemical shift. In total,
~90% of the "Ha-"Co backbone resonances of chicken o-
spectrin SH3 could be assigned.
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Introduction

Solid-state NMR spectroscopy has rapidly developed over
the past few years, facilitating structural studies on crys-
talline (Castellani et al. 2002; Franks et al. 2008; Zech et al.
2005) and non-crystalline systems (Ferguson et al. 2006;
Jaroniec et al. 2002; Wasmer et al. 2008). Traditionally,
solid-state NMR spectroscopy relies on the detection of '*C
and "°N heteronuclei, which compromises sensitivity
due to their low gyromagnetic ratios. Theoretically, direct
"H-detection yields a gain in sensitivity by a factor of 8 and
31, compared to '*C and '°N detection, respectively. In
uniformly protonated protein samples, the proton reso-
nances are largely broadened due to 'H,'H dipolar cou-
plings. Employing homonuclear decoupling sequences,
proton linewidths of about 100-500 Hz can be achieved
(Bielecki et al. 1989; Bosman et al. 2004; Levitt et al. 1993;
Sakellariou et al. 2000; Vinogradov et al. 1999). Partial or
full deuteration of a protein decreases the 'H dipolar
network and increases the coherence lifetimes (Garrett et al.
1997, Kalbitzer et al. 1985; Lemaster and Richards 1988).

In the solid-state, the proton linewidth of exchangeable
protons can amount to 20-40 Hz in case heavily deuterated
samples are employed (Agarwal et al. 2006; Akbey et al.
2010; Asami et al. 2010; Chevelkov et al. 2006; Schanda
et al. 2009). Methyl protons are accessible by making use
of specific precursors for amino acid biosynthesis (Agarwal
et al. 2006, 2008), or by exploiting the fact that commer-
cially available precursors are typically not 100% enriched
in deuterium (Agarwal and Reif 2008). The deuteration
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scheme is not only applicable to microcrystalline proteins,
but is also successfully implemented in amyloid fibrils and
membrane proteins (Linser et al. 2011).

Aliphatic resonances are essential to access tertiary structure
information of a protein, since long-range restraints between
sidechains are fundamental for defining the tertiary structure of
aprotein (Gardner et al. 1997; Huber etal. 2011; Liuetal. 1992;
Zwahlen et al. 1998). In uniformly protonated samples 'H,'"H
long-range restraints can be determined using XHHY
(X,Y = °C, "*N) type experiments using spin diffusion for
mixing of magnetization (Lange et al. 2002; Reif et al. 2003).
These experiments, however, suffer from low sensitivity due to
the detection of low-y nuclei. In the solid-state, highly resolved
deuterium spectra can be recorded yielding chemical shift
information at aliphatic sites (Agarwal et al. 2009). Due to
dipolar truncation effects, this labeling scheme is, however, not
suitable to deliver long-range structural information.

Recently, we introduced the RAP (Reduced Adjoining
Protonation) labeling scheme, which yields randomly pro-
tonated samples in a deuterated matrix (Asami et al. 2010).
The degree of protonation can be adjusted by the relative
amount of H,O in the M9 growth medium. This scheme
enables the determination of long-range 'H,'H distance
restraints. Dipolar truncation effects are avoided due to the
statistical distribution of protons in the protein. Assignments
are essential to proceed with investigations of structure and
dynamics. For methyl groups, we proposed recently a
"H-detected out-and-back (H)CCH-TOBSY experiment
(Agarwal and Reif 2008), which employs refocused INEPT
transfers in combination with '*C homonuclear mixing. Due
to the intrinsically short '*Co-T, coherence lifetimes at
moderate rotation frequencies (H)CCH-TOBSY type exper-
iments are not suitable for the assignment of 1Hoc,13C0c Cross
peaks. Furthermore, 1Hoc,13Coc backbone assignments are
complicated due to artifacts, which arise from the residual
solvent signal. In this manuscript, we present 3D HCC and
CCH type correlation experiments which allowed us to assign
~90% of the IHOC,BCO( backbone resonances of a 15% RAP
sample of the chicken a-spectrin SH3 domain. Generally,
3Ca resonances in uniformly '*C-labeled proteins are
broadened due to the evolution of J-couplings to '*CO and
13Cp nuclei, except in the case of glycines, which lack carbon
sidechains. We show, that '*C-'3C J-decoupling sequences
applied during the '*Co evolution period yields a dramatically
improved resolution in lHoc,”Coc correlation experiments.

Materials and methods
Sample preparation

For the presented studies, randomly protonated o-spectrin
SH3 was produced as described earlier (Asami et al. 2010;
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Chevelkov et al. 2006). In brief, SH3 was expressed in
M9 minimal medium employing 15NH4C1 and u-[13C,2H]
glucose. The nutrients were dissolved in buffer containing
15% H,0 and 85% D,0. In the following, this sample is
referred to as a 15% RAP sample. Two samples were
crystallized from this material, containing 10% H,0/90%
D,O and ~0% H,0/100% D,O in the crystallization
buffer, respectively. In addition, 75 mM Cu(I[)-EDTA was
added to reduce the recycle delay of the experiments
(Linser et al. 2007; Wickramasinghe et al. 2009). For each
sample, approximately 15 mg of protein was packed into a
3.2 mm rotor.

NMR spectroscopy

The NMR experiments were carried out on a Bruker Biospin
Avance spectrometer operating at 'H Larmor frequencies of
600 and 700 MHz, using a commercial 3.2 mm triple-
resonance probe. Experiments, recorded at 600 MHz, were
performed by setting the MAS rotation frequency to 24 kHz.
The effective sample temperature was adjusted to ~ 20 to
24°C. Experiments carried out at 700 MHz were recorded
by setting the MAS rotation frequency to 18 kHz. In this
case, the effective sample temperature was set to ~ 13 to
17°C. In all experiments, cross polarization (CP) is
employed for magnetization transfer.

For '>CO + ">Cp homonuclear scalar decoupling, adi-
abatic HS2 inversion pulses were employed during the
3Co evolution period (Hennig et al. 2000). The HS2
inversion pulses, which had a pulse length of 4 ms, were
applied continuously throughout the whole indirect evolu-
tion period, using a (pS) (m4) phase cycle (Fig. 1a). The
experimental inversion profile of the HS2 shape is shown
in Fig. 1b. Thr-"3Cp resonances are downfield shifted with
respect to Thr-'>Co. and resonate outside the inversion
region of the utilized adiabatic inversion pulse. For 'H,'*C
correlation experiments, acquisition times of 83, 26.5 ms
(52, 142 ms) in the direct '"H- and the indirect
13C-dimension were employed. Values in parentheses indi-
cate the acquisition times in absence of '*CO + '*Cp
J-decoupling. The recycle delay in both experiments was
set to 0.8 s. Water suppression was achieved employing the
MISSISSIPPI scheme (Zhou and Rienstra 2008).

The '3C- and 'H-excited 13C,13C correlation experi-
ments were recorded, employing adiabatic RFDR for
13¢,13C mixing (Leppert et al. 2003), using a mixing time
of 9.9 ms with /"™ = 4.3 ms and a recycle delay of 3 s.
The same settings for homonuclear mixing were employed
to acquire the 'H- and 3C-detected 3D CCH and HCC
experiments. Cross polarization employing rf fields on two
or three channels (lH,13C and 'H + 2H,13C), are referred to
as 2CP and 3CP, respectively. The CP contact time for 2CP
and 3CP was 1 ms, with a "°C rf field of 24 kHz and a 'H rf
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Fig. 1 a 'H-detected 2D (H)CH experiment with '*CO + '*Cg-
decoupling. Water suppression was achieved with a constant-time
MISSISSIPPI sequence. ¢y = (y, —y), ¢ = (X, X, —X, —X),

field strength ramped linearly around the n = 1 Hartmann-
Hahn matching condition. The MAS frequency was set to
18 kHz. The H rf field for 2H,'3C CP was ramped between
38 and 59 kHz (n = 2-3). Experimentally, it was found,
that H,">C CP sensitivity benefits from high power levels,
especially for the backbone resonances, even though
spinning sidebands with n > 1 are matched. However, with
the available rf power on the “H channel the whole “H
spectrum cannot be excited and using maximum power to
achieve a n = 1 condition might damage the probe. The
2CP and 3CP experiments were carried out using a
600 MHz spectrometer.

In the 3D CCH experiment, acquisition times of 36.4,
8.1 and 4.6 ms were employed in the direct 'H-dimension
(w3) and the indirect '*C-dimensions (,) and (w;). *C
excitation is facilitated by paramagnetic doping to reduce
the recycle delay. This way, the T relaxation time of the
bulk '*Ca magnetization can be reduced to ~3.5 s. Use of
a recycle delay of 1 s allows to select for methylene and
methyl resonances. The 3D HCC experiment was acquired
using acquisition times of 11.5, 4.9 and 5.1 ms in the direct
3C-dimension (w;) and the indirect 'H- and '*C-dimen-
sion (w1, m,). The recycle delay was set to 0.6 s. To record
the '*C-detected 3D HCC assignment experiment, a sample

°C [ppm]

3 =) s =), s = (X, X, X, X, =X, =X, =X, =X), Prec = (¥
-y, =Y, ¥), (=Y, ¥, ¥, —y). b Inversion profile of the utilized adiabatic
HS2 pulse

was used, which was prepared using 10% H,O and 90%
D0 in the crystallization buffer. For the 'H-detected 3D
CCH experiment, a sample crystallized from 100% D,0O
was employed. In all experiments, 2-3 kHz low-power
WALTZ-16 (Shaka et al. 1983) decoupling was used.
Quadrature detection was achieved using TPPI (Marion
and Wuthrich 1983).

Results and discussion
Resolution enhancement of 2D IH(X,ISCOC correlations

Figure 2 shows 2D 1Hoc,13Coc correlations obtained for a
15% RAP sample of a-spectrin SH3. To yield optimal
water suppression, the '*C evolution period was designed
in a constant-time fashion (Paulson et al. 2003). In the
absence of homonuclear decoupling, the 'Ho,'*Cor region
of the spectrum is rather poorly resolved, yielding '*Cu
linewidths on the order of 105 Hz. 13CO,13C0c and
3CpB,13Ca scalar couplings, which are on the order of 55
and 35 Hz, respectively, contribute significantly to the
broadening of the '*Ca resonances. To improve the reso-
lution in the 'Ho,'>Co spectral region, we employed
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Fig. 3 '’C- versus '"H-excitation in a 15% RAP sample of a-spectrin
SH3. a '"C-excited experiment: ¢; = (—x, X), ¢ = (X), ¢3 =
(=X, =X, X, X), Prec = (—X, X, X, -X). "H-excited experiment:

O =(%%,0=>0YYY =Y =Y, =Y, —Y), ¢3 = 8(x), 8(—x),
b4 = (=X, =X, X, X), Prec = (—X, X, X, —X), 2(X, =X, —X, X), (=X, X, X,

adiabatic HS2 inversion pulses during the '*Ca evolution
period (Fig. 1a). The enhancement of the resolution can be
clearly appreciated from Fig. 2b. The linewidths can be
reduced to 35-60 Hz. Alternatively, a constant-time
experiment (Vuister and Bax 1992) can be carried out to
yield a similar improvement in resolution. In the absence of
high-power proton decoupling and at the moderate rotation
frequencies employed in this study, backbone coherence
lifetimes are short and constant-time experiments are too
insensitive.

Proton versus carbon excitation

We designed backbone assignment experiments utilizing
both proton and carbon excitation. Proton excitation is in
principle more favorable due to the higher gyromagnetic
ratio of protons and their shorter 7 relaxation times. How-
ever (H)CCH experiments are not easily feasible as protons
are randomly distributed in RAP samples. In a 15% RAP
sample, approximately 17% of all Co carbons, and 10-16%
of the sidechain carbons are protonated (Asami et al. 2010).
To probe whether proton or carbon excitation is more
favorable, we compare in the following the sensitivity of
'"H- and '3C-excited 2D 13C,13C RFDR experiments
(Fig. 3a). In RAP samples (in contrast to perdeuterated
samples), uniform excitation of all sidechain carbons is not
an issue due to a more or less isotropic incorporation
of protons in all positions. In the 'H-excited experi-
ment, approximately the same number of correlations is

@ Springer

©,-*C [ppm]

—x). b Superposition of a 13C- (black) and 'H- (red) excited *C-'3C
RFDR spectrum. Missing peaks in the "H-excited spectrum are labeled
with their respective assignment. ¢ First increments of the '*C- and
'H-excited experiment. Both spectra were recorded with the same
number of scans and recycle delay

observable (Fig. 3b). Missing peaks originate from residues
located at the flexible N-terminus or in loop regions (e.g.
V46). These residues are mobile and magnetization is not
transferred by cross polarization.

Both RFDR experiments, 'H- and 13C—excited, were
recorded with a recycle delay of 3 s and the same number
of scans. The first increment of the two experiments yields
rather similar intensities (Fig. 3c). Note that the recycle
delay for the 'H-excited RFDR experiment can be reduced
to ~0.5 s, since the apparent 7 time for protons is much
shorter than for carbons. Thus, the "H-excited experiment
yields an approximately ~2.5x larger sensitivity (per unit
time) in comparison to the '*C-excited experiment.

To further increase the achievable sensitivity, the 'H,'*C
cross polarization transfer step (2CP, Fig. 4a, left) was
supplemented with a 90° '*C pulse for direct carbon
excitation and an additional ?H,'>C transfer step (3CP,
Fig. 4a, right). Employing 3CP yields a gain in the signal-
to-noise ratio for the '*Cu region of approximately a factor
of 1.6 (Fig. 4b). A similar observation was reported
recently for uniformly deuterated and 'H back-exchanged
samples (Akbey et al. 2011). In this context, a four channel
probe with high-power capabilities for 'H, *H, '*C and
low-power capabilities for "N would be desirable.
Simultaneous cross polarization among 'H, '*C and ?H, in
combination with scalar decoupling in the direct and
indirect evolution periods (Fig. 4c) would yield another
increase in performance. The use of Optimum Control
(OC) in pulse sequence design might further allow to



J Biomol NMR (2012) 52:31-39 35
Fig. 4 Simultaneous

'Hg—l— ’H,'3C cross polarization A <H B 'H,”*C CP 'H+?H,"*C CP
(3CP) yields a significant W B ez S

improvement in sensitivity. oy ML _veee |

a Pulse scheme for the 'H,'*C " "v" -

2CP (left) and 'H + 2H,'°C 1C Aer

3CP (right) experiment. C

b Comparison of the sensitivity

of 2CP1 3andlg)CP experiments. H [ e [ wazie ] 1.6x ("*Car) [\ ) u

¢ 3CP °C-""C RFDR pulse |

sequence for a 4-channel probe H ; Walz- 16 [ wazte ] v

Je |W|\VA

70 60 50 40 30 20 10 70 60 50 40 30 20 10

R S “C [pprm] “C [pprm]
A xyxy X\, B & y
H [Waiz-16 ] [Waiz16 ] P \ A\/"j H ] 4 Wanz-w Waltz-16
¢1 ¢2 ¢3 X q>2 . ¢3 ¢4 .
(1] (2] ® 0 (5]
2H [Waiz-16] [Wazt6 | [ Walz-16 15N [Waitz-16] [ wazie ]

Fig. 5 3D CCH and HCC experiments for assignment of aliphatic
resonances in RAP labeled protein samples. a 'H-detected, ¢; = (y,
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improve sensitivity by reducing the required rf fields on the
’H channel (Wei et al. 2011).

Assignment of "Ho,'3Co backbone correlations

To assign the 'Ha,'*Ca backbone region, we performed a
"H-detected 3D CCH correlation experiment which is
represented in Fig. 5a. In this experiment, the 'He chemi-
cal shift is correlated with the chemical shift of the directly
bound '*Cu carbon, and after a homonuclear mixing step,
with the chemical shift of '*CO/'®>Cpf. The experiment
allows to assign backbone as well as sidechain resonances.
All expected '*C resonances throughout the whole side-
chain could be detected (Fig. 6a). Figure 6b relates sche-
matically the different stages of the pulse scheme in Fig. 5a
to the molecular frame, employing the amino acid lysine as
an example. In the proton detected experiment, observation
of the "Ha,'*Cu correlations is complicated due to solvent
suppression artifacts. These difficulties might be overcome
as soon as pulsed field gradients become routinely avail-
able for MAS solid-state NMR applications (Chevelkov
et al. 2003).

In case water suppression is an issue, a '*C-detected
HCC experiment can be recorded, employing the pulse
scheme shown in Fig. 5b. The sequence starts out with an
indirect proton evolution period cul(lH). Magnetization is

detected, ¢y = (=%, x), ¢ =4(y), 4(=y), ¢3=28(x), 8(—x),
Prec = (=X, X, X, -X), 2(X, —X, —X, X), (=X, X, X, —X)

transferred then via cross polarization to carbons, followed
by a first 13C evolution period a)z(BC). After °C,"*C
homonuclear mixing, the carbon signal is detected in a
second *C dimension w;(**C), facilitating unambiguous
resonance assignments. Heteronuclear scalar decoupling is
achieved by application of low-power WALTZ-16 (Shaka
et al. 1983) employing an 1f field strength on the order of
2-3 kHz. In total, 45 of 51 possible lHoc,BCoc backbone
resonances (~90%) were unambiguously assigned.
Representative strips from this experiment are depicted in
Fig. 7. Assignments obtained this way are employed to
annotate Fig. 2b. A table with the experimental 'Ho and
3Co chemical shifts is given as part of the Supporting
Information. Since this second sample contained approxi-
mately 10% protons at exchangeable sites, most of the "HY
chemical shifts could be assigned as well (Fig. 7). Corre-
lations between 'HY and '*Co/'CO are due to long-range
through-space connectivities (Agarwal et al. 2010).

In the '*C-detected HCC experiment, the Hartmann-
Hahn matching condition during the cross polarization
transfer step (Fig. 5b) was optimized to yield maximum
sensitivity for aliphatic resonances and minimum intensity
for *CO (Baldus et al. 1998; Laage et al. 2008). This way,
the spectral width in the w>(*C) dimension could be
reduced to 70 ppm suppressing at the same time folding
artifacts from '>CO resonances. In case the experiment
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Fig. 7 2D strips extracted from the '*C-detected 3D HCC correlation
experiment recorded for the a-spectrin SH3 domain. 'HN as well as

"He chemical shifts can be unambiguously assigned by correlating
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13Cu to "*CP/CO chemical shifts. Note that the direct dimension
w3('3C) is represented as the vertical dimension
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would be recorded in such a way that magnetization Acknowledgments This research was supported by the Leibniz-

transfer to '*CO is optimized, sequential assignments via
'Hi-"Cag) and 'H{-"’CO_;, correlations would be
obtained. This experiment is superior in terms of sensitivity
in comparison to the HNCACX experiments as it lacks the
magnetization transfer step to ISN(i). Alternatively, amide
protons in RAP samples can be assigned using HNCA or
HNCACB experiments (Linser et al. 2008), or a combi-
nation of 3D HNCO and HNCACO experiments (Linser
et al. 2010).

In Fig. 8, the a-spectrin SH3 backbone chemical shifts
obtained in the solid-state are compared with the shifts found
in solution at pH 7.3 (van Rossum et al. 2001). Both, "Ha and
13Ca, are well correlated yielding a Spearman’s correlation
coefficient of 0.909 and 0.991 for 'Ho and '*Ca, respectively.
This shows, that the SH3 protein structure in the crystal and
in solution are highly similar. Small chemical shift differ-
ences arise from residues, which are involved in crystal
contacts. In particular, we find deviations from an ideal
correlation for the 'Ho-shift of $19 and the '*Cu-shift of P20.
These residues are within 6 A to the aromatic rings of Y13
and Y57 of a molecule in a symmetry related unit cell.

Conclusion

We have shown that the resolution of 1Hoc,13Coc correlation
spectra in RAP samples can be further improved by applica-
tion of homonuclear '*CO + '*Cf scalar decoupling
sequences during the '*Ca evolution period. We introduced
furthermore proton and carbon detected 3D HCC and
3D CCH assignment experiments, which allow to unambig-
uously assign "Ho,"*Ca cross peaks by correlating the chem-
ical shifts of 'Ha with Ca and '*CO/"*Cp. "H-detected
experiments are more favorable in terms of sensitivity, but
suffer from insufficient solvent suppression. We expect that
this problem will be overcome in the future once pulsed field
gradient probes will become routinely available.
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