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Since the first report of a 3D structure of a microcrystalline
protein obtained by solid-state NMR," a variety of strategies have
been developed to obtain and analyze two-dimensional (2D)
correlation spectra.'~'® In uniformly *C- and 'N-labeled solid
proteins, both scalar through-bond and dipolar through-space
interactions can be exploited for spectral assignment. Fast magic-
angle spinning (MAS) of microcrystalline proteins'® and peptides'”
yields 2D homonuclear chemical-shift correlation spectra with good
signal-to-noise ratios.'® Fast spinning, however, suppresses dipolar
interactions between '*C nuclei, which must therefore be reintro-
duced (or “recoupled”) by suitable radio frequency (rf) pulse trains
to enable a transfer of magnetization from one '3C to another.
However, most recoupling methods were developed at low magnetic
fields (By < 12 T, i.e., vy < 500 MHz for 'H) and low spinning
frequencies (v,x <= 10 kHz).

This communication presents *C—"3C correlation spectra of a
microcrystalline protein with an unprecedented number of sequential
contacts, recorded at v,,, = 23 kHz in a very high magnetic field
(900 MHz for protons) with the simple pulse sequence shown in
Figure 1. The recoupling of the dipolar interactions between '*C
nuclei is promoted by our phase-alternated recoupling irradiation
scheme (PARIS).'® This method uses an f field applied only to
the proton spins / with a moderate constant amplitude v, (see Figure
1). The phase is periodically toggled between +x and —x after
intervals 7, equal to half the rotor period or multiples thereof. In
this work, we used 7, = N1, with N = /5.

90°

PISSARRO
I PARIS

PISSARRO

90° 90°

Figure 1. Pulse sequence for 2D carbon-13 correlation to promote
magnetization transfer during the mixing time 7, through the phase-
alternated recoupling irradiation scheme (PARIS).'® Heteronuclear
PISSARRO'??° decoupling is used during the evolution and acquisition
periods. For details of the PARIS and PISSARRO pulse sequences, see
the Supporting Information.

In contrast to recoupling schemes based on rotary resonance,?'**
the efficiency of PARIS recoupling does not critically depend on
the rf amplitude (Figure 4S in the Supporting Information) and is

largely immune to the inhomogeneity of the rf field, so the full
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sample volume contributes effectively to the signal.'®?* The rf
amplitude need not be matched to the spinning frequency. Even at
high spinning speeds (see the Supporting Information), moderate
rf amplitudes suffice to bring about efficient magnetization trans-
fer,'® thus avoiding excessive sample heating. This opens up new
possibilities for efficient dipolar recoupling that are independent
of any rotary resonance condition. Since no rf irradiation is applied
to the '*C spins, their magnetization remains longitudinal and barely
decays during the transfer. Many of these features of PARIS make
it an attractive alternative to the popular DARR?' recoupling
scheme, which does not compensate for rf field inhomogeneity and
is not efficient at high spinning frequencies.'®

Figure 2 shows extracts of a '*C—"3C correlation spectrum of a
polycrystalline sample of catabolite repression phosphocarrier
protein (Crh) recorded at 21 T (900 MHz for 'H, 225 MHz for
13C) using a 2.5 mm rotor spinning at v, = 23 kHz with PARIS
recoupling'® (v, = 23 kHz during 7,, = 85 ms) and PISSARRO
proton decoupling'®2° (v = 100 kHz during #, and t,).
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Figure 2. PARIS "*C—"3C correlation spectrum of microcrystalline Crh
recorded in ~13 h on a 900 MHz spectrometer using a 2.5 mm rotor, 7,, =
85 ms, v = v = 23 kHz, 1, = 7,0/2 = 21.74 us. PISSARRO
heteronuclear decoupling'®?® with v,* = 100 kHz was used during the
evolution and acquisition periods. Some amino acid spin systems are shown
in color.

Remarkably, the spectrum of Figure 2 features hardly any
uninformative empty areas. Both aliphatic nuclei with closely spaced
chemical shifts and spectrally remote nuclei give rise to strong
correlations. Although the latter correlations can to some extent be
promoted by rotational resonance recoupling under the present
experimental conditions, simultaneous magnetization exchange
between aliphatic carbons on the one hand and carboxyl and
aliphatic carbons on the other could also be promoted at high
spinning frequencies contrary to DARR,?' by PARIS using longer
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intervals 7,.'® Tndeed, the PARIS scheme can be adapted to any
spinning frequency'® without losing its broadband properties by
using higher multiples of N.

The spectrum in Figure 2 reveals intra- and interresidue
correlations®**° between amino acids that are closely packed but
do not necessarily belong to the same molecule. The 10.4 kDa Crh
protein forms dimers with swapped S-strands that can be identified
through the characteristic shift of the C%CP cross peak of T12
located in the hinge region.?® In the single spectrum of Figure 1,
82 out of 85 residues could be identified. The three carbonyl C’
resonances of residues L.74, E68, and V61 were assigned for the
first time.
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Figure 3. Enlargement of Figure 2 with assignments of some sequential
C%C* and C%/C” cross-peaks stemming from interactions across distances
rin the range 3.8 < < 4.8 A. A long-range contact (r = 5.7 A) between
1470 and Al19a is highlighted by green numbers (see the Supporting
Information). Residues with assigned sequential contacts are shown in blue
on the Crh dimer structure representation.

Moreover, 52 sequential C*/C* and C%CF contacts in addition
to eight aliphatic/C” contacts could be resolved, which, inter alia,
allowed us to assign the C” resonance of E68. On the other hand,
we were unable to assign 23 C%/C® cross-peaks that were too close
to the diagonal, four peaks that overlapped with intraresidual
contacts, nine signals due to mobile residues in loops (T57—V61,
V2—Q3, E84—V8)5), four signals in helix—loop contacts (S46—M48,
D69—Q71), and one signal within an o-helix (V23—Q24). The nine
consecutive residues V61—Q66 from S-strand 5 and the loop
G67—D69 could be clearly assigned through 10 sequential contacts,
as shown by the dashed blue lines in Figure 3. Only one of these
10 inter-residual correlations has been observed previously in
spectra of Crh obtained with PDSD or DARR recoupling.'*** The
set of six consecutive residues 29—34 in S-strand 2 and its preceding
loop give rise to the nine sequential C*C* and C%C’ contacts
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highlighted in Figure 3 by dashed red lines. Only five of these
contacts were visible with DARR.'® Moreover, we observed all of
the C%C" sequential contacts for the five consecutive residues
52—56 in loop L2 (dashed orange lines), of which the DARR
spectrum®' showed only one. This corroborates our claim'® that
PARIS recoupling is more efficient than PDSD and DARR (see
the Supporting Information.) Thus, we can envisage the use of
PARIS recoupling not only in 2D carbon—carbon correlation
experiments but also as a building block in multidimensional
NCACB or NCOCX correlation experiments at high spinning
frequencies.

Under the present experimental conditions, only a few long-range
contacts could be seen in our PARIS spectra. It has been
demonstrated that DARR is able to reveal long-range contacts using
longer mixing times (7, ~ 200 ms)."**” We anticipate that PARIS
spectra will have similar properties. Notably, as discussed below,
PARIS recoupling also works with modest rf amplitudes, therefore
permitting the use of longer mixing times than for DARR.
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Figure 4. Expansions of *C—'3C correlation spectra recorded using PARIS
recoupling with proton rf amplitudes and mixing times of (top) v, = 23
kHz, 7,, = 85 ms, (middle) v, = 15 kHz, t,, = 100 ms, and (bottom) v,
= 10 kHz, 7, = 150 ms. The 2.5 mm rotor was spun at v,,, = 23 kHz.
Each spectrum was recorded in ~13 h.

Very recently, a large number of long-range cross-peaks have
been reported in 2D correlation spectra of Crh recorded with PAR
recoupling.’® Although the PAR method seems well-suited for
extracting molecular distances, it appears less appropriate for
assignment purposes, especially in the presence of a large number
of long-range cross-peaks that tend to create uncertainties in spectral
assignments. Moreover, to promote broadband magnetization
transfer, the PAR method would require excessive rf amplitudes
under our experimental conditions.

Enlargements of the aliphatic and carboxyl regions of '*C—"3C
PARIS spectra recorded with different rf amplitudes v, are shown
in Figures 4 and 5. These spectra provide evidence that similar
information can be obtained with PARIS recoupling using v,"! =
Vror (1.€., at rotary resonance with n = 1) or with a much lower rf
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amplitude v, << v, provided that longer mixing times 7, are used.
This corroborates the fact that PARIS recoupling does not depend
critically on the rf amplitude (also see Figure 4S in the Supporting
Information) and is able to promote efficient magnetization transfer
without fulfilling any rotary resonance condition.'®

Besides numerous sequential contacts in the range 3.8 < r < 4.8
A, the spectrum of Figure 5 reveals a long-range contact
CYG58)—C’(V8) with r = 4.6 A between residues belonging to
the swapped domains (see the Supporting Information). This cross-
peak cannot be due to residues located in the same monomeric unit,
which are separated by 16.3 A. Another long-range contact between
residues 147 and A19 with » = 5.7 A is highlighted in Figure 3.
This confirms that long-range contacts can be detected by using
longer mixing periods.
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Figure 5. Expansions of '3C—"3C correlation spectra recorded using PARIS
recoupling with (left) v, = 10 kHz, 7,, = 150 ms and (right) v,"! = 23
kHz, 7, = 85 ms. Sequential contacts with distances r < 4.4 A are
emphasized by red numbers, while a long-range contact (r = 4.6 A) between
residues G58 and V8 in the swapped domain is highlighted by green
numbers (also see the Supporting Information).

In summary, we have demonstrated that PARIS recoupling using
a low rf amplitude can promote magnetization transfer over a wide
range of differences in isotropic chemical shifts in microcrystalline
Crh protein at 900 MHz. This bodes well for applications to all
sorts of biomolecules and materials.
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PISSARRO pulse sequences, a 1D '*C spectrum of Crh protein, long-
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material is available free of charge via the Internet at http://pubs.acs.org.
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