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Backbone and side-chain proton NMR assignment in fully

protonated proteins: microcrystals, sedimented assemblies, and

amyloid fibrils

Jan Stanek,”™ Loren B. Andreas,” Kristaps Jaudzems,® Diane Cala,” Daniela Lalli,™ Andrea
Bertarello,”™ Tobias Schubeis, Inara Akopjana,” Svetlana Kotelovica,™ Kaspars Tars,"” Andrea
Pica,’ Serena Leone,” Delia Picone,” Zhi-Qiang Xu,'¥ Nicholas E. Dixon,™ Denis Martinez,™ Mélanie
Berbon,® Nadia El Mammeri,™ Abdelmajid Noubhani,’® Sven Saupe,™ Birgit Habenstein,® Antoine

Loquet,™ and Guido Pintacuda™

Abstract: We demonstrate sensitive detection of alpha protons of
fully protonated proteins by solid-state NMR with 100-111 kHz
magic-angle spinning (MAS). The excellent resolution in the Ca-Ha
plane is demonstrated for 5 proteins, including microcrystals, a
sedimented complex, a capsid and amyloid fibrils. A set of 3D
spectra based on a Co-Ha detection block was developed and
applied for the sequence-specific backbone and aliphatic side-chain
resonance assignment using only 500 ug of sample. These
developments accelerate structural studies of biomolecular
assemblies available in submilligram quantities without the need of
protein deuteration.

Proton detection™ at MAS rates up to 60 kHz has revolutionized
solid-state NMR investigations of microcrystalline samples,?
insoluble assemblies,”! and membrane proteins® 4 by
improving sensitivity and reducing the amount of sample
required. Up to 60 kHz MAS, optimal proton resolution requires
extensive dilution of the proton dipolar interaction network. This
can be achieved by complete® 23! or partial®® # & deuteration,
where "H can be reintroduced by chemical exchange with water.

Due to this dilution requirement, only amide protons have
been used for detection in sequence specific protein assignment
strategies. Analogous to the case in solution, resonance
assignment proceeds efficiently using a series of 3D spectra
with common "N and "H dimensions, and with a third dimension
encoding *Ca, "*C’ or "*Cp of either the same or the preceding
residue, allowing linking of sequential °N-"H pairs. [ 32481

The upper limit of MAS frequency was recently increased to
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111 kHz with the introduction of 0.7 and 0.8 mm probes,? 7
allowing higher sensitivity in multidimensional experiments®® and
a further reduction of sample volume.® 24 Most importantly, this
extends the methodology to fully protonated proteins, allowing
the detection of alpha and side-chain protons at a resolution
comparable with those of the amide groups.2¢ ™9

Here we show a strategy for 'H, "*C and "N resonance
assignment for fully protonated biological samples based on
a suite of 3D spectra sharing Ha-Co pairs as sensitive and
resolved probes at >100 kHz MAS and high magnetic field. We
additionally use the same Ho-Ca resonances as a starting point
for propagation of assignments throughout side-chains. We
expect this approach to be of critical importance for the
determination of protein structures by solid-state NMR, since it
removes the requirement for deuteration, which previously
limited 'H detection-based strategies due to problems with
expression yields, protein refolding and amide proton
exchange."® Also it provides a reliable method for sequence
specific assignment of aliphatic protons, which are ideal
reporters of tertiary and quaternary structure.®

Less than 500 ug of five fully protonated '*C,"*N-labelled
protein samples was packed into a 0.7 mm MAS rotor. The
cross-polarization heteronuclear single quantum correlation (CP-
HSQC) spectra acquired at 100-111 kHz MAS show resolved
®Ca-"Ha resonances (Fig. 1) for a range of proteins in various
aggregation states. They include small crystalline proteins
GB1™ and MNEL™ and biological assemblies with a
significantly higher degree of complexity, such as the
Acinetobacter phage 205 nucleocapsid (AP205), p2-clamp from
E. coli DNA polymerase 1112 and the prion domain of HET-s in
its amyloid fibrillar form. In AP205, 90 nearly equivalent dimers
of the coat protein (AP205CP) assemble into a 2.5 MDa particle
of icosahedral symmetry.™® B, sliding clamp is a 81 kDa circular
dimer which was immobilized by sedimentation."™ Lastly, the
prion domain of HET-s (218-289) aggregates into fibrils with
a parallel in-register amyloid core showing a triangular (-
solenoid fold."®

Each of these resolved C-'H dipolar-based correlations
was obtained in approx. 30 minutes, providing a sensitive
fingerprint at site-specific resolution without the need for sample
deuteration. The "Ca-'Ha region shows similar dispersion in
chemical shift for proton and heteronuclei (approx. 3 and
30 ppm) as that observed in "H-"°N correlation spectra (Fig. S1),
and in contrast to 'H-"°N spectra, allows detection of prolines. In
the case of GB1, we found that 'Ha and "H" line widths are the
same within experimental error, averaging to about 105 Hz
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Figure 1. Ha-Ca regions of CP ®Cc-HSQC spectra of microcrystalline proteins GB1 (A) and MNEI (B), AP205 coat protein dimer assembling a nucleocapsid (C),
sedimented B, sliding clamp (D) and HET-s construct (218-289) forming amyloid fibrils (E). 1D traces with representative proton line widths are reported for
isolated peaks. Spectra were acquired on a 1 GHz NMR spectrometer at MAS rates of 111 (A, B, D) and 100 kHz (C, E).

(Fig. S2), and comparable line widths were also observed for
many isolated signals in the other four samples. This is nearly as
narrow as the best-case 70 Hz line width that corresponds to the
inherent heterogeneity of microcrystalline GB1 (see Sl).

Notably, a significant improvement in resolution is
observed for these correlations with respect to the previously
accessible MAS standard of 60 kHz due to a significant increase
in the bulk 'H and "*C coherence lifetime T. For the B, clamp
and HET-s samples, lifetimes of 3.0 and 2.5 (for 'H) and 22 and
28 ms (for *Ca) were reached at 100 kHz MAS, respectively,
which are noticeably shorter than for microcrystalline proteins.”
Nevertheless, estimated residual homogeneous 'H line
broadening is only 70 Hz (for GB1), 110 Hz (for AP205CP),
105 Hz (for B2 clamp) and 130 Hz (for HET-s) in the fastest MAS

regime currently available, and enables one to observe resolved
Ha-Ca. correlations for all proteins studied here.

To exploit the favorable resolution and sensitivity of the Ha
resonances, we developed a suite of 3D experiments for
sequential backbone and side-chain assignment that employ
Ca-Ha correlation as the detection scheme. We used two
complementary 3D pulse sequences, (H)N(CO)CAH and
(HINCAH,2! to record inter- and intra-residue correlations,
respectively, as shown schematically in Fig. 2A-B (also more
detailed in Fig. S3). These allow to sequentially link Ha-Ca
resonance pairs by matching a common "N chemical shift.

An additional pair of 3D spectra, (H)CO(N)CAH and
(H)COCAH was also developed to link sequential Ca—Ha pairs
based on correlations to a common '*C’ chemical shift.
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Figure 2. Simplified pulse sequence diagrams with indirect ("*C and '°N) chemical shift evolution periods denoted with arrows (A). The irradiation schemes
employed for these five experiments incorporate from 2 to 4 heteronuclear dipolar transfers (between H-N, H-C, N-C), and *C'="*Ca. and *Cp-">Ca J-based
transfers. The long lifetimes at above 100 kHz MAS are thus the key to high sensitivity in these sophisticated experiments involving multiple dimensions and
transfer steps (Fig. S5). Schematic illustration of magnetization flow in the proposed 5 correlation experiments (B). Representative 2D cross-sections from N-
(blue and red), 3¢ linked (cyan and orange) Ha-detected spectra for HET-s (C), GB1 (D) and AP205CP (E), along with the respective intra-residue Cp-Ca-Ha

correlations for AP205 (F).



Simultaneous matching of "°N and *C’ chemical shifts resolves
ambiguities and ensures high reliability of the sequential
assignment. Among backbone nuclei, "®N and "*C’ were found to
have the most favorable resolution (chemical shift dispersion
with respect to line width), and thus provide the least ambiguous
sequential matching.®” In contrast to the sibling strategy
developed for solution-state NMR,"® residual water signal is
efficiently suppressed and has no adverse impact on sensitivity
of the Ho-detected experiments. A fifth pulse sequence,
(H)(CA)CBCAH (bottom panel in Fig. 2A), was designed to
provide access to '°CB chemical shifts, which are of great
relevance for determination of residue type and thus essential
for the alignment of the linked stretches of Ha-Ca pairs with the
primary sequence. Additionally, the simultaneous presence of
two "*C dimensions provides great precision for the difference
(*Ca—"CB), a parameter directly correlated to secondary
structure and important during structure modeling.

For fully-protonated proteins, the experiments described
above play an equivalent role as the suite of H“-detected
sequences for deuterated systems.*® As a particular advantage
here, Ha-detection provides access to intraresidue *Cp and *C’
shifts with significantly higher sensitivity with respect to H"-
detection, due to shorter coherence transfer pathways. Also,
unlike H“-detection, the proposed Ha-detected experiments
enable the sequential walk over prolines, making them a method
of choice for sequential assignment of proline-rich proteins.™®
Proline resonances usually show higher intensity in the '*C'-
linking pair of spectra (Fig. 2E).

Representative strip plots showing the sequential walk for
HET-s, GB1 and AP205 are shown in Fig. 2C-E. For the case of
GB1, we obtained all expected correlations (Fig. S6) and for
AP205CP we found 90, 98, 103 and 109 correlations in the 3D
spectra (Fig. S7) and assigned in total 111 (85%) Ha-Ca pairs of
resonances. Missing peaks belong mostly to N-terminal residues,
an internal loop (R34-N46) and the C-terminus that show
increased dynamics and cannot be efficiently detected in
dipolar-coupling based transfers. For HET-s amyloid fibrils, we
observed 41 out of 44 intraresidue correlations in the p-strands
forming the rigid fibril core, i.e. N226-A248 and T261-Y281
(Fig. S8) and 40 of 42 expected interresidue correlations in the
(H)N(CO)CAH spectrum. The flexible loop, as reported for "*C-
detected spectra,"” is not visible in CP-based experiments. The
assigned CP-HSQC spectra of HET-s are shown in Fig. S9.

An alternative approach for Ha assignment would employ
HN-detection for sequential backbone assignment of *Ca and
®N shifts,*®! followed by the use of an extra (H)NCAH to transfer
the assignment to a-protons.?® However, this relies on the
uniqueness of *Ca and "N shift pairs, the condition which is
often met only for systems as simple as GB1. In AP205, for
example, all five Ho-detected spectra were necessary to obtain
assignment of a-protons. Therefore, the set of spectra shown
here represents the first general and stand-alone strategy for
assignment of Ha-proton shifts in the solid-state.

Assignment of a-protons opens the way to assign side-chain
protons,"® which are sensitive probes of protein environment
and interactions. In GB1 at 111 kHz MAS, side-chain 'H
resonances demonstrate 100-150 Hz line widths, which is
sufficient for their use in structural investigations.® Ho-detected
schemes can correlate 'H and '*C side-chain with backbone
resonances using a shorter and thus more sensitive coherence
transfer pathway compared to H"“-detected schemes.'® We
incorporated "Jcc-mediated *C-"3C isotropic mixing® into the
H—-C—H CP-HSQC. The resulting irradiation schemes, H(C)CH
and (H)CCH, are shown in Fig. S4, and incorporate WALTZ-16

®C mixing analogous to established TOBSY schemes.?! High
efficiency of "*C mixing based on relatively weak J-couplings
results from long rotating-frame coherence lifetimes at 100-
111 kHz spinning. For example, for GB1 T1p (*Ca) = 130 ms is
almost an order of magnitude longer compared to the time
necessary to obtain a reasonably uniform exchange of
magnetization between side-chain *C nuclei (typically 10-
15 ms). The two spectra encode aliphatic side-chain 'H or *C
spins of a residue to each directly bonded pair such as Ha-Ca,
HpB-Cp, etc. (Fig. 3). Given that assignment of a-resonances is
available, these two spectra together enable to identify 'H and
C chemical shifts further in the side-chains. The obtained
values can be recursively used in the same way as the starting
'"Ho-"®Ca pair to complete and/or confirm the resonance
assignment in case of ambiguity or low intensity of some cross-
peaks. In Fig. 3, six cross-sections are displayed at the positions
of all H-C resonance pairs of isoleucine-124 of AP205CP and
show a shared set of correlations to all aliphatic *C or 'H
resonances in this residue. One can appreciate the redundancy
of information and mutual support for identification of side-chain
signals, which stems from the fact that in principle, all
intraresidue aliphatic "*C or 'H resonances are correlated to
each directly bonded "*C-"H spin pair. In AP205CP, the (H)CCH
(55h acquisition time) and H(C)CH (24h) resulted in assignment
of 87% of side-chain 'H and '*C resonances for residues with
assigned 'Ha shifts (see Sl). In GB1, a single (H)CCH (32.5h)
resulted in 99.1% complete assignment of side-chain 'H and "*C
resonances.
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Figure 3. Representative cross-sections from 3D (H)CCH- and H(C)CH
spectra for AP205CP shown on top of the aliphatic region of 2D "*C-'H
correlation spectrum. On the vertical axis the strips display 3C or "H chemical
shifts in the side-chain of isoleucine 124 obtained when navigating from six
3C-'H peaks in the "®C-HSQC belonging to this residue. The coherence
pathways are sketched above the strips of corresponding 3D spectra.



In conclusion, we demonstrated rapid side-chain 'H and *C
resonance assignment in fully-protonated proteins at very fast
MAS rates (100-111 kHz). For proteins of about 20 kDa one
week of experimental time and less than a milligram of sample
are required, without the need of deuteration. The method can
be widely applied not only to microcrystalline proteins, but also
to viral nucleocapsids, amyloid fibrils and other protein
assemblies or sediments. The accessibility of aliphatic 'H
chemical shifts is of great importance for structure determination
based on 'H-"H distance restraints, accelerating solid-state NMR
analysis for structural biology.
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Side-chain protons are all back: with new 111 kHz magic-angle spinning probes,
high-resolution "H-detected NMR spectroscopy of insoluble, crystalline or self-
assembled protein aggregates is now feasible without replacing side-chain protons
with deuterons. a-Protons become sensitive and spectrally resolved NMR probes,
which allow backbone and side-chain resonance assignment in about one week of
experimental time for proteins of about 20 kDa.
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