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Structural information is key to understanding biological
processes. Insoluble proteins like membrane proteins and
amyloid fibrils are a large class of proteins which are
underrepresented in the protein databank (PDB). As of
today, only 7% of all entries in the PDB (total number of
entries: 66161; http://www.rcsb.org, November 2010) refer to
either a membrane protein (4994 entries) or an amyloid fibril
structure (67 entries). Given the fact that many drugs target
membrane proteins involved in, for example, signal trans-
duction,!" structural information is highly desirable to obtain
a better understanding of the underlying biochemical mech-
anisms. In contrast to X-ray crystallography and solution-
state NMR spectroscopy, solid-state NMR spectroscopy is a
method that allows the investigation of membrane proteins in
their native environment. Clearly, the lipid environment can
have an impact on their functionality and structure.’”! How-
ever, crystallographic structures in cubic lipid phases are not
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easily obtained.’! Although electron microscopy is able to
provide images in the native lipid environment, the resolution
is comparatively low. Although nanodisc preparations yield
solution-state NMR spectra in a nativelike context,* the
molecular weight of the resulting complexes is on the upper
limit for conventional assignment experiments.

To date, only a few uniformly isotopically enriched
membrane proteins could be structurally characterized by
magic-angle spinning (MAS) solid-state NMR spectroscopy,
including proteorhodopsin,’”! VDAC,” and phospholam-
ban.®! Fibrillar proteins, which play a crucial role in many
neurological disorders such as Parkinson’s or Alzheimer’s
disease, are not accessible using conventional structure
determination methods and could to date only be analyzed
indirectly, for example, by solution-state NMR spectroscopy
using H/D exchange methods.'” Recently, the structure of the
prion domain of HET-s was solved.'"'?| Interestingly, while
high-resolution spectra of certain systems like HET-s and the
human prion protein™ are available, spectral resolution is
limited in the cases of amyloid fibrils of the Alzheimer’s
disease p-amyloid peptide!™*'*l and a-synuclein.!'*!"]

In contrast to the solution state, the coherence lifetimes in
the solid state are not affected by molecular tumbling, which
makes the technique amenable to proteins of higher molec-
ular weight. Clearly, broad NMR resonances can arise from
sample heterogeneity. However, preparation of biological
samples becomes more and more routine, and is—after
careful optimization—not the main factor determining the
spectral quality. Additional contributions to the resonance
linewidth arise from limitations of the applicable heteronu-
clear decoupling radio-frequency fields and temperature
fluctuations within the sample volume or throughout the
experiment. Decoupling-induced heating is significant for
protonated samples, even if probes are employed which
exclude electric fields in the sample volume.® Heating can
further affect sample stability and thus spectral resolution.
These drawbacks are avoided in extensively deuterated
proteins.'”?!! The elimination of most of the unwanted
strong 'H,'H dipolar interactions keeps only the weak
couplings of interest. Potential resonance broadening arising
from motion on the nano- to microsecond timescale can be
accounted for by making use of TROSY-type experiments in
the solid state.””! The availability of an additional nucleus for
chemical-shift dispersion increases the reliability of the
assignment process™ and allows the determination of long-
range distances among weakly coupled spins, which in turn
provide useful restraints for structure calculations."**]
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Since no high-power proton decoupling is required for
deuterated samples, PRE (paramagnetic relaxation enhance-
ment) can be used to achieve extremely high experimental
repetition rates."®?! To date, high-resolution 'H-detected
spectra in the solid state have only been reported for
microcrystalline proteins.'*?! Herein, we show that non-
crystalline, deuterated membrane proteins and amyloid fibrils
yield high-resolution proton spectra with a spectral quality
that is comparable to that obtained for microcrystalline
proteins. The experiments are demonstrated using a fibril
sample of the Alzheimer’s disease f-amyloid peptide AR,
the a-helical membrane protein bacteriorhodopsin, and the [3-
barrel outer membrane protein OmpG.

Amyloidogenic, fibrillar proteins represent the greatest
challenge for spectroscopy, as a sample may contain a large
number of different structural polymorphs.'*1>2! Conforma-
tional variations are observed even if fibril growth is seeded
and buffer conditions are controlled (pH value, salt, temper-
ature).”®! As a consequence, resonance lines can potentially
be inhomogeneously broadened, which is detrimental to
sensitivity. To show that the deuteration approach can be
successfully implemented in noncrystalline systems, we pre-
pared amyloid fibrils of the triply labeled Alzheimer’s disease
B-amyloid peptide AR'.*! The fibrils were grown by
performing several rounds of seeding (see the Supporting
Information). During preparation, the sample was constantly
agitated to accelerate fibril growth. The fibrils obtained in this
way are very homogeneous as judged by electron microscopy
(EM) and contain mostly fibrils of twisted morphology with a
crossover distance of approximately (130+20)nm (Fig-
ure 1A). A representative 2D H/N correlation is shown
Figure 1B. Typical line widths are on the order of 90-220 and
30-50 Hz for 'H™ and "N, respectively. Even though the H/N
correlation spectrum appears to have a lot of spectral overlap,
the respective “C-edited 3D experiments are well-dispersed
(Supporting Information Figure S3). The resolution in the
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5N,'*CO dimension appears to be better than the resolution
that is achieved in the "H,”N projection. Sequential assign-
ments were obtained by proton-detected HNCO/
HNCACOP" and tailored HNCACB/HNCA®! experiments
(Figure 1C). The respective pulse schemes are given in the
Supporting Information. With this approach, we were able to
assign residues A21to V39 in AB'™. The N terminus of the
peptide (residues 1-10) has been reported to exhibit signifi-
cant line broadening.’!! Also, the *C linewidths for residues
10-20 are systematically increased (by ca. 25 %) compared to
C-terminal residues, which makes assignment of these resi-
dues difficult.

A second system that we tested to validate the method is
the outer membrane protein G (OmpG), which is involved in
the uptake of large oligosaccharides in Gram-negative
bacteria.’”” In contrast to preparations of AR™ fibrils, in
which structural homogeneity is difficult to control, 2D
crystals of reconstituted OmpG in its native lipid environment
can be prepared with a high degree of homogeneity. This
homogeneity is reflected in the resolution achievable in the
electron microscopic projection reconstruction structure,* as
well as in the ®C,C correlation spectra,*¥ which are of
exceptional quality and comparable to the spectra of a
microcrystalline protein preparation (see the Supporting
Information). Perdeuterated OmpG was reconstituted in
perdeuterated E.coli lipid bilayers using a buffer containing
70% D,0O and 30% H,O. A representative H/N correlation
spectrum of the sample is shown in Figure 2A. Back-
exchange of protons was achieved during refolding from a
urea-denatured protein preparation (see the Supporting
Information). Obviously, H/N correlations are more sensitive
to subtle conformational alterations and to dynamics in
comparison to 2D "C,C correlation spectra, since the
apparent resolution in the latter is determined by “C,”C
scalar couplings. The correlation spectrum superimposes well
with the solution-state spectra obtained in detergent
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Figure 1. MAS solid-state NMR experiments recorded for a perdeuterated fibril sample of the Alzheimer’s disease peptide AR'™*’. A) Representative
EM image of the fibrils employed for the NMR spectroscopy experiments. B) 2D H/N correlation of AB'™ fibrils. C) Strip plot of a proton-
detected HNCA (blue) and HNCACB experiment, showing the sequential assignments between residues L34 and G38 (black and red are used for
positive and negative contour levels, respectively). All experiments were conducted at approximately 25°C and a magnetic field strength of 141 T

with a MAS rotation frequency of 20 kHz.
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Figure 2. The B-barrel porin OmpG. Comparison of 'H-detected 2D H/N correlations obtained from perdeuterated and partially proton-back-
substituted samples prepared with deuterated lipids in the solid state at approximately 25°C and a magnetic field strength of 19.97 T (A) and
solution-state NMR TROSY spectra (B, at 21.14 T and 27°C). For the solution-state sample, 'H" linewidths on the order of 15-20 Hz are observed
(vs. 50-80 Hz in the solid-state spectrum). Solution-state spectra were recorded using dodecyl-B-p-maltoside-solubilized OmpG. C) Electron

micrograph of 2D crystals of OmpG reconstituted in lipid bilayers. D) Structure of OmpG in detergent micelles (PDB: 2)QY).

micelles™ (see the Supporting Information). The similarity of
the isotropic chemical shifts is a first hint that the structure of
OmpG in the micelle-bound state and in the lipid bilayer are
highly similar.

The third example to demonstrate the deuteration
approach involves the a-helical membrane protein bacterio-
rhodopsin (bR).P*' bR is a bacterial proton pump found in the
purple membrane of H. salinarium, which adopts two
conformational states in the dark, bRsss and bRy, at a ratio
of 60:40.°7 In the case of bR, we find significantly better
resolved spectra in the solid state (Figure 3). The 'H/N
linewidths are comparable to the linewidths found for a
microcrystalline protein preparation (a-spectrin SH3). Cross
sections along the N and 'H dimensions for a representative

3]

peak are depicted in Figure 3D. Instead of the expected 2 x
250 resonances, however, we observe only approximately 100
cross peaks. We assume that predominantly resonances of
residues in the water-accessible channel are observed. Res-
onances of residues located in flexible loops are presumably
not observable, as experiments using dipolar and scalar
polarization transfers yield similar spectra. Unlike OmpG,
exchangeable deuterons were back-substituted by incubation
at pH 10 over a period of 3—4 weeks. These conditions seem
insufficient to substitute all exchangeable protons in the core
of the protein structure. In the future, labeling schemes in
which protons are randomly distributed at non-exchangeable
sites will overcome this preparative bottleneck.!!

The solution-state NMR spectrum of detergent-solubi-
lized bR (Figure 2B) contains incor-
rectly folded protein, showing HY
proton chemical shifts at around 6 =
8.4 ppm. Clearly, these resonances
are absent in the solid-state NMR
spectrum, underlining the signifi-
cance of the native lipid environment
for structural investigations of mem-
brane proteins.

Table 1 shows the experimental
T, relaxation times for 'HY, N, and
BCO for a fibril sample of AR'™ as
well as for a microcrystalline sample
of the a-spectrin SH3 domain at the
same temperature. The average 7,

T T T
123 122 121
5 ("N / ppm

29.2 Hz

A -
. !
110 i L R
° s ¥
£ st
a o
_c_‘- - ° S
z : i % i -
P - c'r" Tl
w 120 2%
: &
- '.: *TH cross section
TR s
- Tyl
- . e
1301 .% - ! 1
5N cross section
0 9 8 7 6 0 9 8 7
&('H)/ ppm &("H)/ pom

Figure 3. Bacteriorhodopsin (bR) from the purple membrane of H. salinarium. A) Proton-detected
solid-state NMR H/N correlation of perdeuterated bR in purple membrane after back-substitution
of 10% protons at exchangeable sites. The spectrum was recorded over 6 h at 16.44 T and
approximately 25 °C. B) Solution-state NMR TROSY correlation of detergent-solubilized bR.F#
Solution-state spectra were recorded using dodecyl-B-p-maltoside-solubilized bR. C) Structure of bR
in the lipid bilayer (PDB: 1C3W).P? D) Cross sections extracted from (A) at the positions marked
by dashed lines. The line width in the solid state can be as narrow as 9 and 30 Hz in the "*N and

'H dimensions, respectively.
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5 0 i value in AP is approximately

30% smaller. Although the high f-
sheet content should, in principle,
yield a favorable chemical-shift dis-
persion, the effective resolution of
OmpG (280 amino acids) in the 2D
H/N correlation spectra is limited in
the solid state. This limitation is due
to the experimental line width on the
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Table 1: 'H,"N T, relaxation times and theoretical and experimental line widths for a fibril sample of
perdeuterated AR'™*, the outer membrane B-barrel protein OmpG, and the microcrystalline a-spectrin
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This result indicates that processes
on the nano- to microsecond time-

SH3H scale are not the origin of the
WV T, H LW BN T, BN LW observed line broadening.

[ms] calc[Hz]  exp[Hz] [ms] calc[Hz]  exp[Hz] Exchange dynamics between solu-

OmpG in ble and insoluble aggregation states,
protonated lipids®  6.8+05  468+3.4 121442 10.0+1.0 31.8+3.2 60+34 however, has been observed previ-
deuterated lipids™ ~ 9.24+1.0  34.6+3.8 10131 1M.1£23 287462 53£23  ously.®*] We therefore speculate
that chemical exchange can account

Aﬁ”olc} 82+0.2 38.8+1.0 170147 13.5+0.2 23.6+0.3 38+10 for the observed differences of the
a-spectrin SH39 124409  257+18  25+5 218433 146422 1543 ocho Thtransversal relaxation times

between AB'™ fibrils and micro-

[a] T, was measured in an echo experiment with one 180° pulse in the center of the incremented delay for
the H" bulk signal. In all cases, T, values were determined setting the MAS rotation frequency to 20 kHz.
The SH3 domain and the AR fibril sample were prepared in the presence of 75 mm [Cu(edta)],
whereas no metal chelate was added in the OmpG preparations. All relaxation values were determined
setting the effective temperature to 25°C. [b] Relaxation times for OmpG samples containing 30%

crystalline proteins.

In summary, we have shown that
perdeuteration and partial back-
substitution of exchangeable pro-

protons at exchangeable sites were determined in the absence of [Cu(edta)]. As shown previously,"™® tons can be successfully imple-

paramagnetic relaxation enhancement only has an effect on longitudinal relaxation, but leaves
transversal relaxation and line width unaffected. [c] Relaxation times for AB™ and a-spectrin SH3 refer
to a sample containing 25% protons at exchangeable sites. These samples were fibrillized in the

presence of 75 mm [Cu(edta)].

order of (101 +31) and (534 23) Hz for 'H and "N, respec-
tively. We do not find large differences in resolution for
OmpG samples reconstituted in deuterated versus protonated
lipids. For comparison, the linewidths of a microcrystalline
preparation of the a-spectrin SH3 domain are on the order of
25 and 15 Hz for 'H and "N, respectively.[*”! The experimental
homogeneous linewidths for OmpG are on the order of 30 Hz
for both 'H and N (Table 1). Under these circumstances, H/
N dipolar-based magnetization transfers perform significantly
better than scalar-based schemes. However, a smaller homo-
geneous linewidth (with respect to the experimental one)
indicates some degree of conformational heterogeneity.
Taking into account that the proton density is comparable
to the SH3 preparation, we assume that the difference
between the homogeneous linewidths for OmpG and SH3 is
due to dynamics. The residual 'H/"*N linewidth in the case of
OmpG is thus determined by a slow uniaxial rotation in the
lipid bilayer. In this case, a rotational correlation time on the
microsecond timescale might be expected.[*#]

Similar to the situation for OmpG, we find for AR that
the echo 7, transversal relaxation times are systematically
longer than what would be expected from the observed
linewidth (Table 1). Sample heterogeneity accounts for the
greater part of this discrepancy. Interestingly, the apparent
resolution in the heteronuclear dimension such as *CO and
5N seems better than that achieved in the 'H dimension
(Supporting Information Figure S3). This finding might be
due to the large gyromagnetic ratio of protons and the fact
that protons sense structural heterogeneity with greater
sensitivity. Furthermore, echo 7, times are reduced in
comparison to the relaxation times measured for the a-
spectrin SH3 domain. As the spin density for the two samples
is comparable, we assume that dynamic processes can in part
account for the lower 7), relaxation times. We do not find any
differential relaxation for the spin states "N-Ha and “N-HpB
in AB'™ fibrils at 20°C (Supporting Information, Figure S5).
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mented for the investigation of
membrane proteins and amyloid
fibrils in the solid state. The labeling
scheme presented provides high
sensitivity and enables proton
detection and correlation experi-
ments involving 'H, N, and "*C resonances. The inclusion
of proton chemical shifts yields more reliable assignments for
protein backbone resonances and enables the application of a
large suite of experiments for characterization of structure
and dynamics for a large range of pharmacologically impor-
tant proteins.
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