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CONS P EC TU S

S olid-state NMR (SSNMR) spectroscopy has become an important technique for studying the biophysics and structure biology
of proteins. This technique is especially useful for insoluble membrane proteins and amyloid fibrils, which are essential for

biological functions and are associated with human diseases. In the past few years, as major contributors to the rapidly advancing
discipline of biological SSNMR, we have developed a family of methods for high-resolution structure determination of
microcrystalline, fibrous, and membrane proteins. Key developments include order-of-magnitude improvements in sensitivity,
resolution, instrument stability, and sample longevity under data collection conditions. These technical advances now enable us to
apply new types of 3D and 4D experiments to collect atomic-resolution structural restraints in a site-resolved manner, such as
vector angles, chemical shift tensors, and internuclear distances, throughout large proteins.

In this Account, we present the technological advances in SSNMR approaches towards protein structure determination. We also
describe the application of those methods for large membrane proteins and amyloid fibrils. Particularly, the SSNMR
measurements of an integral membrane protein DsbB support the formation of a charge-transfer complex between DsbB and
ubiquinone during the disulfide bond transfer pathways. The high-resolution structure of the DsbA�DsbB complex demonstrates
that the joint calculation of X-ray and SSNMR restraints for membrane proteins with low-resolution crystal structure is generally
applicable. The SSNMR investigations of r-synuclein fibrils from both wild type and familial mutants reveal that the structured
regions of r-synuclein fibrils include the early-onset Parkinson's disease mutation sites. These results pave the way to
understanding the mechanism of fibrillation in Parkinson's disease.

Introduction
Emerging magic-angle spinning (MAS) solid-state NMR

(SSNMR) methods provide a new and innovative approach

to address the protein structure determination problem.

SSNMR allows for a wide variety of sample preparations

to be utilized in order to study protein structures. Over the

past decade, biomolecular SSNMR has progressed signifi-

cantly from studying small peptides to solving high-resolu-

tion structures of large protein aggregates. A major push of

our research focus over the past few years has been to

develop methodologies enabling SSNMR structures to be

fully determined with a sufficient quality and quantity of

restraints to result in unique structures that are consistent

with all experimental data and define the position of all

heavy atoms to <1ÅRMSD. Herewe review the technology

development of SSNMR MAS techniques as well as the

application for the assignment and structure determination

of membrane proteins and amyloid fibrils.

Technology Development
A major distinguishing characteristic of our work is the

emphasis upon 3D recoupling experiments to obtain highly

precise andaccurate structural parameters in a site-resolved

fashion throughout entire proteins. For example, our 3D
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methods for measuring vector angles via correlated dipolar

evolution yield angular restraints of a few degrees precision

(Figure 1B).1 Chemical shift anisotropy (CSA)-recoupling meth-

odsprovidesite-resolved tensorparameters (Figure1C), related

directly to high-resolution backbone structure.2 We have de-

veloped SSNMR methods to enhance the sensitivity and

resolution by 4D SSNMR,3 and to obtain structural restra-

ints such as internuclear distances,4 vector angles (VEAN),1,4

chemical shift tensors (CST),2,5�8 and TEDOR heteronuclear

distances.9 Together with these techniques, we have solved

the highest resolution structure of the B1 Ig binding domain of

protein G (GB1) so far determined by SSNMR4 and further

refined it to a resolutionof better than0.2ÅRMSD (Figure1D),8

which compares favorably to 1 Å crystal structures. These

capabilities pave the way for the structure determination of

more difficult membrane proteins and amyloid fibrils.
1H-Detection SSNMR by Fast MAS.We have made major

advances in optimizing both the hardware and software

required for executing 1H-detection methods for membrane

proteins and amyloid fibrils. We have developed FastMAS

probe technology10�13 and a suite of 1H-dectection pulse

sequences,14 extending the range of proteins amenable

to such methods. These techniques not only provide higher

resolution 1H spectra, but also enable the examination of

proteinswithmuchsmallervolumeMASrotors (8μL, Figure2A).

Thus, we have achieved significant sensitivity enhancement

(∼20-fold, or 400 times faster in terms of time)11 through 1H-

detection experiments, using our FastMAS probe in combina-

tionwithnewsolvent suppressionpulse sequences10 and triply

(2H,13C,15N) labeled protein samples. With the high spectral

resolution and sensitivity from the fast MAS conditions at

750 MHz, we acquired semiquantitative 1H�1H distance re-

straints in a series of 3D experiments, and together these data

were used (with TALOS15) to generate the first complete

structure of a solid protein determined with 1H-detected dis-

tances. The combination of spin dilution, high field (750 MHz),

fast MAS (39 kHz), and triple resonance experiments enabled

hundredsof 15N- and 13C-resolved 1H�1Hdistance restraints to

FIGURE 1. High-resolution SSNMR structure of GB1. (A) 2D 13C�13C correlation spectra of 1,3-13C-glycerol labeled GB1.4 Peak intensities are
interpreted semiempirically in terms of internuclear distances. (B) Dipolar line shapes from 3D dipolar-shift correlation spectra of GB1, used to derive
VEAN restraints.4 Experimental HN-HACA line shapes (blue) were fit to simulations of the spin dynamics (red), as a function of the relative orientation
of the two 1H-X dipole vectors. (C) Dipolar:CST correlation spectra for both 13CR and 15N sites of GB1.8 Experimental spectra are presented in black,
with simulations in red. Ratios provided are the ratio of dipolar to CST evolution. (D) The 10 lowest-energy structures of GB1 calculated using all CST
information, vector angles, TALOS dihedrals, and all distances.8 The backbone RMSD is 0.16 Å, and all heavy atom RMSD is 0.72 Å. Adapted with
permission from refs 4 and 8. Copyright 2007 National Academy of Sciences.

FIGURE 2. 1H-detected SSNMR spectroscopy of deuterated proteins. (A) 1.6 mm SSNMR rotor which can contain ∼5 mg of material and spin up to
40 kHz MAS. (B) 15N�1H 2D spectra of deuterated proteins: GB1, DsbA, membrane protein DsbB, and R-synuclein (AS) fibrils.13,14 Adapted with
permission from refs 13 and 14. Copyright 2007 John Wiley & Sons, Inc. and 2011 Springer Science þ Business Media, respectively.
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be obtained, which were integrated into the structure cal-

culation.13 So far, we have applied the 1H-detection methods

toavarietyofdeuteratedprotein samples, suchasmicrocrystal-

line GB1, microcrystalline DsbA, membrane protein DsbB, and

R-synuclein (AS) fibrils (Figure 2B).14

Membrane Proteins
Atomic-resolution structures of proteins advance our under-

standing of fundamental biological processes behind patho-

genesis and provide a basis for rational design of therap-

eutics. Membrane proteins (MP) are especially important

targets for structure elucidation, because they carry out

many essential biological functions and thereby are tar-

geted by ∼60% of drugs.16 However, MPs are extraordina-

rily difficult to study in vitro.17�23 Interrogating the structure

of MPs hinges on the ability to identify optimal conditions for

expression, purification, crystallization, and/or solubilization for

NMR. Relatively few MP structures have been determined,18

and often the structures have moderate-to-low resolution

(∼2.5�4.0 Å) and/or missing or disordered portions, such as

active site prosthetic groups. There are (November 2012) 371

unique MP structures in the PDB (http://blanco.biomol.uci.edu/

mpstruc/listAll/list). Many hundreds of additional MPs can be

expressed and purified, but do not diffract with sufficient quality

to solveatomic-resolution structures. SuchMPs, accumulatingat

this bottleneck in the structure determination pipeline, are

potentially suitable fornewand improvedNMRmethodologies.

SSNMRmethods canbeapplied in caseswhere sample lifetimes

are too short, particle sizes toogreat, and/ormultiple time scales

of motion exist that cause broadening of the solution NMR

spectra at typical data collection conditions.

The membrane proteins that we are interested in are

integral membrane proteins: DsbB and cytochrome bo3
(cyt bo3). DsbB (20 kDa) is responsible to reoxidize the

periplasmic protein DsbA (21 kDa) to form a disulfide bond

generation and transfer pathway that catalyzes protein

folding in E. coli periplasm.24,25 Although DsbA/DsbB is not

found in humans, its presence and role in the folding of

virulence factors in several pathogenic bacteria make these

proteins a potential target for therapeutics.26,27 Cyt bo3 is an

FIGURE 3. DsbB�UQ-8 interactions.32 (A) 13C�13C DQ spectra of U�13C, 15N-DsbB(C41S). Blue contours represent one-bond correlations, and red
contours represent two-bond correlations with the opposite sign. UQ-8 structure with highlights of one-bond (blue lines) and two-bond (red arrows)
correlations observed in DQ experiments. (B) UV�vis spectra of DsbB(C41S) from pH 5.5 to 7.9. C44 pKa is 6.6 by data fitting. (C) UQ resonances in the
13C�13C 2D correlation spectra of reversely labeled-DsbB(C41S) samples at pH 5.5 and 8.0. (D) Schematic representations of DsbB C44 and UQ
complexat pH5.5 (left) andpH8.0 (right). Atomsare color-coded: carbons (cyan), oxygens (red), sulfurs (yellow), hydrogen (white), andnitrogens (blue).
Dashed lines indicate the interactions between thiolate/thiol and UQ carbonyl groups. Adapted with permission from ref 32. Copyright 2011
American Chemical Society.
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integral MP that is the major terminal oxidase in the E. coli

respiratory chain. The enzyme catalyzes the oxidation of

ubiquinol and reduction of oxygen to water, and pumps

protons across the membrane to generate a proton motive

force. Cyt bo3 has a molecular weight of 144 kDa, contains

four subunits and 23 transmembrane helices, and is a

member of the heme/copper oxidase superfamily.28,29

DsbB and cyt bo3 share the same cofactor, ubiquinone

(UQ-8), and thus, the structural studies of the ubiquinone

binding sites of DsbB and cytochrome bo3 provide insights

into the redox states and interactions of ubiquinone with

these MPs.
Improvement of Sensitivity and Resolution in SSNMR

Spectra of Membrane Proteins. We have established pro-

tocols for a variety of isotopic labeling methods in the

context of our MP targets: uniform 13C 15N; checkerboard

with 1,3-13C-glycerol or 2-13C-glycerol; “reverse” labeling to

omit certain amino acids; amino-acid specific labeling with

and without the use of E. coli auxotrophs; and adaptation of

themethod of Marley et al.30 where cell pregrowth occurs in

rich medium and then cells are resuspended at 4� concen-

tration in labeling medium to increase expression yields. In

addition, we have engineered a complete set of E. coli C43

(DE3) auxotrophs for amino acid specific labeling of MPs,31

as well as specific labeling of ubiquinone, a cofactor for both

bo3 oxidase and DsbB. We increased purity of DsbB using

one-column affinity purification from <70% to >90% purity

by centrifugation and dialysis. Contaminating protein and

lipids are removed, leaving still-soluble DsbB in the super-

natant. We can precisely and reproducibly remove deter-

gent from these preparations using methyl-β-cyclodextrin,

which binds dodecylmaltoside (and other detergents) at a

1:1 ratio. After detergent removal, our samples of DsbB

and cyt bo3 retain 25�50 mol of phospholipid per mole of

protein, and both UV�vis and SSNMR spectra are consistent

with the protein in its native conformation.32 We determine

cyt bo3 activity before and after NMR, by the method of Ma

et al.,33 and assess quinone content by the HPLC method of

Rumbley et al.34 The SSNMR preparations are highly similar

to those used for FTIR and EPR studies by Gennis. For DsbB,

not all preparations exhibit turnover or electron transfer to

theUQ-8. For instance, thewild-type (WT)DsbB preparations

are active, and mutants trapping kinetic intermediates ex-

hibit prominent∼500 nm absorbance (Figure 3B) consistent

with those studied by the Bardwell lab and others;35

we follow this charge-transfer band as an indication of

the proper folding, assembly, and coordination of the

active site.

Assignment and Interpretationof Specific Sites of Func-

tional Interest. Our high-quality MP samples have allowed

us to complete many site-specific chemical shift assign-

ments. For example, the majority of the transmembrane

helical portions of DsbB (20 kDa) have been assigned using

3D experiments on uniformly labeled samples.36,37 We

have observed unique patterns of cross-peaks between

methyl and aromatic groups in several 2D DARR spectra of

DsbB, attributed to the UQ. Two dimensional double-quan-

tum (DQ) experiments were performed to isolate specific

one-bond and two-bond correlations (Figure 3A). This is

especially interesting, since it is often the case that in either

X-ray crystallographic or solution NMR structural studies of

DsbB that a UQ binding site is empty or only partially

occupied, or is reconstituted with a more hydrophilic UQ-2.

In contrast, the SSNMR sample preparation requires no such

reconstitution providing endogenous information about the

UQ-8 (Figure 3A) in its natural binding site. Through our

studies of UQ-8 in DsbB, we have observed a distinctive

chemical shift change stemming from the UQ-8 carbonyls

when lowering the pH from 8.0 to 5.5 (Figure 3C). The

chemical shift change is consistent with the protonation

of the DsbB-C44 thiolate below pH 6.8 and thus provides

direct evidence of the charge-transfer complex formation

(Figure 3D).32 We have also optimized chemical shift assign-

ment strategies using DsbB's soluble protein partner DsbA in

nanocrystalline preparations.38 Greater than 90% of the

backbone resonances have been assigned with optimized

isotopic labeling strategies and 3D/4D spectroscopy opti-

mized for resolution and sensitivity.39 We also have
15N�13C correlation experiments on specific amino acid

labeled cyt bo3 samples,31whichwill lead toward the assign-

ment of the 288YILIL segment near the reaction center in

cyt bo3.

High Resolution Structure of a Membrane Protein. We

employed sparse isotopic labeling with 2-13C- or 1,3-13-

C-glycerol40 to obtain distance restraints from 2D 13C�13-

C correlation experiments. The labeling scheme yields

[2-13C-glycerol,15N]DsbB (2-DsbB) with mainly CR atoms
13C labeled and [1,3-13C-glycerol,15N]DsbB (1,3-DsbB) with

CO andmethylene/methyl atoms 13C labeled, which greatly

reduces the degeneracy of the cross-peaks and avoids the

J-couplings between directly bonded 13C labels. We were

able to extract long-range distance restraints, including

some unambiguous and many ambiguous long-range dis-

tance restraints. Combining the SSNMR restraints of 13C�13C

distances and dihedral angles with X-ray reflections ob-

tained from the protein data bank, we performed joint
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refinement of the DsbA-DsbB structure using XPLOR-NIH

simulated annealing.41 The commonly used potential terms

of bonds, angles, improper torsions, van der Waals, hydro-

gen bonds, NOEs (13C�13C distances), and dihedral angles

(TALOSþ restraints) were included along with a specific

potential term for direct refinement against crystallographic

structure factors. So far, the overall bbRMSD was improved

from 1.63 Å (X-ray) to 1.02 Å (X-ray and SSNMR data).42 In

the TMhelices ofDsbB, bbRMSD improvement is∼50%over

the X-ray data alone (Figure 4), due to the fact that isotropic

N, CA, and CB chemical shift information provides good

helical restraints. This method is suitable for large MP

systems, in which X-ray crystallography or NMR cannot

provide high-resolution structures alone.

Amyloid Fibrils
Parkinson's disease (PD) is the second most common neu-

rodegenerative disease and one of the 15 most common

causes of death in the United States.43 PD is pathologically

characterized by the presence of Lewy bodies (LB), aggre-

gates found in the dopaminergic neurons during patients

autopsy.44 In 1997, Spillantini et al. discovered that themain

component of LB is fibrillar R�synuclein (AS).45 Subsequent

studies demonstrated that AS in unstructured in solution46

and it binds to anionic phospholipidswith anR-helical second-
ary structure.47 While most cases of PD are sporadic, three

distinct mutations (A30P, E46K, A53T) in the AS gene48�50

have been identified in familial early onset PD. Although all

these findings implicate AS misfolding in PD and have moti-

vate numerous investigations to understand the fibrils forma-

tion, up to now no high resolution structure has yet been

published. MAS SSNMR spectroscopy provides high-resolution

structural information of amyloidogenic fibrils, which are not

accessible by traditional biophysical methods of solution NMR

and X-ray diffraction.

Assignment and Secondary Structure of AS Fibrils. Due

to the significant biomedical relevance of AS fibrils and

complexity for its structural study, the solid-state NMR

community has been extensively studied them.51�55 Our

early investigations focused on the expression, purification

(Figure 5A), and fibril preparation by carefully controlling the

incubation conditions and demonstrating reproducible sam-

ple preparation.56 This was an essential prerequisite for

using different labeling schemes and investigating the struc-

tural perturbation by mutation or in the presence of lipids.

Since our initial studies, significant improvement in the

spectral resolution and sensitivity was accomplished by

modificationof the sample hydration. Our first sampleswere

prepared by ultracentrifuging the mature fibrils, removing

the supernatant and packing the hydrated pellet in the

SSNMR rotor. This sample preparation led to lower intensity

in the cross-polarization (CP)-based 13C spectra than expected

for a 14 kDa protein (CP enhancement factor of ∼0.7). By

lowering the temperature, significant CP enhancement was

obtained, which approximated the low order parameters

behavior from 1H�13C dipolar dephasing curves acquired

with the R181
7 sequence (Figure 5B).57 These results were

attributed to the freezing of the mother liquor. Although

increased spectral intensity made possible assignment

of ∼48% of all 13C and 15N resonances between residues

38 and 96, further assignment progress was significantly

challenging,52,58 evenwith theuseof 4Dheteronuclear experi-

ments.15 Further sensitivity enhancement was accomplished

by drying the fibrils and attributed to the increase in sample

rigidity (CP enhancement factor of∼2.0) and to the amount of

fibrils packed in the SSNMR rotor, aswater previously occupied

a substantial part of it. Almost identical chemical shifts were

obtainedwhen compared to the hydrated samples (Figure 5C),

suggesting no perturbations in the fibril structure.59 Our recent

progress has demonstrated that drying and rehydrating the

fibrils leads to optimal spectral sensitivity and resolution.54 By

combining optimized sample preparation with sparse isotopic

labeling schemes, and state-of the art SSNMR experiments, we

have detected additional residues and obtained comprehen-

sive chemical shift assignments for the backbone and side

chain resonances of the fibril core (∼91% of all resonances

between residues 38 and 97).54 These results demonstrated

that the core of the fibrils extends with a repeated second-

ary structure motif (Figure 5E). A systematic conformational

FIGURE 4. High-resolution structure of DsbB-DsbA.42 Overlay of 10
lowest-energy structures ofDsbB-DsbA, calculatedagainst (A) onlyX-ray
reflections and (B) X-ray reflections and SSNMR restraints. The colors
represent the secondary structure elements (magenta:R-helix, cyan and
white: coil and turn, yellow: β-strand). The gray band indicates the
membrane. The bbRMSD of the transmembrane regions are labeled.
Adapted with permission from ref 42. Copyright 2011 Springer
Science þ Business Media.
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FIGURE 5. Solid-state NMR reveals site-specific structural and conformational details of the AS fibril structure and its formation. (A) SDS-page analysis
of a representative purification of AS.56 (B) 1H�13C dipolar dephasing curves for AS fibrils at different variable temperatures using the R181

7 pulse
sequence.52 (C) Correlation of chemical shifts between hydrated and dried fibrils.59 (D) Relative peak heights from the cross-peaks of the 3D CANCO
spectrum of U�13C,15N AS fibrils.54 (E) Representation of the secondary structure of AS fibrils.54 Adaptedwith permission from refs 56, 52, 59, and 54.
Copyright 2006 Elsevier Inc., 2007 Springer Science þ Business Media, 2007 American Chemical Society, and 2011 Elsevier Inc., respectively.

FIGURE6. ASmutants andAS-membrane interactions. (A) Spectral comparisonand chemical shift comparisonof theWTand the three early onset PD
mutants.54,63 (B) Transition from R-helix to β-sheet evidenced by the changes in chemical shifts of AS incubated in the presence of phospholipids.
(C) Schematic representation of the proposed mechanism of AS fibril formation in the absence and the presence of phospholipids.64 Adapted with
permission from refs 54 and 64. Copyright 2011 Elsevier Inc. and 2012 American Chemical Society, respectively.
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dynamic study also revealed that some of these residues, not

previously detected, are located inβ-strand regions that impact

the fibril structure. In fact, these results disagree with the

previously proposed fold of AS fibrils obtained with limited

SSNMRdata.60 In addition, they demonstrate that the essential

residues for the fibril formation, described by Giasson et al.,61

arewithin themost stable residues in the fibril state (Figure5D).

AS Mutants and AS�Membrane Interactions. Bax and

co-workers reported differences in the lipid binding modes

of early onset PD AS mutants (A30P, E46K, A53T) and

proposed possible differences in their fibrillation path-

ways.62 In this direction, our structural studies have demon-

strated that the three mutation sites (A30, E46, A53) are

located in structured regions for the WT fibrils.54 In order to

investigate the possible differences, fibrils for the three

single pointmutantswere prepared and their chemical shifts

were de novo assigned. These results demonstrate major

and minor chemical shift perturbations by E46K and A53T,

respectively; while they are practically unaltered by A30P

(Figure 6A).63 In the case of E46K, the perturbations are

spread in the core, while those for A53T are focused near the

mutation site, the 60s and 80s and for A30P only near the

60s. Although these results provide site-specific structural

information of the fibrils from three mutants, further exam-

ination of the AS mutant fibrillogenesis will be required to

understand their role in the disease. To do so, we have

recently captured the transition from R-helical to β-sheet of

WT AS in the presence of phospholipid vesicles (Figure 6B).

We have compared the fibrillations in the presence and

absence of lipids and proposed the differences in their

mechanisms (Figure 6C).64 In addition, our results demon-

strate that the residues described to be essential for the fibril

formation61 are the ones that are initially stabilized in the

presence of lipids.

Concluding Remarks
The advancements in SSNMR methods have provided new

ways to investigate difficult protein targets. Although the

development of SSNMR methods, in particular multidimen-

sional MAS methods, to study large proteins have emerged

only recently (relative to crystallography and solution NMR),

SSNMR technology has advanced considerably in the past

decade and now is ready to tackle major challenges with

respect to protein structure determination. Beyond the

emerging ability of SSNMR to solve complete structures,

there is significant potential in terms of joint refinement

of X-ray reflections and SSNMR restraints. We have ex-

tended these methodologies to situations where low- and

medium-resolutionX-ray data canbe combinedwith SSNMR

derived high-resolution restraints.42 This seems likely to be a

general capability, since high-quality SSNMR spectra can be

collected on nano- ormicrocrystals, as well as noncrystalline

membrane proteins. The structure of DsbB and the structural

changes at the UQ-binding site from SSNMR can provide an

understanding of the chemistry that takes place to facilitate

electron transfer and disulfide bond formation.

Current ongoing efforts toward a high-resolution 3D struc-

ture of AS fibrils include, for example, our recent investigations

involving thiol-ligated paramagnetic spin labels to provide

further restraints of the fibril arrangement. This methodology

has recentlybeendemonstrated tobesuccessful toachieve the

GB1 protein fold.65 We believe that having further high-

resolution structural information of AS fibrils will help in under-

standinghowthe fibrils lead to the formationofLewybodiesor

the possible role of the early onset PD mutants.
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