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Abstract X-ray diffraction and nuclear magnetic reso-

nance spectroscopy (NMR) are the staple methods for

revealing atomic structures of proteins. Since crystals of

biomolecular assemblies and membrane proteins often

diffract weakly and such large systems encroach upon the

molecular tumbling limit of solution NMR, new methods

are essential to extend structures of such systems to high

resolution. Here we present a method that incorporates

solid-state NMR restraints alongside of X-ray reflections to

the conventional model building and refinement steps of

structure calculations. Using the 3.7 Å crystal structure of

the integral membrane protein complex DsbB-DsbA as a

test case yielded a significantly improved backbone preci-

sion of 0.92 Å in the transmembrane region, a 58%

enhancement from using X-ray reflections alone. Further-

more, addition of solid-state NMR restraints greatly

improved the overall quality of the structure by promoting

22% of DsbB transmembrane residues into the most

favored regions of Ramachandran space in comparison to

the crystal structure. This method is widely applicable to

any protein system where X-ray data are available, and is

particularly useful for the study of weakly diffracting

crystals.
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Membrane proteins play a crucial role in most biological

processes, such as immune recognition, signal and energy

transduction and ion conduction. Thus, the study of

membrane protein structure–function relationships and

mechanistic features promises new frontiers in our under-

standing of these fundamental processes and in the

medicinal therapies designed to mediate or thwart their

pathologies (White 2009). However, only about 10% of the

estimated 1,700 membrane protein structure families have

been elucidated. A striking number of these structures

exhibit relatively low-resolution (*3–4 Å) due to the

challenges of solubilizing and crystallizing hydrophobic

membrane proteins. Occasionally, hydrophilic and soluble

partners or antibodies have facilitated the crystallization of

membrane proteins (Inaba et al. 2006, 2009; Li et al. 2010;

Malojčić et al. 2008). Solution NMR has had several key

successes in solving membrane protein structures (Bayrh-

uber et al. 2008; Gautier et al. 2010; Hiller et al. 2008; Van

Horn et al. 2009; Zhou et al. 2008), but the challenge of

long global rotational correlation times ([50 ns) of deter-

gent-solubilized membrane proteins still exists. Solid-state

NMR (SSNMR) has proven to be a powerful technique that

is uniquely suited to studying the mechanisms of mem-

brane proteins in a lipid-bilayer-mimicking environment

(Cady et al. 2010; Hu et al. 2010; Mahalakshmi and

Marassi 2008; Sharma et al. 2010; Verardi et al. 2011).

Many magic-angle-spinning (MAS) SSNMR techniques
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have been developed to elucidate both structure and

dynamics of membrane proteins (McDermott 2009).

SSNMR does not rely upon crystallized samples; mem-

brane protein samples, prepared by removing excess

detergent, retain native lipids and hydrophobic cofactors

(Tang et al. 2011), enabling high-resolution despite a lack

of long range order. For soluble proteins, joint calculations

of X-ray and solution NMR data have already produced

structures of commensurate quality to those structures

produced from either method alone (Chen and Clore 2000;

Koharudin et al. 2009; Liu et al. 2009; Matei et al. 2008;

Schwieters and Clore 2007; Shaanan et al. 1992). Recently,

small angle X-ray scattering data combined with solution

or solid-state NMR restraints have been used to refine

multi-domain proteins (Gabel et al. 2008; Grishaev et al.

2005, 2008a, b; Jehle et al. 2010; Nieuwkoop and Rienstra

2010; Schwieters et al. 2010; Wang et al. 2009), and new

methods combining solution and solid-state NMR for

protein structure determination have been developed (Shi

et al. 2009; Traaseth et al. 2009; Verardi et al. 2011).

Nevertheless, the overall structural quality is limited by the

resolution of the X-ray diffraction data, which is often

suboptimal for membrane proteins. Therefore, combining

the data obtained from low- and medium-resolution crys-

tals with SSNMR derived high-resolution restraints should

vastly improve the quality of membrane protein and

membrane protein complex structures. This cooperative

method holds enormous potential to determine membrane

protein structures to super resolution, a term indicating that

the accuracy of the protein structure exceeds the resolution

of its X-ray reflections. This method is similar in principle

to the recently demonstrated re-refinement of large protein

complexes using restraints drawn from homology models

(Schroder et al. 2010). However, too few high quality

membrane protein structures exist to warrant the routine

application of this latter method to membrane proteins.

The 41 kDa membrane protein system DsbB-DsbA is

the disulfide bond generating system in E. coli, which

consists of the integral membrane protein DsbB (20 kDa)

and the periplasmic protein DsbA (21 kDa). DsbA is

responsible for forming disulfide bonds in substrate pro-

teins in the periplasm of E. coli, while DsbB is responsible

for reoxidizing DsbA and transferring the electrons to

ubiquinone to continue the enzymatic cycle (Ito and Inaba

2008). DsbB has four transmembrane helices consisting of

mainly hydrophobic residues, which makes it very difficult

to crystallize DsbB by itself. Recently, single crystals of

DsbB mutants have been successfully prepared when

crystallized with its enzymatic partner DsbA. The resolu-

tion of the crystal structure is 3.7 Å for DsbB(C130S)-

DsbA(C33A) (Inaba et al. 2006). Comprehensive 3D and

4D SSNMR experiments have been performed for de novo

chemical shift assignments of DsbB (Li et al. 2008) and

DsbA (Sperling et al. 2010), and thus atomic-resolution

NMR restraints can be used to improve the structure model

of this complex. Here we present a method of joint struc-

ture calculation of the DsbB-DsbA complex from X-ray

reflections and SSNMR restraints, in which the overall

backbone precision is improved by 39% over using X-ray

reflections alone (1.03 Å vs. 1.70 Å).

It has been demonstrated that accurate backbone

chemical shift assignments based on high-resolution mul-

tidimensional SSNMR spectroscopy can provide accurate

information on protein backbone dihedral angles (Sperling

et al. 2010). Hence, we obtained empirical dihedral angle

restraints from the improved version of the Torsion Angle

Likeliness Obtained from Shift and Sequence Similarity

(TALOS?) (Shen et al. 2009) program using SSNMR

assignments of most amino acids in the DsbB transmem-

brane helices (Li et al. 2008) and DsbA (Sperling et al.

2010). The backbone dihedral angles, / and w, were pre-

dicted by using the chemical shifts of 15N, 13C0, 13Ca and
13Cb of DsbB and DsbA in TALOS?. Good predictions

(where 10 out of 10 of the best database matches fall in a

consistent region in Ramachandran space) yielded 398 /
and w dihedral angle restraints. The average uncertainty of

the dihedral angles is ±10.9�, indicating the well-defined

backbone structures of DsbB and DsbA.

In addition, we employed the strategy of selective

labeling, in which [2-13C] glycerol or [1,3-13C] glycerol is

used as the carbon source during protein expression (Cas-

tellani et al. 2002), to acquire two-dimensional (2D)
13C–13C correlation experiments (Figure S1 of Supporting

Information). The labeling scheme yields [2-13C-glyc-

erol,15N]DsbB(C41S) (2-DsbB) with mainly 13C labels at

Ca atoms and [1,3-13C-glycerol,15N]DsbB(C41S) (1,3-

DsbB) with 13C labels at carbonyl and methylene/methyl

atoms, which greatly reduces the degeneracy of the cross-

peaks and eliminates or reduces the J-couplings between

directly bonded 13C labels. 811 distance restraints were

extracted from the spectra (136 unambiguous and 675

ambiguous distances). We employed the probabilistic

assignment algorithm for automated structure determina-

tion (PASD) (Kuszewski et al. 2004) algorithm in XPLOR-

NIH to obtain the ambiguous distance restraints.

A simulated annealing protocol was then used to

determine the structure of DsbB(C130S)-DsbA(C33A)

using Xplor-NIH (Schwieters et al. 2003). The restraints

from the experimental data included backbone dihedral

angles extracted from SSNMR chemical shifts using TA-

LOS? for both DsbB and DsbA, distance restraints from
13C–13C correlation experiments for DsbB and X-ray

reflections obtained from the RCSB Protein Databank

(PDB code 2HI7 or 2ZUP. These crystal structures were

determined using very similar X-ray data) (Inaba et al.

2006, 2009). The commonly used potential terms of bonds,
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angles, improper torsions, van der Waals, hydrogen bonds,

distances from 13C to 13C correlation experiments and

dihedral angles (TALOS? restraints) were included along

with the explicit energy term for direct refinement against

crystallographic structure factors (X-ray reflections).

Table 1 shows the statistical comparison, based on the 10

lowest-energy structures out of 200 calculated, of the same

joint-calculation protocol performed with X-ray reflections

alone and with both restraints together. Further validations

of calculated structures and R factors are summarized in

Table S1 of Supporting Information. The average rms

deviation of backbone atoms (bbRMSD) from their mean

positions was improved from 1.70 Å (X-ray reflections

only) to 1.03 Å (X-ray reflections and SSNMR restraints).

In the transmembrane helices of DsbB, where most NMR

restraints of DsbB are located, bbRMSD improvement is

approximately 58% over the X-ray data alone (0.92 Å vs.

2.20 Å). The improvement in precision is evident in Fig. 1,

which shows overlays of the 10 lowest energy structures

calculated with and without SSNMR restraints in panels a

and b, respectively (both sets of structures include X-ray

restraints).

Furthermore, PROCHECK (Laskowski et al. 1993)

validation of standard protein geometry for the calculated

structure showed that the addition of SSNMR restraints

promoted approximately 22% of DsbB transmembrane

residues into most favored regions of Ramachandran space.

The Ca coordinates of the structures calculated with dis-

tance restraints and X-ray reflections (data not shown) have

a RMSD of 2.12 Å to the crystal structure, while adding

dihedral angle restraints to the calculation improves the

reference RMSD to 1.71 Å, indicating that the jointly

calculated structure is indeed more accurate. The sample

conditions for different techniques can be a contributing

factor to structural differences. Therefore, we compared the

de novo SSNMR chemical shifts of DsbB in native lipids

with solution NMR chemical shifts of DsbB in detergent

micelles. Figure 2 illustrates the similarities of most resi-

dues in transmembrane helices. A few outliers like L17,

L43, G61, A62, L146, V160, V161 are close to the mem-

brane surface, which may interact differently with deter-

gents and lipids. Subtle structural differences are observed

by comparing the solution structure with X-ray and jointly-

calculated structures (solution vs. X-ray: 1.65 Å and

solution vs. jointly-calculated: 1.64 Å just in the trans-

membrane helices).

In order to be certain that NMR restraints obtained from

DsbB and DsbA alone are relevant to the mutants in the

complex, 2D 13C-13C correlation spectra have been

acquired on [U-13C, 15N]DsbB(C41S) (U-DsbB), [U-13C,
15N]DsbB in a covalent complex with natural abundance

DsbA(C33S) (U-DsbB/DsbA), [U-13C, 15N]DsbA (U-

DsbA), and natural abundance DsbB in a covalent complex

with [U-13C, 15N]DsbA(C33S) (DsbB/U-DsbA) to compare

the chemical shifts. Figure 3 shows the expansions of 2D
13C–13C correlation spectra of these four samples, respec-

tively. The spectra show crosspeaks between Ca and Cb,

Cc and Cd sidechains for the majority of protein residues,

which are the most sensitive to the secondary structure

changes. The U-DsbB and U-DsbB/DsbA exhibit mostly

the same crosspeaks representing the same chemical

environments, except one residue T103 appearing in

U-DsbB/DsbA. This residue, T103, is close to C104, which

is covalently bonded to C30 in DsbA and thus experiences

Table 1 Statistics of the joint calculation by SSNMR and X-ray for

DsbB-DsbA

Datasets DsbB-DsbA

X-ray X-ray ?

SSNMR

NMR restraints

Distance restraints

Unambiguous NOE – 136

Ambiguous NOE – 675

Dihedral angle restraints

/, w – 398

X-ray data

Resolution (Å) 3.7 3.7

No. reflections 10,159 10,159

Structure statistics

Violations (mean and SD)

Distance restraints (Å) – 0.121 (0.003)

Dihedral angle restraints (�) – 0.294 (0.048)

Deviations from idealized geometry

Bond lengths (Å) 0.007 (0.001) 0.007 (0.001)

Bond angles (�) 0.801 (0.018) 0.867 (0.012)

Impropers (�) 0.554 (0.020) 0.632 (0.016)

Average rms deviationa (Å)

Overall backbone 1.70 1.03

All heavy 2.38 1.71

DsbB transmembrane backboneb 2.20 0.92

Ramachandran space analysisc (%)

Most favored 72.0 94.0

Additionally allowed 24.0 2.0

Generously allowed 4.0 4.0

Disallowed 0.0 0.0

Numbers in parentheses represent the uncertainties
a Average rms deviation was calculated among 10 lowest-energy

structures out of 200
b The transmembrane helices consist of residues 17–30, 43–60,

72–85, 146–161
c Performed in PROCHECK (Laskowski et al. 1993) for the crystal

structure or one jointly-calculated structure in DsbB transmembrane

regions
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very different dynamics between the U-DsbB sample,

where this loop is very mobile, and the U-DsbB/DsbA

sample, where this loop is more spatially confined. As for

DsbA, no significant differences were observed between

2D 13C–13C spectra of U-DsbA and DsbB/U-DsbA

(Fig. 3c, d). Therefore, using SSNMR restraints collected

from DsbB to DsbA alone in the joint calculation of the

DsbB-DsbA complex is valid.

In summary, we have demonstrated a method for

improving structures of membrane proteins by joint struc-

ture calculations including X-ray reflections and SSNMR

restraints for the DsbB(C130S)-DsbA(C33A) membrane

protein complex. This method can be generally applied to

larger membrane proteins and membrane protein com-

plexes, where X-ray crystallography or NMR spectroscopy

alone cannot provide high-resolution structures. By

Fig. 1 Overlay of 10 lowest-

energy structures of DsbB-

DsbA, calculated against

(a) only X-ray reflections and

(b) X-ray reflections and

SSNMR restraints. The colors
represent the secondary

structure elements (magenta: a-

helix, cyan and white: coil and

turn, yellow: b-strand). The grey
band indicates the membrane.

The bbRMSD of the

transmembrane regions has

improved 58% with the joint

calculation

Fig. 2 Comparison of chemical

shifts of DsbB in solution

(C44S, C104S) (Zhou et al.

2008) and in solid state (C41S).

a 13CO chemical shifts,

RMSD = 0.56 ppm; b 13Ca
chemical shifts,

RMSD = 0.70 ppm; c 13Cb
chemical shifts,

RMSD = 0.95 ppm; d 15N

chemical shifts,

RMSD = 1.30 ppm. Outliers

are marked
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combining the strengths of X-ray crystallography for

framing the protein fold and SSNMR for the ability to

define the local structure at atomic-resolution, this protocol

of joint structure determination can address the challenges

in solving structures of membrane proteins to atomic res-

olution. SSNMR can also provide additional information

on the cofactors in the active site of membrane proteins

(Tang et al. 2011). Taking advantage of versatile sample

conditions in membrane proteins, SSNMR can potentially

be used to examine various mutants representing the dif-

ferent stages in the electron transfer pathway of disulfide

bond formation. Moreover, Xplor-NIH allows additional

restraints to be incorporated conveniently in the protocol,

beyond those used in this study. For instance, 1H-1H dis-

tances from proton detection of perdeuterated proteins

(Zhou et al. 2007) and conformation-sensitive chemical

shift anisotropies (Harper et al. 2006; Wylie et al. 2009)

could be possible restraints. Selectively labeled proteins

within membrane protein complexes or their cofactors will

provide site-specific distance restraints for achieving high

resolution of protein–protein interfaces and binding sites.

New methods under development, such as dynamic nuclear

polarization (Maly et al. 2008) and paramagnetic relaxation

enhancement (Wickramasinghe et al. 2009), have great

potential to significantly improve the sensitivity of mem-

brane protein samples for SSNMR data collection (10–20

times compared to current experimental conditions). We

expect a rapid acceleration in SSNMR data collection in

the near future. These technologies will further facilitate

this joint structure elucidation method for large membrane

proteins and protein complexes.

Accession codes Atomic coordinates and structural con-

straints have been deposited in the PDB with ID code

2LEG, and NMR data have been deposited in BioMa-

gResBank with access code 17710.
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