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SUMMARY

Solid-state NMR spectroscopy does not require pro-
teins to form crystalline or soluble samples and can
thus be applied under a variety of conditions, includ-
ing precipitates, gels, and microcrystals. It has re-
cently been shown that NMR chemical shifts can be
used to determine the structures of the native states
of proteins in solution. By considering the cases of
two proteins, GB1 and SH3, we provide an initial dem-
onstration here that this type of approach can be ex-
tended to the use of solid-state NMR chemical shifts
to obtain protein structures in the solid state without
the need for measuring interatomic distances.

INTRODUCTION

Solid-state nuclear magnetic resonance (SSNMR) spectroscopy

can be applied under a variety of conditions not accessible to

X-ray crystallography and solution NMR (Griffin, 1998; McDer-

mott, 2004; Opella and Marassi, 2004; Hologne et al., 2006; Bal-

dus, 2007; Brown, 2007). In recent years, crucial advances have

enabled the detection of carbon-nitrogen, carbon-carbon, and

proton-proton distances in the solid state, and the first structures

of proteins determined by SSNMR have appeared (Castellani

et al., 2002; Lange et al., 2005; Zech et al., 2005; Zhou et al.,

2007a). SSNMR structure calculations have not yet become rou-

tine, however, due to the experimental, methodological, and

instrumental difficulties involved in obtaining the necessary

spectral resolution and sensitivity required for the measurement

of a sufficient number of unambiguous interatomic distance re-

straints. In an effort to further increase the scope of SSNMR in

structural biology, we provide initial evidence here that it is pos-

sible to use solid-state chemical shifts as the sole source of ex-

perimental information for protein structure calculations, without

the use of interatomic distance restraints.

Although chemical shifts are the most readily and accurately

measurable NMR observables, the development of methods

that use chemical shifts for structure determination has been

challenging because the chemical shift associated with a specific

atom is a summation of many contributing factors (Xu and Case,

2001; Neal et al., 2003; Shen and Bax, 2007). This complex set of

dependencies makes it very difficult to reliably identify interaction

partners from chemical shifts, even though they may be substan-

tially influenced by contacts such as hydrogen bonding and prox-

imity to aromatic rings between residues that are at very different
1764 Structure 16, 1764–1769, December 10, 2008 ª2008 Elsevier L
locations in the protein sequence. Despite these problems, much

progress has been made in the use of structural information pro-

vided by chemical shifts to aid the determination of native-state

conformations of proteins (Williamson and Asakura, 1993; Kus-

zewski et al., 1995; Luginbuhl et al., 1995; Pearson et al., 1995;

Wilton et al., 2008). Recent approaches including CHESHIRE

(Cavalli et al., 2007; Montalvao et al., 2008), CS-Rosetta (Shen

et al., 2008), and CS23D (Wishart et al., 2008) have shown that

backbone chemical shifts measured in solution can be used to

solve protein structures of up to 130 residues representative of

the major structural classes to a resolution of 2 Å or better.

Because there are significant and nonsystematic differences

between chemical shifts measured for molecular systems in

the solid state and in solution (van Rossum et al., 2001, 2003;

Franks et al., 2005; Zhou et al., 2007b), in this work we investi-

gated whether the CHESHIRE protocol is applicable for chemi-

cal shifts measured by SSNMR. We first considered a protein

whose native-state structure is well characterized both in solid-

state and solution environments (Gronenborn et al., 1991; Kus-

zewski et al., 1999; Ulmer et al., 2003; Franks et al., 2006;

Schmidt et al., 2007; Zhou et al., 2007a), the b1 immunoglobulin

binding domain of protein G (GB1). The differences in the GB1

chemical shifts in the solid state and in solution are shown in Fig-

ure 1 (Franks et al., 2005; Zhou et al., 2007a, 2007b). In this work,

we utilized Ca, Cß, Ha, and N chemical shifts measured by

proton-detected magic-angle-spinning SSNMR (MAS-SSNMR)

(Franks et al., 2005; Zhou et al., 2007a, 2007b); in many cases,

the differences in the chemical shifts of these atoms in the solid

state and in solution are larger than the accuracy in the estimates

of the chemical shifts themselves, provided by current prediction

methods (Xu and Case, 2001; Neal et al., 2003; Shen and Bax,

2007). The results that we present indicate that the application

of the CHESHIRE approach to GB1, which was originally devel-

oped for solution NMR data (Cavalli et al., 2007), results in an

accurate structure despite the effects the microcrystalline envi-

ronment has on the chemical shifts.

CHESHIRE, the method used in this investigation, consists of

a three-phase computational procedure (Cavalli et al., 2007). In

the first phase, the chemical shifts and the intrinsic secondary

structure propensities of amino acid triplets are used to predict

the secondary structure of the protein. In the second phase,

the secondary structure predictions and the chemical shifts are

used to predict backbone torsion angles for the protein. These

angles are screened against a database to create a library of trial

conformations of three and nine residue fragments spanning the

sequence of the protein. In the third phase, a molecular fragment

replacement strategy is used to bring together these fragments

into low-resolution structural models; the information provided
td All rights reserved
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by chemical shifts is used in this phase to guide the assembly of

the fragments. The resulting structures are refined with a hybrid

molecular dynamics and Monte Carlo conformational search us-

ing a scoring function defined by the agreement between the ex-

perimental and calculated chemical shifts and the energy of

a molecular mechanics force field, ensuring that a structure will

obtain a low CHESHIRE score only if it has a low value of the mo-

lecular mechanics energy and a very close agreement with ex-

perimental chemical shifts. The three phases of the CHESHIRE

protocol are described in more detail below.

Phase 1: Chemical Shift-Based Prediction of Secondary
Structure Propensities
In the first step of the CHESHIRE procedure, chemical shifts are

used to predict the propensities for secondary structure forma-

Figure 1. Analysis of the Differences between Solution and Solid-

State Chemical Shifts

Comparison of the Ca, Cß, N, and Ha chemical shifts of GB1 used in this work

in the solid state and in solution (van Rossum et al., 2001, 2003; Franks et al.,

2005; Zhou et al., 2007b).
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tion. We used the 3PRED method (Cavalli et al., 2007), which

uses Bayesian inference to predict the secondary structure of

amino acids from the knowledge of the chemical shifts in combi-

nation with the intrinsic secondary structure propensity of amino

acids. The latter propensities were computed by considering all

the structures in the ASTRAL SCOP database (Chandonia et al.,

2002) having less than 25% sequence identity according to the

secondary structure classification provided by the program

STRIDE (Frishman and Argos, 1995). Chemical shifts for the pro-

teins in this database were calculated by applying SHIFTX (Neal

et al., 2003) in order to obtain an extensive database (3PRED-

DB) which consisted of 939,639 calculated chemical shifts for

each atom type (Cavalli et al., 2007).

Phase 2a: Chemical Shift-Based Prediction
of Dihedral Angle Restraints
In the second step of the CHESHIRE procedure, the secondary

structure propensities computed by 3PRED are used as input

in TOPOS (Cavalli et al., 2007), an algorithm based on an ap-

proach similar to that of TALOS (Cornilescu et al., 1999), to pre-

dict the backbone torsion angles that are most compatible with

the experimental chemical shifts. In TOPOS, for each protein

segment of three residues in the sequence (the target), the sim-

ilarity to a triplet in a sequence in the ASTRAL SCOP database

(the source) is evaluated. To avoid overfitting problems due to

the use of a limited database, TOPOS uses the same extensive

database of 3PRED. In each individual case, we remove all se-

quences with a sequence similarity larger than 10�3 (Cavalli

et al., 2007). The fragments with the highest scores are then clus-

tered together according to the distance of the backbone torsion

angles of the central amino acid. Finally, the average dihedral f

and c angles for the three best-scoring clusters are reported as

prediction (Cavalli et al., 2007).

Phase 2b: Prediction of the Structures of Fragments
The CHESHIRE method is based on the molecular fragment re-

placement approach, which has been shown to be successful for

the determination of protein structures with residual dipolar cou-

plings (Delaglio et al., 2000) and in ab initio structure determina-

tion (Schueler-Furman et al., 2005). In the CHESHIRE method,

two types of fragments, of three and nine amino acids, are se-

lected from the ASTRAL SCOP Protein Data Bank (PDB) data-

base. The scoring function takes into account three contribu-

tions: (1) the score between the experimental chemical shifts of

the fragment of the protein considered and the chemical shifts

of the structure in the database; (2) the score for the compatibility

with the dihedral angle restraints obtained with TOPOS; and

(3) the score for the match between the predicted secondary

structure and the secondary structure of the fragment.

Phase 3a: Generation of Low-Resolution Structures
In the initial low-resolution structure generation, a coarse-

grained representation of the protein chain is used in which

only backbone atoms are explicitly modeled; side chains are

represented by a single Cb atom. Bond lengths, angles, and

the u backbone torsion angle are kept fixed, while f and c tor-

sion are given the freedom to move. The energy function used

for the generation of low-resolution structures is a linear combi-

nation of terms that model the features of folded proteins. van
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Figure 2. Structure of GB1 Determined from

Solid-State NMR Chemical Shifts

(A) Representation of the ten lowest-energy struc-

tures of GB1 determined in this work using

SSNMR chemical shifts.

(B) Rmsd between the lowest-energy structure

(PDB ID code 2K0P) and a crystal structure (PDB

ID code 2GI9) (Franks et al., 2006; red line), and av-

erage pairwise rmsd for the ten structures in the

ensemble (blue line). Black squares indicate the

positions at which chemical shift differences

have been observed in different crystal forms of

GB1 (Schmidt et al., 2007).
der Waals and electrostatic forces are adapted from CHARMM

PARAM19 (Brooks et al., 1983) and solvation is treated accord-

ing to Lazaridis and Karplus (1999). In addition, a pairwise poten-

tial of mean force is implemented using all known PDB structures

in the ASTRAL SCOP database following Zhou and Zhou (2002).

In order to correctly model the packing of secondary structure

elements, the potential of Baker and coworkers (Simons et al.,

1999) was implemented. Low-resolution structures were gener-

ated using a Monte Carlo algorithm carried out in an extended

configuration space given by the cartesian product of the protein

chain coordinates and a ‘‘virtual secondary structure’’ string

(Cavalli et al., 2007). Starting from a fully extended chain, confor-

mations are generated by 20,000 Monte Carlo moves using

a simulated annealing protocol. Two kinds of moves are applied.

In the first (fragment substitution), the torsion angles and the sec-

ondary structure string in a randomly selected three or nine res-

idue window of the protein chain are replaced with those from

a fragment of known structure. In the second, local backbone

moves, the torsion angles, but not the secondary structure, of

a window of four amino acids are randomly perturbed. The score

of the new conformation is calculated and the move is accepted

according to the Metropolis criterion. For each of the proteins

studied here, 10,000 trial structures were generated in this way.

Phase 3b: Generation of High-Resolution Structures
In this phase, all atoms are represented explicitly from the trial

structures generated from the previous low-resolution stage

(Cavalli et al., 2007). In a first stage, bond lengths, angles, and

the u backbone torsion angles are kept fixed, while the f, c,

and side-chain torsion angles are let free to move. Structures

are then optimized using the CHESHIRE energy function (de-

scribed below). Finally, the best-scoring structures are further re-

fined by repeated minimizations and side-chain optimizations

using the Dunbrack and Cohen rotamers library (Dunbrack and

Cohen, 1997). Initial structures are obtained by adding the miss-

ing atoms to the low-resolution structures using the following

protocol. (1) A fully extended all-atom protein chain is generated

using ideal geometries. (2) Target f and c angles are set to those

of the source chain. (3) An energy minimization of 10,000 steps is

performed to remove steric clashes. (4) An additional energy

minimization of 10,000 steps is performed by restraining inter-

backbone distances to the original ones. (5) A final energy mini-
1766 Structure 16, 1764–1769, December 10, 2008 ª2008 Elsevier L
mization of 10,000 steps is performed without any restraint. After

the addition of the side-chain atoms, the scores of all structures

are computed according to the CHESHIRE energy function,

a combination of a physicochemical term and a term that de-

scribes the correlation between experimental and predicted

chemical shifts, and the best 500 structures are selected for

refinement.

The refinement consisted of a simulated annealing Monte Carlo

run of 10,000 steps, where each Monte Carlo move consists of

a short run of unrestrained molecular dynamics. The use of the hy-

brid molecular dynamics and Monte Carlo conformational search

strategy enables us to use a bias on the chemical shifts without

requiring the derivatives of the cost function, as would be neces-

sary in a restrained molecular dynamics scheme. After refine-

ment, structures are ranked according to their scores and the

best-scoring one is selected as the final result (Cavalli et al., 2007).

Determination of the Structure of GB1
The lowest-energy structure of GB1 solved from Ca, Cß, Ha, and

N solid-state NMR chemical shifts (PDB ID code 2K0P) is char-

acterized by correlation coefficients between observed and cal-

culated chemical shifts of 0.961 (Ca), 0.995 (Cß), 0.737 (N), and

0.915 (Ha). These accuracies are comparable to the resolution

of SHIFTX (Neal et al., 2003), the chemical shift predictor used

in CHESHIRE. The 2K0P structure has a root-mean-square devi-

ation (rmsd) from a crystal structure (PDB ID code 2GI9) (Franks

et al., 2006) of 0.93 Å for the backbone and 1.70 Å for all heavy

atoms (Figure 2; Table 1). The rmsd per residue is shown by

a red line in Figure 2B, which illustrates that the differences in

the conformations are localized in turns and loops, whereas

they are significantly smaller within secondary structureelements.

The quality of the structure determined here from solid-state

chemical shifts can be assessed by a comparison with other

structures of the same protein determined from X-ray crystallog-

raphy and solution NMR methods (Table 1). We considered the Q

factors for residual dipolar couplings (RDC) (Bax et al., 2001) and

the number, N, of interproton distances below 5.5 Å in the X-ray

structure and above 6.5 Å in the query structure. According to

these structural descriptors, the RDC-refined X-ray structure

1P7F (Ulmer et al., 2003) is the closest structure to the crystal

structure 2GI9, followed by the solution NMR structures 3GB1

(Kuszewski et al., 1999) and 2GB1 (Gronenborn et al., 1991). The
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solid-state NMR structures 2JU6 (Zhou et al., 2007a), which was

derived from proton-proton interatomic distances and TALOS

(Cornilescu et al., 1999) restraints, and 2JSV (Franks et al.,

2008), which was derived with a larger set of interatomic distances

and refined with dipole tensors, exhibit slightly more interproton

distance violations and higher Q factors than the 2K0P structure.

The use of chemical shift restraints enables the determination

of a well-defined conformation, because the combination of the

chemical shift score and the force field that we have used results

in a funneled energy landscape (Figure 3). The lowest-energy

structures that we have determined are close to the crystal struc-

ture 2GI9, and structures that are significantly different have

much higher energies.

Table 1. Comparison of the Structure of GB1 Derived from

Chemical Shifts with Those Determined by Standard Approaches

Structure Rmsd N Q

1P7F 0.40 0 0.03

3GB1 0.59 0 0.16

2GB1 0.97 1 0.37

2JU6 1.86 5 0.48

2JSV 1.57 4 0.37

2K0P 0.93 2 0.35

The lowest-energy structure determined using chemical shifts (PDB ID

code 2K0P) is compared with an RDC-refined X-ray structure (PDB ID

code 1P7F) (Ulmer et al., 2003), a solution NMR structure (PDB ID code

3GB1) (Kuszewski et al., 1999), another solution NMR structure (PDB

ID code 2GB1) (Gronenborn et al., 1991), a solid-state NMR structure de-

rived from interatomic distances (PDB ID code 2JU6) (Zhou et al., 2007a),

and a solid-state NMR structure derived from interatomic distances and

dipole tensor refinement (PDB ID code 2JSV) (Franks et al., 2008). Rmsd,

backbone root-mean-square deviation from the crystal structure 2GI9

(Franks et al., 2006); N, number of interproton distances below 5.5 Å in

the X-ray structure and above 6.5 Å in the query structure; Q, quality fac-

tor for RDCs (Bax et al., 2001) determined using the five sets of RDCs

measured in different alignment media deposited with 1P7F.
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In order to further assess the amount of structural information

provided by chemical shifts, we considered the ensemble of the

ten structures of lowest CHESHIRE score (Figure 2A). The struc-

tures having the best scores make up a narrow ensemble char-

acterized by an overall pairwise rmsd of about 0.8 Å. For com-

parison, we report the positions at which chemical shift

differences have been observed in a recent study in different

crystal morphologies of GB1 (Schmidt et al., 2007) (Figure 2B).

The majority of the differences are found in the b1-b2 and b2-

b3 loops, which are also the regions where the largest differ-

ences are localized in the ensemble considered here. These re-

sults indicate that the type of variability allowed by the chemical

shift information is consistent with a higher tendency to change

conformation in different crystal forms.

Determination of the Structure of Src SH3
To further test the applicability of CHESHIRE to chemical shifts

measured by SSNMR, we also calculated the structure of the

a-spectrin Src-homology 3 (SH3) domain from proton-detected

MAS-SSNMR chemical shifts (van Rossum et al., 2001, 2003).

The structure calculated (Figure 4) has correlation coefficients

between observed and calculated chemical shifts of 0.911

(Ca), 0.984 (Cß), 0.717 (N), and 0.900 (Ha) and a backbone

rmsd of 1.38 Å from the previously determined crystal structure

(PDB ID code 1SHG) (Musacchio et al., 1992).

Conclusions
In summary, we have demonstrated that it is possible to deter-

mine the structures of GB1 and SH3 at relatively high resolutions

using solid-state NMR chemical shifts without the need for mea-

suring interatomic distances, despite the effects of the micro-

crystalline environment on the chemical shifts. Indeed, for each

chemical shift type used in this investigation, there are several re-

gions of GB1 and SH3 in which the solid-state and the solution

chemical shifts exhibit sizeable differences (Figure 1) (van Ros-

sum et al., 2001, 2003; Franks et al., 2005; Zhou et al., 2007b).
Figure 3. Analysis of the Convergence of

the Structure Determination Procedure

Landscape of the CHESHIRE scores of the GB1

structures generated in this work as a function of

the rmsd from the GB1 crystal structure 2GI9.

The landscape is funneled toward the native

structure.
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Our results suggest that despite these differences, the funda-

mental structural information provided by backbone chemical

shifts is captured by the CHESHIRE protocol, even though the

latter was developed using chemical shifts measured in solution.

As solid-state chemical shifts can be measured for a number of

challenging insoluble and noncrystalline structural classes, in-

cluding membrane proteins, macromolecular complexes, and

amyloid fibrils, further progress on the use of structure determi-

nation protocols based on chemical shifts, either on their own as

shown here or in combination with other NMR observables, may

enable a quantitative structural analysis to be carried out for

a range of biological problems currently not readily accessible

to standard structural techniques.
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Figure 4. Structure of SH3 Determined from Solid-State NMR

Chemical Shifts

Comparison of the lowest-energy SH3 structure determined in this work using

SSNMR chemical shifts (blue) and a previously determined X-ray structure

(PDB ID code 1SHG; green). The structure determined from chemical shifts

has an rmsd of 1.38 Å for the backbone atoms.
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