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ABSTRACT: Magic angle spinning solid-state NMR is a unique
technique to study atomic-resolution structure of biomacromole-
cules which resist crystallization or are too large to study by
solution NMR techniques. However, difficulties in obtaining
sufficient number of long-range distance restraints using dipolar
coupling based spectra hamper the process of structure
determination of proteins in solid-state NMR. In this study it is
shown that high-resolution structure of proteins in solid phase can
be determined without the use of traditional dipolar−dipolar
coupling based distance restraints by combining the measurements
of pseudocontact shifts (PCSs) with Rosetta calculations. The
PCSs were generated by chelating exogenous paramagnetic metal
ions to a tag 4-mercaptomethyl-dipicolinic acid, which is covalently attached to different residue sites in a 56-residue
immunoglobulin-binding domain of protein G (GB1). The long-range structural restraints with metal-nucleus distance of up to
∼20 Å are quantitatively extracted from experimentally observed PCSs, and these are in good agreement with the distances back-
calculated using an X-ray structure model. Moreover, we demonstrate that using several paramagnetic ions with varied
paramagnetic susceptibilities as well as the introduction of paramagnetic labels at different sites can dramatically increase the
number of long-range restraints and cover different regions of the protein. The structure generated from solid-state NMR PCSs
restraints combined with Rosetta calculations has 0.7 Å root-mean-square deviation relative to X-ray structure.

■ INTRODUCTION

Magic angle spinning (MAS) solid-state NMR has emerged as a
unique spectroscopic tool to elucidate the structure and
dynamics of the challenging biological macromolecules,1−3

such as membrane proteins and proteins that are not amenable
to either X-ray crystallography or solution NMR spectroscopy.
In the past decade, with the availability of high magnetic fields
up to ∼21.1 T, high-performance MAS NMR probes,
multidimensional radio frequency (RF) pulse sequences,
novel techniques of isotopic labeling, and sample preparation,
MAS NMR has made great progress in structure determination
of the proteins, leading to the generation of atomic-resolution
3D structure of proteins with the size up to ∼20 kDa.4−19

Although MAS NMR is in principle able to structurally
characterize large proteins like typical seven-helix trans-
membrane G protein-coupled receptors (GPCR) in the lipid
bilayers,20−22 the application of the method for structure
determination is not yet routine. One of the major bottlenecks
is obtaining sufficient number of unambiguous long-range
distance restraints for 3D structural characterization. Almost all

MAS NMR 3D structures of proteins reported to date were
determined using distance restraints based on through-space
dipole−dipole couplings between 1H, 13C, and 15N nuclei and
recorded in 2D or 3D correlation experiments, such as
PDSD23/DARR,24 CHHC/NHHC,25 TEDOR,26,27 and
PAINCP/PAR.28 Dipolar interaction in the solid state quickly
leads to multistep magnetization transfer, rendering assignment
and distance measurement more challenging. The difficulties in
obtaining restraints corresponding to distance >5 Å by these
methods arise from the weak dipole−dipole couplings between
1H, 13C, and 15N, which are proportional to nuclear
gyromagnetic ratios of those spins and also to the inverse
third power of the nucleus−nucleus distance. However,
restraints corresponding to long distance (>5 Å) are crucially
important in defining the global protein folding, especially for
multiple domains or large-size proteins. To overcome these
limitations requires development of new techniques.
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The electron−nucleus hyperfine couplings produce longer
range distance restraints because the electron gyromagnetic
ratio is 2−3 orders of magnitude larger than nuclear
gyromagnetic ratio, and the structural restraints from para-
magnetic center have been widely used in structure
determination of proteins in solution NMR.29,30 Among
paramagnetic restraints, pseudocontact shifts (PCS) can
potentially be an informative probe. PCS is a chemical shift
change due to anisotropic susceptibility of the paramagnetic
center.31 It depends on the distance between nucleus and
electron as well as orientations of metal-nucleus vector with
respect to the principal axes of the χ tensor
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Where Δχax and Δχrh are the axial and rhombic components of
the magnetic susceptibility anisotropies; r is the distance
between the unpaired electron and nucleus; θ and φ are polar
angles of the metal-nucleus vector with respect to the principal
axes of the χ tensor. During the past several years, a number of
MAS NMR studies of U-13C,15N enriched proteins containing
paramagnetic ions have been reported.18,32−51 In recent studies
of metalloprotein catalytic domain of matrix metalloproteinase
12(CoMMP-12)36,42 and Co2+-substituted superoxide dismu-
tase (Co2+-SOD),18,47 PCSs were observed to significantly
improve the resolution of protein structure calculated with
solid-state NMR spectroscopy.
In this study, we present high-resolution structure determi-

nation of a protein from PCSs measured by solid-state NMR
spectroscopy without the use of any other restraints. PCSs were
generated by chelating exogenous paramagnetic metal ions to a
tag 4-mercaptomethyl-dipicolinic acid (4MMDPA),52 which is
covalently attached to different residue sites in a 56-residue
GB1 protein, used by us as a model system.53 By using multiple
paramagnetic metal ions and multiple tagging sites, we
observed a large number of PCSs covering comprehensively
the protein’s structure. High-resolution 3D structure (0.7 Ǻ
RMSD relative to X-ray structure) was calculated using
experimentally measured PCSs combined with the Rosetta
method.54−56

■ EXPERIMENTAL SECTION
Protein Expression and Purification. Three single cysteine

mutants K28C, D40C, and E42C of GB1 were constructed using

quick-change site-directed mutagenesis. The wild-type (wt) and
mutant GB1 plasmids were introduced into a pET22b(+) vector.
Proteins were expressed in E. coli BL21(DE3) in minimal medium
containing 1 g/L NH4Cl and 2 g/L glucose for natural abundance
proteins or 1 g/L 15NH4Cl and 2 g/L 13C-glucose for U-13C,15N-
enriched proteins. The cell suspension was incubated in water for 6
min at 80 °C for disrupting the cells and denaturing all
nonthermostable proteins. After the initial purification step, the
proteins ran over a HiTrap DEAE FF column as the final purification
step. The proteins purity as well as the degree of isotopic label
incorporation was checked by tricine-SDS-PAGE, microTOF mass
spectrometry and solution-state NMR spectroscopy.

Ligation of 4MMDPA to the Mutant GB1. The reaction
pathway for ligating 4MMPPA to GB1 mutants is shown in Figure 1.
Since the three mutants have the same reaction path with the
4MMDPA, we only described the preparation of K28C-4MMDPA-
GB1. All reaction steps were performed at room temperature. K28C-
GB1 protein dissolved in 50 mM Tris-Cl pH 8.0 buffer was first
reduced by 5 equiv of DTT and then concentrated to about 2.5 mM
using a Millipore ultrafiter-15 with a MW cutoff of 3 kDa. Free DTT
was removed by Hiprep 26/10 Dealting, and the protein was eluted
into 50 mM Tris-Cl at pH 7.6 (reaction buffer). Immediately
thereafter, the protein was added stepwise into the 40 equiv of 5,5′-
dithiobis-(2-nitrobenzoic acid) (DTNB) solution (4 mM, dissolved in
the 50 mM Tris-Cl at pH 7.2), and the solution was mixed well after
each addition. Reaction of protein and DTNB was performed at room
temperature for 1 h, and the yellow thionitrobenzoate was generated
during the reaction. Subsequently, excess DTNB and thionitroben-
zoate was removed by a series of Hiprep 26/10 Dealting, and protein
was eluted into the reaction buffer. The activated protein was
concentrated to about 2 mM. A 3-fold molar excess of 4MMDPA (in
reaction buffer) was added to the activated protein solution. The
reaction solution was left at room temperature for 2 h and
subsequently desalted into reaction buffer. Finally, the product was
purified using a MonoQ 5/50 GL column. The incorporation of
4MMDPA into K28C-GB1 was confirmed by microTOF mass
spectrometry and solution-state NMR.

Solution NMR Spectroscopy. Paramagnetic metal ions (Co2+,
Yb3+ and Tm3+) as well as diamagnetic metal ions (Zn2+ and Lu3+)
were titrated into the K28C-4MMDPA-GB1 solution during the
solution NMR. For simplicity, we refer to the Co2+ loaded K28C-
4MMDPA-GB1 complex as Co28-4MMDPA. Samples for solution
NMR consisted of 2 mM 15N K28C-4MMDPA-GB1 in 50 mM
sodium phosphate H2O buffer (for Co2+ and Zn2+) at pH 5.5 or in 20
mM Hepes H2O buffer (for Yb3+, Tm3+, and Lu3+) at pH 7.5 and 10%
D2O in a total volume of 550 μL, respectively. 2D and 3D solution
NMR experiments were performed at 25 °C on a Bruker DMX 600
MHz spectrometer equipped with a triple resonance TXI S3 XYZ
gradient probe.

Figure 1. Ligation of 4MMDPA to cysteine mutants protein and binding of metal ions to 4MMDPA-protein (M = Co2+, Zn2+, Yb3+, Tm3+, or Lu3+).
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Preparation of Microcrystalline Protein Samples. In order to
minimize the contribution of the intermolecular PCSs, paramagnetic
and diamagnetic U-13C,15N enriched proteins were diluted by the
natural abundance (na) wt GB1 in the molar ratios of 1:4 or 1:8, which
were determined by both the resolution and signal-to-noise ratio of the
corresponding MAS NMR spectra. To get a good-quality micro-
crystalline sample that would yield high-resolution solid-state NMR
spectra, we screened conditions for cocrystallization of paramagneti-
cally labeled and na-wt-GB1. Using slow dialysis for more even mixing
of buffer solution with protein, we get robust crystallization conditions
for proteins loaded with different metal ions.
All the microcrystalline protein samples were obtained by dialysis

using a dialysis bag with a MW cutoff of 1 kDa. Solution of na-wt-GB1
and 13C,15N-M28_4MMDPA (M = Co2+, Zn2+, Yb3+, Tm3+, or Lu3+)
was separately concentrated to 5 mg/mL in 50 mM sodium phosphate
pH 5.5 buffer (for U-13C,15N-Co/Zn28-4MMDPA) or in 20 mM
Hepes pH 7.5 buffer (for 13C,15N-28Lu/Yb/Tm-4MMDPA). Imme-
diately thereafter, two protein solutions were mixed well in the dialysis
bag in the molar ratio of 1:4 (for 13C,15N Co/Zn/Yb28-4MMDPA:na-
wt-GB1) or 1:8 (13C,15N-Tm28-4MMDPA:na-wt-GB1). The mixtures
in the dialysis bag are dialyzed statically at 4 °C for 76 h in the
precipitant solution containing 2-methyl-2,4-pentanediol, isopropyl
alcohol, and deionized water in the volume ratio of 2:1:1. 53 Finally,
the resulting microcrystalline protein samples were centrifuged at 18
000 g and transferred into 4 mm Varian standard-wall zirconia rotors.
Solid-State NMR Spectroscopy. All MAS NMR experiments

were performed on a wide-bore Varian 600 MHz VNMRS NMR
spectrometer, equipped with a 4 mm triple-resonance T3-HXY MAS
probe, at a temperature of 283 K (calibrated in separate experiments
using the lead nitrate temperature standard).57 The sample spinning
frequency was set to 11 111 ± 2 Hz. The chemical shifts were
referenced with respect to adamantane used as external referencing
standards (40.48 ppm for the downfield carbon).58 For most of the
experiments, the pulse lengths were 3.3 μs (1H), 4.3 μs (13C), and 5.9
μs (15N). The 1H-X (X = 15N or 13C) cross-polarization employed
∼50 kHz 1H RF field with linear amplitude ramp (90−110%), and the
heteronucleus matched to the first Hartmann−Hahn condition. The
band-selective magnetization transfer from 15N to 13C was realized
using 5 ms SPECIFIC−CP59 with tangent amplitude ramp and 7, 4,
and 83 kHz RF power on 15N, 13C, and 1H, respectively. The 1H
decoupling power of ∼70 kHz was typically used during the
acquisition and evolution periods in the 2D experiments. All spectra
were processed in NMRpipe60 and analyzed in Sparky.
Structure Calculations for GB1 using MAS NMR PCSs. PCSs

were measured using cobalt metal ion (Co2+) bound to the 4MMDPA
tag, and a total of 79, 71, and 94 PCSs of the protein backbone atom
nuclei of the mutants K28C, D40C and E42C were used in the PCS-
Rosetta calculations. For structure calculations a nonhomologous
fragment library was generated using the amino acid sequence of GB1.
Three independent simulations were carried out generating around
5000 backbone-only models in a PCS-Rosetta low-resolution phase for
each of the mutants. The relative weighting factor for the PCS score to
the Rosetta’s low-resolution energy function was computed as
described in ref 55 and found to be 70.8, 90.1, and 46.0 for the
mutants K28C, D40C, and E42C. Using a low PCS and centroid score
cutoff of 65 and 20 for mutants K28C and D40C and 45 and 20 for
mutant E42C, a subset of models was chosen for computationally
expensive Rosetta’s all-atom refinement. For each backbone-only
model, 10 independent all-atom refinements were carried out,
generating 10 times more structures than initial models. The final
selection of structures is based on a combined score of Rosetta and
PCS energy. To sample realistic metal positions during the fitting of
PCS data for the scoring of the all-atom refined structures, a 3D
spherical grid search for metal positions is carried out, where the radius
of the sphere is chosen as 13 Å from the Cβ of the mutant site which is
chosen as the center of the sphere with grid step size of 0.5 Å. The
radius of the sphere was calculated based on a rotamer library
generated using the 3D structure of 4MMDPA. The results were
compared to the crystal structure of the GB1 (PDB ID: 1PGA).

■ RESULTS AND DISCUSSION

Solution NMR Characterization of Metal-4MMDPA-
GB1 Complex. Prior to PCS measurements, we performed a
series of experiments to characterize the metal-4MMDPA-GB1
complex using solution NMR. First, we conducted titration
experiments of Co2+ to GB1 mutants with and without
4MMDPA attachment, respectively, by monitoring the
corresponding 1H-15N HSQC spectra of U-15N labeled protein.
With addition of Co2+ to the solution of diamagnetic GB1
mutants to progressively increase ion:protein molar ratio up to
1.1:1, no obvious chemical shift perturbations were observed in
the spectra, indicating no specific interactions between Co2+

and GB1 mutants. In contrast, addition of Co2+ to the solution
of GB1-4MMDPA construct resulted in appearance of new
peaks corresponding to each backbone amides along with
metal-free peaks. As the concentration of Co2+ was systemati-
cally increased, progressive enhancement of paramagnetic-
shifted peaks was observed accompanied by the depression of
metal-free cross peaks. Finally, the metal-free peaks were
completely missing once excess of metal was added and the
ion:protein molar ratio reached 1.1:1. Neither new peaks
appeared nor additional paramagnetic-induced shifts were
observed upon further addition of Co2+ to a final ion
concentration of 3 fold excess with respect to the protein.
The titration experiments indicate that the chelation of the
residues by 4MMDPA tag gives rise to highly specific binding
of metal ions to the corresponding sites. In addition, to evaluate
the change of protein structure with the introduction of metal
loaded 4MMDPA tag, we recorded 1H-15N HSQC spectra of
diamagnetic Zn-4MMDPA protein and compared those to the
corresponding spectra of the wt-GB1. As the overwhelming
majority of difference of chemical shifts between corresponding
peaks in Zn42-4MMDPA GB1 and wt-GB1 spectra are within
0.1 ppm for 1HN and 0.5 ppm for 15NH, respectively, we
conclude that mutations followed by 4MMDPA attachment as
well as metal ions binding do not significantly perturb the
structure of wt-GB1 (Figure 2a and Figure S1).

Preparation of Paramagnetic Microcrystalline Protein
Samples for Solid-State NMR. The focus of this study is to
determine structure via the measurement of intramolecular
PCSs. To observe pure intramolecular PCSs, the U-13C, 15N
labeled paramagnetic protein molecules must be diluted by
natural abundance diamagnetic protein matrix to avoid
intermolecular interaction. However, mixing of Co-4MMDPA
(or Yb/Tm-4MMPDA) protein mutants and their diamagnetic
counterpart Zn-4MMDPA (or Lu-4MMDPA) in solution
required for the microcrystal formation suffers from the
problem of rapid exchange of paramagnetic ions in U-13C,15N
labeled protein and diamagnetic ions in natural abundance
protein, resulting in undesirable diamagnetic U-13C,15N labeled
and paramagnetic natural abundance proteins.38 We observed
by 1H-15N HSQC spectra that 30 min of mixing of U-13C,15N
labeled Co42-4MMDPA and na-Zn42-4MMDPA at a molar
ratio of 1:4 results in an almost even distribution of Co2+ and
Zn2+ in all protein molecules (enriched and not-enriched). The
time for the full redistribution of Co2+ and Zn2+ between
4MMDPA binding sites is much shorter than that required for
the microcrystal formation. To overcome this problem, in the
subsequent sample preparations, we utilized wt-na-GB1 to
dilute the paramagnetic U-13C,15N GB1 to prevent exchange of
metal ions; there are not high affinity metal binding sites in wt-
GB1.38
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High-ratio dilution is favorable to obtain pure intramolecular
PCSs and avoid intermolecular interaction. However, high-ratio
dilution results in lower signal-to-noise ratio since the volume
of a MAS rotor is limited, and hence a lower amount of
U-13C,15N enriched proteins (the only species giving rise to the
NMR signal) can be loaded in the MAS rotor. The practically
attainable dilution ratio is thus a compromise between
intramolecular PCSs measurement and acceptable sensitivity.
We found that the resolution of MAS NMR spectra of
paramagnetic proteins in this study is strongly dependent on
the dilution ratio, and the insufficient dilution leads to poor
resolution. With the systematic screening of the dilution ratio in
proteins containing metal ions with different paramagnetic
susceptibility, such as Co2+ and Yb3+ with medium para-
magnetic susceptibility and Tm3+ with highly paramagnetic
susceptibility, we found that higher dilution ratio is required for
the proteins containing metal ions with highly paramagnetic
susceptibility to obtain high-resolution MAS NMR spectra. For
example, our experiments showed that 1:4 dilution ratio is
sufficient to acquire high-resolution MAS NMR spectra
containing pure intramolecular paramagnetic-shifted signals
for Yb28- and Co28-4MMDPA. At the same time, 1:4 dilution
ratio is not enough for Tm28-4MMDPA under these
conditions intermolecular interactions are still present. In
Figure S2, we show 2D NCA MAS NMR spectra of U-13C,15N
enriched of Tm28-4MMDPA with 1:6 and 1:8 dilution ratio
samples. In the spectra with 1:8 dilution, the resolution is
remarkably improved than that in 1:6 spectra and allows for the
majority of intramolecular paramagnetically shifted resonances
to be assigned. Based on the results of this systematic screening
of the dilution ratio, 1:4, 1:4, and 1:8 dilution ratios were finally

used for preparation of Co2+, Yb3+, Tm3+-4MMDPA protein
samples, respectively.
To obtain high-quality microcrystalline samples that yield

high-resolution solid-state NMR spectra, we screened con-
ditions for cocrystallization of paramagnetically labeled GB1
and na-wt-GB1. We found that the quality of crystalline of Tm
and Yb loaded GB1 (diluted by na-GB1) is more sensitive to
the crystallization conditions than that of Co complex. Using
slow dialysis for more even mixing of buffer solution with
protein, we get robust crystallization conditions for proteins
loaded with different metal ions.

Solid-State NMR PCS Measurements and Fitting of Δχ
Tensor Parameters. 2D MAS NMR spectra of U-13C,15N
enriched Co42- and Zn42-4MMDPA (with dilution) are shown
in Figure 3. Additional spectra of U-13C,15N enriched Tm- and
Yb-4MMDPA GB1 samples are included in the Supporting
Information. The inspection of the spectra reveals only minor
paramagnetic relaxation enhancement (PRE) due to the

Figure 2. Region of 600 MHz 2D1H-15N HSQC spectra of (a) Zn42-
4MMDPA (red) and wt-GB1 (green) and (b) Zn42−4MMDPA (red)
and Co42−4MMDPA GB1(blue).

Figure 3. (a) 2D 13C-13C MAS NMR spectra of Zn42-4MMDPA
microcrystalline GB1 with 5 ms DARR mixing time. (b)
Representative regions of 2D 13C-13C DARR and (c) NCA MAS
NMR spectra are superimposed for U-13C,15N enriched Co42−
4MMDPA-GB1 (red) and Zn42-4MMDPA-GB1 sample (green). Blue
lines indicate PCSs. In order to obtain pure intramolecular PCSs, both
samples were prepared using ∼5 mg U-13C,15N enriched Zn42 and
Co42-4MMDPA GB1 molecules diluted by natural abundance wt-GB1
with molar ratio 1:4. Total measurement time of 2D DARR and NCA
spectra is about 8 and 12 h, respectively.
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paramagnetic Co2+ that manifests itself in line broadening of
signals. The majority of the signals in the spectra of Co42−
4MMDPA sample have very similar line width to those in the
spectra of its (diamagnetic) Zn counterpart. Most importantly,
only one paramagnetic species in the spectrum of Co42−
4MMDPA was observed, suggesting pure intramolecular
paramagnetic contribution and little influence of intermolecular
interactions of neighboring protein molecules. The high quality
of the spectra of paramagnetic protein allows most of the
resonances to be assigned using U-13C,15N enriched samples
and a set of 2D 13C-13C DARR,15N-13Cα (NCA),15N-(13Cα)-
Cx(NCACX),

15N-(13C′)-C x(NCOCX) experiments. With
these spectra, we have assigned the majority of the resonances
in paramagnetic and diamagnetic M28-, M40-, and M42-
4MMDPA (M = Co, Zn, Lu, Yb, Tm). PCSs are measured as
the chemical shift differences between paramagnetic proteins
and their diamagnetic counterparts (Zn2+ and Lu3+ as a
reference of Co2+ and Yb3+/Tm3+, respectively). To reduce the
uncertainty of PCS measurements, chemical shifts were
recorded in both paramagnetic and diamagnetic proteins
using the averaged value of chemical shifts in two or more
corresponding 2D spectra. The experimental and back-
calculated PCSs of Co, Yb, and Tm ions ligated to different
mutant sites are shown as a function of the residue number in
Figure 4. The inspection of these plots reveals the apparent
dependence of the magnitude of the PCSs on the distance
between nuclei and paramagnetic metal ions. For example, the
residues with the largest observed PCS of metal ions loaded at
different mutant sites are all in the immediate proximity to the
mutation sites in the structure model. To further compare the
experimentally observed and back-calculated PCSs and
extracted distances, Figure 5a,b displays the back-calculated
and observed PCSs and distances, respectively. The X-ray
structure model (PDB code 1PGA) of GB1 was used for the
fitting of the Δχ parameters and back calculations from
experimentally observed PCSs. With the assumption that the
uncertainty of PCSs measurements in MAS NMR is ∼0.1 ppm,
the distances extracted from PCSs with |ΔδPCS| < 0.2 ppm will
have large uncertainty. Only distances with corresponding PCS
(|ΔδPCS| > 0.2 ppm) are presented in the plots. Figure 5 shows
a good agreement between observed and back-calculated values,
strongly suggesting that PCSs in solid-state NMR can be used
as a source of long-range distance restraints for protein
structure determination, just like in the solution NMR.
Comparison of PCSs in Solution NMR and in Solid-

State NMR. To measure PCSs of Co42−4MMDPA in the
solution, we collected a set of 2D and 3D chemical shift
correlation spectra of paramagnetic proteins and their
diamagnetic Zn2+ counterparts. The PCSs were measured as
the chemical shift difference of paramagnetic (Co2+) and
diamagnetic proteins (Zn2+). In Figure 2b, we show a small
region where 1H-15N HSQC 2D spectrum of Co42-4MMDPA
are superimposed. The resonances of these spectra were
assigned based on HNCA and HNCACO 3D spectra of
U-13C,15N enriched paramagnetic and diamagnetic proteins
samples. PCS measurements of the same paramagnetic proteins
in solution and in microcrystalline state allow comparison of
the PCSs from solution and solid-state NMR. The PCSs of
Co42-4MMDPA in solid-state and solution NMR as a function
of the residue number are shown in Figure 6. The most striking
difference between solution and solid-state PCSs of Co42-
4MMDPA is that the sign of the PCSs is opposite, with positive
sign in vast majority of PCSs in solid-state NMR and negative

sign in almost all of PCSs of solution NMR, indicating a
difference of the Δχ tensor orientation in the solid and solution
state. Indeed, the fitting of experimentally measured PCSs in
the two states shows the difference of three Euler angles as well

Figure 4. 13Cα observed (red solid dots) and back-calculated (dashed
lines) MAS NMR PCSs plotted as a function of the residue number.
The X-ray structure model (PDB ID: 1PGA) of GB1 was used for the
fitting of the Δχ parameters and back calculations. It should be noted
that although only Cα PCSs are plotted in this figure, the fittings of the
Δχ tensor parameters use all 13C and 15N PCSs.
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as the magnitude of Δχ tensor. The metal ion coordination for
Co42-4MMDPA in solid and solution state inferred from the
fitting is not spatially similar. We also tried to fit solid (or
solution) PCSs using restricted metal ion coordination (with 2
Å variation) determined from solution (or solid) PCSs. The
resulting fits are of inferior quality. The least distance between
Co2+ and atoms in residues on the surface of the protein is
more than 5 Å in both solution and solid state, indicating that
the paramagnetic tags extend outside the protein. The large
difference of the chemical environments of the paramagnetic
tags in the solution and the microcrystal state likely contributes
to the difference of conformations of paramagnetic tags in the
solution and solid state and difference of metal ion

coordinations and orientations. The magnitude of Δχ in the
solid state (7.1 × 10−32 m3) is greater than that in the solution
state (−4.6 × 10−32 m3) (Table 1), which is likely due to the
mobility of the paramagnetic tag in the solution. The observed
different Δχax tensors in solid and solution state in this study is
markedly different than in the case of CoMMP-12 by Bertini et
al,36 in which they observed consistent PCSs in solid and
solution state when the paramagnetic metal ions are in an
internal, nonsolvent-exposed environment. Their observations
reflect the similar local chemical environment around the
paramagnetic metal ions in the solid and solution states.
However, in this study, the paramagnetic tag bound to solvent-
exposed cysteine residues, which allows the metal ion more
sensitive to the local chemical environment in solution and
solid state.

Solid-State NMR PCSs of Multiple Metal Ions and
Multiple Binding Sites. The paramagnetic center in protein
permits to highlight residues in spatial proximity to it and
within which reliable PCS-based restraints can be extracted.
The minimum and maximum distance to the paramagnetic
center where residues can be seen and PCS’s are detectable
depends on the paramagnetic properties of metal ions. Residues
in close proximity to the paramagnetic sites are not detectable
by NMR because of the line broadening induced by PRE to the
corresponding nuclei. Residues distal to the metal center
possess too small PCSs to be detected. Additionally, there are
also blind sites positioned at unfavorable angles (θ close to
54.7°).61 The above can be simplistically described as the PCS
shell. The “dark” space in this shell undetectable by PCSs from
one paramagnetic ion may exhibit distinct PCS from another
metal ion with different paramagnetic susceptibility and thus
with different tensor orientation and PCS field. Therefore,
using metal ions with different paramagnetic susceptibility
allows the tuning of the active area in which PCS are structural
informative on (fragments of) the protein. In Figure 4, the
PCSs of Yb28-, Co28- and Tm28-4MMDPA are displayed as a
function of the residue number. The number of observed PCSs
of Tm28−4MMDPA is fewer than that of Co28- and Yb28-
4MMDPA because of the high-dilution ratio in the former
complex required to attain high-resolution of the solid-state
NMR spectra in sample preparations and thus giving rise to low
sensitivity, hampering assignments of some resonances.
Compared to PCSs generated by Co2+ and Tm3+, the PCSs
generated by Yb3+ are relatively small and more than half of the
PCSs are within 0.2 ppm. The parameters of Δχ tensor fitted
from PCSs are listed in Table 1. The amplitudes of Δχax of
Co2+ (8.5 × 10−32 m3) and Tm3+ (−22.5 × 10−32 m3) are
comparable to those in the literature, 7 × 10−32 m3 for Co2+ and
26 × 10−32 m3 for Tm3+,62 respectively. However, the amplitude
of Δχax of Yb3+ (2.9 × 10−32 m3) is much smaller than that
reported in the literature62 (8.5 × 10−32 m3). The orientations
of Δχ of these metal ions are different, as expected. As an
example, the “lit up” shells of Co28- and Tm28-4MMDPA are
shown in Figure 7. Tm3+, with its Δχax magnitude being 2−3
fold greater than that in Co2+, generates the PCSs active shell of
larger thickness. In Figure 7, we show the back-calculated
distance between nucleus to metal with |ΔδPCS| > 0.2 ppm,
plotted onto the GB1 ribbon diagram. The residues in β1 and
β2 strands inaccessible by Co2+, due to large distances and
unfavorable angles, can be covered by Tm3+ PCSs, where PCSs
at the distances between nucleus and metal up to 25 Å can be
detected.

Figure 5. Comparison between the experimentally observed (a) rCα‑Co
and (b) MAS NMR 13Cα PCSs, and the corresponding values derived
from structural model of Co28- and Co42-4MMDPA GB1. The X-ray
structure model (PDB ID: 1PGA) of GB1 was used for the fitting of
the Δχ parameters and back calculations. The uncertainty of rCα‑Co was
estimated by assuming the uncertainty of measurement of PCSs to be
0.1 ppm.

Figure 6. Experimental 13Cα (red, solid-state NMR) and 1HN (blue,
solution NMR) and the corresponding back-calculated (dashed lines)
PCSs are plotted as a function of residue number for Co42-4MMDPA-
GB1.
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Figure 7 illustrates that residues that experience very small or
no PCS effect from one paramagnetic center often have
appreciable PCS when the protein was tagged at other sites. In
Figure 7 we compare the PCSs covered fragments of Co28- and
Co42-4MMDPA. The residues in β2 strand, not detectable by
Co42-4MMDPA PCSs, can be accessible by Co28-4MMDPA
PCSs. In addition, the “dark” area of β1 strand, the loop
between β1 and β2 strands of Co28-4MMDPA PCSs, can be
covered by Co42-4MMDPA PCSs.

High-Resolution Structure Determination by PCS-
Rosetta. Using PCS-Rosetta and in turn PCS data from a
single metal center during folding, around 4500, 10 000, and
8400 all-atom models were generated for each of the mutants
K28C, D40C, and E42C. To take the advantage of all three data
sets for GB1, Rosetta’s all-atom structures for each of the
mutants were rescored, and the final structures were selected
based on low Rosetta energy and combined low PCS score
from all three data sets. The energy profile of the folding
simulation for each of the mutants is funneled toward the
native-like structures (Figure 8a), and selected structures in
each of the simulations resemble the structure determined by
X-ray crystallography, with Cα RMSD <1.2 Å and the lowest
combined energy structure being 0.7 Å (Figure 8b). The tensor
parameters for the lowest combined energy structure are
represented in Table 1. The magnitude of axial and rhombic
components of the tensor is found to be consistent for all the
metal positions with low standard deviations, and Δχ tensors
are very similar to the ones fitted to the crystal structure of GB1
(Table 1) resulting in nearly identical PCS isosurfaces (Figure
S6). PCS-Rosetta was previously applied to accurately calculate
3D protein structures from high-quality PCS data, and it was
demonstrated that the sampling efficiency of the native-like
structures is greatly improved over equivalent CS-Rosetta
calculations.56 Using less accurate PCS data from solid-state
NMR, we observed that incorporation of PCS restraints during
Rosetta folding simulation did not improve the sampling of
near-native structures when compared with sampling of
unrestrained Rosetta folding simulation. However, the PCS
information made it possible to select for native-like structures
by screening for structures that satisfy multiple tensor fits in
combination with low Rosetta energy. The selection is a highly
significant advantage of the approach, because the accurate

Table 1. Comparison of Δχ Tensors in GB1 Ligated with 4MMDPA from Solution and Solid State NMR PCS and Using Crystal
and PCS Rosetta Calculated Structures

mutant metal ion structure Δχax Δχrh x y z α β γ

K28C Co2+ crystala 8.5(0.1) 3.4(0.1) 15.946 34.498 16.721 32 60 48
K28C Co2+ PCS-Rosettab 7.0(0.2) 3.3(0.2) 16.119 34.372 18.132 29 66 43
D40C Co2+ crystala 7.4(0.1) 1.9(0.1) 13.182 22.638 12.359 156 77 59
D40C Co2+ PCS-Rosettab 6.2(0.2) 1.2(0.2) 13.719 22.824 13.671 160 73 39
E42C Co2+ crystala 7.1(0.1) 3.5(0.1) 17.802 19.467 10.222 40 169 3
E42C Co2+ PCS Rosettab 6.0(1.9) 3.2(1.2) 17.497 19.152 11.193 66 170 20
K28C Yb3+ crystala 2.9(0.2) 1.5(0.1) 16.946 34.498 17.721 24 141 110
K28C Tm3+ crystala −22.5(0.5) −15.0(0.4) 16.946 34.498 17.721 28 77 32
E42Cc Co2+ crystala −4.6(0.1) −1.4(0.1) 13.302 19.697 10.722 147 130 77

aPCS are fitted to the crystal structure of GB1 [PDB ID: 1PGA]. bPCS are fitted to the final selected structure from the PCS-Rosetta calculation.
cPCS data from solution NMR. The program Numbat64 was used to fit the Δχ-tensors; axial and rhombic components (10−32 m3), the coordinates
of paramagnetic ions (Å), and the Euler rotation angles (in degrees) are in the reference frame of the crystal structure 1PGA. The metal coordinates
were fixed during tensor calculation and were determined by using a 3D spherical grid function which samples realistic metal positions.55 Error
estimates of the axial and rhombic components are given in brackets in the table and tensor rotation angles variation are shown as Sanson−Flansteed
projectons in Figure S5. The error estimates were obtained by the Monte Carlo sampling using 1000 partial PCS data sets in which 10% of the input
data were randomly removed, while retaining the metal position.

Figure 7. Isosurfaces of the PCS and ribbon diagram of (a) Co42-, (b)
Co28-, and (c) Tm28-4MMDPA GB1. The isosurfaces were calculated
for PCSs of ±0.3, ± 0.3, and ±1 ppm for (a−c), respectively. Blue and
red surfaces identify positive and negative PCSs, respectively. Residues
with |ΔδPCS| > 0.2 ppm and back-calculated rCα‑Co < 10 Å, 10 Å <
rCα‑Co < 15 Å, 15 Å < rCα‑Co < 20 Å, rCα‑Co > 25 Å are shown in red,
yellow, green, and blue, respectively. Residues with |ΔδPCS| < 0.2 ppm
are displayed in gray.
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selection of near-native structures from a large number of well-
formed decoys represents the most pressing challenge in
structure determination from sparse experimental data. A
structure determination procedure is consequently unsuccessful
if it can produce a close-native structure but is unable to
recognize it as such. PCS-Rosetta employs long-range PCS
restraints to funnel the folding energy landscape from as far as
10 Å RMSD toward the native structure. In addition, the long-
range PCS restraints are exceptionally well suited to
discriminate alternative low-energy structures of incorrect folds.
MAS NMR High-Resolution Structure Determination

of Proteins from PCS. The difficulties of the currently used
dipolar-coupling-based spectra for long-range restraints assign-
ment are related to high congestion of the spectra containing
tens and hundreds or even thousands of cross peaks, and
among these most peaks are associated with intraresidue or
sequential-residue correlations. This congestion of the spectra is
more severe for membrane proteins due to poor dispersion of
chemical shifts and for large proteins with large number of
backbone and side chain NMR signals. Moreover, the peaks
arising from long-range correlations in the dipolar coupling
based spectra usually possess low signal-to-noise ratio, making
the MAS NMR experiments time-consuming with experimental
time of 2D spectra as long as several days.10,63 These limitations
can be addressed by using PCS-based approach. The most
remarkable advantage of PCS-based approach is that it is easy
and fast to obtain a large number of PCSs with high accuracy,
simply by measuring the chemical shift difference between
paramagnetic and diamagnetic species. Moreover, due to the
intrinsically long distance nature of PCSs, the sensitivity of the
PCS-based measurements is much higher compared with the
dipolar coupling based techniques. These advantageous proper-
ties of PCS-based approach are expected to accelerate the
structure determination of the proteins by solid-state NMR.
Indeed, previous studies of PCSs in a metalloprotein36 have
shown great potential of PCSs as a source of long-range
restraints for structure determination by solid-state NMR.
The focus of this work is to determine high-resolution

structure of diamagnetic proteins by using restraints from PCSs
combined with Rosetta calculations, without the use of
traditional dipolar−dipolar coupling based distance restraints.

The PCS-Rosetta algorithm determines ab initio both Δχ
tensor and 3D structure of a protein using only the primary
amino acid sequence and the PCS data as input; it does not rely
on any Δχ tensor parameters nor on the structure (or model)
of the target protein. This is particularly beneficial for solid-
state NMR because of the limitation of the currently used
distance restraints from dipolar coupling based spectra. The
most striking advantage of the artificially introduced para-
magnetic ion is the flexibility to attach it to different solvent-
exposed residue sites and generate PCSs from residues located
on different fragments of the protein, as showed in Figure 7.
Use of PCSs from the multiple binding sites of paramagnetic
metal ions has been demonstrated to be important for the high-
resolution structure determination in the Rosetta calculations.
The approach of combining of paramagnetic tagging, spin
dilution, PCS measurements and Rosetta calculations can be a
general solid-state NMR route for high-resolution structure
determination of proteins and widely applied to structural
studies of membrane proteins and amyloid fibrils.

■ CONCLUSIONS

In summary, we have shown that high-resolution structure of
diamagnetic proteins in solid phase can be generated from a
combination of MAS NMR PCS measurements and Rosetta
calculations. 2D high-resolution solid-state MAS NMR spectra
of U-13C,15N enriched model protein GB1 containing
covalently paramagnetic tags provide long-range structural
restraints of 10−20 Å which are inaccessible to a dipolar
coupling based approach. We also have shown the flexibility of
introduction of different paramagnetic ions to different sites of
the protein, enabling the coverage of several fragments of the
protein and yielding more complete PCS-derived distance
maps. The work reported here indicates that using PCSs as a
source of long-range restraints can be a general route to
structure determination of challenging biomacromolecules,
such as membrane proteins and amyloid fibrils by solid-state
NMR.

Figure 8. High-resolution structure calculation from solid-state NMR PCS using PCS-Rosetta. (a) Combined score of PCS energy from three tags
and Rosetta energy versus the RMSD to the crystal structure of GB1(PDB ID: 1PGA). Sampling from mutant K28C is represented in red color,
D40C is represented in green color, and E42C is represented in blue color. The models with lowest combined score found have RMSD to the crystal
structure as 0.9, 0.7, and 1.1 Å for mutants K28C, D40C, and E42C, respectively. (b) 3D representation of calculated models using PCS-Rosetta.
The crystal structure of GB1 is represented in gray color, mutant K28C is represented in red color, D40C is represented in green color, and E42C is
represented in blue color.
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