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Abstract

NMR chemical shifts are exquisitely sensitive probes for conformation and dynamics in molecules 

and supramolecular assemblies. While isotropic chemical shifts are easily measured with high 

accuracy and precision in conventional NMR experiments, they remain challenging to calculate 

quantum mechanically, particularly in inherently dynamic biological systems. Using a model 

benchmark protein, the 133-residue agglutinin from Oscillatoria agardhii (OAA), which has been 

extensively characterized by us previously, we have explored the integration of X-ray 

crystallography, solution NMR, MAS NMR, and quantum mechanics/molecular mechanics 

(QM/MM) calculations for analysis of 13Cα and 15N isotropic chemical shifts. The influence of 

local interactions, quaternary contacts, and dynamics on the accuracy of calculated chemical shifts 

is analyzed. Our approach is broadly applicable and expected to be beneficial in chemical shift 

analysis and chemical-shift-based structure refinement for proteins and protein assemblies.
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INTRODUCTION

Spectroscopic methods are the premier techniques employed in the analysis of molecular 

structure. Amongst these, NMR can provide atomic-level detail on conformation and 

dynamics for a wide range of molecular systems, either in solution, or in the solid state, even 

in whole cells.1–4 NMR is uniquely positioned to yield atom-specific dynamics data on large 

systems, information which is inaccessible by other structural-biological techniques. 

Although solution NMR has a long history in biomolecular structure elucidation, over the 

last decade, magic angle spinning (MAS) solid state NMR spectroscopy has come to the 

forth as the method of choice for the analysis of crystalline or amorphous biological 

assemblies.2, 5–8

Despite the fact that chemical shifts can be measured in NMR experiments with great 

precision and accuracy, their exquisite dependency on geometry, electronic and dynamic 

properties have made chemical shift calculations a considerable challenge9–11. For 

biological molecules, such as proteins, most of the chemical shift based structural analyses 

have focused on isotropic shifts and rely on semi-empirical database approaches, such as 

CSI, SHIFTX, and others,12–17 aimed at incorporating chemical shift data into the structure 

determination process. Recently, CS-ROSETTA18 and CAMSHIFT19 approaches have been 

proposed for deriving 3D protein model structures, based on isotropic chemical shifts alone, 

without any need for other distance and angle constraints. While these approaches are 

promising, their general applicability, particularly with respect to local conformational 

details remains to be established.

The prediction of NMR chemical shifts from quantum mechanical (QM) methods is an 

alternative approach20–22 and has undergone major advancements within the last decade, 

including improvements in the basis sets and the extension of higher levels of theory, as well 

as Density Functional Theory (DFT) techniques.9, 23–26 DFT calculations are accurate 

enough to yield good agreements between chemical shift and molecular structure for 

medium-sized molecules,27–28 and have also been explored for protein structure validation 

and refinement.23, 29 While this approach has been rarely used for proteins in the past, given 

the associated computational demands, it currently is starting to gain momentum due to the 

rapidly increasing availability of sufficiently powerful computational resources and robust 

software. The most ubiquitous protocol employs DFT in the cluster mode or a mixed 

quantum mechanics/molecular mechanics (QM/MM) mode. An automated fragmentation 
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quantum mechanics/molecular mechanics (AF-QM/MM) approach was introduced by Merz 

and colleagues, and permits QM/MM calculations on large proteins.30–31 Other groups 

successfully employed this strategy for NMR chemical shift calculations, to fragment a 

protein sequence and define the appropriate regions to be treated at QM vs. MM level; they 

benchmarked the methods and the basis sets, which are both accurate and relatively 

inexpensive in terms of computational resources.24, 32 Case and coworkers demonstrated, 

using 20 proteins, that accurate isotropic shifts for non-labile 1H and 13C nuclei can be 

calculated following the prescribed protocol, while for amide 15N, and even more 

pronounced, for amide 1H chemical shifts, larger discrepancies between experimental and 

calculated shifts remain.32

In contrast to small organic molecules, proteins are inherently dynamic polymers, and the 

presence of conformational dynamics will grossly compromise results of QM/MM chemical 

shift calculations based on a single static geometry. For such systems, a combination of 

molecular dynamics (MD) simulations with QM/MM is a superior choice33–37, as we 

recently demonstrated for HIV-1 capsid assemblies38. In that study, we achieved excellent 

agreement between the chemical shift tensors, extracted from MAS solid state spectra and 

their predicted values, using a combined MD/QM/MM approach, even for highly dynamic 

residues.

Being able to accurately and reliably predict chemical shifts for proteins in the future would 

be of considerable value, since these shifts could potentially be used for iterative structure 

refinement. The present work was motivated by the aspiration to derive a robust protocol to 

reliably calculate protein 13Cα and 15N isotropic chemical shifts by QM/MM, using a model 

system for which experimental solution isotropic chemical shifts are known, for which a 

high-resolution X-ray structure is available, and which can be prepared in the same state for 

MAS NMR studies.

We selected as our model system the 133 residue protein agglutinin from Oscillatoria 
agardhii (OAA). This protein exhibits an unusual beta-barrel fold (Figure 1A).39, 40 The 

amino acid sequence of OAA contains two repeats (Figure 1B), which, in the structure, are 

related by a pseudo 2-fold symmetry. The equivalent symmetry-related residues exhibit 

different chemical shifts in solution. OAA is comprised predominantly of β-strands, linked 

by loops. These loops create the two ligand binding sites for mannose sugars: the lower-

affinity site 1 comprises the loops connecting strands β1-β2 and β9-β10, and the higher-

affinity site 2 is formed by the loop connecting strands β4-β5 and β6-β7. Our laboratory has 

solved the X-ray structure of OAA at 1.4 Å resolution (PDB: 3OBL)39, and we have an 

extensive body of solution NMR information, including complete chemical shift 

assignments (BMRB: 25306)39–42. Furthermore, as demonstrated here, microcrystalline 

OAA yields excellent-quality MAS NMR spectra. These permitted resonance assignments to 

be obtained for a large portion of the sequence. The extracted 1H-13C/15N dipolar order 

parameters indicate the presence of dynamics on the nano-to microsecond timescales for 

residues in two ligand binding sites. By integrating X-ray crystallography, solution NMR, 

MAS NMR, and QM/MM calculations, we have addressed the influence of the following 

factors on the accuracy of QM/MM chemical shift calculations: i) crystal contacts; ii) 

dynamics; iii) hydrogen bonding. The results indicate that calculated 13Cα chemical shifts 

Fritz et al. Page 3

J Phys Chem B. Author manuscript; available in PMC 2017 June 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



give excellent agreement with experimental shifts, while calculated 15NH chemical shifts 

display bigger deviations with experiment due to their sensitivity to factors including 

hydrogen bonding, local electrostatics, and dynamics. Our work also reveals that crystal 

contacts have a major influence on local conformation, and hence chemical shifts. The 

effects of dynamics are smaller, but not negligible. We propose that accounting for these 

effects can improve DFT-based chemical shift calculations. The approach presented here is 

broadly applicable to analysis of chemical shifts in various proteins and protein assemblies 

beyond OAA.

MATERIALS AND METHODS

Protein expression, purification, and crystallization of OAA were performed as described 

previously39. For all MAS NMR experiments, 30 mg of crystals were packed into 3.2 mm 

thin-wall Bruker rotors.

MAS NMR experiments were carried out on a 14.1 T narrow bore Bruker AVIII 

spectrometer outfitted with a 3.2 mm HCN EFree MAS probe. Larmor frequencies were 

599.8 MHz (1H), 150.8 MHz (13C), and 60.8 MHz (15N). Several 2D data sets were 

collected on a 19.96 T narrow bore Bruker AVIII spectrometer using a 3.2 mm HCN EFree 

MAS probe; Larmor frequencies were 850.4 MHz (1H), 213.9 MHz (13C), and 86.2 MHz 

(15N). The MAS frequency was set at 14 kHz for all experiments, and was controlled to 

within ± 5 Hz by a Bruker MAS III controller. KBr was used as an external temperature 

sensor43, and the actual temperature of the sample (corrected for rotational heating) was 

maintained at 4°C using the Bruker BCU temperature controller, which was stable to 

± 0.1°. 13C and 15N chemical shifts were referenced with respect to the external standards 

adamantane (CH2 group referenced to DSS at 40.76 ppm44) and NH4Cl (39.27 ppm45), 

respectively. Typical 90° pulse lengths were 2.8 μs (1H), 4.0 μs (13C), and 4.8 μs (15N), and 

the contact time of 1H-15N/13C cross polarization (CP) was 2.2/1.8 ms. 1H-15N/13C CP 

employed a 95–105% linear amplitude ramp on the 1H channel with the center Hartmann-

Hahn matched to the first spinning side band. The band-selective magnetization transfer 

from 15N to 13Cα was performed through a 4.5 ms SPECIFIC-CP46 with a tangent 

amplitude ramp on the 15N channel (49 kHz rf field center) and a constant rf field on the 13C 

channel (35 kHz). High-power 1H continuous wave (CW) decoupling (89 kHz) was applied 

during the SPECIFIC-CP period, and SPINAL-64 decoupling47 (89 kHz) was applied during 

the direct (t2) and indirect (t1) acquisition periods. In 1H-13C RN-DIPSHIFT and 1H-15N 

RN-PARS 3D experiments,48–49 R121
4-based symmetry sequence was used to reintroduce 

the 1H-15N/13C dipolar interaction during the t1 evolution period, and the phase-alternated rf 

field irradiation (84 kHz) was applied on the 15N/13C channel. Simultaneous π pulses were 

applied on the 13C channel at the center of every two rotor periods to decouple 15N-13C 

dipolar interactions.

Processing of NMR data was carried out in NMRpipe50; the spectra were analyzed with 

both Sparky and CCPN.51–52 In all 2D and 3D datasets, 30° or 60° shifted sine bell 

apodization was followed by Lorentz-to-Gaussian transformation. The R-symmetry 1H-X 

dipolar correlation data sets were evaluated as the real-FT of the corresponding indirect 

dimension zero-filled to 256 points prior to FT.
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Numerical simulations of 1H-15N/13C dipolar lineshapes were performed using the Minuit 

package in SIMPSON53 versions 1.1.2. To produce a powder average, 320 pairs of α, β 
angles were generated according to the REPULSION54 algorithm, and 16 γ angles 

(resulting in a total of 5, 120 angle triplets) were used for all simulations. The rigid limit was 

taken to be 11.3455 and 22.756 kHz for 1H-15N and 1H-13C respectively. NMR parameters in 

the experiment matched those used during the fitting routine.

QM/MM calculations of 13C and 15N isotropic chemical shifts were carried out in 

Gaussian09,57 at the OLYP58/tzvp59 level for the quantum mechanical region, using the 

scripts generated in AFNMR,60 and using chain A of PDB ID: 3OBL as initial input. The 

structure was minimized using the Amber FF99SB molecular mechanics force field and 

referenced to ubiquitin (PDB ID: 1D3Z) calculated at the same level of theory (1H =32.0 

ppm, 13C=182.5, and 15N= 237.8 ppm.)32 Intermolecular interfaces were identified by 

PISA.61

RESULTS

MAS NMR spectroscopy of OAA crystals

2D MAS NMR spectra of microcrystalline OAA exhibit excellent resolution and are of high 

sensitivity (Figure 1B). Several data sets, including 13C-13C 2D CORD62, 2D and 3D 

NCACX and NCOCX, and 3D CONCA spectra were acquired at 14.1 T, and assignments 

for 107 residues were obtained. While for proteins of similar size the magnetic field strength 

of 14.1 T and conventional heteronuclear dipolar-based 2D and 3D experiments would be 

sufficient for complete resonance assignments, given the sequence repeats in OAA, 

significant resonance overlap is present. Therefore, we could not distinguish between 

stretches of residues from the two sequence repeats. In solution, resonances from equivalent 

residues in the two sequence repeats could be unequivocally identified on the basis of their 

distinct 1H chemical shifts. To obtain proton chemical shifts in the MAS NMR experiments 

would require either deuteration of non-exchangeable protons in conjunction with full or 

partial amide back exchange, fast MAS (60–110 kHz) conditions, or both.

Gratifyingly, 2D MAS spectra recorded at 19.96 T resolved most of the overlapping 

resonances and individual peaks are observed in the 2D CORD and NCACX spectra of OAA 

for equivalent residues in the sequence repeats (Figure 1B). This demonstrates that by using 

high magnetic fields it is possible to carry out a complete structural analysis without the 

need for additional experiments. While further fast MAS experiments as well as 3D 

experiments at 19.96 T are currently ongoing in our laboratory, sufficient residue-specific 

resonance assignments for a large number of residues were available for an in-depth analysis 

of 13C and 15N chemical shifts and dipolar order parameters, as discussed below.

Analysis of 13C and 15N solution and MAS isotropic chemical shifts of OAA

The correlations between the experimental solution and two sets of calculated 13Cα 

and 15NH chemical shifts of OAA are provided in Figure 2. The shifts were calculated using 

SHIFTX214 as well as by DFT at the QM/MM level in Gaussian09 for the X-ray structure of 

OAA (PDB ID 3OBL). As can be appreciated, the correlations between the 

Fritz et al. Page 5

J Phys Chem B. Author manuscript; available in PMC 2017 June 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



experimental 13Cα shifts and those computed either semi-empirically or quantum 

mechanically are good to excellent, with the SHIFTX2-based predictions exhibiting better 

agreement with the experimental values. This result is consistent with previous reports from 

several groups12, 32, 63 and is not surprising, as SHIFTX2-based calculations by nature of 

their data-base driven properties take into account dynamic averaging of isotropic shifts for 

mobile regions. In addition, the agreement between experiment and calculations for 15NH 

shifts is generally worse than that for the 13Cα shifts, exhibiting a considerable degree of 

scatter. The reasons why calculations of 15NH shifts are fraught with difficulties are the 

extreme sensitivity of nitrogen chemical shifts to hydrogen bonding and local electrostatic 

effects, as well as solvent and dynamics influences. Interestingly, for both 13Cα and 15NH, 

better agreement is obtained between experimental solution NMR shifts and calculated shifts 

than between SHIFTX2 and QM/MM predicted shifts. Results based on SPARTA+12, 

another chemical shift prediction algorithm, were also evaluated. No significant differences 

in correlations based on the use of SPARTA+ or SHIFTX2 were observed. Fit parameters for 

linear correlations based upon SPARTA+ chemical shift prediction are included in Table 1. 

Linear correlation plots based on SPARTA+ chemical shift prediction are provided in the 

Supporting Information (Figure S2). 13Cβ chemical shifts had similar high quality linear 

correlations as seen for 13Cβ chemical shifts between MAS and solution NMR, SHIFTX2, 

and DFT. 13Cβ linear correlations are shown in the Supporting Information (Figure S3).

In order to evaluate whether the differences between experimental and computed shifts 

pertain to any specific subsets of residues (e.g., loops, binding sites or specific residue 

types), we have plotted the differences between the experimental and QM/MM computed 

shift vs. residue number. No obvious trends emerged, however (Figure 2G).

The comparison between MAS, solution, and computed 13Cβ and 15NH shifts is presented in 

Figure 3. The experimental shifts recorded on microcrystalline OAA and OAA in solution 

are in excellent agreement, with only a few outliers (Figure 3a). The residues for which 

solution and solid-state NMR shifts exhibit large differences are those that are involved in 

crystal contacts (Figure 4A) or interactions with CAPS molecules (3-cyclohexyl-1-

propylsulfonic acid, Figure 4B) in the crystallization buffer. Naturally, differences would be 

expected for these residues. We examined the interaction surfaces in the crystals and 

classified them into several subsets: 1) residues that participate in intermolecular protein-

protein hydrogen bonds; 2) other buried residues at the protein-protein interfaces that do not 

explicitly participate in hydrogen bonds; 3) residues that form direct hydrogen bonds with 

the CAPS molecule; and 4) other buried residues at the protein-ligand interfaces. The 

complete list of residues involved in intermolecular contacts is provided in the Supporting 

Information (Table S1). No trends emerged as to which contacts resulted in larger chemical 

shift differences, and all four were treated as a single group in the subsequent analysis. Large 

differences are observed for both, 15NH and 13Cα chemical shifts of residue G20 located in 

β2; for residue T46, on the other hand, large differences are only present for the 15NH amide 

shift. We attribute these differences to intermolecular contacts formed in microcrystalline 

OAA that are absent in solution. Overall, comparing the solution NMR structure of OAA64 

(2MWH) with the crystal structure (3OBL) reveals that many residues that exhibit chemical 

shift differences also show conformational differences between the two structures (Figure 

4C,D).
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The quality of the correlations as well as the numerical parameters of the linear fits for 

experimental vs. computed shifts for microcrystalline OAA are very similar to those that 

were obtained for OAA in solution, discussed above, and all are summarized in Table 1. 

For 13Cα, the agreement between experiment and theory is generally best, while, for 15NH, 

considerable scatter is observed. For all correlations but one, removing the data for residues 

that are involved in intermolecular contacts improves the agreement between MAS NMR 

chemical shifts and solution NMR, SHIFTX2, and QM/MM chemical shifts. The one 

exception in the correlation of 15NH shifts with QM/MM most likely is the result of 

increased scatter by the reduction in the number of data points. The same effect was noted 

when data for mobile residues were removed from the correlation. For correlations of MAS 

NMR chemical shifts with solution NMR or DFT-derived shifts, removing the data for 

mobile residues alone had no statistically significant effect on the quality of correlations. If 

the dynamics of OAA are similar in its crystalline and solution states, it is not surprising that 

the MAS vs solution NMR chemical shift correlation exhibits no dependence on dynamic 

residues. With respect to the correlation with DFT-derived chemical shifts, the absence of a 

dynamics-dependence may seem to be more surprising. We have demonstrated that 

dynamics can have dramatic effect on chemical shift tensors in HIV-1 protein capsid 

assemblies.38, 65 In CA capsid protein, the CypA binding loop has remarkably low order 

parameters, and the CSA tensors undergo dynamic averaging. In contrast, the dynamics of 

OAA are very modest, with the smallest order parameters on the order of 0.75 (1H-15N) to 

0.8 (1H-13C). Therefore, it appears that in OAA there are no significant changes in the 

electronic environment as a result of these modest dynamics. Therefore, the isotropic 

chemical shifts are not influenced to a large extent by dynamics within the sensitivity of 

MAS NMR chemical shifts. Whether this observation holds for the chemical shift anisotropy 

and asymmetry parameters remains to be investigated.

In some correlations, namely 13Cα MAS NMR shifts vs QM/MM and SHIFTX2 predicted 

shifts, removing the data from both mobile and intermolecular contact residues resulted in 

modest improvement, compared to removal of data from contact residues alone, suggesting 

that dynamics compromises the agreements to a certain degree. Taken together, our results 

indicate that the most significant contribution to the differences between MAS NMR, 

solution NMR and calculated chemical shifts arises from intermolecular contacts in the 

crystalline state, which are not present in solution. This naturally will also affect the 

calculated chemical shifts, since these were based on a monomeric OAA molecule. Carrying 

QM/MM calculations out on larger crystalline assemblies may capture the electronic 

environment at the contact sides better, although the differences between MAS NMR and 

QM/MM shifts appear to be small, at least in comparison to the differences between MAS 

and solution NMR chemical shifts (Figure 3H).

Surprisingly, the largest chemical shift backbone RMSDs are observed for Leu-47 and 

Leu-114 (both, 13Cα and 15NH). While the sidechains of these two residues are buried in the 

interior of the OAA β-barrel, the backbone 13Cα and 15NH are surface-exposed and thus 

may exhibit chemical shift perturbations due to changes in the local electronic environment, 

associated with the formation of crystal contacts. Table 1 summarizes the correlation 

parameters when Leu-47 and Leu-114 are: i) treated as crystal contacts (i.e. removed from 

the statistical analysis along with all other residues identified by PISA as interface residues); 
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ii) not treated as crystal contacts, iii) removed from the analysis altogether. The results 

indicate that the same trends hold when Leu-47/Leu-114 are either treated as crystal contacts 

or discarded. When these residues are not treated as crystal contacts, their substantial 

deviations skew the linear correlations, and in multiple cases “swamp out” statistical 

improvements due to the removal of other intermodular contacts or dynamic residues.

It may be of interest to note that, in contrast to the solution 15NH chemical shifts, which 

exhibited a better correlation with the shifts predicted by SHIFTX2 than those calculated by 

QM/MM, the experimental MAS NMR 15NH chemical shifts are in better agreement with 

QM/MM calculated chemical shifts than those predicted by SHIFTX2 (variances of 0.78 and 

0.70, respectively). Further studies are required to determine if this difference generally 

holds for other systems as well.

Nano- to microsecond timescale dynamics in OAA

It is well known that chemical shifts are dynamically averaged when the atoms are 

undergoing nano- to microseconds timescale motions.66, 33 It, therefore, seemed prudent to 

evaluate whether the differences between experimental and computed chemical shifts could 

arise from dynamics in OAA. Consequently, we needed to identify which residues in OAA 

are mobile. This was achieved by recording 1H-15N and 1H-13Cα dipolar lineshapes by 

MAS NMR. Lineshapes for representative residues and dipolar order parameters, as well as 

crystallographic B factors, are provided in Figure 5.

As can be noted, both 1H-15N and 1H-13C dipolar order parameters and B factors are 

correlated, with large B factors corresponding to low order parameters (Figure 5C,D,E). This 

is particularly interesting in light of the fact that, in addition to static disorder in the crystal, 

the B factors report on conformational disorder in the structures and, indirectly, on motions 

occurring over a much wider range of time scales than those captured by dipolar order 

parameters. This finding is in line with previous observations in other microcrystalline 

proteins, such as E. coli thioredoxin.66–70

Another intriguing observation is that OAA appears to exhibit more motion in the crystal 

(Figure 5) than one might anticipate, based on its seemingly rigid β-barrel type structure. 

The largest 1H-13C order parameters are 0.95, lower than the typical values recorded for 

rigid residues in other proteins by us and by others, including HIV-1 capsid protein 

assemblies.65, 70–72 While we cannot entirely rule out that these lower order parameters in 

OAA are due to systematic differences in experimental conditions, this is unlikely. Residues 

10–16 and 78–83, connecting β1 to β2 and β6 to β7, respectively exhibit the lowest order 

parameters and highest B factors. These loops are involved in forming the sugar binding 

sites 1 (weak) and 2 (strong), respectively. Remarkably, for these residues the solution and 

MAS NMR chemical shifts are in excellent agreement, suggesting that the associated loop 

motions in OAA are similar in solution and in the solid state. In light of this observation it 

will be interesting in the future to examine the dynamics of OAA in complex with bound 

sugar.
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DISCUSSION

As outlined earlier, OAA represents a potentially ideal benchmark system for comparing 

solution and solid-state NMR parameters with those predicted computationally, given that 

the protein is well folded with the majority of the residues residing in β-strands, is 

thermodynamically stable and crystallizes readily. Therefore, the same crystal form can be 

used for X-ray diffraction and MAS NMR experiments and influences from crystal contacts 

can be discerned in the MAS NMR shifts.

Our original expectation was that the best correlation would be observed between the 

experimental MAS NMR and QM/MM calculated 13Cα shifts. The better agreement was 

found between the experimental solution and MAS NMR 13Cα shifts, as well as between 

experimental solution and SHIFTX2-calculated 13Cα values. For 15NH shifts, the 

correlations are generally worse; however, the best agreement is again observed between the 

experimental solution and MAS NMR isotropic shift values. It is well known that hydrogen 

bonding and the associated electronic effects influence the quantum mechanical calculation 

of 15NH shifts significantly 9, 24. Since H atoms were added to the crystal coordinates by 

standard approaches to generate the input model for the QM/MM calculations and OAA is a 

β-barrel protein with the β-strands participating in an extensive network of hydrogen bonds, 

the accuracy of the calculated 15NH shifts may have been compromised to some degree, if 

the energy-minimized proton positions do not reflect the true proton positions in the crystal.

Not unexpectedly, dramatic differences between the solution and MAS NMR chemical shifts 

are detected for residues involved in crystal contacts (Figure 3G). On the other hand, 

dynamic residues, such as in the binding loops, appear to not introduce differences between 

the chemical shifts in solution vs. the solid state, suggesting that the dynamics are very 

similar in both states. Crystal contacts are a significant contributor to differences between 

MAS NMR chemical shifts and calculated shifts (DFT or SHIFTX2), but there appear to be 

other factors at play as well, indicated by overall higher RMSDs for calculated/predicted vs 

MAS NMR chemical shifts (Figure 3H,I).

CONCLUSIONS AND FUTURE OUTLOOK

Using the protein OAA as a model benchmark system, we have evaluated the accuracy of 

chemical shift calculations. Our study indicates that for 13Cα shifts, reasonably accurate 

predictions can be made, whereas much work remains in order to establish reliable protocols 

for 15NH isotropic chemical shift calculations. Crystal contacts, dynamics, hydrogen 

bonding, and other local interactions modulate the chemical shifts and need to be carefully 

taken into account. It is anticipated that future studies focused on the analysis of CSA 

tensors, rather than isotropic shifts only, are necessary, and that reliable incorporation of 

shift tensors into structure/dynamics characterization protocols will further improve 

structural characterization of proteins and large macromolecular assemblies.

Unlike isotropic chemical shifts, chemical shift anisotropy tensors can be accurately 

calculated at the DFT level. We recently reported this for 15NH chemical shift anisotropy 

tensors of HIV-1 CA assemblies.38 Since isotropic shifts are an average over three principal 
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components of the tensor, the resulting errors are large, relative to those in the full CSA 

tensor calculations.73–77 Moreover, integration of MD simulations and DFT enables accurate 

calculation of dynamically averaged 15NH CSA tensors and these tensors are readily 

accessible from contemporary MAS NMR experiments.78 Acquisition of the corresponding 

data sets, together with the data required for resonance assignments and structural 

characterization, is beneficial as these yield an immediate probe of nano- to microsecond 

timescale motions. To improve isotropic chemical shift calculations, the CSA tensors can 

then be used in conjunction with isotropic shifts and other NMR parameters in atomic-

resolution structural/dynamics characterization of the system of interest.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
A: Ribbon representation of the X-ray structure (left) and amino acid sequence (right) of O. 
agardhii agglutinin. Residues whose backbone resonances were assigned are shown in bold. 

Identical residues in the sequence repeats are shown in pink, linker residues between the 

repeats are shown in green. β-strands are indicated by arrows above the sequence, and 

colored blue and gray for repeat 1 and 2, respectively, both in the structure and sequence. B: 
MAS NMR spectra of OAA microcrystals: NCOCX (top right), CORD (middle right), 

NCACX (bottom right). Assignments for selected resonances are shown and labeled with 

residue name and number. Expansions of selected areas in the CORD and NCACX spectra 

for the Thr, Ser, and Gly regions (magenta) are provided at the left side with black and 

magenta contours representing the spectra acquired at 14.1 and 19.96 T, respectively. Note 

that equivalent residues belonging to the two sequence repeats cannot be fully resolved at 
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14.1 T, but are distinct in the 19.96 T spectra A sample backbone walk is provided in the 

supporting information.
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Figure 2. 
Summary of experimental solution NMR and calculated isotropic chemical shifts for 13Cα 

and 15NH in O agardhii agglution. A–F: Correlations between experimental solution 13 Cα 

and 15NH chemical shifts and QM/MM (A and D) or SHIFTX2 calculated shifts (B and E) 

as well as the correlation between SHIFTX2 and QM/MM calculated chemical shifts (C and 

F), using the X-ray structure of OAA (PDB ID 3OBL) as the model. G: Differences between 

calculated (QM/MM) and experimental (solution NMR) isotropic chemical shifts along the 

linear amino acid sequence. No trends with respect to secondary structure, ligand-binding 

sites or residue type are noted.
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Figure 3. 
Summary of experimental solution and MAS shifts and calculated isotropic chemical shifts 

for 13Cα and 15NH in O agardhii agglttinin A–F: Correlations between experimental 

between experimental solution 13Cα and 15NH chemical shifts, calculated QM/MM shifts, 

calculated SHIFTX2 shifts and experimental MAS 13Cα and 15NH chemical shifts using the 

X-structure of OAA (PDB ID 3OBL) as the model. In panels A and D, outliers in the 

correlation are labled with residue name and number. G–I: Backbone RMS chemical shift 

deviations Δδiso = ((δCα
SS−δCα

Soln,QM/MM,SHIFTX2)2 + 1/2(δNH
SS − 

δNH
Soln,QM/MM/SHIFTX2)2)1/2 between MAS NMR chemical shifts and experimental 

solution NMR isortopic chemical shifts (G), DFT-calcuted chemical shifts (H), and 

SHIFTX2 predicted chemical shifts (I) along the liner amino acid sequence. 15N chemical 

shifts were given a weighting of 0.5 relative to 13C chemical shifts to reflect the relative 

sensitivities of the two nuclei to changes in the electronic environment79–80. Residues 

involved in protein-protein or protein-ligand intermolecular contacts in the crystal structure 

of OAA are marked by grey shading. Magenta coloring indicates repeat regions of the 

sequence for which MAS NMR chemical shifts are identical for both repeats. In contrast to 
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MAS NMR, in the solution NMR data sets, chemical shifts were not assumed to be identical 

for the 2 repeats. Rather the resolved solution NMR chemical shifts, which can be resolved 

in the proton dimension, were used.
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Figure 4. 
Intermolecular interactions in the OAA crystals. A: Protein-protein crystal contacts 

determined by PISA. B: A CAPS molecule forms a hydrogen bond with Gly-124. C,D: 
Superposition of the X-ray (gray) and solution NMR (blue) structures of OAA, illustrating 

structural differences introduced by crystal packing at Gly-20 (C) and Thr-46 (D) between 

two adjacent molecules (grey and magenta) in the crystal lattice.
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Figure 5. 
MAS NMR experimental 1H-15N and 1H-13Cα dipolar line shapes, order parameters and 

crystallographic B-factors of crystalline O. agardhii agglutinin. A and B: experimental 

(black) and best fit (blue) 1H-15N and 1H-13Cα dipolar lineshapes, respectively, recorded in 

RN-PARS and RN-DIPSHIFT MAS NMR experiments. C–E: 1H-15 dipolar order 

parameters, crystallographic B factors, and 1H-13Cα dipolar order parameters vs. residue 

number. Regions of reduced order parameters, which are indicative of motions occurring on 

ns-μs timescales, coincide with regions of increased B factors and are shaded in magenta. F, 
G: Correlation between B factors and 1H-15N and 1H-13Cα dipolar order parameters, 

respectively.
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Table 1

Slope (m) and variance (R2) for linear correlations of 13Cα and 15NH MAS NMR chemical shifts with solution 

NMR, SHIFTX2, SPARTA+, and QM/MM-derived chemical shifts for subsets of residues.

Leu-47 and Leu-114 are treated as crystal contacts

All residues Static Residues Non-Interface Residues Static and Non-Interface 
Residues

13Cα vs solution NMR m = 0.99 m = 0.98 m = 1 m = 1

R2 = 0.97 R2=0.97 R2 = 0.99 R2 = 0.99

13Cα vs QM/MM m = 0.86 m = 0.83 m = 0.83 m = 0.83

R2 = 0.92 R2 = 0.92 R2 = 0.94 R2 = 0.95

13Cα vs SHIFTX2 m = 0.97 m = 0.97 m = 0.96 m = 0.97

R2 = 0.95 R2 = 0.95 R2 = 0.97 R2 = 0.98

13Cα vs SPARTA m = 0.98 m = 0.97 m = 0.97 m = 0.98

R2 = 0.95 R2 = 0.96 R2 = 0.97 R2 = 0.97

15NH vs solution NMR m = 0.93 m = 0.92 m = 1 m = 1

R2 = 0.88 R2 = 0.86 R2 = 0.97 R2 = 0.97

15NH vs QM/MM m = 1.07 m = 1.05 m = 1.06 m = 1.04

R2 = 0.78 R2 = 0.74 R2 = 0.74 R2 = 0.74

15NH vs SHIFTX2 m = 0.76 m = 0.82 m = 0.81 m = 0.84

R2 = 0.70 R2 = 0.76 R2 = 0.80 R2 = 0.82

15NH vs SPARTA m = 0.76 m = 0.80 m = 0.80 m = 0.83

R2 = 0.70 R2 = 0.74 R2 = 0.75 R2 = 0.82

Leu-47 and Leu-114 are not treated as crystal contacts

All residues Static Residues Non-Interface Residues Static and non-interface

13 Cα vs solution NMR m = 0.99 m = 0.98 m = 0.99 m = 0.99

R2 = 0.97 R2=0.97 R2 = 0.98 R2 = 0.98

13Cα vs QM/MM m = 0.86 m = 0.83 m = 0.82 m = 0.83

R2 = 0.92 R2 = 0.92 R2 = 0.92 R2 = 0.93

13Cα vs SHIFTX2 m = 0.97 m = 0.97 m = 0.95 m = 0.96

R2 = 0.95 R2 = 0.95 R2 = 0.96 R2 = 0.97

13Cα vs SPARTA m = 0.98 m = 0.97 m = 0.96 m = 0.97

R2 = 0.95 R2 = 0.96 R2 = 0.96 R2 = 0.96

15NH vs solution NMR m = 0.93 m = 0.92 m = 0.89 m = 0.89

R2 = 0.88 R2 = 0.86 R2 = 0.87 R2 = 0.86

15NH vs QM/MM m = 1.07 m = 1.05 m = 0.94 m = 0.92

R2 = 0.78 R2 = 0.74 R2 = 0.65 R2 = 0.65

15NH vs SHIFTX2 m = 0.76 m = 0.82 m = 0.78 m = 0.81

R2 = 0.70 R2 = 0.76 R2 = 0.79 R2 = 0.80

15NH vs SPARTA m = 0.76 m = 0.80 m = 0.75 m = 0.77

R2 = 0.70 R2 = 0.74 R2 = 0.73 R2 = 0.79
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Leu-47 and Leu-114 are treated as crystal contacts

All residues Static Residues Non-Interface Residues Static and Non-Interface 
Residues

Leu-47 and Leu-114 are excluded from analysis altogether

All residues, 
47/114 removed

Static Residues 
47/114 removed

Non-Interface Residues, 
47/114 removed

Static and Non-Interface, 
47/114 removed

13Cα vs solution NMR m = 0.99 m = 0.99 m = 1 m = 1

R2 = 0.98 R2 = 0.98 R2 = 0.99 R2 = 0.99

13Cα vs QM/MM m = 0.86 m = 0.83 m = 0.83 m = 0.83

R2 = 0.93 R2 = 0.93 R2 = 0.94 R2 = 0.95

13Cα vs SHIFTX2 m = 0.98 m = 0.97 m = 0.96 m = 0.97

R2 = 0.96 R2 = 0.96 R2 = 0.97 R2 = 0.98

13Cα vs SPARTA m = 0.98 m = 0.97 m = 0.97 m = 0.98

R2 = 0.96 R2 = 0.96 R2=0.97 R2 = 0.97

15NH vs solution NMR m = 1 m = 0.99 m = 1 m = 1

R2 = 0.93 R2 = 0.92 R2 = 0.97 R2 = 0.97

15NH vs QM/MM m = 1.13 m = 1.15 m = 1.06 m = 1.04

R2 = 0.82 R2 = 0.80 R2 = 0.74 R2 = 0.74

15NH vs SHIFTX2 m = 0.78 m = 0.85 m = 0.81 m = 0.84

R2 = 0.69 R2 = 0.76 R2 = 0.80 R2 = 0.82

15NH vs SPARTA m = 0.79 m = 0.83 m = 0.80 m = 0.83

R2 = 0.70 R2 = 0.75 R2 = 0.75 R2 = 0.82
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