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ABSTRACT

Chemical shifts are highly sensitive probes of local conformation and overall structure. Both
isotropic shifts and chemical shift tensors are readily accessible from NMR experiments but their
guantum mechanical calculations remain challenging. In this work, we report and compare
accurately measured and calculated ’N" and "*C® chemical shift tensors in proteins, using the
microcrystalline agglutinin from Oscillatoria agardhii (OAA). Experimental *C® and '°N"
chemical tensors were obtained by solid-state NMR spectroscopy, employing tailored recoupling
sequences, and for their quantum mechanics/molecular mechanics (QM/MM) calculations
different sets of functionals were evaluated. We show that *C® chemical shift tensors are
primarily determined by backbone dihedral angles and dynamics, while "®N" tensors mainly
depend on local electrostatic contributions from solvation and hydrogen bonding. In addition, the
influence of including crystallographic waters, the molecular mechanics geometry optimization
protocol, and the level of theory on the accuracy of the calculated chemical shift tensors is
discussed. Specifically, the power of QM/MM calculations in accurately predicting the unusually
upfield shifted 'HY G26 and G93 resonances is highlighted. Our integrated approach is

expected to benefit structure refinement of proteins and protein assemblies.
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INTRODUCTION

Protein structure determination by NMR spectroscopy relies on distance and angular
restraints, supplemented by isotropic chemical shifts (CS) for *C, ™N, and 'H nuclei. NMR
chemical shifts are exquisitely sensitive reporters of local geometry and electronic environments
and are readily accessible, both in solution and solid-state NMR experiments.1 In contrast, the
orientation-dependent chemical shift anisotropy (CSA) tensors are not directly available in
solution because of motional averaging and, until recently, their site-specific measurements in
solid-state NMR experiments of proteins were challenging. With the advent of modern
recoupling sequences,?* incorporated into multidimensional magic angle spinning (MAS) solid-
state experiments, CSA tensors for heteronuclei ("*C and "°N) as well as "H can now be easily
obtained for proteins and protein assemblies.* °

Experimental 'H, *C, and "N CSA tensors provide critical information about protein
secondary structure, electrostatic and hydrophobic interactions, protonation states, rotameric
states, as well as dynamics,®® and the incorporation of '*C and "N CSA tensors holds great
promise for protein structure refinement,® '° potentially aiding the laborious task of internuclear
distance restraint assignment. At present, however, such approaches are not yet widely used,
due to the absence of robust computational protocols, particularly for '°N tensors. Most of the
current methodologies rely on Density Functional Theory (DFT) calculations, either in the cluster
or hybrid quantum mechanics/molecular mechanics (QM/MM) format. In the first approach,
typically a 3-6 A sphere around the residue or region of interest is constructed and only this
cluster is subjected to DFT-based geometry optimization followed by NMR parameter
calculations.” ' In hybrid QM/MM calculations, the system is partitioned into a 3.5 A sphere for
full atomistic treatment and the remainder of the protein is treated as point charges.”™ ' The
QM/MM treatment of the entire protein results in the calculations not being prohibitively
expensive, with the MM minimization typically sufficient for suitably relaxing the protein. QVI/MM

15, 16 and

calculations of NMR isotropic chemical shifts have been benchmarked previously,
hybrid functionals and diffuse basis sets with polarization were shown to result in reasonably
accurate agreement with experimental values."”'® Furthermore, when combined with molecular
dynamics (MD) simulations, the integrated MD/QM/MM calculations yield satisfactorily accurate
CSA tensor predictions for proteins, which exhibit extensive local dynamics, as was shown for
HIV-1 CA capsid protein assemblies.’ However, in general, QM/MM calculations of protein CSA
tensors remain far from being routine and accurate predictions of N tensors are very

challenging.
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In order to establish reliable and streamlined QM/MM computational protocols for accurate
chemical shift predictions of proteins, it is imperative to examine a sufficiently large number of
model benchmark systems. These should encompass representative secondary structure types
and tertiary structural topologies, and should comprise proteins for which atomic-resolution
structures are available, isotropic chemical shifts and CSA tensors have been measured, and
which can be crystallized in the same form for both diffraction and MAS NMR studies. Here we
use the 133-residue comprising agglutinin from Oscillatoria agardhii (OAA) as the model protein.
It exhibits an unusual beta-barrel topology (Figure 1A), created from two sequence repeats in a
pseudo two-fold symmetrical arrangement.’®?" We have solved the X-ray structure of OAA at
1.2 A resolution (PDB: 30BL),?' and extensive NMR characterizations were carried out that
provided complete solution chemical shift assignments®® and, more recently, MAS NMR
parameters.® Isotropic backbone *C® and °N" chemical shifts were calculated by the QM/MM
approach and the influence of hydrogen bonding, crystal contacts, and dynamics on the
accuracy of shift predictions were reported.®

In this work, we assessed the factors determining the accuracy of backbone >C* and °N"
CSA tensor QM/MM calculations. Our results reveal that very good agreement between
experiment and theory can be reached for >C° tensors. We also show that "*C® tensors are
predominantly determined by backbone dihedral angles and dynamics, while the °N" tensors
are mainly dependent on local electrostatic contributions from solvation and hydrogen bonding.
In addition, we evaluated the influence of the MM minimization scheme, the inclusion of
crystallographic waters, the N-H bond length, and the level of theory (functional). The power of
the current QM/MM calculations in accurately predicting the unusually high field "H" chemical
shifts of G26 and G93 residues, originating from ring current effects of the close-by W90 and
W23 side chains is clearly evident. Overall, the integrated approach developed here will be of
use for protein structure refinement methodologies that are based on chemical shift anisotropy

tensors.
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EXPERIMENTAL

Protein expression, purification, and crystallization of OAA were performed as described
previously.?' 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 AVIIIl spectrometer
outfitted with a 3.2 mm HCN EFree MAS probe. Larmor frequencies were 599.8 MHz ('H),
150.8 MHz (**C), and 60.8 MHz ("°N). 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 ('H), 213.9 MHz (®*C), and 86.2 MHz (**N). The MAS frequency was set at 10
or 14 kHz for all experiments, and was controlled to within + 5 Hz by a Bruker MAS Il controller.
KBr was used as temperature sensor, and the actual temperature of the sample was maintained
to within 4 + 0.1 °C using the Bruker BCU temperature controller. *C and "°N chemical shifts
were referenced with respect to the external standards adamantane and NH,CI, respectively.
Typical 90° pulse lengths were 2.8 us ('H), 4.0 ps ("*C), and 4.8 ps ("°N), and the contact time of
'H-""N/"3C cross polarization (CP) was 2.2/1.8 ms. 'H-""N/"*C CP employed a 95-105% linear
amplitude ramp on the 'H channel with the center Hartmann-Hahn matched to the first spinning
side band. The band-selective magnetization transfer from "°N to "*C® was performed through a
4.5 ms SPECIFIC-CP with a tangent amplitude ramp on the N channel (49 kHz rf field center)
and a constant rf field on the "*C channel (35 kHz). High-power 'H continuous wave (CW)
decoupling (89 kHz) was applied during the SPECIFIC-CP period, and SPINAL-64 decoupling
(89 kHz) was applied during the direct (t;) and indirect (t,) acquisition periods. In *C and "°N 3D
RNCSA experiments,” R10,> (**C)and R14,° (**N)-based symmetry sequences were used to
reintroduce the "*C and "N CSA during the t; evolution period, and the phase-alternated rf field
irradiation (43 and 50 kHz) was applied on the "N/"*C channel respectively. Simultaneous T
pulses were applied on the "*C channel at the center of every two rotor periods to decouple "°N-
3C dipolar interactions. ®C and "N CSA tensors were also recorded using the ROCSA
sequence,®* to determine the absolute sign of the reduced anisotropy and the asymmetry
parameter. The MAS frequency was 10 kHz, and the ROCSA rf power was optimized so as to
minimize the lineshape distortions.?*

Processing of NMR data was carried out in NMRpipe?; the spectra were analyzed with both
Sparky and CCPN.?®? |n all 2D and 3D datasets, 30° or 60° shifted sine bell apodization was
followed by Lorentz-to-Gaussian transformation. The RNCSA 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 °N/"*C CSA lineshapes were simulated using the Minuit package in
SIMPSON?® versions 1.1.2. To produce a powder average, 320 pairs of {a, B} angles were
generated according to the REPULSION algorithm, and 16 yllangles (resulting in a total of
5,120 angle triplets) were used for all simulations. NMR parameters in the experiment matched
those used during the fitting routine.

In defining the CSA tensor, we used a modified Haeberlen convention below.

Oiso = (811 +622 + 633)/3 (1)

86 = 011 - Siso (2)

N =(833 — 622)/ (811 — Siso) (3)

| 811 - Siso| 2 | 822 - Siso| = | 833 - iso| (4)

QM/MM calculations of *C and "N chemical shift tensors were carried out in Gaussian09,% at
the OLYP/TZVP level for the quantum mechanical region, using the scripts generated in AFNMR,
and using chain A of PDB ID: 30OBL as initial input. In the QM/MM calculations, the protons are
added using the Amber force field libraries followed by the MM minimization of the entire
structure. 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 (H =32.0
ppm, *C=182.5, and "N= 237.8 ppm.). Proton only optimizations were achieved using the

MDWeb server (http://mmb.irbbarcelona.org/MDWeb/). All functionals and basis sets were used

as implemented in Gaussian 09.
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RESULTS AND DISCUSSION
MAS NMR spectra and chemical shift assignments of OAA crystals

2D *C-detected CORD and NCA spectra of OAA were acquired at 19.96 T (Figure 1B)
and backbone connectivities for the stretch of residues from T50 to 159, extracted from 3D
NCACX, NCOCX, and CONCA spectra, are shown in Figure 1C. We previously assigned 107
residues on the basis of 2D and 3D "*C-detected spectra acquired at 14.1 T."® Here, given the
outstanding spectral resolution of the CORD spectra at 19.96 T, additional 15 resonances were
resolved. However, even with the significantly improved resolution, there are still a number of
residues whose *C and '°N chemical shifts could not be resolved, given the extensive amino
acid similarity of the two sequence repeats. For these residues, solution 'H chemical shifts are
distinct, and therefore a 'H-detected (H)NH HETCOR spectrum at 19.96 T and MAS frequency
of 60 kHz was acquired. As illustrated in Figure 2A and 2B, the spectral resolution is remarkably
high, and this data set in combination with the CORD spectrum permitted the tentative
assignment of 16 pairs of residues from the two repeats.

The unusual high field 'H shifts of residues G26 and G93 in the HETCOR spectrum (3.5
and 2.9 ppm, Figure 2B) are in accord with the solution chemical shifts reported previously,?*?
and caused by ring current effects of the W90 and W23 sidechains (Figure 2C). Remarkably,
the 'H amide shifts for these two residues calculated by QM/MM agree well with the
experimental values (Table 1), and analysis reveals the contribution of the W90/W23 HOMO

orbitals to the 'H magnetic shielding tensors of G26/G93.

Table1. 'H" Chemical Shifts for G26 and G93

MAS NMR Solution NMR QM/MM SHIFTX2 SPARTA+
G26 3.5 3.38 2.93 5.15 8.99
G93 29 2.94 2.55 5.15 8.89

Comparison between experimental MAS NMR and QM/MM calculated *C® and '°N"
chemical shift anisotropy tensors

The experimental *C* and "N" CSA tensors (principal components) were obtained from
3D RNCSA spectra.* *C® and ""N" RNCSA lineshapes for representative residues are shown in
Figure 3A and 4A. Experimental CSA parameters were extracted from fits to the experimental
lineshapes and calculated at the QM/MM level in Gausssian09, using the X-ray structure of
OAA (PDB ID 30BL). Since RNCSA lineshapes are not sensitive to the sign of the anisotropy

and the asymmetry parameter (see Figure S1 of the Supplementary Information), *C* and "N"
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CSA tensors were also extracted from ROCSA?* lineshapes. These are shown for
representative residues in Figure S2 of the Supplementary Information. We note that the
absolute magnitude of the reduced anisotropy parameters cannot be reliably determined from
the ROCSA experiment because of the contribution of *C-"C homonuclear dipolar coupling to

24, 30 and

the ROCSA Hamiltonian in uniformly '*C labeled samples, as reported previously
shown in Figure S3 of the Supplementary Information. We also note that the absolute
orientations of the CSA tensors in the molecular frame could only be accessible from single-
crystal NMR experiments. These are only practical in small molecules, such as amino acids®’,
and are not envisioned to be practical in protein studies, because of sensitivity issues, signal
overlap, and general inaccessibility of large enough crystals for such experiments.

The experimental and calculated >C® and "°N" reduced anisotropy parameters, 5., plotted
vs. residue number, as well as the correlation between the experimental and calculated principal
components of the *C® and ">N" CSA tensors, &;, are shown in Figure 3B and 4B. The complete
listing of experimental and calculated CSA parameters is provided in Table 1S (Supplementary
Information).

As can be appreciated from Figures 3 and 4 and Table 1S, the experimental CSA
parameters for both >C® and "N" are generally in good agreement with the predicted values,
with R? values of 0.93 and 0.95, respectively. For the "*C°, values, most outliers are associated
with residues in the loop regions or prolines and glycines (Figure 3C), consistent with previous
observations for isotropic shifts.'® Indeed, deviations between experimental and calculated CSA
values for residues in the loop regions are not surprising, since loops exhibit motions which are
not well represented when calculations are performed based on a static X-ray structure. To
account for the dynamic averaging of the CSA tensors, MD-DFT calculations are needed. Such
calculations are time consuming and will be performed in the future. It is also important to note
that for a number of residues (magenta bars in Figure 3B), the sign of the reduced anisotropy
parameter is undetermined because the asymmetry parameters are close to 1. For several
other residues (blue bars in Figure 3B), the sign of the reduced anisotropy extracted from the
ROCSA lineshapes, does not agree with the QM/MM calculation. The likely reason for this
discrepancy is a possible contribution of homonuclear *C-"*C dipolar coupling, (Figure S3 of the
Supplementary Information), to the ROCSA lineshapes.

Inspection of the correlation between the calculated and experimental &; of the NP CcsA
tensor parameters revealed a systematic offset of -9.07 ppm, which required investigation of the
various factors that could affect the accuracy of the computed >N" CSA tensors. As has been

noted before, "’N" CSA tensor calculations are notoriously difficult,>** and "°N" shifts are very
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sensitive to the local electronic environment and motions. Below we describe our findings with
respect to the dependence of the CSA parameters on the level of theory (functional and basis
set), the geometry optimization protocol and inclusion of crystallographic waters in the structure,
N-H bond length and hydrogen bonding, and the presence of conformational

heterogeneity/dynamics.

Choice of density functional

Six commonly used functionals were evaluated with respect to the accuracy of the
calculated "N" CSA tensors: three GGA functionals (OLYP, BLYP, and OPBE), two hybrid
functionals (O3LYP and B3LYP), and a meta hybrid GGA functional (M06). For each of the
functionals, the calculated principal components of the CSA tensor, &;, are displayed vs. the
corresponding experimental values (Figure 5) for a test set of representative residues that
exhibited varying differences between computed and experimental shifts. Surprisingly, the
choice of density functional when paired with the commonly used TZVP basis set had little to no
impact on the results, as evidenced by the similar slopes, intercepts, and correlation coefficients.
Judging by the RMSD values, OLYP, O3LYP, and B3LYP perform the best, most likely since
the TZVP basis set was optimized for the use with LDA exchange functionals.*® Indeed, other
studies showed that quantitative agreement can be reached with hybrid functionals and the
TZVP basis set.”> '® Therefore, the extra exchange term seems not necessary for accurate "°N"
tensor predictions.

We also examined whether using meta-GGA functionals with correlation-consistent basis
sets improved the predicted '°N" CSA tensors. These calculations were carried out using cluster
models with and without DFT geometry optimization. This approach was prompted by a recent
report on the advantages of using meta-GGA functionals for N CSA tensor calculations of
small molecules.® In contrast to the findings for small molecules, we did not observe that the
TPSS functional outperforms OLYP. Interestingly, our results suggest that the MO6L functional
with the cc-pVTZ basis set yields the highest accuracy for calculated °N™ CSA tensors of -
sheet residues. For example, calculations with most functionals and basis sets result in a 5 ppm
difference to the experimental values for V6, which is reduced to 90.3 ppm when the MO6L/cc-
pVTZ combination is used. Similar results were seen for A63 yielding a difference of 5 ppm
between the computed and experimental reduced anisotropy parameter. We note that this level
of agreement is higher than that reported previously for GB1 and ubiquitin, used as benchmark
proteins to test the QM/MM approach for computing chemical shift tensors." For loop residues,

the reduced anisotropies are over-estimated, most likely due to the averaging of dynamics on
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the nano-microsecond timescale, which would compromise results based on DFT calculations
of static structures. Since meta-GGA functionals contain an additional term describing the
kinetic energy of the electrons, such shortcomings should be less detrimental. This can be
illustrated by considering the geometry of the frontier molecular orbitals. In Figure 5, N-Acetyl
valine is shown as an example: the negative electron density of the nitrogen lone pair occupies
significant space on the opposite side of the peptide plane and the kinetic term will account for

any motion of the lone pair motion.

Optimization protocols and crystallographic waters

The accuracy of predicting NMR parameters by DFT is critically dependent on the atomic
coordinates. Even when high-resolution X-ray structures are available for cluster calculations of
proteins, DFT geometry optimization is necessary.”” This is often challenging due to
convergence problems, and it is difficult to verify whether a true minimum has been reached,
rather than a saddle point on the potential energy surface. For calculating magnetic shielding
anisotropy tensors, prior work by us and by others suggests that MM minimization is sufficient.>
'® However, several questions still remain, such as: is it necessary to optimize the heavy atom
positions? Should one include crystallographic waters? What is the best bond length to use for
adding H atoms to the coordinates?

In order to evaluate how different optimization protocols affect the values of the computed
CSA tensors, we examined the following four scenarios: (i) optimization of all atoms, (ii)
optimization of all atoms, including crystallographic waters, (iii) optimization of H atoms of the
protein only, and (iv) optimization of all H atoms of the protein and the crystallographic waters.
In (iii) and (iv), the coordinates of the heavy atoms were kept fixed in the X-ray geometry. As
illustrated in Figure 6, the overall accuracy of the "N" CSA tensor principal components is
largely insensitive to the choice of the MM optimization scheme. In particular, the inclusion of
crystallographic waters does not improve the agreement between experimental and calculated
values. For example, considering amides that are involved in hydrogen bonds with
crystallographic waters, such as L3 and V33, we note that for L3, which is surface exposed and
serves as a hydrogen bond donor to a water, worse predictions are obtained. We speculate that
this is due to the fact that water molecules on the protein surface are highly dynamic, and that in
a particular crystal structure a snapshot of water locations is observed, without knowledge
whether this position is always occupied. For V33, the inclusion of the crystallographic waters
resulted in improved CSA predictions. V33 is a loop residue, and the amide forms a bridging

hydrogen bond with the sidechain hydroxyl of T4, mediated by a water. In this case it may well

10
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be possible that this water molecule is more tightly bound and represents an integral part of the
protein structure, compared to the more mobile surface waters. Indeed, the improvement after
including this explicit water proton geometry optimization is significant (Figure S4,
Supplementary Information). A similar result is observed for N37, whose side chain is hydrated.
Fixing the heavy atoms and including explicit waters greatly improves the accuracy of the
calculated tensor components. Finally, the water molecules that are outside of the 3.5 A
quantum region, but hydrogen bonded to amides within the QM sphere, are embedded as point
charges in the MM region, potentially resulting in increased error.

Overall, our data show that the choice of minimization protocol and inclusion of waters has
little to no effect for "*C® tensors, while occasionally it can be beneficial for "°N" CSA tensors
when bridging waters are present. Using the OLYP/TZVP level of theory for the quantum region,
it is possible to obtain excellent quantitative agreement for carbons. For nitrogens, on the other
hand, the degree of scatter is greater, but can be reduced to some extent by using the more

expensive MO6L/cc-pVTZ functional/basis set combination.

Conformational heterogeneity

In order to evaluate the influence of conformational heterogeneity, we averaged the results
of QM/MM calculations for a rigid (A63) and a dynamic (D80) residue over the 20 lowest-energy
solution NMR conformations of OAA (PDB ID 2MWH). The resulting °N" chemical shift
anisotropies do not vary significantly within the 20-conformer ensemble, yielding 0.85 ppm for
A63 and 2.50 ppm for D80 (Figure S5, Supplementary Information). The larger deviation for D80
vs. AB3 is not unexpected: A63 is a rigid residue with an N-H order parameter of 0.92, while
D80 is more mobile, with an N-H order parameter of 0.80. Interestingly, the QM/MM calculations
over-estimate the magnitude of the reduced anisotropy by 17 ppm for D80 and 8 ppm for A63.
Furthermore, for D80 the measured "N" CSA is approximately 0.80 of the QM/MM value,
underscoring the fact that it undergoes dynamics on the nano- to microsecond timescale. To
account for dynamic averaging of the CSA tensor, an integrated MD-DFT approach will need to

be pursued in the future, as noted for HIV-1 CA protein assemblies.’

N-H bond lengths and hydrogen bonding

Although MD simulations improve the accuracy of CSA tensor calculations for dynamically
averaged residues,” nano- to microsecond motions cannot account for the discrepancies
between calculated and experimental values for residues, which are static on these timescales.

A63 is one such residue, yet the difference between calculated and experimental NP 5, is 8

11
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ppm. For other residues, such as V6, 136, 1103, F61, F128, and K129 similar differences are
observed, namely a 5-8 ppm over-estimation of the reduced anisotropy. All of these residues
are located in B-strands. While a 5-8 ppm differences are only of the order of 5-8% of the overall
magnitude of &,, for many other amides the agreement between calculation and experiment is
much better. For example, residues A15 and L92, which are located in loops, exhibit differences
smaller than 2 ppm (this is within the experimental error) between the experimental and
computed shifts. Since within the B-sheet structure of OAA extensive hydrogen bonding is
present and contributions to the chemical shift tensor have an inverse cubic relationship with
distance,**° hydrogen bond donating amides in p-sheets will experience a larger contribution
than loop residues. Therefore, if motions were negligible, contributions from hydrogen bonding
interactions should dominate the chemical shift tensor. This will be most pronounced for the 844
component, which lies along the N-H bond vector, and it has been previously reported that this
component is extremely sensitive to hydrogen bonding interactions.” *'

In addition, even high-resolution X-ray structures of proteins will not contain H atoms and
protons are added prior to the geometry minimization step. We therefore examined the effect of
systematically varying the N-H bond length on the CSA parameters. As above, we selected two
representative residues, A63 and D80, which exhibit distinctive chemical shifts. For A63,
increasing the N-H bond length from 1.005 to 1.040 A results in a linear increase of &, from
123.5 to 127.4 ppm and a linear decrease in d, from 103.6 to 100.6 ppm, thus a 1 ppm change
for 0.013 A (Figure 7). The corresponding data for D80 are shown in Figure S6 (Supplementary
Information). These changes are too small to account for the observed differences between the
experimental and calculated shifts for these two residues. The linear dependence with

increasing bond length is consistent with reports for organic molecules.*?

Table 2. °N" Experimental and Computed Chemical Shift Parameters, Hydrogen Bond
Lengths, and Dipolar Order Parameters for V6, A63, and K129

Residue Experimental  N-HO/ A SN-H OLYP/TZVP B3LYP/6-311++G(2d,2p)
V6 90.10 1.95 0.88 96.51 90.25
AG3 91.32 2.01 0.90 98.20 85.00
K129 95.92 2.01 0.88 102.99 106.95

If the presence of hydrogen bonding were the main cause for the difference in
experimental and calculated shifts, then diffuse basis sets should be the most prudent choice.

We calculated the N CSA reduced anisotropy parameters at the b3lyp/6-31++G** level for the

12
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three B-sheet residues, V6, A63, and K129, which exhibited > 8 ppm differences between
experiment and calculation with the GGA functionals (Table 2). A double zeta basis set with
diffuse functionals previously proved effective in determining the hydrogen bond lengths in
spider silk*®. However, disappointingly using the larger basis sets and a hybrid functional, no
improvements over OLYP/TZVP is observed, although for both sets the qualitative trends in the

anisotropies remain. K129 is always the largest and V6 the smallest.
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CONCLUSIONS AND OUTLOOK

Using OAA as a model benchmark protein, we investigated the accuracy of CSA tensor
calculations at the QM/MM level. Our study indicates that for >C* and "™N" tensors fairly
accurate predictions can be made, although for N calculations further improvements are
necessary to reduce the number of outliers. Nevertheless, to our knowledge, this is the best
reported agreement for "°N" chemical shift tensors in proteins so far.

Dynamics, hydrogen bonding, and other local interactions modulate the chemical shifts
and their effects need to be carefully considered. The current accuracy of calculated CSA
tensors appears to be invariant to the MM optimization protocol and the choice of density
functional. The effect of including crystallographic waters appears random, without any general
trends. Importantly, satisfactory agreement between experiment and calculation can be
obtained efficiently with modest basis sets and functionals, although more accurate predictions
can be achieved using meta-GGA functionals and contracted basis sets. It is anticipated that
reliable incorporation of chemical shift tensors into structure/dynamics characterization protocols
will further improve structure characterization of proteins and large macromolecular assemblies
by MAS NMR.

14
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Figure 1. A: Ribbon representation of the X-ray structure (left) and amino acid sequence (right) of O.
agardhii agglutinin. Identical residues in the sequence repeats are shown in black, linker residues
between the repeats are shown in green, B-strands are indicated by arrows above the sequence, and
colored magenta and gray for repeat 1 and 2, respectively, both in the structure and sequence. B: 2D

MAS NMR spectra of OAA microcrystals: CORD (top), NCA (bottom).

Assignments for selected

resonances are shown and labeled with residue name and number. C: Backbone walk for a stretch of
residues T50-159 from 3D heteronuclear NCACX, NCOCX, and CONCA spectra of OAA microcrystals. All
2D and 3D NMR spectra were acquired at 19.96 T and 14.0 T, respectively; the MAS frequency was 14
kHz for all experiments.
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FIGURE 2
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Figure 2. A, B: "°N-"H (H)NH HETCOR spectrum of OAA acquired at 14.0 T and a MAS frequency of 60
kHz, with the region around the G26 and G93 resonances at the bottom right. C: Stacking interaction
between G26/G93 and the proximal W90/W20 residues in the structure, respectively. This interaction
gives rise to strong shielding of the G26/G93 amide protons. D: The symmetry of HOMO and LUMO
orbitals of G93, illustrating the influence of the W23 orbitals on the magnetic shielding tensor.
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FIGURE 3
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Figure 3. A: Experimental (solid black lines) and simulated (dashed magenta lines) 'C* RNCSA
lineshapes plotted for selected OAA residues. B: The reduced anisotropy parameters, 3, of the 3c* CSA
tensors of OAA, plotted as a function of residue number. The calculated QM(DFT)/MM values are shown
as dark grey bars. The experimental &, values are shown in magenta if the signs agree with the
calculations; in blue if the signs are opposite, and in light grey if the signs are undetermined (asymmetry
parameters close to 1). C: QM(DFT)/MM calculated '3C* CSA tensor principal components &;;, plotted vs.
the corresponding experimental parameters. D: Differences between experimental and computed 3C* 8,
(ppm) values are mapped onto the OAA structure.
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FIGURE 4
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Figure 4. A: Experimental (solid black lines) and simulated (dashed magenta lines) 15N RNCSA
lineshapes plotted for selected OAA residues. B: The reduced anisotropy parameters of the °N" CSA
tensors of OAA, &, plotted as a function of the residue number. The calculated QM(DFT)/MM values are
shown in dark grey bars and the experimental &, values in light grey bars. &, values for the four Pro
residues, which are close to 1 and therefore of undetermined sign are shown in blue. C: The
QM(DFT)/MM calculated N CSA tensor principal components &, plotted vs the corresponding
experimental parameters. D: Differences between experimental and computed °N" 8, values (ppm) are
mapped onto the OAA structure.
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Figure 5. A) Evaluation of the performance of different functionals for the accuracy of QM(DFT)/MM
calculated °N" CSA parameters. The tensor principal components §;, are plotted vs. the corresponding
experimental parameters for O3LYP (11% Hartree-Fock exchange term), OLYP, M06 (27% Hartree-Fock
exchange term), MO6L (27% Hartree-Fock exchange term), B3LYP (20% Hartree-Fock exchange term),
BLYP, and OPBE. The RMSD values for the reduced anisotropy parameter, 8., are listed in each plot.
Note that for the reduced anisotropy, most accurate predictions are reached with the MO6L functional.
The basis set was TZVP for all calculations, except for MO6L, for which the cc-pVTZ basis set was used.
B) HOMO of N-Acetyl valine calculated in Gaussian09 with the PBEO functional using NBO 3.1 program
as implemented in Gaussian09. Note that the negative electron density of the nitrogen lone pair occupies
significant space on the opposite side of the peptide plane. Taking the kinetic energy of the electrons into
account improves the accuracy of the chemical shift calculations.
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FIGURE 6
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Figure 6. A: Ribbon representation of OAA showing those crystallographic water molecules that were
included in the QM(DFT)/MM calculations of NMR chemical shifts. The proton positions were added using
the MM force field libraries. B-E: Optimized geometries of the QM region for A15 (shown in yellow). F-I:
QM(DFT)/MM calculated N CSA tensor principal components o;, plotted vs. the corresponding

experimental parameters.
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FIGURE 7
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Figure 7. Influence of the NH bond length on the QM(DFT)/MM calculated "°N" CSA parameters for
residue A63. A: Geometry-optimized QM region around A63. The backbone atoms are shown in yellow.
B: Left; Expansion around the A63 resonance in the 3D CORD spectrum, illustrating that no resonance
overlap is present. C, D: The QM(DFT)/MM calculated *N" CSA parameters 8, and 8., plotted vs. the
N-H bond length. E: PARS 'H-"N dipolar (top) and '°N RNCSA (bottom) lineshapes for A63. The
experimental lineshapes are shown in black solid lines, the simulated lineshapes are in dotted magenta

lines.
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Experimental-NMR and calculated-QM/MM "*C* and "°N" chemical-shift tensors are presented
for microcrystalline OAA,; factors determining the calculation accuracy are discussed.



