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Abstract

Direct 17O NMR structural studies of bound water in crystalline hydrates and biological 

macromolecules are challenging due to the low natural abundance and quadrupolar nature of 17O 

nuclei. However, the advent of high field NMR positions 17O NMR to become an important tool to 

address structural problems in biological solids. We show herein that the NMR properties of 17O 

in a series of amino acids and dipeptides can be determined by a combination of non-spinning and 

magic-angle spinning experiments using a range of magnetic field strengths from 9.4 to 21.1 T. 

Furthermore, we propose a 17O chemical shift fingerprint region for bound water molecules in 

biological solids that is well outside the previously determined ranges for carbonyl, carboxylic, 

and hydroxyl oxygens, thereby offering the ability to resolve multiple 17O environments using 

rapid one-dimensional NMR techniques. Finally, we compare our experimental data against 

quantum chemical calculations using GIPAW and hybrid-DFT, finding intriguing discrepancies 

between the electric field gradients calculated from structures determined by x-ray and neutron 

diffraction.
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Introduction

Although its molecular struc8ture is simple, water impacts the structure and dynamics of 

both biological and inorganic chemical systems and its functions are vast and diverse. At the 

atomic level water molecules play crucial roles in directing protein folding, ion transport, 

and structural stability.
1
 The ability of water to form strong intermolecular hydrogen bonds 

makes it key to the secondary and tertiary structural formation of proteins, as well as a 

transport medium for various ion-channels. As an example, a water molecule (W402) has 

been found to be important in the H+/OH− photocycle in bacteriorhodopsin.
2,3 These 

internal water molecules influence the storage and transfer of protons, as well as the 

orientation of the proton donor and acceptor.
2
 In a second recent example, cryo-electron 

microscopy and magic-angle spinning (MAS) nuclear magnetic resonance (NMR) studies of 

amyloid fibrils suggest that the amyloid fibril architecture consists of long fibrils, where two 

β-sheets of peptide are arranged in an antiparallel manner. A space of ~8–10Å located 

between two sheets likely contains a bilayer of water molecules that stabilizes the structure 

of the fibrils.
4–7

 Despite extensively studied with various structural models having been 

proposed, little is known about the interactions and the forces that are responsible for 

enabling the formation of fibrils.
7,8 In particular, traditional techniques such as x-ray 

diffraction and solution NMR have thus far been unable to elucidate the role of these water 

molecules and the ability to use 17O NMR as a probe in the solid state could add 

significantly to our knowledge of these systems.

In contrast to other biologically relevant NMR-active nuclei (e.g., 13C, 15N), NMR studies 

of 17O have progressed slowly due to its low natural abundance (0.037%), small 

gyromagnetic ratio (−5.774 × 107 MHz T−1, approximately 1/7 to that of 1H), and 

quadrupolar nature (I=5/2, Q = −2.558 fm2).
9
 These physical characteristics lead to 

inherently low sensitivity (~1/15 to that of 13C), and its spectra are poorly resolved due to 

second-order quadrupolar line broadening. Specifically, 17O MAS NMR spectra typically 

display residual second-order broadening not averaged to zero by MAS.
10,11

 Modest 

sensitivity gains for studying 17O NMR have been achieved in the past by using isotopic 

enrichment
12–15

, performing the experiments in magnetic fields greater than 16.4 T
16–20

, 

and applying population transfer techniques.
21,22

 Recently dynamic nuclear polarization 

(DNP) of 17O has provided effective gains in sensitivity in a series of biological and 

inorganic chemical systems.
23–26

 While it is also possible to remove the second-order 

quadrupolar interaction to obtain simplified isotropic spectra, doing so requires advanced 

techniques and special instrumentation such as double rotation (DOR) or dynamic-angle 

spinning (DAS) probes.
27,28

 More accessible approaches involve two-dimensional 

spectroscopic techniques such as multiple-quantum magic-angle spinning (MQMAS)
29

 and 

satellite-transition magic-angle spinning (STMAS)
30

. In cases where the quadrupole 

coupling is large (> 5 MHz), the excitation efficiency of these latter approaches is reduced 

dramatically; for example, in MQMAS experiments, to about ~5%.
31,32

 Thus, although there 

are a number of promising MQMAS studies of 17O-labeled biological samples, the 

experimental results are limited by signal-to-noise and therefore require long acquisition 

times.
33–42
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Despite these inherent difficulties, 17O remains an appealing nucleus to study by NMR 

because, like nitrogen, it is directly involved in hydrogen bonding and the chemical shifts are 

quite sensitive to the chemical environment.
43–45

 Furthermore, it possesses a large chemical 

shift range (~1000 ppm), and as an added benefit, a quadrupolar interaction that could offer 

further structural constraints.
13,46,47

 It is therefore important to develop the spectroscopic 

fingerprinting techniques that will allow the interpretation of 17O NMR parameters in 

various hydrated chemical environments. In this study, we examine a series of hydrated 

amino acids in order to understand the effect of the local environments on the 17O chemical 

shift and quadrupolar coupling parameters. Using spectra recorded at multiple magnetic 

fields, we were able to extract the NMR parameters as well as resolve multiple sites within 

hydrated biological molecules by one-dimensional (1D) spectroscopy without recourse to 

complex 2D methods. The structural relation between 17O chemical shifts and structural 

water are further investigated using quantum chemical calculations by gauge-including 

projector augmented waves (GIPAW) and hybrid-density functional theory (DFT) methods 

for crystalline structures and cluster models, respectively.

Terminology and Definitions

A 17O NMR spectrum typically shows the central transition (1/2 ↔ −1/2) peak, with its 

shape determined by a second-order quadrupolar interaction that can be described by the 

quadrupolar coupling constant, CQ, and the asymmetry parameter, η:

(1)

(2)

where e is the charge of an electron, Q is the quadrupolar moment intrinsic to the nucleus of 

interest, h is Planck’s constant, and Vnn are eigenvalues of the electric field gradient (EFG) 

tensor (|Vzz| ≥ |Vyy| ≥ |Vxx|). A more comprehensive explanation of the quadrupolar 

interactions in solids can be found elsewhere.
48–51

Chemical shift anisotropy (CSA) can also influence the spectral appearance of 17O NMR 

spectra, particularly at high magnetic fields (≥ 11.7 T).
52,53

 Using multiple magnetic field 

strengths, one can deconvolute the magnetic shielding parameters from the electric field 

gradient tensor. The isotropic chemical shift (δiso) is given by the trace of the chemical shift 

tensor components (i.e., δ11, δ22 and δ33)

(3)
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The overall breadth of the shielding tensor is described by the span, Ω, and the relative 

magnitude of the components by the skew, κ, using the Herzfeld-Berger
54

 convention.

(4)

(5)

Experimental

a.) Materials and Synthesis

Seven crystalline amino acid hydrates were prepared by mixing 100–300 mg of crystalline 

powders (L-asparagine monohydrate, sodium L-aspartic acid monohydrate, L-cysteine HCl, 

L-histidine HCl, L-glycylglycine HCl, L-glycylglutamine HCl and L-arginine HCl) 

purchased from Sigma-Aldrich (St. Louis, MO) and 150–300 μl of 30% 17O-enriched water 

diluted from concentrated stock purchased from Cambridge Isotope Laboratories (40% 17O, 

Andover, MA) or Sigma-Aldrich (45% 17O, Miamisburg, OH). Samples were heated to 40–

65 °C for 30 minutes in 1.5 mL Eppendorf vials until all solid residues were dissolved, and 

then cooled to room temperature. The Eppendorf vials were left sealed for 2–8 days without 

further agitation. Upon small crystal formation (i.e., nucleation), vials were opened to the 

atmosphere over a period of 24 to 48 hours allowing partial evaporation, and then sealed 

until crystals precipitated from solution over 3 to 21 days. Crystals were removed from the 

remaining solvent and dried in order to remove excess physisorbed water on the crystalline 

surface. All crystals were transparent and clear in color with sizes varying between 1 and 6 

mm. The single crystals were ground using an agate mortar and pestle, and placed into ZrO2 

rotors for all NMR experiments. Residual water trapped within small crystalline pockets due 

to crystalline twinning or a large excess of a water layer physisorbed onto the outer surface 

results in a sharp 17O water resonance due to isotropic tumbling. In these cases, the samples 

were re-crystallized. Final samples were visually inspected in their single-crystalline form 

and confirmed via powder x-ray diffraction and 13C[1H] cross polarization MAS NMR with 

reference to known NMR spectra.

b.) Nuclear magnetic resonance
17O solid-state NMR experiments were performed using magnetic fields ranging from 9.4 to 

21.1 T. Experiments performed at 9.4 T (400 MHz, 1H, Francis Bitter Magnet Laboratory, 

Massachusetts Institute of Technology (FBML-MIT)), 16.4 T (698 MHz, 1H, FBML-MIT) 

and 17.6 T (748 MHz, 1H, FBML-MIT) were acquired using home-built spectrometers 

(courtesy of Dr. David Ruben, FBML-MIT). Experiments performed at 9.4 T (400 MHz, 1H, 

University of Manitoba), 11.7 T (500 MHz, 1H, University of Manitoba), 18.8 T (800 

MHz, 1H, FBML-MIT) and 21.1 T (900 MHz, 1H, FBML-MIT) were acquired using either 

Bruker Avance II or III spectrometers. Recycle delays were optimized for each sample at 

each field. 17O γB1/2π values were between 50 and 80 kHz as determined from liquid water. 

Non-spinning spectra were acquired using continuous-wave high-power 1H decoupling 
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(γB1/2π between 50 and 100 kHz). All spectra were referenced to 0 ppm using water (18 % 

H2 17O). Acquisition details for each spectrometer are given below (Table 1).

c.) Quantum chemical calculations

Electric field gradient and chemical shielding calculations for crystalline monohydrates were 

performed using a density functional theoretical method implemented in CASTEP, a plane-

wave basis set ideal for computing properties in periodic systems. The Perdew-Burke-

Ernzerhof (PBE) functionals are used in the generalized gradient approximation (GGA) for 

the exchange-correlation energy
55,56

 and ultrasoft pseudopotentials
57

 generated on the fly. 

All calculations were performed using an ultrafine accuracy basis set and a maximum plane-

wave energy of > 550 eV using the gauge-including projector-augmented wave method 

(GIPAW).
58

 The Monkhorst-Pack grid had a maximum density of up to 4 × 8 × 4 k points. 

Convergence was tested using crystalline, hydrogen and full-atom energy optimizations, as 

well as various basis set levels (i.e., medium to ultra-fine) as illustrated in the supporting 

information Figure S1. Due to the high-energy cutoffs of the x-ray crystalline structures (due 

to an inability to measure H positions) all crystalline structures
59–69

 underwent a hydrogen 

geometry optimization (unless otherwise stated); these refined structures were then used for 

the NMR calculations of chemical shieldings and electric field gradients. Calculated 

chemical shieldings were converted to chemical shifts using the following equation, δiso = 

(σref – σiso), whereby σref = 275.69 ppm (vide infra).

17O electric field gradient calculations were performed on model crystalline superstructures 

using the hybrid density functional theory approach implemented within Gaussian03.
70

 The 

Becke, 3-parameter, Lee-Yang-Parr (B3LYP)
71–73

 hybrid functional was used with basis sets 

varying from 3–21 to 6–311++g(d,p). Superstructure clusters were assembled using 

Gaussview 3.09 from both neutron and x-ray diffraction data. Each charge-neutral cluster 

contained three or four full amino acid units surrounding a single water molecule (extended 

models are shown in the supporting information, Figure S7). The Vzz electric field gradient 

component from the central water molecule was converted to the quadrupolar coupling 

constant using a quadrupolar moment of −2.558 fm−2.

d.) 17O Spectral Processing and Simulations

All spectra were processed by RNMR (Dr. D. Ruben, FBML-MIT) or TOPSPIN (Bruker, 

Billerica, USA). Exponential line broadening between 50 and 500 Hz was applied to all 

spectra. 17O NMR spectra were simulated using either WSOLIDS
74

, DMFIT
75

 or 

SPINEVOLUTION
76

 software packages in order to determine the quadrupolar and chemical 

shift parameters. The Euler angles from GIPAW calculations were extracted using the 

EFGShield software.
77

Results

Seven amino acid monohydrates were studied using multiple magnetic field 17O NMR 

experiments (9.4 to 21 T) under MAS and non-spinning conditions, as shown in Figures 1 to 

4, with additional figures in the supplementary information (supporting figures S2 to S6). 

Spectral simulations, shown only at 21.1 T in Figures 1 to 4, provided accurate chemical 
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shift and quadrupolar coupling parameters for crystalline oxygen water environments 

with 17O experimental and GIPAW parameters summarized in Tables 2 and 3. Crystal 

structure details and full GIPAW calculated parameters for all oxygen environments are 

summarized in Tables S1 to S3.

a.) Crystalline Amino Acid Monohydrates

i.) C4H8N2O3·H2
17O (Asn)—L-asparagine monohydrate has an orthorhombic unit cell 

with a P212121 space group containing a single crystallographic water molecule. The MAS 

and non-spinning NMR spectra are shown in Figure 1. The 17O quadrupolar coupling 

constant of the water is 7.0 MHz, larger than the CQ observed for ice.
23,78

 The asymmetry 

parameter is 0.95, which is characteristic of a water molecule lying on a two-fold axis of 

rotation (i.e., C2v local symmetry).
47

 The GIPAW calculation (neutron) overestimates the CQ 

(8.267 MHz), and predicts the EFG tensor principal component Vxx on the C2 axis, Vyy 

within the HOH vertical plane, and Vzz perpendicular to Vxx and Vyy, coming out of the 

plane of the molecule (Figure 1, inset). The chemical shift parameters are an isotropic shift, 

δiso of 0.5 ppm, a span, Ω of 45 ppm, and a skew, κ of 0 (Table 2). GIPAW-calculated Euler 

angles are 83°, 83°, 346°. These values are close to the 90°, 90°, 0° values expected from the 

crystal structure and the C2 axis of the water molecule.

ii.) C4H7NNaO4·H2
17O (Asp)—Sodium L-aspartic acid monohydrate contains a single 

water molecule site within an orthorhombic unit cell (P212121, space group) identical to L-

asparagine monohydrate. The water site has a CQ of 6.9 MHz and an η of 0.92. Figure 2 

shows the MAS NMR spectra acquired at various magnetic fields from 11.7 to 21.1 T, 

illustrating the advantage of high field NMR for quadrupolar nuclei (non-spinning NMR 

spectra are shown in Figure S2). The experimentally determined chemical shift is δiso = −4 

ppm. A Ω of 50 ppm and κ of 0.9 were determined using non-spinning high field data (Table 

2). The GIPAW calculated (x-ray) Euler angles of L-aspartic acid monohydrate are α=276°, 

β=82°, γ=15°.

iii.) C6H14N4O2·HCl·H2
17O (Arg)—L-Arginine HCl monohydrate is monoclinic with a 

P21 space group. The water oxygen is shifted to higher frequency with δiso = 26 ppm. The 

CQ is 7.0 MHz with an η of 0.88 (Table 2). The electric field gradient principal components 

calculated using GIPAW (x-ray) are comparable to Asn and Asp, with the Euler angles being 

120°, 83° and 198°. The MAS NMR spectrum is shown in Figure S3.

iv.) C6H9N3O2·HCl·H2
17O (His)—L-histidine HCl monohydrate shows a single water site 

with a CQ = 7.1 MHz, η = 0.95, and δiso = 14 ppm (Table 2). The single water site is present 

within an orthorhombic cell (space group, P212121). GIPAW calculation (neutron) 

overestimates the CQ (8.62 MHz) but underestimates η (0.73). The GIPAW-calculated EFG 

tensors are in similar orientations with respect to the other H2O molecules, whereas the 

Euler angles for the chemical shift tensors with respect to the EFG tensors are 188°, 87°, and 

334°. The MAS and non-spinning NMR spectra are shown in Figure S4.

v.) C3H7SNO2·HCl·H2
17O (Cys)—L-cysteine HCl monohydrate is orthorhombic with a 

space group of P212121. The experimentally determined quadrupolar coupling constant and 

Michaelis et al. Page 6

J Phys Chem B. Author manuscript; available in PMC 2016 June 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



asymmetry parameter are CQ = 7.0 MHz and η = 0.90 (Table 2). The chemical shift 

parameters determined from MAS and non-spinning NMR experiments are δiso = 31 ppm, Ω 

= 40 ppm and κ = 0.6 (Figure S5). Euler angles calculated from GIPAW (x-ray) are α=92°, 

β=87°, and γ=351°, consistent with the crystallographic constraints of 90°, 90°, 0°, 

respectively. Two additional 17O sites are resolved using acid exchange (Figure 3) and 

assigned to the carbonyl (C=17O) and carboxylic acid (CO17OH). The fitted quadrupolar 

coupling constants, asymmetry parameters and isotropic chemical shifts are CQ = 8.45 MHz, 

η = 0.05 and δiso = 345 ppm (C=17O) and CQ = 7.2 MHz, η = 0.26 and δiso = 176 ppm 

(CO17OH) (Table S1).

b.) Crystalline dipeptide monohydrates

vi.) C7H13N3O4·H2
17O (Gly-Gln)—L-glycyl-glutamine monohydrate has an 

orthorhombic unit cell (P212121) with a single crystallographic water site. The 17O 

quadrupolar coupling constant for the water is CQ = 7.1 MHz and η = 0.95, constrained by 

the local C2V point group symmetry at the water site. The chemical shift parameters were 

determined using various magnetic field measurements: δiso = 8.5, Ω = 40 ppm, and κ = 

−0.4. GIPAW-calculated Euler angles (neutron structure) were 254°, 86°, 0° for α, β and γ, 

respectively. Figure S6 shows the MAS and non-spinning spectra.

vii.) C4H8N2O3·HCl·H2
17O (Gly-Gly)—L-glycyl-glycine HCl monohydrate is monoclinic 

with a P 21/c space group. Three distinct oxygen sites were resolved at 21.1 T and assigned 

to water, carbonyl and carboxylic acid oxygen environments. Simulating the experimental 

data allows the quadrupolar coupling constant (and asymmetry parameter) for each site to be 

measured at 6.9 (0.9, H2O), 8.5 (0.1, C=O), and 7.4 (0.3, COOH) MHz, respectively (Table 

S4). The calculated quadrupolar coupling constant (and asymmetry parameter) from GIPAW 

using neutron diffraction data are 7.2 (0.93, H2O), 8.6 (0.05, C=O) and −7.6 (0.25, COOH) 

MHz (Table 3), Euler angles for the water site were 100°, 84° and 205° (α, β and γ). The 

chemical shifts for each site were also determined (δiso = 28.5, 343 and 166 ppm, Table 2) 

with good resolution between the three sites due to the reduction of the second order 

quadrupolar broadened central transition at ultrahigh magnetic fields (i.e, 21.1 T) as shown 

in Figure 4.

Discussion

The second-order quadrupolar lineshape of the central transition can be an informative 

structural probe of the vicinity near the oxygen site. The magnitudes of the quadrupolar 

interaction and the asymmetry parameter reveal local symmetry information about the 

oxygen nucleus. The 17O quadrupolar coupling constants of all water sites within the various 

crystalline solids were determined experimentally to be between 6.9 and 7.1 MHz (Table 2). 

These results agree reasonably well with previous studies of various forms of ice
23,78

 and 

other hydrates
79

, which have reported quadrupolar coupling constants between 6.6 and 7.0 

MHz.

Sternberg
47

 has shown that the asymmetry parameter is a sensitive indicator of the 17O bond 

angle. In theory it is possible to extract the ∠HOH angle from the experimentally 

determined η, and a true tetrahedral ∠HOH should give rise to a η = 1. However, since the 
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function is non-linear, any asymmetry parameter of < 1 results in two possible answers, one 

above and one below 109.47°. Further complications arise when we consider that the error 

of the experimentally determined asymmetry parameter needs to be ≤ 0.01 units in order to 

reduce the error in bond angle to < 0.4°. Although our data are of high quality (~ ± 0.05 

units), a large range of angles is still possible (~4° span) according to the equations 

determined by Sternberg.
47

The EFG tensor components for all water molecules studied here have similar positions with 

respect to the water molecule. The smallest EFG component (Vxx) is oriented along the C2 

axis bisecting the two electron lone-pairs, similar to the overall dipole of the molecule. Vyy 

is located perpendicular to the plane of the lone-pairs, aligned within the HOH plane of the 

molecule. Both of these lie parallel to the plane of the water molecule depicted in Figure 1, 

while the largest component of the electric field gradient (Vzz) projects out of the plane of 

the molecule. As the overall structural variation of water is fairly limited in amino acids, 

with minor deviations due to the small forces and crystallization, it should not be surprising 

that the magnitude and shape of the EFG tensors for all structures presented have nearly 

identical parameters and are representative of a C2v local symmetry.

The magnitude of the quadrupolar coupling constant reflects structural details of various 

environments. For example, an oxygen atom located in a cubic (i.e., Td or Oh) environment 

has a quadrupolar coupling of zero. Since the oxygen environments in biologically relevant 

systems deviate from a cubic lattice, the coupling constants are typically found between 6.5 

and 8.5 MHz but have been reported to be as large as 11 MHz.
12–14

 The observed 

quadrupolar couplings of 7 MHz are characteristic of bound water environments, while rapid 

isotropic motion of free (unbound) water averages the interaction. The large difference in the 

magnitude of the quadrupolar coupling constants and asymmetries allows these parameters 

to be used to identify different oxygen sites in biological solids including carbonyl (C=O, 

CQ between 7.8 and 8.7 MHz, η < 0.3)
80–84

, carboxylic acid (−COOH, CQ between 5.9 and 

7.7 MHz, η < 0.65)
80–84

, alcohol oxygens (−COH, CQ between 8.0 and 10, η > 0.7)
24,85

 and 

bound water (this work).
12–14

An intriguing issue arises in the theoretical calculation of 17O quadrupolar coupling 

constants by GIPAW (Figure 5a) for hydrated environments. The calculations consistently 

overestimate the quadrupolar coupling constant by 0.7 to 1.7 MHz, irrespective of whether 

the crystal structure was determined by neutron or x-ray diffraction data. This means there is 

a 10 to 25 % overestimation depending on the hydrate crystalline system. Unlike the CQ 

calculations, the calculated 17O asymmetry parameters for all hydrated environments studied 

were consistently underestimated by a small amount, ~ 0.1. This discrepancy between 

GIPAW and 17O experimental NMR data (Table 2 and 3, Figure 5) is unique, as this 

approach has shown very good agreement with other chemical systems in recent years, 

including carboxylic (C17O17OH) oxygen of amino acids
86,87

, inorganic oxides
15,88,89

, and 

small organic molecules
18,41,90

.

In all of our test cases, GIPAW had difficulty calculating the proper quadrupolar coupling 

constants for water environments, with the exceptions of glycylglycine-HCl-H2O and ice 

from a previous study.
24

 Although the reason for this discrepancy is not yet understood, two 
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possibilities may be suggested. The first is the difficulty of precisely locating the H positions 

of the water molecule (i.e., inaccuracy in the crystal structures). Although our H-

optimizations did have an effect on the calculated quadrupolar coupling constants, 

significant changes in the H positions resulted in only a ~10% change in the CQ. Second, a 

recent report by Rees et al.
91

, looking at hydrogen bonding in hydrogen dibenzoates, 

suggested that dynamics affected their calculated 17O parameters when using the GIPAW 

software CASTEP. As CASTEP treats the calculated NMR parameters at 0 K (i.e., inhibiting 

motional averaging) our experimental results (as well as Rees et al.) were collected at room 

temperature, where partial averaging could occur. While oxygen dynamics could affect the 

observed quadrupolar couplings,
90

 with previous studies
23–26,92,93

 indicating small effects 

on both the lineshape and magnitude of the quadrupolar coupling interaction, closer 

examination of our chemical environments shows that the symmetry of the water itself 

restricts dynamics in any direction that would reduce the Vzz component. The medium-range 

structure (i.e., hydrogen bonding network) will, however, be disrupted by the oscillations 

about the HOH bisector of the water molecule, leading to a reduction in the observable 

quadrupolar coupling constant at room temperature.
94–96

The discrepancy (≤ 25%) in calculating the 17O quadrupolar couplings by GIPAW warranted 

further investigation to determine whether overestimates are also found with other 

theoretical approaches. Cluster calculations using hybrid-DFT were implemented within 

Gaussian03© to calculate the quadrupolar coupling constants on single molecular units and 

large amino acid clusters (Figures S7–S10). Models were built upon x-ray and neutron 

diffraction structures (where available). The clusters were constructed to contain an isolated 

water molecule surrounded by 3 to 4 amino acid units. This approach allows us to consider 

local and medium-range order effects on the 17O EFG, while minimizing the computational 

cost (i.e. full unit cells). Figure 6 illustrates the quadrupolar coupling constants determined 

from x-ray and neutron structures for Asp, Gly-Gly, His, and Arg. It is clear that the 

calculations, which describe clusters from x-ray structures, accurately reproduce the 

experimentally determined 17O quadrupolar coupling constants, whereas the clusters from a 

neutron source consistently overestimate the constants. We hypothesize that the DFT 

functional for water molecules was parameterized using experimental x-ray crystal structure 

data. The only exception we observed was Gly-Gly-HCl-H2O, where the neutron
62

 and x-

ray
61

 structures resulted in identical unit cell dimensions so that the calculated values by 

GIPAW and hybrid-DFT clusters were nearly identical.

It is important to note that GIPAW calculations for the carboxylic acid oxygens (−COOH) in 

the amino acid structures studied here agree well with experimentally determined 17O 

quadrupolar coupling constants (vide supra) and chemical shifts (vide infra) determined in 

this work and elsewhere
81,86

 (Figure S11–S13). Furthermore, using x-ray, neutron and H-

optimized structures did not lead to a significant improvement in the CQ values calculated 

using GIPAW.

For biological solids, 13C and 15N chemical shift information has been extensively tabulated 

and used to assign various functional groups, amino acid residues, and intra- and 

intermolecular interactions in proteins.97–99 17O NMR offers a new perspective with an 

extensive chemical shift range of over 500 ppm for oxygen environments associated with 
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biologically relevant systems. However, unlike 13C and 15N, 17O NMR is still in a 

developmental stage for biological systems, and significant efforts have been expended 

characterizing various oxygen environments.
12–14

 As a result, many oxygen species can be 

readily identified by their 17O chemical shift signatures, including carbonyl oxygens 

(C=17O), which are located between 270 to 350 ppm, and carboxylic acid oxygens 

(CO17OH) between 160 to 260 ppm. Alcohol (−17OH) oxygens can be found in a chemical 

shift range of 50 to 110 ppm.
80,81,86

The 17O NMR chemical shifts of bound water were determined experimentally and are 

located between −4 and +31 ppm, revealing a ~ 40 ppm chemical shift range for the various 

hydrated crystalline solids studied here and offering an eight-fold increase in chemical shift 

dispersion over that of 1H NMR (~ 5 ppm range) for structural water. Due to the 17O 

isotropic chemical shifts of hydrates being shifted to lower frequency with respect to other 

biologically relevant oxygen sites (Figure 7), multiple 17O sites within various chemical 

environments can be readily resolved using high magnetic fields, as shown in Figures 4 and 

7.

The dependence of NMR chemical shifts on local structure is fundamental to the use of 

NMR in structure determination. 17O quantum-chemical calculations using GIPAW have 

performed extremely well in predicting the 17O chemical shielding interactions of various 

oxygen-containing environments.
84–89,101,102

 Two previous studies of 17O chemical shifts in 

the polymorphs of SiO2
89

 and the carboxylic acid oxygens (−COOH) of various amino 

acids
86

 have offered reference shielding values to convert calculated shieldings to chemical 

shifts of 262.6 ppm and 261.5 ppm, respectively. Although our calculations exhibit a linear 

correlation with the experimental values, a clear offset is observed when using these 

suggested reference values. As addressed above, the observed offset may be due to the 

difficulty in treating water molecules in GIPAW, although convergence is easily achieved 

with the use of hydrogen-optimized crystal structures and medium-to-ultrafine level basis 

sets (Figure S1). Experimentally determined 17O isotropic chemical shifts and calculated 

chemical shifts (i.e., corrected chemical shifts from GIPAW using our new reference 

shielding (σref) value of 275.69 ppm) are displayed in Figure 8a. Excellent agreement is 

achieved using the hydrogen-refined crystal structures between GIPAW and experimentally 

determined 17O NMR parameters.

The ~40 ppm chemical shift range in bound water molecules is brought about by changes in 

the overall electronic environment and thus could be related to important structural elements. 

In previous studies, hydrogen bonding was correlated with 15N
103,104

 and 17O
105–107 

chemical shifts in various biological solids. 17O chemical shifts have also been shown to be 

sensitive to the C—O bond length in carbonyl functional groups.
81

 A significant issue is the 

subtle structural differences observed for water molecules in different bound environments 

(i.e., bond distance (O-H) and angle (∠HOH)). Nevertheless, these small geometrical 

changes
108

 could lead to significant effects on the 17O shielding. Detecting these 

dependencies has traditionally been challenging as many known crystalline hydrate 

structures are determined from x-ray diffraction which cannot effectively determine the H 

positions, leading to sizeable reported variations in bond distance and angles (i.e., 0.774 to 

0.914 Å and 97.72° to 121.57°) that could be further complicated by dynamics. Neutron 
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structures, which identify H positions, show a much smaller range of values (e.g., 0.96 to 

0.97 Å and 104.96° to 109.52°). Comparing the experimentally determined isotropic 

chemical shift and structural parameters (i.e., H-O, ∠HOH and H2O — NH2) measured 

from both x-ray and neutron diffraction does not lead to any clear correlation (Figure S14).

Due to the absence of a complete set of neutron structures and the large residual forces 

observed in the calculations for all x-ray and neutron structures, a crystal structure 

refinement of the H-positions using GIPAW was performed. Utilizing the geometry-

optimized crystal structures, the amino acid monohydrates have three common features 

involving the water H-O bond distance and ∠HOH bond angle, and the H2O — NH2 

hydrogen-bonding interaction to the nearest amine (Table S2). As illustrated in Figure 9, a 

qualitative trend seems to be present when focusing on the optimized bond angle and O-H 

distance in both the 17O δiso of the experimental and GIPAW calculated data. 17O chemical 

shifts are sensitive to the molecular structure of water within these amino acids and may 

prove to be valuable for difficult measurements using other NMR techniques. There is no 

clear trend relating H2O — NH3 hydrogen bonding with respect to isotropic chemical shift, 

however the 17O GIPAW-calculated CQ and η are sensitive to this hydrogen bonding 

interaction (Figure S15). The monohydrate dipeptide Gly-Gly-HCl•H2O contains the longest 

H2O — NH3 hydrogen bonding interaction of 3.03 Å. Interestingly, the GIPAW and hybrid-

DFT calculated CQ and η values for both x-ray and neutron diffraction data agree within 

~5% of the experimental values reported here for this dipeptide. This is the only 

monohydrate complex that we examined containing a hydrogen bond >2.9 Å, providing 

further evidence that quadrupolar coupling parameters are sensitive to the secondary 

coordination environment.

In order to obtain information regarding the chemical shift anisotropy of the various water 

environments, non-spinning 17O NMR spectra were obtained for all samples. As an 

example, the non-spinning spectrum of histidine spans ~54 kHz (~1000 ppm) at 9.4 T 

(Figure S4). Due to the significant second-order quadrupolar broadening of the central 

transition, high-field NMR measurements were required to observe and measure the effects 

of chemical shift anisotropy, since second-order quadrupolar broadening is inversely 

proportional to Bo, while chemical shift anisotropy scales linearly with Bo. Nine 

independent variables are required to fit the non-spinning data, including: CQ, η, δiso, Ω, κ, 

Euler angles (α, β, Ɣ), and the dipolar interaction. The quadrupolar coupling constant, 

quadrupolar asymmetry parameter and isotropic chemical shift (δiso, CQ and η) can be 

measured by MAS NMR experiments. To remove any effects due to the strong 1H-17O 

dipolar coupling, continuous-wave 1H decoupling (i.e., ≥ 50 kHz) was applied during 

acquisition of the non-spinning spectra. These dipolar coupling effects were only observable 

at higher magnetic fields and were negligible during MAS for all magnetic fields. As 

magnetic fields strengths continue to increase (i.e., ≥ 1.3 GHz) and high-resolution 1D and 

2D (i.e., MQMAS and STMAS) experiments involving quadrupolar nuclei become more 

common, 1H-decoupling may become necessary even in MAS experiments as resonances 

become even narrower, no longer dominated by quadrupolar broadening.
81,109–112

The local symmetry of the water molecule (C2v) forces certain constraints on both CSA and 

EFG tensors. As the tensors need to be aligned, the Euler angles must be increments of ~90°. 
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As indicated above, the EFG tensor component Vxx lies along the C2 axis, bisecting the 

HOH angle and in the HOH plane, and Vzz is perpendicular to the HOH plane. Vyy is 

perpendicular to these two directions (Figures 1–5). Similarly, the chemical shift tensor 

orientations calculated by GIPAW approximately obey these symmetry constraints, with σ11 

lying approximately parallel to the Vzz tensor component and σ22 along the C2 axis 

approximately parallel with Vxx. σ33 is perpendicular to these two directions.

The span and skew were adjusted to effectively simulate the non-spinning data at 21.1 T. 

The spans were determined to be between 30 and 50 ppm. These spans mirror the 

measured 17O chemical shift range determined for water environments in hydrated amino 

acids. Although our experimental errors for the measured CSA are moderate (± 25%), a 

significant shift anisotropy clearly contributes to the observed lineshapes. The paucity of 

higher magnetic fields currently restricts us from establishing a clear relationship between 

structural components of water and the individual chemical shift tensor components (δ11, 

δ22, and δ33), which has been documented for other 17O shift tensors in biological 

solids.
105,113

 Nevertheless, this is the first time the 17O CSA of water has been observed and 

we believe these CSA interactions will offer further structural information in the near future 

as higher magnetic fields become available (Figure S16).

Conclusion

The quadrupolar and chemical shift parameters of 17O in various hydrated crystalline amino 

acids were determined using a range of magnetic fields, revealing markers for structural 

identification. The quadrupolar coupling constants are approximately 7 MHz for all water 

environments. A new chemical shift range (~ 40 ppm) for 17O of bound water has been 

determined and offers the possibility to resolve multiple 17O water sites at high magnetic 

fields.

Experimental 17O chemical shift and quadrupole parameters were compared with GIPAW 

and hybrid-DFT quantum chemical calculations. GIPAW-based calculations consistently 

overestimated CQ, while η was slightly underestimated, but hybrid-DFT calculations from x-

ray structures were consistent with our experimental 17O NMR results. The agreement with 

x-ray crystal structures suggest that the functionals for the hybrid-DFT calculations may not 

been optimized using neutron diffraction data. The calculated chemical shieldings from 

GIPAW are consistent with our experimental NMR data, although a new scaling factor of 

275.69 ppm is required to effectively convert the calculated shieldings to chemical shifts for 

room temperature data. The hydrogen-optimized structures reveal that the 17O chemical 

shifts of these hydrates are linearly correlated with bond distances and angles. Further 

studies are underway in an attempt to determine what effects long-range hydrogen bonding 

and water dynamics may have on the experimental quadrupolar coupling parameters and 

how high-field dynamic nuclear polarization may be able to assist in these studies.

High magnetic fields offer the capacity to systematically characterize 17O chemical shift for 

bound water environments, which have been hampered at lower magnetic fields due to 

imprecise δiso values. Combining our experimental data on L-cysteine · HCl · H2O and L-

glycyl-glycine · HCl · H2O, the use of high magnetic fields could even be further extended to 
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resolve four biologically relevant oxygen environments (i.e., C=O, CO-OH, C-OH and 

H2O), as observed in our simulation of L-Tyr-HCl-H2O (Figure 7), offering great 

opportunities for advancing the application of 17O NMR to the structural characterization of 

biological solids.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
17O NMR of L-asparagine•H2O at 16.4, 17.6 and 21.1 T. Simulation of non-spinning data: 

CQ = 7.0 MHz, η = 0.95, δiso = 0.5 ppm, Ω = 45 ppm, κ = 0.0 and simulation of MAS data: 

CQ = 7.0 MHz, η = 0.95, δiso = 0.5 ppm
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Figure 2. 
17O MAS NMR of sodium L-aspartic acid monohydrate acquired at various magnetic fields. 

Simulation parameters: CQ = 6.9 MHz, η = 0.92, δiso = −4 ppm.
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Figure 3. 
17O MAS NMR spectrum of three resolved oxygen sites present in L-cysteine · HCl · H2O 

acquired at 21.1 T (bottom). Simulation of the experimental data (top) is illustrated with the 

associated spinning sidebands marked in dotted lines; simulated parameters are located in 

Table 2. The three oxygen environments were assigned by chemical shift and are labeled in 

color: green (H2O), red (CO-OH) and blue (C=O).
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Figure 4. 
17O MAS NMR of L-glycyl-glycine HCl monohydrate – (a) Three-site simulation of the two 

carboxylic oxygens (COOH) and the bound water oxygen (H2O); (b) experimental data 

acquired at 21.1 T. The molecular structure (inset) depicts that 17O labels and assignments 

based on 17O isotropic chemical shift. All 17O NMR parameters for each site are located in 

Table 2.
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Figure 5. 
17O Experimental and GIPAW calculated quadrupolar coupling constants (a) and asymmetry 

(b) parameters for various crystalline hydrates. Dotted line is the 1:1 relation between 

experimental and calculated results.
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Figure 6. 
Relationship of calculated (hybrid-DFT) vs. experimental CQ of amino acid monohydrate 

clusters using a matching series of neutron (circle) and x-ray (triangle) crystalline structures. 

The red circle and diamond depict the neutron and x-ray structures of Gly-Gly.
61,62
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Figure 7. 
17O chemical shift ranges (green, e) and MAS simulations (above) for various biologically 

relevant oxygen environments at (a) 11.7 T, (b) 16.4 T, (c) 21.1 T, and (d) 30.5 T (1.3 

GHz 1H, in development at FBML-MIT
100

) using parameters for L-tyrosine • HCl for the 

carbonyl, carboxylic acid, and phenol oxygen environments
81

 and L-glycyl-glycine HCl 

monohydrate for the bound water environment (this work). (f) Green vertical lines are the 

isotropic 17O chemical shift determined within this study.
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Figure 8. 
Experimental and GIPAW-calculated 17O isotropic chemical shift (a), span (b) and skew (c) 

for bound water in the amino acid monohydrates. Dotted line is the 1:1 relation between 

experimental and calculated results.
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Figure 9. 
Relationship between HOH bond angle and average O-H bond distance (from GIPAW 

optimized crystalline structures) and (a) GIPAW and (b) experimentally determined 17O 

isotropic chemical shift, δiso. Data points in red are from the x-ray and neutron crystal 

structure of L-glycylglycine-HCl-H2O. The thin lines are a guide for the eye.
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