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Abstract

In this work, we assess the usefulness of static 15N NMR techniques for the determination of 

the 15N chemical shift anisotropy (CSA) tensor parameters and 15N-1H dipolar splittings in 

powder protein samples. By using five single labeled samples of the villin headpiece subdomain 

protein in a hydrated lyophilized powder state, we determine the backbone 15N CSA tensors at 

two temperatures, 22 and –35°C, in order to get a snapshot of the variability across the residues 

and as a function of temperature. All sites probed belonged to the hydrophobic core and most of 

them were part of α-helical regions. The values of the anisotropy (which include the effect of the 

dynamics) varied between 130 and 156 ppm at 22°C, while the values of the asymmetry were in 

the 0.32–0.082 range. The Leu-75 and Leu-61 backbone sites exhibited high mobility based on the 

values of their temperature-dependent anisotropy parameters. Under the assumption that most 

differences stem from dynamics, we obtained the values of the motional order parameters for 

the 15N backbone sites. While a simple one-dimensional line shape experiment was used for the 

determination of the 15N CSA parameters, a more advanced approach based on the “magic 

sandwich” SAMMY pulse sequence (Nevzorov & Opella, J. Magn. Reson. (2003) 164, 182-186) 

was employed for the determination of the 15N-1H dipolar patterns, which yielded estimates of the 

dipolar couplings. Accordingly, the motional order parameters for the dipolar interaction were 

obtained. It was found that the order parameters from the CSA and dipolar measurements are 

highly correlated, validating that the variability between the residues is governed by the 

differences in dynamics. The values of the parameters obtained in this work can serve as reference 

values for developing more advanced magic-angle spinning recoupling techniques for multiple 

labeled samples.
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Introduction
15N chemical shift anisotropy (CSA) and 1H-15N dipolar interactions play an important role 

in studies of protein structure and dynamics.(1, 2) Protein dynamics at 15N sites have been 

extensively probed by a variety of NMR approaches on uniformly labeled protein samples in 

solution, solid and liquid crystalline states. (2-8) Factors contributing to 15N chemical shifts 

are less understood than those for 1H and 13C nuclei and can vary from the type of the amino 

acid to torsion angles, hydrogen bonding patterns and others.(9-13) In many solution NMR 

backbone dynamics studies, a single value of CSA is used for all residues and several works 

have looked into the validity of this approximation. For example, Loth et al.(14) and Yao et 

al.(3) found a considerable extent of residue-specific variations. Major variations apart from 

dynamical contributions appear to be caused by secondary structures.(3, 4, 6, 15)

The rapid development of solid-state NMR techniques with the incorporation of fast magic-

angle spinning, sample deuteration and proton detection has led to the possibility of detailed 

site-resolved investigations of dynamics based on dipolar and CSA interactions in the solid 

state.(5, 16-18) The methodology for backbone dynamics studies in the solid state is still 

under development and several recoupling techniques have been used to re-introduce the 

anisotropic interaction of interests that are affected by dynamics, such as backbone CSA and 

dipolar tensors.(4-6, 16) The accuracy of the obtained tensors and motional parameters relies 

on the technical aspects of the recoupling sequences, which may be sensitive to RF field 

inhomogeneity and/or homonuclear decoupling efficiency. Important works include the 

investigations of re-assembled Thioredoxin by Yang et al.,(6) in which the dynamics were 

probed via 15N CSA line shapes, dipolar tensors and longitudinal relaxation times. Wylie et 

al.(4, 15) looked at 15N CSA anisotropy in the immunoglobin binding domain B1 of protein 

G, and the works by Schanda et al.(5) and Chevelkov et al.(16) emphasized the importance 

of deuteration to circumvent the need for high power homonuclear decoupling. Schanda et 

al.(5) obtained a very accurate set of motional order parameters using a deuterated sample of 

microcrystalline ubiquitin via rotational-echo double resonance.

While for most protein samples in the solid state the future lies in multiple isotopic labeling 

and advanced MAS techniques, not all samples may be amenable to deuteration and 
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multiple labels. Studies of single labeled protein samples can be performed under static 

conditions, and, as such, can provide a reference point for the more advanced MAS 

methodology. It is also interesting to assess the inherent limits of studies of the interactions 

and dynamics of single labeled powdered protein samples. Static measurements are 

extensively used for studies of oriented membrane proteins, but few works have looked into 

unoriented powder samples.(19-22)

Our goal is to assess dipolar 15N-1H splittings and 15N CSA tensors for several sites in a 

protein hydrophobic core under static conditions using lyophilized hydrated powder 

samples. In this work, we will utilize a small model protein, which can be synthesized using 

solid-state peptide synthesis with the incorporation of single labels. The structure of the 

villin headpiece subdomain protein (HP36)(23-25) along with the hydrophobic sites probed 

in this work is shown in Figure 1.

Polarization inversion spin exchange at the magic-angle (PISEMA) pulse sequence(26) has 

evolved as a method of choice for static studies of membrane proteins, as it allows for the 

accurate determination of dipolar couplings and relative orientations of CSA and the dipolar 

tensors. This two-dimensional pulse sequence relies on the off-resonance Lee-Goldburg 

scheme(27) for homonuclear decoupling, with dipolar coupling evolving in the indirect 

dimension and 15N chemical shift tensor in the direct dimension. The dipolar splittings 

obtained via this technique are not accurate if the chemical shift of the protons is off-

resonance.(28) Thus, for the powder samples SAMMY pulse sequences were suggested,(29) 

which circumvent this problem via the “magic sandwich” element.(30)

We use the SAMMY sequence to obtain the effective dipolar coupling constants and 

static 15N CSA line shapes to obtain the components of the 15N CSA tensor. Our results 

identify the limits of SAMMY techniques for powder protein samples and provide reference 

values of the 15N CSA and 15N-1H dipolar interactions. The comparison of the tensorial 

parameters across all residues as well as their temperature dependence provides further 

insight into the contributions of dynamics and enables an estimation of the order parameters 

for both CSA and dipolar interactions. Our data can be useful for both the refinement of 

more advanced magic-angle spinning-based techniques and the development of quantum-

mechanical-based approaches for the predictions of the CSA and dipolar interaction 

parameters.

Experimental

Sample preparation

The protein samples were prepared using solid-state peptide synthesis (performed by 

Thermofisher Scientific Co, Rockford, IL) with the incorporation of isotopically labeled 

amino acids at selected sites. Powdered N-15 labeled fluorenylmethyloxycarbonyl (FMOC)-

Phenylalanine and (FMOC)-Leucine amino acids were purchased from Cambridge Isotopes 

Laboratories (Andover, MA). The peptides were purified by reversed-phase HPLC and the 

identity and purity were confirmed by mass spectroscopy and reversed-phase HPLC. 

Lyophilized powders were dissolved in water and the pH was adjusted to about 6 using 

NaOH/HCl. The hydrated state was achieved by exposing lyophilized powder to water vapor 
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in a sealed chamber until the water content reached about 35–40% by weight, which is a 

typical amount of water for protein powder samples.(31, 32) Hydrated in these fashion, the 

samples in amounts of 15–20 mg were packed in 5 mm NMR tubes (cut to 21 mm length) 

using Teflon tape to center the sample volume in the coil.

NMR measurements

All experiments were performed on a 400 MHz NMR spectrometer with a Bruker DRX 

console where the Larmor frequencies of 1H and 15N were 400.1 and 40.5 MHz, 

respectively, using a wideline low-E probe(33) with a 5-mm inner diameter coil built at the 

National High Magnetic Field Laboratory. Temperature calibration was performed by 

recording static lead nitrate line shapes (34) and using the freezing point of D2O, 3.8°C, as 

the fixed point for the calibration. The 15N chemical shifts were referenced using the 15N-

glycine amino acid as the secondary reference with the value of the chemical shift taken as 

33.4 ppm, This value originates from the unified scale with the ratio 15N/1H of 0.10132912, 

which is based on the TMS reference as well as referencing with respect to liquid NH3 of 0 

ppm, as reported by Bertani et al.(35)

I. 15N CSA—Spectra were recorded using cross-polarization (4 us 90° pulse, 0.8 ms contact 

time) followed by a Hahn echo with a 20 us echo delay. The typical acquisition time was 10 

ms and the recycle delay was in the 0.8 to 1 s range. The number of scans varied between 

10∙k and 60∙k. A SPINAL64 decoupling scheme with 62.5 kHz power was used. The 

SPINAL setup was implemented with the super-cycle of QQ̄Q̄QQ̄QQQ̄ with 

Q=18010180350180151803451802018034018015180345, where the subscripts refer to the phase 

angles of the 180° pulses. (36) The proton decoupling field of 62.5 kHz used in the SPINAL 

sequence was calibrated experimentally by the measurement of 1H 180° pulse length via 

indirect observation of the 15N signals through cross-polarization. This decoupling field is 

expected to be sufficient for covering the 1H chemical shift range on a static peptide sample 

at 9.4 T. (37) The cooling of the probe for measurements at –35°C was achieved using liquid 

nitrogen. Spectra were processed with 200 Hz exponential line broadening.

II. SAMMY—SAMMY experiments were performed according to the method of Nevzorov 

et al. (29) In order to minimize the rf-offset effects, magnetization was kept in either the x-y 

plane or along the z axis by the use of “magic sandwiches”,(30) which suppress 

homonuclear interactions. The rf fields for both 1H and 15N channels during the cross-

polarization and SAMMY block were 62.5 kHz. The 1H 90° pulse length was 4 μs and the 

cross-polarization contact time was 1 ms. Proton decoupling during the evolution in the 

direct dimension was 62.5 kHz. A recycle delay of 0.7 s was used. The number of scans 

varied between 10∙k and 12∙k. The number of points in the direct (CSA) dimension was 256 

and the number of increments in the dipolar dimension was in the 26–38 range. This led to 

experimental times between 3.5 and 4.5 days per sample. The scaling factor for the dipolar 

dimension was experimentally determined by performing the dipolar encoded HETCOR on 

the NAV crystal sample.(38) An exponential line broadening of 100 Hz in the direct 

dimension was used for processing.
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Fitting of 15N CSA line shapes

The fitting of one-dimensional 15N CSA line shapes in order to obtain the tensorial 

parameters was performed using mean-squared error minimization, employing internal 

Matlab routines based on the Levenberg-Marquardt algorithm. In the simplest model, the 

fitting parameters consisted of three components of the CSA tensors. In this scenario, line 

broadening was fixed at 200 Hz, which was the value used for processing the experimental 

spectra. An additional fitting parameter describing the apparent T2 contribution was 

employed in the second scenario, which resulted in variable line broadening in the fitted 

spectra. Note that in general transverse relaxation can be anisotropic, but in this case an 

isotropic approximation was employed phenomenologically. The errors in the fitting 

parameters were determined using Monte-Carlo simulations. Random Gaussian noise with 

variance obtained from the signal-free parts of the experimental spectra was added to the B-

spline smoothed experimental signal and refitted for 200 repetitions. The errors reported 

represent twice the standard deviation.

Results and Discussion

We emphasize that each of the protein samples had only one backbone site labeled with 15N, 

thus all of the results are site-specific. All of the sites belong to the hydrophobic core (Figure 

1), minimizing the effects of inter-molecular interactions.

15N CSA tensors

Static 15N CSA tensors were measured at two temperatures, 22°C and –35°C. The line 

shapes (Figure 2) were fitted to obtain the tensorial parameters defined via the Haeberlen 

convention:(39) the isotropical chemical shift δiso =(δxx + δyy + δzz)/3 with the principle 

components ordering defined by |δzz−δiso|≥|δxx−δiso|≥|δyy−δiso|, anisotropy Δδ = δzz−

(δxx+δyy)/2 and asymmetry η =(δxx − δyy)/(δzz − δiso). The resulting values are listed in Table 

1, where the reduced anisotropy parameter, δ =δzz−δiso, is also included since these have 

been reported in many protein studies.

Wylie et al.(4, 40) used a model in which ROCSA (recoupling of chemical shift 

anisotropy(41)) CSA line shapes were fitted using an additional fitting parameter describing 

an effective T2 contribution. We examined the effect of this alternative model in which 

variable line broadening (lb) was used as an additional fitting parameter. For all residues 

except L75, this procedure yields on average an additional 300 Hz broadening to the 200 Hz 

broadening used in the processing of experimental line shapes. The data for L75 are 

consistent with the extra 100 Hz broadening. The choice of line broadening parameters has a 

significant influence only on the resulting values of the asymmetries, which are 

systematically lower for a larger line broadening choice. (Supporting Information S1)

Several insights emerge from the analysis of the static 15N line shapes. First, the isotropic 

chemical shifts at 22°C are within about 0.5 ppm of those measured for the same protein in 

solution at pH 5.0 and 30°C, with the exception of L75 for which the difference is 2 

ppm(23) (Table 1). The data confirmed our previous suggestions(42, 43) that protein 

structures are similar in solution and in hydrated powder states.
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The L75 residue has the smallest anisotropy (Δδ=130.5±1.9 ppm) at 22°C, followed by L61 

(Δδ=141.1±1.2), while the rest of the residues are in the 150-–156 ppm range. These values 

fall in the range reported for ROSCA and slow magic-angle measurements performed on the 

B1 domain of protein G.(4, 15) Since the anisotropy parameter is expected to be reduced for 

mobile residues, the value of 130.5±1.9 ppm for L75 implies that this site is the most mobile 

out of the five residues probed here. The backbone 15N site of L75 is located at the C-

terminus end and this has been shown to be mobile in solution NMR dynamics studies using 

laboratory frame relaxation measurements.(44)

As the temperature is lowered to –35°C, the isotropic chemical shifts remain comparable to 

those at room temperature, suggesting that no major changes in structure take place (Figure 

3). Thus, the changes in anisotropy provide information about the dynamics. The L75 and 

L61 residues show the largest variations of the order of 18–20 ppm, while the F51 and F58 

sites experience almost no change in anisotropy. We note that in order to obtain the 

parameters of the rigid tensors, the temperatures would have to be lowered beyond –35°C, 

probably down to at least –70°C.(45, 46) Therefore, our measurements of the two 

temperatures aim to get a snapshot of the temperature dependence of the tensors rather than 

compare the truly rigid and mobile states. The average value of anisotropy for the rigid 

tensors was found to be 173 ppm for the α-helical residues in the B3 domain of protein G.

(3) We use this value to estimate the values of the order parameters , 

which are shown for the two temperatures in Figure 4. All residues with the exception of 

L61 belong to α-helices. L61 is at the very beginning of the turn and thus its rigid value of 

Δδ could be somewhat smaller than 173 ppm, which would lead to the underestimation of 

the order parameter value. The changes in Δδ upon lowering the temperature translate into 

an increase in  of the order of 0.1 for L75 and L61 and in the 0.02–0.06 range for the 

rest of the residues. F51 and F58 are the most solvent-protected residues and their values of 

the order parameters are least dependent on temperature, which may suggest the role of the 

hydration layer in these fluctuations.(18) It is worth noting that the asymmetry η changes 

slightly for all residues but L61. The significant variation in η (changing from 0.32 at 22°C 

to 0.20 at – 35°C, Figure 3) suggests more complex motions at this site with a possibility of 

multiple motional axes.

It is important to note that the ROCSA technique requires careful optimization(4, 40) in 

order to obtain accurate values of η. Our simple measurements free of scaling factors are 

important for providing the reference values of the tensorial parameters in protein solid 

samples. It has been noted(4) that single labeled samples can be more prone to variations in 

RF inhomogeneity and protein preparations. However, for our lyophilized samples packed 

into 5 mm NMR tubes using the same mass of the samples and centered in the coil, these 

variations are minimal.

We have previously investigated the dynamics of the HP36 hydrophobic core using 2H static 

NMR line shapes and relaxation measurements of methyl-bearing side chains.(42, 47-50) 

The core has exhibited flexibility on multiple time scales and showed the presence of glassy 

behavior characterized by non-Arrhenius relaxation with non-exponential magnetization 

build-up curves at low temperatures. The 2H line shapes measurements indicated extensive 
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μs-ms time scale motions at room temperatures which were quenched by either lowering the 

temperature or by dehydrating the protein. The 15N CSA coupling constant is on the order of 

6.5 kHz at 9.4 T, while the effective quadrupolar coupling constant for a methyl group 

averaged over fast rotations is about 53 kHz.(50) Unlike the 2H NMR line shapes, the 15N 

line shapes do not appear to be strongly modulated by motions on the order of the coupling 

constant to a first approximation, which suggests that the main source of motions is due to 

fast dynamics, i.e. faster than 150 μs. Thus, in the presence of concerted motions of the core, 

the glassiness observed in the previous 2H NMR relaxation measurements would be 

expected to manifest via non-exponential 15N relaxation. Based on the signal-to-noise ratio 

in our 15N line shapes, static 15N relaxation measurements would be feasible for these 

powder samples, especially at a higher field strength. We also note that 2H relaxation 

indicated the presence of the conformational exchange at temperatures above 250 K. Thus, it 

is possible that in order to observe the glassiness at the backbone sites it would be necessary 

to perform the measurements at temperatures much lower than 250 K. Lewandowski et al.

(18) have recently determined that 15N backbone sites undergo dynamical transitions at 

around 220 K. Thus, static 15N relaxation measurements can also be useful in reporting on 

these dynamical transitions at backbone sites. Most importantly, we emphasize that 15N 

measurements on backbone sites provide complimentary view of the core dynamics 

compared to the 2H NMR measurements performed on side chains. Combination of these 

two approaches can provide a global view of the core dynamics in static powder samples.

Dipolar 15N-1H couplings

Two-dimensional SAMMY line shapes are shown in Figure 6. In principle, the SAMMY 

experiment is capable of yielding both the magnitudes of the heteronuclear couplings and 

the angles defining the relative orientations of the 15N CSA and 15N-1H dipolar tensors. 

However, the extraction of the angles requires high-sensitivity data that can delineate the 

fine features distinguishing one orientation from another. The quality of the data in our low-

sensitivity samples is not sufficient for fitting the values of the angles. This issue is explored 

in more detail in Supporting Information S2 using F58 as an example.

We, therefore, confine our analysis to the magnitude of the effective dipolar splittings that 

define the widths of the SAMMY spectra. Assuming that the fluctuations of the N-H bond 

vectors are axially symmetric and in the fast regime, the magnitude of the dipolar splittings 

can be represented by the product of the rigid splitting in the absence of motions and the 

square of the order parameters  reflecting the amplitude of motions. The most commonly 

used rigid value of dipolar coupling is reported as 11.7 kHz.(51) However, a value as low as 

10.5 kHz has also been reported in the literature.(6, 52) To estimate the values of , we 

perform simulations of the SAMMY patterns using the CSA parameters obtained from the 

line shape data. We then extract one-dimensional slices across the dipolar dimension at the 

maximum overall spectral intensity and compare the experimental and simulated splittings 

for a range of  values. The best-fit one-dimensional line shapes obtained with this 

procedure are shown in Figure 6. A typical value for the relative orientation of the 

backbone 15N CSA and 15N-1H dipolar tensors for the α-helical residues is 17° (53) with the 

range of 16-22° reported by the recent study of Wylie et al.(40) However, in the presence of 
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motions around a common axis, the effective relative orientation can be averaged to zero. 

We also checked that the resulting fitted values of  are not affected by the choice of the 

angle between 0 and 17°.

The values of  and  are highly correlated (Figure 7), but the  values are 

systematically smaller by about 4%. The fluctuations in both these interactions are caused 

primarily by motions of the N-H bond vector. However, the 1H-15N dipolar interaction is 

more susceptible to vibrational motions of the light hydrogen atom compared to the CSA 

interaction.(54) Thus, the 4% reduction in the values of the dipolar order parameters may 

reflect the presence of these vibrational modes. An alternative explanation for the slight 

discrepancy between the values of  and  is the uncertainty in the rigid value of the 

dipolar coupling constant. In order to match  and , it is sufficient to assume that the 

rigid value of the dipolar coupling constant is 11.2 kHz. Additionally, the discrepancies in 

the overall pattern between the experimental and simulated dipolar slices in Figure 6 for 

some of the residues might point out that the effect of the motions is more complex than a 

simple scaling introduced by the order parameter.

Conclusions

We probed the HP36 backbone 15N CSA and 15N-15H dipolar tensors of several 

hydrophobic core leucine and phenylalanine residues by static NMR and assessed the limits 

of static techniques for these samples. The precision of the 15N CSA tensor parameters is 

sufficient to detect clear variations between the residues at room temperature and assess the 

dependence of the parameters on temperature. Out of the five residues probed, L75 and L61 

were determined to be the most mobile based on the values of anisotropies and their 

dependence on temperature. As most of the residues belong to the same secondary structure 

region, we assumed the same rigid value for the anisotropy and obtained order parameters 

.

Our work represents the first investigation to test the usefulness of the SAMMY sequence 

for lyophilized protein samples. The sensitivity is not sufficient to determine the relative 

orientations of the 15N CSA and 15N-15H dipolar tensors. However, the overall narrowing of 

the SAMMY patterns compared with the rigid case reports on contribution due to the 

dynamics and allows for the estimation of the motional order parameters, assuming a single 

value for the dipolar coupling constant in the rigid case. We observed an excellent 

correlation between the values of  and  calculated in this manner. However, the 

values of  were systematically 4% lower, possibly providing evidence for the vibrational 

averaging due to motions of the amide hydrogen atoms.

Lastly, the data provide some insights into the comparison of the hydrophobic core structure 

and dynamics in solution versus lyophilized powder states. The isotropic chemical shifts are 

overall consistent between the two states. L75, located at the C-terminus, appears to be 

highly dynamic in both solution and solid phases and also displays the largest variation in 

the isotropic chemical shift between the two phases. The results for the backbone 
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fluctuations of the hydrophobic core residues will be combined with our previous 

investigations of HP36 dynamics in solution and solid states(44, 47, 49, 55, 56) as well as 

with future molecular dynamics simulations to assess a global picture of concerted 

hydrophobic core fluctuations. The CSA and dipolar tensor parameters obtained in this work 

are also useful as reference values for developing more advanced magic-angle spinning 

recoupling techniques for multiply-labeled samples, as these simple static experiments are 

relatively free of experimental artifacts and do not have large scaling factors associated with 

them.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• We measured 15N CSA tensor parameters and 1H-15N dipolar coupling 

constants for backbone sites of a globular protein under static conditions.

• All probed sites belonged to the hydrophobic core and were shown to have order 

parameters less than 1 based on the values of 15N CSA anisotropy and 

SAMMY-based dipolar splittings.

• The values of the tensorial parameters obtained from these simple static 

measurements can serve as reference values useful in developing more advanced 

magic-angle spinning recoupling techniques.
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Figure 1. 
Ribbon diagram of the HP36 structure with the 15N backbone sites probed in this work 

shown in red.
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Figure 2. 
Normalized experimental (blue) and simulated (red) 15N CSA line shapes. As explained in 

the text, compared with experimental processing an extra line broadening of 300 Hz was 

used for all residues other than L75 for which 100 Hz was used.
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Figure 3. 
Changes in the values of δiso, Δδ and η between 22 and –35°C.
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Figure 4. 

Order parameters  at 22°C (squares) and –35°C (circles), calculated with Δδrigid =173 

ppm.
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Figure 5. 
Experimental two-dimensional SAMMY line shapes at 22°C. Contour levels are selected at 

0.4, 0.6, 0.8 and 0.9 of the maximum intensity.
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Figure 6. 
Experimental (black solid lines) and simulated (red dashed lines) one-dimensional slices 

taken at the maximum intensities of the two-dimensional SAMMY data. Simulated data 

correspond to the best-fit values of  as described in the text.
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Figure 7. 

A plot of  versus  at 22°C. The Pearson correlation coefficient is r = 0.985.
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