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An approach for the analysis of magic-angle-spinning NMR spectra which combines 
nonlinear iterative and linear analytical procedures for fitting sideband spectra is presented. 
Parameter values, as well as statistical errors, are extracted from the experimental data. 
The method is particularly useful for the analysis of spectra with limited sensitivity or 
overlapping lines, and the fitting procedure ensures the highest possible speed. Experimental 
examples for the analysis of spectra with sidebands due to chemical-shift anisotropies and 
heteronuclear dipolar interactions are shown. The importance of statistical and systematic 
errors is considered. o 1991 Academic press. IX. 

More than 30 years have passed since Andrew (1) and Lowe (2) introduced the 
technique of magic-angle spinning (MAS) as a means of narrowing the NMR spectra 
of solids. Since then MAS NMR has evolved into an indispensable technique for the 
investigation of a wide variety of polycrystalline and amorphous systems (3, 4). MAS 
spectra consist of centerbands at the isotropic chemical shifts flanked by rotational 
sidebands spaced at the spinning frequency, the number and intensity of rotational 
sidebands decreasing with increasing rotation speed, w,. When w, < w$, in which 6 
= u33 - ( f )Tr u is the anisotropy and w. is the Larmor frequency, numerous sidebands 
are observed, and comparison of the sideband intensities with the results of numerical 
simulations yields information about the anisotropic interactions (chemical shift and 
dipolar) being averaged. The technique can only be fully exploited, however, if it is 
paired with sophisticated procedures for the analysis of the spectra. For example, the 
spectra are often noisy and it is therefore difficult to extract the relevant information, 
chemical-shift anisotropies and dipolar couplings. Additionally, it is extremely im- 
portant to know the precision of the parameters derived from such spectra, since this 
affects the scientific interpretation of the data. 

The purpose of the present paper is to discuss a procedure for analysis of MAS 
spectra involving iterative fitting of spectra with substantial noise and spectral overlap. 
The technique permits evaluation of the parameters describing the interactions and 
the associated statistical errors and recently has been successfully employed in studies 
of 13C and ‘*N spectra of membrane proteins ( 5-9). 
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THE FITTING PROCESS 

The approach of this analysis is to incorporate all a priori information about the 
spectra into the fit, in order to obtain the best reliability, highest speed, and optimal 
efficiency. This is achieved by (i) keeping those parameters whose value can be de- 
termined in a separate experiment fixed, (ii) assuming a simple lineshape for the 
centerbands and sidebands in the MAS pattern, and (iii) fitting all linear parameters 
by means of an analytical linear least-squares fitting procedure in each iteration step. 
For the nonlinear fitting we use the CERN package MINUIT (IO), which embodies 
a simplex as well as a gradient search procedure, in addition to a Monte Carlo opti- 
mization and a whole range of subroutines that facilitate the programming and the 
fitting process. In our approach we normally employ a simplex minimization followed 
by a gradient search for the highest accuracy. Since the theoretical simulations of the 
MAS spectrum are nonanalytical, the gradients are calculated from the variation of 
the quality of the fits associated with small changes in the parameter values. 

The fitting process is represented schematically in Fig. I. First, the theoretical MAS 
line intensities are calculated for all the components in the spectrum based upon the 
initial values of the parameters. These intensities are then convolved with Lorentzian 
or Gaussian lines and superposed to generate the MAS spectrum. The simulation is 
then scaled, and a polynomial background, up to fifth order, obtained by a linear 
least-squares fit of the experimental spectrum, is added. The X2 between the experi- 
mental and the theoretical spectra, which is used as the criterion in the optimization 
procedure, is then calculated, MINUIT then adjusts the parameter set, and the process 
continues. Only the parameters that determine the sideband intensities are optimized 
by iterating the MAS simulation. For instance, if only the linewidths, isotropic shifts. 
or relative contributions of the components are different from the parameters set in 
the previous iteration, calculation of a new set of line intensities is not necessary and 
is therefore bypassed. When the x2 is at the noise level, estimated from the baseline 
of the experimental spectrum, the iteration ends, and the spectrum and fit are plotted. 

Central to the analysis procedure is the MAS iteration loop, which calculates a new 
set of line intensities whenever any relevant parameters are changed. This loop is 
called many times, and is therefore optimized for speed. For the evaluation of the line 
intensities of the MAS pattern various approaches may be chosen depending on the 
application. By far the fastest procedure to generate the line intensities is the Herzfeld- 
Berger method ( 1 I), which is used mainly for the analysis of spectra with sideband 
intensities due to chemical-shift anisotropies. This procedure involves obtaining the 
line intensities via a previously calculated look-up table. For the 1D dipolar-chemical- 
shift spectrum, a free induction decay for spins evolving under the appropriate Ham- 
iltonian is evaluated, using procedures described by Munowitz and Griffin ( 12)) in a 
slightly modified form. The time-domain simulation contains a minimum number of 
points lt,,, equal to the number of peaks in the spectrum. The signal is calculated over 
one rotor period and, utilizing the periodicity of the Hamiltonian, is replicated outside 
the powder average loop. Off-resonance effects are incorporated after the replication 
of the FID. Numerical Fourier transformation of this time-domain signal yields the 
set of line intensities that describes the MAS pattern. 

In particular, when the Herzfeld-Berger method is employed, the whole fitting pro- 
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FIG. 1. Schematic diagram of the fitting analysis procedure. For highest efficiency inside the iteration loop 
a linear least-squares fitting procedure optimizes the linear parameters for each set of nonlinear parameters. 

cess, simplex minimization plus gradient search, is very efficient. Typical CPU times 
on a VAXstation II may vary from three minutes, for a spectrum with a single MAS 
pattern, to one hour, for a spectrum with four independent overlapping resonances. 
For problems in which it is necessary to simulate an FID, such as the dipolar-chemical- 
shift experiment, analysis of a simple spectrum may take one hour and for more 
complicated cases the program runs overnight. 

After completion of the fit, estimates for the errors are calculated. The MINUIT 
program evaluates parabolic statistical error estimates for each nonlinear parameter. 
With appropriate scaling these errors represent a good estimate of the statistical errors 
for the values of the parameters determined in the fits (13). The errors (+) given 
throughout this paper represent a 95% confidence interval. 
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EXPERIMENTAL EXAMPLES 

Among the important fields of application of MAS NMR is the study of large 
biomolecules, where this technique is one of the few methods to obtain detailed in- 
formation about their structure and function on the atomic level (14). In particular, 
the combination of specific isotope labeling and MAS NMR difference spectroscopy 
is very powerful and to date has allowed the study of systems with molecular weight 
up to 100 kDa. The analysis procedures described here are often essential for the 
interpretation of the MAS NMR spectra from the heavier systems (> 10 kDa). They 
form a good example to demonstrate the usefulness of iterative fitting analysis. 

In Fig. 2a we show a fit of a spectrum, taken of the protein bacteriorhodopsin (bR) . 
the light-driven proton pump of Halobacterium halobium (MW -27 kDa). The 
molecule contains a retinylidene chromophore in the active site of a protein with 248 
amino acid residues that is embedded in a membrane. For the experiment of Fig. 2a 
the molecule has been labeled (99% 13C) at C-5 of the retinylidene moiety. The data 
were acquired with a spinning speed wr/27r = 2.5 kHz, chosen in order to produce 
the signal from the label exactly degenerate with the carbonyl resonance. 

Even for this highly unfavorable case a reasonably accurate anisotropy parameter 
of woJ/2a = 9.5 (0.8) kHz could be obtained by performing a serial analysis of two 
spectra at the same spinning speed. First, a natural-abundance spectrum was analyzed. 
with Gaussian lines, to characterize the carbonyl and aromatic resonances (at 176 

a 

I I /-- 

200 150 100 
chemical shift (ppm) 

FIG, 2. “C MAS spectrum (a) and difference spectrum (b) for [ 5- 13C] retinal-labeled bacteriorhodopsin 
under heteronuclear (CW) decoupling at spinning speed w,/~R = 2.5 kHz. The centerbands of the tabel 
( 144.3 ppm), the natural-abundance carbony ( 176 ppm), and the natural-abundance aromatic carbons 
( 129 ppm) are marked with an asterisk. The results of the analyses are represented by the smooth line in 
the spectra. Below each spectrum the residues, data minus fit, are shown. 



34 DE GROOT ET AL. 

and 129 ppm, respectively), and second, the spectrum of the sample containing the 
13C-5 label was fitted by adding a set of Lorentzian lines for the contribution from the 
label, with the parameters for the natural-abundance resonances held constant. The 
asymmetry parameter n = (a22 - al,)/& however, could only be determined when 
the resonance from the 13C-5 label was separated from the natural-abundance back- 
ground by taking the difference of the spectrum from the labeled sample and that 
from the unlabeled sample ( 15). This is demonstrated in Fig. 2b. The fit of this rather 
noisy spectrum yields w&/2a = -8.8(0.9) kHz with 17 = 0.6(0.2), in good agreement 
with earlier results on high-quality spectra, wo&/27r = -9.4(0.2) kHz and v 
= 0.6 (0.1) (16). 

An important aspect is the sensitivity of the method for systematic errors, i.e., errors 
other than those from the noise in the spectrum. In Figs. 3a-3c we show a set of three 

a 
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FIG. 3. “C MAS difference spectra for [ 14-‘3C]retinal-labeled bacteriorhodopsin under heteronuclear 
(CW) decoupling at spinning speeds w,/2?r = 3.0 kHz (a), 2.5 kHz (b), and 2.0 kHz (c). The centerbands 
are marked with an asterisk. The results of the analyses are represented by the smooth line in the spectra. 
Below each spectrum the residues are shown. 
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bR difference spectra, this time labeled with 13C at the 14 position of the retinylidene 
moiety and acquired with w,/271. = 3.0, 2.5, and 2.0 kHz, respectively. The results of 
the analysis are listed in Table 1. It is seen that at least two sets of rotational sidebands 
are needed in order to obtain accurate results. For the upfield component ( 111 ppm ) 
good results are obtained already for w,/2?r = 2.5 kHz, while for the downfield reso- 
nance lower spinning speeds are necessary. The reason is a difference in the asymmetry 
parameter 9. For the upfield resonance oo&/2a = 5.5(0.3) kHz with 77 = 0.9(0.1), 
and for the downfield component wo6/2n = -5.7(0.3) kHz with 7 = 0.7(0.1) (15). 
It is seen that at the higher speed 7 is underestimated, and this causes problems when 
9 is small. At the same time the best fit to 6 is also changing with w,. The reason for 
this behavior has been known for some time ( I I ). The lower 71, the more information 
moved into one of the wings of a spin-4 powder pattern, and it is exactly this infor- 
mation that is suppressed at the highest speeds with MAS NMR. It is important to 
realize, however, that in such cases a high-speed spectrum yields spurious results, not 
simply a larger statistical error that includes the correct result, as may be concluded 
from the analysis of the downfield resonance in the spectra of Fig. 3. Fortunately, 
asymmetry parameters tend to be rather large (T > 0.5 ) for nonsaturated carbons in 
biological systems, and therefore spinning speeds w, < oo6/2 should be used in order 
to obtain reliable results. 

For spectra with very good signal-to-noise, however, deviations from the Lorentzian 
or Gaussian lineshape may lead to a small systematic error. In that case slightly better 
results may be obtained by performing a direct comparison between the line intensities 
calculated in the computer simulations and the experimental intensities obtained from 
integrating the spectra. 

As the final example, we show the natural-abundance 15N ID dipolar-chemical- 
shift spectrum of bR in Fig. 4. In the 1D dipolar-chemical-shift spectrum, which is 
obtained with acquisition under homonuclear proton decoupling, the sideband inten- 
sities are due to the combination of *‘N chemical-shift anisotropy and “N- ‘H het- 
eronuclear dipolar coupling. Serial analysis of two spectra, the first acquired under 
continuous heteronuclear decoupling to determine the chemical-shift anisotropy and 
the second, the dipolar-chemical-shift spectrum, is a good procedure for extracting 
N-H bond lengths from two one-dimensional spectra. This method is of particular 

TABLE 1 

Anisotropy Parameters of the Chemical-Shift Tensors (6, n) and Isotropic Shifts (q) for the Two 
Resonances of [ 14-‘%Z]Retinal in Dark-Adapted Bacteriorhodopsin at Various Spinning Speeds 

Wr/2A 
Wz) (PI% 

w&2n 
W-W T (PZ) 0 -- 

2.0 110.8 (0.3) 5.4 (0.5) 0.9 (0.2) 122.6 (0.3) --5.6 (0.5) 0.7 (02) 
2.5 110.9 (0.3) 5.5 (0.5) 0.9 (0.2) 122.2 (0.3) ~-6.0 (0.5) 0.6 (0.2) 
3.0 110.5 (0.3) 6.1 (0.7) 0.8 (0.2) 122.3 (0.3) -6.7 (0.8) 0.5 (0.2) 

AWe. The errors (+-) are given in parentheses. They represent a 95% confidence interval and are statisticaliy 
determined. The errors for the isotropic shifts are determined by the accuracy of the calibration. 
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PIG. 4.1 D dipolar-chemical-shif 15N MAS spectrum of natural-abundance bR under homonuclear (MREV- 
8) decoupling at spinning speed wJ2a = 2.24 kHz. The centerband is marked with an asterisk. The results 
of the analysis are represented by the smooth line. The residues, data minus fit, are shown below the spectrum. 

interest for large biomolecules, where acquisition of a full 2D dipolar-chemical-shift 
spectrum is often not feasible, due to sensitivity requirements. 

The results of the fit of this spectrum are listed in Table 2. For the chemical-shift 
parameters, 6 and 7, previously determined values were employed as input to the fit 
(8). The protein contains many peptide bonds of various kinds. Nevertheless, note 
the striking similarity between the natural abundance protein parameters and those 
for [ “N] acetylvaline, also listed in Table 2 ( 17). The N-H bond length is approxi- 
mately the same, and this appears to be the predominant factor which determines the 
difference in sideband intensities compared to the chemical-shift spectrum. The polar 
angle of the N-H bond in the principal-axis system of the 15N chemical-shift tensor, 
X, is also the same within experimental errors, whereas the azimuthal angle (to (rll), 
9, does not have any discernible influence, for small values of x and TJ (I 7)) and is 
therefore not included in Table 2. 

TABLE 2 

Chemical-Shift Anisotropy (Ui, d, n) and Dipolar Interaction (x, rn-n) Parameters for a Small Molecule 
and for the Natural-Abundance Resonance of Bacteriorhodopsin 

Sample 
011 

(mm) 
Q22 

(ppm) 
033 

(mm) 
bH 

6% 

Natural-abundance bR 93.6 (0.4) 20 (4) 56 (4) 206 (4) 24 1.06 (0.02) 
[“N]Acetylvaline 96.7 (0.2) 32 (3) 57 (3) 201 (3) 22 1.049 (0.007) 

Note. Only a slight dependence of the fit on $ was observed, which is therefore not listed in the table. The 
errors (+) are given in parentheses. They represent a 95% confidence interval and am statistically determined. 
The errors for the isotropic shifts are determined by the accuracy of the calibration. 
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EXPERIMENTAL PROCEDURES 

All NMR experiments were performed with a homebuilt spectrometer equipped 
with a 7.4 T magnet. The probe was also homebuilt and incorporated MAS rotors 
and stafors purchased from Doty Scientific, Inc. (South Carolina). The ‘H, 13C, and 
lSN 7r/2 pulse lengths were -3, -6, and - 10 ps, respectively. Recycle times were 2 
s and CP mixing times were 2 ms. For dipolar-chemical-shift experiments MREV-8 
pulsed decoupling (18) was used. 13C shifts are referenced to external TMS and “N 
shifts relative to 5.6 M “NHKl in H20. 

Purple membrane was obtained from a culture of the JW-3 strain using the puri- 
fication procedure of Oesterhelt and Stoeckenius ( 19). The synthesis of [ 5- 13C] - and 
[ 14- 13C] retinal is described elsewhere (20, 21) . The retinals were incorporated into 
bR following a procedure similar to that described by Smith et al. (9) and pelleted in 
a centrifuge before packing into rotors. For each protein spectrum, -40,000 transients 
were acquired with a recycle delay of 2 s. The spinning speeds were kept constant 
within -2 Hz with a spinning speed controller previously described (15). 

Anisotropies are defined following Haeberlen (22). In the principal axis system of 
the chemical-shift tensor the principal components u33) u22, and uII are arranged so 
that 

I U33 - ui I a I ul I - Ui I a I u22 - ul I 
with the isotropic shift ui = ( 4 ) Tru. The anisotropy parameters are calculated according 
t0 

6 = U33 - Ui 

7 = (U22 - Ul1)/6. 

For the dipolar-chemical-shift spectrum, the parameters needed to characterize the 
“N-‘H dipolar interaction, TNH, plus two polar angles X, $ that describe the relative 
orientation of the dipolar and chemical-shift tensors, are defined following Munowitz 
and Griffin ( 12). 

CONCLUSIONS 

Iterative computer fitting of MAS NMR spectra offers promising possibilities for 
the analysis of data with poor signal-to-noise or overlapping lines. Provided that suf- 
ficient sideband intensity is present (0, < w$/2), chemical-shift anisotropies and 
bond lengths can be extracted from ( 1D) spectra with reasonable precision. The method 
yields a null signal, produced by subtracting the experimental and calculated data, 
which provides a visual assessment of the errors. In addition the statistical errors are 
evaluated. Knowledge of these errors is crucial to interpreting changes in chemical- 
shift or dipolar tensors. Together with MAS NMR difference spectroscopy, these fitting 
methods are particularly useful for the study of large biomolecules. 
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