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Abstract: Rotational-resonance magic-angle spinning NMR experiments are frequently used to measure
dipolar couplings and to determine internuclear distances. So far most measurements were performed on
samples containing isolated spin pairs. Thus, extensive structure elucidation, for example in biomolecules,
requires the preparation of a whole set of doubly labeled samples. Here, we describe the analysis of the
rotational-resonance polarization-exchange curves obtained from a single, uniformly labeled sample. It is
shown experimentally that, at a magnetic field of 14.09 T, the rotational-resonance conditions in uniformly
13C-labeled threonine are sufficiently narrow to permit the measurement of five distances between the four
carbon spins with an accuracy of better than 10%. The polarization-exchange curves are analyzed using
a modified two-spin model consisting of the two active spins. The modified model includes an additional
offset in the final polarization, which comes from the coupling to the additional, passive, spins. The validity
of this approach is experimentally verified for uniformly *3C-labeled threonine. The broader applicability of
such a model is demonstrated by numerical simulations which quantify the errors as a function of the most
relevant parameters in the spin system.

Introduction The rotational-resonance experiment (RR)s a robust and
High-resolution solid-state NMR is a useful tool to study both widely applied method for selective homonuclear recoupling.
micro- and noncrystalline materials. To achieve the spectral It requires the MAS frequency to match an integer submultiple
resolution required for measuring specific distance constraints, of the isotropic chemical-shift difference between the two
the application of magic-angle spinning (MAS) is usually selected, active spins, i.ex, = |Q5° — Q5. Despite this
mandatory. However, the improved spectral resolution comes inherent selectivity of rotational-resonance recoupfingost
at the expense of loosing the information contained in the practical applications have been to systems where relatively
anisotropic interactions. One example of such an averagedisolated spin pairs have been introduced chemically by selective
anisotropic interaction is the dipolar-coupling tensor, which is labeling. This leads to particularly simple polarization-exchange
proportional to the inverse cube of the distance between two dynamics. The drawback, however, is that producing the
nuclei. To reintroduce the anisotropic dipolar interaction into selectively labeled compounds is both expensive and time-
MAS NMR spectra, dipolar recoupling methods are usually consuming.

applied?2 In this Article, we concentrate on homonuclear In rotational-resonance experiments, weak dipolar couplings
recoupling methods for the determination of distances in are characterized through the measurement of polarization
uniformly labeled solids. exchange between the two recoupled spins. These polarization-

Recoupling methods may be classified into broad-banded andexchange curves are analyzed in terms of the internuclear
selective methods. In broad-banded methods, all the spins aredistance and the zero-quantum relaxation time with other
recoupled simultaneously. The polarization-transfer dynamics parameters such as chemical-shielding tensors playing a minor
in such multispin experiments contain, possibly among other role at then = 1 rotational resonance condition. This approach
contributions, the information about all dipolar couplings in the is known to work well in selectively labeled systems with
system. It is, however, difficult to extract this information isolated spin pairs because there are no additional dipolar
quantitatively and the contribution of the small couplings tends  couplings to “passive” spins which could influence the polariza-
to be negligible. Selective methods ideally recouple only two tion-exchange curves.
spins at a time and determine accurately a single internuclear
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In this paper we demonstrate that, under certain circum-

stances, the polarization exchange at the rotational-resonance

condition in uniformly labeled systems can be modeled by a
modified two-spin system. In the presence of the additional

passive spins the difference polarization evolves towards a finite

value, while it evolves toward zero in an isolated two-spin
system. Similar effects were observed in systems with inho-
mogeneously broadened lint§he modified long-time behavior

of the difference polarization can be included phenomenologi-

cally into the analysis of the polarization-exchange curves. Such

a simple modified two-spin model of rotational-resonance
polarization exchange gives accurate results if the isotropic

chemical-shift differences between the passive and active spins

are far enough from any rotational-resonance conditions.

In this paper we will show experimental rotational-resonance
measurements on fully labeleethreonine that will be analyzed
using the modified two-spin model. In addition, synthetic data
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Figure 1. Carbon CP-MAS spectrum ofthreonine ¢,/(27) = 16703 Hz).
The spectrum shown here represents the first time point0 ms) in a

generated by numerical simulations of model three-spin systemsyotational-resonance exchange curve betweéra@ G, with the C

will show in which range of parameters such a model gives
accurate results.

Materials and Methods

NMR Experiments. All experiments were performed on uniformly
13C and*®N labeledL-threonine (Cambridge Isotope Laboratories) and
diluted in natural-abundance material at a ratio of 1:10 to minimize

intermolecular dipolar contacts. Subsequently the sample was recrystal- (qa, 3, y)

lized from a hot aqueous solution. Narrow resonances (full width at
half-height 0.15 ppm) observed in the CP-MAS spectra indicated a
uniform crystal form throughout the sample. NMR experiments were
recorded at a static magnetic field of 14.09 T using a Bruker Avance
600 spectrometer. All data were acquired with a Bruker 2.5 mm o.d.
triple-resonance CP-MAS probe. The spinning frequency was stabilized
to +£5 Hz. Rotational-resonance experiments were performed following
adiabatic cross polarization frothl to 13C.° Afterward, the polarization

of one of the resonances was selectively inverted using a DANTE pulse
train1%12 The DANTE inversion was empirically optimized for each
exchange curve and typically consisted of a train of between 7 and 10
pulses separated by intervals of up to 18)with an effective 180
pulse of 25us. After a variable mixing time, the polarization was
converted to single-quantum coherence by a hartl @@ise and
detected. During the mixing time and data acquisition, TFPM
decoupling was applied using a®lphase angle and a pulse length of

5 us. Each point on the polarization-exchange curve was the result of
the summation of 128 transients. An example of a typical spectrum of
L-threonine used to determine the difference polarization used for the
calculation of the experimental exchange curves is shown in Figure 1
together with its assignment. The data were processed and integrate
in Felix 97.0 (Accelrys, CA).

Simulations. Numerical Liouville-space simulations of a hypothetical
three-spin system were performed using the GAMMA spin-simulation
environment* extended by a block-diagonalization package to speed
up the diagonalization of the Liouvillian matrixes. The input to these
simulations included both the size and the orientation of the chemical-
shift anisotropy tensors (CSA), the dipolar-coupling tensors, and the
isotropic J-couplings (see Table 1). The relaxation was implemented
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(12) Caravatti, P.; Bodenhausen, G.; Ernst, RJRMagn. Reson1983 55,
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J. Chem. Phys1995 103 6951-6958.

(14) smith, S. A.; Levante, T. O.; Meier, B. H.; Ernst, R. RMagn. Reson.,
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selectively inverted through the application of a DANTE pulse train. The
broadening and fine structure of the &d G, resonances is partially due
to matching of the rotational-resonance condition.

Table 1. Simulation Parameters

spin 2 spin 1 spin3
3l(2) 1542 Hz 6083 Hz 9250 Hz
0.2432 0.2466 0.8919
(1607, 137, 82) (0°,0°,0°) (42, 109, 87°)
Qis%(2r)  variable 0 variable
di/(2) variable 2248 Hz (1.54 A)
(o B, ) (0°, 143, 166) (0°, 148, 80°)
Ji 0 Hz 50 Hz

as an uncorrelated random field fluctuation along#férection, with

an identical rate constant for every spia € 100 s%). In an isolated
two-spin system, this leads to a zero-quantum relaxation tintef

5 ms.

To obtain the apparent distances and relaxation times for the active
spin pair from the exchange curves obtained by the numerically exact
three- or four-spin simulations or from experiments on fully labeled
samples, the data were fitted by the model of a single homonuclear
spin pair at rotational resonartcavhich includes the following
parameters: the chemical-shift anisotropy of both spins, the dipolar
coupling, a phenomenological zero-quantum relaxation-rate constant,
and the initial difference polarization. In addition to these standard
parameters, our modified model includes the value of the final difference
polarization. Under the influence df,zo-relaxation, the difference

Cpolarization approaches this final difference polarizationtfer co.

Nonlinear least-squares fits of the data were carried out using the
MINUIT routines!® The dipolar-coupling constant;,zq, the initial
difference polarization, and the final difference polarization were free
parameters for the fit. The remaining parameters were kept fixed. The
isotropic chemical shifts of-threonine were measured in a spectrum
recorded at an MAS frequency of 22.5 kHz as follows:1Z3.0 ppm;

Cy 62.4 ppm; G 68.0 ppm; G 21.6 ppm. The magnitude and the
orientation of the chemical-shielding tensors were taken from James
et ali®

Results and Discussion

Six experimental polarization-transfer curves for uniformly
13C and N labeled threonine are shown in Figure 2. The

(15) James, F. MINUIT Function Minimization and Error Analysis (D506),
CERN, 1994.

(16) Janes, N.; Subramanian, G.; Oldfield JEMagn. Reson1983 54, 111—
121.
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that under the given experimental conditiofy & 14.09 T)
the selectivity of the rotational-resonance condition is suf-
ficiently narrow to permit an analysis of rotational-resonance
data from uniformly labeled threonine in terms of a simple
modified two-spin model.

To assess if this approach works for spin systems other than
threonine and in order to estimate the magnitude of the
systematic errors that may be incurred in the analysis, polariza-
tion-exchange curves were simulated in Liouville-space for
different three-spin systems with two active spins (spins 1 and
2) and one passive spin (spin 3). The passive spin is dipolar
coupled to one of the active spins (spin 1) (see schematic in
Figure 3). For the simulations used in Figure 3A the dipolar
coupling to the passive spidg) was chosen such as to represent
a one-bond €C coupling and the chemical-shift difference
(AQ13) corresponds to the one betweeha@d G, in an amino
acid at 14.09 T. The detailed parameters used in these simula-
tions are summarized in Table 1. The parameters of the two
active spins, i.e., the dipolar-coupling constaht and the
isotropic chemical-shift differencéQ;, were varied in an
attempt to mimic the range of parameters found in organic
molecules and peptides. The active spin pair was always kept
at then = 1 rotational-resonance condition by setting =
0 |AQ15|. The resulting simulated polarization-transfer curves were
0 10 20 0 2 4 . )

analyzed in the same manner as the experimental data and the
Tm/ms Tm/ms parameters of the fits compared with the input values of the
Figure 2. Polarization-exchange curves for rotational-resonance measure- Simulation. The values of the parameters where chosen for the
ments inL-threonine as a fun’ction of the mixing timg. The measured simulations shown in Figure 3A such that they do not match
ggt\?véﬂrégebg:,\?:g }g)nn; g‘?Eg??u”?gfeaff&)ﬁ)cgfghS\?V?] gs(gz)'en directly to the experimentally measured threonine spin system
circles. The solid lines show the best fit by the modified two-spin model. t0 demonstrate the generality of the observations. However,
The resulting fit parameters are given in Table 2. additional simulations (given as Supporting Information) using
Table 2. Parameters Obtained from Analysis of a three-spin approxi.ma.tion of the threoninfe four-spin system
Polarization-Exchange Curves in U-13C-L-Threonin? show the same qualitative results and confirm that the general
features of this analysis do not depend on the precise values of
the spin-system parameters.
stes® The relative deviation of the distanﬁces extracted with our two-
C'—C. 16703 2011 1.556(4) 1.54 10(8) 2.1 0.94(4) 0.16(1) P model from the “true d'SIanC.er’lg_ r12)/r12is plotted in
C-C, 15854 501 2.47(3) 255 4(1) 1.7 0.93(5) 0.20(2) Figure 3A as a function of the distancg, and the isotropic
C—-C, 22831 300 2.93(3) 3.09 5(1) 2.9 0.94(4) 0.19(2) chemical-shift differenceAQ>. As expected, accurate results
C,—C' 22831 309 2.91(4) 3.09 5(1) 2.9 091(4) 0.19(2) (indicated in green) for the internuclear distange were
%:8; gég? zggg i'.?éz-,f()e) 2155‘3 i(é)) 2271 2‘_%%((55)) %113((?) obt_ained if the passi\_/e_spin _is f_ar from rotational resonance,
while the largest deviations (indicated in red) occur when the
2 Parameters obtained after fitting the data shown in Figure 2 to theoretical passive spin is also close to a rotational-resonance condition,

polarization-exchange curves for a homonuclear two-spin system asj o nw; ~ |AQ14|. The width of these unfavorable recoupling
described in the texf Values in parentheses represent the error (1 standard '

>
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deviation) calculated during the fitting of the experimental datzalues conditions is of the size of the dipolar coupling to the passive
obtained from the crystal structure efthreoniné?® 9Ty calculated spin (di3) and becomes smaller for higher-order rotational-
from the single quantum line widths, assumingzkb = 1/(2(Avy;, + resonance conditions. In addition, theouplings to the passive

Av5,)).2223 eThe first site listed is the one whose resonance line was

‘ : ! spins can contribute to the deviations in the fitted distance. For
inverted in the experiments.

Figure 3A, we have chosen the worst case scenario with the
experimental data were fitted by the model as described in the passive coupling being abodiy/(27) = 2.25 kHz, correspond-
previous section. The fits yield quite good agreement with the ing to a one-bond carbetcarbon coupling. The errors in Figure
measured data with some systematic deviations. The parameter8A, therefore, correspond to the errors in the value of the small
obtained from the analysis of these six rotational-resonance coupling, measured in the presence of a one-bond coupling. It
experiments are given in Table 2. The experimental data wereis noteworthy that the relative size of the unfavorable regions
normalized by setting the magnitude of the initial experimental with large errors will be reduced at highg-fields as the dipolar
data point to 1. The internuclear distances obtained from thesecoupling is independent of the static magnetic field. In the
fits compare favorably with the distances obtained from crystal- regions with large errors, the fitted distances are shorter than
structure data (see Table 2), with a maximum deviation of 0.18 the theoretical ones because the oscillation frequency increases
A (<10%). The good agreement between the fitted distancesas the passive spin (spin 3) approaches a rotational-resonance
and the distances obtained from X-ray diffraction data suggest condition. For some parameter values good agreement for the
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Figure 3. Contour plot of (fl“2 — r19)lriy, i.€., the relative difference of the

fitted distance™ from the two-spin model and the theoretical distange

(A). Simulated polarization-transfer curves for a three-spin system were
calculated and fitted by the modified two-spin modely?contour plot of

the fits is shown in (B). Green regions indicate that the exchange curve
can be fitted well by a two-spin model. Both plots are shown as a function
of the isotropic chemical-shift difference(= |AQ1y| = |QF° — Q5°) of

the two active spins (spins 1 and 2) and the distangbetween the two
active spins. The chemical-shift difference between the active spins and,
therefore, the MAS frequency was incremented in steps of 500 Hz, with
additional sampling points at and near the= 1 to n = 7 rotational-
resonance conditions with the passive spin. The distapeeas incremented

in steps of 0.25 A. The chemical-shift difference to the passive #ihs/

(27), was set to 18750 Hz, a typical difference betweéar@ G, in amino
acids at a magnetic field of 14 T. The mixing time was increased as a
function of the distance accordingtg = 5 ms 12/1.5 A2 to a maximum

of 100 ms, to account for the decreasing oscillation frequency of the transfer

process. The differences obtained are negative in most areas, i.e., the fi
leads to an underestimation of the true distance.

distance was observed even when there was poor agreeme

fit

n
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Figure 4. Contour plot of (fl't2 — r19)/r1p, i.€., the relative difference of the
fitted distancer™, from the theoretical distance as a function of the
isotropic chemical-shift differences between the two active sph{2,6)

and the active/passive spin paik@Q3). The chemical-differences were
incremented in steps of 500 Hz. Because the stepsize is larger than the
width of the higher order rotational-resonance conditions, they do not
manifest themselves in all slices, leading to gaps in the red bands. Clear
discrepancies (shown in red) are observed when the spinning frequency
(wr = |AQ12]) is also close to a rotational-resonance condition of the active/
passive spin paimp; ~ |AQ13|). The dipolar-coupling constants were set

to dio/(277) = 118 Hz €1, = 4 A) anddig/(27) = 2.248 kHz (13= 1.5 A),
respectively.

condition with a passive spin. Thus, from Figure 3 we conclude
that internuclear distances up to 4.5 A can be measured, in the
presence of a one-bond coupling, with an error of less than 10%
for spin pairs with favorable chemical-shift values (areas
indicated in green/yellow in Figure 3).

The data represented in Figure 3 correspond to a special,
although practically important, situation becals®;; was kept
constant at a value typical for d-€C, spin pair. The influence
of variations inAQ3is illustrated in Figure 4 where bothQ;,
and AQ;3 are varied. In these simulations, both internuclear
distances;, andri3 were fixed at 4 and 1.5 A, respectively.
Again, large discrepancies between the apparent distance
obtained in our two-spin analysis and the true distance occur
only when the spinning frequency (= |AQ1,|) is close to a
rotational-resonance condition involving the passive spity (
~ |AQ13]). Simulations of a selection of four-spin systems (data
not shown) gave results similar to those described for a three-
spin system.

The chemical-shielding tensor orientations are known to
influence the rotational-resonance polarization-exchange curves
obtained for an isolated two-spin system. The effects on the
fitted distance are, however, usually small at the= 1
rotational-resonance condition and are often neglettéd-
ditional simulations (data not shown) indicate that the same
assumption is justified in the context of the analysis of a three-
§pin system.

between the fit and the simulated spectra, corresponding to a

high value ofy? A contour plot ofy? as a function of the
chemical-shift differenceAQ;,, is given Figure 3B. Poor fits
with high 2 (areas indicated in red) are again obtained when a

resonance condition of an active/passive spin pair is approached(20)

For larger distances, the values @f decrease, because
polarization-exchange curves without large oscillations can be
fitted quite well even in the proximity of a rotational-resonance

(17) Watts, A.; Burnett, I. J.; Glaubitz, C.; Grobner, G.; Middleton, D. A,;
Spooner, P. J. R.; Williamson, P. T.Eur. Biophys. J. Biophys. Let998
28, 84—90.

(18) Hong, M.; Jakes, KJ. Biomol. Nmr1999 14, 71-74.

(19) Hong, M.J. Magn. Reson1999 139, 389-401.

Jaroniec, C. P.; Tounge, B. A.; Herzfeld, J.; Griffin, R.J3Am. Chem.

Soc.2001, 123 3507-3519.

(21) Janczak, J.; Zobel, D.; Luger, Rcta Crystallogr., Sect. @997 C53
1901-1904.

(22) Kubo, A.; McDowell, C. A.J. Chem. Soc., Faraday Trans1B88 84,
3713-3730.

J. AM. CHEM. SOC. = VOL. 125, NO. 9, 2003 2721



ARTICLES Williamson et al.

These simulations on three- and four-spin systems supportmolecules like peptides. Spectral crowding does, by itself, not
also the empirical findings in threonine and indicate that similar compromise the power of the analysis presented here as only
accuracies can be expected for other compounds. We havepassive spins with a sizeable coupling need to be taken into
observed for threonine (see Table 2) that the C, distance account in the analysis.

of 2.9 A corresponding to a dipolar coupling constant of 309  The analysis introduced here describes a many-spin system
Hz was measured relatively accurately in the presence of two as a pair of active spins and a set of passive spins. If the
one-bond C-C, coupling of more than 2 kHz. The largest chemical-shift differences between the active and the passive
deviation between the X-ray and the NMR distances measuredspins are not closer to a rotational-resonance condition than the
in L-threonine (see Table 2) is found for the spin pair-C,. dipolar coupling constant between the active/passive spin pair,
The measurement of the distance between these two spinghe presence of the passive spins only leads to a finite final

represents the determination of a relatively weak two-bond polarization approached in the dynamics of the active spin pair
coupling @:12/(27) ~ 569 Hz) in the presence of two one-bond  and to a moderate systematic error in the internuclear distance.
couplings of more than 2 kHz. In addition, one of the passive we have quantified the systematic errors for simple model

spins (G) is separated by only 850 Hz from a rotational- systems and conclude that it is possible to identify critical cases

resonance condition with one of the active sping)(Despite  based on the assignment of the resonances in the molecule under
these unfavorable conditions, the distance measured by rotationalstudy.

resonance NMR and the distance measured by X-ray diffraction 1 increase in uncertainty in the distance evaluated from

differ only by about 7%. the exchange curves in uniformly labeled samples using our

Conclusion modified two-spin model, compared to the one obtained in

selectively labeled samples, is often more than offset by the
. . L . .~ Increase in the number of distances which can be measured from
that, in many practical cases, it is possible to determine a single, uniformly labeled sample. The method presented can

|rk1]ternlu<(:;ear _dlstancgs O:c up to 4.5 A with an accuracy _t;ettelr be looked at as a homonuclear version of the recently introduced
than 10% using rotational-resonance measurements in uniformlygg o otive heteronuclear recoupling experiments in uniformly

labeled samples. The experiments were performed on a Sma”labeled molecules (REDGR.

molecule. They can be translated directly to biologically

interesting compounds like neurotransmitters (e.g., acetylcholine  Supporting Information Available: A table listing additional
where preliminary measurements have been performed) andsimulations using a three-spin approximation of the threonine

hormones whose structure could be determined bound tofour-spin system. This information is available free of charge
proteinst’ We also foresee that the method is applicable to larger via the Internet at http://pubs.acs.org.

The experimental data and our numerical simulations show

(23) Peersen, O. B.; Groesbeek, M.; Aimoto, S.; Smith, SJ.CAm. Chem.
Soc.1995 117, 7228-7237. JA028210U
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