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A new spinning-angle-encoding spin-echo solid-state NMR approach is used to accurately determine the

dipolar coupling corresponding to a C-C distance over 4 Å in a fully labelled dipeptide. The dipolar coupling

dependent spin-echo modulation was recorded off magic angle, switching back to the magic angle for the10

acquisition of the free-induction decay, so as to obtain optimum sensitivity. The retention of both ideal

resolution and long-range distance sensitivity was achieved by redesigning a 600 MHz HX MAS NMR probe

to provide fast angle switching during the NMR experiment: For 1.8 mm rotors, angle changes of up to ~5

degrees in ~10 ms were achieved at 12 kHz MAS. A new experimental design that combines a reference and a

dipolar-modulated experiment and a master-curve approach to data interpretation is presented.15

Introduction

Applications of solid-state NMR encompassing biological

solids, pharmaceuticals, supramolecular self-assembly and

materials science exploit dipolar couplings to measure20

distances.1-2 In particular, protocols for the determination of

three-dimensional structures of biomacromolecules rely upon

establishing multiple distance constraints via the inherent

inverse cubed dependence on the internuclear distance of a

dipolar coupling between two nuclear spins. While utilising25

dipolar couplings between nuclei with a short through-bond

connectivity in the same or neighbouring amino acid residues

is important for the assignment of the resonances, it is longer-

range distances (> 4 Å) corresponding to inter-residue

proximities between nuclei with no through-bond connectivity30

that are key to determining the secondary and tertiary

structure of a protein.3-7

For isolated spin pairs in selectively labelled molecules,

homonuclear dipolar couplings can be accurately determined,

e.g., by double-quantum magic-angle spinning (MAS) 13C35

build-up.8 By comparison, distance measurements in multi-

spin systems are challenging. Notably, "dipolar truncation",

i.e., the dominant effect of the much larger one bond C-C

dipolar couplings9-12 hinders the measuring of the key longer-

range distances (> 4 Å) in fully 13C-labelled bio-40

macromolecules. Indeed, developing new solid-state NMR

approaches to overcome this problem is a current research

priority for a number of groups worldwide. Advanced

recoupling pulse sequences that seek to counteract dipolar

truncation have been presented,13-18 while rotational resonance45

(R2) experiments, i.e., fitting magnetization exchange at a R2

condition19-20 and modifications, e.g., the R2 in the tilted

frame (R2TR)21 and R2 width (R2W)22-23 methods enable

longer distances to be accurately measured, although typically

only for nuclei with large chemical shift differences.50

In a simple recently presented method, scaled residual

dipolar couplings are detected in spin-echo experiments

recorded off the magic angle.24-25 Specifically, in an approach

analogous to that used in selective REDOR and J spin-echo

experiments,26-28 the selective probing of the dipolar coupling55

between a specific pair of 13C nuclei is achieved by a double-

Gaussian spin-echo inversion pulse.25 However, in this

previously presented fixed angle experiment, the chosen

spinning angle is a compromise that optimises neither dipolar

modulation nor resolution. Moreover, it has to date only been60

shown that distances up to 2.2 Å corresponding to one- and

two-bond connectivities could be determined by the off-MAS

spin-echo method.25

By using a new switched-angle spinning probe design, this

paper presents an uncompromised technical approach to the65

implementation of the off-MAS spin-echo method that retains

both ideal resolution and long-range distance sensitivity.

Specifically, a new protocol that combines a reference and a

dipolar-modulated experiment as well as a master-curve for

data interpretation is shown to allow the dipolar coupling70

corresponding to an effective C-C distance over 4 Å to be

accurately determined in a fully labeled dipeptide.

Experimental details

U-13C,15N L-histidine.HCl.H2O and 1-13C L-alanine were

obtained from Cambridge Isotope Laboratory (Andover, MA,75

USA) and used without further purification. The Ac-VL

dipeptide was synthesized by Peptide Synthesis Ltd (Fareham,

UK) using U-13C,15N L-valine and U-13C,15N L-leucine as

supplied by Cambridge Isotope Laboratory (Andover, MA,

USA). The sample was re-crystallized from a 1:1 mixture of80

water and acetone, with crystals formed by slow evaporation

of the solvent.29

The pulse sequence employed is depicted in Fig. 1, with the

dipolar coupling dependent spin-echo modulation being
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recorded off magic angle, switching back to the magic angle

for acquisition, to optimise sensitivity. A 600 MHz HX 1.8

mm MAS NMR probe was redesigned to provide fast angle

switching during the NMR experiment: angle changes of up to

~5 degrees in ~10 ms were achieved at 12 kHz MAS. Details5

of the angle-switching mechanism are given in the ESI.

Fig. 1 Switched-angle off-MAS spin-echo pulse sequence, employing
SPINAL-64 1H decoupling30 and a double-Gaussian inversion pulse to
selectively probe the dipolar coupling due to a specific pair of 13C nuclei.10

Experiments were performed on a Bruker Avance II+

spectrometer operating at 1H and 13C Larmor frequencies of

599.4 and 150.7 MHz, respectively, using a 1.8 mm double-

resonance probe at a rotation frequency of 12 kHz. The 1H and
13C 90 pulse lengths were 2.5 and 3.0 s, respectively.15

SPINAL-64 1H decoupling30 at 100 kHz was used during the

spin-echo period, , the z-filter and acquisition. A 1 ms

contact time was used for cross polarization from 1H to 13C

with a 70 to 100 % ramp on the 1H channel.31-32 The recycle

delay was 3 s. For each spin-echo duration, , 16 transients20

were co-added. A 16 step phase cycle was used: 1 = y, y; 2

= x, x, y, y; 3 = x, x, x, x, y, y, y, y, x, x, x, x, y, y,

y, y; rec = x, x, x, x, y, y, y, y, x, x, x, x, y, y, y,

y (the pulse phases are indicated in Fig. 1).

As for previous (on-angle) MAS spin-echo experiments for25

determining J couplings,33-36 the spin-echo intensity, s(), is

obtained by integration over the corresponding lineshape

(after Fourier transformation with respect to the acquisition

time, t2). As discussed further in the ESI, this ensures that

only in-phase lineshapes with their cosine spin-echo30

modulation are considered, i.e., there is no contribution from

anti-phase lineshapes which have a sine spin-echo modulation.
1H decoupling is kept on during the z-filter delay in order to

suppress spin diffusion that would otherwise affect an

unwanted transfer of magnetisation between the spins. Error35

bars on fitted parameters are determined by the covariance

method, as described in Ref.35

Results and discussion

Fig. 2a and 2b present integrated off-MAS 13C spin-echo

(/2/2) intensities, s(), obtained using the pulse40

sequence in Fig. 1 for a representative range of distances: CO-

C, CO-C, CO-C in U-13C,15N L-histidine.H2O.HCl and

C2(V)-C(L) in the dipeptide Ac-U-13C,15N L-valine-L-

leucine (AcVL). In each case, two separate experiments were

performed, namely a dipolar-modulated (full symbols) and a45

reference (open symbols) experiment. In the latter reference

experiment, an equivalent double Gaussian pulse is used, but

its frequency is positioned such that only one of the two

signals is selected, thus allowing the spin-echo dephasing

time, T2', to be independently determined. In this work, the50

offset from the magic angle, , was determined using the

sensitivity of the 1-13C L-alanine lineshape to the angle offset

(see ESI), though a Hall effect angle sensor37 could also be

used.

An extension of the theory of spin-echo MAS modulation55

for a homonuclear spin pair under a J coupling38 to the case of

off MAS is presented in the SI (see eqns E7 & E9) of Ref.24

Specifically, for the case where the through-bond J coupling

is zero, s() for the dipolar-modulated experiment is given by

(neglecting here the T2
0 term in Ref.24):60

2
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where the integral corresponds to a powder average over the

angle, , between the internuclear vector of the dipolar-

coupled spins and the rotor axis. The calculation of the time

shift, ts, due to the finite length of the refocusing pulse is65

described in the ESI, using the procedure employed in Ref.25

Note that the offset, , from the magic angle in eqn (1) is in

radians, while the dipolar coupling constant, D, is in Hz:
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where r is the internuclear distance and  is the magnetogyric70

ratio of the nuclei (here 13C).

As well as the use of the angle-switching probe, a novel

feature of the experimental protocol described here is the use

of the separate reference experiment (see open symbols in Fig.

2). The spin-echo intensities, s(), for the reference75

experiment are fitted to:

2( ) exp( / ')s A T   , (3)

thus allowing the independent determination of T2'. Note that

the so-determined T2' for the off-angle spin-echo evolution

includes the effect of dipolar modulation due to like spins,80

i.e., intermolecular 13CO-13CO (U-13C,15N L-

histidine.H2O.HCl) and 13C2(V)-13C2(V) (AcVL) dipolar

couplings for the experimental data in Fig. 2. The advantage

of this procedure is that, for the dipolar-modulated s(), this

leaves only D as a free variable for fitting. Best fits in Fig. 2a85

and 2b are shown as solid and dashed lines for the dipolar-

modulated (fit to eqn (1)) and reference (fit to eqn (3)) data,

respectively. Table 1 lists the fitted D (together with the

corresponding internuclear distance, r) and T2' values as well

as the offset from the magic angle, , and the time shift, ts.90

The packing together in the solid state of the uniformly 13C

labelled molecules means that intermolecular as well as

intramolecular dipolar couplings can contribute to the

observed dipolar modulation. This is expressed via the root-
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Fig. 2 (a,b) Dipolar-modulated (full symbols) and reference (open symbols) spinning-angle-encoded 13C (150 MHz, 12 kHz MAS) NMR spin-echo
(/2/2) curves recorded using the pulse sequence in Fig. 1 for the (a) CO-C (green squares), CO-C (blue diamonds) and CO-C (red circles)
pairs in U-13C,15N-histidine.H2O.HCl and (b) the C2(V)-C(L) pair in Ac-U-13C,15N-Val-Leu. Best-fits to eqn (1) and eqn (3) are shown as solid and
dashed lines, respectively (see Table 1). The signal intensity was integrated for the CO (His) or C2(V) resonances (after Fourier transformation with5

respect to the acquisition time, t2), with the experimental noise being less than ± 0.02. (c,d) The analytical expression for s() in eqn (1) defines a master
curve that depends on  (in radians), D (in Hz), and  ts (in s). Using the best-fit D values (see Table 1), the green squares, blue diamonds, red circles
and black ellipsoids correspond to the  (and  and ts) values for the experimental data in (a,b). The spin-echo dephasing term, exp(/T2') (see Table 1), is
neglected in (c) and included in (d).

sum-squared dipolar coupling, Drss,
39-40 that takes into account10

all (intra- and intermolecular) C-C distances for the same pair

of nuclei:

2
rss ijD D  . (4)

The Drss values determined from the corresponding single-

crystal diffraction structures (CSD codes: HISTCM12 and15

JAYNUS)41-42 are listed in Table 1. Note that while the

shortest C-C distances for the CO-C (2.57 Å) and CO-C

(3.11 Å) pairs in L-histidine.H2O.HCl are intramolecular, they

are intermolecular for the CO-C (4.05 Å) pair in L-

histidine.H2O.HCl and the C2(V)-C(L) pair (5.26 Å) in20

AcVL. Thus, for the C2(V)-C(L) pair in AcVL, the effective

distance of 4.36 Å stated in Table 1 corresponds to a sum over

multiple distances of 5.26 Å and longer.

A further novel feature of this work is the recognition that

the analytical expression for s(), eqn (1), defines a master25

curve that depends on , D, and ts. This is illustrated by

Fig. 2c and 2d for the best-fit D values, where the green

squares, blue diamonds, red circles and black ellipsoids

Table 1 Spinning-angle-encoded spin-echo fits

spin pair a ts [ms]b T2' [ms]c fitted
distancede

effective
distancedf

CO-C (His) 2.3° 0.3 41 ± 1
2.59 ± 0.02 Å
(437 ± 9 Hz)

2.55 Å
(460 Hz)

CO-C (His) 2.3° 0.3 33 ± 1
3.25 ± 0.03 Å
(222 ± 6 Hz)

3.01 Å
(278 Hz)

CO-C (His) 2.3° 0.3 30 ± 1
3.72 ± 0.06 Å
(148 ± 7 Hz)

3.43 Å
(252 Hz)

C2(V)-C(L)
(AcVL)

4.2° 1.2 21 ± 1
4.15 ± 0.06 Å
(106 ± 6 Hz)

4.36 Å
(92 Hz)

a Determined from the sensitivity of the 1-13C L-alanine lineshape to the30

angle offset (see ESI). Note that  in this Table is specified in degrees,
while  is specified in radians in eqn (1) and the master curve
representations in Fig. 2c and 2d. b Calculated as described in Ref.25 (see
ESI). c Determined from fitting the reference curve to eqn (3). d The
corresponding dipolar coupling is given in brackets. e Determined from35

fitting the dipolar-modulated curve to eqn (1). f Drss is given in eqn (4) (all
atoms within 10 Å were considered for the corresponding crystal
structures).

correspond to the  (and  and ts) values for the experimental

data in Fig. 2a and 2b. Specifically, the master-curve40

presentation in Fig. 2c shows how the probing of a smaller D

for the > 4 Å effective distance in the dipeptide is enabled by
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using a larger  (4.2° as compared to 2.3°).

Fig. 2d shows the effect of the different experimental T2'

values (see Table 1); the spin-echo dephasing term is

neglected in Fig. 2c. Ideally, the zero crossing should be

observed, however spin-echo dephasing which is dependent5

on 1H decoupling performance43 precludes this for all cases

except the shorter CO-C distance (in this case, the

determined NMR distance is within 2 % of the effective

distance determined from Drss for the crystal structure).

Nevertheless, the reference curve approach used here ensures10

good agreement (within 10 %) between the fitted distance and

the effective distance determined from the Drss for the crystal-

structure, for the case of effective distances up to 4.5 Å. In

future work, multi-spin simulations will be used to better

understand factors that could lead to such small discrepancies.15

Conclusions

In conclusion, using the simple spin-echo experiment in

Fig. 1 and a fast angle switching probe, longer-range C-C

distances can be accurately determined in uniformly 13C

labeled samples, notably the greater than 4 Å C2(V)-C(L)20

distance in the dipeptide Ac-VL. The new experimental

protocol presented here involves the recording of separate

dipolar-modulated and reference spin-echo datasets that

correspond to changing the irradiation frequencies of the

double Gaussian pulse: this enables the independent25

determination of the spin-echo dephasing time, T2', such that

the dipolar coupling is the only free variable for the fit of the

dipolar-modulated data. This method can be extended to

larger molecules and other nuclei (e.g., 1H), with the only

requirement being the necessity to selectively excite the30

specific pair of resonances by the cosine-modulated Gaussian

pulse, with the further possibility of incorporating off-MAS

spin-echo modulation into a higher-dimensional experiment.

The master curve presentation in Fig. 2c shows that larger

angle offsets would enable the more accurate measurement of35

longer distances, thus motivating further development of

switched-angle probe technology.
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