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ABSTRACT: NMR residual dipolar couplings (RDCs)
are exquisite probes of protein structure and dynamics. A
new solution NMR experiment named 2D SE2 J-TROSY
is presented to measure N−H RDCs for proteins and
supramolecular complexes in excess of 200 kDa. This
enables validation and refinement of their X-ray crystal and
solution NMR structures and the characterization of
structural and dynamic changes occurring upon complex
formation. Accurate N−H RDCs were measured at 750
MHz 1H resonance frequency for 11-mer 93 kDa 2H,15N-
labeled Trp RNA-binding attenuator protein tumbling
with a correlation time τc of 120 ns. This is about twice as
long as that for the most slowly tumbling system, for which
N−H RDCs could be measured, so far, and corresponds to
molecular weights of ∼200 kDa at 25 °C. Furthermore,
due to the robustness of SE2 J-TROSY with respect to
residual 1H density from exchangeable protons, increased
sensitivity at 1H resonance frequencies around 1 GHz
promises to enable N−H RDC measurement for even
larger systems.

Nuclear magnetic resonance (NMR) studies of large
proteins and supramolecular complexes (≫∼100 kDa)

rely on transverse relaxation optimized spectroscopy1 (TROSY)
with samples having backbone 15N1H and/or side chain 13C1H3
moieties in a uniformly 2H-labeled background. Strategies for
respective 15N,13C,1H resonance assignment exist,2 and structural
constraints can be derived from backbone chemical shifts,3
1H−1H nuclear Overhauser effects, and paramagnetic relaxation
enhancement, potentially combined with constraints from
“evolutionary coupling” of sequence variations.4 N−H residual
dipolar coupling (RDC)5 measurements are thus far restricted to
τc < ∼50−60 ns because an experiment to readily measure N−H
RDCs for very large systems is not available (Supporting
Information, Figure S1). Here we present a solution NMR
experiment to measure such RDCs for systems tumbling with τc
well above 100 ns.
For τc ≫ 50 ns, the major limitation for N−H RDC (D-

coupling) measurement arises from very fast relaxation of the 15N
“anti-TROSY” transition6 during scalar coupling (J) evolution.
Hence, any new approach needs to separate J evolution from
TROSY-based 15N frequency labeling. Sensitivity enhancement
(SE) during a delay τJ can then be achieved via simultaneous
detection of both orthogonal signal components resulting from J

evolution,7 analogous to preservation of equivalent pathways.8

Furthermore, it is highly advantageous if J evolution does not
shift peak positions in 2D [15N,1H] spectra (as for frequency
domain measurements6,9), so that peak assignments can be
readily retained.
Based on these criteria, we implemented a novel TROSY-

based experiment. As in constant time J-HSQC,8b J evolves
during a fixed delay τJ and is encoded in peak intensities in two
subspectra recorded, respectively, with the radio frequency (rf)
pulse modules (1) and (2) of Figure 1. In the absence of
differential spin relaxation, addition (+) and subtraction (−) of
the subspectra yields cos(πJτJ)- and sin(πJτJ)-scaled 2D [15N,1H]
TROSY spectra; J is calculated from the peak volumes V(+) and
V(−) as

πτ τ= +− +J V V narctan( / )/( ) /J J
( ) ( )

(1)

if J evolution is n-fold aliased during τJ (Supporting Information
2). Moreover, calculation of error propagation reveals that
precision is highest at τJ = 1/R2N, the inverse average transverse
relaxation rate of 15N in-phase and antiphase coherences
(Supporting Information 3). Importantly, the ST2-PT TROSY
pulse module1b,10 allows combining pulse field gradient (PFG)-
based SE during 15N-shift evolution with the second SE during J
evolution (product operator11 calculation in Supporting
Information 2). Hence, the new experiment is “doubly”
sensitivity enhanced and named “2D SE2 J-TROSY” (for brevity,
we will refer to 2D SE TROSY1b,10 as 2D TROSY).
We compared the theoretically expected precision of J

measurement of SE2 J-TROSY (Figure 1) with two other
TROSY-based approaches, “amide RDCs by TROSY spectros-
copy” (ARTSY)13 and J-modulated TROSY, congener of J-
modulated HSQC.14 ARTSY is the most sensitive approach
available thus far for large systems. It involves recording two 2D
TROSY spectra acquired with J evolution of transverse 1HN

magnetization during an initial INEPT delay extended to τA≈ 1/
J. For the first and second spectrum, J evolution effectively
evolves, respectively, during τA and τA/2. J-modulated TROSY
relies on sampling cos(πJτ) evolution at multiple delays τ prior to
15N frequency labeling, requiring comparably long J evolution
times for precise measurement of J.14 The same holds for
frequency-based methods such as 2D CE-TROSY6,9b and
recording two 2D TROSY spectra with and without 1H
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decoupling in t1(
15N).15 For these two experiments, J evolution is

cosine sampled in concert with 15N frequency labeling, and
intrinsic sensitivities are comparable to J-modulated TROSY.
Hence, we focused on comparing SE2 TROSY with ARTSY and
J-modulated TROSY.
We performed error propagation calculations (Figure 2) for a

rigid, isotropically reorienting 2H,15N-labeled protein neglecting
differential relaxation of in-phase/antiphase terms as well as 15N
chemical shift anisotropy (CSA)/15N−1H dipole−dipole (DD)
cross-correlated relaxation during J evolution (Supporting
Information 3). Figure 2 shows that (i) for τc up to ∼30 ns, all
three experiments promise to yield, for both β-sheets and α-
helices, comparable precision; (ii) for τc > ∼30 ns, J-modulated
TROSY is significantly less precise than SE2 TROSY and
ARTSY; (iii) for τc > ∼75 ns, ARTSY is expected to be
significantly less precise than SE2 J-TROSY for α-helices (due to
the higher residual 1H density when compared with β-sheets);
and (iv) for τc > ∼120 ns, ARTSY is less precise than SE2 J-
TROSY also for β-sheets. Importantly, even for τc > ∼120 ns,
SE2 J-TROSY is expected to yield quite similar precision for α-
helices and β-sheets, reflecting its robustness with respect to
residual 1H density. This is because sensitivity of SE2 J-TROSY
depends on R2N (during J evolution), which is affected to a lesser
degree by the residual proton density than R2H (during J
evolution) as in ARTSY.
We then assessed the theoretical accuracy of J measurement

with SE2 J-TROSY. Accuracy is reduced by spin relaxation
during τJ affecting V

(−)/V(+), that is, differential relaxation of N±

and 2N±Hz,
16 and CSA/DD cross-correlated relaxation resulting

in differential relaxation ofN±Hβ andN±Hα. Hence, we followed
previous studies16a,17 to solve the Liouville−von Neumann
equation for the 4D subspace spanned by Ny, 2NxHz, Nx, and
2NyHz, considering rf pulses (Figure 1), chemical shift, and J
evolution during τJ for the spin Hamiltonian. In contrast to the
previous studies, we derived an analytical solution considering
both the difference ofN± and 2N±Hz relaxation rates,

16bΔR, and
the 15N CSA/DD cross-correlated relaxation rate ηN in the
regime (ΔR/(2πJ))2 ≪ 1 and (ΔR/(2ηN))2 ≪ 1 (Supporting
Information 4). For large τc, relaxation significantly affects the
measured coupling, Japp, obtained with eq 1. Although V(−) ∼
sin(πJτJ) still holds, one finds, as eq 2

π τ

η η τ π τ π π τ

η π

∝

+
Δ − − −

+

+V J

R J J J

J

cos( )

( (exp( ) cos( )) sin( ))

2( ( ) )

J

J J J

( )

N N

N
2 2

(2)

Figure 3a shows ΔJ = (Japp − J) versus τc, where ΔJ was
calculated using eq S81 (Supporting Information 5) for a rigid
2H,15N-labeled protein tumbling isotropically (J = −93 Hz; 750
MHz). Up to τc ∼ 70 ns, ΔJ/J < 1%, so that SE2 J-TROSY
enables accurate measurement, while ΔJ/J becomes significant
for large τc and reaches, respectively, ∼5 and ∼12% for β-sheets
and α-helices at τc ∼ 200 ns. Since ΔR and ηN are difficult to
measure accurately for large systems, extraction of J from Japp
values is challenging for τc > ∼70 ns. However, D is obtained
from the difference of couplings with and without partial
alignment: Dapp = (J + D)app − Japp. Since τc is very similar with
and without alignment,18 Δ(J + D) and ΔJ cancel largely. Figure
3b showsΔD =ΔDapp−ΔJapp for J =−93 Hz in α-helices, where
ΔR is larger than that in β-sheets (Figure 3a), for τc∼ 120 ns and
D varying between −20 and +10 Hz. The calculations predict
that D can be accurately measured (within ∼1 Hz) for τc ∼ 120
ns. Furthermore, Δ(J + D) is approximately proportional to J +
D, so that ΔD is proportional to D. For uniform ΔR and ηN
values, such a systematic error with ΔD ∼ D solely yields a
change of the apparent magnitude of the alignment tensor but
not inaccurate orientational constraints. Finally, differential

Figure 1. Radio frequency pulse sequence of 2D SE2 J-TROSY.
Modules in dashed boxes labeled (1) and (2) are applied to acquire two
subspectra. τJ ≈ 1/R2N is the delay for J evolution. Rectangular 90 and
180° pulses are indicated by thin and thick vertical bars, and phases for
Agilent spectrometers are indicated above the pulses. Where no rf phase
is marked, the pulse is applied along x. δ = 2pwN/π compensates for shift
and J evolution during the 90° 15N rf pulse of duration pwN (phase φ1)
and subsequent 180° 15N and 1H rf pulses (Supporting Information 2).
High-power 90° pulse lengths: ∼13 μs for 1H, ∼34 μs for 15N. Duration
and strengths of sine-bell-shaped PFGs: G1 (0.5 ms, 14.7 G/cm); G2
(0.5 ms, 10.3 G/cm); G3 (0.5 ms,−14.7 G/cm); G4 (1 ms, 26.6 G/cm);
G5 (1ms, 14.2 G/cm); G6 (2ms, 31.9 G/cm); G7 (0.5ms, 17G/cm); G8
(0.5 ms, 8 G/cm); G9 (0.2 ms, 32.4 G/cm). τJ, τ1, τ2, τ3, and phase φ4
(Table S1) are optimized for higher sensitivity and/or artifact
suppression (Supporting Information 2.3). Phase cycling: φ1 = x, −x;
φ2 = x, x, y, y, −x, −x, −y, −y; φ3 = x; φ4 = y; φrec = x, −x, −x, x.
Quadrature detection in t1(

15N): recording of a second data set with
phasesφ3,φ4, and gradient G9 inverted.

10Water magnetization is flipped
back12 by two 1.4 ms soft pulses (sinc center lobe). Dashed 90° 15N
pulses and gradients G1 and G2 purge

15N steady-state magnetization to
quantify the impact of ΔR on J measurement (see text); they should be
omitted for somewhat improved sensitivity and accuracy of J
measurement (Supporting Information 4). 15N CSA/DD cross-
correlated relaxation during τJ is identical for modules (1) and (2)
(except for 2δ, which is negligible).

Figure 2. Precision of J measurement calculated for a 15N,2H-labeled
protein tumbling at τc: SE2 J-TROSY (thick lines), ARTSY (thin lines),
and J-modulated TROSY (dots) 1HN−1HN distances in secondary
structure elements and 3.4% residual protonation were considered
(Supporting Information 5). Plotted versus τc is the product of the
standard deviations for J measurement, σJ, and the “volume over noise
ratio”, V0/N, observed in a reference TROSY spectrum. The curves for
SE2 J-TROSY and ARTSY are from analytical solutions of error
propagation calculations, and dots for J-modulated TROSY are from
simulations (Supporting Information 3).
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dynamic frequency shifts for N±Hβ and N±Hα14,19 have been
shown to be only ∼0.7 Hz for τc > ∼10 ns,19 and they cancel
likewise.
We verified experimentally high precision and accuracy of J

measurement with SE2 J-TROSY for a ∼1 mM solution of 16
kDa protein “OR457” (τc ∼ 8 ns; PDB ID 2MR5) without and
with partial Pf1 phage18 alignment. We acquired in duplicate SE2
J-TROSY as well as J-modulated HSQC spectra.14 This yielded a
rmsd of ∼0.2 Hz calculated between duplicate sets of D-
couplings with either of the two methods and ∼0.6 Hz between
sets obtained with the two methods (Supporting Information
10).
Next, we acquired (Supporting Information 9) in duplicate (i)

SE2 J-TROSY, ARTSY, and J-modulated TROSY data at 750
MHz and 47.5 °C for a∼0.22 mM solution of tryptophan-bound
11-mer 93 kDa 2H,15N-labeled Trp RNA-binding attenuator
protein (TRAP) from B. stearothermophilus20 (τc ∼ 31 ns;
Supporting Information 8) without and with Pf1 phage
alignment (Figure 4), and (ii) SE2 J-TROSY and ARTSY data
at 0 °C (τc∼ 120 ns; Figure 5). 15N/1H assignments at 47.5 °C21

were confirmed using 3D 15N-resolved [1H−1H] NOESY and
transferred to 0 °C with a 2D TROSY temperature series. All
chemical shifts changed according to temperature coefficients
expected for a folded protein,22 confirming that TRAP does not

(partially) cold denature. Consistently, τc values measured
(Supporting Information 10) at 0 °C (∼120 ns) and 47.5 °C (31
ns) are in close agreement with hydrodynamic calculations (120
and 32 ns, respectively; Supporting Information 7) for the TRAP
structure20 (Figure 4a). The structure was also used to calculate
Q-factors to assess agreement with D-couplings.
At 47.5 °C (τc ∼ 31 ns; Figure 4; Supporting Information 10),

the same high precision of J andDmeasurement was obtained, as
predicted (Figure 2), for SE2 J-TROSY (rmsd values between
duplicate sets of 58 J- and D-couplings from well-resolved peaks
are 0.28 and 0.39 Hz), ARTSY (0.33 and 0.43 Hz), and J-
modulated TROSY (0.37 and 0.50 Hz). High accuracy of D
measurement was validated with (i) rmsd values for sets of D-
couplings from SE2 J-TROSY versus ARTSY (0.81 Hz, Figure
4b), SE2 J-TROSY versus J-modulated TROSY (0.96 Hz),
ARTSY versus J-modulated TROSY (0.62 Hz); and (ii) low Q-
factors of 0.22, 0.23, and 0.20 obtained, respectively, for D-
couplings from SE2 J-TROSY, ARTSY, and J-modulated
TROSY.
In accordance with predictions (Figure 2), at 0 °C (τc ∼ 120

ns), J-modulated TROSY is not sufficiently sensitive, while rather
precise RDCs are obtained (Supporting Information 10) with
SE2 J-TROSY (rmsd between duplicate sets of 45 RDCs is 1.9
Hz) and ARTSY (2.3 Hz). However, Q-factors (SE2 J-TROSY =

Figure 3. (a) Plot of calculated ΔJ = (Japp − J) versus τc at τJ = 1/R2N for a rigid
2H,15N-labeled protein tumbling isotropically (J = −93 Hz; 750 MHz);

the distances between 1HN and other 1H are as in Figure 2 (solid line, β-sheet; dashed line, α-helix). (b) For α-helix at τc = 120 ns: plot ofDapp = (J +D)app
− Japp versus D between −20 and +10 Hz. The corresponding range of ΔD is indicated at the bottom; small ΔD allows derivation of orientational
constraints.5

Figure 4. (a) Ribbon drawing of 93 kDa 11-mer TRAP from B.
stearothermophilus20 with Trp (shown as “ball-and-stick” representa-
tions) bound to the subunits (PDB ID: 1QAW). (b) D-couplings and
standard deviations (calculated via error propagation from peak V/N
ratios; bars) measured at 47.5 °C (τc∼ 31 ns; measurement time 47 h for
each experiment; V0/N ∼ 270 in reference 2D TROSY; Table S1).

Figure 5. Dcalc predicted from TRAP structure versus D measured at 0
°C (τc ∼ 120 ns) with (a) SE2 J-TROSY and (b) ARTSY. For D, the
mean of the duplicate measurements (Table S1) and standard deviations
(calculated via error propagation from peak V/N ratios; horizontals
bars) are displayed. For Dcalc, mean values and standard deviations
(vertical bars) are displayed as obtained for the 11 subunits of the TRAP
X-ray crystal structure (total measurement time 84 h for each
experiment; V0/N ∼ 180 in reference TROSY; Table S1).
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0.25; ARTSY = 0.51) (Figure 5; Supporting Information 10)
revealed that only SE2 J-TROSY offered sufficient accuracy to
derive orientational constraints (rmsd between SE2 and ARTSY
derived RDC sets = 3.0 Hz). This finding may, at least partially,
be due to the fact that ARTSY is affected to a larger degree by
1HN CSA/DD cross-correlated relaxation than SE2 J-TROSY is
by ΔR and 15N CSA/DD relaxation (1HN cross-correlated
relaxation is only partially suppressed in the second ARTSY
spectrum13).
We showed that SE2 J-TROSY employed at a moderately high

1H frequency of 750 MHz enables accurate measurement of N−
H RDCs up to τc ∼ 120 ns, which corresponds to molecular
weights of ∼200 kDa at 25 °C. Moreover, increased sensitivity
offered by 1.0−1.2 GHz spectrometers close to the “magic
TROSY field”,1a along with sensitivity enhancement from
paramagnetic relaxation agents23 and possibly dynamic nuclear
polarization,24 promises to enable N−H RDC measurement up
to τc ∼ 200 ns. For even longer τc, residual

1H density can be
reduced by adding 50% 2H2O, and cross-relaxation-induced
polarization transfer25 can be employed. Notably, (i) solid-state
NMR spectroscopy promises to enable sequential N−H
resonance assignment for even the largest systems,26 and (ii)
aromatic TROSY-based27 SE2 J-TROSY can be envisaged for
aromatic 13C−1H RDCs28 with alternate 13C labeling.29

SE2 J-TROSY measurement of N−H RDCs will enable (i)
assessment and refinement of X-ray structures of large proteins
and supramolecular complexes for solution studies, (ii)
structure-based 15N/1H resonance assignment, and (iii)
characterization of conformational and dynamic changes upon
complex formation (e.g., to study allostery). The new approach
alleviates an important size limitation of solution NMR.
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