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Abstract

Detection of 15N in multidimensional NMR experiments of proteins has sparsely been utilized 

because of the low gyromagnetic ratio (γ) of nitrogen and the presumed low sensitivity of such 

experiments. Here we show that selecting the TROSY components of proton-attached 15N nuclei 

(TROSY 15NH) yields high quality spectra in high field magnets (>600 MHz) by taking advantage 

of the slow 15N transverse relaxation and compensating for the inherently low 15N sensitivity. 

The 15N TROSY transverse relaxation rates increase modestly with molecular weight but the 

TROSY gain in peak heights depends strongly on the magnetic field strength. Theoretical 

simulations predict that the narrowest line width for the TROSY 15NH component can be obtained 

at 900 MHz, but sensitivity reaches its maximum around 1.2 GHz. Based on these considerations, 

a 15N-detected 2D 1H-15N TROSY-HSQC (15N-detected TROSY-HSQC) experiment was 

developed and high-quality 2D spectra were recorded at 800 MHz in 2 hr for 1 mM maltose-

binding protein at 278K (τc ~40 ns). Unlike for 1H detected TROSY, deuteration is not mandatory 

to benefit 15N detected TROSY due to reduced dipolar broadening, which facilitates studies of 

proteins that cannot be deuterated, especially in cases where production requires eukaryotic 

expression systems. The option of recording 15N TROSY of proteins expressed in H2O media also 

alleviates the problem of incomplete amide proton back exchange, which often hampers the 

detection of amide groups in the core of large molecular weight proteins that are expressed in D2O 

culture media and cannot be refolded for amide back exchange. These results illustrate the 

potential of 15NH-detected TROSY experiments as a means to exploit the high resolution offered 

by high field magnets near and above 1 GHz.
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Introduction

Heteronuclear NMR experiments that use detection of nuclei with low gyromagnetic ratio 

(γ) and benefit from the slower relaxation properties of 13C and 15N have recently been 

proposed to expand the utility of NMR in structural and functional studies of 

macromolecules (Takeuchi et al., 2012). A variety of experiments have been developed for 

structure analyses of proteins using 13C-direct detection (Arnesano et al., 2005; Bermel et 

al., 2003; Bermel et al., 2006a; Bermel et al., 2006b; Felli and Brutscher, 2009; Hsu et al., 

2009; Lee et al., 2005; Serber et al., 2001; Takeuchi et al., 2010a; Takeuchi et al., 2008) 

and 15N-direct detection (Gal et al., 2011; Levy and Richter, 1979; Takeuchi et al., 2012; 

Takeuchi et al., 2010b; Vasos et al., 2006). Since 15N has the lowest γ among NMR active 

nuclei found in proteins, 15N-direct detection is expected to yield the narrowest NMR 

resonances (Figure S1), which should help resolving signal degeneracy in high molecular-

weight or unstructured systems.

Previously, 2H-attached amide 15N (15ND) has been used in 15N-direct detection 

experiments of proteins based on the perception of the general line-narrowing effect of 

deuteration (Takeuchi et al., 2012; Takeuchi et al., 2010b; Vasos et al., 2006); here we 

present that the TROSY (Pervushin, 2000; Pervushin et al., 1997) component of 1H-attached 

amide 15N (TROSY 15NH) should be observed to maximize the benefit of the low γ-nuclei 

detection experiments, both in terms of resolution and sensitivity in high field magnets >600 

MHz. This approach was experimentally supported by the development of a 15N-detected 

2D 1H-15N TROSY-HSQC (15N-detected TROSY-HSQC) experiment. We found that 

the 15N-detected TROSY-HSQC spectrum of a 1 mM protein with a 40 ns rotational 

correlation time (τc), which corresponds to 67 kDa protein at 298 K, can be recorded in 2 hr 

with additional benefits in resolution. The 15N TROSY effect shows strong magnetic field 

dependence, and the narrowest line width for the TROSY 15NH component can be obtained 

at 900 MHz, whereas the sensitivity reaches its maximum around 1.2 GHz. The TROSY 15N 

detection will also benefit the study of large systems and intrinsically disordered proteins 

(IDPs), which often suffer from severe spectral overlap. In addition, unlike conventional 

TROSY 1H detection, deuteration is not mandatory for the TROSY 15N detection. Thus, the 

TROSY 15NH detection reported here provides a novel opportunity for macromolecular 

NMR of proteins that can only be expressed in mammalian or insect cells, or systems that 

cannot be refolded for amide back exchange.

Results

Figure 1A shows the calculated transverse relaxation rate (R2) for TROSY 15NH (gray) and 

deuterium-bound nitrogen, 15ND, (white) of a protein at indicated magnetic field strengths 

represented by the corresponding proton frequency. At lower magnetic field, the transverse 

relaxation is slower for 15ND; however, this is reversed between 11.7 T and 14.1 T (500 
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MHz and 600 MHz in proton frequency; Figure 1A). Henceforth we will use the frequency 

of proton resonance for the description of field strength. For the system with rotational 

correlation time of 20 ns (corresponding to a 33 kDa protein at 298 K), the ratio of R2 of 

TROSY 15NH relative to 15ND is smallest at a field strength of 1.2 GHz and the relaxation 

rate of TROSY 15NH is 4.3 times smaller than that of 15ND (R2; TROSY 15NH, 6.7 

s−1; 15ND 29 s−1) (Figure 1B).

The prime reason for this difference stems from the fact that the relaxation rate of 2H-

attached 15N lacks the benefit of 15N-1H dipole-15N CSA interference, the TROSY effect 

that dramatically reduces relaxation for 1H-attached 15N, and this scales with the field 

strength reaching a maximum at 900 MHz for the 15N-1H TROSY resonances (Figure 1A). 

The 15N TROSY effect and associated relaxation gains compared to 15ND are rather 

insensitive to the molecular weight of the systems investigated but depend largely on the 

magnetic field strength (Figure S2A and S2B). The R2 of TROSY 15NH reaches its 

minimum near 900 MHz where it is 62 % slower than at 500 MHz. Importantly, the TROSY 

reduction in transverse relaxation rates is more effective in 15NH compared to 1HN (Figure 
S2C vs S2A), since the dipole-dipole interactions from surrounding protons are negligible 

for 15N due to its low γ. This provides the additional advantage that, even at non-deuterated 

conditions, the closest Hα proton introduces only about 5% of additional 15N-1H dipole-

dipole contribution to R2 of TROSY 15NH for a 20 ns system at 800 MHz (Figure S3).

Since TROSY 15N-detection is favorable at higher magnetic fields, it would be interesting to 

estimate how much could be gained in signal height at higher field strengths. The intensity 

(I) of an NMR experiment is proportional to the amount of induced current in the first point 

of an FID and is reflected in the peak area (A) of a resonance (or volume in 

multidimensional experiments) after Fourier transform (FT). If the relaxation during the 

pulse scheme is ignored, this can be written as

(1)

where, γe and γe are gyromagnetic ratios for excited and detected nuclei, B0 is the magnetic 

field strength. In contrast, peak height is the integral over the envelop of the FID and is 

expected to be proportional to the intensity of signal and inversely proportional to R2.

(2)

The peak height of the TROSY 15NH resonance will be at maximum around 1.2 GHz and 

will be 4.8 times higher at 1.2 GHz compared to 500 MHz, if the efficiency in signal 

detection hardware is assumed to be the same (Figure 1C). The relaxation rate R2 of 

TROSY 15NH for a 20 ns system is expected to be 6.7 s−1 which is more than two times 

slower than for proton-decoupled 15NH (48 s−1) and 15ND(29 s−1). Therefore, even though 

half of the coherence would be lost by the TROSY-selection schemes, the resultant gain in 

signal height is substantial. Since the noise level after FT is proportional to the square root 

of the acquisition length, the signal to noise ratio (S/N) of a spectrum with fixed acquisition 

length, which is long enough to allow complete relaxation, would directly reflect the 
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relaxation benefits. When the acquisition length is matched to the relaxation rates of 

detected components (Rovnyak et al., 2004), the benefit in S/N would be proportional to the 

square root of the gain in signal height.

In order to experimentally observe TROSY 15NH resonances with optimal resolution and 

sensitivity, a 15N-detected 2D 1H-15N TROSY-HSQC (15N-detected TROSY-HSQC) pulse 

sequence was developed, in which the TROSY components in both 1H and 15N dimensions 

were recorded for optimal resolution, and proton excitation was utilized for optimal 

sensitivity (Figure 2). The experiment consists of a simple single transition-to-single 

transition polarization transfer (ST2PT) (Pervushin et al., 1998) from 1H to 15N for selecting 

the TROSY component in both dimensions. Importantly, a short recycling delay can be used 

since we excite 1H, and we only have to wait for recovery of the rapidly relaxing 1H spins, 

which is an advantage over 15N or 13C excitation schemes. The 15N-detected TROSY is 

significantly shorter than the 1H detected equivalent, which provides additional benefits 

(Figure 2).

The 15N-detected TROSY-HSQC experiment was first tested at 800 MHz and 500 MHz 

instruments on 2H15N13C-labeled GB1 in a D2O buffer at 286K (τc = 7ns), in order to 

experimentally verify the enhancement of the TROSY effect at higher fields (see 

supplementary discussion for detail). The line widths of the TROSY 15N signals were 

substantially narrower than the 1H-decoupled 15NH, anti-TROSY 15NH, and 2H-

decoupled 15ND resonances at 800 MHz (Figure S4A-C). The narrow line widths are 

directly reflected in the gain of signal height. In contrast, while benefit from TROSY-

selection was also observed on a 500 MHz magnet, the 2H-decoupled 15ND resonances have 

almost the same linewidth as the TROSY 15NH resonances at the low field (Figure S4D). 

These observations clearly demonstrated the benefit of selecting the TROSY 15NH 

components at higher magnetic field.

Figure 3A left shows 15N-detected TROSY-HSQC spectra of 1 mM 2H13C15N-labeled 

maltose binding protein (MBP) in complex with β-cyclodextrin (βCD) in an 800 MHz 

instrument at 278 K. The τc of the system, at the above conditions was 40 ns as deduced by 

TRACT experiments (Lee et al., 2006). The experiments were performed with a cryogenic 

TXO probe with a cold 15N preamplifier. The expected line width of the TROSY 15N 

components is 3.5 Hz at 800 MHz. The maximum acquisition time for 15N dimension was 

set to 160 ms in order to make sure the resultant spectra have adequate resolution reflecting 

their relaxation rates. The actual line widths for dispersed signals in the MBP spectrum were 

broader than expected (9.5Hz ± 2.3 Hz; Average ± S.D.) with no significant dependence on 

the secondary structures. The broader line widths are presumably due to incomplete 

heterounclear decoupling from the CA and CO, exchange with water, and/or other 

unaccounted effects in the calculation of relaxation rates such as cross relaxation between 

amide protons and other remote protons by the oscillation between in-phase and anti-

phase 15N coherences in the detecting period (Peng et al., 1991).

As shown in Figure 3, the 15N-detected TROSY-HSQC spectra (left) can be recorded in 2 

hr with a reasonable quality for the 40 ns system as compared to 1H-detected TROSY-

HSQC spectra (right). Both spectra were recorded with a triple-resonance cryogenic probe 
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(TXO) designed for heteronuclear-detection experiments. The probe has cryogenic preamps 

for 15N and 13C, and carbon/nitrogen detection is on the inner coil. All the resonances that 

were observed in 1H-detected TROSY-HSQC spectrum were also observed in the 15N-

detected TROSY-HSQC spectrum, with the exception of the arginine side chains, which are 

folded in the indirect dimension of the 1H-detected spectrum but outside the spectrum width 

of the direct dimension in the 15N-detected spectrum. The additional advantage of the 15N-

detected experiment is that it is not affected by water and water suppression schemes as in 

the 1H-detected experiments. For example, the low-frequency signal in the proton dimension 

(see slice I in Figure 3A and C) is significantly attenuated in the 1H-detected experiment 

compared to the 15N-detected experiment (see slice II in Figure 3A and C) due to the 

Watergate solvent suppression schemes (Piotto et al., 1992). There is no loss of signals 

in 15N-detected spectrum, as the latter does not use any solvent suppression schemes.

Although direct comparison of 15N and 1H sensitivity is difficult since their electric/thermal 

noise levels, efficiency of detecting the signals, and effect of BO field inhomogeneity would 

be different for the individual electronic circuits, it is still interesting to compare the relative 

intensity of these two detection schemes. If one assumes identical noise, efficiency in signal 

detection, and no BO field inhomogeneity, the relative intensity (or peak area after FT) of a 

straightforward 15N-detected experiment that starts from 15N magnetization compared 

to 1H-detected experiments is 0.0032. However, if 15N-detected experiments start with 

the 1H magnetization, the relative intensity becomes 0.032. In a 15N-detected TROSY-

HSQC experiment, proton magnetization is transverse for 5.6 ms and nitrogen magnetization 

is transverse for 5.6 ms, compared to a 1H-detected experiment where the faster relaxing 

proton magnetization is transverse for 16.8 ms (Figure 2). Thus, the pulse scheme is shorter 

in the 15N-detected system and coherence is transverse in 15N during half of the time. If we 

factor in the relaxation losses during this shorter time period for a 40 ns (~70 kDa) protein, 

then the relative intensity between 15N-detected TROSY-HSQC and 1H-detected TROSY-

HSQC becomes 0.059. This is consistent with the experimentally observed relative 

intensities, and in the peak heights, as the line width for the transposed 1H-detected TROSY-

HSQC spectrum is the same as in the 15N-detected TROSY-HSQC with the same maximal 

acquired points, and the peak heights would directly reflect the intensity of 15N-detected 

TROSY-HSQC and 1H-detected TROSY-HSQC (Figure 3). It should be noted that the 

sensitivity for the 1H-detected experiments would be slightly higher in a TXI probe. 

However for samples with physiological salt concentrations, there is no significant 

difference in 1H sensitivity between our TXO and TXI probes in our instruments.

As discussed above, deuteration is not a strict requirement to benefit from the TROSY 15NH 

detection. In contrast, deuteration is mandatory for the TROSY 1HN detection. For example, 

the Hα proton in an α-helical conformation alone, would accelerate the R2 of TROSY 1HN 

by 2.5-fold, and additional contributions from other remote protons would further enhance 

the relaxation. Since TROSY 15N detection is still beneficial for proteins expressed in 1H2O, 

there is no problem associated with the incomplete 1H back exchange of amides, which 

often happens for large proteins and hampers the detection of signals from internal amide 

groups. For example, malate synthetase G that is recombinantly produced in E.coli with a 

D2O culture media has to be unfolded in H2O to ensure complete exchange of amide 
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protons. However, this procedure usually reduces the final protein yield due to incomplete 

refolding efficiencies after the proton back exchange (Tugarinov et al., 2006). Moreover, 

numerous other proteins cannot be refolded for amide proton back exchange.

This rational was experimentally confirmed by the comparison of the first increment of 15N-

detected TROSY-HSQC and 1H-detected TROSY-HSQC of 0.5 mM MBP in complex with 

βCD in deuterated (left) and non-deuterated (right) conditions (Figure 4). There was only a 

modest loss in peak heights in the 15N-detected TROSY-HSQC of the protonated compared 

to the deuterated sample. In contrast, the peak height of 1H-detected TROSY-HSQC was 

reduced to about one third of that of the deuterated sample. The intensity reduction of 15N-

detected TROSY-HSQC is mainly due to relaxation loss during the coherence transfer from 

proton to nitrogen in the pulse program where the proton magnetization is transverse for 5.6 

ms (30% signal reduction is expected) and 2J and 3J scalar coupling to Hα and Hβ, 

respectively (see detail in supplemental discussion). As discussed above, the cross relaxation 

between amide protons and other protons may cause an additional decay (Peng et al., 1991). 

Nevertheless, some of the resonances in the 15N-detected TROSY-HSQC spectrum showed 

increased signal heights at the non-deuterated compared to deuterated conditions (indicated 

with asterisks), which is presumably due to incomplete 1H back exchange in the deuterated 

protein.

The benefit of recording the 15N-detected TROSY-HSQC spectrum without deuteration was 

subsequently verified by a 2D experiment. For this purpose, we have recorded the 15N-

detected 2D TROSY-HSQC spectra of deuterated (2H15N13C-labled) and non-deuterated 

(15N13C-labled) MBP at 0.5 mM (Figure 5 A and B). The spectra for deuterated and non-

deuterated MBP were recorded for 2.9 hr and 5.7 hr, respectively. Although the average 

signal height of the non-deuterated MBP is less compared to the deuterated MBP, we see 

that there are numerous peaks that are observed only in the spectrum of non-deuterated MBP 

but not in that of deuterated MBP. The spectra of deuterated and non-deuterated MBP were 

directly compared in Figure 5C. Mapping of the residues that are observed only in the non-

deuterated sample clearly indicates that those resonances missing in deuterated sample are 

from the core of the protein that are missing due to incomplete backbone amide back-

exchange (Figure 5D). Note that MBP can readily be refolded for easy amide proton back-

exchange of perdeuterated protein. Thus, the assignments for the whole protein are available 

(Gardner et al., 1998) to identify the positions of the recovered signals in the structure.

Discussion

Here we report that direct 15NH detection in TROSY experiments of protonated amide 

groups has multiple benefits for studies of large proteins when studied at high field 

instruments (> 600 MHz). Due to the extremely slow transverse relaxation of the 15NH 

TROSY component the quality of 15N-1H correlated spectra comes close to the 1H-detected 

TROSYs. Although less sensitive, the 15NH detected TROSY exhibits narrower lines, does 

not necessarily require perdeuterated samples thus circumventing the amide back-exchange 

problem, and promises to work for much larger proteins. This approach was experimentally 

supported by the development of a 15N-detected TROSY-HSQC experiment. The TROSY-

based 15N-detected schemes can be incorporated in other 15N-detected experiments and will 
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have general benefits by enhancing the resolution in crowded spectra. The 15N detected 

experiments can readily be combined with NUS methods to speed up acquisition time 

(Figure S5).

Since 15NH TROSY relaxes slower than the 1HN equivalent (Figures S2, S6), one can 

benefit from longer acquisition in the direct 15N dimension to increase signal height. This 

benefit is compounded by the use of a smaller spectral width (~6 ppm) in the indirect 1H 

dimension centered at 8.5 ppm. Although the dispersion in the 15N dimension is almost 

invariant, 1H dispersion can vary significantly depending on the structural characteristic of 

the proteins. The sampling efficiency in the indirect dimension becomes even more 

advantageous for IDPs with a small dispersion in the 1H dimension, and the TROSY-HSQC 

benefits even more in the 15N detection mode relative to 1H detection.

The narrower lines of TROSY 15NH detection experiments will benefit the study of large 

systems as well as IDPs, which suffer from severe spectral overlap. It should be noted that 

the relaxation of TROSY 15NH deteriorates least with increasing molecular weight among 

all nuclei found in proteins (Figure S7). This promises access to much larger systems. 

Furthermore, the narrower line widths may enable measurement of chemical shifts more 

accurately, which is important for obtaining structure information from pseudo-contact shifts 

caused by paramagnetic centers or spin labels (Allegrozzi et al., 2000; Allen and Imperiali, 

2010; Banci et al., 2004; Inagaki and Miyazawa, 1980; Keizers et al., 2007). Accurate 

chemical shift measurements are also important for measuring residual dipolar couplings 

(Tjandra and Bax, 1997; Tolman et al., 1995; Tycko et al., 2000). Consistent with this 

notion, 13C-detection has been shown to increase the detectability and precision of RDC 

measurement for broad 1H resonances (Balayssac et al., 2006). In further developments, 2D 

and 3D TROSY versions of additional 15N detection experiments can be developed for 

backbone and side-chain assignment of large proteins.

Our simulations indicate that higher magnetic fields enhance the signal heights of 15N-

detected TROSY-HSQC signals compared to lower fields, and signal heights are almost 

independent of the molecular weight (Figure S7). The benefit of TROSY selection in 15N-

detection becomes most substantial around 900 MHz with respect to resolution, and signal 

heights become optimal around 1.1-1.2 GHz.

Although several strategies were developed to achieve deuteration in eukaryotic expression 

systems (Kofuku et al., 2014; Miyazawa-Onami et al., 2013; Morgan et al., 2000; Sastry et 

al., 2011), it is still hard to obtain high levels of (>90%) deuteration with insect and 

mammalian cells. Thus, 15N-detected experiments, which are not dependent on deuteration 

as the 1H-detected equivalents (Figure 4), will be beneficial for large systems that can be 

obtained only by using those eukaryotic expression systems. Moreover, since deuteration is 

not strictly required for TROSY 15N detection, there is less need for amide protein back 

exchange, which will alleviate a most serious problem for NMR studies of large proteins 

that are expressed in deuterated media (Figure 5). However, the impact of protonation on 

relaxation rates and the associated line widths in the indirect 1H dimension has to be 

explored and addressed. Avoiding the traditional time-domain approach and acquiring 

frequency-based correlations to obtain chemical shift correlation for indirect dimension, 
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such as the Hadamard approach (Kupce et al., 2003) would be one possibility. Although 

multiplet structure due to 2J and 3J scalar coupling of 15N to Hα and Hβ, respectively, might 

reduce the effective resolution for non-deuterated proteins, especially for the system with 

smaller effective molecular weight such as IDPs, selective excitation of amide resonances 

can be used to further reduce the T1 recovery delays (Schanda and Brutscher, 2005). It 

should be noted that selective decoupling of Hα and Hβ resonances would at least partially 

resolve the resolution losses caused by splitting of signal by the 2J and 3J scalar couplings. 

Thus, the combination of TROSY, Hadamard (Kupce et al., 2003), SOFAST (Schanda and 

Brutscher, 2005) and combination of them (Schanda and Brutscher, 2006) can further reduce 

the measurement time and/or be used for sensitivity gains for 15N-detected TROSY. The 

problem of enhanced 1H relaxation in 15NH TROSY experiments of protonated samples can 

also be addressed by expressing protein in glucose-deficient H2O based M9, supplemented 

with 2H13C15N-labeled amino acids and nutrients, which result in a sample where the 

amides are fully protonated and Cα is partially deuterated (Lohr et al., 2003). When 

considering the effect of ionic strength, the sensitivity factor, L, of a cyrogenic probes can be 

expressed as

(3)

(4)

where Rs, Rc, a, b, l, n, μ, ω, and σ are the resistance of the sample, the resistance of the coil, 

coil radius, sample radius, length, coil turns, the permeability of free space, the Larmor 

frequency, and the sample conductivity, respectively (Kelly et al., 2002). Since the 15N 

frequency is about one tenth of the 1H frequency, loss of sensitivity due to high ionic 

conductivity is expected to be much less in 15N- compared to 1H-detected experiments.

Direct detection of the 15N TROSY component holds great promise to study high molecular 

weight protein, systems with spectral overlap, such as IDPs and this advantage scales with 

magnetic field strength, especially near and above 1 GHz.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Estimated relaxation rates and relative peak heights of TROSY15NH at various 
magnetic field strengths
(A) Calculated R2 for TROSY 15NH (gray) and 15ND (white) at magnetic field strengths 

indicated with proton frequency. (B) R2 ratio of 15ND over TROSY 15NH (C) Relative signal 

heights of TROSY 15HN resonances relative to 500 MHz. The instrumental efficiencies for 

detecting the resonance are assumed to be the same across spectrometers. The transverse 

relaxation rates were calculated based on equations (1) and (5) in the supplemental materials 

and methods.
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Figure 2. Pulse sequence of 15N-detected (left) and 1H-detected (right) 2D TROSY-HSQC 
experiments
Narrow and wide rectangular black bars indicate non-selective π/2 and π pulses, 

respectively. All pulses are applied along the x-axis unless indicated otherwise. The delays T 

were set to 2.7 ms. The phase cycle employed was ϕ1 = (y -y x –x), and ϕ rec = (x -x -y y) 

for 15N-detected 2D TROSY-HSQC and ϕ1 = (x –x), ϕ2 = (x x –x –x), and ϕ rec = (x -x) 

for 1H-detected 2D TROSY-HSQC. Phase sensitive detection in the indirect 1H dimension 

(t1) was obtained by incrementing the phase ϕ1 for15N-detected 2D TROSY-HSQC and the 

phase ϕ3 and G2 in an echo-antiecho manner (Kay et al., 1992). The recycling delay was set 

to 1 s. For 15N-detected 2D TROSY-HSQC, the two sine-shaped pulsed field gradients were 

applied along the z-axis for 1.0 ms with maximum intensities of G1 = 22.5 G/cm, and G2 = 

25 G/cm. For 1H-detected 2D TROSY-HSQC, the sine-shaped pulsed field gradients were 

applied along the z-axis for 1.0 ms with maximum intensities of G1 = −15 G/cm, and G2 = ± 

40 G/cm, G3 = 4.5 G/cm, G4 = 0.5 G/cm, G5 = 8.1 G/cm. Deuterium decoupling was 

achieved by using WALTZ16 (Shaka et al., 1983) (1 kHz) and carbon decoupling was 

achieved by using a p5m4 supercycle (Fujiwara and Nagayama, 1988) with an adiabatic 

CHIRP pulse of 2.5 ms length and 25% smoothing (Bohlen and Bodenhausen, 1993).
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Figure 3. Comparison of 15N-detected TROSY-HSQC (left) and 1H-detected TROSY-HSQC 
(right) of 1 mM 2H15N-labeled MBP in complex with 2 mM βCD in 800 MHz at 278 K
(A) The 15N-detected TROSY-HSQC was recorded in 125 min, ns=16, F1=348 pts (34ms), 

F2 = 1024 pts (160 ms). The 1H-detected TROSY-HSQC was recorded in 80 min, ns = 4, 

F1= 1024 pts (160 ms), F2=1024 pts (40 ms). (B) 15N projection of (A). The projection of 

the 15N-detected experiment is scaled 12-fold. (C) Two representative cross sections 

indicated as I and II in (A) are shown.
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Figure 4. Comparison of (A)15N-detected TROSY-HSQC and (B) 1H-detected TROSY-HSQC of 
0.5 mM MBP in complex with 2 mM βCD on a deuterated (left) and non-deuterated (right) 
protein
(A) The first increment of 15N-detected TROSY-HSQC was recorded in 106 min, ns=5K, 

F2 = 1024 pts (160 ms) in 800 MHz at 278 K. (B) The first increment of 1H-detected 

TROSY-HSQC was recorded in 92 min, ns=5K, F2 = 1024 pts (40 ms) in 800 MHz at 278 

K. In (A) the resonances that clearly showed higher signal height in the non-deuterated 

compared to the deuterated sample are indicated by asterisks.
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Figure 5. Comparison of 2D 15N-detected TROSY-HSQC of (A) 2H15N13C-labled (deuterated) 
and (B) 15N13C-labled (non-deuterated) 0.5 mM MBP in complex with 2 mM βCD
Both 15N-detected TROSY-HSQC spectra were recorded with F1=128 pts (12 ms), F2 = 

1024 pts (160 ms) in 800 MHz at 278 K. The number of scans was set to 64 and 128 in the 

spectrum of 2H15N13C-labled and 15N13C-labled MBP, respectively. 15N projections of both 

spectra are shown on top. (C) Overlay of (A) and (B). The assignments of well-dispersed 

resonances that were observed only at non-deuterated conditions are indicated. (D) Mapping 

of residues that are observed only at non-deuterated conditions. The residues annotated in 

(C) are indicated by spheres in the crystal structure of the MBP-βCD complex.
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