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Abstract 

INEPT- and HMQC-based pulse sequences are widely used to transfer polarization 

between heteronuclei, particularly in biomolecular spectroscopy: they are easy to setup and 

involve low power deposition. Still, these short-pulse polarization transfers schemes are 

challenged by fast solvent chemical exchange. An alternative to improve these heteronuclear 

transfers is J-driven cross polarization (J-CP), which transfers polarization by spin-locking the 

coupled spins under Hartmann-Hahn conditions. J-CP provides certain immunity against 

chemical exchange and other T2-like relaxation effects, a behavior that is here examined in 

depth by both Liouville-space numerical and analytical derivations describing the transfer 

efficiency. While superior to INEPT-based transfers, fast exchange may also slow down these 

J-CP transfers, hurting their efficiency. This study therefore explores the potential of repeated

projective operations to improve 1H15N and 1H15N13C J-CP transfers in the presence of

fast solvent chemical exchanges.  It is found that while repeating J-CP provides little 1H15N

transfer advantages over a prolonged CP, multiple contacts that keep both the water and the

labile protons effectively spin-locked can improve 1H15N13C transfers in the presence of

chemical exchange. The ensuing Looped, Concatenated Cross Polarization (L-CCP)

compensates for single J-CP losses by relying on the 13C’s longer lifetimes, leading to a kind

of “algorithmic cooling” that can provide high polarization for the 15N as well as carbonyl and

alpha 13Cs. This can facilitate certain experiments, as demonstrated with triple resonance

experiments on intrinsically disordered proteins involving labile, chemically exchanging

protons.
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measurements 

https://www.editorialmanager.com/jmr/viewRCResults.aspx?pdf=1&docID=13570&rev=1&fileID=296595&msid=8da64633-f2cb-4712-a0f3-c068d6360483
https://www.editorialmanager.com/jmr/viewRCResults.aspx?pdf=1&docID=13570&rev=1&fileID=296595&msid=8da64633-f2cb-4712-a0f3-c068d6360483


 2 

Introduction 

Modern NMR relies on experiments that correlate different nuclei, and spread their 

chemical shift information into multiple dimensions.1,2 These correlations are usually 

performed using coherent polarization transfer schemes; for many protein and nucleic acid 

experiments these schemes start from 1H, and utilize J-couplings to transfer polarizations or 

coherences to bound 15N –and, occasionally, onwards to 15N-bound 13C.  Besides improving 

resolution and enriching the spectral information, these heteronuclear transfers are important 

for enhancing sensitivity:3–6 Maximizing the signal-to-noise ratio, particularly in the context of 

indirect low- nuclei detection, dictates that most experiments start with the excitation –and if 

feasible end with the detection– of 1H. Improving the transfer of spin order among nuclei with 

different , is thus of great importance in NMR.  Two different approaches are normally used 

to achieve such transfers. The “pulse-interrupted free precession” category4 includes relatively 

long periods of RF-free evolution, and encompasses the coherence transfer blocks used in 

INEPT-,5,7 DEPT-,8 HSQC-,9,10 and HMQC-based6,11,12 experiments. Such sequences are easy 

to set up, robust, and have low power depositions. Still, by virtue of their reliance on multiple 

lengthy free precession periods, these transfers can significantly degrade in the presence of fast 

chemical exchange between the originating 1H and an aqueous solvent.13–15  A second approach 

to heteronuclear transfers is J-driven cross-polarization (J-CP)16,17 or, more generally, “spin-

order transfer under an average Hamiltonian”.18 J-CP actually predates INEPT;5,16 in general it 

involves achieving, via the application of appropriately designed irradiations, an effective 

Hamiltonian possessing double- or zero-quantum terms that do not commute with the starting 

I (1H) or S (15N) spin operators. Letting the initial spin state evolve under the influence of such 

average Hamiltonian can then transfer spin order among the J-coupled spins.19,20 The simplest 

example of this arises when transferring polarization by simultaneously applying continuous 

spin-locking fields B1 on an 1H-15N pair, satisfying the 𝜔1 = 𝛾𝐻𝐵1𝐻 = 𝛾𝑁𝐵1𝑁 Hartmann-Hahn 

condition21. This leads to an 𝐻𝑥 → 𝑁𝑥 transfer that is mediated by a zero-quantum state;20 in an 

ideal, relaxation-free transfer, this would be described by 

𝐻𝑋 → 𝐻𝑋
(1+cos𝜋𝐽𝑡)

2
+ 𝑁𝑋

(1−cos𝜋𝐽𝑡)

2
+ 2(𝐻𝑌𝑁𝑍 − 𝐻𝑍𝑁𝑌)

sin𝜋𝐽𝑡

2
 , (1) 

where 𝐽 represents the 1H-15N scalar coupling, and a usual spin-1/2 operator notation is used.22 

Because of its sensitivity to the matching settings and to spatial RF inhomogeneities, 

plus its imposition of higher RF heating loads (particularly on physiological solutions at high-

fields), CP –which is widely used in solid state NMR23,24– is less common in liquids than the 

INEPT-related approaches. J-CP’s spin-locking, however, imparts an immunity against 
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chemical exchange and relaxation effects, that makes it a potential method of choice to transfer 

polarization in disordered proteins,15,25 or for the fast-exchanging amino/imino moieties of 

nucleic acids.14 Furthermore, multiple CP schemes including MLEV,26,27 DIPSI,28 WALTZ29 

have been developed to alleviate the aforementioned inhomogeneity and heating-derived 

problems.17,18,30–34 Still, even these schemes become inefficient when the exchange rate 𝑘𝐻𝑊 

of the HN with water, exceeds ≈10J.  The reasons for this are not immediately evident, 

considering that abundant solvent water protons Hwater are constantly repolarizing the HN bound 

to the 15N. Furthermore, the relatively long spin relaxation times of 15N (and 13C) in such 

systems,35,36 could enable principles akin to those used in the recently proposed Looped, 

projected spectroscopy (L-PROSY)37 experiment, to improve these heteronuclear transfers 

even in fast chemical exchange cases. In view of these issues the present study revisits J-CP 

transfers in exchanging systems, considers a number of J-CP alternatives derived from L-

PROSY,37,38 and shows how, under certain conditions, these looped approaches can be used to 

increase the efficiency of heteronuclear polarization transfers in solvent-exchanging 

biomolecules.  

 

Results 

The 𝐇𝐍
𝐉𝐍𝐇
→ 𝐍𝐇 polarization transfer step in the presence of chemical exchange 

We focus on a system involving a labile HN bonded to an 15N, which exchanges with 

the aqueous protons Hwater.  To compare the extents to which the exchange rate 𝑘𝐻𝑊 will affect 

J-CP vs INEPT, Liouville-space simulations based on Spinach codes were run.39–41 These took 

into account either a perfectly matched Hartmann-Hahn process, or an idealized refocused 

INEPT process. The simulations solved the Liouville - von Neumann equation 

𝜕𝜌

𝜕𝑡
 =  −i[ℋ, 𝜌(𝑡)] + �̂�𝜌(𝑡) + Ξ̂𝜌(𝑡), (2) 

where the doubly rotating-frame Hamiltonian  

ℋ = Ω𝐻𝑁𝐻𝑍 + Ω𝐻𝑊𝑊𝑍 + Ω𝑁𝑁𝑍 + 2𝜋𝐽𝐻𝑍𝑁𝑍 + 𝜔1𝐻(𝐻𝑋 +𝑊𝑋) + 𝜔1𝑁𝑁𝑋 (3) 

contained Zeeman terms for the exchangeable HN (𝐻) and for Hwater protons (𝑊) as well as 

for the NH nitrogen (𝑁), a scalar J-coupling between HN and NH, and a continuous 𝜔1 =

𝜔1𝐻 = 𝜔1𝑁 irradiation along the x-axes. Ξ̂ in Eq. (2) is a superoperator42,43 describing the 

chemical exchanges between HN and Hwater at rates weighted by these ensembles populations; 

�̂� is a superoperator accounting for relaxation within an extended T1/T2 approximation, wherein 

product states relax at the sum of their constituents’ relaxation rates.  The effects of exchange 
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on the spin-lattice relaxation rate in the rotating frame (𝑅1𝜌) arising during the CP field were 

accounted ad hoc, by considering that for effective nutation fields governed by the proton offset 

𝛺 (which will differ for Hwater and for HN) and for a given 𝜔1 spin-lock field, 𝑅1𝜌will be given 

by44,45  

𝑅1𝜌 = 𝑅1𝑐𝑜𝑠
2𝛩 + 𝑅2𝑠𝑖𝑛

2𝛩 + 𝑠𝑖𝑛2
𝑝1𝑝2𝛥𝜔

2𝑘𝐻𝑊

𝑘𝑒𝑥2 + 𝜔1
2 + 𝛺2

 (4) 

where Θ = arctan(𝜔1 𝛺⁄ ), 𝑅1 and 𝑅2 are longitudinal and transverse relaxation rates, 𝑘𝐻𝑊 is 

the chemical exchange rate between HN and water, 𝑝1 and 𝑝2 are the populations of HN and 

Hwater respectively, and Δ𝜔 is the chemical shift difference between the two 1H pools. INEPT 

experiments were similarly simulated in Spinach, under the ideal-pulse approximation.  

With these tools, a number of HN → NH polarization transfer scenarios were 

considered. Skrynnikov and coworkers15 observed that refocused INEPT transfer efficiency 

drops to ca. 20% if 𝑘𝐻𝑊~2𝐽 and becomes impractical if exchange rates are >3𝐽; they also 

reported a better performance for J-CP, with HN → NH transfer efficiencies dropping to 20% 

only when 𝑘𝐻𝑊  > 10𝐽. All this is reproduced by the Spinach-based simulations (Figure 1a); it 

is also corroborated by experimental L-alanine observations recorded for its amino group 

(Figure 1b). J-CP’s enhanced efficiency over INEPT can be rationalized by the fact that, if 

efficiently spin locked, water protons will constantly replenish the amide sites with 

𝐻𝑋 polarization. Although this will not preserve the zero-quantum states involved in the CP 

process (Eq. (1)), it will partly offset the effects of the exchange by providing a renewed source 

for the HN → NH polarization transfer. Despite the availability of an ample supply of solvent-

based polarization, the 1H15N polarization transfer becomes eventually attenuated by 

exchange even when using J-CP, as a result of the eventual relaxation losses of the spin-locked 

15N and 1H water magnetizations.  

To clarify this last point, it is enlightening to consider the changes that 𝑘𝐻𝑊 imparts on 

the sinusoidal J-CP oscillations described by Eq. (1).  Figure 2a explores this with the aid of 

Liouville-space simulations, focusing on the buildup that the 15N polarization will undergo 

during the J-CP processes when acted by a chemical exchange. For zero or small 𝑘𝐻𝑊 rates, 

the coherent (1 − cos 𝜋𝐽𝑡) J-driven oscillations predicted by Eq. (1) – slightly damped due to 

the effects of 1H and 15N T1 relaxation– are dominant.  At higher 𝑘𝐻𝑊 values, the amplitude 

of these J-oscillations is reduced and, as described by Wong et al,46 the conditions needed for 

achieving maximal 15N polarization move to longer times. Eventually, for 𝑘𝐻𝑊  > 5𝐽, an 

oscillation-free buildup is observed.  Supporting Figure S1 compares this 15N behavior against 
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the concurrent proton depletion happening during J-CP, where a similar change can be 

observed as well. Experimental results on a slightly different 15N-1H3 system (Figure 2b) 

confirm this behavior, with 15N CP buildups measured on 15N-labeled alanine at different 

temperatures illustrating the attenuation of the J oscillations produced by the chemical 

exchange. 

The exchange-driven changes shown in Figure 2 are reminiscent of changes reported 

by Ernst et al, in early 1𝐻13C ferrocene single crystal CP experiments.49 In such solid NMR 

cases CP was mediated by the 13C-1H one-bond dipolar coupling, and it was homonuclear 

couplings between the latter and remote 1Hs, that dampened the CP oscillations. Simplified 

models involving a coherent interaction within the dipole-coupled spins and an incoherent spin-

diffusion within the 1H bath were used to reproduce this behavior,49,50 leading in general to an 

exponential transfer buildup reaching a full H/C enhancement. To the best of our knowledge 

no comparable theory has been developed for the solution-state case in Figures 1-2, and the 

asymptotic limits reached by J-CP in solvent exchanging systems have not been hitherto 

Figure 1. a) Simulations comparing the efficiencies of refocused INEPT (green) and of J-CP (red) 

transfers, as a function of chemical exchange rate between exchangeable proton and solvent water. CP’s 

robustness over INEPT is further stressed in the inset, which shows the efficiency ratio between the two 

methods increasing rapidly with 𝑘𝐻𝑊. 100 water protons were used in these simulations, a much larger 

spin pool than HN. T1N and T2N were estimated at 0.8 s; 1H relaxation parameters were: T1w = 3s, T2w = 

0.5s, T1HN = 0.6 and T2HN = 0.2s. b) 1H- and 15N-detected experiments on L-alanine’s amino group at 

different pH conditions and temperatures –both of which change the rate of 1H solvent exchanges. This 

is manifested by the different J-splittings and linewidths in the 1H resonance. As predicted by 

simulations, a more sensitive 15N detection can be achieved with CP than with INEPT in the presence of 

chemical exchange. The broad hump present in 15N spectra –noticeable as a multiplet structure at pH = 

4– arises from J-couplings between nitrogen and deuterium, which is present in the sample for lock (10% 

D2O). Numbers next to the peaks represent peak intensity relative to 15N direct detection (acquired with 

long interscan delay). Spectra were acquired at 1 GHz using a Bruker Avance Neo spectrometer equipped 

with a TXO cryoprobe. 
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reported; we thought it valuable to describe these here. The simplified system of differential 

equations used to represent J-CP in such exchanging liquids was 

 

𝑑

𝑑𝑡

(

 
 

〈𝑊𝑋〉

〈𝐻𝑋〉

〈𝑁𝑋〉

〈2𝐻𝑌𝑁𝑍〉

〈2𝐻𝑍𝑁𝑌〉)

 
 
=

(

 
 

−𝑅𝑊 − 𝑘𝑊𝐻 𝑘𝐻𝑊 0 0 0
𝑘𝑊𝐻 −𝑅𝐻 − 𝑘𝐻𝑊 0 −𝜋𝐽/2 𝜋𝐽/2
0 0 −𝑅𝑁 𝜋𝐽/2 −𝜋𝐽/2
0 𝜋𝐽/2 −𝜋𝐽/2 −𝑅𝐻 − 𝑘𝐻𝑊 0
0 −𝜋𝐽/2 𝜋𝐽/2 0 −𝑅𝑁 − 𝑘𝐻𝑊)

 
 

(

 
 

〈𝑊𝑋〉

〈𝐻𝑋〉

〈𝑁𝑋〉

〈2𝐻𝑌𝑁𝑍〉

〈2𝐻𝑍𝑁𝑌〉)

 
 

 (5) 

where 〈𝑊𝑋〉, 〈𝐻𝑋〉 and 〈𝑁𝑋〉 are expectation values of the corresponding in-phase single-

quantum operators for the water 1Hs, the labile proton and the nitrogen respectively. As J-CP 

is mediated by zero-quantum states, 2𝐻𝑌𝑁𝑍 and 2𝐻𝑍𝑁𝑌 coherences are also involved in the 

description; 〈2𝐻𝑌𝑁𝑍〉 and 〈2𝐻𝑍𝑁𝑌〉 in Eq. (5), denote the expectation values of these 

coherences. All in-phase single-quantum coherences are assumed to be subject to an ideal spin-

lock along the x-axis, involving a perfect Hartmann-Hahn match free from chemical shift 

effects. The only parameters involved are then the scalar J N-H coupling, the forward and 

reverse chemical exchange rates 𝑘𝐻𝑊 and 𝑘𝑊𝐻 between labile and water protons, and rotating-

frame relaxation rates 𝑅𝑊, 𝑅𝐻 and RN for the three species –that for the two-spin terms are 

assumed dominated by the nature of the transverse nuclear spin component. Describing the 

Figure 2. a) Buildup of nitrogen 𝑁𝑋 magnetization upon cross-polarization for different 𝑘𝐻𝑊 rates 

between water and the labile proton. 200 water protons were used in these Spinach simulations –a 

sufficiently large spin pool vs the solute (see Supporting Information 4). Buildups were computed up 

to 100 ms contact times. J-CP was simulated by quenching Zeeman terms and reintroducing flip-flop 

terms of JNH coupling while allowing abundant water to chemically exchange with labile proton with 

specified exchange rates. Maximum efficiency in the absence of chemical exchange is pointed with an 

arrow, while maximum efficiency for different exchange rates are highlighted by black filled circles. 

T1N and T2N were 0.1 s; other relaxation parameters were: T1w = 3s, T2w = 0.5s, T1HN = 0.5 and T2HN = 

0.2s. b) Experimental buildup of 𝑁𝑋 polarization in 15N-labeled alanine, acquired at different 

temperatures (hence at various chemical exchange rates). The Y-axis was normalized to the maximum 

signal achieved at 278 K, when the chemical exchange was the slowest and buildups the most efficient. 
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spin dynamics emerging from Eq. (5) requires deriving expressions for the eigenvalues and 

eigenvectors of its generator matrix. In view of the complexities of such treatment, analytical 

expressions for the dynamics were derived using a series of approximations. The lack of direct 

J couplings and the large size of its reservoir, allowed us to assume that the evolution of water’s 

magnetization is mainly governed by transverse relaxation. This leads to a simplified system 

which includes only HN − NH evolution plus a water term that acts as source for 𝐻𝑋’s 

repolarization. Equation (5) then becomes  

𝑑

𝑑𝑡
(

〈𝐻𝑋〉

〈𝑁𝑋〉

〈2𝐻𝑌𝑁𝑍〉

〈2𝐻𝑍𝑁𝑌〉

) = (

−𝑅𝐻 − 𝑘𝐻𝑊 0 −𝜋𝐽/2 𝜋𝐽/2
0 −𝑅𝑁 𝜋𝐽/2 −𝜋𝐽/2
𝜋𝐽/2 −𝜋𝐽/2 −𝑅𝐻 − 𝑘𝐻𝑊 0
−𝜋𝐽/2 𝜋𝐽/2 0 −𝑅𝑁 − 𝑘𝐻𝑊

)(

〈𝐻𝑋〉

〈𝑁𝑋〉

〈2𝐻𝑌𝑁𝑍〉

〈2𝐻𝑍𝑁𝑌〉

)

+ 𝑘𝑊𝐻 (

𝑊𝑋
0𝑒𝑥𝑝 (−𝑅𝑊𝑡) 

0
0
0

) 

  

(6) 

where 𝑊𝑋
0 represents water’s thermal polarization.  Equation (6) still doesn’t lead to analytical 

solutions conveying a simple physical picture; to obtain these a further approximation was 

introduced, by replacing the individual HN and 15N relaxation rates by an effective, common 

rotating-frame relaxation rate 𝑅𝑒𝑓𝑓 = (𝑅𝐻 + 𝑅𝑁)/2.1  Equation (6) then becomes 

𝑑

𝑑𝑡
(

〈𝐻𝑋〉

〈𝑁𝑋〉

〈2𝐻𝑌𝑁𝑍〉

〈2𝐻𝑍𝑁𝑌〉

) =

(

 
 

−𝑅𝑒𝑓𝑓 − 𝑘𝐻𝑊 0 −𝜋𝐽/2 𝜋𝐽/2

0 −𝑅𝑒𝑓𝑓 𝜋𝐽/2 −𝜋𝐽/2

𝜋𝐽/2 −𝜋𝐽/2 −𝑅𝑒𝑓𝑓 − 𝑘𝐻𝑊 0

−𝜋𝐽/2 𝜋𝐽/2 0 −𝑅𝑒𝑓𝑓 − 𝑘𝐻𝑊)

 
 
(

〈𝐻𝑋〉

〈𝑁𝑋〉

〈2𝐻𝑌𝑁𝑍〉

〈2𝐻𝑍𝑁𝑌〉

)

+ 𝑘𝑊𝐻 (

𝑊𝑋
0𝑒𝑥𝑝 (−𝑅𝑊𝑡) 

0
0
0

). 

  

 

(7) 

This Equation can be converted into two block-diagonal systems: one involving 〈𝐻𝑋〉, 〈𝑁𝑋〉 

and 〈2𝐻𝑌𝑁𝑍〉 − 〈2𝐻𝑍𝑁𝑌〉, and another one involving solely 〈2𝐻𝑌𝑁𝑍〉 + 〈2𝐻𝑍𝑁𝑌〉. Analytical 

solutions for the 3x3 system are still complex, but relatively simple expressions can be obtained 

from them via Taylor expansions of the 3x3 matrix’s eigenvalues and eigenvectors. In the slow 

exchange regime these expansions were performed with respect to the parameter 𝜖𝑠 = 𝑘𝐻𝑊 𝐽⁄  

< 1; following standard algebra these lead to a nitrogen polarization buildup described by 

                                                 
1 While there is no rigorous justification for this approximation, we find that the nature of the CP is dominated by 

the relaxation time and the exchange rates of water’s protons (e.g., Supporting Information Fig. S6). Therefore 

there are marginal compromises resulting from this approximation –which on the other hand enables reaching the 

closed-form analytical expressions given below. 
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〈𝑁𝑋〉(𝑡) =
(−𝑘𝐻𝑊𝑒

(− 
1
2
 𝑘𝐻𝑊− 𝑅𝑒𝑓𝑓)𝑡 + 2(𝑅𝑒𝑓𝑓 − 𝑅𝑊)𝑒

(− 
1
2
 𝑘𝐻𝑊− 𝑅𝑒𝑓𝑓)𝑡 + 2𝑘𝐻𝑊𝑒

−𝑅𝑊𝑡) (4𝜋2𝐽2 + 𝑘𝐻𝑊
2 )

(2𝑘𝐻𝑊 + 4𝑅𝑒𝑓𝑓 − 4𝑅𝑊)(4𝜋
2𝐽2 − 𝑘𝐻𝑊

2 )

−
𝑘𝐻𝑊
2

2𝜋2𝐽2
𝑒−𝑅𝑊𝑡 −  𝑒(− 

3
4
𝑘𝐻𝑊−𝑅𝑒𝑓𝑓)𝑡 [

1

2
𝑐𝑜𝑠(𝜋𝐽𝑡) +

5𝑘𝐻𝑊
8𝜋𝐽

𝑠𝑖𝑛(𝜋𝐽𝑡)]. 

(8) 

One can recognize here a leading term that builds up 15N polarization without oscillations, and 

a final 𝑐𝑜𝑠(𝜋𝐽𝑡) term of the kind introduced in Eq. (1) to describe CP’s oscillatory transfer, 

that appears dampened by an  𝑒(− 
3

4
kHW−𝑅𝑒𝑓𝑓)𝑡 factor. The analytical treatment leading to the 

〈𝑁𝑋〉(𝑡) in Eq. (8) also yields expressions for the time-dependencies of the 〈𝐻𝑋〉 and 〈2𝐻𝑌𝑁𝑍〉, 

〈2𝐻𝑍𝑁𝑌〉 terms, which are presented in Supporting Information Eqs. (S1)-(S3).     

 To obtain analytical solutions for the CP transfer in the fast exchange regime, the exact 

eigenvalues and eigenvectors of the evolution generator in Eq. (7) were expanded up to second 

order in 𝜖𝑓 = 𝐽 𝑘𝐻𝑊⁄ < 1. After retaining the linear and quadratic terms in 𝜖𝑓 , the nitrogen 

polarization build-up is described by  

〈𝑁𝑋〉(𝑡) = (
2𝜋2𝜖𝑓

2

5
4
𝜋2𝜖𝑓

2 − 4
)[

𝑒
−(
𝜋2

2
𝐽2

kHW
+𝑅𝑒𝑓𝑓)𝑡

𝜋2𝜖𝑓
2/2 + (𝑅𝑒𝑓𝑓 − 𝑅𝑊)/kHW

+
𝑒−𝑅𝑊𝑡(−1 +

𝜋2

2
𝜖𝑓
2 + (𝑅𝑒𝑓𝑓 − 𝑅𝑊)/kHW)

𝜋2

2
𝜖𝑓
2 + (𝑅𝑒𝑓𝑓 − 𝑅𝑊)/kHW

 ] 

               +(
2𝜋2𝜖𝑓

2

5
4
𝜋2𝜖𝑓

2 − 4
) 
𝜋𝜖𝑓

2√2
 𝑒
(
𝜋2

4
𝐽2

𝑘𝐻𝑊
 − 𝑘𝐻𝑊 −𝑅𝑒𝑓𝑓)𝑡𝑠𝑖𝑛[𝜋𝐽𝑡/√2] 

 

(9) 

Expressions for the other expectation values are given in the Supporting Information, Eqs. 

(S4)-(S6).  

Figure 3 compares the analytical predictions of Eqs. (8) and (9), with numerical 

simulations for the evolution of 〈𝑁𝑋〉 upon applying CP at infinite 1 fields, for different 

exchange rates.  Supporting Figures S2-S5 show similar comparisons for the 〈𝐻𝑋〉 and 〈2𝐻𝑌𝑁𝑍〉 

terms. For the regimes where the Taylor expansions hold, the analytical solutions are in 

excellent agreement with the numerical simulations. In the slow-exchange regime theory 

matches well numerical simulations up to exchange rates of ~2J, while for the fast-exchange 

regime, Eq. (9) and its Eqs. (S4)-(S6) counterparts provide accurate solution for the evolution 

of the coherences from exchange rates of  ≥4J. It follows that there is an intermediate, relatively 
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narrow region of exchange with respect to J, where our analytical solutions do not predict well 

the spin evolution.  

Figure 4a explores how chemical exchange rates influence both optimal buildup times 

and maximum 𝑁𝑋 amplitudes in J-CP. These dependences on chemical exchange can be 

divided into three parts: a slow-exchange regime where 𝑘𝐻𝑊 ≤ J and CP dynamics is dominated 

by J-coupling oscillations; an intermediate range between J ≤ 𝑘𝐻𝑊 ≤ 3J where chemical 

exchange starts smearing the oscillatory buildup; and a 𝑘𝐻𝑊 ≥ 3J regime where oscillations 

have been suppressed by chemical exchange. Each regime has its own optimal CP time (CP) 

and efficiency behavior. In the slow exchange regime, the optimal CP ≈ 1/J and efficiency is 

close to maximal; the intermediate regime is fairly forgiving, with ca. 0.8 of the maximal ⟨𝑁𝑋⟩ 

happening in the 1/J ≤ CP ≤ 4/J range; the third region shows a monotonic decay of efficiency 

and a concomitant increase in the optimal CP, up to a time where R1
N becomes the main 

limiting factor.  Figure 4b summarizes another aspect of this showing that, if relaxation times 

are sufficiently long, optimal CPs (blue) will polarize almost to the full H/N extent the 15N –

even for very fast exchange rates. These CPs will be considerably longer than the exchange-

free theoretically optimal 1/JNH value (Fig. 4b, in orange); Supporting Information Section 3 

Figure 3. Numerically vs analytical solutions for the ⟨𝑁𝑋⟩ arising from J-CP as a function of contact 

time, for various exchange rates. Curves in black result from solving numerically the full 5x5 system 

in Eq. (5), which always matches the Liouville-von Neumann predictions arising from Spinach (red 

curves). Numerical solutions of the 4x4 system in Eq. (5) (blue dashed curve) preserve this good 

agreement, meaning that this simpler system can also be used to reliably simulate CP in exchanging 

systems. Curves shown in green and blue were calculated using the analytical solutions given in Eqs. 

(8) and (9) valid for slow and fast exchange regimes respectively. The former provides good matches 

with numerical simulations for exchange rates up to 200 s-1 while the latter works well for kHW ≥ 400 

s-1, defining an intermediate range where numerical solutions are necessary.  
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discusses further aspects associated with these optimal J-CP conditions under chemical 

exchange, including extensions of these analyses to InS multi-spin systems involving several 

1Hs. It follows from these calculations that in principle, as in solid state NMR, solution NMR 

polarization transfers approaching a H/ maximal gain can also be reached for sufficiently 

long T1 relaxation times and strong, ideal spin-locking conditions–even when 𝑘𝐻𝑊 > 20J.   

The J-CP efficiency will also be influenced by the nutation fields 1 and by the 

irradiation frequency offsets of the 1H and 15N channels. These frequencies dictate the effective 

nutation rates √𝜔1
2 + 𝛺2 that the spins experience; so far, they were assumed infinite (1) and 

zero (), respectively, apart for the potential R1 influence in Eq. (4).  This is not easy to justify, 

given that the frequency separation between labile and water protons at high fields will be 

similar to the achievable spin-lock nutation field. Figure 5 shows how these factors end up 

balancing one another, with numerical predictions on how ⟨𝑁𝑋⟩‘s maximum amplitude will 

vary with respect to 1 and 1H offset (given for simplicity in chemical shift ppm), for two 

different exchange rates. Also plotted are experimental data sets measured as a function of 

these two parameters. The transfer always ends up most efficient when the spin-lock is resonant 

with the labile proton (chosen for this case at 8 ppm), and benefitting from the highest possible 

1. For the 1s used in the experiments below, these sufficed to effectively spin-lock labile 

protein’s HN and Hwater, up to the fields of 14 T (Figure 5c). Strong enough fields, however, are 

Figure 4. a) Reciprocal relation between the maximum ⟨𝑁𝑋⟩ amplitude and CP contact time needed for 

the corresponding amplitudes to be reached. b) Maximum CP efficiency at the exchange-free 1/JNH 

condition, vs at the long CP contact times that favor rapidly exchanging systems. Null relaxation rates 

were considered for these buildups, that therefore represent only the influence of chemical exchange on 

the transfer efficiency. Simulation parameters/details were the same as used in Figure 2 except for b) 

where relaxation times are specified in the legend; sudden inflections in the curves arise from 

oscillatorymonotonic buildup transitions, as pointed by the black dots in Figure 2. 
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not achievable on most cryogenically-cooled NMR probes when dealing with imino sites of 

RNA/DNAs, resonating upward of 10 ppm.  

Figure 6 illustrates experimentally the advantages of J-CP-based polarization transfer 

over INEPT-based methods, for detecting side chain amino groups in proteins. The 15Ns in 

these groups are notoriously hard targets to polarize yet can be important sites for inter-residue 

interactions. As illustrated in Figure 6, J-CP can open up an opportunity to study these at a 

range of relevant temperatures. 

  

 

 

 

42 40 38 36 34 32

34 32 30

15N (ppm)

15N (ppm)

a) 15N Lysine

310 K

298 K

283 K

b) 15N a-Synuclein

INEPT
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Figure 6. a) Detecting the two amino groups in Lysine (pH 6) at 298 and 310 K. Optimal J-CP at 298 

K was CP = 28 ms, while at 310 K CP = 36 ms due to faster chemical exchange, both acquired using 

DIPSI-1 with 𝜔1 2𝜋⁄ = 3500 𝐻𝑧. b) Detecting lysine’s side-chain amino groups in -Synuclein (0.4 

mM) using 40 ms of DIPSI-2 with  𝜔1 2𝜋⁄ = 3500 𝐻𝑧 at 283 K. Notice INEPT’s weak/absent signals 

due to very fast chemical exchanges even with shorter (𝜏 = 10 𝑚𝑠 < 1 4𝐽⁄ ) polarization transfer times.  

Figure 5. Simulated effect of CP nutation field (𝜔1 2𝜋⁄ , in Hz) as well as offset of spin-lock on proton 

is examined by following optimal CP transfer for the case of (a) no chemical exchange and (b) 𝑘𝐻𝑊 =
500 𝑠−1. Curves plotted over the simulated surfaces represent experimental data obtained using alanine 

sample at pH 5.1 at 298 K and 500 MHz magnetic field. (c) Percentage of water spin-locked along 

effective field after optimal CPs, for different irradiation offsets and nutation fields. Notice the small 

portion of water that remains spin-locked for weak irradiation fields placed on the amine/amide region, 

explaining why J-CP becomes very inefficient in such cases when fast exchange sets in.  
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Extending the 𝐇𝐰𝐚𝐭𝐞𝐫 → 𝐇𝐍 → 𝐍…𝟏𝟓   polarization relay: Looped J-CP 

We have recently described the benefits of relying on repeated projective measurements 

and related concepts, in order to improve homonuclear polarization transfers involving labile 

and non-labile 1Hs.37,38,49 As described in such studies, suitable manipulations could then 

enable a Hwater
Hlabile

Hnon-labile conveyor of polarization, enhancing the latter process by a 

CEST-like 𝑘𝐻𝑊*T1
non-labile factor. In view of this, it is interesting to explore whether looping 

the J-CP in a similar fashion, could also help drive the system closer to the H/N limit. Figure 

7 examines this with the aid of simulations, for conventional and looped J-CP schemes 

proceeding at two different chemical exchange rates. To rely on the longer longitudinal T1N 

relaxation, the looped J-CP scheme assumed ideal storage and re-excitation pulses flanking the 

CP periods, which were interleaved with delays tex to allow Hwater to repolarize the labile HN 

via chemical exchange. These simulations show that, indeed, looping these blocks yields a 

constant buildup  of the 15N magnetization. This buildup relies on a nearly complete 

repolarization of the HN by the solvent 1H, in each of the loops. Calculations also show, 

Figure 7. Comparing J-CP strategies to perform a 1H15N transfer, plotted as a function of total 

preparation time (tprep) at two different exchange rates. a) Looped CP scheme involving multiple contact 

(tmix) periods spaced by tex exchange periods for water-driven Hwater
HN repolarization. Since part of 

the time the 15N magnetization is stored along the z-axis (to ensure use of a longer T1N memory time), 

magnetizations contain interleaved NX and NZ components (shown in different color). Ideal 90˚delta-

pulses were assumed. b) Conventional J-CP element, illustrate a very similar performance as the looped 

procedure. Simulation parameters/details were the same as used in Figure 2.  
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however, that the advantages brought about by looping are marginal. It follows that the 

repolarization of HN happening spontaneously by chemical exchange for as long as the Hwater 

and HN magnetizations are suitably spin-locked, makes up for the deleterious effects of faster 

chemical exchange rates on J-CP. One can then simply utilize single, long CP to impart 

efficient 15N buildups: an efficient spin-lock effectively leads to a relayed 𝐻𝑥
𝑤𝑎𝑡𝑒𝑟 → 𝐻𝑥

𝑁 → 𝑁𝑥 

polarization transfer process, reminiscent of the buildups in saturation-based homonuclear 

polarization transfer experiments in exchanging systems.49,50  Supporting Information 6, 

however, discusses the potential advantages of looping the CP procedure when in the presence 

of Hartmann-Hahn mismatches. 

With the advantage of J-CP for these two-spin polarization transfers in exchanging 

systems unclear, attention was focused on triple-resonance scenarios involving transfers 

between the labile proton, its bound nitrogen, and a carbon J-coupled to the latter. Such cases 

often arise in NMR experiments, and are part of widely used sequences such as the HNCO and 

HNCA correlations.51 Although these experiments usually transfer magnetizations between 

nuclei by multiple INEPT-like steps, the previous paragraphs suggest that in exchanging 

systems these steps might be better handled by J-CP. This is the basis of the concatenated CP 

(CCP) proposal by Zuiderweg and co-workers,20 who showed that a combination of 

simultaneous H15N13C triple-resonance CP followed by an 15N13C double-resonance J-

CP to account for the JCN<JNH condition, could provide competitive HN → N → C counterparts 

to INEPT-based transfers. For the non-exchanging systems that Zuiderweg et al analyzed, these 

advantages were compared to back-to-back INEPT manipulations in terms of robustness to 

transverse relaxation losses.  Since, as discussed in the preceding Section, J-CP can also 

improve polarization transfers between labile protons and nitrogen, this CCP approach could 

also be advantageous for fast-exchanging HNs cases, such as those arising in intrinsically 

disordered proteins, protein sidechains, or nucleic acids.  

Figure 8 examines the usefulness of J-CCP for performing HN → NH → C transfers in 

labile systems, by comparing the carbonyl regions in two 13C-detected 2D 15N-13C spectra of a 

fragment of alkaline phosphatase A (PhoA, residues 350-471). This is an unstructured domain, 

whose amides are undergoing fast chemical exchange with solvent.52 This protein was 

examined at two temperatures and using two different polarization transfer schemes: one based 

on double HN and NC refocused INEPT transfers; the other based on concatenated J-CP 

elements. The 40 ˚C spectra confirm the much higher sensitivity of the J-CCP experiment over 

its INEPT counterpart. Nevertheless, when the 40 ˚C CCP data are compared to the same 
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experiment at 30 ℃ (Figure 8c), it becomes clear that a number of peaks are missing in the 

former. This is because, for this relatively fast relaxing system, the efficiency of CP is also 

reduced with faster chemical exchange.  

 To explore whether these deleterious effects of chemical exchange in triple-resonance 

CCP transfers can be eliminated, we explored an adaptation of the looped repolarization 

concepts introduced earlier. The resulting Looped Concatenated CP (L-CCP) experiments seek 

to improve the HN → NH → C transfer efficiency by introducing a storage period were Hwater 

repolarizes, by exchange, the HN. As CCP, this triple-resonance CP is performed using two 

consecutive contacts that account for the different CPs demanded by JNH > JNC; to enable a 

repolarization of the HNs during the second, longer CP, all steps are flanked by 90˚ 

storage/recall pulses that preserve longitudinal magnetizations. Figure 9 shows the sequence 

emerging from such proposals, together with numerical simulations showing how the different 

spins’ polarizations change over the course of this repeated CCP.  The initial CP puts in contact 

all three spin reservoirs simultaneously; during this period 1H polarization transfers to the 15N, 

whose polarization grows up to a level allowed by solvent exchanges; the 13C also gets 

somewhat polarized. Following 90˚ pulses that store back all the states along the z-axis 

(particularly the 1Hs, which include both HN and Hwater), the 15N passes its polarization to its 

bonded 13C in a second J-CP, while HN recovers its original polarization thanks to fast 

exchanges with the solvent. This single HN → NH → C transfer is of limited efficiency owing 

to the exchange-driven averaging of the 1H-15N J-CP (Fig. 1); L-CCP compensates for this by 

repeatedly looping the HN → NH → C buildup, while relying on the 13C’s longer lifetimes.  

Figure 9b illustrates the behavior arising from this procedure on the three-spin system 

Figure 8. 13C-detected 15N-13C correlations for 2.2 mM PhoA (350-471 fragment) recorded using: a) 

double refocused INEPT transfer at 40 ℃; b) CCP at 40 ℃; c) idem at 30 ℃. The benefits of using J-

CP are obvious upon comparing the peaks in a) and b), whose contours were done at the same level 

vs maximum. Still, the spectrum in c) shows some resonances of fast-exchanging amides (highlighted 

with green arrows) that are absent in b). 13C doublets appear along F2 since no provisions to suppress 
13CO-13Ca J-couplings were applied.  
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throughout multiple loops, as simulated using Eq. (2) while in the presence of chemical 

exchanges with a water reservoir (represented by 200 protons). Notice how, regardless of the 

chemical exchange rates, the multiple repetitions eventually polarize to the maximum limit 

given by the 1H thermal polarization both the 15N and the 13C, by repeatedly drawing spin 

polarization from the solvent. This is a procedure that is reminiscent of algorithmic cooling,53,54 

yet relying on the large polarization in the Hwater reservoir.  Notice as well that given the mutual 

exchanges involved in the J-CP process, the 15N enhances the 13C only in odd-numbered 

looping events: in even-numbered events the Hartmann-Hahn contact actually enhances the 

Figure 9. a) Looped concatenated CP (L-CCP) pulse sequence designed to improve 𝐻𝑁 → 𝑁𝐻 → 𝐶 

transfers. The 90˚-y/90˚y pairs of pulses applied on the 15N and 13C in-between the two DIPSI2 contact 

times can be obviated, but they are here shown to emphasize the projective nature of the procedures. 

b) Numerical simulations showing how magnetizations for the a three-spin HN,15N,13C system evolve, 

when immersed in a bath of 200 additional water 1Hs chemical exchanging with HN, Magnetization 

components are shown for two exchange rates, confirming in both cases the advantages of L-CCP for 

enhancing the 13C polarization. JNH coupling was set to 90 Hz, JNC was 16 Hz. Accordingly, the duration 

of CP1 and CP2 were 11 ms and 57 ms respectively. The T1 relaxation time of the 13C was assumed 0.8 

s. All magnetizations are normalized to a maximum 1H longitudinal thermal polarization of one. 
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15N at expense of the latest value reached by the 13C polarization. This in turn decreases the 

amount of polarization that the 15N will draw when put back in contact with the HN reservoir, 

which thus remains more and more polarized throughout the events as the CCPs are looped. 

As stated, all species end up eventually near the fully polarized 1H thermal values. Furthermore, 

as experimentally shown in Supporting Information 6, the looped procedure can also in this 

case make up for imperfections in the CP process like those arising from RF field 

inhomogeneities leading to Hartmann-Hahn mismatches. 

Figure 10a shows a validation of such theoretical expectations, based on detections of 

urea’s carbon signal at pH=3 and at three different temperatures; i.e., at three different 

exchange rates with water. In all these cases fast exchanges average out the JHN = 90 Hz 

coupling, depriving INEPT-based transfers from usefulness. J-CCP works markedly better, but 

its efficiency also decreases with temperature, as evidenced by the progressively smaller 13C 

levels that can be reached (filled circles). The L-CCP scheme, by contrast, reinstates the 

efficiency, delivering 13C enhancements that are close to CP’s theoretical H/C = 4 maximum 

for all cases. Notice L-CCP’s ~2-fold enhancement compared to CCP, when measured at 38 

℃. Further experimental evidence is shown in Figure 10b, with carbonyl-based detection of 

two unstructured proteins at different temperatures. Once again, CP-based transfers are always 

more efficient than INEPT-based counterparts, while L-CCP always provides the highest 

enhancements. L-CCP-derived gains here, however, are lower than for urea; we ascribe this to 

the shorter 𝑇1𝜌 and T1 values of the 15N and 13C in these larger biomolecules, and to the slower 

chemical exchange that amide protons in these proteins experience compared to urea. 

Nevertheless, there are multiple peaks (labeled with yellow arrows in Fig. 10b) that are still 

Figure 10. a) Experimental L-CCP results measured for urea’s carbonyl 13C in H2O at three different 

temperatures as a function of L-CCP looping. Starting point of buildups market with filled circles 

correspond to optimal CCP transfer at given temperature. b) Carbonyl spectra of unstructured proteins 

showing the superiority of CCP and L-CCP experiments comparing to INEPT or direct detect 13C. In 

a) for 15N/13C urea, cross-polarizations were optimized experimentally and data is acquired with the 

durations of CP1 and CP2 equal to 10 ms and 28 ms respectively, while for b) 11 ms and 53 ms were 

used. In both cases nutation field of 3500 Hz and 1250 Hz were applied. 
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significantly enhanced (>2x) when compared to the CCP acquisition –most likely because they 

originate from faster exchanging amide protons.  

Conclusions and Outlook  

This study revisited the nature of and proposed improvements for heteronuclear 

polarization transfers by J-CP, when involving rapidly exchanging protons.  The superiority of 

J-CP over INEPT-based transfers was examined, as were the optimal conditions for J-CP as a 

function of contact time and exchange rates.  Liouville-space simulations were used as starting 

point for these examinations, which showed a transition in the 1H15N polarization from an 

oscillatory to an exponential buildup, as the rate of exchange for the labile HN increased.  This 

transition, reminiscent of similar transitions observed for CP in the solid state, was not 

associated with a dramatic drop in the net 1H15N polarization transfer efficiency, which could 

still approach maximal H/N values if spin-lock relaxation times T1 remained sufficiently 

long. These numerical predictions could be accurately reproduced by an approximate analytical 

treatment, shown valid in the slow (kHW≤2J) and fast (kHW≥4J) exchange regimes. It also 

matched well experiments performed on model exchanging systems.  Additional insight was 

obtained when examining this J-CP process as a function of offset and spin-locking field, where 

it was found that J-CP’s efficiency could only be maintained for strong B1 fields, capable of 

keeping both Hwater and HN spin-locked for prolonged periods despite the chemical exchange. 

To further the efficiency of these heteronuclear transfers, schemes based on looping a module 

involving a shorter J-CP transfer followed by a chemical exchange period, were assessed. 

Because of the relative efficiency of the original 1H15N J-CP process, this looped-CP strategy 

yielded modest improvements for two-spin processes. However, more substantial 

improvements were found in triple resonance experiments based on the concatenated CP 

approach, when a 13C is viewed as the final reservoir of the solvent-derived polarization. In the 

ensuing Looped-CCP experiments, the 1H-15N spin pair acts as a sort of “conveyor” of 

polarization, between the solvent 1Hs and the 13C.  Polarization transfers in this chain are not 

trivial, as CP is not a unidirectional process, but rather a polarization exchange mechanism; as 

a result, 13C polarization only increased significantly in odd-numbered segments of the looping. 

Still, both simulations and experiments showed that L-CCP could be used for polarizing 13C to 

nearly their H/C maximal limit. For fast exchange rates (kHW>200 s-1) speeding up the decay 

of the spin-locked water magnetization and/or for a rapid relaxation of the 13C at the end point 

of the polarization transfer, however, L-CCP will not provide a substantial enhancement 
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comparing to a conventional CCP. This might be a scenario often encountered in large, well-

folded proteins –particularly if examined at high magnetic fields eliciting CSA-driven 13C 

relaxation. However, one could still exploit the fact that the 15N will still polarize efficiently 

under these conditions, and perform a combination of triple resonance CP (that polarizes 

nitrogen and partly carbon) followed by a  double resonance CP (that transfers excess nitrogen 

polarization to carbon). Even though less efficient, a CP transfer that simply involves 

consecutive HN → NH and NH → C  double resonance transfers instead of a triple resonance CP 

period involving all three species, can also provide significant enhancements –even if in 

slightly longer times (Supporting Information 5, Figure S9).20   

Additional Liouville-space simulations show that the L-CCP strategy can be used for 

facilitating the simultaneous polarization of CO and C carbons bonded to the 15N (Supporting 

Information Fig. S10). Heteronuclear-detected 2D experiments such as (H)NCO and 

(H)NCA55 could thus be feasible in a single experiment. Simulations indicate that L-CCP could 

also be beneficial for (H)N(CO)CA and (H)NCACB experiments. Considering that high proton 

and nitrogen polarizations are also obtained at the end of such looping, this could potentially 

be applied to detect various simultaneous experiments with multiple receivers.56–58 Further 

efforts are in progress to explore potential applications of these triple resonance concepts on 

different systems –particularly disordered proteins and nucleic acids involving labile, 

chemically exchanging protons. 

 

Experimental section 

Sample preparation 

15N-labeled alanine was purchased from Cambridge Isotope laboratories and prepared at 100 

mM and different pH values, ranging from 2.1 to 7. 15N Lysine was purchased from Silantes 

and was prepared at 100 mM and pH 6 in Sodium Phosphate buffer. 15N/13C Urea was 

purchased from Cambridge Isotope laboratories and was prepared at 300 mM and pH 3. All 

pH values were adjusted using concentrated HCl and NaOH. 2.2 mM sample of an unfolded 

protein fragment of Alkaline Phosphatase (PhoA) from  E. coli, and 2 mM drkN SH3, were 

prepared in 50 mM HEPES buffer at pH 7.5 with 50 mM KCl.52 Synuclein59 was prepared 

at 0.4 mM concentration in 20 mM Sodium Phosphate buffer with 150 mM NaCl at pH 7.4. 

All samples were prepared in approximately H2O:D2O (90%:10%) and sodium azide was 

added to them as an anti-microbial agent at a final concentration of 0.02–0.05% (w/v). 
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NMR experiments  

NMR experiments presented in Figures 2b, 8 and 10 were conducted on an 11.7 T (500 MHz) 

Magnex magnet (Abingdon, UK) with a Varian iNova console (Palo Alto, USA) equipped with 

a double resonance HX Varian 5 mm probe with z-gradients. Results shown in Figure 1b were 

acquired on a 23.5 T Bruker magnet (1000 MHz) with a Bruker Avance Neo console and a TCI 

cryoprobe. Data presented in Figure 5 were acquired on a 14.1 T Bruker magnet (600 MHz) 

equipped with an Avance III console and a TCI Prodigy probe. Spectra shown in Figure 6 were 

obtained on a 500 MHz Magnex magnet run by a Bruker Avance Neo using a TCI Prodigy 

probe. 

15N INEPT experiments were acquired using standard Bruker sequence ineptrd with J-

couplings set to 95 Hz and a multiplicity editing cnst11 = 6. This was used to ensure that the 

second J-evolution delay was equal to 1/(6JNH), so that all 1H signals will appear with the same 

positive in the properly phased spectrum. Triple resonance HNC INEPT experiments were 

acquired using a home-written, double-refocused INEPT sequence, where the J-evolution 

delays for HN and NC transfers were optimized for maximum signal. All cross-polarization 

experiments were obtained using custom-written sequences involving a DIPSI-228 spin-lock 

(proved to be most robust with respect to chemical exchange and offset) except for Figure 6 

and Figure 2b, where DIPSI-160 was used due to a shorter cycle that allowed us to better sample 

the experimental curves. Nutation fields of 3-4 kHz for HN transfers and 1.5 kHz for NC 

transfers were used throughout the CP experiments; these did not cause any significant sample 

heating and/or probe arcing on our RT and cryoprobes. However, in order to avoid a reduction 

in CP efficiency, nutation fields were kept to <3.5 kHz when using the Prodigy TCI probes, 

whose limiting factor is the maximum power that can be deposited on their 15N RF channel. 

Power deposition on the probe could be decreased by excluding the carbon channel from CCP’s 

first CP transfer; this provides slower buildups (when 13C is allowed to build up during first 

CP, then only 53-55ms are enough for the second 15N13C transfer instead of 1/JNC=62 ms for 

JNC=16 Hz), but the experiments ends up being nearly as efficient upon looping. To reduce the 

Hartmann-Hahn mismatches in the various processes, the power of each spin-lock field was 

varied in fine steps until the maximum signal was observed. However, it was then noticed that 

a simple nutation-frequency to power (in dB or Watt) conversion for every channel, was 

sufficient; additional fine power calibrations only yielded slight, often negligible 

improvements. In the urea-based experiments the second CP was experimentally optimized to 

28 ms, to account for this relatively complex H4N2C spin system. In the protein experiments, 
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53 ms was used as optimal mixing time. As in the simulations, the offset was always kept on 

resonance with the targeted proton, nitrogen and carbon resonances. 

 

Simulation parameters 

All Spinach simulations were performed at 298 K and 11.7 T magnetic field using 𝐽𝑁𝐻 =

90 Hz. For T1 calculations, water chemical shift was set to be at 4.7 ppm (0 Hz), labile proton 

chemical shift at 8 ppm (1650 Hz) representing HN amide or amino proton with a proton offset 

set at 1500 Hz, almost on resonance with labile protons. ω1/2π was taken as 3500 Hz 

(prolonged CP contact times are achievable with this nutation field at most room-temperature 

and cryo probes) unless otherwise indicated. Different T1, T2 and kHW values influencing T1 

were tested in simulations and indicated in figure captions. See Supporting Information 4 for a 

discussion on how the size of the water reservoir was accounted for. 
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