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A B S T R A C T   

The introduction of the exact nuclear Overhauser enhancement (eNOE) methodology to solution-state nuclear 
magnetic resonance (NMR) spectroscopy results in tighter distance restraints from NOEs than in convention 
analysis. These improved restraints allow for higher resolution in structure calculation and even the disentan
glement of different conformations of macromolecules. While initial work primarily focused on technical 
development of the eNOE, structural studies aimed at the elucidation of spatial sampling in proteins and nucleic 
acids were published in parallel prior to 2018. The period of 2018–2022 saw a continued series of technical 
innovation, but also major applications addressing biological questions. Here, we review both aspects, covering 
topics from the implementation of non-uniform sampling of NOESY buildups, novel pulse sequences, adaption of 
the eNOE to solid-state NMR, advances in eNOE data analysis, and innovations in structural ensemble calcula
tion, to applications to protein, RNA, and DNA structure elucidation.   

1. Introduction 

The implementation of the Nuclear Overhauser Effect or Enhance
ment (NOE) to study biological molecules revolutionized our under
standing of molecular structures [1]. The NOE, initially applied to 
uncover the structural elements of small molecules [2–5], evolved in the 
1970s to characterize molecular distances and ligand-binding [4,6,7]. 

NMR methods to detect biomolecular motion advanced in parallel. 
Now widely appreciated to sample conformations over a range of 
timescales [8,9], dynamic biomolecular conformations may go unde
tected by X-ray crystallography and cryo-EM [10]. 

[10]. Indeed, the seminal X-ray crystal structure of the oxygen 
storage protein myoglobin in 1958 [11] was followed by recognition 
that the mechanism of the heme prosthetic group binding and unbinding 
oxygen is occluded in the static depiction [12,13]. NMR, however, is 
particularly suited to assess both the structure and dynamics of bio
molecules tumbling freely and at near-physiologic conditions [14,15]. 
The detection of dynamics in globular proteins by NMR as a complement 
to X-ray crystal structures [16–18] began with the characterization of 
aromatic ring flips [19–21], and evolved to capture secondary and ter
tiary structural dynamics on a range of timescales [8,9]. 

The mid-1980 s to 1990 s saw the elucidation of protein structures 
relying on semi-quantitative NOE-derived distance restraints [22], first 
using the 2D homonuclear NOE Spectroscopy (NOESY) [23–25]and 

subsequently 3D and 4D NOESY [26,27]. 
From there, NOE advancements continued to narrow the gap be

tween the characterization of structure and dynamics. First attempts to 
interpret NOEs using multiple conformations were reported for a 
β-hairpin forming linear peptide in the mid- to late-1990 s [28]. Con
ventional NOEs typically convey a single structure, representing an 
average of the multiple states or conformations a molecule occupies. The 
advent of the exact NOE (eNOE), a quantitative approach to the NOE, 
significantly improves structural resolution and multi-state structure 
calculations, adding to the repertoire of NMR experiments capturing 
biomolecular structure and dynamics. The most recent eNOE review 
covered advancements into 2018 and focused on the elucidation of large 
protein and RNA conformational ensembles via eNOE measurements 
[29]. Here, we summarize eNOE theory and explain the advantages of 
the eNOE over the conventional NOE in structure calculation in Section 
2. We then summarize recent technical advances, reviewing topics from 
the implementation of non-uniform sampling and novel pulse se
quences, adaption to solid-state NMR, and innovations in data analysis 
and structural ensemble calculation in Section 3. Biological applications 
to nucleic acid and protein structure elucidation are discussed in Section 
4. 
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2. eNOE protocol and advantages over conventional NOE 

The eNOE protocol enables calculation of the distance between two 
spins in a molecule within 0.1 Å accuracy given favorable conditions 
[30,31]. A time- and ensemble-averaged quantity, eNOE measurements 
enable the resolution of spatial sampling through multi-state structure 
calculations [32,33]. Highly accurate protein and RNA structure calcu
lations based on eNOEs alone are comparable to using conventional 
NOEs with added restraints from J couplings and residual dipolar cou
plings (RDCs) [34–36]. 

The advantage of the eNOE over the conventional NOE arises from 
two main differences in the protocol: a measurement approach using a 
NOESY buildup series and spin diffusion correction. To understand the 
gain of the eNOE over the conventional NOE, an overview of NOE theory 
and drawbacks of the conventional NOE in structure calculation will 
first be discussed, followed by a deeper discussion of the eNOE theory 
and protocol. Of note to the inquisitive reader, NOE theory and ad
vancements are well-reviewed in the literature [37–39]. 

2.1. NOE theory and challenges in conventional NOE structure 
calculation 

The NOE was originally described as the enhanced polarization of a 
nuclear spin, driven by saturation of electron spin resonance, as directly 
in proportion to the ratio of the nuclear and electron gyromagnetic ra
tios. Theoretically proposed by Albert Overhauser in 1953 as pertinent 
to the nuclei of metal with saturated electrons [40], the NOE was 
experimentally demonstrated in metals that same year by Carver and 
Slichter [41]. The Solomon equations, published in 1955, expanded the 
NOE interaction to nuclear spin–spin couplings [42]. The 25-year span 
between the innovation of the Solomon equations and the 2D NOESY 
pulse sequence for measurement of the transient NOE in 1979 [43–45] 
included the first study of small molecule dynamics in 1965 [5] and 
small molecule-protein binding and conformations in 1972 by 1D 
steady-state NOE measurements [6,7]. 

NOE measurements in macromolecules depend on the 2D NOESY 
pulse sequence as the basic building block (Fig. 1A) [44,45]. Comprised 
of three 90◦ pulses, a t1 evolution period follows the first 90◦ pulse, 

Fig. 1. Schematic of the eNOE protocol. A) 
The 2D NOESY pulse sequence: an initial 90◦

pulse is followed by t1 evolution period, a 
second 90◦ pulse is followed by the variable 
τmix mixing time, and a final 90◦ pulse is 
followed by the t2 detection period. B) A 
schematic of coupled spins in the NOESY 
buildup series. Diagonal peak intensities 
decay (orange) and cross-peak intensities 
buildup (green) with increasing mixing times. 
C) The Solomon equations for a two-spin 
system are used to analyze NOESY experi
ments. The relation between coupled spins is 
depicted with intensity (I) and relaxation (R) 
matrices. Diagonal peaks are circled in orange 
and cross peaks in green. D) The diagonal 
peak intensity decay with increasing mixing 
times is fit to a mono-exponential curve (top). 
The extracted auto-relaxation rate (ρ) and 
initial intensity I0 at zero τmix are used to 
solve for the cross-relaxation rate (σ) (bot
tom) using the two-spin system calculation. 
The cross-peak buildup is corrected for spin 
diffusion, using a previously solved or con
ventional NOE structure to correct peak in
tensities, in an iterative process. The σ rate is 
then converted to an exact distance for use in 
structure calculation. E) Schematic of eNOE 
distance restraints (purple) mapped onto the 
high-resolution structure of the UUCG tetra
loop (PDB: 6by4). (For interpretation of the 
references to colour in this figure legend, the 
reader is referred to the web version of this 
article.)   
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during which magnetization in the transverse plane is labeled by its 
chemical shift. Then, a mixing period, usually referred to as τmix, follows 
the second 90◦ pulse, where longitudinal magnetization experiences 
cross relaxation. Data acquisition follows the third 90◦ pulse, where 
transverse magnetization is observed as a function of t2 delay time [45]. 

The τmix mixing period allows for cross relaxation, or polarization 
transfer between spin-active nuclei in a molecule. The NOE cross- 
relaxation rate, σ, is related to the distance, r, between spins by the 
proportionality σ ∝ r-6 [41]. Analysis of NOE experimental data relies on 
the Solomon equations for the two-spin system (Fig. 1C), which describe 
the relation of diagonal- and cross-peak intensity (Id and Ic, respectively) 
as a function of time t to the auto- and cross-relaxation rates (ρ and σ, 
respectively, and more broadly R) between coupled spins [42]: 

I(t) = I(0)e−Rt (1.0) 

where I and R are the peak intensity and relaxation matrices. 
Equation (1.0) can be readily understood by writing out I and R for the 
two-spin system to show the relation between spin 1 and spin 2: 
[

Id
1 Ic

12

Ic
21 Id

2

]

(t) =

[
Id

1 (0) 0
0 Id

2 (0)
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(1.1) 

In practice, there are many more than two spins interacting in a 
molecule. Expansion of the two-spin system in matrix representation to a 
macromolecular spin system, with hundreds to thousands of spins, il
lustrates the challenge of spin diffusion, indirect magnetization transfer 
from neighboring spins, in NOE analysis [46–48]. Equation (1.2) depicts 
a third spin affecting the relation between spin 1 and spin 2 via coupling 
of σ13 and σ23: 
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In addition to neglecting spin diffusion, another disadvantage of 
conventional NOE structure calculation is the use of generously esti
mated upper-limit distance restraints rather than exact distances, and no 
lower-limit distance restraints. This protocol was introduced in the 
1980 s due to low spectrometer sensitivity and resulted in loose distance 
restraints [37,49]. 

2.2. Principles of the eNOE method 

The eNOE protocol begins with the NOESY buildup, measured by a 
series of NOESY experiments conducted at increasing τmix mixing times 
(Fig. 1B) [49]. The application of a buildup series to protein and nucleic 
acid NOESY experiments is unique to the eNOE method [1]. The 
maximum τmix is specifically chosen for each molecule to minimize spin 
diffusion, and is inversely proportional to the tumbling time, τc, of the 
molecule. That is, the greater τc the lower the maximum τmix. This 
translates to a theoretical maximum τmix mixing time of 2.5 × 10−10 

s2 τc
−1 for proteins and 4 × 10−10s2 τc

−1 for RNA [30,36]. 
The change in NOE peak intensities with increasing τmix mixing times 

provides the information needed to calculate exact distance restraints. 
The diagonal peak intensity as a function of increasing τmix requires 
fitting to an exponential decay curve, a close approximation to the exact 
solution, to obtain the auto-relaxation rate (ρ) and initial intensity I0 
(Fig. 1D, top) [30]: 

Iii(t)
Iii(0)

= e−ρi t (2.0) 

The extracted ρ and I0 values are inserted into the two-spin system 
description of the diagonal peak intensity in equation (2.1) at each 
mixing time t to fit the cross-relaxation rate (σ) (Fig. 1D, bottom) [50]: 
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Iii(0)

= −
σij
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(
e−λ− t − e−λ+ t) (2.1) 
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To account for spin diffusion, the spin diffusion correction factor, p, 
is calculated as the ratio of the peak intensities in the full spin matrix and 
two-spin simulation. p is then used to scale the measured buildup in
tensities Iapp,using equation 3.0 [15]: 

Iij(t) = pij(t)Iapp
ij (t) (3) 

The simulations are conducted with a known structure of the highest 
possible resolution (Fig. 1E) [51]. Initially, any kind of structure may be 
used, but once an initial eNOE structure is obtained it can be used for 
further refinement. In this way, the eNOE protocol is an iterative pro
cess, where the resultant structure is used to improve subsequent 
structure calculations. The corrected intensity I is applied to equation 
(1.0). 

The resultant buildup curves are empirically inspected for adequate 
fit to the intensity data or alternatively, the residuals or a correlation 
coefficient may be used. The cross-relaxation rate (σ) is then converted 
to an effective distance (rij

eff), a single value that absorbs motional effects, 
using equation 4.0 [30]: 

reff
ij =

((μ0

4π

)2 γ4ħ2

10
τc

σij

)1/6

=

(

56.94
τc/ns

σij/s−1

)1/6

(4) 

In practice, there are sources of error originating from different 
magnetization pathways during the pulse sequence. To prevent over- 
restraining of distances in structure calculations, the following toler
ances are given: if the evaluated cross-peak buildup rates are bidirec
tional, meaning normalized to both diagonals and providing both σij and 
σji, the upper and lower distance limits are set to rij

eff for structure 
calculation. In that case, the two individually obtained cross-relaxation 
rates σij and σji are used to form a geometric mean. If the rates are 
unidirectional, meaning only one cross-peak buildup can be evaluated, 
commonly due to spectral overlap of a pertinent diagonal peak, the 
upper and lower distance limits are given tabulated limits (either +/ −

20 % or using the values listed in Strotz et al. [52]). In cases where 
neither diagonal is usable to normalize the buildups, a generic 
normalized NOE can be extracted from the cross-peak buildup using 
averaged auto-relaxation rate (ρ) and upper limit intensity(I0upper) values, 
providing an upper limit distance restraint which does not violate the 
true distance [53]. 

3. Technical advancements of the eNOE 

Since the last eNOE review in 2018 [54], there have been consid
erable technical advancements to the eNOE, including pulse sequence 
innovations to improve assignment and spectral quality, adapting the 
eNOE protocol to proton-detected solid-state NMR and addressing 
NOESY buildup measurement time. Integration of eNOE analysis into 
Bruker Dynamics Center software has expanded accessibility. Further, 
the eNOE has proved a reliable benchmark in assessing spatial samplings 
and an integral tool in novel methods to elucidate molecular motion. 
The following section details these recent advancements. 

3.1. Novel pulse sequences 

A quantitative approach, the eNOE method is particularly dependent 
on pulse sequences with the highest possible signal-to-noise ratio, 
minimal peak overlap and magnetization transfer depending exclusively 
on dipole–dipole cross relaxation. Several developments have improved 
these aspects of eNOE recording. 
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3.1.1. EASY-ROESY for congested spectral regions of medium-sized 
constructs 

The ROESY experiment, short for Rotating frame Overhauser Effect 
Spectroscopy, is like the NOESY in that it probes dipole–dipole driven 
magnetization transfer between nearby protons. However, the cross 
relaxation occurs between spins that are spin locked in the transverse 
plane, relaying a different dependence on the spectral density functions. 
ROESY is preferably applied to small constructs, as it avoids the near 
cancellation of cross relaxation in NOESY when ωoτc ≈ 1 (ω0 is the 
Larmor frequency). In contrast to NOESY, ROESY has unwanted J- 
coupling driven TOCSY transfer. This is particularly unfortunate when 
the cross-relaxation rate is quantified in an exact way (‘eROE’). The 
EASY-ROESY improves on the quantification and TOCSY suppression of 
the ROESY using two bracketed, off-resonance adiabatic spin locks [55]. 
Ilgen and coauthors introduce further improvements to the EASY- 
ROESY experiment; most notably, pure shift homonuclear decoupling 
is introduced in the indirect dimension to reduce signal overlap, and 
gradient selected F1-PSYCHE-EASY-ROESY to reduce t1 noise 
[47,48,56]. A drawback of these implementations is the loss of longer 
distance cross peaks, which may be pushed under the noise level. To 
address this, Ilgen and coauthors implement gradient selected F1-per
fectBASH-EASY-ROESY, enhancing sensitivity, yielding new cross peaks 
at higher mixing times, and allowing for the quantification of cross 
relaxation [47]. 

3.1.2. 3D HETMAT for labile proton assignment of nucleic acids 
The introduction of a new 3D heteronuclear magnetization transfer 

(HETMAT) pulse sequence for the assignment of labile protons is of 
particular benefit with larger RNA. The nucleic acid NOESY is chal
lenged by low cross-peak signal to noise and poor observation of imino 
peaks resultant from solvent exchange [57,58]. A pseudo 3D HSQC 
NOESY, the HETMAT pulse sequence employs selective longitudinal 
cross polarization specific for 1H-15N frequency pairs in 15N labeled 
samples, along with cross-peak enhancement through repeated τmix 
mixing periods and water suppression [59]. This results in signal 
enhancement by a factor of two to five compared to the 2D NOESY. 

This method is not suited to yield the many hundreds of eNOEs 
required for a structure calculation. However, it may be attractive to 
interrogate specific interproton distances when the proton and bound 
15N chemical shifts are known. Cross-peak buildups could then be 
normalized in the same way as generic normalized NOE [53] to obtain 
upper distance limits. 

3.1.3. Super resolution NOESY for large biomolecules 
Large biomolecules present a challenge to NOE structure calculation 

through an increased number of spin resonances and tumbling time (τc), 
causing broadened resonances and hindering resolution. The super 
resolution pulse sequence increments the NOESY t1 evolution period 
simultaneously with the τmix mixing period [60]: 

τmix =
∑N

i=0
aiti

1 (5) 

In a conventional NOESY experiment, τmix is independent of the t1 
evolution period, so N = 0 and a0 = τmix. The super resolution NOESY 
creates a dependency of τmix on t1, which can be linear, where N = 1, or 
quadratic, where N = 2. At shorter τmix, spin diffusion is minimized, 
while lengthening τmix allows for NOE buildups and the accurate 
determination of NOE distances. This approach results in average cross- 
peak linewidth reductions of 16–32 % and corresponding enhanced 
resolution, enabling the resolution of cross peaks that were not observed 
in a conventional NOESY experiment. 

While cross-peaks linewidths are generally reduced, diagonal peaks 
are typically broader. How these modifications to peak intensity impact 
exact distance extraction remains to be investigated. 

3.2. Exact distance restraints from solid-state NMR 

Grohe and coauthors adapt the eNOE framework to proton-detected 
solid-state NMR to improve the accuracy of distance restraints used in 
determination of protein structure [61]. The authors use a deuterated, 
15N- and 13C-labeled α-spectrin SH3 domain to measure homonuclear 
dipole–dipole magnetization transfer with a 3D 15N-edited radio 
frequency-driven recoupling (RFDR) pulse scheme (H-RFDR-hNH). As 
with solution-state NOEs, the accuracy of extracted solid-state proton- 
proton distances is impeded by several factors, including site-specific 
magnetization loss during mixing and spin diffusion. Using an eRFDR 
processing protocol like that of the solution-state eNOE, Grohe and co
authors compensate for reduced differential transfer efficiency during 
correlation by normalizing cross-peak intensity to the diagonal peak 
intensity at I0 (see Equation (1.0)). They account for magnetization loss 
by correcting cross-peak buildups using a fixed, diagonal decay rate, and 
offset spin diffusion using correction factors based on transfer matrix 
simulations. eRFDR distance restraints result in more accurate structure 
calculation than conventional RFDR calculation, and reduce the back
bone structure RMSD from 2.40 Å to 0.56 Å as applied to the SH3 
domain (Fig. 2A and 2B) [61]. 

3.3. Non-uniform sampling 

As explained in Section 2, the eNOE protocol relies on the 

Fig. 2. The eRFDR approach improves the 
accuracy of structure calculation from solid- 
state NMR. A) Structural ensemble of the 10 
lowest-energy models, calculated using con
ventional upper-distance restraints. B) Struc
ture calculation of the lowest energy models 
calculated with 30 bidirectional, 35 unidirec
tional, and 47 conventional upper-distance 
eRFDR restraints. With permission from Chem 
Commun., 55, Grohe et al., Exact distance mea
surements for structure and dynamics in solid 
proteins by fast-magic-angle-spinning NMR, 
Copyright Royal Society of Chemistry (2019).   
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measurement of a buildup series of NOESY spectra. While a 2D [1H–1H] 
buildup series may require just a few days, a 3D [13C;15N]-resolved 
buildup series may take upwards of 10 days, a prohibitive time 
constraint. Nichols and coauthors implement a Poisson gap non-uniform 
sampling (NUS) scheme to reduce measurement time by sampling a 
subset of points in the indirect dimensions, applicable to spectra at all 
mixing times in context of the NOESY buildup once an assignment is 

completed from a linearly sampled spectrum [62]. 
The authors determine optimal NUS sampling percentages for a 

reliable reconstruction using eNOE yield and the quality of extracted 
distances. The authors test 3D NOESY spectra using the full-length, 163- 
residue Pin1 protein and the 34-residue WW domain of Pin1, and 2D 
NOESY using the 14-nucleotide UUCG tetraloop RNA. The quality of 
extracted distances is conserved to 10 % sampling in all cases. However, 

Fig. 3. Effect of NUS sparsity on eNOE 
yield and guidelines for successful eNOE 
analysis. A) Sparsity fraction (ε) versus 
NUS percent sampled for 3D NOESY 
measurement. The cases of the full- 
length Pin1 construct and WW domain 
are indicated. Values right of the curve 
indicate good reconstruction. B) Sparsity 
fraction (ε) versus NUS percent sampled 
for 2D NOESY measurement; the 14-mer 
UUCG tetraloop RNA is indicated. With 
permission from J. Biomol. NMR, 74, 
Nichols et al., Reducing the measurement 
time of exact NOEs by non-uniform sam
pling, Copyright Springer Nature (2020).   

Fig. 4. The eNOE analysis integrated in 
the Bruker Dynamics Center interface. 
A) Screenshot of the Dynamics Center 
main window. A spectrum, zoomed into 
a region of cross peaks and diagonals. B) 
eNOE buildup curve with mixing times 
on the x-axis. Raw values (black circles) 
and spin diffusion adjusted values (red 
crosses). C) The Snap Failure 
Table displays a list of buildup curves, 
detailing the peaks missing at each 
mixing time. D) Structure model panel 
showing Cα, Hα, and Hβ3 atoms high
lighted in purple. The eNOE of interest is 
highlighted in purple. Atoms within a 6 
Å radius potentially contributing to spin 
diffusion are depicted in red. (For 
interpretation of the references to colour 
in this figure legend, the reader is 
referred to the web version of this 
article.)   
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decreased eNOE yield results in compromised structures and practically 
sets the NUS reconstruction cutoff to 40 % for the full Pin1, 20 % for the 
WW domain, and 10 % for the UUCG tetraloop. These findings are 
theoretically rationalized and generalized by applying the sparsity 
fraction ε as the measure of reconstruction success (Fig. 3Aand 3B): 

ε =
k
N

(6) 

where k is the degrees of freedom determined by the number of 
indirection dimensions in the spectrum (5x or 3x the number of peaks in 
the indirect dimensions for 3D and 2D, respectively) and N the number 
of points measured in the linear sampling case. Given a typical scenario, 
50 % NUS provides a safe cutoff. 

Wieske and Erdélyi [63] evaluate the effect of Poisson gap and 
random-shuffle NUS schemes on both 2D NOESY buildups and 

Fig. 5. Stereospecific resonance assign
ment from combined eNOEs and J cou
plings. The residue-specific circle plots 
depict χ1 angles. The angle distributions 
are highly varied in structures calculated 
using eNOEs and JHα-Hβ couplings 
(black) and are significantly narrowed 
upon stereospecific assignment of 
methylene protons (red). Published in 
Magnetochemistry, 4, Born et al., Efficient 
stereospecific Hβ2/3 NMR assignment 
strategy for mid-size proteins, Copyright 
MDPI (2018). (For interpretation of the 
references to colour in this figure 
legend, the reader is referred to the web 
version of this article.)   

Fig. 6. eNOEs as a benchmark for assess
ing spatial samplings in protein and RNA. 
A) Graphic depicting complementary ex
periments sensitive to dynamics; MD sim
ulations (left), NMR relaxation (middle), 
and multi-state eNOE structure calculation 
(right). Published in Structure, 28, Grohe 
et al., Protein Motional Details Revealed by 
Complementary Structural Biology Tech
niques, Copyright Elsevier (2020).B) Con
formations of consensus state A (left) and 
the base flip, alternate state B of the UUCG 
tetraloop RNA (center); histogram of the 
populations of states A and B, based on the 
nucleic acid-specific distance metric 
eRMSD from native (right). The original 
MD simulation (orange) compared to the 
eNOE-refined ensemble (MD + set A, blue). 
Population distribution is on the vertical 
axis. Vertical dashed line shows separation 
between states A and B. Shadows show 
standard error. With permission from Nucleic 
Acids Res., 48, Bottaro et al., Integrating 
NMR and simulations reveals motions in the 
UUCG tetraloopniques, Copyright Oxford 
University Press (2020). (For interpretation 
of the references to colour in this figure 
legend, the reader is referred to the web 
version of this article.)   
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standalone 2D NOESY spectra of small molecules. They acquired spectra 
in 25 % NUS sampling increments, resulting in progressively reduced 
accuracy of experimentally derived internuclear distances (using the 
linear buildup approximation) with decreased sampling. The authors 
report a Lin’s concordance coefficient (rc) assessment of buildup curve 
reproducibility dropping from 0.95 for uniformly sampled buildup data 
at all experimental distances to 0.75 for 75 %, 0.68 for 50 %, and 0.35 
for 25 % random-shuffle sampling with modified iterative thresholding 
(MIST) reconstruction. In agreement with Nichols and coauthors [62], 
weak NOE intensities are more severely affected than strong NOEs [63]. 

3.4. Integration of eNOE analysis in Bruker dynamics Center software 

An eNOE protocol is now integrated into the Bruker Dynamics Center 
software1 (Fig. 4A). The user can assign a NOESY spectrum (the spec
trum with the longest τmix is recommended) within the Bruker software 
or import an assignment from a preferred software. The buildup series is 
then analyzed to obtain cross-relaxation σ rates, which are corrected for 
spin diffusion using a prior PDB structure (Fig. 4B). The obtained σ rates 
are converted to distances, complete with fitting parameters, for export 
in the users’ preferred structure calculation program. Notably, the 
software is interactive, allowing the user to visualize and highlight 
proton-proton couplings in graphical data representations and the PDB 
simultaneously (Fig. 4C and 4D). 

3.5. Improved stereospecific assignments with eNOEs 

Methylene proton assignment is often obtained with a combination 
of three-bond Hα–Hβ J couplings and NOEs [37]. It was previously 
demonstrated that eNOEs are superior to conventional NOEs in stereo
specific methylene assignment of a small, 56 residue protein [64]. Born 
and coauthors [65] improve the stereospecific assignment of methylene 
Hβ2 and Hβ3 protons through a modification of the 3D HACAHB-COSY 
pulse sequence [66], combined with eNOEs. 

Using the Pin1 construct in a structure calculation, the authors report 
the contribution of conventional NOEs, eNOEs and 3JHα–Hβ couplings in 
stereospecific assignment of methylene protons. While conventional 
NOEs and 3JHα–Hβ couplings combined yield 66 stereospecific methylene 
proton assignments, conventional NOEs alone provide no assignments. 
Replacing conventional NOEs with eNOEs in combination with 3JHα–Hβ 
couplings yields 114 assignments. eNOEs alone define stereochemistry 
at most assigned methylene protons, a significant improvement 
amounting to 45 % assignment of methylene protons. Further, χ1 dihe
dral angle distributions (Fig. 5) are narrowed in structure calculations 
using stereospecific assignment in combination with eNOEs and 3JHα–Hβ 
couplings versus without stereospecific assignment. 

3.6. eNOEs as a benchmark in spatial samplings 

3.6.1. Spatial sampling of proteins 
The eNOE protocol outputs static structural ensembles describing 

motion through all-atom distributions. Grohe and coauthors compare 
protein motion information from eNOE ensembles to unbiased 

Fig. 7. Different NMR probes used to reveal 
inter- and intradomain dynamics highlighted 
in compact and extended states of Pin1. A) 
eNOE distances and interdomain NOEs are 
mapped in gray and green, respectively, on the 
crystal structure of the compact state of Pin1 
(PDB: 1pin). PPIase domain in blue and WW 
domain in orange. B) DEER and PRE (arising 
from mutant S98C) restraints are mapped in 
black and gray, respectively, on an NMR 
structure of Pin1 in the extended state (PDB: 
1nmv). Reprinted with permission from J. Am. 
Chem. Soc., 143, Born et al., Reconstruction of 
Coupled Intra- And Interdomain Protein Motion 
from Nuclear and Electron Magnetic Resonance. 
Copyright 2021 American Chemical Society. (For 
interpretation of the references to colour in 
this figure legend, the reader is referred to the 
web version of this article.)   

Fig. 8. The DNAzyme compact core locks in substrate RNA. A) Ab-initio NMR structure of the precatalytic Dz5C–RNA2ʹF complex. The DNA is shown in red and the 
RNA in grey, respectively. B) The precatalytic complex depicts a winding of the catalytic loop around substrate RNA. With permission from Nature, 601, Borggräfe et al., 
Time-resolved structural analysis of an RNA-cleaving DNA catalyst, Copyright Springer Nature (2022). (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 

1 Version 2.8.1 is available at: https://www.bruker.com/de/products-and- 
solutions/mr/nmr-software/dynamics-center.html. 
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molecular dynamics (MD) simulations, solution- and solid-state NMR 
relaxation data, and MD simulations incorporating eNOE bias potentials 
(Fig. 6A) [46]. Importantly, these techniques are orthogonal and detect 
motion on different timescales, with varied range of distance and 
applied to all atoms or only the backbone. Yet, the distinct techniques 
independently confirm the identified protein structural dynamics and 
further, prove complimentary to one another by alleviating shortcom
ings. For example, concerns about the accuracy of MD simulations are 
mitigated in combination with experimental NMR restraints [67,68], 
while MD simulations afford a global energy expression of protein dy
namics in combination with the eNOE, which imparts local distance 
information [46]. 

Beyond complementarity, eNOEs serve as a reliable benchmark in 
spatial samplings. Similar to Grohe and coauthors’ independent confir
mation of measured cross-relaxation rates [46], Kuprov and coauthors 
apply NOE proton-proton cross-relaxation rates as a benchmark to assess 
the accuracy of MD trajectories in the creation of the Spinach software to 
convert MD trajectory data to a relaxation superoperator [69]. Vasile 
and Tiana develop a method to account for spin diffusion in flexible 
molecule conformation ensembles, relying on NOE intensities obtained 
from a complete relaxation solution as input in MD simulations to 
sample molecular conformations at maximum entropy [70]. 

3.6.2. Spatial sampling of nucleic acids 
NMR of nucleic acids has its own set of challenges compared to 

proteins. The proton density is lower, limiting the efficacy of interproton 
restraints [71,72], and RDC and J coupling measurements are more 
challenging to obtain [54]. Further, spin labeling is expensive, and MD 
force fields are less established for nucleic acids than for proteins. As a 
result, nucleic acid structure calculations may rely on several methods to 
approximate conformation [73]. 

The 2018 eNOE structure of the UUCG tetraloop RNA construct [36], 

discussed thoroughly in a prior review [29], demonstrates a high- 
resolution structure may be achieved with NOESY experiments alone, 
as compared to the effort enacted in prior calculations of the same, well- 
characterized structure using a combined conventional NOEs, RDCs and 
J coupling measurement approach [74,75]. While the 2018 effort yiel
ded a multi-state eNOE structure of RNA, the UUCG tetraloop is a 
relatively static model construct. To demonstrate internal motions ab
sent extensive relaxation data, MD simulations may be used. 

In a comparison of UUCG tetraloop eNOE versus conventional NOE 
distance restraints as supplements in AMBER structure refinements, 
eNOEs result in more accurate RDC-based statistics [54]. Alternate 
states can further be characterized with MD simulations alongside eNOE 
experimental restraints. MD simulations of nucleic acids are compara
tively less established than protein MD simulations, and Bottaro and 
coauthors report eNOEs can serve as a benchmark to validate MD sim
ulations [76]. The eNOE UUCG tetraloop data was used alongside MD 
simulations to reveal a low populated, base flip alternate state (Fig. 6B). 
In this approach, eNOEs were used to reweight a posteriori the ensemble 
generated via enhanced sampling MD simulations (Fig. 6C). The popu
lation of this minor, alternate state is almost completely retained after 
reweighting with eNOEs, and therefore consistent with experimental 
distance restraints [76]. 

3.7. eNOEs and structural ensembles 

Macromolecular motion, omnipresent in biological processes, can be 
challenging to study as many NMR dynamics methods probe exclusively 
local motional data, while structural methods traditionally elucidate 
fixed states. Recent NMR advancements contribute to the study of pro
tein allostery and other macromolecular motions, including the inte
gration of eNOEs with other magnetic resonance methods and MD 
simulations (discussed in Section 3.6). 

Fig. 9. WW domain allostery in the apo state 
and in the presence of activator and 
repressor ligands. A) The apo WW domain 
(pink) undergoes micro-millisecond ex
change between two conformations, one of 
which permits interaction with the catalytic 
PPIase domain (blue). B) The presence of 
repressor (orange) or activator (gray) ligand 
alters the allosteric propensity towards 
enhanced interaction with the PPIase or a 
clash between the domains, respectively. 
Published in Angew Chem Int Ed, Volume: 59, 
Strotz et al., Protein Allostery at Atomic Reso
lution, Copyright Wiley (2020). (For interpre
tation of the references to colour in this 
figure legend, the reader is referred to the 
web version of this article.)   
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Born and coauthors [77], establish a novel method probing the 
coupling of intra- and interdomain dynamics, and describe how changes 
to intradomain structures alter interdomain sampling, and vice versa. 
This new method of protein motional modeling combines time-averaged 
NMR and distance distribution-resolving EPR restraints: eNOEs, J cou
plings and RDCs in intradomain calculations, and paramagnetic relax
ation enhancement (PRE), RDCs and double electron–electron 
resonance (DEER) to model interdomain distributions (Fig. 7A and 7B). 
While J couplings and RDCs provide angles, eNOEs yield precise short- 
range distances and DEER and PRE, long-range distances. Of note, the 
authors detect 20 eNOE distance restraints between the two Pin1 do
mains; the original NMR structure failed to identify interdomain con
tacts [78]. Born and coauthors calculate multi-state structures, 
characterizing extended and compact states of domain arrangement 
correlated with structural ensembles of the individual domains. The 
biological applications of this work are discussed in Section 4.2. 

A drawback of NOE structure calculation, including the eNOE, is the 
omission of timescales in r-6 NOE averaging in refinement (see Equation 
4.0) [79]. This omission can be significant because, depending on the 
timescales of internal motions, the true averaging can deviate from r-6 

and therefore impact the apparent distances [80–82]. Smith and co
authors address this using their Kinetic Ensemble approach, contextu
alizing the NOE buildup series within a structural model accounting for 
the hierarchy of timescales and yielding accurate τc tumbling times [83]. 

4. The eNOE in biological systems 

The eNOE protocol is a powerful tool to elucidate the interplay be
tween structure and dynamics in proteins and nucleic acids. Following 
an initial focus on technique development, the eNOE protocol is 
increasingly applied to address biological questions. In this section, the 
two most advanced examples are discussed. 

4.1. Dnazyme complexed with RNA 

Borggräfe and coauthors apply the eNOE protocol to DNA to obtain 
the structure of a catalytic DNAzyme, the RNA-cleaving ‘10-23′ type 
DNA sequence with notable therapeutic potential [84]. The authors use 
eNOEs alongside PREs and conventional NOEs as experimental re
straints in calculating the 10–23 DNAzyme structure in complex with 
substrate RNA. To capture the DNAzyme-RNA precatalytic complex, the 
substrate RNA was modified to introduce a stabilizing 2′ fluorine at the 
rG0 guanine of the cleavage site (Fig. 8B). The experimental restraints 
are employed in a loose simulated annealing structure calculation, 
addressing proton sparsity with a combination of homology restraints 
and 19F saturation transfer. RDCs were then used to assess the proba
bility of each spatial sampling cluster prior to structural refinement. 
Borggräfe and coauthors use this structural information to define, in 
addition to the high-resolution structure, the details of the DNAzyme 
catalytic function, where a compact core locks the substrate RNA into 
place and exposes the catalytic loop (Fig. 8A). 

Fig. 10. eNOEs contribute to discernment be
tween structures of apo, repressor- and 
activator-bound PPIase domain. A) Mean two- 
state structures of the PPIase apo (yellows), 
bound to activator ligand (blues), and 
repressor ligand (reds). Structure on left is 
domain rotated 90◦, and structure on the bot
tom is rotated 180◦. Note red and blue arrows 
at points where activator and repressor-bound 
structures deviate from apo (yellow circles). 
Reprinted with permission from Born et al., 2022. 
(For interpretation of the references to colour 
in this figure legend, the reader is referred to 
the web version of this article.)   

A. Hussain et al.                                                                                                                                                                                                                                



Methods 206 (2022) 87–98

96

4.2. Pin1 allostery 

The mitotic regulator Pin1 is highly relevant in the biology of 
neurodegenerative diseases and cancer [85,86]. Comprised of two 
globular domains, a flexible linker connects the Pin1 WW and peptidyl- 
prolyl isomerase (PPIase) domains. Pin1 regulates other proteins 
through the isomerization of prolines preceded by a phosphorylated 
serine or threonine, altering the regulation of post-translational modi
fications and protein recycling and degradation [87]. The WW domain 
negatively regulates catalytic activity through contacts with the PPIase 
domain [88]. To elucidate allosteric regulation of Pin1 at the structural 
level, Strotz and coauthors [89] use eNOEs and J couplings to calculate a 
high-resolution, two-state structure of the Pin1 WW domain, with one 
state primed to interact with the PPIase domain. The authors go on to 
articulate a predictive model of ligand-mediated dynamic allostery, 
describing a coupling of the ligand binding site on the WW domain to the 
WW-PPIase interface using two ligands (Fig. 9B). Binding of the 
‘repressor’ ligand strengthens the WW-PPIase interaction by shifting the 
two-state distribution towards a compact domain arrangement. Alter
nate states of the WW domain induced by ‘activator’ ligand-binding 
clash with the PPIase domain interface, weakening the WW-PPIase 
interaction and favoring an extended domain arrangement [90]. 

Implementing their novel method described in section 3.7 [77], Born 
and coauthors detail ligand-based conformational changes in Pin1 
interdomain allostery using the full-length construct [91]. In their initial 
work, Born and coauthors determine the apo Pin1 samples a 70:30 ratio 
of compact and extended states in the absence of ligands using EPR 
(Fig. 7A and 7B) [77]. The authors subsequently employ eNOEs, J 
couplings, RDCs, PRE and DEER in two-state structure calculations to 
determine the activator ligand employed by Strotz and coauthors [89] 
stabilizes an extended conformation between the two domains with no 
interdomain contacts [91]. In addition, hydrophobic residues of the 
domain interface control the sampling of structural states. Activator 
ligand binding to the WW domain triggers conformational changes 
propagating via the interdomain interface to the PPIase catalytic site, 
while repressor ligand binding displaces a helix in the PPIase, leading to 
a repositioned PPIase catalytic loop and inhibiting PPIase function 
(Fig. 10A). 

5. Conclusion 

In this review, we highlight eNOE method advancements since the 
last review in 2018 [11], presenting a broad scope of innovations, 
including spectroscopic advances, new analysis tools and synergies with 
other experimental methods. The eNOE method has attained a maturity 
that opens the door to applications with a biological focus. We believe 
the findings presented here are just the beginning of a wide range of 
systems studied using the eNOE method. 
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[34] B. Vögeli, S. Olsson, R. Riek, P. Güntert, Complementarity and congruence between 
exact NOEs and traditional NMR probes for spatial decoding of protein dynamics, 
J. Struct. Biol. 191 (3) (2015) 306–317. 
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