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Extending the Applicability of Exact Nuclear Overhauser
Enhancements to Large Proteins and RNA

Parker J. Nichols,”™ Alexandra Born,™ Morkos A. Henen,™ ! Dean Strotz,'” Chi N. Celestine,'

Peter Giintert,’®? and Beat Vogeli*®

Distance-dependent nuclear Overhauser enhancements (NOEs)
are one of the most popular and important experimental re-
straints for calculating NMR structures. Despite this, they are
mostly employed as semiquantitative upper distance bounds,
and this discards the wealth of information that is encoded in
the cross-relaxation rate constant. Information that is lost
includes exact distances between protons and dynamics that

1. Introduction

Since the first X-ray structures of myoglobin and the DNA
double helix were first determined and proposed in 1958 and
1953, respectively, accurate determination of the 3D structures
of biomolecules has been a cornerstone in molecular biology
and biochemical research. Whereas single-state averaged struc-
tures and simple lock-and-key models have been the most
prominent paradigms for the majority of the 20th century, our
current view of biomolecules realizes the importance of
dynamics for their functions. In proteins, increasing evidence
shows the importance of concerted motions and allosteric
responses in enzymatic reactions," protein-ligand interac-
tions,*® adaptive responses,"** and the protein folding pro-
cess. Intrinsically disordered proteins are capable of adopting
many different conformations to form ternary complexes with
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occur on the sub-millisecond timescale. Our recently intro-
duced exact measurement of the NOE (eNOE) requires little ad-
ditional experimental effort relative to other NMR observables.
So far, we have used eNOEs to calculate multistate ensembles
of proteins up to approximately 150 residues. Here, we briefly
revisit eNOE methodology and present two new directions for
the use of eNOEs: applications to large proteins and RNA.

a variety of binding partners.”! In parallel, it is recognized that
conformational changes and other important functions of RNA
rely on dynamic motions that occur on the timescale of pico-
seconds to seconds.” These include secondary-structure transi-
tions that modulate RNA-ligand binding sites in response to
ligand concentration and temperature,"®'® as well as base-pair
melting, reshuffling, and isomerization that regulate RNA-pro-
tein and RNA-RNA interactions**? and catalysis in the ribo-
some and spliccosome.”**” These types of motions can be
coupled to each other to result in an overall tertiary structure
rearrangement.”® Additionally, RNA interhelical and loop
dynamics have been shown to be critical for many RNA recog-
nition processes.”¥ Thus, a full understanding of how such
biomolecules function requires not only accurate 3D models
but also a comprehensive description of their dynamics.

NMR spectroscopy is well suited to tackle such require-
ments. Whereas spin-relaxation methods can be used to char-
acterize single-site flexibility and exchange,®” NMR observables
such as nuclear Overhauser enhancements (NOEs), scalar cou-
plings, and residual dipolar couplings (RDCs), which report on
internuclear distances, torsion angles, and internuclear vector
orientations, respectively, can be used to determine the tertiary
and global structure.®>>? Whereas the application of NMR
spectroscopy to larger biomolecules is fundamentally limited
by fast transverse relaxation rates (R,) and signal overlap, sig-
nificant advances have been made that allow for measure-
ments of NMR observables in systems of increasingly larger
molecular weight. Examples include transverse relaxation-opti-
mized spectroscopy (TROSY) and cross-correlated relaxation-
enhanced polarization transfer (CRINEPT) sequences,**¥ as
well as perdeuteration, possibly in combination with selective
methyl reprotonation,*™** which have enabled binding studies
for a number of supramolecular protein complexes that are
greater than 200 kDa.®**® The size of RNA structures that can
be investigated by NMR spectroscopy has also been signifi-
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cantly increased by the implementation of isotope-labeling
strategies,”’ >  “divide-and-conquer” and “cut-and-paste”
methods,**¢" solid-state NMR spectroscopy techniques,®® and
protocols that incorporate a diverse range of structural and
biochemical data.® Such advances have pushed NMR spec-
troscopy to heights that were originally thought impossible.

With such inspiring advances, it can be easy to forget about
one of the most long-standing and informative NMR observa-
bles, the nuclear Overhauser enhancement. Conventional NOEs
are mostly employed as semiquantitative upper distance re-
straint limits, or in the case of the before-mentioned supra-
molecular complexes, as a tool to confirm assignments of
methyl groups.®* %! Although useful, there is significant room
for improvement. We previously reported on the theory and
use of exact nuclear Overhauser enhancements (eNOEs) for the
determination of distances in Ubiquitin and GB3 of up to 5 A
with only 0.1 A error®®! The unprecedented accuracy of
eNOEs allows for high-resolution structures to be calculated
from eNOEs alone.*®® |n cases for which dense eNOE net-
works can be acquired, multistate structure calculations can be
performed that capture spatial fluctuations that would other-
wise be missed by conventional NOEs.*®7%7 |n addition, we
showed that eNOEs contain similar and complementary infor-
mation to both J couplings and RDCs."? So far, we have only
used eNOEs to calculate multistate ensembles of proteins up
to about 150 resides.”>”* Currently, we are testing new direc-
tions for the applications of eNOE methodology.

Exploiting the exceptional accuracy of eNOEs, we investigat-
ed their usefulness as a tool to determine distances within
supramolecular complexes and to help define RNA molecules
for which a lack of chemical-shift diversity and NOE density
makes defining structures problematic.”” To this end, we re-
cently applied our eNOE protocol to determine inter-methyl
distances in the 360 kDa proteasome® as well as the 14-mer
UUCG RNA tetraloop.”” Here, we briefly review the eNOE pro-
tocol and then discuss these most recent advances.

60,61

1.1. What is the difference between NOEs and eNOEs?

Although the NOE rate constant is proportional to the inverse
sixth power of the distance between two dipolar interacting
spins (r °),”® NOEs are mostly employed as semiquantitative
upper distance limit restraints instead of exact averaged
values.”™ This practice has resulted from the difficulty in con-
verting NOEs into exact distances for large biomolecules.”
Specifically, extracting accurate NOE cross-relaxation rate con-
stants (o) is hampered by interfering mechanisms throughout
the pulse sequence® but mainly by spin diffusion that is re-
layed by neighboring spins.”®®" We introduced a formalism
that is able to correct for these issues,® allowing for the con-
version of ¢ rates into an almost exact distance between the
two atoms in question (exact NOEs or eNOEs). The formalism is
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2. Step-by-Step Guide for Extracting eNOEs

2.1. Acquiring a NOESY buildup series

We developed an easy-to-implement protocol for the extrac-
tion of eNOEs from any system of interest. The first step of the
protocol is to measure either a 2D or 3D NOESY buildup series
(Figure 1, step 1). For the 3D case, we usually use a NOESY
HSQC pulse sequence with simultaneous evolution of "N and
3C® (for application to large systems, we recommend 3D
HMQC NOESY HMQC, see Section 3.1.). Theoretically, only two
mixing times are required; however, to achieve high-quality
fits of the data and to improve accuracy, we recommend at
least four. All mixing time points within the series must be
measured during the same measurement session, and we rec-
ommend that the order be randomized in the case of time-
dependent sample changes. Assuming an inverse relationship
between the maximal mixing time and the overall rotational
correlation time (z.), we derived theoretical optimal upper limit
mixing times of approximately 2.5x10° ' and 4x 10 '°s?z."'
for proteins and RNA, respectively.””®? NOESY mixing periods
beyond these values will incur relatively large errors in the ex-
tracted o values owing to increasing spin diffusion; however,
longer mixing times are used for assignment purposes. After
acquiring the buildup series, we assign the signals in the spec-
tra from the longest NOESY mixing time and exclude over-
lapped diagonal and crosspeaks, although cross-peak buildups
with overlapped diagonals can still be used in the form of
generically normalized eNOEs (gn-eNOEs),®* as described later.
The intensities for the cross and diagonal peaks are then ex-
tracted for the entire series of mixing times by using the nlinLS
script within NMRPipe® or a similar script of choice.

2.2, Fitting the buildups

The intensities from the cross and diagonal peaks are then
fitted to monoexponential buildup and decay curves by using
the eNORA2® package, which has been implemented into the
most recent version of CYANA®# (note that the stand-alone
eNORA2 package coded in MATLAB is available for download
but cannot handle RNA molecules). eNORA2 fits diagonal peak
decays as a function of the mixing time to determine both the
autorelaxation rate constant (p) as well as the initial magneti-
zation at zero mixing time [AM(0)]. In parallel, spin-diffusion
corrections are calculated from a previously determined NMR
ensemble or X-ray structure and applied to the intensities of
the cross-peak buildup curves. Note that if no structure is avail-
able, a preliminary structure by using conventional NOEs will
need to be calculated first. This structure may then be used as
an input for spin-diffusion treatment in eNOE distance determi-
nation.

There are two methods that can be used to calculate spin

complex and was thoroughly described previously,®*®' so we  diffusion: the full-matrix approach and the three-spin ap-
will not review it here. proach.®>® For most applications, the full-matrix approach is
superior, because the magnetization transfer pathways be-
tween all spins are considered simultaneously. The three-spin
ChemBioChem 2018, 19, 1695 - 1701 www.chembiochem.org 1696 © 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. The eNOE protocol. The cross-relaxation rate (o) between two dipolar interacting spins increases as a function of the mixing time (z,,,) and is pro-
portional to r° (step 1). Acquiring a NOESY buildup series allows for the autorelaxation rates (o) and initial magnetizations [AM(0)] to be fitted (step 2). These
can then be used in combination with spin-diffusion corrections to fit accurate o rates (step 2). Once erroneous fits are removed by visual inspection of the
plotted p and o rates, o can be converted into exact internuclear distances through its proportionality to r® (step 3). After adding a user-defined error to the
effective distances derived from unidirectional and generically normalized eNOEs, the eNOE distance restraints can be used as input for structure calculations
(step 4). We recommend an error of 20% for proteins and 10% for RNA; however, the applied error is case dependent. If the input structure for spin-diffusion
calculations is not of exceptional quality, the newly acquired eNOE structure can be used as the input for spin-diffusion corrections in an iterative process
(step 5). In cases for which robust eNOE networks can be acquired, multistate structure calculations can be performed in CYANA.

approach is well-suited for partially deuterated biomole-
cules.®?

eNORA2 will then proceed to fit the ¢ values by using the
corrected cross-peak buildup intensities and the fitted p and
AM(0) values (Figure 1, step 2). The corrected o rates are then
converted into bidirectional (both symmetry-related crosspeaks
can be normalized to their corresponding diagonal peaks) and
unidirectional (only one crosspeak can be evaluated or the
eNOE cannot be normalized to both diagonal peaks) eNOE
effective distance restraints through the relationship oocr .
Note that both the spin diffusion corrections and conversion
of o into effective distances require a relatively accurate value
for the overall rotational correlation time (z.) as input.

Effective distances from unidirectional eNOEs should be
given a user-defined error (we recommend 20 and 10% for
proteins and RNA, respectively), whereas bidirectional eNOEs
require no tolerance adjustment and will have the same dis-
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tance for both the upper and lower distance limits. eNORA2
and CYANA will only calculate unidirectional eNOEs if the
crosspeak can be normalized to its corresponding diagonal
peak. Because there are two alternative pathways of magneti-
zation transfer (from spin i—j and from spin j—1), there will be
effective distances missing from each choice of pathway that
may be present in the other. Depending on the choice of the
NOESY experiment,®” normalization to the peak intensity of
the spin of origin (i—;j) or destination (j—i) is more theoretical-
ly sound. For example, if a HSQC element is used after the
NOESY transfer, the different relaxation rates of spins i and j
during the HSQC may result in stronger differentiation of the
intensities than the one caused by nonuniform equilibrium
re-establishment before NOESY mixing. Nevertheless, we also
always add unidirectional eNOEs that are exclusive to the
other normalization to our list to increase the total amount of
eNOEs.

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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For the extraction of gn-eNOEs from overlapped diagonals, it
is necessary to determine the average p value as well as an
upper limit AM(0) on the basis of the nonoverlapped values in
the output lists. It is recommended to distinguish single, methyl-
ene, and methyl protons upon choosing average p values and
upper limit AM(0) values that are safely above all fitted AM(0)
values. An improved method is to use averaged p and upper
limit AM(0) values for each specific atom type. eNORA2 can
then use these values to calculate gn-eNOEs from cross-peak
buildups associated with overlapped diagonals, which can be
used as upper limit restraints in conjunction with the bidirec-
tional and unidirectional eNOE restraints. gn-eNOEs should be
given the same upper limit error as unidirectional eNOEs.

2.3. eNOE structure calculation

Once the eNOEs are calculated, we visually inspect the buildup
plots and remove poor fits (Figure 1, step 3). Calculating an
eNOE structure simply requires the use of the eNOE and gn-
eNOE distance restraints as input for a conventional structure
calculation (Figure 1, step 4). Note that the calculated structure
can then be used as the input for spin-diffusion calculations,
which allows for an iterative process (Figure 1, step 5).

For dense eNOE networks (an exceptional case is shown in
Figure 1), multistate structures can be calculated in CYANA that
allow visualization of spatial sampling. This is due to the aver-
aged nature of eNOEs,” and consequently, an atom that sam-
ples multiple points in space will produce eNOE distances to
nearby atoms that are the r° averages of all the distances sam-
pled. If a sufficient amount of eNOEs define such an atom, then
the combined network contains information about all of the sam-
pled substates. Thus, single-state structure calculations will result
in many violated distance restraints, because the eNOEs cannot
be fulfilled simultaneously by a single structure. Multiple states
allow for such violated eNOE restraints to be satisfied, which cap-
tures the spatial sampling of the biomolecule in the process.

3. eNOE Recent Applications
3.1. eNOEs in a 360 kDa proteasome complex

We recently measured eNOEs in the 360 kDa 2 x 7-mer half pro-
teasome from Thermoplasma acidophilium.’® For proteins
larger than about 150 residues, diagonal peak overlap be-
comes a limiting factor for the extraction of usable eNOEs.®¥
In addition, our simulations for molecules with a rotational cor-
relation time of 150 ns or larger showed that the spin diffusion
between neighboring methyl groups within the same valine or
leucine side chain could be an order of magnitude larger than
the direct NOE transfer. This made it impossible to perform ac-
curate spin-diffusion corrections so that quantitative distances
could be obtained.®™ Therefore, we measured eNOEs on a
sample that was perdeuterated and selectively methyl labeled
at the lled1, Valy2, and Leud2 positions (Figure 2 A). Spin-diffu-
sion corrections calculated by using the full-matrix approach
for this labeling scheme were possible, and this allowed for a
NOESY buildup series to be measured for 7,,, =30, 60, 90, and
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120 ms. We were able to extract 18 bidirectional eNOEs, an
additional 14 unidirectional eNOEs if normalized to the spin of
origin, and 29 unidirectional eNOEs if normalized to the spin of
destination (Figure 2A). We compared the extracted bi- and
unidirectional eNOE distances to two high-resolution X-ray
structures of the proteasome: one in the free form determined
at 3.4 A resolution (PDB ID: TPMA)®® and the other bound to
the 11S activator determined at 1.9 A resolution (PDB ID:
1YA7).P" Pearson’s correlation coefficients for only bi-direction-
al and bi- or unidirectional eNOE distances compared to dis-
tances from 1PMA were 0.80 and 0.64, respectively. If com-
pared to 1YA7, they were 0.89 and 0.78, respectively, thus indi-
cating that 1YA7 better represents the liquid-state conforma-
tion (Figure 2B). In addition, we found a number of eNOE dis-
tances that were more than 1 A shorter (Figure 2C, blue) or
longer (Figure 2C, red) than the corresponding distances from
1YA7. Strikingly, almost all of these violated distance restraints
correlated to residues with order parameters smaller than 0.33,

A) a subunit

&

distance (PDB) /A
[>-]

«orig+dest+bi 1YA7
«bi 1YA7

0 2 4 6 & 10 12 14
distance (NOE) /A

Figure 2. eNOEs in the 360 kDa proteasome. A) Left: ribbon backbone plot
of the entire PDB ID 1PMA consisting of two heptameric a rings (colored)
and two heptameric 3 rings (white). Right: the side chains of Val, Leu, and
lle are plotted on the ribbon backbone of an individual o subunit. The NOE-
sensitive 'H,">C-labeled methyl groups (Iled1, Valy2, and Leud2) are high-
lighted by red spheres at the carbon positions. Methyl pairs for which build-
ups could be measured are connected by red lines. B) Distances extracted
from the X-ray structure 1YA7 on the x-axis versus those from eNOEs on the
y-axis. The intensities of the crosspeaks of unidirectional eNOEs were nor-
malized with diagonal peak intensities of magnetization of origin or destina-
tion. eNOEs were extracted from a NOESY buildup series with mixing times
of 30, 60, 90, and 120 ms. Corrections for spin diffusion were estimated with
the full-relaxation matrix approach, and the resulting distances were scaled
by 1.09 to account for incomplete deuteration (as determined from the
three-spin approach). An overall 7. of 148 ns was extrapolated from ref. [64]
Theoretical distances were extracted with r ® averaging from the 1YA7 PDB
structure. C) Clustering of deviations of experimental from X-ray distances.
Distances that are at least 1 A larger or smaller than those extracted from
the X-ray structure 1YA7 are shown in red and blue, respectively, and those
within 1 A are shown in yellow. The distances are plotted on the o subunit A
(cyan), and other a subunits in the same ring are shown in white. Residues
with methyl axis order parameters smaller than 0.33 are colored black. 115
activator and the {3 ring are shown in pink and purple, respectively.
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Figure 3. Defining the 14mer UUCG tetraloop by using eNOEs. A) The 265 extracted eNOEs (red) and 88 gn-eNOEs (blue) are plotted onto the NMR structure
2KOC. B-Left) Correlation plot between distances from 2KOC on the x axis and eNOE effective distances from fits of 40-160 ms on the y axis (overall correla-
tion: y=0.96x, R=0.89). Black circles correspond to distances between non-amino/non-methylene protons (y=0.96x, R=0.89), orange diamonds correspond
to distances between amino/methylene protons and non-amino/non-methylene or amino/methylene protons on a different residue (y=0.96x, R=0.84), and
red squares correspond to distances within amino/methylene spin pairs (y=0.98x, R=0.35). B-Right) Superposition of the eNOE structure (black) and 2KOC
(cyan). Reported RMSD values are for heavy atoms. C) Comparison of order parameters S* backcalculated from the two-state eNOE ensemble and experimen-

tally and computationally derived S? values. eNOE S? are shown in blue, NMR relaxation S? in red, and molecular dynamics S? in orange.

as determined by Kay and co-workers (Figure 2C, black
lines).***? In addition, two clusters with systematic differences
emerged. The eNOE distances that were longer in the X-ray
structure were found to involve residues that anchored loop
201-210, which in turn formed the interface with the 11S acti-
vator (shown in pink). Under our experimental conditions, this
loop was solvent exposed, which may explain the more ex-
tended nature of the distance network. Indeed, the distances
from 1PMA were longer, although the eNOE distances were
still larger. The cluster that contained distances that were
shorter than those in the X-ray structure involved the segment
that interacted with the f§ ring. Under our experimental condi-
tions, this segment was instead in complex with the second o
ring, thus indicating that the structural differences at the inter-
face are dependent upon the interacting subunit. These find-
ings highlight the potential ability of eNOEs to pinpoint
changes in molecular structure upon rearrangements such as
binding events and allosteric motions.
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This study was significant because it was one of the first for
which internuclear distances were extracted from supramolec-
ular complexes. Without spin-diffusion corrections, the extract-
ed distances would not even be sufficient for a simple three-
class interpretation. Although we noted that the extracted dis-
tances were less accurate than those extracted for small pro-
teins, the distances still correlated well with the high-resolution
X-ray structures. The quality of the structure used to calculate
the spin-diffusion corrections is also important. Given the
signal-to-noise ratio in our spectra, it is clear that such meas-
urements are feasible for molecules with molecular weights up
to 1 MDa and even beyond.

3.2. High-resolution RNA structures from eNOEs

Another recent use of eNOEs was to define the structure of a
14-mer RNA UUCG tetraloop.”” RNA only contains 4 chemically
unique building blocks, as opposed to 20 for proteins, and

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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consequently, the NMR spectrum of RNA suffers from signifi-
cant spectral overlap.” This problem is further exacerbated by
the predominately A-form helical structure of RNA molecules,
which results in a lack of chemical-shift diversity. Additionally,
RNA has a lower proton density than proteins, and thus, the
number of NOEs that can be extracted is significantly smaller.
As such, 3D RNA structures of RNA can rarely reach high reso-
lution from NOEs alone”*¥ and often require time-consuming
measurements of additional NMR observables such as dihedral
angle restraints, RDCs,® cross-correlated relaxation rates,®”
paramagnetic resonance measurements,”® and hydrogen-
bonding patterns. Therefore, we investigated the usefulness of
eNOEs in defining RNA molecules.

We measured a 2D NOESY buildup series with 7., =40, 80,
120, 160, 200, 240, 280, and 320 ms, although we only fitted
eNOEs up to 160 ms because our simulations showed that ef-
fective distance errors from spin diffusion up to this time were
below 2%. After excluding erroneous fits, we were able to
extract a total of 265 eNOEs and 88 gn-eNOEs (Figure 3A). The
extracted effective distances correlated quite well to those
from the high-resolution NMR structure (PDB ID: 2KOC;** Fig-
ure 3B, left, R=0.89). Our calculated structure ensemble with
no restraint input other than eNOEs and gn-eNOEs had an
overall heavy atom root-mean-square deviation (RMSD) of
0.44 A, with a RMSD of 0.23 A within the c(UUCG)g loop itself.
We also compared our eNOE structure to 2KOC by calculating
RMSD values between averaged bundles and between the full
eNOE bundle and the averaged 2KOC structure (Figure 3B,
right). The agreement with 2KOC was significantly better for
our eNOE structure than for a conventional structure calculat-
ed by using 677 semiquantitative NOEs (averaged and bundle-
to-averaged RMSD values of 0.86 and 1.22 A compared to 1.22
and 2.49 A, respectively). Despite the eNOEs being able to
define the 14-mer structure to 0.44 A, the CYANA target func-
tion was relatively high, which indicated that many of the
eNOE restraints were violated. Therefore, we calculated a two-
state eNOE ensemble that revealed minor base-pair dynamics
and correlated motions within the c(UUCG)g tetraloop itself. In
addition, we backcalculated order parameters from our two-
state ensemble that agreed well with previously determined S?
values from relaxation rate measurements®'°? (Figure 3 Q).

These results indicate that the exact nature of the eNOEs
allows for accurate single-state structure calculations and for
spatial sampling to be probed in favorable cases for which
many eNOEs can be acquired. Owing to the experimental ease
of measuring a NOESY buildup series, this provides a new NMR
spectroscopy method for investigating RNA structure and func-
tion.

4. Conclusions

We reviewed our exact measurement of the nuclear Overhaus-
er enhancement (eNOE) protocol and presented its most
recent applications to biological systems. We have shown that
eNOEs could be used to extract fairly accurate distances from
supramolecular complexes and could be a useful tool in bind-
ing studies and probing dynamics in such cases. eNOEs alone
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could be used to define RNA structures to high resolution and,
in favorable cases, to investigate spatial sampling. Experimen-
tally, eNOEs were readily available. The only requirement was
the measurement of three more NOESYs than what would nor-
mally be acquired. It is our hope that eNOEs will help the NMR
spectroscopy community in their investigations of biological
systems.
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