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Abstract

Paramagnetic relaxation enhancement (PRE) can be used to determine long-range distance restraints in biomolecules. The
PRE:s are typically determined by analysis of intensity differences in HSQC experiments of paramagnetic and diamagnetic
spin labels. However, this approach requires both isotope- and spin-labelling. Herein, we report a novel method to evaluate
NOESY intensities in the presence of a paramagnetic moiety to determine PRE restraints. The advantage of our approach
over HSQC-based approaches is the increased number of available signals without the need for isotope labelling. NOESY
intensities affected by a paramagnetic center were evaluated during a structure calculation within the paramagnetic iterative
relaxation matrix approach (P-IRMA). We applied P-IRMA to a 14-mer RNA with a known NMR solution structure, which
allowed us to assess the quality of the PRE restraints. To this end, three different spin labels have been attached at different
positions of the 14-mer to test the influence of flexibility on the structure calculation. Structural disturbances introduced
by the spin label have been evaluated by chemical shift analysis. Furthermore, the impact of P-IRMA on the quality of the
structure bundles were tested by intentionally leaving out available diamagnetic restraints. Our analyses show that P-IRMA
is a powerful tool to refine RNA structures for systems that are insufficiently described by using only diamagnetic restraints.
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Introduction determined, in part because the nuclear Overhauser effect

(NOE) only provides short-range distance constraints. A par-

Nuclear magnetic resonance spectroscopy (NMR) is a key
technique to determine the three-dimensional structure of
proteins and oligonucleotides and their complexes. In par-
ticular, NMR contributed to the determination of about
40% of RNA structures known so far. However, only RNA
structures up to approx. 60 nucleotides in size have been
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ticularly powerful approach to overcome this size limitation
is the incorporation of a paramagnetic spin label. Paramag-
netic effects can induce residual dipolar couplings (RDCs),
pseudo contact shifts (PCS) and paramagnetic relaxation
enhancements (PREs) and can be exploited to obtain addi-
tional structural information that can be incorporated into
the NMR structure calculation as orientational and long-
range distance restraints.

The PRE effect can be evaluated from well resolved
peaks. To acquire the necessary peak resolution in bio-
molecules the PRE effect is commonly determined by
quantifying crosspeak intensity reduction in 2D HSQC
(heteronuclear single quantum coherence) NMR experi-
ments and applications range from proteins (Battiste and
Wagner 2000; Dedmon et al. 2005; Volkov et al. 2006) to
protein—nucleic acid complexes (Mackereth et al. 2011;
Ramos and Varani 1998) and nucleic acids (Helmling
et al. 2014; Wunderlich et al. 2013). In addition to incor-
poration of a spin label, the HSQC approach requires '*C
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and N isotope labelling of the biomolecule. For pro-
teins, site-specific spin and simultaneous isotope label-
ling is a well-established procedure. For isotope-labelled
RNAs, site-specific spin labelling can be easily realised
in terminal position (Macosko et al. 1999). Alternatively,
chemical synthesis of spin labelled nucleic acids or their
precursors enables flexible spin label positioning; yet, it
is accompanied by a size limitation of the RNA and high
cost originating from isotope labelling. Thus, the latter is
generally omitted, rendering the RNAs obtained unsuitable
for HSQC experiments. Larger nucleic acids are acces-
sible by ligation (Biittner et al. 2013) or non-covalent
spin labelling (Helmling et al. 2014; Schnorr et al. 2017).
However, these approaches usually lead to only partially
isotope labelled constructs, which decreases the number
of already limited restraints for structure calculation. An
important aspect, which needs to be considered for ligation
of spin labelled nucleotides is the reducing agents (e.g.
Dithiothreitol DTT) necessary for most ligases. So either
a DTT independent ligase must be deployed (Biittner et al.
2013) or the spin label must be protected during ligation
(Seven et al. 2014).

The incompatibility of simultaneous spin labelling and
isotope labelling illustrates the necessity of an alternative
approach to evaluate the PRE effect in oligonucleotides of
interest. Already in a small 14-mer tetraloop RNA 81% of
all non-exchanging signals overlap (see SI for examplator
spectrum, Fiirtig et al. 2004). This overlap increases signifi-
cantly for increasingly large RNAs. Quantity and distribu-
tion of PRE distance restraints are essential to gain structural
insight on a biomolecule. It is therefore unfeasible to rely on
non-overlapping signals from one dimensional proton spec-
tra. In an effort to increase the accessibility of PRE distance
restraints of non-isotope labelled samples, we developed an
NOESY-based approach.

The distance dependence of the PRE effect on NOE cros-
speak intensities has been evaluated qualitatively as assign-
ment strategy (Unger et al. 1985) for naturally paramag-
netic species. Recently, this assignment strategy has been
revisited for freely diffusing paramagnetic species (Kellner
et al. 2009). A more quantitative analysis of the PRE effect
on NOE intensities has been conducted by Beswick et al.
(1998). By analysis of the NH-CaH crosspeak linewidth at
half-height, the authors determined the orientation of a pro-
tein fragment in dodecylphosphocholine micelles. However,
their analysis comprised a comparison of relative proxim-
ity to the spin label instead of the determination of specific
distance restraints.

Herein, we report a new NOESY-based, paramagnetic itera-
tive relaxation matrix approach (P-IRMA) for the determina-
tion of three-dimensional biomolecular structures, which does
not require costly isotope labelling. Quantitative PRE analysis
of 2D 'H-"H-NOESY crosspeak intensities provides an easy
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access to long-range distance information and appears gener-
alizable for larger RNA constructs.

Theory

The NOE between spins I and S is influenced by two pro-
cesses: cross-relaxation and auto-relaxation, described by the
cross relaxation rate oig (1) and the auto-relaxation rate pg,
respectively (Solomon 1955).
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where p, is the magnetic permeability of free space, y; and
ys are the gyromagnetic ratios of the involved spins I and S,
h the reduced Planck constant, rig the distance between the
involved spins, w, the angular frequency of the involved spin
and J the spectral density function (3).
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The spectral density function is dependent on the total
correlation time of the molecule, which is the reason for the
molecular size dependence of the NOE. (1) and (2) can be
used to describe a two spin system, but can also be adapted for
a multiple spin system. For this purpose, a relaxation matrix
can be constructed by describing every cross relaxation event
according to (1) and the auto-relaxation according to (4).

pi= Pij
; y 4)

This can be depicted in a relaxation matrix as seen in
formula (5).
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PRE effects can be included in this model by addition of the
paramagnetic relaxation rate I, to the auto relaxation rate (6).

pi,para = FI + Z p;‘j (6)
J#L

Assuming that the angular momentum of the electron is far
greater than the angular momentum of the proton (w¢> ;)
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one can derive the following approximation (7) from
formula (2):

2
h
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The dependence of the NOE on the relaxation matrix is
given by (8),

A = B A(0) 8)

with the mixing time 7, the intensity matrix A and the
intensities at t=0, A(0). With these formulae one can calcu-
late the theoretical NOE intensities from a model structure.

Spin label flexibility

If the spin label is flexible the formulae must be augmented to
cover the internal motion of the unpaired electron. Two effects
must be considered for a flexible spin label. Firstly, multiple
possible electron positions and, secondly, the effect of the cor-
relation time of the internal movement on the relaxation rate
must be taken into account. The model free approach by Lipari
and Szabo (1982) covers both aspects.

The regular spectral density function is substituted by the
model free spectral density function (9)

(1-82)7,
+ 9
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with the order parameter S? and the total correlation time
defined by (10)

e et (10)

with z; the correlation time of the internal movement. The
order parameter is given by the following general expres-
sion (11)

2

with rjg the distance between the spins I and S and Y}'(£2)
the second order spherical harmonic of the Euler angles 2.
For the incorporation of the model free approach in the para-
magnetic relaxation enhancement, the order parameter must
be determined for every proton electron pair.

Under the assumption that there are N possible electron
positions through which the electron jumps (different rotam-
ers), the order parameter can be calculated by (12) (Brue-
schweiler et al. 1992)

N
§? = lZp,-rf]
i=1

with p; and p; being the probability for the rotamer i and j,r;
and r; the vector length between the electron i or j and the
proton, y; the angle between the vectors i and j and P, the
second order polynomial given by (13).
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P,y(x) = %(3x2 - 1) (13)

Materials and methods
Samples and NMR spectroscopy

The reference system for the approach used in this work is a
14-mer tetraloop RNA, whose NMR chemical shift values
are fully assigned and an NMR-structure is available.(Fiirtig
et al. 2004; Nozinovic et al. 2010) To evaluate the influ-
ence of spin label flexibility, three different spin labels were
selected (see Fig. 1).

Spin-label TPA (2,2,5,5-Tetramethylpyrrolin-1-yloxyl-
3-acetylene) was synthesized according to literature
(Azarkh et al. 2013). Oligonucleotide synthesis for STPA
U7 was performed on a rebuilt ABI 392 synthesizer
(Applied Biosystems) using Dharmacon’s 5'-O-Silylether
Chemistry omitting acid conditions while 5'-deprotection
and using peroxide oxidation. Both conditions are needed

—1 YN . . .
§2 = rI—S6 z: 22 ) (11)  tomot harm the spin label in the course of solid-phase
m==2 Tis
Fig.1 14-mer RNA tetra- ' N A N
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synthesis. Oligonucleotide synthesis and coupling TPA
to 5-Todouracil derivative by site-specific Sonogashira
on solid support was performed applying reported pro-
tocols (Griinewald et al. 2008; Schiemann et al. 2007).
The Cm13-14-mer was prepared as described in (Hobar-
tner et al. 2012). A 2'-amino modified oligonucleotide
was ordered at Dharmacon and spin-labelled according
to the procedure reported by Edwards and Sigurdsson
(Edwards and Sigurdsson 2007). All sample were puri-
fied with HPLC using a Kromasil RP18-coloumn with
0.1 M TEAACc (pH 6.5) and acetonitrile with a gradient
of 0-100% in 50 min at a flowrate of 1 ml per minute.
The HPLC purified samples were repeatedly lyophilised
to remove volatile HPLC buffer components, reconstituted
in water, precipitated in LiClO,-acetone solution, recon-
stituted in phosphate buffer (50 mM KH,PO,/K,HPO,,
pH 6.2) and transferred into D,O via lyophilisation. The
subsequent NOESY spectra were recorded on Bruker
AV 1II 600 MHz (5TPA-U7 and Cm13) and Bruker AV I
700 MHz (2'TU11) spectrometers with the mixing times
ranging from 100 to 750 ms in a scanwise interleaved man-
ner, at a temperature of 298 K. To measure diamagnetic
reference spectra, the samples were treated with 4 equiva-
lents of ascorbic acid and all the NMR experiments were
repeated after an 1 day incubation time.

P-IRMA

For evaluation of the structure-dependent and spin diffusion-
corrected PRE restraints, we developed a procedure simi-
lar to the iterative relaxation matrix approach (IRMA, see
Fig. 2) (Boelens et al. 1988, 1989). Within this approach,
theoretical NOE intensities are calculated based on an initial
structure that can either be theoretical or based on previous
experiments. In a next step, the theoretical intensities are
substituted by experimental intensities if available. In this
context, the experimental NOE intensities are adjusted by a
mixing time specific scaling factor (14)

2., a;(theo)

= > a0 (oXD) 14)

where a;; is the cross peak intensity between proton i and j of
the theoretical and experimental data. The mixed intensity
matrix is transformed back into the full relaxation matrix
by formula (8). For the extraction of PRE restraints the
difference in auto-relaxation rates between diamagnetic
NOESY p%“ and paramagnetic NOESY /" is evaluated.
The restraints can then be used for a structure calculation.
This procedure can be repeated iteratively with each newly
acquired structure.
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Fig.2 Schematic of the paramagnetic iterative relaxation matrix
approach (P-IRMA) based on IRMA (Boelens et al. 1988, 1989)

Calculations with the FRM

For P-IRMA, two theoretical intensity matrixes need to be
constructed—one for the paramagnetic spectra and one for
the diamagnetic spectra. Our evaluation script uses the dis-
tances of an initial structure bundle (each structure individu-
ally) to construct a relaxation matrix [see formula (5)] using
formula (1) and (4) for the diamagnetic relaxation matrix
and formula (1) and (6) for the paramagnetic relaxation
matrix. The multiple relaxation matrixes of each structure
of the structure bundle can be averaged to save computing
time (which has been done for all structure calculation in this
paper). The theoretical intensity matrix can be calculated
with the following adaptation of formula (8):

A = Xpe'rtn X! (15)

where Xy contains the eigen vectors of matrix R and Ay

the eigen values of matrix R. The intensity matrix A(0)
from formula (8) was set to the identity matrix to normalize
the diagonal peaks to one. After replacing theoretical cross
peak intensities with experimental cross peak intensities,
whenever possible. The following formula can be used to
calculate the FRM.

R=1,X,In(A)X;' (16)

where X, contains the eigen vectors of matrix A and A, the
eigen values of matrix A. The PRE rate can be calculated by
subtracting each diagonal element of the diamagnetic FRM
from the respective diagonal element from the paramagnetic
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FRM. The paramagnetic relaxation rate can be back cal-
culated using formula (7) considering the respective cor-
relation times in the spectral density function to determine
the PRE restraints. For the construction of the FRM we use
formula (2) and (7) with the respective spectral density func-
tion to take into account the different correlation times for
the electron and the protons. To identify the diamagnetic
and paramagnetic components for the back calculation of
the distances from the auto relaxation rates we determine the
difference of the diagonal elements of the FRM. The PRE
distance can be back calculated using a rearranged version
of formula (7) using e.g. a correlation time of 2.3 ns for 3 J
and a correlation time of 0.5 ns for the 7 J term.

Structure calculation and Implementation

The structure calculation was conducted by CNS 1.1
(Briinger et al. 1998) with an adapted ARIA 1.2 (Linge
et al. 2001) implementation, which includes a force field for
nucleic acids, OPLS charges and non-binding parameters
(Nozinovic et al. 2010). The topology parameters for the
modifications STPA-U7, 2'TU11 and Cm13 were generated
by hand and are based on nucleic acid and protein force
fields. For the sake of comparability diamagnetic restraints
such as chemical shift lists, NOE intensities, H-bond and
base planarity restraints were adapted from 2KOC (Noz-
inovic et al. 2010). The dihedral restraints have been omitted
purposely, to test for the capacity of the P-IRMA approach
to improve the quality of the structure. Those restraints are
referred to as diamagnetic restraints from here on and were
used for all structure calculations to be able to assess the
influence of our method and excluding influences of the dif-
ferences in the NOESY spectra of the spin labelled RNA.
PRE-restraints from P-IRMA were determined based on
NOESY intensity lists of paramagnetic and diamagnetic
spectra respective spin labelled RNAs. The determined
restraints were classified in unspecific (below 13 A or above
20 A) or specific restraints and were used as ambiguous
restraints with an error margin of 3 A Specific restraints
entered the structure calculation with the determined value
(e.g. 17.3 A), whereas unspecific restraints were only con-
sidered as below 13 A or above 20 A. Typical distance limits
of the PRE effect of nitroxide radicals in literature range
on the lower boundary from 12 to 15 A and on the upper
boundary from 20 to 23 A (Battiste and Wagner 2000; Ded-
mon et al. 2005; Schnorr et al. 2017). We chose our limits
according to the literature. All structure calculations have
been conducted 10 times with different initial velocities in
order to estimate the error for each structure calculation with
otherwise identical parameters.

Between each structure calculation cycle, the best 10
structures were used for the full relaxation matrix (FRM)
evaluation. The evaluation script was written in python 2.7

using the libraries NumPy (Walt et al. 2011) and PyMOL
(The PyMOL Molecular Graphics System, Version 1.1r2
Schrodinger, LLC) and can be found in the Supporting
Information. For the sake of stability and speed of the cal-
culations, the following approximations have been made:
The maximal theoretical distance, for which NOE relaxa-
tion rates were calculated, was set to 20 A. Each side of the
diagonal (experimental peaks) was evaluated separately, i.e.
each crosspeak was inserted symmetrically into the inten-
sity matrix. This means that each side of the diagonal was
treated as a separate input. Differences by many orders of
magnitudes in the relaxation rate in the full relaxation matrix
during the matrix transformation led to instabilities. For
the sake of stability the paramagnetic relaxation rate (cf.
(7)) was limited to 1000 Hz, correlating for our systens to
a distance less than 5 A. If negative eigenvalues occurred
in the transformation of the matrix and those eigenvalues
were very small, the absolute value has been used for the
matrix transformation. Additionally, very small values in the
constructed relaxation matrix (< 9.9E — 11) were set to zero.

Pseudo-experimental data

We deployed our full relaxation matrix approach to cal-
culate intensities to create pseudo experimental data for a
given structure. This allowed us to define expected distance
restraints and therefore assess the quality of the determined
restraints. The full relaxation matrix approach returns a
complete intensity matrix, in which crosspeak intensities
are indicated as percentage of diagonal peak intensity trans-
ferred. To obtain a NOE intensity list similar to experimen-
tal sources the full intensity matrix was sorted by the fol-
lowing criteria: cross peak intensities correlating to at least
one exchanging partner were removed (as they wouldn’t be
visible in the experimental D,O samples), a lower thresh-
old of 0.25% transferred intensity was defined, randomized
signal-to-noise, correlating to 0.05% intensity transferred,
was added and the cross peak values were multiplied by 10”.

Results
Analysis of the constructs

Chemical modification of target structures can disturb their
three-dimensional structure. Therefore, the location of the
paramagnetic group must be carefully planned. In order to
validate potential spin label positions, the spin labels have
been modelled into the solution structure of the 14-mer RNA
to check for collisions of the modification with the RNA.
We used this strategy to assess possible positions for the
Cm label. In doing so the 2. and 8. base position was ruled
out. Similarly the loop positions of for the 2'TU label were
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excluded due to the 2'OH positioning in the loop. Therefore
the STPA-U label was placed in the loop and the other two
spin labels were placed in the stem region. Another consid-
ered aspect is the spin label flexibility and its impact on the
structure calculation. Not only does the flexible spin label
add further experimental uncertainty to the distant restraints,
but the flexible spin label also needs to be localized, leading
to looser structure bundles. Based on these results and with
spin label flexibility as an influential parameter for structure
calculation in mind, the three spin labels in their current
position have been chosen and synthesised.

The impact of the paramagnetic modification on the struc-
ture itself must be experimentally assessed. As the chemical
shift of a spin is sensitive to its three-dimensional environ-
ment, the chemical shift is a sensitive probe for such analy-
ses. The chemical shift changes induced by the different
spin-labels in their diamagnetic form used in this work are
depicted in Fig. 3. Except in close proximity to the modified
nucleobase, the changes in chemical shift for the STPA-U
spin-label are minor. We therefore assume that the overall
three-dimensional structure of the RNA is not disturbed
here. In contrast, the constructs incorporating the Cm and
2'TU spin-labels exhibit significantly larger chemical shift
changes. For the Cm13 construct, these are mainly located in
the stem region, with only small chemical shift differences in
the loop region, indicating a localised disruption in the stem
region, induced by the spin-label. The perturbations, how-
ever, do not necessarily originate solely from the perturbed
structure, as the spin label is an extended aromatic system.
Theoretical investigations of a small model systems revealed
that aromatic systems can influence non-covalently bound
proton chemical shifts in close proximity (4.5 A) (Martin
et al. 2008), concluding that the impact of the modified

aromatic system on the chemical shift will be greatest in the
adjacent base pairs. Therefore, CSPs of basepairs close to
the tetraloop can mostly be attributed to perturbances in the
structure. For the 2'TU11 construct, on the other hand, the
spin-label induced chemical shift changes both in the loop
and stem region, suggesting an overall perturbed structure
compared to the spin unlabelled 14-mer. These results, how-
ever, are not generalizable to the spin label itself, but rather
reflect the perturbances of the structure from the specific
construct with that certain spin label positioning. This can be
illustrated for the Cm13 construct as the same spin label in
a different nucleotide sequence exhibited no major chemical
shift changes (Schnorr et al. 2017).

Major chemical shift changes, as evidenced for the Cm13
and 2'TU11 constructs, require that long-range distance
information obtained from those constructs should not be
used for structure calculations as it is uncertain how closely
the spin-labelled constructs resemble the unmodified RNA.
For the development of our method, however, those two con-
structs represent very valuable model systems to provide
negative controls for our methodological approach. Thus,
they are used in the following to analyse how our developed
approach copes with experimental data originating from dis-
turbed structures.

Spin label flexibility

The internal motion of the spin label has a large influence
on the determination of PRE distances. Not only does the
spin label motion introduce a spatial uncertainty to distance
restraints, but it also effects the relaxation rate itself (cf.
(3) in "Materials and Methods"). The experimentally deter-
mined correlation time of the spin labelled site containing

¢ Q{bv Qgp Q('ONQ"Q/
5TPAU7 2TU11S Cm13 Y7
_.0.30- _.0.30- " _.0.30- R B
3 : 3 A
g 0.25 1 g 0.25 1 5 0.25
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© o ©
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[72] w 7]
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Fig.3 Proton chemical shift differences between unmodified 14-mer
and spin-labelled 14-mer constructs (STPA-U7, 2T°U11 and Cm13)
extracted from NOESY assignments for H1' (black bars) and the aro-
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matic protons (grey bars). The asterisks mark protons that could not
be assigned. The spin-labelled bases are highlighted in grey
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the electron allows for important insight into the spin label
motion. Table 1 shows the correlation times for the individ-
ual constructs determined by EPR line-width analysis with
easyspin (Stoll and Schweiger 2006) by fitting simulated
EPR spectra to the experimental data (see SI, Table 1). The
short isotropic 7, of 0.5 ns for the 5STPA-U7 and 2'TU11
constructs highlight the corresponding spin label flexibil-
ity, whereas the spin label in the Cm13 construct is rigid as
the correlation time of the electron mostly arises from the
rotational correlation time of the RNA itself. The experi-
mental data have also been fitted to an anisotropic model
(see SI, Table 2) with no improvements for the flexible spin
labels STPA-U7 and 2'TU11. However, the RMSD between
theoretical curve and experimental data improved signifi-
cantly for the spin label Cm13, exhibiting a correlation time
of 361.4 ns in one of the axis, which exceeds the isotropic
movement of the molecule by two orders of magnitude. This
renders the internal movement of the Cm13 spin label insig-
nificant for relaxation.

The effect of the correlation time 7, on the NOE build-
up curves has been simulated for different electron proton
distances and is shown in Fig. 4. It illustrates that although

Table 1 Correlation times of the electron determined by EPR line-
width analysis of STPA-U7, 2'TU11 and Cm13 at room temperature
(For plots of the fits see SI) and rotational correlation time of the
unmodified UUCG tetraloop 14-mer at room temperature as orienta-
tion determined from NMR (Duchardt and Schwalbe 2005)

Construct Isotropic 7, (EPR) 7, (NMR)
Unmodified 2.3 ns
5TPA-U7 0.5 ns

2'TUI1 0.5 ns

Cml3 1.9 ns

the PRE effect is an auto relaxation effect, it influence is
observable in the cross peak intensities. The signal reduction
is distinctive for protons in close proximity to the unpaired
electron for all correlation times. The curves also illustrate
the correlation time dependence of the PRE: smaller correla-
tion times induce more pronounced signal attenuation than
larger ones. With increasing distance between the electron
and proton, the signal decrease becomes less dominant. This
is especially valid for short mixing times, which are prefer-
ably used for NOE distance determination to minimise the
effect of spin diffusion. For distance determination based
on PRE, however, the use of higher mixing times leads to
the most pronounced differences in signal intensities, yet
requires accurate description of spin diffusion. Thus, while
high mixing times theoretically yield the maximum dif-
ference between diamagnetic and paramagnetic intensi-
ties, other factors such as signal overlap and accuracy of
the determined distances also need to be considered from a
practical point of view.

The mixing time dependence of the restraint accuracy
has been evaluated for STPA-U7 for two different struc-
ture bundles: (i) a bundle consisting of ten randomized
structures used as negative control experiment and (ii) a
tight bundle that closely resembles the reference structure
(with the additional spin-label). To this end, the restraints
determined with the experimental intensities of the STPA-
U7 RNA after a single iteration of the P-IRMA approach
were compared to the reference distances. This happened
under the assumption (based on the CSP analysis) that the
5TPA modification did not perturb the structure of the mol-
ecule. Figure 5a shows the mean absolute deviation (MAD)
obtained at different mixing times. In line with expecta-
tion, the MAD of structure bundle (i) is significantly higher
than that of (ii). Structure bundle (ii) exhibits marginal
MADs for all mixing times investigated. The (slightly)

Table 2 Influence of the spin-label and P-IRMA on (a) precision (ensemble RMSD) and (b) accuracy (alignment RMSD towards 2KOC) of the

structure calculations

Unmod. 14-mer 5STPA-U7 STPA-U7 +P-IRMA 2'TUI1 2'TU11 +P-IRMA Cml3 Cm13+P-IRMA

(a) Precision

Overall 1.78+0.07 2.2+0.1 1.72+0.06 2.2+0.3 1.45+0.07 2.8+0.5 1.6+0.2

Loop 1.5+0.1 2.5+0.2 1.86 +0.06 1.46+0.06 1.22+0.07 1.6+0.2 1.6+0.3

Stem 1.79+0.08 1.8+0.2 1.56+0.07 2.3+0.3 1.48 +0.08 2.9+0.6 1.5+0.1
(b) Accuracy

Overall  1.00+0.09 0.88 +0.05 0.86 +0.05 1.2+0.2 1.3+0.2 1.0+0.1 1.2+0.1

Loop 0.61+0.05 0.58 +0.04 0.52 +0.02 0.71+£0.06  0.71+0.05 0.61+0.05 0.68+0.05

Stem 0.88+0.08 0.85+0.04 0.80 +0.05 1.1+0.1 1.1+0.2 0.9+0.1 1.08+0.08

All structure calculations were performed in sets of ten to estimate the margin of error corresponding to a confidence interval of 95%. The table
is colour-coded to indicate statistically significant improvements (bold values) and significant worsening (italic values) of the structure bundles
of spin-labelled constructs in comparison to the unmodified 14-mer. The stated RMSDs correspond to the following nucleobases: overall (2-13),

loop (6-9) and stem (2-6 and 9-13)
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Fig.4 Theoretical build-up curves of selected peaks (with different
distances to the spin label) calculated for correlation times t,=0.5 ns,
1.5 ns and 2.3 ns and a diamagnetic reference, using a full relaxation

increased MAD at longer mixing times can be rationalised
by the growing impact of the PRE effect, which is also
accompanied by the stronger effect of experimental noise
on distance restraints obtained. For structure bundle (i),
on the other hand, the high MAD originates from a large
difference between experimental and theoretical intensi-
ties. The inaccurate initial structure bundle introduces an
error significantly larger than the experimental noise, thus
leading to orthogonality of mixing time and MAD. At this
point it is important to point out, that P-IRMA in contrast
to IRMA is sensitive to global structure changes. This can
be explained by the longer range of the PRE Effect in com-
parison to the interatomic NOE.

250 ms

matrix approach based on a model structure for STPA-U7 with close
resemblance to 2KOC (structure can be found in SI)

Another important feature of Fig. 5a is the increasing
error bar of structure bundle (ii) with increasing mixing
times. This means, that higher mixing times result in higher
variations of the determined restraints from the expected
value. This is also illustrated by the comparison between
Fig. 5b and c. Furthermore, restraints below 8 A deviate
from the expected diagonal line. This artefact can most
likely be ascribed to the approximation to limit the maximal
relaxation rate in the construction of the FRM to 1000 Hz.
However, this is inconsequential to the structure calcula-
tions as distances below 13 A are classified as unspecific
restraints.

—_—
(2]
-

500 ms

w
i

25; .
20; -

15 .

10;

P-IRMA restraints [A]

5

(a) (b)
4.
< 301
3] <
a 2 25
< 24 ©
= 2 20
11 o
< 151
ol=t I=L 1L LI L1 2
100 250 500 750 = 101,
mixing time [ms] o 5 .
5 10

random structure bundle (i)
[tight structure bundle

(ii)

Fig.5 a MAD of PRE restraints calculated from 100 to 750 ms using
the FRM approach based on a randomized structure bundle and a
tight structure bundle (closest to 2KOC). Plot of the expected dis-
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tance against the determined P-IRMA restraints at different mixing
times, b 250 ms and ¢ 500 ms. Plots of the other mixing times can be
found in the SI (Fig. 3)
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Further, the number of assignable peaks for our system
substantially increases from mixing times of 100-250 ms
and the respective MADs are essentially identical within
error bars, so that we use mixing times in the order of
250 ms for all experiments reported in the following. No
additional peak information is obtained at mixing times of
500 ms or higher.

Full relaxation matrix (FRM) approach

The decrease of NOESY intensities upon introduction of a
spin-label shown in Fig. 6 qualitatively illustrates the dis-
tance dependence of the PRE effect. Generally, the latter is
evaluated by a relaxation delay-dependent signal decrease
(Iwahara et al. 2007). This approach, however, is not
straightforward for PRE data obtained from NOESY spec-
tra, because every peak contains information on three dif-
ferent distances, two of which correspond to proton-electron
distances in addition to the common proton—proton NOE
distance. Simple fitting of the exponentially decaying sig-
nal (paramagnetic intensity subtracted from the diamagnetic
Intensity) returns only one average proton-electron distance:
By comparing the experimental data with a simplified three
spin system (containing both involved nuclei and the elec-
tron) we were able to estimate the corresponding distance.
However, distances estimated in this way are generally too
short due to spin diffusion (Kalk and Berendsen 1976).

Therefore, we employed a FRM approach to estimate the
PRE distance restraints, in which theoretical intensities are
calculated from an initial model structure. In addition to
including spin diffusion into the evaluation of the restraints
(Boelens et al. 1988), the distance-dependent signal intensity
decrease of the whole spectrum was analysed simultane-
ously, so that every cross peak of each proton contributes
to the PRE restraints for that proton. For example, the sig-
nal decreases of the cross peaks U6H5-H6, U6H3'-H6 and
U6H2'-H6 all contribute to the PRE distance restraint for
the U6H6-electron.

Fig. 6 Qualitative analysis of
NOESY intensities. Unpaired
electron labelled in grey,
detected protons coloured
depending on the average signal
intensity decrease induced by
the paramagnetic species. Red:
average signal decrease of
more than 66%; yellow: signal
decrease between 33 and 66%;
green: signal decrease of less
than 33%

For the extraction of meaningful experimental restraints,
the influence of the initial—and possibly incorrect—struc-
ture must be smaller than the influence of the experimental
data. As two of the three spin labels investigated are known
to introduce a change to the three-dimensional structure of
the constructs, the assessment of restraint quality poses a
challenge. In a first step, we therefore calculated pseudo-
experimental data from a known three-dimensional model
(see the "Materials and Methods"section for further details),
allowing for a direct comparison of the acquired restraints
and the corresponding distances in the underlying model. In
a second step, these pseudo-experimental data were used in
the calculation of PRE restraints starting from a randomized
structure bundle. The quality of the restraints obtained, sum-
marised by nucleobase, is depicted in Fig. 7.

Even though the structure bundle used for calculation
of the theoretical intensities is distinctively wrong, most
restraints deviate less than 3 A from the expected value,
which is the range of typical errors assumed for structure
calculations with PRE restraints (Battiste and Wagner 2000;
Volkov et al. 2006). The larger deviations can be attributed
to the influence of the model structure bundle, hence illus-
trating the need for an iterative approach to obtain a better
structure basis.

As the structure bundle converges, the difference between
the model structure bundle used and the actual structure
described by the experimental data decreases (Fig. 8, under-
lying model is the structure bundle of the first iteration of a
structure calculation without PRE restraints). This loosely
formed hairpin structure resembles the reference structure
significantly better than the randomized bundle, so that the
quality of the restraints naturally increases. The restraints for
the 2'TU11 and Cm13 constructs in average deviate less than
1 A from the expected values. The higher deviation for the
restraints of the STPA-U7 construct can be explained by the
high flexibility of the loop region the spin-label is attached
to. The fluctuation of the unrestrainted spin label position
in the model of up to 8 A is reflected in the higher deviation
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Fig.7 MAD of distance restraints for 5STPA-U7 (top), 2'TU11 (mid-
dle) and Cm13 (bottom) summarised by nucleo base compared to
reference structure, obtained from FRM approach. Restraints were

calculated from a randomized structure bundle using pseudo-experi-
mental data with a defined reference structure. Total MAD 5TPA-U7:
2.1 A,2'TU11: 2.7 Aand Cm13: 3.7 A
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Fig.8 MAD of distance restraints for STPA-U7 (left), 2'TU11 (mid-
dle) and Cm13 (right) summarised by nucleobase compared to ref-
erence structure, obtained, from FRM approach. Restraints were cal-

of the calculated restraints, which emphasises the necessity
for an iterative approach.

In summary, evaluation of our approach using a single
P-IRMA iteration and pseudo-experimental data showed that
most of the calculated restraints are within an error typical
for PRE restraints if a good starting structure is used. Yet,
as in most cases the starting structure deviates significantly
from the actual structure, an iterative P-IRMA approach is
generally needed to resolve the three-dimensional structure
of any given biomolecule.

P-IRMA

As the restraints for the unmodified 14-mer tetraloop already
describe the structure well, we excluded torsion angle
restraints in order to observe the effect of PRE restraints on
the structure calculation. To assess the effect of supplemen-
tary paramagnetic restraints and the spin-label introduced
additional degrees of freedom on the structure calculation,
three sets of different structure calculations were conducted
for each construct. The first structure calculation was con-
ducted with an unmodified 14-mer RNA and serves as ref-
erence structure calculation. The spin-label modification
was added in the second (for figure see SI) set of structure
calculations and contains the exact same restraints as the
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culated from a hairpin structure bundle using pseudo-experimental
data with a dgﬁned reference structure. Total MAD 5TPA-U7: 2.0 A,
2'TU11: 0.6 A and Cm13: 0.4 A

first set with the difference that the input RNA contains the
respective spin labels. The strategy behind this is that the
difference between the first two sets of structure calculations
should illustrate the impact of the spin label addition on the
structure calculation. The third set of structure calculations
were carried out as the second set with the additional use of
P-IRMA. The three sets of generated structure bundles were
evaluated with respect to precision (ensemble RMSD) and
accuracy (alignment RMSD to the already published 14-mer
reference structure 2KOC) (Table 2).

Figure 9 displays exemplary structure bundles with the
use of P-IRMA restraints. Introduction of the spin label in
5STPA-U7 without further restraints loosens the structure
bundle, especially in the modified (loop) region (for figure
see SI). Employment of the P-IRMA procedure leads to a
higher RMSD in the loop region compared to the unmodi-
fied system. However, overall precision is increased as the
ensemble RMSD decreases, as is the alignment of the struc-
ture bundle to the reference structure 2KOC, an adequate
indicator for the method accuracy, which significantly
improves for the 5STPA-U7 construct upon employment of
the P-IRMA approach.

Similar observations regarding precision can be made
for the 2'TU11 and Cm13 constructs. Incorporation of the
spin labels into the structures introduces more degrees of
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Diamagnetic restraints ~ Diamagnetic restraints
+spin label

+P-IRMA

Fig.9 Effect of the spin-label addition and P-IRMA on the struc-
ture calculation. a Reference structure calculation of the unmodi-
fied 14-mer construct, calculated with diamagnetic restraints only. b
5TPA-U7, ¢ 2'TU11 and d Cm13 structure bundle determined utiliz-
ing diamagnetic restraints with the P-IRMA protocol

freedom, which lead to a loosening of the RMSD local-
ized in the stem region, where both spin-labels are located.
In both cases, use of our P-IRMA procedure can com-
pensate for the additional degrees of freedom, returning
a tigher structure bundle than the structure calculation of
the unmodified 14-mer. The accuracy of the structure bun-
dles for these two constructs, however, exhibit opposite
trends compared to the STPA-U7 construct: structure bun-
dles for 2'TU11 and Cm13 deviate stronger from 2KOC
upon employment of the P-IRMA procedure. This finding

fits well our experimental chemical shift analysis results,
which suggested a significant structural perturbance.

Furthermore, the analysis was also performed with
pseudo experimental data. The expected result of this set of
structure calculations was that the accuracy and precision
structure bundle increases. And indeed the STPA-U7 and
Cm13 RNA structure bundles showed improved precision
and accuracy values. Implicating that the perturbed structure
of the Cm13 in Fig. 9d indeed originates from the experi-
mental intensities. However, this effect cannot be observed
for pseudoexperimental data of 2"TU11 RNA. A possible
explanation might be that the additional PRE restraints
cannot be fully exploited due to the spin label flexibility
(Table 3).

The nature of the perturbances have been evaluated by a
base pair wise determination of the accuracy and the pre-
cision (for table see SI). Where the precision (ensemble
RMSD) is analogous to the stem wide analysis, the accu-
racy (alignment RMSD towards 2KOC) features some devia-
tions. The local perturbances in the structure of STPA-U7
and 2'TU11 are in line with the global findings. However,
the local disturbance for the Cm13 spin label are minimal in
contrast to the global analysis. The minimal local perturba-
tions in the context of significant global perturbations for
the Cm13 construct can be reasoned with the positioning of
the spin label, as the second last position in the stem is an
unfavourable position for the spin label and it seems to lead
to a distortion of the overall structure without interfering
with the individual base pairing.

In summary, employment of the P-IRMA procedure leads
to a decrease of the overall RMSD, which can be locally
offset by the spin label. More importantly, however, is the
coherence between the resulting structure bundles and our
experimental chemical shift analysis. Constructs exhibiting
strong chemical shift changes return perturbed structures,
whereas the 5TPA-U7 construct, which shows only minute
chemical shift changes, is accurately described with refer-
ence to 2KOC.

Conclusion

In this work, we presented an approach for the extraction
and evaluation of PRE restraints for structure calculations
from 2D 'H-'H-NOESY experiments, motivated by exten-
sive efforts associated with isotope- and spin-labelling of
RNA molecules. This approach yields PRE restraints after
each iteration of a structure calculation, evaluating a full
relaxation matrix computed from experimental intensities
and the current structure bundle.

As the correlation time of the electron and hence the spin-
label flexibility has an effect on the strength of the PRE
effect, we validated our approach on three 14-mer RNA
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Table 3 Influence of the spin-label and P-IRMA with pseudo experimental data on (a) precision (ensemble RMSD) and (b) accuracy (alignment

RMSD towards 2KOC) of the structure calculations

Unmod. 14-mer 5TPA-U7 5TPA-U7 +P-IRMA 2'TUL1 2'TUL1 +P-IRMA Cml3 Cm13+P-IRMA
(a) Precision
Overall 1.78+0.07 2.2+0.1 1.76 £0.06 2.2+0.3 1.57 +0.06 2.8+0.5 1.7+£0.3
Loop 1.5+0.1 2.5+0.2 1.9+0.1 1.46+0.06 1.26 +0.08 1.6+0.2 1.42+0.09
Stem 1.79+0.08 1.8+0.2 1.59+0.05 2.3+0.3 1.6 +0.07 2.9+0.6 1.7+£0.3
(b) Accuracy
Overall  1.00+0.09 0.88 +0.05 0.85+0.06 1.2+0.2 1.12+0.06 1.0+0.1 0.95+0.06
Loop 0.61+0.05 0.58+0.04 0.53+0.02 0.71+0.06 0.67+0.05 0.61+0.05 0.59+0.04
Stem 0.88+0.08 0.85+0.04 0.80 + 0.06 1.1+0.1 1.0x0.1 0.9+0.1 0.83+0.06

All structure calculations were performed in sets of ten to estimate the margin of error corresponding to a confidence interval of 95%. The table
is colour-coded to indicate statistically significant improvements (bold values) and significant worsening (italic values) of the structure bundles
of spin-labelled constructs in comparison to the unmodified 14-mer. The stated RMSDs correspond to the following nucleobases: overall (2—13),

loop (6-9) and stem (2—-6 and 9-13)

constructs with spin-labels of varying flexibility. The eval-
uation of theoretical build-up curves in a correlation-time
dependent manner confirmed that smaller correlation times
exhibit stronger PRE effects. Additionally, the build-up
curves revealed that low mixing times, typical for the evalu-
ation of NOE intensities, are unsuitable for PRE distance
determination as the impact of the paramagnetic effect is
minimal. Further analysis of the dependency of the distance
restraint quality on the mixing time revealed an increase of
MAD with higher mixing times. Furthermore, the number of
assignable crosspeaks plateaus at 250 ms for the present sys-
tem, so that we suggest using mixing times around 250 m:s.

We examined the impact of the theoretical model struc-
ture on the determined restraints. Despite the influence of a
randomized structure bundle, the worst starting point for our
iterative approach on the determined restraints, MADs were
within or close to an error range typical for PRE restraints. A
better initial structure significantly decreased the number of
restraints that were erroneous by more than 3 A, illustrating
the improvements of PRE restraints upon use of an iterative
procedure during the structure calculation.

As chemical modification of the RNA can always per-
turb its structure, we reassessed the chemical shifts of the
modified constructs. Two of the constructs featured signifi-
cant chemical shift changes, indicating a perturbance of the
structure. Those two constructs (2'TU11 and Cm13) served
as negative control for our evaluation of the method, reveal-
ing that additional PRE restraints decrease the RMSD of the
structure bundle. Additionally, assessment of the method’s
accuracy by determination of the alignment RMSD towards
the 2KOC reference structure shows a good correlation
between RMSD and chemical shift analysis. Alignment
of the STPA-U7 structure bundle towards the reference
structure improved with supplementary P-IRMA restraints,
whereas the other two constructs, in line with expectations,
deviated from the reference structure upon use of P-IRMA.
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An examination of local perturbances revealed a difference
between the constructs 2'TU11 and Cm13. Where the 2'TU
spin label caused global and local perturbations, the Cm spin
label showed mostly a global distortion. It is likely that the
distortion caused by Cm is a result of the positioning the
spin label close to the end of the helix and that this distortion
could be compensated by elongating the stem. It should be
noted that our results are not generalizable for the spin labels
that were investigated here, as many factors such as structure
of the target RNA and spin label position need to be assessed
for each individual RNA.

P-IRMA has been developed as a method for structural
refinement and the structures that have been perturbed by
the spin label served as important negative controls from
a method development stand point. The approach for the
assessment of the structural impact of a spin labels can be
generally transferred to any NMR sample (independently
of isotope labelling). The full relaxation matrix approach
can also be facilitated beyond structural refinement when
the system under investigation is already structurally well-
defined with no perturbances by the spin label. The model
free approach (see formula 9-13) can be used to incorpo-
rate spin label motion into the construction of the FRM to
calculate NOE intensities that contain previously simulated
spin label motion. The comparison of these theoretical NOE
intensities with experimental NOE intensities could be used
to evaluate the impact of spin label motion.

To conclude, the P-IRMA approach based on 2D 'H-'H-
NOESY intensities is a useful tool for structure refinement
of spin-labelled RNA that renders costly isotope-labelling
dispensable. Taking advantage of the PRE effect, it provides
access to long-range distance information and appears to be
generalizable for the three-dimensional structure elucidation
of larger nucleic acids.
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