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ABSTRACT: Mg* ions play an essential part in stabilizing the tertiary structure of nucleic Xeray PELDOR

acids. While the importance of these ions is well documented, their localization and elucidation
of their role in the structure and dynamics of nucleic acids are often challenging. In this work,
pulsed electron—electron double resonance spectroscopy (PELDOR, also known as DEER)
was used to localize two high affinity divalent metal ion binding sites in the tetracycline RNA
aptamer with high accuracy. For this purpose, the aptamer was labeled at different positions
with a semirigid nitroxide spin label and diamagnetic Mg** was replaced with paramagnetic
Mn?*, which did not alter the folding process or ligand binding. Out of the several divalent
metal ion binding sites that are known from the crystal structure, two binding sites with high
affinity were detected: one that is located at the ligand binding center and another at the J1/2

junction of the RNA.

M etal cations are essential for stabilizing nucleic acids and
ensuring proper folding of their tertiary structure, in
particular, K* and Mg** ions. Generally speaking, monovalent
cations like Na* or K* are “diffuse” cations, which do not form
specific and close-range interactions with the negatively
charged backbone of the nucleic acid molecule. Instead,
these ions form electrostatic long-range interactions with the
molecule of interest.”> Divalent cations, in particular Mg2+,
also participate in such electrostatic interactions but addition-
ally are important in stabilizing nucleic acid structural motifs
by direct coordination. Techniques to sample the diffuse or
direct interaction of Mg2+ to the nucleic acid include, among
other methods, nuclear magnetic resonance (NMR) spectros-
copy,” fluorescence resonance energy transfer (FRET)
measurements,”* small-angle X-ray scattering (SAXS),” X-ray
crystallography,® and molecular dynamics (MD) simulations.”
Localization of directly coordinated Mg>" ions, and metal ions
in general, is a nontrivial task that can lead to experimental
difficulties. For example, NMR can sample the metal ion only
indirectly, e.g., via *'P NMR, paramagnetic relaxation enhance-
ment (PRE), or pseudocontact shifts (PCS). In addition,
liquid-state NMR is limited by the size of the nucleic acid due
to line width broadening that originates from an increased
rotational correlation time.® Seeding of single crystals for X-ray
crystallography can be a challenging endeavor. Furthermore,
assignment and verification of the Mg** ion binding sites can
be difficult with X-ray crystallography, and examples of
erroneous assignments can be found in the literature.’
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Recently, a machine-learning approach was proposed to
predict Mg?* binding sites in RNA.”

Pulsed dipolar spectroscopy (PDS) describes several
techniques within electron paramagnetic resonance (EPR)
spectroscopy to probe the dipolar coupling of two or more
paramagnetic spin systems of a macromolecule. Because the
dipolar coupling is inversely proportional to r’, PDS can be
used to obtain the distance r between paramagnetic spin
centers. Nitroxide probes are frequently used because they are
stable radicals with spin-Hamiltonian parameters and relaxa-
tion properties that are well suited for detection with PDS
techniques.'’”'® Paramagnetic metal ions like Fe*, Mn*,
Co?*, Ni**, Cu®*, and Gd*" can be used for PDS as well,"" ™"’
and some of these ions exist as naturally occurring cofactors in
enzymes. Another possibility to make a biopolymer EPR-active
is to substitute diamagnetic Mg®* with paramagnetic Mn?*.*"*!

Here we describe the application of a PDS technique called
pulsed electron—electron double resonance (PELDOR) spec-
troscopy” > (also called DEER) to localize high-affinity Mg**
binding sites and to assess their relative affinities in nucleic
acids. Measurements were performed on a 50 nucleotide long
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tetracycline (TC) RNA aptamer that binds the antibiotic TC
with an exceptionally high affinity (K4 = 770 pM at 10 mM
Mg?*) and is widely used as a synthetic riboswitch.”*~° It is
known that the aptamer binds its ligand TC via a Mg*" ion.
Additional Mg** ions are known to interact with the aptamer
to ensure its folding to a stable tertiary structure.’’™°
Although the crystal structure sheds light on the additional
Mg** binding positions,”” little is known about the affinity of
these sites and their relevance for folding of the aptamer. To
enable PELDOR measurements, diamagnetic Mg“ was
substituted with paramagnetic Mn**, shown by isothermal
titration calorimetry not to affect ligand binding,”* and using
different singly labeled nitroxide TC aptamer mutants.
PELDOR experiments on the different mutants were then
performed at different Mn** concentrations to probe the
nitroxide—Mn** dipolar coupling. The experimental PELDOR
distances were compared to theoretical distances derived from
the crystal structure,”’ revealing localization of two high-
affinity sites. A trilateration proof-of-concept study using EPR
has been shown for a Cu®* azurin protein.”

Figure 1A shows the secondary structure of the three spin
labeled TC aptamer constructs. Positions C3 and C15 have
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Figure 1. (A) Secondary structure of the TC aptamer used in this
study. The three different labeling positions for the ETU spin label are
indicated (left: TCaptClS; middle: TCaptU18; right: TCaptC3).
Residue numbers are based on the secondary structure of the wild-
type construct.”>*° (B) Chemical structure of the tetraethylisoindo-
line nitroxide spin label (ETU spin label). The spin label is attached
after solid-phase synthesis to a 2’-amino-modified oligonucleotide.
(C) EPR spectrum of a singly ETU labeled TC aptamer with 0.22
mM Mn?* in the presence of 0.165 mM TC. Magenta: EPR signal of
Mn?*; blue: EPR signal of the nitroxide. The nitroxide spectrum
obscures a hyperfine peak of the central Mn** transition.

recently been used for spin labeling in a previous nitroxide—
nitroxide PELDOR study.’' Figure 1B shows the structure of
the semirigid ETU spin label, previously shown to exhibit a low
degree of internal freedom, yielding rather narrow distance
distributions.'”” Covalent labeling of ETU was achieved by
postsynthetic labeling of a 2’-amino nucleotide,"> and more
information can be found in Section 1 of the Supporting
Information. Native PAGE analysis and fluorescence titration
spectroscopy measurements did not indicate any perturbation

by the spin labels (Figures S1 and S2). All constructs contained
a C-overhang to prevent helical end-to-end stacking.*

To compare the PELDOR distance distributions to crystal
structure distances, a molecular modeling approach with an
optimized spin label structure was used. This approach was
successfully used in a previous study,” and more information
can be found in Section 6 of the Supporting Information. The
sequence of the constructs used in this publication and of the
crystal structure differs slightly at the ends of helical stems P1
and P2. In these regions, the crystal structure shows a rather
unperturbed dsRNA with no resolved divalent metal ion
binding sites, and it was shown in previous studies that changes
and loop deletions in these regions do not affect the function
and structure of the aptamer.””*" The U—A base pair in stem
P2 that contains the ETU spin label (Figure 1A, TCAptU18) is
a C—G base pair in the crystal structure (Figure S9). In the
modeling approach, the ETU spin label was consequently
connected to the 2'-N atom of a cytidine.

The final structure obtained with PyMOL is shown in Figure
2. TC is shown green, and the three different labeling positions
are shown in blue (C15), dark red (U18), and turquoise (C3).
The Mg*" ions identified in the crystal structure are shown in
magenta. The AAAA-motif (A6, A7, A8, and A9) in the J1/2
junction is highlighted purple. In this region, the backbone
makes a U-turn. This rather uncommon structural motif is
stabilized by a Mg®" ion that is directly coordinated by two
oxygen atoms of the phosphate backbone. In the crystal
structure of the TC aptamer, no other Mg** ions are directly
coordinated by two or more oxygen atoms from the phosphate
backbone. This suggests tight binding and high affinity for the
AAAA-Mg*" ion. The expected crystal structure distances from
the nitroxides to the Mg®" ion in the TC-binding pocket
(called TC-Mg*" hereafter) and the Mg** ion at the AAAA-
motif (called AAAA-Mg®" hereafter) ranged from 1.79 to 3.62
nm (Figure 2). Accessible distances for PELDOR lie in the
range 1.8—10 nm; therefore, the expected distances in the
current study are ideally suited for an investigation with
PELDOR."!

To localize and investigate the relative affinity of divalent
metal ion binding sites in the TC aptamer, nitroxide-Mn**
PELDOR measurements were performed at Mn®' concen-
trations of 0.22 and 0.45 mM. A previous study showed a
significant change of flexibility of the tertiary structure upon
adding TC at these concentrations.”’ At higher divalent ion
concentrations of 3 mM, the flexibility of the tertiary structure
did not change upon addition of TC. Thus, the tertiary
structure seems to be already stabilized at these high
concentrations, even in the absence of TC. Measurements in
the presence and absence of TC were only performed at 0.45
mM Mn?* because of the limited sample amount of spin
labeled RNA; measurements at 0.22 mM Mn** were only
performed in the presence of TC.

Figure 1C shows an EPR spectrum of TCaptC15 with 0.45
mM Mn** in the presence of TC. The spectrum is dominated
by the 6-line pattern of the Mn?* electron spin (S = 5/2) that
arises due to strong hyperfine coupling to the >*Mn hyperfine
nucleus (I = 5/2, 100% natural abundance). The third
hyperfine line from the left is obscured by the EPR spectrum
of the nitroxide (S = 1/2). The nitroxide spectrum results from
the g-tensor anisotropy and the hyperfine coupling anisotropy
to the "N nucleus (I = 1). The aforementioned interactions
and the EPR line width are too large to resolve the dipolar
interactions between Mn?* and the nitroxide. For all PELDOR
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Figure 2. Expected tertiary structure of the constructs used in the
present study, based on crystal structure by Xiao et al.*” with the PDB
code 3EGZ. Tetracycline is shown in green, and the three different
spin label positions are shown in blue (C1S), dark red (U18), and
turquoise (C3). Mg*" ions identified in the crystal structure are
colored magenta as a ball presentation. The AAAA-motif in junction
J1/2 is shown in purple. The expected crystal structure distances are
2.49 nm (TC-Mg**) and 2.17 nm (AAAA-Mg*") for C15, 3.13 and
3.62 nm for U18, and 3.15 and 1.79 nm for C3.

experiments performed in this study, the nitroxide spin was
pumped and the Mn** spin was used for detection. An offset of
[Avl = 80 MHz was used, which corresponds to the detection
of the Mn*" electron spin transitions with larger electron spin
states (mg > |£1/2l). Detecting the central Mn** electron spin
state (mg = +1/2) yielded identical distance distributions
(Figures S3 and S4). More experimental details can be found
in the Supporting Information.

The first row of Figure 3 shows the PELDOR time domain
data (left) and distance distributions (right) for TCAptC1S. At

0.45 mM Mn®" in the presence of TC (blue), two rather
narrow peaks with mean distances of 2.2 and 2.4 nm are
visible. These distances agree very well with the predicted
distances from the crystal structure for AAAA-Mn** (2.17 nm)
and TC-Mn?** (2.49 nm). However, in the absence of TC
(red), the distance peak attributed to TC-Mn** (2.4 nm) can
no longer be identified. TC stabilizes the Mn>" ion in the
binding pocket with two direct oxygen coordinations.”’ A
vanishing TC-Mn?* distance peak in the absence of TC is
therefore reasonable, as the Mn®" in the binding pocket is
expected to be much less stabilized. Less specific Mg”* binding
in the absence of TC was also suggested by fluorescence data
fitted to a modified Hill equation. Depending on the position
of the fluorescence-responsive 2-aminopurine nucleobase
within the aptamer, different Ky values and Hill coefficients
were obtained.’® Not surprisingly, the distance peak at 2.4 nm
is observed if a Mn?* concentration of 0.22 mM Mn?" is used,
this time again in the presence of TC (green). Interestingly,
the distance peak at 2.2 nm now has a probability that is
smaller than that of the 2.2 nm distance peak at 0.45 mM
Mn?**. In fact, the decrease in probability of the 2.2 nm distance
peak is very similar to the decrease in Mn®** concentration (a
decrease by a factor of 2). This suggests that at lower Mn**
concentrations the divalent metal ion binding site belonging to
the 2.2 nm distance peak is less occupied.

While the distance distribution data, based only on
TCAptC1S, suggest that the observed distance peak at 2.2
nm could belong to the divalent binding site at the AAAA-
motif, the following concerns and circumstances should be
considered. First, because the two distance peaks are very close
to each other, they could be a regularization artifact. However,
this is unlikely, as the bootstrapping confidence interval
analysis of 1000 samples gives very narrow confidence
intervals. Second, the distance peak at 2.2 nm and its near-
perfect agreement with the expected distance for the AAAA-
Mn?** jon could be pure coincidence. Third, an almost identical
distance distribution is obtained if the central Mn** electron
spin state is detected (Figures S3 and S4, 0.45 mM Mn*" w/
TC). This rules out the possibilities that the peak at 2.2 nm is
caused by orientation selection or Mn*" high spin contribu-
tions, with both contributions being expected to be small
anyway. >4

To investigate the origin of the 2.2 nm distance peak for
TCAptC1S in detail, PELDOR experiments under the same
experimental conditions were performed for TCAptU18 and
TCAptC3. The results of TCAptU18 are shown in the middle
row of Figure 3. At 0.45 mM Mn*" and in the presence of TC
(blue), two distinct distance peaks at 3.1 and 3.6 nm are
visible. These distances again agree very well with the expected
crystal structure distance of TCAptU18 for the TC-Mn** and
AAAA-Mn*" ions (Figure 2). As anticipated, the distance peak
at 3.1 nm (TC-Mn*") is strongly attenuated if no TC is present
(0.45 mM Mn*" w/o TC, red), while the probability of the
peak at 3.6 nm (AAAA-Mn®") remains unchanged. At lower
Mn?*" concentrations of 0.22 mM, the peak at 3.1 nm is again
observed. Now, the peak probability ratio Prc 2 (r)/
Ppasann(r) is larger than that at 0.45 mM Mn?*". The
observation and conclusion of PELDOR data for TCAptU18
are therefore in perfect agreement with TCAptCl1S.

The bottom row of Figure 3 shows the PELDOR time
domain data and distance distributions of TCAptC3. For 0.45
mM Mn*" in the presence of TC (blue), two distinct distance
peaks at 1.7 and 3.1 nm are visible. Again, these mean distances
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Figure 3. Nitroxide-Mn** PELDOR time domain data (left column) and the resulting distance distributions (right column) for different labeling
positions. First row: TCAptC1S; second row: TCAptU18; third row: TCAptC3. The primary PELDOR data are shown in black. Experiments were
performed for different Mn?** concentrations. Green: 0.22 mM Mn*" in the presence of TC; red: 0.45 mM Mn** in the absence of TC; blue: 0.45
mM Mn?* in the presence of TC. For the time domain data, the solid colorized lines correspond to the fits obtained with DeerLab.** The colorized
dashed lines correspond to the unmodulated background function. For the distance domain data, the shaded areas correspond to the bootstrapped
confidence intervals (95%, 1000 samples).

are in perfect agreement with the expected crystal structure mM in the presence of TC, the peak at 3.1 nm is again
distances for AAAA-Mn** (1.79 nm) and TC-Mn** (3.15 nm). observed. The AAAA-Mn?* peak at 1.7 nm now has a smaller
The TC-Mn*" distance peak disappears if no TC is present probability than that at 0.45 mM, which is in perfect agreement
(0.45 mM Mn** w/TC, red). At a Mn** concentration of 0.22 with the AAAA-Mn*' distance peak observations for
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Table 1. Comparison of Nitroxide-Mn** Distances for Different Labeling Positions”

TC-Mn** (C15)/nm  AAAA-Mn?** (C15)/nm TC-Mn®* (U18)/nm AAAA-Mn** (U18)/nm TC-Mn** (C3)/nm AAAA-Mn?>* (C3)/nm

X-ray 2.49 2.17 3.13
PELDOR 2.41 221 3.12

3.62 3.15 1.79
3.59 3.11 1.72

“The distances were either extracted from a modified crystal structure or from PELDOR distance distributions.

TCAptC1S and TCAptU18. All distance distributions of
TCAptC3 have a probability for very long distances (>6 nm),
and these long distances are most likely artifacts from the
background correction. All distance distributions from
TCAptC3 also show rather undefined and broad distributions
around 4.5 nm. The confidence intervals for the distances at
4.5 nm are smaller than for the distances > 6 nm but larger
than the confidence intervals obtained for the TC-Mn** and
AAAA-Mn** peaks.

Distance distributions of TCAptU18 and TCAptC3 each
show a single distance peak with a considerable distance
probability that cannot be easily explained. For TCAptU18
(Figure 3, middle row) this peak appears at around 1.9 nm,
and for TCAptC3 (Figure 3, bottom row) the peak appears at
4.5 nm. These distances do not match with any of the expected
distances for the other divalent metal ion binding sites that are
present in the crystal structure (Table S2). The next closest
divalent metal ion for the unassigned distance of TCAptU18
has already a difference of 0.65 nm (Mg 507); for TCAptC3
the difference for the next closest divalent metal ion is 0.32 nm
(Mg 503). It is possible that the unassigned distance peaks
could be caused by a divalent metal ion binding site that was
not detected in the crystal structure. Figure 2 shows that
TCAptC1S is somewhat located between TCAptC3 and
TCAptU18. Therefore, the unassigned distance peaks of
TCAptC3 and TCAptU18 indicate that such an unresolved
metal binding site is very close to the spin label at position
C1S. In this case, the unresolved metal binding site cannot be
detected with PELDOR or TCAptC1S, as PELDOR cannot
detect distances smaller than approximately 1.5 nm. With the
labeling sites used in this study, this hypothesis cannot be
conclusively clarified. It is known that crystal packing effects
can alter the structure and orientation of RNAs observed under
more physiological conditions.”>*® It is highly unlikely that the
unassigned distance peaks of TCAptC3 and TCAptU18
originate from additional rotamers of the spin labels. The
difference of the unassigned distance peaks to the TC-Mn?>*
distance peaks is >1 nm for both labeling sites, which is too
large for an additional spin label rotamer. The spin label itself
is only spanning 0.9 nm when measured from 2'-N to the
oxygen atom of the NO bond.

Despite these two unassigned distance peaks, it was possible
to observe the Mn*" ion in the TC binding pocket with all
three constructs, and all constructs showed an additional peak
which could be assigned to the AAAA-Mn*" ion. Other
divalent metal ion binding sites of the TC aptamer (Table S2)
are not an option for various reasons: (i) The assignment of
the TC-Mn*" ion is obvious, as this distance peak disappears
for all three labeling sites. A strongly decreased affinity toward
this Mn”* ion is expected if TC, which forms two direct oxygen
coordinations to the TC-Mn?" ion, is not present. (ii) All three
labeling sites were in perfect agreement with the crystal
structure;’” the difference of the extracted X-ray distance and
the experimentally determined PELDOR distance was never
more than 5%—this is true for both TC-Mn** and AAAA-
Mn?*" (see Table 1). The only other metal ion resolved in the

crystal structure that comes close to the AAAA-Mn** ion is
divalent metal ion 502 (Table S2). However, for all three
labeling sites, the experimental distances agree better with
AAAA-Mn?* than with metal ion 502. For labeling position
C15, the difference of the experimental distance and the crystal
structure distance of the AAAA-Mn®* ion is negligible. The
difference of the experimental distance assigned to the AAAA-
Mn?" ion and the crystal structure distance of metal ion 502 is
already 0.25 nm. The low internal degree of freedom of the
semirigid spin label is good enough to resolve such a
difference. The difference to other divalent metal ions is
even larger. For divalent metal ion 501, the difference is
already >0.4 nm for all three labeling sites. (iii) The AAAA-
Mn?* ion is the only divalent metal ions besides the TC-Mn?*
ion that is directly coordinated by two oxygen atoms, thus
suggesting a strong binding mode. Other metal ions have either
no direct coordination or just one direct oxygen coordination
(metal ion 502). With nitroxide-Mn®" PELDOR, it was
therefore possible to unambiguously locate and confirm an
additional binding site with a high affinity.

The data presented in Figure 3 strongly suggest a smaller
relative affinity of the AAAA-Mn?" binding site in comparison
to the TC-Mn*" binding site. The smaller relative affinity of the
AAAA-Mn*" binding site becomes even clearer in Figure 4.
Unlike those in Figure 3, the distance distributions for 0.22
mM (green) and 0.45 mM (blue) Mn?" in the presence of TC
for the three different constructs were normalized to the mean
distance of the TC-Mn?" peak.

In this presentation, it becomes clear that the probability of
the AAAA-Mn** peak decreases for all three constructs if the
Mn** concentration is decreased. This shows that the affinity
of the AAAA-Mn*" binding site is not as high as that of the
TC-Mn** binding site, but it is still relatively high. An identical
conclusion is obtained if Gaussian models are fitted to the
nonparametric distance distributions, and the definite integral
ratios of the TC-Mn*" and AAAA-Mn** distance peaks are
compared at different Mn>* concentrations (Section 8 of the
Supporting Information). Undoubtedly, the AAAA-Mn>*
binding site has the highest divalent metal ion affinity among
all additional binding sites that were identified in the crystal
structure. It should be added that two data points, i.e., at 0.22
and 0.45 mM Mn?", only allow for a qualitative interpretation
of the affinity. For obtaining quantitative Ky values with
PELDOR spectroscopy, more data points at different
concentrations are needed.”’

In Figure 4, the decrease in probability of the AAAA-Mn**
peak is around 30% for constructs TCAptC15 and TCAptU18
and may not be clear upon a visual inspection of the primary
PELDOR data. However, the confidence interval analysis
shows that the decrease in probability is correct and not a
regularization artifact. This highlights the ability of the
PELDOR technique to directly localize divalent metal binding
with high precision.

Quite often, the PDS of transition metals is hampered by
complicated spin physics and a high flexibility of the spin label
or the spin tag, which results in broad distance distributions.
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Figure 4. Comparison of distance distributions for different labeling
sites in the presence of TC and with either 0.22 mM (green) or 0.45
mM (blue) Mn**. For the sake of clarity, the distance distributions
were normalized to the probability of the TC-Mn** distance peak
(marked with asterisks). First row: TCAptClS; second row:
TCAptU18; third row: TCAptC3. The shaded areas correspond to
the bootstrapped confidence intervals (95%, 1000 samples).

This makes it difficult to extract meaningful distance
information. In this study, we present for the first time high
quality nitroxide-Mn** PELDOR data of nucleic acids that
localize two divalent metal-ion binding sites. It was possible to
localize both the Mn*" ion in the TC binding pocket and the
one located at the AAAA-motif in the J1/2 junction. Both
metal ion binding sites were present in the crystal structure by
Xijao et al. along with several other additional divalent metal
ions. The high affinity of the binding site at the AAAA-motif is
not unexpected and can be explained by the rather unusual U-
shaped turn of the phosphate backbone in this region.”” The
positively charged Mn?* ion is required to compensate for the
negative charges of the backbone, which are in proximity due
to the U-shaped turn. PELDOR is one of the few spectroscopy
techniques that can directly probe and monitor paramagnetic

transition metals. It is complementary to X-ray crystallography,
which can give a highly resolved three-dimensional framework
in the sense that PELDOR is used to investigate more dynamic
processes. In this study, the difference between the extracted
crystal structure distances and experimentally determined
PELDOR distances never exceeded 5%. We have shown here
that a combination of a semirigid nitroxide spin label and
PELDOR spectroscopy simultaneously localized two Mg**
binding sites within the tetracycline RNA aptamer and revealed
the relative binding affinity of these sites. Thus, the PELDOR
technique, which can be applied to samples in frozen solutions
and does not require highly diffracting crystals, can localize
divalent metal ions that may play an essential role in the
function of nucleic acids.
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