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Edith Wéltjen,” Andrei Leonov,” and Christian Griesinger*™

Although lanthanide tags, which have large anisotropic mag-
netic susceptibilities, have already been introduced to enrich
NMR parameters by long-range pseudoconact shifts (PCSs) and
residual dipolar couplings (RDCs) of proteins, their application
to nucleotides has so far been limited to one previous report,
due to the high affinities of lanthanides for the phosphodiester
backbone of nucleotides and difficult organic synthesis. Herein,
we report successful attachment of a lanthanide tag to a
chemically synthesized oligonucleotide via a disulfide bond.
NMR experiments reveal PCSs of up to 1 ppm and H—H RDCs of
up to 8 Hz at 950 MHz. Although weaker magnetic alignment
was achieved than with proteins, the paramagnetic data could
be fitted to the known structure of the DNA, taking the mobility
of the tag into account. While further rigidification of the tag is
desirable, this tag could also be used to measure heteronuclear
RDCs of C,"”N-labeled chemically synthesized DNA and RNA.

NMR spectroscopy has long been an indispensable tool for the
study of the structure and dynamics of biomolecules with
atomic resolution. In addition to the well-established NMR
methods based on J coupling and nuclear Overhauser effect
(NOE), paramagnetic NMR parameters such as paramagnetic
relaxation enhancement (PRE), pseudocontact shift (PCS) or
residual dipolar coupling (RDC) improve the accuracy of
structures,!" specifically structures of biomolecular complexes®
and allow quantitative measurement of domain motion.t™
With the largest Curie spin and anisotropic magnetic suscepti-
bilities, lanthanide ions are commonly used in paramagnetic
NMR for proteins. Lanthanides can either be loaded into a
metal-binding site of a metalloprotein,®'® or be site-specifically
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attached to a biomolecule via a metal binding tag."'* This has
also been demonstrated for oligosaccharides,”>? but only in
one case so far for oligonucleotides,*® with attachment of the
tag at a phosphorothioate group. Herein, we present a chemical
approach developed for lanthanide tagging of oligonucleotides
by using the modified nucleobase thymidine that allows to
attach the Cys-Ph-TAHA tag®’ and the MesS-Ph-TAHA tag via a
disulfide bond.

In a 24-mer hairpin oligomer (Figure 1) based on a STAT
protein binding sequence, the thymine residue at position 3
was substituted by the modified nucleotide 1 which was shown
to minimally perturb the DNA structure® (Table S8 in the
Supporting Information). The presented synthesis, deprotection
and purification procedure of the modified oligomer is conven-
iently similar to a conventional oligonucleotide protocol, yet it
results in a thiol binding site for tagging. Here, we present a
first synthesis strategy of MesS-Ph-TAHA tag based on the Cys-
Ph-TAHA tag®™” (see the Supporting Information) with a total
yield of 8%. Therein, the sulfur moiety needs to be introduced
prior to the TAHA fragment which results in a 12-fold alkylation
with a yield of only 20%. This crucial step was performed under
mild conditions to avoid undesired side products that increased
the reaction time up to 4 weeks. Due to the high affinity of
lanthanide ions to the phosphate backbone, the Cys-Ph-TAHA/
MesS-Ph-TAHA tags were preloaded with paramagnetic (Tm*",
Tb**) or diamagnetic (Lu*") lanthanide ions before performing
the tagging reaction. In contrast to the protein-specific tagging
reactions, the temperature was increased to 55°C to ensure a
complete turnover for tagging with Cys-Ph-TAHA, even this
resulted in a dimerization of the oligonucleotide as a side
product. The two products were, however, separable in the final
HPLC purification step and the dimerized oligonucleotides were
reactivated using the reducing agent TCEP. Tagging reactions
using MesS-Ph-TAHA tag under the same conditions lead only
to a partially tagged DNA strand. The more rigid and shorter
MesS-Ph-TAHA tag gives rise to stronger electrostatic repulsion
between the negatively charged TAHA fragment and the DNA
backbone. To enable high quality NMR spectra, the tagged
oligonucleotides had to be washed several times using a highly
concentrated NaCl solution in order to remove traces of
lanthanide ions from the backbone. In a final step, the tagged
oligonucleotide was annealed to ensure the formation of the
monomeric hairpin.

As is described in more detail in the Supporting Information,
COSY (Figure 2) and NOESY spectra were acquired for chemical
shift assignment (Tables S1-57) and PCS measurement, HSQC
(Figure S1) and E.COSY (Figure S2) spectra for RDC measure-
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Figure 1. Modified thymidine-phosphoamidite (X) is conveniently incorporated into the DNA hairpin, which is synthesized by standard methods to yield a
hairpin structure with a modified nucleotide in position 3 (X). The DNA with the modified base (X) reacts with, for example, the mesylated Cys-Ph-TAHA tag
(A, right) loaded with lanthanide ion to yield tagged and lanthanide-loaded DNA, which is purified from unreacted tag. Alternatively the MesS-Ph-TAHA tag

(B) was used.
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Figure 2. Left: overlay of the COSY of 24-mer DNA with Cys-Ph-TAHA tag, showing PCSs in opposite directions for Tb** (red) and Tm?** (green), compared to
Lu* (blue). Right: COSY of 24-mer DNA with MesS-Ph-TAHA tag and Tb®" ions. Here three sets of peaks are observed; A and C are diamagnetic and B is

paramagnetic.

ment. As a result, 67 PCSs and 15 H—C RDCs were obtained
from 24-mer DNA with Cys-Ph-TAHA tag and Tm?*" ions
(Tables S10 and S13); 121 PCSs and 25 H—H RDCs were obtained
from 24-mer DNA with MesS-Ph-TAHA tag and Tb®" ions
(Tables S11, S12, S14, and S15). As introduced below, three
models were explored for fitting these two data sets.

Both data sets were at first fit with a single position of the
lanthanide and single magnetic susceptibility tensor, without
any motion between the lanthanide and 24-mer DNA (model 1).
Thus we had eight variables: three for the position of the
lanthanide and five for the definition of the tensor. A B-DNA
structure of 24-mer DNA was used (Table S16, Figure 3A, D and
E), with the position and both the magnitude and orientation of
magnetic susceptibility tensor of the lanthanide ion as fitting
parameters. Due to the higher uncertainty of RDC data
compared to the PCS, the quality factors of RDCs are larger
than those of PCS (i.e, Qqg.>Qu). As is summarized in
Figure 3F, the overall quality factors (Q, 4) are large and the
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magnetic anisotropy tensors (Ay,, and Ay,,) are far smaller than
those in calcium binding proteins®*** as well as published
lanthanide tags,***” thus indicating that model 1 is unsatis-
factory.

In order to improve the quality of data fitting and by that
following work on other systems,”*¥ conformation ensembles
taking structural flexibility into consideration (models 2 and 3)
were constructed. In the chemical structures of Cys-Ph-TAHA
tag (Figure 3B) and MesS-Ph-TAHA tag (Figure 3C), the carbon=
carbon triple bonds and phenyl groups allow for free rotation
about the same axis, and disulfide bonds adopt two conforma-
tions with the S-S dihedral angle at +90° and —90° (see the
Supporting movies). In addition, the peptide bond in the Cys-
Ph-TAHA tag may introduce additional flexibility. In order to
reduce the size of the conformation ensemble originating from
structural flexibility, only the free rotation of the carbon=carbon
triple bond and the two conformations of the disulfide bond
were considered in the data fitting. The free rotation of the

© 2020 The Authors. Published by Wiley-VCH GmbH
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Figure 3. Fitting PCS and RDC data of 24-mer DNA with different lanthanide-tagging models. A) Single lanthanide ion located near the B-DNA structure of 24-
mer DNA. B) and C) Left: chemical structures and flexibilities of Cys-Ph-TAHA and MesS-Ph-TAHA; free rotation (e.g., carbon=carbon triple bond) is indicated
as “o00”, two conformations (e.g., disulfide bond) as “2” and unknown flexibility as “?”. Center: the probability distribution of lanthanide-tagging conformations
with different rotatory angles of the carbon=carbon triple bond and double conformations of disulfide bond is calculated from electrostatic interaction. Right:
probability distribution of the lanthanide-tagging conformation fit as two Gaussian functions from PCS and RDC data. D) and E) Comparison of experimental
(x-axis) PCS and RDC data and those calculated (y-axis) from different models. F) Comparison of magnetic anisotropy tensors and quality factor. Center: the

tensor determined from the MesS-Ph-TAHA-tagged DNA for model 3 matches very well the tensors for calmodulin

[36] [37]

and calbindin,”” as well as those for

published tags.?®* Left: this could not be achieved for the more flexible Cys-Ph-TAHA tagged DNA. Reference to the literature is made as we could not
determine the susceptibility tensor of the free tag. Right: Model 3 shows the lowest Q. = Qpcs ;.1 factor for both tags.

phenyl group will not change the position of the lanthanide
ions, and therefore we expect that its omission will not
compromise the data fitting quality. For cross validation, we
calculated the size and rhombicity of the tensor to compare
with those of lanthanides in rigid binding pockets of the
calcium binding proteins (Table S21). A motional model for the
tag was acceptable, when the Q factors were small and the size
and rhombicity of the tensor were well reproduced.

As the number of possible angles for a free rotation about
the triple bond and the phenyl ring is large, we first made a
reasonable guess of the conformational distribution, namely
the Boltzmann distribution taking the electrostatic energy of
charged atoms in each conformation into account while
excluding steric clashes (model 2). With the calculated proba-
bility distribution of conformational ensembles (Figure 3B and
C), the magnetic susceptibility tensor of the lanthanide ions
were fit (Table S17, Figure 3D and E). As is summarized in
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Figure 3F, Qg .. decreased slightly and Ay, and Ay,
approach those of the calcium binding proteins, thus indicating
that model 2 is slightly improved compared to model 1,
although model 2 might be over-simplified, and the calculated
probability distribution might not be accurate.

In model 3 we did not calculate electrostatic energies,
rather, two Gaussian functions were used to fit probability
distributions of lanthanide-tagging conformations (Table 518,
Figure 3D and E), where each Gaussian function describes the
probability distribution as a function of the rotation angle of
the carbon-carbon triple bond for each of the two disulfide
conformations (Figure 3B and C). As summarized in Figure 3F,
the fitting quality was improved with Q. ;4. =0.19 for Cys-Ph-
TAHA tag with Tm*" ion and Quc qc=0.33 for MesS-Ph-TAHA
tag with Tb’* ion; this indicates that the flexibility of
lanthanide-tagging is necessary for an accurate modeling of
PCS and RDC data. In terms of the magnitude of anisotropy

© 2020 The Authors. Published by Wiley-VCH GmbH
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tensors of the calcium binding proteins, the fitting result of
Tb**-loaded MesS-Ph-TAHA is similar, while the fitting result of
Tm**-loaded Cys-Ph-TAHA tag is smaller by a factor of more
than 3, thus indicating that the model does not capture the
mobility of the longer and far more flexible Cys-Ph-TAHA tag,
whereas the shorter MesS-Ph-TAHA tag is well described.

The flexibility of lanthanide-tags is the main reason for
scaling the magnetic alignment of proteins and oligonucleo-
tides and thus their RDCs, which is put into perspective in the
following. The largest H-N RDC at 21.14 Tesla was reduced
from 35 Hz (Tb*") and 30 Hz (Tm®") in calmodulin to 15 Hz
(Tb**) and 12 Hz (Tm**) in ubiquitin T12 C with a cysteine tag,
and further down to 7 Hz (Tb®") and 6 Hz (Tm*") in ubiquitin
S57 C with a cysteine tag (Table S19). For the nucleotides
reported here, the largest H—C RDC for Cys-Ph-TAHA tag with
Tm?* ion at 18.79 Tesla is 6 Hz and the largest H—H RDC for
MesS-Ph-TAHA tag with Tb®" ion at 22.31 Tesla is 8 Hz, both
equivalent to H-N RDC at 21.14 Tesla of 4 Hz, which are further
reduced from RDCs of proteins. Comparing to RDCs in ubiquitin
with cysteine tag, the reduction of RDCs in nucleotides is
probably due to the flexibility of the carbon=carbon triple bond
where the lanthanide tag attaches to the nucleotide. As
detailed in the Supporting Information, rigidification of the
chemical bonds in the lanthanide tagging of 24-mer DNA would
theoretically enlarge RDCs by 3-7 times (Figures S3 and S20).
Yet, the PCSs and RDCs observed could be interpreted and, due
to the availability of *C/"*N-enriched DNA and RNA through
solid-phase synthesis H—C and H—N RDCs will be available with
this tagging approach.

In conclusion, a strategy for paramagnetic tagging of bases
in oligonucleotides is described using a modified nucleobase in
DNA with the Cys-Ph-TAHA and MesS-Ph-TAHA tags connected
by a disulfide bond. The modified nucleobase can replace any
nucleobase and, therefore, facilitate a tagging reaction at any
desired position of a synthesized oligonucleotide. When
analyzing complexes, of course the tag should not be at a
binding site to avoid interference with complex formation. A
convenient synthesis enables the preparation of the corre-
sponding phosphoramidite on a 100-mg scale, followed by a
fast and highly reproducible cleavage and purification protocol
for the oligonucleotides. Lanthanide-induced PCSs and RDCs
had sufficient sizes that they could be fitted to a motional
model of the tag; this is so far unprecedented in the literature
and could be extended to chemically synthesized "C/"N
labeled DNA and RNA to measure H—C and H—N RDCs. With
attachment to DNA that was not labeled with isotopes, only a
few proton-proton and proton-carbon RDCs could be meas-
ured; this was insufficient for structure refinement. Further
rigidification of the tag could lead in the future to even larger
RDCs.
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