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ABSTRACT

We report the synthesis of atom-specifically 3C-
modified building blocks that can be incorporated
into DNA via solid phase synthesis to facilitate in-
vestigations on structural and dynamic features via
NMR spectroscopy. In detail, 6-'*C-modified pyrimi-
dine and 8-'3C purine DNA phosphoramidites were
synthesized and incorporated into a polypurine tract
DNA/RNA hybrid duplex to showcase the facile res-
onance assignment using site-specific labeling. We
also addressed micro- to millisecond dynamics in
the mini-cTAR DNA. This DNA is involved in the HIV
replication cycle and our data points toward an ex-
change process in the lower stem of the hairpin that
is up-regulated in the presence of the HIV-1 nucleo-
capsid protein 7. As another example, we picked a
G-quadruplex that was earlier shown to exist in two
folds. Using site-specific 8-'3C-2’deoxyguanosine la-
beling we were able to verify the slow exchange be-
tween the two forms on the chemical shift time scale.
In a real-time NMR experiment the re-equilibration of
the fold distribution after a T-jump could be moni-
tored yielding a rate of 0.012 min—'. Finally, we used
13C-ZZ-exchange spectroscopy to characterize the
kinetics between two stacked X-conformers of a Hol-
liday junction mimic. At 25°C, the refolding process
was found to occur at a forward rate constant of 3.1
s~! and with a backward rate constant of 10.6 s~.

INTRODUCTION

The function of nucleic acids is not only encoded in their
ground state structure but also in their dynamic proper-
ties (1-9). These dynamics can occur over a wide range of
timescales depending on the height of the activation barri-

ers separating the alternative folding states (10). Solution
NMR spectroscopy has proven to be a valuable tool to
study functional dynamics and adequate methods to ad-
dress kinetics from nanoseconds to hours are available (3,9).
A crucial prerequisite to make use of these relaxation-based
NMR experiments is the introduction of stable isotopes,
such as °C, "N or 2H (11,12). For proteins labeling pro-
tocols are very advanced and in combination with sophisti-
cated pulse sequences large proteins and even high molecu-
lar weight protein complexes can be studied via NMR spec-
troscopy and methyl group specific '*C-labeling (13-19). In
the field of nucleic acid NMR spectroscopy, however, the
isotope labeling strategies relying on the enzymatic incor-
poration of stable isotope labeled (deoxy)ribonucleotides
were established in the mid-90s with minor progress since
then (20-31). Very recently, the PLOR (position-selective
labeling of RNA) method was introduced and holds the
promise to site-specifically label RNA using stable isotope
labeled ribonucleotide triphosphates and T7 RNA poly-
merase (32-34). This method will benefit from novel sta-
ble isotope labeled ribonucleotide triphosphate, which be-
came recently available making use of a chemo-enzymatic
approach (35-38). Concurrently, 3C/""N/>H-labeled RNA
phosphoramidite building blocks and their applications for
dynamic NMR of RNA were reported (39—43). The chem-
ical labeling strategy proved to be a valuable expansion to
the existing enzymatic protocols and will be especially ben-
eficial when studying RNA modifications by NMR spec-
troscopy (44,45). The most serious limitation of the ap-
proach is the size of the RNA under investigation. Using
standard zert-butyldimethylsily- (TBDMS) or triisopropy-
Isilyloxy methyl- (TOM) protected RNA building blocks
nucleic acids with about 50 nucleotides can be produced in
sufficient amounts and the needed quality (>95% purity)
for NMR spectroscopic investigations (46). For DNA, how-
ever, much larger constructs are accessible through solid
phase synthesis as DNA is lacking the 2’-hydroxyl group
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and no steric interference by the 2’'-protecting group dur-
ing the coupling step is occurring. Thus, the synthesis of 2'-
deoxyoligonucleotides has less stringent requirements com-
pared to RNA and DNAs with up to 200 nucleotides can be
commercially ordered. Further, "N and '*C/!">N uniformly
labeled DNA phosphoramidites are available from compa-
nies. This would make solid phase synthesis the method
of choice for NMR spectroscopic investigations of DNA.
However, the pricing for these building block is consid-
erable. The '3C/">'N-DNA phosphoramidites are mainly
used to for resonance assignment purposes in G-quadruplex
studies on folding and structure with stable isotope dilution
for economic reasons (5,47-49). Still, in some cases atom-
specific isotope labeling would be advantageous especially
for NMR studies on dynamics, for which isolated 'H-X (X
= 3C or ’N) spin pairs with simple relaxation behavior
and little scalar coupling interactions are important. Sur-
prisingly, there are only scattered reports on the production
of site-specifically 13C- or '’N-labeled DNA nucleoside and
even a more limited number on the synthesis of stable iso-
tope labeled DNA phosphoramidites so far (25,50-56).

Only recently, a unique feature of B-form DNA was dis-
covered. DNA is able to fluctuate between a ground state
Watson—Crick (WC) base paired state, which is well known
form textbooks, and an excited state Hoogsteen (HG) base
paired conformation (57-60). This high-energy state is pop-
ulated to only a low extent (0.5-1%) and the exchange be-
tween the ground and excited states occurs on the millisec-
ond time scale (key = ~3000 s~! at room temperature). This
behavior was revealed by relaxation dispersion NMR meth-
ods. The data strongly suggests that the sequence of a DNA
double helix codes for the dynamics between WC to HG
base pairs. This transient alternative base pairing states can
in turn have implications for genome stability and repair
or can act as an anchor in protein recognition. These find-
ings underscore, that it would be very beneficial to introduce
site- and atom-specific *C labeled nucleotides into DNA to
study such biologically important exchange processes. Fur-
thermore, the synthetic approach can alleviate the problems
in the resonance assignment process using site-specific la-
beling, which can be especially complicated in larger DNAs.
The simple relaxation pathways in such atom-specific build-
ing blocks also simplify the application of NMR experi-
ments to probe dynamics. Last but not least, the availabil-
ity of stable isotope labeled DNA phosphoramidites will
allow to address structure and dynamics in the presence
of modifiers, like naturally occurring methylated residues
or nucleotides with heteroatoms replaced with carbon (e.g.
deazapurines). Thereby, a deeper understanding of intrinsic
DNA dynamics and its function will be amenable.

Here, we present a first comprehensive report on the af-
fordable synthetic access to atom-specifically '*C-modified
DNA building blocks that can be incorporated into a tar-
get DNA via solid phase synthesis. The approach can be
used to facilitate investigations on structural and dynamic
features via NMR spectroscopy and can be regarded as
an expedient addition to the existing enzymatic methods.
The chemical synthesis of 6-'3C-modified pyrimidine and
8-13C purine DNA phosphoramidites and their incorpo-
ration into DNAs up to 55 nucleotides is described. The
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approach significantly facilitates the resonance assignment
process for a polypurine tract DNA/RNA hybrid with an
intrinsically high degree of resonance degeneracy (61-63).
We then addressed the applicability of the labeling strat-
egy to study micro- to millisecond dynamics in the mini-
c¢TAR DNA in the absence and presence of the HIV-1 nu-
cleocapsid protein 7 (NCp7) (64,65). With the aid of site-
specific 8-'3C-guanosine labeling we were further able to
verify a slow exchange between two G-quadruplex forms on
the NMR chemical shift time scale (66). Using a real-time
NMR experiment capitalizing on the Band-selective Excita-
tion Short-Transient (BEST) approach the re-equilibration
of the G-quadruplex folds after a temperature jump could
be monitored. Finally, we used '*C ZZ exchange spec-
troscopy to showcase the applicability of the chemical 3.
labeling protocol to kinetically characterize the exchange
between two stacked conformations of a four-way junction
(67).

MATERIALS AND METHODS
Synthesis of 3C-labeled DNA phosphoramidites

A detailed description of the synthetic procedures together
with a high-resolution mass spectrometric analysis of the
DNA phosphoramidite building blocks 26, 27, 28 and 29
is given in the supporting information (Supplementary Fig-
ure S2). The high-resolution mass data were obtained on a
Thermo LTQ Orbitrap XL mass spectrometer.

DNA solid phase synthesis

The stable isotope labeled DNA phosphoramidites were
used in combination with labile DNA building blocks
(ChemGenes). Custom primer support PS 200 (GE Health-
care) with an average loading of 80 pmol g~! were used.
The sequences were synthesized on an ABI 391 PCR Mate
using self-written RNA/DNA synthesis cycles (available on
request). Amidite (0.1 M) and activator (5-benzylthio-1H-
tetrazole, 0.25 M) solutions were dried over freshly activated
molecular sieves overnight. After sequence assembly, the
removal of protecting groups and the cleavage from solid
support was achieved by treatment with aqueous methy-
lamine (40%, 650 wl) and aqueous ammonia (28%, 650 wl)
at 310 K for 1.5 h. After evaporation of the alkaline depro-
tection solution the crude DNA was dissolved in 1 ml wa-
ter. The quality of the crude DNA was checked via anion
exchange chromatography on an analytical Dionex DNA-
Pac PA-100 column (4 x 250 mm; Eluent A: 25 mM Tris—
HCI, 6 M urea, pH 8.0; Eluent B: 25 mM Tris—HCI, 500
mM sodium perchlorate, 6 M urea, pH 8.0) and at elevated
temperature (80°C). Purification of the DNA sequences was
achieved in a single run by applying the crude nucleic acid
on a preparative Dionex DNAPac PA-100 column (22 x
250 mm, eluents as before). The fractions containing the
desired RNA or DNA were pooled and loaded on a C18
SepPak catridge (Waters) to remove HPLC buffer salts. The
DNA sodium salt form was then eluted from the C18 col-
umn with water/acetonitrile (1/1, v/v) and lyophilized. The
integrity of the DNAs was further checked by mass spec-
trometry on a Finnigan LCQ Advantage MAX ion trap in-
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strumentation connected to an Amersham Ettan micro LC
(GE Healthcare).

Expression of NCp7 peptide

The expression plasmid NCp7 11-55_pET-11a encoding the
NCp7 11-55 peptide was purchased from GeneScript. The
protein expression was carried out as earlier described (68).
A detailed description of the procedure is given in the sup-
porting information.

NMR spectroscopy

A detailed description is given in the supporting informa-
tion.

NMR data analysis

A detailed description is given in the supporting informa-
tion.

Isothermal titration calorimetry

A detailed description is given in the supporting informa-
tion.

RESULTS AND DISCUSSION
Synthesis of the 13C-modified DNA phosphoramidites

The initial efforts focused on the synthesis of 6-'*C-
thymidine 5. An early work on the synthesis of a 6-13C-
thymidine phosphoramidite building block used a simi-
lar synthetic approach, but this synthesis was not opti-
mized and a moderate yield of 10% with respect to 6-
3C-potassium cyanide was obtained (52). The presented
synthetic route capitalizes on our previous work on 6-
BC-pyrimidine RNA phosphoramidites (Scheme 1A and
B). Starting from commercially available 2-bromopropionic
acid the '3C-tag is introduced via '3C-potassium cyanide,
a relatively economic isotope source, in a Kolbe nitrile re-
action giving 2-cyanopropionic acid 1 in high yield (97%).
The lower temperature (60°C versus 80°C) and the re-
duced reaction time (3 h versus 16 h) as compared to the
synthesis of uracil (see reference (40)) were found to be
crucial to avoid hydrolysis of the cyano-function. In the
next step urea is introduced via activation as a mixed an-
hydride and the urea derivative 2 can be isolated from
salt cake using diethyl ether, thus by-passing isolation
problems mentioned in a previous report (52). Thymine
3 was accessible via a cyclization under reductive condi-
tions. The nucleobase was then fused with a sugar building
block. First, we used 1-O-acetyl-(2',3',5'-O-tri-benzoyl)-$3-
D-ribofuranose (ATBR), with which a very high desired -
selectivity can be reached (69). In situ activation of the nu-
cleoside by silylation using bis-trimethylsilyl acetamide and
addition of trimethylsilyl trifluoromethanesulfonate gives
the benzoyl protected ribothymidine in high yield (86%) and
only traces of the undesired a-anomer were detected (Sup-
plementary Figure S1).
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Scheme 1. (A) Synthesis of 5-DMT-6-13C-thymidine 6. (i) 1 eq. KI3CN,
sodium carbonate, pH 9, 60°C, 3 h, 97%; (ii) 1.0 eq. urea in 1.1 eq. acetic
anhydride, 90°C, 2 h, 85%; (iil) 5% Pd/BaSO4, H, in 50% aqueous acetic
acid, rt, 20h, 70%; (iv) 10 eq. TMS-CI, 20 eq. HMDS, 120°C, 16 h, then 1
eq. Hoffer’s a-chlorosugar in chloroform, 40°C, 4 h, 71% (51% B-anomer);
(v) CH3NH; in ethanol, rt, 16 h, 93%; (vi) 1.3 eq. DMT-Cl in pyridine, rt,
3h, 82%; (B) Synthesis of 5-DMT-N*-Ac-5-D-6-13C-2'-deoxycytidine 13.
(vii) 10 eq. TMS-CI, 20 eq. HMDS, 120°C, 16 h, then 1 eq. Hoffer’s a-
chlorosugar in chloroform, 40°C, 4 h, 48% B-anomer; (viii) CH3NH; in
ethanol, rt, 16 h, 95%; (ix) 1.3 eq. DMT-Cl in pyridine, rt, 3 h, 78%; (x) 1.1
eq. AcoO, DMAP in pyridine, 0°C to rt, 2 h; (xi) 1.5 eq. (TiPS)CI, 0.2 eq.
DMAP, 10 eq. NEt3 in anhydrous methylene chloride, rt, 3 h, then NHj3
(aqueous, 28%) and THE, rt, 20 h, then CH3NHj; in ethanol, 2 h; (xii) 1.0
eq. Ac;O in DME, rt, 16 h, 48% (referred to 11); orange dot = 3¢,

Alternatively, the nucleosidation reaction was carried out
using Hoffer’s a-chlorosugar (1-chloro-2-deoxy-3,5-di-O-
toluoyl-a-D-ribofuranose) (70). The nucleobase is again ac-
tivated via silylation by treatment with trimethylsilyl chlo-
ride and hexadimethylsilazane overnight. Then, the sily-
lated nucleobase is reacted with Hoffer’s a-chlorosugar
at 40°C in chloroform to maximize the yield of the B-
anomer. Thereby, the 2’-deoxynucleoside is directly acces-
sible at the costs of a lower B-selectivity as compared
to the silyl-Hilbert-Johnson nucleosidation. A 3/7 mix-
ture of the a/B-nucleoside was obtained at a reasonable
yield 71%. After recrystallization of the anomeric mixture
in ethanol the desired 5',3'-bis-toluoyl protected B-6-'3C-
thymidine nucleoside was isolated with 51% yield. Taken
into account, that after the nucleosidation reaction using
ATBR six additional steps are necessary to obtain nucle-
oside 5, the direct access to the 2’-deoxynucleoside using
the Hoffer’s a-chlorosugar in only two steps proved to be
advantageous in terms of yield (46% versus 38%), time



and reagent consumption. Thus, the synthetic route us-
ing Hoffer’s a-chlorosugar is the recommended pathway.
The second DNA pyrimidine building block—35-D-6-'3C-
2'-deoxycytidine—was easily accessible using the direct nu-
cleosidation procedure using Hoffer’s a-chlorosugar and
5-D-6-13C-uracil 7. The synthesis of the stable isotope la-
beled uracil derivative 7 was described in a recent pub-
lication (42). In the next steps the 5,3’-O-bis-toluoyl-2'-
deoxyuridine 8 was transformed into the 5-DMT-N*-Ac-
5-D-6-13C-2-deoxycytidine nucleoside 13 in analogy to the
previously described method (40,42). This transformation
includes removal of the toluoyl-protection groups, followed
by 5'-tritylation and 3’-acetylation. Then, oxygen O* is acti-
vated as a leaving group by trisylation and is replaced by ni-
trogen using aqueous ammonia. The exocyclic amino group
is then selectively acetylated in N,N-dimethylformamide
yielding the '*C-labeled 2'-deoxycitidine phosphoramidite
precursor 13. To complete the portfolio of '*C-DNA phos-
phoramidites and to allow a maximum of flexibility on plac-
ing the NMR active label the synthesis of 8-'3C-purine 2'-
deoxy-building blocks was addressed (Scheme 2). Here, the
partially protected ribonucleoside derivatives 14 and 20 are
used as starting materials. These two compounds are inter-
mediates in the synthesis of *C-modified RNA phospho-
ramidite building blocks (42). The selective masking of the
5~ and 3’-hydroxyl groups is achieved using the Markewickz
protecting group (71). This makes the 2’-hydroxyl group
accessible for the Barton-McCombie deoxygenation yield-
ing 17 and 23, respectively (72). The phosphoramidite pre-
cursors 19 and 25 were then obtained by removal of the
Markewickz protecting group using triethylamine hydroflu-
oride in tetrahydrofuran followed by the introduction of the
4.4'-dimethoxytrityl group at the 5'-hydroxyl.

In the final step the phosphoramidite functionality is at-
tached to all four 3C/?H labeled 2’-deoxynucleotides (6,
13, 19 and 25) yielding the desired building blocks (Scheme
3). The identity of the building blocks 26-29 was further
confirmed by a high-resolution mass spectrometric analysis
(Supplementary Figure S2).

The phosphoramidite functionality was introduced
via established methods using (2-cyanoethyl)-N,N-di-iso-
propylchlorophosphoramidite (CEP-Cl) and an excess of
di-iso-propylethylamine (D/PEA) in dry methylene chlo-
ride. For the 2’-deoxyadenosine (26), the 2'-deoxycytidine
(27) and thymidine (29) building blocks 1.2-1.5 eq. of phos-
phitylation reagent were used, for the 2’-deoxyguanosine
amidite 3 eq. of reagent were needed. Due to the higher po-
larity of the DNA phosphoramidites compared to the RNA
counterparts carrying an additional apolar 2'-protecting
group the removal of the phosphonate side product in the
final purification step can be complicated. In our hands,
repeated column chromatographic purification steps or
alternatively several precipitations of the phosphoramidites
in ice cold pentane proved to be the methods of choice to
remove this type of impurity.

To sum up, we present a comprehensive description on
the synthetic access to atom-specifically '*C/>H labeled
DNA phosphoramidites. The described synthetic routes
give reproducible yields and can be up-scaled on a gram-
scale. In combination with unlabeled commercially avail-
able phosphoramidites DNAs tailor-made '3*C-isotope la-
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Scheme 2. (A) Synthesis of 5-DMT-N2-iBu-8—13C-2"-deoxyguanosine 19.
(i) 1.2 eq. TiPDSICl, in pyridine, rt, 3 h, 65%; (ii) 1.2 eq. thiocarbonyldi-
imidazole in DMF, rt, 4 h, 78%; (iii) 0.2 eq. AIBN, 1.5 eq. n-BuSnH, in
toluene, 75°C, 1.5 h, 95%; (iv) 3.4 eq. 3 TEA.HF in tetrahydrofuran, rt, 4
h, 100%; (v) 1.2 eq. DMT-Cl in pyridine, rt, 3 h, 70%; (B) Synthesis of 5'-
DMT-N®-Bz-8-13C-2'-deoxyadenosine 25. (vi) 1.2 eq. TiPDSICl, in pyri-
dine, rt, 3 h, 80%; (vii) 1.2 eq. thiocarbonyldiimidazole in DMF, rt, 4 h;
(viii) 0.2 eq. AIBN, 1.5 eq. n-BuSnH, in toluene, 75°C, 1.5 h, 63% over two
steps; (ix) 1.3 eq. 3 TEA.HF in tetrahydrofuran, 45°C, 2 h, 72%; (x) 1.2
eq. DMT-Cl in pyridine, rt, 3 h, 80%; orange dot = 13C.

beling patterns become feasible as shown in the next sec-
tion.

Incorporation of site-specific 13C labels into DNA constructs

The stable isotope labeled DNA phosphoramidites were
then used in the standard solid phase synthesis to ob-
tain DNAs with sizes ranging between 20 and 55 nu-
cleotides (Figure 1). The DNAs were synthesized using
the labile building blocks with the phenoxyacetyl (dA, dC)
and the dimethylformamidine protection groups (dG). All
four 3C-labeled DNA phosphoramidites were incorpo-
rated and showed high coupling yields in the synthetic cy-
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ramidite (CEP-CI), 10 eq. D/PEA in anhydrous methylene chloride, rt, 3h,
77% (26), 70% (27), 68% (28) and 77% (29).

cle. The number of '*C-labels within the target DNAs var-
ied between one and fourteen and the alternative protect-
ing schemes (benzoyl for 8-3C-dA, acetyl for 6-'3C-dC and
iso-butyryl for 8-'3C-dG) proved to be compatible with the
labile protecting groups of the commercially available build-
ing blocks. For all syntheses, a major product could be
identified using anion-exchange (AIEX) chromatography
(Supplementary Figure S3) and mass-spectrometric analy-
ses confirmed the correct assembly of all investigated DNA
sequences (Table 1).

In detail, the human immunodeficiency virus-1 (HIV)
polypurine tract (PPT), a DNA/RNA heteroduplex (30,
31 and 32), was picked as a first target to showcase the
potential of site- and atom-specific '3C labeling of DNA
(Figure 1A). Three constructs—an all thymidine labeled
(30) and two site-specific labeled (T12 (31) and T17 (32))
DNAs—were synthesized. The PPT is a purine-rich region
of the plus-strand RNA genome of retroviruses and is resis-
tant to hydrolysis by the RNase H domain of reverse tran-
scriptase (RT) and ultimately serves as a primer for plus-
strand DNA synthesis. This RNA/DNA hybrid although
relatively small in size (40 nt) represents a challenging tar-
get for NMR spectroscopy as discussed in the next section
(61).

Then, the labeling strategy was expanded to two con-
structs of the cTAR DNA (MAL isolate). First, a small
mini-cTAR DNA 33 was synthesized with 14 nucleotides
out of 26 replaced by their '3C-labeled counterparts (Fig-
ure 1B).

This DNA 33 was shown to bind to the nucleocapsid pro-
tein NCp 7—a zinc finger protein (73). This 55-amino acid
polypeptide acts as a nucleic acid chaperone catalyzing the
DNA/RNA hybrid duplex formation step. The ws- to ms
dynamics of the mini-cTAR DNA 33 in the presence and
absence of NCp 7 was addressed using relaxation dispersion
NMR spectroscopy. The other cTAR DNA sequence 34
represents the full-length construct (Figure 1B). This DNA
is involved in the viral replication cycle of the HIV-1 and ful-
fils a priming function via hybridization to the viral genomic

TAR RNA (74,75). For this 55 nt DNA construct larger side
products eluting after the main product peak were observed
in the anion-exchange (AIEX) chromatogram (Supplemen-
tary Figure S3). This very likely can be attributed to the
use of 5-benzylthiotetrazole for the phosphoramidite acti-
vation in the coupling step. Due to the higher acidity of 5-
benzylthiotetrazole (pK, 4.08) as compared to 1 H-tetrazole
(pK, 4.89) it is well possible that DNA amidites can be
partially detritylated during the coupling step leading to
the addition of multimers. This would lead to later elut-
ing species in the AIEX-chromatogram as observed here.
However, a detailed analysis of this undesired side products
was not carried out here as it would exceed the scope of
the work but we speculate that the use of other more stan-
dard and less acidic DNA activator reagents (such as 4,5-
dicyanoimidazole or 1 H-tetrazole) would reduce the forma-
tion of such unwanted larger DNAs.

As a penultimate example for the solid phase synthesis
based DNA stable isotope labeling a DNA G-quadruplex
sequence 35/36 residing in the human telomerase (WTERT)
promoter was picked (Figure 1C). This DNA was previ-
ously shown to exist in two folds — a (3+1) and a parallel-
stranded G-quadruplex (66). Two constructs 35 and 36 with
either one or two 8-'3C-2'-deoxyguanosine residues were
produced. The assembly of the 20 nt quadruplex bearing ei-
ther two (36) or one (37) '3C labels was accomplished using
the standard synthesis protocol. However, during the anal-
ysis using anion-exchange chromatography under denatur-
ing conditions (80°C and 6M urea) some artefacts were
observed. With a reported melting temperature of 78°C
even the harsh conditions used during analytical anion-
exchange chromatography could not fully denature the 20
nt G-quadruplex and two product peaks—one eluting at
the expected retention time (32') and a late eluting species
(44.5"), very likely representing a non-denatured quadruplex
structure- were observed (Supplementary Figure S3). This
effect was not seen during the purification procedure using
the preparative anion-exchange column and the desired G-
quadruplex sequences 35 and 36 could be isolated in good
yields.

Finally, a four-way junction J9a with two (37) or one 8-
13C-dG label (38) displaying conformational heterogeneity
was picked as a last example (Figure 1D). This DNA was
earlier investigated and the exchange parameters between
two stacked conformers were determined by proton chemi-
cal exchange NMR spectroscopy (67). The 36 nt model Hol-
liday junction was assembled and high quality crude prod-
ucts were obtained (Supplementary Figure S3), which could
be purified according to the standard protocol.

Resonance assignment in the HIV-1 polypurine tract
RNA/DNA hybrid using site-specific '>C labeling

The stable isotope label protocol was at first used to demon-
strate the high suitability of site-specific '*C labeling for
resonance assignment purposes in a challenging target, the
polypurine tract of the human immunodeficiency virus 1
(HIV-1 PPT, Figure 2A).

This RNA/DNA hybrid represents a rather demanding
target for NMR spectroscopy as the DNA strand comprises
almost only pyrimidine nucleotides (nine thymidines, eight
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Figure 1. Stable isotope labeled DNA sequences probed by solution NMR spectroscopy. (A) HIV-1 polypurine tract (PPT) DNAs 30-32. (B) HIV-1 cTAR
DNA constructs: mini-cTAR DNA 33 and full-length cTAR DNA 34. (C) G-quadruplex DNAs 35 and 36. (D) Holliday fourway-junction mimics 37 and
38. Orange letters indicate 1>C labeled residues.

Table 1. Characterization of synthesized stable isotope labeled DNAs 30-38

Molecular weightd

No. and type of

Sequence? 13C-labeled residues® Length® Calculated (amu) Found (amu)
HIV-1 PPT

30 dTy 20 nt 5969.8 5968.8
31 dT, 20 nt 5961.8 5961.1
32 dT; 20 nt 5961.8 5961.2
mini cTAR

33 dA4dC3dGydTs 26 nt 7975.1 7975.4
full length cTAR

34 dAy 55 nt 16925.9 16924.7
G-quadruplex

35 dG; 20 nt 6371.1 6371.4
36 dG; 20 nt 6370.1 6370.1
J9a-4-way junction

37 dG,; 36 nt 11038.0 11038.2
38 dG, 36 nt 11037.0 11037.4

aSequence details and identifier number, ® dA, dC, dG, dT denote nucleotide type, ¢ length in nucleotides (nt), ¢ Purified oligonucleotides were characterized
by mass spectrometry on a Finnigan LCQ Advantage MAX ion trap instrumentation connected to an Amersham Ettan micro LC system (negative-ion
mode with a potential of —4 kV applied to the spray needle). LC: Sample (250 pmol of oligonucleotide dissolved in 20 pl of 20 mM EDTA solution;
average injection volume: 10-20 pl); column (Amersham pRPC C2/C18; 2.1 x 100 mm) at 21°C; flow rate: 100 wl min~'; eluant A: 8.6 mM TEA, 100
mM 1,1,1,3,3,3-hexafluoro-2-propanol in HO (pH 8.0); eluant B: methanol; gradient: 0-100% B in A within 30 min; UV detection at 254 nm.
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Figure 2. Site-specific 6-3C-thymidine labeling for resonance assignment purposes. (A) HIV-1 polypurine tract DNA/RNA duplex constructs. 6-13C-
labeled thymidine residues are highlighted in orange. (B) Imino proton NMR spectrum confirming the RNA/DNA hybrid duplex formation. Assignments
are given. (C) '"H-13C-HSQC spectra of the fully 6-13C-thymidine labeled duplex and the selectively T12 and T17 labeled constructs allowing resonance
assignment. (D) 13C-filtered NOESY spectrum of T12 labeled construct and HMBC spectrum to differentiate inter- and intraresidue NOEs.

2'-deoxycytidines and only three purine deoxynucleotides)
leading to significant resonance overlap. An alternative
strategy using fluorine labeling was earlier used to allevi-
ate problems regarding resonance assignment at the costs
of introducing a minimally invasive label (61-63). With the
atom-specifically labeled '*C-labeled DNA building blocks,
however, the native polypurine tract hybrid can be stud-
ied. To closely mimic the labeling pattern obtained from
enzymatic methods using DNA polymerase and uniformly
labeled DNA triphosphates an all 6-'3C-thymidine DNA
construct 30 was synthesized followed by the synthesis of
two site specifically labelled constructs 31 and 32 (Figure
2a). For all constructs the formation of the hybrid duplex
was confirmed (exemplarily shown for construct 30) using
an unlabeled RNA complementary sequence by observing
the imino proton region of the 'H NMR spectrum (Fig-
ure 2b). The 'H-'3C-HSQC spectrum of the fully 6-1*C-
thymidine labeled HIV-1 PPT 30 base-paired with RNA
showed significant resonance overlap, only one resonance is
well resolved (tentatively assigned to T4), whereas the other
C6-H6 signals cluster in the region between 7.5 and 7.6
ppm in the proton dimension and in only one ppm between
137 and 138 ppm in the carbon dimension. Noteworthy, the
resolution in the indirect dimension of a '*C HSQC spec-
trum run on a uniformly 13C labeled DNA sample would
be even lower as the number of increments is limited (for
the atom-specific 1*C labeled sample 256 increments were
recorded) due to necessity of the constant time element to
suppress 3C-13C couplings. In the two HSQC spectra of 31
and 32 with site/atom-specific T12 and T17 labels, respec-
tively, single C6-H6 correlations were observed, which al-
lowed the straightforward assignment of the T12 and T17
resonances in the fully labeled construct (Figure 2C). Fur-
thermore, the site-specific labeling can be exploited to estab-

lish the sequential walk in NOE experiments using a com-
bination of a '3C-filtered NOESY and a 'H-'*C-HMBC
experiment. The latter experiment allows the unambiguous
differentiation of intra- and interresidue NOEs in the se-
quential walk region via long range scalar couplings (Figure
2D). The two experiments were acquired within ~6 h for a
600 wM sample of 32 on a 600 MHz NMR with a nitro-
gen cooled prodigy probe. This makes the approach an at-
tractive option to obtain unambiguous assignments, NOE
based distance restraints but also other valuable structure
restraints, such as residual dipolar coupling information, in
highly resonance-degenerated DNAs.

Equilibrium dynamics of the cTAR DNA in absence and pres-
ence of NCp7 via CPMG relaxation dispersion NMR

We picked the cTAR DNA (MAL isolate) 33 as a target to
study equilibrium ps- to ms-dynamics in DNA using the
relaxation dispersion method (Figure 3A).

The nucleocapsid protein NCp 7—a zinc finger protein-
interacts with the cTAR element and the 55-amino acid
polypeptide acts as a nucleic acid chaperone catalyzing the
DNA/RNA hybrid duplex formation step (Figure 3B). The
mini-cTAR DNA 33 comprises 26 nucleotides and was pro-
posed to fold into a hairpin-bulge conformation. The pos-
tulated secondary structure—a stem—loop fold with an in-
ternal asymmetric bulge—represents a low populated con-
formation at ambient temperature, as no observable imino
proton resonances were found for the lower stem (Supple-
mentary Figure S5). We recently investigated this DNA us-
ing site-specific labeling and proton relaxation dispersion
NMR experiments and based on the chemical shift data
of the excited state (ES) an equilibrium between a ground
state (GS) hairpin structure with 5'- and 3’-dangling ter-
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Figure 3. 3C-CPMG relaxation dispersion NMR of mini-cTAR DNA.
(A) Exchange process for the site-specific '3 C-modified mini-cTAR DNA.
13C-modified residues are highlighted in orange. (B) Schematic represen-
tation of the zinc-finger NCp7 peptide (11-55). (C) 'H-13C-HSQC spectra
in the absence and presence of one equivalent NCp7 (11-55). (D) Non-flat
carbon relaxation dispersion profiles of residues A5, A21 and C22 with and
without NCp7 (11-55). Dots represent experimental data, lines the best fit,
black crosses repeat experiments. Residue number and field strengths are
specified.

mini and a folded state was established (Figure 3A) (42).
Fourteen (out of 26) residues were replaced by the respec-
tive 1*C labeled counterpart making the application of car-
bon relaxation dispersion experiments feasible. The HSQC
spectrum gave a single set of resonances with varying line-
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widths pointing toward a major conformation in exchange
with a minor state in the fast to intermediate NMR chemi-
cal shift exchange regime (Figure 3C). This was further cor-
roborated by the application of a carbon relaxation disper-
sion experiment revealing such a millisecond exchange pro-
cess. High quality non-flat dispersion profiles were obtained
for residues, A5, A21 and C22, all clustered in the bulge re-
gion (Figure 3D). A global fit of the proton dispersion data
to the Carver-Richards equation gave an excited state pop-
ulation pg of 1.1 £ 0.1% and an exchange rate ke of 565
+ 51 s~!. Thus, the exchange process of the cTAR DNA 33
could be recapitulated using carbon relaxation dispersion
methods and the data sets from the earlier proton relaxation
dispersion study and the herein described carbon RD study
are in striking agreement (Table 2).

As aforementioned the nucleocapsid protein NCp7 (Fig-
ure 3B) interacts with both the TAR RNA and the cTAR
DNA and facilitates the annealing step (65,73). We ad-
dressed the binding of the NCp7 peptide to the wild-
type mini-cTAR DNA via isothermal titration calorimetry
(ITC) and further explored the interaction of NCp7 with
two mini-cTAR DNA mutants (Supplementary Figure S4).
The data is in qualitative agreement with an earlier study
and underscores the importance of the 5'- and 3’ dangling
ends for peptide binding but not of the apical 7nt loop for
binding of NCp7 (73). We were then interested how the
addition of NCp7 modulates the millisecond dynamics of
the cTAR DNA construct 33. The addition of one equiv-
alent of NCp7 to the DNA resulted in only minor chemi-
cal shift changes for single stranded residues, AS, A21, G4,
G14 and G20, indicating a weak, transient and rather un-
specific interaction. Significant line broadening effects were
found for the single stranded residues G4, A5, G14 and G20
suggesting that NCp7 interacts with easily accessible single
stranded residues via electrostatic interactions (Figure 3c).
The 3C-CPMG relaxation dispersion experiment revealed
subtle changes in the dynamic behavior of the cTAR DNA
(Figure 3D and Table 2). The addition of NCp7 leaves the
populations of GS and ES almost unchanged—i.e. neither
of the both conformations interacts strongly/specifically
with NCp7 leading to an energetically favored complex. The
most striking effect on the DNA exchange process by the
addition of NCp7 is the increase of the exchange rate by
a factor of two (ke = 1124 s~! versus ke = 565 s~1). This
means that NCp7 accelerates the forward but also the back-
ward rate to the approximately same extent by lowering the
activation barrier either via interactions with folding inter-
mediates or by destabilizing both conformers to the same
extent.

Taken together, the chaperon NCp7 speeds up the ex-
change process of the cTAR DNA 33 in both directions
leaving the populations of GS and ES almost untouched.
Furthermore, the small chemical shift changes between GS
and ES suggest that both the ground and excited state struc-
tures are not strongly altered in the presence of NCp7.

Site-specific labeling in larger DNAs to probe ps- to ms-
dynamics—the 55 nt cTAR DNA as a proof of principle

The 26 nt mini-cTAR DNA construct 33 represents a short-
ened version of the 55 nt full-length cTAR DNA. It is very
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Table 2. Summary of exchange parameters and chemical shift difference data obtained from '>C and '"H-CPMG relaxation dispersion profiles of cTAR

DNA 33 in absence or presence of NCp7

Residue Kex (s’l)a o (¥ u)b Dwgs.gs (ppm)© NMR method and sample information
A5 0.94 4+ 0.14

A21 565 + 51 1.1+0.1 1.09+0.13 BCRD
c22 1.01 +£0.14 w/o NCp7
A5 1.144+0.15

A21 1124 + 219 14402 1.16 +0.13 BCRD
Cc22 1.02+0.13 w/ NCp7
G4 0.25 +0.02

A5 5254+ 59 1.0+0.1 0.49 4 0.03

C19 0.22 £+ 0.01

G20 0.30 & 0.02 'HRD

A2l 0.56 + 0.03 w/o NCp7ld!
c22 0.34 +0.02

C23 0.24 4+ 0.01

a Exchange rate constant and  population from global fit of relaxation dispersion data of residues with significant relaxation dispersion at 125/150 MHz
13C Larmor frequency. ¢ Residue specific chemical shift difference between ground and excited state. 9 For proton relaxation dispersion data and evaluation
please refer to (42). Abbreviations: RD relaxation dispersion, NCp7 nucleosidcapsid protein 7.
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Figure 4. Synthesis of larger DNAs with site-specific 12C labels. (A) Sec-
ondary structure representation of full-length cTAR DNA 34 with 8-13C-
labeled dA labels highlighted in orange. (B) 'H-'3C-HSQC spectrum dis-
playing four C8-H8-resonances. (C) Non-flat carbon relaxation dispersion
profile of peak 2 at 150 MHz 13C Larmor frequency. Dots represent exper-
imental data and black crosses repeat experiments. For details see text.

possible that the observed dynamics in 33 is an artefact re-
sulting from the shortening of the cTAR DNA. To test this
hypothesis, a full-length 55 nt cTAR DNA 34 was synthe-
sized with four 8-'3C-dA labels (Figure 4A).

The HSQC spectrum of the 8-1*C-dA-labeled DNA 34
gave again a spectrum with a single resonance set and differ-
ential line-widths, which is indicative of ps- to ms-dynamics
(Figure 4C). The full assignment of the observed resonance
is currently pending. Based on the NMR data obtained for
the mini cTAR DNA 33 two resonances — A18 (i.e. A5 in
33) and A34 (i.e. A21 in 33) could be tentatively assigned.
All C8-H8 cross-peaks are currently assigned using sin-

gle labeled 8-'3C-dA cTAR constructs. We then conducted
a preliminary relaxation dispersion study at a single field
strength. Interestingly, we did observe only one non-flat dis-
persion profile (peak 2). The previously detected dynamics
for A18 (A5) and A34 (A21) in the mini cTAR DNA 33
could not be reproduced. This impressively illustrates the
potential pitfalls when applying the divide-and-conquer ap-
proach to study larger nucleic acids. Dynamic features of a
nucleic acid can be severely altered cutting out only a certain
domain of a large DNA (and also RNA). Studying the fold-
ing landscape of an isolated domain can be very mislead-
ing as the free energy landscape can have completely differ-
ent characteristics with ground and excited conformational
states not present in the full-size construct. We currently ad-
dress the ps- to ms-dynamics of the full-length cTAR DNA
in presence and absence of NCp7 using several labeling po-
sitions. The study will also be expanded to study the cTAR
DNA/TAR RNA hybrid duplex formation in real time and
the influence of NCp7 on this process. To this end, we will
rely on a method recently developed for a RNA/RNA du-
plex formation study in the presence and absence of the Es-
cherichia coli RNA chaperone CspA (76). For that purpose,
we have also produced °N/!3C-labeled NCp7 and assigned
the amide resonances to address the role of the peptide dur-
ing the RNA/DNA duplex formation step (Supplementary
Figure S6).

Re-equilibration dynamics of a multi-stable G-quadruplex af-
ter temperature jump

As a penultimate example of the expanded possibilities us-
ing the fully chemical stable isotope labeling protocol for
DNA we have addressed DNA G-quadruplex folding us-
ing site-specifically placed '*C-modified guanosine residues
(Figure 5A). The sequence was extracted from the hu-
man teleromase (WTERT) promoter region between 20 and
110 nt upstream of the transcription start site with an ex-
ceptional high level of guanine rich stretches and thus a
high potential for G-quadruplex formation (66). Applying
a combination of NMR and circular dichroism (CD) spec-
troscopy Phan and co-workers could show that a 20 nt four
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proton region of '"H NMR spectrum. (E) 'H-'3C-HSQC spectra of 35
(left) and 36 (right) with assignments.

G-tract sequence can fold into two distinct conformations
in the presence of potassium ions—in a (3+1) and a paral-
lel stranded G-quadruplex. The introduction of inosine at
position 5 replacing a G leads to a preference for the (3+1)-
fold and allowed the solution structure determination of
this conformational state (form 1) (Figure 5B and C). Alter-
natively, substitution of G2 and G10 by inosines promotes
the parallel quadruplex formation and again NMR spec-
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troscopy could be used to determine the high-resolution
structure of this fold (form 2). This fold heterogeneity might
be functional as the sequence region contains multiple bind-
ing sites for proteins and thus can be a regulator of tran-
scription.

We replaced two guanosines—G10 and G17—by their
8-13C-modified analog and confirmed the correct quadru-
plex folding of DNA sequence 35 (in potassium phosphate
buffer supplemented with potassium chloride) by acquir-
ing a 1D imino proton selective NMR spectrum (Figure
5D) and found a signal pattern in accordance with the
published. In the "H-"3C-HSQC spectrum four peaks were
found in-line with the fold heterogeneity occurring in the
slow chemical shift time regime. The 'H-!3C-correlation
spectrum of the G17-labeled sequence 36 then allowed the
unambiguous assignment of the resonances (Figure 5E). As
earlier described under these experimental conditions the
(3+1) fold 1 represents the major populated species (~60%)
and the parallel quadruplex fold 2 the minor conforma-
tion (~40%), which could also be confirmed by peak inte-
gration. A longitudinal exchange experiment showed that
the interconversion between the two quadruplex forms oc-
curs at a very slow rate (>> 1s~!, data not shown). To fur-
ther demonstrate the potential of the atom/site-specific '3C-
labeling protocol for real time NMR applications we moni-
tored the re-equilibration of fold 1 and 2 after a temperature
jump. At high temperature fold 2 is the preferred confor-
mational state. This was confirmed by fast real-time NMR
data acquisition using the Band-selective Excitation Short-
Transient (BEST) TROSY approach after a heat shock of
DNA 35 (76-78). In detail, the NMR sample was heated
to 90°C for 5 min and the fold re-equilibration from fold 2
to fold 1 was monitored by BEST-TROSY 'H-3C-HSQC
spectra with a time resolution of 90 s (Figure 6A and B).
After the heat shock the parallel quadruplex form 2 was the
almost exclusively populated conformational state and for
both residues G10 and G17 a dominating HSQC correla-
tion originating from fold 2 was observed (Figure 6A). The
refolding from fold 2 to the (3+1) quadruplex form 1 could
be easily followed by acquiring a series of 2D spectra (ac-
quisition time per spectrum: 88 s) (Figure 6A).

The decay and build-up curves for both residues G10 and
G17 could be reliably fitted using a mono-exponential func-
tion and yielded a refolding rate of approximately 0.012
min~! (G10: 0.0115 + 0.0002 min~', dead time: 45 + 1.35
min; G17: 0.0138 £+ 0.0002 min~!, dead time: 39 + 1.5
min). Furthermore, an effective dead time of ~40-45 min
was extracted from the fits, which strongly differs from
the real dead time (~2 min from heat shock until start
of NMR measurements). This effective dead time can be
easily explained as the refolding rate is accelerated dur-
ing the cool-down process after the heat shock resulting in
this discrepancy. Based on the real-time NMR data the re-
equilibration process seems to be a simple monomolecular
process as no intermediates could be characterized and the
decay/build-up curves can be well reproduced by a mono-
exponential function. Taken together, the novel DNA phos-
phoramidite building blocks proved to be highly useful in
DNA G-quadruplex research and the applicability of the
atom-specific aromatic '3C-labeling in DNA for real-time
NMR applications was showcased.
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Kinetic characterization of a four-way junction using ZZ ex-
change spectroscopy

As a last example, we picked the DNA Holliday junction
mimic J9a for stable isotope labeling using the synthesized
DNA phosphoramdites. The labeling pattern consisted of
two 8-13C-guanosine labels, which reside in the center of the
four-way junction (Figure 7A). The folding of this model
Holliday junction was early described and the formation
of the stacked conformers A/D and A/B can be induced
by the addition of magnesium chloride (Figure 7B). The
four-way junction was previously studied by NMR spec-
troscopy and Altona et al. could show by proton exchange
spectroscopy that J9a exist in a slow dynamic equilibrium of
two conformers (67). The nature of the two conformers was
deduced from a thorough analysis of Nuclear Overhauser
Effect (NOE) patterns and the authors proposed the A/D
stacked folding state as the major species (70%) and the
minor A/B stacked form is populated to ~30% (at 21°C).
The kinetics of the exchange process was then addressed
by ROE/NOE spectroscopy and a forward refolding rate
from A/D to A/B of 5.6 s~! and a backward rate of 2.3
s~! was determined giving an equilibrium constant of 2.4 at
21°C. To exemplify the suitability of the '3C-labeling pro-

tocol for longitudinal exchange NMR spectroscopy the J9a
model Holliday junction is ideally suited. The HSQC spec-
trum at 25°C of the double-labeled DNA 37 confirmed the
structural heterogeneity and for G14 two cross-peaks could
be identified — one arising from the major fold A/D (76%),
the other resonance belonging to minor folding state A/B
(24%). Integration of the two peaks also gave an estimate
for the equilibrium constant (Ka/p.a/8>%% = 0.32), which
is in good accordance with the previously reported popu-
lation ratio and the equilibrium constant determined from
the kinetic data. Altona et al. also postulated a well resolved
exchange cross peak for H8 of G15, which was not repro-
duced in our investigation. A close inspection of the G15
HB8-C correlation reveals strong resonance overlap for the
G15A/Band A/D H8-C signals with the G15 A/B correla-
tion having a slightly different proton chemical shift (Figure
70).

In a final effort, we addressed the refolding kinetics be-
tween the two stacked conformational states of the four-
way junction J9a 37 by longitudinal exchange NMR spec-
troscopy (Figure 8A and B). The exchange resides in the
slow chemical shift time regime as two separated resonance
patterns were observed and thus the '*C ZZ exchange NMR
experiment is perfectly suited to address the kinetic signa-
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ture of the conformational rearrangement between the two
stacked X-conformations A/B and A/D. The experimen-
tal verification of the interconversion between the A/B and
the A/D state is obvious from the ZZ exchange NMR ex-
periment at a mixing time of 50 ms (Figure 8A) displaying
exchange cross-peaks. The forward and backward folding
rates of the X-stacked conformation equilibrium were de-
termined using a recently introduced approach based on
the comparison of the diagonal peak intensities in a T and
77 exchange experiment, respectively (Figure 8B) (79). At
25°C, a forward refolding rate of ka,p_.a/g of 3.1 £ 0.3 s
and a backward rate ka/g—.a,p of 10.6 £ 0.3 s was de-
termined yielding an equilibrium position Ka,p.a/5>*% of
0.29, which is in very good agreement with previously deter-
mined values (from peak integration: Ka/p.a/5>*% = 0.32;
Altona et al.: Kap.a/p>*® = 0.41). The determined refold-
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Figure 8. ZZ-exchange NMR spectroscopy of J9a four-way junction 37.
(A) ZZ exchange spectrum of 37 at a mixing time of 50 ms and at 25°C.
(B) Normalized partial peak volumes of Mz (t) and Maa (t) (red and black
rectangles) and Mp(t) and Mpg(t) (red and black circles) corresponding
to the diagonal peaks of G14 of the ZZ exchange (Maa/Bs(t)) and T
(M4 /B(t)) experiment, respectively. Best fit curves (dashed red and black
lines) are shown. Rate constants ka/p_a/g 0f 3.1 £0.3 s Uand ka/B—>A/D

of 10.6 4 0.3 57! for the refolding reaction and longitudinal relaxation rates
RiAP=5740.1s'andR;AB =6.7+0.4 5! for the 8-13C-label of the
G14 residue were obtained.

ing rates are also in good agreement with the one reported
from Altona and Overmars (ka/p—a/g of 2.3 £ 0.2 s1'and
a backward rate ka/pa/p of 5.6 £ 0.5 s at 21°C).

This final example nicely illustrates that the '*C-DNA la-
beling protocol can be used to address functional dynam-
ics in biologically relevant DNAs over a large range of
timescales from micro-/milliseconds to seconds, but also to
monitor very slow structural rearrangements by real-time
NMR spectroscopy.

CONCLUSIONS

In this work, we present a '3C-labeling protocol for DNA
capitalizing on the synthesis of atom-specific '*C-modified
DNA phosphoramidites and site-specific stable isotope la-
beling using solid phase DNA synthesis. The approach
builds upon the previously established synthetic access to
atom-specific '3C-modified RNA phosphoramidites and
now enables to address functional dynamics in both types



9190 Nucleic Acids Research, 2017, Vol. 45, No. 15

of nucleic acids over a wide range of timescales. The chemi-
cal syntheses for 6-'3C-pyrimdine (27, 29) and 8-'3C-purine
(26, 28) DNA phosphoramidites starting from affordable
stable isotope sources (!3C-potassium cyanide 40 €/g and
BC-formic acid 90 €/g) are described taking into account
alternative nucleosidation reactions and the most economic
synthetic routes are discussed. All four building blocks
could be incorporated into target DNAs with high coupling
yields (> 98%) and several constructs ranging in size from
20 nt to 55nt were produced in sufficient amounts to con-
duct high resolution NMR studies.

In detail, the labeling approach was used to facilitate
or even allow the resonance assignment process in DNAs
displaying a high degree signal overlap as DNA 30 form-
ing the HIV-1 polypurine tract RNA-DNA hybrid du-
plex This DNA 30 comprises almost only pyrimidine nu-
cleotides (nine thymidines, eight 2’-deoxycytidines and only
three purine 2'-deoxynucleotides) and site-specific 6-'3C-
thymidine labeling showed the high potential of the pre-
sented approach to resolve assignment ambiguities even in
such small constructs. We then started to address functional
dynamics in DNA using the relaxation dispersion NMR ex-
periment. We have previously investigated the mini-cTAR
DNA 33 using proton relaxation dispersion NMR spec-
troscopy and now used the labeling scheme to conduct *C-
Carr Purcell Meiboom Gill (CPMG) relaxation dispersion
experiments in the absence and presence of the nucleocap-
sid 7 peptide (NCp 7), a RNA/DNA chaperone assisting in
the formation of the TAR/cTAR RNA/DNA hybrid du-
plex in the viral replication cycle. We were able to obtain
high quality data and the dispersion experiment captured
a subtle effect of the addition of NCp 7, namely an up-
regulation of the dynamic process also found for the mini
cTAR DNA 33 alone. This is in-line with mode of action
of RNA/DNA chaperones to lower the activation barri-
ers on the folding landscape allowing the formation of the
thermodynamic most stable species. Furthermore, the la-
beling strategy was used to address millisecond dynamics
in a larger DNA construct—the full-length HIV-1 ¢cTAR
DNA 34 comprising 55 nucleotides. Here, a potential pit-
fall of the divide and conquer approach used in the NMR
spectroscopy of nucleic acids became obvious. We were not
able to recapitulate the dynamic behavior of shared labeled
residues (A18/AS and A34/A21) of the full-length DNA
35 and the mini cTAR DNA 33, but instead found dynam-
ics for another adenosine residue. Thus, the exchange pro-
cess of the 5'- and 3’-dangling ends of the mini-cTAR DNA
33 very likely is an artefact from the truncation of the se-
quence and such effects should be kept in mind when apply-
ing the divide and conquer approach to large DNAs but also
RNAs. DNA quadruplexes play vital roles in the cellular en-
vironment. Solution NMR spectroscopy has proven to be
well suited to address structural and functional features of
this species capitalizing on site-specific labeling using high-
priced uniformly '*C/!>N-labeled DNA phosphoramidites.
We introduced the novel '*C-labeled DNA building blocks
in the challenging G-quadruplex 35 displaying structural
heterogeneity between a (3+1)- and a parallel quadruplex
form. The resonance assignment process for DNA quadru-
plexes is very challenging as this species provides inher-
ently a low signal dispersion due to the predominance of

G residues. The resonance assignment process for DNA 35
is even more complicate as the fold heterogeneity (60% for
(3+1)-fold and 40% for parallel fold at room temperature)
leads to a doubling of resonances and to severe overlap. The
here proposed building blocks can be produced at signifi-
cantly lower costs and the high potential of atom- and site-
specific 3C-labeling for G-quadruplex studies is illustrated
by a real-time NMR re-equilibration study of 35 after a
temperature jump. As a final example, the four-way Holl-
iday junction mimic J9a 37 was chosen to showcase the ap-
plicability of the building blocks for longitudinal exchange
NMR experiments. We were able to detect and quantify the
exchange process between two stacked X-conformers in un-
perturbed equilibrium.

Taken together, for the first time a comprehensive syn-
thetic access to atom-specific '3C-labeled DNA phospho-
ramidites is presented along with solution NMR spectro-
scopic applications for resonance assignment purposes and
studying functional dynamics of DNA covering timescales
from micro-/milliseconds, to seconds and even slower pro-
cesses with a time resolution on the minute time scale can
be studied using fast NMR methods and the labeling pro-
tocol. Furthermore, as the solid phase synthesis of DNA
is very advanced constructs with approximately 100 nu-
cleotides should be directly accessible for site-specific stable
isotope labeling pushing the limit currently encountered in
the field of nucleic acid NMR spectroscopy (~50 nt).
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