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Resonance assignment is the first decisive step in NMR studies

of nucleic acid structure and dynamics. Traditionally, the assignment (A)imino protons . (8) amino protons

techniques are based on NOE and through-bond correldtibmes. ‘

latter are usually obtained following usage of uniforni¥ix,3C- h , ’ »'
labeled nucleic acidsput several through-bond correlations can ‘ ‘\ H | \“ ‘|‘ TIA
also be obtained at natural abundaAc@n the other hand, base e [ A A I R
resonances can be identified by isotopic or chemical substitufbns, A/GS ﬁs G3
provided that the latter do not cause structural alterations. Site- 1T VN BRSPS SO
specific 100% isotope enrichment provides instantaneous identifica- Gs G8 a8

tion of the labeled spin without structural alteratiSrisjt its general 1N L DO N A
applicability could be limited on the basis of cost. Recently, it has | G164%) C6 o
been proposed that a nucleotide, wh&®¢ or 13C level increases . T N
by a factor of 2 or more compared to natural abundance, could be G2 T5(0.5%) .‘A7
distinguished from its unlabeled counterp&ft3his communication hfwwﬂ“b‘uwﬁﬁ\w ettt st
demonstrates that different resonances within DNA oligomers can unlabeled

be unambiguously assigned by site-spedffi¢,13C-enrichmerftat Coa ’ ”“'abe'jd \
alevel as low as 1%Using isotopically labeled phosphoramidites, Bl
with enrichment as low as this, assignment strategies by isotope 12 1" 10 9 & 1H (ppm)

enrichment become not only straightforward but also affordable. _ . . . . -
Figure 1. (A) Assignments of imino and (B) amino protons for site-specific
We demonstrate the methods on the DNA sequence d(GGGT-|qy.enrichment (0.54.0%) 15N-labeled samples of the dimeric d(GGGT-

TCAGG) which forms a dimeric G-quadruplex containingGs TCAGG) quadruplex. Strand concentration was 4 mM, except for the G1-
G-G tetrads sandwiched between(G-A) triads?® labeled sample, for which the strand concentration was 2 mM. Experimental
For assignment procedures, protons are correlaté&titor 1C, conditions: 100 mM NaCl, 2 mM phosphate, pH 6.6;@ in 95% HO,

ith bond lati bei v th t iti Th 5% D,0O. Unless otherwise indicated in the Figure, the enrichment level of
with one-bond correlations being usually the most sensitive. 1hen, site-specific!®N-labeled samples is 1%. From the top, the first reference

on the basis of intensity differences between correlation peaks in spectrum, designated “ref.”, was obtained by the jump-and-return sequence
labeled and unlabeled samples, one can identify the resonance$JR)!® Other spectra wertN-filtered in an HMQC experiment with JR
associated with the site-specifically labeled nucleotide. Depending Water suppressidh The last spectrum, from unlabeled sample, is used as
on resolution, measurements can be performed using 1D or D2 referenc_e_. Thg remaining spectra are from oligonucleotfi¢4abeled

L ) at the positions indicated in the Figure.
NMR experiments. One can also exploit (see below) the fact that

. . N I
a labeled nucleotide contaif®\ (or *N,*C) at every position, in abundance when compared*& (factor of 4 vs factor of 2) for

o L
contrast to random distribution &N and*3C at natural abundance. 1% labeled samples. Examples of guanosine H8 and cytidine H6

. In studies of nucleic acids, e.x.changeable protons are Very .oqqnance assignments based oni@slabeling at positions G2
important because they can participate as hydrogen-bond donors nd C6 in the dimeric d(GGGTTCAGG) quadruplex are shown in

and define base-pairing alignments. Figure 1 shows assignment o 15C-filtered spectra Figure 2A. An example of guanosine H8

imino and amino protons for the d(GGGTTCAGG) fold and . . o

. . . Lo assignment based on 1%iN-labeling at position G3 follows from
confirms the previous assignments for this dimeric quadruplex ) ) .

. L . . . comparison of boxed peaks in the labeled (Figure 2C) and natural
architecture containing triads and G-tetrads (Supporting Information . )

. . . ! abundance (Figure 2BfN—H correlation spectré
Figure S1). Imino protons can be assigned3-filtered spectra
(Figure 1A) following enrichment at a level as low as 0.5% (i.e., sugar prot(.)ns.are usuglly brqa@er anq more crpwded thgn base
0.87% of total'>N). Amino protons can also be similarly assighed protons, making it sometimes difficult to identify site-specifically
1% 13C-labeled peaks in 1D spectra. Thus, not all sugar protons

(Figure 1B) despite their broader line widths. S o . )
Nonexchangeable aromatic base protons can be correlated b)f:an be readily identifiable in #C-filtered spectrum of a sample

either one-bond couplings to attachég nuclei in alC-labeled containing 1%13C-Iabeling at position GZ_ in the_dimeric d(GGGT-
sample, or alternately by long-range coupling® nuclei in a TCAGG) .quadruplex (Figure $B)3 .relatlve to its reference coun-
15\-labeled sample. There are advantages associatedth terpart_ (Figure 3A). Such aml_algumes can be overcome fO||OYVIng
labeling relative td3C-labeling approaches based both on cost and "écording of 2DC—1H correlation spectra (Supporting Information

the fact that!N exhibits a larger difference relative to natural Figure S3). Thus, the M C1 cross-peak assigned to G2 is stronger
in the 1% labeled sample (Figure 3Compared to the reference

* Corresponding author. Telephone: (212) 639-7225. Fax: (212) 717-3066. SPECtrum of unlabeled sample (Figure 3C). An alternate approach,
E-mail: phantuan@sbnmr1.mskcc.org. based on &3C—!H constant-time HSQC experiméhtconstant
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Figure 2. Assignments of aromatic protons for site-specific 1% (and 13N,!3C)-labeled samples of the dimeric d(GGGTTCAGG) quadruplex (same
buffer as in Figure 1, except in 99.9%0). (A) Top spectrum is a 1D reference spectrum. Other spectré@sitered by the HMQC pulse sequente.
Note that resonances in these spectra are broader than in the 1D reference because of one-bond c5@pliigsbbroadened peaks are from labeled
nucleotides{C,**N-labeled at the position indicated in the Figure) due to supplementary couplingd3o ald*>N. (B, C) Long-range H8N7 correlation

for purine bases in a 2D selective HMBC experiment of unlabeled (B) anéfi&8abeled (C) samples obtained using the pulse sequence in Supporting
Information Figure S2. The correlation peak for G3 in (C) is stronger than in (B). The line-shape of this peak is also different due to simultadiegss coup

of H8 to N7 and N9 during acquisition.

and catalytically important residues. The approach would be also

(A)

ref.
Al

J«muj 'Mwﬂ AM e |

applicable to peptides and proteins.
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Supporting Information Available: Three figures (schematic

structure of the dimeric d(GGGTTCAGG) quadruplex, selective HMBC
pulse sequence, and assignments of sugar protons). This material is
available free of charge via the Internet at http://pubs.acs.org.
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Figure 3. Assignments of sugar protons of G2 following site-specific 1%
15N,13C-labeling at this position in the dimeric d(GGGTTCAGG) quadruplex
(same buffer as in Figure 1, except in 99.9%C). (A) 1D reference
spectrum and (B}3C-filtered 1% G2-labeled spectrum. Asterisks indicate
sugar protons assigned to G2. The'#1l' correlation spectra for (C)
unlabeled sample and (QC") 1% G2-labeled sample. The spectra of (C)
and (C) were obtained with a HSQC sequer€ayhile the spectrum of
(C") was obtained using CT-HSQC sequeht&ompared to (C), the
correlation peak for G2 is stronger in'jGnd cancels out in (Q.

delay T = 25 ms), capitalizes on the observation (for uniformly

labeled samples) of negative cross-peaks for sugar protons (such

as H1), whose attache#C have an odd number &iC neighbors.
In the sample containing 198C-labeled at G2, cancellation occurs
between the uniformly labeled and natural abundance contributions
because of opposite sign, resulting in the disappearance of the H1
C1 cross-peak assigned to G2 (Figure''3CThe corresponding
experimental data for several other sugar protons are outlined in
Supporting Information Figure S3.

The current studies were undertaken with-450% site-specific
labeling within DNA sequences whose concentration ranged from

2 to 4 mM in strands. Such strand concentrations are necessary for 10)

studies of multimeric DNA structures. This approach is also

applicable to more diluted samples, in which case one may have
to appropriately increase the extent of site-specific label incorpora-
tion. Practically, sample handling is much easier, when one dilutes
labeled material with its unlabeled counterpart, as outlined in this
contribution. In conclusion, the proposed site-specific labeling

approach is a direct and affordable method for unambiguous

resonance assignment of base and sugar protons in DNA oligomers.

Other heteronuclei can also be assigned, following correlation to

assigned base and sugar protons. This approach opens opportunitie

for NMR studies of higher-molecular weight DNAs, and eventually
RNAs!? through site-specific labeling and assignment of structurally
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