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The recent development of an enzymatic procedure for large 3 S ER T B LR L

scale synthesis of DNA oligomérsiniformly labeled with the ggg_’:‘_ﬁggzg GCACG CGCAATCCTMCGTGC
stable isotopes®*C and N will undoubtedly advance the i ?CGTTAGGACTGCACG

application of NMR spectroscopy to structural studies of DNA Biotin-TEG Biotin-TEG
in the same way that uniform labeling by in vitro transcription

has led to the recent quantum leap in NMR structural character-

ization of RNA2~5 As first demonstrated for proteins, uniform P
13C andN enrichment significantly improves spectral resolution CGCAATCCTGACGTGC

by allowing the dispersion or filtering 8H frequencies via scalar ~ Figure 1. Two-step method for enzymatic synthesis of region-specific
coupling with the heteronuclei. However, most of this benefit 3C !5N-enriched DNA applied to the labeling of the 6 central nucleotides
from heteronuclear labeling is lost for nucleic acids larger than of a 16-residue oligomer. The ribonucleotide residue is indicated by the
~30-40 residues because the limited library of nucleic acid boxed G. The labeled residues are highlighted with asterisks. The
residues results in extensive spectral overlap for all three nuclei. exonuclease-free mutant of the Klenow polymerase was expresged in
Additional limitations arise due to the increased relaxation rates coli and purified according to a published procediirgne oligonucleotide

of larger oligonucleotides, which is exacerbated by the hetero- templates (including those containing a single ribonucleotide residue) were
nuclear dlpolar Coupllngs These problems can be Clrcumventedsynthes|zed on a PharmaCIa LKB gene assem.b.ler with US-e of solid-state
by regional labeling of the oligonucleotide, i.e., labeling of only /-cyanoethyl phosphoramidite chemistry, purified by anion exchange
a subset of residues within one oligonucleotide. In this com- chromatography with an HQ POROS resin on a Biocad Sprint (PerSeptive
munication we present a general method for region-specific Biosystems), and desalted by using C18 Sep-Pak cartridges (Waters).

labeling of DNA and its application to the study of a 64-residue I;]rihr:aaslir;ég Etstil:gufgeufzr?\c:rzcgllgtIS&LE&?%@?] g:egscgfcrh;\ler:;;eic-h
DNA.cros_sover structure that SEIVES as a_mo_del for the HoI_I|day tively. 13C>N-labeled dNTPs were prepared from the corresponding
junction intermediate in genetic recombination and repdir.

labeled dNMPs (Martek Biosciences Corporation) by phosphorylation
Although the global structural features of such branched structures, ;i 4 mixture Of(enzymes and the kinasep activity)frgmp JMJ%EO)&

have been studied by a variety of techniqh&Sijttle is known ~ cejis according to the procedure of Hurlbert and FurlbHdrhe reactions
about the details of DNA conformation at junctions. With specific \yere monitored by HPLC with a Vydac nucleotide analysis column. The
labeling of the crossover region, this structural information can polymerization reactions were carried out in 10 mM Tris/HC at pH 7.5,
be obtained from NMR. 0.1 mM template, 0.50 mM of each dNTP (first step reaction) and 0.75
The application of region-specific isotopic enrichment is mM (second step reaction), 5 mM MgCland 3 units of Klenow
demonstrated by partial labeling of a 16 nucleotide oligomer polymerase D424A per nanomole of DNA template. The mixtures were
(16mer) in which the 6 central residues are uniformly enriched incubated fo 3 h at 37°C. Reactions were checked by 19% polyacry-
with 13C and®sN, while the rest of the residues are not labeled lamide gel electrophoresis. The first enzymatic reaction was performed
(Figure 1). This oligomer constitutes one strand of the 4-arm with 0.75umol of hairpin DNA. The elongation reaction was followed
model Holliday junction structure. Region-specific DNA labeling by a desalting step with a Centriprep-3 (Amicon) centrifugal concentrator,
combines two p0|ymerization reactions of deoxyribonudeoside which removes salts and unincorporated dNTPs. The product was cleaved
triphosphates (dNTPs), catalyzed by 453 exonuclease-free  from the template-loop in 0.4 mM KOH fd3 h at 55°C. It was then
mutant (D424A) of the Klenow DNA polymerase. The first step punfled. by anion gxchange chromat_ography W|th use of HQ POROS resin
utilizes an oligonucleotide hairpin structure designed to link ©n @ Biocad Sprint (PerSeptive Biosystems) in 10 mM NaOH with a
together a five residue primer and the template needed for thedradient of 0.4-0.7 M NaCl. The purified DNA was desalted on a C18
enzymatic extension of the primerThis first elongation reaction Sﬁp'Palé Cart”fd?? (Waters) and use.?.f%r the s_ec?nd enzymatic reactt1|on.
incorporates the six labeled nucleotides by using uniformly The product of this reaction was purified in a similar manner. From the

13~ 15N . initial 0.75 umol of hairpin DNA, 0.4umol of extended primer was
°C/*N-enriched dNTPs. The primer corresponds to the DNA obtained which then yielded 0.2dnol of the final purified product. This
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A B confirmed by comparison to three additional duplex and J1
a1 samples prepared with oligomers containing single labels at T6
150 8 3 (13CT), T6 (*N3), or T9 (°N3) that were produced with standard
(f’pm) e g chemical synthesis.
155 AT The Holliday junction is a large molecule for NMR studies
To T ,é X and represents a typical system for which the application of
58 135 136 :g 8 regilonal Iabfelir:19|_\|/villll_(§)e highly be;]neficli)al. Small 32 llaase [I)air |
N : i P ) analogues of the Holliday junction have been extensively analyze
= :;ppm) :g‘g?gg?g: ;g?;?ggg: by 'H NMR, but the ability to determine their three-dimensional
e ¢ 84 cC G solution structure is severely limited by the very high degree of
6 o 13 § $ cross peak overlap in 2D and even 3B NOESY spectra*!4
10 olss (pprn) i Figure 2C shows a small region of ¥C-edited NOESY
T X experiment (NOESY-HSQCY}?® along with the same region from
60 57 54 8 8 a standard 2D NOESY spectrum (Figure 2D). This illustrates
"Hppm) ¥ 5 the huge increase in cross peak resolution made possible by

region-specific labeling of the DNA. It also serves to demonstrate
the advantages of region-specific labeling over other currently
available methods. Chemical synthesis offers one alternative, but
would be both costly and time-consuming for the preparation of
either the six single labeled oligonucleotides or the one oligo-
o nucleotide with six labeled residues. The advantage of region-
specific labeling over labeling the entire oligonucleotide by using
the original polymerase based method is the substantial spectral
simplification that results from observing signals only from the
region of interest. In the case of Holliday junction structures,
since the duplex arms are known to exist in standard B-form DNA
conformation, this approach enables a focus solely on the critical
TH(ppm) crossover region of the molecule, without having to assign and
analyze the large number of other residues. Region-specific
Figure 2. Heteronuclear NMR of the region-specific labeled duplex, labeling is envisioned as a powerful approach for the study of
and the nucleotide sequence and NOESY spectra of the Holliday junction complexes with Holliday junction-binding proteins in order to
model. (A) Contour plots of the imino andH proton regions of the  gptain insights into the recognition and resolution of these
16mer duplex are shown in tHel/*N (upper panel) anéH/’“C (lower structures in recombination and repair. The ability to selectively
panel) HSQC spectra, respectively. The spectra were acquired from 0.3focus studies on a specific region of DNA should prove valuable
mM samples in KO (H/"*N correlation) and O (H/™C correlation) in a variety of applications ranging from DNA lesions to
at 300 K and pH 7.5 with use of a Bruker AMX500 spectrometer. (B) .
The nucleotide sequence of the 32-base-pair model Holliday junction J1. reasonably large protein/DNA complexes.
The labeled residues are indicated with asterisks. (C and D) THe 1
3'H to 6H, 8H regions of thé3C NOESY-HSQC of labeled DNA (left)
and 2D NOESY of unlabeled J1 (right) are shown. The dashed line
separates the'dl and 3H regions. Experiments were acquired in(H
solutions at 310 K and pH 7.5 with a 200 ms mixing time with use of a
Bruker AMX500 spectrometer. The DNA concentrations were 0.7 and systems for various mutants of the Klenow DNA polymerase, Dr. Akira
0.5 mM for the labeled and nonlabeled samples, respectively. Water 5, tor making thel3C1' labeled Holliday junction, and Dr. Siobhan
suppression was achieved in all experiments with the WATERGATE jiick for helpful discussions. ThéSN-enriched thymidine phosphora-
pulse schemé midite was synthesized by the National Stable Isotope Resource, Los
template_prlmer halrpln approach’ to solve the problem of AIamOS..Th|S work was Supported by a grant from the National Science
separating the fully extended primer from the template. In this Foundation (MCB 9604568) to W.J.C. G.M. acknowledges the support
reaction, the template is a 16 nucleotide oligomer tagged at theOf postdoctora_l _feIIowshlps f_rom the French association for cancer research
5 end with biotin-triethyleneglycol (biotin-TEG). The tag (ARC), the Philippe foundation, and the Human Frontier Science Program

; . . . - Organization.
increases the retention time of this template relative to the newly

transcribed strand, allowing facile separation and purification of Supporting Information Available: Experimental details (4 pages).

these components bY_ anion exchange chromatography evengee any current masthead page for ordering and Internet access
though they are DNA oligomers of the same length. Such tagged instructions.

templates can be used in any number of additional extensions
because they can be recovered with high efficiency.

Both the intermediate 11mer and the final product 16mer were ; - - - -
shown to have the correct nucleotide congposition by NMR 32&11) Chen, S.-M.; Heffron, F.; Chazin, W.Biochemistn993 32, 319~
spectroscopy. The final product was first paired to a comple-  (12) Chen, S.-M.; Chazin, W. Biochemistry1994 33, 11, 453-11, 459.
mentary nonlabeled oligomer to form a duplex. The heteronuclear  (13) Bodenhausen, G.; Ruben, D.Chem. Phys. Lett198Q 69, 185~
spectra from this duplex shown in Figure 2A confirm the correct
identity of the 16mer productC,®N-labeled from T6 to All o D) Marion,
(dClGCAAF’TCCTGmAGCAClSG)' A second sample was then (elrgj Jgg%er,%J.%ll\%eilesr,l%_.ll-?.ljéachmann, P.; Emnst, RI.-Chem. Phys.
prepared, wherein the oligomer was incorporated as part of the 1979 71, 4546-4553.
model Holliday junction J1 (Figure 2B). Th&C and 5N (17) Joyce, C. M.; Derbyshire, Wethods Enzymoll995 262, 3—13.
resonances were assigned on the basis of correlations with the (18) Hurlbert, R. B.; Furlong, N. BMethods Enzymoll967 12, 193~

previously assignéd'? protons by using heteronuclear single “"(1g) skienia V.; Piotto, M.; Leppik, R.; Saudek, \l. Magn. Resor.993
qguantum coherence (HSQC) experiméftsAssignments were 102, 241-245.
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