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New Sequential-Assignment Routes of Nucleic Acid NMR
Signals Using a [5'-13C]-Labeled DNA Dodecamer!
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Ei-ichiro Suzuki,” and Chojiro Kojima®
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and Technology, Ikoma, Nara, Japan

ABSTRACT

NMR signal assignments for DNA oligomers have been performed by the well-
established sequential assignment procedures based on NOESY and COSY. The H4'/
H5'/H5” resonance region is congested and difficult to analyze without the use of
isotope-labeled DNA oligomers. Here a DNA dodecamer constructed with
2'-deoxy[5'-"*Clribonucleotides, 5-d(*C*G*C*G*A*A*T*T*C*G*CG)-3’
(*N = [5'-13C]Nucleotide), was prepared in an effort to analyze the H4'/HS5'/HS”
resonance region by 2D 'H-'*C HMQC-NOESY. In the C5 and H1' resonance
region, weak and strong cross peaks for C5'(i)-H1'(i) and C5'(i)-H1'(i-1), respectively,
were found, thus enabling the sequential assignment within this region. A similar
sequential assignment route was found between C5' and H2”. Proton pair distances
evaluated from the canonical B-DNA as well as A-DNA indicated that these
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sequential-assignment routes on a 2D 'H-'3C HMQC-NOESY spectrum work for
most nucleic acid stem regions.

Key Words: NMR; [5-'3C]DNA; C5' resonance assignment; C5'-H1' sequential
assignment; C5'-H2” sequential assignment; 2D 'H-'*C HMQC-NOESY.

INTRODUCTION

An investigation of the conformational diversity of the sugar-phosphate backbone
and/or the sugar moieties in nucleic acids is important in the elucidation of nucleic
acid-protein or -drug recognition processes. The development of an efficient synthetic
method for 2'-deoxy[5'-*H]ribonucleosides (5'S:5'R = ca. 2:1)!""* has fueled expecta-
tions that they would facilitate the unambiguous assignment of both the HS" and H5”
signals of an oligodeoxyribonucleotide and the analysis of sugar-phosphodiester
backbone conformations by NMR spectroscopy. Through the use of 2D 'H->'P HSQC
spectroscopy on deuterium-labeled nucleotides, Ono and co-workers®® achieved the
assignment of the methylene protons at C5" of a DNA dodecamer. On the other hand,
Kojima and co-workers'* obtained the 15 *J coupling constants between H4' and
HS5'/H5" due to the simplified spin systems through the use of NOESY and DQF-COSY
NMR analyses. We assumed that more precise analyses of the DNA backbone structure
including distance information should be possible by using nucleotides labeled with
carbon-13 at the 5 position, in terms of heteronuclear multidimensional NMR
spectroscopy. Conformational analysis by NMR using a [5'-'*C]DNA-oligonucleotide,
however, has never been reported. Thus, following the development of an efficient
method for the synthesis of 2'-deoxy[5'-'*C]ribonucleosides,®! we now report on the
construction of a [5-">CJDNA-oligonucleotide and its conformational analysis by
HMQC-NOESY NMR. In relation to the C5" resonance assignment, we found several
new sequential-assignment routes on a 2D "H-"*C HMQC-NOESY spectrum. Details of
the results obtained are described herein.

RESULTS AND DISCUSSION

The 2'-deoxy[5'-'*Clnucleosides’®® were converted into the corresponding 3'-
phosphoramidite derivatives according to the method of Ono and co-workers.”~*!
These were used for the construction of 5'-d(*'C*>G#3C**G*SA*CA*TT*8T+C*10
G*!''C'2G)-3' by the solid-phase phosphoramidite method"'”! using G-CPG at the 3'
terminus. The residue number used here is shown on the left shoulder. Purification of
the oligonucleotide was performed according to the method of Kyogoku and co-
workers.!'!!

All 'H and *'P assignments for this oligomer at 30°C have been reported by Hare
and co-workers,m] Kellogg and Schweitzer,“ﬂ and Ono and co-workers.!® For the
assignment of each C5' resonance, the reported 'H chemical shifts'>'*'¥ provided
useful information. Through the use of the "H-'*C HSQC spectrum combined with the
"H assignments, the 5'-'*C signals were easily assigned for 7 of the 11 residues: CI,
T7, C9, C3, A6, G4 and A5 (Figure 1).

Copyright © Marcel Dekker, Inc. All rights reserved.
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Figure 1. C5'—H5' spectral region of the 'H-'3C HSQC spectrum of the [5'-'*C]-labeled DNA
dodecamer [5'-d(*'C*2G*3C#*G*> AxCA*"T+8Tx9C*10G*11C12G)-3]. Resonance assignments are
given by residue names.

Another spectrum was required to complete the assignments due to the overlapping
of the 'H and '*C signals. In Figure 2, the C5' (w1) and H1’ (w2) region of the 'H-'"*C
HMQC-NOESY spectrum is shown. In this region, the C5’-H1’ sequential connectivity
was found, as indicated by the sequential-walk line between the inter-residue H1'(i-1)-
C5'(i) (strong) and intra-residue H1'(i)-C5'(i) cross-peaks (weak). Application of this
sequential-walk enabled all of the 5'-'>C signals to be unambiguously assigned: 64.0
(C1), 66.7 (T7), 67.2 (C9), 67.3 (T8 and Cl11, overlap), 67.5 (C3), 68.1 (A6), 68.4
(G4), 68.5 (G2 and G10, overlap), and 68.6 (AS), ppm (residue name), respectively.
The assignment of each H1” was also achieved using the sequential-walk line between
the inter-residue HI1'(i-1)-C5’(i) (strong) and intra-residue H1'(i)-C5'(i) cross-peaks
(weak) (Figure 2).

A similar sequential connectivity was found between the C5" and H2" signals,
although the intensity of the cross peak was much weaker than that of C5’-H1'. Based
on the 5-'>C assignments, several intra-residue NOE cross-peaks were assigned: H6/
8(i)-C5'(i), H2'(1)-C5'(i) and H3'(i)-C5'(i). In particular, the H6/8(i)-C5'(i) region of the
'"H-'>*C HMQC-NOESY spectrum was sparse, and thus H6 and H8 were easily
assigned. The inter- and/or intra-residue H4'-C5" NOE cross-peaks were also observed,
but were not completely assigned due to signal overlapping. These intra-residue NOEs
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Figure 2. C5'—H1’ spectral region of the 2D 'H-">C HMQC-NOESY spectrum of the [5'-'>C]-
labeled DNA dodecamer. Resonance assignments are given by the residue names. Lines in the
spectrum indicate the sequential assignment routes.

were used to confirm the sequential assignments made by the H1'-C5’ and H2"-C5’
cross-peaks.

The H1'-C5" and H2"-C5’ sequential-walks found here were analyzed by examining
proton-pair distances including H4'/H5'/H5" as shown in Tables 1 and 2 for canonical
B- and A-DNA, respectively. The intra- and inter-residue H1'-H5’, H2"—HS5’, H2"”
—H5", H3'-HS5’, H3'-H5", H4'-H5' and H4'-H5" distances were always shorter than
5 A. That is, NOEs can be observed for these pairs in both the B- and A-DNA con-
formations (see Tables 1 and 2). Thus 7 sequential assignment routes were poten-
tially available in the NOESY spectrum. Since the H5" and H5” signals could not be
distinguished in our 2D HMQC-NOESY, 3 out of 7 routes were degenerate, while 4 routes
were available. In fact, two of these, C5'—H1’ and C5'-H2", were found in our HMQC-
NOESY spectrum, though the other two, C5'—H3" and C5'—H4', could not identified in
our spectrum due to signal overlapping. New sequential assignment routes seem to be
powerful for nucleic acids with either the A or B conformation. NOESY-based sequential
assignments have been employed even for '>C-enriched DNA and RNA oligomers. This
is because sequential assignment through small ">C—>'P J-couplings does not work well
in some cases. Therefore, the NOESY-based sequential assignment routes found here are
quite important.

The H4'/H5'/H5" region (3.9 ~ 4.4 ppm, 'H) in the NOESY spectrum contains
ample structural information, as previously pointed out by Wijmenga and co-
workers!'* and Kojima and co-workers.'*! Selective '>C enrichment at the 5’ methylene
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MarceL DEKKER, INc. m
270 Madison Avenue, New York, New York 10016 e



10: 53 26 January 2011

Downl oaded At:

ORDER | _=*_[Il REPRINTS

Nucleic Acid NMR Signals 259

Table 1. Distances of the proton pairs including H4'/H5'/H5” below 5 A in the canonical
B-DNA conformation.*

H8/H6 H5 m* H1 H2 H2" H3’ H4' H5’ H5”

Intra-residue

H4' (i) 49/46 - - 36 39 41 2.7 T 26 23
H5' (i) 3533 50 ~5 44 37 49 37 26 i 1.8
H5" (i) 44/42 - - - 39 50 29 23 1.8 1
Inter-residue

H4' G+ 1)° —/- - - 42 - - - - - -
H4' (i-1)° —/- - - - - - - - 3.8 4.1
H5 G+ 1)° —/- - - 1.7 43 3.2 45 3.8 - -
H5' (-1)° —/- - - - - - - - - -
H5" i+ 1)° —/- - - 3.3 - 4.0 47 4.1 - -
H5" (i-1)° —/- - - - - - - - - -

*Distances in A.

Inter-residue proton pair has two combinations for each residue, that is, (i-1)th residue to (i)th
residue and (i)th to (t + 1)th. (i) refers to the focusing residue. (i-1) and (i + 1) refer to the former
and later rows, respectively.

#. Methyl proton.

—: Distance longer than 5 A.

i: Identical proton.

Table 2. Distances of the proton pairs including H4'/H5'/H5” below 5 A in the canonical
A-DNA conformation.”

H8/H6 H5 m* HY H2' H2" H3’ H4' H5’ H5”

Intra-residue

H4' (i) 43/40 - - 33 3.8 2.8 3.0 i 2.5 2.4
H5' (i) 3.6/33 - - 4.6 - 4.9 3.7 25 i 1.8
H5" (i) 42/39 - - - - 47 3.1 2.4 1.8 T
Inter-residue

H4 G+ 1)° —/- - - - 4.3 4.0 - - - -
H4' (i-1)° —/- - - - - - - - 4.0 5.0
H5 G+ 1)° —/- - - 3.6 2.7 1.6 43 4.0 - -
H5 (-1)° —/- - - - - - - - - -
H5" i+ 1)° —/- - - - 3.7 3.1 4.8 5.0 - -
H5" (i-1)° —/- - - - - - - - - -

*Distances in A.

®Inter-residue proton pair has two combinations for each residue, that is, (i-1)th residue to (i)th
residue and (i)th to (t + 1)th. (i) refers to the focusing residue. (i-1) and (i + 1) refer to the former
and later rows, respectively.

#. Methyl proton.

—: Distance longer than 5 A.

i: Identical proton.
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position makes it possible to distinguish the H5'/5” signals from others, especially from
H4'. The unambiguous assignment of the heavily overlapped H4'/H5'/H5" signals has
been the main impediment in the complete assignment of the NOESY cross-peaks for
DNA. Therefore, it is important that the 5'-'>C enriched DNA sample completely
overcomes this overlapping problem. Additionally, the use of two '*C-edited NOESY
spectra, where the H5'/5” signals are selectively picked up or eliminated, can yield
the complete NOESY data sets without any overlapping between the H4' and
H5'/5" resonances.

Using a uniformly '*C-enriched sample, it would not be difficult to distinguish the
H5'/5" signals from those of H4', since the 13C chemical shifts are different for C4’
(80 ~ 85 ppm) and C5’ (60 ~ 65 ppm). However, the transverse relaxation time of the
5'-13C signals is much shorter than the other carbons, thus the constant-time approach,
that can refocus the '*C—"3C J-couplings, does not work well. As a result, the apparent
linewidths of the 5'-'*C signals for the uniformly '*C-enriched sample will be much
broader, and the new sequential assignment routes reported here might not work well.

CONCLUSION

New sequential assignment routes using 5'-'°C signals, C5'~H1’ and C5'—H2",
were found in the 2D 'H-">C HMQC-NOESY spectrum. Using these new routes, all of
the 5-'*C and the HI'/H2" signals were completely and easily assigned. The salient
feature of these assignment routes was the use of the 5'-'>C signals, rather than H5' and
H5”, to reduce the complexity of the NOESY spectrum. These sequential assignment
routes will become a powerful tool in the second or third sequential-walk routes for
most nucleic acids, and in the assignment of the H4'/H5'/HS" signals.

EXPERIMENTAL SECTION

Sample preparation. The 2'-deoxy[5-'>C]nucleoside derivatives (N ®-benzoyl-
2'-deoxyadenosine, N*-acetyl-O°-diphenylcarbamoyl-2'-deoxyguanosine, N *-benzoyl-
2'-deoxycytidine, and thymidine), reported by Kawashima and co-workers,”®! were
converted into the corresponding 3’-phosphoramidite derivatives according to the meth-
od of Ono and co-workers.” =1 5/-d(*!C**G*3C** G+ A A*TT+8T+C*x10G*11C12G)-3
was then synthesized on a DNA synthesizer (Applied Biosystems Inc., ABI 391) by
the solid-phase phosphoramidite method"® using G-CPG (purchased from Applied
Biosystems, Inc.) at the 3’ terminus. The [5'-'*C]DNA-oligonucleotide was subse-
quently purified after the removal of the protecting group. The purification procedure
employed was that previously reported by Kyogoku and co-workers.!'"! The residue
number used here is shown on the left shoulder. The NMR sample was dissolved in
D,0 and kept in a 5 mm tube. The double-strand concentration was estimated to be
1.5 mM from the UV absorbance.

NMR experiments. The two dimensional 'H-">C proton-detected heteronuclear
single-quantum correlation spectroscopy (HSQC) spectrum and the 'H-'>C HMQC-
NOESY!"! spectrum were recorded on a Bruker DMX 600 spectrometer operating at a

Copyright © Marcel Dekker, Inc. All rights reserved.
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600 MHz 'H frequency at 30°C, where the spectral widths were 2000 and 6000 Hz
with 256 and 2048 recording points in the '*C (t1) and 'H (t2) dimensions,
respectively. The n/4 shifted sine bell window function was applied and zero-filled to
1024 (**C) and 4096 ('H) points. The '*C-edited 'H-"H NOESY by Otting and co-
workers'® was recorded with identical parameters except for the tl dimension,
recorded at 6000 Hz with 512 recording points at the 'H frequency. The pulse
repetition delay time was 2 sec, and 80 ~ 112 scans were employed for each tl
increment. The phase sensitive detection in tl1 was performed by the TPPI procedure
reported by Marion and Wiithrich.'”! The 'H and '*C chemical shifts were calcu-
lated relative to the resonance of solvent H,O (4.68 ppm) for HMQC!"®! and from TSP
(3-(trimethylsilyl)propionic acid) for the HMQC and NOESY spectra.

ACKNOWLEDGMENTS

The authors gratefully appreciate discussions with Professor Emeritus Yoshiharu
Ishido, a Grant-in-aid for Scientific Research (C) (No. 14572012) from the Ministry of
Education, Science, Culture, and Sports, and the Hayashi Memorial Foundation for
Female Natural Science.

REFERENCES

1. Kawashima, E.; Toyama, K.; Ohshima, K.; Kainosho, M.; Kyogoku, Y.; Ishido, Y.
Novel synthesis of 2'-deoxy[5'-*H]ribonucleoside derivatives from 5-O-Ac-2'-
deoxy-5'-PhSe-ribonucleoside derivatives. Tetrahedron Lett. 1995, 36, 6699—6700.

2. Kawashima, E.; Toyama, K.; Ohshima, K.; Kainosho, M.; Kyogoku, Y.; Ishido, Y.
A novel approach to diastereoselective synthesis of 2’—deoxy[5/—2H1]ribonucleoside
derivatives by reduction of the corresponding 5'-O-Acetyl-2'-deoxy-5'-phenyl-
selenoribonucleoside derivatives with a Bu;Sn’H—Et;B system. Chirality 1997, 9,
435-442.

3. Ono, A.; Makita, T.; Tate, S.; Kawashima, E.; Ishido, Y.; Kainosho, M. C5
methylene proton signal assignment of DNA/RNA oligomers labeled with C5'-
monodeuterated nucleosides by 'H—*'P HSQC spectroscopy. Magn. Reson. Chem.
1996, 34, S40—S46.

4. Kojima, C.; Kawashima, E.; Toyama, K.; Ohshima, K.; Ishido, Y.; Kainosho, M.;
Kyogoku, Y. Stereospecific assignment of H5" and H5” in a (5'R)-/(5'S)-deuterium-
labeled DNA decamer for /i determination and unambiguous NOE assignments.
J. Biomol. NMR 1998, 77, 103—109.

5. Kawashima, E.; Umabe, K.; Sekine, T. Synthesis of [5’-13C]ribonucleosides and 2'-
deoxy[S’-]3C]rib0nucleosides. J. Org. Chem. 2002, 67, 5142—-5151.

6. Sekine, T.; Kawashima, E.; Ishido, Y. Efficient synthesis of D-[5-13C]ribose from
D-ribose and its conversion into [5’-13C]nucleosides. Tetrahedron Lett. 1996, 37,
7757-7760.

7. Ono, A.; Ts’O, P.O.P.; Kan, L.S. Triplex formation of oligonucleotides containing
2'-0-methylpseudoisocytidine in substitution for 2'-deoxycytidine. J. Am. Chem.
Soc. 1991, 113, 4032—4033.

MARCEL DEKKER, INc.
270 Madison Avenue, New York, New York 10016

Copyright © Marcel Dekker, Inc. All rights reserved.

) 1}



10: 53 26 January 2011

Downl oaded At:

262

10.

11.

12.

13.

14.

15.

16.

17.

18.

ORDER | _=*_[Il REPRINTS

Kawashima et al.

Ono, A.; Ts’O, P.O.P.; Kan, L.S. Triplex formation of an oligonucleotide containing
2'-0-methylpseudoisocytidine with a DNA duplex at neutral pH. J. Org. Chem.
1992, 57, 3225-3230.

Adams, S.P.; Kavka, K.S.; Wykes, E.J.; Holder, S.B.; Galluppi, G.R. Hindered
dialkylamino nucleoside phosphite reagents in the synthesis of two DNA 51-mers. J.
Am. Chem. Soc. 1983, 105, 661—-663.

Beaucage, S.L.; Caruthers, M.H. Deoxynucleoside phosphoramidites. A new class
of key intermediates for deoxypolynucleotide synthesis. Tetrahedron Lett. 1981, 22,
1859—-1862.

Kyogoku, Y.; Kojima, C.; Lee, S.J.; Tochio, H.; Suzuki, N.; Matsuo, H.; Shirakawa,
M. Induced structural changes in protein-DNA complexes. Methods Enzymol.
1995, 261, 524—541.

Hare, D.R.; Wemmer, D.E.; Chou, S.H.; Drobny, G.; Reid, B.R. Assignment of the
non-exchangeable proton resonances of d(C-G-C-G-A-A-T-T-C-G-C-G) using two-
dimensional nuclear magnetic resonance methods. J. Mol. Biol. 1983, 171, 319—
336.

Kellogg, G.W.; Schweitzer, B.I. Two-dimensional 31p_driven NMR procedures for
complete assignment of backbone resonances in oligodeoxyribonucleotides. J.
Biomol. NMR 1993, 3, 577-593.

Wijmenga, S.S.; Mooren, M.M.W.; Hilbers, C.W. NMR of nucleic acids, from
spectrum to structure. In NMR in Macromolecules; Roberts, G.C., Ed.; IRL Press:
Oxford, 1995; 217-288.

Fesik, S.W.; Zuiderweg, E.R.P. Heteronuclear three-dimensional NMR spectros-
copy. A strategy for the simplification of homonuclear two-dimensional NMR
spectra. J. Magn. Reson. 1988, 78, 588—593.

Otting, G.; Senn, H.; Wagner, G.; Wiithrich, K. Editing of 2D '"H NMR spectra
using X half-filters. Combined use with residue-selective N labeling of proteins. J.
Magn. Reson. 1986, 70, 500—505.

Marion, D.; Wiithrich, K. Application of phase sensitive two-dimensional correlated
spectroscopy (COSY) for measurements of 'H—"H spin—spin coupling constants in
proteins. Biochem. Biophys. Res. Commun. 1983, 713, 967-974.

Wishart, D.S.; Bigam, C.G.; Yao, J.; Abildgaard, F.; Dyson, H.J.; Oldfield, E.;
Markley, J.L.; Sykes, B.D. lH, 13C and PN chemical shift referencing in
biomolecular NMR. J. Biomol. NMR 1995, 6, 135-140.

Received August 26, 2003
Accepted October 14, 2003

Copyright © Marcel Dekker, Inc. All rights reserved.

MARCEL DEKKER, INc. m
270 Madison Avenue, New York, New York 10016 ®



Downl oaded At: 10:53 26 January 2011

Request Permission or Order Reprints|nstantly!

Interested in copying and sharing this article? In most cases, U.S. Copyright
Law requires that you get permission from the article’ s rightsholder before
using copyrighted content.

All information and materials found in this article, including but not limited
to text, trademarks, patents, logos, graphics and images (the "Materials"), are
the copyrighted works and other forms of intellectual property of Marcel
Dekker, Inc., or itslicensors. All rights not expressly granted are reserved.

Get permission to lawfully reproduce and distribute the Materials or order
reprints quickly and painlessly. Simply click on the "Request Permission/
Order Reprints' link below and follow the instructions. Visit the

U.S. Copyright Office for information on Fair Use limitations of U.S,
copyright law. Please refer to The Association of American Publishers
(AAP) website for guidelines on Fair Use in the Classroom.

The Materials are for your personal use only and cannot be reformatted,
reposted, resold or distributed by electronic means or otherwise without
permission from Marcel Dekker, Inc. Marcel Dekker, Inc. grants you the
limited right to display the Materials only on your personal computer or
personal wireless device, and to copy and download single copies of such
Materials provided that any copyright, trademark or other notice appearing
on such Materiasis also retained by, displayed, copied or downloaded as
part of the Materials and is not removed or obscured, and provided you do
not edit, modify, ater or enhance the Materials. Please refer to our Website

User Agreement for more details.

Request Permission/Order Reprints

Reprints of this article can also be ordered at

http://www.dekker.com/servlet/product/DOI/101081INCN120027832


http://www.copyright.gov/fls/fl102.html
http://www.publishers.org/conference/copyguide.cfm
http://www.dekker.com/misc/useragreement.jsp
http://www.dekker.com/misc/useragreement.jsp
http://s100.copyright.com/AppDispatchServlet?authorPreorderIndicator=N&pdfSource=SPI&publication=NCN&title=New+SequentialAssignment+Routes+of+Nucleic+Acid+NMR+Signals+Using+a+513CLabeled+DNA+Dodecamer&offerIDValue=18&volumeNum=23&startPage=255&isn=1525-7770&chapterNum=&publicationDate=&endPage=262&contentID=10.1081%2FNCN-120027832&issueNum=1%262&colorPagesNum=0&pdfStampDate=02%2F05%2F2004+20%3A36%3A48&publisherName=dekker&orderBeanReset=true&author=Etsuko+Kawashima%2C+Takeshi+Sekine%2C+Kaoru+Umabe%2C+Kazuo+Kamaike%2C+Toshimi+Mizukoshi%2C+Nobuhisa+Shimba%2C+Eiichiro+Suzuki%2C+Chojiro+Kojima&mac=SAp0utCt%e$IUvvdd$W4rw--

