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X-ray crystallography is the most direct and powerful tool for o} —o ase
3-D structure determination of biomacromolecules, such as ribo- ) Q o \kaH O
zymes, viral RNA, and RNAprotein and DNA-protein com- OEIP_O\P”_O N/J\o )
plexes. This technology has significantly facilitated studies of '07/\P\O_ S ﬁoj =Po
macromolecular functions and mechanisms at the atomic tevel. 0 sl KOJ
Besides the difficulties related to crystallization, however, heavy OH
A a-Se-TTP (1) B. —0

atom derivatization for phase determination, a limiting factor in
nucleic acid X-ray crystallography, has slowed determination o
new structures. To facilitate phase and structure determination, the
multiwavelength anomalous dispersion (MAD) technique has been
developed for proteins via replacement of sulfur with selenium in 1
methionine residueswhich approximately accounts for two-thirds | 70 [\ f\
| ‘
|
|
|

f Figure 1. (A) Structure of thymidine 5(a-P-seleno)triphosphate. (B)
Structure of phosphoroselenoate (PSe) DNA.

of all new protein structures.Derivatization with bromine on
position 5 of pyrimidines and the RNA-binding protein ULA com-
plex have also been used in MAD phasing of DNAs and RINAS.
In comparison to those for protein, however, derivatization tools
in X-ray crystallography for nucleic acids are quite limited. 7
We have recently demonstrated the successful strategy of oxygen
replacement with selenium in nucleic acids for X-ray crystal
structure determination using MAmon the basis that oxygen and ~ Figure 2. HPLC analysis of purifiedu-Se-TTP diastereomers on C18

; ; ; : i column (4.6 mmx 25 cm). Samples were eluted (2 mL/min) with a linear
\?vec:(rakn";)m arjalrr: theESﬁm:rfgmc"g-,\A\/gﬁ(lellgs;hgeﬁ)::izfr:c :lzbslebtlar:a;he gradient from buffer A [10 mM triethylammonium acetate (TEAA), pH
. y g,, gl " ’ . 6.5] to 20% buffer B (30% acetonitrile in water, 10 mM TEAAc, pH 6.5)
introduced at the'sand 2 positions and phosphodiester backbones |, 29 min.a: the fast-moving isomer (I}p: the slow-moving isomer (I1);

for MAD phasing. In the case of selenium substitution on the phos- ¢: co-injection of isolated | and Iid: co-injection of I, Il, and TTP. The
phodiester backbone, selenium can be directly introduced via seleni-retention times for TTP, peak |, and peak Il were 10.91, 17.18, and 19.05
zation of hydrogen phosphon&te phosphitéalthough a separation  min, respectively.

is needed to isolate the formed phos.phorosglenoate (PSe). d'aSIerr'eactions, including those with both diastereomers @igure 38).
eomers for X-ray crystallography. This chemical approach is well

. . . ; - No full-length DNA was observed in the control experiment where
suited with short oligonucleotides containing one PSe gfdeqr. TTP was absent (Figure 3C). The 55-nt DNA products made from
the preparation of longer nucleic acids, especially those containing

X ) the polymerization using diastereomer Se-TTP | and II, and TTP
multiple PSe groups, new approaches, such as enzymatic methOdsrefer to DNA 1, Il, and lll, respectively. Unlike the cases of the

would be ideal for obtaining X-ray crystallography-quality samples. ,cjeqside thiotriphosphats!2 where the Sp diastereomer was
To develop the enzymatic approach, we have synthesized theggrectively recognized by T4 DNA polymerase while the Rp dia-
npcle05|de triphosphate anglogues contaimingpnbridging sele- _ stereomer was poorly recognized, we observed thatd®@b-TTP
nium, such as.-Se-TTP , Figure 1A), analogous to the synthesis  gjastereomers were equally well recognized by the Klenow fragment
of the nucleoside '§a-P-thio)triphosphate¥. The formed Sp and ¢ pNA polymerase | and that the recognition was almost as good
Rp diastereomers df were easily separated by HPLC (Figure 2). 55 that for TTP (Figure 3B). The polymerase recognition of both
As the polymerases conduct the polymerization reaction stereose-ge diastereomers allowed the individual synthesis of two-PSe
lectively**2this enzymatic approach will generate diastereomeri- pNA isomers. The precise stereochemistry (Sp or Rp) of Se-TTP
cally pure PSe-nucleic acids, thus rendering unnecessary separationand || is currently under investigation. As HPLC and MS analyses
of PSe diastereomers. This is an advantage of the enzymatic approacBhowed that the Se-TTP could be oxidized to TTP by air (data not
over the chemical synthesi8.We describe here the first study of shown) to confirm that the formations of DNA | and Il were not
the enzymatic synthesis of PSe DNAs using DNA polymerization. due to oxidation but due to the incorporations of both diastereomers,
To develop the polymerase-catalyzed DNA polymerization using we decided to design and conduct exonuclease digestion experiments.
the selenotriphosphaté)( we designed a DNA primer (21 nt) and Exonuclease Ill removes mononucleotides of duplex DNAs in a
a DNA template (55 nt) that allows incorporation of three “T"s  3'-to-5 direction processively and it has also been reported that
complementary to the underlined “A’s (Figure 3A). Two of the Ts  modification of the nucleotide backbone can prevent this enzyme
are close to each other in the extendedegion. The other T, four  digestiont215Our time-course experiments showed that both DNA
bases away from the' 3erminus, was placed to probe the initial | and I, synthesized quantitatively and individually from the Sp
binding and digestion of exonuclease HI. and Rp diastereomers, were resistant to the exonuclease digestion
The results of a time-course experiment show that the full-length (Figure 3C). Interestingly, the digestion resistance patterns of these
DNAs in quantitative yield were obtained from all primer extension two DNAs were different. DNA | showed stronger resistance at
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Figure 3. (A) Primer and template sequences. (B) Time-course primer
extension usingt-Se-TTP | and Il (Sp and Rp) on 19% polyacrylamide
gel. Primer extensions were performed witi#-primer/template (zM),
Klenow (0.02 unitgiL), and dNTPs (0.4 mM each). (C) Exonuclease IlI
digestion after primer extension (30 min.). The digestions were performed
with Escherichia coliexonuclease Il (0.6 unitsL).

- second PSe site (fragment 1)
—— third PSe site (fragment I11)

the first PSe site than DNA II. This stronger resistance of DNA |

short DNAs and where the separation of the PSe DNA diastereo-
mers is necessary, this enzymatic method can be used to prepare
longer DNAs without diastereomer separation. The PSe functional-
ity is relatively stable in aif,and selenium of the PSe functionality
has been used to determine crystal structures of oligonucledtides.
In addition, large-scale preparation (such as 6 mg for dsDNA with
100 bp) can be conveniently achieved using a larger volume (5
mL) and higher primer/template concentration (2@). Therefore,

this quantitative enzymatic approach is particular valuable for
synthesis of longer DNAs with multiple PSe groups in large scale
for X-ray crystal structure determination of DNAs and DNA
protein complexes by the MAD phasing technique. The selenium
Sp and Rp diastereomers of the nucleotides can also be used to
study the structure and biochemistry of nucleotide-binding enzymes,
including polymerases, nucleases (e.g. DNA damage repair en-
zymes)!3 phosphatases, and kinases, which are often involved in
regulation and signal transductiéh.
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Note Added after ASAP: The version published on the Web
12/18/2003 was missing Figure 3a. The version published 12/22/
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suggests that its first PSe stereocenter, which is three phosphatex-Se-TTP diastereomers (PDF). This material is available free of charge

groups away from its'3erminus, may interfere with the enzyme
binding and digestio&? On the other hand, DNA Il did not show

via the Internet at http:/pubs.acs.org.

much resistance to the enzyme at the same PSe position, and ifRéferences
only showed strong resistance at the second PSe position, which is (1) (a) Han, A.; Pan, F.; Stroud, J. C.; Youn, H.-D.; Liu, J. O.; Chen, L.

24 phosphate groups away from itst8rminal end. The different

resistances between the first and second PSe sites of DNA Il suggest

that the first several nucleotides may play a role in initial enzyme

binding and digestion and also suggest that the enzymatic digestion

mechanism at the initial phase may be quite different from that at
the stationary phase. In addition, we observed in digestion of both
DNA | and Il that the ratio of fragment | and Il (or Ill) after 40
min (or 120 min) was larger than that after 10 min, which suggests
that the enzyme molecule is probably more sensitive to the
modification in its later-stage turnover. The different resistances
to digestion of DNA | and Il are expected from these PSe centers
due to their different stereochemistries (Sp or Rp).

To further confirm that the exonuclease resistance was only due
to the PSe functionality, we conducted the DNA polymerization
and exonuclease digestion after oxidizing both diastereomers to
natural TTP by bubbling air overnight. As expected, the DNAs
made from oxidized-Se-TTP | and Il completely lost the nuclease
resistance (Figure 3C). DNA lll, made from natural TTP as a
control, did not show any resistance to exonuclease digestion.

In conclusion, we have successfully demonstrated here the
enzymatic synthesis of two PSe DNA isomers by using the two
o-Se-TTP diastereomers (Sp and Rp). The experimental results
indicate that Klenow equally recognizes the two individual dia-

Nature2003 422, 730-734. (b) Parkinson, G. N.; Lee, M. P. H.; Neidle,

S. Nature2002 417, 876-880. (c) Rupert, P. B.; Ferre-D’Amare, A. R.

Nature2001, 410, 780-786. (d) Ferre-D’Amare, A. R.; Zhou, Kaihong;

Doudna, J. ANature1998 395 567—-574. (e) Ban, N.; Nissen, P.; Han-

sen, J.; Moore, P. B.; Steitz, T. Science200Q 289, 905-920. (f) Benoff,

B.; Yang, H.; Lawson, C.; Parkinson, G.; Liu, J.; Blatter, E.; Ebright, Y.
W.; Berman, H. M.; Ebright, R. HScience2002 297, 1562-1566.

(2) (a) Hendrickson, W. A.; Pahler, A.; Smith, J. L.; Satow, Y.; Merritt, E.
A.; Phizackerley, R. PProc. Natl. Acad. Sci. U.S.A.989 86, 2190~
2194. (b) Yang, W.; Hendrickson, W. A.; Crouch, R. J.; SatowS¥ience
199Q 249 1398-1405.

(3) Hendrickson, W. ATrends Biochem. Sc200Q 25, 637—643.

(4) (a) Ogata, C. M.; Hendrickson, W. A.; Gao, X.; Patel,DAbstr. Am.
Crystallogr. Assoc. Meetl989 Ser. 2 17 53. (b) Xiong, Y.; Sundaral-
ingam, M.Nucleic Acids Re200028, 2171-2176.

(5) Carrasco, N.; Ginsburg, D.; Du, Q.; Huang,Niicleosides, Nucleotides,
Nucleic Acids2001, 20, 1723-1734.

(6) Du, Q.; Carrasco, N.; Teplova, M.; Wilds, C. J.; Egli, M.; HuangJZ.
Am. Chem. So002 124, 24—25.

(7) Teplova, M.; Wilds, C. J.; Du, Q.; Carrasco, N.; Huang, Z.; Egli, M.
Biochimie2002 84, 849-858.

(8) Wilds, C. J.; Pattanayek, R.; Pan, C.; Wawrzak, Z.; EgliJMAm. Chem.
Soc.2002 124, 14910-14916.

(9) Mori, K.; Boiziau, C.; Cazenave, C.; Matsukura, M.; Subasinghe, C.;
Cohen, J. S.; Broder, S.; Toulme, J. J.; Stein, CNAcleic Acids Res.
1989 17, 8207-8219.

(10) Ludwig, J.; Eckstein, FJ. Org. Chem1989 54, 631-635.

(11) Eckstein, F.; Armstrong, V. W.; Sternbach,Roc. Natl. Acad. Sci. U.S.A.
1976 73, 2987-2990.

(12) (a) Gupta, A.; DeBrosse, C.; Benkovic, SJJBiol. Chem.1982 257,
7689-92. (b) He, K.; Porter, K. W.; Hasan, A.; Briley, J. D.; Shaw, B.
R. Nucleic Acids Resl99927, 1788-1794.

stereomers at the same level as natural TTP, suggesting its broader(13) (&) Mol, C. D.; Kou, C. F., Thayer, M. M.; Cunningham, R. P.; Tainer,

substrate specificity. As the polymerase reaction is stereospecific,
with an inversion of configuration at the phosphorus cektét,
the PSe DNA made from each diastereomer ought to be diaste-

J. A. Nature 1995 374, 381-386. (b) Demple, B.; Harrison, L. ARRev.
Biochem.1994 63, 915-948.

(14) Rogers, G. G.; Weiss, B. IMethods in EnzymologyGrossman, L.,
Moldave, K., Eds.; Academic Press: New York, 1980; Vol. 65, pp201
211.

reomerically pure. The precise stereochemistry of the PSe centers (15) Putney, S.; Benkovic, S.; Schimmel, Proc. Natl. Acad. U.S.A1981,

in the DNAs will be subject to further investigation via X-ray
crystallographic studies. The incorporations of the PSe groups at

the expected sites have been confirmed by the digestion resistance

to exonuclease lll. Unlike chemical synthesis, which is limited to

7350-7354.

(16) (a) Scheffzek, K.; Klebe, C.; Fritz-Wolf, K.; Kabsch, W.; Wittinghofer,
A. Nature1995 378 378-381. (b) Talmor-Cohen, A.; Eliyahu, E.; Shalgi,
R. Mol. Cell Endocrinol.2002 187, 145-149.

JA0383221

J. AM. CHEM. SOC. = VOL. 126, NO. 2, 2004 449



