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ABSTRACT. Because oxygen and selenium are in the same group (Family VI) in the periodic table, the
site-specific mutagenesis at the atomic level by replacing RNA oxygen with selenium can provide insights
on the structure and function of catalytic RNAs. We report here the first Se-derivatized ribozymes
transcribed with all nucleosid€-fo-P-seleno)triphosphates (N&Be, including A, C, G, and U). We

found that T7 RNA polymerase recognizes NiF® Sp diastereomers as well as the natural NTPs, whereas
NTPaSe Rp diastereomers are neither substrates nor inhibitors. We also demonstrated the catalytic activity
of these Se-derivatized hammerhead ribozymes by cleaving the RNA substrate, and we found that these
phosphoroselenoate ribozymes can be as active as the native one. These hammerhead ribozymes site-
specifically mutagenized by selenium reveal the close relationship between the catalytic activities and the
replaced oxygen atoms, which provides insight on the participation of oxygen in catalysis or intramolecular
interaction. This demonstrates a convenient strategy for the mechanistic study of functional RNAs. In
addition, the active ribozymes site-specifically derivatized by selenium will allow for convenient MAD

phasing in X-ray crystal structure studies.

Functional RNAs play important roles in biological
systems, including rRNA processing, mRNA editing, gene
regulation, and RNA cleavage catalysis-@). X-ray crystal- 0—P=0,
lography is a powerful method for 3D structural and . -\

A

functional studies of large RNA moleculés<7). In addition g © g ©

to crystallization 8, 9), however, heavy atom derivatization

for phase determination is still the major problem in novel

structure determination of nucleic acid molecules, especially

RNAs, by X-ray crystallography 6-8). However, the Q o
selenomethionine strategy was developed in order to deriva- 9P~ s
tize proteins and solve the phasing problem via multiwave-
length anomalous dispersion (MAD). Recently over two-
thirds of novel protein structures have been determined via
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the selenomethionine strategyQ( 11), which has clearly

revolutionized protein X-ray crystallography. Because sele- ’-Cligonucleotide~,

Base
O

nium, sulfur, and oxygen are in the same group (Family VI)

in the periodic table, we attempted to develop the selenium
derivatization of nucleic acids by replacing oxygen with
selenium for nucleic acid X-ray crystallography, similarl to Vo

the selenium derivatization of proteins by replacing sulfur

with selenium {0, 11).

To achieve this goal, our laboratory is in the process of

3'-Oligonucleotide/

developing selenium derivatization of nucleic acids for MAD  Figure 1: (A) NTPaSe structure. (B) Structure of Rp phospho-

phasing {2—18), and this novel derivatization methodology

roselenoate RNA.

has been demonstrated in X-ray crystal structure studies of

RNA and DNA molecules by several laboratoridsgl,(19,
20). To develop a general Se-derivatization strategy for the
structural studies of functional RNAs, especially large ones,

and to study the activity and structure after the selenium
derivatization, we report here for the first time the successful
enzymatic synthesis of Se-derivatized ribozymes using all
four nucleoside 5(a-P-seleno)triphosphates (A, C, G, and

U; Figure 1) and catalytic activities of these hammerhead
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A i molar amounts of NT&Se | and NTP were added to each

utP tube as labeled. (For example, to the AdSe | tube,
ATPaSe |, CTP, GTP, and UTP were added.) Typical
reactions were performed under the conditions of gM
top strand and template, NTP (1 mM), Nd8e (1 mM),
and 0.06uL of enzyme per luL of the reaction mixture.

2 The reactions were initiated by the addition of T7 RNA
polymerase and were incubated at°&7 Aliquots (3.5uL
each) were removed from the reaction mixture at the
corresponding time points, and the transcription reactions
B were quenched by the addition of the same volume of the

) 520.9102 loading dye containing EDTA (100 mM) and placed on dry
5468635 ice. The comparison experiments of Nd&e | and I
diastereomers were done in the similar way, where the
incubation time at 37C was 1 h.

Kinase Reaction of the RNA Substratee RNA substrate
(33 nt) was kinased by T4 polynucleotide kinase grdP-
ATP for 1 h at 37°C. After the kinase reaction, the excess
544.8833 y-32P-ATP and salts were removed by NaCIl/EtOH precipita-

tion.

5488854 Activity Study of the Se-Hammerhead Ribozynmidse
yd ribozymes were transcribedrf@ h aspreviously discussed
without the addition of any radioactive NTPs and desalted
TE T et Cvilrsot VPRI 1 g 11 T Yo | 171U 1 T ) el o three times by centrifugation using a membrane (3000 Dalton
500 510 520 530 340 S50 560 570 580 580 60O cutoff). The ribozymes were concentrated and adjusted to

massicharge the same concentration on the basis of the time-course
FIGURE2: Analysis of UTRiSe by HPLC and HR-MS. (A) Typical  transcription experiment (Figure 3C). A cocktail containing
HPLC profile: analysis of UTRSe | and II, and normal UTP. (1)  the Tris-Cl buffer (pH 7.6, 10 mM MgG) and the3?P-
UTPaSe I; (2) UTRiSe I; (3) co-injection of UTP, UT&Se I, labeled RNA substrate was made, and it was split into 5
and Il. Their retention times were 9.7, 12.0, and 12.9 min, equal portions. The ribozymes transcribed with A |,

respectively. For the purpose of the HPLC presentation, traces 2 L
and 3 are shifted to the right. (B) HR-MS analysis of WS | CTPuSe |, GTRiSe |, UTRiSe |, and NTPs were individu-
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(UTPoSe Il is almost the same). Molecular formuiasHzsN,O1Ps- ally added to each portion to initiate the substrate digestion
Se; calculated isotopic mass (M H*)™: 546.8823; measured reaction incubated at 27C. Aliquots (3.5uL each) were
mass: 546.8835. removed from the reaction mixture at the corresponding time

points and quenched individually with the loading dye (3.5
MATERIALS AND METHODS uL) containing EDTA (100 mM) and placed on dry ice. The
Oligonucleotides and Triphosphate Degtives. The digestion reactions were analyzed by PAGE (Figure 4A).
NTPaSe analogues were prepared as describédlg), and The gel image quantification was done by using a phospho-
all NTPaSe analogues were purified and then analyzed by rimager.
HR-MS and RP-HPLC (Figure 2). A DNA template (55 nt, Se-Ribozyme Resistance to the Digestion of Snake Venom
5-TGTACGTTTCGGCCTTTCGGCCTCATCAGGTTG- Phosphodiesterase The ribozymes were transcribed as
CCTATAGTGAGTC-GTATTACGC-3)) was designed and  previously discussed. The transcribed ribozymes were de-
synthesized on solid phase for in vitro transcription of the salted three times by centrifugation using a membrane (3000
Se-modified hammerhead ribozymes using the 3@ Dalton cutoff). To ensure equal molar concentrations, the
analogues. T7 RNA polymerase promoter (top strand DNA, samples were concentrated and adjusted to the same con-
5'-GCGTAATACGACTCACTATAG-3) and an RNA sub-  centration. These modified and native ribozymes were then
strate (5GGUCAUCUUUCCUAC-CUGUACGUCGUUGC-  digested with snake venom phosphodiesterase | (0.0@11, U/
CUAA-3') were also chemically synthesized. USB) in its buffer. Aliquots (3.5uL each) were removed
Transcription of the Hammerhead Ribozyme using NTPs from the reaction mixture at the corresponding time points
and NTRxSe Analoguesthe T7 RNA polymerase promoter and quenched individually with the loading dye (3:b)
and DNA template (Figure 3) were prepared by oligonucle- containing EDTA (100 mM) and placed on dry ice. The
otide solid-phase synthesis. Ampliscribe T7 Transcription Kit digestion reactions were analyzed by PAGE (Figure 5A).
(Epicenter) was used for in vitro transcription, where the  Se-Ribozyme (after Use in RNA Substrate Gige)
DNA template and the top strand were added in equal molar Resistance to the Digestion of Snake Venom Phosphodi-
amounts to a cocktail containing DTT and the buffer. The esterase.lThe3?P body-labeled ribozymes transcribed with
cocktail was split into two equal portione-*?P-CTP was NTPs and UTRSe | were prepared as discussed previously
added to one portion, andk3?P-ATP was added to the other in the transcription study section. The radioactive reagent,
portion. Each portion was split equally into three Eppendorf NTPs, and salts were removed three times by centrifugation
tubes. Thex-3?P-CTP-containing mixture was split equally using a membrane (3000 Dalton cutoff). These modified and
into three tubes labeled ATESe |, UTRxSe |, and NTP. native ribozymes were used to digest the RNA substrate for
The a-2?P-ATP-containing mixture was split equally into 1 h at 27°C, as described in the RNA substrate digestion
three tubes labeled CtiSe |, GTR:Se I, and NTP. Equal  section. After digestion, the ribozymes were recovered three
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Ficure 3: (A) Secondary structure of the hammerhead ribozymes;

the underlined sequences are highly conserved. (B) Transcription with

native NTP, ATRSe | and Il, CTRSe | and Il, GTRSe | and Il, and UTRSe | and II. (C) Time-course experiment of the transcription

with native NTP, ATRSe |, CTRSe |, GTRSe |, and UTRSe I.
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Ficure 4: Catalysis and analysis of the modified and native
hammerhead ribozymes!-6GCAACCUGAUGAGGCCGAAAG-
GCCGAAACGUACA-3. The highly conserved sequences are
underlined. (A) Time-course ribozyme digestion of the RNA
substrate: 5GGUCAUCUUUCCUACC-UGUACGUCGUUGC-
CUAA-3'. (B) Plot of the catalytic experimental results, relative to
the activity of the native ribozyme. (C) Time-course Mmescue
experiment of the ribozymes transcribed with Ai%e | and ATP.

times by centrifugation using a membrane (3000 Dalton
cutoff). These modified and native ribozymes were then
digested with snake venom phosphodiesterase | (0.0011, U/
USB) in its buffer. Aliquots (4.5uL each) were removed
from the reaction mixture at the corresponding time points
and quenched individually with the loading dye (4:B)

containing EDTA (100 mM) and placed on dry ice. The
digestion reactions were analyzed by PAGE (Figure 5B).

RESULTS

To investigate T7 RNA polymerase recognition of Nige
analogues and each diastereomer pairs, we separated two
diastereomers of each N@&Be by HPLC. The HPLC
separation of UTBSe diastereomers is shown as an example
in Figure 2A, and the fast- and slow-moving peaks on HPLC
were termed as NTd&Se | and Il, respectively; both diaster-
eomers of UTB.Se were also analyzed by HR-MS (Figure
2B). We then performed the in vitro transcription of the
hammerhead ribozymes using each B | and Il dias-
tereomer (Figure 3). The experimental results indicate that
all NTPaSe | diastereomers are well recognized as substrates
by T7 RNA polymerase, and all NTiSe |l diastereomers
are neither substrates nor inhibitors (Figure 3B). Because
all NTPaSe | and Il diastereomers underwent the same
treatment during purification, storage, and transcription, it
is unlikely that the observed RNA transcripts from Ni$e
| were due to the oxidation of NT#ESe | by air, which
converts NTRSe to normal NTP X7). Because RNA
transcripts with N+ 1 and even N+ 2 are often observed
in transcription and T7 RNA polymerase prefers to incor-
porate ATP as extra nucleotides in this nontemplated
incorporation, we also observed that Ad®e was incorpo-
rated more than other NBiSe at the 3terminus. To further
compare their efficiency as substrates with the natural NTPs,
we also carried out time-course transcription using all
NTPaSe | analogues (Figure 3C). We found that T7 RNA
polymerase recognizes N@Be | analogues as well as
natural NTPs, and NTd&Se incorporation efficiency is at the
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Ficure 5: Se-Ribozyme resistance to the digestion of snake venom phosphodiesterase |. (A) PAGE analysis of the digestion. (B) Snake
venom phosphodiesterase | digestion of the modified and native ribozymes transcribed with NTP ais® W TTResé2P-labeled ribozymes
were digested after use in their substrate cleavage reactions.

same level as that of natural ones. The transcription yields phosphoroselenoate$?® 18), phosphorothioate§), and
of ATPaSe, CTRiSe, GTRSe, and UTRSe, relative to that ~ boranophosphate26).

of the corresponding NTP, are 100%, 151%, 70%, and 139%,
respectively. DISCUSSION

To study the catalytic activities of these Se-ribozymes  Qur transcription experiments indicate that T7 RNA
transcribed with NTRSe | diastereomers, we performed polymerase only recognizes Nd&Be | diastereomers, and
catalytic reactions using a kinased 33 nt RNA substrate all NTPaSe Il diastereomers are neither substrates nor
(Figure 4). After transcription, the catalytic investigation was inhibitors (Figure 3), which suggests that the separation of
done through a comparison of the Se-modified ribozymes diastereomers | and Il of each N@&Be is not necessary for
and the native one in the presence of¢l0 mM) as the  transcription. In addition, because T7 RNA polymerase only
metal ion. Substrate digestion was initiated by the addition recognizes the Sp diastereomer 6{&-P-thio)triphosphates
of the native or modified ribozymes. Our experiment results (22, 23), we tentatively assign the Sp configuration to all
reveal that the hammerhead ribozymes transcribed with NTPaSe Is and the Rp configuration to all N@Be Iis. This
UTPaSe | and CTRSe | (Figure 4A and B) have the same  selective recognition of the Sp and Rp diastereomers also
level of efficiency as the native one (98% and 76% of the indicates that the atom (O or Se) in the pro-Rp position is
native ribozyme) and that the G@Be I-transcribed ri-  probably involved in the polymerase interaction and/or
bozyme has only 30% of native activity, whereas the catalysis, whereas the atom in the pro-Sp center is not. The
ATPaSe I-transcribed ribozyme has very low activity (less inversion of configuration at the phosphorus center upon
than 0.1% of native activity). The activity of the ribozyme incorporation, reported in the literatur@2—24), suggests
transcribed with ATB.Se | was accurately determined by that these phosphoroselenoate ribozymes have an Rp con-
extending the digestion time to 24 h. However, the catalysis figuration. Naturally, the transcribed Se-ribozymes are di-
of the ATRxSe-transcribed ribozyme can be rescued by astereomerically pure, which is an advantage over the
nearly 200-fold when Mg is replaced with MA" in the chemical synthesis of phosphoroselenoate nucleotit®s (
reaction medium (Figure 4C and Supporting Information), As NTPuSe analogues behave the same as natural NTPs,
although the activity enhancement of the G&iHe-transcribed  |arge-scale transcription with NBSSe analogues has dem-
ribozyme is small (less than 1-fold) when f1gs replaced  onstrated that it is possible to prepare large quantities
with Mn?* in the reaction medium (Supporting Information). (milligrams) for X-ray crystallography.

Our previous MS study indicated that T7 RNA polymerase  Our catalytic study using the selenium-modified ribozymes
can incorporate the selenium modification into RNES), shows that the hammerhead ribozymes transcribed with
and the transcription difference (Figure 3B) between N$@ UTPaSe and CTBSe have the same level of activity as that
I and Il diastereomers also suggests the incorporation of theof the native ribozyme. This is probably due to the 5
phosphoroselenoate modification. To further confirm the phosphate nonbridging pro-Rp oxygen atoms of U and C
presence of Se on the ribozymes, all ribozymes transcribedlocated in the highly conserved sequences (U4 and C3 and
with NTPaSe | were subjected to digestion by snake venom C11.1, the underlined sequences in Figure 3A) just in contact
phosphodiesterase |, which successively degrades both DNAwith solvent water molecules, which is consistent with
and RNA from the 3to the 3 direction. We observed the determined structure27, 28). However, because of the
reduction of the enzymatic digestion by-%0-fold among involvement of the 5phosphate pro-Rp oxygen atoms of
the Se-modified RNAs (Figure 5A), suggesting the presence As in the conserved sequences,(A13, and Ay, 29, 30),
of the phosphoroselenoate groups in the RNAs. In addition, the replacement of the oxygen with selenium results in over
to confirm the stability of the selenium functionality in RNA  a 1000-fold reduction in efficiency. The replacement offMg
substrate cleavage, we also performed enzymatic digestionwith Mn?* in the reaction medium rescued the catalysis by
after the cleavage reaction. We found that the Se-ribozyme,nearly 200-fold (Figure 4C), suggesting the metal cation
transcribed with UTBSe | and used after the RNA substrate interaction with these specific sites. In the case of G$€
cleavage, showed resistance to enzymatic digestion (5-fold,l, though there are three Gs in the highly conserved
Figure 5B), whereas the native one showed no resistance sequences, the transcribed ribozyme displayed an efficiency
The digestion resistance of the Se-ribozyme before and afterthat is only 3-fold lower than that of the native one. This
substrate cleavage confirms the presence of the stableminimum efficiency disruption and the Mh nonrescuing
phosphoroselenoate modifications. This enzymatic digestionproperty suggest that thesé-ghosphate pro-Rp oxygen
resistance is consistent with the resistance of DNA and RNA atoms of the Gs are not involved in catalysis.
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Our enzymatic digestion experiments of the Se-ribozymes, 7.

before and after ribozyme catalysis, have clearly indicated
the presence of the stable selenium substitution (phospho-
roselenoate modification). The resistance is consistent with
the resistance of DNA and RNA phosphoroselenoat&s ( 9
18), phosphorothioates2§), and boranophosphate26j.

Clearly, this systematic and convenient modification of the 10.

ribozyme with each NT&Se | can assist the study and

determination of its conserved sequences. This method is 1
especially useful in elucidating the role of the pro-Rp oxygen
on the 5-phosphate of the modified nucleotide, that is, as to
whether it participates in catalysis. In addition, the most
active Se-ribozymes, with the structure most similar to that
of the native ribozyme, can be easily identified through a
quick activity test and will be the ideal candidates for X-ray
crystal structure studies. This RNA derivatization strategy
can also be applied to the derivatization of RNprotein

complexes by labeling the nucleic acid molecules with 14

selenium instead of the protein counterparts because the
derivatization and purification of nucleic acids are much
quicker and easier than those of proteins.

In conclusion, we have shown that all Nd®e | analogues
are efficient substrates as well as natural NTPs for T7 RNA
polymerase, whereas the Nd8e Il analogues are not
recognized. Because all Il diastereomers are neither substrates
nor inhibitors, the separation of the mixture of diastereomer
I and Il is not necessary for the efficient transcription of
diastereomerically pure RNAs. More importantly, these
hammerhead ribozymes transcribed using different NS&
analogues display catalytic activities at a variety of levels,
which are consistent with the roles of the replaced pro-Rp
oxygen atoms in structure and catalysis. Therefore, this
modification on the backbone with phosphoroselenoate is
useful in the catalytic mechanism study and in the identifica-
tion of highly conserved sequences of any functional RNA
molecules. In addition, the most active ribozymes derivatized
with Se can be identified via a simple and quick transcription
and activity screening using different N@Be analogues.
Obviously, this strategy of RNA derivatization with selenium
also has great potential as a general approach for X-ray
crystal structure studies of functional RNAs via MAD or
single wavelength anomalous dispersion (SAD) phasing.

SUPPORTING INFORMATION AVAILABLE

Synthesis and purification of NTESe analogues and
catalysis of the modified and native hammerhead ribozymes
using Mr#* as the metal cation. This material is available
free of charge via the Internet at http://pubs.acs.org.

REFERENCES

1. Storz, G. (2002) An expanding universe of noncoding RNAs,

Science 2961260-1263.

Eddy, S. R. (2001) Non-coding RNA genes and the modern RNA

world, Nat. Re.. Gen. 2 919-929.

. Lathan, M. P.; Brown, D. J.; McCallum, S. A.; Pardi, A. (2005)
NMR methods for studying the structure and dynamics of RNA,
ChemBioChem,61492-1505.

. Blount, K. F.; Uhlenbeck, O. C. (2005) The structdfenction
dilemma of the hammerhead ribozymannu. Re. Biophys.
Biomol. Struct. 34415-440.

. McKay, D. B. (1996) Structure and function of the hammerhead
ribozyme: an unfinished storRNA 2 395-403.

. Holbrook, S. R.; Kim, S. H. (1997) RNA crystallography,
Biopolymers 443—21.

2.

1.

12.

13.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Brandt et al.

Egli, M. (2004) Nucleic acid crystallography: current progress,
Curr. Opin. Chem. Biol. 8580-591.

8. Ferre-D’Amare, A. R.; Zhou, Kaihong; Doudna, J. A. (1998)

Crystal structure of a hepatitis delta virus ribozyriveture 395
567-574.

.Ke, A.; Doudna, J. A. (2004) Crystallization of RNA and RNA-

protein complexesMethods 34 408.

Yang, W.; Hendrickson, W. A.; Crouch, R. J.; Satow, Y. (1990)
Structure of ribonuclease H phaseid2aA resolution by MAD
analysis of the selenomethionyl prote8tience 2491398-1405.

Hendrickson, W. A. (2000) Synchrotron crystallograpfsgnds
Biochem. Sci. 25637-643.

Carrasco, N.; Ginsburg, D.; Du, Q.; Huang, Z. (2001) Synthesis
of selenium-derivatized nucleosides and oligonucleotides for X-ray
crystallographyNucleosides, Nucleotides Nucleic Acids 2023
1734.

Du, W.; Carrasco, N.; Teplova, M.; Wilds, C. J.; Egli, M.; Huang,
Z. (2002) Internal erivatization of oligonucleotides with selenium
for X-ray crystallography using MADJ. Am. Chem. Soc. 124
24—25.

Teplova, M.; Wilds, C. J.; Wawrzak, Z.; Tereshko, V.; Du, Q.;
Carrasco, N.; Huang, Z.; Egli, M. (2002) Covalent incorporation
of selenium into oligonucleotides for X-ray crystal structure
determination via MAD: proof of principleBiochimie 84 849—
858.

Buzin, Y.; Carrasco, N.; Huang, Z. (2004) Synthesis of selenium-
derivatized cytidine and oligonucleotides for X-ray crystallography
using MAD, Org. Lett. § 1099-1102.

Carrasco, N.; Buzin, Y.; Tyson, E.; Halpert, E.; Huang, Z. (2004)
Selenium derivatization and crystallization of DNA and RNA
oligonucleotides for X-ray crystallography using multiple anoma-
lous dispersionNucleic Acids Res. 32638-1640.

Carrasco, N.; Huang, Z. (2004) Enzymatic synthesis of phospho-
roselenoate DNA using thymidiné-go-P-seleno)triphosphate and
DNA polymerase for X-ray crystallography via MADQ,. Am.
Chem. Soc. 126448-449.

Carrasco, N.; Caton-Williams, J.; Brandt, G.; Wang, S.; Huang,
Z. (2006) Efficient enzymatic synthesis of phosphoroselenoate
RNA by using adenosine’'%o-P-seleno)triphosphateAngew.
Chem. 118100-103. Carrasco, N.; Caton-Williams, J.; Brandt,
G.; Wang, S.; Huang, Z. (2006) Efficient enzymatic synthesis of
phosphoroselenoate RNA by using adenosiféa5P-seleno)-
triphosphateAngew. Chem., Int. Ed. 494-97.

Wilds, C. J.; Pattanayek, R.; Pan, C.; Wawrzak, Z.; Egli, M. (2002)
Selenium-assisted nucleic acid crystallography: use of phospho-
roselenoates for MAD phasing of a DNA structuleAm. Chem.
Soc. 124149106-19416.

Serganov, A.; Keiper, S.; Malinina, L.; Tereshko, V.; Skripkin,
E.; Hobartner, C.; Polonskaia, A.; Phan, A. T.; Wombacher, R.;
Micura, R.; Dauter, Z.; Jaschke, A.; Patel, D. J. (2005) Structural
basis for Diels-Alder ribozyme-catalyzed carbermtarbon bond
formation, Nat. Struct. Mol. Biol. 12218-224.

Ludwig, J.; Eckstein, F. (1989) Rapid and efficient synthesis of
nucleoside 50-(1-thiotriphosphates),’ &riphosphates and' 3'-
cyclophosphorothioates using 2-chloro-4H-1,3,2-benzodioxaphos-
phorin-4-oneJ. Org. Chem. 54631-635.

Burgers, P. M.; Eckstien, F. (1978) Absolute configuration of the
diastereomers of adenosiné-G-(1-thiotriphosphate): conse-
quences for the stereochemistry of polymerization by DNA-
dependent RNA polymerase froEscherichia coli Proc. Natl.
Acad. Sci. U.S.A. 751798-4800.

Griffiths, A. D.; Potter, B. V.; Eperon, I. C. (1987) Stereospecificity
of nucleases towards phosphorothioate-substituted RNA: stere-
ochemistry of transcription by T7 RNA polymeraséjcleic Acids
Res. 154145-4162.

Eckstein, F.; Gindl, H. (1970) Polyribonucleotides containing a
phosphorothioate backborur. J. Biochem. 13558-564.
Eckstein, F.; Gindl, H. (1969) Polyribonucleotides containing a
thiophosphate backbonEEBS Lett. 2262-264.

Hall, A. H. S.; Wan, J.; Shaughnessy, E. E.; Shaw, B. R;
Alexander, K. A. (2004) RNA interference using boranophosphate
siRNAs: structure-activity relationshipsNucleic Acids Res. 32
5991-6000.

Pley, H. W.; Flaherty, K. M.; McKay, D. B. (1994) Model of an
RNA tertiary interaction from the structure of an intermolecular



Se-Ribozymes Catalyze Substrate Cleavage Biochemistry, Vol. 45, No. 29, 2008977

complex between a GAAA tetraloop and an RNA heMature transition of the hammerhead ribozyme to its catalytic conforma-
372 111-113. tion, J. Biol. Chem. 27226822-26826.

28. Scott, W. G.; Finch, J. T.; Klug, A. (1995) The crystal structure  30. Ruffner, D. E.; Uhlenbeck, O. C. (1990) Thiophosphate interfer-
of an all-RNA hammerhead ribozyme: a proposed mechanism ence experiments locate phosphates important for the hammerhead
for RNA catalytic cleavageCell 81, 991-1002. RNA self-cleavage reactioMucleic Acids Res. 18$025-6029.

29. Peracchi, A.; Beigelman, L.; Scott, E. C.; Uhlenbeck, O. C.;
Herschlag, D. (1997) Involvement of a specific metal ion in the BI060455M



