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Enzymatic synthesis of 20-methylseleno-modified RNA†
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Selenium-derivatization of RNA is a powerful and advantageous alternative to conventional heavy

atom derivatization techniques that are required for the phasing of X-ray crystallographic diffraction

data. Among several possibilities, the 20-methylseleno (20-SeCH3) modification has been most widely

explored and was responsible for a series of important RNA structure determinations, such as the

Diels–Alder ribozyme or complexes of antibiotics to HIV dimerization initiation site (DIS) RNA. So

far, 20-SeCH3-RNA has only been accessible by chemical solid-phase synthesis for sizes of up to 50

nucleotides and up to about 100 nucleotides in combination with enzymatic ligation procedures. To

overcome this limitation, here we present the enzymatic synthesis of 20-SeCH3-RNA to open up access

for the preparation of long selenium-modified RNA sequences, which cannot be accomplished by

conventional chemical synthesis. Therefore, we first elaborated a synthetic route towards the 20-
methylseleno-20-deoxyribonucleoside triphosphates of cytosine and uridine (20-SeCH3–CTP and 20-
SeCH3–UTP). With these crucial derivatives in hand, we found that mutants of T7 RNA polymerase

are able to incorporate 20-SeCH3–CMP and 20-SeCH3–UMP into RNA, while the wild-type

polymerase fails to do so. This study demonstrates the efficient enzymatic synthesis of 20-SeCH3-

modified RNA and, thus, provides a thorough foundation for an alternative derivatization strategy in

X-ray crystallographic structure analysis of larger RNAs. Such efforts are currently highly requested

because of the steadily increasing number of novel non-coding RNAs whose structural features remain

to be elucidated.
Introduction

Modified nucleic acids are substantial for the development of

new oligonucleotide-based methods and technologies, since they

possess altered properties in comparison to their natural coun-

terparts. In addition to the conventional chemical synthesis of

modified oligonucleotides on a solid support, the enzymatic

synthesis of modified DNA and RNA by nucleic acid poly-

merases represents an alternative route to overcome the inherent

limitations of automated chemical synthesis, such as oligonu-

cleotide size restriction and degree of modification.

By using modified 20-deoxynucleoside triphosphates (dNTPs),

DNA polymerases can incorporate modifications into DNA in

primer extension reactions and even amplify modified DNA
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using PCR. Modifications attached to the nucleobase at C5 of

pyrimidines or C7 of 7-deazapurines are tolerated by many DNA

polymerases.1–9 Therefore, DNA polymerases are widely

employed to introduce functionalities into DNA for a variety of

applications. Enzymatic synthesis of modified RNA is often

accomplished by in vitro transcription using T7 RNA polymerase

in the presence of either modified ribonucleoside triphosphates

(NTPs) or of so-called initiator nucleotides to site-specifically

modify the 50-end of the RNA.10–14 When modified NTPs are

used for the internal labeling of RNA, the modifications are

attached to the nucleobase or at the phosphates.15–18 Neverthe-

less, modifications at the 20-position of the ribose are of great

interest for further usage of the modified RNAs in siRNA

technologies or as aptamers due to their increased stability and

resistance towards ribonucleases, their enhanced pharmacoki-

netic properties and their ability to reduce immunostimulatory

effects.19–22 Since wild-type T7 RNA polymerase is not able to

efficiently incorporate nucleotides with modifications at the 20-
position into RNA, mutant enzymes have been generated. These

T7 RNA polymerase mutants can be used to efficiently incor-

porate nucleotides with modified 20-groups, like 20-H, 20-F, 20-
NH2, 2

0-OMe and 20-N3, into RNA for further application.23–26

We have tested two of those mutants for their ability to

incorporate 20-methylseleno (20-SeCH3)-modified nucleotides

into RNA. The 20-SeCH3 group offers the possibility for
This journal is ª The Royal Society of Chemistry 2011
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application in X-ray crystallography since selenium derivatiza-

tion of RNA represents a powerful method for structure deter-

mination using the multiwavelength anomalous dispersion

technique (MAD).27–30 20-Methylseleno-modified RNA has been

successfully used in several X-ray crystallographic studies and

played a crucial role in the structure determination of the Diels–

Alder ribozyme.31–33 The availability of all four 20-SeCH3

nucleoside phosphoramidite building blocks permits great flexi-

bility for adequate positioning within the RNA target during

solid phase synthesis.34–38 In addition, structural studies using the

20-methylseleno-modified RNA target sequences showed that,

for the majority of tested sequences, this type of modification did

not affect the crystallization behavior or the native fold and was

reported to even support the crystallization process.37,39 Another

advantage of 20-SeCH3-modified RNA is its increased resistance

towards X-ray-induced radiation damage and it is thus an

attractive alternative to commonly used 5-halogen-RNA.39

Currently, 20-SeCH3-modified RNA is accessible in sizes of up

to 50 nucleotides by chemical synthesis and up to about 100

nucleotides in combination with enzymatic ligation tech-

niques.33,40 Since both of these preparation techniques are labo-

rious and are only applicable to oligonucleotides of restricted

sizes, they pose severe limitations to making this method viable in

practice. For the large number of novel and highly relevant non-

coding RNA sequences of 50–200 nucleotides that await struc-

tural characterization, an enzymatic approach would be of great

interest to overcome these drawbacks. However, until now, no

RNA polymerase has been reported that is able to incorporate 20-
methylseleno-modified nucleotides. Motivated to overcome the

limitations of chemical RNA synthesis on solid supports, our

efforts focused on the challenge to develop an enzymatic

approach for the preparation of 20-SeCH3-modified RNA

(Fig. 1a).

In short, we synthesized the 20-methylseleno ribonucleoside

triphosphates of cytidine and uridine (20- SeCH3–CTP and 20-
SeCH3–UTP (Fig. 1b)). Subsequently, we tested wild-type T7

RNA polymerase, as well as two mutants, for their acceptance of

the 20-methylseleno-modified nucleotides in in vitro transcription

experiments. Those mutants, M1 (Y639F, H784A) and M2

(Y639V, H784G, E593G, V685A), have been described for their

enhanced ability to incorporate 20-OCH3- and 20-N3-modified

NTPs.25,26 Here, we found that the wild-type T7 RNA poly-

merase is not able to incorporate the modified nucleotides into

RNA during in vitro transcription, while both of the mutants

accept 20-SeCH3–CTP and 20-SeCH3–UTP as substrates and

efficiently incorporate them into RNA. Therefore, this study
Fig. 1 a) The chemical structure of 20-methylseleno RNA, b) the

chemical structure of the synthesized 20-methylseleno–CTP and 20-
methylseleno–UTP.

This journal is ª The Royal Society of Chemistry 2011
creates the foundation for 20-SeCH3 derivatization of large-size

RNA, which is of high potential for crystallographic X-ray

structure analysis.
Materials and methods

Synthesis of 20-SeCH3 pyrimidine nucleoside triphosphates

4 and 7

General. 1H and 13C NMR spectra were recorded on a Bruker

DRX 300 MHz or Bruker UltraShield� Plus 600 MHz instru-

ment. The chemical shifts are reported relative to TMS and

referenced to the residual proton signal of the deuterated solvent.
1H and 13C assignments were based on COSY and HSQC

experiments. Mass spectrometry (MS) experiments were per-

formed on a Finnigan LCQ Advantage MAX ion trap instru-

mentation (Thermo Fisher Scientific); samples were analyzed in

the positive- or negative-ion mode. Reaction control was per-

formed via analytical thin-layer chromatography (TLC,

Macherey-Nagel) on silica plates with a fluorescent indicator.

Flash column chromatography was carried out on silica gel 60

(70–230 mesh). Chemical reagents and solvents were purchased

from commercial suppliers (Sigma-Aldrich, Acros) and used

without further purification. Organic solvents for reactions were

dried overnight over freshly activated molecular sieves (4 �A). All

reactions were carried out under an argon atmosphere. The

triphosphates were purified using ion-exchange chromatography

(DEAE Sephadex A-25; 0.05 M - 1 M triethylammonium

bicarbonate (TEAB) buffer and reversed-phase chromatography

(Merck Lobar LiChroprep RP-18; 0–40% 50 mM triethy-

lammonium acetate (TEAA) buffer – acetonitrile) using a GE

Healthcare €Akta Prime system. The yields of the triphosphate

products were determined by UV spectroscopy (IMPLEN

Nanophotometer) using the following extinction coefficients:

3 (CTP, 260 nm) 7400; 3 (UTP, 260 nm) 9900.

30-Acetyl-50-O-(4,40-dimethoxytrityl)-20-methylseleno-20-deoxy-
uridine (2). Compound 141–43 (600 mg; 0.96 mmol) was coevapo-

rated twicewith anhydrous pyridine and then dissolved in pyridine

(3 mL) and acetic anhydride (3 mL; 31.7 mmol). The reaction

mixturewas stirred at room temperature for 6 h and evaporated to

dryness under reduced pressure. Compound 2 was purified by

column chromatography on SiO2 with ethylacetate/hexane, 4/6.

Yield: 440 mg of 2 as a slightly yellow foam (69%). TLC (ethyl-

acetate/hexane, 1/1): Rf 0.42.
1H-NMR (300MHz, CDCl3): d 2.08

(s, 3H, SeCH3); 2.12 (s, 3H,COCH3); 3.52 (m, 2H,H1-C(50),H2-C

(50)); 3.60 (m, 1H, H–C(20)); 3.79 (s, 6H, 2�OCH3); 4.15 (m, 1H,

H–C(40)); 5.33 (d,J¼ 8.2Hz,H–C(5)); 5.47 (dd,J¼ 2.7Hz,J¼ 5.7

Hz, 1H,H–C(30)); 6.30 (d,J¼ 7.9Hz, 1H,H–C(10)); 6,84 (m, 4H,C

(ar)); 7.29 (m, 9H,H–C(ar)); 7,72 (d,J¼ 8.2Hz, 1H,H–C(6)) ppm.
13C-NMR (150 MHz, CDCl3): d 4.82 (SeCH3); 20.81 (COCH3);

45.10 (C(20)); 55.28 (2 � OCH3 (DMT)); 63.04 (C(50)); 74.89 (C

(30)); 83.21; 88.63 (C(10)); 102.96 (C(5); 113.39 (C(ar)); 127.34 (C

(ar)); 128.09 (C(ar)); 130.10 (C(ar)); 139.63; 144.12 (C(6)); 150.46;

158.63; 158.86; 162.8; 170.04 ppm. ESI-MS (m/z): [M+Na]+ calcd

for C33H34N2O8SeNa, 689.14; found 689.35.

30-Acetyl-20-methylseleno-20-deoxyuridine (3). Compound 2

(411 mg; 0.56 mmol) was dissolved in CH2Cl2 (24 mL) and
Chem. Sci., 2011, 2, 2224–2231 | 2225
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methanol (475 ml) was added. Then, a 30% solution of

CF3COOH in CH2Cl2 (950 ml) was injected in and the reaction

progress was monitored by TLC. After 90 min, the reaction was

finished and the reaction mixture was washed with an aqueous

saturated NaHCO3 solution, dried over Na2SO4 and evaporated

under reduced pressure. Compound 3 was purified by column

chromatography on SiO2 with ethylacetate/hexane, 7/3. Yield:

146 mg of 3 as a white solid (72%). TLC (ethylacetate/hexane ¼
1/1): Rf 0.21.

1H-NMR (300 MHz, DMSO-d6): d 1.95 (s, 3H,

SeCH3); 2.10 (s, 3H, COCH3); 3.64 (m, 3H, H1-C(50), H2-C(50)
and H–C(20)); 4.03 (m, 1H, HO–C(50)); 5.27 (m, 1H, H–C(30));
5.35 (dd, J ¼ 1.4 Hz, J ¼ 5.6 Hz, 1H, H–C(40)); 5.76 (dd, J ¼ 7.9

Hz, J ¼ 1.6 Hz, 1H, H–C(5)); 6.10 (d, J ¼ 9.3 Hz, 1H, H–C(10));
7.87 (d, J ¼ 8.1, 1H C(6)); 11.44 (s, 1H, H–N(3)) ppm. 13C-NMR

(150MHz, DMSO-d6): d 4.28 (SeCH3); 21.10 (COCH3); 40.55 (C

(20)); 61.67 (C(50)); 75.57 (C(30)); 87.91 (C(10)); 103.24 (C(5);

140.41 (C(6)); 151.17; 163.27; 169.97 ppm. ESI-MS (m/z): [M +

Na]+ calcd for C12H16N2O6SeNa, 387.01; found 387.17.

20-Methylseleno-20-deoxyuridine 50-triphosphate (4).Compound

3 (42 mg; 115 mmol) was coevaporated three times with anhy-

drous pyridine (2 mL) and dried over P2O5 in a desiccator for four

hours. The residue was dissolved in dioxane (345 mL) and pyridine

(115 mL). Then, a freshly prepared 1 M solution of 2-chloro-4H-

1,2,3-dioxaphosphorin-4-one in dioxane (150 mL; 150 mmol) was

added. After 10 min, a 0.5 M solution of tris(tetrabutylammo-

nium) hydrogenpyrophosphate in DMF (370 mL; 185 mmol) was

injected and the suspension was stirred for another 10 min. Then,

a 1% solution of I2 in pyridine/H2O (98/2) (2.25 mL; 180 mmol)

was injected in and quenched after 15 min by the addition of a few

drops of 5% aqueous NaHSO3. The reaction mixture was evap-

orated under reduced pressure and the residue dried under high

vacuum. The residue was dissolved inH2O (10mL) and stirred for

30 min. Subsequently, saturated NH4OH solution (20 mL) was

added and, after one hour, the solution was evaporated and the

residue dried. Compound 4 was purified using ion-exchange

chromatography and reversed-phase chromatography. Yield

after lyophilization: 48.3 mmol of 4 as a slightly yellow foam

(42%). 1H-NMR (300 MHz, D2O): d 1.19 (t, J ¼ 6.1 Hz,

NCH2CH3); 2.07 (s, 3H, SeCH3); 3.11 (q, J ¼ 6.1 Hz,

NCH2CH3); 3.73 (dd, J¼ 8.6 Hz, J¼ 14.2 Hz, 1H, H–C(20)); 4.31
(m, 3H, H–C(40), H1-C(50), H2-C(50)); 4.66 (m, 1H, H–C(30));
6.05 (d, J ¼ 8.1 Hz, 1H, H–C(5)); 6.34 (d, J ¼ 8.8 Hz, 1H, H–C

(10)); 8.01 (d, J¼ 8.1 Hz, 1H, H–C(6)) ppm. 13C-NMR (150MHz,

CDCl3): d 3.22 (SeCH3); 8.28 (NCH2CH3); 46.33 (C(20)); 46.72
(NCH2CH3); 65.58 (C(50)); 72.35 (C(30)); 89.10 (C(10)); 103.41 (C

(5); 141.52 (C(6)); 151.94; 165.95; 180.21 ppm. 31P-NMR (121

MHz, D2O): d �10.98 (d, J ¼ 19.6 Hz, 1P, Pg); �10.48 (d, J ¼
20.0 Hz, 1P, Pa); �22.84 (triplettoid, J ¼ 19.8 Hz, J ¼ 20.0

Hz, 1P, Pb) ppm. ESI-MS (m/z): [M � H]� calcd for

C10H16N2O14P3Se, 560.90; found 561.17.

N4-Acetyl-30-tert.-butyldimethylsilyl-20-methylseleno-20-deoxy-
cytidine (6). Compound 541,42 (400 mg; 0.52 mmol) was dissolved

in a 3% solution of Cl2HCCOOH in ClCH2CH2Cl (10 mL; 3.7

mmol). The reaction progress was monitored by TLC and after

15 min the reaction was finished. Then, the mixture was washed

with aqueous saturated NaHCO3 and evaporated under reduced

pressure. Compound 6 was purified by column chromatography
2226 | Chem. Sci., 2011, 2, 2224–2231
on SiO2 with CH2Cl2/CH3OH, 100/0 to 96/4. Yield: 198 mg of 6

as a white solid (81%). TLC (CH2Cl2/CH3OH ¼ 9/1): Rf 0.42.
1H-NMR (300 MHz, CDCl3): d 0.10 (s, 3H, (CH3)3CSi(CH3)2);

0.15 (s, 3H, (CH3)3CSi(CH3)2); 0.92 (s, 9H, (CH3)3CSi(CH3)2);

1.83 (s, 3H, SeCH3); 2.27 (s, 3H, CH3CO), 3.71 (m, 1H, H1-C

(50)); 3.93 (m, 1H, H2-C(50)); 4.13 (m, 3H, HO–C(50), H–C(30),
H–C(20)); 4.53 (dd, J¼ 1.9 Hz, J¼ 5.3 Hz, 1H, H–C(40)); 5.78 (d,
J ¼ 7.9 Hz, 1H, H–C(10)); 7.48 (d, J ¼ 7.4 Hz, 1H, H–C(5)); 7.91

(d, J ¼ 7.5 Hz, 1H, H–C(6)); 9.62 (s, 1H, NH) ppm. 13C-NMR

(150 MHz, DMSO-d6): d �4.81 ((CH3)3CSi(CH3)2); �4.61

((CH3)3CSi(CH3)2); 1.01; 3.35 (SeCH3); 18.15; 24.95 (CH3CO);

25.75 ((CH3)3CSi(CH3)2); 46.23 (C(20)); 62.33 (C(50)); 74.45 (C

(40)); 88.65 (C(30)); 97.30 (C(5)); 100.00 (C(10)); 148.32 (C(6));

155.27; 163.21; 170.99 ppm. ESI-MS (m/z): [M + Na]+ calcd for

C18H31N3O5SeSiNa, 500.11; found 500.27.

20-Methylseleno-20-deoxycytidine 50-triphosphate (7).

Compound 6 (45 mg; 94 mmol) was coevaporated three times

with anhydrous pyridine (2 mL) and dried over P2O5 in an

desiccator for four hours. The residue was dissolved in dioxane

(750 mL) and pyridine (195 mL). Then, a freshly prepared 1 M

solution of 2-chloro-4H-1,2,3-dioxaphosphorin-4-on in dioxane

(122 mL; 122 mmol) was added. After 10 min, a 0.5 M solution of

tris(tetrabutylammonium) hydrogenpyrophosphate in DMF

(300 mL; 150 mmol) was injected in and the suspension was stirred

for another ten minutes. Subsequently, a 1% solution of I2 in

pyridine/H2O (98/2) (1.86 mL; 149 mmol) was injected and

quenched after 15 min by the addition of a few drops of 5%

aqueous NaHSO3. The reaction mixture was evaporated under

reduced pressure and the residue dried under high vacuum. The

residue was dissolved in H2O (10 mL) and stirred for 30 min.

Then, saturated NH4OH solution (20 mL) was added and after

one hour, the solution was evaporated and the residue dried.

Subsequently, it was dissolved in 1 M TBAF in THF (1 mL; 1

mmol) and stirred for one hour. The solution was evaporated

under reduced pressure and dried under high vacuum.

Compound 7 was purified using ion-exchange chromatography

and reversed-phase chromatography. Yield after lyophilization:

10.9 mg (¼19.4 mmol) of 7 as a white foam (21%). 1H-NMR: (300

MHz, D2O): d 1.24 (t, J ¼ 6.1 Hz, NCH2CH3); 1.89; 1.93 (s, 3H,

SeCH3); 3.15 (q, J ¼ 6.1 Hz, NCH2CH3); 3.60 (dd, J ¼ 8.4 Hz,

J ¼ 5.6 Hz, 1H, H-C(20)); 4.19 (m, 2H, H1-C(50), H2-C(50)); 4.24
(m, 1H, H–C(40)); 4.62 (m, 1H, H–C(30)); 6.16 (d, J¼ 7.5 Hz, 1H,

H–C(5)); 6.35 (d, J ¼ 8.6 Hz, 1H, H–C(10)); 7.93 (d, J ¼ 7.6 Hz,

1H, H–C(6)) ppm. 13C-NMR (150 MHz, CDCl3): d 3.12

(SeCH3); 8.35 (NCH2CH3); 46.74 (NCH2CH3); 46.82 (C(20));
65.69 (C(50)); 72.47 (C(30)); 84.98 (C(40)); 89.4 (C(10)); 97.30 (C

(5); 141.79 (C(6)); 153.69; 157.19; 165.71; 180.21 ppm. 31P-NMR:

(121 MHz, D2O) d �10.98 (d, J ¼ 19.6 Hz, 1P, Pg); �10.48 (d,

J ¼ 20.0 Hz, 1P, Pa); �22.84 (triplettoid, J ¼ 19.8 Hz, J ¼ 20.0

Hz, 1P, Pb) ppm. ESI-MS (m/z): [M � H]� calcd for

C10H16N2O14P3Se, 559.91; found 560.07.
Enzyme preparation and in vitro transcription assays

Generation of T7 RNA polymerase mutants M1 and M2. The

E. coli codon optimized gene for T7 RNA polymerase wild-type

was ordered from Geneart. The gene was cloned into the

expression vector pGDR11,44 which is a derivative of the pQE31
This journal is ª The Royal Society of Chemistry 2011
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vector (Qiagen) carrying the lacIq gene, using HindIII and SphI

restriction endonucleases (Fermentas). Introduction of the

mutations Y639F and H784A for Mutant 1 (M1) was performed

according to the QuickChange Site-Directed Mutagenesis

protocol (Stratagene) using Phusion High-Fidelity DNA poly-

merase (Finnzymes). Mutations Y639V, H784G, E593G and

V685A for Mutant 2 (M2) were introduced using the Quick-

Change Multi Site-Directed Mutagenesis Kit (Stratagene).

Sequences were confirmed after each step of mutagenesis by

sequencing at GATC Biotech. All of the oligonucleotide primers

were purchased from Metabion.

Expression and purification of T7 RNA polymerase wild-type

and mutants M1 and M2. Plasmids carrying the corresponding

T7 RNA polymerase gene were transformed into E. coli BL21

(DE3) cells (Stratagene). Expression was performed in 1 l LB-

medium (Lennox, LB broth) supplemented with 100 mg mL�1

carbenicillin. Cells were grown at 37 �C to an OD600 of 0.6–0.7

and expression was induced by adding IPTG to a final concen-

tration of 1 mM. After 5 h of expression, cells were harvested by

centrifugation (4.500 � g for 20 min, 4 �C) and pellets stored at

�80 �C until further use. Purification of the polymerases bearing

an N-terminal polyhistidine (6 � His) tag was performed by

nickel affinity chromatography using Ni-IDA chelating sephar-

ose fast flow on an €AKTA Purifier FPLC system (GE Health-

care). Therefore, the cell pellets were resuspended in 50 mL lysis

buffer (50 mM Tris-HCl pH 8.0, 300 mM NaCl, 0.1% (v/v)

Triton X-100, 0.1 mg ml�1 lysozyme, 1 mM Benzamidine, 1 mM

PMSF) and incubated on ice for 30 min. Cells were disrupted by

sonification and lysates cleared by centrifugation (22.000 � g for

30 min, 4 �C). The supernatant was loaded on a Ni-IDA column

equilibrated with buffer A (50 mM Tris-HCl pH 8.0, 300 mM

NaCl) and proteins eluted by gradient-elution with buffer B (50

mM Tris-HCl pH 8.0, 300 mM NaCl, 250 mM imidazol).

Fractions containing the purified protein were pooled and the

buffer exchanged with 2 � storage buffer (100 mM Tris-HCl pH

8.0, 200 mM NaCl, 10 mM 1,4-dithiothreitol (DTT), 2 mM

EDTA, 0.2% (v/v) Triton X-100) using a Vivaspin 50.000

MWCO PES concentrator (Sartorius Stedim Biotech). Glycerol

was added to a final concentration of 50% (v/v) and the proteins

were stored at �20 �C. Purified enzyme concentrations were

determined via a Bradford protein assay (Roth). The proteins

were adjusted to the same concentration and their qualities

verified by SDS-PAGE (12%) stained with colloidal Coomassie

blue (Roth).

In vitro transcription assays. DNA templates (Metabion or

Biomers) containing the T7 promoter sequence were prepared by

PCR using Phusion High-Fidelity DNA polymerase (Finn-

zymes) and purified by phenol–chloroform extraction and

ethanol precipitation. Transcription reactions using NTPs (Fer-

mentas) and modified 20-methylseleno NTPs were performed for

2 h at 37 �C in 40 mM Tris-HCl pH 8.0, 2 mM spermidine, 10

mM 1,4-dithiothreitol (DTT) and 6 mM MgCl2, with templates

at 0.5 mM and RNA polymerases at 0.5 mM final concentration.

Nucleotides were used at 1 mM final concentration in a 20 mL

reaction volume and transcripts were labeled by the inclusion of

1% (v/v) 3000 Ci mmol�1 [a-32P]GTP (Hartmann Analytic).

Reactions were stopped by adding an equal volume of 90% (v/v)
This journal is ª The Royal Society of Chemistry 2011
formamide, 50 mM EDTA, 0.01% (w/v) bromophenol blue and

0.01% (w/v) xylene cyanol and the transcripts were resolved by

electrophoresis on 12% denaturing polyacrylamide gels. Visual-

ization was performed by phosphorimaging using a Molecular

Imager FX (Bio Rad).

Time course experiments. Transcription reactions were set up

as described above. Aliquots (2 mL) were withdrawn from the

reaction mixture at the corresponding time points and added to

an equal volume of 90% (v/v) formamide, 50 mM EDTA, 0.01%

(w/v) bromophenol blue and 0.01% (w/v) xylene cyanol. The

transcripts were resolved by electrophoresis on 12% denaturing

polyacrylamide gels, visualized by phosphorimaging and quan-

tified using QuantityOne (Bio Rad).

RNA quantification. ForRNAquantification, the transcription

reactions, as described above, were scaled up to 400 mL. After 2 h

at 37 �C, the reactions were stopped by the addition of 50 units

DNase I (Fermentas, RNase-free) and the DNA templates were

digested for 15 min at 37 �C. The RNA transcripts were precipi-

tated with EtOH at �20 �C overnight. The precipitate was dis-

solved in equal volumes of ddH2O and 90% (v/v) formamide, 50

mM EDTA, 0.01% (w/v) bromophenol blue and 0.01% (w/v)

xylene cyanol andpurifiedby electrophoresis on an 8%denaturing

polyacrylamide gel. The excised bandswere crushed and theRNA

eluted into ddH2O at 4 �C overnight. After EtOH precipitation,

the RNA was dissolved in ddH2O and the concentrations were

measured using a BioPhotometer at 260 nm (Eppendorf).

Results and discussion

Synthesis

To investigate the enzymatic synthesis of 20-methylseleno RNA,

we first synthesized and characterized the nucleoside triphosphate

of 20-SeCH3 uridine. The functionalized derivative 1 (Scheme 1)

represented the starting material, which was readily obtained

along the lines of a previously introduced synthetic route.41

Subsequent treatment with acetic anhydride resulted in quanti-

tative acetylation of the 30-hydroxyl group to yield compound 2,

followed by selective cleavage of the dimethoxytrityl group under

acidic conditions to give derivative 3. Introduction of the

triphosphate moiety at the free 50-hydroxyl group of 3 was ach-

ieved according to the Ludwig and Eckstein approach,45 using

2-chloro-4H-1,2,3-benzodioxaphosphorin-4-one, pyrophosphate

and subsequent iodine oxidation. Finally, cleavage of the 30-O-

acetyl furnished the desired 20-SeCH3 uridine derivative 4.

Likewise, the synthesis of the 20-SeCH3 cytidine triphosphate 7

started from the readily available 30-O-silylated compound 5

(Scheme 1).41 The selective cleavage of the dimethoxytrityl group

under acidic conditions yielded derivative 6 and this was fol-

lowed by the introduction of the triphosphate moiety at the free

50-hydroxyl group of 6, according to the Ludwig and Eckstein

approach.45 Finally, cleavage of the 30-O-TBDMS furnished the

desired 20-SeCH3 cytidine derivative 7.

Enzymes

Next, we wanted to test whether T7 RNA polymerase, an enzyme

frequently used in in vitro transcription for the synthesis of RNA,
Chem. Sci., 2011, 2, 2224–2231 | 2227
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Scheme 1 The synthesis of 20-methylseleno uridine triphosphate 4 and

20-methylseleno cytidine triphosphate 7. Reaction conditions: (a) 33

equiv. acetic anhydride in pyridine at room temperature for 10 h, 69%; (b)

1.2% CF3COOH in CH2Cl2 at room temperature for 15 min, 72%; (c) (i):

1.3 equiv. 2-chloro-4H-1,2,3-benzodioxaphosphorin-4-one, in dioxane/

pyridine, room temperature, 10 min, (ii): 1.6 equiv. (HNBu3)2H2P2O7 in

DMF and NBu3 at room temperature for 10 min, (iii): 1.2 equiv. I2 in

pyridine/H2O at room temperature for 15 min, (iv): 5% (v/v) aqueous

NaHSO3 solution, room temperature, 5 min, (v): 28% NH4OH solution

at room temperature for 1 h, 42%; (d) 3% Cl2HCOOH in ClCH2CH2Cl at

room temperature for 15 min, 81%; (e) (i): 1.3 equiv 2-chloro-4H-1,2,3-

benzodioxaphosphorin-4-one in dioxane/pyridine at room temperature

for 10 min, (ii): 1.6 equiv (HNBu3)2H2P2O7 in DMF and NBu3 at room

temperature for 10 min, (iii): 1.2 equiv I2 in pyridine/H2O at room

temperature for 15 min, (iv): 5% (v/v) aqueous NaHSO3 solution at room

temperature for 5 min, (v): 28% NH4OH solution at room temperature

for 1 h, 21%.

Fig. 2 The location of Tyr639 and His784 as seen in the crystal structure

of a transcribing T7 RNA polymerase (PDB 1MSW). The DNA template

is shown in orange, RNA transcript in red, interesting amino acid resi-

dues in green and the RNA polymerase in blue.
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is able to accept the modified substrates. We generated T7 RNA

polymerase wild-type, as well as two mutants, M1 (Y639F,

H784A) and M2 (Y639V, H784G, E593G, V685A), that are

known for their increased propensity to tolerate 20-modifica-

tions.25,26 The enzymes were heterologously expressed in E. coli

containing an N-terminal 6 � His-tag and purified by affinity

chromatography. Interestingly, both mutants have mutations at

amino acid positions Y639 and H784. The amino acid position

Y639 has been implicated before in substrate recognition and an

interaction with the 20-position of incoming ribonucleotides.46,47

Both amino acid residues are located close to each other in the

active site of a transcribing T7 RNA polymerase (Fig. 2).
Fig. 3 The enzymatic incorporation of 20-SeCH3–CMP into RNA. a)

The sequence of the RNA transcript (89 nt). Positions where CMP or 20-
SeCH3–CMP were incorporated into RNA are highlighted. b) The

PAGE analysis of the transcription reactions comparing T7 RNA poly-

merase wild-type (WT) with mutant M1 and mutant M2 after 2 h of

incubation at 37 �C. In each set, lane 1 shows the reaction with all four

NTPs, lane 2 shows the reaction where CTP was replaced by 20-SeCH3–

CTP and lane 3 shows the control reaction without CTP but with ATP,

GTP and UTP.
In vitro transcription

For in vitro transcription using T7 RNA polymerase, a double

stranded DNA template (112 nucleotides) containing the T7

promoter sequence was designed to allow the incorporation of 12

C or U residues into the RNA transcript (89 nucleotides). The

RNA transcripts were labeled by the addition of [a-32P]GTP to

the enzymatic reactions and the transcripts were visualized using

a phosphorimager after separation by denaturating poly-

acrylamide gel electrophoresis (PAGE).

We first tested whether the wild-type T7 RNA polymerase was

able to incorporate 20-SeCH3–CMP into an 89mer RNA tran-

script containing 12 C residues (Fig. 3a). PAGE analysis

demonstrated that the full-length transcript could not be
2228 | Chem. Sci., 2011, 2, 2224–2231
detected either when CTP was replaced by its 20-methylseleno-

modified analog (Fig. 3b, lane 2, WT) nor in the control exper-

iment, where CTP was absent (Fig. 3b, lane 3, WT). We then

tested the ability of the mutants M1 and M2 to incorporate 20-
SeCH3–CMP into RNA. The results indicate that both mutants
This journal is ª The Royal Society of Chemistry 2011
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Fig. 5 The enzymatic incorporation of 20-SeCH3–UMP into RNA. a)

The sequence of the RNA transcript (89 nt). Positions where UMP or 20-
SeCH3–UMP were incorporated into RNA are highlighted. b) PAGE

analysis of the transcription reactions, comparing T7 RNA polymerase

wild-type (WT) with mutant M1 and mutant M2 after 2 h of incubation

at 37 �C. In each set, lane 1 shows the reaction with all four NTPs, lane 2

shows the reaction where UTP was replaced by 20-SeCH3–UTP and lane

3 shows the control reaction without UTP but with ATP, GTP and CTP.
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are using 20-SeCH3–CTP as a substrate and the full-length

transcript is formed (Fig. 3b, lane 2, M1 and M2). In case of

mutant M1, a small amount of the full-length transcript was also

formed in the control reaction without any CTP, leading to the

assumption that this mutant is less accurate on the provided

DNA template and misincorporation is taking place (Fig. 3b,

lane 3, M1). This was also observed for mutant M2, but in

insignificantly low amounts (Fig. 3b, lane 3, M2). With respect to

the applications for X-ray crystallography, the resulting hetero-

geneous mixture of transcripts could lead to difficulties during

the crystallization process.

In case of mutant M1, the polymerase discontinues tran-

scription when incorporating two 20-SeCH3–CMP moieties

consecutively at positions 77 and 78 to form a shorter, truncated

transcript (Fig. 3b, lane 2, M1). The positive control with all four

NTPs demonstrated that the three tested enzymes are highly

active when their natural substrates are provided (Fig. 3b,

lane 1).

We performed a time-course experiment to gain insights into

the incorporation efficiencies of 20-SeCH3–CMP into RNA,

comparing T7 RNA polymerase wild-type with the mutants M1

and M2. The PAGE analysis clearly indicates that 20-SeCH3-

modified RNA is formed in case of the mutants M1 and M2, but

not when using the wild-type polymerase (Fig. 4a). The quanti-

fication of the full-length transcript shows that mutant M2 is

approximately twice as efficient as mutant M1 when incorpo-

rating 20-SeCH3–CMP (Fig. 4b).

Next, we determined whether 20-SeCH3–UTP is a substrate for

T7 RNA polymerase. Therefore, a DNA template calling for an

89mer transcript, where all of the C residues from our previous

experiments were exchanged by U and vice versa, was used

(Fig. 5a).

We performed transcription reactions where UTP was

replaced by its 20-SeCH3 counterpart. In the case of the wild-type

T7 RNA polymerase, no full-length transcript could be detected

after PAGE analysis (Fig. 5b, lane 2, WT). For the mutants, M1

and M2, the PAGE analysis indicates that 20-SeCH3–UMP was

efficiently incorporated (Fig. 5b, lane 2, M1 and M2). No full-

length transcript was detected in the control reactions without
Fig. 4 A time-course experiment for the incorporation of 20-SeCH3–CMP in

polymerase wild-type (WT), mutant M1 and mutant M2. Aliquots of the r

quenched with an equal volume of stop solution containing 50 mM EDTA

no CTP but with ATP, GTP and UTP (�CTP). b) Quantification of the

20-SeCH3–CTP.

This journal is ª The Royal Society of Chemistry 2011
any UTP (Fig. 5b, lane 3) leading to the assumption that the

formation of the full-length transcript in the reactions where

20- SeCH3–UTP was added was due to the incorporation of
to RNA. a) PAGE analysis of the transcription reactions using T7 RNA

eaction mixtures were withdrawn at the corresponding time points and

. Control reactions were done with no polymerase ( �RNAP) and with

time-course experiment for the formation of RNA in the presence of

Chem. Sci., 2011, 2, 2224–2231 | 2229
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Fig. 6 A time-course experiment for the incorporation of 20-SeCH3–UMP into RNA. a) PAGE analysis of the transcription reactions using T7 RNA

polymerase wild-type (WT), mutant M1 and mutant M2. Aliquots of the reaction mixtures were withdrawn at the corresponding time points

and quenched with an equal volume of stop solution containing 50 mM EDTA. Control reactions were done with no polymerase (�RNAP) and with

no UTP but with ATP, GTP and CTP (�UTP). b) Quantification of the time-course experiment for the formation of RNA in the presence of

20-SeCH3–UTP.
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20-SeCH3–UMP into RNA. As already seen in our previous

experiments, after incorporating two 20-SeCH3–UMP moieties

consecutively at positions 77 and 78, mutant M1 was stalling,

leading to a shorter transcript (Fig. 5b, lane 2, M1). The time-

course experiment demonstrated that 20-SeCH3–UMP was effi-

ciently incorporated into RNA by mutants M1 and M2, but not

when using the wild-type T7 RNA polymerase (Fig. 6a). The

quantification of the full-length transcript showed that mutant

M2 is most efficiently incorporating 20-SeCH3–UMP (Fig. 6b).

To determine the quantity of total RNA that can be synthe-

sized by the T7 RNA polymerase mutant M2 in the presence of

either 20-SeCH3–UTP or UTP, we performed large scale tran-

scription assays under the same conditions as used before and

PAGE-purified the RNA transcripts. This step was necessary to

remove truncated RNA molecules from the reaction mixtures

that would have influenced the quantification of the desired full-

length transcripts. With this procedure, it was possible to recover

from a 400 mL transcription assay 90 mg (3.12 nmol) of

unmodified RNA synthesized by wild-type T7 RNA polymerase,

35.3 mg (1.22 mol) of unmodified RNA synthesized by T7 RNA

polymerase mutant M2 and 19.5 mg (0.65 nmol) of 20-SeCH3-

modified RNA synthesized by M2, respectively. These results are

consistent with the ratios observed in the time-course experi-

ment, where the amount of unmodified RNA generated with the

wild-type enzyme was determined to be approximately six-fold

higher than the amount of 20-SeCH3-modified RNA synthesized

by the mutant M2.
Conclusions

In summary, we have demonstrated the enzymatic synthesis of

20-methylseleno-modified RNA by using the T7 RNA poly-

merase mutants M1 (Y639F, H784A) and M2 (Y639V, H784G,

E593G, V685A) known from the literature.25,26 The experiments

indicate that 20-SeCH3–CMP and 20-SeCH3–UMP were

successfully incorporated into RNA. The best results were

obtained for the incorporation of 20-SeCH3-modified U using

mutant M2. The resulting RNA is highly selenium-modified,

since all 12 C or Umoieties within the transcript were replaced by
2230 | Chem. Sci., 2011, 2, 2224–2231
their corresponding 20-SeCH3-modified counterpart. Our

approach can be used, in particular, for the preparation of long

20-SeCH3-modified RNA targets that are inaccessible by chem-

ical solid-phase synthesis, to determine their three-dimensional

structure or to study their interaction with proteins by X-ray

crystallography using the multiwavelength anomalous dispersion

technique (MAD). We could show that both T7 RNA poly-

merase mutants that have been found either by site-directed

mutagenesis studies or by directed evolution for their increased

acceptance of 20-modified NTPs could also be used for the

synthesis of 20-SeCH3-modified RNA. These results are prom-

ising and a step towards an engineered RNA polymerase that

processes all four 20-SeCH3–NTPs efficiently by means of

directed protein evolution.
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