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Synthesis of atom-specific nucleobase and ribose
labeled uridine phosphoramidite for NMR analysis of
large RNAs
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Abstract We describe the hybrid enzymatic and chemical synthesis of a 2'-
O-cyanoethoxymethyl (CEM) [1',6-'3C,, 5-’H]J-uridine phosphoramidite
(amidite). This is the first report of an atom-specific nucleobase and ribose
labeled CEM amidite. Importantly, the CEM 2'-OH protecting group permits
the efficient solid-phase synthesis of large (>60 nucleotides) RNAs with
good yield and purity. Therefore, our isotope-labeled amidite can be used to
make large, position-specifically labeled RNAs for NMR analysis without

complications from resonance overlap and scalar and dipolar couplings.
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Introduction

Nuclear magnetic resonance (NMR) spectroscopy is a biophysical method
well suited to study RNA structure, dynamics, and interactions at high-
resolution [1-3]. Many contemporary NMR experiments require the
introduction of stable isotope (e.g., °C, 'F, ?H, and '°N) labels into RNA
[4-6]. This is routinely accomplished with T7 RNA polymerase-based in
vitro transcription [7]. By mixing labeled and unlabeled ribonucleoside 5'-
triphosphates (rNTPs), this technique permits uniform, nucleotide-, and/or
atom-specific labeling (Fig. 1a-c). Some of these labeled rNTP precursors
are commercially available, and the synthetic routes to many more exist in
the literature [8—20]. Although this method produces RNA in yields
amenable to NMR analysis, resonance overlap presents a significant problem
for large RNAs (>60 nucleotides, nts). To overcome this limitation,

alternative RNA labeling methods must be used.
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(a) Uniform labeling (b) Nucleotide-specific labeling (C) Atom-specific labeling (d) Position-specific labeling
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Fig. 1 Schematic of MGG RNA that is either a uniformly, b nucleotide-
specifically, ¢ atom-specifically, or d position-specifically labeled. The
RNAs in a-c can be prepared by in vitro transcription using either uniformly
BC- and ®N-labeled rNTPs, uniformly *C- and "N-labeled UTP, or [1,6-
13C,, 5-2H]-UTP, respectively. The RNA in d can be prepared by solid-phase
synthesis with a [1',6-12C,, 5-2H]-uridine amidite. Pink residues are isotope-
labeled. Pink circles, cyan squares, and D represent *C, '°N, and ?H atoms,

respectively.

One such  technique  employs isotope-labeled  2'-O-
tritssopropylsilyloxymethyl (TOM)- or  2'-O-tert-butyldimethylsilyl
(TBDMS) ribonucleoside phosphoramidites (amidites) and solid-phase
synthesis [21-25]. This method allows users to choose the site(s) of
modification and therefore enables position-specific labeling (Fig. 1d). As

with rNTPs, some labeled amidite precursors are available from commercial
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sources, and synthetic access to many others is well documented [21-25].
Solid-phase synthesis works well for medium sized RNAs (20-50 nt), but
standard methodologies are not apt to produce RNAs >60 nt with the yield
and purity required for NMR analysis [26-30]. To overcome this limitation,
Kreutz and co-workers established an improved synthetic procedure [31] to
make labeled 2'-O-cyanoethoxymethyl (CEM) amidites [32-34]. While
these precursors (labeled or unlabeled) are commercially unavailable, they
offer improved coupling efficiency [32-34] and are therefore the only
amidites capable of synthesizing large RNAs for NMR applications.
Although the synthesis of [8-'*C]-adenosine and -guanosine and [6-
3C, 5-2H]-cytidine and -uridine CEM amidites are known (Fig. 2) [31], the
labeling of both nucleobase and ribose moieties has yet to be implemented
into such precursors. Our recent work in collaboration with Kreutz and co-
workers [21] demonstrated initial success in this direction. Here, we
combined chemo-enzymatic nucleobase and ribose coupling [19] with
chemical synthesis to produce an [1,8-'*C,]-adenosine TBDMS amidite
(Fig. 2) [21]. This hybrid approach is beneficial because it permits the
incorporation of isolated "H-!>C spin pairs into the nucleobase and ribose to
facilitate unambiguous resonance assignment. In addition, the removal of
BC-13C scalar and dipolar coupling benefit NMR dynamics experiments

[35-37]. Here, we detail a combined enzymatic and chemical method to
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synthesize [1',6-13C,, 5-*H]-uridine CEM amidite (Fig. 2). Importantly, this
precursor can be used in solid-phase synthesis to produce large, position-

specifically labeled RNAs amenable for NMR analysis.

Kremser et al. (ref. 31): Chen et al. (ref. 21):
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Fig. 2 Examples of previously prepared isotope-labeled CEM [31] and
TBDMS amidites [21], as well as the featured nucleobase and ribose labeled
CEM amidite of the present study. Pink circles and D represent °C and 2H

atoms, respectively.

Results and discussion

Synthesis
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The atom-specific nucleobase and ribose labeled [1',6-°C,, 5-2H]-uridine
CEM amidite 6 was assembled with a hybrid enzymatic (Scheme 1) and
chemical (Scheme 2) approach. First, we used enzymes from the nucleotide
salvage biosynthetic pathways [38] to couple [6-1°C, 5-*H]-uracil (prepared
as previously described [39]) with commercially available [1-'*C]-D-ribose.
This one-pot reaction was used modifying our previously published
procedure [20, 21]. In brief, ribokinase (RK, E.C. 2.7.1.15) phosphorylates
the O5 position of [1-13C]-D-ribose and then phosphoribosyl pyrophosphate
synthetase (PRPPS, E.C. 2.7.6.1) pyrophosphorylates the '*C1 site. Uracil
phosphoribosyl transferase (UPRT, E.C. 2.4.2.9) then couples [6-°C, 5-2H]-
uracil to the S5-phospho-D-ribosyl-a-1-pyrophosphate intermediate via
nucleophilic attack of uracil N1. In the final enzymatic step, the uridine 5'-
monophosphate (UMP) intermediate was dephosphorylated with
recombinant shrimp alkaline phosphatase (rSAP, E.C.3.1.3.1) to yield [1',6-

13C,, 5-*H]-uridine 1 (Scheme 1).

Scheme 1
o] 0
D D
NH NH
0 CK, MK, RK 0 KL
PRPPS, UPRT,
DELNH N HO 0 OH HEPES (pH 8) Oflli}jo N)\O rSAP HO N)\O
N O 37°C,24h O o 37°C,24h O
H
OH 0 OH OH OH OH
O-=13¢
1
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Our atom-specific labeled uridine 1 was then used as the starting point
to chemically synthesize the desired CEM amidite following established
protocols [31-34]. To ensure selective 2'-O-alkylation, we first protected the
3’- and 5'-OH groups of 1 with 1,3-dichloro-1,1,3,3-tetraisopropyldisiloxane
(TIPS-Cl,) to yield 3',5'-di-O-protected uridine 2. Subsequent reaction of 2
with 2-cyanoethyl methylthiomethylether (CsHoNOS, prepared as
previously described [32]) as the alkylating agent and N-iodosuccinimide
(NIS) as the activator led to efficient production of 2'-O-CEM uridine 3 at
low temperature (-45 °C). Treatment of 3 with ammonium fluoride led to
removal of the 3',5'-di-O-TIPS group to yield 4. In the second to last step,
the 5'-OH group of 4 was tritylated with 4,4’-dimethoxytrityl chloride
(DMTr) to form 5. Lastly, phosphitylation of 5 yielded the desired [1’,6-13C,,
5-2H]-5"-O-DMTr-2-O-CEM amidite 6 (Scheme 2). Pure intermediate
compounds 2 and 5 as well as the desired compound 6 displayed the expected
"H and *C NMR spectra reported in the literature [31-34]. *'P NMR also
confirmed our amidite 6, albeit with some phosphonate impurity.

In summary, our synthetic route provides 6 with an overall yield of
8.4% with two enzymatic steps (Scheme 1), five chemical steps (Scheme 2),
and four chromatographic purifications. This is the first report of an atom-

specific nucleobase and ribose labeled CEM amidite. Moreover, our
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approach permits the production of additional atom-specific labeling
patterns by coupling different commercially available or in-house
synthesized 2H-, 1*C-, and/or '°N-labeled nucleobases to commercial sources

of 2H and/or *C-labeled D-ribose.

Scheme 2
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Future application

Our motivation to synthesize CEM amidite 6 was for NMR analysis of large
RNAs. The CEM 2'-OH protecting group has minimal steric demands and a
clean deprotection procedure [32—34]. Taken together, CEM amidites have
increased coupling efficiency that enables the synthesis of large RNAs [32—

34]. Therefore, mixing unlabeled CEM amidites with our newly synthesized
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6 can permit the rapid construction of strategically labeled RNAs. These
samples can then be used for unambiguous nucleobase H6-C6 and ribose
H1'-C1’ resonance assignments and '*C NMR relaxation and/or relaxation

dispersion probing of nucleobase C6 and ribose C1' nuclei.

Conclusion

We report the enzymatic and chemical synthesis of the first atom-specific
nucleobase and ribose labeled [1',6-13C,, 5-*H]-uridine CEM amidite. The
1sotope-labeled uridine was synthesized in a one-pot, two-step enzymatic
reaction from [6-!°C, 5-*H]-uracil and commercially available [1-*C]-D-
ribose. The nucleoside intermediate was then chemically built into the
desired CEM amidite. Future applications include the position-specific
incorporation of our amidite into large RNAs via solid-phase synthesis and

subsequent NMR analysis.

Experimental

Commercially available reagents were used throughout without further
purification. All non-commercial enzymes used were expressed and purified
in-house [38]. [6-!*C, 5-*H]-uracil [39] and alkylating agent 2-cyanoethyl

methylthiomethylether [32] were both prepared following previously
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established protocols. [1-*C]-D-ribose was purchased from Omicron
Scientific. All solvents were obtained as spectroscopic grade and used as
received. All reactions sensitive to air and/or moisture were carried out under
an atmosphere of argon in anhydrous solvents using oven-dried glassware.
Thin-layer chromatography (TLC) was performed using aluminum plates
coated with silica gel 60 F-254. Chromatographic purifications were carried
out using a boronate affinity resin or silica gel with eluent specified. Mass
spectrometric data were collected on a PerkinElmer AXION 2 TOF mass
spectrometer with APCI source using ESI negative mode. 'H and *C NMR
spectra were recorded on a Bruker DRX 300 MHz spectrometer. Samples
were maintained at a temperature of 25 °C. All spectra were recorded in
deuterated solvents and chemical shifts 6 are reported in parts per million
(ppm) relative to appropriate internal references. The following
abbreviations were used to denote multiplicities: s singlet, d doublet, t triplet,

m multiplet, b broad.

Synthesis

"H and '*C NMR spectra of compounds 2, 5, and 6 and *'P NMR spectra and
high-resolution mass spectrometry (HRMS) data for 6 can be found in the

Supplemental Material.

10
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[1',6-13C>, 5-H]-1-((2R,3R.4S,5R)-3,4-dihydroxy-5-
(hydroxymethyl)tetrahydrofuran-2-yl)pyrimidine-2,4(1H,3H)-dione (1,
C73C2H 112 HN2Og)

Compound 1 was enzymatically synthesized in vitro. The 200 cm?® reaction
was carried out in 50 mM HEPES pH 8, 0.2% NaN3, 10 mM MgCl,, 10 mM
DTT, 0.5 mM dATP, 0.1% BSA, 100 mM creatine phosphate, 10 mM [6-
BC, 5-*H]-uracil, 8 mM [1-!*C]-D-ribose, 0.005 mg/cm’ CK (E.C. 2.7.3.2),
0.01 U/em® myokinase (MK, E.C. 2.7.4.3), 0.1 mg/cm® thermostable
inorganic pyrophosphatase (TIPP, E.C. 3.6.1.1), 1x10° U/mm*® RK (E.C.
2.7.1.15), 1x10° U/mm?® PRPPS (E.C. 2.7.6.1), and 0.1 mg/cm® UPRT (E.C.
2.4.2.9). The reaction was split into five 40 cm? aliquots and incubated at 37
°C for 24 h. The monophosphate product was converted into crude
compound 1 by adding rSAP (E.C.3.1.3.1) (1.81 mm?/per reaction cm?®) and
incubating at 37 °C for an additional 24 h. Crude compound 1 was purified
by boronate affinity chromatography (Eluent A: 1 M TEABC pH 9; Eluent
B: acidified water pH 4) and lyophilized to an off-white oil. Finally, the oil
was dissolved (CHCIl/CH3OH = 1/1 (v/v)) and purified via column
chromatography (7.5 g Si0,, (CHCI3/CH3;0H = 9/1 (v/v))) to yield pure

compound 1 as a white foam after drying under high vacuum. Yield: 351 mg

11
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(~80% to input uracil for each 40 cm® aliquot); Ry: 0.75 (CHCl3/CH;0H =

3/2 (v/v)). 'TH NMR: not determined; '*C NMR: not determined.

[17,6-1C,, 5-H]-1-((6aR,8R,9R 9aS)-9-hydroxy-2,2,4,4-
tetraisopropyltetrahydro-6H-furo[3,2 f11,3,5,2,4]trioxadisilocin-8-
yl)pyrimidine-2,4(1H,3H)-dione (2, C19"*C:H37*H N,07Siz)

Compound 1 (351 mg, 1.42 mmol, 1.00 eq.) was co-evaporated with
anhydrous pyridine and then dissolved in fresh anhydrous pyridine (1.81
cm®). Then, 1,3-dichloro-1,1,3,3-tetraisopropyldisiloxane (TIPS-Cl,, 500
mg, 1.59 mmol, 1.10 eq.) was added dropwise over 60 min and the reaction
mixture was stirred under argon atmosphere at room temperature for an
additional 30 min. After TLC (CHCl3/MeOH = 9/1 (v/v)) showed a complete
conversion, the solution was diluted with saturated sodium bicarbonate (20
cm?®) and the solution was extracted with dichloromethane (20 cm?). The
organic phase was dried over anhydrous sodium sulfate and the solution was
evaporated to dryness. The residual oil was co-evaporated with anhydrous
toluene twice and dried under high vacuum. Crude product 2 was purified
via column chromatography (6.5 g, Si0,, (CHCIls/CH;CN = 100/0 — 80/20
(v/v))) to obtain pure compound 2 as a white foam after drying under high
vacuum. Yield: 271 mg (39%); R¢: 0.46; '"H NMR (300 MHz, DMSO-d): 6

= 11.35 (s, 1H, N(3)H); 7.98 (d, Jyscs = 181.43 Hz, 1H, *C(6)H); 5.82 (d,

12
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Ugrer = 173.11 Hz, 1H, *C(1")H); 5.58 (d, 3Jur=9.17 Hz, 1H, C(2")OH);
428 — 4.11 (m, 3H, C(2HH; C(3")H; C(4")H); 3.98 — 3.89 (m, 2H, C(5"H;
C(5")H); 1.05 — 0.97 (m, 28H, 4xSi-CH-(CHs)s; 4xSi-CH-(CHs),); 13C NMR

(75 MHz, DMSO-d): & = 140.21(13C(6)); 90.99 (3C(1')).

[1',6-1C>, 5-2H]-3-((((6aR,8R,9R,9aR)-8-(2,4-dioxo-3,4-
dihydropyrimidin-1(2H)-yl)-2,2,4,4-tetraisopropyltetrahydro-6 H-
furo|[3,2-f][1,3,5,2,4]trioxadisilocin-9-yl)oxy)methoxy)propanenitrile (3,
C233C2H42*HN305Si2)

Compound 2 (260 mg, 0.53 mmol, 1.00 eq.) was dissolved in anhydrous
tetrahydrofuran (THF, 4 cm?®) and 2-cyanoethyl methylthiomethylether
(CsHoNOS, 146 mg, 1.12 mmol, 2.10 eq.) was added. The solution was
cooled to -45 °C with a dry ice/acetonitrile bath and stirred under argon
atmosphere for 30 min. Trifluoromethanesulfonic acid (TfOH, 167 mg, 1.12
mmol, 2.10 eq.) was carefully dropped into the mixture over a period of 10
min and then N-iodosuccinimide (NIS, 113 mg, 1.12 mmol, 2.10 eq.) was
added in one portion. The reaction mixture was stirred for 15 min at -45 °C
and then triethylamine (113 mg, 1.12 mmol, 2.10 eq.) was slowly added over
a period of 20 min to quench the reaction. The mixture was diluted with ethyl
acetate (10 cm?) and washed with saturated sodium thiosulfate (10 cm?®) and

saturated sodium bicarbonate solution (10 ¢cm?). The organic layers were

13
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evaporated to dryness and the residual oil was dissolved in ethyl acetate (10
cm®). The mixture was successively washed with water (10 cm?®), saturated
sodium thiosulfate (10 cm?), and saturated sodium chloride (10 cm?). The
organic layer was dried over anhydrous sodium sulfate and the solution was
evaporated to dryness. The residual light brown oil was isolated as crude
compound 3 and dried under high vacuum. No further purification steps were
used and the crude product 3 was used in the next synthetic step. Yield:
assumed to be 304 mg (100%); R¢: 0.52 (CHCI;/CH;0H = 9/1 (v/v)); 'H-

NMR: not determined; *C NMR: not determined.

[1,6-13C2, 5-2H]-3-((((2R,3R,4R,5R)-2-(2,4-diox0-3,4-dihydropyrimidin-
1(2H)-yl)-4-hydroxy-5-(hydroxymethyl)tetrahydrofuran-3-
yl)oxy)methoxy)propanenitrile (4, C11'*C,H162HN30O»)

Crude compound 3 (304 mg, 0.53 mmol, 1.00 eq.) was dissolved in
anhydrous methanol (CH30H, 7.5 cm®) and ammonium fluoride (NH,4F, 72.2
mg, 1.95 mmol, 3.67 eq.) was added. The reaction mixture was heated to 50
°C and stirred for 5 h under argon atmosphere. After TLC (CH3Cl/CH;0H =
9/1 (v/v)) showed complete conversion, methanol was removed under
reduced pressure. The residue was dissolved in acetonitrile (10 cm?) and the
white precipitate that formed was removed by vacuum filtration and washed

with acetonitrile. The solution was extracted with n-hexane twice, the hexane

14
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layers were discarded, the acetonitrile layer was dried over anhydrous
sodium sulfate, and the solution was evaporated to dryness. The residual oil
was isolated as crude compound 4 and dried under high vacuum. No further
purification steps were used and the crude product 4 was used in the next
synthetic step. Yield: assumed to be 175 mg (100%); Ry = 0.18
(CHCIL:;/CH;0H = 9/1 (v/v)); 'H-NMR: not determined; *C NMR: not

determined.

[1',6-C, 5-*H]-3-((((2R,3R 4R,5R)-5-((bis(4-
methoxyphenyl)(phenyl)methoxy)methyl)-2-(2,4-dioxo-3,4-
dihydropyrimidin-1(2H)-yl)-4-hydroxytetrahydrofuran-3-
yDoxy)methoxy)propanenitrile (5, C3:*C>H34HN30o)

Crude compound 4 (175 mg, 0.53 mmol, 1.00 eq.) was co-evaporated with
anhydrous pyridine and then dissolved in fresh anhydrous pyridine (3.5 cm?).
Then, 4,4’-dimethoxytrityl chloride (DMTr, 215 mg, 0.64 mmol, 1.20 eq.)
was added with stirring at room temperature under argon atmosphere (3 h).
After TLC (CH;Cl/CH30H = 9/1 (v/v)) showed complete conversion, the
reaction was quenched with cold water (10 cm®) and extracted with
chloroform (10 c¢m®) twice. The organic phase was dried over anhydrous
sodium sulfate and the solution was evaporated to dryness and dried under

high vacuum. The crude product 5 was purified via column chromatography

15
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(6.0 g, S10,, ((CH3Cl/CH30H = 100/0 — 98/2 (v/v)) + 0.5% pyridine) to
obtain pure compound 5 as an off-white solid. Yield: 200 mg (60%); R¢ =
0.33 (CHCI;/CH30H = 9/1 (v/v)); 'THNMR (300 MHz, DMSO-dg): 6= 11.39
(s, 1H, N(3)H); 8.04 (d, 'Juscs = 181.75 Hz, 1H, C(6)H); 7.40 — 7.14 (m,
9H, arom. CH); 6.92 — 6.89 (d, 3Jux = 8.98 Hz, 4H, arom. CH-C-OCHs);
5.50 (d, Jurcr = 170.37 Hz, 1H, *C(1"H); 5.37 (d, *Juyy = 6.22 Hz, 1H,
C(3")OH); 4.83 (s, 2H, -O-CH»-0O-); 4.26 — 4.24 (m, 2H, C(2")H; C(3")H);
3.98 (singlettoid, 1H, C(4")H); 3.744 (s, 6H, 2x -OCH3); 3.70 — 3.64 (m, 2H,
-O-CH,-CH,-); 3.33 —3.21 (m, 2H, C(5"H; C(5")H); 2.79 (dd, *Jyr = 15.86,
3 = 3.92, 2H, -O-CH,-CHy); '*C NMR (75 MHz, DMSO-dy): 8 = 140.55

(13C(6)); 87.98 (BC(1')).

[1',6-13C>, 5-’H]-(2R,3R,4R,5R)-2-((bis(4-
methoxyphenyl)(phenyl)methoxy)methyl)-4-((2-
cyanoethoxy)methoxy)-5-(2,4-dioxo-3,4-dihydropyrimidin-1(2H)-
yDtetrahydrofuran-3-yl (2-cyanoethyl) diisopropylphosphoramidite (6,
C41C:Hs1?’HNsO10P)

Compound 5 (195 mg, 0.31 mmol, 1.00 eq.) was dissolved in anhydrous
dichloromethane (3 cm?®). Then, both N,N-Diisopropylethylamine (DiPEA,
119 mg, 092 mmol, 3.00 eq.) and 2'-cyanoethyl-N,N-

diisopropylchlorophosphoramidite (CEP-CI, 109 mg, 0.46 mmol, 1.5 eq.)

16



10

11

12

13

14

15

16

17

18

19

20

21

MCCM_Template Vers 4 May 2014

were added and the solution was stirred overnight (~16-18 h). Monitoring
with TLC (CHs;CI/CH3OH = 9/1 (v/v)) showed some unreacted starting
material, so 0.5 additional eq. of CEP-CI were added, and the solution was
stirred until TLC (CH3;Cl/CH3OH = 9/1 (v/v)) showed complete conversion
(~1 h). The reaction was quenched with water (10 cm?) and the solution was
extracted with dichloromethane (10 cm?®) twice. The organic phase was dried
over anhydrous sodium sulfate and the solution was evaporated to dryness
and dried under high vacuum. The crude product 6 was purified via column
chromatography (7.5 g, SiO,, (benzene/TEA = 9/1 (v/v)) to obtain pure
compound 6 as a white foam consisting of a mixture of two diastereomers
after drying under high vacuum. Yield: 120 mg (45%); R¢ = 0.54 + 0.58
(CHCI;/CH30H = 9/1 (v/v)); '"H NMR (300 MHz, DMSO-d¢): 6 = 11.38 (s,
1H, N(3)H); 8.06 (d, 'Juscs = 181.75 Hz, 1H, *C(6)H); 7.38 — 7.23 (m, 9H,
arom. CH); 6.92 — 6.88 (d, *Juy = 11.51 Hz, 4H, arom. CH-C-OCHs); 6.14
(d, Yurcr=169.46 Hz, 1H, BC(1")H); 4.85 —4.79 (m, 2H, -O-CH,-0-); 4.43
—4.40 (m, 2H, C(3")H), C(2")H); 4.13 — 3.99 (m, 2H, C(4")H), -P-O-CH'>-
CH,-); 3.74 (s, 6H, 2x -OCH3); 3.73 — 3.69 (m, 2H, -P-O-CH",-CH,-; -CH>-
O-CH';-CH;-); 3.55 — 3.41 (m, 3H, C(5")H; C(5")H; -CH,-O-CH",-CH,-);
2.80 — 2.73 (m, 2H, -P-O-CH,-CH;-; -CH,-O-CH,-CH"»-); 2.64 — 2.60 (m,
1H, -CH,-O-CH,-CH"»-); 1.24 — 1.08 (m, 14H 2x -N-CH-(CH3),; 2x -N-CH-

(CHs),); '*C NMR (75 MHz, DMSO-dg): 5= 140.71 (13C(6)); 88.49 (*C(1"));
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3P NMR: (122 MHz, CgDg): 8 = 151.33 (s); 149.62 (s); HRMS (ESI): m/z
calculated for C4'°C,Hs;2HN;sO0P [MH]" 831.3498 Da, found 831.3481

Da.
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Figure Captions

Fig. 1 Schematic of MO8 RNA that is either a uniformly, b nucleotide-
specifically, ¢ atom-specifically, or d position-specifically labeled. The
RNAs in a-c can be prepared by in vitro transcription using either uniformly
3C- and ®N-labeled rNTPs, uniformly *C- and '"N-labeled UTP, or [1,6-
13C,, 5-2H]-UTP, respectively. The RNA in d can be prepared by solid-phase
synthesis with a [1',6-13C,, 5-?H]-uridine amidite. Pink residues are isotope-
labeled. Pink circles, cyan squares, and D represent *C, 1°N, and *H atoms,

respectively.

Fig. 2 Examples of previously prepared isotope-labeled CEM [31] and
TBDMS amidites [21], as well as the featured nucleobase and ribose labeled
CEM amidite of the present study. Pink circles and D represent *C and *H

atoms, respectively.

Figure 1
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(a) Uniform labeling (b) Nucleotide-specific labeling (C) Atom-specific labeling (d) Position-specific labeling
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