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ABSTRACT Both natural and unnatural modifications in RNA are of interest to
biologists and chemists. More than 100 different analogues of the four standard
RNA nucleosides have been identified in nature. Unnatural modifications are use-
ful for structure and mechanistic studies of RNA. This Review highlights chemi-
cal, enzymatic, and combined (semisynthesis) approaches to generate site specif-
ically modified RNAs. The availability of these methods for site-specific
modifications of RNAs of all sizes is important in order to study the relationships
between RNA chemical composition, structure, and function.
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Combined Approaches to Site-Specific Modification

fication by a wide variety of enzymes and ribo-

nucleoprotein complexes (1, 2). More than 100
different modifications of the four standard RNA nucleo-
sides, adenosine, cytidine, guanosine, and uridine,
have been identified (3). Examples from each of the
four major categories of base isomerization, base modi-
fication, sugar modification, and hypermodification are
shown in Figure 1, panel a. Similarly, a large number of
unnatural modifications have been synthesized and
used for structure and mechanistic studies of RNA (4—
6). A few examples are shown in Figure 1, panel b (7-
10). Natural modified nucleotides are often found in the
functionally important regions of RNA, such as the pep-
tidyl transferase center of ribosomal ribonucleic acid
(rRNA), the anticodon loop of transfer RNAs, or the
branch site of spliceosomal RNAs (11-13). Several
modifications, such as pseudouridine (14), have been
known for almost 50 years. Their locations in natural
RNAs can, in some cases, be highly conserved; yet, our
understanding of their biological roles is still incomplete
(15). Through a combination of biological, chemical,
and biophysical approaches, much can be leared re-
garding the roles of modified nucleotides. Similarly, the
incorporation of unnatural modifications may be useful
in order to study the biological roles and functions of
RNA (5).

In a number of cases, the enzymes or small nucleo-
lar RNAs (snoRNAs) that are responsible for site-specific
RNA modification have been identified (2). Knockout
studies of the individual modifying enzymes or snoRNAs
then allow the function of the modification to be de-
duced. In cases where the enzymes are not known, or
the modification is not a natural one, alternative ap-
proaches must be considered. Over the past several de-
cades, several chemical methods have been devel-
oped to study the effects of modifications in small RNA

R NAs undergo specific post-transcriptional modi-
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model systems. These studies have
led to newer, more powerful ap-
proaches that allow site-specific modifi
cation of large RNAs, reconstitution
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Chemical Synthesis. Chemical syn-
thesis of RNA allows for site-selective
incorporation of modified nucleotides.
Five decades ago, Michelson and co-
workers synthesized a thymidylate
dinucleotide by the phosphate triester
method, which served as the starting
point for oligonucleotide synthesis (16).
Khorana and colleagues (17) then de-
veloped the phosphodiester method,
which was followed by H-phosphonate
and phosphoramidite approaches (18).
Among the various chemical methods
developed for RNA synthesis, the phos-
phoramidite approach is the most
widely used. This method involves four repeating steps
that occur on a solid support (typically CPG or polysty-
rene beads) following removal of the 5’-hydroxyl protect-
ing group on the 3’ nucleotide (Figure 2): (i) coupling at
the 5’ site with a protected phosphoramidite, (ii) cap-
ping of the unreacted 5’-hydroxyl groups, (jii) oxidation
of the newly formed phosphite linkage, and (iv) removal
of the 5’-protecting group on the newly added nucle-
otide. Lastly, the synthetic RNA is cleaved from the solid
support, the remaining protecting groups are removed,
and the final RNA product is purified (typically by HPLC
or polyacrylamide gel electrophoresis).

In solid-phase RNA synthesis, the choice of ribose 5’
and 2’ protecting groups is important. The 2’-hydroxyl
protecting group must be easy to introduce, stable dur-
ing each synthetic step, and easily removed under mild
conditions to generate the final RNA product. The 5'-
hydroxyl and phosphoramidite protecting groups must
be orthogonal to the 2'-protecting group, and be easily
removed at the proper time during the synthetic cycle.
Some examples include protecting groups that are
fluoride-labile (e.g., TBDMS) (19), acid labile (e.g.,
Fpmp) (20), or photolabile (e.g., Nbn) (8) or that are re-
moved under reducing conditions (e.g., DTM) (21) or by
metal catalysis (e.g., allyl) (22, 23) (Table 1). The tradi-
tional 5’-0-DMT-2’-O-TBDMS-3'-0-(2-cyanoethyl-N,N-
diisopropyl) phosphoramidite chemistry (Figure 3,

b
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panel a) enables the synthesis of ~30 nucleotide (nt)
RNAs on the nanomole to high micromole scale on a
standard commercial DNA/RNA synthesizer using CPG
supports (24).

Several improvements to the RNA synthesis proto-
cols have allowed for the generation of RNAs on a large
scale and with longer lengths. In 1998, Pitsch and co-
workers (25, 26) developed a novel 2'-O-protecting
group, 2'-0-TOM (Figure 3, panel b), that gives high cou-
pling yields (>99%) due to reduced steric hindrance
compared to TBDMS. With this strategy, long (up to
80 nt) RNAs with site-specific modifications can be gen-
erated. In 1998, Scaringe and coworkers developed a
different strategy for RNA chemical synthesis, which em-
ploys novel 5’- and 2'-O-protecting groups. Their ap-
proach utilizes 5’-0-DOD ether and 2'-O-ACE orthoester
protecting groups along with the 3'-O-(methyl-N,N-
diisopropyl) phosphoramidite (Figure 3, panel c) that
gives coupling yields >99% (27). Because of the pres-
ence of the silyl 5'-protecting group, which requires fluo-
ride deprotection in each cycle, the synthesis is carried
out on polystyrene (PS) supports rather than silica-
based supports (e.g., CPG). An alternative to the DOD
protecting group is BzH (28).

With the TOM approach, relatively large RNAs can be
generated, and the chemistry is compatible with the tra-
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Figure 1. a) Four major types of natural modification: isomerization of uridine to pseudouridine (W),
base modification of adenosine to N°,N®-dimethyladenosine (m,°A), 2'-0O-methylation of cytidine to
2'-0-methylcytidine (Cm), and multiple modification of pseudouridine to 1-methyl-3-(3-amino-3-
carboxypropyl)pseudouridine (m*acp>W). b) Four examples of unnatural modifications: 2-aminopurine,
2'-0-(2-nitrobenzyl)adenine, 2'-Se-methyluridine, and 5-iodocytidine.
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Figure 2. General scheme for solid-phase RNA synthesis. A number of protective
groups used at the 5’ (blue squares), 2’ (red triangles), and 3’ (black circles) pos-
itions are summarized in Table 1. The solid support is represented with a red circle.

ditional DMT/TBDMS chemistry; thus, phosphorami-
dites using DMT/TBDMS chemistry can be mixed with
those using TOM chemistry. The DOD(BzH)/ACE ami-
dites typically have faster coupling times (90 s) than the
TOM amidites (>2 min) and also give overall higher
yields and very pure RNA (few failed sequences). How-
ever, the length of RNA that can be generated using the
DOD(BzH)/ACE chemistry is typically ~30-40 nt, and
the DNA/RNA synthesizer has to be modified to accom-
modate reagents that are compatible with the DOD-
(BzH)/ACE protecting groups. For both methods, new
phosphoramidites have to be generated for each modi-
fied nucleotide, and biologically relevant RNA lengths
can often not be achieved. Furthermore, the less com-
mon base- and acid-labile modifications, such as acetyl,
cannot be incorporated with either of these methods.
In that case, alternative strategies must be considered
(22, 23, 29), such as allyl protection and allyl linkers at-
tached to PS/poly(ethylene glycol) (PEG) supports (30).
Some more recent strategies for RNA synthesis involve
the use of CEM (31), DTM (21), and TEM (32) protection

of the 2"-hydroxyl group. A fully functional 110-mer
RNA has been recently synthesized using the 2’-0-CEM
protection chemistry (33).

The advantages of generating site specifically modi-
fied oligonucleotides by chemical synthesis are multi-
fold: (i) RNAs with single or multiple modifications can
be generated in order to study the individual effects of
the natural modified nucleotides, (i) large quantities of
RNA can be generated that are 100% modified at the de-
sired locations, and (jii) the roles of specific functional
groups in RNA can be studied by using synthetic ana-
logues with only minor changes in the chemical compo-
sition. In particular, these approaches have been used
to generate small, modified RNAs in high quantities for
biophysical studies (28, 34—41). Similarly, unnatural
modifications have allowed mechanistic studies to be
carried out on RNAs such as ribozymes (5, 7-9, 42-45).
The next section will focus on approaches used to gen-
erate larger, site specifically modified RNAs using a com-
bination of chemical and enzymatic synthesis.

Enzymatic Synthesis. The modified nucleotides can-
not typically be incorporated into RNA site specifically
using T7 RNA polymerase and in vitro transcription (46).
In some cases, the specific RNA modifying enzymes
have been isolated that will modify either small or large
RNA templates (7). Although the enzyme reactions are
often highly specific for certain nucleotide sequences or
structural motifs, they often do not go to completion,
the modified and unmodified RNAs have to be sepa-
rated for further studies, and it is difficult to incorporate
more than one type of modified nucleotide into the
RNA. Furthermore, the separation and analysis of mix-

1ABLE 1. Protecting groups and general conditions for solid-phase oligoribonucleotide synthesis

2’ 5 3 Support 5 Activator, Oxidation 2’
A . . . Deprotection  coupling time, Deprotection
efficiency
TBDMS? DMT CNEt CPG TCA Tetrazole, 6-12 min, >95% L,° () Fluoride (TBAF)
Fpmp© DMT CNEt CPG TCA Tetrazole, 3-15 min, >98%  ,° (i) Acid (NaOAc/pH 3.25)
Nbn9 DMT CNEt CPG TCA Tetrazole, 5-15 min, ~95%  ,° (i) hv (308 nm)
DTM¢ DMT CNEt CPG TCA ETT, 150 s, >98% Izb (iv) Reduction (DTT or TCEP)
allyl” DMT allyl PS/PEG TCA Tetrazole, 12 min, >93% t-C,H,O00H (V) Metal (Pd,(dba),)
TOM9 DMT CNEt CPG DCA BTT, 2.5 min, >99% Izb () Fluoride (TBAF)
ACE" DOD/BzH Me PS HF/TEA ETT, 90 s, >99% t-C,H,00H (i) Acid (HOAc/TEMED/pH 3.8)

“Reference 24, °I,/H,0/THF/Pyr. ‘Reference 20. “Reference 8. “Reference 21. 'References 22 and 30. 9Reference 26. "Reference 27.
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Figure 3. Three types of nucleoside phosphoramidites: a) 5'-0-DMT—2’'-0-TBDMS —3'-0-(2-cyanoethyl-N,N-diisopropyl), b) 5'-
0-DMT—2’-0-TOM—3'-0-(2-cyanoethyl-N,N-diisopropyl), and c) 5'-0-DOD—2’-0-ACE—3’-0-(methyl-N,N-diisopropyl) phos-

phoramidites.

tures can be particularly challenging if the masses of
the unmodified and modified RNAs are close (e.g., the
difference of a single methyl group) or identical (e.g.,
pseudouridine vs uridine). Some new approaches have
been taken to identify and separate RNA transcripts with
site-specific modifications. Certain types of base modifi-
cation (e.g., m*G) interfere with Watson—Crick base pair-
ing. These may render the RNA resistant to RNase H deg-
radation in the presence of a cDNA strand (47). Similarly,
RNAs containing 2'-O-Me modifications are resistant to
RNase H (48, 49). RNA can be modified in a stepwise
fashion at the 3’ end with a modified nucleotide 3’,5'-
bisphosphate and T4 RNA ligase (50, 51), although
these methods can be time consuming and not highly
efficient.

Site-specific modifications can also be made to RNA
by using unnatural base pair systems (52). The unique
complementarity of an unnatural base pair allows one
modified nucleotide to direct the incorporation of an-
other into an RNA strand by using RNA polymerase. One
early example showed that a site-specific isoC within a
DNA template could direct the incorporation of the modi-
fied nucleotide isoG into an RNA transcript (53). Simi-
larly, Hirao and coworkers have shown that the unnatu-
ral nucleotide 2-amino-6-(2-thienyl)purine can direct the
site-specific incorporation of 2-oxopyridine into RNA
(54). More recently, the same group has expanded the
scope of the hydrophobic base pairs developed by
Schweitzer and Kool (55) and Romesberg et al. (56) for
the site-specific incorporation of nucleotide analogues
in RNA (57). In addition, they have demonstrated site-
specific incorporation of cross-linking analogues, bio-
tinylated nucleotides, and fluorescent analogues into
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RNA (58-60). These systems are limited by the need to
develop completely new, orthogonal base pairs; how-
ever, once these systems are established, the potential
applications are numerous.

Semisynthesis Approaches. One of the major chal-
lenges in understanding the effects of the modified nu-
cleotides in RNA is the generation of site specifically
modified RNAs that are representative of the natural
RNAs, which are typically longer than is routinely achiev-
able by direct chemical synthesis. These RNAs can be
generated with internal modifications using a semisyn-
thesis approach. In this case, the RNA is generated in
two or more segments, either chemically or enzymati-
cally, in which one or more segment contains the modi-
fication(s) of interest (5, 61). One RNA segment can be
modified at the 3’ end using a bisphosphate analogue
of the modified nucleotide and T4 RNA ligase (51). The
advantage of this approach is

that any size RNA can be modi-
fied and the reaction is gener-
ally not limited by sequence or
nucleoside composition. Alter-
natively, the modified RNA
segment can be generated us-
ing available phosphoramid-
ites and chemical synthesis.
T4 RNA ligase can be used to
ligate RNA fragments with a 5’
phosphate on the donor
strand and a 3’ hydroxyl on
the acceptor strand. One ma-
jor drawback, however, is the
possibility of circularization of
the individual RNA fragments.

KEYWORDS

Nucleotide phosphoramidite: A phosphoramidite
has a trivalent phosphorous attached to one
nitrogen-containing group and two oxygen-
containing groups. A typical nucleotide
phosphoramidite has a 3’ pentavalent
phosphorous group (phosphate) on the
nucleotide replaced with a trivalent
phosphorous group.

Post-transcriptional modification: A process
leading to a change in the chemical structure
of a primary RNA transcript.

Protecting group: A protecting, or protective,
group is a chemical modification that is
introduced at a specific organic functional
group (e.g., amine or hydroxyl) in order to
block that site from undesired chemical
reactions. The protective group is removed
selectively (deprotection) when a reaction at
that functional group site is to be carried out.
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Figure 4. A schematic diagram showing the generation of a site specifically modified
RNA: a) the enzymatic synthesis of an unmodified RNA segment (in red) using standard
ribonucleotide triphosphates, a DNA template, and T7 RNA polymerase is represented;
b) chemical synthesis can be employed to generate an RNA segment (in blue) contain-
ing modified nucleotides (in green) at specific locations using the corresponding phos-
phoramidites; c) DNA-dependent RNA ligation of the two RNA segments using T4 DNA li-
gase generates a long segment of RNA representing a natural, functional RNA from the
ribosome; d) an alternative strategy shows DNA-templated RNA ligation of two RNA seg-
ments with single-stranded regions using T4 RNA ligase.
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Therefore, the ends of the RNAs to be joined need
to be appropriately modified with phosphate, hy-
droxyl, or 2',3'-cyclic phosphate groups. The seg-
ments can instead be joined by ligation with bacte-
riophage T4 DNA ligase along with a bridging, cDNA
template, or “splint” (Figure 4, panels a—c) (5, 61).
This method has been used to generate success-
fully a wide range of modified RNAs, such as
selenium-modified RNAs for X-ray crystallography
studies (9); however, the ligation step often takes
many hours for completion and/or suffers from poor
efficiency, as well as requiring large amounts of
DNA ligase. A recent modification of the method em-
ploys RNA ligase, modified RNA fragments, and
DNA splint to achieve highly efficient and rapid liga-
tion of synthetic RNA fragments (Figure 4, panel d)
(62, 63). In this case, the RNA fragments are single
stranded (i.e., not paired with the DNA splint) at the
ligation site in order to accommodate T4 RNA li-
gase, which prefers single-stranded substrates. Al-
ternatively, long splints have been shown to in-
crease the ligation efficiencies with T4 DNA ligase
(64). The improved hybridization of the longer splint
reduces the amount of RNA secondary structure for-
mation, which could affect the ligation efficiency.
Engineering of Natural, Modified RNAs. The site-
specific modification of an RNA containing thou-

KEYWORDS

RNase H: The enzyme RNase H is a metal-
dependent ribonuclease that cleaves the 3'—
0-P bond of RNA is a DNA/RNA duplex to
produce 3’-hydroxyl and 5’-phosphate ends.

Solid-phase synthesis: A method in which
molecules are bound to a bead and reacted
in a stepwise fashion; the attachment to the
bead facilitates removal of excess reagents
and byproducts. The order of the reaction is
generally controlled by stepwise deprotection
of the functional groups on the starting
molecule or added groups.

T4 DNA ligase: The enzyme T4 DNA ligase
catalyzes the ligation of a 5’-phosphate end
of an RNA or DNA donor with a 3'-hydroxyl
end of an RNA or DNA acceptor. This enzyme
will join double-stranded nucleic acids and
requires ATP.

T4 RNA ligase: The enzyme T4 RNA ligase
catalyzes the formation of a phosphodiester
linkage between the 5’-phosphate end of an
RNA or DNA donor with a 3'-hydroxyl end on
an RNA or DNA acceptor, with concomitant
hydrolysis of ATP.
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sands of nucleotides is a daunting task; however, Po-
lacek and coworkers have recently succeeded in
engineering 23S rRNA (>2500 nucleotides in length)
from the large ribosomal subunit by a method called
gapped circularly permutated reconstitution (65, 66).
Rather than piece together the entire 23S rRNA, a circu-
larly permuted 23S rRNA was generated in which the 5’
and 3’ ends of the RNA were covalently connected and
new ends were introduced at the site of modification.
The circularly permuted RNA was created by a series of
polymerase chain reaction, enzyme digestion, ligation,
and cloning steps, starting with a plasmid carrying a tan-
dem repeat of the 23S rRNA gene. When the 23S rRNA
was created, a gap was left in which a modified syn-
thetic fragment was placed in trans (65). In the second
case, ligation of the modified fragment into the gapped
site was necessary to generate a functional RNA (66).
The ribosome can then be reconstituted with the modi-
fied rRNA (circularly permuted RNA and synthetic frag-
ment) and remaining components (5S rRNA and pro-
teins). The advantage of the gapped circularly
permutated reconstitution method is that it allows the
incorporation of nonnatural nucleotides into the desired
location on very large RNAs, although further improve-
ments are still needed in order to improve the efficiency
of the reconstituted system. This newly created ribo-
some system was used to understand the role of spe-
cific nucleotides in the peptidyl transferase mechanism
(65, 66), and nicely highlights the use of combined
chemical and enzymatic approaches to generate site
specifically modified RNAs that are able to carry out bio-
logical functions.

Detection of Site-Specific RNA Modifications. A num-
ber of approaches have been taken to detect and lo-
cate modified nucleotides in RNA. Most involve the use
of enzyme digestion followed by chromatography
and/or mass spectrometry or the use of chemical modi-
fication and reverse transcriptase inhibition. The use of
these methods is particularly important for the charac-
terization of site specifically modified RNAs that are en-
gineered through chemical synthesis, enzymatic synthe-
sis, or semisynthesis approaches described above.
Typically, small synthetic RNAs can be characterized
by matrix-assisted laser desorption/ionization (MALDI)
or electrospray ionization (ESI) mass spectrometry (MS)
(67) to provide information about the mass and purity of
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the RNA product. Complete P1 nuclease digestion of
the modified RNA followed by treatment with alkaline
phosphatase will generate a mixture of free nucleosides
that can be separated by reverse-phase high-
performance liquid chromatography (HPLC) (68, 69).
The retention times of the digested products are then
compared to authentic standards. The identity of the di-
gestion products can be further confirmed by using ESI
MS. This method allows the composition (number and
types of modified nucleosides) of the RNA to be con-
firmed but not the site or position within the RNA strand.

The position of modified nucleotides in a given RNA
oligonucleotide can be identified by nucleotide-specific
RNase digestion and subsequent analysis of the result-
ing small oligonucleotide fragments by MALDI MS or by
coupled liquid chromatography/ESI MS (67). Tandem
mass spectrometry on the individual oligonucleotide
fragments can be used to further analyze and identify
the position of modification (67). Mass silent modifica-
tions, such as pseudouridine, require modification by
chemical reagents (e.g, cyanoethylation) (70) for further
verification. Another approach for determining the posi-
tion of modified nucleotides in larger RNAs (>100 nu-
cleotides) is the primer extension-based method, in
which reverse transcriptase is stopped or paused be-
cause of the presence of modified nucleotides (71);
however, some modifications cannot be detected by
this approach, and some stops are caused by RNA sec-
ondary structure. In this case, the RNA should be frag-
mented and analyzed by combined digestion/HPLC/MS
methods.

Conclusions. This Review highlights the methods for
site-specific incorporation of modified nucleotides into
RNA. RNAs with a wide range of sizes and functions can
now be generated with one or more natural or unnatu-
ral modified nucleotides at defined locations. Further
design, synthesis, analysis, and biochemical or bio-
physical experiments on site specifically modified rRNAs
will continue to lead us to a better understanding of
their natural, biological functions. Similarly, the genera-
tion and use of nonnatural modifications will allow fur-
ther structural and biological studies of functionally im-
portant RNAs, as well as large ribonucleoprotein
complexes.
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