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Structure-Selective Catalytic Alkylation of DNA and RNA **
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Deciphering the complex puzzle of nucleic acid (NA)
chemistry and biology has proven incredibly difficult"! and
continues unabated after more than a century.!! Chemists
have begun to recognize that the extraordinary informational
and structural properties that have made NAs so fundamental
in biology could be exploited in other contexts.”! Simple,
selective chemical strategies to modify NAs would therefore
have a significant impact on studying their varied functions as
well as repurposing their special abilities, yet most extant
tools to target them are unselective or labor intensive.
Although a number of reports exploring the potential of
organometallic catalysis in biological environments have
recently appeared,” such strategies have not yet been applied
towards selective NA alkylation. But untapped potential is
suggested by the ability to tune the reactivity of metal
complexes through judicious ligand selection and a number of
studies demonstrating the feasibility of metal catalysis with
DNA as a ligand.! We establish herein that rhodium-
catalyzed carbene transfer is a viable means of achieving
the selective alkylation of a variety of NAs.

Although there are a range of chemical methods to
modify NAs,"l researchers typically resort to the effort of
building a new phosphoramidite for solid-phase synthesis
whenever an unnatural NA is required. In addition, access to
unnatural NAs beyond the size limit of solid-phase synthesis
is especially difficult.”? A handful of methods to target native
NAs have been described and employ a reactive molecule
linked to a guiding motif to direct specificity.®! While
important in certain contexts, the complexity of these systems
precludes their use as general synthetic strategies. A promis-
ing enzymatic method has recently been developed for NA
modification which co-opts the natural S-adenosylmethionine
(SAM)/methyltransferase system by employing SAM ana-
logues bearing functional groups which can undergo subse-
quent chemoselective transformations.”) In the same spirit as
enzymatic catalysis, organometallic approaches could bring
unrivalled levels of efficiency and selectivity to the chemistry
of NA modification. Indeed, as we show herein, despite the
myriad of possible reaction pathways of a rhodium carbenoid
with a NA, N-H insertion into exocyclic amines is preferred
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(see equation for Table 1). We also find that the secondary
structure of the NA can be exploited to guide selectivity in the
alkylation. Taken together the recently developed enzymatic
method and the organometallic approach we describe should
offer researchers a considerable increase in flexibility for
tailored NA synthesis.

Recent reports on employing rhodium carbenoids,'”! and
rhodium/peptide conjugates!''! in alkylating various proteins,
even in cell lysates,!'? as well as structural studies of a number
of Rh'/DNA complexes,™ suggested dimeric rhodium com-
plexes as a promising candidate catalyst system for NA
alkylation. Indeed, in an initial proof-of-concept experiment
the simple tetradeoxynucleotide d(ATGC) was treated with
10 mol% [Rh,(OAc),] and the diazo substrate Dzl in
aqueous buffer (Scheme 1). Under these conditions the Dzl
substrate was completely consumed after 24 hours and
consumption of the tetradeoxynucleotide (56 % conversion)
corresponded to the appearance of a number of new products
whose masses indicate singly and doubly modified d(ATGC).
Tandem MS analysis of the monoalkylation products allowed
unambiguous assignment of the purine bases as the sites of
modification (see Figure S1 in the Supporting Information).

MeO,C.___Ar
Na [Rhy(OAc),] d(ATGC) o0z
0.5mM /{
CO;Me d(ATGC) ( ) > A CoMe d(ATGC)
2
Me,N MES buffer
pH 6,24 h Ar” ~CO;Me
Dz1 (50 mM ) 5mM  56% conv. monoalkylation dialkylation

Scheme 1. Proof-of-concept for rhodium-catalyzed NA alkylation.

With the feasibility of targeting NAs through rhodium-
carbenoid catalysis established, we undertook a more com-
prehensive investigation of the reaction with a series of
hairpin sequences (Table 1). Hairpins were chosen because
they contain a number of common NA structural elements in
a single molecule. The first hairpin we tested contained
thymidine (T) rings in its turn region and was otherwise
double-stranded (entry 1). We knew that T was unreactive
from the experiment with d(ATGC), so this molecule would
allow an assessment of the susceptibility of double-stranded
stretches to the alkylation. Interestingly this hairpin was
completely unreactive, thus revealing the prospect of exploit-
ing double strands as a type of shielding motif to enable the
targeting of specific unpaired bases in a given NA. To test this
possibility alkylation was attempted on hairpins containing
adenine as an overhang base (entries 2, 3, and 5) or in the turn
region (entry 4). As expected both of these motifs were viable
substrates. The specificity of the process for unpaired NA
sequences offers a new strategic tool for post-synthetic NA
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Table 1: could alleviate many of the current
Structure-specific alkylation of hairpin DNA and RNA. problems.
MeO,C .
- % i The preference for purine
" ? " 10 mol% HN nucleobases observed for the alkyl-
X 9 .
¢l JN . [Rhy(OAC)s] </N SN ation of d(ATGC) (Scheme 1) war-
s 0 N COMe ——— 5 N N/J ranted a systematic evaluation of
0-P-0 + MeyN MES buffer N . . .
) o lal (o} which features in the oligonucleo-
o B pH 6,24 h o] X ) '
tide primary structure were impor-
O\% i O tant for the modification reaction.
s Homotetramers were analyzed to
Entry Sequence Structure Conv. Product Significance probe the relative propensity of
[%] each base towards alkylation
(CCAACCTTT 5 double-stranded (Table 2, entries 1-4). Conmstept
1 T(TCGTTCG L 0 no reaction sequences are with the results from the hairpin
) unreactive series the homotetramers d(T), and
5 5 Ar .
d(CGAACGTTT T T 3’ overhang regions r(U)s .we.re ?Ompletely uPreaCtlve’
2 TTCGTTCGA) 21 COMe 1o targeted thus indicating that neither the
J(ACCGAAT o o ribophosphate backbone nor the T
3t T((:CGTITIT < T @ 19 < TIT @l Ar 5" overhang regions and U nucleobases are the site of
. [16] . .
CGGAATTCCG) CO,Me can be targeted reaction."”” This d?ta was cgnﬁrmed
5 CO,Me by MS/MS experiments with three
5 ) - . .
4 d(CGAACGTTA T 2l Ar T turn regions/bulges  trinucleotides containing A, C,.or G
TTCGTTCQ) can be targeted nested between T  residues
5 5 Ar (entries 5-7); here alkylation was
5 [J(LCJLLJJQGC(L:J':LQ;U ( 11 330 1 CO,Me 5h°flt) hairpin 'ZNAS observed only at the A, C, or G
) can be targete nucleobases (see Figures S5-S10 in

[a] Conditions: 5 mm oligonucleotide, 50 mm Dz1, 0.5 mm [Rh,(OAc),], 100 mm MES, pH 6. [b] Site of
alkylation confirmed by tandem MS analysis of the fragments resulting from a restriction digest (see the
Supporting Information). [c] Oligonucleotide conversion after addition of a second bolus of Dz1 and

incubating for a further 24 h.

modification and may prove practi-
cal for chemical tailoring of DNA
architectures in the burgeoning
field of DNA nanotechnology.”!
Short hairpin RNAs and short
dsRNAs are molecules of high cur-
rent interest because of their central
role in the RNA interference
(RNAI) pathway.'"¥ RNAs that par-
ticipate in this pathway always con-
tain 3’ overhangs, which are essen-
tial to trigger the assembly of the
active ribonucleoprotein complex.
The successful 3'-alkylation of
a hairpin RNA (Table 1, entry 5) is
therefore especially significant as it
establishes the method as a conver-
gent approach to the synthesis of
base-modified RNAs. Such mole-
cules have been employed to study
and modulate RNAi,"™ but thus far
the diversity of the modified RNA
pool has been limited because of
the laborious linearity of solid-
phase synthesis methods. The con-
vergent approach described here
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the Supporting Information). In
contrast to the result with d-
(ATGC), where C was untouched,
alkylation of d(C), proceeded effi-
ciently (entry4), thus suggesting
that purine bases are modified pref-

Table 2: Scope of rhodium-catalyzed alkylation with single-stranded DNAs and RNAs.

N, 0.5mM MeO,C__Ar
ﬂCOQMe . dxXY2), [RN2(OAC)] AEZn d(XY2), /2“
MeN MES buffer  Ar”>CO,Me Ar” CO,Me
pH 6,24 h Ar”CO,Me
Dz-1 (50 mM) 5mM monoalkylation dialkylation
Entry  Substrate Total alkylation products ~ Conv. Conv. Selectivity
mono- di- NA[%]¥  Dz-1[%]® factor
alkylation alkylation (N-H/O-H)®
1 d(T), 0 0 0 20 ~0
2 r(U), 0 0 0 30 ~0
3 d(A), 4 2 39 40
41 d(Q), 6 6 45 >98 -
5t d(TAT) 2 0 20 >98 282
6% d(TGT) 2 0 25 >98 282
7ed d(TCT) 2 0 16 >98 210
gl d(ATGC) 4 2 56 >98 -
9 r(ACUGCU) 3 0 63 >98 9970
10 d(ACT GCT) 5 1 56 >98 -
1 d(CTC TCT) 2 0 32 >98 1550
12 d(CTG GCT) 6 0 42 >98 1050
13 d(TTTATT TGT TTCTTT) 4 2 37 >98 -

[a] Conversion refers to consumption of starting material (either NA or diazo compound) as determined
by HPLC. [b] Approximated from the ratio of N-H and O-H insertion products multiplied by the effective
concentration of potential N-H versus O-H insertion sites. Only calculated for reactions that do not give
dialkylation. [c] Dz1 is completely consumed after 3 h. [d] Site of alkylation determined by MS/MS
analysis (see the Supporting Information). [e] Equimolar mixture of d(TAT) and d(TGT) (5 mm each),
1 mM [Rh,(OAc),], 50 mm Dz1, 24 h (see the Supporting Information).
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erentially but that C residues can also be targeted. The
remainder of the RNAs and DNAs shown in Table 2 provide
further evidence of the generality of the alkylation process.

Diazo substrate that did not lead to NA alkylation was
instead predominately converted into the corresponding O-H
insertion product (see Table 2). Despite this side reaction
a significant percentage of catalyst turnovers were directed to
the oligonucleotide. Considering the large excess of water in
the system this indicates a substantial preference for N-H
insertion over O-H insertion (see the selectivity factor;
Table 2). This preference may simply be a consequence of
the increased nucleophilicity of the amine towards the
intermediate rhodium carbenoid, but a number of observa-
tions speak to a more intimate role of the NA : First, while the
alkylation of d(TGT) (Table?2, entry6) and d(G), (see
Figures S4 and S9 in the Supporting Information) was slow
and often led to the formation of a precipitate, a mixture of
d(TAT) with these oligonucleotides re-established a smooth
alkylation of both NAs. Second, in the absence of a NA Dz1
slowly delivered O-H insertion under the standard reaction
conditions (<10% conv. in 24 h); but when d(TAT) was
present not only was the NA alkylated but the rate of the O-H
insertion side reaction also increased. A full understanding of
the modulation of catalytic activity that we observe with
certain NAs will have to await detailed mechanistic studies.
Nevertheless, these results clearly demonstrate that certain
NA sequences can have a profound impact on the catalytic
activity of the rhodium(II) species.

To characterize the exact site of alkylation on the
nucleobases, NMR experiments with the three trinucleotides
d(TAT), d(TGT), and d(TCT) modified with a "*C-labeled
version of the diazo substrate Dzl (*C-Dzl), were per-
formed. In all three cases, the *'P NMR spectra showed two
sets of two phosphate signals, thus indicating the formation of
two different alkylated species (Figure 1, and Figure S14 in
the Supporting Information).

Further analysis of these species in H,O showed two sets
of resonances for the proton H8 on the *C-labeled carbon
atom (C8) of the tag (Figure 2a). For each proton a large
coupling to “C ('J=145.7Hz) was observed as well as
a smaller coupling to the NH proton of the exocyclic nitrogen
atom (*J = 5.4 Hz). Unambiguous proof for attachment of C8
to the exocyclic nitrogen atom of the nucleobase was obtained
by H/D exchange experiments in D,O, which led to a collapse
of the latter couplings (Figure 2b).

In accordance with these findings, ROE contacts between
the cytidine HS and the ortho protons of the aromatic ring in
the case of d(TCT) are clearly visible in the ROESY spectra
(see Figure S15 in the Supporting Information). A further
corroboration was obtained by HMBC experiments, wherein
no 3J correlations to C2 and C4 were observed; these
correlations should be very intense for an alkylation product
in the endocyclic 3-position. It is therefore clear that the
alkylation takes place on the exocyclic nitrogen atom in all
three cases and that a roughly equimolar mixture of the two
diastereoisomers are formed as a result of the new stereogenic
center on C8. In the case of d(TCT) a complete assignment of
both diastereoisomers was accomplished (see Tables S2-S4 in
the Supporting Information) and the only major differences in
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Figure 1. *'P NMR spectra of d(TCT) before (a) and after (b) reaction
with *C-Dz1.
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Figure 2. H-8/NH proton spin-spin coupling for *C-Dz1-modified
d(TCT) in H,O (a) and in D,O (b).

chemical shift with respect to the unmodified d(TCT) are
observed for C4 and H5—again consistent with exocyclic
alkylation for both isomers. Tandem MS/MS (MS?) and MS?
experiments with the alkylation products of the trinucleotides
d(TAT), d(TGT), and d(TCT) further substantiated modifi-
cation at the exocyclic nitrogen atom of the nucleobase as the
ions observed after the fragmentation of these alkylated
trinucleotides are in full agreement with those expected for
exocyclic N-H insertion products (see Figures S11-S13 in the
Supporting Information)."”

As the results collected in Table 3 indicate the process
showed little dependence on the structure of the diazo
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Table 3: Scope of diazo substrates and reaction conditions in NA alkylation.

N2

Angewandte

double-helix formation and poly-
merase extension should only occur

COR + 4(ATGC) [Rh;0Ac,] (0.5 mM ) d(ATGC) with those primers that get alky-
R,N Ar COR' lated near their 5'-end. Indeed this
seems to be the case as robust PCR
Entry Diazo substrate [Diazo] Buffer Conv. amplification is seen in all samples
[mm]® NA [%]" that employ alkylated T7PPs
1 Dz1 N, 50 pH 6,100 mm MES 56 (Figure 4, Lanes 3-5). The experi-
2 Dz1 ﬂCOZMe 50 pH 6, 75 mm tBuN- 52 ment in Lane5 is particularly
Me2N HOH™ important as it highlights the poten-
3 Dz1 50 pH 6, 100 mm KP; 52 . . .
tial of the technique for generating
labeled genes; here the propargyl
4 Dz2 pH 6, 100 mm MES 24 group is linked through a click reac-
tion to a rhodamine derivative prior
to the PCR. The amplification prod-
5 D23 pH6, 100 mm MES 43 uct of this plasmid PCR is clearly
6 bz3 pH 6.5, 100 mm KP; 51 visible with a standard UV lamp
7 Dz3 pH 7.5, 100 mm KP; 50 .. L.
before the addition of ethidium
bromide, thus indicating that la-
8 Dz4 pH 6, 100 mm MES 30 beled amplicons are accessible
through this simple technique.
The process outlined herein
establishes the feasibility of
9 Dz5 pH 6,100 mm MES 51 . . .
employing rhodium catalysis to ach-
ieve the direct alkylation of native
NA structures. Moreover its pre-
dictable selectivity profile allows
10 Dz pH 6,100 mm MES 40 the strategic targeting of unpaired
nucleobases such as those present in
single strands, bulge regions, and
1 D27 bH 6,100 mm MES <5 overhangs. Key features of the

present process are its simplicity
and directness: the catalyst is com-

[a] Concentrations below 50 mm indicate substrates of low solubility. [b] Conversion refers to
consumption of the starting NA as determined by HPLC analysis. [c] tBUNHOH has previously been
shown to impact aqueous rhodium-catalyzed reactions."” [d] d(TTT ATT TGT TTC TTT) was used
instead of d(ATGC). Boc=tert-butoxycarbonyl, KP,= potassium phosphate buffer, MES =2-(N-mor-

pholino)ethanesulfonic acid.

substrate or the reaction conditions. The most important
limitation in terms of substrate scope we encountered was
maintaining water solubility at the concentrations typically
needed to achieve efficient alkylation (25-50 mm). Although
the substrate could be customized for any specific application,
the propargyl-containing molecules Dz4 and Dz5 (entries 8
and 9) should prove particularly versatile because they allow
the copper(I)-catalyzed azide-alkyne cycloaddition to be
employed to generate diverse structures from a single diazo
precursor—a feature demonstrated by the click reaction of
both a rhodamine fluorophore and a biotin derivative with an
acetylene-tagged oligonucleotide (Figure 3).

The practical potential of the alkylation process was
demonstrated through the simple generation of fluorescently
labeled PCR amplicons. A modified T7 promoter primer
(T7PP) was first alkylated with Dz5 and then used in a PCR
reaction. We expected a PCR to be successful despite the
unspecific alkylation profile with single-stranded NAs since

Angew. Chem. 2012, 124, 12166 —12170

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

mercially available, the diazo com-
pounds are readily prepared, and
native NAs are viable substrates.
Challenges for future development
include further refining the base
specificity and achieving efficient
alkylation at high dilution. Given
the enormous excess of water pres-
ent, the preference for N-H insertion observed here, as well as
by others in the protein-labeling field,"” is intriguing. We are
currently investigating the nature of this selectivity. The new
catalytic alkylation process offers a powerful strategy in the
labeling and modification of NA derivatives, a strategy which
we foresee being applied to the tailoring of DNA architec-
tures and in the labeling of NAs for biological study or
therapeutic applications.
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Figure 3. Rhodium-catalyzed NA alkylation and subsequent click reaction.
T7PP, which contains a short 5'-extension, is alkylated under standard
conditions with the propargyl-containing diazo substrate Dz5. The product
of the alkylation, Dz5-T7PP, can then be further modified with azide-
containing substrates under standard click conditions."® Reactions with
biotin and rhodamine B derivatives are shown. THPTA=tris (hydroxypro-
pyltriazolyl)methylamine.

T7PP DzS-'I;7PP RhodB-DfS-T7PP
1
[ 1
Lane 1a 2a ! 3a 4al : 5a '
soak with ethidium
bromide
0.4 kb
0.6 kb [l

4b

1b 2b 3b 5b

Figure 4. Application of the catalytic alkylation in PCR labeling. Gel:
The gel is run without ethidium bromide to allow visualization of
fluorescently labeled products (Lanes Ta—5a) and then soaked with
ethidium bromide to visualize all NA species (Lanes 1b-5b). Lane 1:
100 bp DNA ladder. Lane 2: Control reaction with unmodified T7PP
and plasmid DNA. Lane 3: T7PP is alkylated with Dz5 to give Dz5-
T7PP and this entire crude reaction mixture is then employed in a PCR
reaction with plasmid DNA. Lane 4: Same as Lane 3 except the Dz5-
T7PP is purified before carrying out the PCR. Lane 5: RhodB-Dz5-T7PP
from the click reaction shown in Figure 3 is employed in the PCR.
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