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ABSTRACT

An efficient synthesis of a medium-sized DNA lariat through the chemical ligation of a Y-shaped dumbbell precursor is described. The methodology
requires only commercially available phosphoramidites and reagents and affords regioisomerically pure lariat molecules. Characterization of
the lariat by T, analysis reveals that the molecule displays markedly enhanced thermal stability and unimolecular association—dissociation
kinetics, consistent with DNA dumbbell behavior.

“Lariat” RNAs have been of specific interest to both the our own, have been successful in chemically synthesizing
chemical and biological communities since their discovery branched oligonucleotides (Y-shapédynthesis of nucleic
nearly two decades ago as splicing intermediates (branchedacid lariats has proven to be a major challenge. RNA “mini”-
RNA introns) in the biosynthesis of mMRNAThe inherent lariat syntheses have been reportedgvertheless, the
branched architecture of these molecules is ascribed to amethodologies require the use of nonstandard nucleoside
highly conserved branch point adenosine moiety bearing building blocks, are extensively time-consuming (many
vicinal 2',5'- and 35'-internucleotidic phosphodiester link- chromatographic purification steps), and are restricted to the
ages’ Synthetic branched analogues (Y-shaped molecules)synthesis of small lariats (trimeric and pentameric loops),
of these unique biomolecules have been particularly usefulwhich are nonrepresentative of the naturally occurring
for probing the structural requirements of branch point biomolecules.

recognition during splicing and of lariat debranching We report here an effective and versatile strategy for
enzymed. In addition, they have been used as haptens for synthesizing lariat DNA larger than those that have previ-
isolating antibodies specific to branched oligonucleotfdes, ously been synthesized by exploiting the intramolecular
as potential agents for controlling gene expres8iand as
nucleic acid biosensorsAlthough many groups, including
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hybridization characteristics of nucleic acid “dumbbells”. been shown by our grotfand other® that the incorporation
Dumbbells (i.e., double-hairpin structures) consist of an of 2',5'-RNA constituents into and otherwise unmodified
oligonucleotide duplex that is covalently closed on both ends oligonucleotide sequence results in a decrease in the melting
by nonhybridizing loop structures (nucleotidic or synthetic temperature (§) of the duplex. Using thermal melting

linkers) and typically undergo unimolecular orédefisorder
transitions'® The synthesis of linear DNA and chimeric
DNA/RNA “dumbbells” is well established and is ac-

complished by the intramolecular condensation of a properly

analysis, we evaluated the effect of a single/&insertion
on the stability of DNA dumbbelt and compared it to its
homologous counterpaBtcontaining a 3rA (Table 2). The

aligned proximal phosphate and hydroxyl group by either _

chemical' or more costly enzymatic means (T4 DNA or
RNA ligase)'? albeit this is the first account of an intramo-
lecular ligation of a branched DNA molecule. Before tackling
DNA lariat synthesis, the optimal dumbbell precursor had

to be designed. This was accomplished by synthesizing a DNA chimera

series of linear DNA dumbbells via solid-phase phosphor-
amidite chemistry in order to evaluate the following: (1)
the effect of incorporating & B -riboadenosine (2A) insert
and dT, hairpin loop on the thermal stability of the complex;
(2) the ligation efficiency of a ‘3phosphate/5'-OH versus a
5'-phosphate/3'-OH; (3) the optimal nucleotide composition
at the ligation junction, and (4) the effectiveness of ligation
directly opposite or distal to the',.8-rA insert (Table 1,

Table 1. List of Sequences Used in Dumbbell Study

DNA  oligonucleotide sequence (5°—3°)°
Bimolecular Complexes

1 HOCGC-rA;-CGCon

2 HOCGC-rA?-CGCoy
Unimolecular (Dumbbell) Complexes

HOGCG-T-CGC-rA; 5-CGC-T4-GCGToy
HOGCG-T,-CGCTA?Y-CGC-T-GCG Ty
PGCG-T-CGCrA?Y -CGC-T-GCG Ty
HOGCG-T,-CGC-rAYY-CGC-T4-GCGTp
HOTGCG-T,-CGCA-rA?Y -CGC-T,-GCGTp
HOTGTTGCG-T,-CGCAACA-rA Y -CGC-T,-GCGTp
HOTGCG-T,~CGCAACA-TAY Y -CGC-T,-GCGTTGTp

0 HOTGCG-T,-CGCAACATA?® -CGC-T GCGTTGT,

35 T16

-\ 0 1 &N N W

a Sequences represent the open (nicked) forms of the DNA dumbbells

synthesized. P= phosphate monoester group.

sequenceg—9). The initial dumbbell sequenc8-6) was

chosen so that comparisons could be made with a similar

complex previously studied by Ashley and Kushlan, which
merely lacked the'2A insert!® All molecules were designed
to favor exclusive formation of intramolecular duplexes.
Effect of the T4 Loop and a 2,5'-Riboadenosine
Substitution on DNA Dumbbell Stability. It has previously
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Table 2. Summary ofTy, Values for Complexés

Tm of DNA

nucleotides % yield
complex (°C) at nicked ligated
A nicked B ligated junction product®
1° 35
2¢ 30
3 53
4 50
5 50 >85 GpT 4d
6 >85 GpT 10d
7 54 87 TpT 66°
8 62 88 TpT 798
9 54 88 TpT 88¢
10 52 86 TpT 37f

2Ty buffer: 10 mM Tris-HCI, 10 mM NaCl pH 7.5. Temperatures are
averages of two successive runs and are withifC. % yield is the ratio
of ligated dumbbell to unreacted precursbry, values ofl and 2 were
obtained by hybridization to their corresponding DNA complement: 5'-
GCGTGCG-3'9 Compounds5 and 6: Ligations were performed with
N-cyanoimidazole and the amount of ligated product determined by
densitometry (UN-SCAN-IT Software: Silk Scientific, Utah, 1996Lom-
pounds7—9: Ligations were performed with CNBr, and the extent of
ligation was determined by HPLC integration of the product peak.
fCompound10: Ligation was performed with CNBr and the amount of
ligated product determined by densitometry.

inclusion of one 2rA unit in dumbbell 4 resulted in
destabilization of the complex by 3C; however, in the
complex lacking the Fclosing loop, this substitution resulted
in a decrease i, of 5 °C (comparel and2).1® This implies
that the homonucleotide loop cooperatively stabilizes the
dumbbell structures, thereby sustaining theA2substitution
to a greater extent than the linear duplekXeshe resultant
Tm Of 4 (50 °C) establishes that the-PA insertion is well
tolerated in the dumbbell state, allowing us to proceed with
investigating its ligation behavior.

Optimization of Dumbbell Ligation Efficiency. Terminal
5'- or 3-phosphate groups were introduced into nicked
precursors using the commercially available phosphitylating
reagent developed by Horn and Urdéaigation of all DNA
dumbbells were conducted at a concentration of*1d
phosphorylated nicked precursos—9) using eitherN-
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cyanoimidazole (CNInif or cyanogen bromide (CNBPas productive contact at the ligation sit®:2*When the sequence
phosphodiester condensing reagents (see Supporting Inforwas modified such that the nucleotide junction contained a
mation). T, analysis of the nicked and ligated dumbbells TpT (7) rather than a GpT contac6) the ligation yield
demonstrated cooperative monophasic transitions. Ligationincreased by ca. 56% (Table 2). It is worth mentioning that
of all compounds resulted in the formation of a single new all the ligations described so far were conducted at a nicked
product band, which migrated faster than the correspondingjunction directly opposite the 2'-rA insertion. We imagined
nicked precursor on a denaturing polyacrylamide gel (Figure that this slightly destabilizing insertion may be altering the
1). Conceivably, this is the result of the more globular and local base-stacking interactions surrounding the junction, and
as such, the ligation efficiency should improve if the TpT
junction were placed at a site remote from ther®
substitution. Sequencesand 9 were designed to contain

chemical identical base compositions so that we could compare the
ﬁgaﬂ'ona e [ effect'of ligation directly across fron8] or distal to 0) the .
) 2 2'-rA insert. Furthermore, to accommodate this change in
A (icked) B (ated) sequence design, additional base pairs were introduced into
4 the stems of the dumbbells. The new sequences now had [7
_ve CN'm CN"“ + 4] nucleotides complementary in the template (compared

to [4 + 4] nucleotides fof7), thereby increasing the thermal
stability of the double-hairpin complexes. This appears to
be the case faB, whereby thel,, increases by 8C compared

7 3 9 to 7, yet theT, of 9 remains unchanged (54C). These
o 5 E w & E = ;,5 £ results suggest that the’-A has a more detrimental
2 58 & 2 8 & =2 Z destabilizing effect at the center of a duplex regi@yréather

than at the end (8). While this may be the case, it seems
"‘ that this scenario can be used to our advantage. Since the
local geometry of the duplex appears to be distorted in the
region encompassing th& A unit, then better base-stacking
) ) ) should be achieved further away. Indeed this is what we
Figure 1. 20% Denaturing (8.3 M urea) PAGE of linear DNA

dumbbell ligation reactions conducted using either CNIm or CNBr observed, and the ligation yield improved by as much as

reagent or both. A: nicked dumbbell precursor. B: ligated 10% for compound9 as compared ta, signifying an
dumbbell. improvement in the stacking interaction and base-pair

alignment of the TpT junction (Figure 1, Table 2). Further-
more, the nature of the condensing reagent, eiter
compact nature of the circularized products. A comparison cyanoimidazole or cyanogen bromide, did not appear to be
of the Ty, profiles of the nicked and ligated dumbbells reveals an important factor in optimizing the ligation efficiency, as
that the ligated molecules demonstrate a significant enhancethe extent of reaction is similar for both reagents (Figure 1).
ment (=30 °C) in melting temperature (Table 2). This Nevertheless, CNBr-induced ligations are clearly advanta-
increased thermal stability is consistent with previous studies geous because the reaction time is substantially decreased
on dumbbell structures and allows us to utilize this as a (5 min vs 4 h). Since cyanogen bromide is known to be a
means of characterizati@hAll nicked precursors and ligated  highly toxic chemical, we recommend that the choice of
dumbbells were further characterized by negative-ion mode condensing reagent be made at the discretion of the
MALDI-MS. ?? experimenter.

Localization of the phosphate group participating in  Synthesis of Lariat DNA. The approach we adopted for
ligation (5-end or 3*end) has been described as a key factor lariat DNA synthesis uses commercially available phos-
influencing the efficacy of chemical ligation. Our findings phoramidite building blocks in conjunction with our previ-
corroborate previous reports that ligation yield improves ously published protocol for the regiospecific solid-phase

A
B

when the precursor contains d-fydroxyl and a 3 synthesis of branched DNA molecuf®ghosphitylation of
phosphatéia2however, the yields obtained were signifi- the 3'-terminus to yield a 'ghosphate, and chemical
cantly lower than desired (Table 2 and FigureSland6). condensation of the nicked phosphate/hydroxyl junction using

Moreover, it was revealed to us that the chemical ligation CNBr (see Supporting Information for scheme). The lariat
efficiency also strongly depends on the nature of the precursornOwas designed such that the &nd 2:extensions
nucleotide residues to be ligated, with TpT bearing the most of the branched (Y-shaped) precursor are capable of in-
tramolecularly folding into a “dumbbell” complex, thereby
(19) Ferris, J. P.; Huang, C.-H.; Hagan, W. J.Niicleosides Nucleotides  5ligning the reactive '5SOH and 3'-phosphate for chemical

1989,8, 407—414.
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ligation. The 5'- and “2extensions (dumbbell portion) MS (see Supporting Information) and enhancement in
contained a base sequence identical to th&, afs this was  thermal stability of the ligated complex compared with the
determined to be our optimal substrate for ligation. The 3 nicked (AT, = 34 °C; Figure 2B). We believe that the yield
extension of the molecule was constructed so that it did not of lariat DNA 10 was lower than anticipated (relative 9
share sequence complementarity with any part of thers due to the increased sterics of extending thehain in the
2'-extensions and, as such, is excluded from the dumbbellvicinity of the solid support during Y-DNA synthesis,
complex. This allows us to circumvent the formation of the resulting in incomplete phosphitylation of the 3'-terminus
undesired 35"-linked lariat regioisomer. We anticipated that of the Y-DNA precursor (Table 2). This molecule was
such a dumbbell complex would have significant potential purified by denaturing PAGE and, as such, it is possible that
to form because previous experiments on branched moleculeshe 3'-phosphorylated product comigrated with some of the
have indicated a preferred base-stacking interaction betweemonphosphorylated species, which cannot be cyclized (n-1

the branch point adenine and thg52linked substituent,
which stabilizes the molecufé.T,, measurement of the
hybridized nicked lariat precurs@g exhibited a monophasic
transition (Figure 2B) and displayed thermal stability similar

Figure 2. Lariat DNA dumbbell ligation. (a) 12% denaturing
PAGE (8.3 M urea) of lariat ligation using CNBr. (b) Characteriza-
tion of dumbbell lariat structure by, analysis and comparison to
the corresponding dumbbell structure lacking thex&ension (9).

to that of its linear nicked comple® (AT, = 2 °C). This
indicates that the 3xtension of the molecule (8T;) does
not alter the helix geometry of the dumbbell complex by

band). An alternative approach would be to use a function-
alized solid matrix that releases aphosphorylated oligo-
nucleotide at the end of a synthesis yet can withstand the
intermediary deprotection conditions required for the re-
giospecific Y-DNA synthesis’

Our results demonstrate the first example of the synthesis
of a medium-sized DNA lariat oligonucleotide, comprised
of a 30-nucleotide loop and a 16-nucleotide stem. Further-
more, we have been able to show that a branched DNA
molecule is capable of folding into a lariatiumbbell
complex without distorting the helix geometry of the
intramolecular duplex. This hybridization/ligation methodol-
ogy can potentially allow for the synthesis of the more
biologically relevant RNA lariats from branched RNA
precursors. Although the construction of such lariats is
restricted to those precursors that contain internal templates
for hybridization, we are currently investigating the pos-
sibility of synthesizing lariats using an intermolecular
template (bimolecular reaction), thereby allowing us to
synthesize lariats of any sequence composition. Such mol-
ecules would be of interest for potentially targeting gene
expression, as nucleic acid “aptamers” and biomolecular
nanodevices.
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2' 5'-stacking interactioff. Ligation of the lariat dumbbell

10 proceeded using the same reaction conditions described®-027227E

above for the cyclization of linear dumbbells and resulted
in the formation of a single, faster moving product as
evidenced by denaturing PAGE (Figure 2A). Confirmation
of the desired lariat was accomplished by negative MALDI-
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