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New Methods for Synthesizing DNA, 
RNA, and Phosphonates

Marvin H. Caruthers*

Abstract: The development of new methods for the synthesis of DNA, RNA, and phosphonates has enabled new 
applications in biochemistry and biology.
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DNA Synthesis

Over the past twenty years, the method of 
choice for chemically synthesizing oligo-
deoxyribonucleotides (ODNs) has been the 
phosphoramidite four-step process (Scheme 
1) [1–3]. Initially, the 5'-dimethoxytrityl 
(DMT) group is removed from an appropri-
ately protected deoxynucleoside covalently 
joined to an insoluble support (controlled 
pore glass or highly crosslinked polysty-

rene). A repetitive four-step cycle (con-
densation with tetrazole, acetic anhydride 
capping of unreactive 5'-hydroxyl groups, 
iodine oxidation of P(iii) to P(v), and 3% 
trichloroacetic acid detritylation) using de-
oxynucleoside 3'-phosphoramidites as syn-
thons generates the ODN. The final product 
is cleaved from the support and obtained 
free of base and the β-cyanoethyl phos-
phate protecting groups by treatment with 
concentrated ammonium hydroxide. ODNs 
synthesized with this chemistry continue to 
be of satisfactory quality for most biologi-
cal uses such as DNA sequencing, PCR ap-
plications, and site-specific mutagenesis.

In recent years, an impetus to develop 
additional DNA synthesis strategies has 
emerged due to several new, highly spe-
cialized applications. These include DNA 
microarrays and the use of synthetic DNA 
for therapeutic purposes and for preparing 
non-natural genes. The current chemistry, 
as outlined in Scheme 1, only marginally 
can be applied to these new applications 
primarily due to reversibility of the detri-

tylation step (which leads to random de-
letions) and acid catalyzed depurination 
(lower yields).

In order to overcome these limitations, 
the chemistry outlined in Scheme 2 has 
been developed [4]. This procedure not 
only eliminates problems associated with 
acid detritylation and depurination but it 
also provides a two-step synthesis strat-
egy that is both economical and simple 
(compared to the previous method) which 
therefore facilitates automation. Generally 
the approach involves repetitive condensa-
tion of appropriately protected 5'-carbon-
ate-2'-deoxynucleoside-3'-phosphorami-
dite synthons with a 2'-deoxynucleoside 
joined covalently to a solid support. Each 
condensation step is followed by treatment 
with a solution of m-chloroperbenzoic acid 
and hydrogen peroxide buffered at pH 9.6. 
This reagent (an α-effect nucleophile [5]) 
oxidizes P(iii) to P(v) and also removes the 
carbonate protecting group in an irrevers-
ible reaction under conditions that do not 
modify or degrade ODNs.
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The integrity of ODNs synthesized by 
this two-step procedure has been checked 
using standard techniques such as ion-
exchange HPLC and polyacrylamide gel 
electrophoresis. In order to insure that the 
purine and pyrimidine bases have not been 
modified (formation of N-oxides, oxidation 
of either the 5-methyl of thymidine or the 
5,6 double bond of pyrimidines), essential-
ly homopolymers of thymidine, 2'-deoxy-
cytidine, and 2'-deoxyadenosine have been 
synthesized and analyzed by MALDI-TOF 
mass spectrometry where oxidation prod-
ucts would have been detected. For 2'-de-
oxyguanosine, mixed sequences have been 
prepared as it is difficult to analyze homo-
polymers of this deoxynucleoside (Table 1). 
In all cases, for each ODN correct masses 
confirm the integrity of these oligomers 
and encourage us to continue to develop 
this strategy.

 

RNA Synthesis

RNA has been found to possess diverse 
biological functions [6] and structural mo-

tifs [7] as well as play a key role in ribo-
some [8], spliceosome [9], and ribozyme 
catalytic pathways [10]. Moreover recent 
discoveries have shown that small tempo-
ral RNA and interfering RNA possessing 
21–25 nucleotides perform diverse cellular 
functions such as regulation of gene expres-

sion, translation repression, and directing 
mRNA degradation [11]. An important and 
indispensable tool for further advancement 
of research in these fields is the develop-
ment of methods for the rapid, efficient syn-
thesis of high purity RNA having defined 
sequences.

The solid-phase chemical synthesis of 
RNA has lagged behind similar develop-
ments with DNA primarily for two reasons: 
the final RNA product is significantly more 
susceptible than DNA toward degradation 
and there is a need for a practical, highly 
efficient orthogonal protecting group strat-
egy [12]. In order to solve these problems, 
in addition to several others such as yield 
and purity, the synthesis strategy outlined in 
Scheme 3 has been developed in this labo-
ratory. Key elements of the approach, when 
compared to others [12], are as follows: 1). 
the use of a fluoride sensitive 5'-silyl group 
[bis(trimethylsilanoxy)cyclododecanoxysil
yl; DOD] and 2). incorporating an acid labile 
orthoester [bis(2'-acetoxyethoxy)methyl; 
ACE] at the 2'-position. By using a thiolate 
cleavable blocking group on phosphorus 
(methyl) and base labile protection on the 
purines and pyrimidines, a completely or-
thogonal blocking group strategy has been 
created.

Synthons are added sequentially using 
s-ethyltetrazole as a condensing agent fol-
lowed by capping with acetic anhydride, 
oxidation with t-butylhydroperoxide, and 
removal of the silyl group using triethyl-
amine hydrogen fluoride. Yields are in ex-
cess of 99% per cycle. Because fluoride is 
corrosive to controlled pore glass, insolu-
ble, highly crosslinked polystyrene is used 
as the synthesis support.

A particularly unique and valuable fea-
ture of this synthesis approach is the simple 
deprotection/purification protocol. The first 
post-synthesis reaction involves removing 
the methyl group from phosphorus while 
the oligomer remains linked to polysty-
rene. This is carried out with disodium-2-

Scheme 2.

Scheme 3.

Table 1. MALDI-TOF analysis of oligonucleotides

Oligonucleotide Molecular weight

Calculated Measured (MALDI-TOF)

d(TTTTTTTTTTTT) 3059.6 3057.7 (M–1), 3060.2 (M+1)

d(CCCCCCCCCT) 2843.5 2842.3 (M–1), 2844.5 (M+1)

d(AAAAAAAAAT) 3059.6 3057.7 (M–1), 3060.2 (M+1)

d(GTGTGTGTGT) 3103.5 3101.9 (M–1), 3104.3 (M+1)

d(CTCTCTCTCT) 2903.5 2902.3 (M–1), 2904.4 (M+1)

d(ATATATATAT) 3023.6 3022.7 (M–1), 3024.7 (M+1)

d(ATGTCAACTCGTCT) 4211.7 4210.8 (M–1), 4212.8 (M+1)
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carbamoyl-2-cyanoethylene-1,1-dithiolate. 
Following an aqueous wash to remove this 
reagent, the support is treated with a strong 
base (N-methylamine) which removes exo-
cyclic amine protecting groups, hydrolyzes 
acetyl from the 2'-ACE (which renders the 
orthoester approximately ten-fold more la-
bile toward acid) and the 2'-acetyl of the nu-
cleoside joined to the support, and cleaves 
RNA from polystyrene. The total reaction 
mixture is then concentrated to dryness in 
order to eliminate N-methylamine and the 
2'-orthoester is removed with 0.1 M acetic 
acid (30 min, 60 °C) adjusted to pH 3.8. For 
most biological applications, oligomers are 
now ready for use (no column purification). 
This is because the stepwise yields exceed 
99% and the chemistry generates very few 
side products. For example, when the total 
crude reaction mixture from the synthesis 
of a mixed sequence 21mer is analyzed by 
strong ion-exchange HPLC and mass spec-
trometry (inset) essentially only the expect-
ed product is found (Fig. 1).

Based upon these results, RNA oligo-
mers having exceptional purity can now be 
synthesized rapidly and in high yield. So 

far

far oligomers up to 98 nucleotides have 
been prepared and used for a diverse group 
of biological applications [13].

Phosphonoformate DNA

The search for viable antisense and di-
agnostic DNA analogs has led to a wide 
range of candidates [14]. However among 
these various derivatives, only a limited 
number possess the properties most com-
monly identified as necessary for antisense 
research: activation of RNase H, ability 
to form sequence-specific duplexes with 
complementary oligoribonucleotides, and 
resistance towards nucleases. Even the two 
analog ODNs that satisfy these criteria, 
phosphorothioate and phosphorodithioate 
DNA, have certain undesirable biological 
properties [15]. Because of these various 
limitations, this laboratory has continued 
to focus on developing chemistries leading 
to the synthesis of new analogs having de-
sirable antisense properties. These include 
phosphonoacetate DNA [16] and phospho-
noformate DNA as outlined in this report.

Fig. 1. HPLC and mass spectral analysis of a 
synthetic oligoribonucleotide 21mer. The crude 
reaction mixture following removal of protecting 
groups was analyzed by strong ion-exchange 
HPLC. The inset shows the mass spectra analysis 
of the total reaction mixture. Base composition: 
G4A9C2U6. Theoretical mass: 6748. Observed 
mass: 6749.

Scheme 4.
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Because phosphonoformates are ex-
tremely labile to many chemical reagents, 
almost every major step in the synthesis 
cycle had to be redesigned (Scheme 4). 
For example, since the phosphorus-formate 
linkage is extremely sensitive to nucleo-
philes, all base labile protecting groups had 
to be eliminated. Thus the synthons useful 
for preparing this analog include fluoride 
labile protection on the formate ester (di-
phenylmethylsilylethyl, DPSE) and on the 
exocyclic amino groups of the purine and 
pyrimidine bases (9-fluorenylmethyloxy-
carbonyl). Similarly since the standard 
support linkage is labile only to strong 
nucleophiles, hydroquinone-O,O'-diace-
tic acid, which is cleavable with fluoride 
[17], can be used to join the growing phos-
phonoformate ODN to highly crosslinked 
polystyrene. Using this strategy, phospho-
noformate ODNs could be prepared with 
the cycle shown in Scheme 4. However in 
order to prepare ODNs having mixed back-
bones (phosphonoformate and phosphate), 
H-phosphonate synthons are used and oxi-
dized to phosphate. Such a strategy elimi-
nates the need for a phosphate protecting 
group.

Synthesis of mixed-backbone ODNs 
having both phosphate and phosphono-
formate internucleotide linkages therefore 
proceeds using appropriately protected 
2'-deoxynucleoside 3'-H-phosphonate and 
2'-deoxynucleoside-3'-(diisopropylamino)

phosphinoformic acid esters (Scheme 4). 
The condensation reactions are activated 
with adamantane carbonyl chloride (H-
phosphonate) or tetrazole (phosphinoformic 
acid ester). Stepwise oxidation of the phos-
phinoformic acid ester is with iodine. Fol-
lowing detritylation with 3% trichloroace-
tic acid, synthons can then be interchanged 
in order to generate any mixed-backbone 
sequence having all four 2'-deoxynucleo-
sides. Post-synthesis the H-phosphonate 
linkages are oxidized with iodine and fluo-
ride (TEMED-HF, pH 8.6) used to remove 
all protecting groups and to cleave the ODN 
from the support.

Phosphonoformate ODNs as mixed-
backbone oligomers are resistant to nucle-
ase digestion (exonucleases, endonucle-
ases, and HeLa cell extracts), generate 
A-form duplexes with complementary 
RNA (measured by circular dichroism) 
and activate RNase H1. Results demon-
strating the latter activity are presented in 
Table 2. Mixed-backbone ODNs having 
various internucleotide phosphate linkages 
(Gap3, Gap5, Gap7, etc. with 3,4,7 phos-
phates) flanked by phosphonoformate are 
shown to be active in stimulating RNase 
H to degrade complementary RNA (dT14 
and mixed sequence, ms, oligomers). When 
compared to the degradation rate with the 
natural ODN (dT14), certain oligomers are 
even more active (relative rates 1.7 to 2.3 
times). These results are encouraging and 

suggest that mixed backbone ODNs having 
phosphonoformate linkages might be very 
useful for stimulating RNase H activity in 
various biological systems. This would be 
especially the case if transient ester protec-
tion of formate aids in transport of these 
oligomers across biological membranes 
(see preliminary research with phosphono-
acetate ODNs [18]).
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Table 2. Phosphonoformate Cap/Gap sequences: RNase H1 activity

Oligo kobs [min–1] krel

dT14 0.766 1

dT14 for Gap3 0.118 0.15

dT14 for Gap5 0.212 0.3

dT14 for Gap7 1.28 1.7

dT14 for Gap9 1.42 1.9

dT14 for Gap11 1.78 2.3

ms2 for Gap11 1.44 1.9


