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Protons from acid (in this case 3% Tricholoroacetic Acid in Dichloromethane) are donated to 5’ oxygen of the growing chain of DNA.  This causes elimination of the Dimthoxytrityl group (DMT), producing a bright orange color.  Based on the absorbance of this by-product using a spectrophotometer, coupling efficiency is determined as a matter of quality control during the synthesis


Detritylation
File Attachment
Protons from acid (in this case 3% Tricholoroacetic Acid in Dichloromethane) are donated to 5’ oxygen of the growing chain of DNA.  This causes elimination of the Dimthoxytrityl group (DMT), producing a bright orange color.  Based on the absorbance of this by-product using a spectrophotometer, coupling efficiency is determined as a matter of quality control during the synthesis


In the second step, an incoming phosphoramidite in the presence of an activator, is coupled to the previous base.  Here a lone pair of electrons from the diisopropyl amine attracts a proton from the activator; electrons are sequentially drawn away from the phosphorus atom by protonation of nitrogen.

The activated phosphorus atom now undergoes nucleophilic attack by the 5’ oxygen of the first base

New bond formation between the two bases causes elimination of the diisopropyl amine group



Coupling
File Attachment
In the second step, an incoming phosphoramidite in the presence of an activator, is coupled to the previous base.  Here a lone pair of electrons from the diisopropyl amine attracts a proton from the activator; electrons are sequentially drawn away from the phosphorus atom by protonation of nitrogen.


Because coupling is not 100%, some nucleosides remain with a free 5’ oxygen that will react in later cycles, thus generating an internal deletion; to prevent this, the oxygen is ‘capped’ off or acetylated in the last step of each cycle

Capping
File Attachment
Because coupling is not 100%, some nucleosides remain with a free 5’ oxygen that will react in later cycles, thus generating an internal deletion; to prevent this, the oxygen is ‘capped’ off or acetylated in the last step of each cycle


The newly formed phosphite bond between the two bases is weak and needs to be further oxidized to a sugar-phosphate for further backbone stability of the DNA strand.  In the third step, Iodine is used to add another oxygen atom to the phosphorus group



Oxidation
File Attachment
The newly formed phosphite bond between the two bases is weak and needs to be further oxidized to a sugar-phosphate for further backbone stability of the DNA strand.  In the third step, Iodine is used to add another oxygen atom to the phosphorus group


Because of the slight acidity of the activator, it is possible to prematurely detritylate an incoming phosphoramidite, which in turn could couple to its DMT-on analog generating a di-nucleotide.  When this di-nucleotide further couples to the growing strand of substrate-bound DNA, it forms an ‘addition’ product or n+1.  5-benzylthio-1H-tetrazole (BTT), for instance, has a pKa of 4.08 vs 5-ethylthio-1H-tetrazole (ETT), which as a pKa of 4.28, has a higher probability of premature detritylation.


Addition (n+1)
File Attachment
Because of the slight acidity of the activator, it is possible to prematurely detritylate an incoming phosphoramidite, which in turn could couple to its DMT-on analog generating a di-nucleotide.  When this di-nucleotide further couples to the growing strand of substrate-bound DNA, it forms an ‘addition’ product or n+1.  5-benzylthio-1H-tetrazole (BTT), for instance, has a pKa of 4.08 vs 5-ethylthio-1H-tetrazole (ETT), which as a pKa of 4.28, has a higher probability of premature detritylation.


Generally, coupling efficiency is 99% for most laboratories generating synthetic DNA.  This means 1% of nucleosides in a given cycle fail to couple to the growing strand, which ultimately effects total full-length product (FLP) at the end of the synthesis.   FLP can be calculated using the following equation:  (coupling efficiency)^(n-1), where n is the number of bases in the sequence.  This explains the relationship between length of DNA synthesized and the FLP—the longer the strand, the less FLP in the total yield.  Deletions are unavoidable due to the acid present in the synthesis cycle.  Adenine (dA), for example, is particularly susceptible to deletions because its glycoside bond is very acid labile.  Deletions primarily occur at the 5’ end, but have been reported at the 3’ as well.


Deletion (n-1)
File Attachment
Generally, coupling efficiency is 99% for most laboratories generating synthetic DNA.  This means 1% of nucleosides in a given cycle fail to couple to the growing strand, which ultimately effects total full-length product (FLP) at the end of the synthesis.   FLP can be calculated using the following equation:  (coupling efficiency)^(n-1), where n is the number of bases in the sequence.  This explains the relationship between length of DNA synthesized and the FLP—the longer the strand, the less FLP in the total yield.  Deletions are unavoidable due to the acid present in the synthesis cycle.  Adenine (dA), for example, is particularly susceptible to deletions because its glycoside bond is very acid labile.  Deletions primarily occur at the 5’ end, but have been reported at the 3’ as well.
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A novel universal support for deoxyribo- and ribonucleic acid synthesis has been developed. The support,
constructed from 1,4-dimethoxycatechol, represents an improvement over existing universal supports
because of its ability to cleave and deprotect under mild conditions in standard reagents. Because no
nonvolatile additives are required for cleavage and deprotection, the synthesized oligonucleotides do not
require purification prior to use in biochemical assays. Using reverse phase HPLC and electrospray mass
spectroscopy, it was determined that oligonucleotides synthesized on the universal support (UL1) 3′-
dephosphorylate quickly (9 h in 28-30% ammonium hydroxide (NH4OH) at 55°C, 2 h in 28-30%
NH4OH at 80°C, or<1 h in ammonium hydroxide/methylamine (1:1) (AMA) at 80°C). Oligonucleotides
used as primers for the polymerase chain reaction (PCR) assay were found to perform identically to
control primers, demonstrating full biological compatibility. In addition, a method was developed for
sintering the universal support directly into a filter plug which can be pressure fit into the synthesis
column of a commercial synthesizer. The universal support plugs allow the synthesis of high-quality
oligonucleotides at least 120 nucleotides in length, with purity comparable to non-universal commercial
supports and∼50% lower reagent consumption. The universal support plugs are routinely used to
synthesize deoxyribo-, ribo-, 3′-modified, 5′-modified, and thioated oligonucleotides. The flexibility of
the universal support and the efficiency of 3′-dephosphorylation are expected to increase the use of universal
supports in oligonucleotide synthesis.


Introduction


Oligonucleotides are typically synthesized on a solid support
such as controlled pore glass (CPG) or polystyrene (PS).1 The
3′-oxygen of the first nucleoside is preattached to the solid
support by a base-labile tether such as a succinate or hydro-
quinone.2,3 These linkers were adopted early in the development
of oligonucleotide synthesis because standard phosphoramidite
monomers contain a protected 3′-phosphorus which must be
removed postsynthesis for the oligonucleotide to be biologically
active. Finding a convenient method for complete 3′-dephos-
phorylation proved difficult. Thus, solid supports are preloaded


with the first nonphosphorylated nucleoside to eliminate the need
for downstream 3′-dephosphorylation.


Laboratories that produce synthetic oligomers, therefore, must
manage a library of solid supports to enable the synthesis of
commonly produced oligomers, including standard deoxyribo-,
3′-modified, 5′-modified, and ribooligomers. In addition, many
laboratories routinely use several nucleobase protection strate-
gies, so they must maintain large libraries of compatible supports
including isobutyryl (iBu),4 acetyl (Ac),5 dimethylformamidyl
(DMF),6,7 phenoxyacetyl (PAC),8 andtert-butyl phenoxyacetyl


† Stanford University.
‡ CTGen, Inc.
(1) McCollum, C.; Andrus, A.Tetrahedron Lett.1991, 32, 4069-4072.
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Soc.1963, 85, 3821-3827.
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4311-4314.
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(TAC).9,10 Managing libraries is difficult and necessitates
accurate handling or the use of an automated system so that
supports can be tracked and correctly loaded into the appropriate
position on a synthesizer. Incorrect loading results in an oligomer
with a 3′-error that has reduced or no biological functionality.11


A universal support is particularly important for use in high-
throughput oligonucleotide synthesis where manually loading
supports in high-density titer plates is time-consuming, error-
prone, and cumbersome.12-14 Universal supports are also
expected to reduce side reactions that take place on the
preattached nucleoside of standard supports15 because the
universal support does not have a preattached nucleoside.


The need for a universal synthesis support that increases
flexibility and reduces 3′-sequence errors has drawn the attention
of several groups.16-22 A recent review reported that today’s
commercially available universal supports have not met the
promise of increased flexibility and error reduction due to
inefficient dephosphorylation or the requirement for cleavage
and deprotection steps that are incompatible with established
production lines.20 For example, one universal support requires
the addition of lithium chloride (LiCl) for efficient dephospho-
rylation, which must be removed by precipitation or purification
prior to use.21 Another support16 requires harsh treatment with
AMA for 17 h at 55 °C, thus limiting its compatibility with
production pipelines that produce material more sensitive to
harsh alkali treatment.


One promising universal support (Universal Support II) is
commercially available. This support does not require nonvola-
tile additives for 3′-dephosphorylation; therefore, desalting or
other purification is unnecessary. One disadvantage of this
universal support is incomplete cleavage of oligonucleotides
from the support matrix caused by a side reaction that occurs
during dephosphorylation.23 This side reaction produces a minor
(∼20%) phosphorylated, uncleaved species. Though it is pos-
sible to compensate for reduced yield by increasing the amount


of starting material, larger reagent excesses and increased
reaction times for coupling may be necessary to prevent reduced
oligo quality. Another problem is that cleaving the linker from
the support is favored by an organic base (such as 2-3 M
methanolic ammonia), but removing protecting groups from the
nucleobases (deprotection) is favored by an aqueous base (such
as NH4OH). Since cleavage and deprotection steps are favored
under slightly orthogonal conditions, they cannot be easily
combined into a single procedure using a standard reagent such
as NH4OH or AMA.


The catechol-based universal support described in this work
has several characteristics that should enable greater incorpora-
tion into academic and industrial laboratories: (1) the oligo-
nucleotide and linker cleave from the support quickly (<1 h);
(2) dephosphorylation reactions are quantitative in standard
cleavage and deprotection reagents; (3) the linker is compatible
with a variety of synthesis chemistries, especially the synthesis
of DNA, most 5′- and 3′-modifications, and RNA; and (4) the
linker enables the synthesis of high-quality oligonucleotides that
are functional in biochemical reactions without any postsynthesis
cleanup or purification.


Results and Discussion


(a) Initial Strategy. After screening several unsuccessful
candidates for a universal support, we chose to produce a
dephosphorylator prepared from commercially available cat-
echols.24 Catechol (1,2-benzenediol or pyrocatechol) and its
derivatives, such as catechin and urushiols, are found naturally
in woody plants, including mahogany and poison oak leaves.
Purified by distillation of catechin, catechols are used industrially
as dyeing agents, as a photographic developing chemical, and
in electroplating.25 Investigating catechol derivatives as universal
dephosphorylators was not an obvious choice since catechol-
based agents such aso-phenylene phosphorochloridate1
(Scheme 1) are known to be highly reactive phosphorylators.26


Compound1 reacts with aliphatic alcohols to yield cyclic
triesters2 which are readily hydrolyzed into the corresponding
ring-opened phosphate diester3.26 Theo-hydroxyphenyl esters
3 were found to be stable under acidic and basic conditions,
although the catechol groups could be oxidatively removed.
Treated with an excess of bromine in a neutral aqueous buffer,
the diester3 is converted to a monoester4.


Initial attempts to produce a universal linker prepared from
commercially available catechols, such as catechol, 3-fluoro-
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catechol, 3-nitrocatechol, and 3-methylcatechol, confirmed
previous observations26 regarding the base stability of species
3 when tethered to an oligonucleotide. Early results from
universal supports based on these compounds were discouraging,
showing little or no catechol-mediated 3′-phosphate elimination
under standard deprotection conditions. However, investigation
into methoxy catechols produced encouraging results.


(b) Reactions with 3-Methoxycatechol and 1,4-Dimethoxy-
catechol.3-Methoxycatechol5 (Scheme 2), when tethered to
an aminopropyl support7, was the first catechol-based com-
pound to show any dephosphorylation. Cleavage and deprotec-
tion of oligonucleotides synthesized using this linker tethered
to CPG7 produced∼80% release of 3′-hydroxyoligonucleotides
in 3 h at 80°C in NH4OH.


The first steps in the sequence of events were concomitant
and rapid deblocking of the cyanoethyl protection groups and
cleavage of the carbamate tether. HPLC analysis showed that
the ratio of the two resulting phosphate diestersA andB was
roughly 1:1. These compounds underwent an intramolecular
cyclization followed by release of 3′-hydroxyoligonucleotide9
and elimination of the cyclic catecholphosphate10 (Scheme 3).
One of the isomers, presumablyA, disappeared rapidly (by
HPLC analysis) with a proportional appearance of the corre-
sponding 3′-native oligonucleotide9. After deprotection for 1
h, equilibrium was reached between speciesA and B, found
respectively in about a 2:5 ratio. Complete disappearance of
speciesA andB took 3 h. The faster disappearance of species
A led to the next step of investigating 1,4-dimethoxycatechol
for a quicker release of native oligonucleotides.


A series of reactions was therefore performed using the 1,4-
dimethoxycatechol-based universal linker14 (Scheme 2). 1,4-
Dimethoxycatechol11 was synthesized from 2,5-dimethoxy-
benzaldehyde in four steps, according to published literature.


(c) Utilization of the Universal Linker on a Synthesizer.
We chose to sinter the support directly into the filter matrix
(frit) of the reaction column. Sintering the CPG in the synthesis
plugs gave several advantages, including improved control over
CPG “splashing” out of wells when used on multiwell synthe-
sizers27 and improved reagent retention for long reaction times
due to the high density of the filter matrix. Filters were made
from a slurry of aminopropyl CPG7 and polypropylene powder
that were mixed, poured into a cylindrical mold, rapidly sintered
at 190°C, then cooled and demolded. Once the bare CPG was
embedded in the filter matrix, 1,4-dimethoxypyrocatechol12
was reacted with embedded aminopropyl CPG13which yielded
14 for testing in oligonucleotide synthesis.


To test amenability of the plug and universal support to
oligonucleotide synthesis, a 9mer thymidine homopolymer (T9)
was synthesized and cleaved from the support at room temper-
ature in standard cleavage/deprotection reagents, NH4OH and
AMA. Complete cleavage (relative to the same oligo synthesized
on a standard CPG support) was achieved in about 15 min in
AMA. In the milder cleavage reagent (NH4OH), complete
cleavage was achieved in about 45 min. These cleavage times
were indistinguishable from those obtained when using a
standard long-chain alkyl amine (LCAA) CPG support. A plot
of full length product yield versus time is shown in Figure 1.


(d) Characterization of Dephosphorylation Kinetics on the
Universal Support. We used another T9 oligonucleotide to
empirically determine the rate and extent of dephosphorylation
in standard cleavage/deprotection reagents. T9 oligos were
synthesized and cleaved from the support at room temperature
for 15 min in AMA and for 45 min in NH4OH, then deprotected
in the cleavage reagent in sealed tubes at the times and
temperatures indicated in Table 1. If dephosphorylation was not
complete, it was clearly identified by an increase of 232 atomic
mass units (amu) on a mass spectrometer (MS traces are
available in the Supporting Information). Relative abundance
of catecholated and dephosphorylated oligonucleotide was
determined by measuring the peak amplitude of the two species
on LC-MS. Example LC data are shown in the Supporting
Information for a cleavage reaction in NH4OH at 55°C for 1
and 17 h. Confirmation of the mass of the catecholphosphate
T9 homopolymer during the kinetic studies, described in greater
detail in the next section, supports the putative structure of14.


Identity of the T9 oligomer was obtained by electrospray mass
spectroscopy. Identity traces showed the predicted monoisotopic
half-mass of phosphorylated and dephosphorylated species.
Shown in the Supporting Information is the electrospray MS
trace showing the monoisotopic half-mass of the T9 homopoly-
mer after dephosphorylation in NH4OH for 1 h. The expected
monoisotopic half-mass for a T9 oligomer is 1337.2 amu and
increases to 1453.9 amu for a T9 homopolymer with 3′-catechol


(27) Cheng, J. Y.; Chen, H. H.; Kao, Y. S.; Kao, W. C.; Peck, K.Nucleic
Acids Res.2002, 30, e93.


SCHEME 3


FIGURE 1. Time required for complete cleavage of a deoxythymidine
T9 homopolymer from the catechol-based universal support.


TABLE 1. Summary of LC-MS Data Showing the Time Required
to Fully Dephosphorylate the T9 Homopolymer


reagent temp (°C) time (h)


NH4OH 55 9
65 6
80 2


AMA 55 5
65 2
80 <1
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phosphate still attached. Because 3′-phosphorylated contami-
nants can be identified and quantitated using this method, a
profile was easily generated showing the amount of time
required to fully dephosphorylate oligonucleotides in common
deprotection reagents. A summary of the mass results for each
deprotection time point is shown along with the time needed to
fully dephosphorylate in the corresponding reagent in Table 1.
The time required for dephosphorylation is similar to the time
required for complete removal of dG(ibu) protection groups,4


demonstrating that the universal support will not present a
bottleneck during deprotection.


(e) Selection of Hydroxyl Protection. Oligonucleotide
monomers and supports are typically protected with a dimethox-
ytrityl (DMT) or monomethoxytrityl (MMT) group. These
protection groups are typically favored due to their quick
removal in mild acid, thus reducing possible side reactions such
as depurination. Another advantage during synthesis is the
colorimetric assays that can be performed on the orange (DMT)
or yellow (MMT) cation, which is used to monitor reaction
progress. In this case, however, both DMT and MMT protection
were not suitable because of their lability on the aromatic
catechol. Instead, TMS protection was found to be more stable
and is compatible with automated synthesizer cycles. TMS
protection can take over 1 min to remove, although depurination
is not a concern during its removal because of the non-
nucleosidic nature of the support.


(f) Biological Compatibility of Synthesized Oligonucle-
otides.To test for the presence of any undesired side products
or inhibition of enzymatic processes, the UL1 universal support
was used to synthesize∼20mer oligonucleotides for use as PCR
primers. Cyclic 1,4-dimethoxycatechol phosphate17 (Scheme


4), if not completely removed from the primer, can act as an
inhibitor in subsequent biological reactions. This is because
enzymes such asTaqpolymerase require a 3′-hydroxyl to initiate
primer extension.


PCR was performed using primers synthesized on the UL1
universal support. Following cleavage of the oligonucleotides
from the support in NH4OH, the primers were deprotected
overnight at 55°C, lyophilized, normalized to 3.2µM, and used
in PCR. Product bands were visualized on an agarose gel, shown
in Figure 2.


The similar band intensities for the two PCR amplicons
demonstrate that the amount of product obtained with the UL1
support-bound oligonucleotide is identical to that obtained with
desalted control forward and reverse primers synthesized by a
commercial oligonucleotide supplier. Since further purification
or dephosphorylation is unnecessary, the oligonucleotides may
be used directly in biological reactions.


It should also be noted that the proposed mechanism for
oligonucleotide cleavage from the support (to produce9 and
17 in Scheme 4) was tested to determine whether cleavage
followed the proposed route on theN-alkylphenoxycarbamate
or whether cleavage was driven through nucleophilic attack on
the adjacent carbonyl. When theN-alkylphenoxycarbamate is
replaced with aN,N-dialkylphenoxycarbamate tether, there is
little or no cleavage of oligonucleotide, even when treated for
up to 16 h at 80°C in NH4OH. This gives more evidence in
support of the proposed mechanism.


(g) Characterization of Longmer Synthesis on UL1 Sup-
port. Due to the emergence of assays that rely heavily on high-
quality, long oligonucleotides such as molecular inversion
probes28,29(MIPs) and gene synthesis,30-32 the linker was tested
to determine suitability for the routine production of 40, 80,
and 120 nt long oligonucleotides. The oligonucleotides were
synthesized on the UL1 support and were compared to another
commercially available nucleoside-specific support. Synthesis
on the commercially available support was performed using the
synthesis cycle recommended by the column manufacturer,


(28) Hardenbol, P.; Baner, J.; Jain, M.; Nilsson, M.; Namsaraev, E. A.;
Karlin-Neumann, G. A.; Fakhrai-Rad, H.; Ronaghi, M.; Willis, T. D.;
Landegren, U.; Davis, R. W.Nat. Biotechnol.2003, 21, 673-678.


(29) Hardenbol, P.; Yu, F.; Belmont, J.; Mackenzie, J.; Bruckner, C.;
Brundage, T.; Boudreau, A.; Chow, S.; Eberle, J.; Erbilgin, A.; Falkowski,
M.; Fitzgerald, R.; Ghose, S.; Iartchouk, O.; Jain, M.; Karlin-Neumann,
G.; Lu, X.; Miao, X.; Moore, B.; Moorhead, M.; Namsaraev, E.; Pasternak,
S.; Prakash, E.; Tran, K.; Wang, Z.; Jones, H. B.; Davis, R. W.; Willis, T.
D.; Gibbs, R. A.Genome Res.2005, 15, 269-275.


(30) Stemmer, W. P.; Crameri, A.; Ha, K. D.; Brennan, T. M.; Heyneker,
H. L. Gene1995, 164, 49-53.


(31) Cello, J.; Paul, A. V.; Wimmer, E.Science2002, 297, 1016-1018.


SCHEME 4


FIGURE 2. Nondenaturing agarose gel image of PCR products
obtained from oligos produced using standard supports (control) and
the same PCR product obtained using oligos produced on the universal
support14.
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whose reagent consumption was roughly 50% higher than that
required by the UL1 universal support. The quality of the
oligonucleotides was analyzed by HPLC (chromatograms are
available in the Supporting Information). Little or no difference
in quality was detected using the two different supports, although
comparable quality was achieved on the UL1 universal support
with ∼50% lower reagent consumption. Synthesis of 120 nt
oligonucleotides required∼9 h on both UL1 and the standard
support.


(h) Synthesis of RNA on UL1 Supports.In general, the
synthesis of RNA oligomers presents a special challenge due
to the need for protection of the 2′-hydroxyl. In addition to
possible steric hindrance during monomer coupling, 2′-protection
with 2′-O-tert-butyldimethylsilyl (TBDMS) or triisopropylsi-
lyloxymethyl (TOM) may also cause problems during depro-
tection of the nucleobases, resulting in strand cleavage.33-35


Several approaches have been taken to alleviate this problem,
most notably by substituting aqueous NH4OH or AMA with a
mixture of NH4OH and ethanol (3:1), methylamine, or anhy-
drous ethanolic or methanolic ammonia. Another approach is
to substitute standard nucleobase protection with more labile
groups such as acetyl, dimethylformamidyl, phenoxyacetyl, or
tert-butyl phenoxyacetyl. This reduces the time required for
nucleobase deprotection, making premature removal of silyl
protection groups less problematic. The nucleobase deprotection
procedure used in our laboratories for routine RNA synthesis
represents a successful tradeoff between deprotection time and
the quality of finished products. For routine RNA synthesis,
we have interchangeably used 2′-TBDMS and TOM-protected
monomers and have removed nucleobase protecting groups
using NH4OH and ethanol (3:1) for 10 h at 55°C.


Conclusion


Universal supports have moved the industry incrementally
closer to adopting universal chemistries. However, the benefits
of universal supports have not been fully realized because
previously published universal supports require cleavage and
dephosphorylation conditions that are cumbersome and/or limit
the biological activity of the oligonucleotide. Because no widely
adoptable universal support is available, laboratories are still
forced to maintain a library of 3′-specific supports, to manually
load them onto the correct position of a synthesizer, or to use
a robotic liquid handler to load them into synthesis columns.
These workarounds can be time-consuming, expensive, and
error-prone.


The universal support presented in this paper is compatible
with DNA, RNA, most 3′- and 5′-modifications, and phospho-
rthioate synthesis, without the need for additives to achieve
efficient dephosphorylation. Thus, deoxyribo- and ribonucleic
acids can be used directly after synthesis without the need for
purification. Utilizing the UL1 support will also circumvent
quality problems caused byn-branched oligonucleotides since
branching is reported to originate from reactivity of the
preattached nucleoside on a standard support. UL1 also makes
it possible to produce 3′-degenerate oligonucleotides without


having to manually add 2, 3, or 4 different 3′-specific supports
into synthesizer columns. HPLC traces of oligonucleotides
produced on the UL1 show that the oligonucleotides are of
comparable purity to the control sequences synthesized on other
commercially available synthesis columns (chromatograms are
shown in the Supporting Information). The heat-sintered CPG
filters also greatly reduced reagent consumption, reduced prob-
lems with the support “splashing” during synthesis, increased
flexibility in synthesizer setup, and caused less error when
loading synthesizer columns.


Experimental Section


Preparation of Aminopropyl CPG. Aminopropyl CPG7 was
prepared by reacting CPG (75/200, 1000 Å pore size) with amino-
propyltriethoxysilane (APTEOS) following published procedures.36


Preparation of Cyclic 1,4-Dimethoxycatechol.1,4-Dimethoxy-
catechol11was synthesized following published procedures24 from
commercially available catechol. Cyclic 1,4-dimethoxycatechol12
was prepared from 1,4-dimethoxycatechol following published
procedures,37 exceptN,N′-carbonyldiimidazole was substituted for
phosgene. Product12 was confirmed on a TLC plate eluted in
dichloromethane (DCM). The differential migration of12 (retention
factor (Rf) ) 0.9) compared to11 allowed easy confirmation of
the product. The product was also confirmed by RP-HPLC.


Preparation of 100 nmol 1,4-Dimethoxycatechol-Based Cy-
lindrical Frits. Cylindrical frits 13 were prepared by embedding
aminopropyl CPG7 in polypropylene. First, high-density polypro-
pylene (125 g) and aminopropyl CPG7 (85 g, 10 mol/g, 1000 Å
pore size, 75/200 micron particle size) were mixed thoroughly,
allowing uniform dispersion of the inorganic material into the
thermoplastic resin. The mixture was poured into cylindrical cavities
in an aluminum plate and milled to produce the desired size and
dimensions. The plate was heated at 190°C for 15 min and cooled
prior to releasing the frits from the mold. The density of the frit
prevented reagents from diffusing into the frit prior to application
of a pulse of inert gas. Therefore, during coupling and capping
steps, where two reagents were added to the frit, a hold step before
chamber pressurization allowed premixing of the two reagents prior
to entry into the resin.


A 1 L two-neck flask was equipped with a flush-closing PTFE
drain valve and was loaded with 1000 100 nmol frits13 in
suspension with 100 mL of DCM. A solution of 200 mg of 1,4-
dimethoxypyrocatechol12 in 10 mL of tetrahydrofuran (THF) was
added, and the flask was agitated overnight. A ninhydrin test38 was
used to detect disappearance of a primary amine, and additional
1,4-dimethoxypyrocatechol12 was added until the primary amine
was undetectable. The frits were drained and washed successively
with acetone and DCM, then resuspended in a solution of 100 mL
of DCM and 0.8 mL of TMS/imidazole. After shaking for 4 h, the
frits were drained, washed with methanol, and dried under vacuum.


Prior to synthesis, a blunt-ended steel pin was used to insert the
frits into open-ended polypropylene synthesis columns. After
completing the synthesis, the frits were removed from the column
by applying top pressure on the plug with a steel pin.


Synthesis of Oligonucleotides on UL1 Universal Supports.
Synthesis of oligonucleotides was performed on a commercially
available 48-position oligonucleotide synthesizer. Empty support
columns and 100 nmol synthesis supports14 were provided by
CTGen Inc. Synthesis supports were pressure fit by hand into empty
columns, which were then inserted into the carousel of the
synthesizer. Deblocking solution, 3% trichloroacetic acid (TCA)
in DCM, was used for removal of the TMS protecting group. Two


(32) Tian, J.; Gong, H.; Sheng, N.; Zhou, X.; Gulari, E.; Gao, X.; Church,
G. Nature2004, 432, 1050-1054.


(33) Scaringe, S. A.; Francklyn, C.; Usman, N.Nucleic Acids Res.1990,
18, 5433-5441.


(34) Wu, T.; Ogilvie, K. K.; Pon, R. T.Nucleic Acids Res.1989, 17,
3501-3517.


(35) Vinayak, R.; Anderson, P.; McCollum, C.; Hampel, A.Nucleic Acids
Res.1992, 20, 1265-1269.


(36) Matteucci, M.; Caruthers, M.Biotechnology1992, 24, 92-98.
(37) Hanslick, R.; Bruce, W.; Mascitti, A.Org. Synth.1963, 4, 788.
(38) Kaiser, E.; Colescott, R.; Bossinger, C.; Cook, P.Anal. Biochem.


1970, 34, 595-598.
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150 µL aliquots were dispensed into each column, followed by a
1 s pressurization at 5 psi with a 60 s hold time after each
dispensation to ensure complete TMS removal prior to the first
coupling step. TCA was then drained from the column by applying
a short (5 s) burst of argon. Next, a single wash was performed
with 180 µL of dry acetonitrile. Coupling was performed by a
single, near-simultaneous dispensation of 30µL of 5-benzylthio-
1H-tetrazole activator (BTT) and 35µL of phosphoramidite.
Therapure phosphoramidites, 5′-dimethoxytrityl-N-benzoyl-2′-
deoxyadenosine-3′-[(2-cyanoethyl)-(N,N-diisopropyl)]phosphora-
midite, 5′-dimethoxytrityl-N-benzoyl-2′-deoxycytidine-3′-[(2-cya-
noethyl)-(N,N-diisopropyl)]phosphoramidite, 5′-dimethoxytrityl-N-
isobutyryl-2′-deoxyguanosine-3′-[(2-cyanoethyl)-(N,N-diisopro-
pyl)]phosphoramidite, and 5′-dimethoxytrityl-2′-deoxythymidine-
3′-[(2-cyanoethyl)-(N,N-diisopropyl)]phosphoramidite were pur-
chased in 2 g bottles and dissolved in dry acetonitrile to a final
concentration of 50 mM. Coupling was allowed to proceed for
20 s to ensure stepwise coupling efficiencies of at least 99%.
Phosphoramidites and BTT were drained from the column. Next,
the newly formed phosphite linkage was oxidized to a pentavalent
phosphate using 0.02 M iodine in THF/H20 followed by a 10 s
hold. Following a drain step, capping (acylation) of truncated
species was performed by dispensing 25µL of Cap A (acetic
anhydride, pyridine, THF (10:10:80)) and 25µL of Cap B (16%
n-methylimidazole in THF), followed by a 10 s hold step and a 5
s drain. The columns were washed with one aliquot of 180µL of
dry acetonitrile. The synthesis cycle was repeated for the introduc-
tion of each new base. For subsequent base additions, the only
modification to the synthesis cycle was shortening the hold step
after each TCA addition since subsequent 5′-deblocking steps
remove the more labile 5′-dimethoxytrityl (DMT) group.


Synthesis of Long Oligonucleotides on Commercially Avail-
able Synthesis Supports.Synthesis of oligonucleotides on com-
mercially available synthesis columns was performed using the
synthesis cycles recommended by the column and instrument
manufacturer. Oligonucleotides with respective sequences 5′-
CCTTA CTGCC CGGGA AATAG GGAGA CCATC CGATG
TCTAA-3′, 5′-ATCAC AATAA AGGTT GAAAC GGTGC AA-
CAG TATGA TCCGA CCTTA CTGCC CGGGA AATAG GGA-
GA CCATC CGATG TCTAA-3′, and 5′-TCCAG TATTT AGTTG
TTATG CTACG ACCAA TTCTT ACTAC ATCAC AATAA
AGGTT GAAAC GGTGC AACAG TATGA TCCGA CCTTA
CTGCC CGGGA AATAG GGAGA CCATC CGATG TCTAA-
3′ were synthesized on a commercially available 48-position
oligonucleotide synthesizer and were analyzed by RP-HPLC.


Measurement of Oligonucleotide Yield versus Cleavage Time.
Oligonucleotides (5′-TTTTT TTTT-3′) were cleaved from universal
supports using NH4OH (28-30% ammonia in water). Optimal
cleavage times were determined by exposing supports to NH4OH
in 5 min increments between 0 and 60 min. Columns were placed
on a vacuum manifold and sealed with caps to prevent ammonia
evaporation during incubation. A vacuum was applied to each
column so that the cleaved oligonucleotide could be collected in a
1.5 mL polypropylene tube. Samples were immediately placed in
a vacuum centrifuge for lyophilization. Oligonucleotides were
resuspended in 100µL of deionized water and 1µL was taken and
further diluted in 99µL of diH2O for absorbance measurements.
Optical density at 260 nm was measured from 2µL of diluted
sample in triplicate on a fiber-optic spectrophotometer pedestal.
Measurements were averaged, and absorbances were converted to
initial concentration (µM) according to Beer’s Law.


Quantification of Uncleaved Linker Following Deprotection.
To check for the presence of oligonucleotides with uncleaved


catechol linker or 3′-phosphate, the atomic mass of the cleaved
product versus time was measured at three different temperatures,
55, 65, and 80°C. For each temperature, deprotection was allowed
to proceed for up to 17 h with measurements taken at 1 h increments
from 0 to 8 h, the last time point was checked after 17 h.
Deprotection was carried out in NH4OH and then separately in
AMA. Samples from early time points were kept frozen at-80 °C
until deprotection was complete for all conditions. Oligonucleotides
were then lyophilized in a vacuum centrifuge on medium heat,
resuspended in 100µL of diH2O, and quantitated using the method
previously described. Samples were analyzed for purity and mass
by LC-MS (performed at the Stanford University Mass Spec Core
Facility). The mass values obtained for samples run on the mass
spectrometer were within 0.1% of the expected values, correspond-
ing to the error typically seen in electrospray LC-MS.


Dephosphorylation kinetics were determined by measuring the
relative sizes of peaks that correspond to the phosphorylated and
dephosphorylated species over the time course specified above.
Relative abundance was measured by peak amplitude, and identity
was determined by the monoisotopic half-mass (m/2z). Phospho-
rylated species could also be readily distinguished on RP-HPLC
chromatograms since these species have longer retention times than
dephosphorylated species.


PCR with Catechol-Synthesized Oligonucleotide Primers.
Forward (L_Primer_1719_pUC19_384; 5′-GATAC GGGAG GGCTT
ACCAT-3′) and reverse primer (R_Primer_2102_pUC19_384; 5′-
GATAA CACTG CGGCC AACTT-3′) were made on the universal
linkers and compared with control primers synthesized on standard
supports.


PCR was carried out on a 96-well thermal cycler using the
following temperature profile: [94°C 10 min], 30 cycles of [94
°C 30 s, 55°C 45 s, 72°C 2 min], [72 °C 7 min]. The reaction
was performed in a total volume of 20µL using 1× PCR Buffer
II, 1.25 mM MgCl2, 5U AmpliTaq gold DNA polymerase, 1 ng
pUC19 plasmid, and 3.2 pmol of each forward and reverse primer.
Primers were synthesized in-house at Stanford Genome Technology
Center (SGTC) using a commercially available 48-position syn-
thesizer using the chemistry cycle already described. PCR products
were analyzed on a nondenaturing 0.9% agarose gel. PCR
amplification produced a 384 bp band on the gel. Control primers
were purchased from a commercial oligonucleotide house. A 50
bp DNA sizing ladder was used to determine amplicon size.
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ABSTRACT


A simplified and economical method for the attachment
of 2'-deoxyribo, ribo and arabinonucleosides onto long-
chain alkylamidopropanoic acid controlled-pore glass
(LCAAP-CPG, P-3) is described. In this procedure, 5'-O-
tritylated nucleosides are coupled directly to LCAAP-
CPG in excellent yields using 1-(3-dimethylamino-
propyl)-3-ethylcarbodiimide (DEC) as coupling reagent.
The conventional and time-consuming preparation of
nucleoside-3'-O-succinates is no longer required.


INTRODUCTION


Extensive research has been directed towards the development
of supports containing covalently bound nucleosides for use in
oligonucleotide synthesis (1). Among the rigid, microporous
polymer supports, long-chain alkylamine controlled-pore glass
(2) (LCAA-CPG) has become the most popular for DNA and
RNA synthesis (1, 3). Its long-chain alkyl spacer makes the
support bound terminal nucleoside more accessible to coupling
reagents and its pore size is conducive to the synthesis of very
long DNA and RNA oligomers (2, 4). The recent synthesis by
Ogilvie et al. (5) involving LCAA-CPG is particularly noteworthy
because it produced a 77-unit long transfer-RNA sequence, the
longest RNA solid-phase synthesis published to date.
The conventional method of derivatizing LCAA-CPG is


outlined in Scheme 1 (method A). It involves (i) the synthesis
of nucleoside-3'-O-succinates (2); (ii) dicyclohexylcarbodiimide
(DCC) mediated conversion of 2 into pentachlorophenyl or p-
nitrophenyl esters of nucleoside-3'-O-succinates (3 and 4); and
(iii) condensation of 3 or 4 with the primary amino groups of
LCAA-CPG. Although this methodology is straightforward, the
synthesis of nucleoside-3'-O-succinate esters is lengthy and has
to be repeated for each nucleoside. Furthermore, the rate of
coupling of nucleoside succinate esters to LCAA-CPG is slow
and generally yields moderate loadings of support-bound
nucleoside (10-25 Amol/g of CPG). These and other problems
associated with LCAA-CPG derivatization were largely resolved
by Pon et al. (6). by introducing 1-(3-dimethylamino-
propyl)-3-ethylcarbodiimide (DEC) to attach 3 '-O-succinyl-
2'-deoxyribonucleosides (2) directly to LCAA-CPG. This
procedure eliminates the need to prepare succinate esters 3/4 and


provides supports with a high degree of nucleoside attachment
(30-65 ttmol/g).


In this report we describe an alternative derivatization
procedure in which nucleosides (2'-deoxyribo, ribo, and
arabinonucleosides) are coupled directly to long-chain
alkylamidopropanoic acid CPG (LCAAP-CPG, 1) via the 2'- or
3'-hydroxyl groups. Thus, the time-consuming preparation of
nucleosides succinates 2, 3 or 4 is no longer required.


MATERIALS AND METHODS
Materials
Samples of LCAA-CPG (batch I and II, particle size 125-177
Itm, pore diameter 500 A) with a primary amino loading of about
100 Amol/g were obtained from Pierce (Rockford, IL).
4,4'-Dimethoxytrityl chloride, 4-dimethylaminopyridine, succinic
anhydride, ninhydrin, tetrazole, 2-nitrophenol, and
pentachlorophenol were obtained from Aldrich Chemical Co.,
Milwaukee, WI. Trichloroacetic acid, AnalaR grade (minimum
assay 99%), was obtained from BDH Canada. Pyridine and
2,4,6-trimethylpyridine were distilled from calcium hydride and
dried over activated 4A molecular sieves prior to use.
Tetrahydrofuran was distilled from sodium benzophenone ketal
under nitrogen as needed. Ultraviolet and visible spectra were
recorded on a Hewlett-Packard HP8452 spectrophotometer.


Preparation of Nucleosides
5'-O-(Dimethoxytrityl)-N4-benzoyldeoxycytidine (la) was
prepared according to published procedures (7). Ribonucleosides
lb-e were prepared according to the procedures reported by
Ogilvie et al. (8 , 9 9. Ogilvie,K.K., Schifman,A.L., and
Penney,C.L. (1979) Can. J. Chem., 57, 2230.


Arabinonucleosides If-h were prepared according to a
published procedure (10). Compounds 2-3 and 5-6 were
prepared according to the procedures reported by Pon et al. (6)
and Usman et al. (3), respectively.


Dimethoxytritylation of LCAA-CPG
DMTC1 (845 mg, 2.50 mmol), AgNO3 (422 mg, 2.50 mmol),
pyridine (1.0 mL, 13 mmol), and THF (5.0 mL) were stirred
vigorously using a vortex mixer. After 5 min of stirring at room
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temperature, the mixture was centrifuged and the supernatant
decanted. LCAA-CPG (15 -25 mg) was taken in a vial to which
the above supernatant (0.5 mL) was added. After 20 min of
mixing, the slurry was filtered and the beads washed extensively
with dimethylformamide, THF and then ether.


Trityl Analysis
The amount of DMT, or 5'-O-tritylated (MMT, DMT)
nucleosides covalently bound to CPG was determined
quantitatively by measuring the trityl cation released after acid
treatment of the CPG beads. Typically, an accurately weighed
sample of CPG (5-10 mg) was treated with 10 mL of 5%
trichloroacetic acid in 1,2-dichloroethane. After mixing, the
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Table 1. Nucleoside Loadings Obtained by Coupling Nucleosides to LCAAP-CPG (P-3) and LCAA-CPG (P-2)


Nucleoside
Entry Method CPG Nucleoside Coupling P4 Piperidine P-5


Batch Step (h) (tmol/g) Step (h) (gmol/g)


I C II dC la 24 39 12 37
2 C II dC la 24 39 36 36
3 C II dC la 24 39 168 23
4 C I U lb 72 34 0.1 34
5 C I U lb 72 34 24 30
6 C II U lb 72 40 24 30
7 C I C Ic 72 28 0.1 29
8 C I C Ic 72 28 24 24
9 C II C Ic 72 33 24 23
10 C I A Id 72 32 0.1 33
11 C I A Id 72 32 24 26
12 C II A Id 72 36 24 24
13 C I G le 72 31 0.1 31
14 C I G le 72 31 24 26
15 C II G le 72 36 24 25
16 C II aU If 20 37 12 36
17 C II aC Ig 72 23 16 20
18 C II aA Ih 20 27 12 29


Loading umol/g
19 A II dC 3a 36 17
20 B II dC 2a 168 35
21 A II A 6 96 15
22 B II A S 96 13


absorbance was measured at 504 nm (DMT) or 478 nm (MMT),
and the amount of trityl cation determined by using extinction
coefficients of 76 mL cm-l tmolI (DMT) or 56 mL cm-'
A4mol- I (MMT). This assay was reproducible within i 5 -8%.


Ninhydrin Test
Solutions of (a) 0.28M ninhydrin in absolute ethanol, (b) 80%
phenol in ethanol, and (c) 0.5 mM KCN in pyridine were
prepared according to the published procedure (11).
An accurately weighed sample of LCAA-CPG (3.0-12.0 mg)


was added to a 10 mL volumetric flask. Distilled water (0.2 mL),
reagent (b) (1 mL), and reagent (c) (1 mL) were added and the
mixture was heated over a boiling water bath for 5-10 min.
Ninhydrin solution (a) (0.2 mL) was then added to the mixture
and heating was continued for 3 more minutes. During this time
a purple-blue color developed if primary amino groups were
present. The solution was cooled to room temperature, diluted
to 10 mL with 60% ethanol, and its optical density determined
at 570 am with a UV/VIS spectrophotometer. Water (0.2 mL),
subjected to the same procedure, served as the reagent blank.


Acid activation of LCAA-CPG-Preparation of P-2
LCAA-CPG (4.5 g) was slowly stirred in a solution of 3%
trichloroacetic acid in dichloromethane (50 mL) at room
temperature for 3-4 h. The LCAA-CPG was filtered off and
washed first with 9:1 triethylamine:diisopropylethylamine (50
mL), and then with CH2C12 and ether. The activated support
was dried under vacuum over P205 before use.


Succinylation Reaction-Preparation of P-3
To a dried 6 mL Hypovial (Pierce) containing acid activated
LCAA-CPG (P-2) (1.0 g), succinic anhydride (2 mmol, 0.20
g) and 4-dimethylaminopyridine (4-DMAP, 0.33 mmol, 40 mg)
was added, via syringe, anhydrous pyridine (6 mL) and the vial
was shaken at room temperature for 16-20 h. The CPG was


Table 2. Determination of Amino Loadings on LCAA-CPG


Amino loadings in umol/g of solid support
LCAA-CPG
solid support DMTCl/AgNO3 amidite/tetrazole


batch I 54 38
(not activated)
batch I 86 54
(acid activated)
batch I 99 66
(acid activated)
Pon et al. (6) - 6
(not activated)
Pon et al. (6) - 71
(acid activated)
Gaur et al. (14) 31
(not activated)


filtered off and washed successively with pyridine, CH2CI2, and
ether. P-3 was dried under vacuum over P205 before use.


Nucleoside / Pentachlorophenol Coupling-Preparation of P4
All reactions were carried out in septum-fitted, oven-dried, and
argon-purged 6 mL Hypovials (Pierce).


N4-benzoyl-S '-O-(dimethoxytriyl)deoxycytidine
A mixture of la (0.10 mmol, 62 mg), P-3 (500 mg), 4-DMAP
(0.05 mmol, 6 mg), triethylamine (40 AtL), DEC (1.0 mmol, 192
mg), and anhydrous pyridine (6 mL) was shaken at room
temperature for 24 h. Pentachlorophenol (0.25 mmol, 67 mg)
was added and the mixture was shaken for an additional period
of 16 h. The CPG was filtered off and washed successively with
pyridine, CH2C12, and ether.


Ribonucleosides
The general procedure can be illustrated by the derivatization
of P-3 with 5'-O-(monomethoxytrityl)uridine (lb). A mixture of
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lb (0.10 mmol, 52 mg), P-3 (500 mg), 4-DMAP (0.05 mmol,
6 mg), triethylamine (40 /tL), DEC (1.0 mmol, 192 mg), and
anhydrous pyridine (6 mL) was shaken at room temperature for
72 h. Pentachlorophenol (0.25 mmol, 67 mg) was added and the
mixture was shaken for an additional period of 16 h. The CPG
was filtered off and washed successively with pyridine, CH2C12,
and ether.


Arabinonucleosides
The general procedure can be illustrated by the derivatization
of P-3 with 5'-O-(monomethoxytrityl)arabinouridine (IJ). A
mixture of If (0.20 mmol, 103 mg), LCAAP-CPG P-3 (1.0 g),
4-DMAP (0.10 mmol, 12 mg), triethylamine (80 /tL), DEC (2.0
mmol, 383 mg), and anhydrous pyridine (6 mL) was shaken at
room temperature for 20 h. Pentachlorophenol (0.50 mmol, 134
mg) was added and the mixture was shaken for an additional
period of 16 h. The CPG was filtered off and washed successively
with pyridine, CH2Cl2, and ether.


Piperidine Treatment-Preparation of P-5
Typically, P4 (500 mg) was treated with reagent grade piperidine
(5 mL) and the slurry was shaken for 5 min-24 h (see Table 1).
The CPG was filtered off, washed successively with CH2C12 and
ether, and dried under vacuum.


Acetic Anhydride/4-DMAP Capping Step
Stock solutions of 0.5M acetic anhydride in tetrahydrofuran
(THF) and 0.5M 4-DMAP/2,4,6-trimethylpyridine in THF were
prepared separately. The capping step involved mixing the
support P-5 (500 mg) with equal parts of the two stock solutions
(3 mL each). The slurry was shaken for 2-3 h and then washed
successively with pyridine, CH2Cl2, THF, and ether. Portions
of this CPG can be re-capped on the DNA synthesizer just prior
to synthesis.


Derivatization method A: using [(pentachloropheny)succinyl]
nucleosides 3 and 6
3: Acid activated LCAA-CPG (P-2) (300 mg), nucleoside 3 (0.09
mmol, 88 mg), and triethylamine (30 14L) in anhydrous pyridine
(2.0 mL) were combined in a sealed, argon-purged 6 mL
Hypovial and the vial was shaken at room temperature for 36
h. The CPG was filtered off and washed successively with
pyridine, CH2Cl2, and ether.


6: Acid activated LCAA-CPG (P-2) (500 mg), nucleoside 6 (0.15
mmol, 170 mg), and triethylamine (40 tL) in anhydrous pyridine
(3.0 mL) were combined in a sealed, argon-purged 6 mL
Hypovial and the vial was shaken at room temperature for 4 days.
The CPG was filtered off and washed successively with pyridine,
CH2C12, and ether.


Derivatization method B: using nucleoside succinates 2 and 5
2: A mixture of 2 (0.10 mmol, 70 mg), P-3 (250 mg), 4-DMAP
(0.13 mmol, 16 mg), triethylamine (40 MtL), DEC (0.5 mmol,
96 mg), and anhydrous pyridine (5 mL) were combined in a
sealed, argon-purged 6 mL Hypovial. The mixture was sonicated
(ultrasound water bath) for 1-2 min and the Hypovial shaken
at room temperature for one week. The CPG was filtered off
and washed successively with pyridine, CH2CI2, and ether.


5: A mixture of 5 (0.18 mmol, 150 mg), P-3 (500 mg), 4-DMAP


340 mg), and anhydrous pyridine (5 mL) were combined in a


sealed, argon-purged 6 mL Hypovial. The mixture was sonicated
(ultrasound water bath) for 1-2 min and the Hypovial shaken
at room temperature for 4 days. The CPG was filtered off and
washed successively with pyridine, CH2Cl2, and ether.


Solid-phase synthesis
Solid-phase syntheses of deoxyribonucleotides and
arabinonucleotides were performed on an Applied Biosystems
381A DNA Synthesizer. (araUp)7araU and (araAp)7araA were
prepared using a modified version (unpublished results) of the
synthesis cycle reported by Damha et al. (10). The synthesis of
(dTp)7dC was carried out using the synthesis cycle provided by
the Applied Biosystems 381A synthesizer.


RESULTS AND DISCUSSION
Improved CPG Derivatization Procedure (Method C)
The Chemistry
Ideally, derivatization of LCAA-CPG beads suitable for
oligonucleotide synthesis should avoid multi-step modifications
of the 3'-terminal nucleosides. A support bearing a terminal
carboxylic acid would be most suitable since the carboxyl moiety
could be esterified directly with one of the secondary hydroxyl
groups of nucleosides. Earlier attempts to couple nucleosides
directly to carboxyl-functionalized CPG using either DCC/
4-dimethylaminopyridine (4-DMAP) (10, 12) or phosphorus
oxychloride (12) as condensing reagents did not produced
satisfactory results. Only poor nucleoside loadings in the range
of 1 to 10 ymol/g were obtained with the DCC/(4-DMAP)
system. The phosphoryl succinate mixed anhydride, formed by
reaction of the carboxyl beads with phosphorous oxychloride,
produced loadings of 18-36 Atmol/g with 5'-O-mono-
methoxytritylthymidine. Ribonucleoside derivatives gave much
lower loadings, generally about 10 ,lmol/g.
We recognized that the combination of the DEC/4-DMAP


coupling procedure developed by Pon et al. (6) and a carboxyl-
functionalized CPG could provide a more efficient method for
the direct attachment of nucleosides onto CPG beads. The
methodology developed is similar to that previously described
for the derivatization of silica gel supports (12, 13) and is outlined
in Scheme 1 (method C). Beads of controlled-pore glass (particle
size 125-177 ptm, pore diameter 500 A) derivatized with a long-
chain alkylamine with a primary amino loading of about 100
jtmol/g were obtained from Pierce Chemical Co. (Rockford, IL).
The initial step involved treating the beads (P-1) with a solution
of 3% trichloroacetic acid (TCA) in 1 ,2-dichloroethane at room
temperature for 2-3 h. This step has been shown to liberate
amino (or hydroxyl) groups thus providing the maximum number
of reactive sites on the surface (6) (vide infra). The activated
LCAA-CPG beads (P-2) were then derivatized with succinic
anhydride/4-DMAP (2, 3, 6) to provide LCAAP-CPG beads
(P-3). The next step in the derivatization required condensing
a 5'-O-tritylated nucleoside (la-h) to LCAAP-CPG (P-3) with
DEC and 4-DMAP in pyridine (6). It is of no consequence
whether the protected ribonucleosides and arabinonucleosides
are coupled to P-3 via the 2'- or 3 '-hydroxyl group, or both,
since they will be liberated in the final aqueous ammonia
treatment in oligonucleotide synthesis. Following nucleoside
coupling, residual carboxyl groups were converted to amides by
addition first of pentachlorophenol/DEC and then piperidine.


(0.09 mmol, 10 mg), triethylamine (50 ML), DEC (1.75 mmol, Residual carboxyl groups on the support must be eliminated since
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they may be transformed to acylphosphate mixed anhydrides
during the nucleoside coupling and oxidation steps of nucleotide
synthesis. Although the carboxylic acid groups may be
regenerated by hydrolysis of the acylphosphate anhydrides during
the water/iodine oxidation step, the phosphitylation of carboxyl
groups would compete with the phosphitylation of 5'-hydroxyls
of growing nucleotide chains. As a result, lower than expected
coupling yields would be observed. Finally, the resulting beads
(P-5) were treated with acetic anhydride and 4-DMAP to esterify
additional ribose or arabinose hydroxyl groups and to block any
underivatized sites which would react and generate by-products
during oligonucleotide synthesis.


In this fashion, supports of N4-benzoyl-5 '-O-DMT-
2'-deoxycytidine (la), four common ribonucleosides (lb -e) and
three arabinonucleosides (if-h) were fully derivatized in 3-5
days by simply mixing reagents together and filtering and washing
the CPG beads. From the data collected in Table 1 it is apparent
that all of the nucleoside loadings fall within a satisfactory 20-40
Amol/g range.
Many attempts were made to optimize reaction conditions and


maximize the amount of nucleoside covalently bound to the
support. The results of these studies are summarized below.


Determination ofAmino Loadings on LCAA-CPG P-1 and P-2
The amount of LCAA-CPG reactive sites were determined before
and after treatment with 3% TCA/ 1,2-dichloroethane by two
spectrophotometric methods. The first method is based on the
reaction of LCAA-CPG with a mixture of 4,4'-dimethoxytrityl
chloride (DMTCl), silver nitrate, and pyridine. After removing
the excess reagents, the support is treated with trichloroacetic
acid to release the DMT cation which is determined quantitatively
by measuring its absorbance at 504 nm (e= 76 mL cm-l
,umol-I in 1 ,2-dichloroethane). This approach is a modification
of the method reported recently by Gaur et al. (14). The major
difference between the reported procedure and ours is the use
of silver nitrate (15) instead of tetra-n-butylammonium nitrate
(14) as the catalyst. The second method is based on the reaction
of LCAA-CPG with 5 '-O-dimethoxytritylthymidine-3'-O-
diisopropyl-,B-cyanoethyl phosphoramidite (7) in the presence of
tetrazole (6). The amount of phosphoramidite reaction with the
support is determined spectrophotometrically by the DMT assay
method described above. By these two methods, the number of
reactive (or accessible) sites on LCAA-CPG supports from two
different sample lots (i.e., I and II, Pierce Chemical Co.) were
determined and the results are shown in Table 2. For comparison,
the loadings determined by Pon et al. (6) and Gaur et al. (14)
on other LCAA-CPG samples (Pierce Chemical Co.) are shown
together with our results. It is apparent from Table 2 that the
number of reactive groups on the surface of acid unactivated (P-1)
and activated (P-2) supports varied significantly among the


different CPG batches. This may be due to slight variations in
either the chemical structure of the long chain alkyl spacer (Figure
1), amino group loading, or in the pore size among the different
batches of CPG. The data presented in Table 2 also show that
the number of reactive groups determined on activated and
unactivated LCAA-CPG supports were lower (6-99 jimol/g)
than that reported by the manufacturer (100 ltmol amino groups/g
of support, based on the determination of nitrogen or acid-base
titration). These results can be rationalized by assuming that some
of the reactive groups on LCAA-CPG are sterically inaccessible
to the DMTC1 or amidite (7) reagents and yet can be titrated
by acid (14). The limited reactivity of the majority of the sites
on LCCA-CPG was a phenomenon observed in several other
reactions described below.


Sites on LCAA-CPG reacted more efficiently with
DMTCl/AgNO3 than with the thymidine 3'-O-
phosphoramidite/tetrazole reagents. For example, 99 ,umol of
sites/g of activated LCAA-CPG (batch I) reacted with DMTC1
whereas only 66% of these underwent reaction with the amidite
reagent (7). The dimethoxytrityl loading achieved by Gaur et al.
(14) on unactivated LCAA-CPG (31 Amol/g) was roughly half
the loading achieved on our supports (54 ,umol/g). The nature
of the nitrate catalysts used by Gaur et al. (i.e., tetra-n-
butylammonium nitrate) may have been the cause for the lower
degree of tritylation observed. Reddy et al. (16) have found silver
nitrate to be a superior catalyst to tetra-n-butylammonium nitrate
for the dimethoxytritylation of nucleosides bound to CPG
supports.
As first noted by Pon et al. (6), the amount of reaction between


the acid activated LCAA-CPG and thymidine phosphoramidite
(7)/tetrazole was significantly greater relative to LCAA-CPG in
its normal, unactivated form (Table 2). The same trend was
observed in the reaction between these supports and
dimethoxytrityl chloride (Table 2). Pon et al. have attributed this
anomaly to the presence of either 'masked' amino or hydroxyl
groups on the surface of LCAA-CPG which are only accessible
for reaction after the acidic deblocking. To determine the nature
of the functional groups being unmasked by the acidic treatment,
various portions of acid-activated and unactivated LCAA-CPG
supports were treated with ninhydrin under standard conditions
(11, Scheme 2). Figure 2 demonstrates that the amount of
Ruhemann's purple released from acid-treated LCAA-CPG is
roughly double the amount released from LCAA-CPG in its
normal, unactivated form. These results are consistent with the
hypothesis (6) that the acidic treatment liberates primary amino
groups since reaction of ninhydrin with secondary or tertiary
amino groups does not produce the purple-blue product.


Interestingly, when LCAA-CPG in its normal, unactivated
form was treated successively with i) acetic anhydride/ 4-DMAP/
collidine/30 min; ii) acetonitrile; iii) 3% thrichloroacetic acid/


H H
R NCH2CH2CH2CH2CH2CH2N c.


CO CH3O0c
H I I


H2NCH2CH2CH2CH2CH2CH2NCOCH2CHCH20CH2CH2CH2Si CP


0 CH30


Figure 1. Reported structure of the alkylamine ligand on LCAA-CPG (17). The structure of the acid labile protecting group R is unknown.







3818 Nucleic Acids Research, Vol. 18, No. 13


1,2-dichloroethane/ 4 h; iv) acetonitrile; and v) ninhydrin under
the standard conditions, the Ruhemann's purple was not produced
(Scheme 2). This result indicates that the masked amino groups
are of the type -NHR and are acetylated during step (i) generating
-NR(Ac) groups. Deblocking of the unknown protecting group
R during the acidic treatment (iii) would yield terminal -NHAc
groups which cannot react with ninhydrin to form the
characteristic purple-blue color. The structure of the long-chain
alkylamine spacer on LCAA-CPG reported by Sproat and Gait
(17) is consistent with our results (Figure 1). The masked amino
groups are likely to be part of the protected hexamethylene
diamine groups on the alkyl spacers (18).


5.2 mL/cm'-tmol - 1) in the above experiments. It is then
apparent that the amount of carboxyl groups which react with
the phenol derivatives occupies only a fraction of the number
of potential sites available (> 100 ftmol/g). Nevertheless, these
results demonstrated that nucleosides could, in principle, be
attached to LCAAP-CPG in up to 30-50 micromoles per gram
of support.


Coupling of Nucleosides to LCAAP-CPG P-3
Nucleosides were covalently bound to P-3 by simply shaking
DEC with a mixture of a nucleoside (la-h), P-3, and 4-DMAP


Preparation of LCAAP-CPG P-3
Completion of the reaction of acid-activated LCAA-CPG (P-2)
with excess succinic anhydride/ 4-DMAP was qualitatively
monitored by the ninhydrin test (1 1). Generally, a large excess
of succinic anhydride was added to LCAA-CPG P-2 so that a
second addition was never required.
The number of reactive (or accessible) carboxyl groups on the


surface of LCAAP-CPG P-3 was calculated by determination
of the amount of p-nitrophenol bound to P-3 by DEC. The
amount of p-nitrophenoxide ions released after a piperidine
treatment was measured by visible absorption spectrophotometry
(410 nm) using 15.7 mL/cm-l mmol-l as the extinction
coefficient of p-nitrophenoxide (13). The number of reactive
carboxylic acids calculated on batch I and II were 46 and 28
tmol/g, respectively. The same values were obtained when p-
nitrophenol was replaced by pentachlorophenol (X= 329 nm; E=
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Figure 2. Visible absorbance at 570 nm for Ruhemann's purple liberated in solution from acid activated and unactivated LCAA-CPG. The ninhydrin-promoted reaction
was carried out as described in the experimental section.







Nucleic Acids Research, Vol. 18, No. 13 3819


in triethylamine/pyridine for 12-72 h at room temperature.
Pentachlorophenol was then added in situ to esterify any
remaining carboxyl groups and the solid material was separated
by filtration and washed repeatedly with organic solvents.
Solvents such as ethanol or methanol should be avoided since
these were found to cleave the pentachlorophenyl succinate esters
(19). Nucleoside loadings were determined at this stage by
detritylation of 5-10 mg samples with 5% thrichloroacetic
acid/ 1 ,2-dichloroethane solution followed by spectrophotometric
quantitation of the MMT (e= 56 mL cm'-I ,mol- I) and DMT
(e= 76 mL cm--Itmol- 1) cation absorbances at 478 and 504
nm, respectively. The results are shown in Table 1. With the
exception of one support (araC-CPG, 20 ttmol/g), all nucleoside
loadings fall in the range of 27-40 Atmol/g. Therefore, a large
fraction of the available carboxyl groups on P-3 are esterified
during nucleoside coupling.
The nucleoside coupling reactions were initially allowed to


proceed for 3 days. We have improved upon the procedure and
have reduced the total time for nucleoside coupling to 24 h. The
loadings were consistently in the 20-40 ltmol/g range (Table 1).


P-7 ci Cl
H =


v3N¶CCH2CH2C -O44


(CP)° ° Ci C1


E 1.!
CM0)
cmJ
Ch


%too.0


cnD..
0


Piperidine Treatment
On standing at room temperature, support P4 slowly releases
pentachlorophenol, indicative of spontaneous hydrolysis of the
pentachlorophenyl succinate esters. Therefore, it is essential to


treat P4 with piperidine immediately after nucleoside/
pentachlorophenol coupling to convert the pentachlorophenyl
esters to inert succinylpiperidines (Scheme 3). Although the
piperidine amidation step can be carried out in situ following the
pentachlorophenol esterification step, we carried out all amidation
reactions after work-up and isolation of LCAAP-CPG P4. This
enabled us to monitor spectrophotometrically the release of
pentachlorophenol induced by piperidine and thus, confirm that
both pentachlorophenol esterification and piperidine amidation
reactions had occurred. As a control, and a check on the overall
reaction kinetics, the amidation reaction was studied
spectrophotometrically by treatment of support P-7 (bearing solely
terminal pentachlophenyl esters, Figure 3) with a 0.1 %
piperidine/ether solution. The results presented in Figure 3
demonstrate that the amidation reaction is fast (tj/2 = 2.0 min,
r.t.) and follows, as expected, pseudo first-order kinetics.


HND
H
NNCCH2CH2C-Nj


V1 I
0 ~0


time (min)


Figure 3. Cleavage kinetics of pentachlorophenol attached covalently to LCAAP-CPG. The cleavage (amidation) reaction is promoted by piperidine as indicated
in the scheme above. In this experiment a weighed quantity of P-7 (with a loading of 46 tmol of pentachlorophenylesters/g of support) was taken in a UV cuvette
to which a solution of 0.1% piperidine/ether was added. The cuvette was stoppered and the visible absorbance at the X,, (329 nm) was monitored as a function of time.
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SCHEME 3


P-5


Having established the necessary conditions for the amidation
reaction, the supports (P4) were treated with piperidine (5 min-24
h) and washed extensively to afford P-5. Prolonged treatment
of support P4 with piperidine results in cleavage of both
pentachlorophenyl succinate esters and nucleoside succinate esters
(Scheme 3). For example, the loading of uridine on P4 dropped
from 36 to 24 Amol/g (i.e., 32%) after a 24 h treatment with
piperidine (entries 4 and 5, Table 1). When this treatment was
reduced to 5 min, the more labile pentachlorophenyl esters were
cleaved quantitatively without affecting the nucleoside succinate
esters (20). The 2'-deoxyribonucleoside succinate esters bound
to P4 were more stable to piperidine than the arabino and ribo
counterparts (Table 1).


Acetic Anhydride Treatment (Capping)
Due to the sensitivity of the pentachlorophenyl esters on P.4,
it is critical that 'capping' of hydroxyl groups be carried out after
the amidation step. Pentachlorophenyl esters on the surface of
P4 were rapidly converted to carboxyl groups when exposed
to the capping reagent (i. e., Ac2O/4-dimethylamino-
pyridine/collidine/THF) and moisture. In this case it was
necessary to convert the carboxyl groups to amides by the usual
pentachlorophenol/DEC and piperidine steps.
We prefer and recommend that P-5 be capped immediately


after the piperidine treatment and again, just prior to the start
of oligonucleotide synthesis. The second capping step is easily
incorporated in the automated synthesizer and serves to re-cap
sites that might be unmasked during storage of the support. In
addition, it removes water from the support at the start of
oligonucleotide synthesis.


Comparison of Methods A, B, and C
In order to evaluate the current methods of CPG derivatization
(A and B, scheme 1), supports bearing N4-benzoyl-5'-O-
DMT-2'-deoxycytidine and the ribonucleoside N6-benzoyl-5'-O-
MMT-3'-O-t-butyldimethylsilyladenosine were prepared using
the same batch of LCCA-CPG. Reactions were carried out
according to the literature procedures (2, 3) and the results are
collected in Table 1. Method A gave consistently lower loadings
of these and other nucleosides. On the other hand, both method
B and our method consistently gave comparable loadings for
deoxycytidine: 35 and 37 Amol/g, respectively. These values were
substantially lower than the loading of 64 micromol per gram
of support achieved by Pon et al. (6) using method B. We cannot
account for this discrepancy. It may, however, be attributed to
variations in either the pore size, amino group loading, or nature
of the long chain alkyl spacer among the different CPG supports.


HN> H
HNQ NNCCH2CH2C-b3


slow G 0°


NCCH2CH2C-N)
0 0


-xc..


*.' XC


-BPB


1 2 3 4


Figure 4. 24% Polyacrylamide/7 M urea electrophoresis gel showing the results
of deoxyribonucleotide and arabinonucleotide synthesis using our newly derivatized
CPG beads. All lanes show the crude product of synthesis obtained after the
deblocking steps. Lane 1, ara(UUUUUUUU); lane 2, ara(AAAAAAAA); lane
3, 5'-d1lTlTlTITC)-3'; lane 4, xylene cyanol (XC) and bromophenol blue (BPB)
markers. The oligonucleotides were visualized by ultraviolet shadowing.


In the case of the ribonucleoside adenosine, our method gave
a significantly higher loading (33 itmol/g) than the existing
methods A (15 Itmol/g) or B (13 /imol/g). This is most likely
due to the reduced steric hindrance around the reactive site of
5'-O-MMT-N6-benzoyladenosine relative to the 3'-silylated
derivatives 5 (method B) and 6 (method A).


CONCLUSION
A fast and economical procedure for nucleoside derivatization
of controlled-pore glass beads has been developed. This procedure
eliminates entirely the time-consuming blocking steps (i.e.,
succinylation, esterification, or silylation) of nucleoside hydroxyl
groups and affords, within 3-5 days, supports with an excellent
degree of nucleoside loadings (20-40 ttmol/g). All of the
required nucleosides are simple 5 '-O-tritylated derivatives which
can be prepared easily or obtained commercially. The higher
loadings obtained (30-40 /Amol/g) are quite useful for the
synthesis of large amounts of oligonucleotides or branched
oligoribonucleotides (21) where a high degree ofCPG nucleoside
attachment is required.
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The improved derivatization procedure has been successfully
applied in our laboratory to the synthesis of short oligomers of
2'-deoxyribo and arabinonucleotides. In each case, the crude
oligomers obtained after the standard deprotection steps were of
high purity (Figure 4) thereby demonstrating the utility of our
CPG supports.
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14. Oligonucleotide Synthesis on Polystyrene-Grafted 
Poly(tetrafluoroethy1ene) Support 
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Supports consisting of a thin layer (2-10%) of polystyrene (PS) grafted onto a poly(tetrafluoroethy1ene) 
(PTFE) core are an interesting alternative to controlled pore glass (CPC) carriers in oligonucleotide synthesis. The 
beads are mechanically stable, do not show significant swelling, and allow effective removal of substrates by short 
washing steps with organic solvents. PTFE-PS as an organic polymer has generally more hydrophobic properties 
than inorganic polymer supports and, therefore, is well compatible with organic solvents such as anhydrous 
MeCN. We found PTFE with a content of 2-3% PS graft to be a very good support for the synthesis of 
oligonucleotides of extended length. In comparison, PTFE with 5-10% grafted PS is especially useful for 
large-scale syntheses. Functionalization procedures minimized in the extent of side reactions are described as well 
as examples for the use of the supports in syntheses of oligonucleotides both on large scale and of extended chain 
length. 


1. Introduction. - Most oligonucleotide syntheses during the last years were done on 
porous, non-swellable inorganic carriers, especially silica gel or controlled-pore glass. 
While these support materials yielded excellent results in routine automated preparations 
of smaller oligonucleotides, some difficulties occurred in the assembly of longer chains. In 
particular, steric and diffusion effects were observed during the preparation of long 
oligonucleotides, when supports with average pore diameters of 75 nm or lower were used 
[ 11. More recently, we explored the potential of nonporous surface-coated silica-gel 
microbeads as carriers in oligonucleotide synthesis. We demonstrated that such a support 
system where oligonucleotide reactions only proceed on the outside of spheres internally 
inaccessible are useful for the preparation of even very long oligonucleotide chains [2]. 
Although conceptionally attractive, such support systems, in their practical application, 
suffer from the fact that the relatively small area available on the surface of microbeads 
has the consequence of extremely low loading of nucleoside groups. 


A system similarly composed of an impenetrable inner core covered with a reactive 
coating was described in several publications from the laboratory in Jena [3] [4]. This 
system is based on polystyrene grafted onto Teflon granules in the gas phase. 


Previous studies of large-scale syntheses of shorter oligonucleotide chains by modified 
phosphotriester approaches in the 5'+ 3' as well as in 3'+ 5' direction on polystyrene- 
coated Teflon supports of high nucleotide loadings yielded promising results [5] [6]. 
Therefore, we were interested to explore the potential of the above mentioned hydro- 
phobic supports which provide good compatibility between the hydrophobic nature of 
the fully protected growing oligonucleotide chain and aprotic solvent systems in auto- 
mated oligonucleotide synthesis, using the phosphoramidite approach. 
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2. Results. - 2.1. Support Functionalization. The results of the grafting reactions of 
styrene onto poly(tetrafluoroethy1ene) (PTFE) powder are shown in Fig. 1. The knots of 
the PTFE network are totally surrounded by polystyrene (PS) which thereby fills the 
cavities of the PTFE lattice. The copolymer particles exhibit a strongly structured PS 
surface with cavities and pores of different size. 


Fig. I .  Microstructure o fPTFE and oj'PTFE-PSgranules denionstruted by electron microscopy. u )  PTFE particle in 
20000-fold enlargement; b )  Grafting product P,, (12-15 % styrene) in 20000-fold enlargement. 


The reactions leading to support Sunctionalization are shown in the Scheme. Loadings 
could be varied within a wide range, from ca. 15 to 140 pmol nucleoside/g support. As 
expected, the nucleoside loading increases with increasing content of amino groups, the 
latter being itself related to the degree of grafting. 


2.2. Oligonucleotide Syntheses. 2.2.1. Application of PTFE-PS Copolymers for Routine 
Small-Scale Preparations of Average-Size Oligonucleotides As Well As of Long Sequences. 
PTFE-PS Copolymers were used routinely for small-scale oligonucleotide syntheses 
applying the same 0.2-pmol standard cycles also used for syntheses with CPG supports. 
Sequences thereby obtained ranged from 34 to 146 bases; a representative list is given in 
Table 1. As seen from Table I ,  the average yields per elongation, as determined from 
detritylation, were excellent in most cases ( >  99% average) and comparable to the best 
average yields per elongation obtained with conventional CPG carriers. Most notewor- 
thy, there was no decrease in these yields even for very long oligonucleotide sequences. 


Table I also shows cases where the average yields per elongation were less than 
expected (ca. 98 YO). Investigating on these syntheses, we Sound an influence of the support 
matrix, in particular of the spacer length, on the average overall yields. As can be seen 
from Fig. 2, the interaction of the fully protected incoming phosphoramidites with the 
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Scheme. Anchorinx of Nucleotides to PTFE-PS Supports via a Long-Chain Spacer") 
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") P = polymer support consisting of a thin layer of polystyrene onto a poly(tetrafluoroethy1ene) core; 
DMAP = 4-(dimethylamino)pyridine; DCC = dicyclohexylcarbodiimide; (MeO),Tr = dimethoxytrityl 
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Fig. 2. Influence of spucer on the averuge overall yield [ YO] of coupling steps ( i )  in oligonucleotide synthesis. The yields 
were measured from detritylation by VIS absorption at 495 nm. Series 1: Synthesis on P2" with long spacer; series 


2 and 3;  Syntheses using P,, without long spacer. 
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hydrophobic surface of the support particles leads to relatively low average overall yields 
of the initial coupling steps (ca. 70 YO), when supports containing a short spacer were used 
(Scheme, structure 11). The introduction of a longer spacer, consisting of succinic residues 
and a bifunctional amino component [7] (structure IV) significantly reduced the number 
of spacer-ended amino groups as compared to amino functionality originally provided by 
the support. This is an indication of limited accessibility of a considerable fraction of the 
amino groups directly bound to the styrene coating of the support. 


A slight decrease in average overall yields during the first cycles was even found for 
supports with long spacers (Figs. 2 and 3) .  This, however, could be overcome by prolonging 
the reaction time in the initial five coupling steps to 60 s. With this minor modification, 
syntheses on a 0.2-pmol scale could be run on routine protocols for automated synthesiz- 
ers. Based on a support loading of typically around 12-17 pmol nucleoside/g, but also up 
to 48 pmol/g, average yields of the chain elongation were well above 99 %, as shown in 
Table 1. These yields were of the same values, if not better, as those obtained in similar 
syntheses using CPG 500 with long-chain alkylamine spacers (also shown in Table 1). 


0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 
Coupling step i 


Fig. 3.  Comparison of the average overall yield [YO] of coupling steps i during the course of oligonucleotide syntheses of 
extended chain length using PTFE-PS and CPG supports, respectively. The yields were measured by VIS-absorption 
at 495 nm. Series I ;  70mer prepared on P,, with spacer of type IV; series 2: 70mer prepared on 1000-A CPG 
(Lcaa); series 3: 69mer prepared on P,, with spacer of type IV; series 4 ;  67mer prepared on 500-A CPG (Lcaa). 


Fig. 4 shows an autoradiograph of a polyacrylamide-gel electrophoretic separation of 
the products of several syntheses listed in Table 1. The appearance of the gel separation, 
again, confirms that grafted polystyrene-PTFE supports give similar yields as controlled- 
pore glass. The low content of N-1 error sequences in the crude product of a 30mer 
synthesis on P,, support is demonstrated by high-performance capillary electrophoresis in 
Fig. 5 .  


Also included in Table 1 and Fig. 4 is the preparation of a 146mer sequence done on a 
long-chain alkylamine spacered polystyrene-PTFE support. The average yield per elon- 
gation (cycle) in this case was found to be 99.2%. The gel separation shown in Fig.4 
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Fig. 4. Autoradiograph of gel-electrophoretic separation of crude synthesis products using 500-.d CPG (Lcaa) and 
PTFE-PSsupports. Crude products were separated on a 6 %  polyacrylamide gel containing 7~ urea. Lane 1: 67mer 
prepared on CPG; lane 2: 69nier prepared on P,, with type-IV spacer; lane 3: 70mer prepared on P,, with type-IV 


spacer; lane 4; 146mer prepared on P,, with type-1V spacer. 


clearly demonstrates the applicability of this support material to the preparation of 
unusually long oligonucleotide chains. 


2.2.2. Application of PTFE-PS Copolymers to Large-Scale Synthesis of Oligonucleo- 
tides. Recently, in the context of physico-chemical studies, but especially for future 
therapeutic applications, there is a demand for supports that allow large-scale prepara- 
tions of oligonucleotides. To test this possibility, we prepared a series of supports with 
medium-to-high loading ranging from 42 to 130 pmol nucleoside/g (Tuble 2). Some of 
these carriers were used to prepare oligonucleotides on a 10-pmol scale. In these synthe- 
ses, up to 1400 units were obtained in yields averaging more than 99% per 
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0, 
4 
8 
I Fig. 5. Profile of separation by high-peP-formance 


capillary eiectrophouesis. The 3Omer crude product 
was synthesized on a 0.2-pmol scale with support 
PI9. The main peak at the retention time 24.09 
min is the desired target (5'-3') d(G-A-A-C-T-G- 


A-A-G-G-T). At retention time 23.53 min, the N -  
1 error sequences are recorded. The electrophore- 
togram was measured on a Beckman capillary 
electrophoresis system, model P/ACE 5510 (Beck- 
man Instruments, Palo Alto, CA, USA) at 30" 
equipped with a diode array detector and software 
Beckman System Gold Version 8.1. Running 
buffer: 250 mM Tris-borate with 7M urea, pH 8.4; 
detection at 254 nm. The capillaries (type ssDNA 
100, 100 pm i.d.) tilled with 12% polyacrylamide 
gel were purchased from Beckman. 


A-C-T-G-G-T-C-A-A-C-G-T-C-T-G-C-G-T-G- 


15.00 20.00 25.00 
Time [min] 


Table 2. Results of Large-Scale Oligonucleotide Syniheses on PTFE-PS Supports 
in Comparison with 500-A Lcaa-CPGa) 


Support Loading Synthesis Target length N Purified Total yield Average yield 
[pmol/g] scale of oligo- amount after N-1 cycles per elongation 


[pmol] nucleotidea) [OD2601 [YO (MeO),Tr] [YO (MeO),Tr] 


42.2 10 
42.8 10 
46.2 10 
42.8 10 
84 5 
83.7 5 


120 I 
127 1 
41 1 


12mer 11 
25mer 12 
25mer 13 
25mer 14 
9mer 15 
9mer 16 


30mer 17 
12mer 18 
25mer 19 


744 
1165 
1395 
1265 
280 
29 1 
38 
24.8 
81.5 


81 
65 
84 
83 
60 
67 
33.8 
69.6 
82.4 


98.1 
98.3 
99.3 
99.3 
93.8 
95.1 
96.3 
96.8 
99.2 


") The following sequences were assembled (for convenience, the hyphens representing the phosphodiester links 


are Omitted): 11 (12mer) d(CTTGGAGAATCC) 
12 (25mer) d(AAAAAAAAAATAATTTTAAATATTT) 
13 (25mer) d(TTTTTTTTTTATTAAAATTTATAAA) 
14 (25mer) d(AAATATTTAAAATTATTTTTTTTTT) 
15 (9mer) d(CGTTTTTGC) 
16 (9mer) d(GCAAAAACG) 
17 (30mer) d(CTATAATACCACTGGCGGTGATATCGAATT) 
18 (12mer) d(CGAAAATTTTCG) 
19 (25mer) d(TTTTTTTTTTATTAAAATTTATAAA) 


b, Type-IV spacer; see Scheme. 
") Type-I1 spacer; see Scheme. 


elongation (cycle) (Fig. 6). Very high loading (120-127 pmol nucleoside/g) makes the 
growing oligonucleotide chains somewhat less accessible resulting in yields decreasing to 
96-97 %. However, it has to be emphasized that these high-load supports could easily be 
handled in automated machines. Syntheses on larger scale with these systems are cur- 
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rently being explored. For purification of large amounts of crude oligonucleotide prod- 
ucts, we developed a one-batch purification by liquid chromatography (Fig. 7). This 
method enables purification of up to 800 OD,,, in one run. 


Fig. 6. Prqfile of HPLC separation on a MonoQ-HR-515 column (Pharmacia. Freiburg) ofthe 25rner crude product 
of a large-scale svnlhesis wifh support PIq .  The main peak at retention time 23.88 min is the desired 251ner target 
(5’-3’) d(T-T-T-T-T-C-T-T-T-C-A-T-C-A-A-A-A-T-T-C-A-T-A-A-A), At retention time 21.37 min, the N-1 error 
sequences are measured. The chromatogram was obtained with a BioRad-800 HRLC system at 60° using a gradient 
of 0 to 100% buffer B within 30 min at a flow of 1 ml/min. Buffer A: 10 mM NaOH (pH 11); buffer B ;  I M  NaCl in 


10 mM NaOH (pH 11); detection at 260 nm. 
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Fig. I .  One-barcii purification of’large-scale synthesized oligonucleotides. Crude product (462.8 of a 17mer, 
(5’-3’) d(T-A-A-T-A-C-G-A-C-T-C-A-C-T-A-T-A), was purified by liquid chromatography using the column 
ResourcrTM Q (6 ml) from Pharmacia, Sweden. The chromatogram was recorded by Pharmacia LKB Reel with a 
single-path monitor U V - I ,  254 nm. A gradient of NaCl in 20 mM Tri.7, pH 9.2, was applied at a flow of 6.8 ml/min 
as indicated. Buffer A :  100 ml of 20 mM Tris (pH 9.2); buffer B :  100 ml of 1~ NaCl in 20 mrd Tris (pH 9.2); 
detection at 254 nm. From the fraction of the main peak indicated by hatching (purified target sequence), 417.7 


were obtained. 
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3. Discussion. - In addition to easy handling and high efficiency in routine automated 
oligonucleotide synthesis, the preparation of chains of extended length as well as the 
production of shorter sequences in large quantities are declared goals of current oligo- 
nucleotide chemistry. Most supports predominantly in use, although well studied for 
routine small-scale preparations, seem to have limitations in one or the other of these 
aspects. Thus, in the case of CPG, the accessibility of the growing oligonucleotide chains 
is connected to pore size. In a study from our laboratory, CPG-type supports were shown 
to exhibit an almost equal density of surface nucleoside anchor groups (0.7-0.9 pmol/m2), 
regardless of their average pore size. As a consequence of these findings, CPG supports of 
larger average pore size were recommended for the synthesis of oligonucleotides of higher 
chain length and were used also for combined chemical and enzymatic oligonucleotide 
chain lengthening [S]. Long chains can be made only with low-capacity supports. Small- 
pore CPG allows higher loading, but even this may not be a sufficient basis for the 
production of oligonucleotides in gram quantities and beyond. Nonporous surface- 
coated support systems such as silica-gel microbeads are conceptionally attractive for the 
synthesis of oligonucleotides of high chain length [2 ] .  However, the loading of such 
surface-coated supports is generally so small that they offer no possibility for application 
to large-scale preparations [9]. 


Here, we describe a ‘compromise’ support system, that gives excellent yields in routine 
small-scale synthesis, but has the unique feature that it can also be used with equally high 
efficiency for the preparation of oligonucleotides of extended length and in large quan- 
tity. This support is based on impenetrable, chemically inert, and mechanically stable 
PTFE microbeads as core material [lo]. On the outer surface of the PTFE core, the 
support contains a shell of polystyrene covalently bound to the PTFE by graft copoly- 
merization. Depending on the conditions of grafting [4], copolymers of different compo- 
sition, i.e., different content of polystyrene graft, can be obtained. This enables the 
introduction of variable nucleoside loadings and simultaneously a good accessibility of 
the surface-bound growing oligonucleotide chains. 


As shown in Fig. I ,  the PTFE core is completely coated by polystyrene, especially in 
copolymers with higher graft content. Since the polystyrene layer is highly structured, a 
large surface area is available for further functionalization. The polystyrene lattice is well 
compatible with solvents and reagents applied during the elongation cycles, as was 
recognized in work originating from other groups [ 11-13]. Whereas other supports which 
contain an impenetrable core and only a shell of growing oligonucleotide chains are 
usually confined to a very low loading and have particle sizes that may present difficulties 
for handling in automated apparatus [2], the support system described here is based on 
particles of a diameter of 50-1000 Fm which present no problem to filtration and 
washing. Nucleoside loadings can be varied within a wide range, from ca. 15 up to ca. 160 
pmol/g. The introduction of a longer spacer, consisting of succinic residues joined by a 
bifunctional amino component, significantly reduces the number of spacer-ended amino 
groups, as compared to amino functionality originally provided by the support, but 
increases the accessibility of the functional growing chain ends. 


PTFE-PS Copolymers of different styrene content and different loading were tested 
for their performance in oligonucleotide synthesis in comparison with CPG of different 
pore size as a reference. In Figs. 2 and 3, the average overall yield is plotted against the 
number of cycles i. Monitoring of trityl yields provides some obstacles (see [14]). Com- 
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puter simulations of average yields per elongation [15] [16] clearly demonstrated that 
trityl yields never reflect rigorously yields of truncated or failure sequences as well as the 
target sequence. To obtain more accurate synthesis parameters, we will determine the 
propagation probability function (d(i)) and the termination probability function (p(i)) 
from measured elution profiles by mathematical (iterative) methods [ 161. Nevertheless, 
the data of Figs. 2 and 3 give some indications for a non-constant chain growth during 
synthesis of long target sequences above N z 30 which strongly depends on the support 
and spacer type used. Further, they indicate an exponential or polynomial propagation 
probability function (d(i)) for the synthesis of target sequences above N z 30. It is 
emphasized that this result is not obtained from a local picture of the nonlinear growth 
system, e.g. from cloning of N-1 error sequences [17]. 


The average overall yields using PTFE-PS supports were shown here to be compatible 
to those of CPG. However, different from controlled-pore glass, matrix effects of the 
support surface seem to play a role during initial cycles, as demonstrated in Figs. 2 and 3. 
Especially, the cleavage of dimethoxytrityl groups preceding the coupling reactions was 
slowed down during the first cycles. This adverse effect could be partly compensated by 
the introduction of the longer spacer (see above) and by doubling the time for detrityla- 
tion and coupling during the first five cycles. Prolonged detritylation steps are used for 
synthesis of long oligonucleotides [ 18-20] [2]. With these adjustments, the excellent 
results given in Table I and Fig. 4 could be obtained with low-grafted PTFE-PS supports 
in the synthesis even of unusually long oligonucleotides. As shown in Fig. 4 with remark- 
ably small fractions of truncated oligonucleotides in gel-electrophoretic separations, the 
results are the better the lower the content of polystyrene graft. Steric hindrance due to 
the filling of pores, as observed during the preparation of very long oligonucleotide 
chains on CPG supports [l], does not seem to be a problem with surface-loaded supports. 
As demonstrated in Fig. 4 ,  the supports with a low styrene content (PZJ are best suited for 
the preparation of unusually long oligonucleotides. Thus, using supports with longer 
spacer, low styrene content (2-3 %), and low nucleoside loading (ca. 15 pmol/g), oligo- 
nucleotides of length up to 100 bases were synthesized in yields per elongation averaging 
> 99 % (see e.g. P,,, Table I and Fig. 5). These yields were of the same values, if not better, 
as those obtained in similar syntheses using CPG 500 or CPG 1000 with long-chain 
alkylamine spacers. The synthesis of a 146mer target sequence yielded 99.2% per elonga- 
tion (cycle). This clearly demonstrates the applicability of the support material with an 
extended amino-terminated succinamide spacer to the preparation of unusually long 
oligonucleotide chains. 


The synthesis of gram amounts up to the kilogram range 1211 is a challenge to 
oligonucleotide chemistry [22] as well as to separation techniques for analysis of crude 
products [16]. CPG Supports employed for small- and medium-scale synthesis have 
limited nucleoside loading as reported by Pon et al. [23] (typically 3 0 4 0  pmol nucleo- 
side/g support). Copolymers of polyethylene glycol and polystyrene were functionalized 
up to 190 pmol nucleoside/g support and were applied to the phosphoramidite method 
[24] and H-phosphonate method [25], but their properties are mainly influenced by the 
hydrophilic polyethylene glycol component [26]. Rigid polystyrene supports loaded from 
80 to 340 pmol nucleoside/g support were used for synthesis of 8mer and lOmer oligo- 
nucleotides [27]. The larger content of nucleoside anchored to PTFE-PS supports with a 
higher fraction of polystyrene graft enabled the preparation of large quantities of syn- 
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thetic oligonucleotides using a relatively small input of polymer support. Thus, PTFE 
carriers with 12-17% grafted polystyrene allowed loadings up to 160 pmol nucleoside/g 
support. Very high loading (1 20-127 pmol nucleoside/g support) made the growing 
oligonucleotide chains somewhat less accessible resulting in average yields per elongation 
that decreased to 96-97%. However, it has to be emphasized that these high-load 
supports could easily be handled in automated machines. Besides the reduction of 
expense for support materials, this results in a lower consumption of phosphoramidites 
and other reagents due to the smaller volume and better solvation of supports within 
large-scale reaction columns [28]. As can be seen from Figs. 5 and 6, even in the case of 
large-scale synthesis with highly grafted supports, the buildup of truncated and failure 
sequences is rather small. A good compromise are supports with 5-10Yn styrene content 
and loadings of up to 50 pmol/g. They afford routine synthesis of shorter oligonucleo- 
tides, e.g. 25mers, in optimum yield, producing quantities of up to 1400 OD,,, units per 
batch in yields averaging more than 99% per elongation (cycle). Applications of the 
PTFE-PS supports to preparations of structurally modified oligonucleotides are under 
investigation. An alternative option for large-scale preparations are solution-phase syn- 
theses (for a review, see [22]). 


Considerable interest has concentrated recently on polystyrene support materials 
cross-linked by different amounts of divinylbenzene. Although these are now widely in 
use, they seem to have limitations in one or the other aspects. McCollum and Andrus [l 11 
reported on polystyrene material which is especially suitable for small-scale syntheses 
(40 nmol) up to ca. 50mers. Furthermore, they claim to have synthesized a 209mer. 
Theoretical analyses of syntheses of extremely long oligonucleotides (above ca. 200 
nucleotides) show that this is possible, but a very low amount of target sequence may 
result [15] [29] [30]. However, the literature so far gives no direct evidence for the 
composition of the crude product before applying cloning procedures as well as site- 
directed mutagenesis. Bardella et al. [3 11 described syntheses with similar average 
coupling efficiency in large scale, but this was exemplified for 8mers only (the overall yield 
for the purified product was 21 Yn). More recently, Wright et al. [24] reported on syntheses 
from a 25-pmol up to 1-mmol scale. In the case of polystyrene materials especially 
designed for high loading [32], swelling/deswelling complicates their use in automated 
synthesizers. 


E. Birch-Hirschfeld and K.-H. Giihrs want to thank Mrs. Chrislel Hartmann for excellent technical assistance. 
Z .  Foldes-Papp and H.  Seliger gratefully acknowledge financial support from the Deutsche Forschungsgernein- 
schaff. 


Experimental Par t  


General. The 5 ' -0  -(dimethoxytrityl)deoxynucleoside 3'-O-(2-cyanoethyl-~,,N-diisopropyl)phospho~dmidites 
were purchased from MWG Biotech, Roth, and Applied Biosysterns. The standard solns. for activation, oxidation, 
and detritylation were also from these companies. 


Characteristics of the PTFE-PS Supports. The following types of our PTFE-PS supports were used through- 
out this study: P,,, PI,, P,,, and P22. The supports were characterized by the degree of grafting (DG), NH, groups 
bound to the support and to the spacer, as well as by the nucleoside loading. A comprehensive list of these data is 
reported in [6] and [9]. In brief, P2, has a DG of 2-3 % styrene which enables a nucleoside loading of 11-1 8 pmol/g 
support. For PI,, P,,, and P,,, the values are 5-7% styrene and 4248 pmol nucleoside/g support, 12-15% styrene 







148 HELVETICA CHIMICA ACTA - Vol. 79 (1 996) 


and 50-80 pmol nucleoside/g support, and 15-17% styrene and 120-140 pmol nucleoside/g support, resp. The 
experimental conditions for grafting of styrene onto PTFE and functionalization of polymer supports are given in 
detail below. 


Grafting of Styrene onto PTFE. A coarse-grained PTFE powder (Polychrom I ,  gift from Dr. Potapov) with an 
average particle diameter of 500-1000 pm was chosen as starting material. The grafting of styrene onto this 
material was accomplished by 6"Co radiation in an eddy flow reactor in which the PTFE gravel was flown through 
by a styrene-saturated N, stream [4]. This procedure yielded products highly homogeneous in degree of grafting 
(DG) and avoided the formation of large amounts of styrene homopolymers. The DG was determined either as 
weight increase of the support material during the grafting reaction or from the ratio of intensities of the IR bands 
at 1560 and 1610 cm-', respectively, compared to a calibration curve. Moreover, DG was estimated from corrected 
values of the C-content of polymers as determined in elementary analysis [4]. Unfortunately, all the methods 
mentioned failed to provide precise data at DG lower than 5 %, where rough estimates could only be taken from the 
amino-group content of the support in the course of further functionalization. 


Functionalization of' Polymer Supports (see Scheme). The resin was treated with N-(chloromethy1)phthal- 
imide/trifluoromethanesulfonic acid 1 :2 (mol/mol) and the mixture was subsequently hydrolyzed [33]: resin- 
methunamide 1. The amounts of incorporated amino groups could be regulated, to some extent, by shortening or 
prolonging the time of reaction. A valuation of the content of amino groups linked to the resin was obtained by 
colorimetric determination of picrate released by picrate complexes of support aliquots [34]. 


Spacer groups were optionally linked to amino groups of the support via succinylation followed by subsequent 
reaction with hexane-1,6-diamine and further succinic anhydride. In a typical succinylation, 5 g of I (P,,, 
DG = 10-12%, 185 pmol NH,/g) were suspended in 25 ml of abs. pyridine and treated with 2.5 g (25 mmol) of 
succinic anhydride and 2.05 g (25 mmol) of 1-methyl-1H-imidazole (25 mmol). After incubation at r.t. for 12 h, the 
4-oxo-4-( (resin-methyl)umino]butunoic acid 11 was filtered and subsequently washed with pyridine, pyridine/H,O 
1 : I ,  pyridine, MeOH, and Et,O and dried in vucuo. 


For the further elongation of the spacer, I1 was suspended in 15 ml of abs. pyridine and then 203 mg 
(1.75 mmol) of hexane-l,6-diamine, 516 mg (2.5 mmol) of dicyclohexylcarbodiimide and 61 mg (0.5 mmol) of 
4-(dimethylamino)pyridine were added. After stirring at r.t. N-(6-uminohexyl)-N- (re.sin-m~thyl)butanediamide 
for 10 h, I11 was filtered and washed successively with pyridine, MeOH, and Et20. In case of P,, with a content of 
185 pmol/g styrene bound NH, groups, the reaction yielded a content of 89 pmol/g of amino groups, as measured 
by the picrate assay. 


A second succinic residue mediating the linkage to the first deoxynucleoside was introduced by stirring 5 g of 
dried 111 together with 165 mg of succinic anhydride and 0.977 g of 4-(dimethy1amino)pyridine in 15 ml of abs. 
pyridine at r.t. for 10-12 h. The resulting 4- (6- { 1,4-dioxo-4-((resin-methyl)amino]hutylamino}hexylumino}-4- 
oxobutanoic acidIV was isolated by filtration and dried in vucuo after stepwise washing with pyridine, MeOH, and 
Et,O. 


For linking of deoxynucleosides to the support, typically 1 g of IV suspended in 3 ml of abs. pyridine was 
mixed with 0.3 mmol of a 2'-deoxy-5'-0-(dimethoxytrityl)nucleoside and 412 mg (2 mmol) ofdicyclohexylcarbodi- 
imid as well as with 24 mg (0.2 mmol) 4-(dimethylamino)pyridine and stirred at r.t. for 4 h. The reaction was 
stopped by addition of 0.5 ml of MeOH. After 2 more h of stirring, the mixture was filtered, and the formed 
2'-deoxy-S-O-(dimethoxytrityI) -3'-0- 14- 16- {1,4-dioxo-4-~(resin-methyl)amiiio]butylamino~he~ylumino} -1.4- 
dioxobuty1)nucleoside V was washed with pyridine, dimethylformamide, MeOH, and Et,O. The product was dried 
in vucuo, and then unreacted amino groups were blocked by a 4 h reaction at r.t. with 0.5 ml ofAc,O in 0.5 ml abs. 
pyridine catalyzed by 24 mg (0.02 mmol) of 4-(dimethy1amino)pyridine. Finally, the resin was isolated by filtration 
and washed with pyridine, MeOH, and Et,O. After careful drying of the support in vucuo, loadings of 60 to 80 pmol 
of 2'-deoxynucleoside per gram of resin were measured by the colorimetric determination of the acid-released trityl 
moiety. 


Oligonucleotide Svnthesis, Purification, and Analysis. Syntheses were carried out using an Applied- Biosystems- 
38UB DNA synthesizer according to 0.2-, 1-, or 10-pmol standard cycles. Using polystyrene-grafted PTFE 
supports, coupling steps as well as washing steps during the initial five elongations were run for double time 
compared to the 0.2-pmol standard synthesis cycles. 


Oligonucleotides were purified by HPLC using a Pye-Unicam-PU-4000 apparatus in ion-exchange mode on 
Partisil-10 SAX (Whatman, 4.6 x 250 mm, 10 pm). Alternatively, oligonucleotides, especially those of extended 
chain length, were isolated from polyacrylamide gels (12-20%, 1-3-mm thickness) containing 7~ urea and were 
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subsequently desalted using DEAE paper (Whatman). Large-scale purification was carried out by liquid chro- 
matography: ResourceTM-Q column, 6 ml (Pharmacia); detection at 254 nm; flow rate 6.8 ml/min; linear gradients 
from 0 to 100% buffer Bin A (buffer A,  20 mM Tris, pH 9.6; buffer B, I M  NaCl in 20 mM Tris). 


Estimates of relative yields were obtained by relating the 495-nm absorptions of the s o h .  of the individual 
detritylation steps to that of the detritylation of the support-bound nucleoside. To get average overall yields, the 
solns. resulting from cleavage of the dimethoxytrityl protecting group were separately collected, and absorptions at 
495 nm were manually determined after acidification by addition of 0. I M  toluene-4-sulfonic acid in MeCN. 


HPLC Measurements were performed on Bio-Rad 2700 (Bio-Rad, CA, USA) equipped with a column oven, 
the Bio-Rad UVjVIS detector UV-1806, and with software Series 800 HRLC@-System, Version 2.30.la. The 
MonoQ-HR-5/5 column (Pharmacia, Freiburg) was used. Detection at 260 nm; flow rate 1 mlimin; temp. 60’; 
linear gradients of 0 to 100% buffer Bin A were used within 30 min (buffer A ,  10 mM NaOH, pH 11; buffer B, 
10 mM NaOH, 1~ NaC1, pH 11); equilibration of the column was done by washing to 0% buffer B during 20 min. 


High-performance capillary electrophoresis was carried out on the Beckmann capillary electrophoresis system, 
model P/ACE 5510 (Beckman Instruments, Palo Alto, CA, USA) at 30” equipped with a diode array detector and 
software Beckman System Gold Version 8.1. Detection at 254 nm; injection, electrokinetic, 5 s, a voltage of 10 kV; 
(-) polarity; separation at 230-320 V/cm; running buffer, 250 mM Tris-borate with 7M urea, pH 8.4. Capillaries 
(type ssDNA 100, 100 pm id.) with linear 12% polyacrylamide gel were obtained from Beckmun. 


All synthetic oligonucleotides were characterized by denaturating polyacrylamide-gel electrophoresis with 
internal length standards. Sequence analysis was done by the method of Maxam and Gilbert [35]. 
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P h o s p h o r a m i d i t e  M e t h o d  


By M. H. CARUTHERS, A. D. BARONE, S. L. BEAUCAGE, 
D. R. DODDS, E. F. FISHER, L. J. MCBRIDE, M. MATTEUCC1, 


Z. STABINSKY, and J.-Y. TANG 


The phosphite triester approach to DNA synthesis using deoxynu- 
cleoside phosphoramidites as synthons has become the method of choice 
for the preparation of deoxyoligonucleotides. The general synthetic strat- 
egy involves adding mononucleotides sequentially to a deoxynucleoside 
attached covalently to a silica-based insoluble polymeric support. Re- 
agents, starting materials, and side products are then removed simply by 
filtration. At the conclusion of the synthesis, the deoxyoligonucleotide is 
chemically freed of blocking groups, hydrolyzed from the support, and 
purified to homogeneity by either polyacrylamide gel electrophoresis 
(PAGE) or high-performance liquid chromatography (HPLC). In sections 
which follow we outline the synthesis methodology; detailed protocols for 
preparing the silica support, the phosphoramidites, and deoxyoligonu- 
cleotides; and the purification of synthetic DNA. As part of each detailed 
procedure, we also highlight potential problems and their solutions. 


Outline of the Synthesis Method l 


General Outline. The polymer support is derived from silica-based 
materials such as Vydak, Fractosil, and controlled pore glass. These res- 
ins appear to be ideal matrices for DNA synthesis since silica is chemi- 
cally inert toward reagents used in DNA synthesis and does not swell in 


i M. H. Caruthers, Science 230, 281 (1985). 
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FIG. 1. Synthesis of deoxynucleosides linked to silica, a, B = Thymine; b, B = 6-N-ben- 


zoylcytosine; ¢, B = 6-N-benzoyladenine; d, B = 2-N-isobutyrylguanine; e, B = 6-N-[l-(di- 
methylamino)ethylidene]adenine; DMT = dimcthoxytrityl. 


common organic solvents. It can therefore be packed into a column and 
reagents pumped through the matrix without problems of compaction or 
swelling. Moreover these supports as originally formulated for HPLC 
were designed for efficient mass transfer during column chromatography. 
This latter characteristic allows DNA synthesis reagents to rapidly diffuse 
throughout the matrix which leads to high yields and minimal entrapment 
of reagents within the support. 


The appropriately protected deoxynucleoside is linked to the matrix 
using the chemistry 2-4 as outlined in Fig. 1. Thus the initial step involves 
forming 1 by reacting 3-aminopropyltriethoxysilane with the support in 
ethanol for 4 hr. The next step, the synthesis of 2a-e, proceeds by react- 
ing the appropriate base-protected 5'-O-dimethoxytrityl deoxynucleoside 
with succinic anhydride. After an aqueous extraction against citric acid, 
the 3'-succinylated deoxynucleoside is converted to the p-nitrophenyles- 


2 M. D. Matteucci and M. H. Caruthers, Tetrahedron Lett. 21, 719 (1980). 
3 M. D. Matteucci and M. H. Caruthers, J. Am. Chem. Soc. 103, 3185 (1981). 
4 M. H. Caruthers, in "Chemical and Enzymatic Synthesis of Gene Fragments" (H. G. 


Gassen and A. Lang, eds.), p. 71. Verlag Chemie, Weinheim, Federal Republic of Ger- 
many, 1982. 
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FiG. 2. Steps in the synthesis of a dinucleotide. (~), Silica support; TCA, trichloroacetic 
acid; 8a-e,  R = CH3; 9a-e,  R = NCCH2CH2. ga-e  and 9e-e  are differentiated by the base, 
B, as defined in Fig. 1. 


ter using p-nitrophenol and dicyclohexylcarbodiimide (DCC). This deoxy- 
nucleoside is then added to 1 in a mixture of dimethylformamide, dioxane, 
and triethylamine. An intense yellow color forms rapidly, indicating the 
elimination of p-nitrophenol and the formation of 3a-e. The ratio of re- 
agents is usually adjusted so that 10-100/xmol deoxynucleoside per gram 
support is obtained. These substitution levels are convenient for synthe- 
sizing either the minimal quantities of DNA required for biological studies 
or the milligram amounts needed for biophysical studies. 


The key intermediates for sequentially adding mononucleotides to the 
polymer support are appropriately protected deoxynucleoside 3'-phos- 
phoramidites (Fig. 2, compounds 8 and 9). These compounds are ideal 
synthons for preparing DNA since they are stable toward hydrolysis and 
oxidation but can easily be activated to form internucleotide linkages in 
very high yield. Since the methyl and/3-cyanoethyl phosphoramidites (8 
or 9) are currently used routinely, the use of both in DNA synthesis will 
be described. Although originally synthesized from diisopropylamino- 
methoxychlorophosphine 5,6 or diisopropylamino-2-cyanoethoxychloro- 
phosphine, 7 these compounds are now prepared from bis(diisopropyl- 


5 S. L. Beancage and M. H. Caruthers, Tetrahedron Lett. 22, 1859 (1981). 
6 L. J. McBride and M. H. Caruthers, Tetrahedron Lett. 24, 245 (1983). 
7 N. D. Sinha, J. Biernat, and H. Koster, Tetrahedron Lett. 24, 5843 (1983). 
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amino)methoxyphosphine 8 and bis(diisopropylamino)-2-cyanoethoxy- 
phosphine. 9 This is because the bis(diisopropylamino)alkoxyphosphines 
are very stable toward oxidation and hydrolysis, whereas the chlorophos- 
phines are pyrophoric and must be stored anhydrous under an argon 
atmosphere. The synthesis of 8 and 9 therefore proceeds in acetonitrile by 
mixing an appropriately protected deoxynucleoside, the bis(diisopropyl- 
amino)alkoxyphosphine, and diisopropylammonium tetrazolide, a weak 
acid which activates the synthesis. This pathway is attractive since only 
stable, easily prepared reagents are used, and the deoxynucleoside 3'- 
phosphoramidite synthons, when isolated by a simple aqueous extraction, 
are free of 3'-3' dinucleotides and 3'-phosphinic acid side products. These 
synthons can then be stored indefinitely after drying under reduced 
pressure. 


Addition of a mononucleotide to 4 requires the following four steps 
(Fig. 2): (1) removal of the dimethoxytrityl protecting group with acid to 
form 5; (2) condensation with a protected deoxynucleoside 3'-phos- 
phoramidite; (3) acylation or capping of unreactive deoxynucleoside; and 
(4) oxidation of the phosphite triester to the phosphate triester to form 7. 
Thus the synthesis proceeds stepwise in a 3' to 5' direction by the addition 
of one deoxynucleotide per cycle until the required DNA fragment has 
been prepared. A relatively new approach has also been developed which 
involves an in situ synthesis of deoxynucleoside 3'-phosphoramidites 
(Fig. 3). 8,1° A protected deoxynucleoside is first reacted with bis(diisopro- 
pylamino)alkoxyphosphine using diisopropylammonium tetrazolide as 
catalyst to form 8 or 9 in situ which in turn is activated with tetrazole and 
condensed with a deoxynucleoside covalentlyjoined to silica. Other steps 
in the cycle are identical to those shown in Fig. 2. 


The manual synthesis of deoxyoligonucleotides using sintered glass 
funnels as reaction vessels will be described. 11,12 However, precisely the 
same procedure can be used with automatic 13 and semiautomatic TM ma- 
chines or other manual methods where test tubes 14 and syringes ~5 are the 


8 A. D. Barone, J.-Y. Tang, and M. H. Caruthers, Nucleic Acids Res. 12, 4051 (1984). 
9 R. Kierzek, D. W. Kopp, M. Edmonds, and M. H. Caruthers, Nucleic Acids Res. 14, 4751 


(1986). 
to S. L. Beaucage, Tetrahedron Lett. 25, 375 (1984). 
ii M. H. Caruthers, Recomb. DNA, Proc. Cleveland Symp. Macrornol. 3rd, 1981 p. 261. 
12 M. H. Caruthers, S. L. Beaucage, C. Becker, W. Efcavitch, E. F. Fisher, G. Gallappi, R. 


Goldman, P. deHaseth, F. Martin, M. Matteucci, and Y. Stabinsky, Genet. Eng. 4, 1 
(1982). 


13 M. Hunkapiller, S. Kent, M. Caruthers, W. Dreyer, J. Firca, C. Griffin, S. Horvath, T. 
Hunkapiller, P. Tempst, and L. Hood, Nature (London) 310, 105 (1984). 


~4 p. L. deHaseth, R. A. Goldman, C. L. Cech, and M. H. Caruthers, Nucleic Acids Res. 11, 
773 (1983). 


15 T. Tanaka and R. L. Letsinger, Nucleic Acids Res. 10, 3249 (1982). 
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FIG. 3. Steps in the synthesis ofa dinucleotide using in situ prepared deoxynucleoside 3'- 
phosphoramidites. U, R = CH3; 12, R = NCCH2CH2. 


reaction flasks. Additionally, the in situ synthesis of deoxynucleoside 3'- 
phosphoramidites is included as part of this protocol. In situ synthesis 
methodologies are preferred where automatic or semiautomatic DNA 
synthesizers are still beyond the means of a small laboratory or uneco- 
nomical for a research group requiring only one or two deoxyoligonu- 
cleotides every few weeks. The same manual procedure can also be used 
with preformed deoxynucleoside 3'-phosphoramidites. When preformed 
synthons are used, they are simply dissolved in acetonitrile and substi- 
tuted for the same in situ prepared compounds using the same concentra- 
tions and reaction times. These preformed synthons are especially attrac- 
tive for preparing DNA on automatic or semiautomatic DNA synthesizers 
or for those who plan to manually synthesize a large number of deoxyoli- 
gonucleotides. 


Detai led Description.  Manual synthesis begins by loading each funnel 
with a silica support which has been derivatized with the protected deoxy- 
nucleoside corresponding to the 3' terminus of the deoxyoligonucleotide 
to be synthesized in that funnel (3a-e). Generally a quantity of support to 
which has been linked I/zmol of the desired deoxynucleoside is used in 
each synthesis. This is usually between 20 and 30 mg of derivatized sup- 
port. The 5'-hydroxyl function of this deoxynucleoside is blocked by the 
acid-labile dimethoxytrityl group. The first step in the synthetic cycle is 
therefore the removal of this group with 3% trichloroacetic acid (TCA) in 
dichloromethane. In an acidic aprotic solvent, the dimethoxytrityl cation 
is bright orange (~max  = 498 nm, e = 7.2 × 107). The completeness of each 
condensation may therefore be determined by measuring the amount of 
this cation recovered after the subsequent detritylation step. This parame- 
ter is generally called the trityl yield. Three percent TCA gives quantita- 
tive detritylation in approximately 90 sec. Since the protected purines are 
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susceptible to depurination under acidic conditions, exposure to TCA 
should not exceed 2-2.5 min in order to insure complete detritylation of 
the 5'-hydroxyl group. After detritylation, all traces of acid must be re- 
moved to prevent detritylation of the phosphoramidite introduced during 
the following condensation step. Failure to do so leads to polycondensa- 
tion, and the production of N + 1, N + 2, etc., deoxyoligonucleotides. 
This is especially important for deoxyguanosine which is the most labile 
toward detritylation. 


Condensation of the next deoxynucleotide may proceed after the sup- 
port and growing deoxyoligonucleotide chain have been rinsed free of any 
acid and dried by washing with anhydrous acetonitrile under a positive 
pressure of dry argon. This removes water which would compete for the 
reactive phosphoramidite to be introduced. A solution of tetrazole in dry 
acetonitrile is added to the support first, followed by a solution of the 
desired phosphoramidite ($a-e or 9a-e). A 20 molar excess of phos- 
phoramidite (relative to the loading of the first base on the support) and a 
further excess of tetrazole are used to ensure activation of the phos- 
phoramidite. Coupling, which is complete in 2 min, forms a phosphite 
triester 3'-5' linkage. This is a relatively labile linkage and must be oxi- 
dized to the stable phosphate triester form. However, a small amount of 
the phosphoramidite condenses with the enol tautomers of some of the 
carbonyl groups in the nucleoside bases, notably guanosine and thymi- 
dine. Although these phosphite adducts are very susceptible to hydroly- 
sis, when oxidized to the phosphate form they become stable and can lead 
to the formation of modified, branched DNA. Thus, the hydrolysis of 
these unwanted side products must take place prior to the oxidation step. 
Fortunately this hydrolysis occurs during the capping reaction. 


A small amount of the 5'-hydroxyl groups available for condensation 
with the added phosphoramidite fail to react. It is thus necessary to irre- 
versibly block these groups to prevent the growing deoxyoligonucleotide 
chain from propagating in the next condensation step with a base deletion. 
Such remaining hydroxyl groups are acetylated with solutions of acetic 
anhydride and dimethyl aminopyridine (DMAP). At this time, the re- 
quired hydrolysis of the ring adducts takes place, presumably via nucleo- 
philic attack of acetate anions present in the capping solution. After the 
capping step is complete, strictly anhydrous conditions are no longer 
necessary until the dry acetonitrile wash immediately before the next 
condensation step. The capping step is followed by a wash with THF/ 
lutidine/water to further ensure that phosphite adducts have been re- 
moved from the purine and pyrimidine bases. 


Oxidation of the 3'-5' phosphite triester linkage to the phosphate form 
is realized using a solution of iodine in aqueous lutidine. The iodine- 
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lutidine complex forms an adduct with the trivalent phosphorus, which is 
displaced by a water molecule leading to the release of a proton and 
oxidation of the phosphorus to the desired pentavalent form. The oxida- 
tion is complete within 30 sec. The support is then thoroughly washed to 
remove all of the iodine. The cycle begins again with detritylation of the 
5'-hydroxyl of the deoxynucleoside just added to the growing DNA seg- 
ment and continues until the synthesis is complete. 


The deoxyoligonucleotide is next freed of protecting groups and iso- 
lated by PAGE, reverse-phase HPLC, or ion-exchange chromatography. 
For most applications such as DNA sequencing, cloning, or probing gene 
libraries, purification via PAGE is sufficient. The reaction mixture is sim- 
ply loaded onto a polyacrylamide gel and fractionated by electrophore- 
sis. 12 The product is then visualized with UV light and eluted from the gel 
by standard procedures.16 When synthetic DNA is to be used directly for 
biochemical experiments, however, additional column chromatography is 
necessary in order to rigorously free the DNA of side products. 


Typical results are illustrated in Figs. 4 and 5 for DNA purified by 
PAGE and reverse-phase HPLC, respectively. Although a large number 
of examples could have been selected, including many that are pub- 
l ished,  1,8,11,12,14,17 the results shown in Fig. 4 are particularly interesting 
since the DNA is rich in deoxyguanosine. In the 36-mer illustrated in Fig. 
4A, synthesis was completed using a capping step prior to oxidation (see 
above). As a consequence a very good yield of the product was obtained 
(other than dye markers, it was the only band observed when irradiated 
with UV light). Even a deoxyoligonucleotide containing essentially all 
deoxyguanosine (Fig. 4B) can be synthesized in high yield if guanine ring 
adducts are removed prior to oxidation. However if oxidation follows 
immediately after condensation, the synthesis of deoxyguanosine-rich 
DNA is more difficult using this procedure unless the 06 position is pro- 
tected. ~8 We therefore recommend, as was also the case in the original 5 
and subsequent publ ica t ions ,  1,4,11,12,14 that a hydrolytic wash and/or a cap- 
ping step precede the oxidation step. Then 06 protection is unnecessary. 


The HPLC profile shown in Fig. 5 is also typical of the results obtained 
using this purification procedure. The major peak contains essentially 
pure product free of the impurities found in the trailing region of the 
product peak. This is the preferred purification procedure for DNA that is 
to be used directly for biochemical experiments. Unfortunately resolution 
is limited to compounds usually containing less than 20 mononucleotides. 


16 A. M. Maxam and W. Gilbert, this series, Vol. 68, p. 499. 
~7 L. J. McBride, R. Kierzek, S. L. Beaucage, and M. H. Caruthers, J. Am. Chem. Soc. 108, 


2040 (1986). 
18 R. T. Pon, M. J. Damha, and K. K. Ogilvie, Nucleic Acids Res. 13, 6447 (1985). 
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FIG. 4. Purification of guanine-rich DNA by PAGE. (A) Synthesis of d(CGCGGGGTG- 
GAGCAGCCTGGTAGCTCGTCGGGCTCA). An aliquot of the crude reaction mixture af- 
ter complete removal of protecting groups was loaded onto the 15% polyacrylamide gel. (B) 
Synthesis of d(G23T) where increasing concentrations of crude reaction mixture were loaded 
onto lanes 1, 2, and 3, respectively, after removal of all protecting groups. The sample of 
d(G23T) in 90% formamide was loaded at 95 ° onto the hot, 15% polyacrylamide gel. The 
electrophoresis was performed at high voltage in order to maintain a hot gel (approximately 
65 °) and therefore to minimize aggregation of the deoxyguanosine-rich DNA. The streaking 
above the more concentrated samples, however, is due to aggregation of the deoxyguano- 
sine-rich DN A even at these high temperatures. Both deoxyoligonucleotides were enzymati- 
cally degraded to the normal mononucleotides. XC, xylene cyanol; BP, bromophenol blue. 
These dye markers absorb UV light and therefore also appear as dark bands. (The detailed 
visualization procedure is described in the section on DNA purification by PAGE.) 


Experimental Procedures 


Soloents 


Since polynucleotide synthesis requires highly purified and anhydrous 
solvents in order to maximize yields, a first step is usually distillation. 
Dichloromethane is distilled from calcium hydride. 2,6-Lutidine, pyri- 
dine, and triethylamine are distilled first from toluenesulfonyl chloride 
and then calcium hydride. N,N-Diisopropylamine and morpholine are 
distilled from calcium hydride. Acetonitrile, required for anhydrous reac- 
tion conditions, must be distilled under argon, first from phosphorus pent- 
oxide, and then from calcium hydride. Acetonitrile distilled only from 
phosphorus pentoxide is certainly dry, but is also acidic which affects 
both the preparation of phosphoramidites and the synthesis of DNA. The 
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RETENTION TIME 


FIG. 5. Purification of synthetic DNA by reverse-phase HPLC. The unpurified but 
completely deprotected reaction mixture from the synthesis of DMTd(CCTTC- 
TAACAAGAAAACCTAGG) was fractionated on a C18 reverse-phase column. The eluant 
was a mixture of 24% acetonitrile and 76% triethylammonium bicarbonate (0.1 M v/v). The 
major peak retained on the column was the product. Early peaks not retained on the column 
are hydrolyzed protecting groups. 


distillation from calcium hydride removes these acidic impurities. Dry 
acetonitrile should be stored in predried receiver flasks under septa and 
without any drying agent. If acetonitrile is stored over molecular sieves, 
dust from the molecular sieves eventually will clog the funnel frits used 
for DNA synthesis. Acetonitrile purchased from Burdick and Jackson 
(see commercial sources list) has been used without purification to give 
satisfactory yields of DNA. The acetonitrile for nonanhydrous washes 
can be used directly from the reagent bottle. Tetrahydrofuran (THF) is 
dried over sodium benzophenone and distilled. Acetic anhydride is dis- 
tilled from phosphorus pentoxide. Methanol is refluxed over magnesium 
filings for 2 hr and distilled. N,N-Dimethylformamide (DMF) is distilled 
under reduced pressure below 50 ° first from phthalic anhydride and then 
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calcium hydride. 3-Hydroxypropionitrile is distilled at less than 1 mm Hg. 
Pentane, hexane, and chloroform are dried by passage through a column 
of basic, chromatography grade alumina. All distillations, either of sol- 
vents or reagents, should be completed in a hood, behind a protective 
shield and under normal, safe laboratory conditions. 


Reagents and Equipment 


3~p-NMR spectra are recorded on a Bruker WM-250 spectrophotometer 
(101.2 MHz) and the chemical shifts (ppm) are reported relative to an 
external capillary standard of 85% H3PO4. HPLC is performed on a Wa- 
ters Associates apparatus equipped with a solvent programer. 


Dichloromethoxyphosphine. Dry methanol (133.5 ml, 3.3 mol) is 
added dropwise over 2 hr to a vigorously stirred solution of phosphorus 
trichloride (454 g, 3.3 mol) maintained at - 10 ° under an atmosphere of dry 
argon. The reaction mixture is then allowed to attain room temperature 
while being continuously stirred under the reduced pressure of a water 
aspirator (30 mm Hg). This step removes hydrochloric acid. The product 
is then purified by distillation as a single fraction using a water aspirator 
(30 mm Hg). The resulting product is next fractionally distilled under 
reflux using a glass helices packed column (2 x 20 cm) to give dichloro- 
methoxyphosphine as a colorless liquid (bp 85-86 °, 62.9 mm Hg) in 40- 
50% yield (100-130 ml). 31p NMR (CDCI3) shows a peak at ~ 180.8. Based 
on 31p NMR, the product should be at least 99% pure or redistillation is 
necessary. 


The preparation of any chlorophosphine or aminophosphine must be 
completed properly in order to avoid explosions. During distillation of 
methoxydichlorophosphine, an orange polymer forms which can be espe- 
cially dangerous. The first step therefore is not to distill to dryness but to 
leave approximately 25% of the product in the distillation flask. Alterna- 
tively after distilling approximately one-half of the product, the remainder 
can be transferred to a clean flask and the distillation continued until 
approximately 75% of the remaining phosphine has been collected. The 
pot residues, impure fractions, and polymeric material should then be 
neutralized. These residues are first dissolved in dichloromethane or car- 
bon tetrachloride (approximately 5% solution) and transferred to a three- 
necked flask equipped with a reflux condenser and a vent tube. A 10% 
solution of methanol in dichloromethane or carbon tetrachloride is then 
placed in an addition funnel and added dropwise to the phosphine at a rate 
that maintains reflux. When the generation of heat ceases, the solution is 
neutral. However to insure complete reaction, an additional 100 ml of the 
10% methanol solution should be added and the neutralized phosphine 
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stirred for 12 hr. This solution can then be discarded in the proper manner 
with other organic waste. All glassware used to prepare these phosphines 
should also be rinsed thoroughly with a 10% methanol solution in di- 
chloromethane or carbon tetrachloride before cleansing with water. Phos- 
phines react violently with water. 


2-Cyanoethoxydichlorophosphine. Phosphorus trichloride (32 ml, 0.36 
mol) and triethylamine (59 ml, 0.44 mol) are dissolved in anhydrous ether 
(500 ml) and the solution maintained at - 12  ° with stirring under an atmo- 
sphere of dry argon. 3-Hydroxypropionitrile (25 ml, 0.36 mol) is dissolved 
in 250 ml anhydrous either and added dropwise over 2 hr while the tem- 
perature is maintained at - 12  ° . After stirring overnight under argon at 
room temperature, the reaction mixture is filtered to remove triethyl- 
amine hydrochloride and the ether is removed with the aid of a water 
aspirator. The product is then fractionally distilled twice using a glass 
helices packed column (2 × 20 cm) to give 2-cyanoethoxydichlorophos- 
phine as a colorless liquid (bp 78 °, 0.6 mm Hg) in 52% yield. 31p NMR 
(CH2C12) shows a characteristic peak at 8 175.98. Based on 31p NMR the 
product should be at least 99% pure or redistillation is necessary. Various 
impure fractions and undistilled product should be neutralized in a man- 
ner described for the synthesis of dichloromethoxyphosphine. 


Bis(diisopropylamino)methoxyphosphine. Diisopropylamine (96 g, 
0.95 mol) is added dropwise over 1 hr to dichloromethoxyphosphine (14 g, 
0.11 mol) in 500 ml of anhydrous ether at - 10  ° under a nitrogen atmo- 
sphere. The reaction mixture is allowed to warm to room temperature and 
is stirred an additional 16 hr. After filtration to remove diisopropylammo- 
nium hydrochloride, the crude product is isolated as a pale yellow liquid 
by removing solvent on a rotary evaporator. The product is fractionally 
distilled twice from calcium hydride (to remove residual amine salts) to 
afford bis(diisopropylamino)methoxyphosphine as a colorless liquid (bp 
40-42 °, 0.050 mm Hg; d = 0.89) in 77% yield (21.5 g) [31p NMR (CH2C12) 


= 130.1]. The product should be stored in a brown bottle under argon or 
nitrogen in a refrigerator at 4-5 °. 


Bis(diisopropylarnino)-2-cyanoethoxyphosphine. Diisopropylamine 
(86 g, 0.85 mol) is added dropwise over 1 hr to 2-cyanoethoxydichlo- 
rophosphine (15 g, 0.087 mol) in 200 ml of anhydrous ether at -10  ° 
under a nitrogen atmosphere. The reaction mixture is allowed to warm to 
room temperature and is stirred an additional 16 hr. After filtration to 
remove diisopropylamine hydrochloride, the crude product is isolated as 
a pale yellow liquid by removing solvent on a rotary evaporator. The 
crude product is fractionally distilled twice to afford bis(diisopropyl- 
amino)-2-cyanoethoxyphosphine as a colorless liquid (bp 107 °, 0.020 mm 
Hg; d = 1.04) in 82% yield (21 g) [31p NMR (CHzC12) 8 = 123.4]. The 
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product should be stored in a brown bottle under argon or nitrogen in a 
refrigerator at 4-5 °. 


1H Tetrazole and Diisopropylammonium Tetrazolide. 1H-Tetrazole 
(trivially called tetrazole) is sublimed in a sublimation apparatus at 110- 
115 ° and 0.05 mm Hg prior to use. Tetrazole can explode violently if 
heated to a temperature close to its melting point (156°). If the crude 
tetrazole melts during sublimation the oil bath temperature should be 
reduced as an explosion could result. Thus the temperature of the subli- 
mation apparatus should be controlled using an oil bath attached to a 
Variac. A thermal sensing device which will automatically disconnect the 
electrical circuit should also be inserted into the oil bath to guard against 
temperature fluctuations. Sublimations of tetrazole should be done in a 
closed hood behind an explosion shield. Diisopropylammonium tetrazo- 
lide is prepared in quantitative yield by adding diisopropylamine (0.81 g, 8 
mmol) to a stirred solution of tetrazole (0.28 g, 4 mmol) dissolved in 
anhydrous acetonitrile (10 ml). The product is collected by filtration, 
washed with dry acetonitrile, and dried in a vacuum oven (40 °) to yield a 
white crystalline solid. Both tetrazole and diisopropylammonium tetrazo- 
lide should be stored in a desiccator over Drierite. 


Synthesis of Deoxynucleosides Attached to Silica and Deoxynucleoside 
3'-Phosphoramidites 


Protected Deoxynucleosides. The protected deoxynucleosides which 
are currently used routinely for DNA synthesis are 5'-O-dimethoxytri- 
tylthymidine, 5'-O-dimethoxytrityl-4-N-benzoyldeoxycytidine, 5'-O-di- 
methoxytrityl-6-N-benzoyldeoxyadenosine, and 5'-O-dimethoxytrityl-2- 
N-isobutyryldeoxyguanosine. Since these intermediates are available 
commercially and their synthesis has been described previously, ~9 they 
will be used as examples for the purpose of outlining the DNA synthesis 
procedures. There are, however, several recently described, protected 
derivatives of deoxyadenosine which are recommended over 6-N-benzo- 
yldeoxyadenosine. These include the succinoyl 2° and various ami- 
dines. 17,2~,22 All of these derivatives are approximately 20-fold more resis- 
tant to depurination than 6-N-benzoyldeoxyadenosine which, as a 
consequence, leads to fewer side products and a higher overall yield of 


19 S. A. Narang, R. Brousseau, H. M. Hsiung, and J. J. Michniewicz, this series, Vol. 65, p. 
610. 


2o A. Kume, R. Iwase, M. Sekine, and T. Hata, Nucleic Acids Res. 12, 8525 (1984). 
2~ L. J. McBride and M. H. Caruthers, Tetrahedron Lett. 24, 2953 (1983). 
2z B. C. Froehler and M. D. Matteucci, Nucleic Acids Res. 11, 8031 (1983). 
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the desired deoxyoligonucleotide. Of these derivatives, 5'-O-dimeth- 
oxytrityl-6-N-[1-(dimethylamino)ethylidene]deoxyadenosine is recom- 
mended because the amide acetal used in its preparation is commercially 
available and the completely protected deoxynucleoside can be prepared 
without isolating or transiently protecting any intermediates. 17 Immedi- 
ately before use in preparing deoxynucleoside phosphoramidites, pro- 
tected deoxynucleosides should be freed of trace amounts of water. This 
can most easily be accomplished by dissolving each protected deoxynu- 
cleoside in anhydrous pyridine, reconcentrating several times to a thick 
gum, dissolving in anhydrous pyridine, precipitating into hexane, and 
drying the precipitate under reduced pressure over a desiccant such as 
Drierite. 


Synthesis of Deoxynucleoside 3'-Phosphoramidites. The same general 
procedure is used to prepare any appropriately protected deoxynu- 
cleoside 3'-phosphoramidite. The synthesis of 8a will be described. 5'-0- 
Dimethoxytritylthymidine (1.0 mmol, 544 mg) and diisopropylammonium 
tetrazolide (0.5 mmol, 86 mg) are dissolved in dry dichloromethane (5 ml) 
under a nitrogen atmosphere and bis(diisopropylamino)methoxyphos- 
phine (1.1 mmol, 282 mg) is added with stirring. After 1 hr, the reaction 
mixture is diluted to 25 ml with dichloromethane and extracted twice with 
2% sodium carbonate (aqueous, 25 ml) followed by brine (25 ml). After a 
back-extraction of the combined aqueous phases with dichloromethane 
(25 ml), the organic fractions are pooled and dried over anhydrous sodium 
sulfate for 1 hr at 4 °. The sodium sulfate is then removed by filtration and 
washed with anhydrous dichloromethane (10 ml). The organic layers con- 
taining the product are combined and concentrated with the aid of a rotary 
evaporator to a dry, white foam. The product is dissolved in anhydrous 
dichloromethane (5 ml) and precipitated with stirring into 300 ml of cold 
hexanes (-78°). The resulting suspension is filtered cold and dried under 
reduced pressure in a desiccator containing Drierite to afford the product 
in 87% yield (700 mg) as an amorphous white solid. These amidites can be 
stored at - 20  ° indefinitely in a desiccator containing Drierite and an argon 
atmosphere. Before opening the desiccator it should be allowed to attain 
room temperature. Otherwise moisture from the air will condense on the 
cold amidites and on the inside surfaces of the desiccator. 


For 8b-d,  the reaction times for synthesis of the deoxynucleoside 3'- 
phosphoramidites should be 1 hr for 8b and 2 hr for 8c and 8d. [31p NMR 
(CH2C12): 8a, 8 = 148.5, 148.1; 8b, 6 = 148.5, 148.3; 8c, 8 = 148.3, 148.1; 
8tl, 8 = 148.6, 148.1.31p NMR (CH3CN): 8e, 8 = 149.1,148.9.] The same 
general procedure can be used to prepare the deoxynucleoside 3'-(2- 
cyanoethoxy)-N,N-diisopropylaminophosphoramidites (9a-e). However 
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the reaction time should be 4 hr with final yields being 80-90%. [31p NMR 
(CH2C12): 9a, 8 = 146.03; 9b, 8 = 146.3, 146.07; 9c, 8 = 145.83; 9d, 8 = 
145.83, 145.43.] 


Synthesis of Deoxynucleosides Attached to Silica Supports. The same 
general procedure can be used for covalently linking deoxynucleosides to 
a large number of silica supports. The most important criteria is that the 
support be of a quality generally used for high-performance liquid chro- 
matography. Currently the most popular are Fractosil 4,H and controlled 
pore glass. 23-25 The stepwise yields with controlled pore glass are some- 
what higher (1-2%) which is especially important for the synthesis of 
compounds containing more than 50 mononucleotides. The following pro- 
cedure can be used for all silica matrices. 


The initial step is synthesis of the succinylated deoxynucleosides as 
the p-nitrophenyl esters. Since these derivatives are prepared using the 
same general procedure, only the synthesis of 2a will be described. To a 
solution of 5'-O-dimethoxytritylthymidine (2.5 mmol, 1.36 g) in anhy- 
drous pyridine (5 ml) is added 4-N,N-dimethylaminopyridine (2.5 mmol, 
0.30 g) and succinic anhydride (2 mmol, 0.22 g). The progress of the 
reaction is monitored by thin layer chromatography (TLC) on Merck F- 
254 plates using acetonitrile : water (9 : 1, v/v) as eluting solvent. Reaction 
products are visualized by irradiation with a UV lamp and by exposing the 
plate to HC1 vapors. Both unreacted deoxynucleoside (Rf = 0.8) and 
product (Rf = 0.3-0.5 as a streaked spot owing to carboxylate anion) are 
UV absorbing and become orange with exposed to acid. The reaction is 
usually complete after 16 hr but occasionally a second portion of succinic 
anhydride (0.11 g, 0.1 mmol) is added in order to convert all the deoxynu- 
cleoside to the succinate half-ester. 


The reaction mixture is next quenched by addition of water (0.2 ml) 
and, after 1 hr, solvent is removed using a rotary evaporator. The viscous 
oil is reconcentrated three times from toluene (3 x 20 ml) to remove 
pyridine, dissolved in dichloromethane (30 ml), transferred to an extrac- 
tion funnel, and washed by vigorous shaking with an aqueous, 10% citric 
acid solution (10 ml, w/v). After removal of the aqueous phase containing 
succinic acid, the organic layer is washed with water (2 x I0 ml), diluted 
with pyridine (0.5 ml) to prevent detritylation, dried over anhydrous so- 
dium sulfate, and concentrated to a gum using a rotary evaporator. The 


23 G. R. Gough, M. J .  Brunden, and P. T. Gilham, Tetrahedron Lett. 22, 4177 (1981). 
24 V. A. Efimov, S. V. Reverdatto, and O. G. Chakhmakhcheva, Nucleic Acids Res. 10, 


6675 (1982). 
S. P. Adams, K. S. Kavka, E. J. Wykcs, S. B. Holder, and G. R. Galluppi, J. Am. Chem. 
Soc. 105, 661 (1983). 
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product is dissolved in dichloromethane containing 5% pyridine, precipi- 
tated into 200 ml pentane : ether (1 : 1, v/v), and dried under reduced pres- 
sure (70-85% yield). The succinylated deoxynucleoside (1 mmol) is next 
dissolved in anhydrous dioxane (4 ml) containing dry pyridine (0.3 ml) and 
p-nitrophenol (0.14 g, 1 mmol). A solution of dicyclohexylcarbodiimide (1 
mmol, 0.22 g) in anhydrous dioxane (1 ml) is added and the mixture is 
shaken for 2 hr at room temperature. The progress of the reaction is 
monitored by TLC in acetonitrile : water (9 : 1, v/v) where the product (Rf 
= 0.8) is separated from starting material (0.3-0.5). The reaction is usu- 
ally complete after 2 hr but can be allowed to proceed for longer times if 
necessary. Dicyclohexylurea is removed by a low speed centrifugation 
and the supernatant containing the desired product is used directly in the 
condensation reaction with the silica support. 


Deoxynucleosides containing Y-p-nitrophenylsuccinate esters are at- 
tached to silica using the following general procedure. HPLC-grade silica 
such as Fractosil 500 (25 g) and 3-triethoxysilylpropylamine (13 ml) are 
added to 250 ml ethanol : water (95 : 5, v/v). After 4 hr of shaking on a 
wrist action shaking device, the silica is collected by filtration and dried 
under reduced pressure for 16 hr at 110 °. (Silica should not be stirred with 
a magnetic stirring bar as this process will pulverize the silica particles.) 
The dried silica is suspended in anhydrous pyridine (100 ml) and treated 
with trimethylsilyl chloride (15 ml) for 12 hr at 20 °. The silica is collected 
by filtration, washed thoroughly with methanol and ether, and dried under 
reduced pressure. The coupling then proceeds by first adding the silica 
amine (5 g) to dry N,N-dimethylformamide (7 ml) and triethylamine (1 ml) 
which is used to neutralize the propylamine salt. The solution containing 
3'-O-succinylated deoxynucleoside (1 mmol) is then added to the silica 
amine. An immediate yellow color indicating the elimination of p-nitro- 
phenol and the formation of silica-linked deoxynucleoside can be used to 
monitor the reaction. (If an immediate yellow color is not observed, more 
triethylamine should be added.) 


After shaking the suspension for 4 hr, an aliquot of silica (approxi- 
mately 1 mg) is removed for analysis. After washing the aliquot with DMF 
(2 x ), methanol (3 ×), and ether (2 x), 0. I M toluenesulfonic acid in aceto- 
nitrile (1 ml) is added, and the red-orange color of the dimethoxytrityl 
cation is observed. This' analysis can be completed quantitatively if de- 
sired (see below). If these results appear satisfactory (i.e., a positive trityl 
test), the bulk of the silica is washed with DMF (3 × 10 ml), dioxane (3 × 
10 ml), methanol (5 x 10 ml) and ether (3 x 10 ml). Unreacted propyl- 
amino silyl groups are blocked by placing the silica in a solution of acetic 
anhydride (0.7 ml) and pyridine (5 ml) followed by overnight agitation. 
The silica is recovered by washing with methanol (4 x 10 ml), then with 
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ether (2 x 10 ml), and finally by drying under reduced pressure to a 
constant weight. Care must be taken during the initial stages of the drying 
procedure. If the desiccator is evacuated too rapidly, the silica will ex- 
plode throughout the interior of the desiccator. 


The efficiency of the final acylation step for propylamino groups can 
be qualitatively tested as follows. Aliquots (I mg each) consisting of unde- 
rivatized silica, silica derivatized with 3-triethoxysilylpropylamine, and 
silica-linked deoxynucleoside which has been blocked with acetic anhy- 
dride (compounds 3a-e), are treated with 250 /zl of saturated sodium 
borate containing 0.2 mg/ml picryl sulfate. After centrifuging the reaction 
products, the underivatized silica should remain white, the aminopropyl 
silyl silica should appear bright orange-red, and the acylated silica con- 
taining deoxynucleoside will be a pale yellow. If the silica covalently 
linked with deoxynucleoside (3a-e) is orange-red, it should be treated a 
second time with acetic anhydride. 


With some preparations, a contaminant consisting of succinylated n- 
propylamino groups may be present and must be blocked. The succinyla- 
tion could result either from incomplete hydrolysis of succinic anhydride 
or from a failure to remove all of the succinic acid during aqueous extrac- 
tion with citric acid. This free succinic acid would be further activated in 
the presence of DCC to reform succinic anhydride. If succinylated pro- 
pylamino groups are present, they can be blocked using the following 
procedure. The protected silica containing succinylated deoxynucleoside 
(5 g) is suspended in a solution of dry pyridine (5 ml) containing DCC (0.22 
g, 1 mmol) and p-nitrophenol (0.14 g, 1 mmol) and shaken overnight at 
room temperature. Morpholine (0.2 ml) is added and the suspension 
shaken for 1 hr. The silica is transferred to a filter, washed with methanol 
(4 x 10 ml), THF (3 x 10 ml), and ether (3 x I0 ml), and dried under 
reduced pressure to a constant weight. This procedure can also be used 
with an aliquot (5 mg) to test for the presence of succinate. A yellow color 
following addition of morpholine indicates that succinate is present and 
has to be blocked. 


A quantitative assay for trityl cation and therefore for loading of de- 
oxynucleoside on silica is as follows: 


I. Weigh accurately approximately 1 mg of dry silica. 
2. Add 1 ml of 0.1 M toluenesulfonic acid in acetonitrile. 
3. Measure the absorbance at 498 nm. If the absorbance approaches 


2.0, dilute before reading. The absorbance should be determined 
immediately since it fades with time. The loading can be calculated 
using the following equation: 
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Deoxynucleoside in micromoles/g = 


(absorbance at 498 nm)(dilution factor) 
weight silica in mg 


× 14.3 


Synthesis of Deoxyoligonucleotides 


Assembly of Glassware and Equipment. During several synthesis 
steps, reagents must be maintained under anhydrous conditions. One 
source of water contamination is moisture that is adsorbed on glassware 
surfaces. This water can be removed and glass surfaces protected against 
further adsorption by a silation procedure. Thus all glassware to be used 
for DNA synthesis should first be rigorously cleaned using normal labora- 
tory procedures and then soaked for 1 hr in a solution consisting of tri- 
methylsilylchloride:carbon tetrachloride (5:95, v/v). The glassware is 
next rinsed with ethanol, ether, and dried in an oven at 110 ° for a mini- 
mum of 2 hr. 


The equipment involved is minimal. Argon lines are required for each 
of the phosphoramidite solutions as well as for each of the two capping 
solutions and also the anhydrous acetonitrile flask. The synthesis takes 
place in a 2-ml medium frit funnel which has a Teflon stopcock inserted in 
its stem. This is held by a rubber stopper on a heavy-walled suction flask 
connected to an aspirator. The vacuum line from the aspirator is fitted 
with a 3-way valve to allow for breaking the vacuum in the suction flask. 
The funnel is fitted on top with a rubber septum for the anhydrous sec- 
tions of the synthesis, and another argon line is necessary for each funnel/ 
flask assembly. It is also necessary to arrange the argon delivery so that a 
positive pressure may be delivered through this line to the funnel to push 
out the reactant solutions during the anhydrous steps of the cycle instead 
of using the aspirator vacuum. In our laboratory, a stopcock is inserted in 
the main argon delivery line immediately before the outlet bubbler. This 
may be closed for short periods of time to provide the required positive 
back-pressure in the line going to each funnel. The number of different 
oligonucleotides which may be synthesized simultaneously is limited only 
by the number of funnels and flasks available, and by the patience of the 
person doing the work. 


The solutions which are required to be anhydrous are delivered to the 
funnel via syringe and septa. The solutions not required to be rigorously 
dry may be delivered from a wash bottle. These are the detritylation 
solution, the aqueous lutidine/THF solution, the iodine/lutidine oxidation 
mixture, and the acetonitrile and dichloromethane solutions that are used 
between steps not requiring anhydrous conditions. Each of these wash 
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bottle solutions should be prefiltered through a mesh finer than the one in 
the funnel being used in the synthesis in order to eliminate the plugging of 
this funnel by particulate matter. 


Detritylation, Capping, Oxidation, and Wash Solutions. The reagent 
composition for various solutions is as follows: 


1. Detritylation solution: 6.75 g TCA in 225 ml CH2C12. 
2. Oxidation solution: 2.54 g 12 in 20 ml H20, 40 ml lutidine, and 40 ml 


THF. These solutions should be prepared and then filtered through 
a very fine frit such as Millipore 0.5-/~ FH filters. The detritylation 
and oxidation solutions are kept in wash bottles. The oxidation 
solution should be stored in a refrigerator at 5 ° and filtered every 3-  
4 days if not prepared fresh before each synthesis. This is important 
as a brown precipitate forms upon storage and will plug filters if not 
removed prior to usage. 


3. Capping solutions 
a. Capping solution A: 3.25 DMAP in 50 ml dry THF. 
b. Capping solution B: 10 ml acetic anhydride plus I0 ml lutidine. 
These solutions are prepared in predried flasks under anhydrous 
conditions and are not filtered. 


4. Aqueous hydrolytic wash solution: 40 ml THF, 40 ml lutidine, 20 
ml water. This solution can be kept in a wash bottle. 


5. Reagent grade dichloromethane and acetonitrile are used for 
washes that do not require anhydrous conditions. These solutions 
can be kept in wash bottles. 


The quantities given for all of the above solutions are sufficient for ap- 
proximately 75 condensation cycles. 


Synthesis Reagents. The detailed synthesis of the following deoxyoli- 
gonucleotides using compounds 8a-d prepared in situ will be considered. 


5'-GCCAGACCAAAACAGCTAAGGACC-3' 24 bases 
5 ' -CGAGGTCCTTAGCTGTTVrGGTCT-3'  24 bases 


Two funnels are needed. One contains 1 /zmol of silica-C (3b) and the 
other I ~mol of silica-T (3a), the two deoxynucleosides at the 3' ends of 
the deoxyoligonucleotides. There are 46 deoxynucleotide condensations 
which are broken down as G12, A12, C12, Tl0. This number excludes the 
deoxynucleotides linked to silica. Twenty micromoles of phosphorami- 
dite is needed for each condensation, and it is advisable to make up 40% 
more phosphoramidite solution when working on a small scale to account 
for wetting the sides of the flasks and syringes, spilling, etc. One-half 
equivalent of the diisopropylammonium tetrazolide salt and 1.0 equiva- 
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lent of the bis(diisopropylamino)methoxyphosphine are used to prepare 
the phosphoramidite from each protected deoxynucleoside. Therefore the 
amount of protected deoxynucleoside required for any total synthesis is 
determined by the following equation, where 1.4 accounts for the addi- 
tional 40%: 


Deoxynucleoside in g = (number of condensations) 
(moles per condensation)(1.4)(molecular weight) 


The molecular weights of the protected deoxynucleosides are DMTdG ib, 
639.7; DMTdA bz, 671.7; DMTdC bz, 633.7; DMTdT, 544.6. Thus for the 
preparation of the phosphoramidite of DMTdG ib, the amount of protected 
deoxynucleoside is 


0.215 g = 12 x 0.00002 × 1.4 x 639.7 


For the entire DNA synthesis in the two examples given, the amounts of 
various reagents are as shown in the following tabulation: 


G12 Al2 Ci2 Tl0 


Deoxynucleoside, mmol 0.336 0.336 0.336 0.280 
Deoxynucleoside, mg 215 226 213 153 
Bis(diisopropylarnino)methoxyphosphine,/zl 29 29 29 24 
Diisopropylammonium tetrazolide, mg 99 99 99 83 
Dry acetonitrile, ml 3.4 3.4 3.4 2.8 


For the synthesis of each deoxynucleoside 3'-phosphoramidite, the 
protected deoxynucleoside and diisopropylammonium tetrazolide are 
added to a 5-ml flask. The flask is then sealed with a rubber septum, and 
dry acetonitrile is added to give, after completion of the reaction, a final 
concentration of 100 mM deoxynucleoside 3'-phosphoramidite. The bis- 
(diisopropylamino)methoxyphosphine is next added through the rubber 
septum via a syringe, and the reaction is stirred under argon at room 
temperature. The formation of the phosphoramidite should be followed 
using TLC by noting the disappearance of starting material near the bot- 
tom of the plate and the appearance of a spot of higher Rf. A silica gel 
plate containing a UV indicator is used with an elution solvent of hexanes 
and acetone (I : l) made 5% in triethylamine. The TLC plate is prerun 
before the application of the samples, and the developed plate is observed 
under short-wave UV light. The Rf values of the desired phosphoramidite 
products are as shown in the following tabulation: 
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Base Rf Reaction time 


G 0.44 2 hr 
A 0.36 1.5 hr 
C 0.69 1.0 hr 
T 0.71 45 min 


Streaking of the sample on the TLC plate will occur as the phosphorami- 
dite reacts slowly with the silica gel, but this does not interfere with 
observing the synthesis. Some undissolved salt will remain in the phos- 
phoramidite solutions after reaction is complete. 


The amount of tetrazole solution required for DNA synthesis is deter- 
mined by totaling the number of condensations, in this case 46, multiply- 
ing by the amount of solution used in each condensation (0.3 ml), and 
adding 20% for wastage. In this case 


46 x 0.3 × 1.2 = 16.6 ml 


or approximately 17 ml. A 0.45 M tetrazole solution is required, and the 
molecular weight of tetrazole is 70; thus 


0.17 × 0.45 × 70 = 0.536 g 


or approximately 540 mg of resublimed tetrazole is required to make up 
this solution. As with the phosphoramidite and capping solutions, the 
tetrazole solution must be made up in a predried flask, closed with a 
septum, and supplied with an argon line. The solutions shown in the 
following tabulation should now be at hand: 


In wash bottles In flasks under argon 


Aeetonitrile Phosphoramidite solutions (4) 
Dichloromethane Tetrazole solution, 0.45 M 


Anhydrous acetonitrile 


Synthesis Cycle. With I ~mol of the first nucleoside linked to silica 
(3a-e) in each funnel, the synthesis cycle proceeds as outlined below. 
First, turn on the aspirator so that there is reduced pressure in the flasks. 
The stopcocks in the funnel stems should be closed. Unless otherwise 
specified, a "wash"  means simply filling the funnel about two-thirds full, 
then opening the stopcock to drain off the wash solution, and finally 
closing the stopcock, 
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Detritylation 
2 × dichloromethane wash. 
3 x the following: 


Add approximately 1.0 ml TCA solution. 
Wait 45 sec. 
Open stopcock and drain off TCA. 
Dichloromethane wash. 


3 x acetonitrile wash (from wash bottle). 
Condensation 


Use a 3-way stopcock in the vacuum line in order to break the vac- 
uum in the flasks, then cover the funnels with septa and argon 
bleeds. 


3 x the following: 
Add 1.5 ml anhydrous acetonitrile. 
Open funnel stopcock and push through with positive argon pres- 


sure. 
Close stopcock. 


Add 300/~1 tetrazole solution. 
Add 200 kd desired phosphoramidite solution. 
Wait 2 min, gently shake funnel during this time. 
Open stopcock, push through spent phosphoramidite solution. 
Close stopcock. 


Capping 
Add 500 kd capping solution A. 
Add 100/~1 capping solution B. 
Wait 2 min, gently shake funnel. 
Remove septum from funnel, evacuate the flask, and open the funnel 


stopcock to remove spent capping solution. 
Close stopcock. 
1 x wash with acetonitrile (from wash bottle). 


Aqueous wash 
Add 1 ml of the THF/lutidine/water (2 : 2 : 1 ; v/v/v) solution. 
Wait 3 min. 
Open stopcock and drain off the solution. 


Oxidation 
Add approximately 500/xl of the oxidation solution. 
Wait 30 sec. 
Open stopcock and drain off oxidation solution. 
4 x wash with acetonitrile (from wash bottle). 
If an iodine color remains, wash with additional acetonitrile. 


The cycle is now ready to be repeated. Following the last condensa- 
tion, proceed to first the aqueous wash and then to the oxidation step as 
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the capping step is unnecessary. It is advisable to proceed directly to the 
removal of protecting groups and the hydrolysis of the DNA from the 
silica matrix. Long-term storage on silica is not advised as silica-catalyzed 
degradation is possible. A convenient stopping point for an interrupted 
synthesis (i.e., overnight) is after an oxidation step and before detrityla- 
tion. The silica can be stored as a suspension in acetonitrile. If a pre- 
formed deoxynucleoside 3'-phosphoramidite is to be used, the appropri- 
ate amotint should be dissolved in dry acetonitrile at I00 mM and stored 
over argon in a flask equipped with a septum. Such a sample can be added 
directly during the condensation step and used in place of the in situ 
prepared phosphoramidite. 


This same general procedure can be used with bis(diisopropylamino)- 
2-cyanoethoxyphosphine. Usually the synthesis in situ of these deoxynu- 
cleoside 3'-phosphoramidites requires somewhat longer reaction times 
but the reaction progress can be followed on TLC. Additionally for maxi- 
mum yield, the condensation time should be 5 min and the time for the 
capping step should be reduced to 1 min. 


Removal of Protecting Groups. Silica containing the fully protected 
DNA as isolated after the last oxidation step is transferred to a screw-cap 
test tube equipped with a Teflon-lined plastic cap. For syntheses contain- 
ing O-methylphosphate protection, a solution (1 ml) containing dioxane/ 
thiophenol/triethylamine (2 : I : 1; v/v/v) is added and the suspension agi- 
tated for 90 min at room temperature. The silica is then freed of the 
supernatant after a low speed centrifugation, washed at least 5 times with 
methanol and diethyl ether, and air dried. For best results, the solution 
containing thiophenol should be prepared fresh using reagent grade thio- 
phenol and purified triethylamine. Decomposition occurs on prolonged 
storage, especially with unpurified triethylamine. If the /3-cyanoethyl 
group is used to protect phosphorus, this step is unnecessary. Failure to 
remove the O-methyl phosphorus protecting groups with thiophenol leads 
to extensive methylation of the nucleoside bases, predominantly at N-3 of 
thymine. 26 


The next step is treatment with concentrated ammonium hydroxide to 
hydrolyze the ester linking the DNA to the support and to remove pro- 
tecting groups from the purine and pyrimidine bases. The silica is first 
treated with concentrated ammonium hydroxide (1 ml) for 3 hr at room 
temperature in a sealed test tube in order to cleave the DNA from the 
support. After a low speed centrifugation, the supernatant is transferred 
to a clean, dry screw-cap test tube. The silica is then washed with concen- 


26 L. J. McBride, J. S. Eadie, J. W. Efcavitch, and W. A. Andrus, Nucleosides Nucleotides 
6, 297 (1987). 
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trated ammonium hydroxide (1 ml). The test tube should be kept tightly 
sealed during centrifugations in order to prevent ammonia from escaping. 
The two concentrated ammonium hydroxide supernatants are combined 
in the screw-cap test tube, sealed firmly, and warmed at 60 ° for 16 hr to 
remove base-protecting groups. The sample is cooled, concentrated to 
dryness in a Speed-Vac, and reconcentrated once from ethanol (1 ml). 
The sample is now ready to be purified either by reverse-phase HPLC or 
PAGE. 


The above step involving removal of protecting groups must be carried 
out properly. Otherwise a successful synthesis will lead to DNA that is 
useless for any biological or biochemical application. The most critical 
step is storage of concentrated ammonium hydroxide. A small bottle of 
concentrated ammonium hydroxide (100 or 250 ml) is used for this depro- 
tection step and is kept tightly sealed in a freezer at - 20  °. When needed, 
the bottle is opened quickly, an aliquot removed, and resealed immedi- 
ately. After about 50% of the bottle's contents have been consumed, it is 
discarded. Additionally, during the 60 ° step, the screw-cap test tube must 
also be tightly sealed. If these precautions are not followed, most ammo- 
nia escapes and the base-protecting groups will not be removed com- 
pletely. Another potential problem is excessive treatment of the silica 
with concentrated ammonium hydroxide. This leads to solubilization of 
silica which can create purification problems with either HPLC or PAGE. 
This step should therefore be limited to 3 hr as most of the DNA is 
cleaved from the silica during this time period (80%). 


Purification by Reverse-Phase HPLC. The sample obtained after de- 
protection with ammonium hydroxide is dissolved in 0.35 ml of 0.1 M tri- 
ethylammonium acetate (pH 7.0) and purified on a C18-reverse-phase, 
HPLC column (Waters Associates). The eluting gradient is acetonitrile 
(22-26%) and 0.1 M triethylammonium acetate (78-74%) at pH 7.0. Alter- 
natively elution can be at a constant mixture of acetonitrile and aqueous 
phase. The peak containing 5'-O-dimethoxytrityl deoxyoligonucleotide is 
concentrated under reduced pressure to dryness. Care should be taken so 
that fractions from the trailing region of the peak are not pooled. These 
fractions usually contain incompletely deprotected DNA and deoxyoligo- 
nucleotides of shorter length than the product which are derived from 
depurination during synthesis, the recovered deoxyoligonucleotide is 
next treated with acetic acid/water (4 : 1, v/v) at room temperature for 45 
min (0.5 ml) in order to remove the 5'-O-dimethoxytrityl group. The com- 
pletely deprotected deoxyoligonucleotide is dissolved in water (0.75 ml), 
extracted 3 times with ether (3 × 0.5 ml) and ethyl acetate (3 × 0.5 ml) to 
remove dimethoxytritanol, lyophilized to dryness, and dissolved in 10 
mM Tris-HC1 (pH 7.6) containing 1 mM EDTA. The amount of DNA 
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recovered can then be determined spectrophotometrically at 260 nm using 
the molar extinction coefficients at pH 7.6 listed in the following tabu- 
lation: 


Deoxynucleoside Extinction coefficient 


dA 1.54 × 104 
dG 1.17 x 104 
dC 0.75 × 104 
dT 0.88 x 104 


Deoxyoligonucleotides purified using this procedure can be used directly 
for various biochemical experiments. 


Purification by PAGE. The lyophilized sample obtained after depro- 
tection with concentrated ammonium hydroxide is first reconcentrated 
twice to dryness with ethanol/water (4 : 1, v/v) to remove trace amounts of 
basic salts. These salts buffer acetic acid used during detritylation and 
lead to incomplete removal of the dimethoxytrityl group. The residue is 
treated at room temperature for 45 min (0.5 ml) with acetic acid/water 
(4 : 1, v/v), lyophilized to dryness, and redissolved in water (0.75 ml). The 
solution of a completely deprotected deoxyoligonucleotide is then ex- 
tracted 3 times with ether (3 x 0.5 ml) and ethyl acetate (3 x 0.5 ml) to 
remove dimethoxytritanol, lyophilized to dryness, and dissolved in water. 
The concentration is then determined spectrophotometrically using the 
extinction coefficients listed in the previous section. An aliquot of the 
unpurified DNA mixture (10-15 OD units at 260 nm) is concentrated to 
dryness and dissolved in 50/~l of deionized formamide/water (9: 1, v/v) 
containing 0.01% xylene cyanol and 0.01% bromophenol blue dye mark- 
ers. This sample is then purified on a 0.3 x 20 x 20 cm polyacrylamide 
slab gel using a solvent of 7 M urea, 90 mM Tris-borate (pH 8.3), and 2 
mM EDTA; 20, 12, and 8% polyacrylamide gels are used to purify deoxy- 
oligonucleotides containing up to 20, 30, and more bases, respectively. 
The total sample (50/.d) is loaded in a 2.5-cm well, and electrophoresis is 
carried out at 350 volts until the bromophenol blue dye marker migrates to 
the bottom of the gel. The gel is removed from the glass plates, enclosed 
in SaranWrap, and placed on a fluorescent, 20 x 20 cm silica gel plate. 


The deoxyoligonucleotides are visualized by irradiation with long- 
wavelength UV light. Short-wavelength UV should be avoided as cross- 
linking of thymine bases to acrylamide occurs and, additionally, mutation 
lesion are generated. If a short-wavelength UV light is the only instrument 
available it can be used, but irradiation of the gel should be limited to the 
few seconds required for identifying the product band. When marking the 
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bands of DNA, the UV lamp and the observer should be positioned di- 
rectly over the gel. Otherwise the apparent displacement of the DNA 
absorbance band will lead to improper marking of the gel and a failure to 
excise the correct DNA sample. 


The acrylamide gel containing the desired deoxyoligonucleotide, 
which is usually the slowest migrating, most pronounced band is carefully 
cut out from the total slab gel with a razor blade, crushed, and soaked for 
8 hr at room temperature with gel elution solution (1.5 ml) containing 0.5 
M ammonium acetate, 0.01 M magnesium acetate, 0.1% sodium dodecyl 
sulfate, and 0.1 mM EDTA. The polyacrylamide suspension is pelleted by 
a low speed centrifugation. The solution is decanted and washed with 
equal volumes of n-butanol (3 x) and ether. In order to remove salts, the 
DNA is next passed through a Sephadex G50-40 column (1 × 10 cm) 
using 10 mM triethylammonium bicarbonate as eluant. The peak contain- 
ing the desired product is lyophilized to dryness. The deoxyoligonucleo- 
tide is dissolved in 10 mM Tris-HC1 (pH 7.6) and the concentration deter- 
mined spectrophotometrically. The sample is now ready for use in various 
biochemical experiments. Synthetic DNA samples should be stored fro- 
zen at pH 7.5-8.0. 


During purification by PAGE, several potential problems can arise. 
One that is particularly troublesome is poor resolution of DNA bands. 
This is usually caused by the presence of salt in the sample or by loading 
too much DNA in the well. Occasionally this problem is due to the pres- 
ence of DNA secondary structure. For these cases, the best solution is to 
run the electrophoresis using more drastic denaturation conditions. These 
would include increasing the urea concentration to 8 M, boiling the sam- 
ple just prior to loading, and pre-running the gel to at least 50 ° before 
loading the sample. Another related problem is the presence of more than 
one deoxyoligonucleotide, especially failure sequences containing one 
less deoxynucleotide, in the purified sample. This is a very serious prob- 
lem for experiments where synthetic DNA is enzymatically joined using 
T4 DNA ligase and then cloned. The presence of failure sequences in 
these ligated samples will lead to various deletion mutants among cloned 
duplexes. This problem is usually caused by overloading the gel or by 
cutting too broad a gel band. Since gel purification usually yields more 
material than is needed for cloning experiments, we cut out and purify 
only the more slowly migrating one-half of the product band. Occasion- 
ally a parallax (see above) caused by visualizing the gel with a UV lamp 
not located perpendicular to the gel can cause this problem as well. If the 
lamp is positioned improperly, failure sequences might be the primary 
product cut from the gel. Another problem is the presence of curved 
bands (i.e., bands that smile). This problem is usually caused by thick, 
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uneven glass plates that do not heat evenly or by using too high a voltage. 
Bands that smile have to be avoided, otherwise the isolation of pure DNA 
from such a gel is almost impossible. A final problem is a dark background 
absorption throughout the gel when it is illuminated with UV light. Al- 
though this problem can occasionally be corrected by using a new fluores- 
cent silica gel plate, a more serious source is contamination of buffers or 
acrylamide with UV-absorbing material. This problem can be corrected 
by filtering acrylamide, solvents, and buffers through activated charcoal. 


Purified synthetic deoxyoligonucleotides can then be characterized 
using standard procedures such as DNA sequencing, 16 two dimensional 
analysis, 27 and degradation with snake venom phosphodiesterase. 


Commercial Sources of Reagents and Equipment 


Below are listed manufacturers or commercial suppliers of chemicals, 
solvents, and equipment used in DNA synthesis procedures in this chap- 
ter. This does not imply that they are superior to others but only that we 
have found them acceptable. Following the supplier's name, product 
numbers are listed. 


Acetic acid: EM, AX0073-9 
Acetic anhydride: Fisher, Reagent Grade, A-10 
Acetonitrile: Burdick and Jackson, 015 
Acrylamide: Kodak, 5521 
Alumina oxide: Woelm Pharma, 02084 
Anhydrous ether: Mallinkrodt (American Scientific Products) 0848-5 
Bisacrylamide: Fisher, 0-3586 
Bromophenol blue: Fisher Scientific, B-392 
Calcium hydride: Aldrich, 21,326-8 
Chloroform: EM, CX1055-9 
Concentrated ammonium hydroxide: Fisher, A-669 
Controlled pore glass: Pierce 
2'-Deoxyadenosine: Sigma, D7400 
2'-Deoxycytidine: Sigma, D3897 
2'-Deoxyguanosine: Sigma, D7145 
2'-Deoxythymidine: Sigma, D9250 
Dichloromethane: EM, DX0835-3 
Dicyclohexylcarbodiimide (DCC): Sigma, D3128 
Diisopropylamine: Sigma, D3022 
4-N,N-Dimethylaminopyridine (DMAP): Aldrich, 10,770 
Dioxane, Reagent Grade: Fisher Scientific, D-111 
Drierite: J. T. Baker, 8 Mesh, 7-L056 


:7 C.-P. D. Tu and R. Wu, this series, Vol. 65, p. 620. 
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EDTA, disodium: EM, EX0539-1 
Ethanol: Gold Shield, Midwest Solvent Co. of Illinois 
Film, X-ray, for autoradiography: Eastman Kodak 
Filters: Millipore, 0.5/xm, FMUP 00700 
Fluorescent thin-layer plates: Merck, 60 F-254 
Fractosil 500: Merck 
Hexanes: EM, HX0299-5 
3-Hydroxypropionitrile: Sigma, C6773 
Iodine: Fisher Scientific, 1-36 
2,6-Lutidine: Aldrich, 24, 395-7 
Medium frit funnel, 2 ml: Kimble, 7700-5 
Methanol, Reagent Grade: EM, MX0485-7 
Microcentrifuge, 15,000 rpm: Eppendorf, 5412 
Molecular sieves, 4/~: Davison-Fisher Scientific, M-513 
Morpholine: Aldrich, 13,423-6 
p-Nitrophenol: Fisher, N-105 
Pentane: Fisher, P-393 
Phosphorus pentoxide: Fisher Scientific, A-245 
Phosphorus trichloride: V.W.R., EM-PX1050-3 
Pyridine: Fisher Scientific, P-368 
Rubber septa: V.W.R., Aldrich 
Screw-cap test tubes, 10-15 ml: Fisher 14-959-25C 
Sephadex G50-40: Sigma, G-50-40 
Sodium sulfate: EM, SX0760-1 
Tetrahydrofuran (THF): Fisher Reagent Grade, T397 
Tetrazole: Aldrich, L-390-0 
Thiophenol: Aldrich, 24, 024-9 
Toluenesulfonyl chloride: Eastman Kodak, 523 
Trichloroacetic acid (TCA): EM, TX1045-1 
3-Triethoxysilylpropylamine: Aldrich, 11,399-5 
Triethylamine: Kodak, 1073576 
Trimethylchlorosilane: Aldrich, C7, 285-4 
Tris base: Sigma, T-1503 
Urea: Schwarz/Mann Biotech., 821527 
Xylene cyanol: V.W.R., JTX539-5 
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ABSTRACT


A new procedure for rapid deprotection of synthetic
oligodeoxynucleotides has been developed. While all
known deprotection methods require purification to
remove the residual protective groups (e.g. benzamide)
and insoluble silicates, the new procedure based on
the use of an ammonia-free reagent mixture allows
one to avoid the additional purification steps. The
method can be applied to deprotect the oligodeoxy-
nucleotides synthesized by using the standard
protected nucleoside phosphoramidites dGiBu, dCBz


and dABz.


INTRODUCTION


Chemical synthesis of oligonucleotides has been nearly
completely automated during the last decade. It involves the
sequential assembling of nucleotides on an insoluble solid
support, cleavage of the synthesized oligonucleotides from the
support, removal of protecting groups, and purification.
However, the two final procedures, deprotection and purification,
require some manual handling.


Deprotection is usually a relatively long process. Two
different strategies have been applied to reduce the deprotection
time. One uses labile protecting groups such as phenoxyacetyl
(PAC) (1,2), tert-butylphenoxyacetyl (3) or dimethylamino-
methylene (4). The other involves more efficient deprotecting
reagents such as ammonia-methylamine (AMA) (5) or a
mixture of hydrazine, ethanolamine and methanol (6). Although
some deprotection systems, like AMA, seem to be quick and cost
effective, all existing methods require evaporation, solubilization,
centrifugation, precipitation, and/or desalting steps to remove
the residual protective groups and insoluble silicates. These
steps become a bottleneck in massive oligonucleotide
synthesis, especially in construction of large oligonucleotide
libraries. For example, the manufacturing of high-density gel
microarrays containing thousands of immobilized oligonucleo-
tides requires the low content of non-nucleotide materials in
stock solutions (7,8). Such purification of thousands of crude
oligonucleotides is time consuming and cannot be completely
automated.


We report here a new method for deprotection of synthetic
oligodeoxynucleotides that eliminates the post-synthetic


operations. The method is based on the use of organic alkaline
solution to cleave oligonucleotides from a support and remove
internucleotide and base-protecting groups. This procedure can
be applied to remove both the standard [N6-benzoyl-2′-deoxy-
adenosine (dABz), N4-benzoyl-2′-deoxycytidine (dCBz) and
N2-isobutiryl-2′-deoxyguanosine (dGiBu)] and labile protective
groups from the synthesized oligonucleotides. The method is
especially useful for deprotecting the short oligonucleotides
that require no further purification from uncompleted sequences.
In this case, one can directly obtain the ready-to-use oligo-
nucleotides dissolved either in pure water or in a buffer. The
method proposed is suitable for deprotecting the dimethoxy-
trityl-containing oligonucleotides and allows the subsequent
purification by cartridges or reverse-phase HPLC.


We have found that the treatment of the support-bound
protected oligonucleotides with a mixture of triethylamine and
lithium hydroxide in methanol for 1 h at 75°C (or for 40 min
for the PAC-protected oligodeoxynucleotides) cleaves the
oligonucleotides from the support, precipitates them, and
completely washes off the released protective groups. We
tested this method on the oligonucleotides ranging in length
from 6 to 20 bases.


MATERIALS AND METHODS


Lithium hydroxide monohydrate and triethylamine were
purchased from Aldrich Chemicals Co., 3′-Amino-Modifier
C7 controlled pore glass (CPG), 2 M triethylammonium
acetate (TEAA) and all phosphoramidites were from Glen
Research, Texas Red sulfonyl chloride dye was from Molecular
Probes and CPG-10-700 Å supports (120–200 mesh) were
from Fluka Chemie AG. Mass spectrum analysis was carried
out with a matrix assistant laser desorbtion ionization time of
flight (MALDI-TOF) mass spectrometer COMPACT MALDI
4 (Kratos analytical). IR spectra were registered in a KBr pellet
with a Bruker 500 spectrophotometer.


Oligonucleotide synthesis


Oligonucleotides were synthesized either on columns on a
0.2–1 µmol scale with an ABI 394 DNA/RNA synthesizer
(Applied Biosystems) or in 96-well plates with a liquid chemical
dispensing robot (LCDR) (Avantech Automation) by using the
CPG-based solid supports according to the standard phos-
phoramidite procedure.


*To whom correspondence should be addressed at: Biochip Technology Center, Argonne National Laboratory, 9700 South Cass Avenue, Argonne, IL 60439-4833,
USA. Tel: +1 630 252 3161; Fax: +1 630 252 9155; Email: amir@everest.bim.anl.gov
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Oligonucleotide microarray manufacturing and
hybridization


Microchips were manufactured as described earlier (7–10).
Microarrays consisting of 100 × 100 × 20 µm gel pads were
prepared by photopolymerization of 5% acrylamide–bisacrylamide
as previously described (9). Each oligonucleotide (0.2 pmol)
was transferred by a robot onto the gel pad with a pin (7) and
immobilized by means of Schiff reaction between the 3′-amino
group of the oligonucleotide and the aldehyde group of the
activated gel pad (10). Hybridization of the microarray with
complementary fluorescently labeled oligodeoxynucleotides
was carried out in 6× SSPE containing 1% Tween 20 at 20°C
for 12 h. Hybridization patterns were obtained with a fluorescent
microscope equipped with a charge couple device camera,
Peltier thermotable and a computer interface (7).


Deprotection of oligonucleotides


The oligonucleotides synthesized on columns were treated
according to the new deprotection protocol as follows. The
oligonucleotides bound to the CPG support were dried in argon
flow. The CPG support was transferred into a 1.5 ml centrifuge
tube and treated with a mixture of 0.5 M aqueous lithium
hydroxide (30 µl) and 3.5 M triethylamine in methanol
(300 µl) at 75°C for 60 min. Then the reaction mixture was
chilled to –20°C for 5 min and 75 µl of glacial acetic acid was
added. After that the resulting solution of triethylammonium
acetate was carefully removed from the glass support. The
support was successively washed twice with 90% aqueous
acetonitrile (400 µl) and twice with acetonitrile (400 µl).
Finally, either pure water or a buffer (200 µl) was added twice
to elute the oligonucleotides. Alternatively, after deprotection
with LiOH–Et3N solution, the reaction mixture was cooled to
0°C for 5 min and the deprotection solution was carefully
removed from the glass support. The support was successively
washed with 90% aqueous acetonitrile (400 µl) three times,
with 0.1 M triethylamine formate in 90% acetonitrile (400 µl)
four times, and with acetonitrile (400 µl) three times. Pure
oligodeoxynucleotides were eluted from the CPG support
either by water or a buffer.


In the case of the LCDR-synthesized oligonucleotides
treated according to the new deprotection protocol, each well
of the 96-well filter plate was filled with 300 µl of deprotection
solution and the plate was incubated at 75°C for 60 min. The
plate was then cooled to room temperature and each well was
successively washed with 90% aqueous acetonitrile (400 µl)
three times, with 0.1 M triethylamine formate in 90%
acetonitrile (400 µl) four times, and with acetonitrile (400 µl)
three times, allowing the solution to pass through the wells
freely each time. In all cases, the pH of the oligonucleotide
solution was neutral allowing the oligonucleotides to be
directly immobilized on microchips (7). The deprotected
oligonucleotides were analyzed by both ion-exchange and
reverse-phase HPLC or by PAGE under denaturing conditions.


To compare the new method and the standard one (32%
aqueous ammonia, 55°C, 8 h), two identical oligonucleotide
sets were created either by parallel synthesis or by splitting the
support-bound protected oligonucleotides into two equal parts
after their synthesis.


RESULTS AND DISCUSSION


The new deprotection procedure described here was originally
developed to create the oligonucleotide libraries used in the
manufacturing of oligonucleotide microarrays (7,11), such as
the generic microchip containing a complete set of hexadeoxy-
nucleotides (8,12).


We applied the new protocol to deprotect a set of oligodeoxy-
nucleotides ranging in length from 6 to 20 bases, which were
automatically synthesized using the standard phosphoramidite
procedure.


The similar total amounts of 10mers (16–20 OD) were
obtained by 0.2 µmol synthesis with the use of both deprotection
procedures. Both protocols were generally equivalent in terms
of the deprotection efficiency and quality/quantity of oligo-
nucleotide material, as revealed by the comparison of the
analytical reverse-phase HPLC profiles (Fig. 1A) and the ion-
exchange HPLC profiles (Fig. 1B and C) of the oligonucleotides
synthesized using an ABI 394 DNA synthesizer or LCDR.
However, the traditional procedure does not allow one to
remove the residual protective groups and soluble silicates,
which requires some additional purification steps. Such
contaminating material is usually abundant and is easily
detected either visually or by HPLC analysis.


The new method is based on the fact that the synthesized
oligonucleotides are insoluble in organic media and precipitate
on the CPG support, while the contaminating material remains
in solution and can be easily washed off (demonstrated in
Fig. 2). The standard (Fig. 2A) and new (Fig. 2B) deprotection
schemes were applied to the DMT-protected oligomer d(AC)2A.
In the case of the new protocol, no peak corresponding to
benzamide was revealed, while the oligonucleotides deprotected
by the standard method were contaminated with benzamide.
However, in the presence of lithium hydroxide, the deprotection
of the benzoyl-protected oligonucleotides yielded lithium
benzoate. Nevertheless, we found that the solubility of lithium
benzoate, isobutirate and acetate was sufficient for these
substances to be completely washed off by 90% aqueous
acetonitrile during the washing procedure.


One of the essential steps of the new deprotection scheme is
the neutralizing of lithium silicate that is chemically or physically
bound to the glass surface. The oligonucleotide solution eluted
from the CPG support, which was not neutralized, was charac-
terized by the high pH value and contained dissolved silicates.
Later, upon neutralization, large amounts of the silicates
precipitated from the oligonucleotide solution became insoluble.
We tested several reagents in terms of their applicability for the
neutralization of alkaline components in reaction mixture, and
only a few of them turned out to be suitable. We found that
0.1 M solutions of triethylamine formate or acetate in 90%
acetonitrile were quite efficient as neutralizing agents, but such
treatment included numerous washing steps to obtain the final
neutralized oligonucleotide solution. The problem has been
overcome by adding acetic acid to the cold reaction mixture.
Due to the low temperature, heterogeneous conditions of
neutralization and reagent stoichiometry, there was no detrytilation
observed for the DMT-protected oligonucleotides as evidenced
by reverse-phase HPLC.


Despite the fact that the insoluble silicates were undetectable
visually when the advanced protocol was applied, a trace
amount of dissolved SiO2 might still be present in oligonucleotide
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eluates. To compare two deprotection methods, the standard and
the new one, in terms of the silicate content, we quantitatively
analyzed by IR spectroscopy the dry residues obtained after the
evaporation of either ammonia solution or the neutral eluate
from the underivatized CPG. It is known that the prominent
band in the IR spectra in the range 1050–1100 cm–1 corresponds to
the Si–O–Si stretch vibrations (13,14). Taking into account
that the amount of the CPG support was the same with both
procedures, we can directly compare the band intensities from
two samples to estimate quantitatively the silicate contamination.
Figure 3 shows the IR spectra of the samples treated by
different deprotection methods. In the case of the new protocol
(Fig. 3, spectrum B), the intensity of the band corresponding to
the Si–O–Si stretch vibrations was considerably less than that
observed for the sample obtained by the standard protocol
(Fig. 3, spectrum A).


The identity of the oligodeoxynucleotides obtained by the
new and standard deprotection procedures was additionally
proved by the MALDI-TOF analysis. We recorded the


Figure 1. Comparison of oligonucleotides deprotected by the standard and the new procedures. (A) Coinjection profile of the oligonucleotide 5′-d(AC)5dA, synthesized
with an ABI 394 machine and deprotected by the standard and new protocols. Analytical reverse-phase HPLC analysis was carried out using a Hypersil ODS
column (5 µm, 4.6 × 250 mm) at 40°C. The mobile phases used were as follows: buffer A, 0.1 M TEAA (pH 7); buffer B, 0.1 M TEAA in 50% aqueous acetonitrile
(pH 7). The gradient system used was 100% buffer A for 2 min, then 0–50% buffer B for 36 min. The flow rate was 1 ml/min. (B) Ion-exchange profile of the
oligonucleotide 5′-d(TTACGCA)-NH2 synthesized with the LCDR machine and deprotected by the standard protocol. NH2 represents C7 3′-aminomodifier from
Glen Research. (C) Ion-exchange profile of the same oligonucleotide synthesized with the LCDR machine and deprotected by the new method. Ion-exchange HPLC
analysis was carried out using a Nucleosil NH2 column (5 µm, 4.6 × 250 mm) at 40°C. The mobile phases used were as follows: buffer A, 0.1 M TEAA (pH 7);
buffer B, 0.8 M TEAA (pH 7). The gradient system used was 0–50% buffer B for 30 min. The flow rate was 1 ml/min.


Figure 2. HPLC profiles of the DMT-protected oligonucleotide treated by two different deprotection protocols. (A) DMT-d(AC)5dA treated according to the standard
protocol. (B) The same oligonucleotide deprotected according to the new protocol. The HPLC conditions were the same as in Figure 1A, except the gradient used
(20% buffer B for 2 min and 20–100% buffer B for 36 min).


Figure 3. IR spectra of solid residues obtained by the standard (A) and
advanced (B) protocols.
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MALDI-TOF mass spectra of the oligodeoxynucleotides
synthesized in parallel and deprotected by two different
methods to confirm their size and the absence of modified
products. This follows from Figure 4 displaying two spectra of
the oligonucleotide d(AGC)2AC deprotected by the standard
(Fig. 4A) and advanced (Fig. 4B) protocols. The spectra
obtained for both products testified to the identity of their
molecular weights.


In order to confirm the identity by performance of the oligo-
nucleotides treated by two different deprotection protocols,
they were hybridized with complementary fluorescently-
labeled oligonucleotide in microarray format (15). The samples
with the same concentration of the oligodeoxynucleotide
5′-d(TTACGCA)-NH2 obtained after deprotection by two
different procedures were loaded on gel pads of a small micro-
array. The immobilization was performed as described earlier
(9). The hybridization pattern is demonstrated in Figure 5.
Both parts of the microchip (Fig. 5A and B) corresponding to


the different deprotection schemes displayed the same signals
of hybridization, which proves the full functionality of the
oligonucleotides treated by the advanced protocol.


To summarize, the described deprotection scheme eliminates
the conventional evaporation, centrifugation and desalting
steps and provides purified oligonucleotides in a relatively
short time. It is based on the use of inexpensive nucleoside
phosphoramidites containing the standard base protection
groups and seems to be promising in the large-scale synthesis
of short oligomers, especially with the LCDR machine in the
96-well format. The new deprotection method considerably
facilitates handling of both in-column and in-plate synthesized
oligonucleotides, which mainly benefits in the case of parallel
synthesis with the LCDR machine. It provides the possibility
of directly transferring the synthesized oligonucleotides from
the 96-well plate to the stock plate avoiding the collection of
ammonia or AMA solutions, their evaporation and other
transfer and purification steps.
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