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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 280% ammonium hydroxide (N4DH) at 55°C, 2 h in 28-30%

NH4OH at 80°C, or <1 h in ammonium hydroxide/methylamine (1:1) (AMA) at 8D). 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-,-Bnodified, 8-modified, and thioated oligonucleotides. The flexibility of

the universal support and the efficiency 6dgphosphorylation are expected to increase the use of universal
supports in oligonucleotide synthesis.

Introduction with the first nonphosphorylated nucleoside to eliminate the need
for downstream ‘3dephosphorylation.

Oligonucleotides are typically synthesized on a solid support Laboratories that produce synthetic oligomers, therefore, must
Zug‘( aseﬁo(r)‘;r?#:dﬁfs(zriugé?;ossggepg) orreg?tlgcs:agsnti ﬁ? )asoli 4 Manage a library of solid supports to enable the synthesis of
yg . P : commonly produced oligomers, including standard deoxyribo-,
support b3y a bas_e-lablle tether such as a succinate or hyOlm'S’-modified 8-modified, and ribooligomers. In addition, many
quinone? These linkers were adopted early in the development laboratories routinely use several nucleobase protection strate-

of oligonucleotide synthesis because standard phosphoramidite_. P I .
mongmers containya protectetHghosphorus wt?ich rFr)lust be Ji€s, SO they must maintain large libraries of compatible supports

) ! : ; : including isobutyryl {Bu),* acetyl (Ac)? dimethylformamidyl
removed postsynthesis for the oligonucleotide to be biologically 6.7 3
active. Finding a convenient method for completed8phos- (DMF),>7 phenoxyacetyl (PAC)andtert-butyl phenoxyacety|

phorylation proved difficult. Thus, solid supports are preloaded (4 schaller, H.; Weimann, G.; Lerch, B.: Khorana, H.Am. Chem.
Soc.1963 85, 3821-3827.

T Stanford University. (5) Chaix, C.; Duplaa, A. M.; Molko, D.; Taule, R.Nucleic Acids Res.
+CTGen, Inc. 1989 17, 7381-7393.
(1) McCollum, C.; Andrus, ATetrahedron Lett1991 32, 4069-4072. (6) Reddy, M.; Hanna, N.; Farooqui, Fetrahedron Lett1994 35,
(2) Pon, R. T.; Usman, N.; Ogilvie, K. BBioTechnique4988 6, 768— 4311-4314.

775. (7) Vinayak, R.; Anderson, P.; McCollum, C.; Hampel,Mucleic Acids
(3) Pon, R. T.; Yu, SNucleic Acids Resl997, 25, 3629-3635. Res.1992 20, 1265-1269.
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(TAC).210 Managing libraries is difficult and necessitates SCHEME 1

accurate handling or the use of an automated system so that

o
supports can be tracked and correctly loaded into the appropriat o C[ijggR — @ RO 22 ropop
position on a synthesizer. Incorrect loading results in an oligomer © ° OH "
with a 3-error that has reduced or no biological functionatity. z : ¢
A universal support is particularly important for use in high- scHemE 2
throughput oligonucleotide synthesis where manually loading o NH,
supports in high-density titer plates is time-consuming, error- " QMe 7. @ =CPG MeO
prone, and cumbersom&:4 Universal supports are also _coL °>=o 13 @ =Frit i
expected to reduce side reactions that take place on the on MF o i ./\/\u o R

R

5:
11:

preattached nucleoside of standard supporbecause the
universal support does not have a preattached nucleoside.
The need for a universal synthesis support that increases . . .
flexibility and reduces 3sequence errors has drawn the attention Of starting material, larger reagent excesses and increased
of several group&¢-22 A recent review reported that today’'s ~reaction times for coupling may_be necessary to prevent reduced
commercially available universal supports have not met the ©ligo quality. Another problem is that cleaving the linker from
promise of increased flexibility and error reduction due to the support is favored by an organic base (such a8
inefficient dephosphorylation or the requirement for cleavage Methanolic ammonia), but removing protecting groups from the
and deprotection steps that are incompatible with establishednucleobases (deprotection) is favored by an aqueous base (such
production line$? For example, one universal support requires @s NHOH). Since cleavage and deprotection steps are favored
the addition of lithium chloride (LiCl) for efficient dephospho-  under slightly orthogonal conditions, they cannot be easily
rylation, which must be removed by precipitation or purification combined into a single procedure using a standard reagent such
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prior to use?! Another suppot 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 Il) 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 dephosphorylatiof?. This side reaction produces a minor

(~20%) phosphorylated, uncleaved species. Though it is pos-
sible to compensate for reduced yield by increasing the amount

(8) Schulhof, J. C.; Molko, D.; Teoule, Rlucleic Acids Resl987, 15,
397-416.

(9) Sinha, N. D.; Davis, P.; Usman, N.; Perez, J.; Hodge, R.; Kremsky,
J.; Casale, RBiochimie1993 75, 13—23.

(10) Koster, H.; Kulikowski, K.; Liese, T.; Heikens, W.; V, K.
Tetrahedron1981, 37, 363—369.

(11) Day, J. P.; Bergstrom, D.; Hammer, R. P.; Baran\&cleic Acids
Res.1999 27, 1810-1818.

(12) Lashkari, D. A.; Hunicke-Smith, S. P.; Norgren, R. M.; Davis, R.
W.; Brennan, TProc. Natl. Acad. Sci. U.S.A995 92, 7912-7915.

(13) Rayner, S.; Brignac, S.; Bumeister, R.; Belosludtsev, Y.; Ward, T.;
Grant, O.; O'Brien, K.; Evans, G.; Garner, Benome Red.998 8, 741—

747.

(14) Lebl, M.; Burger, C.; Ellman, B.; Heiner, D.; lbrahim, G.; Jones,
A.; Nibbe, M.; Thompson, J.; Mudra, P.; Pokorny, V.; Poncar, P.; Zenisek,
K. Collect. Czech. Chem. Comm&001, 66, 1291-1314.

(15) Cazenave, C.; Bathany, K.; Rayner,@igonucleotide2006 16,
181-185.

(16) Scott, S.; Hardy, P.; Sheppard, R. C.; McLean, M. Jnhovation
and Perspecties in Solid-Phase Synthesis. Peptides, Proteins and Nucleic
Acids, Biological and Biomedical Application&pton, R., Ed.; Mayflower
Worldwide Ltd.: Oxford, UK, 1994; pp 115124.

(17) Scheuer-Larsen, C.; Rosenbohm, C.; Jgrgensen, T.; Wengel, J
Nucleosides Nucleotidel997, 16, 67—80.

(18) Azhayev, A.Tetrahedron1999 55, 787—800.

(19) Azhayev, A.; Antopolsky, M.Tetrahedron2001, 57, 4977
4986.

(20) Azhayev, A.; Antopolsky, L.; Tennilal.; Mackie, H.; Randolph,

J. Genetic Engineering New005 25.

(21) Nelson, P. S.; Muthini, S.; Vierra, M.; Acosta, L.; Smith, T. H.
BioTechniqued997, 22, 752-756.

(22) Lyttle, M. H.; Hudson, D.; Cook, R. MNucleic Acids Resl996
24, 2793-2798.

(23) Mackie, H.Glen Res. Re2001, 14.1
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as NHOH 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 quickiyl(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 3- 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?* 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?® Investigating catechol derivatives as universal
dephosphorylators was not an obvious choice since catechol-
based agents such asphenylene phosphorochloridate
(Scheme 1) are known to be highly reactive phosphoryl&fors.
Compound1l reacts with aliphatic alcohols to yield cyclic
triesters2 which are readily hydrolyzed into the corresponding
ring-opened phosphate dies84° The o-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 monoestér

Initial attempts to produce a universal linker prepared from
commercially available catechols, such as catechol, 3-fluoro-

(24) Wriede, U.; Fernandez, K.; West, F.; Harcourt, H.; Moore,W.
Org. Chem.1987, 52, 4485-4489.

(25) Ohtani, Y.; Horiuchi, A.; Yamaguchi, A.; Oyaizu, K.; Yuasa, §.
Electrochem. So006 153 C63-C66.

(26) Khawaja, T. A.; Reese, C. B. Am. Chem. S0d.966 88, 3446—
3447.
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catechol, 3-nitrocatechol, and 3-methylcatechol, confirmed FIGURE 1. Time required for complete cleavage of a deoxythymidine
previous observatioRsregarding the base stability of species T9 homopolymer from the catechol-based universal support.

3 \_Nhen tethered to an oligonucleotide. Early resglts from TABLE 1. Summary of LC-MS Data Showing the Time Required
unlversal supports based on thesm_a compounds were dl_scoyraglngo Fully Dephosphorylate the T9 Homopolymer

showing little or no catechol-mediatet@hosphate elimination

under standard deprotection conditions. However, investigation reagent temp’c) time (h)
into methoxy catechols produced encouraging results. NH.OH g’g 2
(b) Reactions with 3-Methoxycatechol and 1,4-Dimethoxy- 80 2
catechol. 3-Methoxycatechob (Scheme 2), when tethered to AMA 55 5
an aminopropy! support, was the first catechol-based com- 65 2
pound to show any dephosphorylation. Cleavage and deprotec- 80 <1
tion of oligonucleotides synthesized using this linker tethered . )
to CPG7 produced~80% release of'shydroxyoligonucleotides To test amenability of the plug and universal support to
in 3 h at 80°C in NH4OH. oligonucleotide synthesis, a 9mer thymidine homopolymer (T9)

The first steps in the sequence of events were concomitantWas synthesized and cleaved from the support at room temper-
and rapid deblocking of the cyanoethyl protection groups and ature in standard cleavage/deprotection reagentsOkHand
cleavage of the carbamate tether. HPLC analysis showed that*MA. Complete cleavage (relative to the same oligo synthesized

the ratio of the two resulting phosphate diestarandB was O @ standard CPG support) was achieved in about 15 min in
roughly 1:1. These compounds underwent an intramolecular AMA. In the milder cleavage reagent (NBH), complete
cyclization followed by release of Biydroxyoligonucleotid® cleavage was achieved in about 45 min. These cleavage times

and elimination of the cyclic catecholphosph&égScheme 3). were |nd|st|ngu|sh_able from_ those obtained when using a
One of the isomers, presumabdy, disappeared rapidly (by standard long-chain aII_<yI amine (LC_:AA)_ CPG support. A plot
HPLC analysis) with a proportional appearance of the corre- Of full length product yield versus time is shown in Figure 1.
sponding 3native oligonucleotid®. After deprotection for 1 (d) Characterization of Dephosphorylation Kinetics on the
h, equilibrium was reached between spedesand B, found Unlv_e_rsal Support_. We used another T9 oligonucleotide to
respectively in about a 2:5 ratio. Complete disappearance c)f.empmcally determine the rate ar!d extent of dephosphorylatlon
speciesA andB took 3 h. The faster disappearance of species N stanqlard cleavage/deprotection reagents. T9 oligos were
A led to the next step of investigating 1,4-dimethoxycatechol Synthesized and cleaved from the support at room temperature
for a quicker release of native oligonucleotides. for 15 min in AMA and for 45 min in NHOH, then deprotected

A series of reactions was therefore performed using the 1,4-1n the cleavage reagent in sealed tubes at the times and
dimethoxycatechol-based universal linke¥ (Scheme 2). 1,4-  temperatures indicated in Table 1. If dephosphorylation was not
Dimethoxycatecholl1 was synthesized from 2,5-dimethoxy- complete3 it was clearly identified by an increase of 232 atomic
benzaldehyde in four steps, according to published literature. Mass units (amu) on a mass spectrometer (MS traces are

(c) Utilization of the Universal Linker on a Synthesizer. available in the Supporting Information). Relative abundance
We chose to sinter the support directly into the filter matrix Of catecholated and dephosphorylated oligonucleotide was
(frit) of the reaction column. Sintering the CPG in the synthesis détérmined by measuring the peak amplitude of the two species
plugs gave several advantages, including improved control over9n '—C"V_'S- Example LC data are ;hown in the Supporting
CPG “splashing” out of wells when used on multiwell synthe- nformation for a cleavage reaction in NE&H at 55°C for 1
sizerg’ and improved reagent retention for long reaction times &nd 17 h. Confirmation of the mass of the catecholphosphate
due to the high density of the filter matrix. Filters were made 19 homopolymer during the kinetic studies, described in greater
from a slurry of aminopropyl CP@ and polypropylene powder detall in the next section, supports thg putative structurbdof
that were mixed, poured into a cylindrical mold, rapidly sintered  !dentity of the T9 oligomer was obtained by electrospray mass
at 190°C, then cooled and demolded. Once the bare CPG wasSPectroscopy. Identity traces showed the predicted monoisotopic

embedded in the filter matrix, 1,4-dimethoxypyrocatechpl ~ half-mass of phosphorylated and dephosphorylated species.
was reacted with embedded aminopropyl CE8which yielded Shown in t.he Supporting Infqrmatlon is the electrospray MS
14 for testing in oligonucleotide synthesis. trace showing the monoisotopic half-mass of the T9 homopoly-
mer after dephosphorylation in NBH for 1 h. The expected
(27) Cheng, J. Y.; Chen, H. H.; Kao, Y. S.; Kao, W. C.; PeckNgcleic monoisotopic half-mass for a T9 oligomer is 1337.2 amu and
Acids Res2002 30, e93. increases to 1453.9 amu for a T9 homopolymer witb&8echol
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phosphate still attached. BecausepBosphorylated contami-  4), if not completely removed from the primer, can act as an
nants can be identified and quantitated using this method, ainhibitor in subsequent biological reactions. This is because
profile was easily generated showing the amount of time enzymes such d&&aqpolymerase require d-Bydroxyl to initiate
required to fully dephosphorylate oligonucleotides in common primer extension.
deprotection reagents. A summary of the mass results for each PCR was performed using primers synthesized on the UL1
deprotection time point is shown along with the time needed to universal support. Following cleavage of the oligonucleotides
fully dephosphorylate in the corresponding reagent in Table 1. from the support in NHOH, the primers were deprotected
The time required for dephosphorylation is similar to the time overnight at 55C, lyophilized, normalized to 3.2M, and used
required for complete removal of dG(ibu) protection grotips, in PCR. Product bands were visualized on an agarose gel, shown
demonstrating that the universal support will not present a in Figure 2.
bottleneck during deprotection. The similar band intensities for the two PCR amplicons
(e) Selection of Hydroxyl Protection. Oligonucleotide demonstrate that the amount of product obtained with the UL1
monomers and supports are typically protected with a dimethox- support-bound oligonucleotide is identical to that obtained with
ytrityl (DMT) or monomethoxytrityl (MMT) group. These  desalted control forward and reverse primers synthesized by a
protection groups are typically favored due to their quick commercial oligonucleotide supplier. Since further purification
removal in mild acid, thus reducing possible side reactions such or dephosphorylation is unnecessary, the oligonucleotides may
as depurination. Another advantage during synthesis is thebe used directly in biological reactions.
colorimetric assays that can be performed on the orange (DMT) It should also be noted that the proposed mechanism for
or yellow (MMT) cation, which is used to monitor reaction oligonucleotide cleavage from the support (to prod@cand
progress. In this case, however, both DMT and MMT protection 17 in Scheme 4) was tested to determine whether cleavage
were not suitable because of their lability on the aromatic followed the proposed route on tiealkylphenoxycarbamate
catechol. Instead, TMS protection was found to be more stable or whether cleavage was driven through nucleophilic attack on
and is compatible with automated synthesizer cycles. TMS the adjacent carbonyl. When tiNealkylphenoxycarbamate is
protection can take over 1 min to remove, although depurination replaced with a\,N-dialkylphenoxycarbamate tether, there is
is not a concern during its removal because of the non- little or no cleavage of oligonucleotide, even when treated for
nucleosidic nature of the support. up to 16 h at 8C°C in NH4OH. This gives more evidence in
(f) Biological Compatibility of Synthesized Oligonucle- support of the proposed mechanism.
otides.To test for the presence of any undesired side products (g) Characterization of Longmer Synthesis on UL1 Sup-
or inhibition of enzymatic processes, the UL1 universal support port. Due to the emergence of assays that rely heavily on high-
was used to synthesize20mer oligonucleotides for use as PCR  quality, long oligonucleotides such as molecular inversion
primers. Cyclic 1,4-dimethoxycatechol phosphate(Scheme  probed82°(MIPs) and gene synthesi%;32the linker was tested
to determine suitability for the routine production of 40, 80,
and 120 nt long oligonucleotides. The oligonucleotides were
Control 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. WNat. Biotechnol2003 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.; lartchouk, 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.
FIGURE 2. Nondenaturing agarose gel image of PCR products p' Ginps R. A.Genome ReL005 15, 269-275.
obtained from oligos produced using standard supports (control) and ~"(30) Stemmer, W. P.; Crameri, A.: Ha, K. D.; Brennan, T. M.; Heyneker,
the same PCR product obtained using oligos produced on the universalH. L. Gene1995 164, 49-53.
support14. (31) Cello, J.; Paul, A. V.; Wimmer, EScience2002 297, 1016-1018.
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whose reagent consumption was roughly 50% higher than thathaving to manually add 2, 3, or 4 differerit§pecific supports

required by the UL1 universal support. The quality of the into synthesizer columns. HPLC traces of oligonucleotides

oligonucleotides was analyzed by HPLC (chromatograms are produced on the UL1 show that the oligonucleotides are of

available in the Supporting Information). Little or no difference comparable purity to the control sequences synthesized on other

in quality was detected using the two different supports, although commercially available synthesis columns (chromatograms are

comparable quality was achieved on the UL1 universal support shown in the Supporting Information). The heat-sintered CPG

with ~50% lower reagent consumption. Synthesis of 120 nt filters also greatly reduced reagent consumption, reduced prob-

oligonucleotides required9 h on both UL1 and the standard lems with the support “splashing” during synthesis, increased

support. flexibility in synthesizer setup, and caused less error when
(h) Synthesis of RNA on UL1 Supports.In general, the loading synthesizer columns.

synthesis of RNA oligomers presents a special challenge due

to the need for protection of the-Bydroxyl. In addition to Experimental Section

possible steric hindrance during monomer couplingpratection

with 2'-O-tert-butyldimethylsilyl (TBDMS) or triisopropylsi- Preparation of Aminopropyl CPG. Aminopropyl CPG7 was
lyloxymethyl (TOM) may also cause problems during depro- Prepared by reacting CPG (75/200, 1000 A pore size) with amino-
tection of the nucleobases, resulting in strand cleavade. propyltriethoxysilane (APTEOS) following published procedtifes.

Several approaches have been taken to alleviate this problem Preparation of Cyclic 1,4-Dimethoxycatechold,4-Dimethoxy-

I . tatecholl1was synthesized following published procedété®m
most notably by substituting aqueous M¥H or AMA with a commercially available catechol. Cyclic 1,4-dimethoxycatedi?ol

mixture of NH,OH and ethanol (3:1), methylamine, or anhy- \as prepared from 1,4-dimethoxycatechol following published
drous ethanolic or methanolic ammonia. Another approach is procedures? exceptN,N'-carbonyldiimidazole was substituted for
to substitute standard nucleobase protection with more labile phosgene. Product2 was confirmed on a TLC plate eluted in
groups such as acetyl, dimethylformamidyl, phenoxyacetyl, or dichloromethane (DCM). The differential migration i (retention
tert-butyl phenoxyacetyl. This reduces the time required for factor ®) = 0.9) compared td 1 allowed easy confirmation of
nucleobase deprotection, making premature removal of silyl the product. The product was also confirmed by RP-HPLC.
protection groups less problematic. The nucleobase deprotection. Preparation of 100 nmol 1,4-Dimethoxycatechol-Based Cy-
procedure used in our laboratories for routine RNA synthesis indrical Frits. Cylindrical frits 13 were prepared by embedding

represents a successful tradeoff between deprotection time an&\rr:moprg%l P& dm pqupropyltlarée. F|g55t, hl%%-den;‘lty 1"8(%”;'
the quality of finished products. For routine RNA synthesis bylene ( g) and aminopropyl CPB(85 g, 10 molig,

: o ' pore size, 75/200 micron particle size) were mixed thoroughly,
we have interchangeably usedTBDMS and TOM-protected  gjowing uniform dispersion of the inorganic material into the

monomers and have removed nucleobase protecting groupshermoplastic resin. The mixture was poured into cylindrical cavities

using NHOH and ethanol (3:1) for 10 h at 5%&. in an aluminum plate and milled to produce the desired size and
_ dimensions. The plate was heated at 18Gor 15 min and cooled
Conclusion prior to releasing the frits from the mold. The density of the frit

. . . prevented reagents from diffusing into the frit prior to application
Universal supports have moved the industry incrementally ¢ 5 pulse of inert gas. Therefore, during coupling and capping

closer to adopting universal chemistries. However, the benefits steps, where two reagents were added to the frit, a hold step before
of universal supports have not been fully realized because chamber pressurization allowed premixing of the two reagents prior
previously published universal supports require cleavage andto entry into the resin.

dephosphorylation conditions that are cumbersome and/or limit A 1 L two-neck flask was equipped with a flush-closing PTFE
the biological activity of the oligonucleotide. Because no widely drain valve and was loaded with 1000 100 nmol frit8 in
adoptable universal support is available, laboratories are still suspension with 100 mL of DCM. A solution of 200 mg of 1,4-
forced to maintain a library of'3pecific supports, to manually ~ dimethoxypyrocatechd2in 10 mL of tetrahydrofuran (THF) was
load them onto the correct position of a synthesizer, or to use dded. and the flask was agitated overnight. A ninhydrirftests

T : : used to detect disappearance of a primary amine, and additional
a robotic liquid handler to load them into synthesis columns. 1,4-dimethoxypyrocatechd2 was added until the primary amine

These workarounds can be time-consuming, expensive, an%as undetectable. The frits were drained and washed successively
error-prone. with acetone and DCM, then resuspended in a solution of 100 mL
The universal support presented in this paper is compatible of DCM and 0.8 mL of TMS/imidazole. After shaking for 4 h, the
with DNA, RNA, most 3- and B3-modifications, and phospho-  frits were drained, washed with methanol, and dried under vacuum.
rthioate synthesis, without the need for additives to achieve Prior to synthesis, a blunt-ended steel pin was used to insert the
efficient dephosphorylation. Thus, deoxyribo- and ribonucleic frits into open-ended polypropylene synthesis columns. After
acids can be used directly after synthesis without the need forcompleting the synthesis, the frits were removed from the column

purification. Utilizing the UL1 support will also circumvent by applying top pressure on the plug with a steel pin.

quality problems caused bybranched oligonucleotides since Synthesis of Oligonucleotides on UL1 Universal Supports.
branching is reported to originate from reactivity of the SYnthesis of oligonucleotides was performed on a commercially
preattached nucleoside on a standard support. UL1 also make vailable 48-position oligonucleotide synthesizer. Empty support

: . , . - : olumns and 100 nmol synthesis suppdktswere provided by
it possible to produce’glegenerate oligonucleotides without ~tcen Inc. Synthesis supports were pressure fit by hand into empty

columns, which were then inserted into the carousel of the
(32) Tian, J.; Gong, H.; Sheng, N.; Zhou, X.; Gulari, E.; Gao, X.; Church, synthesizer. Deblocking solution, 3% trichloroacetic acid (TCA)

G. Nature 2004 432, 1050-1054. in DCM, w. for removal of the TMS protecting group. Tw:
(33) Scaringe, S. A,; Francklyn, C.; Usman,Mucleic Acids Res1990Q CM, was used for removal of the S protecting group 0

18, 5433-5441.

(34) Wu, T.; Ogilvie, K. K.; Pon, R. TNucleic Acids Res1989 17, (36) Matteucci, M.; Caruthers, MBiotechnologyl992 24, 92—98.
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150 uL aliquots were dispensed into each column, followed by a catechol linker or 3phosphate, the atomic mass of the cleaved

1 s pressurization at 5 psi with a 60 s hold time after each product versus time was measured at three different temperatures,
dispensation to ensure complete TMS removal prior to the first 55, 65, and 80C. For each temperature, deprotection was allowed
coupling step. TCA was then drained from the column by applying to proceed for up to 17 h with measurements takeintaincrements

a short (5 s) burst of argon. Next, a single wash was performed from 0 to 8 h, the last time point was checked after 17 h.
with 180 uL of dry acetonitrile. Coupling was performed by a Deprotection was carried out in NBH and then separately in

single, near-simultaneous dispensation ofu®0of 5-benzylthio- AMA. Samples from early time points were kept frozen-&@0 °C
1H-tetrazole activator (BTT) and 3L of phosphoramidite. until deprotection was complete for all conditions. Oligonucleotides
Therapure phosphoramidites,-dimethoxytritylN-benzoyl-2- were then lyophilized in a vacuum centrifuge on medium heat,
deoxyadenosine-3(2-cyanoethyl)-lN,N-diisopropyl)]phosphora- resuspended in 1QL of diH,0, and quantitated using the method
midite, 5-dimethoxytritylN-benzoyl-2-deoxycytidine-3[(2-cya- previously described. Samples were analyzed for purity and mass
noethyl)-(N,N-diisopropyl)Jphosphoramidite, &limethoxytritylN- by LC-MS (performed at the Stanford University Mass Spec Core
isobutyryl-2-deoxyguanosine*d(2-cyanoethyl)-N,N-diisopro- Facility). The mass values obtained for samples run on the mass
pyl)lphosphoramidite, and'&limethoxytrityl-2-deoxythymidine- spectrometer were within 0.1% of the expected values, correspond-
3'-[(2-cyanoethyl)-N,N-diisopropyl)]phosphoramidite were pur- ing to the error typically seen in electrospray LC-MS.

chasedn 2 g bottles and dissolved in dry acetonitrile to a final Dephosphorylation kinetics were determined by measuring the

concentration of 50 mM. Coupling was allowed to proceed for relative sizes of peaks that correspond to the phosphorylated and
20 s to ensure stepwise coupling efficiencies of at least 99%. dephosphorylated species over the time course specified above.
Phosphoramidites and BTT were drained from the column. Next, Relative abundance was measured by peak amplitude, and identity
the newly formed phosphite linkage was oxidized to a pentavalent was determined by the monoisotopic half-mas#2g). Phospho-
phosphate using 0.02 M iodine in THEfifollowed by a 10 s rylated species could also be readily distinguished on RP-HPLC
hold. Following a drain step, capping (acylation) of truncated chromatograms since these species have longer retention times than
species was performed by dispensing /25 of Cap A (acetic dephosphorylated species.

anhydride, pyridine, THF (10:10:80)) and 24 of Cap B (16% PCR with Catechol-Synthesized Oligonucleotide Primers.
n-methylimidazole in THF), followed by a 10 s hold step and a5 Egopyard (L_Primer_1719_pUC19_384GATAC GGGAG GGCTT

s drain. The columns were washed with one aliquot of 2B®f ACCAT-3) and reverse primer (R_Primer_2102_pUC19_384: 5
dry acetonitrile. The synthesis cycle was repeated for the introduc- goATAA CACTG CGGCC AACTT-§) were made on the universal

tion of each new base. For subsequent base additions, the onlyjinkers and compared with control primers synthesized on standard
modification to the synthesis cycle was shortening the hold step supports.

after each TCA addition since subsequernidé&blocking steps
remove the more labile’ glimethoxytrityl (DMT) group.

Synthesis of Long Oligonucleotides on Commercially Avail-
able Synthesis SupportsSynthesis 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 B-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. Acknowledgment. We thank Mr. Bruce Erickson at Certi-

Measurement of Oligonucleotide Yield versus Cleavage Time. fied Scientific Instruments for graciously providing the 48-
Oligonucleotides (STTTTT TTTT-3) were cleaved from universal ~ Position oligonucleotide synthesizer. We thank Ms. Lindsay
Suppor’[s using NKOH (28—30% ammonia in Water)_ Opt|ma| Comeaux and Dr. Allis Chien from the Vincent Coates
cleavage times were determined by exposing supports tgONH Foundation Mass Spectrometry Laboratory, Stanford University
in 5 min increments between 0 and 60 min. Columns were placed Mass Spectrometry (http://mass-spec.stanford.edu), for all of
on a vacuum manifold and sealed with caps to prevent ammoniathe LC-MS analysis. We thank Dr. Lester Roberts and Mr. Paul
evaporation during incubation. A vacuum was applied to each Va'vra from SGTC for engineering support during this
column so that the cleaved oligonucleotide could be collected in a work, and Dr. Kara Juneau and Dr. Henrik Persson from
1.5 mL polypropylene tube. Samples were immediately placed in SGTC for helpful discussion about the linker chemistry.
a vacuum centrifuge for lyophilization. Oligonucleotides were Research was supported by the National Institutes of Health
resuspended in 1QdL of deionized water and AL was taken and (Grant PO1HG000205) and CTGen Inc.
further diluted in 99uL of diH,O for absorbance measurements.
Optical density at 260 nm was measured fronul2 of diluted
sample in triplicate on a fiber-optic spectrophotometer pedestal.
Measurements were averaged, and absorbances were converted
initial concentration M) according to Beer’s Law.

Quantification of Uncleaved Linker Following Deprotection.

To check for the presence of oligonucleotides with uncleaved JO071087A

PCR was carried out on a 96-well thermal cycler using the
following temperature profile: [94C 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 200 using 1x PCR Buffer
I, 1.25 mM MgCh, 5U AmpliTag 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.

Supporting Information Available: MS traces and LC chro-

atograms showing identity and purity of dephosphorylated oligos

d quality of longmer synthesis on UL1 supports are shown. This
materialis available free of charge via the Internet at http:/pubs.acs.org.
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