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Preface

In the past the chemical and enzymatic synthesis of oligdnucleotides of defined
sequence had to be left to a few experts. Now, however, with the triester approach, the
phosphite method and the solid-support techniques gene fragment synthesis has turned
into an easy procedure even for a non-chemist. Due to the elegant chemistry involved, all
methods work without sophisticated equipment and are prone to mechanisation and
eventual automation. It is hoped that combined chemical-enzymatic gene synthesis may
become a standard technique in & molecufar biology laboratory, such as DNA sequencing
or in-vitro recombination of nucleic acids. f

We omitted chemical RNA synthesis, since this field is developing so rapidly at the
moment that one has to refer to the original publications. However, we included enzymatic
synthesis of RNA fragments, procedures which already have obtained a high degree of
standardisation.

Most of the contributions are revised versions of the protocols supplied for the EMBO
sponsored course on ‘‘Automated Chemical and Enzymic Gene Synthesis”, held in Darm-
stadt, March 21 to April 3, 1982. The protocols were improved on the basis of the experi-
ence of 30 student scientists with chemical, biological or medical backgrounds. Previously
omitted procedures, such as the wandering spot method for oligonucleotide analysis, were
included. In editing the manuscript we encountered problems with the nomenclature of
nucleic acid components. In unambiquous cases we favoured a simple descnptlon hoping -
for example, that oligodeoxynucleotide is always understood to mean oligo-2 "-deoxyribo-
nucleotide.

This book aims to provide those interested in DNA/RNA research with state-of-the-art
methods in the synthesis, purification, and analysis of DNA and RNA fragments. The -
editors wish to thank the authors for their efforts in preparing manuscripts from the
revised laboratory protocols. We gratefully acknowledge the skill and the patience of Mrs.
E. Ronnfeldt in typing the manuscripts, ,

We express our thanks to Verlag Chemie for the friendly and very efficiént cooperation.

Darmstadt, in July 1982 ' ' » H.G. Gassen
) A. Lang
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SYNTHESIS OF OLIGODEOX*RIBONUCBEOTIDES BY A CONTINUOUS FLOW,
PHOSPHOTRIESTER METHOD ON A KIESELGUHR/POLYAMIDE SUPPORT

Michael J., Gait, Hans W.D. Matthes, Mohinder singh, Brian S. Spfoag.
and Richard C. Titmas

Laboratory of Molecular Biology
Medical Research Council Centre

Cambridge - ' .

SUMMARY

A new composite polydimethylacrylamide/kieselguhr support is used
in a continuous flow assembly apparatus for the efficient solid phase
synthesis of a deca- and a nonadecadeoxyribonucleotide using phospho-

triester intermediates.
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2 - Michael J. Gait, Hans W.D. Matthes, Mohinder Singh, Brian S. Sproat, and Richard C. Titmas

1 Introduction
' There are few scientists these days interested in DNA who have not

yet heard of solid phase synthesis of DNA (if nowhere else in adverti-
sements for DNA synthesis machines in Nature). In 1975 when Hartmut L
Seliger gave an EMBO Course entitled "Synthesis of oligonucleotides on
polymer-supports” it was a different story. Then few DNA chemists gave:
solid phase synthesis much chance of success and few would contemplate
its use beyond tri- or tetranucleotides. Automated synthesis was merely

a distant dream.

However,-the principle of solid phase synthesis has been recognised
since its inception in the mid-1960s [1] as an extremefy elegant one.
It.is particuiarly suitable for preparation of biopolymérs of defined
seéuence'such as oligonucleotides and peptides. In essence one end of

' a‘éfbwing chain is protected by an insoluble, macromolecular protecting

group, whilst the other end is reacted with the next unit to be coupled
(i.e. @ ~A-B + C—x—o@ ~-A-B-C-x) . Any excess of C-x can be removed
by mefe filtration and washing. After selective removal of protecting
;ogp X the process can«be xegeated by addjition’ of ;hé next unit D-x
and so on ( ® ~A-B-C-Xv— @-A BoC 4 Dk \®) ~AMBC-D-x) ; At the®
ebhd of the synthesis the bond between the chain and support @ is
broken and the chain is released into sclution and purified by chroma-
tography.

Whereas by the mid-1270s short peptides in many cases could'be as-
sembled well, and indeed commercial peptide synthesis machines were al-
ready available, the coupling of nucleotides on solid phase did not
seem to be as efficient as in conventiona; solution reactions, such
that yields of desired products became vanishingly small. A full dis~
cussion of the various pelymer-supports and methods tried can be found
in some recent review articles [2]. It is sufficient here to state
that there were two basic reasons for these failures: 1. the supports
chosen were not appropriate to the chemical reactions used for DNA
synthesis and 2, the chemical reacticns used were insufficiently selec-
tive and reliable tc meet the two extra demands of the solid phase ap-

proach.

First these are heterogeneous reactions which are liable to be
slower than their solution counterparts. The minimum increase in t1/2
is probably about 2-3 times under optimum conditions bLt this can be
much worse if there is any incompatability between suppott, solvent and
chemistry. Thus the solid phase method works best for relatively fast
reactions (t1/2 measurés in sec or a few min), where small rate changes
do not significantly increase the assembly time and can be ‘easily al-
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lowéd foyd éecondi&3'3t is common té push reactions to completion on
‘'solid phasg by usa of a substantial excess of added rucleotide in solu-
.tion (ime. obtaining essentiallv pseudo-first order klnetxcs). In this
situation the slightest reactlve impurity in the nuciaotide in solutic
gets magnifxed by v;xtue of the pxcesses used (e g.: 1% impurity in a
nucleotlde used - OLfold excess over growing chain can QLVP up to 1€
‘side ;‘ea;ctiqxi)'.

‘The claSsiqa osphodiester approach- to DNA ;ynchtsxs, despite some
considetableﬂsuc&ess in conventional solution methods, turned out not
to be pattxealariy sulted to solid phase, even though many attempted
53, Partly ‘this wds ‘due tospoor choice of pclymer qupports. For example,
po;ystyrene gel 15 inapproprlatu because its non- -poalar nature does not
match the high;y polar nature of oligonucleotide chains thh their ne-
gatively .charged: phcsphodxesters. In additioh phosphodiesper chemistry
is not sufficléntly selective to glve»con51s*ently high yields in cou-
pllngggeactions, an important necessity ‘for suc@EEsful solid phase
synthesis, and monomer units were difficult to obtain in high purity.
Eved 8o, somie reasonable syﬂtheses of oligodeoxvribonucleotides up to
about 12- units were obtained using in partlcular polyamzde supports
[3,4]). P :

Phosphotriester chemistry (inclqdinq the companions "phosphite-
triester" and "phosphoroamidite”) is much more suitable for solid
phase synthesis and in the laPt two years or so has proved to be high-
ly successful. The oligonucleotide chains as they are assembled eontain
uncharged, fully protected phosphates and are found to be compatible in
solvation properties with a variety of polymer supports (polyamide,
polystyrene, silica). Alsc coupling reacticns are much more selectlve
and give higher yields.

2 EXPERIMENTAL OUTLINE

This contribution is designed to be‘an introduction:to all the im-
portant techniques necessary to make ol1godeoxyribonucleotides by the
phosphotriester approach on solid nhase. The methods described are
those in current use in the author's laboratory and maximises thg use

of commercially available materials and equipment.

Two syntheses will be described: the decanubl@oti&e, d (C-C~G-A-T-A-
T-C-G-G). This is a self-complementary sequence that had.a central six
" nucleotides which are the recognition sequence for the resfziction en~
donuclease EcoRV. The 6liqonucleotide is wanted for an npz‘sﬁhdi of
its interaction with the endonuclease and also- for Erystalliéhtioh-and
X-ray analysis. The synthesis will,demonst;ate'the»ysé.of monomir units
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in couplings to solid phase on moderate scale (10 umol) for the prepa-

ration of a few mg of decanucleotide.

The nonadecanucleotide, d(T-G-G-T-C-A=T-A-G-C-T-G-T-T-T-C-C-T-G):
tliis seguence ir complementary to a region of the single-stranded bac-
teriophage DNA M13 upstream of the normal DNA insertion sites used in
the cloning and seguencing procedures of Sanger's group. The oligo-
nucleotide is designed as a primer for the preparation of partial du-
plexrs of M13 that leave inserted DNA as essentially single-stranded.
This can be used as a hybridisation probe for the selection of new
clones contoining oppositely orientated inserts and to obtain overlap
information that would otherwise be difficult to obtain. The synthesis
will be on small scale (5 umol) and will demonstrate the use of di-

nucleotide blocks as coupling units.
3 DISCUSSION OF METHODS

3.1 Polymer support and its functionalisation
3.1.1 The support

Most recently publisﬁed methods of DNA synthesis by the phospho-
triester route have used gel resins gf either polystyrene [5], poly-
acryloylmorpholide [6] or our own polvdimethylacrylamide copolymers
[7,8,8]. These are solvent-swollen polymers that are generally handled
in glass reaction vessels where solvents are added batchwise, followed
by some sort of agitation and then filtration by application of partial
vaguum or nitrogen pressure. Such techniques, although perfectly accep-
table, suffer from the disadvantage that because of solvent hold-up in
the gel, several washings are needed to remove a previous solvent or
reagent. This batchwise technigue is cumbersome to automate and can be

time-consuming and expensive on solvents.

The most efficient way to wash a polymer-support is to pack it into
a column and pass solvents thrqugh continuouslyl Unfortunately low
crosslinked, gel resins\ such as ghose suitable for synthesié, tend to
pack down under pressure' of solvent leading to irregular flow charac-
teristics and high back pressure, amnd they are thereforq\unsuited to
this approach. Porous inorganic materials, such as silica, can be used
for solid phase synthesis by phosphotriester [i0] or phosphite [11]
methods. However, there is still tendgncx, in our experience, tq gener}
ate back pressures especially with the finer mesh varieties, leading
to inconsistent flow and other technical préplems. It is also diffidualt
to obtain reproducible nucleoside loadings on silica and care must $e

taken to cap off unfunctionalised silanol groups.
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Recently a new composite support has been developed consisting of
‘fabricated beads of inorganic material (e.g. kieselguhr) that contain
large pores, several 100 nm in diameter, in which polydimethylacrylami-
de gel resin has been prepared in situ [12). The support combines the
excellent flow characteristics of the beads, that generate negligible
back pressures even at fairly high flow rates, with the proven value
of the polyamide gel. Rapid diffusion of solvent takes place in and out
of the beads so that no 'agitation of the material is required during
synthesis. The material has been used successfully in flow systems for
both peptide [12] and oligonucleotide synthesis [13] and is now commer-
cially available (LKB Biochrom, Ltd., Cambridge, U.K. and Victor Wolf,
Ltd, Clayton, Manchester, U.K.).

3.1.2 Functionalisation

The support contains a controlled amount of ester functionalities
introduced in the polymerisation reactions used in its preparation as
acryloyl sarcosine methyl ester. Batches of support are assayed by
amino acid analysis for sarcosine content. This represents the nominal
loading value of nucleoside obtainable for the particular bat;h So far
batches contalnlﬁg ca 0.1 mmol- gx sarcosine have been used and through
a series of precycling reactxons (Fig. 1) nuclegside loadings of 85 -
90 pmol-g~! have been consistently obtalned The sdﬁﬁbrt is treated
with ethylene diamine overnight, washed well with dimethylformamide
(DMF) and then coupled under standard peptide coupling conditions with
a protected glycine derivative (Fmocgly) prepared as its symmetrical
anhydride. The fluorenylmethoxycarbonyl (Fmoc) protecting group is re-
moved by treatment of the support with piperidine/DMF and a second ‘
protected glycine derivative added as before. The double glycine spacer
has been found necessary in order to obtain consistent rates of inter-

nucleotidic coupling in DNA assembly.

To attaéh the first nucleoside the support is once again treated
with piperidine/DMF and then coupled with the symmetrical anhydride
derivative of one cf the four 5'-O-dimethoxytrityl-2'-deoxynucleoside-

3'-0-succinates in an analogous way to a peptide coupling reaction.
3.2 Assembly of oligonucleotide chains

Oligonucleotides are synthesised from 3' to 5' ends in a series of
assembly cycles involving only two chemical reactions per cycle
(Fig. 2). In common with other solid phase methods the extremely acid
labile dimethoxytriphenylmethyl (dimethoxytrityl) group is used for
protection of the 5" position (the pixyl [14] protecting group is an
acceptable alternative). Of all the protic acids which can be used for
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deprotection we have found that trichloroacetic acid (TCA) is the best
[8]. Oligonucleotide chains containing deoxyadenosine are susceptible
to slight depurination (loss of adenine) under acidic conditions, and
upon removal of protecting groups at the end of the synthesis the chain
fragments at the depurinated site. We have observed, however, that de-
purination is negligible in most cases (much less than 1% per deprotec-
tion step per adenine residue) using brief TCA treatment for the remo- '
val of terminal diﬁethoxytrityl groups. The alternative reagent, zinc
bromide, whicp gives rise to little or no depdrination, has been used
in conjunction with polystyrene [15] and silica supports [16]. Unfor-
tunately this reaction is prone to inhibition by other chelating agents
including amino groups of amide bonds. Increasingly slow reactions have
been observed parficularly for highly functionalised resins [17] as the
oligonucleotide chain is extended and this requires careful monitoring.
%s might be anticipated zinc bromide deprotects too slo&ly when used in
conjunction with polyamide supports [17,18]. TCA is not subject to such

inhibition and gives consistent deprotection within 3 min.

The acidic deprotection step generates free hydroxyl groups on the
support, which are coupled in a second step with an appropriately pro-
tected monomer or dimer unit (Fig. 3) . These contain dimethoxytrityl
groups on the 5' position, acyl groups protecting the exocyclic amino
groups of adenine, cytosine and guanine, and 3'-0-2-chlorophenyl phos-
phodiesters. These latter moieties react with hydroxyl groups to give
fully protected phosphotriesters. The dehydration (coupling) reaction
is carried out in pyridine with the coupling agent mesitylene-2-sul-
phonyl=-3-nitro-1,2,4-triazole (MSNT) [19]. The two reactions of de-
protection and coupling are separated by appropriate polymer washing
steps. In contrast to other published solid phase methods we find no
particular benefit in incorporating a third reaction of treatment of

the support with a capping reagent after coupling.

The polymer support is contained in a small glass column connected
to a manually operated solvent delivery systet operated by slight pres-
sure of an inert_gaé such as argon or nitrogen. All fittings peeé;dnlyz
be low pressure of Teflon and glass. An inexpensive kit is éomm@rciaily
available (Omnifit, Ltd., Cambridge, U.K.), but any reliable fIow -
system, high performance liquid chromatography (hplc) qﬁ'automatgd
synthésiser could potentially be adapted for tﬂé purpose; The cycla
time is 60-80 min and involves very little manual work. .-

3.3 Deprotection

© After the appropriate number of assembly cyclés three stages of de-
protection are required but wighout‘intérmediate purifications.
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(1) The supporé is treated with 1,1,3,3-tetramethylguanidinium-syn-2-
nitrobenzaldoxiﬁate [20] in agueous dioxan to remove 2-chlorophenyl
protecting groups from internucleotide phosphates and to break the suc-
cinyl linkage and liberate oligonucleotides into solution. The use of
this oximate reagent gives rise to very little unwanted cleavage of in-
ternucleotide bonds, which for many years was a major side reaction re-
sultant from the use of inferior reagents for this step.

(2) The oligonucleotide is treated with concentrated ammonia solution
in a sealed tube at 50°C for 5 h to remove acfl protecting groups.

(3) The final step is treatment with acetic acid:water (8:2, v/v) for

30 min to remove terminal dimethoxytrityl groups.
3.4 Purification by high performance liquid chromatography (hplc)

hplc is recommended for most oligonucleotides up to Zb units and
when the highest purity is required. Initial purification is best car-
ried out by ion exchange chrpmatography which separates oligonucleo—
tides principally (but not exclusively) on the basis of their length.
Oligonucleotides are polyanions having formal negative charges increa-
sing integrally 55 a function of chain length. Most likely impurities
in solid phase synthesis are either truncated (prematurely terminated)
or failure>sequences (missing one or more units), or arise from chain
cleavage reactions. Such impurities will be shorter in length and hence
are less strongly retained on ion exchange columns. This makes identi-
fication of the desired peak on chromatograms usually straiéhtforward.
For longer chains or those which have some self-complementarity or are
rich in guanine, disaggregants (ethanol or formamide) and elevated

temperatures are necessary in this chromatography step.

After gel filtration to remove salts a‘second purification step can
be carried out by reversed phase chromatography. Here separation relies
on differences in hydrophobicity and particularly good resolution can
be obtained of minor impurities with the same or similar length (e.g.
base modified chains). Oligonucleotides having gone through both chro-
matography steps are reproducibly 99% pure or better as determined by
analysis of ?p-labelled samples. The seccond step (reversed phase) can

often be omitted for the shorter chains.
3.5 Purification by polyacrylamide gel electrophoresis (page)

This technique can be used in place of ion exchange hplc as a first
line purification method. It is particularly useful for long chains
which cannot be resclved by hplc or for purification of identical lenath
Chains‘synthesized as a mixture,for gene probes. Once again separation



