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Genes from diverse sources can be
placed into cells of specific living sys-
tems where they can reproduce and di-
rect the synthesis of proteins (/). Bacte-
rial cells have been widely used as host
organisms, but yeasts and other eukary-
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pends on the ability to produce DNA
sequences rapidly and economically.
Genes are specific sequences of de-
oxyribonucleic acid (DNA). A short seg-
ment of a DNA molecule is shown in Fig.
1. Four different units can be used to

Summary. The DNA/RNA Synthesizer

provides a complete and automated proce-

dure for the synthesis of DNA sequences. Each base unit is added in a 30-minute

cycle, permitting a tetradecamer to be

constructed in 62 hours. The complete

procedure is described, including a practical procedure for isolation and purification of

the desired DNA sequence.

otic cells may offer wider versatility in
the future. Genes produced by total
chemical synthesis can function in bacte-
rial cells to direct the production of pro-
tein (/). In addition to the possibility of
producing proteins of known impor-
tance, such as insulin and growth hor-
mone, chemical synthesis of genes offers
the capability of experimentally creating
new polypeptides and enzymes with po-
tential medical and industrial applica-
tions. Realization of this potential de-

construct a DNA chain. These units are
called mononucleotides, and the order in
which they are linked together deter-
mines the information carried by a spe-
cific DNA sequence, that is, by a specif-
ic gene. A gene may contain hundreds or
thousands of units. In order to produce a
synthetic gene, chemical techniques
must be available to convert a nucleoside
unit (Fig. 1), which is the normal starting
point, into a nucleotide derivative. The
nucleotide derivatives must then be suc-
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cessfully joined together to produce the
desired DNA sequence. Sequences con-
taining 10 to 14 units are those most
generally produced by chemical synthe-
sis.

Pieces of DNA 10 to 14 units in size
have numerous practical applications.
Probably their most dramatic use is join-
ing them together by means of specific
enzymatic techniques to form whole
genes. In addition, pieces 10 to 14 units
long can serve as probes to aid in isolat-
ing a desired natural gene from a living
organism, or they can serve as primers to
enable copying the genetic information
carried in natural genes. They can also
serve as linkers to aid in splicing together
pieces of a desired gene or in inserting
a gene into a plasmid or other vector.
There are also numerous uses for pieces
of this size in pure research such as the
physical-chemical investigations  of
DNA.

Although the 10- to 14-unit sequence
of DNA is a widely required and versa-
tile size of DNA, such sequences had not
been readily available to the majority of
scientific groups needing them. Only a
highly trained and skilled chemist could
produce a single 12-unit sequence in less
than 3 months. Moreover, because of the
numerous procedures required to pro-
duce a DNA sequence, a new labora-
tory, starting with nucleosides, would
probably require 6 to 12 months to make
a single 12-unit sequence. In addition to
the time required to join the units togeth-
er, time is needed to prepare the reagents
for the condensation and to purify the
products after each condensation step,
as well as to isolate and purify the final,
desired nucleotide sequence.

We set out to develop an automated
procedure that would be complete from
synthesis to isolation and that could be
used in any laboratory by technical staff.

History of DNA Synthesis

The first successful synthesis of a
small piece of DNA containing the natu-
ral linkage (phosphate ester bridge from
the 3'-oxygen of one unit to the 5'-
oxygen of the next) (Fig. 1) was achieved
by Michelson and Todd (2) in 1935. The
procedure they used was reported to
have limitations and was not widely
used. The major developmental thrust in
DNA synthesis came through the efforts
of the Khorana group during the early
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1960’s into the mid-1970’s (3). The Khor-
ana team established the general nature
of the problem of DNA synthesis and
developed procedures that enabled oth-
ers to investigate it.

The Khorana method (Fig. 2) was
called a diester method. A suitably pro-
tectéd mononucleotide was condensed
with a suitably protected nucleoside to
form a dimer. By removal of the protect-
ing group from either end of the chain,
the process could be repeated and the
chain extended. The protecting groups
they developed are still in use in DNA
synthesis. A major disadvantage of the
method is that it is very slow. Times
ranging from several hours to several
days are required for condensations. The
product at each step is a diester of phos-
phoric acid, which means that the third
functional group on phosphate exists as
an ionized acid in the form of a salt. The
isolation and purification of salts require
special techniques that are limited to
small quantities and often require up to 2
weeks for a single purification. The next
major breakthrough came in the mid-
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Fig. 2. General methods for the chemical
synthesis of DNA. ¢ represents the phenyl
groups; b is any base; B and B’ are bases in
protected form; R, R’, and R” are protecting
groups; DCC is CqH;N=C=NC¢H,,; v is
CH;- or (CH3),CH-; and X is chlorine,
triazole, tetrazole, or nitroimidazole.
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1960’s with the introduction of the suc-
cessful triester method (4). By this pro-
cedure (Fig. 2), the direct product of
condensation is a triester of phosphoric
acid. The product is a neutral organic
molecule and can be isolated in large
quantities by techniques widely used in
organic chemistry, such as chromatogra-
phy on silica gel. Condensation times
were greatly speeded up.

The basic triester method was expand-
ed and improved by numerous research
groups (5-7). Even though the practical
improvements in the triester method dur-
ing the 1970’s were often described as
new, novel, or modified (and sometimes
all three), the synthesis of an oligodeoxy-
nucleotide still required a highly trained
and skilled chemist, and very little im-
provement was made in the rapid purifi-
cation of the final sequence.

In 1975, Letsinger et al. (8) provided
the basis for the next stage in the evolu-
tion of a chemical method for rapid nu-
cleotide synthesis. With the phosphite
triester procedure (Fig. 2), a dinucleotide
could be successfully prepared in less
than 1 hour at —78°C, starting from the
protected nucleosides (8). No unusual or
hidden manipulations were involved.

One of us (K.K.(O.) began to use the
phosphite method in our work on the
synthesis of ribonucleotides (9). We
were impressed by the speed and cleanli-
ness of the reactions of this procedure,
as well as by the ease with which prod-
ucts could be isolated. The procedure
performed well even for the synthesis of
long chains (/0). After testing every
practical nucleotide synthetic procedure
previously proposed in the literature, we
realized that the phosphite method of-
fered the greatest promise for develop-
ment of a procedure for the rapid synthe-
sis of DNA. The phosphite method also
offered a practical possibility for a solid
support synthesis, which proved to be
the key to automation of DN A synthesis.

Solid Support Method

In the stepwise assembly of a linéar
polymeric material such as a protein or
nucleic acid (DNA), a solid support
method offers the most advantageous
route to automation because it eliminates
separation and purification difficulties
(11) (Fig. 3). The first unit, A, of a
growing chain is attached to an insoluble
macroscopic solid material such as poly-
styrene or silica beads. The second unit,
B, and all necessary coupling reagents
are dissolved in a suitable solvent and
mixed with the solid support.

Reaction occurs at the A units on the

surface of the solid, and the chain is
extended to AB. At the end of the reac-
tion period, all unused reagents are
washed off with the solvent. This proce-
dure allows a large excess of solution
reagent to be used. Thus it it possible to
drive the yield of the reaction toward
quantitative levels. At the end of a pre-
determined number of chain extension
steps, the chain AB ... N is removed
from the solid and collected in solution.

It is important in such a method that
the condensation yields are as near 100
percent as possible. A 90 percent yield,
usually considered excellent in any
chemical synthesis, leads to an undesir-
able mixture of products on the support,
and after ten such steps the desired prod-
uct would constitute only 35 percent of
the material attached to the support.
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Fig. 3. The general concept of a solid support
synthesis of a polymeric molecule such as
DNA.
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Fig. 4. Preparation of the solid support S-5
used in the automated synthesis of DNA. B
represents thymine, N-benzoylcytosine, N-
benzoyladenine, or N-isobutyrylguanine.
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This often presents a problem in isolating
the desired product at the end of the
synthesis. These problems can be so
great as to negate the other advantages
of the method. However, if the yield is
99 percent at each step, the desired prod-
uct constitutes 90 percent of the material
at the end of ten cycles (Fig. 3). Thus a
satisfactory solid support procedure de-
pends on a very clean high-yielding con-
densation step.

None of the methods developed before
the Letsinger phosphite procedure
seemed adequate to meet the necessary
requirements for an effective solid sup-
port synthesis. In fact the only limitation
to the phosphite method in solution, the
presence of the undesired 3'-3’ linked
isomer (Fig. 2), is not a factor in a solid
support system.

The Solid Phase

Numerous types of solid supports
have been investigated for both proteins
and nucleic acids. Most of these solids
are of the polystyrene type which change
volume (swell) in organic solvents; this
causes severe operational difficulties.
However, in the early 1970’s silica was
introduced as a solid support for synthe-
sis (12, 13). The surface of silica is easy
to derivatize, and particles are dimen-
siondlly stable in organic solvents. In
1977, Tundo (14) expanded the possibili-
ties of surface derivatization of silica.

We recognized that the combination of
the phosphite procedure and a silica sol-
id phase could provide a practical meth-
od for the solid phase synthesis of oligo-
nucleotides (75). This possibility was
also recognized by Matteucci and Car-
uthers (16), who first reported the meth-
od. Our groups have been developing the
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chemistry of this method independently.
In this article, we present the chemis-

. try and the totally automated procedure

that we have developed. Our method
includes a simple, economical, and prac-
tical method for isolating the desired
final product. The total package is aimed
at the synthesis, isolation, and purifica-
tion of DNA segments up to 14 units in
length and therefore represents another
tool in the research arsenal of scientific
investigators.

The Chemistry

The solid support is silica, and the
preparation of the reactive solid phase is
very similar to that previously described
by Tundo (14) (Fig. 4). Silica gel (all gels
tested give similar results) is surface
activated by refluxing it with HCI (U5,
17). This provides the maximum number
of active SiOH groups on the surface.
This activated gel (§-1 in Fig. 4) is deriv-
atized by refluxing with y-aminopropyl-
triethoxysilane in toluene (/4) to provide
the functionalized resin S-2. The amino
group can now be derivatized in a num-
ber of ways (14-16, 18), including a stan-
dard procedure with succinic anhydride
to give the activated resin S-3. The final
step in preparing the resin for use in the
automated procedure requires condens-
ing a protected nucleoside to S-3, with
dicyclohexylcarbodiimide (DCC) used
as the condensing agent in pyridine.
When diethylaminopyridine is used as
catalyst (/5), the resulting resin S-4 con-
tains approximately 0.1 millimole of nu-
cleoside per gram of resin. On removal
of the dimethoxytrityl group (DMT) from
the nucleoside with mild acid, the resin
S-5 that is obtained is ready for chain
extension. The resin S-5 (200 milligrams)

DNA/RNA Synthesizer used in the automated synthesis of gene fragments. ATM, vent to atmosphere:
B, to By, solutions of the four protected nucleoside phosphites; D, detritylating solution; R», pyridine;
R, chloroform; R, drying reagent; Rs, oxidizing reagent; V, to Vg, valves.

is packed into a column (12 by 3 millime-
ters, internal volume), which snaps into
the synthesizer.

Once the resin S-5 has been attached
to the instrument, the chain is construct-
ed as described in detail below. The
actual chemical conversions that occur
in the instrument are outlined in Fig. 5. A
solution containing the active phosphor-
ylating reagent 1 is passed through the
column to produce the coupled phos-
phite product S-6. The phosphite inter-
mediate is oxidized to a phosphate (S-7)
with aqueous iodine. Water is removed
from the resin with phenylisocyanate, a
water scavenger. The resin is then
washed with chloroform to remove ex-
cess reagents. The DMT group is re-
moved with mild acid to give S-8, which,
after being washed with chloroform and
pyridine, is ready for the next cycle of
chain extension. The total time for each
cycle is 30 minutes. Thus it requires 5%
hours to produce a 12-unit nucleotide
chain.

The DNA/RNA Synthesizer

The instrument (Fig. 6) consists of a
series of pneumatic valves that are con-
nected simultaneously to a series of re-
agent bottles and a series of solenoids.
The solenoids respond to a microproces-
sor signal to open or close a particular
valve. The solenoids are in turn con-
trolled by a programmer that contains
the instructions for the synthesis. When
a valve is open to a particular reagent
bottle, that reagent is pumped through
the column containing the resin; reagents
are pumped through the column in a
continuous manner at a fixed rate of 5
milliliters per minute. The programmer
has a fixed time program for each rea-
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gent used. The time and order for each
reagent in a cycle are fixed. The only
variable is the nucleoside to be added in
the first step of each cycle. The instruc-
tion for the nucleoside, in the form of the
sequence to be constructed, is typed into
the program before the synthesis begins.
The programmer automatically records
the sequence and opens the appropriate
valve to the nucleoside derivatives at the
correct point in the sequence. Once the
reagent bottles have been filled and the
sequence is typed into the program, the
instruction to start is given and the syn-
thesis continues uninterrupted until it is
finished. After the last cycle is complet-
ed, the resin is removed from the column
and the nucleotide chain is recovered as
described below.

Chemistry in Detail

Preparation of the protected nucleo-
side derivative. The protected deoxynu-
cleoside (5 mmole) (7) is dissolved in 20
ml of dioxane. This solution is added
dropwise to a previously prepared solu-
tion of methyldichlorophosphite (0.45
ml) and collidine (3.5 ml) in dioxane (20
ml). All preparations are carried out at
room temperature. The final solution is
diluted with 500 ml of pyridine. The
resulting solution acts as the stock solu-
tion of reagents.

Iodine oxidation. A stock solution
containing 0.75 g of iodine in 100 ml of a

A B

10

Absorbance at 260 nm

T T
(o] 20 40 o0 20 40
Time (minutes)

Fig. 7. (A) An HPLC tracing of the major
band from the TLC separation of the reaction
products obtained in the preparation of the
dodecamer d-CCCGAATTCGGG (for TLC
and HPLC solvent systems, see text). (B) An
HPLC tracing of the pure dodecamer ob-
tained from HPLC for yield determination.
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Table 1. Yields of purified molecules determined by ultraviolet absorbance at 260 nm.

Length Overall Average yield

Nucleotide sequence (number of yield at each step
nucleotides) (%) (%)
d-CTGTCTTTGCT 11 93 99.3
d-CCCGAATTCGGG 12 76 97.5
d-ACAACAAAAAGCAA 14 70 97.3

mixture of tetrahydrofuran and water
(3:1) is prepared and used as such.

Phenylisocyanate drying. A stock so-
lution containing 1 ml of phenylisocyan-
ate per 100 ml of pyridine is prepared and
used as such.

Removal of the dimethoxytrityl group.
A solution containing 3 percent tri-
chloroacetic acid in chloroform is pre-
pared and used as such.

Removal of the synthesized nucleotide
from the support. At the end of the
synthesis, the instrument cycles through
a down sequence. The resin is removed
and placed in a sealed tube containing
concentrated ammonium hydroxide and
pyridine (4:1). The system is heated at
50°C for 12 hours, after which the solu-
tion is collected by filtration or centrifu-
gation. The resin is washed twice with
0.1 ml of a mixture of water and ethanol
(3:1). The combined filtrate and wash-
ings are concentrated to dryness. The
residue is then dissolved in 0.2 ml of
water and ethanol (3:1). This solution is
applied to four thin-layer chromatogra-
phy (TLC) analytical sheets (Brinkmann
Polygram SilG/UV 254), which are de-
veloped for 12 hours in a mixture of
ammonium hydroxide, n-propanol, and
water (35:55:10). The product band is
by far the major ultraviolet-absorbing
band and is easily detected. A tetradec-
amer has a relative mobility (Rp) value
typically between 0.1 and 0.2. The band
containing the product is scraped off of
the plate. The product is washed from
the silica with a mixture of water and
ethanol (3:1) (two washings of 0.5 ml
each). The washings are concentrated,
and the residue is purified further if
desired.

The product at this point is generally
quite pure (~ 90 percent). The product
can be completely purified by rechroma-
tography on TLC plates or by high-
performance liquid chromatography
(HPLC). Sequences containing 10 to 15
units can be rapidly purified on anion
exchange HPLC columns [Brownlee An-
ion Exchanger AX-10A, Lichrosorb AN
(25 centimeters by 4.6 mm), or Whatman
Anion Exchanger, Partisil PXS10/25
SAX (25 cm by 4.6 mm)] with solvent A,
0.2M triethylammonium acetate, pH 2.9,

and solvent B, 0.5M triethylammonium
acetate, pH 3.5. Separations are ob-
tained with a 60-minute linear gradient of
0 to 100 percent solvent B. For a flow
rate of 4 ml/min, retention times for units
10 to 14 bases long vary between 15 and
25 minutes. Figure 7 shows the HPLC
characteristics of the dodecamer d-
CCCGAATTCGGG after one TLC puri-
fication and after HPLC npurification.
This product was prepared with the stan-
dard machine cycle described above. Af-
ter HPLC purification, the dodecamer
was characterized by gel sizing (Fig. 8).
The HPLC clearly establishes purity,
and gel electrophoresis determines the
size of the molecule. The precise se-
quence was determined with a modifica-
tion of the Maxam-Gilbert technique
19).

Yields of Product

The yields of purified (by HPLC) mol-
ecules prepared as described above are
shown in Table 1. Three molecules are
described, an undecamer, the above-
mentioned dodecamer, and a tetradec-
amer. The yields are determined by the
ultraviolet absorbance of the pure com-
pound (from HPLC) at 260 nanometers
and are based on the amount of the first
nucleoside bound to the polymer; these

Fig. 8. Sizing gel results on the purified undec-
amer d-CTGTCTTTGCT (track 1), the dodec-
amer d-CCCGAATTCGGG (track 3), and
the tetradecamer d-ACAACAAAAAGCAA
(track 4). The results were obtained from a 24
percent polyacrylamide gel at 800 volts for 1/2
to 2 hours, 40° to 50°C, under standard condi-
tions. Track 2 is a standard mixture contain-
ing deoxynucleotides of 8, 10, 12, and 14
units.
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yields represent overall conversion
yields. The tetradecamer contains 11
deoxyadenosine units. Deoxyadenosine
is the nucleoside most susceptible to
glycoside bond hydrolysis during acid
cleavage of the DMT group during each
cycle. Figure 8 shows the sizing gel
results of all three molecules purified by
HPLC as previously described.

Conclusion

The synthesis of oligonucleotides up
to 14 units in length is now a routine
procedure. The DNA/RNA Synthesizer
and reagent kits for the preparation of
units up to 14 in length are commercially
available. The synthesis can be carried
out in any laboratory with the use of the
synthesizer and the reagent kits, and no

previous experience in nucleotide syn-
thesis is necessary. The reagent kit is
attached to the synthesizer; the se-
quence is typed into the memory; the
start signal is given; and the synthesis
continues uninterrupted until it is com-
plete.

This basic procedure also applies to
the synthesis of RNA sequences (20).
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In August 1980 the Langley Research
Center’s active and passive microwave
sensors were flown into Hurricane Allen
on a NOAA aircraft. This article pre-
sents the surface wind speed, wind direc-
tion, and rain rate inferred from the
microwave sensors and compares these
findings with data obtained by a P-3
aircraft that flew near the top of the
hurricane planetary boundary layer. The
results demonstrate the potential for safe
and reliable hurricane measurements by
aircraft flying at medium to high alti-
tudes.

Background

The use of passive and active micro-
wave techniques for remote sensing of
ocean surface winds is well documented
(3). The brightness temperature of the
ocean is strongly correlated with wind
speed since wind creates roughness,
foam, and breaking waves (whitecaps)
(4-6). Radar backscatter from the sea
can be used to measure wind speed
(through the proportionality of the Bragg
off-nadir radar return to the wind-depen-
dent spectrum of water waves a few
centimeters long) and wind direction
(through the anisotropic scattering char-
acteristic of the sea surface) (7-9).

. The first airborne passive and active
observations of a hurricane were con-
ducted during Hurricane Ava (10). How-
ever, in this case, the L-band radar (1.3
gigahertz) observations were used only
to generate wave images. This type of
observation was later quantified in 1976
(/1), demonstrating that L-band radar
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