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Abstract: A synthesis strategy embodied in the computer program, DINASYN, is derived for the production of sequence-de-
fined macromolecules. This strategy is especially useful for DNA with four repetitive units. The DINASYN synthesis pro-
gram allows for the generation, evaluation, and selection of optimal synthetic plans. The strategy covers both the enzymatic
and chemical synthetic steps in preparation of macromolecular DNA. Reductions in synthetic effort of up to 50% can be

realized using these strategies.

Sequence-specific polynucleotides can be used to investi-
gate many unsolved biochemical problems. Among these
are regulation of gene expression, how proteins interact and
recognize specific DNA or RNA sequences, and the nucleic
acid sequence of gene regulatory regions. The synthesis of
sequence-specific high-molecular-weight DNA is now well
established.®> The methodology involves a combination of
chemical and enzymatic techniques. These methods have
been extended to the total synthesis of E. coli tyrosine sup-
pressor tRNA which is almost complete.® The availability
of this gene should be very useful for studies on control of
gene expression (initiation and termination of transcription)
and for studies on the structure-function relationship of
tRNA. Already fragments of this gene have been used to
obtain the primary sequence of control regions associated
with this suppressor tRNA.7 More recently, the synthesis of
lac operator DNA has been initiated.® This DNA (approxi-
mately 31 base pairs) should prove useful for examining
how control proteins (/ac repressor) interact and therefore
recognize regulatory DNA (Jac operator DNA). Some
medically useful proteins are difficult to obtain from biolog-
ical specimens. Furthermore, some are too complicated to
prepare in sufficient quantity and in active form by present-
ly available synthesis techniques. Therefore, Nussbaum and
coworkers are synthesizing part of the gene (a minigene)
for ribonuclease B.” This minigene can then be used to test
whether proteins could best be prepared by first synthesiz-
ing the corresponding DNA gene, transcribing the gene into
mRNA, and finally translating the mRNA into protein.
Clearly sequence-specific, synthetically prepared DNA s
proving useful for problems related to molecular biology
and biochemistry.

Present techniques for chemical and enzymatic synthesis
of DNA require considerable investment in time and chemi-
cals. For example, synthesis of the yeast alanine tRNA gene
required 5 calendar years and approximately 20 man years.
In order to realistically use sequence-defined DNA to an-
swer pertinent biological questions, methods must be devel-
oped to reduce the complexity of polynucleotide synthesis.
One approach is to systematically plan the synthesis so as to
optimize yield and reduce the time involved in synthesis. In
this paper, we outline a computer program (DINASYN) for
determining the optimal reaction path for synthesizing any
deoxypolynucleotide. This program was evaluated against
the actual time required for synthesizing the yeast alanine
tRNA gene. Results indicate that by optimizing yield and
minimizing synthesis time with the DINASYN program, an
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efficient procedure for synthesizing genes or other defined
DNA is possible.

DNA Synthesis Problem

The synthesis problem for bihelical deoxyribonucleic acid
is shown diagramatically in Figure 1. The target molecule,
bihelical DNA, is to be synthesized from 5’-deoxycytidylic
acid, 5’-deoxyguanylic acid, 5’-deoxyadenylic acid, and 5'-
thymidylic acid. In order to carry out this task several oper-
ations must be performed. First short deoxypolynucleotides
containing from 4 to 20 monomer units must be chemically
synthesized. These short deoxypolynucleotides are then co-
valently joined with the T4 ligase to form hydrogen-bonded,
complementary duplexes. For each chemical or enzymatic
step, product must be separated from starting materials and
analyzed as to chemical composition.

Given that any reaction pathway to a DNA can be evalu-
ated, a strategy has to be developed for finding the pathway
which maximizes the yield of product but minimizes the ef-
fort involved. Many possible pathways from starting mate-
rial to product exist. Table I gives the number of possible
reaction paths to form a single strand of DNA as a function
of length. As an example, consider the tetranucleotide d-
ACGT. Five reaction paths are possible for chemical syn-
thesis. These are illustrated in Figure 2. They are not equiv-
alent. Some pathways require more starting materials and
investment of time than others. These factors must be con-
sidered as part of the synthesis program.

The generation of reaction paths can proceed utilizing
any of three basic search strategies: (1) antithetic (working
backward) method; (2) synthetic (working forward) meth-
od; or (3) hybird method.

The antithetic method has been proposed as an effective
method for generating and searching for optimal reaction
paths.'® In the antithetic method, one begins with the de-
sired molecule. The reactions which could give rise to the
desired molecule are considered, and all precursors one
reaction step “‘away’’ are generated. All precursors which
could lead to these molecules are generated in the same
manner. This procedure is repeated until starting materials
(i.e., the mononucleotides) are encountered.

The main problem with the antithetic method is that if
one works backward, generating all possible precursors, the
breadth of the precursor tree becomes overwhelming. In ad-
dition, it is not possible to accurately evaluate the pathways
generated in the antithetic approach until the starting ma-
terials are encountered. This is due to the fact that evalua-
tion of a pathway depends upon how much time and start-
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Figure 1. DNA synthesis problem.

Table I. Total Number of Reaction Paths for Forming a
Nucleotide Sequence of a Given Length
Length No. of paths Length No. of paths
2 1 11 16,796
3 2 20 10w
4 5 50 1027
5 14 100 1080
6 42 150 1084
7 132 200 10118
8 429 500 10%¢
9 1,430 1000 10578
10 4,862

ing material must be utilized for synthesis of each precur-
sor. These values are not known until the beginning of the
path is generated. Hence to find the optimal reaction path,
it is necessary to evaluate all the reaction paths. The num-
bers of pathways given in Table I indicate that exhaustive
search is clearly not applicable to the synthesis of even
small DNA molecules (length less than 100 nucleotides).
Heuristics are commonly invoked to reduce the breadth of
the synthesis tree. Heuristics are rules of thumb which
have, in the past, proved to be useful means for reducing the
scope of the search. The rules do not guarantee optimal so-
lutions in a mathematical sense. Several general rules based
on simplicity of intermediates have been advanced to reduce
the size of the search.'®

The synthetic method'!:!? solves the synthesis problem by
working forward from the starting materials to the target
molecule. In other words, the starting materials are trans-
formed, by repeated application of the operators, into the
target molecule. Thus planning is done as the synthesis is
executed. This approach has one great advantage: the
search for the optimum path can be guided by the principle
of optimality. The principle of optimality'? is based on the
intuitively obvious principle that an optimal set of decisions
has the property that whatever the first decision is, the re-
maining decisions must be optimal with respect to the out-
come which results from the first decision.

In DNA synthesis, the key is the fact that the best way to
produce any DNA molecule is to select the optimum way of
carrying out the immediately preceding reaction on the best
of all possible precursors. For example, if time is used to
evaluate reaction pathways, the minimum time to produce
any molecule is made up of the minimum times to join two
or more groups which have also been made in the minimum
time. Hence, the optimum way to make any given molecule
depends on the optimum way to produce its precursors. The
only place to start this process is at the starting materials.
This search technique, also called dynamic programming,
has been used in a wide range of decision problems in inven-
tory control, material allocation, process control, and chem-
ical process design. The synthetic approach has consider-
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Figure 2. Five reaction paths for the synthesis of a tetranucieotide.

able computational advantage when compared with the an-
tithetic generation with heuristic evaluation. The principle
of optimality greatly reduces the size of the search while
still maintaining mathematical guarantees of optimality.
The actual size of the reduction is discussed in a following
section.

It is possible to combine the antithetic and synthetic
methods into various hybrid techniques. Corey'® has sug-
gested a method in which the synthesis planning works
backward from the target and forward from the starting
materials, meeting in the middle of the reaction paths. Al-
ternatively, a “critical” intermediate precursor could be
identified which decomposes the overall synthesis problem
into two subproblems: one problem is to get from starting
materials to the critical intermediate, and the second is to
generate reaction paths from the intermediate to the desired
molecule. These subproblems could be solved by either the
antithetic or synthetic method or be decomposed by identi-
fying additional critical intermediates.

Evaluation of Chemical and Enzymatic Procedures

Outline of the Problem. In order to determine what con-
stitutes a desirable reaction path, chemical and enzymatic
procedures must be evaluated. The evaluation of reaction
paths introduces several problems. First, what are the crite-
ria for evaluation? Second, how can these criteria be com-
bined to yield a single evaluation criterion? Third, can we
predict, in general, the values for these criteria?

When carrying out a chemical or enzymatic reaction,
three areas of activity can be identified: (1) reaction, (2)
separation, and (3) analysis. Within each of these areas,
evaluation criteria must be identified. For the reaction, the
vield of product, unit cost of raw materials, and time re-
quired for a successful reaction must be evaluated. The sep-
aration is evaluated on the basis of the yield of separation,
the purity of products, and the time required for a success-
ful separation. An evaluation of the analysis is based on the
time required for a successful analysis. Such success is di-
rectly related to each reaction path and how many tests
must be performed to obtain an unambiguous analysis.

Therefore in the laboratory synthesis of DNA’s, the most
important feature is the time required to achieve a success-
ful synthesis. In most cases, the cost of raw materials is
small compared with the cost of time invested in the synthe-
sis. In addition, it is possible to determine time values for
each of the other criterion. For example, if low yields are
encountered for some reaction paths, the same reaction can
be run a second time or only once with more starting mate-
rial. Both alternatives require more time. Hence the time
value of yield can be determined. If a difficult separation is
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encountered, then more time will be required to carry out
the separation. The additional time may be consumed in op-
erating the separation procedure more slowly or by rerun-
ning the partially purified mixture through a second separa-
tion. The analysis may require several tests to determine the
exact structure of an ambiguous compound. Hence a great-
er amount of time is needed. For operations which are
chemically impossible, an infinite amount (or at least a very
high amount) of time can be assigned. Therefore, a uniform
means of evaluating a DNA synthetic pathway can be de-
termined, if the time required to achieve the desired synthe-
sis is considered. Thus, the problem is to evaluate chemical
and enzymatic reactions in time units.

Evaluation of Chemical Procedures. The general plan for
synthesizing duplex DNA of defined sequence is shown in
Figure 3. There are two major sets of reactions for trans-
forming the four mononucleotides A, C, G, and T into a fin-
ished DNA duplex. These are chemical syntheses of deoxy-
oligonucleotides with defined sequence and enzymatic join-
ing of the deoxyoligonucleotides.

The chemical synthesis of defined deoxyoligonucleotides
can be divided into several steps.!! (1) Protection of the
amino functions in the heterocyclic base of a nucleoside or
nucleotide. Cytosine is protected with the anisoyl group
(An), adenosine with the benzoyl group (Bz), and guanine
with either the isobutyroyl (iB) or methylbutyroyl (mB)
group. These groups remain throughout and are removed
only upon completion of the chemical synthesis. (2) Protec-
tion of the 5’-hydroxyl of nucleosides with a bulky, acid-
sensitive methoxytrityl group (MMTr). This group is re-
moved only after the chemical synthesis of the deoxyoli-
gonucleotide is complete. (3) Protection of nucleotide 5'-
phosphates with the cyanoethyl group (CE). This group is
useful in synthesis of very short deoxyoligonucleotides (two
to four units). It is removed after every synthetic step. (4)
Protection of the 3’-hydroxyl on nucleotide 5’-phosphates
and oligonucleotides with an acetyl group. This group is
also removed after every synthesis step. (5) Repeated con-
densation of appropriately protected mononucleotides or
oligonucleotides using activating agents such as dicyclohex-
ylcarbodiimide or various aromatic sulfonyl chlorides.

Two types of condensation reactions are generally used.
Equation | illustrates the preparation of a dinucleotide con-
taining a 5’-phosphate. Starting materials are the 5'-cy-
anoethyl phosphoryl- and 3’-O-acetyl-protected mononu-
cleotides. After condensation, saponification to remove the
cyanoethyl- and acetyl-protecting groups, purification, and
acetylation, the dinucleotide is ready for use in the second
type of condensation reaction, Equation 2 illustrates this
reaction. The dinucleotide d-MMTrCA"pABz.OH contain-
ing the acid-labile, bulky monomethoxytrityl group on the
5’-hydroxyl is condensed with the dinucleotide d-pCAn-
pABz.OAc to form the tetranucleotide. After removal of the
acetyl group with alkali, the tetranucleotide is ready for
further elongation of the sequence.

1. DCC

2, OH

d-CEpCA® + d-pAP?-OAc
3. column chromatography

4, acetic anhydride
d-pCA"pAPBZ.0Ac (1)

1. DCC
d-MMTrCAAB?-OH + d-pCATpABZ-QAc —

3, column
chromatography

d-MMTrCA®pABZpCAABZ (2)

Two general condensation reactions are therefore possi-
ble depending on whether a trityl or cyanoethyl group is
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Figure 3. Overall synthesis strategy.

used to protect the 5’ end of the growing nucleotide chain.
Table II gives the attention times required to carry out con-
densations for each group. Also included are attention times
for protection of mononucleotides and oligonucleotides. The
condensations which utilize trityl-protecting groups involve
only protection of the 3/-OH and observation of the conden-
sation reaction. Cyanoethyl-protected condensations re-
quire that the cyanoethyl group be added prior to each con-
densation since it is removed during post-condensation
treatment.

The yield of each reaction is important in determining
the time required to carry out the reaction. If the yield of a
given reaction is low, it is necessary to carry out the reac-
tion with larger amounts of raw material. This may or may
not require more attention time depending on the initial
scale of the reaction. Data were gathered on the effect of
scale of reaction on the attention time required for mononu-
cleotide protection, single-strand condensation reactions,
and duplex joining. The data are adequately described by
the simple power law model given in eq 3, where T is the at-

T = To(Q/Qo)0'3 (3)

tention time in hours required to react a mixture containing
Q grams of reactants. Ty is the time in hours to process Qo
grams of reactant. For example, if the size of a reaction
step is doubled, the average attention time is (2/1)%3 =
1.23 times greater. The increase in time is due to the fact
that in some cases, it is more convenient to prepare several
small batches of material rather than scaling the reaction to
larger columns, etc.

The scale of reactions in a reaction path depends on the
desired amount of material and the yield of each reaction in
the path. Hence, for the evaluation of general reaction
paths, it is necessary to be able to predict the yield of any
reaction which might occur in the paths. For general classes
of reactions, this is a well-known and yet unsolved problem.
Several approaches have been advocated for predicting the
yields of reactions.!? If the reaction proceeds to equilibri-
um, and all the species in the system are known, it is possi-
ble to compute the equilibrium composition and yield from
the free energies of the individual components. If selectivity
in the reaction is due to different kinetics for competing
reactions, an approach based on linear free-energy relations
may be used. This approach has proved useful for several
families of compounds.142

For the DNA synthesis reactions, we have taken an em-
pirical approach based on fitting simple functions to yield
data presently available. These functions are then used to
predict the yield of reactions which have not yet been per-
formed. Data are available for 212 single-strand DNA
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Table II. Time Requirementse for the Protection of
Mononuclieotides and the Condensation of Trityl- and
Cyanoethy!-Protected Oligonucleotides

Preparation of Mononucleotides (Protection)

A 20

C 20

G 20

T 1
Trityl A 40
Trityl C 40
Trityl G 40
Trityl T 20

Condensation Reactions (Single Strands)
Protection of 3’-OH 12
Reaction observation 4
Total for trityl 16
protected reaction

Cyanoethyl protection 20
Protection of 3’-OH 12
Reaction observation 4
Total for cyanoethyl 36

protected reaction

2 In hours.

reactions: 39 dinucleotide formation reactions and 173
reactions which produce oligonucleotides.!# In each of the
following models, the yield (Y) is defined as the molar
quantity of purified, recovered product divided by the molar
quantity of the reactant with the free 3’-hydroxyl groups,
expressed as a fraction. This definition is used regardless of
which reactant is present in excess. The reactants are taken
to be fully protected, and the product has a free 3’-hydroxyl
group and a free 5’-phosphomonoester or 5’-trityl protec-
tion, depending on the initial condition of that nucleoside.
Hence the reported yield is for a complete reaction and sep-
aration cycle in the reaction path. It was not possible to de-
termine separately the yield loss due to separation from the
published data.

Excess (X) is defined as the ratio of the molar quantity of
the component with the free 5-phosphomonoester to the
molar quantity of the component with the free 3’-hydroxyl
group. Thus, X can be less then one, although it very seldom
is. Length (L) refers to the number of nucleoside residues in
the product. Type refers to the bases which are attached to
the 3’ and 5’ ends which are being joined. The yield model is
given in eq 4 and plotted in Figure 4. The amount of con-
densing agent used had no significant effect on the yield for
the data studied. The standard error (square root of vari-
ance) is 6 percentage points of yield.'?

Y = [0.80 — 0.025(2,) J(e)[1 — 0.25 exp(-0.3X)] (4)

a = 1.07 if two pyrimidines
1.00 if pyrimidine and purine
0.93 if two purines

Separation Evaluation for Chemical Reactions. Following
reaction work-up, the reaction mixture is separated to re-
cover purified products and, when possible, purified un-
reacted starting materials, The separation commonly is per-
formed by ion-exchange chromatography in a buffered
water-ethanol solution with a salt gradient used to control
elution of the species in the mixture.!s Other separation
procedures such as liquid-liquid extraction with trityl-con-
taining compounds'® and gel filtration!*" have also been
used. The synthesis of di- and trinucleotide blocks using lig-
uid-liquid extraction has been attempted.!?

Model of Ion-Exchange Chromatography. The attention
time required to separate a reaction mixture depends on the

O.BOT»
o
[
B o
’ w
®
@
<
070 &
i twe pyrimidines
! - _Pyrimidine ond purine
0.60":
b4 two purines
<
x
b
°
@ 050~
<
040 --

. >
two pyrimidines
pyrimidine ond purine

twe purines ~

ool
\
|

020k ‘ s ‘
c 5 0 5 20
Length of Product
Figure 4. Overall molar yield for the condensation reactions used in the
chemical synthesis of oligonucleotides.

difference in charge between the product, by-products, and
reactants which make up the reaction mixture. To a smaller
extent, the separation depends on the nucleotides which
make up each chain. If the charge difference is large, the
separation is relatively easy. For this case, only the basic at-
tention time associated with preparing the column, loading
the mixture, monitoring the separation, and collecting the
samples is required. When the charge difference is small, a
greater amount of attention time is required. The column
must be run more slowly, and multiple passes through the
jion-exchange column may be required. The model described
below is based on attention-time data collected for over 30
separations performed on single-strand condensation reac-
tion mixtures. The major by-product is the pyrophosphate
of the mononucleotide or oligonucleotide block containing
the 5’-phosphomonoester. The charge on the pyrophosphate
can sometimes be as great or greater than the charge on the
product. Therefore, separation techniques employing gradi-
ents of salt and alcohol have been employed to achieve the
desired purification of product.!3o-v

Table 111 summarizes the model. The correction factor
for the base content of each single chain is used to compute
the chain’s equivalent length. The correction is due to the
fact that the bases bind differently to the packing in the ion-
exchange column. Hence, they do not move through the col-
umn at a rate that is directly proportional to their charge.
For small products of length four nucleotides or less, the
separation attention time is 16 hr. If the condensation in-
volves trityl-protected products, the attention time is given
in Table IT1. The attention time depends on the relative size
of the product, Ly, the reactants, L3 and Ls, and the by-
product pyrophosphate. Attention time 7 represents the
attention time required to separate the product from the
free 5/-phosphomonoester reagent. The time 7, is for the
separation of the product from the pyrophosphate by-prod-
uct.

If the reaction involves a cyanoethyl-protected oligonu-
cleotide, the separation of the reaction mixture will differ
from the trityl-protected reaction mixture because of the
presence of one additional charge on the cyanoethyl-pro-
tected strand. (The cyanoethyl group is removed from the
phosphomonoester prior to separation.) Table 111 gives the
form of the model. Pyrophosphates are formed in the reac-
tion and have a charge of 2Cs — 2 when Cs is the charge of
the oligonucleotide carrying the free 5-phosphomonoester.
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Table III. Time Requirements for the Separation of
Condensation Reaction Mixtures
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Table IV. Time Requirements for the Analysis of Single-Strand
Reaction Products

Length Correction Factors
=0.00,C=0.15
G =0.35T =1.00

Effective Length
L’ = L + (sum of correction factors)/L

Effective Charge
Trityl products: C, = L'y, C; = L’;, C; = L5, Cpp = C -2
Cyanoethyl products Co=L,+1,C,=L"; + 1 C,=L"; +
1, Cop = 2C: — 2

Separation Times
Time = 16 hr for all separations where the product has a length
less than or equal t0 4

Trityl products:

(Cp + CH(Cp — Cy)

0if Cp/(2C; — 2) > 1

20if Go/(2C; — 2) < ?/s

60{1 — [Co/(2C; — D} if /3 < [Cp/2Cs — D1 < 1
Total time = 12 + T+ T

T

T

Cyanoethyl products:

largest of Cyp, C, Cs, and Cypy
second largest of Cy, C;, Cs, and Cyp
D; = third largest of Cy, C;, Cs, and Cyp
Ds = lowest of Cy, Cs, Cs, and Cyp

= (D1 + Dy)/(D1 — D»)
= (Dy + Dy)/(D; — D3)
Ts = (D; + D)/(D; — Dy)

Total time = 10 + highest of Ty, T3, and T; + one-half the sum
of the other two

P
L

The attention times T, T», and T represent the three sepa-
rations between the four main species in the reaction mix-
ture.

Analysis Models for Chemical Reactions. The analysis of
reaction mixtures fractionated on DEAE cellulose is by ul-
traviolet spectroscopy. The ratio of absorbance at different
wavelengths is the desired analytical result. For most syn-
theses where the base composition of product is not the
same as starting material, the absorbance ratios will be dif-
ferent. For all syntheses, isolated products must be further
analyzed to ensure the correct base composition. Methods
include paper chromatography in several solvent systems
after complete removal of protecting groups and after re-
moval of only base-labile protecting groups. Completely
deprotected samples are also treated with enzymes snake
venom phosphodisterase, spleen phosphodiesterase, and al-
kaline phosphatase, and the base composition measured.
The average analysis attention time is 16 hr for cyanoethyl
products and 20 hr for trityl products. A small correction
for an unequal distribution of A, T, G, and C is applied. If
A, T, G, and C are unequally distributed, more time is re-
quired to ensure that the desired base content has been in-
corporated in the product. Table 1V illustrates the atten-
tion-time model for single-strand analysis.

Time Value of Oligonucleotides. The value of a reaction
product is equal to the time necessary to prepare the re-
agents required plus the time necessary to carry out the
reaction, separation, and analysis steps which yield the
product. With this definition and the models described
above, it is possible to determine the time value of any given
oligonucleotide, if the reaction path leading to the product
is known. If the yield of a given reaction is low, the time re-
quired to carry out the reaction, separation, and analysis
steps to produce the desired amount of product will be in-
creased as discussed above. A power law model has been fit-
ted to the attention times required to carry out the reaction,

Cyanoethyl Products
Time = 16 hr

Trityl Products
Ultraviolet peak factors
0. 64(number of A’s)
1.60(number of C’s)
Hg = 0.50(number of G’s)
Ht = 1.00(number of T’s)
Hox = highest of Ha, He, Hg, and Hr
U = mn/HA + HmQ\/H( + Hrnx/H( "}‘ mex/HT -
(number of H’s > 0)
U=U iU <5
U=5ifu >3
me = 16 + 4(0.90 4+ 0.020)

Ti

separation, and analysis steps for a single reaction. As with
the reaction step alone, a power law model with an exponent
of 0.3 describes the data. The model is given by eq 5 where

T(Q/Qy)"? (5)

Trs.A is the time required to carry out a single sequence of
reaction, separation, and analysis. Q is the quantity in gram
moles of the reactants, and Ty and Qg are the basis time and
amounts, respectively.

When the yield of a reaction is low, it is necessary to in-
crease the attention time for both that reaction, separation,
and analysis sequence as well as for the time required to
produce the reactants. The expression for the time value of
a product is given in eq 6 where TVP is the time value of

TR,S,A =

0.3 0e 3
TV5’ TV3’(excess)
TVP = —_— S emee
VP = Tasa ¥ (yie1d> ( yield )

©®

the product; Tr s.a. is the attention time for the reaction,
separation, and analysis; TV5” is the time value of the re-
agent with the free 5’-phophomonoester; TV3’ is the time
value of the reagent with the free 3’-hydroxyl; excess is the
molar excess of the reagent with the free 3’-hydroxyl; and
yield is the molar yield of the reaction and separation steps
(computed from eq 4).

Evaluation of the Enzymatic Joining of Chemically Syn-
thesized Deoxyoligonucleotides. Duplex-joining reactions
utilize the tendency of complementary strands of nucleo-
tides to base-pair by hydrogen bonding. Suppose that two
deprotected single strands of nucleotides are allowed to base
pair on an appropriate template so that their 3’ and 5/ ends
are adjacent. It would then be possible to use the enzyme
T4 ligase to join the two single strands.!® By forming single
strands which overlap each other, it is possible to have the
complementary strand in the uncompleted duplex serve as
the template. Equations 7, 8, and 9 illustrate several possi-
ble duplex joining reactions.

The amount of experience with the ligase joining reac-
tions is not as great as with the single-strand condensations.
A review of the previous work with these reactions indicates
that approximately 500 attention hr are required to success-
fully carry out such a reaction.'® The steps involved are: (1)
deblocking the single strands; (2) carrying out extensive
model studies on small amounts of material to determine
reaction behavior; and (3) final reaction.

Duplex Evaluation Models. The same areas, reaction,
separation, and analysis, that are important in single-strand
synthesis are also important in duplex joining reactions. In-
sufficient data are available for an analysis of ligase-cata-
lyzed joining reactions. Therefore, a simple model is used.
The reaction model assumes: (1) all deoxyoligonucleotides

Powers et al. | Bihelical Deoxyribonucleic Acids



880

f 1 1

T-G-A-G-C-A-G-G-T-G-G-T (571

C-C-G-G-A-C-T-C-G-T C-C-A-C-C-A (3%
i I
3 P
3 - J\,..‘.Z momem
|
T4 Ligose

3

e T, E ] ! 1

A-C-C-A-C-C-T-G-C-T-C-A-G-G-C-C-T-G-A-G-C-A-G-G-T-G-G-T  (5")

i

T-G-G-T-G-G-A-C-G-A-G-T-C-C-G-G-A-C-T-C-G-T-C-C-A-C-C-A  (3")
[ ] 3 ey

Figure 5. Interfering complementary groups in the formulation of
DNA duplexes.

ATTGACT + GTCTAGC
+

CTGACAGA

T4 ligase

N
ATTGACTGTCTAGC 1
CTGACAGA
ATTGACT + GCGATTAG

+ T4 ligase

TAACTGACGCT A
ATTGACTGCGATTAG @)
TAACTGACGCT

ATTGACT + GCGATTAG
+
TAACTGACGCT + AATCAGGTA

A
ATTGACTGCGATTAG (9)
TAACTGACGC ’I&ATC AGGTA

——
T4 ligase

are present in equimolar quantities; (2) the yield is 45%; (3)
the reaction attention time (which includes a model study of
the reaction) is fixed at 500 hr; and (4) a detailed search for
interfering complementary groups within sequences is car-
ried out.

As in the single-strand evaluations, the time value of a
product is based on the deoxyoligonucleotide time values
plus the reaction, separation, and analysis time. A 0.3
power law model is also used.

The search for potentially complementary groups within
the deoxyoligonucleotides used to form the product is an
important feature of duplex-reaction evaluation. The basis
of the duplex reaction is the formation of hydrogen bonds
between overlapping segments of the reagents. The hydro-
gen bonding is brought about by heating the deoxyoligonu-
cleotides in solution and then slowly cooling the mixture to
allow the overlapping ends to achieve the most thermody-
namically stable pairing. The goal is to have the hydrogen
bonding yield the nucleotide sequence in the target mole-
cule. Unfortunately, it is possible that hydrogen bonds can
form between nucleotide sequences which are not the de-
sired sequence. Figure 5 illustrates an example from synthe-
sis of the yeast alanine tRNA gene.!? The product expected
from the T4 ligase reaction was the duplex of chemically
synthesized segments I, 2, and3. Segment 2 was expected to
be joined to segment 3 by the T4 ligase. Instead, the dimer
shown was formed quantitatively. Therefore, complementa-
ry single-stranded ends must be excluded from any synthet-
IC reaction sequence.

The hydrogen bonding between oligonucleotide strands
need not be exact (A with T, G with C) for the joining to
occur. For example, T4 ligase catalyzed joining reactions
have been observed where A is opposite C,19:20 and C is op-

Table V. Relative Bond Strengths between Base Pairs (on a
1-10 scale used in calculating complementary behavior)

A-A 1 C-G 10
A-C 5 C-T 1
A-G 1 G-G 1
A-T 7 G-T 7
c-C 1 T-T 5
Table VI. Time Requirements for Duplex-Forming Reactions

Reaction Attention Time (TRA)
TRA = 500 hr (includes model study)

Reagent Cost (TRC)

_ (TeagemtcostYt L
TRC = ( vield ) (yield = 45%)

Additjonal Study Required due to
Complementary Problems (TCOMP)
10,000 if all base pairs are A-T and C-G
500 if some mismatches but average bond strength > 7
0 if average bond strength < 7

Time = TRA + TRC + TCOMP

posite T?! in the DNA duplex. A hypothetical example is eq
10. In this example, an A to C base pair is tolerated, and

3’-TACGACCA
5'-ACCGATGC + 5'-CGGTACCT

TACGACCA
5'-ACCGATGCCGGTACCT

T4 ligase

(10)

mismatch

3’-TACGAGGA + 5 -CGGTACCT
5'-ACCGATGC

T4 ligase
—_—

TCCATGGCTACGACCA (11)
ACCGATGC

the wrong ligase joining reaction occurs. The desired reac-
tion is shown in eq 11. In order to evaluate whether two se-
quences are similar enough to cause formation of the wrong
product in a ligase mixture, the bond strengths in Table V
were assigned. The duplex-reaction evaluation model is
summarized in Table VI. If the hydrogen bonding is not
exact in a potentially wrong joining reaction, and the aver-
age hydrogen bond strength for the overlapping segments is
7 or greater, an additional 500 attention hr are required.
The 500 hr are required to develop reaction conditions
which favor the desired hydrogen bonding. If the average
bond strength is less than 7, it is assumed that the reaction
will not proceed to undesirable product. If the undesirable
matches cannot be prevented (an arbitrary average bond
strength greater than 8), the program is constructed so as to
reject these potential sequences and to resynthesize the se-
quences with break points (for enzymatic joining) at differ-
ent sites. The break point for sequences shown in eq 10
would therefore be rejected (average bond strength is 8).
The current model assigns 10,000 attention hr to such re-
jected sequences. Therefore, the program selects against the
presence of these groups in troublesome sequences.
Separation of the reaction products from starting materi-
als and by-products is performed on Biogel-A (0.5 m).!8
The duplex separation model for attention time is based on
the difference in size that exists between the desired prod-
uct and the by-product which is closest in size to the prod-
uct. The by-product which is closest in size to the product is
the duplex in which the smallest end deoxyoligonucleotide
(oligonucleotide on the end of the duplex product) is miss-
ing. (This assumes no complementary group problems.) If
an oligonucleotide is missing from the “middle of the du-
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Table VII. End Group Labels for Unambiguous
Duplex Analysis

Making Certain All Strands Are in Product A---B

C.-D

(1) End groups

(a) 3’ ends of B and C must not be the same as each other or any
internal strand 3’ end

(b) 5’ ends of A and D must noOt be the same as each other or
any internal strand 5’,end (different labels may be used to
distinguish identical nucleotides)

(2) Internal groups: no two different subgroups of reagents may
have the same number and type of both 3’ ends and labeled's’
ends. The following are violations of this rule:

G*—T and G*—T
G—T, C*—A and G—A, C*—T

Making Certain All Strands Are in the Right Location
(1) After 3’ degradation, no 3’ labeled group may be the same
(2) The 5’ ends of strands with duplicate 3’ nucleotides must have
different labels

(3) If only two labels, P?2 and P?%, are used, and only internal phos-
phates are present, the P3* must be placed as follows: (strand
position)

T1 T2 T3 T4
B1 B2 B3 B4
No. of Molecule P22 label
strands configuration placement
3 Any None required. optional in all
locations
4 T1,T2,T3,B1 None required, optional ir all
locations
4 T1,T2,B1,B2 T1 or B2
5 T1.T2.T3,B1,B2 T1 or B2
6 T1,T2,T3,T4,B1,B2 T2and B2or T1 and T3
6 T1,T2,T3,B1,B2,B3 T1 and T2;T1 and B2; T2and
B3; or B2 and B3
7 T1.T2,B1,B2,B3,B4,B5 T1 and B4 or B2 and BS
7 T1,T2,T3,B1,B2,B3.B4 T1,T2and B3 or T2,B3 and B4
8  TL.T2T3,B1,B2,B3,B4,B5 TI1,T2and B3; T1,B2 and B4;

T2.B3 and BS; B2,B3 and
BS5; or B2,B4 and B5

8 T1,T2,T3,T4.B1,B2,B3,B4 T1,T2 and B2; T1,T3 and B3;
T2,B2 and B4; or T3,B3
and B4

plex,” the duplex will not be joined, and two by-products
much smaller than the product will be formed. Equation 12
illustrates this situation. The duplex separation model is
summarized in Figure 6.

(1) (2) (3)
ATGCATTA GCTGACCGT AACTG
+ + + ligase —»
TACGTAATCGAC TGGCATTGAC
(4) (5)
11N 2 N3
4 Us
+ (12)
“nearest’’ by-product
1 1 2
4 U5

Duplex Analysis. Three different classes of information
are used to ensure that the correct duplex has been formed
during reaction. (1) The fractions which result from separa-
tion confirm that the appropriate size has been obtained for
the product. (2) Resistance to phosphatase indicates that
the free phosphate ends have reacted. (3) Nearest neighbor
and 5-mononucleotide analyses of radioactive phosphate
are used to determine that all the reagent strands have been
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Figure 6. Time requirements for the separation of duplex-forming reac-
tion mixtures.

¢t T
—— T —— ——T+G
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5. 17 5 ¢* 6"
ungmorguous ambiguous
—2a"c A —c'6—7T"6 A* ¢——
cte TG A% A
3 AT, ¢t 6" 3. A% c* 267, T
s A%, cT, 7Y 5 2a%, ¢t 6t Tt
unambigquous ombiguous

Figure 7. Examples of end group labels for the analysis of duplex prod-
ucts. A P32 Jabel is denoted by + and a P33 label by *.

incorporated in the product, and that the strands are in the
appropriate positions relative to each other. The attention
time for analysis by separation is taken as a simple fraction
(‘%) of the separation attention time. The resistance to phos-
phatase requires an average of 50 attention hr.

Analysis for location of radioactive phosphate can be
quite complicated. The common approach is to label the 5'-
phosphate end of certain of the single strands with radioac-
tive phosphorus (either P32 or P33). The reaction product is
then degraded in two different ways. Degradation to 3’-
phosphate nucleotides is possible using micrococcal and
spleen phosphodiesterase.!” The use of pancreatic deoxyri-
bonuclease and venom phosphodiesterase gives hydrolysis to
5’-phosphate nucleotides. Hence, the radioactive phosphate
can be made to associate with the 3’- or 5’-nucleotides adja-
cent to the ligase joining point. Several examples of unam-
biguous and ambiguous end group analyses are given in
Figure 7. The problem of where labels must be introduced
to give unambiguous joining information was solved for
combinations of single strands to form duplexes. The solu-
tion is summarized in Table VI11. Several other options exist
which could resolve ambiguous analyses. The bihelical
strands may be separated into two single strands and each
strand analyzed individually. It is also possible to use differ-
ent activity levels of radioactive P33 or P3? to uniquely iden-
tify the end groups. '3

Because of the complexity of the end group analysis
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Tabie VIII. Time Requirements for Duplex Analysis

Separation Analysis (T)
Half the separation scOre

Resistance to Phosphatase (TRP)
50 hr

End Group Analysis (TEGA)
Three reagents: 50 hr
Four or more reagents
All 3’ ends different: 100 hr
3" ends appearing a maximum of two times and all 5’
ends different: 150 hr
All others: 200 hr

T = TA + TRP + TEGA

problem, the simple evaluation function given in Table VIII
was used.

In summary, models have been developed which predict
the attention time required to carry out any given sequence
of reaction, separation, and analysis steps. The time re-
quirements depend on the type of reaction used (single-
strand condensation or enzymatic duplex joining using T4
ligase), the yield of the reaction, the difference in charge or
size between the product, by-products, and reactants, and
the ease of analysis of the product.

Applying the Synthetic Method to DNA Synthesis

A computer program DINASYN (Deoxyr/boNucleic A4cid
SYNthesizer) was written by Jones?? for determining the
optimal reaction path to any general DNA molecule. The
program is based on a dynamic programming approach to
the search for optimal synthesis paths.

Working the synthesis problem forward (dynamic pro-
gramming approach) involves two major steps. The first is
to generate all possible subgroups in the target molecule
from length one to the final molecule size. Then one must
evaluate the cost of making each subgroup, starting with
the cost of the raw materials (the four protected mononu-
cleotides).

Initially, all the dinucleotides are considered. Optimum
reaction conditions, separation time, and analysis time are
determined for each of these groups. Next, the times for the
trinucleotide groups are calculated, optimizing over the
joining location (which two subgroups are joined to form
the target group). The joining point which gives the lowest
time is selected as optimum, and this time is used in the
next level of optimization. The evaluation of the subgroups
continues until the evaluation of the target molecule (the
last subgroup) is completed.

It should be noted that the optimization carried out for
all groups of three or more nucleotides is an optimization
over the total cost of the reaction sequence. This is possible
since the subgroups used in these reactions have already
had their optimum synthesis path determined. These mini-
mum subgroup reaction path times are added to the time of
the last reaction to form the total time, which must be mini-
mized to give the minimum cost joining point and optimal
reaction path for each group. This step-by-step build-up of
optimal reaction subpaths is continued until eventually the
optimal synthesis path is generated.

An example of the subgroups and the reaction evalua-
tions necessary for each subgroup optimization in the se-
quence TCAGGA is shown in Table IX. Note that only 34
evaluations are required compared with 210 (42 paths times
5 reaction evaluations per path) for an exhaustive search
procedure. Computational savings greatly increase as the
length of the target strand increases.

3

Table IX. An Example of the Dynamic Programming Search
Procedure for Selection of the Optimal Reaction Path to the
Hexanucleotide TACGAC*

TACGAC

T + ACGAC

TA + CGAC

TAC + GAC

TACG + AC

TACGA + C

TACGA ACGAC

T + ACGA A + CGAC

TA + CGA AC + GAC

TAC + GA ACG + AC

TACG + A ACGA + C

TACG ACGA CGAC

T + ACG A + CGA C + GAC

TA + CG AC + GA CG + AC

TAC + G ACG + A CGA + C

TAC ACG CGA GAC
T + AC A+ CG C+GA G + AC
TA + C AC +G CG + A GA + C
TA AC CG GA
T+ A A+ C cC+G G+ A
T A C G
START START START START

@ 34 reaction evaluations are necessary.

Multiple Groups and Information Flow Recycle

In a large DNA molecule, one would suspect that several
segments within the molecule would be identical. This is in-
deed the case. In fact, more multiple groups have been
found in 36 bihelical DNA’s than would be expected if the
nucleotide sequences were random.??> The presence of a
multiple group can have a large effect on time required for
the synthesis of 2 DNA. If a large oligonucleotide is found
to appear twice in the target molecule, it may be possible to
devise a synthetic plan which uses this group twice. If this is
the case, it would only be necessary to make a larger batch
of the material and use it twice in the synthesis. Since the
time required for larger batches follows a 0.3 power law,
considerable savings can be realized if multiple appearing
groups can be utilized in the reaction path. A computer pro-
gram has been written to find all the multiple groups in any
given bihelical DNA. The synthesis strategy is then modi-
fied to indicate that potential savings could occur if these
groups occur in the reaction path. While the multiple
groups offer considerable potential for savings, it is neces-
sary to modify the dynamic programming search procedure
to incorporate them.

The basic assumption on which the principle of optimal-
ity rests is that the information flow in the decision making
process is strictly serial. This means that decisions made at
a given stage must not depend on any information other
than that which directly preceeds it. For DNA synthesis, as
previously discussed, this assumption was true. However,
the inclusion of multiple group considerations changes the
information flow to nonserial. The problem is that when one
starts working through a synthesis path, attention times
must be assigned. These times are used to decide which
path to select at each optimization level. If a group has the
possibility of being used twice, should it be assumed that it
will be used twice and assigned a lower value? The trouble
is that when the multiple group is first encountered, it is not
known whether it will be used again later in the synthesis
path. Therefore, a decision must be made on information
not known, and later decisions depend on the immediate de-
cision. This results in a feedback or recycle of information
which nullifies the principle of optimality. A bounding pro-
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cedure is currently in use to allow the consideration of mul-
tiple groups while still maintaining the dynamic program-
ming approach. The heuristic is invoked that the largest
multiple groups that do not interfere with each other should
be used. These groups are assigned a lower time value de-
pending on how often they appear in the desired molecule.
That is, if a group appears three times, its time value is ap-
proximately one-third of the time value if it was used only
once. The optimal path is then selected using the dynamic
programming approach. If the multiples are used in the
path selected by the dynamic programming approach, no
changes are necessary. The path is not necessarily optimal
however.22 If a path is selected which used the multiple ap-
pearing group only once, a dilemma exists. Is the correct
path one which uses all the multiple appearing groups in the
synthesis path or one which gives no multiple credit for use
of the subgroup? If the first situation is true, the synthesis
path must be changed, and if the second is true, increasing
the cost of the components used may make another path
more attractive. A bounding technique, in which a lower
bound on multiple appearing group times is repeatedly
used, has also been developed, but because of its complexity
and relatively small effect on the paths, it was not used.??

For the synthesis of single strands of oligonucleotides, the
dynamic programming approach is rapid and very useful.
However, the synthesis of complete duplexes from single
strands and combinations of single strands and duplexes is
too large a problem to attack directly with the dynamic pro-
gramming approach. Because of the size of the problem, a
decomposition approach is used.

Decomposition at the Duplex Synthesis Level

The overall synthesis problem is separated into two parts.
The first part involves identifying a set of single strands in
the target molecule duplex which is synthesized in the opti-
mal manner using the dynamic programming approach.
These single strands are then used as starting materials, and
the dynamic programming approach is used to determine
the optimal sequence for joining the single strands into the
desired duplex.

The identification of the critical set of single strands is
currently done via interaction between the synthetic chem-
ist and the DINASYN program. The sets of multiple groups
which occur in the desired DNA are displayed for the syn-
thetic chemist’s information. He then selects ““cut points’™ in
the desired duplex which preserve the larger number of long
multiple groups. The program then performs a preliminary
check of the feasibility of each cut point. The potential for
self-complementary groups, the length of single strand, and
the overlap between chains in alternate strands are all de-
termined. If an infeasibility is detected, the program opera-
tor has the option to select another cut point to avoid the
problem. The set of single strands which results from the
cut-point selection is then checked for remaining multiple
groups. If multiple groups do remain, they are “uncoupled™
by an exhaustive search method to decide which multiples
should be saved if conflicts occur. This section uses the heu-
ristic that larger multiple groups should be saved before
smaller ones, and that the greatest number of multiples
should be saved. Examples of conflicting multiple groups
and their resolution are shown in Figure 8. The single
strand synthesis is then performed for each single strand
using the multiple credits determined in the above section.

Once the times for each single strand are determined, it
is necessary to assemble the single strands in the optimal
way. This problem is conceptually different from the previ-
ous problem in that more than two subgroups can be joined
in one reaction step. These subgroups can either be single
strands or duplexes. All duplexes used in reactions must
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1b

10
TACGACGAT

No multiple of length 4 con be soved.

20
1o 3o
TGACTAAGAGG
2b 2¢
3b 1b
CGAGGTAAGGACTTAAG

Multiples |0 ond 1b, 2b and 2¢c,ond 30 and 3b should be soved

20
1o

CTACCCGA

2b
30
TGACCCT

b 3b
GGTACCAGGACC
Multiples |0 ond | b, ond multiples 30 and 3b should be soved .

Figure 8. Examples of the sorting of interacting multiple groups to
maximize multiple group retention.

Torget Molecule

Possible Reoctions :

A+C+D+G+ BEF
C+D+G+ABEF
C+G+ABDEF
D+C+F+G+ ABE
C+F+G+ABDE
8+ C+F+G+ ADE
B + ADE+CFG
ADE +BCFG
ABDE + CFG

A+B+C+D+E+F+G
A+B+D+E+CFG
A+D+E+BCFG
A+ D+BCEFG
D+ ABCEFG
A+D+E+G+BCF
A+D+G+BCEF
D+ G+ ABCEF
5+ ABCDE®
Figure 9. Duplex-forming reactions for a duplex containing seven sin-
gle strands.

contain three or more groups. A duplex made from two sin-
gle strands is only hydrogen bonded and is the same as two
single strands since no ligase reaction has occurred. Figure
9 illustrates the different reactions which might be used to
make a duplex containing seven single strands. The single
strand time values being given, the synthesis is searched in
the forward direction optimizing over the subgroups used in
the joining reaction until the target DNA sequence has
been encountered. The only heuristics used are that no
subgroups larger than two-thirds of the final molecule size
are used (because of separation problems). and that each
reaction may involve no more than eight starting materials
(either single strands or duplexes). For more than eight
groups, the search time becomes prohibitive. The reaction,
separation, and analysis models for duplexes are used in the
optimization. Following the selection of the duplex-reaction
sequence, the program prints out the reaction pathway and
the associated evaluation information (time values. excesses
of reagents, yields, etc.).

Example of the DINASYN Program

The DINASYN program has been used to synthesize reac-
tion paths to a number of DNA’s.?? The reaction paths have
indicated a reduction in attention time of from 20 to 50%
over the plans developed by synthetic chemists using an
heuristic approach. In addition, the complete synthesis plan
can be generated in much less time using the DINASYN pro-
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ATCAGCTATCOCGCGAG 3GAATCETALL T CTCAG AGGC CAAGCTAAGGC CTEAG CAGGTCG™
TAGTC 33TASCGLEC TC LT TAGL ATGGGAGAS™ L TCCO6™ TCOATTCCGSACTC S “CCACCA

Figure 10. Schematic representation of the nucleotide sequence for the
structural genc for an alanine transfer ribonucleic acid from veast.

CCCGCACACCGCGCATCAGE CAT CGCGCGAGGGAATCGTACTLTL TCAGAGSCCAAGE "AAGGLCC TGAGCAGGTGET
GGGCGTG TG 3CGCG™AGTCGG TAGCGCGCTCCC T TAGCATGG GAGAGTCTCC GGTTC GAT TCCGGACTCGTCCACCA

TCGCGCGAGG

SAATCGTACCCTCTCAGAGGCCAAGCTAAGEIC TGAGCAGGTGGT
GCTOCC ~ TAG CATGGG AGAG TC TCOGGT TCGAT TCOGGACTCGTCCACCA

CCCGCACACCGCGCATCAGL A
G3GCGTITIGCGCGTAGTCGETAGLSC

GCATCAGC ZA

. e £ TAAGBCCTGAGCAGGTGGT
CCCGCACACLGE CCGGACTCGTCCACCA
GAATCGTACCC TCTCAGAGGCCAAG
5C TOCCT TAGCATGGG AG AGTCTCCGGT TCGATT
TGGIGCG TAG
GGGCOTG TCGGTAGCGS
3TACCCTC TCAGAGGCCAAG TGAGCAGGTGG™
GALTC, j CTAAGGCC
AGAGTCT COBGACTC GT
GCTCCCTTAGCATHGE CCGGTTCGATT SCACCA
GITCCCTTAGCA TGS
3CTCCCT A GCA 56 G
3CTCCCT T{A\ 6 & Tﬁ/\\e
3CTCC c- T [ T g

aCT C{C\
e/c\T o oc
N

(ST

Figure 11. Part of the synthesis path used in the synthesis of a gene for
alanine tRNA from yeast.

N AGGCTTGAGLAGTTSG™
TG TCIATTCCGGACTCGTCIACCA

N\

“rTesTocacca

Figure 12. Part of the optimal synthesis plan for alanine tRNA from
yeast. This plan was developed using the DINASYN program.

gram. The ease of reaction path synthesis allows rapid in-
vestigation of many alterations in the synthetic plan. As an
example of the potential savings which could accrue for a
specific DNA, consider the gene shown in Figure 10. Part
of the synthesis tree used to synthesize this gene!® is shown
in Figure 11. The execution of this synthetic plan required
slightly over 20 man years of attention time. The evaluation
of this path using the models in the DINASYN program gave
22 man years of attention time. Part of the optimal path
generated using the program is illustrated in Figure 12. The

attention time required for this path is about 11 man years
or a savings of 50% over the path actually executed. The
savings in time are due to the extensive use of multiple
groups and the parallel nature of the reaction path. The re-
duction in the “depth” of the path considerably reduces the
yield losses. The combination of seven components in the
last duplex joining reaction is interesting. The reaction has
the proper overlap of chains, no mismatch or self comple-
mentary pairings, is easily separated, and has relatively few
analysis problems. The complete tree for the synthesis with
the proper conditions at each reaction step is the output
from the program.22
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