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SUMMARY

Here. we describe assembly PCR as a method for the synthesis of long DNA sequences from large numbers of
oligodeoxyribonucleotides (oligos). The method. which is derived from DNA shuffling [ Stemmer, Nature 370 (1994a)
389-391], does not rely on DNA ligase but instead relies on DNA polymerase to build increasingly longer DNA
fragments during the assembly process. A 1.1-kb fragment containing the TEM-1 B-lactamase-encoding gene (bla) was
assembled in a single reaction from a total of 56 oligos. each 40 nucleotides (nt}) in length. The synthetic gene was PCR
amplified and cloned in a vector containing the tetracycline-resistance gene (Tc®) as the sole selectable marker. Without
relying on ampicillin (Ap) selection. 76% of the Tc® colonies were ApR. making this approach a general method for the
rapid and cost-effective synthesis of any gene. We tested the range of assembly PCR by synthesizing, in a single reaction
vessel containing 134 oligos. a high-molecular-mass multimeric form of a 2.7-kb plasmid containing the bla gene, the
a-fragment of the lucZ gene and the pUC origin of replication. Digestion with a unique restriction enzyme, followed
by ligation and transformation in Escherichia colic yielded the correct plasmid. Assembly PCR is well suited for several

in vitro mutagenesis strategies.

INTRODUCTION

The assembly of DNA sequences from oligos finds
applications in DNA synthesis. gence expression and
in vitro mutagenesis. Several publications describe the
assembly of DNA sequences from oligos by ligation
{Heyneker et al.. 1976: Itakura ct al.. 1977: Goeddel et al..
1979). by the Fokl method of gene synthesis (Mandecki
et al., 1988) and by self-priming PCR (Dillon and Rosen.
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1990: Prodromou et al., 1992; Chen et al., 1994; Hayashi
et al.. 1994). Recently, DNA shuffling was introduced as
a method for in vitro recombination by combinatorial
assembly of genes from random fragments generated by
partial DNasel digestion (Stemmer, 1994a.b), or from a
mixture of oligos and random fragments (Crameri and
Stemmer. 1995). We describe here assembly PCR as a
method for the single-step synthesis of DNA sequences
up to 3 kb from large numbers of 40-nt oligos.

Abbreviations: aa. amino acid(s): Ap, ampicillin; bp, base pair(s); pGal.
f3-galactosidase: bla, gene encoding TEM-1 B-lactamase; dNTP, deoxy-
ribonucleotide  triphosphate: kb, kilobase(s) or 1000 bp: nt, nucleo-
tide(st: oligo. oligodeoxyribonucleotide; ori, origin of DNA replication;
PCR. polvmerase chain reaction; ®. resistant/resistance; Tc. tetracycline;
u. unitisi: wt, wild type.
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EXPERIMENTAL AND DISCUSSION

(a) Synthesis, shuffling and characterization of DNA
coding for TEM-1 B-lactamase

We svnthesized 56 oligos. 40 nt in length. which collec-
tively encode both strands of the promoter region and
the structural bhla gene. The plus strand as well as the
minus strand consists of 28 oligos configured in such a
way that, upon assembly. complementary oligos will
overlap by 20 nt (Fig. ). We introduced five point mut-
ations. creating five new restriction sites. to differentiate
the synthetic gene from the naturally occurring hla gene
in pBR322 (Bolivar et al. 1977: Watson. 1988). In our
design of the synthetic gene. we incorporated Sfil recogni-
tion sites flanking hla to facilitate cloning in pUC322-SHi.
Plasmid pUC322-Sfi 15 derived [rom  pUCIK2SH
(Stemmer, 1994a), by ligating an Aatll-Mscl fragment
from pBR322 containing the Tc® gene into pUCI82SH
digested with AatIl + Smul.

The assembly PCR protocol consists of four steps:
oligo synthesis. gene assembly. gene amplitication and
cloning. Since single-stranded cnds of complementary
DNA fragments are filled-in during the gene assembly
process. cycling with DNA polymerase results in the for-
mation of increasingly larger DNA fragments until the
full-length gene 1s obtained. Note that DNA Ligase is not
being used in the assembly process. Experimental details
of the protocol are outlined in the legend to Fig. 1.

The 1.1-kb PCR product was obtained as shown by
1% agarose gel electrophoresis (Fig. 2). After digestion
with Sfil. the expected 0.9-kb fragment was gel-puritied
and ligated into the vector pUC322-Sti. E. coli K-12
transformants were sclected on Tc plates. Of the Tc® colo-
nies. 76% (78:102) were resistunt to 106 pg Ap ml
Plasmids obtained from six Ap® colonies were analyzed
by restriction enzyme digestion. All plasmids contained
the five restriction sites charactenstic for the syntheuc
gene construct. The hla gene from one of these plasmids
was sequenced: three point mutations were found.
presumably introduced during the PCR amplification
process.

(b) Synthesis, PCR assembly and characterization of
DNA encoding a synthetic version of plasmid p182Sfi

We synthesized 132 oligos. 40 nt in length, as well as
one 47-mer and one 56-mer. which collectively encode
both strands of a synthetic version of the 2703-bp
pUC182Sfi plasmid (Stemmer. 1994a). This plasmid s
similar to pUCIS except for the introduction of two Sfil
sites flanking the hlu gene. The overlap of complementary
oligos is 20 nt. The oligos covering the hla gene were
described in section «. A 47- and 36-mer were emploved
to complete the circle leaving two small single-stranded

56 40 mers
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Fig. 1. Protocol for blu gene synthesis by oligo shuffling. (a) Oligo syn-
thesis. An automated 96-well parallel-array oligonucleotide synthesizer
{Lashkurt et al., 1995) was used Lo prepare oligos on a scale of 50 nmol
using standard phosphoramidite chemistry. After cleavage from the
solid support (500 A controlled porc glass) and deprotection with
ammonii. the dried-down oligos were resuspended in distilled water at
A concentration of approx. 250 uM and used without further purifica-
tion. (by Gene assembly. Equal volumes obtained from each of the 56
oligo solutions were combined and the mixture was subsequently
diluted 100-fold 1 20l PCR mix containing 10 mM TriS*HCI
pH 9.0 2.2mM MgCl, 50 mM KCl1.0.2 mM each dNTP/0.1% Triton
N-100 1 u of Tag polymerase ( Promega, Madison, W1, USA)/ ().()2 u of
Pju polvmerase (Stratagene, La Jolla. CA, USA). The PCR program
consisted of 55 ¢cyeles at 94 C for 30 5. 52 C for 30 s and 72°C for 30
< tMJ Rescarch PTC-150 minicyeler). (¢) Gene amplification. Gene
assembly reaction mixture (2.5 ply was diluted 40-fold in 100 pl RCR
mix  containing 10 mM  Tris HCl pH 9.022mM  MgClL,/50 mM
KCL02mM each dANTP-0.1% Triton X-100/5 u of Tuq polymerase
i Promegai 0.1 u of Pfu polymerase (Stratagene)/2 outside primers at a
concentration of 1 uM. The outside primers can be the same as the two
oligos representing the 3" ends of the plus and minus strand. The PCR
program consisted of 23 ¢ycles at 94 € for 30 s, 50 C for 30 s and 72°C
for 60 s. The DNA was extracted with phenol + chloroform, precipitated
with cthanol and dissolved in 101l H,O. (d) Cloning. The gene-
amiplificd DNA was digested with Sfil1 and the 0.9-kb fragment was
puritied from a 1% agarose gel after electrophoresis. Plasmid
pLC222-Sh was digested with Sfil: the DNA fragment containing the
orrand the Te® gene was also gel-puritied. Two fragments were ligated
with T4 DNA ligase and used to transform E. coli XLI-blue
IStratagence).

gaps. 7 and 16 nt in length, which will be filled-in during
PCR. The 134 oligos were combined and assembled in a
three-stage PCR protocol. resulting in a high-molecular-
mass head to tail plasmid multimer. Experimental details
are outlined in the legend to Fig. 3. Note that with this
circular PCR™ format {Stemmer, 1994b) there is no need
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Fig. 2. Analysis of synthetic bla gene by 1" agarose gel electrophoresis.
Lanes: 1. 1.1-kb PCR product before digestion with S#il: 2 and 3. 1-kb
ladder: 4. 0.9-kb PCR product after digestion with Sfil

for primer-mediated amplification. Digestion of the
multimer with EcoRI1. BamHI. Pstl. Bglll. Sal or Neol
resulted in the expected restriction pattern for the syn-
thetic version of pUCI82Sfi (Fig. 4). The linear fragment
obtained after BumHI digestion was gel-purified. treated
with T4 DNA ligase and used to transform E. coli
XL1-blue (Stratagenc. La Jolla. CA. USA). A large
number of blue colonies were  obtained  on
IPTG + XGal +Ap plates. Minipreps of four colonies
showed that all plasmids had the expected restriction
digest pattern. including the five sites which were intro-
duced in the hla gene (this paper).

(c) Conclusions

(1} The gene assembly method described here allows
for rapid and cost-effective construction of long DNA
sequences. It has been demonstrated (Stemmber. 19944:
Stemmer et al. unpublished data) previously that
sequences of at least 10 kb. such as genes. gene libraries.
plasmids. etc.. can be reconstituted by DNA shuffling
starting with 100 300-bp fragments obtained by nuclease
digestion of the sequence of interest. Based on the data

presented here, we expect that sequences in the range of

3 to 5 kb can be assembled from chemically svnthesized
oligos in a single reaction.

(2) The PCR assembly method facilitates several muta-
genesis approaches. such as point mutagenesis (Stemmer.
1994a). combinatorial multiple cassetie  mutagenesis
(Crameri and Stemmer. 1995) and doping. or mixing-in
other nt during oligo synthesis {Hermes et al. 19%89).
Deliberate modifications to the nt sequence. for instance
for rational design. can be made simply by substituting
one or more new oligos followed by reassembly. To
reduce the rate of PCR mutagenesis during assembty. the
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Fig. 3. Protocol for assembly of synthetic plasmid pUCI1828fi.
Preparation of oligos was described in the legend to Fig. la. Equal
volumes drawn from each of the 134 oligo solutions were combined to
a final concentration of approx. 250 uM of mixed oligos, prior to a
250-fold dilution in 20 ul of Geneamp XL PCR mix (Perkin Elmer,
Branchburg. NJ. USA). The amplification process consisted of three
stages. The conditions for the first PCR program, which started with
the pooled oligos (A), were: 40 C for 2 min, then addition of polymerase,
72 Cfor 10 s, then 40 cycles (94 °C for 15 5. 40°C for 30 s and 72°C for
10 s =1 5 cyele). The reaction mixture was diluted three-fold with fresh
PCR and polymerase mix. The conditions for the second PCR program
(B) were: 25 cycles (94 C for 155,40 C for 30 s and 72°C for 45 s+ 1
s cyele). The reaction mixture was again diluted threefold in complete
PCR mix. The conditions for the third PCR program (C) were: 20 cycles
(94 Ctor 155,40 Cfor 30 s and 72 C for 70 s+ 1 s/cycle). The reaction
products were analyzed by | % agarose-gel electrophoresis {see Fig. 4).
The high-molecular-mass assembled product (D) was digested with
BamHI (E) and the unit-length linear DNA was gel-purified, ligated
and used to transform E. coli XL1-blue (Stratagene). It is important to
use an £ coli strain which contains the hsdR17 mutation to prevent
cleavage of the cloned DNA by the FcoK endonuclease.
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Fig. 4. Analysis of synthetic plasmid construct by 0.7% agarose gel
electrophoresis. Lanes: Std. 1-kb ladder ( Lile Technologies): (Al equi-
molar mixture of the 134 oligos: ( Bi. first stuge ussembly PCR product.
(C). second stage assembly PCR product: D). third stage assembly
PCR product: (E). digest of product (D) with BamHI: Other lanes,
digest of product (D) with EcoRY Pstl. Bell il and Nool.

addition of a proofreading polymerase may be important
to ensure efficient long PCR reactions by combining high
processivity with proofreading ( Barnes. 1994,

(3} The experiments described in this paper were
designed to demonstrate that the gene assembly method
can be used for the construction of any gene as long as
the gene product it codes for can be identified. For this
reason we screened for Ap® colonies rather than sclect
for this trait. Since 76% of the colonies expressed a func-
tional bla gene. we believe that in other gene assembly
experiments. screening a limited number of colonies will
be sufficient to identily the gene of mterest.

{4) This is not the first time that an entire plasmid has
been constructed from synthetic DNA building blocks.
Mandecki et al. (1988: 1990} used the Fokl method for
DNA synthesis of a pUC dernvative. 2030 bp in length.
Although clegant. the construction was cumbersome.
requiring oligos up to 82 nt n length. which were puritied.
sequenced and cloned prior to assembly with DNA ligase.

Other investigators have reported on the construction
of a synthetic gene without relving on DNA ligase for
any part of the assembly process. Rosen et al. (1990
described the assembly by PCR of a4 303-bp svnthetic
HIV-2 Rev gene starting with four 105-nt (1) ohigos.
Prodromou and Pearl (1992) described ‘recursive PCR®
as a novel technique for gene synthesis. Starting with ten
oligos. 54--86 nt in length, and puriticd on polvacrvlamide
gels, they successfully assembled a 322-bp gene for human
lysozyme. They gave special consideration to the overlap-
ping regions, which were designed to give melting temper-

atures in the range of 52-56 C to ensure primer specificity
and normalized annealing conditions.

(5) The real advantage of DNA shuffling as described
in this paper lies in the robustness of the method: (i) all
oligos used for gene synthesis were 40-mers, which can
be synthesized efficiently without the need for further
purification: (ii} we did not give special consideration to
differences in melting temperature of the overlapping
regions, which was fixed at 20 bp in length; (iii) the
number of oligos that can be used in the one-step DNA
assembly process is (surprisingly) high. We envision that
larger DNA structures like bacteriophages and viruses
can now be assembled from synthetic DNA fragments,
either directly, or indirectly by ligation of a number of
fragments obtained by assembly PCR.

Work is in progress on sequencing by hybridization
and the development of methods to generate large arrays
of oligonucleotides, in order to synthesize small quantities
of oligos in large arrays on a glass surface using ink-jet
technology for delivery of small amounts of chemicals to
defined areas which are separated from each other by
surface-tension barriers. This method will allow for
the concomitant synthesis of many different oligos.
Combined with assembly PCR, it will become possible
in the near future to build very complex DNAs from off-
the-shelf chemicals in a cost-effective way.
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