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Total gene synthesis requires the efficient and precise in-frame assembly of
synthetic oligonucleotides into a final,
error-free intact gene product. Such assemblies are typically time consuming,
require extensive scrutiny by cloning
and sequence analysis to ensure the production of an error-free gene, and are
prone to sequence errors from misanhealing. In addition, the requirement for
the chemical synthesis of large numbers
of oligonucleotides may impose a budgetary limitation.
However, the ability to generate desired and tailored gene sequences provides several advantages over conventional cloning methodology. The synthesis of designed genes is of particular
advantage for the heterologous production of proteins, which has traditionally
involved the isolation and characterization of cDNA clones and the subsequent
cloning of the protein-coding regions
into appropriate expression vectors for
the particular host system. This is a
somewhat lengthy process involving
mRNA isolation and purification, cDNA
synthesis and cloning, and screening of
the cDNA library. When the amino acid
sequence of a protein is known, the
chemical synthesis of DNA encoding the
protein offers a fast alternative strategy.
This allows the tailoring of the synthesized DNA sequence to include preferred
codon optimization depending on the
host expression system, complete specification of suitable restriction sites, and
the elimination of inhibitory expression
signals such as potential internal ribosome-binding sites.
Several strategies have been developed for the synthesis of genes, including (1) the chemical synthesis of short,
double-stranded DNA (dsDNA) fragments followed by ligation gene assembly via unique restriction sites, (1-3) (2)
the synthesis of short dsDNA fragments
using PCR-mediated annealing/extension and amplification, (4-7) and (3) PCRbased gene splicing by overlap extension. (a'~ The first method requires the
chemical synthesis of oligonucleotides
that span the entire length of the gene.
The PCR based methods rely on the thermostable Taq DNA polymerase, which
has an inherently high error rate of DNA
synthesis (on the order of 1 misincorporated nucleotide per 9000 nucleotides
incorporated and one frameshift for every 41,000 nucleotides incorporated). (1~
Taq DNA polymerase also has intrinsic
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terminal transferase or "extendase" activity, resulting in the addition of a single 3'-nucleotide. (11) Thus, when using
several cycles of amplification with Taq
DNA polymerase, the error frequency is
further amplified and may produce an
unacceptable level of misincorporations.
Here, we report an alternative, fast,
and economical three-step protocol that
employs (1) an initial overlap annealing
of single-stranded long oligonucleotides
that span the length of the designed
gene with single-stranded gaps between
homologous ends, (2) the assembly/extension or "fill-in" of the overlapping
oligonucleotides with Klenow DNA polymerase, and (3) the selective amplification of full-sized gene product with the
thermostable Pfu DNA polymerase and
short terminal oligonucleotide primers.
The high fidelity of DNA synthesis
exhibited by these two polymerases,
>12-fold greater than that of Taq DNA
polymerase, (]2) facilitates reduced raisincorporation errors. Pfu DNA polymerase
possesses 3' --->5' exonuclease-dependent
proofreading activity. (12) The higher
thermal stability of Pfu polymerase (retains >195% of initial activity after 1 hr of
incubation at 95~ (12) ensures a uniform level of DNA synthesis throughout
repeated amplification cycles and allows
the use of higher extension temperatures
during amplification cycles to help reduce deletion errors that may occur in
areas of high secondary structure. In addition, our method significantly reduces
chemical synthesis of DNA by not requiring the synthesis of oligonucleotides
that span both DNA strands completely.
Thus, this method provides a significant
improvement in total gene synthesis for
recovery of error-free synthetic genes
by Klenow assembly/extension-Pfu polymerase amplification (KAPPA).
MATERIALS AND METHODS

Long oligonucleotides (60- to 90-mer),
amplification primers, and sequencing
primers (18- to 22-mer each) were synthesized on a model 391EP DNA synthesizer (Applied Biosystems, Foster City,
CA) and purified by reverse-phase chromatography.
KAPPA Methods

The design of long oligonucleotides
spanning the length of a synthetic gene
with overlapping 3' ends (16-24 nuclePCR Methods and Applicutions
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otides) with a predicted Tm of 48-54~
was performed with the primer analysis
software Oligo (v. 4.02) (National Biosciences, Plymouth, MN). ~ The long
oligonucleotides were assembled in mixtures of 2 pmoles each, heat denatured
at 95~ for 3 min, and annealed at 50~
for 5 min, in 10 mM Tris-HCl (pH 8.3),
50 mM NaC1, and 6 mM MgClz. The annealed mixture of complementary overlapping oligonucleotides was extended
and filled-in at 37~ for 10 min with the
addition of 0.2 p.M each dNTP and Klenow DNA polymerase (2.5 units; Life
Technologies, Gaithersburg, MD). Following heat inactivation of the Klenow
DNA polymerase at 65~ for 10 min, the
extended dsDNA was separated from
residual dNTPs and oligonucleotides
by spin dialysis twice with Ultrafree-MC
filter units, 30,000 nominal molecular
weight limit (NMWL) (2000g, 5 min at
room temperature) (Millipore Corp.,
Bedford, MA). The annealed/extended
dsDNA was recovered in TE buffer (10
mM Tris-HC1 at pH 8.0 and 0.1 mM
EDTA). The designed full-sized DNA was
amplified from an aliquot (typically
1-5%) of the annealed/extended DNA
with Pfu DNA polymerase (2.5 units;
Stratagene, La Jolla, CA), 1 IXM each
flanking amplification primer, and 200
I~M each dNTP, in buffer containing 20
mM Tris-HCl (pH 8.2), 10 mM KC1, 6 mM
(NH4)zSO4, 2 mM MgCI 2, 0.1% Triton
X-100, and 10 ixg/ml of BSA (nucleasefree).
The amplifications were carried out
in an Eppendorf MicroCycler (Eppendoff, Madison, WI) with the following
procedure: denaturation of the DNA at
95~ for 5 min, followed by 30 cycles of
amplification with denaturation at 95~
for 0.5 min, annealing at 50~ for 0.5
min, and extensions at 72~ for 1 rain,
and ending with a single trailing cycle of
extension at 72~ for 5 min to ensure
flush ends.

DNA Cloning and Sequencing
The amplified DNA products were resolved on low-melt agarose gels (NuSieve
GTG agarose, FMC Bioproducts, Rockland, ME) and purified from the agarose
using silica particles. ~
The purified
DNA fragments were digested with BamHI
and XbaI, separated from the small
cleaved ends by spin dialysis (see above),
and recovered in TE buffer. The purified
BamHI- and XbaI-digested DNA frag-
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FIGURE 1 Schematic representation of KAPPAgene synthesis, the experimental strategy for construction of synthetic designed or tailored genes. The half-arrow of each oligonucleotide indicates the 3' end.

ments were ligated into similarly cleaved
pUC18 plasmid DNA and transfected
into Escherichia coli strain JM109. (15) Nucleotide sequence analysis (16'17) was performed on both DNA strands from five
independent clones of each KAPPA-synthesized DNA fragment using flanking
and internal sequencing primers, each
separated by - 2 0 0 nucleotides.

RESULTS AND DISCUSSION
Principle of the KAPPA Method
The first step of the procedure is the design and production of oligonucleotides
(60- to 90-mer) that span the length of
the synthetic gene with unique complementary overlaps of 16-24 nucleotides
to yield base-pairing with a predicted Tm
of 48-54~ During design of the gene
sequence, it is essential to ensure that

the complementary overlapping regions
lack significant homology with other regions of the tailored DNA sequence.
Upon annealing, these oligonucleotides
would assemble into the synthetic gene
with single-stranded DNA gaps of 28-58
nucleotides. The basis of the method is
schematically represented in Figure 1.
The annealed mixture is subjected to a
fill-in by Klenow DNA polymerase that
elongates each oligonucleotide and produces a nicked dsDNA molecule. The use
of 5'-phosphorylated oligonucleotides
and DNA ligase reactions at this point
did not improve the efficiency of gene
synthesis or the yield of full-sized DNA
product. The nicked dsDNA is separated
from the surplus dNTPs and primers by
spin dialysis. In a second reaction, a
1-5% aliquot of the Klenow-assembled/
extended DNA is amplified with Pfu DNA
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polymerase using short amplification
oligonucleotides (18- to 22-mer) complementary with the termini of the desired
synthetic gene. In the Pfu amplification
reaction, full-sized gene products are
amplified selectively from a small aliquot of the Klenow-assembled/extended
nicked dsDNA by use of short amplification primers c o m p l e m e n t a r y to the term i n i of the designed gene. Omission of
the Klenow reaction and use of only Pfu
amplification yielded no detectable fullsized DNA product.
The Klenow reaction product is comprised of nicked dsDNA molecules held
together by c o m p l e m e n t a r y regions of
16-24 bp that, by design, have poor homology with other regions of overlap.
W h e n two dsDNA fragments are denatured and annealed, only the molecules
with 3'-end overlap are extended to form
the larger dsDNA fragment. Thus, in the
Pfu reaction, successive amplifications
allow the dsDNA fragments to cross-anneal and extend u p o n each other, ultimately resulting in the production of the
desired full-sized DNA molecule. During
successive amplifications, these full-sized
dsDNA molecules serve as templates for
the short terminal amplification primers
and the exponential production of fullsized intact dsDNA product.
To demonstrate the utility of KAPPA
gene synthesis, the a m i n o acid sequence
of h u m a n serum a l b u m i n (HSA) (18,19)
was reverse-translated into a nucleotide
sequence based on preferred codon usage in E. coli, and minigenes encoding
each of the three structural domains (D1,
D2, and D3) (2~
of HSA were designed
for KAPPA synthesis. The resulting D1,
D2, and D3 designed sequences were
546, 642, and 639 nucleotides in length,
respectively, and each contained t a n d e m
termination codons and the u n i q u e restriction sites BamHI (5' end) and XbaI (3'
end) to facilitate directional cloning into
appropriate plasmid vectors. Eleven to
13 oligonucleotides that spanned the
length of each synthetic gene were synthesized and purified. The single-stranded
oligonucleotides contained 18-to 24-nucleotide overlaps that, u p o n annealing,
assembled into the full-length synthetic
genes with single-stranded gaps that
were filled in with Klenow DNA polymerase (see Fig. 1). Aliquots of 1% of the
Klenow polymerase-assembled/extended
synthetic gene reactions were amplified
with Pfu polymerase using terminal amplification primers for 30 cycles of 0.5

m i n at 95~ 0.5 m i n at 50~ and 1 m i n
at 72~ Aliquots of the amplified DNAs
were resolved on low-melting agarose
(Fig. 2). Single p r o m i n e n t full-sized DNA
fragments were synthesized for each HSA
d o m a i n fragment. The DNA fragments
were purified, digested with BamHI and
XbaI, and ligated into similarly cleaved
pUC18 plasmid vector. (ls~ Nucleotide sequence analysis of both DNA strands of
five i n d e p e n d e n t clones of each KAPPAsynthesized HSA m i n i g e n e was found to
be error-free, indicating that the individual oligonucleotides had annealed upon
each other correctly and that the subsequent fill-in and amplification reactions
were performed flawlessly. More than
9000 bp of DNAs was sequenced in toto
without encountering a single error,
demonstrating the high fidelity of the
Klenow and Pfu DNA polymerases. In addition, this methodology has been utilized to synthesize designed genes up to
725 bp in length for the heterologous
production of several growth factors. (22)
We have demonstrated a straightforward three-step m e t h o d (KAPPA) for
generating synthetic genes in vitro that
can be performed quickly. One of the
major advantages of the KAPPA procedure is the use of DNA polymerases with
high fidelity of DNA synthesis to extend
each oligonucleotide u p o n its complem e n t and to amplify the assembled DNA
molecule. In addition, the extension of
annealed oligonucleotides obviates the
need to chemically synthesize oligonucleotides spanning the entire length of
both DNA strands of the designed gene.

FIGURE 2 Agarose gel analysis of KAPPAsynthesis of minigenes encoding HSA D1 (546
bp; lane 1), D2 (642 bp; lane 2), and D3 (639
bp, lane 3). (Lane 4) A DNA ladder of 100 bp.
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