
(Figure 2A, right panels). Consistent
with this observation, a substantial
amount of EGFP-Fn42k was purified
from the culture supernatants as de-
scribed above, indicating improved pro-
tein production by the secretion signal.

Binding activity of EGFP-Fn42k 
to gelatin was analyzed by gelatin affin-
ity chromatography (5). Recombinant
EGFP-Fn42k and FITC-labeled native
human Fn42k prepared as described
previously (4) were loaded onto a
gelatin-Sepharose column, and bound
fractions were eluted using a urea gra-
dient (0–6 M) and detected by a fluo-
rescence HPLC monitor (model
RF535; Shimadzu, Kyoto, Japan). Fig-
ure 2B shows the elution profile of re-
combinant and native Fn42k, indicating
that recombinant Fn42k retains the full
activity of native Fn42k.

The set of vectors described here
can be used to obtain secreted forms of
recombinant proteins from insect cell
culture with N-terminal (His)6- and
EGFP-tags (1). Use of (His)6 tag allows
for fast and easy purification of pro-
teins from supernatants of Sf9 cell cul-
ture, and the EGFP tag permits early
and simple detection of recombinant
viruses during the preparation. The
presence of a cleavage site between
EGFP and the protein of interest en-
ables the isolation of the protein. Be-
cause of its ability to produce heterolo-
gous proteins rapidly in an eukaryotic
environment, the baculovirus gene ex-
pression system has been used to pro-
duce a number of complex proteins (9).
However, a large fraction of recombi-
nant protein produced in insect cells
can sometimes be poorly processed and
accumulate as aggregates (3). Our re-
sults also show that the secretory path-
way in insect cells facilitates the appro-
priate folding and disulfide bond
formation necessary for the biological
activity of eukaryotic proteins.
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Optimization of Fusion
PCR for In Vitro
Construction of Gene
Knockout Fragments

BioTechniques 33:26-32 (July 2002)

Some eukaryotic and prokaryotic or-
ganisms such as Saccharomyces cere-
visiae and Synechocystis can sponta-
neously take up foreign DNA and
integrate it into their genomes via ho-
mologous recombination (5). This prop-
erty provides the opportunity to knock
out genes in these model organisms by
transformation with linear DNA, in
which a selectable marker is flanked by
a chromosomal sequence that surrounds
the targeted gene. For this reason, fu-
sion PCR was developed to rapidly con-
struct this kind of fragment in vitro (1).
Here we describe our efforts to optimize
fusion PCR for the construction of gene
knockout fragments in the widely used
cyanobacterial model organism, Syne-
chocystis sp. PCC 6803. In this study,
the genomic sequences of Synechocystis
were obtained through CyanoBase
(http://www.kazusa.or.jp/cyano/cyano.
html). All primers were designed to
amplify the gene-flanking segments
through a Web-based program (http://
genome-www2.stanford.edu/cgi-bin/
SGD/web-primer) (Table 1). Each
primer was 23–26 bases in length, with
a Tm of 58°C–62°C. The plasmids serv-
ing as a source of template used to
amplify the selectable cassettes of chlo-
ramphenicol, kanamycin, and strepto-
mycin/spectinomycin, respectively, were
members of the set of plasmids pro-
duced by the Wolk group (2).

For the amplification of flanking re-
gions of a target gene, the primers distal
from the selectable marker insertion site
were simple primers complementary to
the target sequence. However, the
primers directly adjacent to the inser-
tion site were chimeric: their 5′-ends
were complementary to the primers
used to amplify the selectable gene and
their 3′-ends were complementary to
the target sequence. The products of this
primary amplification were purified by
electrophoresis using 1% low-melting
agarose. Target bands were excised and
stored in 1.5 mL Eppendorf® tubes at
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-20°C before usage. The frozen gel
slices were centrifuged at 12 000× g for
3 min, and the resulting supernatants
were used as templates in fusion PCR
experiments that exhibit differential
performance, depending on the combi-
nations of templates (Figure 1).

To assure the fidelity of the ampli-
fied sequence, a proofreading DNA
polymerase was generally employed to
amplify the flanking regions of the tar-
get gene and selectable cassette (1). As
mentioned above, the additional se-
quences mediating the follow-up fusion
PCR are added to the 5′-end of one
primer of each primer pair for the am-
plification of the flanking regions. This
additional sequence may cause PCR
difficulty. In some cases, the desired
products are not abundant enough to be
visible on the gel, despite extreme care
in the design of the primers and execu-
tion of the reaction. One solution is to
use PCR enhancers such as betaine,
DMSO, formamide, or glycerol to im-
prove the match of primer and template
during the annealing process. There-
fore, we evaluated the effects of these
PCR enhancers on the production of
the chimeric products. We identified
that Platinum® Pfx DNA polymerase in
combination with its enhancer (both
from Invitrogen, Carlsbad, CA, USA)

were ideal candidates for this applica-
tion. The enzyme is supplied with an
enhancer, a co-solvent purported to
have no negative effects on the proof-

reading capacity of the Pfx DNA
polymerase, according to the manufac-
turer’s tests (3). The additional but im-
portant advantage is that the enzyme
produces a high yield of products
compared to other proofreading DNA
polymerases such as PfuTurbo (Strat-
agene, La Jolla, CA, USA). Little en-
hancer (1–3×) was often enough to
achieve the success of difficult amplifi-
cations (Figure 2A). The high yield of
the products was obtained with an opti-
mized concentration of the enhancer.
As a result, enriched templates after gel
purification greatly improved the fol-
lowing fusion PCR. Individual amplifi-
cation reactions contained 1× Pfx am-
plification buffer, 0.2 mM each dNTP, 1
mM MgSO4, 1 µM each primer, 500 ng
template of chromosomal DNA, 1–3×
enhancer, and 2.5 U Platinum Pfx DNA
polymerase in a final volume of 100
µL. The cycling conditions started with
a denaturation step at 94°C for 3 min,
followed by 35 cycles of 94°C for 30 s,
55°C for 1 min, and 68°C for 1 min/kb.
A final extension step at 68°C for 10
min was performed. Fewer cycles (e.g.,
25 versus 35) can also be used to mini-
mize the error frequency but often at

Benchmarks

28 BioTechniques Vol. 33, No. 1 (2002)

Primer Sequence (5′→3′)a

sll0247b

upstream ATCAATTACTTCCAGCACCACGTC
GTTTGTTCGCCCAGCTTCTGTATGATAGGTTTGCACAGA-

ATTGCCTC  
slr1595
upstream AATACCATCACCGACCCATTTAAGG

GAAGACGAAAGGGCCTCGTGATACTATTGGTGTCCATC-
GTTGTGATGC  

downstream GATGAATGGCAGAAATTCGAAAGCCCCCAGCCCATTAA-
AATCCATTA

CATTACCCTGGCGACTATTTACCAA  

streptomycin/ CATACAGAAGCTGGGCGAACAAAC
spectinomycin TTGTGTAGGGCTTATTATGCACGC  
chloramphenicol GTATCACGAGGCCCTTTCGTCTTC

GCTTTCGAATTTCTGCCATTCATC  
aBoldface indicates homology to selectable marker.
bGene identification numbers as in CyanoBase
(http://www.kazusa.or.jp/cyano/cyano.html).

Table 1. Sequences of Primer Pairs Used to Amplify Flanking Regions of Target Genes in
Synechocystis sp. PCC 6803 and Selectable Markers

Figure 1. Diagram of fusion PCR methods for in vitro construction of gene knockout fragments de-
veloped in this study and elsewhere. The gene knockout fragment consists of three parts: two PCR-am-
plified products with sequences homologous to the flanking regions of the targeted gene to be replaced,
flanking a selectable marker gene such as an antibiotic resistance cassette (U and D, up- and downstream
flanks of the target gene, respectively. S, selectable marker.) The flanking regions include approximately
24 bases of sequence introduced through amplification with bipartite primers having homology to the se-
lectable marker gene at their 5′-end. Method (A) uses two standard primary reactions (thin arrows) to
produce the flanking regions upstream and downstream from the chromosomal DNA. These fragments
are then mixed with a plasmid carrying the selectable marker gene and, in one fusion PCR (thick arrows),
are fused to the selectable marker. The second method (B) employs the same modified flanks and a PCR-
amplified selectable marker gene but uses them in two separate fusion reactions. Using the product of the
fusion of the upstream flank to the selectable marker as template, the downstream flank is introduced
through a second fusion event. The final method described here (C) uses the same primary amplified
products as in (B) and three fusion events. The first two are the separate fusions of each flank to the se-
lectable marker. The products of these two reactions are then combined for a final fusion event, again de-
pending on the homologous sequence, which includes the entire selectable marker gene.



some sacrifice in yield. The orange
band of products from the 100-µL reac-
tion was often visible on the gel, con-
taining 0.5 µg/mL ethidium bromide
after electrophoresis. Therefore, the tar-
get fragment could be readily excised
without the exposure of UV light.

For the fusion PCR step, Taq DNA
polymerase (Promega, Madison, WI,
USA) is generally employed because
proofreading DNA polymerase is sensi-
tive to template sources containing
agarose and electrophoresis buffer (1).
We compromised by using mixed DNA
polymerases that keep 3′–5′ proofread-
ing activity and improve the yield at the
same time (Figure 2B). The optimized
fusion PCR mixture contained 1× Taq
DNA amplification buffer (50 mM
Tris-HCl, pH 8.0, 100 mM NaCl, 0.1
mM EDTA, 1 mM DTT, 50% glycerol,
and 1% Triton® X-100), 0.2 mM each
dNTP, 1.5 mM MgCl2, 1 µM each
primer, 5 µL each purified template,
1.25 U Taq DNA polymerase, and 1.25
U Platinum Pfx DNA polymerase in a
final volume of 100 µL. The cycling

conditions started with a denaturation
step at 94°C for 3 min, followed by 35
cycles of 94°C for 1 min, 55°C for 1
min, and 72°C for 1 min/kb. Fewer cy-
cles can be used to minimize the error
frequency. A final extension step at
72°C for 10 min was performed. The
amplified fragments were collected by
ethanol precipitation and dissolved in
sterile water for use in transformation.
It is worthwhile to mention that, ac-
cording to our tests, high-yield Pfx
DNA polymerase alone could produce
a reasonable number of fusion frag-
ments, even in the presence of the tem-
plate sources containing agarose and
electrophoresis buffer. Therefore, the
proofreading enzyme alone could be
employed to complete all steps of fu-
sion PCR for specific applications.

In the primary amplification, one
flanking sequence is fused to a selec-
table marker, and a second one is sub-
sequently fused to the purified interme-
diate fragment (1). However, this is not
the optimal solution because the yield
of the final fused fragment is still quite
low, often as a result of an unstable
match between the two templates
through approximately 24 bases of the
introduced primer sequence (Figures
1B and 2B). We found that the yield of
the final fused fragment was much
higher when both intermediate fusion
fragments were used as the templates
for a final fusion PCR [i.e., the two
flanking sequences were separately
fused to a selectable marker, and then
both purified intermediate fragments
served as templates for the final fusion
PCR (Figures 1C and 2B)]. The entire
sequence of the antibiotic cassettes can
be annealed when two intermediate
fragments serve as templates in the fi-
nal fusion PCR. Transformation with
linear DNA generally demands a large
number of DNA fragments. Moreover,
the fragments produced in high-yield
PCR can be divided into aliquots for
later use. Therefore, it is necessary to
improve the yield of desired fragments
in the final fusion PCR.

Recently, another method was devel-
oped to perform fusion PCR (4,6). This
alternative utilizes two purified flanking
sequences combined with a plasmid
carrying the selectable marker to serve
as the templates for one-step fusion
PCR (Figure 1A). It seems to be a sim-

ple strategy because only one round of
fusion PCR is required. We tested the
method with three plasmids carrying
chloramphenicol, kanamycin, and
streptomycin/spectinomycin resistance
genes, respectively. However, none of
the desired fragments was visible on the
gel for two of the three plasmid tem-
plates. Even when PCR was successful,
the yield of desired fragments was
much lower for this combination of
templates (Figure 2B). Moreover, there
were more nonspecific products. This
kind of fusion PCR could be partially
improved by increasing the concentra-
tions of plasmid templates. Apparently,
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Figure 2. Optimization of fusion PCR steps for
in vitro construction of gene knockout frag-
ments. An equal volume of each 100-µL PCR
was separated by size on an agarose gel and
stained with ethidium bromide. (A) The amplifi-
cation of the upstream flanking region of sll0247
in Synechocystis with Platinum Pfx DNA poly-
merase and 2.5, 3.0, and 3.5× PCR enhancer sup-
plied (Invitrogen). M, 100-bp DNA ladder (Invit-
rogen). (B) Final fusion PCR for the construction
of slr1595 knockout fragment with different
combinations of templates. Mixed Taq and Pfx
DNA polymerases were used. M, 1 Kb Plus DNA
Ladder (Invitrogen); U and D, up- and down-
stream flanking regions of slr1595; S, chloram-
phenicol resistance cassette; P, plasmid providing
chloramphenicol cassette with the amount of
plasmid indicated in parentheses; and U-S and S-
D, fused intermediate fragments.



the poor PCR performance is due to the
unstable matching of the templates
through only 24 bases of introduced
primer sequence. The other drawback
to this method is that it requires two
rare fusion events to occur simultane-
ously for success. Whether this fusion
PCR method works may largely depend
on the sequences of gene-flanking re-
gions and the plasmid providing the se-
lectable marker. 

Colony PCR has become a popular
method to monitor the segregation of
gene disruption after transformation.
Unfortunately, some eukaryotic and
prokaryotic organisms such as S. cere-
visiae and Synechocystis possess cell
walls, causing increased difficulty in
releasing genomic DNA during colony
PCR. It is necessary to optimize colony
PCR to assure the constant perfor-
mance and increase its sensitivity to
confirm complete segregation. For this
reason, we tested several conditions to
improve colony PCR in Synechocystis.
Figure 3 shows that even when Syne-
chocystis colonies were pretreated with
Lyse-N-Go PCR reagent (Pierce
Chemical, Rockford, IL, USA), the
yields of products remained low. In
contrast, we found that the colony PCR
of Synechocystis was markedly im-

proved with the use of Herculase®

DNA polymerase buffer (Stratagene)
(Figure 3). The addition of DMSO
could further increase the yield of prod-
ucts (Figure 3). The Herculase amplifi-
cation buffer greatly enhances the
colony PCR of the bacterium. The
combination of Herculase buffer with
other mixed enzymes such as Taq and
Pfx DNA polymerases can also produce
high yields of colony PCR products in
Synechocystis; however, we have not
yet found any other suitable amplifica-
tion buffer as effective as Herculase
buffer. We cannot define which sub-
stance in the buffer eases difficult
colony PCR because the components of
the buffer are not available from the
supplier. We also tested the YieldAce
DNA polymerase system (Stratagene)
but found no improvement. Individual
amplification reactions contained 1×
Herculase amplification buffer, 0.2 mM
each dNTP, 1 µM each primer, 3–6
colonies of bacterium, 2.5 U Herculase
or the same units of other mixed en-
zymes such as Taq and Platinum Pfx
DNA polymerases with a ratio of 1:1,
and 0%–3% DMSO in a final volume
of 50 µL. The cycling conditions start-
ed with a denaturation step at 95°C for
5 min, followed by 30 cycles of 94°C
for 1 min, 80°C for 15 s, 65°C for 15 s,
55°C for 1 min, 65°C for 15 s, 72°C for
1 min/kb, and 85°C 15 s. We performed
a final cycle of 94°C for 1 min, 55°C
for 1 min, and 72°C for 10 min.

In summary, mixing Taq and proof-
reading DNA polymerases can improve
yield and sequence fidelity in the appli-
cation of fusion PCR. The match of
templates is much more stable when
two intermediate products with long
stretches of overlapping homology
serve as the templates for final fusion
PCR, thereby specifically enhancing
the synthesis of desired fragments. For
difficult colony PCR of bacteria that
possess cell walls, combining the Her-
culase amplification buffer and mixed
DNA polymerases can greatly enhance
colony PCR performance.
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Cyclosporin A Improves
the Selection of Cells
Transfected with the
Puromycin Acetyltrans-
ferase Gene

BioTechniques 33:32-36 (July 2002)

The genetic manipulation of eukary-
otic cells often relies on selection of the
transfected or infected cells with a gene
that confers resistance to cytotoxic
drugs. An increasingly commonly used
cytotoxic drug for this purpose is puro-
mycin, an inhibitor of protein biosyn-
thesis that is inactivated by puromycin
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Figure 3. Colony PCRs of Synechocystis with
Taq or Herculase DNA polymerases. An equal
volume of each 100-µL PCR was separated by
size on an agarose gel and stained with ethidium
bromide. (1) Taq DNA polymerase. Colonies
were treated with Lyse-N-Go PCR reagent before
PCR. (2) Herculase DNA polymerase. (3) Hercu-
lase DNA polymerase and 3% DMSO. M, 1 Kb
Plus DNA Ladder; W, wild-type; and D, deletion
mutant in which slr1595 was substituted with a
chloramphenicol resistance cassette.


