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1 Introduction

Protein engineering is essential for the tailoring of
proteins, with conformational changes introduced
through the use of three approaches: random de-
sign, rational design, and semi-rational design [1].
All of these techniques involve the manipulation of
the protein-encoding DNA sequence through the
use of standard molecular biology techniques. Ran-
dom design is useful for the engineering of proteins
where there is limited knowledge of the structure-
function relationship [2], whereas rational and

semi-rational methodologies require an under-
standing of the structure and/or function of the
protein of interest [1, 3].

The key protocol for the rational design of en-
zymes and other proteins is site-directed mutage-
nesis [4], where specific base pair(s) of the protein-
encoding gene are identified and modified through
the use of overlapping polymerase chain reaction
(PCR) or commercially available strategies [5].This
is particularly useful for the targeting of short DNA
sequences, but is problematic when longer se-
quence alterations are required for protein engi-
neering purposes.An alternative protocol is the use
of restriction endonuclease-based digestion and
cloning.This relies heavily on the availability of co-
hesive restriction endonuclease sites for facilitat-
ing ligation to a relevant cloning/expression vector,
meaning that a carefully designed strategy is of
paramount importance. A third alternative is the
use of synthetic oligonucleotides which may be
custom synthesized, although this is also problem-
atic when a large DNA-encoding sequence is se-
lected for modification [5].
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Here, I discuss a novel alternative for permitting
the precise engineering of proteins for application
in a variety of biotechnological processes. These
modifications are permitted through the use of
‘sticky PCR’, which also enables the analysis of the
functional properties of individual domains/motifs
within a protein of interest by facilitating the dele-
tion or swapping of individual amino acids and en-
abling the encoded protein to be phenotypically
analyzed. This provides an alternative to the more
traditional method of restriction mapping. In this
article, the application of this method for permit-
ting the precise deletion of various domains of the
epidermal growth factor receptor (EGFR), or swap-
ping its transmembrane domain with that of low-
density lipoproteins (LDLR) to investigate their
role in membrane targeting, were demonstrated.
Furthermore, I also discuss how this protocol may
be used for the subcloning of large or complex DNA
fragments (inclusive of antibody-encoding se-
quences) that contain internal restriction sites into
any commonly used vector (i.e. pEFGP or pFLAG-
based).

2 Materials and methods

Oligonucleotide primers were purchased from Sig-
ma-Aldrich (St. Louis, MO). Standard-quality
primers (desalted) were found to be suitable for
use in this experimental work, although, where
necessary, PAGE-purified primers were selected.
Most of the primers were 5’ phosphorylated
(5’ PO4) to increase the ligation efficiency. A list of
all primers used in this study is shown in Table 1.
All restriction endonucleases were purchased from
New England Biolabs (MA, USA). PCR-based am-
plifications were performed with Pfu DNA poly-
merase (Promega, WI, USA). The cloning vector
pEGFP-N1 was purchased from Clontech (CA,
USA) and pAPHisFlag [6] was a modified version
of pFLAG-CTS (Sigma-Aldrich). The Escherichia
coli strains DH5αF’ (Life Technologies) and Top10
(Invitrogen, CA, USA) were used for cloning and
propagation.

2.1 PCR amplification

All PCR reactions were performed in a thermocy-
cler (MJ Research, Pierce, Perkin Elmer) and in ac-
cordance with the manufacturer’s recommenda-
tions. The concentration of the template selected
was between 50 and 100 ng, with primer concentra-
tions ranging from 0.1 to 1.0 µM. PCR reactions
(50 µL) were also performed in the presence of
dNTPs (10 mM), 1.25 U of Pfu polymerase and a

suitable reaction buffer (supplied with the poly-
merase). All amplifications were performed as fol-
lows: initial DNA denaturation at 95°C for 0.5–1 min
followed by 30 cycles of denaturation at 95°C for
0.5–1 min, annealing at 50–65°C for 30 s and exten-
sion at 72°C for 2 min for every 1 kb. The final ex-
tension step was for 10 min at 72°C. All PCR prod-
ucts were separated on a 1% w/v agarose gel
stained with 1 µg/mL ethidium bromide and visu-
alized under UV irradiation. PCR products were
purified by commercially obtained kits (Qiagen,
Germany) for further re-annealing.

2.2 Denaturation and re-annealing of the PCR
products

Approximately equal amounts of PCR products
were mixed together in a PCR tube and heated at
95°C for 5 min, and then the denatured products
were briefly mixed in a vortex mixer. The re-an-
nealing was done in a thermal cycler machine by
reducing the temperature slowly from 95 to 25°C.
There is no specific protocol for re-annealing; the
total time for re-annealing is usually 2–3 h.The an-
nealing could also be done by moving the PCR
tubes from a number of different heated water
baths, such as 80, 65, 50, and 37°C.

2.3 Ligation into expression vector

Ligation reactions were performed according to the
recommendations outlined in references [5, 7],
with the relevant restriction endonuclease used to
digest the vector and a molar ratio of linearized
vector to re-annealed insert of approximately 1:15.
The amount of vector used for each ligation ranged
between 20 and 200 ng. Ligations were typically
performed for 1–2 h at 25°C or for 18 h at 16°C in
the presence of T4 DNA ligase in a final volume of
10–15 µL. T4 DNA ligase was heat-inactivated
(65°C for 15 min) before transformation into either
electrocompetent (1–2 µL of ligation reaction) or
chemically competent (5–10 µL of ligation reaction)
E. coli cells [7].Transformed cells were propagated
for 1 h before spreading onto Luria-Bertani (LB)
agar (tryptone 10 g/L; yeast extract 5 g/L; NaCl
10 g/L; bacto agar 15 g/L) containing 100 µg/mL
ampicillin (for pFLAG-based vector) or 50 µg/mL
kanamycin (for pEGFP vector).

2.4 Three-component ligation

The three-component ligation mixture consisted
of: (1) linearized vector digested with two corre-
sponding restriction enzymes; (2) the N-terminal
re-annealed insert cut with the first enzyme, and

Biotechnol. J. 2009, 4, 544–553 www.biotechnology-journal.com



Biotechnology
Journal Biotechnol. J. 2009, 4, 544–553

546 © 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

(3) the C-terminal re-annealed insert cut with the
second restriction endonuclease. Equal amounts of
the first and second re-annealed inserts were used,
with the approximate molar ratio of linearized vec-
tor and both re-annealed inserts being 1:8:8. Sub-
sequent ligation steps were as discussed above.

3 Results

3.1 Precision mutagenesis

A key contributory factor for successfully introduc-
ing mutations using the ‘sticky PCR’ technique was

the availability of carefully designed oligonu-
cleotide primers. As demonstrated in this article, a
number of EGFR mutations were precisely gener-
ated as shown in Fig. 1. These types of mutations
are difficult to generate using commercially ob-
tained mutagenesis kits or other conventional
methods as the site of the mutagenized domain is
relatively large. A schematic representation of the
precise mutagenesis strategy used to replace the
transmembrane domain of the EGFR by a domain
from an LDLR [8] is shown in Fig. 2A. Two sets of
sticky primers were designed for the generation of
two sticky PCR products. The first set was for the
N terminus of the gene (I), and the second primer

Table 1. List of primers used in this study.

Name Sequence (5’→3’) Construct

fw-N CTGTGCCTCGAGCGCCACCATGCGACCCTCCGGGACG EGFR mutants (Fig. 2)

N-long.a GCAAAGGAAGACGAGGAGCACGATGGGGAGGACAATGGACAGAGCCCTCACGGACGGG EGFR domain swapped 
ATCTTAGGCCCATTCGTTGG (Fig. 2A)

N-short.a GATGGGGAGGACAATGGACAGAGCCCTCACGGACGGGATCTTAGGCCCATTCGTTGG EGFR domain swapped
(Fig. 2A)

C-long.a GTGCTCCTCGTCTTCCTTTGCCTGGGGGTCTTCCTTCTATGGCGAAGGCGCCACATCGTTCGG EGFR domain swapped
(Fig. 2A)

C-short.a CTGGGGGTCTTCCTTCTATGGCGAAGGCGCCACATCGTTCGG EGFR domain swapped
(Fig. 2A)

N-long.b CCCCACCATCCCAGTGGCGATGGATGAAATTATCACATCTCCATCACTTATCTC EGFR domain deletion
(Fig. 2B)

N-short.b TGAAATTATCACATCTCCATCACTTATCTC EGFR domain deletion
(Fig. 2B)

C-long.b TCCATCGCCACTGGGATGGTGGGG EGFR domain deletion
(Fig. 2B)

C-short.b GCCCTCCTCTTGCTGCTGGTG EGFR domain deletion
(Fig. 2B)

rv-C CTGTGCGGTACCCATGCTCCAATAAATTCACTGC EGFR mutants (Fig. 2)

fw-long.a AATTCCGCCACCATGGCTCAGTTTGGAACTCCG X. laevis Ints cloning
(Fig. 3A)

fw-short.a CCGCCACCATGGCTCAGTTTGGAACTCCG X. laevis Ints cloning
(Fig. 3A)

rv-long.a GATCCTATATATTTATATATTTTACATTCATATCAGGACAAAATCGAGGTGC X. laevis Ints cloning
(Fig. 3A)

rv-short.a CTATATATTTATATATTTTACATTCATATCAGGACAAAATCGAGGTGC X. laevis Ints cloning
(Fig. 3A)

fw-long.b TCGAGGCGGCCCAGCCGGCCATGGCC Human scFv cloning
(Fig. 3B)

fw-short.b GGCGGCCCAGCCGGCCATGGCC Human scFv cloning
(Fig. 3B)

rv-long.b GTACCGTGATGGTGATGATGATGTGCGGCCGC Human scFv cloning
(Fig. 3B)

rv-short.b CGTGATGGTGATGATGATGTGCGGCCGC Human scFv cloning
(Fig. 3B)

Sequences that are part of restriction sites or of the LDLR transmembrane domain are underlined. The Kosak sequence is italicized. X. laevis Ints is an Intersectin
mRNA (ints-A) of the African clawed frog Xenopus laevis.
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set (II) was for the C terminus. For the N-terminal
DNA fragments, the forward primer (fw-N) was de-
signed according to the conventional PCR cloning
method, where extra bases containing Xho I recog-
nition sites for cloning into pEGFP-N1 were incor-
porated. The reverse (anti-sense) primers consist-
ed of two primers that were complementary to the
middle of the gene for the generation of sticky
ends. Primer N-long.a consisted of the sequence
that was complementary to the 27 bases of the ex-
tracellular component of the EGFR and an addi-
tional 51 bases encoding the sequence of the LDLR
transmembrane domain. Primer N-short.a was
similar to primer N-long.a, but was 21 bp shorter.
The sticky PCR product for the N terminus of the
construct was generated from the amplification
and subsequent re-annealing of the product ampli-

fied from primers fw-N & N-long.a and fw-N &
N-short.a. For the C-terminal DNA fragments, the
reverse (anti-sense) primer (rv-C) was designed
according to the conventional PCR cloning method
where extra bases containing Kpn I recognition
sites for cloning into pEGFP-N1 were incorporat-
ed. The forward primers consisted of two primers
that were complementary to the middle of the gene
for the construction of sticky ends. Primer C-long.a
consisted of the sequence that was complementary
to the 21 bases of the cytosolic part of the EGFR and
42 additional bases encoding the sequence of the
transmembrane domain of the LDLR for replace-
ment. Primer C-short.a was similar to primer B, but
was 21 bp shorter. Sticky PCR products of the C ter-
minus were generated from PCR amplification and
re-annealing using primers C-long.a & rv-C and
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Figure 1. Various targeted EGFR mutations generated by the sticky PCR-based protocol. Various domains of the EGFR are indicated by the color code.
Black indicates the transmembrane domain, green indicates the CR2 domain, blue indicates the de2–7 domain, yellow indicates the vX domain, orange
indicates the kinase domain. The LDLR (purple) and its transmembrane domain (dark purple) are also shown. The figure is drawn to scale. The primer
design for the construction of the first two mutants is explained in detail in this article.
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primers C-short.a & rv-C. After PCR amplification
and re-annealing, the sticky PCR products of the
N terminus and the C terminus were digested with
Xho I or Kpn I restriction enzymes, respectively.
The PCR products were then purified, combined
and ligated with linearized vector using T4 DNA
ligase.Thus, the ligation reaction consisted of three
components: (1) linearized vector, (2) sticky prod-
ucts of the N-terminal part, and (3) sticky products

of the C-terminal part.This strategy can also be ap-
plied for creating fusions between different protein
domains (i.e. mutant no. 3 in Fig. 1).

For the generation of precise deletion muta-
tions, a schematic representation of the precise
mutagenesis strategy used for the construction of
an EGFR mutant without the cysteine-rich 2 (CR2)
domain is demonstrated in Fig. 2B. Two sets of
sticky primers were designed for the generation of

Figure 2. Primer design for precise mu-
tagenesis. Two types of precision muta-
genesis using the sticky PCR strategy
are demonstrated: domain swapping
(Fig. 2A) and domain deletion (Fig. 2B).
Primer design and PCR products before
and after re-annealing are illustrated.
Annotated sequences of the ligated
sticky PCR products in the middle of the
gene are shown.  Each font type repre-
sents different primers used; under-
lined fonts represent primers for C-ter-
minal parts, and italicized fonts repre-
sent shorter primers.

A

B
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two sticky PCR products.The first set (I) was for the
N terminus of the gene, and the second primer
set (II) was for the C terminus. For the N-terminal
DNA fragments, the forward primer (fw-N) was de-
signed as described above.The reverse (anti-sense)
primers consisted of two primers that were com-
plementary to the middle of the gene for the gen-
eration of sticky ends. Primer N-long.b consisted of
the sequence that was complementary to the
27 bases encoding amino acids 455–464 and an ad-
ditional 24 bases encoding the amino acid se-
quence 645–652. Primer N-short.b was similar to
N-long, but had no additional 24 bases. The sticky
PCR product for the N-terminus of the construct
was generated from the amplification and subse-
quent re-annealing of the product amplified from
primers fw-N & N-long.b and primers fw-N &
N-short.b. For the C-terminal DNA fragment, the
reverse (anti-sense) primer (Rv-C) was designed
as described above. The forward primers consisted
of two primers that were complementary to the
middle of the gene for the construction of sticky
ends. Primer C-long.b consisted of the sequence
that was complementary to the 24 bases encoding
the amino acid sequence 645–652, whereas primer
C-short.b encoded the amino acid sequence
653–659. Sticky PCR products of the C terminus
were generated from PCR amplification and re-an-
nealing using primers C-long.b & Rv-C and
primers C-short.b & Rv-C. The re-annealed prod-
ucts were then subjected to the three-component
ligation as described above. Automated DNA se-
quencing was done to verify all of these constructs.
This strategy has been successfully used to gener-
ate various EFGR mutations to study the mecha-
nism of membrane localization [8].

3.2 Directional cloning into a regular vector

In addition to precision engineering of a protein as
described above, the sticky PCR strategy is also a
simple and powerful method for cloning large or
complex DNA inserts. Depending on the primers
selected, it is possible to generate all four combina-
tions of cohesive overhangs in the insert, namely, 5’
and 5’, 3’ and 3’, 5’ and 3’, 3’ and 5’. Two pairs of
oligonucleotide primers were required for each re-
striction site, one for the longer protruding end and
the second one for the shorter end. It is important
to determine the nature of restriction digestion to
verify whether a 5’ or 3’ overhang is generated, as
this would determine the pair of primers selected
for the amplification step. Figure 3 illustrates two
examples of primer design for cloning into
Eco RI/Bam HI (Fig. 3A) and Xho I/Kpn I (Fig. 3B).
After restriction digestion, Bam HI, Eco RI, and

Xho I generate 5’ overhangs, whereas Kpn I pres-
ents a 3’ overhang. Thus, the final products that
would be compatible with the linearized vector
would be different. After the correct set of primers
was used to amplify two PCR products, the PCR
products were cleaned, and equal molar amounts
of the PCR products would then be mixed, re-an-
nealed, and used for the subsequent ligation step.

In this study, two types of cloning were demon-
strated. The first experiment demonstrated the
cloning of a relatively long insert (3813 bp) of Xeno-
pus laevis Intersectin cDNA [9] containing two in-
ternal Bam HI recognition sites at positions 3516
and 3597, which would not allow cloning by con-
ventional methods. Primers were designed for
cloning the Xenopus Intersectin cDNA (GenBank
accession number NM_001087486) into the Eco RI
and Bam HI cloning sites of pEGFP-N1 to generate
the green fluorescent protein (GFP)-fusion con-
struct (Fig. 3A). In the second experiment, the com-
plex DNA fragments of a single-chain variable
fragment (scFv) against Aflatoxin B1 from phage
display libraries (Yamo1 [10] and Tomlinson I+J,
MRC HGMP Resource Centre, Cambridge, UK)
were subcloned (Xho I and Kpn I) into the pAP-
HisFlag expression vector for generating scFv-al-
kaline phosphatase fusions and used as one-step
detection probes [6, 11] (Fig. 3B).

3.3 Cloning efficiency

An illustration of the sticky PCR-based protocol for
facilitating targeted protein engineering and mo-
lecular cloning is illustrated in Fig. 4. The cloning
efficiencies of different constructs are summarized
in Table 2. The efficiency of the three-component
ligation is less than that of normal ligation, but suf-
ficient to obtain the right construct from a single
experiment.The results shown in Table 2 also com-
pared certain factors that could affect the cloning
efficiency, including the 5’ PO4 group on the insert,
the purity, and the transformation method. We
found that 5’ PO4 and PAGE-purified primers could
increase the transformation efficiency; however,
there is no significant difference in the number of
corrected constructs when using either chemically
competent or electrocompetent cells for transfor-
mation. These results are in accordance with other
cloning procedures [5].

4 Discussion

‘Sticky’ PCR provides an easy and powerful
method for protein engineering, especially for the
generation of mutants that are more problematic to

Biotechnol. J. 2009, 4, 544–553 www.biotechnology-journal.com
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generate through the use of more conventional
protocols which require prior restriction mapping
knowledge. The implementation of this protocol
successfully requires the careful design of primers
for the amplification of blunt-ended products by
proof-reading DNA polymerase, such as Pfu poly-
merase. The use of this method still requires re-
striction enzymes for cloning. However, since half

of the genes will be digested with corresponding
enzymes separately, it is possible to have internal
restriction sites that appear in the multiple cloning
sites of the selected vector. Since the efficiency of
this type of cloning is not as high as for a normal
ligation reaction, a greater number of colonies are
needed for screening. Moreover, it is postulated

Figure 3. Primer design for molecular
cloning. Primer design for permitting
PCR cloning into Eco RI/Bam HI (A)
and Xho I/Kpn I (B) cloning sites of the
linearized vector is demonstrated. The
‘nnn’ refers to the sequence of the DNA
to be cloned, and normally between 18
and 21 base pairs are required for suc-
cessful PCR amplification. The DNA se-
quences of the correct cohesive ends of
the re-annealed products for the cloning
of the Xenopus Intersectin (A) and scFv
genes (B) are illustrated. See text for a
detailed explanation.

A

B
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that the ligation of four components may be per-
mitted by this method.

The quality of the primers also influences the
success rate of the engineering experiment, as we
found that PAGE-purified primers yielded higher
cloning efficiency.This grade of primer is normally

recommended by the manufacturer of a particular
polymerase. However, we found that the use of a
regular desalted primer with the appropriate
5’ phosphorylation was sufficient for most engi-
neering work.

Biotechnol. J. 2009, 4, 544–553 www.biotechnology-journal.com

Figure 4. Schematic representation of
protein engineering by the sticky PCR
method. (A) Strategy for the efficient
generation of a difficult mutation via the
sticky PCR method followed by a three-
component ligation. Using this strategy,
two sets of primers are used to amplify
two parts of sticky PCR products. Two
out of four possible re-annealed prod-
ucts contain correct cohesive ends for
the ligation reaction. After restriction di-
gestion with appropriate restriction en-
zymes, the two parts of the sticky PCR
products are combined with the lin-
earized vector and ligated as normal.
(B) Sticky PCR cloning of large or com-
plex DNA fragments without restriction
digestion of DNA inserts. One out of
four possible re-annealed products con-
tains the correct cohesive ends for a lig-
ation reaction. This method can be done
without using extra materials, except for
a second set of PCR primers, and proof
reading (Pfu) DNA polymerase to gener-
ate blunt-ended PCR products. See text
for more detailed explanations.

A

B
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The application of ‘sticky’ PCR for molecular
cloning has previously been postulated by two pub-
lications [12, 13] and provides an alternative
cloning strategy to those described in references
[14–25] and commercially available kits. The ad-
vantage of this method is that it may be performed
in any molecular biology laboratory without the
need for a specific vector, special DNA modifica-
tions or kits, which can often be expensive. The
joining of compatible sticky ends is a very efficient
way to recombine DNA and, hence, greatly enhance
cloning efficiency [24]. Moreover, this method can
also be used in ligation-independent cloning (LIC)
if the length of the ‘sticky’ ends is more than
8–12 nucleotides [14].
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nnnG GATCCnnn 
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nnnG AATTCnnn 
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Cnnn    
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fw‐long.a: 5’GATCCnnn 
fw‐short.a: 5’Cnnn

rv‐long.a: nnnCTTAA5’ 
rv‐short.a: nnnC5’2 PCR reac,ons 

fw‐long&rv‐short

fw‐short&rv‐long 

AATTCCGCCACCATGGCTCAGTTTGGAACTCCG… 
    GGCGGTGGTACCGAGTCAAACCTTGAGGC… 

…CGTGGAGCTAAAACAGGACTATACTTACATTTTATATATTTATATATC 
…GCACCTCGATTTTGTCCTGATATGAATGTAAAATATATAAATATATAGGATC 
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