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Abstract Since the development of polymerase chain

reaction, amplification of nucleic acids has emerged as an

elemental tool for molecular biology, genomics, and bio-

technology. Amplification methods often use temperature

cycling to exponentially amplify nucleic acids; however,

isothermal amplification methods have also been devel-

oped, which do not require heating the double-stranded

nucleic acid to dissociate the synthesized products from

templates. Among the several methods used for isothermal

DNA amplification, the helicase-dependent amplification

(HDA) is discussed in this review with an emphasis on the

reconstituted DNA replication system. Since DNA helicase

can unwind the double-stranded DNA without the need for

heating, the HDA system provides a very useful tool to

amplify DNA in vitro under isothermal conditions with a

simplified reaction scheme. This review describes compo-

nents and detailed aspects of current HDA systems using

Escherichia coli UvrD helicase and T7 bacteriophage gp4

helicase with consideration of the processivity and effi-

ciency of DNA amplification.
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Introduction

Amplification of nucleic acids in a living system is a piv-

otal process that is required to copy the progenitor. In

addition to its biological significance, nucleic acid ampli-

fication is an elemental method in conventional molecular

biology and biotechnology. Nucleic acids have been

manipulated in many diverse ways for in vitro amplifica-

tion. The method of DNA amplification using temperature

cycling was invented and widely used in the early 1980s,

and was termed polymerase chain reaction (PCR) [1–5].

This wonderful technology has revolutionized traditional

research in molecular biology, detection methods, and

diagnostic and forensic fields [6]. Enzymatic amplification

of scarce amounts of nucleic acid in vitro has replaced the

old and slow biological amplification for sequence-depen-

dent and fast amplification. Researchers working on

nucleic acids in the laboratory all over the world exploit

nucleic acid amplification techniques for their own

research purposes. Especially, the field of clinical micro-

biology as well as basic science have benefited from the

development of PCR technology for detection and identi-

fication of many pathogens [7–14]. The demand to improve

the sensitivity and easy use of diagnostics has driven many

companies to invent diagnostic devices for simple and

prompt tests [15–20].

Despite the widespread use of PCR-based amplification,

a drawback of this technology is its need for temperature

cycling, which is inappropriate for preserving the mor-

phology of chromosomal structure as well as for device

portability, e.g., point-of-care diagnosis [21, 22]. Another

limitation of PCR is that it is reliably used as a qualitative

method rather than a quantitative method due to the expo-

nential nature of the amplification, which skews the initial

amount of the target. Therefore, there have been many
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attempts to develop isothermal amplification methods that

do not require heating the double-stranded nucleic acid for

the separation of templates [21]. Strand-displacement

amplification (SDA) is an isothermal DNA amplification

method that is based on nicking an unmodified strand of

DNA using restriction enzymes and extending the 30 end at

the nick through the action of an exonuclease-deficient

DNA polymerase to displace the downstream DNA strand

[23]. These processes, nicking/polymerization/displace-

ment steps, cycle continuously and produce single-stranded

DNA copies of the target sequence at a linear amplification

rate. In rolling circle amplification (RCA), the reaction is

started by annealing a linear ssDNA primer to a specific

circular ssDNA template that is generated by joining two

ends of the DNA using a DNA ligase [24, 25]. A suitable

DNA polymerase (e.g., U29 DNA polymerase) extends the

annealed primer, generating tandemly linked copies of the

complementary sequence of the template. Displacement of

the synthesized DNA strand is caused by the intrinsic

property of the U29 DNA polymerase during replication.

However, these isothermal methods are difficult to execute

successfully; they require complicated reaction protocols

and are incapable of amplifying a sufficient length of

nucleic acids. In addition, both SDA and RCA methods

require an initial heat denaturation step even though the rest

of the amplification reaction is isothermal.

To accomplish an isothermal amplification of DNA

strands of sufficient length, researchers have attempted to

develop new technologies that mimic DNA replication in

vivo [22]. As a result of this work, recent progress has been

made on isothermal nucleic acid amplification using the

nucleic acid helicase, the so-called helicase-dependent

amplification (HDA) system. In this system, DNA helicase

is used to separate two complementary DNA strands into

each single-stranded DNA during DNA replication. Ini-

tially, the HDA system was developed using Escherichia

coli UvrD helicase, which can unwind blunt-end substrates

(fully duplex DNA) as well as nicked circular DNA [26].

Since the DNA helicase enzymatically unwinds duplex

DNA that is synthesized by DNA polymerase, the initial

heat denaturation and subsequent thermocycling are not

necessary. Since DNA helicase can unwind the double-

stranded target DNA without the need of heating, the entire

HDA process can be performed at one temperature.

Therefore, the HDA system provides a very useful tool to

amplify DNA in vitro under isothermal conditions with a

simplified reaction scheme. In this review, we describe the

components and detailed aspects of the HDA system and

discuss the potential for using other helicases and their

effects on the processivity factor.

Helicase-dependent DNA amplification

Although the PCR method is widely used for amplification

of dsDNA, it requires a temperature cycling apparatus and

thermostable polymerase. Therefore, amplification of

dsDNA at a defined temperature is an attractive alternative

method to avoid these cumbersome requirements. Due to

advances in our understanding of the molecular components

and mechanisms of nucleic acid replication in living cells,

new technologies have been established to overcome these

problems by mimicking DNA replication in vivo [22].

Inspired by the replication fork mechanism, isothermal

nucleic acid amplification using a dsDNA unwinding heli-

case has been developed and is referred to as the helicase-

dependent amplification (HDA) system. The reaction

scheme of the HDA system is shown in Fig. 1. In this

Fig. 1 Schematic diagram of

the Helicase-dependent DNA

amplification. Helicases unwind

dsDNA and SSB proteins bind

to exposed ssDNA.

Subsequently, DNA

polymerases start synthesizing

the complementary strand from

the bound primers, and the

cycles repeat continuously
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system, duplex DNAs are unwound by a DNA helicase in

the presence of ATP, and the displaced DNA strands are

coated by single-stranded binding proteins (SSBs; step 1 in

Fig. 1). Two-sequence specific primers anneal to the 30-end

of each ssDNA template, and exonuclease-deficient DNA

polymerases produce dsDNA by extending the primers

annealed to the target DNA (step 2 in Fig. 1). Completion of

DNA synthesis produces another copy of the dsDNA tem-

plate (step 3 in Fig. 1). The two newly synthesized dsDNAs

are used as substrates by the DNA helicase and enter the

next round of the reaction (step 4 in Fig. 1). Thus, expo-

nential amplification of the selected target DNA sequence is

possible by simultaneous chain reactions.

Among the several elemental proteins in the HDA system,

which mimics the replication fork, the DNA polymerase and

helicase are the main components that enable DNA synthesis

to occur by using chemical energy. Since the discovery of

helicase in 1976 [27], biochemical studies have shown that

helicases perform diverse functions such as nucleic acid

metabolism, genome replication, repair, and recombination

in all living organisms [28–31]. Approximately 2% of open

reading frames in eukaryotes code for helicases or helicase-

like proteins. Besides eukaryotes, many viruses also code for

helicases [32] that have conserved motifs, and helicases are

good targets for developing antiviral compounds [33–37].

Helicases are molecular motor proteins that translocate

along nucleic acids and separate double-stranded nucleic

acids using the energy generated by nucleoside 50-triphos-

phate (NTP) hydrolysis. Helicases are classified into families

and superfamilies depending on their directionality (50–30 or

30–50) and substrate specificity (RNA vs DNA) [38, 39].

Oligomerization is also an important standard for classifying

helicases [30, 31]. Even though many helicases function as a

monomer, a class of helicases assembles into oligomers

(dimer or hexamer) to enhance their activity [40–45]. The

most well-known oligomerization state is a ring-shaped

hexamer and, interestingly, the monomers of hexameric

helicases do not show NTP hydrolysis and nucleic acid

unwinding activity. The presence of NTP, Mg2?, or nucleic

acids usually stabilizes the formation of the hexamer [30, 31,

46–48]. Recent progress in understanding the function of

helicases has enabled researchers to apply helicases, in

combination with polymerases and other accessory proteins,

to nucleic acid amplification.

Nucleic acid polymerases catalyze the addition of

nucleotides to the 30-hydroxyl terminus of a nucleic acid

chain (DNA or RNA). There are many types of polymerases

in all living organisms and their activity depends on the

template, synthetic product, or the absence and presence of

a primer [49, 50]. Since the discovery of the E. coli poly-

merase by Dr. Arthur Kornberg, extensive studies have

been performed to understand the mechanism and function

of various types of polymerases. Due to the usefulness of

polymerases, a few of them are used widely and extensively

(e.g., Taq polymerase [51, 52], Pfu polymerase [53, 54],

reverse transcriptase [55, 56], and Klenow fragment [57,

58], etc.) when in vitro nucleic acids synthesis is necessary.

In addition, depending on the needs of researchers, purified

DNA or RNA polymerases from various different micro-

organisms are also available from many manufacturers. The

recent increase in demand for in vitro production of RNA

drove manufacturers to develop in vitro RNA production

kits for easy preparation of RNA. The common RNA

polymerases used for this purpose are T7, T3, and SP6

polymerases, where each of them requires distinct and

specific promoter sequences [59, 60].

Another protein to be considered is the single-strand

binding (SSB) protein, which binds specifically to the

single-stranded part of DNA in a sequence-independent

manner and is found in the viruses from humans [61–64].

SSB proteins are essential in DNA replication, repair, and

recombination [65, 66]. They prevent unwound ssDNAs,

which are produced by helicase activity, from reannealing

and protect them from degradation [67]. These proteins are

also involved in destabilizing DNA secondary structure and

enhancing polymerase activity. This allows the DNA rep-

lication machinery to proceed properly, and SSB proteins

are required for in vitro transcription of unwound ssDNA

templates. In the initial HDA system, which uses the UvrD

DNA helicase, two SSBs, such as the T4 gene 32 or RB 49

gene 32 proteins, were suggested to be included in the

reaction to stimulate in vitro DNA amplification [22].

Recent studies have shown that SSB proteins have far more

complex roles in DNA metabolism, besides simple ssDNA

coating and protection [68]. Here, a few model systems for

in vitro nucleic acid synthesis are described, all of which

use a combination of the aforementioned proteins.

HDA system using bacterial UvrD DNA helicase

The first HDA system developed used the E. coli UvrD

helicase, in which several hundred base pairs of DNA were

amplified in the presence of DNA polymerase and two

accessory proteins in vitro [22]. E. coli UvrD helicase

(*82 kDa) was chosen due to its ability to unwind blunt-

end dsDNA. UvrD belongs to the superfamily 1 (SF1)

DNA helicase and is involved in DNA metabolic processes

such as methyl-directed mismatch repair, UvrABC-medi-

ated nucleotide excision repair of DNA, replication restart,

and rolling circle replication of plasmids [26, 69, 70]. The

UvrD helicase shows unidirectionality in dsDNA unwind-

ing (30–50), which is facilitated in the presence of a 30

ssDNA overhang covalently attached to the dsDNA.

Monomers of UvrD helicase are able to bind to ssDNA;

however, they cannot unwind dsDNA. Instead, single
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turnover pre-steady state kinetic analysis of DNA

unwinding showed that the active form of UvrD helicase in

vitro is a dimer [71]. Kong and his colleagues have

developed an in vitro isothermal DNA amplification

method using E. coli UvrD helicase as an alternative to

DNA separation by the thermocycling apparatus [22, 72].

They also included MutL protein to stimulate helicase

activity, because UvrD helicase plays its role as the master

coordinator of mismatch repair through direct physical

interaction between UvrD and MutL; MutL is responsible

for loading the UvrD onto the DNA substrate [73, 74].

Based on the current model for loading of UvrD by MutL

[75], a dimer of MutL in the ATP-bound form, which may

be attached to the end of blunt-ended DNA, recruits and

loads multiple molecules of UvrD onto the end of dsDNA

substrates (Fig. 2a). In addition, phage T4 gene 32 proteins,

which are SSB proteins, were also included in the HDA

reaction, without which no amplification product was

obtained [22]. Thus, SSB proteins are required in the

reaction in order to prevent reannealing of the comple-

mentary ssDNA templates. In fact, DNA replication in vivo

begins with dsDNA separation by helicase, and then SSB

proteins associate with unwound ssDNA templates for

primer hybridization. The DNA polymerase then extends

the primers bound to the templates and one dsDNA is

finally amplified to two dsDNAs. Thus, the initially

developed HDA system, which contains a mixture of UvrD

helicase with MutL, exo- Klenow fragment, and SSB

protein in one tube, mimics the in vivo DNA replication

system. In the HDA system, the two newly synthesized

dsDNAs enter the next round of amplification and the chain

reaction repeats itself, thus accomplishing an exponential

enrichment of target DNA sequences [22].

However, this initial UvrD HDA system could not effi-

ciently amplify long target sequences, probably due to the

intrinsic properties of the UvrD helicase. It has been reported

that the UvrD helicase has a limited speed (20 bp/s) and

processivity (less than 100 bp/binding) [22]. Although

MutL can stimulate the UvrD helicase DNA unwinding

activity by loading onto the ssDNA, the processivity of the

UvrD helicase was not enhanced in the presence of MutL

[74]. Kong’s group improved the efficiency of HDA by

using a thermostable UvrD helicase (Tte-UvrD) purified

from thermophilic bacteria (Thermoanaerobacter teng-

congensis) and the Bacillus stearothermophilus polymerase

I large fragment without that addition of the MutL and SSB

protein, which can amplify the target sequences at 60–65�C

[72]. Unlike the HDA system, which utilized the E. coli

UvrD helicase, no significant effect on the thermostable

UvrD helicase activity by the mutL homolog from T. teng-

congensis was observed. The active dimeric form of the

UvrD helicase has been known to require 30-ssDNA tails

several nucleotides in length [71]. The ends of duplex DNA

may become single-stranded because of thermal breathing at

high temperatures. Thus, the thermostable UvrD helicase

(Tte-UvrD) unwinds both blunt-ended and 50-ssDNA-tailed

duplexes without MutL by capturing transient 30-ssDNA

tails generated at high temperatures (Fig. 2b) [72]. In addi-

tion, the SSB protein was not required in the thermostable

HDA system, which was probably due to the slower rate of

reannealing of separated DNA strands at higher tempera-

tures [72]. The fact that the SSB protein and MutL were not

required to enhance the helicase activity led to a more

simplified reagent composition.

Because the sensitivity and specificity of DNA ampli-

fication in the HDA reaction was improved at higher

temperatures (60–65�C) with the thermostable UvrD heli-

case, adaptation of the HDA system for the detection of

antibiotic-resistant pathogens N. gonorrhoeae and S. aur-

eus on surface bound primers was performed [76]. This

work, referred to as ‘‘OnChip HDA’’, provides a way for

the HDA system to be developed into a miniaturized and

multiplexed detection system for point-of-care diagnosis in

conjunction with a commercially available thermostable

HDA kit (IsoAmp II tHDA kit; BioHelix, Beverly, MA,

USA). Thermophilic HDA was also used for the detection

of Helicobacter pylori in combination with ELISA using a

digoxigenin-labeled primer by Gill and colleagues. In

addition, they also developed a colorimetric method to

detect H. pylori using thermophilic HDA and gold nono-

particles [77, 78]. It has been reported that RNA targets

as well as DNA were also amplified and detected by

Fig. 2 Model for the mechanism of UvrD loading on ssDNA. A

model for loading onto ssDNA and dsDNA unwinding by

UvrD ? MutL at 37�C (a) or by thermostable UvrD alone at high

temperature (60–65�C) (b). See text for details
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thermophilic HDA followed by reverse transcription [79].

Recently, a new chimeric protein, named helimerase, was

constructed by physically linking a thermostable helicase

and thermostable DNA polymerse, T. tengcongensis UvrD

helicase and Bacillus stearothermophilus polymerase I

large fragment, using structural motif of coiled-coil [80].

The fusion protein showed both helicase and polymerase

activity and was more efficient at DNA amplification than

when the individual proteins were used. The helimerase

system was able to amplify fragments that were up to

2.3 kb in length, whereas when the UvrD helicase and

DNA polymerase were used separately only fragments less

than 400 bp could be successfully amplified.

HDA system using the T7 bacteriophage replisome

machinery

Since the initial HDA system using UvrD helicase was

only able to amplify DNA fragments up to several hundred

base pairs, which was due to the limited processivity and

speed of the UvrD helicase, a new HDA system with high

processivity and speed was developed using the T7 bac-

teriophage replication machinery, which can replicate its

40-kb genome in one initiation event [81]. The high pro-

cessivity of the T7 bacteriophage replication system

compared with the E. coli UvrD system makes this repli-

cation machinery attractive for long DNA amplification in

vitro.

The T7 bacteriophage replisome consists of four pro-

teins, phage-encoded gp4 (helicase and primase), gp5

(DNA polymerase), gp2.5 (ssDNA binding protein), and

host-encoded thioredoxin [82, 83], and only these four

proteins are needed to replicate its genome, as shown in

Fig. 3. The 63-kDa gp4A has both helicase and primase

activities, whereas the shorter 56-kDa gp4B (lacks 63

residues) has only helicase activity [82, 84–87]. Similar to

the UvrD helicase, T7 gp4A (referred to as T7 helicase) is

involved in various aspects of DNA metabolism and uses

NTP hydrolysis as an energy source. As depicted in Fig. 3,

in which the T7 replication system consists of the above

mentioned proteins at a replication fork, the T7 helicase

assembles into a ring-shaped hexamer in the presence of

nucleotide ligands such as ATP, dTTP, dTDP, and dTMP-

PCP [88, 89]. Although the T7 helicase hydrolyzes various

NTPs, dTTP is preferred for efficient dsDNA unwinding.

The dTTP hydrolysis activity is enhanced by ssDNA

binding and is almost 100 times faster than in the absence

of DNA [90]. The T7 helicase shows unidirectional

movement (50–30), and dsDNA unwinding is facilitated in

the presence of a 50-ssDNA overhang covalently attached

to the dsDNA [91, 92]. Unlike many other helicases, the T7

helicase does not need other proteins to bind to the

substrate DNA. The T7 helicase can bind equally well to

both linear and circular ssDNA [93], suggesting that the

hexameric ring must open or disassemble to encompass the

ssDNA in the central channel of the helicase [94]. EM

images show that the T7 helicase surrounds only one strand

of the dsDNA, which goes through the central channel of

the ring, and the complementary strand is excluded from

the channel [95].

The T7 DNA polymerase (gp5) is encoded by gene 5 of

the phage. The T7 gp5 protein was found to be complexed

with the host E. coli thioredoxin (trx) in the replisome. The

T7 DNA polymerase itself is not processive; but, when it

forms a complex with E. coli thioredoxin, the speed and

processivity are enhanced by up to [100 nt/s and [10 kb

per binding, respectively [96]. Although the exact mecha-

nism of the enhanced processivity by thioredoxin has not

been well established, thioredoxin is believed to clamp the

DNA polymerase to the DNA template for better proces-

sivity (Fig. 3). It was recently proposed that thioredoxin

mediates the interaction between the T7 helicase and the

DNA polymerase through electrostatic binding, which

further increases the processivity of the T7 DNA poly-

merase [97]. The T7 gp2.5 protein (*26 kDa) is a SSB

protein that binds about seven nucleotides per monomer

and exists as a dimer of two identical subunits [98, 99]. The

gene 2.5 protein binds to the exposed ssDNA on the

lagging strand in the replication fork. If gene 2.5 is deleted

Fig. 3 Model of T7 bacteriophage replisome at the replication

fork. The schematic shows the DNA replication system of T7

bacteriophage, which consist of the DNA polymerase (gp5), the

helicase-primase (gp4), the ssDNA-binding protein (gp2.5), and the

processivity factor E. coli thioredoxin (trx). Hexameric helicase T7

gp4 unwinds the dsDNA at the fork and the primase domain of T7

gp4 produces the RNA primer (red segment). Extruded ssDNA

(lagging strand) is coated by gp2.5 and aligns its polarity with the

leading strand through a loop formation. The leading strand is

synthesized by the T7 gp5/trx complex tethered to gp4 as Okazaki

fragments, whereas the leading strand is synthesized by T7 gp5/trx

complex continuously
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in T7 bacteriophage, phage DNA synthesis is greatly

decreased to a level of less than 1% relative to wild-type.

The gp2.5 proteins have been known to interact with the T7

DNA polymerase and helicase, which is important for

coordination of leading and lagging strand synthesis

[100, 101].

It was reported that T7 helicases translocate along ssDNA

at a speed of about 130 bases/s, which is considered to be the

maximal speed of the T7 helicase by itself [102]. However,

pre-steady state kinetic analysis of dsDNA unwinding shows

that the T7 helicase separates dsDNA at a very slow speed of

about 15 bps/s [92]. Stano et al. [103] showed that the T7

DNA polymerase can increase the dsDNA unwinding rate of

the T7 helicase up to a similar speed when it translocates

along ssDNA. In addition, the T7 DNA polymerase by itself

is not able to catalyze strand displacement DNA synthesis;

however, duplex DNA can be efficiently synthesized when it

is combined with the T7 helicase. Studies using a T7 helicase

mutant with the 17 C-terminal residues deleted showed that

the interaction between the 17 C-terminal residues and T7

DNA polymerase does not increase helicase activity [104].

However, the interaction between the T7 helicase and T7

DNA polymerase increased the processivity of the complex

to copy long DNA.

Using the T7 replication system, isothermal amplifica-

tion of DNA strands that were as long as 10 kb was reported

with circular DNA templates as well as for a defined length

of target DNA by two primers [81]. The method allows for

complicated rolling circle amplification to be performed

without initial heat denaturation and DNA contamination

(Fig. 4). In this system, referred to as the circular HDA

system (cHDA), circular DNA template was used to

amplify a very long DNA fragment by performing a heli-

case-dependent and strand-displacement reaction with the

T7 gp4B helicase and 30 ? 50 exonuclease-deficient T7

DNA polymerase (T7 Sequenase; USB, Cleveland, OH,

USA). Using circular DNA as a template, DNA amplifica-

tion was accomplished through helicase-dependent rolling

circle amplification (RCA), producing multiple copies of a

specific product defined by two primers and concatemers of

circular DNA. In this method, the T7 replisome extends a

primer annealed to the complementary region in the single-

stranded circular template DNA (step 1). After one round of

rolling circle synthesis of DNA, the 50-end of the newly

synthesized DNA strand is displaced by the T7 replisome

(step 2). The rolling circle synthesis of DNA is continued

and the displaced strand provides multiple sites for

annealing of the reverse primer, which is extended by the

T7 replisome (step 3). The synthesized ssDNAs that are

extended from the reverse primers are released due to the

activity of strand displacement by the T7 replisome, which

provide annealing sites for the forward primers (step 4). The

T7 replisome then extends the forward primers annealed to

the released ssDNAs, generating dsDNA products defined

by two primers and concatemers of the circular DNA

template (step 5). The T7 replisome continues this process

with the released ssDNA produced at step 5 for the next

round of strand displacement synthesis.

Recently, another type of DNA amplification using T7

gp4 primase was developed to remove the requirement of

adding primers [105]. T7 gp4 contains the primase activity,

Fig. 4 Schematic of circular helicase-dependent DNA amplification.

The T7 replisome machinery consists of a T7 gp4B helicase and T7

DNA polymerase gp5/trx complex. Primer extension and strand

displacement produces a concatamer of the circular template DNA.

Multiple reverse primers anneal to the concatamer and are extended

by the T7 DNA polymerase. The helicase/DNA polymerase complex

displaces the non-template strands, which provide complementary

sites for forward primers to anneal. Duplex DNAs are produced by the

T7 replisome after the release of ssDNAs for the next round of strand

displacement synthesis. This figure is reproduced and modified from

[81]
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which resides on the N-terminus half of the protein, and

predominantly recognizes only the following nucleotide

sequences: 50-(G/T)GGTC-30, and 50-GTGTC-30. Thus, it

generates short RNA primers for lagging strand synthesis

[106, 107]. The T7 DNA polymerase can synthesize DNA

by extending from the short RNA primers. In this method,

referred to as primase-based whole genome amplification

(pWGA) [105], which utilizes the dual activities of T7 gp4

as helicase and primase, dsDNA templates are denatured

and primers are generated without addition of DNA

primers and thermocycling. After T7 gp4 denatures the

dsDNA template and synthesizes short RNA primers, the

T7 DNA polymerase subsequently extends the strand with

the aid of E .coli thioredoxin and T7 gp2.5. Overall, this

technique is quite close to the cHDA method described

above (Fig. 5). Using this method for DNA amplification,

microgram quantities of DNA product could be obtained

from nanogram quantities of input DNA within an hour.

More importantly, elimination of primer annealing reduces

the risk of amplification bias due to uneven annealing of

the added primers.

Perspective use of other helicases in HDA system

Despite the fact that the process of genome replication in

prokaryotes and eukaryotes has been investigated for

decades, a lot of questions still remain unresolved. The

replication of dsDNA requires the proper assembly of

many proteins, and their coordinated functions are essential

to maintain biological integrity. From viruses to humans,

the fundamental components for genome replications are

very similar; these components must be able to unwind

nucleic acid strands, synthesize complementary DNA, and

bind to exposed ssDNA with proteins, although the num-

bers and intrinsic properties of the individual proteins are

different [108]. Of the many replication systems, only a

few species, including E. coli, T7, and T4 bacteriophage,

have been well studied, and their replication machineries

have been shown to be applicable to nucleic acid amplifi-

cation in vitro, as described in this review. For example, in

the case of T4 bacteriophage, at least eight proteins are

involved in the replication system: gp43 (DNA polymer-

ase), gp41 (helicase), gp61 (primase), gp32 (SSB protein),

gp44/62 (clamp loader), gp45 (sliding clamp), and gp59

(helicase loading protein) [109, 110]. According to the

results of von Hippel et al. [111], a minimal replication

complex, which consisted of T4 gp41 and gp43, can be

formed in a DNA-mediated fashion and synthesize com-

plementary DNA at a speed of *90 nts/s. Although T4

gp43 is nonprocessive by itself, strand-displacement DNA

synthesis by the T4 DNA polymerase holoenzyme complex

(gp43, gp44/62, and gp45) is processive and efficient in

DNA synthesis at the replication fork with the aid of the T4

gp41 helicase, showing an enhanced rate of *250 nts/s

[111]. This result demonstrates the importance of the

processivity clamp and clamp-loader complex. The pro-

cessivity clamp (gp45) is a trimeric protein, and the clamp-

loader complex consists of four molecules of gp44 and one

molecule of gp62 [108].

Similar to the T4 replication system, the ring-shaped

processivity factor and its clamp-loader proteins are required

in the E. coli replication machinery. Compared to T7 bac-

teriophage, the replication system of E. coli is more complex

because many proteins are involved in the replisome

machinery. The replication proteins of E. coli consist of

polymerase III core (a, polymerase catalytic subunit; e, 30–50

exonuclease; and h, stimulates e exonuclease), s protein

(mediates the connection of polymerase to DnaB and stim-

ulates DnaB activity [112]), b protein (sliding clamp),

c complex (cdd0vw, clamp loader), DnaA (replication

Fig. 5 Mechanism of primase-based whole genome amplification.

The T7 helicase-primase gp4 denatures the dsDNA template and

synthesizes primers. Primers are extended by the T7 DNA polymerase

gp5/trx complex, resulting in DNA replication in both strands. Newly

synthesized DNA is displaced and serves as a template for whole

genome amplification. This figure is reproduced and modified from

[105]
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initiator protein), DnaB (helicase), DnaC (helicase loading

partner), DnaG (primase), and single strand binding proteins,

etc. [113]. Thus, proper organization of replication proteins

is very important for strand unwinding and synthesis in

E. coli. Among these proteins, the hexameric helicase

(DnaB) is an essential component of the DNA replication

machinery in E. coli, which requires Mg2? for hexamer

formation. The DnaB helicase shows poor processivity and

unwinding efficiency by itself, but within the replisome

DnaB supports highly processive DNA synthesis [114].

Single-turnover kinetic analysis of dsDNA unwinding

studies show that E. coli DnaB alone unwinds DNA at a rate

of *291 bp/s at 25�C with an unwinding processivity of

0.89 [115]. The DnaB helicase shows a similar dsDNA

unwinding mechanism to the T7 gp4 helicase; that is, the

ssDNA passes through a central channel of the hexameric

ring during dsDNA unwinding with a 50–30 directional-

ity[116]. However, unlike the T7 gp4 helicase/primase, the

DnaB helicase is separated from the primase polypeptide

(DnaG) and needs a loader protein (DnaC) to bind to

ssDNA[117]. In the T4 replication system, the helicase

loader protein (gp59) is also required for the T4 helicase to

bind to ssDNA [118]. Thus, in contrast to T7 replication, the

T4 and E. coli replication system requires more complex

components such as processivity clamp, clamp-loader, and

helicase loader, which are not necessary in the T7 replisome

system.

The non-hexameric helicases also hold promise for use in

denaturing dsDNA molecules to facilitate isothermal

amplification of target DNA. A lot of biochemical and

structural studies of non-hexameric helicases, most of them

belonging to superfamily-1 (SF1) or SF2 (for example, SF1;

PcrA, Rep, UvrD, and SF2; NS3, etc.), have been conducted

to understand the mechanism of ssDNA translocation and

dsDNA unwinding. Pre-steady state kinetic studies have

shown that monomeric forms of a few SF1 helicases (PcrA,

Rep, and UvrD) are rapid and processive ssDNA translo-

cases, but do not function as processive helicases [119]. To

overcome this limited helicase activity, oligomerization or

interactions with accessory proteins were employed to

enhance the helicase activity in vitro [43, 45]. As in E. coli

UvrD and accessory protein MutL, Bacillus stearothermo-

philus (B. stear) PcrA and hepatitis C virus (HCV) NS3

require B. stear RepD and HCV NS4A as accessory pro-

teins, respectively, for better helicase function [120, 121].

Isothermal DNA amplification in a tube without ther-

mocycling was attempted using E. coli UvrD or T7

bacteriophage helicase system, and isothermal nucleic acid

amplification kits were developed commercially at Bio-

Helix. However, nucleic acid amplification using the T4

replication system has not yet been reported. Whereas the

processivity of T4 bacteriophage is attained by interaction

of gp44/62 and gp45 with the polymerase (gp43), the

processivity of T7 bacteriophage is assured only by a tight

interaction between the host thioredoxin and polymerase,

rendering the T7 system simpler than the T4 system in

terms of on-spot amplification of nucleic acid. Neverthe-

less, it is expected that more useful and simpler devices

will be invented by making use of the nucleic acid repli-

cation systems of diverse microorganisms such as other

viruses or thermopile bacteria.

Conclusions

Amplification of nucleic acids has emerged as an elemental

tool for molecular biology, genomics, and biotechnology.

Since the development of PCR, there have been numerous

attempts to amplify DNA and RNA in vitro. Similar to PCR,

some of amplification methods utilize temperature cycling

to exponentially amplify nucleic acids. In contrast, iso-

thermal amplification methods have also been developed

which do not require heating the double-stranded nucleic

acid to dissociate the synthesized products from templates.

DNA amplification under isothermal conditions was pos-

sible by using the reconstitution of protein components

present in the DNA replication fork, which is referred to as

the helicase-dependent amplification (HDA) system. In the

HDA system, duplex DNA is denatured by DNA helicase

binding to ssDNA. This also serves as a reservoir for the

DNA polymerase, which can initiate DNA synthesis. The

first HDA system for isothermal DNA amplification was

developed by using E. coli UvrD helicase and the helicase-

loader MutL protein. This method was further simplified

with increased amplification specificity by using the ther-

mostable UvrD helicase at an elevated temperature. In this

modified method, the SSB protein and MutL were not

needed to enhance the helicase activity. However, the

amplification of a long target sequence was not possible due

to the low processivity and limited speed of DNA synthesis

by UvrD helicase. A new HDA system with high proces-

sivity and speed was developed using the T7 bacteriophage

replication machinery, in which the ring-shaped hexameric

T7 DNA helicase gp4 played a pivotal role in maintaining

the processivity and fidelity of DNA synthesis. The T7

helicase-based HDA system has been applied to amplify

circular ssDNA templates, and the primase activity of T7

gp4 allows for whole genomes to be amplified in the HDA

system without the need for additional DNA primers. These

current HDA techniques are summarized with their

strengths and weaknesses in Table 1. Replicative helicases

from other sources such as T4 bacteriophage or thermo-

stable bacteria might be useful in HDA systems by

optimizing and improving the processivity and fidelity of

DNA synthesis in vitro. The simplicity and isothermal

nature of the HDA technology based on DNA helicase
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activity provides great potential for the development of

portable diagnostic tools to detect pathogens in the field.

Acknowledgments This work was supported by a grant

(20080401034026) from the BioGreen 21 Program, Rural Develop-

ment Administration, Republic of Korea, a grant from Korea Health

21 R&D Project, Ministry of Health & Welfare, Republic of Korea

(A080123), a grant (10032113) from Industrial Technology Devel-

opment, Ministry of Knowledge Economy, and a grant from the

Korea Science & Engineering Foundation (KOSEF) through a general

research grant (R01-2008-000-20301-0). K. Park is supported by the

second stage of Brain Korea 21. Y.-J. Jeong was supported by the

Korea Research Foundation Grant funded by the Korean Government

(MOEHRD, Basic Research Promotion Fund) (KRF-2008-313-

C00531).

References

1. Mullis KB, Faloona FA (1987) Specific synthesis of DNA in

vitro via a polymerase-catalyzed chain reaction. Methods

Enzymol 155:335–350

2. Mullis KB (1990) The unusual origin of the polymerase chain

reaction. Sci Am 262:56–61, 55–64

3. Mullis KB (1990) Target amplification for DNA analysis by the

polymerase chain reaction. Ann Biol Clin (Paris) 48:579–582

4. Saiki RK, Gelfand DH, Stoffel S, Scharf SJ, Higuchi R, Horn

GT, Mullis KB, Erlich HA (1988) Primer-directed enzymatic

amplification of DNA with a thermostable DNA polymerase.

Science 239:487–491

5. Saiki RK, Scharf S, Faloona F, Mullis KB, Horn GT, Erlich HA,

Arnheim N (1985) Enzymatic amplification of beta-globin

genomic sequences and restriction site analysis for diagnosis of

sickle cell anemia. Science 24:476–480

6. Moore P (2005) PCR: replicating success. Nature 435:235–238

7. Brisson-Noel A, Gicquel B, Lecossier D, Levy-Frebault V,

Nassif X, Hance AJ (1989) Rapid diagnosis of tuberculosis by

amplification of mycobacterial DNA in clinical samples. Lancet

2:1069–1071

8. Lisby G, Dessau R (1994) Construction of a DNA amplification

assay for detection of Legionella species in clinical samples. Eur

J Clin Microbiol Infect Dis 13:225–231

9. Bernet C, Garret M, de Barbeyrac B, Bebear C, Bonnet J (1989)

Detection of mycoplasma pneumoniae by using the polymerase

chain reaction. J Clin Microbiol 27:2492–2496

10. Holland SM, Gaydos CA, Quinn TC (1990) Detection and dif-

ferentiation of Chlamydia trachomatis, Chlamydia psittaci, and

Chlamydia pneumoniae by DNA amplification. J Infect Dis

162:984–987

11. Victor T, du Toit R, van Zyl J, Bester AJ, van Helden PD (1991)

Improved method for the routine identification of toxigenic

Escherichia coli by DNA amplification of a conserved region of

the heat-labile toxin A subunit. J Clin Microbiol 29:158–161

Table 1 Properties of various isothermal helicase-dependent amplification (HDA) methods

HDA technique

(helicase used)

Overview of method Strength Weakness

Ambient temperature HDA

(E. coli UvrD helicase)

UvrD helicase with MutL, exo- Klenow

fragment, and SSB protein in one tube

mimics the DNA replication system for

DNA amplification at ambient temperature

The first developed HDA system

without temperature cycling

Limited speed (20 bp/s)

and processivity (less

than 100 bp/binding)

Thermostable HDA

(Tte-UvrD helicase)

Thermostable UvrD helicase purified from

thermophilic bacteria

(Thermoanaerobacter tengcongensis) and

polymerase I large fragment from Bacillus
stearothermophilus amplify the target

DNA sequences without MutL and SSB

protein at high temperature (60–65�C)

MutL and SSB are not required.

Higher stringency than E. coli
UvrD helicase system. Applicable

to the OnChip HDA

Same as above

Circular HDA (cHDA)

(T7 gp4B DNA helicase)

Circular DNA template is used to amplify

a long DNA fragment by helicase-

dependent and strand-displacement

reaction with T7 gp4B helicase and

30 ? 50 exo- T7 DNA polymerase,

supplemented with E. coli thioredoxin

(trx) and T7 gp2.5 SSBs. DNA

amplification produces multiple copies

of a specific product defined by two

primers and concatemers of circular

DNA (Fig. 4)

High speed ([100 bp/s)

and processivity

([10 kb/binding)

Processivity factor (trx) and

T7 gp2.5 SSB are

required for high

processivity and yield

Primase-based whole

genome amplification

(pWGA) (T7 gp4 DNA

helicase-primase)

Dual activities of T7 gp4 as helicase and

primase are utilized; dsDNA templates

are denatured and primers are generated

without addition of DNA primers and

thermocycling. T7 DNA polymerase

extends the strand subsequently with the

aid of E. coli thioredoxin and T7 gp2.5

(Fig. 5)

High yield in a short time;

microgram scale of DNA can be

obtained from nanogramscale of

input DNA within an hour. Primers

are not required

Same as above

Helicase-dependent DNA amplification 3333



12. Hoshina S, Kahn SM, Jiang W, Green PH, Neu HC, Chin N,

Morotomi M, LoGerfo P, Weinstein IB (1990) Direct detection

and amplification of Helicobacter pylori ribosomal 16S gene

segments from gastric endoscopic biopsies. Diagn Microbiol

Infect Dis 13:473–479

13. Duggan DB, Ehrlich GD, Davey FP, Kwok S, Sninsky J,

Goldberg J, Baltrucki L, Poiesz BJ (1988) HTLV-I-induced

lymphoma mimicking Hodgkin’s disease: diagnosis by poly-

merase chain reaction amplification of specific HTLV-I

sequences in tumor DNA. Blood 71:1027–1032

14. Holodniy M, Katzenstein DA, Sengupta S, Wang AM, Casipit

C, Schwartz DH, Konrad M, Groves E, Merigan TC (1991)

Detection and quantification of human immunodeficiency virus

RNA in patient serum by use of the polymerase chain reaction.

J Infect Dis 163:862–866

15. Wang JY, Lee LN, Lai HC, Hsu HL, Jan IS, Yu CJ, Hsueh PR,

Yang PC (2007) Performance assessment of the Capilia TB

assay and the BD ProbeTec ET system for rapid culture con-

firmation of Mycobacterium tuberculosis. Diagn Microbiol

Infect Dis 59:395–399

16. Piersimoni C, Scarparo C, Piccoli P, Rigon A, Ruggiero G, Nista

D, Bornigia S (2002) Performance assessment of two commer-

cial amplification assays for direct detection of Mycobacterium
tuberculosis complex from respiratory and extrapulmonary

specimens. J Clin Microbiol 40:4138–4142

17. Martro E, Garcia-Sierra N, Gonzalez V, Saludes V, Matas L,

Ausina V (2009) Evaluation of an automated nucleic acid

extractor for hepatitis C viral load quantification. J Clin

Microbiol 47:811–813

18. Chan DJ, Ray JE, McNally L, Batterham M, Smith DE (2008)

Correlation between HIV-1 RNA load in blood and seminal

plasma depending on antiretroviral treatment status, regimen

and penetration of semen by antiretroviral drugs. Curr HIV Res

6:477–484

19. Robuffo I, Fazii P, Rulli A, Di Nicola M, Toniato E, Di Rienzo

M, Cosentino L, Gambi A, Castellani ML, Martinotti S (2008)

Upgraded diagnostic value of Gen-Probe PACE 2 assay for

detection of Chlamydia trachomatis infection. J Biol Regul

Homeost Agents 22:253–261

20. Levett PN, Brandt K, Olenius K, Brown C, Montgomery K,

Horsman GB (2008) Evaluation of three automated nucleic acid

amplification systems for detection of Chlamydia trachomatis
and Neisseria gonorrhoeae in first-void urine specimens. J Clin

Microbiol 46:2109–2111

21. Andras SC, Power JB, Cocking EC, Davey MR (2001) Strate-

gies for signal amplification in nucleic acid detection. Mol

Biotechnol 19:29–44

22. Vincent M, Xu Y, Kong H (2004) Helicase-dependent isother-

mal DNA amplification. EMBO Rep 5:795–800

23. Walker GT, Fraiser MS, Schram JL, Little MC, Nadeau JG,

Malinowski DP (1992) Strand displacement amplification—an

isothermal, in vitro DNA amplification technique. Nucleic Acids

Res 20:1691–1696

24. Fire A, Xu SQ (1995) Rolling replication of short DNA circles.

Proc Natl Acad Sci USA 92:4641–4645

25. Demidov VV (2002) Rolling-circle amplification in DNA

diagnostics: the power of simplicity. Expert Rev Mol Diagn

2:542–548

26. Runyon GT, Lohman TM (1989) Escherichia coli helicase II

(uvrD) protein can completely unwind fully duplex linear and

nicked circular DNA. J Biol Chem 264:17502–17512

27. Abdel-Monem M, Hoffmann-Berling H (1976) Enzymic

unwinding of DNA. 1: purification and characterization of a

DNA-dependent ATPase from Escherichia coli. Eur J Biochem

65:431–440

28. Lohman TM, Bjornson KP (1996) Mechanisms of helicase-

catalyzed DNA unwinding [Review]. Annu Rev Biochem

65:169–214

29. Matson SW, Kaiser-Rogers KA (1990) DNA helicases.

[Review] [306 refs]. Annu Rev Biochem 59:289–329

30. Patel SS, Picha KM (2000) Structure and function of hexameric

helicases. Annu Rev Biochem 69:651–697

31. Patel SS, Donmez I (2006) Mechanisms of helicases. J Biol

Chem 281:18265–18268

32. Kadare G, Haenni AL (1997) Virus-encoded RNA helicases.

J Virol 71:2583–2590

33. Borowski P, Lang M, Niebuhr A, Haag A, Schmitz H, Schulze

zur Wiesch J, Choe J, Siwecka MA, Kulikowski T (2001) Inhi-

bition of the helicase activity of HCV NTPase/helicase by 1-beta-

D-ribofuranosyl-1, 2, 4-triazole-3-carboxamide-50-triphosphate

(ribavirin-TP). Acta Biochim Pol 48:739–744

34. Borowski P, Lang M, Haag A, Schmitz H, Choe J, Chen HM,

Hosmane RS (2002) Characterization of imidazo[4, 5-d]pyrid-

azine nucleosides as modulators of unwinding reaction mediated

by West Nile virus nucleoside triphosphatase/helicase: evidence

for activity on the level of substrate and/or enzyme. Antimicrob

Agents Chemother 46:1231–1239

35. Borowski P, Lang M, Haag A, Baier A (2007) Tropolone and its

derivatives as inhibitors of the helicase activity of hepatitis C

virus nucleotide triphosphatase/helicase. Antivir Chem Chemo-

ther 18:103–109

36. Kwong AD, Rao BG, Jeang KT (2005) Viral and cellular RNA

helicases as antiviral targets. Nat Rev Drug Discov 4:845–853

37. Hickman AB, Dyda F (2005) Binding and unwinding: SF3 viral

helicases. Curr Opin Struct Biol 15:77–85

38. Gwack Y, Kim DW, Han JH, Choe J (1997) DNA helicase

activity of the hepatitis C virus nonstructural protein 3. Eur

J Biochem 250:47–54

39. Gorbalenya AE, Koonin EV (1993) Helicases: amino acidse-

quence comparisons and structure-function relationships. Curr

Opin Struct Biol 3:419–429

40. Jennings TA, Mackintosh SG, Harrison MK, Sikora D, Sikora B,

Tackett AJ, Cameron CE, Raney KD (2009) NS3 helicase from

the hepatitis C Virus can function as a monomer or oligomer

depending on enzyme and substrate concentrations. J Biol Chem

284:4806–4814

41. Xu HQ, Deprez E, Zhang AH, Tauc P, Ladjimi MM, Brochon

JC, Auclair C, Xi XG (2003) The Escherichia coli RecQ heli-

case functions as a monomer. J Biol Chem 278:34925–34933

42. Nanduri B, Byrd AK, Eoff RL, Tackett AJ, Raney KD (2002)

Pre-steady-state DNA unwinding by bacteriophage T4 Dda

helicase reveals a monomeric molecular motor. Proc Natl Acad

Sci USA 99:14722–14727

43. Levin MK, Wang YH, Patel SS (2004) The functional interac-

tion of the hepatitis C virus helicase molecules is responsible for

unwinding processivity. J Biol Chem 279:26005–26012

44. Byrd AK, Raney KD (2005) Increasing the length of the single-

stranded overhang enhances unwinding of duplex DNA by

bacteriophage T4 Dda helicase. Biochemistry 44:12990–12997

45. Tackett AJ, Chen Y, Cameron CE, Raney KD (2005) Multiple

full-length NS3 molecules are required for optimal unwinding of

oligonucleotide DNA in vitro. J Biol Chem 280:10797–10806

46. Donmez I, Patel SS (2006) Mechanisms of a ring shaped heli-

case. Nucleic Acids Res 34:4216–4224

47. Picha KM, Ahnert P, Patel SS (2000) DNA binding in the

central channel of bacteriophage T7 helicase-primase is a mul-

tistep process; nucleotide hydrolysis is not required.

Biochemistry 39:6401–6409

48. Picha KM, Patel SS (1998) Bacteriophage T7 DNA helicase

binds dTTP, forms hexamers, and binds DNA in the absence of

3334 Y.-J. Jeong et al.



Mg2?: the presence of dTTP is sufficient for hexamer formation

and DNA binding. J Biol Chem 273:27315–27319

49. Kornberg A, Baker TA (1992) DNA replication. Freeman,

New York

50. Kornberg A (1988) DNA replication. [Review] [14 refs].

Biochim Biophys Acta 951:235–239

51. Eckert KA, Kunkel TA (1990) High fidelity DNA synthesis by

the Thermus aquaticus DNA polymerase. Nucleic Acids Res

18:3739–3744

52. Eckert KA, Kunkel TA (1991) DNA polymerase fidelity and the

polymerase chain reaction. Genome Res 1:17–24

53. Andre P, Kim A, Khrapko K, Thilly WG (1997) Fidelity and

mutational spectrum of Pfu DNA polymerase on a human

mitochondrial DNA sequence. Genome Res 7:843–852

54. Cline J, Braman JC, Hogrefe HH (1996) PCR fidelity of pfu

DNA polymerase and other thermostable DNA polymerases.

Nucleic Acids Res 24:3546–3551

55. Temin HM, Mizutani S (1970) RNA-dependent DNA poly-

merase in virions of Rous sarcoma virus. Nature 226:1211–1213

56. Baltimore D (1970) RNA-dependent DNA polymerase in viri-

ons of RNA tumour viruses. Nature 226:1209–1211

57. Joyce CM, Grindley ND (1983) Construction of a plasmid that

overproduces the large proteolytic fragment (Klenow fragment)

of DNA polymerase I of Escherichia coli. Proc Natl Acad Sci

USA 80:1830–1834

58. Jacobsen H, Klenow H, Overgaard-Hansen K (1974) The

N-terminal amino-acid sequences of DNA polymerase I from

Escherichia coli and of the large and the small fragments

obtained by a limited proteolysis. Eur J Biochem 45:623–627

59. Krieg PA, Melton DA (1984) Functional messenger RNAs are

produced by SP6 in vitro transcription of cloned cDNAs.

Nucleic Acids Res 12:7057–7070

60. Schenborn ET, Mierendorf RC Jr (1985) A novel transcription

property of SP6 and T7 RNA polymerases: dependence on

template structure. Nucleic Acids Res 13:6223–6236

61. Lohman TM, Bujalowski W, Overman LB (1988) E. coli single

strand binding protein: a new look at helix-destabilizing pro-

teins. Trends Biochem Sci 13:250–255

62. Lohman TM, Bujalowski W, Overman LB, Wei TF (1988)

Interactions of the E. coli single strand binding (SSB) protein

with ss nucleic acids: binding mode transitions and equilibrium

binding studies. Biochem Pharmacol 37:1781–1782

63. Lohman TM, Overman LB, Datta S (1986) Salt-dependent

changes in the DNA binding co-operativity of Escherichia coli
single strand binding protein. J Mol Biol 187:603–615

64. Weiner JH, Bertsch LL, Kornberg A (1975) The deoxyribonu-

cleic acid unwinding protein of Escherichia coli: properties and

functions in replication. J Biol Chem 250:1972–1980

65. Fanning E, Klimovich V, Nager AR (2006) A dynamic model

for replication protein A (RPA) function in DNA processing

pathways. Nucleic Acids Res 34:4126–4137

66. Zou Y, Liu Y, Wu X, Shell SM (2006) Functions of human

replication protein A (RPA): from DNA replication to DNA

damage and stress responses. J Cell Physiol 208:267–273

67. Lohman TM, Ferrari ME (1994) Escherichia coli single-stran-

ded DNA-binding protein: multiple DNA-binding modes and

co-operativities. Annu Rev Biochem 63:527–570

68. Shereda RD, Kozlov AG, Lohman TM, Cox MM, Keck JL

(2008) SSB as an organizer/mobilizer of genome maintenance

complexes. Crit Rev Biochem Mol Biol 43:289–318

69. Matson SW (1986) Escherichia coli helicase II (urvD gene

product) translocates unidirectionally in a 30–50 direction. J Biol

Chem 261:10169–10175

70. Lahue EE, Matson SW (1988) Escherichia coli DNA helicase I

catalyzes a unidirectional and highly processive unwinding

reaction. J Biol Chem 263:3208–3215

71. Maluf NK, Fischer CJ, Lohman TM (2003) A dimer of Esche-
richia coli UvrD is the active form of the helicase in vitro. J Mol

Biol 325:913–935

72. An L, Tang W, Ranalli TA, Kim HJ, Wytiaz J, Kong H (2005)

Characterization of a thermostable UvrD helicase and its

participation in helicase-dependent amplification. J Biol Chem

280:28952–28958

73. Hall MC, Jordan JR, Matson SW (1998) Evidence for a physical

interaction between the Escherichia coli methyl-directed mis-

match repair proteins MutL and UvrD. EMBO J 17:1535–1541

74. Mechanic LE, Frankel BA, Matson SW (2000) Escherichia coli
MutL loads DNA helicase II onto DNA. J Biol Chem

275:38337–38346

75. Matson SW, Robertson AB (2006) The UvrD helicase and its

modulation by the mismatch repair protein MutL. Nucleic Acids

Res 34:4089–4097

76. Andresen D, von Nickisch-Rosenegk M, Bier FF (2009) Heli-

case dependent OnChip-amplification and its use in multiplex

pathogen detection. Clin Chim Acta 403:244–248

77. Gill P, Alvandi AH, Abdul-Tehrani H, Sadeghizadeh M (2008)

Colorimetric detection of Helicobacter pylori DNA using iso-

thermal helicase-dependent amplification and gold nanoparticle

probes. Diagn Microbiol Infect Dis 62:119–124

78. Gill P, Amini M, Ghaemi A, Shokouhizadeh L, Abdul-Tehrani

H, Karami A, Gilak A (2007) Detection of Helicobacter pylori
by enzyme-linked immunosorbent assay of thermophilic heli-

case-dependent isothermal DNA amplification. Diagn Microbiol

Infect Dis 59:243–249

79. Goldmeyer J, Kong H, Tang W (2007) Development of a novel

one-tube isothermal reverse transcription thermophilic helicase-

dependent amplification platform for rapid RNA detection.

J Mol Diagn 9:639–644

80. Motre A, Li Y, Kong H (2008) Enhancing helicase-dependent

amplification by fusing the helicase with the DNA polymerase.

Gene 420:17–22

81. Xu Y, Kim HJ, Kays A, Rice J, Kong H (2006) Simultaneous

amplification and screening of whole plasmids using the T7

bacteriophage replisome. Nucleic Acids Res 34:e98

82. Dunn JJ, Studier FW (1983) Complete nucleotide sequence

of bacteriophage T7 DNA and the locations of T7 genetic

elements. J Mol Biol 166:477–535

83. Richardson CC (1983) Bacteriophage T7: minimal requirements

for the replication of a duplex DNA molecule [Review]. Cell

33:315–317

84. Studier FW (1972) Bacteriophage T7 [Review]. Science

176:367–376

85. Bernstein JA, Richardson CC (1988) A 7-kDa region of the

bacteriophage T7 gene 4 protein is required for primase but not

for helicase activity. Proc Natl Acad Sci USA 85:396–400

86. Bernstein JA, Richardson CC (1989) Characterization of the

helicase and primase activities of the 63-kDa component of the

bacteriophage T7 gene 4 protein. J Biol Chem 264:13066–13073

87. Rosenberg AH, Patel SS, Johnson KA, Studier FW (1992)

Cloning and expression of gene 4 of bacteriophage T7 and

creation and analysis of T7 mutants lacking the 4A primase/

helicase or the 4B helicase. J Biol Chem 267:15005–15012

88. Patel SS, Hingorani MM (1993) Oligomeric structure of bacte-

riophage T7 DNA primase/helicase proteins. J Biol Chem

268:10668–10675

89. Hingorani MM, Patel SS (1996) Cooperative interactions of

nucleotide ligands are linked to oligomerization and DNA

binding in bacteriophage T7 gene 4 helicases. Biochemistry

35:2218–2228

90. Hingorani MM, Patel SS (1993) Interactions of bacteriophage

T7 DNA primase/helicase protein with single-stranded and

double-stranded DNAs. Biochemistry 32:12478–12487

Helicase-dependent DNA amplification 3335



91. Ahnert P, Patel SS (1997) Asymmetric interactions of hexameric

bacteriophage T7 DNA helicase with the 50- and 30-tails of the

forked DNA substrate. J Biol Chem 272:32267–32273

92. Jeong YJ, Levin MK, Patel SS (2004) The DNA-unwinding

mechanism of the ring helicase of bacteriophage T7. Proc Natl

Acad Sci USA 101:7264–7269

93. Matson SW, Richardson CC (1983) DNA-dependent nucleoside

50-triphosphatase activity of the gene 4 protein of bacteriophage

T7. J Biol Chem 258:14009–14016

94. Ahnert P, Picha KM, Patel SS (2000) A ring-opening mecha-

nism for DNA binding in the central channel of the T7 helicase-

primase protein. EMBO J 19:3418–3427

95. Egelman EH, Yu X, Wild R, Hingorani MM, Patel SS (1995)

Bacteriophage T7 helicase/primase proteins form rings around

single-stranded DNA that suggest a general structure for hexa-

meric helicases. Proc Natl Acad Sci USA 92:3869–3873

96. Tabor S, Huber HE, Richardson CC (1987) Escherichia coli
thioredoxin confers processivity on the DNA polymerase

activity of the gene 5 protein of bacteriophage T7. J Biol Chem

262:16212–16223

97. Hamdan SM, Johnson DE, Tanner NA, Lee JB, Qimron U,

Tabor S, van Oijen AM, Richardson CC (2007) Dynamic DNA

helicase-DNA polymerase interactions assure processive repli-

cation fork movement. Mol Cell 27:539–549

98. Kim YT, Tabor S, Bortner C, Griffith JD, Richardson CC (1992)

Purification and characterization of the bacteriophage T7 gene

2.5 protein: a single-stranded DNA-binding protein. J Biol

Chem 267:15022–15031

99. Hollis T, Stattel JM, Walther DS, Richardson CC, Ellenberger T

(2001) Structure of the gene 2.5 protein, a single-stranded DNA

binding protein encoded by bacteriophage T7. Proc Natl Acad

Sci USA 98:9557–9562

100. Nakai H, Richardson CC (1988) Leading and lagging strand

synthesis at the replication fork of bacteriophage T7: distinct

properties of T7 gene 4 protein as a helicase and primase. J Biol

Chem 263:9818–9830

101. Kim YT, Tabor S, Churchich JE, Richardson CC (1992) Inter-

actions of gene 2.5 protein and DNA polymerase of

bacteriophage T7. J Biol Chem 267:15032–15040

102. Kim DE, Patel SS (2002) T7 DNA helicase: a molecular motor

that processively and unidirectionally translocates along single-

stranded DNA. J Mol Biol 321:807–819

103. Stano NM, Jeong YJ, Donmez I, Tummalapalli P, Levin MK,

Patel SS (2005) DNA synthesis provides the driving force to

accelerate DNA unwinding by a helicase. Nature 435:370–373

104. Notarnicola SM, Mulcahy HL, Lee J, Richardson CC (1997)

The acidic carboxyl terminus of the bacteriophage T7 gene 4

helicase/primase interacts with T7 DNA polymerase. J Biol

Chem 272:18425–18433

105. Li Y, Kim HJ, Zheng C, Chow WH, Lim J, Keenan B, Pan X,

Lemieux B, Kong H (2008) Primase-based whole genome

amplification. Nucleic Acids Res 36:e79

106. Kusakabe T, Richardson CC (1997) Gene 4 DNA primase of

bacteriophage T7 mediates the annealing and extension of ribo-

oligonucleotides at primase recognition sites. J Biol Chem

272:12446–12453

107. Tabor S, Richardson CC (1981) Template recognition sequence

for RNA primer synthesis by gene 4 protein of bacteriophage

T7. Proc Natl Acad Sci USA 78:205–209

108. Benkovic SJ, Valentine AM, Salinas F (2001) Replisome-

mediated DNA replication. Annu Rev Biochem 70:181–208

109. Nossal NG (1992) Protein–protein interactions at a DNA repli-

cation fork: bacteriophage T4 as a model [Review]. FASEB J

6:871–878

110. Young MC, Reddy MK, von Hippel PH (1992) Structure and

function of the bacteriophage T4 DNA polymerase holoenzyme.

Biochemistry 31:8675–8690

111. Delagoutte E, von Hippel PH (2001) Molecular mechanisms of

the functional coupling of the helicase (gp41) and polymerase

(gp43) of bacteriophage T4 within the DNA replication fork.

Biochemistry 40:4459–4477

112. Kim S, Dallmann HG, McHenry CS, Marians KJ (1996)

Coupling of a replicative polymerase and helicase: a tau-DnaB

interaction mediates rapid replication fork movement. Cell

84:643–650

113. McHenry CS (2003) Chromosomal replicases as asymmetric

dimers: studies of subunit arrangement and functional conse-

quences. Mol Microbiol 49:1157–1165

114. Kim S, Dallmann HG, McHenry CS, Marians KJ (1996) Tau

couples the leading- and lagging-strand polymerases at the

Escherichia coli DNA replication fork. J Biol Chem 271:21406–

21412

115. Galletto R, Jezewska MJ, Bujalowski W (2004) Unzipping

mechanism of the double-stranded DNA unwinding by a hexa-

meric helicase: quantitative analysis of the rate of the dsDNA

unwinding, processivity and kinetic step-size of the Escherichia
coli DnaB helicase using rapid quench-flow method. J Mol Biol

343:83–99

116. Bujalowski W, Jezewska MJ (1995) Interactions of Escherichia
coli primary replicative helicase DnaB protein with single-

stranded DNA: the nucleic acid does not wrap around the

protein hexamer. Biochemistry 34:8513–8519

117. Barcena M, Ruiz T, Donate LE, Brown SE, Dixon NE,

Radermacher M, Carazo JM (2001) The DnaB.DnaC complex: a

structure based on dimers assembled around an occluded

channel. EMBO J 20:1462–1468

118. Xi J, Zhang Z, Zhuang Z, Yang J, Spiering MM, Hammes GG,

Benkovic SJ (2005) Interaction between the T4 helicase loading

protein (gp59) and the DNA polymerase (gp43): unlocking of

the gp59-gp43-DNA complex to initiate assembly of a fully

functional replisome. Biochemistry 44:7747–7756

119. Lohman TM, Tomko EJ, Wu CG (2008) Non-hexameric DNA

helicases and translocases: mechanisms and regulation. Nat Rev

Mol Cell Biol 9:391–401

120. Zhang W, Dillingham MS, Thomas CD, Allen S, Roberts CJ,

Soultanas P (2007) Directional loading and stimulation of PcrA

helicase by the replication initiator protein RepD. J Mol Biol

371:336–348

121. Pang PS, Jankowsky E, Planet PJ, Pyle AM (2002) The hepatitis

C viral NS3 protein is a processive DNA helicase with cofactor

enhanced RNA unwinding. EMBO J 21:1168–1176

3336 Y.-J. Jeong et al.


	Isothermal DNA amplification in vitro: the helicase-dependent amplification system
	Abstract
	Introduction
	Helicase-dependent DNA amplification
	HDA system using bacterial UvrD DNA helicase
	HDA system using the T7 bacteriophage replisome machinery
	Perspective use of other helicases in HDA system
	Conclusions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


