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Abstract

:

The isothermal amplification of nucleic acids refers to processes that quickly increase the amount of DNA at a constant temperature. These methods are mainly developed as alternatives to PCR for cases in which the application of a thermal cycler is not possible or the assay method must be as rapid as possible. We have developed a new method of isothermal amplification based on the formation of hairpins at the ends of DNA fragments containing palindromic sequences and increased by the hydrolysis of one or both DNA strands by restriction endonuclease, known as hairpin-assisted isothermal reaction (HAIR). The key steps in HAIR are the formation of a self-complementary hairpin and the DNA breakage introduced by nickase. The end hairpins facilitate primer-free amplification, the amplicon strand cleavage by nickase produces additional 3′ ends that serve as new amplification points, and the amount of DNA can increase exponentially. The rate of amplification in HAIR is more than five times the rate of loop-mediated isothermal amplification (LAMP), and the total amount of DNA product of HAIR is more than double the amount of the LAMP product.
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1. Introduction


PCR is one of the most popular and functional methods for the analysis of nucleic acids. However, this method has a number of disadvantages that limit its greater application. The disadvantages of PCR are mainly manifested when it is used for molecular diagnosis. It is necessary to have the special, oversized equipment of a thermal cycler. Another disadvantage is the relatively long time needed for the analysis procedure. These disadvantages led to the development of isothermal amplification methods [1,2]. Isothermal amplification does not require stages of cooling and heating, unlike PCR. Amplification is performed at a constant temperature, which decreases the length of the procedure because time is not spent heating and cooling. In addition, using some methods of isothermal amplification, the amount of DNA increases by more than double at each stage of amplification [3]; this reaction is faster than a PCR. The replacement of thermocycling, in some cases, also allows the use of simpler and portable equipment such as a thermostat instead of a thermocycler.



Several isothermal amplification methods have been developed. The most famous method is loop-mediated isothermal amplification (LAMP) [4,5]. Among the other methods are strand displacement amplification (SDA) [6], nicking enzyme amplification reaction (NEAR) [5,7], whole-genome amplification (WGA) [8,9,10], helicase-dependent amplification (HDA) [11], recombinase polymerase amplification (RPA) [12], rolling circle amplification (RCA) [13], and others [14]. The different isothermal amplification methods have very different principles. In these methods, different sets of different primers, different enzymes, and even different methods of product detection are used. However, all methods are performed at a constant temperature, from 37 °C for HDA to 72 °C for most others. Moreover, DNA polymerase with strong strand displacement activity but without exonuclease activity is used in all isothermal amplification methods. Bst DNA polymerase and its modifications—Bsm DNA polymerase, phi29 DNA polymerase [15], and modified Taq polymerase [16]—are used in the isothermal amplification of DNA.



Isothermal amplification is seldom used in research because of the difficult choice of primers and amplification conditions in comparison with PCR. Moreover, the product of the reaction in many cases is not a linear PCR fragment but a branched conglomerate, concatemer, or single-stranded DNA, which is inconvenient for research purposes. However, the reaction procedures are simple, the methods of amplification are specific and sensitive if optimal conditions are selected, and a reaction mixture of optimal composition is obtained because isothermal amplification methods have become widespread in clinical practice. In many ways, the spread of this method was associated with the COVID-19 epidemic [17] because dealing with the pandemic required the most rapid methods for diagnosing a pathogen. The short analysis time is the main, but not only, advantage of isothermal DNA amplification methods. Unlike PCR, isothermal amplification methods do not require a thermal cycler or thermal cycler with real-time detection, although real-time signal detection is still required in some modified methods. An ordinary thermostat is sufficient for isothermal methods, and the signal can be detected visually. Another interesting feature of these isothermal methods is their increased tolerance to chemical inhibitors often present in clinical samples [18,19,20,21].



Currently, isothermal amplification methods are used in a wide number of fields [22]: the detection of various pathogens in clinical samples, particularly COVID-19 [17]; food and samples taken from the environment [23,24,25]; diagnostics of infectious diseases [26,27,28,29,30]; and polymorphism detection [31]. Some isothermal methods endorsed for particular applications have already been approved by regulatory agencies such as the Food and Drug Administration (FDA), the European Medicines Agency (EMA), and even the World Health Organization (WHO) through the Foundation for Innovative New Diagnostics (FIND) for the molecular diagnostics of critical pathogens [32]; this has attracted further attention from diagnostics-oriented biotech companies.



Thus, although isothermal amplification methods are not the “gold standard” of diagnostics in the same way as PCR, they have found their application in molecular diagnostics in cases where speed is the main requirement of the test system and when the analysis is required in field conditions.



We developed a novel method termed hairpin-assisted isothermal reaction (HAIR). The main feature of this method, distinguishing it from other types of amplification methods, is that the amplification process is performed without the use of primers. The primers are required to initiate amplification only; after initiation, the reaction proceeds spontaneously.



The sequence of the main (internal) pair of primers consists of the complementary target sequence, Nt.BstNBI nickase recognition sequence, and a palindrome sequence. The second pair of primers (outer primers) are analogous to the outer primers of LAMP and NEAR. A pair of outer primers anneals upstream of the binding site of the internal primers to displace the initial product strand from the DNA matrix. All primers have no further function once the amplification process has been initiated. A schematic of the main stages of amplification initiation is shown in Figure 1.



Internal primers anneal to the complementary part on the target sequence at the first stage (Figure 1a) followed by DNA polymerase synthesis of a complementary strand displacing the template strand (Figure 1b–d). A product with a terminal AT repeat at the 5′ end is formed (Figure 1d). The outer primer anneals on the DNA template (Figure 1d) and DNA polymerase synthesizes a new chain, displacing the product with the AT terminal repeat at the 3′ end (Figure 1e,f). The first internal primer anneals on single-stranded DNA containing the AT repeat at the 3′ end (Figure 1f). The complementary strand is displaced by DNA polymerase and a product containing repeats at both ends of DNA is formed (Figure 1g). The outer primer is annealed again (Figure 1g) and the strand containing terminal repeats is displaced (Figure 1h,i), forming a product capable of self-amplification (Figure 1i,j). During the initiation of amplification, different products are formed, which can also act to initiate amplification. It should be noted that the described method is not the only possible means to initiate replication. Theoretically, any method for obtaining a DNA duplex with terminal repeats can be used to initiate replication. Such methods include PCR, HDA, and RPA.



The product containing AT repeats is capable of self-amplification (Figure 2). The form of the product containing AT terminal repeats is in equilibrium with the formed product in which the terminal repeats are turned inward to form hairpins (Figure 2b). Synthesis initiates in the hairpin form of DNA and the complementary strand is displaced by DNA polymerase (Figure 2c). DNA hairpins with a repeat at one end are formed (Figure 2d), which is also in equilibrium with the DNA duplex with end hairpins (Figure 2e) that are capable of self-amplification, after which the double-length product is formed (Figure 2f). The double-length product is cleaved by nickase (Figure 2g) and the DNA polymerase displaces the strand (Figure 2h), producing a single self-amplifying product (Figure 2i,j) similar to the initial product, and the cycle is repeated. The result of several cycles of self-amplification of the product that was not cut with nickase is a long concatemer, which is the main product of the reaction (Figure 2k). Many other products are also formed during amplification, such as oligonucleotides consisting of AT repeats, but the concatemer is the main product of HAIR.



In fact, amplification initiation and amplification itself are two different reactions, in which initiation is responsible for specificity and amplification itself for visualization. This duality may have potential advantages as it allows HAIR to be combined with NEAR, PCR, HDA, and RPA. In this case, the selection of amplification conditions (amplification initiation) seems to be more flexible because the researcher can choose the initiation method that is the most suitable option for their purposes. In this paper, we will use NEAR and PCR to obtain self-amplification of a DNA duplex with terminal repeats; then, we will show the characteristics of HAIR as an independent type of amplification and for amplification of the target sequence in the plasmid.




2. Materials and Methods


2.1. Materials


Sequences of DNA amplicon and primers are presented in the supplementary data in Table S1. Primers were synthesized by Lumiprobe (Moscow, Russia). Buffer mixes and reagents were purchased from the following manufacturers: Bst 2.0 DNA polymerase, Nt.BstNBI nickase from NEB (MA, USA), EvaGreen, and dNTP mix from Syntol (Moscow, Russia); FaiI restriction endonuclease, B buffer, ROSE buffer, and gel loading buffer from SibEnzyme (Novosibirsk, Russia); and agarose and TAE buffer from PanEco (Moscow, Russia).




2.2. HAIR Reaction Mix


HAIR amplification was carried out in a 20 µL reaction mixture containing 0.1 µM of each primer; 500 µM of each dNTP; 50 mM Tris-HCl, pH 8.5, 100 mM KCl; 2 mM MgCl2; 0.1 u/ml Nt.BstNBI; and 0.1 u/ml Bst 2.0 polymerase. For real-time fluorescence-based monitoring of amplification, EvaGreen was added to the mastermix to a final concentration of 1×. The mixture was chilled on ice, Bst 2.0 DNA polymerase and Nt.BstNBI nickase were added directly to each PCR well, and amplification was immediately started at 56 °C.




2.3. Amplification of BRAF Gene Cloned in pUC19


The BRAF gene was amplified with the primers 24-F3c-P and 20-B3c-P, inserted into the multiple cloning site (MCS) of pUC19, digested with SmaI, and then used as a template. A total 1 ng of the resulting plasmid pUC19-BRAF_15ex was added to the HAIR reaction mix. pUC19-BRAF_15ex and controls were added in equimolar quantities. Fluorescence intensities were measured with a CFX96 Touch Real-Time PCR Detection System (Bio-Rad, Hercules, CA, USA).




2.4. Gel Electrophoresis


A 10 µL aliquot of reaction mix was mixed with 10× agarose gel loading buffer and subjected to electrophoretic analysis on a 0.5% agarose gel containing ethidium bromide. The amplification products were visualized using ChemiDoc Touch Gel Imaging System (Bio-Rad, USA).





3. Results


3.1. Variations in HAIR


The key steps in HAIR are the formation of a self-complementary hairpin and the DNA breakage introduced by nickase. The end hairpins make primer-free amplification possible. However, in this case, the number of 3′ ends is reduced and the amount of DNA can only increase linearly. Strand digestion by nickase produces additional 3′ ends that serve as new amplification points, and the amount of DNA can increase exponentially.



Different sequences of the end hairpin of self-amplifying products of HAIR can be used. We tested AT and GTAC repeats as terminal repeats. DNA duplexes containing fifteen AT repeats (d161-AT) and seven GTAC repeats (d157-GTAC) were obtained using standard PCR and added at equimolar concentrations to the mixture containing buffer components, nucleoside triphosphates, Bst polymerase, and nickase but not containing primers.



The amplification reaction mixture was incubated at 56 °C, which is optimal for Nt.BstNBI. The DNA duplex without repeats (d158) and the LAMP amplicon (d153-LAMP) were used as controls. Both DNA duplexes (d161-AT and d157-GTAC) are efficient at self-amplification (Figure 3) but d161-AT amplifies faster than d157-GTAC. It should be noted that the rate of HAIR exceeds the rate of LAMP. This may be because the rate of folding of the end hairpin exceeds the rate of primer annealing. It is impossible to accurately compare the rate of these processes as they use different principles of amplification. The rate of self-amplification of d157-GTAC is more than four times that of d153-LAMP, and the rate of self-amplification of d161-AT is more than five times that of d153-LAMP. Moreover, the total amount of DNA produced by HAIR is more than double the amount of that produced by LAMP because the amount of product is limited by the number of nucleosides rather than triphosphates. The product of HAIR is a concatemer over 50 kb (Figure 3b) for both cases of repeats, which corresponds to a concatemer of more than 500 monomers. In the case of the AT repeat, amplification is faster than for the GTAC repeat, which is likely due to the lower melting temperature of the sequence and large number of variants of hairpin formations.



We studied the kinetics of the accumulation of the product of HAIR and the formation of the reaction product (Figure 4). The kinetics were first studied in the absence of nickase and then after its addition using agarose gel electrophoresis. When DNA polymerase was added, the band of the DNA duplex became blurry. This means that the length of the reaction products is heterogeneous. This, in turn, means the rate of turning of DNA ends to hairpins is heterogenous or that inactive DNA duplexes are formed. Full-length concatemers are formed after 20 min of incubation. The length of concatemers is very different, from a few monomers to several thousand monomers. After the addition of nickase, the amount of product increases exponentially and reaches a maximum after 8 min of incubation. It should also be noted that, in this case, the concatemers are shorter than concatemers obtained through the simultaneous addition of polymerase and nickase. The length of concatemers is no more than 20 residues versus more than 500 monomers in the standard mix.



Additional 3′ ends can be added by DNA double-strand breaks separately from DNA single-strand breaks. Concatemers can be digested by restriction endonuclease in the AT sequence. The AT repeat can be hydrolyzed by the thermostable restriction endonuclease FaiI. This restriction endonuclease can be used in the reaction. Cleavage by restriction endonuclease leads to the shortening of the terminal repeats after every amplification cycle; however, AT repeats can be annealed with each other and lengthen the AT sequence. In this case, the product of amplification is a short rather than a long concatemer. The disadvantage of FaiI is the need for different optimal buffers for FaiI and Bst polymerases: the FaiI restriction endonuclease is not active in the Bst polymerase buffer (isothermal amplification buffer), and the Bst polymerase has low activity in the FaiI restriction endonuclease buffer (B). We tested the possibility of self-amplification of d161-AT in buffer B and ROSE buffer, in which FaiI is 100% active. The DNA duplex d158 without repeats was used as a control. The optimal working temperature of FaiI is 50 °C, but it is also highly active at higher temperatures (up to 68 °C). The results of amplification and gel electrophoresis are shown in Figure 5.



The d161-AT is amplified linearly in buffer B and exponentially in ROSE buffer. However, the control DNA duplex d158, which does not contain repeats, is amplified in the ROSE buffer, but the result of the amplification is a high-molecular-weight product. The composition of the ROSE buffer is unknown. This buffer may contain nucleic acids. Therefore, components of the buffer may be amplified rather than the control DNA duplex. This is supported by the fact that the amplification of d158 and blank reaction mix is a simultaneous amplification (data not shown). Thus, despite the fact that the use of the restriction endonuclease FaiI may be preferable to the use of the nicking endonuclease Nt.BstNBI due to the thermal stability of FaiI and the possibility of varying the amplification temperature, the use of FaiI in HAIR requires the selection of the buffer composition.




3.2. Application of HAIR for Target Determination


To test the possibility of the application of HAIR, we used a plasmid with a cloned BRAF gene sequence. The plasmid without the BRAF gene sequence was used as a control. Controls without the DNA template and LAMP method were also used. Results of HAIR are shown in Figure 6.



The product of HAIR amplified after 10 min of incubation (Figure 6a) and the concatemer (Figure 6b) was similar to the d161-AT self-amplification concatemer. A non-specific product was amplified after 20 min of incubation and was probably the result of self-hybridization of primers because it appeared simultaneously in the controls without DNA template. However, the non-specific amplicon has a different molecular weight from the proper products (Figure 6b). Tiny time differences between the amplification of specific and non-specific amplicons were expected because they are typical for all types of amplification that use a nicking enzyme [33].





4. Discussion


HAIR, similar to parvovirus replication, is a self-priming rotating hairpin replication (RHR) [34]. The HAIR amplicon consists of terminal repeats, a nick site, and a target sequence, analogous to the genome of the parvovirus. AT repeats are similar to inverted terminal repeats in the parvovirus genome, and the results of Nt.BstNBI nickase are similar to NS1 protein-induced single-stranded DNA breaks. The amplification mechanism also resembles parvovirus replication. Attempts to use a process similar to parvovirus replication for DNA amplification have been made in the past [35,36]; however, the resulting amplification methods were extremely inefficient due to the use of non-repeating sequences as terminal repeats.



Hairpin-assisted isothermal reactions mainly rely on several molecular biological processes. The first is the formation of hairpins at the ends of the DNA in the form of a fork, in which the 3′ and 5′ ends of the DNA are turned inward. Two main mechanisms for the formation of such forms have been proposed (type S and type C) [37,38]: the first (type S) implies the small-scale melting of the double helix; the other mechanism (type C) involves the melting of a large region, which is favored by nearby AT-rich sequences. This large region of melting would allow hairpins to fold on both strands, leading to cruciform formation. Presumably, hairpin formation in HAIR proceeds according to the type C mechanism and is related to dsDNA fluctuations (or “breathing”)—that is, the spontaneous denaturation–renaturation of DNA. It is specifically manifested at the ends in AT-rich DNA regions and with an increase in temperature [39]. If DNA segments contain palindromic sequences, the formation of a secondary structure in the form of hairpins is possible. One of the hairpins has a 3′ end that can act as a primer for DNA polymerase. Another process used by HAIR is to digest one of the DNA’s strands by nicking endonuclease exposing the 3′ end. DNA polymerase starts from this nick, uses another uncleaved strand as a template to synthesize a new double-stranded nucleic acid, and displaces the old strand to serve as a template for the next round of nucleic acid synthesis. The single-strand breaking of DNA produces new, additional active 3′ ends containing the AT repeat and the reaction of amplification is accelerated. This mechanism is important in SDA and NEAR, from which it follows that HAIR is a variety of this amplification.



Unfortunately, the similarity of the mechanism of amplification of HAIR with NEAR makes it prone to the disadvantages of NEAR. This can be observed when applying HAIR for BRAF amplification (Figure 6a). A non-specific amplification appears 10 min after target amplification, although the relative time of the non-specific amplification is more than twice the time of specific amplification. This result is not a surprise and is well-described in the literature [33]. However, since the specificity of HAIR mainly depends on the stage of initiation, and NEAR, PCR, HDA, or RPA can potentially elicit the initiation of HAIR, each of these can be used to increase the specificity of the reaction. NEAR, HDA, and RPA are more suitable for initiation because they use similar amplification conditions to HAIR, i.e., a strand-displacement DNA polymerase and a compatible buffer. In addition, NEAR, HDA, and RPA can be more specific in this case than when they are used alone. This is because of the lower primer concentration required to initiate amplification, which is known to increase the specificity of amplification [40]. Thus, HAIR should be considered primarily as a DNA amplification method for those cases in which primers prevent the reaction of DNA amplification for any reason. For example, primers can be fixed to a solid state because they are only needed to initiate amplification. The advantage of immobilized primers is that their interaction with each other is physically excluded and the formation of primer dimers (a problem for all types of amplification) is prevented. At the same time, the immobilization of primers should in no way affect the speed and efficiency of amplification reaction since primers do not participate in the reaction itself. Therefore, the immobilization of primers can increase the specificity of the amplification.




5. Conclusions


HAIR is a new and interesting type of amplification for science and for clinical application. The scientific value of HAIR lies in the fact that this is the first effective type of amplification of DNA that is independent of primers. The amplification requires only enzymes and nucleoside triphosphates. An interesting feature of HAIR is the high rate of amplification, which is more than five times that of LAMP. HAIR sheds light on the mechanism of the formation of terminal hairpins of DNA. The process of hairpin formation has not yet been studied, so we can assume that this process is slow and inefficient; however, the high rate of HAIR amplification suggests otherwise, which was not known before. The remarkably fast rate of HAIR also allows us to consider it as a new molecular diagnostic method. This reaction is compatible with a nickase-cleavable fluorescent beacon [41]; therefore, the amplified product could be unambiguously identified by real-time amplification. At the same time, HAIR, as a type of nicking enzyme amplification, has many disadvantages, such as difficulties in primer selection, the amplification of non-specific products, and the inability to vary the amplification temperature [33,42]. However, these difficulties can be overcome by careful selection of amplification conditions.
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Figure 1. Initiation of HAIR amplification. Formation of a self-amplifying product. (a) Primer annealing sites; (b) local denaturation of the DNA template and annealing of the first internal primer; (c) displacement of the complementary strand by DNA polymerase; (d) completion of the synthesis of the strand with AT repeat synthesis and annealing of the first internal primer on the DNA template; (e) displacement of the strand with the AT repeat by DNA polymerase; (f) complete displacement of the strand with the AT repeat and annealing of the second internal primer; (g) formation of a DNA duplex with the AT repeat and annealing of the second outer primer; (h) displacement of the strand with two AT repeats; (i) complete displacement of the chain with two AT repeats and annealing of the first internal primer; (j) formation of a DNA duplex with terminal AT repeats capable of self-amplification. 
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Figure 2. Self-amplification of a DNA duplex with terminal AT repeats. (a) Linear form of self-amplifying DNA duplex; (b) hairpin form of self-amplifying DNA duplex; (c) self-amplification of the DNA duplex and displacement of DNA chains; (d) formation of single hairpin-form products with one terminal AT repeat; (e) formation of hairpins from AT repeats and synthesis of the chain; (f) formation of a double-length product; (g) cleavage of the DNA duplex by nickase and formation of a new 3′ end; (h) displacement of the strand by DNA polymerase; (i) formation of a single-stranded monomeric form of the product; (j) annealing of the AT 3′ end repeats to themselves; (k) after several cycles of self-amplification without the participation of nickase, a long concatemer is formed. 
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Figure 3. Comparison of the amplification of DNA duplexes containing AT and GTAC terminal repeats and LAMP amplicon using (a) real-time amplification and (b) agarose gel electrophoresis. 
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Figure 4. Time dependence of the amount and type of product of amplification. 
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Figure 5. Comparison of amplification of DNA duplexes in the presence of restriction endonuclease FaiI using (a) real-time amplification and (b) agarose gel electrophoresis. 
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Figure 6. Amplification of the cloned BRAF gene using (a) real-time amplification and (b) agarose gel electrophoresis. 
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