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Abstract 

A/T(U) and G/C nucleobase pair formation in DNA and RNA are crucial to numerous fundamental 
biological processes, including replication, transcription, and translation. The specificity of A/T(U) 
and G/C base pairing is used for the recognition of complementary sequences in medical and 
biotechnological applications—such as PCR, nucleic acid drugs, and CRISPR–Cas9-based gene 
editing. To understand the fidelity of biological reactions and improve the accuracy and efficacy of 
applications, particularly by avoiding off-target binding, clarifying the mechanism of recognition of 
complementary bases or sequences is essential. Despite the prevailing view that Watson-Crick 
hydrogen bonding is a primary mechanism for complementary base recognition, several experiments 
have shown that DNA polymerase does not require hydrogen bonding to select complementary 
bases. Other factors—such as the geometry of bases and base stacking—appear to be involved in the 
selection. Artificial base pairs lacking hydrogen bonds but recognized by DNA polymerase were 
successfully designed solely based on base-pair geometry. However, hydrogen bonding also 
contributes to recognition. Furthermore, the accuracy of selecting a complementary nucleobase or 
sequence varies across reactions, suggesting the existence of multiple selection mechanisms. This 
review provides an overview of biological processes and applications involving base pairing and 
discusses the molecular mechanism underlying complementary base recognition. 

Keywords: nucleobase pair; DNA; RNA; Watson-Crick hydrogen bond; base stacking; 
complementary nucleotide sequence; DNA polymerase; gene targeting 
 

1. Introduction 

The discovery of the double-helical structure of DNA marks the dawn of modern biology. DNA 
comaprises two strands going in opposite directions, which are connected by A/T and G/C base pairs 
[1]. This structure, especially the exclusive A/T and G/C base-pair formation, allowed Professor Crick 
to propose the famous Central Dogma, which explained how DNA is duplicated and how genetic 
information dictates the amino acid sequence of proteins and, thus, their phenotype [1,2]. Later 
experiments further supported this theory [3–8]. DNA polymerase binds to one of the DNA strands 
and uses it as a template to synthesize the complementary strand. DNA polymerase selects and 
extends a base that pairs with the corresponding base on the template DNA. For protein synthesis, 
messenger RNA (mRNA) is first produced similarly from one of the DNA strands by RNA 
polymerase. Subsequently, the ribosome binds the mRNA, selects a transfer RNA (tRNA) that forms 
base pairs with three consecutive nucleotides on the mRNA (codon/anticodon interactions), and 
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polymerizes the amino acid carried by the tRNA. Base pair formation is thus essential for 
fundamental biological reactions comprising replication, transcription, and translation.  

Base pair formation is also involved in other critical biological processes, such as the regulation 
of translation by small-interfering RNA (siRNA), genomic maintenance and meiosis via homologous 
recombination, and disruption of viral DNA in bacteria by the clustered regularly interspaced short 
palindromic repeats (CRISPR)–CRISPR-associated protein 9 (Cas9) system [9–14].  

Furthermore, base pairing is applied in medicine and biotechnology, including polymerase 
chain reaction (PCR), siRNA-like drugs, CRISPR–Cas9-based gene editing, and DNA microdevices 
[15–20]. PCR is based on the binding of primers complementary to parts of the target gene. Moreover, 
nucleic acid drugs that bind to a target mRNA via sequence complementarity and inhibit its 
translation into the target protein are currently in development. Homologous recombination- and 
CRISPR–Cas9-based gene editing involve base-pairing to target the editing site. Similarly, DNA 
nanomachines are constructed by the specific organization of several DNA fragments through base 
pair formation. For all of these applications, efficient and correct interaction between two 
complementary nucleotides is essential. Therefore, understanding the mechanism of recognition of 
the complementary base (or nucleotide sequence) is crucial. 

The selection of complementary bases is frequently considered to be based on hydrogen bond 
formation between complementary bases (Watson-Crick hydrogen bonds). However, there is no 
experimental evidence to support this claim. On the contrary, several studies have demonstrated that 
DNA polymerase can select complementary bases in the absence of hydrogen bond formation, 
thereby suggesting the presence of other factors [21–23]. This idea is supported even in the absence 
of any protein owing to variation in the thermal stability of double-stranded oligonucleotides, 
depending on the type of mismatch [24].  

Overall, this review summarizes biological reactions and applications involving base-pair 
formation and discusses the mechanism of complementary base (or sequence) recognition, to further 
the development of effective applications. 

2. Biological Roles of Base Pair Formation 

Base pairing is essential for replication, transcription, and translation. In addition to these 
fundamental biological reactions, several other biological processes involve base pairing between two 
complementary sequences, as described below.  

2.1. Homologous Recombination for DNA Repair and Meiosis 

Homologous recombination consists of strand exchange between two DNA molecules with 
identical nucleotide sequences. The reaction is essential for repairing stalled replication forks and 
double-strand breaks [11,12]. It also plays a role in the formation of chromosome pairs during meiosis 
[13]. The recognition of sequence homology between two DNA molecules can be achieved through 
base-pairing between their complementary strands (Figure 1A). 
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Figure 1. Schematic presentation of biological reactions involving base pair formation. (a) Recombinase-
promoted DNA strand exchange for homologous recombination. The reaction steps are based on Ito et al. [67]. 
(b) CRISPR Cas9 nuclease bound to the target DNA. The figure is produced from the photo licensed under CC 
BY-SA-NC. (c) siRNA-DISC complex bound to the target mRNA. The figure is produced from the photo licensed 
under CC BY-SA-NC. 

2.2. Regulation of Translation by siRNA and microRNA 

siRNA is a non-coding RNA of 20–24 bases that silences the expression of specific genes [9,10]. 
siRNA is produced as a double-stranded RNA. After entering a cell, the siRNA molecule is 
incorporated into the RNA-induced silencing complex (RISC) and processed into a single-stranded 
RNA. This complex subsequently binds to the target mRNA by forming base pairs via sequence 
complementarity and cleaves it (Figure 1B). This results in the repression of translation of the target 
genes and the production of the target protein. Consequently, this system is widely used in biological 
research and biomedical applications [16–18]. 

MicroRNAs (miRNAs) are small, highly conserved non-coding RNA molecules that—like 
siRNAs—regulate the translation of specific genes [25,26]. miRNAs are produced endogenously from 
miRNA, unlike siRNAs, and are processed by the Microprocessor complex (Drosha/DGCR8) as well 
as Dicer. Thereafter, one strand (guide strand) of a 20 to 24-nucleotide-long miRNA duplex becomes 
part of the miRNA-induced silencing complex (miRISC) and binds to the target mRNAs via sequence 
complementarity. The complex represses protein production through mRNA degradation or 
translational inhibition. Furthermore, the level of complementarity between the miRNA and mRNA 
target determines which silencing mechanism will be employed. 

2.3. Disruption of Virus DNA by the CRISPR–Cas9 System 

CRISPR–Cas9 system is a bacterial defense system that functions against bacteriophage (virus) 
infection. Typically, bacteria and archaea conserve DNA segments of bacteriophages that have 
previously infected them [14]. The guide RNA in CRISPR–Cas9 is produced from these DNA 
segments and incorporated into the Cas9 nuclease. With the help of the guide RNA, Cas9 detects and 
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destroys DNA from related bacteriophages during subsequent infections (Figure 1C). This system is 
used explicitly in gene editing [19,27,28]. 

2.4. Structure of Non-Coding RNA 

Some RNAs—such as tRNA, ribosomal RNA (rRNA), and spliceosomal RNA (snRNA)—
function in various biological processes without being translated into proteins. These RNAs form 
specific three-dimensional structures to perform their functions [29,30]. The RNA structure is 
supported by the formation of partial double-helical structures (stems) by base pairing within the 
RNA molecule (Figure 2). 

 

Figure 2. Structure of tRNA stabilized by internal base pair formation. (a) Interactions between bases. (b) 3-D 
structure. The figures are produced from the photo licensed by CC-BY. 

2.5. Size and Recognition Accuracy of Sequence Complementarity in the Reactions 

A specific enzyme (or protein complex) catalyzes each of these biological reactions involving 
base pairing. Clarifying the mechanisms by which these enzymes recognize complementary bases or 
sequences is essential to understanding the high fidelity of these reactions and the maintenance of 
life. DNA polymerase makes only one mistake over 107 events. Interestingly, we observe that DNA 
polymerase does not evenly incorporate incorrect bases [31]; some mismatches occur more frequently 
than others. Moreover, CRISPR–Cas9 and siRNA recognize 20-base-pair complementarity, indicating 
that these reactions discard DNA or RNA fragments with one mismatch over 20 bases. Consequently, 
these features cannot account for the recognition of target sequences solely through hydrogen 
bonding. 

The difference in the size of the complementary sequences suggests that reaction mechanisms 
can vary from reaction to reaction. DNA and RNA polymerases recognize only one complementary 
base at each step, whereas the ribosome recognizes three base pairs. Similarly, siRNA reactions and 
CRISPR–Cas9 require more than 20 nucleotide complementarities, whereas miRNA reactions accept 
partial sequence complementarity. Homologous recombination recombinases potentially recognize 
approximately six nucleotide pairs to initiate the reaction [32,33]. The recognition accuracy also varies 
with the reaction. Wherein replication appears to be more accurate than transcription [34,35]. 
Moreover, the replication fidelity varies among DNA polymerases [36].  
  

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 29 December 2025 doi:10.20944/preprints202512.2467.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202512.2467.v1
http://creativecommons.org/licenses/by/4.0/


 5 of 14 

 

3. Biotechnological Applications Using Base Pair Formation 

3.1. Antisense- and siRNA-Based Gene Regulation and Drugs 

Antisense and siRNA technologies use oligonucleotides complementary to the target mRNA, 
thereby regulating the production of the corresponding protein. This strategy is used in biological 
research to examine the cellular function of a gene by observing biological effects resulting from 
reduced expression of the target gene [37]. It has led to the development of oligonucleotide-based 
drugs for treating infectious diseases, genetic disorders, as well as cancer by reducing the production 
of disease-associated proteins [16–18,38]. In addition to binding to the mRNA target in the cytoplasm, 
antisense RNA can enter the nucleus and bind to DNA or pre-mRNA, thereby affecting transcription 
and splicing of the target mRNA. siRNA functions only in the cytoplasm and regulates translation. 
These systems allow rapid drug development without requiring target characterization and complex 
chemical synthesis of drug candidates. The technique can also easily adapt to the drug resistance 
caused by mutations of the target.  

Although the therapy demonstrates high selectivity, off-target effects persist. Accordingly, a 
partial sequence of the complementary off-target mRNA can be repressed by siRNA and antisense 
therapies, consequently causing secondary effects. Due to the extensive size of the human genome, 
several similar sequences exist [39]. The presence of many off-targets reduces the drugʹs availability 
to the target and compromises the treatmentʹs efficacy. Therefore, resolving this issue is essential to 
developing better treatment methods [40]. 

3.2. Homologous Recombination- and CRISPR–Cas9-Assisted Gene Editing 

Homologous recombination is used for gene editing [41]. The system can insert a desired DNA 
segment into a defined position or replace a target segment with another one using sequence 
homology between the target segment and the corrector oligonucleotide. Gene editing is used to cure 
genetic diseases or to create genetically modified animals and crops. To increase homologous 
recombination efficacy, a double-strand break is induced at a desired position using CRISPR–Cas9 or 
other systems. The Cas9 enzyme cuts genomic DNA at a specific DNA sequence guided by the guide 
RNA, resulting in a double-stranded break.  

However, homologous recombination occurs infrequently and is ineffective for treating human 
somatic cells. Consequently, a novel approach using only the CRISPR–Cas9 system was developed. 
In this system, a nucleotide-modifying enzyme—such as a deaminase—is fused to CRISPR–Cas9 and 
selectively ʺcorrectsʺ the point mutation [26,27]. 

3.3. DNA Hybridization 

DNA hybridization is a simple molecular biology technique that involves the association of two 
complementary single strands of DNA (or RNA) via the specific base-pairing rules governing A/T 
(U) and G/C. The ability to detect specific DNA sequences has made hybridization a powerful 
technique with a wide range of applications, especially prior to the development of sequencing 
techniques.  

This technique uses a labeled oligonucleotide to facilitate the detection of a DNA fragment 
containing the target segment among many pieces or the localization of the target segment within a 
long chromosomal DNA molecule [42–44]. It is used to identify homologous genes across various 
organisms and to trace their evolution. Additionally, it can be used to detect the genetic material of 
pathogens—such as viruses and bacteria—in patient samples. This technique is beneficial for 
identifying genetic mutations, diagnosing inherited diseases, and determining a personʹs carrier 
status for specific medical conditions. It is also used for DNA fingerprinting to identify individuals 
based on their unique DNA profile. 
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3.4. PCR for Amplification of a Specific DNA Segment (or Fragment) 

PCR is a technique used to rapidly obtain numerous copies of a specific segment of DNA from 
a small sample. This process, called DNA amplification, uses DNA polymerase enzymes to create 
new DNA strands, thereby yielding sufficient material for detailed study, analysis, or diagnosis 
[15,45]. Because it requires a primer that binds to a template DNA strand for DNA polymerase to 
initiate replication, this technique can amplify a specific segment by selecting appropriate primers. 
PCR tests are used for medical diagnostics, forensic analysis and genetic testing, along with the 
detection of infectious agents such as viruses.  

3.5. DNA Nanodevices  

DNA nanodevices are artificial nanoscale machines constructed by the designed association of 
several DNA fragments via sequence complementarity. The association creates a specific 3-D 
structure [46] that can be altered by changes in the environment (pH or ion concentration) and other 
factors. The device can be used as a drug delivery system, a sensor, and a motor in therapeutics [47–
49]. The system is also exploited for computation (DNA computers) [50]. 

3.6. Aptamers (Chemical Antibodies) 

Aptamers are single-stranded DNA or RNA that are 20–80 nucleotide long. They form a specific 
structure through internal interactions and bind a particular target. Double-helical stems formed 
within the molecules—as in tRNA—support their structures [49]. Some aptamers are developed as 
drugs or drug delivery systems to treat diseases such as age-related macular degeneration (AMD) 
and other forms of eye disease, cancer, and infectious diseases [51–53].  

3.7. Problems with Applications 

The primary concern with these applications is the off-target effect. Owing to the enormous size 
of the human genome, several sequences may share similarities with the target sequence. Off-target 
binding reduces the amount of siRNA available to the target, thereby reducing the overall efficacy. 
Additionally, binding to off-targets inhibits the translation of unexpected genes and provokes 
unintended adverse effects. Especially in CRISPR–Cas9 applications, irreversible genome 
modification can occur, resulting in permanent damage. Consequently, understanding the 
mechanism of complementary sequence recognition and improving the design of complementary 
sequences are essential for the further development of these technologies [54–56] 

4. Molecular Mechanism of Complementary Base Recognition 

Despite the importance of base pairing in several essential biological processes as well as in 
the development of biotechnological applications, the mechanism for recognizing complementary 
bases (or sequences) remains unknown. 

4.1. Existence of Factors Other than the Hydrogen Bond 

The formation of the Watson-Crick hydrogen bond is frequently considered as a primary 
element in the selection of the complementary nucleobase (or nucleotide sequence). Base pairs are 
usually held by hydrogen bonds, which suggests that hydrogen bond formation ensures the 
specificity of A/T and G/C base pairing. These hydrogen bonds exist in both DNA and RNA. However, 
there is no experimental evidence supporting the idea that complementary bases are selected through 
hydrogen bond formation.  

The experimental examination of whether DNA polymerase selects complementary bases solely 
through hydrogen bonding was addressed 40 years after the discovery of the double-helical structure 
of DNA. Kool et al. used modified nucleobases that cannot form hydrogen bonds with any 
nucleobases during the replication [22,24]. They replaced the hydrophilic groups of T and A bases, 
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which form hydrogen bonds, with nonpolar chemical groups (Figure 3A). These modifications 
disrupt hydrogen bond formation with any base. Subsequently, these modified bases were 
incorporated into a template DNA strand and replicated with a DNA polymerase in vitro. It was 
observed that DNA polymerase incorporated A opposite the modified T and T opposite the modified 
A, despite the absence of hydrogen bonding (Figure 3B). Consequently, the DNA polymerase selects 
the ʺcorrectʺ bases without forming hydrogen bonds. The results indicated the presence of another 
factor (or factors) for the complementary base section. 

 

Figure 3. Replication of modified DNA bases that do not form any hydrogen bonds. (a) Modification of DNA 
bases to disrupt hydrogen bond formation with the complementary base. (b) Replication of DNA containing 
modified bases, showing the “correct” base selection without hydrogen bond formation. The figures are based 
Moran et al. [21]. 

The same study also performed replication using a non-modified DNA template, but with 
modified A and T trinucleotides. The modified T was revealed to be incorporated opposite A, 
whereas the modified A was incorporated opposite T [22,57]. Additionally, the DNA polymerase 
selected ʺcorrectʺ complementary bases in vivo [58]. Therefore, it was elucidated that DNA 
polymerase does not require hydrogen bond formation to select complementary bases. 

Notably, even in the absence of any protein, the double-stranded oligonucleotide—in which the 
modified A pairs with T—presents higher thermal stability than other oligonucleotides in which the 
modified A pairs with another base [57]. Another factor besides hydrogen bonds is the formation and 
stability of double-stranded DNA.  

4.2. Geometry of Base Pairs 

The most probable decisive factor for the selection is the geometry of the bases and base pairs. 
The modifications of the bases that disrupted hydrogen bond formation did not affect their shape or 
size. Furthermore, the size of the base pair is essential for the regular arrangement of the two strands 
in the DNA (Figure 4). A/T and G/C base pairs each consist of one purine and one pyrimidine, and 
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thus their size (the distance between the points attached to each DNA backbone) is similar: 12.0 nm 
for A/T and 11.9 nm for G/C pair [58]. This size similarity ensures a regular, smooth phosphodiester 
backbone in B-form DNA, regardless of its nucleotide sequence (Figure 4).  

 

Figure 4. Smooth, regular helical backbone of DNA ensured by base pair geometry and base stacking. (a) 
Regular helical structure of DNA. (b) Constant strand-strand distance ensured by base pair geometry. (c) Regular 
stacking of base pairs. The figures are produced from the photos licensed under CC BY-NC. 

The smooth and regular helical structure of the phosphodiester backbone is also related to 
ordered base-pair stacking (Figure 4). Base pairs are hydrophobic and firmly stack on top of each 
other, thereby stabilizing dsDNA. Interestingly, base pairs regularly rotate around the DNA filament 
axis (Figure 4C). This regularity and the independence of nucleotide sequence in the base pair 
stacking are due to the similar orientation of bases relative to the phosphodiester backbone. The angle 
between a base and ribose is ≈ 55 degrees for any base [59]. Collectively, the geometry and 
organization of base pairs (base stacking) are essential for the formation of regular double-stranded 
DNA and potentially contribute to its stability. 

4.3. The Geometry of Base Pairs Explains the Mutagenic Effects of O6-methyl G and 8-oxo G 

The importance of base-pair geometry in replication is further supported by observations of 
nucleotide misincorporation by DNA polymerase opposite mutagenic bases. O6 methyl G, as well as 
8-oxo G are produced naturally by the modification of G and are both highly mutagenic. DNA 
polymerase selects A opposite O6 methyl G and T opposite 8-oxo-G instead of C. This results in 
mutations that can lead to cancer [59]. Structural analysis revealed that O6-methyl G can form a pair 
with C via two hydrogen bonds (Figure 5A). However, the geometry of the base pair differs from a 
normal G/C pair in size and orientation relative to the backbone. In contrast, the geometry of the O6 
methyl G/A pair is similar to that of the regular base pairs. In vitro analysis indicated that DNA 
polymerase extends replication past the O6-methylated G/A pair, but disrupts replication past the 
O6-methylated G/C pair. 
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Figure 5. Possible base pair formation with mutagenic bases. (a) Base pair formation of O6-methyl-G with C 
and A. The figure is reproduced from Chavarria et al. [59]. (b) Base pair formation of 8-oxo-G with C and T. The 
angles between the bases and the deoxyribose are shown for the 8-oxoG/A pair. The figures are reproduced from 
Hsu et al. [60]. 

In the case of 8-oxo-G, it could form a pair with C, along with three hydrogen bonds (Figure 5B). 
However, a potential steric clash between the C8 carbonyl oxygen and the O4ʹ of the sugar moiety 
may prevent this base pair [60]. 8-oxo-G can also create a base pair with T and maintain the regular 
base-pair geometry, although the base is in a sin configuration. This observation explains the 
mutagenic effect of 8-oxo-G. Thus, the base-pair geometry is an essential factor in the selection of 
complementary bases by DNA polymerase and in maintaining the regular structure of DNA.  

4.4. Artificial Base Pairs Without Hydrogen Bond Formation 

Hirata and colleagues developed an artificial base pair to enlarge the variation of aptamers [61]. 
Aptamers are single-stranded DNA or RNA molecules that bind to specific targets. However, the 
diversity of aptamers is limited, as there are only four nucleobases with similar shapes and chemical 
properties. More variation in bases, especially hydrophobic bases, can expand the potential of 
aptamers. One advantage of the aptamer strategy is the ability to select optimal aptamers via SELEX. 
In this approach, potential oligonucleotides are selected from a vast pool and amplified by replication 
for another round of selection. To use this selection method, newly designed nucleobases should be 
replicated by DNA polymerase with specifically pairing bases. A novel base pair design is required 
for this purpose. Hirata and colleagues designed hydrophobic base pairs in which two bases are 
complementary in shape and form a base pair that respects the regular base-pair geometry. They 
succeeded in obtaining such pairs that were correctly replicated in vitro and in vivo. Hydrogen bond 
formation does not appear to be required for base pairing during replication, underscoring the role 
of base geometry in the selection of ʺcomplementaryʺ bases by DNA polymerase. NMR analysis 
showed that an oligonucleotide containing this artificial base pair forms a standard B-form structure 
[62].  

4.5. Role of Base Stacking 

The above observations that hydrogen bonding is not required for the selection of 
complementary bases do not imply that hydrogen bonding plays no role under ʺnormalʺ situations. 
To test the role of hydrogen bond formation in selection and confirm the importance of base-pair 
geometry in the recognition of complementary bases, selection of complementary bases in the 
absence of geometry selection should be examined. Weakening base stacking could affect the 
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selection by geometry. In the absence of strong stacking interactions, base pairs can be accommodated 
more freely in DNA, and selection by geometry will be weakened.  

Hydrophobic interactions mainly support base stacking. Since hydrophobic interactions occur 
between nonpolar (hydrophobic) molecules in a polar (hydrophilic) environment, base stacking can 
be weakened by either attaching hydrophilic groups to the molecules or using a less hydrophilic 
solvent. Nordén et al. successfully weakened base stacking using a semi-hydrophobic cosolvent, PEG 
[63]. PEG destabilizes double-stranded DNA and facilitates DNA strand exchange. They claimed that 
weakening base stacking does not eliminate the specificity of base pair formation [64]. Both hydrogen 
bonding and base stacking are involved in the selection of complementary bases. 

5. Discussion 

The studies indicate the interplay between hydrogen bond formation and base-pair geometry in 
the recognition of complementary bases or sequences. Further studies are required to clarify the exact 
mechanism underlying this phenomenon. 

5.1. Kinetic Analyses 

It is now crucial to know whether the recognition of complementary bases begins with 
hydrogen-bond formation or with base-pair geometry selection. More precise kinetic studies will be 
required to elucidate this question. Both interactions are short-distance and directional. The action of 
enzymes is to bring two bases close enough and in a good direction. Recombinases that catalyze DNA 
strand exchange bind two DNA molecules in their filament and orient DNA bases in an appropriate 
direction [64]. Structural analyses of reaction intermediates will shed light on the reaction mechanism 
[65]. 

5.2. Existence of Multiple Mechanisms 

The recognition mechanism can vary from one reaction to another. The recognition accuracy and 
size of complementary sequences differ depending on the enzyme that catalyzes the reaction. 
Analysis of recognition mechanisms for each reaction may be required. However, some common 
aspects in the recognition mechanism should exist. The association of two complementary 
oligonucleotides occurs naturally without any protein. Furthermore, pairing of the modified A with 
T promotes more stable double-stranded DNA, and DNA polymerase selects T opposite the modified 
A. This coincidence suggests that DNA polymerase uses the characteristic nature of DNA stability to 
select complementary bases 

5.3. Limitations of Perturbing Approaches 

The roles of hydrogen bond formation and base stacking in base pairing have primarily been 
analyzed by disrupting hydrogen bonds and weakening base stacking interactions [Kool; Nordén], 
which poses certain limitations. The disruption of hydrogen-bond formation by replacing 
hydrophilic nucleobase groups with hydrophobic ones enhances hydrophobic interactions. This base 
modification strengthens base stacking and emphasizes selection by geometry. Weakening base 
stacking with PEG reduces the activity of water molecules, thereby enhancing hydrogen bonding by 
diminishing competition with them. Therefore, the selection by hydrogen bond formation may be 
exaggerated. It is necessary to quantitatively estimate the contribution of each force to the selection 
of complementary bases under natural conditions.  

5.4. Examining the Strand Separation Step 

Several biological reactions involve strand separation of double-stranded DNA prior to the 
formation of new base pairs. For instance, RNA polymerase promotes strand separation for 
transcription. Similarly, homologous recombination and CRISPR–Cas9 involve strand separation of 
double-stranded DNA to interact with the primary bound single-stranded DNA or guide RNA. 
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Moreover, DNA strands can associate with wrong fragments or sites due to partial complementarity 
during hybridization or other reactions. Separation from such situations is crucial for the formation 
of the correct double-stranded structure.  

In the absence of any proteins, strand separation occurs at high temperatures, thereby 
suggesting a requirement for significant energy. However, in biological systems, strand separation 
occurs under mild conditions with the help of enzymes. The mechanism of strand separation must 
be analyzed in more depth. Notably, semi-hydrophobic solvent PEG facilitates strand separation by 
weakening base stacking [63]. Hydrophobic residues are present in the DNA-binding sites of 
proteins. These residues may create hydrophobic environments and weaken base stacking, thereby 
facilitating strand separation. 

6. Conclusions 

The recognition of complementary bases and sequences is involved in many fundamental 
biological processes and biotechnological applications. Understanding the mechanism is required for 
efficient applications. Various studies indicate that the selection of complementary bases and 
sequences involves both Watson-Crick hydrogen bonding and base-pair geometry. 
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