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Abstract: COVID-19 pandemic has shown the need to detect new pathogens quickly. Currently, 

attention has been paid to the recent epidemic of the Monkeypox virus (MpxV), the etiological agent of 

the zoonotic disease monkeypox. As happened with COVID-19, diagnosis is the priority in public health 

interventions. In MpxV infection, PCR is routinely used to detect the viruses. However, the utility of 

the method is dependent on designing PCR-efficient primers. Therefore, it is important to consider 

computational approaches that adopt various parameters, including thermodynamics, in order to offer 

increasingly efficient PCRs. We propose to determine the stability of primers for the specific detection 

of MpxV considering the thermodynamics of folding. For this, primers directed to specific genes were 

designed, classified, and reclassified. Furthermore, we propose to determine their theoretical 

aggregation in an aqueous model guided by molecular dynamics to offer optimal primers. A relationship 

was observed between the thermodynamic stability and the conformational fluctuations of the primers 

in an aqueous medium. The thermodynamic stability of the primers designed by standard methods could 

be discriminated by the prediction of DNA folding at a constant temperature. The variability observed 

in the primers after being reclassified shows an interaction between the thermodynamic stability and 

conformational fluctuations in solution, which could affect the efficiency of the PCR reactions. 

Therefore, under the conditions of this study, we propose to consider specific primers targeting the 

https://biointerfaceresearch.com/
https://biointerfaceresearch.com/
https://doi.org/10.33263/BRIAC135.435
mailto:lgonzalezpaz@gmail.com
mailto:alvaradoysaias@gmail.com
https://orcid.org/0000-0003-0023-7342
https://orcid.org/0000-0003-3346-7101
https://orcid.org/0000-0002-1525-9678
https://orcid.org/0000-0002-7782-9664
https://orcid.org/0000-0002-6177-7919
https://orcid.org/0000-0001-7276-7049
https://orcid.org/0000-0002-0607-6116
https://orcid.org/0000-0003-2721-1142
https://orcid.org/0000-0002-2709-409X


https://doi.org/10.33263/BRIAC135.435  

 https://biointerfaceresearch.com/ 2 of 29 

 

OPG191 gene of MpxV for experimental demonstrations since they present additional optimal 

characteristics in terms of thermal stability and dynamic. 

Keywords: orthopoxviruses; SWAXS curve; molecular dynamics; OPG; primers. 

© 2022 by the authors. This article is an open-access article distributed under the terms and conditions of the Creative 

Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/). 

1. Introduction 

Orthopoxviruses (ORPV) comprise a genus within the subfamily Chordopoxvirinae of 

the family Poxviridae. These viruses infect diverse mammalian hosts, including, in some cases, 

humans, typically through animal reservoirs. For example, smallpox (variola) virus (VarV) and 

Monkeypox virus (MpxV) [1]. Orthopox viruses (OPV) are characterized by their large brick 

shape and double-stranded DNA [2]. These viruses have been responsible for many large-scale 

epidemics caused by VarV. Indeed, it is estimated that smallpox caused the deaths of over 300 

million people [3]. Despite having a highly effective vaccine, there are no effective treatments 

for smallpox. And so, a massive global vaccination effort was undertaken to eradicate the 

disease.  

Recently, an outbreak of monkeypox has spread to 42 countries. MpxV is the etiological 

agent of the zoonotic disease monkeypox, which was first identified as a human pathogen in 

the Democratic Republic of the Congo (DRC). In the 50 years since human cases of MpxV 

have been identified in 11 African countries, and MpxV is considered endemic in the DRC [2]. 

Between 1970 and 1986, >400 monkeypox cases were reported in Africa. Of these cases, 95% 

were reported within the DRC [5]. Until the 2003 US outbreak, no human cases had been 

reported outside of Africa [6].  

These events were followed by the largest MpxV outbreak in West Africa, in Nigeria, 

in 2017. Followed by the reporting in Singapore [4]. The resurgence of this virus was observed 

in 2022, with the report of cases of MpxV in Portugal, Spain, Canada, Belgium, Sweden, Italy, 

Australia, France, Germany, the Netherlands and the United Kingdom, Switzerland, Israel, and 

Denmark. On May 24, 2022, the Czech Republic confirmed its first case, as did the United 

Arab Emirates and Slovenia [7,8]. Recently, with the simultaneous pandemic of COVID-19, 

there is an ongoing outbreak between European and non-European countries, with almost 3,000 

confirmed cases as of June 21, 2022 [9]. Further cases have been reported in Europe, North 

America, and other parts of the globe: 

https://www.cdc.gov/poxvirus/monkeypox/response/2022/world-map.html. 

Mpx, typically presents with symptoms like discrete, ordinary smallpox. After about a 

2-week, asymptomatic incubation period, infected individuals develop fever followed by a 

disseminated rash. Both illnesses are transmissible between humans and can result in death 

[10]. The case fatality rate for monkeypox is much lower than for smallpox, as is the rate of 

human-to-human transmissibility [6]. A multicomponent surveillance and containment 

strategy is recommended in the case of a smallpox outbreak. A critical component of this 

strategy is the early detection of a smallpox case. A detection delay is likely to impact the 

overall control strategy [6] considerably. Since MpxV has demonstrated its ability to exploit 

new hosts and move globally, several nucleic acid assay methods have been developed for its 

detection and characterization [6,11-14]. In fact, PCR blood tests are not conclusive in 

diagnosing human monkeypox because the virus remains in the blood only for a short time. 

Therefore, PCR tests of skin lesions (surface and/or exudate, roofs, or crusts) are the preferred 

diagnostic testing method for virus detection [15]. 
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Similarly, as it happened for COVID-19, reliable laboratory diagnosis is among the 

main priorities to facilitate public health interventions. At present, there are a few primer 

sequence sets for PCR assays for OrpV (using EN ISO 15189) accredited diagnostic methods; 

for instance, a qPCR assay for simultaneous detection of all OrpV species (Real-Star 

Orthopoxvirus Kit, Altona Diagnostics, Germany) and specifically MpxV that can be used for 

the development and control of laboratory tests. For example, in MpxV infection, PCR 

(polymerase chain reaction) is routinely used to detect the viruses that cause the zoonotic 

disease monkeypox [6].  

Routine detection of specific MpxV DNA from clinical/veterinary specimens is 

accomplished by (RT)-PCR targeting conserved regions of extracellular-envelope protein gene 

(B6R) [6], DNA polymerase gene, E9L [16,17], and DNA-dependent RNA polymerase subunit 

18, rpo18 [18]. In addition, Li et al. noted that the C3L gene associated with the complement 

binding protein is recommended for PCR assays for the detection of MpxV from the Congo 

Basin [12]. More recently, alternatives have been developed for the simultaneous detection of 

both MpxV clades, such as recombinase polymerase amplification (RPA, an alternative method 

to (RT)-PCR), which was proposed for the detection of the gene associated with Tumor 

necrosis factor (TNF)-binding protein, which is present in inverted repeats of the MPXV 

genome [19]. In conclusion, PCR kits detecting specifically MpxV are under development 

[20,21], however, there are no commercial PCR or serology kits available, representing a global 

public health problem.  

The feasibility of introducing robust PCR-based detection technology in public health 

laboratories during international health emergencies has been previously demonstrated [22]. 

PCR is fundamental to molecular biology and is the most important practical molecular 

technique for the DNA research laboratory. However, the method's utility depends on 

identifying unique primer sequences and designing PCR-efficient primers. Primer design is a 

critical step in all types of PCR methods to ensure specific and efficient target sequence 

amplification. Even though there are currently many online and commercial bioinformatics 

tools, primer design for PCR is still not as convenient and practical as it might be for routine 

use [23-26]. Therefore, it is important to consider various computational approaches that adopt 

various parameters, including thermodynamic approaches, in order to offer increasingly 

efficient PCRs in terms of optimal primer pair combinations [27]. Especially because the 

hybridization between the PCR primer and the DNA template is a thermodynamic reaction, 

thus, it is not sufficient to determine binding sites by merely using sequence alignment 

programs such as BLAST (Basic Local Alignment Search Tool) [28]. For example, the G–C 

and A–T matches have equal scores in an NCBI (National Center for Biotechnology 

Information)-BLAST search, but the G–C match is more stable than the A–T match [29]. Even 

a mismatch, such as G–G, contributes as much as ≈-2 kcal/mol (Gibbs free energy) to the 

duplex stability. Therefore, the thermodynamic approach should be applied to reasonably 

predict primer binding sites [30].  

Primer design requires the calculation of various metrics to assess various aspects of 

primer quality and then combining these individual metrics and propose quality scores such as 

primer melt temperature, the thermodynamic stability of a primer at the 3′-end, and a variety 

of other criteria motivated by practical experience with PCR. However, selecting primers with 

ideal thermodynamic characteristics presents difficulties that must be considered. Firstly, the 

conventional metrics used cannot always adequately interpret the physical characteristics of 

molecules and secondly, they can become redundant. For example, one of the main 

https://doi.org/10.33263/BRIAC135.435
https://biointerfaceresearch.com/


https://doi.org/10.33263/BRIAC135.435  

 https://biointerfaceresearch.com/ 4 of 29 

 

requirements when designing PCR primers is that they must not bind to other primers and 

generate dimers. These calculations are considered in popular tools like Primer3 [31,32] uses 

twoSmith–Waterman alignment-based metrics to assess the likelihood of a primer binding to 

itself or the other primer: the max-complementarity metric and the max-3′-complementarity. 

The main difference between these metrics is that the first considers the total similarity between 

a pair of sequences or primers, and the second considers the localized similarity at the 3′ ends. 

However, these metrics tend to be redundant because high 3′ local similarities are also 

associated with high total similarity, making them thermodynamically incorrect predictions 

because they do not consider the effects described in DNA-binding interactions [29]. 

In this sense, we propose to determine the thermodynamic stability of primers for the 

specific detection of MpxV by in silico amplification of 8 genes of interest (see in the next 

section), both at the level of the formation of dimers and hairpins and at the level of 

thermodynamic stability in DNA binding. Also, in order to offer optimal potential primers 

designed with a biophysical-computational approach, we propose to determine their theoretical 

aggregation in an aqueous model guided by molecular dynamics. It is important to point out 

that this study does not intend to indicate which target is the most suitable for the design of 

primers directed at MpxV, nor does it seek to invalidate any of the primers designed with the 

proposed tools.  

This study seeks to propose an alternative strategy to characterize and discriminate 

between primers considering parameters of molecular folding and its dynamics to optimize 

PCR in silico reactions at a thermodynamic level from a biophysical-computational point of 

view. In addition, we show that the approach proposed here can reproduce the thermodynamic 

stability of the molecular folding of the published primers for detecting MpxV by PCR.  

2. Materials and Methods 

2.1. Genes of interest associated with Monkeypox virus (MpxV). 

Genetic sequences widely distributed and reported as being of interest in the MpxV 

were used for the design of the primers, specifically the E5R gene (OPG117), which has been 

recommended because it is a sequence similar to that of the Vaccinia Copenhagen D5R strain, 

and is associated to a nucleic acid-independent nucleoside triphosphatase [1, 4, 33]; E6R gene 

(OPG118) which is similar in sequence to that of the Vaccinia Copenhagen strain D6R and is 

associated with an early transcription factor, VETF [1,4,34]; C3L gene (OPG032), suggested 

to be similar to the complement control protein (CCP), and to participate in the prevention of 

complement activation [1,4]; N1L gene (OPG035) recommended for being associated with the 

Bcl-2 domain and inhibition of NF-kB-mediated activation and apoptosis [1,4]; F3L gene 

(OPG047) which is associated with the BTB and Kelch domains, and contributes to virulence 

[1,4]; B6R gene (OPG190) associated with HEAT/ARM-like repeats and with the C-terminal 

transmembrane domain [1,4]; B7R gene (OPG191) associated with the PIE domain "Poxvirus 

Immune Evasion" and contribution to virulence, resident of ER and SCP-3; and the B15R gene 

(OPG200) associated with the Bcl-2 domain, inhibition of NF-kB signaling, prevention of IkBα 

phosphorylation and regulation of MAPK/AP-1 activation [1,4]. All genes of interest were 

obtained from NCBI/GenBank (https://www.ncbi.nlm.nih.gov/). 

Figure 1 shows the pipeline used in this report for primer design and quality control. 

First, we used NCBI's primer specificity analysis and design software, Primer3-BLAST 

[32,35], to screen several candidate primer pairs. Second, for each pair of candidate primers, 
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we used MFEprimer [22] to analyze their specificity, dimers, and hairpins, followed by 

FastPCR [25,36,37] to calculate reaction efficiencies and DNAFold [38,39] for the prediction 

of thermodynamic fold stability, as well as a series of molecular dynamics tools to complement 

stability calculations. These phases are detailed in the following sections: 

 
Figure 1. The pipeline used for the design and quality control of primers directed to genes associated with 

MpxV. 

2.2. Design of primers for MpxV. 

A standard design of specific primers was performed using the NCBI/GenBank Primer3 

and BLAST algorithms (https://www.ncbi.nlm.nih.gov/tools/primer-blast/) [32,35]. This 

strategy allows screening for nonspecific binding sites prior to primer design using species-

specific mispriming libraries or integrated genome-wide nonspecific binding site search with 

the entire genome as a template. Specifically, potential oligonucleotide primers were designed 

with the Primer3 program [32,35] and tested for the absence of homology to the nucleotide 

sequences of other representative viruses and genomes, including the human with the help of 

the BLAST program [28]. The criteria for selecting the primers were the specific amplification 

of the DNA associated with the genes of interest of the ORPV MpxV species regardless of the 

presence of other poxvirus DNA and that the length of the amplicon produced does not exceed 

500 bp. Initially, 30 primer pairs were selected for each gene of interest (Table S1). 

2.3. Quality control of the specificity and thermodynamic stability of primers. 

Once the primers were designed, a two-phase quality control (QC) was performed: 1) 

characterization and classification of the primers following the criteria of specificity and 

stability of sequences with the "prior-to" strategy applying the k-mer algorithm, followed by a 

validation analysis of thermodynamic stability and PCR in silico with the FastPCR software 

[25,36,37], and 2) a reclassification by analyzing the energetic contributions of the primer 

sequences of interest to the PCR reaction, studying the thermodynamic stability of the folding 

of primers at a constant temperature. This was done because although primer design strategies 

https://doi.org/10.33263/BRIAC135.435
https://biointerfaceresearch.com/


https://doi.org/10.33263/BRIAC135.435  

 https://biointerfaceresearch.com/ 6 of 29 

 

share similar primer quality control parameters, such as the prevention of unwanted amplicons, 

dimers, and hairpins, few apply a search process using a k-mer-based algorithm. This "prior-

to" strategy is important to reduce the probability of primers binding to repeated regions. In 

this sense, the MFEprimer tool (https://mfeprimer3.igenetech.com/) [22], a functional and 

independent primer quality control program, was considered. Which features improved 

sensitivity with which specificity can be assessed using an updated k-mer algorithm, which 

allows discrepancies within the k-mer except for the first base at the 3′ end; it is also an 

algorithm that allows quick identification of autodimers, crossed dimers, and hairpins; allows 

to verify the SNPs (Single Nucleotide Polymorphism) of the binding sites, which will affect 

the binding efficiency in the PCR reactions [22]. The selected primers were compared with the 

NCBI virus database represented by 143747 complete genomes, updated as of 2020-07-04, and 

against the Homo sapiens (human) genome of the Genome Reference Consortium Human 

Build 37 (GRCh37) updated as of 2009-02-27, provided by the MFEprimer-3.1 server 

(https://mfeprimer3.igenetech.com/). In addition, the primers were compared to the Homo 

sapiens (human) sequence from the Genome Reference Consortium, Human Build 38 patch 

release 14 (GRCh38.p14) (https://www.ncbi.nlm.nih.gov/assembly/GCF_000001405.40) 

(Date: 2022-02-03). 

Additionally, FastPCR software (http://primerdigital.com/) [25,36,37] was used, which 

is an environment of integrated tools for designing PCR primers and probes and for predicting 

oligonucleotide properties. The software provides comprehensive tools to design primers for 

most PCR applications. In silico PCR primers or probes, the search includes comprehensive 

analyses of single primers and primer pairs. This strategy provides an integrated analysis of the 

sequences and allows the calculation of characteristics or physical properties of the nucleotide 

sequence, such as length, CG content, and melting temperature. Melting temperature 

predictions use thermodynamic parameters as the nearest neighbor for standard and degenerate 

oligonucleotides, including locked nucleic acids (LNAs) and other modifications, and provide 

a dilution and resuspension calculator for stocks [13,27]. 

In order to increase the rigor of the comparative analysis, the prediction of DNA folding 

was used with the DNAfold module (of the Mfold server) [38,39], which has specific 

parameters for DNA analysis that include stacking, mismatches and hanging ends, which were 

proposed and measured experimentally by the Santa Lucia group (John SantaLuica Jr., 

Department of Chemistry, Wayne State University, Detroit, MI). The DNAfold module 

(http://www.unafold.org/mfold/applications/dna-folding-form.php) of the Mfold server 

comprises a tool that predicts the folding, hybridization, and melting temperatures of 

nucleotides. As with the free energy parameters, the enthalpies are measured at 37 °C. The 

stability of the primers was studied at 37 °C due to several reasons; first, it has been shown that 

DNA degradation is greatly affected by room temperature and may even be lost by aggregation 

[40]. On the other hand, the predictions of free energy and enthalpy contributions (from the 

DNA folding algorithm) have been standardized using experimental data at 37 °C [41]. In 

addition, it has been described that these parameters tend to be constant within the temperature 

range that can occur in vivo or in vitro [41]. Additionally, the DNA folding stability model 

used considers experimental data based on the approach of nearest-neighbor stabilities at 37 

°C for predictions [40,41]. Primer melting is generally carried out in solutions with low salt 

concentration. The thermodynamic results are extrapolated to the standard state temperature of 

37 °C, since the thermal denaturation data of polymers are difficult to obtain and interpret 

correctly because their transitions are not usually two-state (i.e., many developmental 
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intermediates are possible). Their melting temperatures are high [40-43]. This tool for 

calculating thermodynamic stability from structural folding is accurate, showing failure rates 

of <1% [41].  

2.4. Molecular dynamics (MD) of primers. 

MD simulations were performed with YASARA Dynamics software [44]. YASARA 

allows you to perform MD simulations automatically from structures in PDB format. YASARA 

adds both the missing hydrogens and heavy atoms, fixing steric clash issues and solving other 

common problems in unprepared PDB files. First, the primer PDB file was loaded into a cuboid 

simulation box with water and explicit counter ions. Next, nucleotide atoms were determined 

by the AMBER03 force field offered by YASARA [45], and the TIP3P water model was 

adopted [46]. In YASARA, the backbone atoms and heavy atoms have restricted positions 

(with force constant of 1000 kJ mol-1nm-2). The electrostatic and dispersive interactions were 

calculated with the particle mesh Ewald method [47,48] and with the Lennard-Jones potential 

(limited to 9 Å) [49], respectively. Temperature and pressure were held constant at 300 K and 

1 bar, respectively, using YASARA's default temperature and pressure control settings. 

Simulation frames were extracted every 0.5 ps to ensure solvent settings were not reasonably 

correlated. The remaining simulation frames were used for the subsequent calculation of the 

Radius of Gyration (Rg) and the SWAXS curve. The number of frames was calculated with 

the formula 2e5/N-0.77, where N is the (approximate) number of atoms in the shell. All MD 

simulations and further adjustments were carried out using the WAXSiS (Wide Angle X-Ray 

Scattering in Solvent) tool (http://waxsis.uni-goettingen.de/) [50]. For the visualization of the 

structures, the Molegro Molecular Viewer (MMV)-V.7.0 [51] and BIOVIA Discovery Studio 

Visualizer [52] software was used. 

Additionally, MD simulations were performed to obtain minimum energy 

conformations and predict potential conformational alterations of the primers. Each MD 

consisted of three phases that allow sampling trajectories of interest as suggested: relaxation, 

equilibrium (represented by two runs), and production [53-57]. MD of PDB-format structures 

of the primers was performed in an explicit water system, solvating the system in an 8.0 Å box. 

The Amber99SB-ILDN force field [45] and the TIP3P water model [46] were used. Ions were 

added to the system proportionally to neutralize the overall net charge and to simulate the 

condition in a 0.15 M physiological aqueous medium. Na+ and Cl− ions were introduced for 

the cationic contribution and anionic effect, respectively. Periodic MD conditions were 

considered, and Berendsen's algorithm was used to maintain the system at constant temperature 

and pressure (300 K and 1 bar, respectively). Periodic MD conditions were: an initial steep 

descent into 5000-step energy mine structures, followed by energy minimization with the 5000-

step conjugate gradient approach. Position constraints were applied on the primer atoms, and 

an initial modeling simulation was performed at 100 ps with the positions of the atoms in the 

primers constrained by a force constant of 10 kcal/(mol*Å2) in order to allow water molecules 

to diffuse around the primer and reach equilibrium in the system. The water molecules were 

treated as rigid bodies, allowing a simulation time step of 2 fs to be performed. To consider the 

electrostatic contribution to the system, a cutoff of 14.0 Å and a time step of 1 fs were used 

using the Particle Mesh Ewald (PME) method [47,48]. TIP3P water is suitable for the PME 

method. Also, the cutoff distance for the Van der Waals contribution was 14.0 Å. After 

applying the steep descent algorithm to meet the energy minimization of all systems, the 

canonical NVT set (per 100 ps) was applied with the system thermalized at 300 K. 
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Subsequently, a second run at 100 ps was applied with the isothermal-isobaric NPT set (to 

balance the system at 1 bar and 300 K) to obtain the equilibrium of the system. To satisfy the 

constraints of the link geometry, the SHAKE algorithm with a time step of 2 fs was used [58]. 

Finally, the production phase was carried out with the NPT assembly following an MD at a 

constant temperature and pressure (300 K and 1 bar) for a total simulation time of 100 ns. 

Minimum energy structures in PDB format were extracted every 10 ns as target structures from 

a 100 ns trajectory to be used in subsequent analyses. The following equation was used for root 

mean square deviation (RMSD) calculations, 

𝑅𝑀𝑆𝐷 = √
1

𝑛
∑ 𝛿𝑖

2
𝑛

𝑖=1
                           Eq. 1 

where δi is the distance between atom i and a reference structure or the average position of the 

n equivalent atoms, all MD simulations and additional adjustments were performed using 

COSGENE/myPresto v5 [59]. 

2.5. Prediction of the theoretical diffusivity of the primers of interest. 

The mobility of biological molecules depends mainly on two factors: 1) the 

concentration of the crowding macromolecular solutions (related to the viscosity η of the 

solution), and 2) the relative size of the molecule of interest. In this sense, the size of the primers 

was calculated in terms of their radius expressed in Angstroms (Å) using the Solvent 

Accessible Surface Area (SASA) calculation method using the Shrake-Rupley algorithm [60]. 

The diffusion coefficients of the primers were measured as a function of the macromolecular 

crowding solution, for which the experimental value of η of the model cell line HeLa 

(cytoplasmic viscosity of ~4.4×10-2 Pa/s) was used (denoted here model 1) [61]. In addition, 

Normal Swiss 3T3 cells (~2.4×10-2 Pa/s viscosity) (designated model 2) were also considered 

[61,62]. The selection of HeLa and 3T3 cells was carried out to similar the mobility of the 

primers in solutions of high and normal macromolecular crowding, respectively [61,62]. The 

translational diffusion coefficient (Dt) was calculated with the Stokes-Einstein equation 

(equation 2) as suggested [61,62]: 

𝐷𝑡 =
𝑘𝐵𝑇

6𝜋𝜂𝑅
  

 

                                         Eq. 2 

In this model (equation 2), the source of internal friction (dissipative effects) is the η of 

the simulated medium (cell cytoplasm) [62]. Where kB is the Boltzmann constant, T is the 

absolute temperature, η is the viscosity, and R is the radius of the primer. Furthermore, for 

illustrative purposes, the results of models 1 and 2 were compared with the relative η of water 

(viscosity of ~0.001 Pa/s) (designated as model 3) to represent a cell-free model (no 

macromolecular crowding solution) [63]. On the other hand, when taking the mean of the 

distances in the equation of Phillips et al., 2009 [64], which describes the diffusion time (t) of 

the molecules located at a given point, and taking into account several dimensions (using the 

Pythagorean theorem), we obtain according to Schavemaker et al., 2018 [65] the following 

equation: 

𝑡 =
𝑑2

6𝑛𝐷
                                           Eq. 3 

where d is the distance, n is the number of dimensions considered, and D, the diffusion 

coefficient with the translational contribution.  

https://doi.org/10.33263/BRIAC135.435
https://biointerfaceresearch.com/


https://doi.org/10.33263/BRIAC135.435  

 https://biointerfaceresearch.com/ 9 of 29 

 

2.6. Statistical analyses. 

In all the analyses, a comparison of means of the analyzed variables was applied, 

performing a single-factor analysis of variance (ANOVA) with a confidence interval of 99% 

(significance level p < 0.01) in the case of the comparison of means between analysis groups 

for each primer. If necessary, Tukey's comparison and separation of means tests were used to 

see statistical differences (if any) between the means. For the analysis of variance of the 

analyses by pairs of primers, a t-test was applied for two samples assuming equal variances 

with a confidence interval of 99% (significance level p < 0.01). Percentage representations of 

measurements were also used. A simple and multiple correlation analysis was also carried out 

to explore which of the primary variables (thermodynamic and classical dynamic) have greater 

statistical weight than others to reduce the variables, propose predictors, and establish 

collinialities. Subsequently, a principal component analysis (PCA) was performed in order to 

explain the observed variability [66]. The main applications of factor techniques are i) to reduce 

the number of variables and ii) to detect structure in the relationships between variables, that 

is, to classify variables. Factor loadings are obtained from original (metrics/parameters) 

variables. Therefore, these factors group most of the characteristics by means of a linear 

combination of the original elements. Factors defined as consecutive are orthogonal and 

independent of each other. The first factor obtained tends to be more correlated with the 

variables than the rest of the factors. This is because the factors are extracted successively, and 

therefore, they will contribute less to the overall variance. In this sense, one of the most relevant 

conclusions of this type of multivariate model is that the variables with a high contribution to 

the same factor will be interrelated the greater their contributions. That is, those features 

strongly loaded (loading value ≥ 0.7) in the same component (factor) are linearly dependent, 

whereas variables strongly loaded in different factors are linearly independent. Lastly, the 

variability/orthogonality analysis was performed using the STATISTICA software (v8.0) [67], 

and "varimax normalized" was used as a rotational strategy to obtain the factor loadings from 

the PCA. This rotational type procedure allows obtaining a defined pattern of contributions 

(loads), high and low for each variable. The method called "normalized varimax" is the most 

used in order to rotate the variables. This strategy makes the structure of the factors pattern as 

simple as possible, permitting a clearer interpretation of the factors without loss of 

orthogonality between them.  

3. Results and Discussion 

Orthopoxvirus infections cause clinically distinctive skin lesions, yet they can be 

misdiagnosed. The likelihood of misdiagnosis only increases as time elapses since the last case 

of smallpox. To improve early detection, the main requirements for laboratory diagnostic tests 

are rapid results with high sensitivity and specificity. 

3.1. Primer design and associated "binding region" annotation. 

Quantitative nucleic acid testing has become the gold standard for diagnosis and 

guiding clinical decisions. However, PCR assays targeting MpxV have several challenges, 

especially primer design. Primers are the pivotal components of a PCR assay. Some primers 

have also been made available on the WHO website for reference. However, no previous 

studies have systematically compared the previously reported genes. We also described how to 

design new primers for other genes relevant to MpxV infection. It is well known that 
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amplifying sequences of interest using primers is key, and it should be a standardized process 

from the start. Primers must seek the highest possible specificity and are susceptible to several 

factors that can limit the success of PCR reactions, so computational methods represent the 

first design tools to be optimized. 

Firstly, from the NCBI/GenBank Primer3-BLAST algorithm [35], 30 pairs of specific 

primers (Table S1 and Figure S1) aimed at the in silico amplification of the OPG191, OPG117, 

OPG118, OPG032, OPG035, OPG047, OPG190 and OPG200 genes of the MpxV were 

identified for a total of 240 nucleotide sequences (8 genes × 30 primers). The Representative 

Genome Database was considered for the design, considering representative genomes of the 

MpxV (Table S2). The BLAST tool was used to validate the similarity of the sequences with 

the nucleotide collection through the standard database search. All the pairs of designed 

primers presented a percentage of identity and a query coverage of 100% and 0% of gaps 

against sequences associated with MpxV.  

Secondly, from the MFEprimer algorithm [22], the thermodynamic stability and 

specificity of the previously predicted sequences were reclassified, and 8 thermodynamically 

stable primer pairs (one pair for each gene of interest) were selected, which did not generate 

dimers or hairpin-like conformations and with the highest theoretical specificity predicted 

under reclassification. Specifically, for the reclassified primers, a mean number of potential 

amplicons of ≈77 was predicted, with a minimum of 27 and a maximum of 188, represented 

by the pair of primers targeting the OPG200 and OPG047 genes, respectively. From the 8 

selected primer pairs, a total of 662 potential amplicons were predicted, of which ≈71% 

(474/622) corresponded to MpxV amplicons. However, potential off-target amplicons with 

theoretical activity were also predicted cross for Vaccinia virus (104/662), Cowpox virus 

(22/622), Ectromelia virus (10/662), Camelpox virus (5/622), Horsepox virus (2/622), 

Taterapox virus (2/622), Rabbitpox virus (2/622) and Buffalopox virus (1/622). Specifically, 

the predicted primer pairs with potential cross-reactions were those targeting the genes 

OPG047 with ≈64%% (122/188), OPG032 with ≈24% (21/86), and OPG035 with ≈8% (5/62). 

At the same time, the primers directed to the genes OPG190, OPG200, OPG191, OPG190, and 

OPG117 did not show theoretical cross-reactions under the conditions of this study. These 

results show the usefulness of these targets for the potential detection of a wide group of genera; 

simultaneously, combinations could be made to carry out multiple detection assays, as has been 

reported [10,11]. None of the assays showed cross-reactions with human DNA as expected 

[36,68], except the primers to OPG047 and OPG200. It is important to point out that the model 

for calculating thermodynamic stability based on DNA folding predicted that the primers 

targeting the OPG047 and OPG200 genes are part of the thermodynamically less favorable 

primers (Table 2). The models used here that consider the thermodynamic modeling criterion 

for primer formation predicted that all primer sequences studied are thermodynamically stable 

with a ΔG ≈ -23 kcal/mol, with a minimum value of -26 kcal/mol and a maximum of -21 

kcal/mol (t = 23.188, GL = 30, p < 0.0001, α = 0.01), and a Tm with a mean of 62 ˚C, with 

minimum values of Tm ≈ 58 ˚C and a maximum of Tm ≈ 66 ˚C (F [2,45] = 73.841, p < 0.0001, 

α = 0.01). These parameters were mediated predominantly by the entropy effect as predicted 

and are indicative of favorable and spontaneous conformations.  
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Table 2. Thermodynamic stability and dynamic parameters of primers for the specific detection of MpxV. 

Primer ID 

MFEprimer  FastPCR  DNAFolda  
Rg RMSD εc 

ΔG Tm  ΔG ΔH ΔS Tm Tm  ΔG ΔH ΔS Tmb  

[kcal/mol] [°C]  [kcal/mol] [cal/(K·mol)] [°C]  [kcal/mol] [cal/(K·mol)] [°C]  [Å] [%] 

P1 - OPG191  -22.0 60.6  -25.7 -153.4 -431.9 63.2 64.4  -1.3 -27.3 -83.7 52.6  20.0 1.8 83 

P1 - OPG117 -22.3 60.5  -25.9 -158.1 -446.1 62.8 64.4  -0.2 -36.2 -116.2 38.3  20.2 2.4 77 

P1 - OPG118 -21.8 59.6  -25.4 -157.1 -444.4 61.6 62.3  0.6 -4.5 -16.5 -1.0  20.2 2.4 71 

P1 - OPG032 -21.4 58.0  -25.1 -160.7 -457.9 60.1 62.6  -0.3 -35.6 -113.8 39.4  21.0 2.5 90 

P1 - OPG035 -22.0 60.1  -25.7 -156.1 -440.6 62.6 64.4  -0.2 -21.9 -69.9 40.1  20.2 2.6 87 

P1 - OPG047 -22.8 60.3  -26.6 -166.5 -471.9 62.3 64.6  0.4 -14.5 -47.9 29.0  20.6 3.0 85 

P1 - OPG190 -21.8 59.8  -25.4 -155.3 -438.6 62.0 62.3  -0.4 -23.7 -75.1 42.0  20.0 2.3 71 

P1 - OPG200 -22.0 60.2  -25.6 -155.6 -439.0 62.3 62.3  -0.03 -23.3 -75.0 37.3  20.0 3.1 87 

P2 - OPG191  -22.4 60.0  -26.2 -162.3 -459.8 62.3 64.6  -1.3 -31.3 -96.6 50.5  20.9 2.4 87 

P2 - OPG117 -21.8 60.2  -25.3 -151.7 -427.3 63.0 64.4  0.3 -17.1 -56.1 31.3  20.1 2.2 68 

P2 - OPG118 -21.8 59.6  -25.4 -156.0 -441.0 61.7 62.3  -1.3 -44.3 -138.5 46.6  20.2 2.5 95 

P2 - OPG032 -21.3 60.7  -24.6 -142.0 -396.6 63.6 64.0  -1.4 -31.6 -97.3 51.4  18.3 2.1 66 

P2 - OPG035 -22.3 60.7  -26.0 -157.0 -442.5 63.1 64.4  -0.2 -21.8 -69.6 39.8  20.2 2.5 84 

P2 - OPG047 -21.4 59.2  -25.0 -152.7 -431.7 61.9 64.4  1.3 -6.7 -25.7 -13.3  20.1 2.4 82 

P2 - OPG190 -22.1 59.5  -25.6 -160.7 -455.3 61.6 64.4  0.7 -11.4 -39.0 18.8  20.1 1.5 79 

P2 - OPG200 -21.9 60.1  -25.5 -154.7 -436.5 62.9 66.4  0.8 -20.7 -69.3 25.3  20.5 2.5 58 
a, thermodynamics of folding at 37 °C. Linear DNA folding and ionic conditions: [Na+] = 1.0 M. Standard errors are roughly ±5%, ±10%, ±11% and 2-4 °C for free energy 

(ΔG), enthalpy (ΔH), entropy (ΔS) and Tm, respectively; b, assuming a 2 state model; c, efficiencies in the PCR reactions to FastPCR [25,38,39]. 
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Both the MFEprimer and FastPCR models predicted a reproducible and correlated 

minimum free energy of formation (MFE) of primers (R2 = 0.99), and in terms of the difference 

between the ΔG of each pair of primers, a mean ΔΔG was predicted ≈ -0.07 kcal/mol, with a 

minimum value of 0 kcal/mol and a maximum of -1.6 kcal/mol. However, despite the 

significant difference in thermodynamic means and Tm, these predictions did not allow us to 

clearly discriminate between thermodynamically more stable primer pairs from less stable 

ones, especially since, according to these approaches, 88% (7/8) of the primer pairs had the 

same Gibbs minimum free energy for their formation. Specifically, of the pairs of primers 

studied, 75% (6/8) presented a ΔG ≈ - 22 kcal/mol (Table 2). 

On the other hand, with the approach based on the thermodynamic study of the 

biomolecular folding of the individual primers, a mean of ΔG ≈ - 0.2 kcal/mol was predicted, 

with a minimum value of -1.4 kcal/mol and a maximum of 1.3 kcal/mol, represented by primer 

P2 - OPG032, and primer P2 - OPG047, respectively. These results also represented values 

with a significant difference with respect to those predicted by the previous models 

(MFEprimer and FastPCR) (F [2,45] = 8229.253, p < 0.0001, α = 0.01). However, at the 

molecular level, only ≈63% (10/16) of the primers were predicted to have a thermodynamically 

favorable folding. In addition, of the group of primers with a negative Gibbs minimum free 

energy, 40% (4/10) presented a ΔG ≥ -1 kcal/mol. These observations are important because 

they show that the considered sequences tend to maintain their unfolded conformation, 

avoiding the formation of hairpin-loops-like structures as previously predicted. Additionally, 

it was observed that from a ΔS < -69 cal/(K mol), the entropic contribution of the primers tends 

to decrease to a level that modifies the thermodynamic stability of the biomolecule and with a 

final impact at the Tm level. These predictions allow us to validate that the entropic 

contribution of these systems determines the primers' stability. In this sense, and according to 

the thermodynamic folding approach at constant temperature (via DNA fold), only the primers 

directed to the B7R gene (P1 - OPG191 and P2 - OPG191) presented an optimal Tm (≈ 50 ˚C) 

together with stability in thermodynamic folding at 37 ˚C (specifically -1.3 kcal/mol each) 

(Table 2). Therefore, secondary structures with similar conformations, typical of stable 

sequences with little structural deformability, were predicted. The comparative analysis 

between the secondary structures of the primers showed a significant degree of conservation 

of the sequences in terms of structural stability and conformation, despite being non-consensual 

sequences. It is important to note that the structures predicted for the OPG191 primer pair 

exhibited similar conformations (Figure 1).  

The in silico PCR reaction with the FastPCR algorithm [25,36,37] predicted an overall 

efficiency of the reactions mediated by these primers of ≈80%, with a minimum efficiency of 

≈73% (primers for the OPG117 and OPG200 gene) and a maximum of ≈86% (for the OPG191 

and OPG035 gene). The efficiencies in the theoretical PCR reactions for the OPG032, 

OPG118, and OPG200 genes were decreased by 24%-29% because of at least one primer, 

especially for the reverse type sequences (Table 2). 

Typical scattering curves are shown in Figure 3a. The shape of the curves allows for 

several qualitative information to be extracted [69]; for example, the bending of the curve at 

low q-values indicates the existence of structures about 30 to 100 Å. Although the variations 

in the length of the primers (that ranged between 21 – 18 nt) could be seen reflected in the 

trajectories of the spectra predicted by the SWAXS-driven MD approach (especially for the 

primers directed to the OPG032 gene), in general, the fluctuations in the spectra were similar 

with some primers with a theoretical tendency to aggregation or folding due to the decrease in 
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the intensity of the signals of the transitions, such as P2 - OPG047, P2 - OPG190 and P2 - 

OPG200. Interestingly, in this group of primers, some of the least favorable thermodynamically 

in terms of ΔG at constant temperature were predicted, with less specificity than the rest. MD 

in explicit solvent showed stable structures (RMSD ≈ 2.5 Å) (Figure 3c) without significant 

differences (t = 1.315, GL = 14, p = 0.209, α = 0.01), as well as similar conformational folds 

between the pairs of primers studied (t = 0.765, GL = 14, p = 0.456, α = 0.01) with a mean of 

Rg ≈ 20 Å (Figure 3b), and with minimum values of Rg = 18.31 Å and a maximum of Rg = 

21.01 Å. 

 
Figure 1. Secondary structures of the nucleotide sequences associated with primers directed to the specific 

detection of MpxV. 

Interestingly, these radii correspond to the primers P2 - OPG032 and P1 - OPG032, 

targeting the OPG032 gene, respectively, showing a ΔRg ≥ 3 Å (Figure 3d, 2e, 2f), which may 

be associated with the difference in the length of the primers. Rg is related to the scatterer's 

size and shape [70]. Results show a differential behavior in the conformational fluctuation of 

this type of primer in an aqueous medium, which in turn corresponds to the differences in the 

predictions of the reaction efficiency. In fact, it has been described that geometrical features of 

DNA, such as the interhelical spacing, result in clearly discernible diffraction peaks, which can 

be used to quantify their geometry. Also, SAXS can quantify the equilibrium distribution of 

conformational states providing useful thermodynamic information, including the dependence 

of the folding of DNA structures and interhelical spacing on temperature and the concentration 

of ions [69]. 
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Figure 3. Thermodynamic and dynamic stability of primers for the potential specific detection of MpxV. a) predicted spectra for the primers with the SWAXS-curves-based 

MD approach [50], b) Gyration radii (Rg) and ΔS, c) RMSD at 50 ns, d) and e) Guinier plot to primers for the OPG191, and f) OPG032, respectively.  
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The primers' ability to move in artificial environments was studied by simulating 

various types of cytoplasmic congestion, with the interest of observing the diffusion of primers. 

In this sense, and after studying two conditions of congestion and an aqueous model, a 

minimum translational diffusion coefficient (Dt) of 3.4×10-12 cm2 s-1 and a maximum of Dt = 

4.0×10-12 cm2 s-1 was predicted for the cellular models, in contrast to a minimum of Dt = 

1.04×10-10 cm2 s-1 and a maximum of Dt = 1.20×10-10 cm2 s-1 for the aqueous model. Although 

all the diffusion values (F [2,45] = 15004.49, p < 0.0001, α = 0.01), including the diffusion 

times between the studied primers (F [2,45] = 6979.51, p < 0.0001, α = 0.01), were very close, 

significant differences in their means were predicted. A high negative correlation was also 

predicted between the entropic contribution of the primers in the in silico PCR reaction 

(according to the FastPCR algorithm [25,36,37]) and the decrease in the diffusion of the 

primers in artificial and aqueous cell media (R2 = -0.90). These predictions are important 

because the primers showed similar behavior and trend regardless of the simulated medium, 

which indicates that their conformational changes due to the effect of the simulation period do 

not significantly alter the diffusion of biomolecules. An aspect that has proven to be very 

important if one seeks to characterize the dynamic behavior of biomolecules [60,71]. 

Table 3. Comparative analysis of the theoretical translational diffusion coefficient and the diffusion 

time of the primers of interest. 

Primer ID 
 Dt (cm2 s-1) t (sec) 

MW (g/mol) r (Å) Model 1a Model 2a Model 3b Model 1c Model 2c Model 3c 

P1 - OPG191 6173 20.0 2.49 4.57 1.09 2.4 1.3 5.5 

P1 - OPG117 6155 20.2 2.47 4.53 1.08 2.4 1.3 5.6 

P1 - OPG118 6121 20.2 2.47 4.53 1.08 2.4 1.3 5.6 

P1 - OPG032 6430 21.0 2.38 4.37 1.04 2.5 1.4 5.8 

P1 - OPG035 6191 20.2 2.48 4.54 1.08 2.4 1.3 5.6 

P1 - OPG047 6433 20.6 2.43 4.45 1.06 2.5 1.3 5.7 

P1 - OPG190 6090 20.0 2.49 4.57 1.09 2.4 1.3 5.5 

P1 - OPG200 6157 20.0 2.49 4.57 1.09 2.4 1.3 5.5 

P2 - OPG191 6335 20.9 2.39 4.39 1.05 2.5 1.4 5.7 

P2 - OPG117 6022 20.1 2.48 4.55 1.09 2.4 1.3 5.5 

P2 - OPG118 6068 20.2 2.47 4.52 1.08 2.4 1.3 5.6 

P2 - OPG032 5525 18.3 2.72 5.00 1.20 2.2 1.2 5.0 

P2 - OPG035 6200 20.2 2.47 4.54 1.08 2.4 1.3 5.6 

P2 - OPG047 6071 20.1 2.48 4.56 1.09 2.4 1.3 5.5 

P2 - OPG190 6151 20.1 2.49 4.56 1.09 2.4 1.3 5.5 

P2 - OPG200 6047 20.5 2.43 4.46 1.07 2.5 1.3 5.6 

Dt, translational diffusion coefficient. Model 1, HeLa (~4.4×10-2 Pa/s) [63]; Model 2, Normal Swiss 3T3 cells 

(~2.4×10-2 Pa/s) [61,62]; Model 3, standard viscosity of water (~1.0×10-3 Pa/s) [63]. a, all values are at 10-12; b, 

all values are at 10-10; c, all values are at 10-4. 

Additionally, a high negative correlation was also predicted between the decrease in the 

entropic contribution of the primers in the in silico PCR reaction (according to the FastPCR 

algorithm [25,36,37] and the decrease in the conformational folding fluctuation of the primers 

in aqueous medium and as a function of time simulation (R2 = -0.90) (Figure 3b). These 

observations correspond to the PCA results, in which it was found that 80.7% of the variability 

observed in the primers designed and selected after reclassification can be explained by the 

effect of the interaction between the thermodynamic stability of the primers and their 

conformational fluctuations in solution (PC1, PC2 and PC3), which could impact the efficiency 

of predicted PCR reactions (Table S3, Table S4, Table S5). Table S5 shows the factor loadings 

[varimax normalized rotation] for variables of the 8 forward and reverse primers).  
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Figure 3. Plot of components in rotated space of the variables associated with thermodynamic stability and 

dynamic parameters of primers for the specific detection of MpxV. 

The results of the factor analysis are summarized as Supporting Information (Table S5), 

and the 5 principal factors explain approximately 92% of the total variance. The first factor 

explains 48.1% of the variance in the variables studied. The addition of the second-factor 

increases 66.1% of the variance explained, and the addition of the third factor allows 80.7% of 

the variance of the features to be accounted for (Table S5). After a Varimax normalized rotation 

of the factors, factor loadings from the principal component analysis are shown in Table S5. 

Specifically, the predictions with the multivariate model showed that the DNAfold metrics are 

orthogonal to most of the FastPCR parameters, which corresponds to the discriminating 

thermodynamic capacity of the DNAfold approach.  

It is important to highlight that the prediction of the primers' stability based on the 

folding's thermodynamics allowed us to discriminate more clearly the contribution of the 

thermodynamic parameters in the primers, which were predicted with similar stability by the 

rest of the methods used. In addition, although the most thermodynamically stable primers 

showed differences of only 1 kcal/mol (according to the DNA folding method), it has been 

reported that even a small number of non-binding bases is sufficient to increase the free energy 

of hybridization in about 1 kcal/mol at physiological salt concentrations [72]. It is known that 

the contribution of base pair mismatches to DNA stability can range from 1 kcal/mol to 2 

kcal/mol. Furthermore, variations in pH can contribute to imbalances ranging from 1 kcal/mol 

to -0.4 kcal/mol [73]. 

In this sense and considering that the resulting predictors associated with 

thermodynamic stability and conformational fluctuations can be decisive in the theoretical 

efficiency of the PCR reaction, it is suggested, under the conditions of this study, to consider 

MpxV-specific primers such as those designed and selected for targeting the OPG191 gene 

(Table 2, Table 4) for optimal characteristics in terms of thermal and dynamic stability. 

Furthermore, for illustrative purposes, and by examining the thermodynamic stability of the 

OPG191 primers at 95 ˚C, as is a common condition in these reactions [6], the stability of the 

biomolecule, which does not undergo conformational changes at this temperature was 

confirmed, such as the formation of thermodynamically favorable hairpin-loops (Figure S2). 

In addition, it is important to note that all the primer sequences studied could form secondary 

structures with minimum free energies (MFE) of assembly that are thermodynamically highly 

spontaneous, as reported for nucleotide sequences of similar sizes [74]. 

Table 4. Proposed primers for the detection of Monkeypox virus (MpxV). 

Assay/use = B7R gene (OPG191)* 

P1 - OPG191 = P2 - OPG191 = 
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Assay/use = B7R gene (OPG191)* 
5'-TGTGGGTACCGGACTACGAT-3' 5'-CACCTCCAGTGATCGTACCAA-3' 

Extinction coefficient = 194400 L/(mol·cm) 

Molecular weight = 6173 g/mol  
OD260 = 1.000 

µg = 31.754 

nmol = 5.144 

100µM = dissolve in 51.4 µl of MQ-water or TE buffer 

Extinction coefficient = 200100 L/(mol·cm) 

Molecular weight = 6335 g/mol 
OD260 = 1.000 

µg = 31.659 

nmol = 4.998 

100µM = dissolve in 50.0 µl of MQ-water or TE buffer 

Product Size (bp) = ≈ 236 

*all calculations for the theoretical PCR reaction were generated using the MFEprimer and server and the 

FastPCR tool. 

It is important to highlight that to distinguish between these infections, particularly if 

MpxV is suspected, the main requirements for laboratory diagnostic tests are rapid results with 

high sensitivity and specificity. The most recent advance in the rapid diagnosis of 

Orthopoxvirus infection has been provided by polymerase chain reaction (PCR) assay. For this 

reason, the OPG191 gene has been suggested as appropriate for identification tests. It has even 

been recommended to differentiate MpxV and other related viruses [11]. Likewise, carrying 

out the PCR reaction (with the proposed primers) is recommended using the previously 

reported control primers to detect MpxV [13,73-78]. 

Our recommendations are since the approach proposed here reproduced the 

thermodynamic stability of the molecular folding of the published primers for detecting MpxV 

by PCR. Specifically, the thermodynamic trend in terms of the entropic contribution and the 

minimum free energy for the formation of the OPG035 and OPG191 primer pair was similar 

for both the published and predicted primers in this study. Furthermore, the thermodynamic 

discrimination between the published primers in terms of entropic contribution was like that 

predicted in this study (Table S4). These results allow us to infer that the primers directed to 

genes associated with MpxV present a similar thermodynamic stability governed by a negative 

entropic contribution, especially for the primers predicted from the OPG035 and OPG191 

genes. The negative entropic contribution is a phenomenon that has already been described for 

other unrelated short nucleotide sequences of prokaryotic [79,80] and eukaryotic origin [81-

84]. 

This study does not intend to indicate which target is the most suitable for the design 

of primers directed at MpxV, nor does it intend to invalidate any of the primers designed with 

the proposed tools. This study sought to propose an alternative strategy to characterize and 

discriminate primers considering the thermodynamics of molecular folding and molecular 

dynamics, to optimize the predictions of in silico PCR reactions at the thermodynamic level 

from a biophysical-computational point of view, as suggested [85-88]. In this sense, 

experimental demonstrations are required to study the impact of primer fold stability on the 

efficiency of PCR reactions, including variables such as mismatches and their effect on 

annealing temperatures [89,90]. 

4. Conclusions 

Using standard predictors, several thermodynamically stable and specific primers were 

designed targeting reported genes of interest for MpxV detection. Differences were observed 

between the thermodynamic stability of the previously designed primers by means of a 

subsequent classification based on the prediction of DNA folding at a constant temperature. 

Differences in terms of specificity were also predicted after applying quality control with 

additional alternative tools that rank primers by performing searches that consider 
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thermodynamic stability. We reclassified primers that could be directed to the specific 

detection of MpxV, or the amplification of sequences of interest from a diverse group of 

Orthopoxviruses. A relationship was observed between the thermodynamic stability and the 

conformational fluctuations of the primers in an aqueous medium after the molecular dynamics 

analysis and a possible effect of these variables on the theoretical efficiency of the PCR 

reactions. Finally, under the conditions of this study, it is suggested to carry out experimental 

demonstrations for the specific detection of MpxV considering primers such as those 

characterized in this study, which is directed to the OPG191 gene, for presenting optimal 

characteristics in terms of thermal and dynamic stability. 
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Supplementary materials 

Table S1. Proposed primers for the specific detection of MpxV. 

Primer ID Sequence (5'-->3') 

P1 - OPG191 TG TG GG TA CC GG AC TA CG AT 

P1 - OPG117 TC GG TG AC CT GT TT GT CG AG 

P1 - OPG118 TT GT TG TT CG CC TT GG TA GC 

P1 - OPG032 CT GC CA AG AT AG CT TC AG AG T 

P1 - OPG035 AG CA AT GG AC CG TC GG AT AG 

P1 - OPG047 GG AA CC AA CG CT CA AC AG AT G 

P1 - OPG190 TG CG TA CT AC CT GC TG TT GT 

P1 - OPG200 TG CG CT GG AC AA CT GT AT GA 

P2 - OPG191 CA CC TC CA GT GA TC GT AC CA A 

P2 - OPG117 TC AG CA GC CT CT CT AC CA GA 

P2 - OPG118 TG AG TA CA TT CA CT CC GC GT 

P2 - OPG032 CC CA AT GC GG GC GA TG TA 

P2 - OPG035 GG AG AA AT GA CG GC GA TC CA 

P2 - OPG047 CT CC GA TG AA TA GC CC CA GA 

P2 - OPG190 CG CA TT AG GA CA CG TG AC AG 

P2 - OPG200 CC TC CC CA GT AA GT AG CA GC 
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Figure S1. Associated "join region" annotation. For illustrative purposes, the Associated "binding region" 

annotation for Primer-ID = P1 - OPG191 is shown. The rest of the regions can be predicted using the BLAST 

tool. 

Table S2. Genomic sequences used for the prediction of primers directed to genes associated with Monkeypox 

virus (MpxV).  

Accession* Genome(s)  Date 

OX009124.1 Monkeypox virus isolate lesión 9-jun-22 

ON880549.1 Monkeypox virus isolate MpxV/human/CAN/UN-NML-3450/2022 

30-jun-22 

ON880548.1 Monkeypox virus isolate MpxV/human/CAN/UN-NML-3448/2022 

ON880547.1 Monkeypox virus isolate MpxV/human/CAN/UN-NML-3441/2022 

ON880546.1 Monkeypox virus isolate MpxV/human/CAN/UN-NML-3368/2022 

ON880545.1 Monkeypox virus isolate MpxV/human/CAN/UN-NML-3366/2022 

ON880544.1 Monkeypox virus isolate MpxV/human/CAN/UN-NML-3363/2022 

ON880543.1 Monkeypox virus isolate MpxV/human/CAN/UN-NML-3357/2022 

ON880542.1 Monkeypox virus isolate MpxV/human/CAN/UN-NML-3348/2022 

ON880541.1 Monkeypox virus isolate MpxV/human/CAN/UN-NML-3344/2022 

ON880540.1 Monkeypox virus isolate MpxV/human/CAN/UN-NML-3342/2022 

ON880539.1 Monkeypox virus isolate MpxV/human/CAN/UN-NML-3339/2022 

ON880538.1 Monkeypox virus isolate MpxV/human/CAN/UN-NML-3336/2022 

ON880537.1 Monkeypox virus isolate MpxV/human/CAN/UN-NML-3273/2022 

ON880536.1 Monkeypox virus isolate MpxV/human/CAN/UN-NML-3272/2022 

ON880535.1 Monkeypox virus isolate MpxV/human/CAN/UN-NML-3269/2022 

ON880534.1 Monkeypox virus isolate MpxV/human/CAN/UN-NML-3262/2022 

ON880533.1 Monkeypox virus isolate MpxV/human/CAN/UN-NML-3257/2022 

ON880532.1 Monkeypox virus isolate MpxV/human/CAN/UN-NML-3253/2022 

ON880531.1 Monkeypox virus isolate MpxV/human/CAN/UN-NML-3165/2022 

ON880530.1 Monkeypox virus isolate MpxV/human/CAN/UN-NML-3162/2022 

ON880529.1 Monkeypox virus isolate MpxV/human/CAN/UN-NML-3153/2022 
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Accession* Genome(s)  Date 

ON880528.1 Monkeypox virus isolate MpxV/human/CAN/UN-NML-3147/2022 

ON880527.1 Monkeypox virus isolate MpxV/human/CAN/UN-NML-3141/2022 

ON880526.1 Monkeypox virus isolate MpxV/human/CAN/UN-NML-3100/2022 

ON880525.1 Monkeypox virus isolate MpxV/human/CAN/UN-NML-3086/2022 

ON880524.1 Monkeypox virus isolate MpxV/human/CAN/UN-NML-3080/2022 

ON880523.1 Monkeypox virus isolate MpxV/human/CAN/UN-NML-2898/2022 

ON880522.1 Monkeypox virus isolate MpxV/human/CAN/UN-NML-2870/2022 

ON880521.1 Monkeypox virus isolate MpxV/human/CAN/UN-NML-2858/2022 

ON880520.1 Monkeypox virus isolate MpxV/human/CAN/UN-NML-2857/2022 

ON880519.1 Monkeypox virus isolate MpxV/human/CAN/UN-NML-2833/2022 

ON880518.1 Monkeypox virus isolate MpxV/human/CAN/UN-NML-3486/2022 

ON880517.1 Monkeypox virus isolate MpxV/human/CAN/UN-NML-3476/2022 

ON880516.1 Monkeypox virus isolate MpxV/human/CAN/UN-NML-3472/2022 

ON880515.1 Monkeypox virus isolate MpxV/human/CAN/UN-NML-3467/2022 

ON880514.1 Monkeypox virus isolate MpxV/human/CAN/UN-NML-3412/2022 

ON880513.1 Monkeypox virus isolate MpxV/human/CAN/UN-NML-3407/2022 

ON880512.1 Monkeypox virus isolate MpxV/human/CAN/UN-NML-3292/2022 

ON880511.1 Monkeypox virus isolate MpxV/human/CAN/UN-NML-3214/2022 

ON880510.1 Monkeypox virus isolate MpxV/human/CAN/UN-NML-3193/2022 

ON880509.1 Monkeypox virus isolate MpxV/human/CAN/UN-NML-3137/2022 

30-jun-22 

ON880508.1 Monkeypox virus isolate MpxV/human/CAN/UN-NML-3127/2022 

ON880507.1 Monkeypox virus isolate MpxV/human/CAN/UN-NML-3071/2022 

ON880506.1 Monkeypox virus isolate MpxV/human/CAN/UN-NML-2959/2022 

ON880505.1 Monkeypox virus isolate MpxV/human/CAN/UN-NML-2906/2022 

ON880422.1 Monkeypox virus isolate MPX/UZ_REGA_6/Belgium/2022 

ON880421.1 Monkeypox virus isolate MPX/UZ_REGA_5/Belgium/2022 

ON880420.1 Monkeypox virus isolate MPX/UZ_REGA_4/Belgium/2022 

ON880419.1 Monkeypox virus isolate MPX/UZ_REGA_3/Belgium/2022 

ON880413.1 Monkeypox virus isolate MPX/BR0002/2022 

ON872184.1 Monkeypox virus strain WA-2022 29-jun-22 

ON853682.1 Monkeypox virus isolate MPXV/Germany/2022/RKI101 

27-jun-22 

ON853681.1 Monkeypox virus isolate MPXV/Germany/2022/RKI092 

ON853680.1 Monkeypox virus isolate MPXV/Germany/2022/RKI097 

ON853679.1 Monkeypox virus isolate MPXV/Germany/2022/RKI077 

ON853678.1 Monkeypox virus isolate MPXV/Germany/2022/RKI100 

ON853677.1 Monkeypox virus isolate MPXV/Germany/2022/RKI099 

ON853676.1 Monkeypox virus isolate MPXV/Germany/2022/RKI098 

ON853675.1 Monkeypox virus isolate MPXV/Germany/2022/RKI096 

ON853674.1 Monkeypox virus isolate MPXV/Germany/2022/RKI095 

ON853673.1 Monkeypox virus isolate MPXV/Germany/2022/RKI094 

ON853672.1 Monkeypox virus isolate MPXV/Germany/2022/RKI093 

ON853671.1 Monkeypox virus isolate MPXV/Germany/2022/RKI091 

ON853670.1 Monkeypox virus isolate MPXV/Germany/2022/RKI090 

ON853669.1 Monkeypox virus isolate MPXV/Germany/2022/RKI089 

ON853668.1 Monkeypox virus isolate MPXV/Germany/2022/RKI086 

ON853667.1 Monkeypox virus isolate MPXV/Germany/2022/RKI085 

ON853666.1 Monkeypox virus isolate MPXV/Germany/2022/RKI084 

ON853664.1 Monkeypox virus isolate MPXV/Germany/2022/RKI082 

ON853663.1 Monkeypox virus isolate MPXV/Germany/2022/RKI081 

ON853662.1 Monkeypox virus isolate MPXV/Germany/2022/RKI080 

ON853661.1 Monkeypox virus isolate MPXV/Germany/2022/RKI079 

ON853660.1 Monkeypox virus isolate MPXV/Germany/2022/RKI078 

ON853659.1 Monkeypox virus isolate MPXV/Germany/2022/RKI075 

ON853658.1 Monkeypox virus isolate MPXV/Germany/2022/RKI072 

ON853657.1 Monkeypox virus isolate MPXV/Germany/2022/RKI071 

ON853656.1 Monkeypox virus isolate MPXV/Germany/2022/RKI070 

ON853655.1 Monkeypox virus isolate MPXV/Germany/2022/RKI088 

ON853654.1 Monkeypox virus isolate MPXV/Germany/2022/RKI087 

ON853653.1 Monkeypox virus isolate MPXV/Germany/2022/RKI076 

ON853652.1 Monkeypox virus isolate MPXV/Germany/2022/RKI074 

ON853651.1 Monkeypox virus isolate MPXV/Germany/2022/RKI073 

ON853650.1 Monkeypox virus isolate MPXV/Germany/2022/RKI069 
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Accession* Genome(s)  Date 

ON853649.1 Monkeypox virus isolate MPXV/Germany/2022/RKI068 

ON843182.1 Monkeypox virus isolate Monkeypox/PT0044/2022 

24-jun-22 

ON843181.1 Monkeypox virus isolate Monkeypox/PT0045/2022 

ON843180.1 Monkeypox virus isolate Monkeypox/PT0042/2022 

ON843179.1 Monkeypox virus isolate Monkeypox/PT0039/2022 

ON843178.1 Monkeypox virus isolate Monkeypox/PT0040/2022 

ON843177.1 Monkeypox virus isolate Monkeypox/PT0047/2022 

ON843176.1 Monkeypox virus isolate Monkeypox/PT0041/2022 

ON843175.1 Monkeypox virus isolate Monkeypox/PT0043/2022 

ON843174.1 Monkeypox virus isolate Monkeypox/PT0046/2022 

ON843173.1 Monkeypox virus isolate Monkeypox/PT0029/2022 

ON843172.1 Monkeypox virus isolate Monkeypox/PT0035/2022 

ON843171.1 Monkeypox virus isolate Monkeypox/PT0030/2022 

ON843169.1 Monkeypox virus isolate Monkeypox/PT0034/2022 

ON843168.1 Monkeypox virus isolate Monkeypox/PT0032/2022 

ON843167.1 Monkeypox virus isolate Monkeypox/PT0036/2022 

*NCBI/GenBank (https://www.ncbi.nlm.nih.gov/). 

Table S3. Thermodynamic stability of the primers. 
 DNAfold MFEp FastPCR 

 kcal/mol 
cal/(K

·mol) 
°C 

kcal/

mol 
°C kcal/mol 

cal/(K

·mol) 
°C °C 

Primer 

ID 

ΔG_

DNAf 

ΔH_

DNAf 

ΔS_D

NAf 

Tm_

DNAf 

ΔG_

MFEp 

Tm_

MFEp 

ΔG_

Fast 

ΔH_

Fast 

ΔS_Fa

st 

Tm_

Fast1 

Tm_

Fast2 

P1 - 

OPG19

1 

-1.3 -27.3 -83.7 52.6 -22.0 60.6 -25.7 

-

153.

4 

-431.9 63.2 64.4 

P1 - 

OPG11

7 

-0.2 -36.2 -116.2 38.3 -22.3 60.5 -25.9 

-

158.

1 

-446.1 62.8 64.4 

P1 - 

OPG11

8 

0.6 -4.5 -16.5 -1.0 -21.8 59.6 -25.4 

-

157.

1 

-444.4 61.6 62.3 

P1 - 

OPG03

2 

-0.3 -35.6 -113.8 39.4 -21.4 58.0 -25.1 

-

160.

7 

-457.9 60.1 62.6 

P1 - 

OPG03

5 

-0.2 -21.9 -69.9 40.1 -22.0 60.1 -25.7 

-

156.

1 

-440.6 62.6 64.4 

P1 - 

OPG04

7 

0.4 -14.5 -47.9 29.0 -22.8 60.3 -26.6 

-

166.

5 

-471.9 62.3 64.6 

P1 - 

OPG19

0 

-0.4 -23.7 -75.1 42.0 -21.8 59.8 -25.4 

-

155.

3 

-438.6 62.0 62.3 

P1 - 

OPG20

0 

-0.03 -23.3 -75.0 37.3 -22.0 60.2 -25.6 

-

155.

6 

-439.0 62.3 62.3 

P2 - 

OPG19

1 

-1.3 -31.3 -96.6 50.5 -22.4 60.0 -26.2 

-

162.

3 

-459.8 62.3 64.6 

P2 - 

OPG11

7 

0.3 -17.1 -56.1 31.3 -21.8 60.2 -25.3 

-

151.

7 

-427.3 63.0 64.4 

P2 - 

OPG11

8 

-1.3 -44.3 -138.5 46.6 -21.8 59.6 -25.4 

-

156.

0 

-441.0 61.7 62.3 

P2 - 

OPG03

2 

-1.4 -31.6 -97.3 51.4 -21.3 60.7 -24.6 

-

142.

0 

-396.6 63.6 64.0 
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 DNAfold MFEp FastPCR 

 kcal/mol 
cal/(K

·mol) 
°C 

kcal/

mol 
°C kcal/mol 

cal/(K

·mol) 
°C °C 

Primer 

ID 

ΔG_

DNAf 

ΔH_

DNAf 

ΔS_D

NAf 

Tm_

DNAf 

ΔG_

MFEp 

Tm_

MFEp 

ΔG_

Fast 

ΔH_

Fast 

ΔS_Fa

st 

Tm_

Fast1 

Tm_

Fast2 

P2 - 

OPG03

5 

-0.2 -21.8 -69.6 39.8 -22.3 60.7 -26.0 

-

157.

0 

-442.5 63.1 64.4 

P2 - 

OPG04

7 

1.3 -6.7 -25.7 -13.3 -21.4 59.2 -25.0 

-

152.

7 

-431.7 61.9 64.4 

P2 - 

OPG19

0 

0.7 -11.4 -39.0 18.8 -22.1 59.5 -25.6 

-

160.

7 

-455.3 61.6 64.4 

P2 - 

OPG20

0 

0.8 -20.7 -69.3 25.3 -21.9 60.1 -25.5 

-

154.

7 

-436.5 62.9 66.4 

ΔG_DNAf, minimum free energy for formation predicted with DNAfold; ΔH_DNAf, predicted enthalpy with 

DNAfold; ΔS_DNAf, predicted entropy with DNAfold; Tm_DNAf, predicted fusion temperature with 

DNAfold; ΔG_MFEp, minimum free energy for formation predicted with MFE; Tm_MFEp, melting 

temperature predicted with MFE; ΔG_Fast, minimum free energy for formation predicted with FastPCR; 

ΔH_Fast, enthalpy predicted with FastPCR; ΔS_Fast, predicted entropy with FastPCR; Tm_Fast1, melting 

temperature # 1 predicted with FastPCR; Tm_Fast2, fusion temperature # 2 predicted with FastPCR. 

Table S4. Dynamic stability of the primers and their conformational fluctuations in solution. 

Primer ID Rg (Å) RMSD (Å) ε (%) subopt D1 t1 D2 t2 D3 t3 

P1 - OPG191 20.0 1.8 83 69 2.49 2.4E-04 4.57 1.3E-04 1.09 5.5E-04 

P1 - OPG117 20.2 2.4 77 143 2.47 2.4E-04 4.53 1.3E-04 1.08 5.6E-04 

P1 - OPG118 20.2 2.4 71 116 2.47 2.4E-04 4.53 1.3E-04 1.08 5.6E-04 

P1 - OPG032 21.0 2.5 90 66 2.38 2.5E-04 4.37 1.4E-04 1.04 5.8E-04 

P1 - OPG035 20.2 2.6 87 18 2.48 2.4E-04 4.54 1.3E-04 1.08 5.6E-04 

P1 - OPG047 20.6 3.0 85 14 2.43 2.5E-04 4.45 1.3E-04 1.06 5.7E-04 

P1 - OPG190 20.0 2.3 71 91 2.49 2.4E-04 4.57 1.3E-04 1.09 5.5E-04 

P1 - OPG200 20.0 3.1 87 42 2.49 2.4E-04 4.57 1.3E-04 1.09 5.5E-04 

P2 - OPG191 20.9 2.4 87 12 2.39 2.5E-04 4.39 1.4E-04 1.05 5.7E-04 

P2 - OPG117 20.1 2.2 68 27 2.48 2.4E-04 4.55 1.3E-04 1.09 5.5E-04 

P2 - OPG118 20.2 2.5 95 35 2.47 2.4E-04 4.52 1.3E-04 1.08 5.6E-04 

P2 - OPG032 18.3 2.1 66 22 2.72 2.2E-04 5.00 1.2E-04 1.20 5.0E-04 

P2 - OPG035 20.2 2.5 84 19 2.47 2.4E-04 4.54 1.3E-04 1.08 5.6E-04 

P2 - OPG047 20.1 2.4 82 7 2.48 2.4E-04 4.56 1.3E-04 1.09 5.5E-04 

P2 - OPG190 20.1 1.5 79 12 2.49 2.4E-04 4.56 1.3E-04 1.09 5.5E-04 

P2 - OPG200 20.5 2.5 58 10 2.43 2.5E-04 4.46 1.3E-04 1.07 5.6E-04 

Rg, radius of gyration; RMSD, root mean square deviation; ε, efficiency of the PCR reaction predicted with 

FastPCR; Subopt, # of minimum energy substructures predicted with DNAfold; D1, diffusion coefficient 

predicted with model 1 HeLa (with a cytoplasmic viscosity of ~4.4×10-2 Pa/s) [63]; t1, diffusion rate predicted 

with model 1; D2, diffusion coefficient predicted with model 2 (Normal Swiss 3T3 cells (with a viscosity of 

~2.4×10-2 Pa/s) [63,64]; t2, diffusion rate predicted with model 2; D3, diffusion coefficient predicted with model 

2 (viscosity of the water calculated with a viscosity of ~ 0.001 Pa/s) [65]); t3, diffusion rate predicted with 

model 3. 
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Figure S2. Thermodynamic stability of OPG191 primers at 95 ˚C. For illustrative purposes, and by examining 

the thermodynamic stability of the OPG191 primers at 95 ˚C, as is a common condition in these reactions [6], 

the stability of the biomolecule, which does not undergo conformational changes at this temperature was 

confirmed, such as the formation of thermodynamically favorable hairpin-loops. 

Table S5. Factor loadings (varimax normalized rotation) for variables of the 8 forward and reverse primers. 

Variables Factor 1 Factor 2 Factor 3 Factor 4 Factor 5 

ΔG_DNAf -0.25 0.89 0.09 0.12 0.04 

ΔH_DNAf 0.02 0.97 -0.08 0.03 0.07 

ΔS_DNAf 0.04 0.96 -0.10 0.02 0.07 

Tm_DNAf 0.10 -0.90 -0.28 -0.03 0.02 

ΔG_MFEp 0.44 0.01 0.84 0.26 0.00 

Tm_MFEp 0.45 -0.12 -0.86 0.10 0.02 

ΔG_Fast 0.58 0.01 0.75 0.29 -0.03 

ΔH_Fast 0.84 -0.11 0.21 0.38 0.04 

ΔS_Fast 0.86 -0.11 0.15 0.38 0.04 

Tm_Fast1 0.53 -0.11 -0.71 0.35 0.16 

Tm_Fast2 -0.12 0.14 -0.48 0.59 0.54 

Rg (Å) -0.99 0.03 0.03 -0.09 0.03 

RMSD (Å) -0.22 0.01 -0.17 -0.56 0.00 

e (%) -0.35 -0.35 0.13 -0.72 0.17 

Subopt -0.07 -0.10 0.03 0.07 -0.97 

D1 0.99 -0.05 -0.03 0.07 0.00 

t1 -0.99 0.03 0.04 -0.07 0.01 

D2 0.99 -0.05 -0.02 0.08 0.00 

t2 -0.99 0.03 0.03 -0.08 0.01 

D3 0.98 -0.05 -0.01 0.13 0.03 

t3 -0.99 0.03 0.02 -0.13 -0.02 

Expl.Var 9.54 3.66 2.97 1.84 1.31 

Prp.Totl 0.45 0.17 0.14 0.09 0.06 
ΔG_DNAf, minimum free energy for formation predicted with DNAfold; ΔH_DNAf, predicted enthalpy with DNAfold; ΔS_DNAf, predicted 

entropy with DNAfold; Tm_DNAf, predicted fusion temperature with DNAfold; ΔG_MFEp, minimum free energy for formation predicted 

with MFE; Tm_MFEp, melting temperature predicted with MFE; ΔG_Fast, minimum free energy for formation predicted with FastPCR; 

ΔH_Fast, enthalpy predicted with FastPCR; ΔS_Fast, predicted entropy with FastPCR; Tm_Fast1, melting temperature #1 predicted with 

FastPCR; Tm_Fast2, fusion temperature #2 predicted with FastPCR; Rg, radius of gyration; RMSD, root mean square deviation; ε, efficiency 

of the PCR reaction predicted with FastPCR; Subopt, # of minimum energy substructures predicted with DNAfold; D1, diffusion coefficient 

predicted with model 1; t1, diffusion rate predicted with model 1; D2, diffusion coefficient predicted with model 2; t2, diffusion rate predicted 

w i th  mode l  2 ;  D 3 ,  d i f fus ion  c oe f f ic i e nt  p re d ic t ed  w i th  model  2 ;  t 3 ,  d i f fus ion  ra te  p re d ic t ed  w i th  mo de l  3 . 
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     All the parameters D1, t1, D2, t2, D3, t3, represent fluctuation components in 

solution, and are heavily loaded on factor 1 (F1). Most of the parameters that are predicted with 

FastPCR (eg, ΔH_Fast, ΔS_Fast, etc) and the Rg, are also heavily loaded (loadings > 0.70) on 

this factor. Thus, FastPCR and the other "F1 parameters" generate extensive redundancy and 

overlap between them. The second factor (F2) is almost exclusively a DNA fold dimension. 

This result showed that ΔG_DNAf, ΔH_DNAf, ΔS_DNAf and Tm_DNAf have a strong 

relationship. The third factor (F3) appears to be the most significant for MEFp functions such 

as ΔG_MFEp, Tm_MFEp, and for Tm predicted with FastPCR. Finally, F4 and F5 show high 

loadings for ε (PCR reaction efficiency) with FastPCR, RMSD and subopt. The indices with 

high loads on the same factor are interrelated, while there is no correlation between variables 

that have loads other than zero, only on different factors. Consequently, DNAfold metrics are 

orthogonal to most FastPCR parameters. 

Table S4. Thermodynamic stability of the published primers. 

Primer 

ID 
Sequence (5'-->3') 

DNAfold 

Re

f. 

kcal/mol 
cal/(K·

mol) 
°C 

ΔG_DN

Af 

ΔH_DN

Af 

ΔS_DN

Af 

Tm_DN

Af 

P1 - 

OPG032 

TGTCTACCTGGATACAGAAAGCAA 

-3.3 -36.4 -106.8 67.6 

12 

P1 - 

OPG035 

TTATTTTTCACCATATAGATCAATCAT

TAGATCAT -1.6 -56.8 -178 45.8 

79 

P1 - 

OPG047 

CTCATTGATTTTTCGCGGGAT 

0.6 -8.4 -28.9 16.9 

80 

P1 - 

OPG190 

ATTGGTCATTATTTTTGTCACAGGAAC

A 0.7 -25.2 -83.5  28.3 

6 

P1 - 

OPG191 

ACGTGTTAAACAATGGGTGATG 

-1.0 -22.5 -69.2 69.2 

11 

P2 - 

OPG032 

GGCATCTCCGTTTAATACATTGAT 

0.4 -11.7 -39 26.7 

12 

P2 - 

OPG035 

ATGAGGACTCTACTTATTAGATATAT

TCTTTGGAG -0.6 -15.8 -48.9 49.8 

79 

P2 - 

OPG047 

GACGATACTCCTCCTCGTTGGT 

-1.8 -19.6 -57.4 67.7 

80 

P2 - 

OPG190 

AATGGCGTTGACAATTATGGGTG 

-0.1 -14.6 -46.9 38.0 

6 

P2 - 

OPG191 

AACATTTCCATGAATCGTAGTCC 

-0.5 -16.4 -51.1 47.3 

11 

ΔG_DNAf, minimum free energy for formation predicted with DNAfold; ΔH_DNAf, predicted enthalpy with 

DNAfold; ΔS_DNAf, predicted entropy with DNAfold; Tm_DNAf, predicted fusion temperature with DNAfold. 
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