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Abstract. Single-nucleotide polymorphisms (SNPs) can serve as reliable markers in genetic engineering, selection,
screening examinations, and other fields of science, medicine, and manufacturing. Whole-genome sequencing and
genotyping by sequencing can detect SNPs with high specificity and identify novel variants. Nonetheless, in situations
where the interest of researchers is individual specific loci, these methods become redundant, and their cost, the pro-
portion of false positive and false negative results, and labor costs for sample preparation and analysis do not justify
their use. Accordingly, accurate and rapid methods for genotyping individual alleles are still in demand, especially for
verification of candidate polymorphisms in analyses of association with a given phenotype. One of these techniques
is genotyping using TagMan allele-specific probes (TagMan dual labeled probes). The method consists of real-time
PCR with a pair of primers and two oligonucleotide probes that are complementary to a sequence near a given locus
in such a way that one probe is complementary to the wild-type allele, and the other to a mutant one. Advantages of
this approach are its specificity, sensitivity, low cost, and quick results. It makes it possible to distinguish alleles in a ge-
nome with high accuracy without additional manipulations with DNA samples or PCR products; hence the popularity
of this method in genetic association studies in molecular genetics and medicine. Due to advancements in technolo-
gies for the synthesis of oligonucleotides and improvements in techniques for designing primers and probes, we can
expect expansion of the possibilities of this approach in terms of the diagnosis of hereditary diseases. In this article,
we discuss in detail basic principles of the method, the processes that influence the result of genotyping, criteria for
selecting optimal primers and probes, and the use of locked nucleic acid modifications in oligonucleotides as well as
provide a protocol for the selection of primers and probes and for PCR by means of rs11121704 as an example. We
hope that the presented protocol will allow research groups to independently design their own effective assays for
testing for polymorphisms of interest.
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AHHoTaumA. OgHOHYKNneoTuaHble nonnmopdrambl (SNP) MOTyT Cy>KUTb HaflEXKHbIMY MapKepamul B FreHHON UHXe-
Hepuw, cenekunn, CKPUHMHIOBbIX 0O6CNIeA0BAaHUAX U APYrMX 06MacTAX HayKu, MeanuuHbl U NPou3BoACTBa. MosHo-
reHOMHOE CEKBEHVPOBaHME U FEeHOTUMMPOBAHME MNPV MOMOLLN CEKBEHVPOBaHNA MOTYT BblcOKOCMeUndrYHO ae-
TekTpoBaTb SNP 1 BbIABNATL HOBble annenu. OgHaKo B CMTyauurAX, KOrAa MHTepec nccnepoBatenei HanpasfieH Ha
oTAenNbHble KOHKPETHbIE JIOKYCbl, 3T METOAbl CTAaHOBATCA M3ObITOYHBIMY, @ X LeHa, JOSA TOXHOMOMOXUTENbHbIX
N NOXHOOTPMLATESNIbHBIX Pe3yNbTaToB M TPyAo3aTpaThl Ha NPOGOMOArOTOBKY U aHanM3 He OMpaBAbIBalOT UX Npu-
MeHeHuA. Mo3ToMy TouHble 1 BbICTPble MeTObl FeHOTUMMPOBAHUA OTAESNbHbIX anyenel Bce elle OCTalTCA BOCTpe-
60BaHHbIMK, 0COBEHHO NPV NPOBEPKE KaHAUAATHLIX NOANMOPGU3MOB B aHa/IM3ax accoumaunmn ¢ onpeaeneHHbIM
deHoTnom. OanH 13 TaKMX METOAOB — FEHOTUNUPOBaHUE C UCMOMb30BaHKEM annesb-cneundunyHbix 3oHaoB TagMan
(TagMan dual labeled probes). MeTog 3akntouaetcs B peakuyuu MLP B peanbHOM BpemeHU C NCNosib30BaHMEM Mapbl
nparMepoB 1 ABYX ONIMFOHYKEOTUAHbIX 30HAOB, KOMMIEMEHTaPHbIX MOCeA0BaTeNbHOCTM BOMM3N JaHHOrO JIoKyca
TaKnM 06pa3om, YTO OLMH 30HA KOMMNEMEHTapeH annesto AUKOro TUMNa, a 4PYro — MyTaHTHOMY annento. [NpenmyLye-
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CTBa MeTopa 3aKJII04aloTCA B ero cneunduyHoOCT, YyBCTBUTENbHOCTM, HEBbICOKOWN CTOMMOCTU 1 BbICTPOTE NONyYeHnA
pe3ynbraToB. OH NO3BOMSET C BbICOKOW TOYHOCTBIO Pa3nunyaTh anfienn B reHome B ogHocTaguinHon MLUP 6e3 gononHu-
TeNbHOro 3Tana pasAeneHna NPoAyKTOB peakLmy, 4To AeslaeT ero BoCTPeboBaHHbIM B MCCNe0BaHNAX FEHETUYECKNX
accoumaumin B MOMIEKYIAPHON reHeTuKe 1 MeauumHe. bnarogapsa pasBuUTUIO TEXHONOMMIA CUHTE3a OSIMFOHYKNEOoTH-
[lOB V1 COBEPLUEHCTBOBaHMIO METOA0B Nogbopa npanimepoB 1 30HAOB MOXHO OXKMAATb PaCLUVPEHNA BO3MOXHOCTEN
NPYIMeHeHNA 3TOro NoOAXoAa B ANArHOCTNKe HacneACTBEHHbIX 3aboneBaHuii. B HacToALwen cTaTbe Mbl pa3obpanm oc-
HOBHble NMPVHLUMMNbI METOAA, NPOLECCh, BAMAIOLWME Ha pe3ynbTaT FeHOTUMMPOBaHWA, KpuTepun nogbopa onTrMasnb-
HbIX MpaniMepoB 1 30HAOB, Ucnonb3osaHne LNA-mogudrKauuin B ONUroHyKneotTnaax, a Takke npriBenu npoToKos
nogb6opa npavimepos, 3oHAoB 1 MLUP Ha nprumepe SNP rs11121704. Mbl Hageemcs,, UTo NpefCcTaB/ieHHbI NPOTOKON
NO3BOJSINT UCCIef0BaTENIbCKMM FPYMNnaM CaMOCTOATENIbHO NoA6UpaTh CO6CTBEHHbIE S3OdEKTUBHBIE TECT-CUCTEMDBI 41A

NPOBEPKY NHTEPECYIOLMX NONMMOPOU3MOB.

KntoueBble c/loBa: reHOTUNMPOBaHWE; OQHOHYKNeoTUAHbIe nonumopdusmsl; 3oHAbl TagMan; LNA-mogmdrkaumu;

annenb-cneundunyHan MUP.

Introduction

Single-nucleotide polymorphisms (SNPs) are actively used as
reliable markers in genetic engineering, selection, screening
examinations, and other fields of science, medicine, and indus-
trial production. It is clear that whole-genome sequencing and
genotyping by sequencing can detect SNPs with high specifi-
city and identify novel variants. On the other hand, in situa-
tions where the interest of researchers is focused on individual
specific loci, these methods become redundant, and their cost,
the proportion of false positive and false negative results, and
the labor costs for sample preparation and analysis do not
justify their use. Accordingly, accurate and rapid techniques
for genotyping individual alleles are still in demand, especially
for verification of candidate polymorphisms in analyses of
association with a given phenotype (Kalendar et al., 2022).

Currently, methods based on allele-specific PCR allow to
obtain the most accurate results at a low cost and do not require
highly qualified personnel or expensive laboratory equipment.
In this work, we analyze principles of work with one of these
approaches: genotyping by means of allele-specific probes
based on the TagMan method (TagMan dual labeled probes).
It was first described 15 years ago (Hui et al., 2008) and re-
mains one of the most popular for the detection of SNPs. The
accuracy of the method ensures genotyping error of less than
one case per 2,000 (Ranade et al., 2001). The correct choice
of primers and probes is possible for most genome sequences
and in more than 90 % of cases allows to obtain fairly accu-
rate genotyping results for high-quality DNA without further
optimization.

The method of allele-specific PCR with TagMan probes
can separate genotypes even with small amounts of an initial
sample, does not require post-PCR processing, and correlates
well with other methods (Broccanello et al., 2018). None-
theless, kits that are commercially available and developed
for a specific SNP are expensive, and recommendations for
creating and optimizing one’s own assays are described rather
superficially in most of literary sources.

In this work, we provide a detailed analysis of this technique
with a description of processes that can influence genotyping
results as well as recommendations for designing your own
assays.

Description of the method

The method consists of real-time PCR involving a pair of
primers (forward and reverse, between which a polymorphic
locus of interest is located) and two oligonucleotide probes
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complementary to a sequence near this locus in such a way
that one probe is complementary to the wild-type allele, and
the other to a mutant one. Each probe has a distinct fluorescent
dye at the 5’ end and a fluorescence quencher and phosphate
group at the 3’ end. The phosphate group prevents the probes
from acting as primers in the PCR. Due to the proximity of
the quencher and dye, an intact probe does not yield a signal
because of Forster resonance energy transfer (FRET) and
fluorescence quenching. At the elongation stage, a Taqg DNA
polymerase molecule that has reached the probe bound to the
fully complementary template hydrolyzes it owing to 5-3’
exonuclease activity, thereby uncoupling the quencher and
dye, and the fluorescence is detected by an instrument.

Hybridization of the probe with the template is more ef-
fective in the case of complete complementarity; moreover,
in the case of an unpaired base (mismatch), when a probe
corresponding to one allele binds to the template correspond-
ing to another allele, the polymerase preferentially displaces
it entirely without separating the chromophores. Therefore,
signal accumulation will occur much more efficiently in the
case of complete complementarity between the probe and the
template. Thus, the ratio of fluorescence levels of the different
dyes depends on the ratio of the alleles (corresponding to the
probes labeled with these dyes) in the initial template (Hui
et al., 2008).

In a situation close to ideal, an allelic discrimination plot,
where X- and Y-axes correspond to the fluorescence levels of
the first and second dye for each sample, looks like the one in
Figure 1. Samples having the same genotype form a cloud of
dots distant from other clusters. The fluorescence level of each
dye is zero for homozygotes that do not have the allele labeled
with this dye and is almost twice as high for homozygotes of
a given allele as compared to heterozygotes.

In Figure 2, an outcome of a less specific reaction is shown,
when annealing and subsequent restriction of probes addition-
ally take place on the template corresponding to the other al-
lele. Under this scenario, fluorescence intensity of both dyes is
non-zero for all samples. On the other hand, the genotypes of
the samples can still be well discriminated with high accuracy.
It should be noted that during the reaction, the concentration of
the specific probe decreases, the concentration of the template
increases, and the probe with the mismatch remains intact,
which shifts the equilibrium toward the formation of a duplex
containing the mismatch. In this case, using a smaller amount
of'the initial template in the reaction or reading an allelogram
at earlier cycles can help.
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Fig. 1. A high-quality allelic discrimination plot.

Here and in Fig. 2: Created in Bio-Rad CFX Manager software. RFU: relative
fluorescence units.

Based on the ratio between the dye signals in a single
sample, it is impossible to directly determine which probe
binds better and, accordingly, what the genotype is, because
the dyes have different fluorescence intensities, probes differ
in binding efficiency, and this process can be influenced by
other random factors. Therefore, for the assay, it is necessary
to employ several samples, among which there are different
genotypes. It is recommended to analyze at least 20 samples
per instrument run for reliable discrimination. By means of
how much one signal increases more intensely than the other
(i.e., by means of the angle between the X- and Y-axes in the
plot for each sample), you can separate all samples into groups,
and if three groups are detected, you can be confident in ac-
curate determination of the genotype of each group. When as-
sessing the results in the absence of a certain genotype among
the samples, one should rely on the match between the actual
frequency of genotypes and the one expected according to
the literature or the Hardy—Weinberg equilibrium. To ensure
correct allelic discrimination, it is advisable to verify samples
of each genotype by Sanger sequencing.

Criteria for designing optimal primers
and probes for genotyping

Design of primers

GC content within 30-80 % (ideally 40-60 %).

Stretches of a repeated nucleotide, especially four or more

consecutive Gs, should be avoided.

— Melting point (T,,) in the range of 58—60 °C. The differ-
ence in T, between the forward and reverse primers is no
more than 2 °C.

— Among the five nucleotides at the 3’ end, more than two
Gs and/or Cs are not recommended. T should be avoided at
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Fig. 2. The allelic discrimination plot with a low ratio of target fluores-
cence to the background signal, but reliable discrimination of the geno-
types is still possible.

the 3’ end. G or C at the last position at the 3’ end is a more
suitable binding site for DNA polymerases.

— Length 18-30 nucleotides.

— The primers and probes must not overlap.

— The recommended amplicon length according to the litera-
ture is 80—120 nucleotides.

Increasing the PCR product length reduces reaction ef-
ficiency and nuclease activity of Taq polymerase (Debode et
al., 2017). In some cases, depending on nucleotide composi-
tion, to meet other criteria, amplicon length can be increased
to 1,000. The minimum length is determined by the total
length of the primers and probes. It is best to keep the distance
between a probe and the primer annealing to the same strand
shorter to the extent feasible, no more than 20 nucleotides if
possible. Our experience shows that amplicon length of 98 to
469 bp and a 22-348 bp distance from a probe to the primer
complementary to the same strand have no visible effect on
discrimination accuracy.

From the point of view of simplicity and low cost of the
experiment, we recommend selecting primers by taking into
account the possibility of Sanger sequencing from the same
primers. In this case, it is desirable that there be at least
50 nucleotides from the sequencing primer to the polymor-
phic site and from the polymorphic site to the other end of the
maximal read (i. e., the regions upstream and downstream of
the polymorphic site).

Design of probes

— Both probes must anneal to the same strand and not be
complementary to each other.

— T, should be approximately 68 °C higher than that of the
primers (as opposed to qPCR involving only one probe,
for which the T, should be 10 °C higher than that of the
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primers). The reason is that as the reaction mixture cools,
the oligonucleotide probes must anneal to the DNA template
before the primers do.

— The greater the difference in T, between the probe fully
paired with the template and the probe carrying an unpaired
base, the more efficiently can the alleles be separated.
The minimum difference that has allowed us to separate
alleles is 3 °C, but we advise designing probes to achieve
a minimum of 4-5 °C whenever possible. The wider the
temperature window, the easier it is to select an annealing
temperature at which the annealing probability of a probe
carrying a mismatch is negligible compared to that of a
fully complementary probe.

— Do not place G at the 5’ end because it will quench the
fluorophore attached to it after cleavage the probe. Further-
more, Taq polymerase cleaves such probes worse (Huang,
Li, 2009). The cleavage of the oligonucleotide begins with
the appearance of 1-2 unpaired nucleotides at the 5’ end,
which are recognized by the nuclease domain. An unpaired
G at the end dramatically disrupts complementarity, thereby
sometimes causing complete strand separation faster than
Taq polymerase can begin to cut the probe; thus, the probe
is displaced entirely as if it was not fully complementary
to begin with.

— Of'the two strands, choose one such that the probes contain
more Cs than Gs because empirical data indicate that such
probes are more likely to produce a strong signal (https://
www.thermofisher.com/order/catalog/product/450025).

— The polymorphic site should be located approximately in
the middle third of the probe.

— GC content within 20-80 % (ideally 30—70 %).

— Itis advisable to select the positions of the start and end of
each probe so that T, for both probes becomes approxi-
mately the same.

— The length of the probes is 18-30 nucleotides, and the
optimal length is 20 nucleotides. These restrictions are
due to the fact that a probe must bind specifically to only
one region within the amplified fragment and satisfy T,
requirements. The longer the entire probe, the smaller is
the contribution of the polymorphic site to the melting
temperature, the smaller is the percentage difference in
T,, for cases of complete complementarity and mismatch,
and less effectively are the alleles discriminated. A length
greater than 30 nucleotides is acceptable, but in such cases,
the quencher should not be located at the 3’ end but inside
the probe at a distance of approximately 18—25 nucleotides
from the 5’ end. The reason is that at distances between
the dye and quencher greater than 100 A (corresponding
to approximately 30 bp in B-form DNA structure), FRET
is disrupted and intact probes can emit fluorescence, thus
lowering the signal-to-background ratio.

— The reporter fluorophores (dyes) must have different emis-
sion spectra. Fluorophores from a list of those compatible
with the instrument at hand should be chosen for different
channels. Probes labeled with FAM and HEX are cleaved
more efficiently than probes labeled with ROX or CYS5.

— Itis best to label with a brighter dye the probe having lower
T,, or GC content or containing an A/T allele, which binds
worse to the template (for example, FAM gives a stronger
signal than HEX does).
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Use of locked nucleic acid (LNA) modifications

in oligonucleotides

Commercially available TagMan probes can be conjugated to
a minor groove binder (MGB) motif, e. g., dihydrocyclopyr-
roloindole tripeptide (DPI3), to increase the probe’s binding af-
finity for the target sequence. This approach allows to increase
melting temperature of the probe without increasing its length,
thus improving discrimination between the complementary
probe and noncomplementary probe.

Commercially available alternatives to this technology
are locked nucleic acids (LNAs or bridged nucleic acids,
BNAs), which are analogs of RNA with ribose locked in the
3’-endo conformation due to a 2'-O, 4'-C methylene bridge.
The presence of these modified bases in the oligonucleotide
enhances the thermal stability and specificity of hybridization
(Oweczarzy et al., 2011). Such nucleotides are usually marked
as [+X] or +X (where X = A, T, G, or C). By replacing in-
dividual nucleotides in a probe with their LNA analogs, it is
possible to make the probe itself shorter, and the contribution
that the polymorphic site makes to the total T,, is greater,
which will facilitate the discrimination of alleles. Typically,
a modification of a single nucleotide at the SNP position is
made, but for each sequence, effects of different variants may
differ (You et al., 2006).

The choice of tools for calculating T,,, of oligonucleotides
with an LNA modification is narrower than in the case of un-
modified bases; you can use OligoEvaluator services (http://
www.oligoevaluator.com/LoginServlet) or the OligoAnalyzer
Tool (https://www.idtdna.com/calc/analyzer).

Unfortunately, there are currently no available services
for calculating the T,, difference between the fully paired
duplex and the heteroduplex containing unpaired bases for
oligonucleotides with an LNA modification. Previously, the
OligoAnalyzer Tool has allowed for such calculations, but due
to low accuracy, this option has been removed. To roughly
estimate the effect of LNA on mismatches, you can use data
from articles on the thermodynamics of oligonucleotides with
LNA modifications. In some cases, an LNA modification even
reduces the match vs. mismatch difference as compared to the
unmodified oligonucleotide; therefore, these modifications
require caution (You et al., 2000).

Design example

By changing the amplicon length, melting temperature, GC
content, and positions and lengths of primers and probes, it is
possible to obtain combinations that satisfy the above criteria
and to select the best one. SNP-containing sequences being
analyzed do not always permit designing primers and probes
that meet all the aforementioned criteria, but this does not
mean that the selected assay will not work in practice.

Let’s consider the algorithm for designing primers and
probes for analysis of the rs11121704 polymorphism.

1. Find the polymorphism in the dbSNP database (https://
www.ncbi.nlm.nih.gov/snp/), and go to the page with a
detailed description (https://www.ncbi.nlm.nih.gov/snp/
rs11121704).

2. Find the substitution you need, and pay attention to the
genome assembly for which the position is specified. For
example, in our case, the latest one is currently GRCh38. At
the next stage, we need information about the chromosome
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(NC_000001.11), the position on it (11233902), and the sub-
stitution (C>T). One rsID can correspond to several variants
at one locus; all of them are listed on the page (C>A/C>T).
Typically, most people have either the reference allele or the
most common alternative allele. The necessary information
can be found on the “Frequency” tab (Fig. 3).

In this genotyping method, we regard all polymorphisms
as biallelic, and we are usually interested in the most com-
mon substitution at a given position because variants with a
near-zero frequency can occur only in large study populations.

3. To select primers, we use the open online resource
Primer-Blast (https://www.ncbi.nlm.nih.gov/tools/primer-
blast/)

In the “Enter accession” field, specify the chromosome
with the polymorphism you are interested in (NC_000001.11).

In the “Range” fields, we indicate the boundaries within
which the forward and reverse primers should lie near the
SNP position (11233902). We set the boundaries of the primer-
binding site no closer than 15 nucleotides to the SNP (because
otherwise, primer landing may be impeded by the probe) and
not farther than 200 (so that the amplicon is not too long and
the reaction efficiency is higher): the forward primer from

rs11121704

Organism Homo sapiens

Position chr1:11233902 (GRCh38.p14) @

Alleles C>A/C>T

Variation Type SNV Single Nucleotide Variation

Frequency C=0.360546 (95433/264690, TOPMED)
C=0.365324 (51141/139988, GnomAD)
€=0.28937 (21720/75060, ALFA) (+ 19 more)

Variant Clinical

Details

‘ Frequency

ALFA Allele Frequency

Significance

HGVS

2024
283

Annenb-cneundunyHas MLUP ¢ pnyopeceHTHO-MeYeHbIMK
30HaMK: KpyTepumn nogbopa npaMepoB As FeHOTUNMPOBAHNA

11233702 (11233902-200) to 11233887 (11233902-15), and
the reverse one from 11233917 (11233902+15) to 11234102
(11233902+200). “PCR product size” is set to 100-250.

In the “Database Refseq” field, choose “Refseq representa-
tive genomes” or “Genomes for selected organisms (primary
reference assembly only)”. Both databases contain primary
assemblies of chromosomal sequences with minimal redun-
dancy, and “representative genomes” also include alternative
loci and mitochondrial genomes, if available.

The “Advanced parameters” option provides access to ad-
ditional parameters, among which, we are interested in “Primer
GC content (%)”, for which we set the range to 40—60 %.

We leave the remaining parameters unchanged. Before
clicking the “Get primers” button, select the “Show results in
anew window” option so that after the results are displayed, it
is easier to change individual launch parameters for a second
search (Fig. 4).

4. Go to the page with the primer search results. We select
primers that are suitable for the position, T,,, and specificity.
You can work with nonspecific primers, but you must then
check that the probe binds only to the specific amplicon and
not to side products.

Current Build 156
Released September 21,2022

Clinical significance Reported in Clinvar
Gene : Consequence MTOR: Intron Variant
8 citations

See rs on genome

Publications

Genomic View

Submissions History Publications Flanks

The ALFA project provide aggregate allele frequency from dbGaP. More information is available on the project page including descriptions, data access, and terms of

use.

Release Version: 20230706150541

Population Group *  sample size Ref Allele AltAllele
Total Global 75060 C=0.28937 A=0.00000, T=0.71063 .
European Sub 59104 C=0.27827 A=0.00000, T=0.72173
African Sub 4888 C=0.6279 A=0.0000, T=0.3721
African Others Sub 174 C=0.718 A=0.000, T=0.282
African American Sub 4714 C=0.6245 A=0.0000, T=0.3755
Asian Sub 238 C=0.046 A=0.000, T=0.954
East Asian Sub 164 C=0.049 A=0.000, T=0.951
Other Asian Sub 74 C=0.04 A=0.00, T=0.96
Latin American 1 Sub 400 C=0.305 A=0.000, T=0.695
Latin American 2 Sub 3384 C=0.1690 A=0.0000, T=0.8310
South Asian Sub 4968 C=0.1842 A=0.0000. T=0.8158 v

Fig. 3. Basic information about the rs11121704 variant: chromosome, position, genome assembly, and frequency of nucleotide

substitutions.
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PCR Template -
Primer Parameters
Enter ion, gi, or FASTA (A refseq record is preferred) @ Range @ ) D -
NG_000001.11 - . Min Pt ax
Forward primer 233887 PCR Product Tm l | | | ‘ ‘
y Reverse primer 234102 |Mi" [ |°pl ] ‘Max ‘
. Primer Size
Or, upload FASTA file 0630p.... | ®aiin He BLIGPaH.
Min Max
= Primer GC content (%)
Primer Parameters o
GC clamp
Use my own forward primer [ 2] ‘:l ©
(5'->3' on plus strand) Max Poly-X |:] o
Use my own reverse primer [ 2]
(5™->3"' on minus strand) Max 3' Stability l:| (%)
Min Max
PCR product size Max GC in primer 3' end e
# of primers to return \:' Secondary Structure [ use Thermodynamic Oligo Alignment [ use Thermodyr
Alignment Methods Pri pai
Min opt Max Max T, difference UL L

Primer melting p ‘ \ ‘ ‘ ‘ ‘ |

(For thermodynamic alignme

TH: Max Template Mi

Any 3
Exon/int lecti TH: Max Self C (For thermodynamic alignme
Xon/intron sefection A refseq mRNA sequence as PCR template input is required for options in the section 9 - s
e y .
Exon juncti e s
on junction span [Nop v |® TH: Max Pair Comp iy [ ] [ ] (For thermodynamic alignme
Exon junction match ‘Min 5 match‘ Minl 3' match ‘ Max |3 match ] TH: Max Primer Hairpin l:l (For thermodynamic alignment model only)
Minimal and maximal number of bases that must anneal to exons at the 5' or 3' side of the junction @ Primer Pair
2 : M For old secondary structure
Intron inclusion |__J Primer pair must be separated by at least one intron on the corresponding genomic DNA 9 hax it ( &
Intron length range Min Max Any 3
:l :I e Max Self ( (For old secondary structure
Any 3
Primer Pair Specificity Checking Parameters Max Pair Compl (For old secondary structure
Specificity check Enable search for primer pairs specific to the intended PCR template (2] Excluded regions |
search mode -
Automatic v |® Overlap junctions [
Database i
[ Refseq representative v @ 5'side overlaps  3'side overlaps
Exclusion l_J Exclude predicted Refseq transcripts (accession with XM, XR prefix) D Exclude uncultured/environmenta
Organism ( Homo sapiens “' Add organism] Minimal number of nucleotides that the left or the right primer
Enter an organism name (or organism group name such as enterobacteriaceae, rodents), taxonomy id or select C()lqoeﬂtmﬂon of monovalent l: 9
cations
Entrez query (optional) ‘ 2] Concentration of divalent e
cations
Primer specificity stringency Primer must have at least total mismatches to unintended targets, including Concentration of dNTPs e
at least mismatches within the last El bps atthe 3'end. @ Salt correction formula [ santaLucia 1998 v @
Ignore targets that have or more mismatches to the primer. @ Table :‘i thermodynamic Santalucia 1998 v | @
Max target amplicon size paramesers & :
9 P : ‘ \9 Annealing Oligo Concentration |:| (2]

Allow splice variants

Advanced parameters

Show results in a new window [ Use new graphic view @

Primer Pair Specificity Checking Parameters

Max number of sequences 50000 v |@
returned by Blast

Blast expect (E) value 30000 v @
Blast word size (>

Max primer pairs to screen e

Max targets to show (for :l (2]
designing new primers)

Max targets to show (for pre- [: e
designed primers)

Max targets per sequence (2]

Fig. 4. An example of settings for designing primers in the Primer-Blast tool.

We chose the sequence 5-TTTTTCCTCATTTTGGGC
GA-3' for the forward primer and 5-TATCAGTTGCAG
GAAAGTGC-3' for the reverse primer. The “results” page
shows that the selected primers give a target specific product
130 nucleotides long (Fig. 5). There is also one potential non-
specific PCR product with a length of 1,186 nucleotides, which
will not be synthesized due to incomplete complementarity of
the binding sites to the primer sequences (Fig. 5).

5. Next, in the “Tracks” option, select the “Configure
Tracks” suboption, find and check the boxes “Common va-
riations (MAF>=0.01)", “Cited Variations”, and “ClinVar
variants with precise endpoints” and add them to the display
with the “Configure” button. A probe should not overlap with
polymorphisms other than the one of interest.

LJ Allow primer to amplify mRNA splice variants (requires refseq mRNA sequence as PCR template input) (2]

SNP handling [J Primer binding site may not contain known SNP @
Repeatiter [Asormatic ~ ]@

Avoid repeat region for primer selection by filtering with repea
Low complexity filter Avoid low complexity region for primer selection @

Internal hybridization oligo parameters

Hybridization oligo [ Pick internal hybridization oligo

Min Opt Max

Hyb Oligo Size [ ] [ ] [ |
Min Opt Max

Hyb Oligo tm | | | \
Min Opt Max

Hyb Oligo GC% [ ] ] ]

Show results in a new window [ Use new graphic view @

6. In the search results, select the sequence area around
the SNP (nucleotides —20...+20) and click “copy sequence
(selection)” (Fig. 6).

Additionally, build a complementary strand to this se-
quence. This can be done manually or use any available
service, for example, (https://www.bioinformatics.org/sms/
rev_comp.html).

Forward strand sequence:

S'-TTCTCCTTTCCAAACATCTG(C)GATGATGTGCC
TGAAGCATT-3'

Reverse strand sequence:

5'-AATGCTTCAGGCACATCATC(G)CAGATGTTTGG
AAAGGAGAA-3’

The position of the SNP in question is indicated in brackets.
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Primer pair 1

Sequence (5->3) Template strand
Forward primer TTTTTCCTCATTTTGGGCGA Plus
Reverse primer TATCAGTTGCAGGAAAGTGC Minus
Product length 130

Products on intended targets
>NC_000001.11 Homo sapiens chromosome 1, GRCh38.p14 Primary Assembly

product length = 130
Features associated with this product:
serine/threonine-protein kinase mtor isoform 1

serine/threonine-protein kinase mtor isoform x3

Forward primer 1 TTTTTCCTCATTTTGGGCGA 20
Template AVIBBBIE:  wvarivins. srmriiutia wrarstarsssatsnesa 11233855

Reverse primer 1 TATCAGTTGCAGGAAAGTGC 20
Template b1 (72 2 L 1 75 R S 11233946

Products on potentially unintended templates
>NC_000013.11 Homo sapiens chromosome 13, GRCh38.p14 Primary Assembly

product length = 1186
Features associated with this product:
fibroblast growth factor 14 isoform la

fibroblast growth factor 14 isoform 3

Forward primer 1 TTTTTCCTCATTTTGGGCGA 20
Template 101877194 A G500 cirssniiae T.. 101877213

Reverse primer 1 TATCAGTTGCAGGAAAGTGC 20
Template 101878379 CETGA.cwwTivvvviwusns 101878360

Fig. 5. The selected primers in the Primer-Blast tool give a specific target
PCR product 130 nucleotides long containing SNP rs11121704, and one
potential PCR product 1,186 nucleotides long, which should not form
under normal conditions.

7. Within the sequence near the SNP, select a fragment of
suitable length and composition. Based on the GC content, it
is worthwhile taking the reverse strand sequence, because in
this case, there will be more Cs than Gs in the probe:

5'-CAGGCACATCATC(G)CAGATGTTT-3'

Given that we are not taking the strand in which the SNP
is shown to be located, you should remember that for our se-
quence, the C>T substitution in the reverse strand corresponds
to the G>A substitution.

We select the boundaries of the second probe so as to
equalize the probes’ T,

5'-CAGGCACATCATC(A)CAGATGTTTG-3'

8. It is recommended to check T,, by means of several
services and to average it (see the Table).

For example, we used Oligo Calc (http://biotools.nubic.
northwestern.edu/OligoCalc.html), OligoEvaluator (http://
www.oligoevaluator.com/LoginServlet), and OligoAnalyzer
Tool (https://www.idtdna.com/calc/analyzer).

9. To compare the melting temperatures between the
fully complementarily bound probe and the probe forming
an unpaired base, select the “Tm mismatch” option in the
OligoAnalyzer Tool.

For the first probe CAGGCACATCATC(G)CAGATGTTT,
the mismatch is the nucleotide complementary to the second
probe (CAGGCACATCATC(A)CAGATGTTTG), i.e., select
the letter “T”, and click “Use Exact Complement Tm” and
“Calculate”. The greater the difference in the T,,, between the
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Copy Sequence (Selection) \

%% Zoom On Range

ATe Zoom To Sequence

@ Set New Marker On Range

5 Modify Range

,,8, BLAST Search (Selection)
£ Primer BLAST (Selection)

¥ Download GenBank Flat File (Selection)

dbSNP b156 v2

Cited Variationms,

C/A/T

rsi1121704

ClinVar variants with precise endpoints

|11,233,920 ¥ Download FASTA (Selection)

11,233,910

dbSNP b156 v2

Common Variations (MAF >= 0.01),

. |
JE/R/T
)

rsi1121704
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Fig. 6. A nucleotide sequence that flanks the SNP and does not overlap with other known polymorphic sites.
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Main characteristics of primers and probes for rs11121704

Allele-specific PCR with fluorescently labeled probes:

criteria for selecting primers for genotyping

Oligonucleotide Tm

OligoEvaluator
5 -TTTTTCCTCATTTTGGGCGA-3' 66.3
5'-TATCAGTTGCAGGAAAGTGC-3' 60.5

5-FAM-CAGGCACATCATCGCAGATGTTT-BHQ1-3"  70.2
5"-VIC-CAGGCACATCATCACAGATGTTTG-BHQ1-3"  68.6

Tm T, Oligo- Tm Tm deltaT,,
OligoCalc Analyzer Tool average mismatch

54.3 63.0 61.2

56.4 62.4 59.8

62.9 66.4 66.5 62.4 4.0

63.6 64.9 65.7 60.3 4.6

Note. Melting temperatures (T,,,) predicted by several services and their averages are listed. The T, mismatch is the melting temperature of the probe in the
noncomplementary duplex with the template. “delta T,," is the difference between “T, (Oligo-Analyzer Tool)” and “T,,, mismatch”.

fully complementary oligonucleotide and the probe having the
noncomplementary base (“deltaTm”) (and accordingly, the
lower the proportion of the bound mismatched probe compared
to the fully complementary probe at the probe annealing stage),
the more accurate the allele discrimination will be.

10. To check the specificity of the newly designed probes,
we use the Blast service (https://blast.ncbi.nlm.nih.gov/Blast.
cgi?PROGRAM=blastn&PAGE TYPE=BlastSearch&
LINK LOC=blasthome).

In the “Enter accession number(s), gi(s), or FASTA se-
quence(s)” field, insert the probe sequence; “Database” should
be “Refseq representative genomes”, “Organism” should be
“human (taxid:9606)”. Select option “Show results in a new
window,” and press the “Blast” button. It is important for us
that the probe does not bind to nonspecific PCR products (if
any exist) and binds to the single region of the target amplicon.

11. It is worthwhile to check primers and probes for com-
plementarity to each other and for self-complementarity and
hairpin formation in the OligoAnalyzer Tool software accord-
ing to their recommendations (https://www.idtdna.com/pages/
education/decoded/article/designing-pcr-primers-and-probes).
In this software, we check a parameter called AG (change in
Gibbs free energy) of secondary-structure formation. At AG
values more positive than —9 kcal/mol, secondary structures
do not have a significant effect on PCR, and values greater
than zero indicate that under these conditions, secondary
structures do not form (https://www.gene-quantification.de/
oligo_architect glossary.pdf). Therefore, when checking the
primers and probes, we select those with AG > -9 kcal/mol
for potential secondary structures.

PCR execution and choosing PCR conditions
Fluorophore-labeled probes should be stored in the dark to
avoid photobleaching (https://assets.thermofisher.com/TFS-
Assets/LSG/Application-Notes/cms_043004.pdf).
Prepare the PCR mixture on ice; for one reaction you need:
— 10 pl of a buffer (we have used BioMaster HS-qPCR (2x),
(Biolabmix, Russia), but it can be replaced with any avail-
able analog),
— 3.5 pmol of forward primer,
3.5 pmol of reverse primer,
— 1.5 pmol of FAM-labeled probe,
1.5 pmol of VIC-labeled probe,
10 ng of DNA,
— double-distilled H,O up to 20 pl.

Mix all the listed components, except for the DNA sample,
in a microtube while taking into consideration the number of
the samples (with a 10 % excess of the mix). Place the DNA
samples directly into wells of the PCR plate, then add 18 pl
of the mix into each well, vortex, and centrifuge down.

Check the performance of the new primers and probes by
means of several DNA samples and select optimal annealing
temperatures first. Optimal concentrations of primers and
probes may also differ from those given above, but the final
concentrations of probes are usually at least 2 times lower than
those of primers (https://www.bioline.com/mwdownloads/
download/link/id/3301//p/i/pi-50201 _sensifast probe hi-rox
one-step_kit v11.pdf).

PCR program:
1. Initial denaturation, 95 °C for 3 min,
2. Amplification and detection (40 cycles):

denaturation, 95 °C for 10 s,

primer annealing and elongation with signal detection,

60 °C for 30 s.

The outcome of PCR with the chosen primers and probes
for SNP rs11121704 is presented in Figure 7.

Because T,, of an oligonucleotide is the temperature at
which half the population of oligo molecules is molten and
half is double-stranded, the recommended annealing tem-
perature should be approximately 5 °C lower than the lower
T, between the two primers, because under such conditions,
both primers will bind almost completely to the complemen-
tary strands. In practice, due to possible inaccuracy of T,
calculation or discrepancies between the reaction conditions
and the conditions for which the calculation was performed,
the optimal temperature is selected empirically. We recom-
mend checking the interval [Tm,, — 5 °C...Tm,, + 5 °C],
where Tm,, is the average T,, value of the two primers. We
also recommend choosing conditions for two PCR mix ver-
sions: with probes or with an intercalating dye, for example,
SYBR Green. The melting curve plot will identify possible
nonspecific PCR products.

Elongation typically takes ~1 min per 1,000 bp. Often, if
the annealing temperature is greater than 60 °C, this step is
combined with the previous one, and elongation occurs at the
annealing temperature. Although the temperature optimum for
most Taq polymerases is approximately 75-80 °C, elongation
cannot occur at temperatures higher than the melting point of
the probes.
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Fig.7.Theresult of allelic discrimination using probes for SNP rs11121704.

Orange dots represent homozygotes of the reference allele (C/C), green tri-
angles represent heterozygotes (C/T), and blue squares represent homozy-
gotes of the alternative allele (T/T).

Conclusion

Genotyping by allele-specific PCR is an effective and accurate
way to detect genetic variants. Advantages of this method are
its specificity, sensitivity, low cost, and quick results. It makes
it possible to distinguish different alleles in the genome by
one-step PCR without additional product separation steps;
accordingly, it is particularly useful for genetic association
studies in molecular genetics and medicine.
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Annenb-cneundunyHas MLUP ¢ pnyopeceHTHO-MeYeHbIMK
30HAaMU: KpUTepUn Noabopa NpanmMepoB Ans reHOTUMNMPOBaHNUSA

Thanks to developments in technologies for the synthe-
sis of oligonucleotides and improvements in methods for
designing primers and probes, we can expect expansion of
the possibilities offered by this approach in the diagnosis of
hereditary diseases. In this article, we discussed in detail the
criteria and conditions for optimizing successful design prim-
ers and oligonucleotide probes for allele-specific PCR. We
hope that the presented protocol will enable research groups
to independently design their own effective assays for testing
for polymorphisms of interest.
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