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NASBA (Nucleic Acid Sequence Based Amplification) is a method of isothermal RNA amplification with a potential for laboratory and on-site
detection of infectious agents. The method relies on the presence of the T7 RNA promoter in one of NASBA primers and NASBA efficacy depends
to a large extent on the promoter strength. In in vitro transcription, the promoter strength is known to markedly depend on a sequence located right
downstream of the T7 promoter core sequence. Here the efficacy of NASBA was experimentally evaluated for different sequence variants of the
8-nucleotide downstream extension of the T7 promoter core sequence. The variants were ranked based on the known levels of RNA yields in in vitro
transcription. It has been found that the rank of the 8-nucleotide extension of the T7 promoter core sequence can provide a rational for designing
efficient NASBA primers. However, not all of 8-nucleotide downstream extensions characterized by the highest RNA yields in in vitro transcription
were found to provide the most efficient production of target RNA amplicons in NASBA. It was shown that a careful evaluation of primer’s ability
to form secondary structures by using DNA folding algorithms was still required to select the best candidate NASBA primers.
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INTRODUCTION

Over the past two decades, methods collectively referred
to as “isothermal amplification of nucleic acids” have emerged
as a promising complement to polymerase chain reaction (PCR)
[1, 2]. Unlike PCR, these methods allow for rapid and efficient
amplification at a constant temperature. This significantly reduces
technical requirements for equipment and, consequently, makes
isothermal amplification methods most suitable for on-site DNA
diagnostics [3]. The growing public awareness on biosafety
issues [4, 5] and, especially, the recent SARS-CoV-2 pandemic
further boosted the interest to the on-site DNA diagnostics in
general and the isothermal amplification of nucleic acids in
particular [6, 7].

Among methods of isothermal amplification, NASBA
(Nucleic Acid Sequence Based Amplification) stands out by its
ability to amplify RNA targets with RNA amplicons as an output
[8] thus making NASBA a competitive method for particular
applications in on-site detection of infectious agents [9]. First
introduced in 1991 by J. Compton [10], NASBA relies on a
concurrent action of three enzymes, viz. reverse transcriptase,
RNase H, and T7 RNA polymerase, and two DNA primers
usually designated as P1 and P2. The P1 primer consists of two
sections: one is complementary to a segment of a RNA target
and another contains a variant of T7 RNA polymerase promoter
that allows for production of RNA amplicons in the course of
NASBA [8].

As arule, variants of the T7 RNA polymerase promoter used
in design of P1 primer for NASBA comprise the 17-nucleotide
sequence TAATACGACTCACTATA, referred to as a “core
sequence” (hereinafter, all sequences are shown in the 5'-to-3’
direction). The transcription initiation site is located right after

the core sequence from the 3'-end (position +1) and always
starts with a guanidine nucleotide. It is common to include the
S-nucleotide sequence AATTC upstream the core sequence
(positions —22 to —18) to enhance the efficiency of amplification,
although NASBA can in general proceed without this sequence
[11]. The region between the core sequence and the sequence
complementary to the RNA target varies in sequence and length
in P1 primers. The most researchers add sequences like GGG
[12-16], GGGAGG [17, 18], GGGAGA [19], GGGAGAG
[20], or even GGGAGAAGG [21, 22]. Presently, there is no
commonly accepted rationale as to which of these particular
inserts downstream of the core sequence are to be used in
designing an efficient P1 primer.

In contrast to NASBA, considerable efforts have been made
to optimize the T7 promoter sequence for in vitro transcription in
production of RNA therapeutics or proteins in cell-free systems
[23-27]. In the comprehensive study by [25], the downstream
extensions of the core sequence for the T7 promoter have
been analyzed by using randomized DNA templates. It has
been revealed that guanidine nucleotides are strongly required
at positions +1 to +3 for effective transcription. Furthermore,
S-nucleotide sequences from position+4 to+8 downstream of the
transcription start site strongly affected in vitro transcriptional
activity, while downstream sequences starting from position +9
had no appreciable effect [25].

The goal of the present study was to test whether the
findings by Conrad et al. [25] can be implemented in NASBA
primer design to improve the efficacy of amplification.
To achieved the goal, the NASBA-based assay for detection of
bacterial pathogen Clavibacter sepedonicus [28)] was selected
as an experimental system. The twelve variants of P1 primer,
differing by a composition of 5-nucleotide insert between
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Table 1. The list of P1 primer variants used. The core sequence of T7 promoter is indicated by blue fonts. The 5-nucleotide inserts influencing the
P1 primer performance in NASBA are indicated by red fonts.

. Primer sequence (5' — 3') Relative
Plf:rlrllzr Nucleotide position abundance
22 —18-17 1 +1 +3 +4  +8 +9 +24 value
P11 AATTC — TAATACGACTCACTATA — GGG — AAATA — TTGGCCCCGGCAGTCT 1.82
P1 4 AATTC — TAATACGACTCACTATA — GGG — ATAAT — TTGGCCCCGGCAGTCT 1.63
P1 68 AATTC — TAATACGACTCACTATA — GGG — AGAAG — TTGGCCCCGGCAGTCT 1.33
P1 155 AATTC — TAATACGACTCACTATA — GGG — AGTTG — TTGGCCCCGGCAGTCT 1.10
P1 236 AATTC — TAATACGACTCACTATA — GGG — AACGA — TTGGCCCCGGCAGTCT 0.86
P1 355 AATTC — TAATACGACTCACTATA — GGG - AGAGG — TTGGCCCCGGCAGTCT 0.66
P1 444 AATTC — TAATACGACTCACTATA — GGG — ACTGG — TTGGCCCCGGCAGTCT 0.51
P1 513 AATTC — TAATACGACTCACTATA — GGG - CGAGG — TTGGCCCCGGCAGTCT 0.37
P1 617 AATTC — TAATACGACTCACTATA — GGG - TTGGC — TTGGCCCCGGCAGTCT 0.25
P1 700 AATTC — TAATACGACTCACTATA — GGG — CATCA — TTGGCCCCGGCAGTCT 0.03
P1 853 AATTC —- TAATACGACTCACTATA — GGG - GCTGG — TTGGCCCCGGCAGTCT -0.29
P1 948 AATTC — TAATACGACTCACTATA — GGG - CGCCC — TTGGCCCCGGCAGTCT -1.30

positions +4 to +8, were tested. The sequences of the inserts were
systematically varied so to evenly cover the expected range of
in vitro transcriptional activity, from the lowest to the highest.

METHODS
Bacteria culturing and RNA isolation

Stain 1405 of C. sepedonicus was received from the
All-Russian Collection of Microorganism (Puschino, Moscow
Region, Russia). Bacteria were grown at 28°C overnight on agar
medium with the following composition: 15 g/l of agar, 10 g/l
of casein-peptone, 5 g/l of the yeast extract (all from Becton
Dickinson, USA), 5 g/l of glucose (Fluka, Switzerland), 5 g/l of
NaCl (Merck, Germany), pH 7.0-7.2. Bacteria were harvested
from the agar plates and resuspended in distilled water. Total RNA
was isolated from bacteria with the Total RNA Isolation Mini
Kit (Agilent, USA). The bacterial pellet was first resuspended in
100 pl of the lysis solution (LS) containing 3 g/l of lysozyme
(Merck) dissolved in TE-buffer (10 mM Tris-HCI, 1 mM
EDTA, pH 8.0) and the suspension was incubated at the ambient
temperature for 30 min, following the manufacturer’s suggestion
for RN A extraction from gram-positive bacteria. The further steps
of RNA isolation were carried out according to manufacturer’s
protocol. RNA concentrations were measured on a Qubit 4.0
fluorimeter with the Qubit RNA BR Assay Kit (Thermo Fisher
Scientific, USA). The extracted RNA in nuclease-free water was
aliquoted and stored at —80°C.

NASBA

NASBA reactions were performed with the commercial
NASBA kit manufactured by AmpliSence (Russia) for detection
of Chlamydia trachomatis. Only the part of the kit was used,
namely the tubes with lyophilized enzyme mixtures, tubes with
lyophilized nucleotides and corresponding rehydration buffers.
The tubes with primers and probes specific for C. trachomatis were
discarded. Primers and the fluorescently-labelled probe (molecular
beacon), targeting 16S rRNA of C. sepedonicus were chemically

synthesized and HPLC-purified by Lumiprobe (Russia). The P1
primer sequences are given in Table 1. The probe sequence was
FAM-GCCAGGAACGTGCAGAGATGTGCGCCCCTGGC-
BHQI, where FAM and BHQ1 were 6-carboxyfluorescein
dye and fluorescence quencher (Black Hole Quencher 1),
respectively. The NASBA reaction mixtures were prepared
following the manufacturer’s instruction. Briefly, lyophilized
nucleotides were dissolved with 86 pl of the corresponding
rehydration buffer and then 8 pl of 10 pM probe solution were
added. The prepared mixture was divided into 10 aliquots
and placed in PCR tubes. To each tube, 1.6 pl of a mixture of
fluorescently-labelled probe (concentration of 1 uM), primer
P2 (CGATGCAACGCGAAGAAC) and one of the primers P1
(Table 1), containing 5 uM of each primer, was added. Then a
4 pl aliquot of the RNA sample properly diluted with nuclease-
free water (or nuclease-free water for no template control, NTC)
was added to each tube, so that each tube with RNA contained
0.1 pg of C. sepedonicus total RNA (corresponding to 10,000
copies of 16S ribosomal RNA per tube [29]). The tubes were
incubated at 65°C for 5 min and then at 41°C for 4 min.
Meanwhile, the lyophilized enzyme mixture was dissolved with
50 ul of the corresponding rehydration buffer and incubated
for 15 min at ambient temperature. Afterwards, a 5 pl aliquot
of the dissolved enzyme mixture was added to each PCR tube
containing the mixture of nucleotides, primers, probe, and RNA
solution. The tubes were placed into a DTprime5 thermal cycler
(“DNA-technology”, Russia) equipped with an optical system
for the real-time detection of fluorescence. The reaction was
carried out for 90 min at 41°C, with measuring fluorescence
intensity every 30 s (cycle). For each probe tested, the thermal
cycler software automatically provided a value of C, (crossing
point) in the number of cycles, based on kinetics of fluorescence
increase.

Gel electrophoresis and RNA yield quantification
RNA amplicons generated by NASBA were subjected

to electrophoresis under denaturing conditions in 12%
(20 M of formamide) polyacrylamide gel in TBE buffer
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Figure 1. Representative amplification curves. NASBA conducted with
0.1 pg of C. sepedonicus total RNA (10,000 copies of 16S ribosomal
RNA per tube) and different sets of primers. The curve color indicates a
particular primer P1 used (Table 1) as shown on the right of the figure.
NTC (no template controls) for each primer set gave amplification
curves which are practically coincide. The horizontal line marked as
“Threshold” is automatically set by a thermocycler software to calculate
Cp (crossing point) values. a.u. — arbitrary units.

(89 mM tris(hydroxymethyl)aminomethane, 89 mM boric
acid, 2 mM ethylenediaminetetraacetic acid, pH 8.3), using a
Mini-PROTEAN Tetra Cell electrophoresis system (Bio-Rad,
USA). An aliquot of each completed NASBA reaction was
diluted twenty-fold with 75% formamide solution and 1 pl of
the dilution was loaded into a gel well. Electrophoresis was
carried out for 80 min with a voltage of 30 V per cm of gel.
The gels were scanned on a Typhoon FLA 9500 Gel Imager
(GE Healthcare, USA) after staining with 1x solution of
SYBR Gold fluorescent dye in TBE buffer (Thermo Fisher
Scientific). The GeneRuler Ultra Low Range DNA Ladder
(Thermo Fisher Scientific) was used as a size standard. The
fluorescence of RNA amplicons in each -electrophoretic
band was quantified as an area under the corresponding
fluorescence peak (in arbitrary units), using the automated
image analysis software ImageQuant TL (Cytiva, USA). To
quantify the overall RNA yield in NASBA reaction in mass
units, the RNA concentration in a completed NASBA reaction
was determined on a Qubit 4.0 fluorimeter with the Qubit RNA
BR Assay Kit.

Statistical treatment

The arithmetic means and the corresponding standard
deviations were calculated using statistical functions of the
Microsoft Excell software. The calculations were based on
results of 3 to 5 independent experiments.

RESULTS AND DISCUSSION

Figure 1 shows representative amplification curves
obtained with the P1 primer variants listed in Table 1. For ease
of comparison, NASBA kinetics was described by characteristic
amplification time ¢, which was calculated based on C_ values
provided by the thermal cycler software (in the number
of cycles) and the known cycle duration (time period between
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Figure 2. Dependence of characteristic amplification time (z,) on
relative abundance for different sets of NASBA primers. The ¢, values
are calculated based on Cp values and the cycle duration (0.5 min). The
relative abundance values are taken from Table 1. The mean values and

corresponding standard deviations for 3 to 5 independent experiments
are shown.
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Figure 3. The total yield of RNA in NASBA with variants of primer P1,
characterized by different relative abundance values (Table 1). The mean
values and corresponding standard deviations for 3 to 5 independent
experiments are shown.

consecutive measurements of fluorescence intensity). In
Figure 2, ¢, values for P1 primer variants were plotted as a
function of “relative abundance” (Table 1). The relative
abundance is a characteristic of each P1 primer used and was
taken from the work by Conrad et al. [25]. It is a decimal
logarithm of a ratio of the number of RNA molecules synthesized
on a DNA template with a particular 5-nucleotide insert (positions
+4 to +8) to the number of copies of this DNA template. In
fact, the relative abundance value shows how effectively a
given DNA template was transcribed into RNA in the course of
in vitro transcription. As seen from Figures 1 and 2, there is
no clear dependence of NASBA kinetics on the values
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Figure 4. Electrophoretic analysis of NASBA products. Representative gels. Lane L — DNA size standards. The size in nucleotides is indicated on
left. Electrophoretic bans representing target RNA amplicons are indicated by arrows. Panel A: lines 1 to 7 — NASBA with primers P1_1, P1 155,
P1 68,P1 4,P1 236,P1 355, and P1_444 (Table 1), respectively. Panel B: lines 1 to 5 — NASBA with primers P1 513, P1 617, P1_700,

P1 853, and P1_948 (Table 1), respectively.

of relative abundance, and, subsequently, the sequence of the
insert.

The overall yield of RNA in NASBA reaction as a
function of the relative abundance is given in Figure 3. Two
P1 primers demonstrated a noticeable increase of RNA yield,
viz. primers P1 68 and P1_155 with extensions GGGAGAAG
and GGGAGTTG right downstream the core sequence of T7
promoter (Table 1). The most promising primers, P1 1 and
P1_4, with relative abundance values of 1.63 and 1.82, showed
no appreciable differences in RNA yield, compared to primers
P1 853 and P1 948 which were expected to perform the worst
(relative abundance values —0.29 and —1.30, respectively; Table
1). However, as revealed by electrophoretic analysis of NASBA
products (Fig. 4), the pool of RNA amplicons was comprised of
not only the target (specific) amplicons but also RNA molecules
of smaller sizes, probably the truncated specific amplicons
or products of unspecific amplification. Moreover, for some
variants of P1 primer (e.g., primers P1_617, P1 700, P1 853,
P1 948), the target amplicons were not observed at all despite
the appreciable RNA yield (Figs. 3 and 4).

Figure 5 demonstrates the yield of target amplicons as a
function of the relative abundance. Clearly, their yield in NASBA
is markedly influenced by a sequence of the 5-nucleotide insert at
positions +4 to +8. The primer P1_68 characterized by the relative
abundance value of 1.33 showed the best result (Fig. 5). There
is a strong increase in the yield of target amplicons for variants
of P1 primers with inserts characterized by relative abundance
values between 0.25 and 1.33. However, for two variants of P1
primer with higher relative abundance values, P1 1 and P1 4,
the obvious decline in the yield of target amplicons was observed
(Fig. 5).

The results obtained indicate that the ranking of 5-nucleotide
sequences (positions +4 to +8, Table 1) based on their
performance in in vitro transcription [25] can provide a helpful
guide in designing NASBA primers, but this ranking has to be
used with caution. Compared to in vitro transcription, where pre-
made double-stranded DNA (dsDNA) is commonly utilized as
a template, dSDNA templates in NASBA are synthesized in the
course of amplification. Their synthesis requires the priming of P1
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Figure 5. The yield of target RNA amplicons in NASBA with different
variants of primer P1 as a function of relative abundance. The relative
abundance values as in Table 1. The yield is presented as total
fluorescence intensity (in arbitrary units, a.u.) of an electrophoretic band
corresponding to target RNA amplicons (as indicated in Fig. 4). The
mean values and corresponding standard deviations for 3 independent
experiments are shown.

and P2 primers to single-stranded DNA and RNA templates [8].
Only the first priming events occur at the elevated temperature
of 65°C while a majority of priming events occurs at the rather
low reaction temperature of 41°C. At such a temperature,
single-stranded primers can be especially prone to base-pairing
of complementary segments within their sequences. This can
lead to an undesirable formation of homo- and heterodimeric
as well as hairpin-like structures by primers and potentially
interfere with their priming, thus affecting the NASBA
performance. Interestingly, the variations in sequences of the
S-nucleotide inserts in primers P1 1, P1 4, and P1_68 (Table
1) do influence the primers’ ability to form unwanted structures
in different ways, as evaluated with the IDT OligoAnalyzer tool
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(https://eu.idtdna.com/pages/tools/oligoanalyzer, last accessed
on September 10, 2025). The primer P1 68 which has
performed the best in NASBA (Fig. 4 and Table 1) was able to
form only one hairpin-like structure with melting temperature
(T ) above the NASBA reaction temperature. The predicted
T _ value for that hairpin-like structure was 44.9°C. In contrast,
both primer P1 1 and primer P1 4 were able to form two
hairpin-like structures with predicted T, = 46.4°C and 44.0°C
(P1_1) and T = 46.4°C and 46.3°C (P1_4). Furthermore,
unlike the primers P1 4 and P1 68, the 4-nucleotide stretch
AATA of the 5-nucleotide insert in primer P1 1 (Table 1) was
capable of pairing with the stretch TATT in the core sequence
of another primer P1 1. This resulted in formation of the
additional primer’s homodimeric structure with Gibbs energy of
—7.8 kcal/mol which was not predicted for primers P1 4
and P1 68. The ability of primers P1 1 and P1 4 to form
additional hairpin- and homodimer-like structures can offset
the expected advantages of their stronger T7 promoters. This
may be the reason for the observed decline in the yield of target
amplicons for primers P1 1 and P1 4 which were expected to
perform the best, based on their relative abundance values (Table
1 and Fig. 4).

CONCLUSIONS

The ranking of 8-nucleotide sequences right downstream
of the T7 promoter core sequence by the performance of T7
promoters in in vitro transcription can provide a rational for
designing efficient NASBA primers. The sequences characterized
by the relative abundance vales of about 0.7 and above have
to be considered first. However, among such sequences, the
8-nucleotide sequences with the highest RNA vyield in in vitro
transcription are not necessary to provide the most efficient
amplification of target RNA amplicons in NASBA. A careful
evaluation of the P1 primer ability to form secondary structures
with DNA folding algorithms for selection of candidate P1
primers, followed by their experimental testing, are still required
to find the best NASBA primer set.
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IOCJIEAOBATEJIBHOCTD, JOIIOJHAIOIIAA KOPOBYIO ITOCJIEJOBATEJIBHOCTD ITPOMOTOPA
T7 C 3'-KOHIIA, B KOHCTPYUPOBAHUU NASBA-IIPAUMEPOB: BJINSIHUE HA Y®®EKTUBHOCThH
AMIIVIN®OUKALIUHN

C.A. Xmenesa'*, 10.A.Bacunvesa', K.I. Imuyoir’, JI. K. Kyp6amoé', 0.C. Tumowenxo’, E.B.Cynpyn?, C.II. Padvko’,
A.B. Tucuya’ -

"HayuHo-HcciienoBaTeabCKUil HHCTUTYT OHOMeTUITMHCKON xuMun uMerd B. H. OpexoBuua,
119121, Mockga, yi. [Toronunckast, 10; *e-mail: khmelevaswetlana@yandex.ru
ZXumuueckuil hakyapTeT MOCKOBCKOTO TOCyIapcTBEeHHOro yHuBecuteTa M. M.B.JlomoHocoBa,
119991, Mocksa, Jlenunckue ropsl, 1/3

NASBA (Nucleic Acid Sequence Based Amplification) — meron wm3orepmuueckoii ammindukanun PHK, mo3Bossiromnuii BBISBIATH
MH(EKIMOHHbIE areHThl B J1AOOPaTOPHBIX M BHeJIabopartopHbIX ycinoBusx. OH ocHOBaH Ha mpucyTcTBuM npomoropa PHK-monmmepassr gara
T7 B onHoMm u3 npaiimepoB NASBA, u 3¢ dekTHBHOCTh METOIa B 3HAUMTENILHOM CTEIICHN 3aBHCUT OT CHJIBI IpOoMOTOpa. V3BecTHO, 4TO mpH
TPAHCKPHUIILUHU in Vitro CUjla IPOMOTOpPA B 3HAUUTEIBHON CTENEHU 3aBUCUT OT IOC/IEA0BATEIbHOCTH, PACION0KEHHON HEMOCPEICTBEHHO T0CIe
KOpOBOU TocieaoBareibHOCTH npomoTopa T7. B nannoii padore spdexruBHOCTs NASBA ObUTa 3KCIIEPUMEHTAILHO OLICHCHA IS Pa3IMYHBIX
BapUaHTOB §-HYKJICOTUAHONW IIOCIICNOBATEILHOCTH, PACIOIOKEHHOM HENOCPEICTBEHHO II0CJIe KOPOBOW IOCIIENOBAaTEIbHOCTH IMPOMOTOpA
T7. BapuaHTsl ObUTH paH)XHPOBaHBI MO M3BECTHBIM BbixoZaM PHK, oOpasyroieiics npu TpaHCKPHUIIUK in Vitro. Belio 0GHAPYKEHO, YTO paHr
8-HyKJICOTUTHOTO TPOAJIEHHS OCHOBHOH IIOCIEIOBATENLHOCTH HpOMOTOpa T7 MOXKET CIy)KUTh OCHOBaHMEM JUIsl PAlMOHAJIBHOTO BBIOOpA
nocienoBarenbHocTel 3 pexTuBHbIX npaiiMepoB NASBA. Ilpu 3ToM He Bce 8-HYKJICOTHAHBIC MPOMJICHUS, XapaKTePH3yOIUeCs HanOOIbIINM
BeixooM PHK npu Tpanckpunuuu in vitro, obecnieunBaor Haubonee sddexrusayo ammmbukannio PHK-mumeneir B NASBA. [lns BoiOopa
HaWITy4IINX KaHauaatoB B npaiiMepsl NASBA mo-npexxneMy TpeOyeTcs TInarelabHas OLleHKa CIIOCOOHOCTH mpaiiMepa 00pa3oBbIBaTh BTOPUYHbBIE
CTPYKTYPBI C UCIIOJIB30BAaHUEM AJTOPUTMOB cBopauuBanus JJHK.

KaroueBnie ciioBa: NASBA; nmpomorep T7; koHCTpyupoBaHue IpaitMepoB; 3 GEeKTUBHOCTh aMIUTH(UKALIUH
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