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Abstract

Background Reverse transcriptases (RTs) are essential components of RNA-based molecular technologies, yet their
practical performance is often constrained by trade-offs between catalytic speed, thermal stability, and tolerance to
inhibitory substances. Conventional optimization via mutagenesis or directed evolution often improves individual
traits but struggles to integrate multiple traits within a single enzyme. Here, we applied catalytic-core recombination,
guided by natural sequence diversity and diagnostic performance criteria, to recover reverse transcriptase
phenotypes that would be difficult to obtain by single-trait optimization alone.

Results Starting from 1,028 sequences, 24 representative RT variants were used to generate a library of chimeras by
swapping a critical 405-residue polymerase domain into a validated M-MulV scaffold. We identified chRT V18 as the
lead candidate, demonstrating consistent activity across a broad temperature range (40-70 °C). In addition, chRT V18
enabled efficient and linear cDNA synthesis in as little as 1 min at elevated temperatures, while maintaining strong
resistance to clinically relevant inhibitors. Beyond RT-gPCR, chRT V18 supported high-temperature RT-LAMP at 69 °C,
a regime typically incompatible with conventional RTs, enabling improved specificity and rapid amplification. When
formulated into one-step RT-gPCR master mixes, chRT V18 achieved low limits of detection and full concordance with
IVD-approved assays, while reducing reverse transcription time by 90%, enabling shorter time-to-result.

Conclusions Natural diversity—guided catalytic-core chimerism enabled the development of a rapid, inhibitor-
tolerant reverse transcriptase with an unusual combination of broad temperature compatibility, minute-scale
reverse transcription, and resilience to clinically relevant inhibitors. Beyond the properties of chRT V18 itself, the
results support modular recombination of evolutionarily optimized domains as a practical engineering strategy for
integrating multiple performance traits in complex enzymes.
Highlights

« This work uses catalytic-core chimerism as a practical engineering framework to recover reverse transcriptase

phenotypes from evolutionary diversity.
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Background

Reverse transcriptases (RTs) are indispensable tools for
RNA-based molecular diagnostics, enabling the con-
version of RNA into complementary DNA (cDNA) for
downstream amplification and detection of infectious
pathogens, identification of cancer RNA biomarkers, and
profiling disease-related gene expression [1-3]. Despite
substantial progress in reverse transcriptase engineer-
ing, important challenges remain in matching enzyme

performance to the evolving demands of molecular diag-
nostics, particularly for rapid, inhibitor-resilient, and
operationally flexible RNA detection workflows. These
constraints prolong time-to-result and reduce robust-
ness, particularly when testing complex or minimally
processed clinical samples.

Conventional protocols using the Moloney Murine
Leukemia Virus (M-MuLV) RT are typically carried out
at lower temperatures (37-42 °C), which preserve RNA
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integrity but increase the risk of non-specific priming
and unwanted amplification, particularly with complex
or partially degraded samples [4, 5]. Higher reaction tem-
peratures (50-70 °C) can alleviate these limitations by
improving primer specificity and disrupting RNA sec-
ondary structures, thereby enabling more efficient cDNA
synthesis, but most routinely used RTs do not function
reliably across this temperature range.

To optimize cDNA synthesis, enzyme engineering has
been widely used to improve RT thermostability, fidel-
ity, and precision. While successful in specific contexts,
these strategies often introduce trade-offs that compro-
mise enzyme activity due to the unpredictability of muta-
tion insertion. For example, although point mutations
in residues involved in template-primer (T/P) binding
improved substrate affinity, they also affected enzyme
activity and stability relative to the wild-type (WT) RT
variant [6]. As another example, in vitro evolution using
compartmentalized ribosome display has yielded RT
variants with enhanced thermostability and processivity
through increased substrate-binding affinity, although
in some cases these improvements were accompanied
by a lower 50 °C-to-37 °C activity ratio, consistent with
reduced thermal stability [7]. Although not yet fully
explored, rational mutations designed to improve RT
inhibitor tolerance are likely to impact other functional
activities, such as specificity and sensitivity, compromis-
ing RT applicability in molecular diagnostics.

Over evolutionary timescales, retroviral RTs have
evolved into efficient enzymes finely tuned to diverse
hosts and environmental conditions. In contrast to pro-
tein engineering, evolutionary processes tend to select
functional combinations that support enzyme fitness
under physiological conditions [8]. Mining natural
sequence diversity provides a powerful complement to
conventional mutagenesis, enabling access to evolution-
arily filtered structural solutions that may already inte-
grate desirable functional traits [9]. Recent metagenomic
and phylogenetic studies have revealed considerable
sequence diversity among MuLV-related, gammaret-
roviral, and endogenous retroviral RTs, suggesting that
unexplored variants may already encode desirable bio-
chemical features with major impact in molecular diag-
nostics [10, 11].

Previous engineering studies have shown that reverse
transcriptase robustness can be improved together with
inhibitor tolerance, processivity, or fidelity, although
these associations do not arise from thermostability
alone [12, 13]. In parallel, directed-evolution studies have
shown that reverse-transcription function can also be
engineered in alternative polymerase scaffolds, including
thermostable DNA polymerases with RT-PCR activity,
polymerases combining DNA polymerase, RNA poly-
merase and reverse transcriptase activities in a single

(2026) 20:109

Page 3 of 18

polypeptide, proofreading RTs such as RTX, and RTs
evolved for diverse RNA and XNA templates [14—17].
In several cases, the underlying mechanisms involved
tighter template-primer binding or enhanced nucleic-
acid interactions, which improved resistance to inhibi-
tory substances and supported more processive cDNA
synthesis [12, 13]. In other studies, higher reaction tem-
peratures improved processivity and fidelity by reducing
pausing on structured RNA templates and decreasing
extension of mismatched template-primers, rather than
through a direct effect of thermostability itself [18, 19].
Enhanced thermostability and substrate-binding affin-
ity may also promote greater sensitivity to low RNA
inputs, enabling early disease detection and accurate
quantification of rare transcripts [20]. Previous insights
from thermostable DNA polymerases suggest that tem-
perature stability is indeed linked to broader biochemical
resilience, including resistance to proteolysis, pH fluc-
tuations, and chemical denaturation [21]. Based on these
considerations, we proposed that natural RTs with broad
temperature adaptability would also exhibit enhanced
resilience to inhibitors and biochemical stresses, making
them well-suited for point-of-care and high-throughput
diagnostics [22].

Here, we systematically explored the natural diversity
of MuLV-related RTs and applied a catalytic-core chime-
rism strategy to integrate naturally evolved polymerase
domains into a validated M-MuLV scaffold. The overall
screening and prioritization workflow is summarized in
Figure S1. This approach enabled the identification of
chimeric RTs with improved performance characteris-
tics, including the lead variant chRT V18, which supports
rapid reverse transcription across a broad temperature
range and shows strong potential for accelerated, robust
RNA diagnostics.

This study expands the RT discovery landscape by
showing that natural diversity can serve as a powerful
complement to rational engineering approaches. Rather
than presenting chimerism as a new concept, we use it
here as a practical framework to identify reverse tran-
scriptase phenotypes relevant to molecular diagnostics
and next-generation RNA detection technologies.

Materials and methods

Mining natural MulLV RT diversity and phylogenetic
analysis

To explore the natural biodiversity of RTs, a total of 1,028
protein sequences showing 70-100% sequence identity
to M-MuLV RT (PubMed Protein Accession Number:
AACS82568) were selected using protein BLAST (Basic
Local Alignment Search Tool, NCBI, Bethesda, MD:
https://blast.ncbi.nlm.nih.gov) [23]. The phylogenetic
analysis was performed using the fully automatic work-
flow of NGPhylogeny.fr (Institut Pasteur, Paris, France:
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https://ngphylogeny.fr/workflows/oneclick/) [24]. The
resulting phylogram was visualized and edited using
TreeViewer [25]. Multiple sequence alignments were
performed using the MAFFT (Multiple Alignment using
Fast Fourier Transform) version 7.511.25 (Osaka Univer-
sity, Osaka, Japan: https://mafft.cbrc.jp/alignment/server
/index.html) [26]. The obtained alignment of the natural
RTs and controls was displayed using Aline and colored
according to the ‘Gecos Flower’ coloring scheme [27].

Gene synthesis, cloning, expression, and purification of RT
variants

Synthetic genes encoding the selected RT domains were
codon-optimized for expression in Escherichia coli (E.
coli) using the ATGenium algorithm (NZYtech, Lisbon,
Portugal), as described previously [28]. The synthesis
of the selected 24 natural RT genes encompassed 405
amino acids, from Leu48-Leu452 of each natural RT.
To facilitate cloning employing Gibson assembly, highly
conserved sequences (aa 39-47 and aa 453-460) were
added to the synthesized gene. The expression plasmids
containing full-length M-MuLV WT RT and the engi-
neered MuLV RT V1 were obtained from previous work.
The full sequence of MuLV RT V1 is provided in a pre-
vious reference [22]. All chimeric constructs contained
three-point mutations (D524G, E562Q, and D583N) to
inactivate RNase H activity. The genes encoding RTX
[17], native RT full-length (GenBank: QJT93250) and RT
V18 homologue (GenBank: QJT93247) were synthesized
similarly and cloned into the pHTP1 vector (NZYtech),
whose sequence is publicly available on the company’s
website. This vector was used for recombinant expression
in E. coli and incorporates an N-terminal 6xHis tag for
immobilized metal ion-affinity chromatography (IMAC)
purification. All positive clones were fully sequenced in
both directions to ensure 100% identity with the designed
gene sequences.

The recombinant RT proteins were expressed in E.
coli BL21 (DE3). Cells were cultured in 50 mL of NZY
Auto-Induction LB medium (NZYtech) and incubated at
37 °C for 4 h. The temperature was then lowered to 15
°C, and cells were further incubated for 18 h. Cells were
harvested by centrifugation and lysed using 7.5 mL of
NZY Bacterial Cell Lysis Buffer (NZYtech) supplemented
with 0.2 pg/mL of DNase I, and 100 pg/mL of Lysozyme.
Recombinant proteins were purified by IMAC using His
GraviTrap™ columns (Cytiva, Wilmington, DE) [29]. The
purification protocol comprised a three-step washing
protocol using 10 mL wash buffer A (50 mM Na,HPO,,
pH 7.5, 1 M NaCl, 10 mM Imidazole) for the first 2
washes, and a final wash using 10 mL of wash buffer B
(50 mM Na,HPO,, pH 7.5, 1 M NaCl, 22.5 mM Imidaz-
ole). Finally, proteins were eluted in 1 mL fractions using
elution buffer (50 mM Na,HPO,, pH 7.5, 200 mM NacCl,
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300 mM Imidazole). All purified proteins were quanti-
fied using NanoDrop™ One Microvolume UV-Vis Spec-
trophotometer (Thermo Fisher Scientific, Waltham, MA)
and diluted to 0.7 mg/mL with the elution buffer. For
long-term storage, proteins were diluted to 0.35 mg/mL
with 50% (v/v) glycerol, supplemented with 1 mM DTT
and 0.01% Triton X-100. Protein solubility, integrity, and
purity were evaluated by SDS-PAGE. Unless otherwise
stated, all assays were performed using the enzyme stock
at a concentration of 0.35 mg/mL.

Thermostability analysis and protein thermal shift assay
For thermostability analysis using SDS-PAGE, proteins
were incubated at 4 °C, 45 °C, 50 °C, or 55 °C for 15 min.
The incubation reactions were carried out in a total vol-
ume of 40 pL containing 1x Reaction Buffer for Reverse
Transcriptases (NZYtech) and 1.05 ug of the respec-
tive RT. After the incubation, samples were cooled on
ice for 15 min, followed by centrifugation at 12.500 rpm
for 5 min, to pellet insoluble material. Then, 20 pL of
the cleared supernatant was mixed with 5 puL of 5x SDS-
PAGE Sample Loading Buffer (NZYtech), denatured at
95 °C for 10 min, and analyzed by 14% SDS-PAGE fol-
lowed by Coomassie Blue staining. In addition, proteins
were incubated at 45 °C for 0, 15, 30, 45, and 60 min and
processed as before. Protein stability in these experi-
ments was qualitatively evaluated by comparing the
intensity and integrity of the soluble protein bands with
those of the respective non-incubated controls. RT
residual activity was also evaluated using one-step and
two-step RT-qPCR. In both workflows, each RT was
incubated at 50 °C, 52.5 °C, 55 °C, or 60 °C for 10 min
before proceeding to the RT-qPCR setups as described in
Sect. 2.4 and 2.5, respectively.

Melting temperatures (Tm) were determined using
the Protein Thermal Shift™ Kit (Thermo Fisher Scien-
tific), which monitors heat-induced protein unfolding
through a fluorescent dye that binds exposed hydropho-
bic regions. The assay was performed in a CEX Opus 96
Real-Time PCR System (Bio-Rad). Each 20 pL reaction
contained 5 pL of Protein Thermal Shift™ Buffer, 2.5 pL
of Protein Thermal Shift™ Dye (8x), and 0.75 pg of the
respective protein. Samples were heated from 25 °C to
95 °C at a ramp rate of 0.2 °C per 15 s, and fluorescence
was recorded using the FRET channel. Tm was defined
as the midpoint of the negative melt peak. All reactions
were performed in triplicate.

One-step RT-qPCR

To assess the reverse transcription activity, one-step
quantitative reverse transcription polymerase chain
reaction (RT-qPCR) reactions were performed using a
customized master mix based on the commercially avail-
able Supreme NZY One-Step RT-PCR Master Mix 2x
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(NZYtech). Briefly, the RT included in the original for-
mulation was replaced with 0.022 pg of the respective
chimeric RT or control enzyme per reaction. Each 20 pL
reaction contained 10 pL of the customized master mix,
0.4 uM of each primer, and 0.125 uM of TagMan probe
to amplify the mouse (Mus musculus) ribosomal protein
L27 (Rpl27) or peptidylprolyl isomerase A (Ppia) house-
keeping genes (expected amplicon sizes are given in Table
S2). Mouse liver total RNA (Takara Bio Inc., Kusatsu,
Shiga, Japan) was used as a template. Multiplex RT-qPCR
assay was performed using COVID-19, Flu A/B, RSV
Multiplex One-Step RT-qPCR Kit, IVD (MD0490, NZY-
tech). This assay targets six viral RNA sequences, SARS-
CoV-2 (RdRp and N genes), influenza A, influenza B,
respiratory syncytial virus (RSV) A and B, and a human
ribonuclease P (RNase P) internal control. The reactions
were incubated on the Applied Biosystems StepOnePlus™
Real-Time System (Applied Biosystems, Thermo Fisher
Scientific, Waltham, MA) using the following protocol:
the reverse transcription step was performed as indi-
cated, followed by a 95 °C step for 2 min, then 40 cycles
of 95 °C for 5 s and 60 °C for 30 s, with fluorescent signal
measurement at the FAM™ channel. The reverse tran-
scription efficiency was assessed using a standard curve
with six serial dilutions of mouse liver total RNA. The
qPCR efficiency was calculated by StepOne Software v2.3
(Applied Biosystems).

Two-step RT-qPCR

To synthesize first-strand cDNA, a 10 uL RNA mixture
containing 5 mM Oligo(dT),; primer mix (NZYtech),
1 mM dNTPs (NZYtech), and mouse liver total RNA
(Takara Bio Inc.) was incubated at 65 °C for 5 min, fol-
lowed by 2 min on ice. A reaction mixture of 10 uL com-
posed of 2x Reaction Buffer for Reverse Transcriptases
(NZYtech), 40 U of NZY Ribonuclease Inhibitor (NZY-
tech), and 0.35 pg of the RT in test was added to the
primed RNA mix, resulting in a final reaction volume of
20 pL. The final reaction mixture was incubated in T100
Thermal Cycler (Bio-Rad Laboratories, Inc., Hercules,
CA) using the indicated protocol. Following cDNA syn-
thesis, the enzyme was inactivated at 85 °C for 5 min.
c¢DNA products were treated with RNase H at 37 °C for
10 min. The synthesized cDNA was quantified by real-
time qPCR on the Applied Biosystems StepOnePlus™
Real-Time System (Applied Biosystems), targeting the
mouse Rpl27 or Ppia genes (expected amplicon sizes are
listed in Table S2). The qPCR reactions were carried out
in a total volume of 20 pL containing 1x NZYSupreme
qPCR Probe Master Mix (NZYtech), 4 uM of each primer,
and 1.25 puM of TagMan probe, using 2 uL of cDNA as
the template. The following PCR protocol was used: 95 °C
for 2 min, followed by 40 cycles of 95 °C for 10 s and 60 °C
for 30 s, with fluorescence signals measured at the FAM™
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channel. The reverse transcription efficiency in two-step
RT-qPCR was assessed as described in Sect. 2.4.

Resistance to PCR inhibitors assay

The inhibitor panel used in this study included the fol-
lowing contaminants: ethanol (PanReac AppliChem,
Darmstadt, Germany), isopropanol (PanReac Appli-
Chem), guanidine hydrochloride (Molekula Group, Dar-
lington, UK), NZYol (RNA extraction reagent, NZYtech),
sodium citrate dihydrate (Sigma-Aldrich, St. Louis, MO),
animal blood containing potassium ethylenediamine-
tetraacetic acid (K-EDTA) (LAMPIRE Biological Labo-
ratories, Thermo Fisher Scientific, Waltham, MA), and
human plasma (Sigma-Aldrich). To evaluate RT resis-
tance to PCR inhibitors, 5 pL of each contaminant (4x
concentrated) were added to the reverse transcription
reaction mixture before cDNA synthesis was initiated,
and the reaction was then incubated at 50 °C for 10 min,
as described in Sect. 2.5. In the control reaction, 5 pL of
water was used instead. The inhibition of RT activity dur-
ing cDNA synthesis was quantified by qPCR by calculat-
ing the difference between the C values of the inhibitor
reaction and the control reaction (no inhibitor). This dif-
ference is referred to as ACy (Cy Inhibitor-C; No inhibi-
tor). Each inhibitor was tested at two concentrations, and
the concentration that produced the clearest differential
response between M-MuLV WT RT and the engineered
enzymes is shown in Fig. 3, whereas Figure S9 reports
complementary data at a second inhibitor concentration.

RT-LAMP assays

Real-time reverse transcription loop-mediated isother-
mal amplification (RT-LAMP) assays were performed
to evaluate enzyme performance across varying input
levels. A typical RT-LAMP reaction comprised of: 1x
a customized master mix based on the commercially
available Polaris® Lyo RT-LAMP Master Mix (NZYtech)
supplemented with 4 pg/mL of the reverse transcriptase
(or the recommended level for the commercial enzymes
for which enzyme concentrations are not provided)
under test, 1 pL of template and water up to 25 pL. The
reverse transcriptases tested were the following: chRT
V18, GoScript™ Reverse Transcriptase (Promega Corp.,
Madison, WI), and RapiDxFire Thermostable Reverse
Transcriptase (Lucigen, LGC Biosearch Technologies,
Middleton, WTI). The RT-LAMP master mix was bench-
marked against WarmStart® LAMP Kit (DNA & RNA)
(New England Biolabs, Ipswich, MA) and Lyo-Ready™
RT-LAMP 1-Step Mix, 4x (Meridian Bioscience, Cincin-
nati, OH). The templates used in these assays were mouse
liver total RNA (Takara Bio Inc.) to amplify the B-actin
gene or the MS2 virus’s genome (Roche Diagnostics,
Mannheim, Germany). All primer sequences are pro-
vided in Table S2. RT-LAMP reactions were conducted
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on the StepOnePlus™ Real-Time PCR System (Applied
Biosystems) or Bio-Rad’s CEX Opus 96 (Bio-Rad Labo-
ratories, Inc.), using the following protocol: isothermal
incubation at 69 °C-65 °C for chRT V18, and at 65 °C for
the commercial reverse transcriptases, with fluorescence
acquisition every 30 s for 30 min, followed by an inactiva-
tion step at 95 °C for 3 min, and a final melt curve analy-
sis with temperature increments of 0.5 °C at 10-second
intervals over a range of 65 °C to 95 °C.

One-step RT-qPCR master mix formulation and diagnostic
validation

chRT V18 was formulated into one-step RT-qPCR mas-
ter mixes in both liquid and lyophilized formats using
Polaris® (RT)-qPCR Buffer Y 2.5x, IVD (NZYtech), and
Polaris® Lyophilizable (RT)-qPCR Buffer Y 2.5x, IVD
(NZYtech), respectively. Lyophilized mixes were recon-
stituted according to the manufacturer’s specifications.
Performance was benchmarked against the SARS-CoV-2
One-Step RT-qPCR Kit II (NZYtech, MD0487), an IVD-
approved assay, using the same primer-probe sets and
cycling conditions, except for the reverse transcription
step: 1 min at 60 °C for chRT V18 versus 10 min at 50 °C
for the reference. Analytical sensitivity was assessed
using LoD analysis, with quantified SARS-CoV-2 RNA
spiked into nucleic acid extracts from clinically relevant
matrices (e.g., whole blood, nasopharyngeal swabs, urine,
cervical swabs). LoD values were expressed as copies pL™
and copies mL™ of sample input and defined as the low-
est RNA concentration yielding>95% positive detection
across replicates (n=96). Assay precision and robustness
were evaluated through repeated measurements across
independent variables, including testing day, enzyme
batch, operator, qPCR instrument, laboratory site, and
clinical sample type. Both master mix formulations were
assessed for repeatability, intra- and inter-assay vari-
ability, and coefficients of variation (CVs) of C; values
obtained across replicate runs and target concentrations,
in accordance with standard diagnostic performance cri-
teria. Clinical performance was evaluated using a panel of
32 previously characterized SARS-CoV-2 clinical samples
(16 positive and 16 negative), tested in parallel using both
the chRT V18-based master mixes and the IVD-approved
reference assay. Concordance, sensitivity, specificity,
and C value correlation relative to the reference assay
were analyzed using consistent threshold settings across
assays, with concordance defined as full agreement in
qualitative results (positive/negative) between assays.

Statistical analysis

Statistical analyses and graphical representations were
performed using Microsoft Excel version 2512 (Micro-
soft Corp., Redmond, WA) and GraphPad Prism version
8.0.2 (GraphPad Software Inc., Boston, MA). Data are
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presented as mean+SD from three technical replicates
(n=3), unless otherwise stated. Significant differences
were evaluated by two-way ANOVA followed by Dun-
nett’s or Tukey’s multiple-comparisons post-hoc tests, as
appropriate. Adjusted P values derived from these post-
hoc comparisons were used to assign statistical signifi-
cance, with P<.05 considered significant.

Results

Mining natural MulLV reverse transcriptase diversity reveals
extensive sequence variation within the polymerase core
Viral RTs have undergone extensive evolutionary diver-
sification [30, 31]. To systematically explore the natural
diversity of RTs, we collected and analyzed a dataset com-
prising 1,028 RT sequences that share > 70% sequence
identity with M-MuLV RT. For comparative analysis,
we focused on a 405-residue segment (Leu48-Leud52)
encompassing the core RNA-dependent DNA poly-
merase domain, which has been previously implicated
in modulating enzymatic efficiency, fidelity, and thermal
stability [32, 33]. To minimize redundancy while preserv-
ing sequence diversity, we constructed an initial unrooted
phylogenetic tree from all 1,028 RT variants. We then
derived a reduced dataset of 262 sequences by removing
highly homologous entries (> 99% identity), while retain-
ing the full spectrum of sequence variation present in
the original dataset (Fig. 1). Phylogenetic analysis based
on multiple sequence alignments guided the selection
of 24 RT variants that represent the natural diversity of
MuLV-related RTs (Table S1). As shown in Fig. 1, some
selected sequences (e.g., chRT V3, V6, V7, V8, V12-V15)
are closely related to M-MuLV, whereas others (e.g.,
chRT V1, V4, V18) display substantial sequence diver-
gence. A multiple sequence alignment of the 24 selected
RTs against M-MuLV WT confirmed diversity within the
405-residue region (Figure S2). Across the Leu48-Leu452
region, the selected variants shared a mean amino-acid
identity of 87.9% relative to M-MuLV WT (range 69.4—
98.3%), while mean pairwise identity among the vari-
ants was 81.3% (range 67.4-98.5%). More than half of
the positions were polymorphic (218/405, 53.8%), and
70/405 positions (17.3%) exhibited four or more amino
acid states, consistent with a broad sampling of natural
sequence diversity without length variation across this
domain. Several selected variants contain substitutions
previously associated with altered enzymatic properties,
such as thermostability or primer-template interactions,
while others harbor sequence motifs that have not been
functionally characterized [6, 7, 22, 34-36]. Both con-
served and variant-specific substitutions were observed
across the dataset, providing a diverse sequence basis for
subsequent functional evaluation [37].
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Fig. 1 Phylogenetic tree of M-MulV-related natural reverse transcriptase (RT) biodiversity. A phylogenetic tree representing the natural diversity of the
initial 1,028-sequence dataset is shown, comprising the reduced, non-redundant dataset of 262 sequences. The 24 selected natural RT sequences are
highlighted and colored by clade. The M-MuLV RT parental sequence is labeled yellow. Taxonomic diversity is illustrated by a representative species or

host species for each clade

Construction and expression of a chimeric RT library based
on natural polymerase-core diversity

From the 24 selected MuLV RT variants, we gener-
ated a corresponding library of chimeric enzymes. Each
chimera was constructed by replacing the 405-residue
region (Leu48-Leud52) of wild-type M-MuLV RT with
the corresponding sequence from one selected vari-
ant, yielding 24 chimeric enzymes, hereafter termed
chRT V1-V24. The M-MuLV RT backbone included a

C-terminal inactivated RNase H domain through three-
point mutations (D524G, E562Q, D583N). Gibson
assembly enabled seamless cloning, and all synthetic
genes were codon-optimized for expression in E. coli.
The 24 RT chimeras were expressed in E. coli BL21 (DE3)
and purified by IMAC [29]. Protein purity and integrity
were assessed by SDS-PAGE, as illustrated in Figure S3.
While most chimeras yielded soluble enzymes, chRT
V1, V2, V6, and V7 exhibited poor solubility or failed
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to express [38]. Yields for the remaining 20 soluble RTs
are reported in Table S3. These differences in expression
and solubility indicate that sequence variation within the
exchanged region influences these properties in a heter-
ologous expression system, as also observed previously
for engineered M-MuLV RT variants [39]. As functional
controls, three recombinant RT enzymes were produced
and purified as controls: (i) full-length M-MuLV WT RT;
(if) M-MuLV V1, previously characterized for enhanced
thermostability and molecular diagnostic potential and
containing an inactivated RNase H domain [22]; and (iii)
RTX, a thermostable KOD DNA polymerase derivative
engineered for RT activity [17]. Soluble RT chimeras,
along with the three control enzymes, were tested for
activity in a cDNA synthesis reaction at 50 °C for 30 min.
To identify chRT variants with enhanced thermal
robustness, the 20 soluble chimeric enzymes, together
with the three control RTs, were incubated at 4 °C, 45 °C,
50 °C, and 55 °C for 15 min, followed by SDS-PAGE anal-
ysis of the soluble fraction to assess protein integrity. As
shown in Figure S4 and summarized in Table S4, stability
varied substantially across the library. Several variants,
including chRT V8, V11, V13, V15, V17, and V19-V24,
showed visible degradation or aggregation already at
45 °C. In contrast, a smaller subset retained intact pro-
tein bands at 45-50 °C, with RTX remaining stable up to
55 °C. Based on this initial screen, seven chimeric RTs,
chRT V3, V5, V9, V10, V12, V14, and V18, were selected
as the most thermostable candidates for further analysis.
A time-course degradation assay at 45 °C was then per-
formed with these seven candidates, again using SDS-
PAGE to monitor soluble protein integrity over time
(Figure S5 and Table S5). Most variants remained stable
for at least 30 min, and chRT V3, V9, and V12, together
with the control enzymes M-MuLV WT RT and RTX,
retained visible protein bands after 60 min of incubation.
To complement these qualitative assays with a quantita-
tive biophysical measure, the melting temperatures of
the seven selected chimeras were determined by protein
thermal shift assay in parallel with M-MuLV WT RT
(Figure S6). Six of the seven chimeras displayed melting
temperatures above that of the WT scaffold, supporting
the conclusion that catalytic-core replacement gener-
ally increased thermal stability. chRT V14 was the main
exception, showing a melting temperature similar to that
of M-MuLV WT RT. Because thermostability in the pres-
ent workflow was evaluated using multiple orthogonal
criteria, including heat-incubation band integrity and
time-dependent degradation behavior, chRT V14 was
retained for downstream functional analysis despite its
WT-like Tm. Collectively, these data support the priori-
tization of chRT V3, V5, V9, V10, V12, V14, and V18 for
RT-qPCR-based functional characterization.
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Functional screening identifies chimeric RTs with robust
activity across an expanded temperature range

Based on thermostability profiling, the functional perfor-
mance of the seven selected RT variants was evaluated
in one-step RT-qPCR assays. cDNA synthesis was per-
formed at 50 °C, 60 °C, and 70 °C for 10 min, using either
1 pg or 0.1 ug mouse liver total RNA as template (corre-
sponding to approximately 5x 10° and 5x 10° RNA cop-
ies per reaction, respectively). The seven variants were
tested alongside M-MuLV WT and M-MuLV V1. RTX
was excluded from subsequent one-step RT-qPCR com-
parisons because preliminary benchmarking in the assay
configuration used in this study showed substantially
delayed amplification and reduced fluorescence relative
to the other reference enzymes across the temperatures
and RNA inputs tested. TagPath™ 1-Step RT-qPCR Mas-
ter Mix (Applied Biosystems) was included as a commer-
cial reference. As shown in Figs. 2A and S7A, all variants
displayed a capacity to synthesize cDNA at 50 °C, 60 °C,
and 70 °C, although differences in performance became
apparent at elevated temperatures. To quantify temper-
ature robustness, AC (70 °C-50 °C) was calculated for
the two template quantities tested (Figure S7B). chRT V9,
V14, and V18 consistently showed lower mean AC val-
ues than M-MuLV WT RT across both RNA input levels
(Figure S7), suggesting better retention of reverse tran-
scription performance at higher temperatures under the
conditions tested.

To further evaluate thermal tolerance, chRT V9, V14,
and V18 were pre-incubated for 10 min at increasing
temperatures (50—-60 °C) before one-step and two-step
RT-qPCR assays. A non-incubated control was included
for each enzyme. Loss of activity following pre-incuba-
tion was quantified as AC- relative to the non-incubated
control. The data, presented in Figure S8, revealed that
all three enzymes retain their activity after incubation at
50 °C but became progressively less efficient as the incu-
bation temperature increased, with AC; values exceeding
5 cycles at 60 °C. In the one-step format, chRT V9 and
V18 maintained stability up to 55 °C, whereas chRT V14
showed decreased performance at 55 °C and above. In
contrast, all three variants showed instability at 55 °C or
above when evaluated in the two-step RT-qPCR format
under the conditions tested.

Sensitivity and linearity were subsequently evaluated
for chRT V9, chRT V14, and chRT V18 using a two-step
RT-qPCR assay across a 10-fold serial dilution of mouse
liver total RNA, down to approximately 5 target copies
per qPCR reaction. To assess performance across a broad
temperature range, cDNA synthesis was performed
between 50 °C and 70 °C, and the well-characterized ther-
mostable M-MuLV V1 enzyme served as a control. The
data presented in Fig. 2B and C revealed that the three
enzymes and the control maintained linear amplification
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Fig. 2 Reverse transcription performance of thermostable RT variants at different temperatures. (A) One-step RT-gPCR assays were performed using
either 1 ug (left panels) or 0.1 pg (right panels) of mouse liver total RNA as template for cDNA synthesis at 50 °C, 60 °C, or 70 °C for 10 min, followed by
amplification of the mouse Ppia housekeeping gene. Amplification curves are shown for the nine selected thermostable chimeric RT variants (chRT V3-V5,
V9,V10,V12,V14,V16, and V18), together with M-MuLV WT, M-MulLV V1, and the commercial TagPath™ 1-Step RT-gPCR Master Mix. (B) Two-step RT-qgPCR
amplification plots obtained using a 10-fold serial dilution of mouse liver total RNA, corresponding to approximately 5x 10° to 50 target copies per reac-
tion. Reverse transcription was carried out at 50 °C, 60 °C, or 70 °C for 10 min using M-MulLVV1, chRT V9, chRT V14, or chRT V18, followed by gPCR detection
of the mouse Ppia transcript. (C) Ci-versus-input standard curves derived from the data shown in panel B. Linear regression parameters, coefficients of
determination (R?), and amplification efficiencies are indicated for each enzyme at 50 °C, 60 °C, and 70 °C

across the input temperatures tested at 50 °C, 60 °C, and
70 °C. Notably, chRT V18 showed the highest cDNA syn-
thesis efficiency at 60 °C and 70 °C across the conditions
tested, indicating increased robustness at elevated reac-
tion temperatures. Overall, these results indicate that
chRT V9, V14, and V18 remain active across a wide tem-
perature range, with chRT V18 exhibiting the most con-
sistent performance at higher temperatures.

Chimeric RTs display resistance to clinically relevant PCR
inhibitors

For diagnostic use, RTs must function reliably in crude
or minimally processed samples, where inhibitory sub-
stances are common [18, 40]. To evaluate robustness
under inhibitory conditions relevant to diagnostic work-
flows, chRT V9, V14, and V18 were tested against a panel
of clinically relevant PCR inhibitors at sample-relevant
concentrations (Table S6). In this assay, inhibitors were
present during the reverse transcription step, and their
effect was quantified indirectly from the resulting cDNA
yield by qPCR. Reverse transcription was performed at
50 °C for 10 min for inhibitor-tolerance comparisons. The
engineered M-MuLV V1 and the native M-MuLV WT RT
were included as an inhibitor-tolerant and sensitive con-
trols under these conditions [12]. Inhibitor resistance was
quantified as AC} between reactions performed in the
presence and absence of each inhibitor (control reaction).
A ACq value < 1.0 was used as a threshold for negligible
inhibition, corresponding to a less than 2-fold reduction
in amplification efficiency.

As shown in Fig. 3, M-MuLV WT RT exhibited the
greatest susceptibility under the selected inhibitor con-
ditions, with pronounced AC increases in the presence
of 15% (v/v) ethanol, 15% (v/v) isopropanol, 0.25 M gua-
nidine hydrochloride, 1.5% (v/v) NZYol, 15 mM sodium
citrate, and 25% (v/v) plasma. At the lower blood-EDTA
and plasma concentrations, 15% (v/v), the inhibitory
effect on M-MuLV WT RT was markedly reduced (Fig-
ure S9). In contrast, M-MuLV V1 retained strong overall
inhibitor tolerance (Fig. 3), with AC| values remaining
close to or below the inhibition threshold for most con-
ditions tested. The three chimeric enzymes also showed
clear improvements over M-MuLV WT RT, except in the
presence of 1.5% (v/v) NZYol, indicating that catalytic-
core replacement conferred measurable resistance to
several diagnostically relevant contaminants. Among the
chimeras, chRT V18 generally displayed the most favor-
able profile, with AC; values consistently lower than
those of M-MuLV WT RT and, for several inhibitors,
close to or even lower than those observed for M-MuLV
V1. chRT V9 and chRT V14 also showed improved
inhibitor tolerance relative to WT, although their per-
formance was more variable across inhibitor identity and
concentration. At the higher concentrations of ethanol,
isopropanol, guanidine hydrochloride, and NZYol (Fig-
ure S9), none of the engineered enzymes showed a clear
advantage over M-MuLV WT RT. Together, these results
indicate that the selected chimeric RTs, and particularly
chRT V18, preserve reverse transcription activity under
several chemically and biologically relevant inhibitory
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Fig. 3 Inhibitor tolerance of WT, engineered, and chimeric RTs under the most discriminatory inhibitor conditions. (A) Representative amplification plots
illustrating two-step RT-qPCR performance in the absence and presence of 25% (v/v) human plasma. (B) AC; values for M-MuLV WT RT, M-MuLV V1, chRT
V9, chRT V14, and chRT V18 in the presence of clinically relevant PCR inhibitors. Reverse transcription was performed at 50 °C for 10 min using 1 pg of
mouse liver total RNA as template. Inhibition was quantified as AC; (Inhibitor - No inhibitor). The dashed line at AC; = 1.0 indicates the threshold for neg-
ligible inhibition. For each inhibitor, the concentration shown was selected as the most informative condition for resolving differences between M-MuLV
WT RT and the engineered enzymes (see Figure S9 for alternate concentrations). Asterisk (¥) and (***) indicate a statistically significant difference of p <
.05 and p <.0001, respectively, compared against the M-MuLV V1 RT control, as evaluated by two-way ANOVA testing with Dunnett's post-hoc analysis

conditions, whereas M-MuLV WT RT remains more sen-
sitive under the same assay framework.

chRT V18 enables efficient and fast cDNA synthesis across

a broad temperature range

Based on the combined thermostability and inhibitor-
resistance analyses, chRT V18 emerged as the most
robust enzyme among the chimeric RTs evaluated. The
speed of cDNA synthesis by this variant was therefore
examined in greater detail under conditions relevant to
diagnostic workflows. Initially, cDNA synthesis was per-
formed at 60 °C using a two-step reverse transcription

protocol with reaction times of 1, 5, or 10 min. Mouse
liver total RNA was used as input at six starting quan-
tities, ranging from 5 pg to five successive 10-fold dilu-
tions. cDNA vyield and efficiency were assessed using
two endogenous mouse transcripts, Ppia and Rpl27. As
shown in Fig. 4A and S10, efficient cDNA synthesis was
observed across the entire dilution series for all three
incubation times. Comparison of C| values obtained
from 5 pg RNA (Fig. 4B) showed no significant differ-
ences between 1-, 5-, and 10-minute reaction times, indi-
cating that 1 min was sufficient to convert even high RNA
quantities into amplifiable cDNA under these conditions.
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Fig. 5 One-minute cDNA synthesis by chRT V18 across a broad temperature range and enzyme formulations. The ability of chRT V18 to support rapid
cDNA synthesis across a wide temperature range was evaluated using a 1-minute reverse transcription step performed at 40 °C, 50 °C, 60 °C, or 70 °C.
Mouse liver total RNA was used as template over a six-point dilution series (1 pg to 10 pg), with oligo(dT) priming. chRT V18 was tested in three formats:
glycerol-free high-concentration (chRT V18 HC), glycerol-preserved enzyme at standard concentration (chRT V18 Gly), and lyophilized formulation (chRT
V18 Lyo). RT-gPCR amplification curves are shown for the mouse Ppia (left panel) and Rpl27 (right panel) transcripts

To determine whether this rapid reaction capability
was maintained across a broad temperature range, cDNA
synthesis was performed for 1 min at temperatures rang-
ing from 40 °C to 70 °C in a two-step experiment, fol-
lowed by qPCR quantification. The inclusion of 40 °C in
these assays was intended to assess whether chRT V18
retained robust and rapid activity across a broad opera-
tional temperature range, since flexibility between mod-
erate and elevated reverse transcription temperatures is
advantageous for different molecular diagnostic work-
flows. These experiments were conducted using chRT
V18 in three formats: glycerol-free at high-concentration,
glycerol-preserved at standard concentration, as well
as lyophilized. The data, presented in Fig. 5 and S11),
revealed that efficient, linear amplification was main-
tained across the full temperature range for both target
genes, with comparable performance observed among

the three enzyme formats. Taken together, the data dem-
onstrate that chRT V18 retains efficient cDNA synthe-
sis under a wide range of temperatures, reaction times,
inhibitory conditions, and formulation states. This level
of operational versatility is well aligned with the demands
of modern molecular diagnostics, which frequently rely
on short reaction times and flexible testing.

The diagnostic performance of chRT V18 is encoded within
its catalytic core and enhanced by scaffold context

To determine whether the functional properties identi-
fied for chRT V18 originate from the transferred catalytic
core rather than from the M-MuLV backbone itself, the
activity of chRT V18 was compared with that of multi-
ple related enzyme structural analogs. These included a
truncated RT V18 variant lacking the C-terminal RNase
H domain (RT V18 TR), the full-length native RT V18
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Fig.6 Functional evaluation of chRT V18 and its structural analogs under high-temperature conditions. RT activity was assessed using two-step RT-qPCR,
with cDNA synthesis performed at 70 °C for 1 min using mouse liver total RNA primed with oligo(dT). Representative amplification curves are shown for
six recombinant enzymes: full-length M-MuLV RT (M-MulV WT FL), truncated M-MuLV RT lacking the C-terminal domain (M-MulV WT TR), the chimeric
enzyme chRT V18, truncated RTV18 (RTV18TR), full-length native RTV18 (RTV18 FL), and a closely related RT V18 homologue. Standard curves were gen-
erated using five 10-fold RNA dilutions (starting from 1 ug). Performance was evaluated by gPCR amplification of the mouse Rpl27 transcript. Calculated
coefficients of determination (R) and amplification efficiencies are indicated for each enzyme and summarized in Table 1

Table 1 Comparative performance of RT V18-derived and reference enzymes under stringent RT-qPCR conditions. Efficiencies were
calculated from standard curves derived from five 10-fold RNA dilutions. R? values reflect linear regression fit

Enzyme Format RT protocol RNA input Mean efficiency R? Performance summary
(n9) (%)

M-MuLV WT FL Full-length 1 minat 70 °C 15107 ~95 >0.99 Stable

M-MuLV WT TR Truncated T minat70°C 110" — — Inefficient at high RNA loads

RTV18TR Truncated T minat70°C 1-107 ~93 >0.99 Stable

RTVI18 FL Full-length Tminat70°C 1107 ~90 >0.99 Stable

RTV18 homologue Full-length 1 minat70°C 1-107° ~97 >0.99 Stable

chRTV18 Chimeric 1 minat70°C 15107 ~95 >0.99 Most robust

enzyme (RT V18 FL), and a closely related natural homo-
logue of RT V18 FL (RT V18 homologue) sharing 94.9%
amino acid identity. Wild-type M-MuLV RT in full-
length (M-MuLV WT FL) and truncated (M-MuLV WT
TR) forms were included as reference. All six recombi-
nant enzymes were expressed in E. coli and purified to
comparable purity (Figure S12).

Enzyme performance was first assessed under stringent
conditions using a two-step RT-qPCR assay with reverse
transcription performed at 70 °C for 1 min. Under these
conditions, all enzymes except M-MuLV WT TR sup-
ported efficient cDNA synthesis across the dilution
series, exhibiting comparable amplification kinetics and
efficiencies (Fig. 6; Table 1). The loss of activity observed
for the truncated M-MuLV WT enzyme, particularly at
high RNA inputs, contrasted with the sustained perfor-
mance of RT V18 TR, RT V18 FL, and chRT V18. These
findings indicate that while truncation does not inher-
ently preclude high-temperature activity, the sequence
context is a critical determinant.

At a higher RNA input of 5 ug, chRT V18 consistently
yielded the most robust amplification profiles, whereas
truncated enzymes showed reduced tolerance (Fig. 7A).
Both native RT V18 FL and its natural homologue

maintained efficient cDNA synthesis, albeit with slightly
greater variability than the chimeric enzyme. RT V18
TR showed reduced ¢cDNA synthesis capacity at this
high RNA load. These results indicate that inclusion of
the C-terminal RNase H-containing region in the chRT
V18 construct improves performance during short, high-
temperature reverse transcription at high RNA input.
Finally, chRT V18, RT V18 FL, and RT V18 homologue
were evaluated in a clinically relevant context using an
IVD-validated multiplex one-step RT-qPCR assay target-
ing six viral RNA sequences (SARS-CoV-2 RdRp and N,
influenza A and B, and RSV A and B), together with an
internal human RNase P control, using a 1 min reverse
transcription step at 60 °C. All three enzymes consis-
tently detected viral targets across input levels of 500,
50, and 5 RNA copies per target, with stable amplifica-
tion of the internal control (Fig. 7B). No systematic dif-
ferences in detection sensitivity were observed between
the three enzymes under these conditions. Together,
these results indicate that the key diagnostic properties
of chRT V18 are largely encoded within the transferred
catalytic core, although the reduced tolerance of trun-
cated variants shows that the C-terminal RNase H-con-
taining region contributes materially to robustness under



Fonseca Costa et al. Journal of Biological Engineering

(2026) 20:109

Page 13 of 18

RT V18 Homologue

2200000
1980000
1760000
1540000
1320000
1100000
880000

660000

440000

220000

Influenza A/B
RSVA/B
SARS-CoV-2 RdRp/N

ARn

RNase P

—NTC

300000 Enzyme CrMeantsD
275000
250000 M-MuLV FL 18.985+0.107
225000 M-MuLV WT FL
fsggzg MMULYWTTR M-MuLV Truncated  28.872+0.032
5 150000 chRTV18 chRTV18 17.686+0.033
i ATVISTR RTV18TI ted 26.207+0.107
132232 RTVI8 FL runcate o +0.
50000 ——RT V18 Homologue RTV18FL 19.316+£0.047
25000
| RTV18 Homologue  19.428+0.093
135 7 91113151719212325272931333537 39
Cycle
chRT V18 RT V18 FL
2200000 2200000
1980000 1980000
1760000 1760000
1540000 1540000
1320000 1320000
c c
£ 1100000 & 1100000
880000 880000
660000 660000
440000 440000
220000 ) 220000
0 = 0 Ty

135 7 9111315171921232527293133353739

Cycle Cycle

1357 9111315171921232527293133353739

=

1357 911131517192123252729 3133353739
Cycle

FrrreT 0

Fig. 7 Functional robustness of chRT V18 and its structural analogs under high-stringency conditions and multiplex diagnostic testing. (A) RT activity was
assessed using two-step RT-gPCR, with cDNA synthesis performed at 70 °C for 1 min using 5 pg of mouse liver total RNA primed with oligo(dT). Amplifica-
tion curves are shown for six recombinant enzymes: full-length M-MuLV RT (M-MuLV WT FL), truncated M-MuLV RT lacking the C-terminal domain (M-
MuLV WT TR), the chimeric enzyme chRT V18, truncated RT V18 (RT V18 TR), full-length native RTV18 (RT V18 FL), and a closely related RT V18 homologue.
cDNA synthesis efficiency was quantified by gPCR targeting the mouse Rpl27 transcript. Corresponding C; values are summarized in the table. (B) One-
step multiplex RT-qPCR performance of chRT V18, RT V18 FL, and the RT V18 homologue was evaluated using a clinically validated IVD assay targeting
six viral RNA sequences (SARS-CoV-2 RdRp and N genes, influenza A, influenza B, RSV A, and RSV B) and a human RNase P internal control. Reactions were
performed using a 1-minute reverse transcription step at 60 °C and three RNA input levels (500, 50, and 5 copies per target)

demanding reaction conditions. This supports chimeric
RT prospecting as a streamlined and effective approach
for identifying high-performance reverse transcriptases
with properties directly relevant to molecular diagnostic
workflows.

chRT V18 supports high-temperature RT-LAMP
amplification beyond conventional RT limits

Given its inhibitor tolerance, broad temperature range,
and rapid cDNA synthesis kinetics, the versatility of
chRT V18 in different diagnostic settings was evaluated
by assessing its compatibility with high-temperature
RT-LAMP. Most RT-LAMP assays rely on strand-dis-
placement DNA polymerases with engineered reverse
transcription activity, largely because conventional
reverse transcriptases lack sufficient thermostability to
operate at typical LAMP temperature ranges (60—65 °C)
[41, 42]. In addition, conducting LAMP amplification at
higher temperatures (> 68 °C) improves assay specificity
by suppressing primer-driven non-specific amplification.
Still, such conditions are even less compatible with the
operating temperature limits of standard reverse tran-
scriptases [43].

To determine whether chRT V18 could with-
stand RT-LAMP under these more stringent con-
ditions, the enzyme was benchmarked against two
commercially available reverse transcriptases. The results

demonstrated that chRT V18 revealed rapid and robust
amplification kinetics at both 69 °C and 65 °C. In con-
trast, the commercial enzymes, evaluated under their
manufacturer-recommended conditions at 65 °C, showed
delayed RT-LAMP amplification compared with chRT
V18 (Fig. 8A). The efficiency and sensitivity of high-
temperature RT-LAMP using chRT V18 were evaluated
using a dilution series of MS2 genomic RNA, amplified at
69 °C. chRT V18 enabled reliable amplification down to
approximately 200 target copies, while no amplification
was detected in no-template controls (Fig. 8B). Subse-
quently, chRT V18 was benchmarked against two com-
mercial RT-LAMP master mixes using both liquid and
lyophilized chRT V18-based master mix formulations.
Under high-temperature reaction conditions (69 °C),
chRT V18 consistently produced an earlier time-to-result
and faster reaction kinetics than the commercial alterna-
tives, which followed the manufacturer’s recommended
reaction temperature of 65 °C, with only a modest delay
observed upon lyophilization and rehydration (Fig. 8C).
Together, these results demonstrate that chRT V18 sup-
ports efficient and sensitive RT-LAMP amplification at
elevated temperatures, which are typically incompatible
with conventional reverse transcriptases, thereby extend-
ing the operational window of RT-LAMP toward higher
specificity and improved analytical robustness.
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Fig. 8 High-temperature RT-LAMP performance of chRT V18. (A) Comparison of chRT V18 and two commercial reverse transcriptases in an RT-LAMP
assay targeting mouse 3-actin mRNA. chRT V18 was evaluated at both 69 °C and 65 °C, whereas the commercial enzymes were evaluated at their manu-
facturer-recommended temperature of 65 °C. Reactions were performed using 100 ng or 10 ng of mouse total RNA. (B) Analytical sensitivity of chRT V18
in high-temperature RT-LAMP. Amplification was evaluated across a dilution series down to approximately 200 target copies. (C) Benchmarking of liquid
and lyophilized chRT V18-based master mix formulations against two commercial RT-LAMP master mixes under identical reaction conditions

Validation of chRT V18-based one-step RT-qPCR master
mixes for diagnostic performance
To evaluate whether the biochemical and kinetic advan-
tages of chRT V18 translate into faster and more reliable
diagnostic performance, the enzyme was formulated
into one-step RT-qPCR master mixes in both liquid
and lyophilized formats. These formulations were then
assessed against analytically and clinically relevant cri-
teria, with reverse transcription performed at 60 °C for
1 min. The performance of chRT V18 was compared
against an IVD-approved reference assay, the NZYtech
SARS-CoV-2 One-Step RT-qPCR Kit II, using standard-
ized protocols and clinically relevant sample matrices.
Analytical sensitivity was assessed through limit-of-
detection (LoD) analysis using SARS-CoV-2 RNA spiked
into nucleic acids extracted from multiple clinically rel-
evant matrices, including blood, nasopharyngeal swabs,
urine, and cervical swabs. Each experiment was per-
formed at least in triplicate at different timelines by dif-
ferent operators. Analytical sensitivity was defined as
the lowest concentration detected in >95% of replicates.
chRT V18-based master mixes achieved a 100% positive

detection rate and consistently achieved a limit of detec-
tion of 0.25 copies pL™ (250 copies mL™) or five viral
RNA copies per reaction. High analytical precision was
observed at the LoD (RdRp: mean C; = 33.65, SD=0.53,
CV=158% N gene: mean C; = 34.08, SD=0.61,
CV=1.79%; n=96), across all tested matrices (Table S7).
These results indicate that the rapid reverse transcription
kinetics and elevated-temperature compatibility of chRT
V18 do not compromise analytical sensitivity.

Next, assay precision and robustness were evaluated
across independent runs, enzyme batches, operators,
instruments, laboratories, and clinical matrices, using
both liquid and lyophilized chRT V18 master mix for-
mulations. Across all conditions, 100% detection repeat-
ability was observed, with low intra-assay variability at 3x
LoD (CV: 1.30% RdRp, 1.79% N gene; n=96) and at 30x
LoD (CV: 1.14% RdRp, 1.80% N gene; n=96), and mini-
mal inter-assay variability, all within accepted diagnostic
thresholds (Table S8). These results indicate that chRT
V18-based master mixes maintain consistent perfor-
mance under diverse operational conditions, including
short reverse transcription steps.
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Clinical performance was assessed using a panel of 32
previously characterized SARS-CoV-2 clinical samples
(16 positive and 16 negative) spanning a representative
range of viral loads. chRT V18-based assays showed full
concordance with the IVD-approved reference test, with
no observed false-positive or false-negative results (Table
S9). Cr values were highly correlated between the assays,
indicating equivalent clinical sensitivity and specificity,
whereas PPA (Positive percent agreement with 95% con-
fidence interval) was 100% for RdRp and N target genes
for SARS-Cov2 virus, and NPA (Negative percent agree-
ment with 95% confidence interval) was 100% for all
target SARS-CoV-2 virus. Notably, the chRT V18-based
assays achieved equivalent diagnostic performance with
a 1-minute reverse transcription step at 60 °C, whereas
the IVD-approved reference assay was run according to
its standard-validated protocol, which includes a 10-min-
ute reverse transcription step at 50 °C. This demonstrates
that chRT V18 enables significant reductions in total
assay time without compromising sensitivity, accuracy,
or robustness. Together, these data show that chRT V18
supports clinically accurate one-step RT-qPCR while
enabling a marked reduction in reverse transcription
time, establishing a direct link between enzyme architec-
ture, reaction speed, and diagnostic performance.

Discussion
Reverse transcriptases used in molecular diagnostics
must meet a stringent set of requirements, including
sensitivity, tolerance to inhibitory matrices, speed, and
compatibility across amplification formats. Here, we
show that systematic mining of MuLV RT natural diver-
sity, combined with catalytic-core chimerism, provides a
practical route to recover RT phenotypes that integrate
several of these traits within a single enzyme framework.
Focusing on a structurally and functionally central region
of the RT polymerase domain [32, 33], we sampled natu-
ral sequence diversity while minimizing redundancy. The
resulting variants encompassed both substitutions previ-
ously associated with enhanced thermostability or with
primer-template interactions, as well as novel sequence
combinations without prior functional annotation [6, 7,
22, 34-36]. The broad range of expression yields and sol-
ubility observed across the chimeric library underscores
the strong influence of sequence context on enzyme sta-
bility and heterologous expression [38, 39]. Together,
these observations show that catalytic-core chimerism
can be used as a practical means to recover diagnostically
relevant RT phenotypes from natural sequence diversity
while preserving deployable protein expression.
Thermostability screening identified a subset of vari-
ants that retain structural integrity at elevated tempera-
tures. Functional assays further revealed that chRT V9,
chRT V14, and chRT V18 maintain productive reverse
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transcription at temperatures up to 70 °C, a range that
exceeds that of most RTs currently used in diagnostics
[22]. Importantly, thermostability alone did not fully
predict enzymatic performance, reinforcing previous
observations that reaction context, buffer composition,
and enzyme-template interactions strongly influence
apparent robustness [20, 33]. Under one-step RT-qPCR
conditions, chRT V18 consistently showed the strongest
performance among the tested chimeras, particularly at
elevated temperatures, suggesting that specific naturally
evolved substitutions can preserve catalytic efficiency
under thermal stress. Robust inhibitor tolerance further
supports the diagnostic relevance of chRT V18. Clinical
samples frequently contain substances that impair reverse
transcription efficiency [18, 40]. Resistance to inhibition
is a critical requirement for reliable testing in minimally
processed matrices. chRT V18 displayed inhibitor toler-
ance comparable to, or exceeding, that of the M-MuLV
V1 control for several potent inhibitors, suggesting that
its structural features confer resilience to both thermal
and chemical stress [12, 13]. A defining feature of chRT
V18 is its exceptionally rapid cDNA synthesis kinetics.
Efficient reverse transcription was achieved within 1 min
across a broad range of RNA inputs and temperatures,
without compromising sensitivity or linearity. This prop-
erty directly addresses a major bottleneck in RT-qPCR
workflows, in which reverse transcription is the most
time-consuming step. The ability of chRT V18 to com-
bine elevated reaction temperatures with short reverse
transcription steps provides a clear route to increasing
diagnostic throughput, particularly in high-volume or
time-sensitive testing settings.

Functional benchmarking across structural analogs
clarified which elements of the chRT V18 architecture
drive performance. The diagnostic phenotype was largely
preserved in the native RT V18 sequence context, as
RT V18 FL and its close homologue, selected from the
original 1028-member initial library, remained active
at high temperature. However, truncation was not neu-
tral: although RT V18 TR retained activity, its reduced
tolerance at high RNA load, together with the loss of
function observed for M-MuLV WT TR, indicates that
the C-terminal RNase H-containing region contributes
materially to robustness under demanding conditions.
Notably, transferring the RT V18 catalytic core into the
M-MuLV scaffold yielded chRT V18, which exhibited
the most resilient performance, consistent with a cata-
lytic core that encodes the key functional profile, while
the scaffold architecture enhances operational stabil-
ity. Collectively, these results support catalytic-core chi-
merism as a practical approach for capturing naturally
evolved RT phenotypes and converting them into high-
performance enzymes suitable for a diversity of diag-
nostic workflows. This was revealed by demonstrating
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that chRT V18 enabled high-temperature RT-LAMP
amplification. Most RT-LAMP implementations rely on
strand-displacing DNA polymerases with engineered RT
activity, reflecting the limited thermostability of conven-
tional RTs under typical LAMP conditions (60—65 °C)
[41, 42]. Operating RT-LAMP at higher temperatures (>
68 °C) improves assay specificity by suppressing primer-
driven non-specific amplification, but such conditions
are generally incompatible with standard RTs. chRT
V18 enabled efficient and sensitive RT-LAMP at 69 °C,
including in lyophilized format and at low target copy
numbers, thereby extending the operational window of
RT-LAMP toward higher specificity without added work-
flow complexity.

Taken together, these findings identify chRT V18 as
a high-performance chimeric reverse transcriptase for
molecular diagnostics, combining speed, inhibitor tol-
erance, and broad temperature compatibility across
RT-qPCR and RT-LAMP formats. Rather than introduc-
ing chimerism as a new engineering concept, this work
shows that catalytic-core recombination, when guided by
natural sequence diversity and diagnostic performance
criteria, can recover diagnostically relevant enzyme phe-
notypes and translate natural diversity into practical per-
formance gains for next-generation molecular testing
workflows. This was clearly demonstrated by showing
that the formulation of chRT V18 into one-step RT-qPCR
master mixes translates its biochemical advantages
directly into analytical and clinical performance. Across
multiple clinically relevant matrices, chRT V18-based
assays achieved low limits of detection, high precision,
and full concordance with an IVD-approved reference
test. Notably, equivalent clinical sensitivity and specificity
were obtained with a 1-minute reverse transcription step
compared with the 10-minute step in the reference assay.
This establishes a direct link between enzyme architec-
ture, reaction speed, and diagnostic efficiency.

Conclusions

This study demonstrates that natural diversity-guided
catalytic-core chimerism proved effective for identifying
high-performance reverse transcriptases with properties
directly relevant to molecular diagnostics. By systemati-
cally replacing the functionally critical 405-residue poly-
merase core of WT M-MuLV RT with naturally evolved
homologous sequences, we generated a compact chi-
meric library that captures broad evolutionary diversity
while remaining compatible with established diagnostic
workflows. From this approach, three chimeric enzymes,
chRT V9, chRT V14, and chRT V18, displayed enhanced
performance relative to the parental enzyme across key
diagnostic parameters, including expanded temperature
tolerance, inhibitor resistance, and efficient cDNA syn-
thesis. Among these, chRT V18 emerged as the most
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versatile enzyme, maintaining high activity across a wide
temperature range, under inhibitor-rich conditions, and
during minute-scale reverse transcription without loss of
analytical sensitivity.

Functional analyses demonstrated that the diagnostic
phenotype of chRT V18 is largely encoded within the
transferred catalytic core, although its structural deter-
minants are likely distributed across multiple substitu-
tions within the exchanged 405-residue segment and
therefore cannot yet be resolved confidently at the sin-
gle-residue level. At the same time, incorporation into
the M-MuLV backbone further enhances robustness
under demanding reaction conditions. Notably, chRT
V18 supported both rapid one-step RT-qPCR and high-
temperature RT-LAMP, extending reverse transcription
into operational regimes that are typically incompatible
with conventional RT enzymes. In clinically relevant set-
tings, chRT V18-based master mixes achieved low limits
of detection, high precision, and full concordance with
IVD-approved assays while enabling substantial reduc-
tions in total assay time. Together, these findings establish
chRT V18 as a rapid, inhibitor-tolerant, and thermally
flexible reverse transcriptase for molecular diagnostics,
while showing that catalytic-core chimerism informed by
natural sequence diversity can serve as an effective route
to recover such multi-trait RT phenotypes.
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chRT Chimeric reverse transcriptase

CVs Coefficients of variation

cDNA Complementary DNA
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E. coli Escherichia coli
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RT-LAMP  Reverse transcription loop-mediated isothermal amplification
Rpl27 Ribosomal protein L27

T/P Template-primer

TR Truncated

WT Wild-type

Supplementary Information
The online version contains supplementary material available at https://doi.or
g/10.1186/513036-026-00692-3.

Supplementary Material 1
Supplementary Material 2
Supplementary Material 3

Supplementary Material 4

Supplementary Material 5



https://doi.org/10.1186/s13036-026-00692-3
https://doi.org/10.1186/s13036-026-00692-3

Fonseca Costa et al. Journal of Biological Engineering

Supplementary Material 6
Supplementary Material 7
Supplementary Material 8
Supplementary Material 9

Supplementary Material 10

(2026) 20:109

Acknowledgements
The graphical abstract and schematic figure were created in BioRender
(licenses: https://BioRender.com/y2vsgss; https://BioRender.com/tz8lah0).

Author contributions

Conceptualization, 1.C, V.F, and CF; methodology, I.C, V.F, RS, HS, V.P, JT, and
CF; software, 1.C, V.D.A,; formal analysis, .C., V.F, and C.F; writing original draft
preparation, 1.C. and C.F; writing review and editing, I.C, V.F, V.D.A, CF, and PB,;
supervision, C.F, V.F, and PB,; funding acquisition, C.F. All authors have read
and agreed to the published version of the manuscript.

Funding

This research was funded by the European Regional Development Fund
through a Portugal2030 project (Lisbon, Portugal; DiagnosTech, grant number
14422). The authors would also like to acknowledge the financial support of
FCT - Fundacéo para a Ciéncia e a Tecnologia, I.P, in the scope of the Centro de
Investigacéo Interdisciplinar em Sanidade Animal (CIISA) grant UID/276/2025
and the Associate Laboratory for Animal and Veterinary Sciences (AL4AnimalS)
grant LA/P/0059/2020. PB is funded by the “la Caixa"foundation (Junior Leader
Fellowship LCF/BQ/PR23/11980039).

Data availability
All data presented and generated in this work are available upon reasonable
request.

Declarations

Ethical approval
All biological materials used in experiments were of commercial origin and are
ethically compliant.

Consent for publication
Not applicable.

Competing interests

I.C,VE, RS, HS, VPP, JT, and CF are employed by NZYtech, Lda., a
biotechnology company dedicated to the production of enzymes. The
sequences and their uses described in this manuscript are the subject of
patent protection, with a patent application currently pending. Part of the
information disclosed herein corresponds to the content of a provisional
patent application (No. 119792).

Author details

'NZYtech - Genes & Enzymes, Campus do Lumiar, Building J,

Lisbon 1649-038, Portugal

2CIISA - Centre for Interdisciplinary Research in Animal Health, Faculty of
Veterinary Medicine, University of Lisbon, Lisbon 1300-477, Portugal
3Associate Laboratory for Animal and Veterinary Sciences (AL4AnimalS),
Lisbon 1300-477, Portugal

Received: 20 February 2026 / Accepted: 28 April 2026
Published online: 07 May 2026

References
1. Chiu CY, Miller SA. Clinical metagenomics. Nat Rev Genet [Internet] Nat Pub-
lishing Group. 2019;20:341-55. https://doi.org/10.1038/541576-019-0113-7.
2. Aguado C, Teixido C, Roman R, Reyes R, Giménez-Capitdn A, Marin E, et
al. Multiplex RNA-based detection of clinically relevant MET alterations

13.

20.

21.

Page 17 of 18

in advanced non-small cell lung cancer. Mol Oncol John Wiley Sons Ltd.
2021;15:350-63. https://doi.org/10.1002/1878-0261.12861.

Lin Z,ChenY, Lin, Lin H, Li H, Su X, et al. Potential miRNA biomarkers for the
diagnosis and prognosis of esophageal cancer detected by a novel absolute
quantitative RT-qgPCR method. Sci Rep [Internet] Nat Res. 2020;10:20065.
https://doi.org/10.1038/541598-020-77119-6.

Yasukawa K, Nemoto D, Inouye K. Comparison of the thermal stabilities of
reverse transcriptases from avian myeloblastosis virus and moloney murine
leukaemia virus. J Biochem. 2008;143:261-8. https://doi.org/10.1093/jb/mvm
217.

Lanciault C, Champoux JJ. Pausing during Reverse Transcription Increases the
Rate of Retroviral Recombination. J Virol Am Soc Microbiol. 2006;80:2483-94.
https://doi.org/10.1128/jvi.80.5.2483-2494.2006.

Yasukawa K, Mizuno M, Konishi A, Inouye K. Increase in thermal stability

of Moloney murine leukaemia virus reverse transcriptase by site-directed
mutagenesis. J Biotechnol. 2010;150:299-306. https://doi.org/10.1016/j jbiote
¢.2010.09.961.

Baranauskas A, Paliksa S, Alzbutas G, Vaitkevicius M, Lubiene J, Letukiene

V, et al. Generation and characterization of new highly thermostable and
processive M-MuLV reverse transcriptase variants. Protein Eng Des Selection.
2012;25:657-68. https://doi.org/10.1093/protein/gzs034.

Xiong Y, Eickbush TH. Origin and evolution of retroelements based upon their
reverse transcriptase sequences. EMBO J [Internet]. 1990,9:3353-62. https://d
0i.0rg/10.1002/}.1460-2075.1990.tb07536 .

Coulther TA, Stern HR, Beuning PJ. Engineering polymerases for new func-
tions. Trends Biotechnol [Internet]. 2019;13:1091-103. https://doi.org/10.1016
/jtibtech.2019.03.011.

Jern P, Sperber GO, Blomberg J. Use of Endogenous Retroviral Sequences
(ERVs) and structural markers for retroviral phylogenetic inference and
taxonomy. Retrovirology [Internet]. 2005;2:50. https://doi.org/10.1186/1742-4
690-2-50.

Menéndez-Arias L. HIV reverse transcriptase fidelity, clade diversity, and
acquisition of drug resistance. Human Immunodeficiency Virus Reverse Tran-
scriptase: A Bench-to-Bedside Success. New York: Springer; 2013. pp. 225-52.
https://doi.org/10.1007/978-1-4614-7291-9_11.

Arezi B, McCarthy M, Hogrefe H. Mutant of Moloney murine leukemia virus
reverse transcriptase exhibits higher resistance to common RT-gPCR inhibi-
tors. Anal Biochem Acad Press Inc. 2010;400:301-3. https://doi.org/10.1016/j.a
b.2010.01.024.

Oscorbin IP, Wong PF, Boyarskikh UA, Khrapov EA, Filipenko ML. The attach-
ment of a DNA-binding Sso7d-like protein improves processivity and resis-
tance to inhibitors of M-MuLV reverse transcriptase. FEBS Lett Wiley Blackwell.
2020;594:4338-56. https://doi.org/10.1002/1873-3468.13934.

Houlihan G, Arangundy-Franklin S, Porebski BT, Subramanian N, Taylor Al,
Holliger P. Discovery and evolution of RNA and XNA reverse transcriptase
function and fidelity. Nat Chem Nat Res. 2020;12:683-90. https://doi.org/10.1
038/541557-020-0502-8.

Sauter KBM, Marx A. Evolving thermostable reverse transcriptase activity in a
DNA polymerase scaffold. Angew Chem Int Ed. 2006;45:7633-5. https://doi.or
9/10.1002/anie.200602772.

Huber LB, Marchand V, Somturk M, Mller S, Marx A. Engineering of novel
DNA polymerase variants for single enzyme quantitative multiplex reverse
transcription-PCR [Internet]. Sci Rep. 2025 Jul:26147. https://doi.org/10.1038/
$41598-025-10211-x.

Ellefson JW, Gollihar J, Shroff R, Shivram H, lyer VR, Ellington AD. Synthetic
evolutionary origin of a proofreading reverse transcriptase. Sci (1979) Am
Association Advancement Sci. 2016;352:1590-3. https://doi.org/10.1126/scie
nce.aaf5409.

Malboeuf CM, Isaacs SJ, Tran NH, Kim B. Thermal Effects on Reverse Transcrip-
tion: Improvement of Accuracy and Processivity in cDNA Synthesis. Biotech-
nigues [Internet]. 2001;30:1074-84. https://doi.org/10.2144/01305rr06.
Alvarez M, Menéndez-Arias L. Temperature effects on the fidelity of a thermo-
stable HIV-1 reverse transcriptase. FEBS J. 2014;281:342-51. https://doi.org/10.
1111/febs.12605.

Bustin SA, Mueller R. Real-time reverse transcription PCR (GRT-PCR) and its
potential use in clinical diagnosis. Clin Sci. 2005:365-79. https://doi.org/10.10
42/CS20050086.

Kermekchiev MB, Kirilova LI, Vail EE, Barnes WM. Mutants of Tag DNA poly-
merase resistant to PCR inhibitors allow DNA amplification from whole blood
and crude soil samples. Nucleic Acids Res [Internet]. 2009,37:e40-40. https://
doi.org/10.1093/nar/gkn1055.


https://BioRender.com/y2vsgss
https://BioRender.com/tz8lah0
https://doi.org/10.1038/s41576-019-0113-7
https://doi.org/10.1002/1878-0261.12861
https://doi.org/10.1038/s41598-020-77119-6
https://doi.org/10.1093/jb/mvm217
https://doi.org/10.1093/jb/mvm217
https://doi.org/10.1128/jvi.80.5.2483-2494.2006
https://doi.org/10.1016/j.jbiotec.2010.09.961
https://doi.org/10.1016/j.jbiotec.2010.09.961
https://doi.org/10.1093/protein/gzs034
https://doi.org/10.1002/j.1460-2075.1990.tb07536.x
https://doi.org/10.1002/j.1460-2075.1990.tb07536.x
https://doi.org/10.1016/j.tibtech.2019.03.011
https://doi.org/10.1016/j.tibtech.2019.03.011
https://doi.org/10.1186/1742-4690-2-50
https://doi.org/10.1186/1742-4690-2-50
https://doi.org/10.1007/978-1-4614-7291-9_11
https://doi.org/10.1016/j.ab.2010.01.024
https://doi.org/10.1016/j.ab.2010.01.024
https://doi.org/10.1002/1873-3468.13934
https://doi.org/10.1038/s41557-020-0502-8
https://doi.org/10.1038/s41557-020-0502-8
https://doi.org/10.1002/anie.200602772
https://doi.org/10.1002/anie.200602772
https://doi.org/10.1038/s41598-025-10211-x
https://doi.org/10.1038/s41598-025-10211-x
https://doi.org/10.1126/science.aaf5409
https://doi.org/10.1126/science.aaf5409
https://doi.org/10.2144/01305rr06
https://doi.org/10.1111/febs.12605
https://doi.org/10.1111/febs.12605
https://doi.org/10.1042/CS20050086
https://doi.org/10.1042/CS20050086
https://doi.org/10.1093/nar/gkn1055
https://doi.org/10.1093/nar/gkn1055

Fonseca Costa et al. Journal of Biological Engineering (2026) 20:109

22, Arezi B, Hogrefe H. Novel mutations in Moloney Murine Leukemia Virus
reverse transcriptase increase thermostability through tighter binding to
template-primer. Nucleic Acids Res. 2009;37:473-81. https://doi.org/10.1093/
nar/gkn952.

23, Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ. Basic local alignment
search tool. J Mol Biol [Internet]. 1990;215:403-10. https://doi.org/10.1016/50
022-2836(05)80360-2.

24, Lemoine F, Correia D, Lefort V, Doppelt-Azeroual O, Mareuil F, Cohen-Boulakia
S, et al. NGPhylogeny.fr: New generation phylogenetic services for non-
specialists. Nucleic Acids Res. 2019;47:W260-5. https://doi.org/10.1093/nar/g
kz303.

25. Bianchini G, Sénchez-Baracaldo P, TreeViewer. Flexible, modular software to
visualise and manipulate phylogenetic trees. Ecol Evol John Wiley Sons Ltd.
2024;14(2):10873. https://doi.org/10.1002/ece3.10873.

26. Katoh K, Rozewicki J, Yamada KD. MAFFT online service: Multiple sequence
alignment, interactive sequence choice and visualization. Brief Bioinform Oxf
Univ Press. 2018;20:1160-6. https://doi.org/10.1093/bib/bbx108.

27. Bond CS, Schittelkopf AW. ALINE: A WYSIWYG protein-sequence alignment
editor for publication-quality alignments. Acta Crystallogr D Biol Crystallogr.
2009;65:510-2. https://doi.org/10.1107/50907444909007835.

28. Sequeira AF, Brés JLA, Fernandes VO, Guerreiro CIPD, Vincentelli R, Fontes
CMGA. A novel platform for high-throughput gene synthesis to maximize
recombinant expression in Escherichia coli. Methods in Molecular Biology.
2017:113-28. https://doi.org/10.1007/978-1-4939-7060-5_7.

29.  Cheung RCF, Wong JH, Ng TB. Immobilized metal ion affinity chromatogra-
phy: a review on its applications. Appl Microbiol Biotechnol. 2012:1411-20.
https://doi.org/10.1007/500253-012-4507-0.

30.  Coffin JM, HSH,VHE, editor. Retroviruses. Cold Spring Harbor. editor. (NY): Cold
Spring Harbor Laboratory Press; 1997.

31. Johnson WE. Origins and evolutionary consequences of ancient endogenous
retroviruses. Nat Rev Microbiol Nat Publishing Group. 2019:355-70. https://do
i.0rg/10.1038/541579-019-0189-2.

32. Nowak E, Potrzebowski W, Konarev PV, Rausch JW, Bona MK, Svergun DI, et al.
Structural analysis of monomeric retroviral reverse transcriptase in complex
with an RNA/DNA hybrid. Nucleic Acids Res. 2013;41:3874-87. https://doi.org
/10.1093/nar/gkt053.

33.  Menéndez-Arias L. Mechanisms of resistance to nucleoside analogue inhibi-
tors of HIV-1 reverse transcriptase. Virus Res. 2008;134:124-46. https://doi.org/
10.1016/].virusres.2007.12.015.

34. Baba M, Kakue R, Leucht C, Rasor P, Walch H, Ladiges D, et al. Further increase
in thermostability of Moloney murine leukemia virus reverse transcriptase

35.

36.

37.

38.

39.

40.

41.

42.

43.

Page 18 of 18

by mutational combination. Protein Engineering, Design and Selection.
2016;30:551-7. https://doi.org/10.1093/protein/gzx046.

Katano Y, Li T, Baba M, Nakamura M, Ito M, Kojima K; et al. Generation of ther-
mostable Moloney murine leukemia virus reverse transcriptase variants using
site saturation mutagenesis library and cell-free protein expression system.
Biosci Biotechnol Biochem Japan Soc Bioscience Biotechnol Agrochemistry.
2017;81:2339-45. https://doi.org/10.1080/09168451.2017.1394790.

Yang Y, Zhang J, Li Z, Qi H. Enhancing thermostability of Moloney murine
leukemia virus reverse transcriptase through greedy combination of multiple
mutant residues. Bioresour Bioprocess Springer. 2025;12(1):12. https://doi.org
/10.1186/540643-025-00845-0.

Oscorbin IP, Filipenko ML. M-MulLV reverse transcriptase: Selected properties
and improved mutants. Comput. Struct. Biotechnol. J. Elsevier BV. 2021:6315-
27. https://doi.org/10.1016/j.csbj.2021.11.030.

Baneyx F, Mujacic M. Recombinant protein folding and misfolding in Esch-
erichia coli. Nat Biotechnol. 2004:1399-407. https://doi.org/10.1038/nbt1029.
Divbandi M, Yamchi A, Nikoo HR, Moradi A, Tabarraei A. Expression of thermo-
stable MMLV reverse transcriptase in Escherichia coli by directed mutation.
AMB Express [Internet]. 2024;14:113. https://doi.org/10.1186/513568-024-017
73-6.

Wolfel R, Corman VM, Guggemos W, Seilmaier M, Zange S, Miller MA, et al.
Virological assessment of hospitalized patients with COVID-2019. Nat Nat Res.
2020;581:465-9. https://doi.org/10.1038/541586-020-2196-x.

Notomi T, Okayama H, Masubuchi H, Yonekawa T, Watanabe K, Amino N, et al.
Loop-mediated isothermal amplification of DNA. Nucleic Acids Res [Internet].
2000;28:63-63. https://doi.org/10.1093/nar/28.12.e63.

Tanner NA, Zhang Y, Evans TC. Visual Detection of Isothermal Nucleic Acid
Amplification Using pH-Sensitive Dyes. Biotechniques. 2015;58:59-68. https:/
/doi.org/10.2144/000114253.

Simdes RSRM, Teodoro JPST, Gomes PMB, de Andrade Fontes CMG. Bringing
the heat: Thermostable analogs of Bst polymerase allow high-temperature
LAMP. Eur J Clin Invest. 2025;55(10):e70071. https://doi.org/10.1111/eci.70071.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://doi.org/10.1093/nar/gkn952
https://doi.org/10.1093/nar/gkn952
https://doi.org/10.1016/S0022-2836(05)80360-2
https://doi.org/10.1016/S0022-2836(05)80360-2
https://doi.org/10.1093/nar/gkz303
https://doi.org/10.1093/nar/gkz303
https://doi.org/10.1002/ece3.10873
https://doi.org/10.1093/bib/bbx108
https://doi.org/10.1107/S0907444909007835
https://doi.org/10.1007/978-1-4939-7060-5_7
https://doi.org/10.1007/s00253-012-4507-0
https://doi.org/10.1038/s41579-019-0189-2
https://doi.org/10.1038/s41579-019-0189-2
https://doi.org/10.1093/nar/gkt053
https://doi.org/10.1093/nar/gkt053
https://doi.org/10.1016/j.virusres.2007.12.015
https://doi.org/10.1016/j.virusres.2007.12.015
https://doi.org/10.1093/protein/gzx046
https://doi.org/10.1080/09168451.2017.1394790
https://doi.org/10.1186/s40643-025-00845-0
https://doi.org/10.1186/s40643-025-00845-0
https://doi.org/10.1016/j.csbj.2021.11.030
https://doi.org/10.1038/nbt1029
https://doi.org/10.1186/s13568-024-01773-6
https://doi.org/10.1186/s13568-024-01773-6
https://doi.org/10.1038/s41586-020-2196-x
https://doi.org/10.1093/nar/28.12.e63
https://doi.org/10.2144/000114253
https://doi.org/10.2144/000114253
https://doi.org/10.1111/eci.70071

	﻿Natural diversity-guided catalytic-core chimerism engineers a rapid and inhibitor-tolerant reverse transcriptase
	﻿Abstract
	﻿Highlights
	﻿Graphical Abstract
	﻿Background
	﻿Materials and methods
	﻿Mining natural MuLV RT diversity and phylogenetic analysis
	﻿Gene synthesis, cloning, expression, and purification of RT variants
	﻿Thermostability analysis and protein thermal shift assay
	﻿One-step RT-qPCR
	﻿Two-step RT-qPCR
	﻿Resistance to PCR inhibitors assay
	﻿RT-LAMP assays
	﻿One-step RT-qPCR master mix formulation and diagnostic validation
	﻿Statistical analysis

	﻿Results
	﻿Mining natural MuLV reverse transcriptase diversity reveals extensive sequence variation within the polymerase core
	﻿Construction and expression of a chimeric RT library based on natural polymerase-core diversity
	﻿Functional screening identifies chimeric RTs with robust activity across an expanded temperature range
	﻿Chimeric RTs display resistance to clinically relevant PCR inhibitors
	﻿chRT V18 enables efficient and fast cDNA synthesis across a broad temperature range
	﻿The diagnostic performance of chRT V18 is encoded within its catalytic core and enhanced by scaffold context
	﻿chRT V18 supports high-temperature RT-LAMP amplification beyond conventional RT limits
	﻿Validation of chRT V18-based one-step RT-qPCR master mixes for diagnostic performance

	﻿Discussion
	﻿Conclusions
	﻿References


