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Abstract

Moloney murine leukemia virus reverse transcriptase (MMLV-RT) is the most frequently used enzyme in molecular biology
for cDNA synthesis. To date, reverse transcription coupled with Polymerase Chain Reaction, known as RT-PCR, has been
popular as an excellent approach for the detection of SARS-CoV-2 during the COVID-19 pandemic. In this study, we aimed
to improve the enzymatic production and performance of MMLV-RT by optimizing both codon and culture conditions in E.
coli expression system. By applying the optimized codon and culture conditions, the enzyme was successfully overexpressed
and increased at high level based on the result of SDS-PAGE and Western blotting. The total amount of MMLV-RT has
improved 85-fold from 0.002 g L~ to 0.175 g L' of culture. One-step purification by nickel affinity chromatography has
been performed to generate the purified enzyme for further analysis of qualitative and quantitative RT activity. Overall, our
investigation provides useful strategies to enhance the recombinant enzyme of MMLV-RT in both production and perfor-
mance. More importantly, the enzyme has shown promising activity to be used for RT-PCR assay.

Keywords Codon optimization - Escherichia coli - Heterologous expression - Moloney murine leukemia virus - Reverse
transcriptase

1 Introduction

Reverse transcriptase (RT) has been initially discovered in
1970 and isolated from retrovirus (tumor viruses) [1, 2]. The
name of retrovirus originally derives from the capability of
these viruses to perform the replication in host cells by con-
verting their RNA genomes into DNA. The process which
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is called reverse transcription naturally occurred due to the
presence of RT enzymes [3]. Briefly, RT is an RNA-dependent
DNA polymerase that converts a sequence of single-stranded
RNA as a template into a sequence of complementary DNA
(cDNA) as a product [4]. The source of RT can be found in
human immunodeficiency virus (HIV), Moloney murine leu-
kemia virus (MMLYV), avian myeloblastosis virus (AMV), and
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other retrovirus [5]. Generally, RT is a monomeric or dimeric
protein that has two active sites consisting of both DNA poly-
merase and RNase H endonuclease [6].

The discovery of RT has revolutionized modern molecular
biology and led to the revision of central dogma, in which
the alteration of DNA into RNA becomes a reversible step.
The finding has also encouraged scientists to evolve advanced
research in transcriptomics [7]. In addition, the enzyme
plays an important role as a molecular tool in RT-PCR, RNA
sequencing, analysis of gene expression, cDNA cloning, and
any other molecular approach that involves the synthesis of
cDNA from RNA molecules [8]. Moreover, RT is responsible
for the first step procedure in RT-PCR. In the 2019 coronavirus
disease (COVID-19) pandemic era, the use of the enzyme in
RT-PCR has been essential and crucial as the approach is con-
sidered to be the gold standard for the COVID-19 diagnostic
test [9, 10]. The RT from MMLYV is the most extensively used
and preferred in molecular research or laboratory works due to
its high catalytic activity and fidelity, thus it is commercially
valuable and promising [11]. For those reasons, MMLV-RT
has been further investigated in this study.

Previous studies have reported that the thermostability and
efficiency of MMLV-RT can be improved by utilizing some
strategies such as site-directed mutagenesis, rational design,
and recombinant enzyme production using E. coli expression
system [12, 13]. Potent RNase H activity is beneficial in PCR
application to degrade RNA in RNA-DNA duplex during the
first cycles of PCR. On the contrary, with long RNA tem-
plates, RNase H activity may early degrade RNA resulting
in truncated cDNA. Therefore, low RNase H activity has the
advantage to produce good quality of long transcripts in cDNA
amplification [14]. By reducing RNase H activity, MMLV-RT
has been regarded to be more thermostable. In consequence,
non-specific binding of primers during amplification and RNA
secondary structure can be minimized [15].

The present study attempts to develop the MMLV-RT using
a synthetic gene by employing E. coli strain BL21 star as an
expression host. The protein sequence of wild-type MMLV
that encodes RT has been modified to decrease RNase H activ-
ity. The substitution of amino acids has been made and posi-
tioned at Y139A, T197E, and F139N according to the earlier
study by Potter and Rosenthal [16]. The study has focused on
combining the optimization of codon and culture conditions in
order to seek effective ways of boosting recombinant MMLV-
RT production in E. coli. The protein obtained has been puri-
fied and applied for RT-PCR assay to observe its performance
and activity. Hence, this study was objected to supposedly find

Fig. 1 The expression cassetteof
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optimum conditions and produce the highest content and activ-
ity of purified RT in the laboratory scale.

2 Materials and Methods
2.1 Bacterial Strain, Plasmid, and Medium

The host strain for protein expression used in this study
was Escherichia coli BL21 Star (DE3) (Invitrogen). Plas-
mid pD451 for expression vector was synthesized by
ATUM, Inc (Newark, CA) harboring reverse transcriptase
gene from MMLV and containing isopropyl p-b-1-
thiogalactopyranoside (IPTG)-inducible T7 promoter, ori
pUC, and kanamycin antibiotic marker. Luria-Bertani (LB)
medium was purchased from Sigma-Aldrich (USA).

2.2 Design of Synthetic Gene Encoding MMLV-RT

A gene sequence encoding MMLV-RT was designed accord-
ing to US Patent No 8541219 B2 [16]. The target protein has
three mutations (Y139A, T197E, and F139N) and consists
of 504 aa. In the construction of the expression cassette, a 6
X Histidine tag was added at the N-terminal of MMLV-RT
sequence followed by the enterokinase cleavage site (Fig. 1).
The solubility of the target protein was determined using
SOLUPROT v1.0 followed by disulfide bond analysis using
DISULFIND software [17, 18]. The full-length construct
of his-MMLV-RT sequence was then subjected to Gene
Designer software for codon optimization according to E.
coli codon usage (performed by ATUM, Inc). The resulting
gene sequence has been analyzed using other software to get
a more optimum codon sequence. Codon adaptation index
(CAI) and % GC of the gene sequences was calculated using
CAl/cal [19]. The mRNA folding energy profile near the
translation initiation region (TIR) was observed using RNA-
fold and RNAstructure [20]. After that, the codon sequence
was reoptimized using the IDT codon optimization tool
to get the desired codon sequence [21]. Subsequently, the
codon-optimized sequence was translated into protein using
the Expasy translate tool and aligned with the initial tem-
plate using Clustal Omega to check the mutation [22, 23].
Lastly, the codon-optimized gene encoding MMLV-RT was
synthesized, sequenced-verified, and cloned into pD451-SR
containing T7 promoter by ATUM, Inc (Newark, CA).
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2.3 Transformation of MMLV-RT Plasmid into E. coli
BL21

The constructed plasmid, pD451-SR_MMLV-RT, contain-
ing gene encoding M-MLV RT was transformed into E.
coli BL21 star (DE3) using PEG method. The PEG method
was performed following protocol described by Chung
et al. with several modifications [24]. Transformants were
plated on LB agar plates containing 30 mg L~! kanamycin
and the plates were incubated at 37 °C for 16 h. Transfor-
mant colonies on LB-kanamycin agar plates were selected
for further colonies screening.

2.4 Expression and Optimization of Induction
Conditions for Recombinant Protein Expression

To achieve the optimum conditions for the expression of
MMLV-RT, variations of temperature, inducer concen-
tration, post-incubation time, and pre-induction optical
density were performed. The expression of the recombi-
nant protein upon varying conditions was analyzed using
SDS-PAGE.

2.4.1 Variation of Temperature

Upon transformation of the plasmid to the E. coli BL21 Star
(DE3) strain, single bacterial colonies were selected from
the transformants and inoculated into 5 mL of LB medium
supplemented with 30 mg L~! kanamycin (LB-kanamycin)
and 0.4% glucose. The pre-culture was grown for 16 h at
37 °C, 165 rpm. A volume of 1% of overnight pre-culture
was inoculated to 22 mL of LB-kanamycin at 37 °C until the
culture reached the ODg, of 0.8—1. Subsequently, the cul-
ture was induced with 0.2 mM of IPTG. After the addition of
the inducer, for the temperature optimization, cultures were
incubated at 18 and 37 °C overnight.

2.4.2 Variation of Inducer Concentration

A volume of 1% overnight pre-culture was inoculated in 22
mL of LB-kanamycin medium. After reaching the ODg, of
0.8—1, cultures were induced with various concentrations of
IPTG (0.1, 0.2, 0.4, 0.6, 0.8, and 1 mM) and subsequently
incubated at the chosen temperature overnight.

2.4.3 Variation of Post-induction Incubation Time

A further step was to vary the post-induction incubation
time. Once an ODg, reached at 0.8—1.0, cultures were
induced with IPTG, which imposed the highest protein

concentration and incubated at 18 °C. The time of incuba-
tion varied at 6, 12,18, 24, 30, and 36 h.

2.4.4 Variation of Pre-induction Optical Density

Final experiment was to optimize the optical density of
the culture. Cultures were grown until the ODg, reached
0.4, 0.6, 0.8, and 1. The analysis of expression for each of
ODgy variations was performed. All optimized param-
eters obtained from this step were applied for further
investigation.

2.5 Analysis of Expression by SDS-PAGE

The enzyme expression was observed using sodium dode-
cyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
[25]. The treatment of cell pellets at the end of cultivation
for each of the expression conditions was performed accord-
ing to Larentis et al. with modifications [26]. Briefly, at the
end of cultivation, the culture was transferred to 50 mL
conical flask and cells were harvested by centrifugation at
8000 rpm for 6 min at 4 °C. The cell pellet was prepared in
25 mM Tris-HCl buffer (pH 8) and placed on ice during cell
disruption by sonication. Afterwards, the suspension was
then centrifuged at 14,000 rpm for 15 min at 4 °C to obtain
the cell-free extract (soluble fraction). For the variation
of temperature, the total (fractions directly obtained after
sonication, prior to centrifugation of suspension), soluble,
and insoluble fractions were subjected to SDS-PAGE, while
only the soluble fractions of the remaining variations were
subjected to SDS-PAGE. Protein bands were stained with
Coomassie Brilliant Blue and the concentration was deter-
mined using bovine serum albumin (BSA) as a standard.
The protein band was then analyzed using ImageJ and the
content of that in each variation was estimated by compar-
ing the area under curved (AUC) of samples to the standard.

2.6 Expression and Purification of Recombinant
MMLV-RT

E. coli BL21 Star (DE3) harboring pD451-SR_MMLV-RT
was grown for pre-culture in LB-kanamycin medium con-
taining 0.4% glucose at 37 °C with shaking at 165 rpm for
16 h. The 1% of pre-culture (220 ul) was inoculated to 22
mL LB-kanamycin medium, and the culture was incubated
at 37 °C with shaking at 165 rpm. When the absorbance of
culture reached 1.0 at 600 nm, 0.2 mM IPTG was added to
induce the synthesis of MMLV-RT. The overexpression of
MMLV-RT was performed overnight at 18 °C with shaking
at 165 rpm. The cells were then harvested by centrifuga-
tion at 4 °C for 6 min at 8000 rpm and resuspended in 50
mM Tris-HCI buffer (pH 8.0). The resuspended cells were
disrupted by sonication and the cell debris was cleared
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by centrifugation at 4 °C for 15 min at 14,000 rpm. The
obtained supernatant was loaded onto a HisTrap™ HP (1
mL; Cytiva) column equilibrated with 20 mM sodium phos-
phate (pH 7.4) containing 500 mM NaCl and 20 mM imida-
zole. The bound protein was gradually eluted with 20 mM up
to 500 mM imidazole in a 20 mM sodium phosphate buffer
(pH 7.4) containing 500 mM NaCl. The eluted fractions
were pooled together and dialyzed against 50 mM Tris-HCl
buffer (pH 8.0) to remove imidazole. The first dialysis was
performed at 4 °C for 6 h and continued with the second
dialysis at the same temperature overnight. The purity of
MMLV-RT was evaluated by SDS-PAGE on a 10% poly-
acrylamide gel and the protein concentration was examined
in accordance with the previous method [27].

2.7 Western Blotting

Purified recombinant MMLV-RT protein was applied onto
acrylamide gel, then transferred to nitrocellulose membranes
using Mini Protean® II trans blot unit (Bio-Rad). The mem-
brane was blocked with BSA/TBST solution for 1 h at room
temperature with shaking. The membrane was washed two
times with TBST solution for 10 min each and incubated
with HisProbe-HRP (Thermo Scientific, US) working solu-
tion for 1 h with shaking. After that, the washing step was
repeated four times, and detection was performed by adding
KPL TMB Peroxidase substrate directly to the membrane.

2.8 Activity Assay

For qualitative assay, viral RNA of SARS-CoV-2 was used
as a template. A two-step RT-PCR assay consisting of
reverse transcription and PCR was performed according to
the ARTIC nCoV-2019 sequencing protocol V3 (LoCost)
[28]. Firstly, the complementary DNA (cDNA) was synthe-
sized using Lunascript-No RT supermix (New England Bio-
labs/NEB) added with SuperScript IV Reverse Transcriptase
(Thermo Fisher Scientific) as a positive control. Meanwhile,
a negative control was prepared using Lunascript-No RT
supermix only and samples were treated by adding Lunas-
cript-No RT supermix with 2 pL of purified MMLV-RT,
respectively. All reactions for cDNA synthesis were carried
out in 10 pL reaction mixtures and then incubated as follows:
25 °C for 2 min, 55 °C for 10 min, 95 °C for 1 min, and
hold at 4 °C. The cDNA obtained was amplified using Q5
Hot Start High-Fidelity Master Mix (NEB) and V3 primers
(IDT) to generate overlapping 400 bp (bp) amplicons cover-
ing the SARS-CoV-2 genome. The PCR reaction was set up
for 30 cycles. All PCR products were run in 1.2% agarose
gel using an electrophoresis instrument and visualized using
a UV Transilluminator.

For quantitative assay, The RT activity was measured
using EnzChek RT assay kit (Invitrogen) following the
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manufacturer’ instruction. All standards and samples were
applied in 5 pL of each reaction. Serial dilutions of commer-
cial MMLV-RT (SSIV, Thermo Fisher Scientific) were used
as standards. The reaction was stopped with 200 mM EDTA
and DNA-RNA duplex obtained from a mixture of poly(A)
template, oligo-dT primer and dTTP was detected by the
PicoGreen dye. The RT activity was determined by fluo-
rescence intensity using a microplate reader with standard
wavelengths of excitation and emission at 480 and 520 nm,
respectively.

3 Results
3.1 Design of Bene Encoding MMLV-RT

According to US Patent No 8541219 B2, the mutant variant
of MMLV-RT that has been chosen in this study has reduced
RNase H activity compared to the native. The solubility of
the target protein was determined using SOLUPROT and
gave a score of 0.873 of 1, indicating that the protein was
compatible with expression in the E. coli system. This result
was strengthened by DISULFIND software analysis which
showed no intramolecular disulfide bond formation inside
the target protein (data not shown). The amino acid sequence
of the target protein was then used as a template for design-
ing the synthetic gene. Even though both DNA and amino
acid sequence can be used as a template, the latter was pre-
ferred because the target protein is an unnaturally found
mutant variant.

Improving heterologous protein expression through codon
optimization can increase the commercial value of its recom-
binant protein product. Codon optimization was done by
replacing the native codon with E. coli codon usage. Only
synonymous codon usage within the open reading frame was
varied. The initial codon-optimized sequence was generated
by Gene Designer. Even though the CAI value is good, the
result of the gene’s parameter analysis using CAl/cal showed
that the %GC of the third nucleotide in the codon is still
high (Table 1). Because it is fundamental in mRNA second-
ary structure formation, the value must be lowered until it
is close to the %GC3 of E. coli listed on the codon usage
table (Kazusa). Sequence re-optimization was carried out
by randomly picking the AT-rich codon except for the rare
codon using IDT codon optimization tool. As a result, the
%GC3 was decreased from 66.7 to 59.7% which is closer to
the requirement of E. coli %GC3 (57.23%).

The mRNA folding energy of near TIR is also controlled
using RNAfold and RNAstructure software. Table 2 showed
the nucleotide sequence used for mRNA folding analysis.
The result from RNAfold and RNAstructure showed that
the initial mRNA folding energy values were low enough to
produce spontaneous mRNA folding formation (Table 1). To
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Table 1 Analysis of codon

L . Gene sequences CAI %GC mRNA folding energy
optimization of gene encoding (kcal/mol)
MMLV-RT
Average %GC1 %GC2 %GC3 RNAfold RNAstructure
Initial 0.788 57.8 65.1 415 66.7 - 10.9 —10.9
Final 0.789 55.7 67.7 424 57.1 —-48 —-438

Table 2 Nucleotide sequences near translation initiation region that are used for mRNA folding analysis. The ribosome binding site is shown in

yellow color and the codon wobble variants are shown in red color

Nucleotide sequences

Initial
Final

AAT AAT TTT GTT TAA CTT TTT GAG ACC TTA AGG AGG TAA AAA ATG CAT CAC CAT CAT CAT CAT GAT GAC GAT
AAT AAT TTT GTT TAA CTT TTT GAG ACC TTA AGG AGG TAA AAA ATG CAT CAT CAC CAT CAC CAC GAC GAC GAT

increase the mRNA folding energy, the synonymous codon
substitution was performed. The result showed the increase
of mRNA folding energy which means the unstable mRNA
secondary structure (Table 1).

The final sequence should be confirmed to ensure there
was no mutation at the protein level after the codon optimi-
zation process. ExPASy translate tool was used to convert
DNA sequence into amino acids (Supplementary Fig S1).
Then, the translated protein was aligned with the initial tem-
plate using Clustal omega and the result showed no mutation
has occurred (Supplementary Fig S2).

3.2 Expression and Induction Conditions
for Optimal Recombinant Protein Expression

3.2.1 Post-induction Temperature

Prior to varying the culture conditions, the expression of
MMLV-RT was performed under the condition of 37 °C,
using 0.2 mM IPTG at the OD of 0.8-1, and incubated over-
night. Expression and solubility of MMLV-RT was analyzed
using SDS-PAGE as depicted in Fig. 2. At 37 °C, the recom-
binant enzymes were overexpressed in its insoluble fraction.
This result indicated that the host cell formed inclusion bod-
ies. To obtain a more soluble recombinant enzyme, we var-
ied culture conditions, including post-induction temperature
at 18 °C, 27 °C, and 37 °C. The estimated protein yield for
each variation is displayed in Fig. 3. As indicated, the culture
shows a higher level of protein yield suggesting significant
improvement of its solubility at 18 °C. The protein yield
for soluble fraction (0.065 g L™!) was 32 times higher than
that at 37 °C (0.002 g L), and twice higher compared to
protein at 27 °C. This result is in agreement with the SDS-
PAGE of total, soluble, and insoluble fractions, depicted in
Fig. 2. At 18 °C, it was observed that the targeted protein
was expressed more in soluble fraction than that at 37 °C
and 27 °C.

kDa

180
130

100
70

55 — - —

35—

25—

Fig.2 SDS-PAGE of cultures at various temperatures. Lane M,
molecular weight protein marker; Lane 1-3at temperature of 37 °C;
Lane 4-6 at temperature of 27 °C; Lane 7-9 attemperature of 18 °C;
Lane 1, 4, 7, total fractions; Lane 2, 5, 8, solublefractions; Lane 3, 6,
9: insoluble fractions
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Fig.3 Estimated protein yield in correlation to induction temperature
andbacterial biomass (ODg)
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In terms of bacterial biomass, the optical density at the
end of cultivation for all tested temperatures were quite
similar (5.63, 5.85, and 5.51 at 37 °C, 27 °C, and 18 °C,
respectively). Based on the above results, we selected a post-
incubation temperature of 18 °C as the preferred temperature
for further studies.

3.2.2 IPTG Concentrations

The concentration of IPTG was varied to seek the optimum
IPTG concentration to induce MMLV-RT. The concentra-
tion ranges used were from 0.1 to 0.8 mM of IPTG and
no inducer was applied for the negative control. The esti-
mated protein yield for each of the variations was shown
in Fig. 4. According to Fig. 4, IPTG concentration of 0.1
mM is sufficient to boost the MMLV-RT expression (0.074 g
L~1). Apparently, in the range of 0.1-0.8 mM, the protein
yield obtained was not significantly different. Increasing the
IPTG concentration to more than 0.1 mM did not improve
the yield.

As for the biomass, based on Fig. 4, it can be observed
that the optical densities of induced cultures showed no sig-
nificant differences. Considering the results, 0.1 mM was the
most suitable concentration of IPTG, thus it was selected for
promoting MMLV-RT expression.

3.2.3 Post-induction Incubation Time

The effect of diverse post-induction incubation time was
also studied. We varied the incubation time from 6 to 24 h.
The estimated protein yield increased as the time of incuba-
tion was prolonged (Fig. 5). The yield upon 24 h of post-
incubation time reached the highest with 0.083 g L™!. This
value was 1.3-3 times higher than those obtained in other
incubation times. Extending the incubation to over 24 h was

0.20 1 r7.0
0.18 1 e
T 0.16 A '
§014‘ = = T = F 5.0
> . —
[S)
0.12 1 L
4.0§
0.10 T g

0.00 -
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0.04 1
1.0
0.02
- 0.0
0 0.1 0.2 0.4 0.8

IPTG Concentration (mM)
H Protein yield (g/L) 0D600

Fig.4 Estimated protein yield in correlation to IPTG concentration
andbacterial biomass

@ Springer

0.20 r7.0
0.18
F 6.0
0167
[J]
o J - [50
o .
=3 4
gonr - F40 o
B g
20 0.10 8
kel L
T 0.08 - 3.0
>
c |
5 0.06 F 2.0
g 0.04
- F 1.0
0.02 I
0.00 — 0.0
0 6 12 18 24
Time (h)

M Protein yield (g/L) 0D600

Fig.5 The estimated protein concentration as the function of post-
inductionincubation time and bacterial biomass

not required as this led to the lowering of protein yield (data
not shown).

Optical densities of the cultures were also observed for
each post-induction time. According to Fig. 5, the values
follow the same trend as the protein yield. The biomass
increased as the incubation time got prolonged and reached
maximum at 24 h. Considering the results, 24 h of incuba-
tion was selected as the optimum post-induction incubation
time.

3.2.4 Initial Pre-induction Optical Density (ODg)

The OD of culture at initial pre-induction was varied. Cul-
tures were incubated until they reached the OD of 0.4-2. As
it can be observed from Fig. 6, induction performed at the
OD of 0.4 is sufficient to obtain the highest estimated pro-
tein yield of MMLV-RT. There was no significant increase
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Fig.6 The estimated protein concentration and bacterial biomass in
correlationto initial pre-induction OD and bacterial biomass



Expression of Codon-Optimized Gene Encoding Murine Moloney Leukemia Virus Reverse... 521

upon inducing the culture at the OD of 0.8, while induction
performed at the OD of 1 and 2 lowered the result.

In addition to protein yield, we also observed the optical
densities of the cultures to measure bacterial biomass. The
same trend was observed, as the induction performed at OD
of 0.4-0.8 resulted in similar biomass at the end of culti-
vation. However, induction at the OD of 1-2 led to lower
bacterial biomass. Considering both the yield and bacterial
biomass, we chose to employ the induction at OD 0.4 as the
preferred condition. The protein yield obtained when per-
forming the induction in the current condition (0.175 g Lh
was apparently improved 85 times than that obtained upon
employing the initial condition (0.002 g L ™).

3.3 Purification of Recombinant MMLV-RT

Purification of MMLV-RT was performed to obtain quite
a high purity of the enzymes before enzyme activity assay.
The enzyme was overexpressed in E. coli BL21 star (DE3)
in LB-kanamycin. The purified enzyme was obtained after
purification by Ni-affinity chromatography (Ni Sepharose®
excel). The purity of the enzyme was analyzed using SDS-
PAGE. A high purity MMLV-RT was successfully obtained
with the molecular mass at 58 kDa, in accordance with the
molecular weight predicted from the amino acid sequence.
Due to 11 additional residues in the N-terminus from the
His-Tag fragment and enterokinase site, the molecular mass
of the N-terminal His-Tag fusion MMLV-RT was approxi-
mately 2 kDa larger than without the His-Tag (approximately
56 kDa). According to the BCA assay, the purified MMLV-
RT generated the total protein concentration of 0.0084 g L™".
The expression of the enzyme was examined by western blot
analysis using Hisprobe ™-HRP conjugate. Figure 7 showed
that MMLV-RT was detected and had a molecular weight
of 58 kDa. The result was in agreement with SDS-PAGE
analysis.

3.4 Activity of Recombinant MMLV-RT

In order to confirm the activity of MMLV-RT, an RT-PCR
assay was carried out. In the first step of RT-PCR, viral RNA
was successfully reverse-transcribed into cDNA by our puri-
fied recombinant MMLV-RT. The reagent mixture that con-
sists of random hexamer and oligo d(T) primers, dNTPs,
and RNase inhibitor was combined with the commercial
(Thermo Fisher Scientific) and purified RTs. The step was
continued to PCR amplification using the template obtained
in the previous step. The desired result was achieved in the
PCR product. The amplification generated a single band with
a~400 bp DNA fragment. The recombinant RT was used in
different volumes to amplify a 400 bp fragment. The puri-
fied recombinant RT showed that it could be used in PCR
amplification compared to the commercial RT.

(ka) M 1 2
250—

150— (kDa)

100—
7%—

50—

37—

25—

(A) (B)

Fig.7 Heterologous expression of MMLV-RT in E. coli BL21 star
(DE3). A SDS-PAGE analysis using 10% acrylamide gels. Lane M,
molecular weight protein marker; Lane 1, crude cell-free extract;
Lane 2, purified MMLV-RT protein. B Western blot analysis of
MMLV-RT. Lane M, molecular weight protein marker; Lane 1, puri-
fied MMLV-RT

1000 bp

500 bp 400 bp

250 bp

Fig.8 Assessment of RT activity by RT-PCR using a SARS-CoV-2
cDNA template, V3 primer pair, and the purified MMLV-RT sample.
Lane M, 1 Kbp of molecular weight DNA marker; Lane 1, commer-
cial RT (SSIV, Thermo Fisher Scientific); Lane 2, negative control of
PCR lacking RT; Lane 3, purified MMLV-RT

As shown in Fig. 8, the expected amplified DNA is
marked in line with an arrow. A 3 pL of respective PCR
product was loaded in lanes 1, 2, and 3. The DNA fragment
amplified of our recombinant RT showed closely equivalent
to that of commercial RT. Negative control was included in
RT-PCR assay to detect the possibility of DNA contamina-
tion, such as genomic DNA or amplicons of PCR products
from previous experiments. Reverse transcription did not
occur in this assay because the control contains all the reac-
tion components except for the RT.

A summary of MMLV-RT purification and relevant
details regarding total activity, total protein, and specific
activity are presented in Table 3. A one-step purification
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Table 3 Purification and activity of the recombinant MMLV-RT

Purification step Total activity (U) Total protein Specific activity (U/mg) Purification (fold) Yield (%)
(mg/200 mL cul-
ture)
Crude enzyme 82,490.95 56.13 1469.63 1 100
HisTrap™ HP 8,857.68 1.68 5275.02 3.59 10.74

procedure was carried out using Ni-affinity chromatogra-
phy. In the end, the purification generated 3.59 fold with a
10.74% yield of purified MMLV-RT.

4 Discussion

RT is a well-known enzyme in the biotechnology field due
to its numerous applications when combined with PCR
including for the expression genes examination, transcript
variant detection, and cDNA template synthesis for cloning
and sequencing. In general, there are three key activities of
RT: (i) the synthesis of the DNA strand complementary to
the RNA template by RNA-dependent DNA polymerase, (ii)
the degradation of the RNA strand in RNA-DNA hybrids
by RNase H endonuclease, and (iii) the conversion of the
single-stranded cDNA into double-stranded DNA by DNA-
dependent DNA polymerase activity [7, 8]. An earlier study
has reported that RT with good catalytic activity, low RNase
H activity, and stability at high temperatures are desirable in
biotechnological applications [29]. Among various sources
of RTs, RT from MMLYV is the most frequently and prefer-
ably produced in the industry [30]. The current study has
attempted to increase the production and performance of
the MMLV-RT. Some strategies have been performed to
achieve these goals. Firstly, we sought an effective way to
produce MMLV-RT using a synthetic gene based on a pat-
ent reference in which the original amino acid sequence has
been changed at Y139A, T197E, and F139N to diminish the
RNase H activity. Several studies have revealed the signifi-
cant rise of MMLV-RT activity could be reached by mutat-
ing the amino acid sequences and generating mutants such
as E69K/E302R/W313F/L435G/N454K and L139P/D200N/
T330P/L603W/E607K [31, 32].

Secondly, codon optimization was designed to enhance
the level of MMLV-RT expression. Although there has been
some research on improving enzymatic production, the study
of codon optimization for the MMLV-RT-encoding gene is
still limited information. When a recombinant enzyme is
heterologously expressed, codon optimization is fundamen-
tal to perform. Typically, each organism has its own bias
and preference to use 61 available codons [33, 34]. In this
study, codon optimization of MMLV-RT was performed
according to the E. coli codon usage. The coding sequence
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of MMLV-RT from the original source has been substituted
with synonymous codons that encode the same amino acids
for E. coli aiming to rise the expression level. The use of the
synthetic gene allowed us to perform synonymous codon
substitutions in order to obtain optimal codons. Previous
studies reported that codon replacement has proven to have a
notable impact on gene expression levels and protein folding
[35, 36]. The frequency of codons used amongst organisms
is diverse and it has a positive correlation with the concen-
tration of tRNA, which can determine the number of amino
acids available and the efficiency of protein translation [37,
38]. In other words, codon optimization is essential for pro-
ducing highly expressed proteins in this study because genes
with optimal codons in E. coli are preferable to encode and
translate into protein. The presence of rare codons in E. coli
tends to decrease the rate of translation, even cause transla-
tion error, and resulted in producing truncated recombinant
enzymes. All of these things are associated with ribosome
stalling. When the tRNA level is depleted, the ribosome
can stop the protein synthesis and lead to produce inactive
enzymes. Therefore, converting the original DNA sequence
into an optimized codon version is vital to improve trans-
lation efficiency, which impacts protein conformation and
stability [39, 40, 41]

Furthermore, one of the primary indexes used for codon
optimization to predict the protein expression level is the
Codon Adaptation Index (CAI). The CAI is a simple and
effective measure of synonymous codon usage bias [42].
CAI value reflects how well our synthetic gene sequence
can adapt to the new expression host. CAI values range from
0 to 1, indicating the less frequently used codons to only
the most abundant used codons. However, the optimization
approach using ‘one amino acid=one codon’ or ‘CAI=1’
has several short-coming. According to Villalobos et al.,
using one codon in highly expressed protein could make
an imbalanced tRNA pool resulting in tRNA depletion and
increased frameshift. Moreover, we cannot avoid repetitive
elements and mRNA secondary structure in DNA sequence,
which can harm the protein synthesis [43]. In this study, we
used the ‘guided random’ method to vary the use of codons
and removed the rare codons. The result of codon optimi-
zation demonstrated that the CAI value of the final codon-
optimized sequence was 0.789 out of 1. It indicates that the
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codons used in our gene are mostly for tRNA abundant in
cells, assuming it would produce a highly expressed gene.

The mRNA folding near TIR was also known as the cru-
cial effect on translation efficiency. A previous study showed
that increasing the mRNA folding energy near the ribosome
binding site has been impactful to improve the expression
level of recombinant GCSF protein in the E. coli system
[44]. Moreover, another related literature has revealed that
the unstable mRNA at the TIR could facilitate the efficient
recognition of the start codon [45]. Hence, we carried out
synonymous codon substitution at the 5’-terminal end of the
initial sequence. The result showed that the mRNA folding
energy value of the final sequence was increased by more
than 50% from the initial sequence and indicated the more
efficient translation initiation process.

Amongst the bacteria, E. coli is the most popular system
used to produce recombinant proteins. This host is favored
for its ease of growing in an inexpensive medium. How-
ever, there are major challenges faced by employing E. coli
expression system, including the expression of complex pro-
teins with many rare codons or disulfide bonds and toxic pro-
teins [46, 47]. In this experiment, we initially analyzed the
MMLV-RT protein characteristics to find out the suitability
of E. coli as the expression host. By using SOLUPROT v.1
and DISULFIND software we found that MMLV-RT could
be expressed in the E. coli system which was indicated by
high solubility value and the absence of disulfide bonds.
This is crucial to comprehend since the protein consists of
disulfide bonds in nature and tends to form inclusion bodies
(IBs) when it is expressed in the E. coli host [33].

Lastly, the optimization of culture conditions was con-
ducted in the effort to find the optimum conditions for
improved protein expression. The production of recom-
binant enzymes in the E. coli system, despite its poten-
tial to be applied for obtaining the desired enzyme, poses
several hurdles. Protein aggregation such as IBs becomes
a common problem that should be addressed. Even after
some precautions have been taken such as performing an
initial assessment of suitability for expression in E. coli
and the analysis of MMLV-RT solubility, the formation of
IBs still could be discovered. The formation of IBs may
be due to an unbalanced equilibrium among proper fold-
ing, aggregation, and degradation, which can be triggered
by the high rate of protein expression. For that reason,
the temperature condition in the post-induction phase was
modified by lowering it to 18 °C. Decreasing the culture
temperature may result in the low rate of protein expres-
sion and prevent the potential misfolding of the enzymes
due to the high rate of protein expression [48]. Moreover,
the expression of insoluble proteins correlated with the
higher temperatures and lower amount of time [49]. In
our study, the culture was grown at 37 °C to obtain high
cell density, then incubated overnight at 18 and 27 °C.

Employing induction temperature at 27 °C did increase the
protein yield. However, further enhancement was obtained
by shifting the post-induction temperature lower to 18 °C.
The strategy of shifting the culture to the lower tempera-
ture has been applied as well in other studies [50, 51].
Furthermore, the present study bears out the result found
by Chen et al. for being successful to obtain MMLV-RT in
E. coli via culturing at 28 °C [52]. Our finding found that
the shifting apparently did not affect the bacterial biomass
at the end of cultivation, as we can observe that the cul-
tures were harvested at similar ODg, value. Other strate-
gies are available to minimize the formation of IBs. To
conform the expression conditions, performing expression
host engineering via co-expressing chaperone could also
be employed, among others [48]. Nevertheless, our study
succeeded in over-expressing the MMLV-RT as well as
improving its solubility by means of shifting to the lower
post-induction time.

After obtaining the suitable post-induction temperature,
we opted to vary the IPTG concentration. Under various
IPTG concentrations employed in this study, the protein
yield obtained seemed to be indifferent. In the current study,
IPTG of 0.1 mM is sufficient to induce the expression of the
desired enzyme. Previously, similar studies have used higher
IPTG concentration (0.6 mM) to induce the production of
MMLV-RT. They found that lowering the temperature was
not adequate to increase the solubility of the desired enzyme.
Upon employing lower temperature and IPTG concentra-
tion, they succeeded in obtaining the improvement of solu-
bility [50, 52]. The lower IPTG concentration, combined
with lower post-incubation temperature was supposed to be
beneficial for the production of MMLV-RT in this study.
Fazaeli et al. also reported that to obtain the highest yield
of recombinant cholesterol oxidase, they only required the
induction of low IPTG concentration at 0.1 mM. Improving
the IPTG concentration did not linearly correlated with the
protein yield obtained [53]. In fact, the high concentration of
inducer has probably impacted on metabolic burden instead
of improving the target protein [54, 55].

Further optimization was performed by varying post-
induction time. In this study, we found that prolonging
incubation time after induction until 24 h led to the high-
est levels of target protein concentration. A similar strategy
was also applied by Sina et al. to obtain the highest level of
soluble recombinant GST-hD2 by employing low cultivation
temperature in the presence of low concentrations of IPTG
under long incubation time [51]. In general, the strategy to
combine the optimization of codon and culture conditions
was successful to generate the highly improved expression
of MMLV-RT.

Protein expression of MMLV-RT in bacterial cells was
examined by SDS-PAGE and Western blotting. Samples
obtained from each treatment and purification step were
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loaded on a 10% polyacrylamide gel to assess and evalu-
ate the purity, solubility, and yield. Compared with other
related studies, our study showed positive results in terms of
total purified protein of reverse transcriptase obtained which
was able to reach 8.4 mg L~! using HisTrap™ HP column
for purification, while another data obtained by Lu et al.
has achieved at 0.075 mg L™! using RNHI affinity column
[56]. In addition, data reported in another literature has also
revealed the lower total protein (3.8 mg L") using Q-sepha-
rose column than our data [57]. It indicates that our study
can be potential and prospective to be further developed.

5 Conclusions

The recombinant MMLV-RT was successfully overexpressed
in E. coli BL21 star (DE3) under optimized conditions: ini-
tial pre-induction ODg, at 0.4 with 0.1 mM IPTG at 18 °C
of post-induction temperature and 24 h of post-induction
time. Protein concentration could be increased up to 85-fold
after optimizing the culture conditions. In this preliminary
study, the purified MMLV-RT generated 5275.02 mg U~
of specific activity with 3.59-fold purification and 10.74%
of yield. It exhibited the potent activity to be applied in RT-
PCR assay. This study provides fruitful strategies to enhance
the recombinant enzyme of MMLV-RT in both production
and performance. The enzyme can be potentially used and
promising to reverse-transcribe the viral RNA into cDNA.
Moreover, further studies are needed to characterize the
mutant MMLV-RT in this study in comparison to the native
one.
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