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ABSTRACT

Background and Objective: One of the five resuscitation promoting factors (Rpf) encoded by
Mycobacterium tuberculosis is RpfE which is antigenic, immunogenic, and probably secretory. This indicates
RpfE holds promise as a potential vaccine candidate against tuberculosis. The aim of this study was to
clone RfpE and subsequently optimize the expression of mature RpfE protein in Escherichia coli for
purification. Materials and Methods: The coding sequence of RpfE was chemically synthesized.
Full-length RpfE and a fragment of the gene lacking the signal peptide sequence (encoding mature RpfE)
were respectively cloned in pET-23a (+) and pET-28a (+) plasmids. The polyhistidine (His)-tagged
recombinant proteins were expressed in E. coli BL21 (DE3) and their cellular localization was determined.
The optimal induction conditions were determined for mature RpfE. The protein was purified using a
His-tag purification kit, was resolved on SDS-PAGE gel, and detected by western blot using anti-His
antibody and serum from a consented tuberculosis patient. Results: Full-length RpfE (~26 kDa) was
secreted into broth medium while mature RpfE (multimerized as a band of ~35 kDa) was accumulated in
the cytoplasm of E. coli. The optimal expression of the mature RpfE was obtained in Luria-Bertani broth
containing 1 mM isopropyl-B-d-thiogalactopyranoside at 37°C after 6 hrs (0.8 g/L of culture medium). The
His-tag affinity chromatography followed by anti-His western blot analysis confirmed the purification of
the mature His-tagged protein and the same-sized band was detected by the tuberculosis patient’s serum.
Conclusion: The recombinant mature RpfE from M. tuberculosis lays the basis forimmunogenicity studies
as a vaccine candidate against tuberculosis.
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INTRODUCTION

It is estimated that approximately one-quarter of the World's population in 2014 were latently infected
with Mycobacterium tuberculosis'. Reactivation of this clinically latent infection is responsible for a large
proportion of active tuberculosis cases each year, with an estimated 1.4 million deaths in 2019%
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The only licensed vaccine against tuberculosis is Mycobacterium bovis Bacillus Calmette-Guerin (BCG).
However, BCG vaccination provides limited efficacy in preventing the establishment of latent infection or
its subsequent reactivation’. This deficiency may be attributed to BCG's inability to elicit sufficientimmune
responses against antigens associated with the latent and reactivation phases of the infection. Thus,
incorporating candidate latency or reactivation antigens of M. tuberculosis into the development of new
vaccines holds the potential to enhance the efficacy of anti-tuberculosis vaccination®.

Impairment of the immune responses in properly controlling mycobacterial growth in latently infected
individuals is thought to cause tuberculosis reactivation. A family of five proteins in M. tuberculosis
encoded by the rpf genes (rpfA-E) is able to induce resuscitation of the dormant bacilli. Among the five
mycobacterial Rpfs, RpfE is the smallest in size with 172 amino acids’, and is the focus of this study.

The RpfE is predicted to contain multiple B-cell epitopes, and numerous human histocompatibility
leukocyte antigen (HLA) class | and HLA class Il T-cell epitopes® . It is possibly antigen and non-allergen
and is predicted to have a signal peptide cleavage site after residue 28'*™. It is predicted to be a secretory
protein, most probably localized outside the cell, and has none or one transmembrane helix as shown by
Hidden Markov Models>". This information from bioinformatics databases suggests RpfE is a potentially
pertinent vaccine candidate, and worthy of production for antigenicity and immunogenicity studies.

Expression of recombinant proteins in Escherichia coli stands as a preferred, cost-effective, and
straightforward approach for large-scale protein production. Thorough optimization of the expression
process is crucial to minimize the efforts in downstream purification steps. These optimization procedures
primarily focus on decreasing culture volume and maximizing the yield of soluble target proteins in their
biological folding™.

The present study aimed to clone and optimally express full-length and mature RpfE proteins in E. coli
towards obtaining purified recombinant protein, which can be used for further M. tuberculosis-specific
immunogenicity studies and as a future vaccine candidate.

MATERIALS AND METHODS
Study area: This study was conducted in 2015 and 2016 at the Department of Microbiology, Faculty of
Biological Sciences and Technology, Shahid Beheshti University, Tehran, Iran.

Molecular cloning of rpfE: The rpfE sequence from M. tuberculosis strain H37Rv was obtained from the
accession number NP_216966.1. The whole gene sequence was chemically synthesized (Shingene, China).
Restriction sites of BamHI and Hindlll were incorporated in the sequence to allow in-frame cloning of the
PCR product into pET-23a (+) plasmid (Novagen, Madison, Wisconsin, USA). For the expression of the
mature RpfE protein (without the signal peptide), pET-28a (+) plasmid (Novagen) was employed.
Amplification of fragment 84-516 (rpfE,,.s:¢) Was carried out using the synthesized construct as a template
and the EmeraldAmp Max HotStart PCR Master Mix (Takara Bio, Japan) according to the manufacturer’s
instructions. The forward primer (5'-ATCGCGAATTCATGGACGACGCGGGCTTGGACCCA-3") had an
EcoRl site (underlined) and a 5' start codon (double underlined) incorporated. The Reverse primer
(5'-GCCTTGGTCTAGAAAGCTTGCCGCGG-3') put a Hindlll site (underlined) at the 3' end of the fragment.
Both full-length rpfE and rpfE,, s, fragments were cloned without a stop codon, leading to the
incorporation of the polyhistidine (His) tag of pET-23a and pET-28a in the C-terminus of the recombinant
proteins. Purified PCR products for both fragments were digested with the corresponding restriction
enzymes (NEB, Ipswich, MA), were ligated into the cut vectors using T4 DNA ligase (NEB), and were
transformed into Escherichia coli TOP10 cells (Invitrogen, Paisley, UK) by chemical method. The
recombinant plasmids were isolated from individual colonies and were sequenced to confirm the correctly
cloned coding sequence. The plasmids were then transformed into E. coli BL21 (DE3) (Invitrogen), and cells
were stored at -70°C in 20% glycerol".
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Small scale expression and solubility testing: Recombinant E. coli BL21 strains were cultured overnight
at37°Cin Luria-Bertani (LB) broth (Sigma-Aldrich, Missouri, USA) supplemented with 100 pg/mL ampicillin
(Sigma-Aldrich) for pET-23a or 50 pg/mL kanamycin (Sigma-Aldrich) for pET-28a. They were then diluted
(1:25) into fresh culture media containing the appropriate antibiotics grown to mid-log phase
(OD at 600 nm~0.5-0.7). They were induced by adding 0.4 mM isopropyl p-D-thiogalactoside (IPTG)
(Sigma-Aldrich) for pET-23a and 1 mM for pET-28a. Cultures were grown for an additional 10 hrs. The cells
were harvested every hour by centrifugation (6000 g, 5 min), and the proteins from the supernatants were
precipitated using increasing concentrations of ammonium sulfate (10 to 90% w/v) (Sigma-Aldrich)*®. The
cell pellets from 1 mL culture samples and the precipitates from 5 mL culture supernatants were added
with 50 pL 1X phosphate-buffered saline (PBS, pH 7.4) (Sigma-Aldrich), mixed with 50 pL 2X Laemmli
Sample Buffer (Bio-Rad, California, USA) plus 5% (v/v) B-mercaptoethanol (Sigma-Aldrich). They were
heated for 10 min at 100°C. The cell lysates were divided into two groups, half of which was saved, and
the supernatant of the other half was harvested by centrifugation (13,000 g, 30 min). Sodium Dodecyl
Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE) was employed on the culture supernatant
precipitates, supernatants of cell lysate and total cell lysates, using the Amersham ECL Gel box and the
Amersham ECL Gel 8-16% (GE Healthcare, Freiburg, Germany) following the manufacturer's
recommendations.

Samples were loaded into duplicate SDS-PAGE gels before electrophoresis. One of the gels was stained
with 0.2% Coomassie brilliant blue R-250 (Sigma-Aldrich) for 1 hr and then destained in 5% methanol 7.5%
acetic acid (Sigma-Aldrich). The protein bands from the other gel were blotted onto
Polyvinylidene Difluoride (PVDF) membranes (Millipore, Bedford, USA) in a Semi-Dry Transfer Cell
(Bio-Rad Laboratories Inc., California, USA) at 90 V for 1 hr in 1X Tris-Glycine buffer with 10% methanol
(Sigma-Aldrich). The membrane was blocked for 1 hr at room temperature in Tris-buffered saline (TBS)
containing 0.05% Tween 20 and 5% non-fat dry milk (Sigma-Aldrich). Immunostaining was performed for
1 hr at room temperature using Penta-His Mouse IgG1 monoclonal antibody (Cat No. 34660, Thermo
Fisher Scientific, Waltham, MA) (diluted at 1:2000 in the blocking buffer), followed by 1 hr incubation at
room temperature with goat anti-mouse IgG horseradish peroxidase-conjugated secondary antibody
(Santa Cruz Biotechnology Inc., California, USA) (1:5000 dilutions in the blocking buffer). The membrane
was revealed with Western Blue Stabilized Substrate for Alkaline Phosphatase (Promega, USA),
and bands were visualized using ImageQuant™ LAS 500 (GE Healthcare Life Sciences, Piscataway,
New Jersey, USA).

Optimization of mature RpfE expression: The induction conditions (temperature and time after
induction, and IPTG concentrations) were shown in Table 1. The expression level at each induction
condition was compared with the total protein extract of non-induced cultures in 12% SDS-PAGE
gels followed by Coomassie blue staining, and the band areas and intensities corresponding
to mature RpfE were analyzed optically by ImageQuant TL and according to the manufacturer
instruction.

Table 1: Different concentrations used for the optimization of mature RpfE expression

Induction temperature (°C) Induction time (hr) at 37°C IPTG concentration (mM)
37 1.5 0.25

35 3 0.5

30 4.5 1

- 6 1.25

- - 1.5
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Large-scale production of mature RpfE: Recombinant BL21 cells carrying pET28a/rpfEg, s;c €xpressing
the mature RpfE with His-tags at C- and N-terminus were grown in 200 mL LB-broth in 1 L baffled flasks
at 37°C to an ODg,y, of 0.6, were induced with 1 mM IPTG and the cells were harvested after 6 hrs by
centrifugation and stored at -20°C. Bacterial pellets were then thawed and disrupted by sonication
(20 sec, 6 times) in a lysis buffer (20 mL/g cell pellet) composed of 20 mM NaH,PO,, 500 mM Nacl, and
6 M Urea (pH 8), followed by centrifugation (13000xg, 30 min, 4°C) to remove cell debris. The complete
His-Tag Purification Column (Roche, Mannheim, Germany) was utilized for protein purification following
the manufacturer’s guidelines. Elution of the protein was carried out using a column volume of 500 mM
imidazole at pH 8, supplemented with a complete protease inhibitor (Sigma-Aldrich), and subsequently
analyzed by SDS-PAGE. The protein fractions obtained through affinity purification were combined and
subjected to dialysis against PBS (pH 7.4). Quantification was performed using the Bradford total protein
assay kit (ZellBio GmbH, Ulm, Germany). Assessment for LPS contamination was conducted through the
Limulus amoebocyte lysate (LAL) assay (Cambrex, USA).

Western blot analysis with tuberculosis patient serum: The dialyzed sample was resolved on a 12%
SDS-PAGE gel and transferred onto a PVDF membrane. Western blotting was carried out as mentioned
above. The membrane was incubated with serum from a consented tuberculosis-positive case
(1:50 dilution in TBS) for 2 hrs at room temperature, and with HRP-conjugated rabbit anti-human IgG
(Dako, Glostrup, Denmark) in a dilution of 1:5000 (in TBS) for 2 hrs at room temperature. The protein band
was developed using diaminobenzidine (DAB) substrate (0.1% H,O,+10 mg DAB in 10 mL of TBS).

RESULTS AND DISCUSSION

Comparing precipitates from culture supernatants (Fig. 1-3a-b) with total cell lysate (Fig. 1-3c-d) revealed
that the full-length recombinant RpfE protein was soluble and secreted into broth medium, resulting in
a band of approximately 26 kDa in SDS-PAGE and western blots. Various alterations made to the culture
conditions included incubation at 37°C with 0.1 and 0.2 mM IPTG for 8 to 11 hrs (Fig. 1), at 37°C with
0.3 and 0.4 mM IPTG for 8 to 11 hrs (Fig. 2), and at 30 C with 0.1 to 0.4 mM IPTG for 13 to 16 hrs (Fig. 3).
These alterations did not yield any difference in the localization of the full-length protein. The best
ammonium sulfate concentration for protein precipitation was 70% (Fig. 4).
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Fig. 1(a-d): SDS-PAGE gels stained with Coomassie blue and anti-His western blot for analyzing full-length
recombinant RpfE expressed in E. coli BL21 (DE3). Cultures were incubated at 37°C, induced
with 0.1 and 0.2 mM IPTG for 8 to 11 hrs, (a-b) Precipitates from culture supernatants and

(c-d) Total cell lysates

Lane 1: Time 0 (non-induced); Lane 2: 8 hrs, IPTG 0.1 mM; Lane 3: 9 hrs, IPTG 0.1; Lane 4: 10 hrs, IPTG 0.1;
Lane 5: 11 hrs, IPTG 0.1; lane 6: Full-range rainbow molecular weight marker (GE healthcare); Lane 7: 8 hrs, IPTG 0.2;
Lane 8: 9 hrs, IPTG 0.2; Lane 9: 10 hrs, IPTG 0.2; Lane 10: 11 hrs, IPTG 0.2. The protein band is indicated with arrow
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Fig. 2(a-d): SDS-PAGE gels stained with Coomassie blue and anti-His western blot for analyzing full-length
recombinant RpfE expressed in E. coli BL21 (DE3). Cultures were incubated at 37°C, induced
with 0.3 and 0.4 mM IPTG for 8 to 11 hrs, (a-b) Precipitates from culture supernatants and

(c-d) Total cell lysates

Lane 1: Time 0 (non-induced); Lane 2: 8 hrs, IPTG 0.3 mM; Lane 3: 9 hrs, IPTG 0.3; Lane 4: 10 hrs, IPTG 0.3;
Lane 5: 11 hrs, IPTG 0.3; Lane 6: full-range rainbow molecular weight marker; Lane 7: 8 hrs, IPTG 0.4; Lane 8: 9 hrs,
IPTG 0.4; Lane 9: 10 hrs, IPTG 0.4; Lane 10: 11 hrs, IPTG 0.4. The protein band is indicated with arrow
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Fig. 3(a-d): Anti-His western blot analysis of full-length recombinant RpfE expressed in E. coli BL21 (DE3).
Cultures were incubated at 30°C, induced with 0.1 to 0.4 mM IPTG for 13 to 16 hrs,

(a, ¢) Precipitates from culture supernatants and (b, d) Total cell lysates

(a-b) Lane 1: Time 0 (non-induced); Lane 2: 13 hrs, IPTG 0.1 mM; Lane 3: 14 hrs, IPTG 0.1; Lane 4: 15 hrs, IPTG 0.1;
Lane 5: 16 hrs, IPTG 0.1; Lane 6: Full-range rainbow molecular weight marker; Lane 7: 13 hrs, IPTG 0.2; Lane 8: 14 hrs,
IPTG 0.2, Lane 9: 15 hrs, IPTG 0.2; Lane 10: 16 hrs, IPTG 0.2. (c-d) Lane 1: Time 0 (non-induced); Lane 2: 13 hrs,
IPTG 0.3 mM; Lane 3: 14 hrs, IPTG 0.3; lane 4: 15 hrs, IPTG 0.3; Lane 5: 16 hrs, IPTG 0.3; Lane 6: full-range rainbow
molecular weight markers; Lane 7: 13 hrs, IPTG 0.4; Lane 8: 14 hrs, IPTG 0.4; Lane 9: 15 hrs, IPTG 0.4, lane 10: 16 hrs,
IPTG 0.4

31 kDa

24 kDa

Fig. 4: Anti-polyhistidine western blot analysis of recombinant RpfE precipitated from culture supernatant

at different ammonium sulfate concentrations
From left to right: 10, 20, 30, 40, 50, 60, 70, 80 and 90% of ammonium sulfate and Lane 10: Full-range rainbow molecular
weight marker (GE Healthcare)

The recombinant mature RpfE protein encoded by pET-28a/rpfE,,.<1c €xpression vector was soluble,
accumulated in the cytoplasm of E. coli BL21 and multimerized as a band of ~35 kDa. Optimization of
induction conditions gave the highest expression of mature RpfE at 37°C after 6 hrs, with 1 mM IPTG in
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LB broth with a yield of 0.8 g/L of culture medium (Fig. 5). The mature RpfE protein was successfully
purified (Fig. 6a) and was detected with anti-His antibody (Fig. 6b) and with the serum from a tuberculosis
patient (Fig. 6¢). The endotoxin content of the recombinant protein was <50 IU/mg.

Comprehensive data mining and bioinformatic analysis have identified RpfE protein as the second most
promising candidate among 189 putative vaccine candidates chosen from the entire genome of
M. tuberculosis®. Likewise, RpfE was selected as a pertinent vaccine candidate in another study®.
These bioinformatic predictions have been endorsed by an in vitro study showing that RpfE can induce
dendritic cell (DC) maturation?’. These mature DC promoted naive CD4* T-cell differentiation
towards T helper (Th)1 and Th17 cells which have been shown to play an important role in establishing
protective immunity against tuberculosis®. Furthermore, a study with RpfE immunized mice presented a
significant level of protection against high-dose intravenous challenge with M. tuberculosis strain H37Rv
regarding mycobacterial loads in lungs and spleens and post-infection survival periods®. Altogether,
RpfE exhibits a promising potential to be incorporated into new tuberculosis vaccines. Accordingly, it
worthwhile to clone and optimize the expression to produce purified recombinant RpfE for future
vaccination studies.

Fig. 5(a-b): Optimization of induction conditions for expression of mature recombinant RpfE, (a) Different

induction times and (b) Different IPTG concentrations for 6 hrs incubation

(@) Lane 1: T = 0 (non-induced); Lane 2: 1.5 hrs; Lane 3: 3 hrs; Lane 4: 4.5 hrs; Lane 5: 6 hrs; M: Molecular weight marker.
(b) Lane 1: IPTG 0.25 mM; Lane 2: IPTG 0.5 mM; Lane 3: IPTG 1 mM; Lane 4: IPTG 1.25 mM; Lane 5: IPTG 1.5 mM and
Lane M: Molecular weight marker. The protein band is indicated with arrows

(a)

Fig. 6(a-c): Mature recombinant RpfE purified using His-tag affinity column chromatography,
(a) SDS-PAGE gel stained with Coomassie blue, (b) Western blot analysis using anti-His
antibody and (c) Western blot analysis using a tuberculosis patient’s serum
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Full-length rpfE (encoding 172 amino acids, including the signal peptide sequence) was firstly cloned into
pET-23a and expressed in E. coli BL21. The resulting 26 kDa recombinant protein was soluble and was
secreted into the broth medium. The E. coli apparatus cleaved the signal sequence of the full-length RpfE
protein. Although RpfE is a mycobacterial protein, a signal peptide cleavage site between the residues
28 and 29 is also predicted in E. coli, which can explain the secretion of the recombinant protein into the
medium™. Full-length rpfE was previously cloned in E. coli DH5a by Ying and colleagues, expressing a
22 kDa protein similar to our yield. Still, unlike current study results, their highly expressed recombinant
RpfE was accumulated inside the cells at approximately 16% of total cellular protein®. In the present study,
that high expression of full-length RpfE in E. coli was not achieved. Therefore, the gene lacking the coding
sequence for signal peptide (nucleotides 84 to 516, encoding 144 amino acids) was cloned into pET-28a.
The mature protein was expressed and accumulated in soluble form in the cytoplasm of E. coli. The
resulting small recombinant protein tended to multimerize and produced a band of ~35 kDa in SDS-PAGE
gel. This is probably due to two cysteine residues in its sequence’ disabling the B-mercaptoethanol in the
sample buffer to break multiple disulfide bonds. Comparison between the bands of full-length
and mature RpfE indicated that the presence of signal peptide reduced the expression of the protein
(more than a 5-fold decrease). It has been suggested that signal peptide interferes with the production
of large quantities of functional proteins in E. coli, which could reduce or even hinder the expression of
the recombinant proteins®. Altogether, the higher levels of soluble mature RpfE compared to
full-length RpfE convinced us to use the protein without its signal sequence for further optimization
experiments.

Recombinant protein expression must be optimized thoughtfully to minimize efforts in subsequent
large-scale purification steps'®. Firstly, different induction temperatures were tested and an obvious
decline in the protein expression was observed by decreasing the temperature from 37 to 35°C
(data not shown) and 30°C (Fig. 3; shown is the data for full-length RpfE). Therefore, the induction time
and IPTG concentration for mature RpfE were optimized at 37°C (Fig. 5). The highest yield for mature RpfE
was achieved by adding 1 mM IPTG for 6 hrs at 37°C in LB-broth. Under these conditions, levels of mature
RpfE expression in E. coli BL21 was ~0.8 g/L of culture medium, which is within the range of the highest
yields of soluble recombinant proteins described in the literature”. Choi and colleagues also reported
cloning of RpfE into pET-22b(+) in E. coli without its signal sequence®. They showed N-terminal
His-tagged RpfE with an approximate molecular weight of 14 kDa which was localized primarily in
inclusion bodies?'. Interestingly, the same induction conditions were used to express mature RpfE in E. coli
BL21 as that optimized in current study.

Purification of mature RpfE was done in a denaturing condition by the addition of 6 M urea to the lysis
buffer. Similarly, both previously mentioned studies on recombinant RpfE used denaturing conditions and
urea for protein purification”"**. At the same time, mature RpfE was successfully purified and eluted from
the His-tag column in its native form as it was detected by serum from a tuberculosis patient in western
blot analysis.

The purified RpfE protein produced in this study holds promise as a potential vaccine candidate. This
application was facilitated by selecting the optimal form of the protein for expression in E. coli and
optimizing its expression. Our study presents a pipeline for future research aiming to produce
mycobacterial proteins in E. coli. While the purified mature RpfE was successfully detected by serum from
a tuberculosis patient in western blot analysis, further investigation is required to determine if the
untreated protein can stimulate T cells as an antigen and to assess its immunogenic potential upon
administration in animal models. This area remains a focus for subsequent research by our team.
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CONCLUSION

This study describes that the purified mature His-tagged RpfE recombinant protein from M. tuberculosis
was efficiently expressed in E. coli. This purified recombinant protein might be a good candidate for
vaccine studies against tuberculosis. Further studies are encouraged to evaluate the stability and profile
of immune responses after antigenicity studies and after immunizing mice with this RpfE protein.

SIGNIFICANCE STATEMENT

Mycobacterium tuberculosis RpfE is a possibly secretory protein and that presents a challenge in high
expression of this protein in its biological form in E. coli. This study overcame this challenge by cloning
the full-length gene compared to a gene fragment lacking the signal peptide (encoding mature RpfE).
Subsequently, a systemic optimization of the expression conditions for mature RpfE enabled achieving
a high yield of the soluble protein. The protein was successfully purified, and its native folding was
confirmed by its interaction with serum from a consented tuberculosis patient. The purified protein is a
potential candidate for vaccination studies against tuberculosis.
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