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Movement protein of Apple 
chlorotic leaf spot virus is 
genetically unstable and negatively 
regulated by Ribonuclease E in E. 
coli
Rahul Mohan Singh1,2, Dharam Singh3,2 & Vipin Hallan1,2

Movement protein (MP) of Apple chlorotic leaf spot virus (ACLSV) belongs to “30 K” superfamily of 
proteins and members of this family are known to show a wide array of functions. In the present 
study this gene was found to be genetically unstable in E. coli when transformed DH5α cells were 
grown at 28 °C and 37 °C. However, genetic instability was not encountered at 20 °C. Heterologous 
over expression failed despite the use of different transcriptional promoters and translational fusion 
constructs. Total cell lysate when subjected to western blotting using anti-ACLSV MP antibodies, 
showed degradation/cleavage of the expressed full-length protein. This degradation pointed at severe 
proteolysis or instability of the corresponding mRNA. Predicted secondary structure analysis of the 
transcript revealed a potential cleavage site for an endoribonuclease (RNase E) of E. coli. The negating 
effect of RNase E on transcript stability and expression was confirmed by northern blotting and 
quantitative RT-PCR of the RNA extracted from RNase E temperature sensitive mutant (strain N3431). 
The five fold accumulation of transcripts at non-permissive temperature (43 °C) suggests the direct role 
of RNase E in regulating the expression of ACLSV MP in E. coli.

Apple chlorotic leaf spot virus (ACLSV), a member of genus Trichovirus, family Betaflexiviridae, is a positive sense, 
single stranded RNA virus having particle size of about 600–700 nm. The virus is known to infect apple, plum, 
cherry, peach, pear and apricot1–3. ACLSV along with Apple stem pitting virus (ASPV) and Apple stem groov-
ing virus (ASGV) could result in 30% yield reduction in apple cultivar Golden Delicious4. ACLSV is one of the 
causative agents associated with lethal top working disease of apple trees in Japan, when Maruba Kaido (Malus 
prunifolia var. ringo) is used as a rootstock. The ACLSV genome encodes for three open reading frames (ORF’s) 
namely RNA dependent RNA polymerase (RdRp), Movement protein (MP) and a Coat protein (CP)5, 6. The 
movement proteins are usually required for movement of viruses7. Presently, MP’s are known to perform cell to 
cell movement by two different modes; (i) Type-1:MP forms a MP-gRNA complex and moves the viral genome to 
adjacent cells, the movement may or may not be dependent on other viral proteins e.g Tobacco mosaic virus and 
Cucumber mosaic virus8–10, (ii) Type-2:virions are transported via tubules formed by MP inside the plasmodesmal 
pore11–14. Irrespective of the various modes of cell to cell movement, based on structural conservation, many viral 
movement proteins including the ACLSV MP are assigned to “30 K” superfamily (members contain a conserved 
D motif) of proteins15, 16.

Proteins belonging to the “30 K” superfamily of proteins are encoded by almost all groups of plant viruses, 
except viruses having double stranded RNA as their genome17. ACLSV MP is known to exhibit following prop-
erties: (i) localizes to cell wall18, (ii) forms protruding tubular structures at the cell membrane when expressed 
in protoplasts18; (iii) blocks systemic silencing19 and (iv) has two single stranded nucleic acid binding sites 
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which are independently active of each other20. It is speculated that ACLSV MP transports the viral genome via 
MP-RNA complex (Type 1 transport), however, it is not yet clear why some Type 1 movement proteins (including 
ACLSV MP) show protruding tubular structures (Type 2 transport) in protoplasts21, 22. Although many functions 
of ACLSV MP are known but the underlying mechanisms behind most of these functions remain obscure. To 
understand the evolutionary origin, functional characteristics and the potential of “30 K” superfamily proteins to 
show interaction with other macromolecules; crystal structure of a “30 K” MP is required.

Theoretically, cloning of a DNA fragment seems to be an easy process. However, cloning of many genes and 
DNA fragments in certain insert:vector combinations pose painstaking problems because of the instability of 
certain DNA fragments. Although extensive work on instability of plasmids has been reported but still it is poorly 
understood. Plasmid instability may be caused by the following factors (i) copy number of plasmid, (ii) toxic gene 
products, (iii) metabolic burden on host cells to maintain the plasmids, (iv) recombination potential of certain 
inserts, (v) presence of cryptic bacterial promoters in eukaryotic sequences may produce spurious/toxic peptides 
which create problems in stabilization of plasmids or leads to promoter occlusion23–25, (vi) secondary structures 
of insert- DNA or presence of AT rich regions26, poly d(T) regions27 and presence of multiple repeats28, 29. While 
cloning a DNA fragment the instability may occur at initial colony formation stage, during subsequent regrowth 
in small scale liquid cultures or during large scale liquid cultures30. Despite having a huge knowledgebase on 
instability of plasmids in bacterial cells, it is nearly impossible to predict the stage at which a particular DNA 
segment would make the plasmid unstable.

Overcoming the instability posed by a sequence is a thorn in the foot, which can be taken care of by (i) grow-
ing cells at lower temperature31 and (ii) optimum choice of promoters and origin of replication. For inserts that 
have sequence constraints, different E. coli strains such as Stbl2™, Stbl4™32 and SURE®, that give increased stabil-
ity to unstable plasmids can be used. Despite of availability of these problem solving methods, certain sequences 
may still be difficult to propagate in E. coli.

Proteins expressed heterologously/homologously in E. coli have been used for elucidating crystal structures 
of about 90% of the proteins submitted in Protein Data Bank (pdb)33, 34. Since the abundance of movement pro-
tein(s) in their natural environment would be too low to isolate enough protein(s) for undertaking functional and 
structural studies, therefore heterologous expression presents a formidable approach for structure elucidation. 
However, heterologous expression of various proteins in E. coli is marred by intrinsic problems such as instability 
of chimeric clones, toxicity caused by expressed proteins, improper folding, poor targeting and undesirable post 
transcriptional regulations. Stability of mRNA during heterologous expression is the foremost rate limiting factor 
and is of upmost importance35–37. The presence of sequence and structural constraints make the mRNA accessible 
to various endo and exoribonucleolytic enzymes. Amongst such enzymes, RNase E (endoribonuclease E) has 
a definitive role in the general chemical decay of bacterial mRNAs38. RNase E (conserved in proteobacteria) is 
essential and is a homo-tetramer of the protein (containing 1061 amino acids) encoded by rne gene of E. coli. It 
is important to note that the null mutants of rne are not viable39. The RNase E enzyme is well known for its func-
tional roles in various RNAs that include rRNA and tRNA, non-coding RNAs and mRNA’s40–43. The presence of 
AU rich single-stranded loop in secondary structure of mRNA serves as a recognition site for RNase E44–48. RNAs 
with a 5′ monophosphate are cleaved preferentially by RNase E than the RNAs with 5′ triphosphates49–51. Recently, 
Clarke et al.52 reported a direct mode of entry by RNase E thus changing the previous paradigm of presence of 5′ 
monophosphate as the prime requisite for degradation and processing function of RNase E.

To elucidate the molecular mechanisms by which ACLSV MP counters the host defense, its interaction with 
host macromolecules and to have a crystal structure of this protein we intended to clone and express ACLSV MP 
heterologously in E. coli. In this itinerary, during cloning and heterologous expression of ACLSV MP, we encoun-
tered problems related to genetic instability and heterologous expression of ACLSV MP in E. coli. We attempted 
to decipher the molecular basis of expression hurdle using western blotting and transcript accumulation analysis 
in mutant strains of E. coli. Our data suggests that RNase E of the host E. coli negatively regulates the expression 
of ACLSV MP by cleaving ACLSV MP mRNA near the 3′-end.

Results
Cloning and instability of ACLSV MP gene.  Based on nucleotide similarity the amplified ACLSV MP 
was found similar to ACLSV-P isolate. To study the structural and functional properties of ACLSV MP, we wish 
to clone and express ACLSV MP in various propagation and expression vectors. Therefore, in the present study we 
cloned ACLSV MP into pGEMT-Easy, pSMART, pET 32a (+), pET 28a (+), p5X and c5X vectors. However, in all 
attempts, cloning of full-length MP gene in pGEMT-Easy and pET vectors was found to be problematic and lethal 
to E. coli DH5α cells, when transformed cells were grown at 37 and 28 °C but not at 20 °C. At 28 °C and 37 °C 
none of the colonies that appeared after transformation had a correct full-length clone. It was found that either 
the positive colonies had a truncated fragment (~1000 nt) or had a non-sense mutation. In order to identify the 
problematic region in this gene, attempts were made to clone 3′-end (75 nt tandem deletions) and 5′-end deletion 
mutants in pGEMT-Easy vector. Results revealed that 375 nucleotides at 3′-end were causing problems in cloning 
when cells were propagated at 28 °C and 37 °C. However, when a low copy number vector pSMART LC-Amp 
(which has transcriptional terminators at both its ends) was used, it generated stable plasmids at 28 °C and 37 °C. 
Similar cloning problems were encountered when we tried to clone full-length MP gene in pET vectors. However, 
3′-end truncated fragment was easily cloned in pET 32a+ and 28a+ vectors. Interestingly the ACLSV MP tran-
script has two start codons with a difference of two amino acids between the two AUG codons. Consistent with 
genetic instability results the new variants of plasmids generated with downstream ATG displayed similar results. 
This showed that the choice of AUG codon does not alter the stability of this gene in E. coli at 28 °C and 37 °C.

Heterologous expression of full-length and 3′ truncated fragment of ACLSV MP.  As stable clon-
ing of full-length ACLSV MP in pET vectors was difficult, therefore for production of antibodies against ACLSV 
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MP, 3′-end truncated fragment was cloned in pET 32a (+) and pET 28a (+) vectors. Overexpression of truncated 
fragment was found to be optimal only in pET 32a (+) vector at 30 °C. Purified overexpressed fusion protein was 
used for generation of anti-ACLSV MP antibodies in rabbits.

For heterologous expression of full-length ACLSV MP, the sequence was cloned in pMAL vectors (p5X and 
c5X) which contain bacterial malE gene under the control of Ptac promoter (utilizes E. coli RNA polymerase) and 
malE translation signals, which leads to robust protein expression and efficient solubilization of expressed pro-
tein. The constructs were induced at 16 °C, 28 °C and 37 °C for different time periods (see Table 1) with 0.3 mM 
IPTG and total protein was run on 12% SDS-PAGE. Gels were stained with coomassie brilliant blue (CBB) to 
visualize the expressed fusion protein. In coomassie stained gels fusion protein (~93 kDa) was not observed in 
any of the samples, whereas in control lanes an overexpressed maltose binding protein was clearly visible (Data 
not shown). However, western blot analysis using antibodies raised in the lab revealed multiple protein bands 
in IPTG induced (2 h induction) sample, whilst a slightly faint intact band of ~93 kDa was observed in unin-
duced sample (Fig. 1). The presence of cleavage products suggested that the expressed protein was unstable and 
probably had undergone proteolytic degradation. The antibodies were found to be specific and did not show any 
cross-reactivity to total proteins from wild type BL21 DE3 and NEB express cells. The result of western blotting 
clearly indicates that upon production of full-length ACLSV MP, this protein readily undergoes degradation/
cleavage. The degradation of protein by the host machinery could probably be a mechanism employed by the host 
to save itself from toxic effects of ectopically expressed proteins.

Instability and toxicity caused by ACLSV MP during heterologous overexpression.  Plasmid 
instability was evaluated by over-expressing the full-length ACSLV MP using pMAL vectors (for experimental 

Temperature Sampling time

16 °C 4 hrs 12 hrs —

28 °C ½ hr 1 hr 6 hrs

37 °C 2 hrs — —

Table 1.  Different temperatures used for protein induction and sample collection time at respective 
temperatures.

Figure 1.  Western blot analysis done using lab raised antibodies, showing cleavage of full length fusion protein 
during induction. Lane M contains prestained protein ladder, Lane 1 contains uninduced cells, basal expression 
of full-length protein is marked with an arrow, Lane 3 contains total protein from 2 hr induced sample, full-
length protein along with number of degraded products are visible. Lane 3 and 4 contains total proteins from 
wild type BL21 DE3 and NEB express cells. No cross reactivity with total proteins from wild type strains was 
observed. The low molecular bands observed (marked with*) at the bottom of western blot represent the non-
specific bands observed in all lanes.
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procedure please sees materials and methods section). Out of total colonies that harbored the plasmid, 4.9 (pc5X/
NEB express) and 13.8% (pp5X/NEB express) cells lost the plasmid during induction in case of vectors control. 
Whereas, the number of cells that lost plasmid in case of chimeric vectors rose to 70 (pp5X+/NEB express) and 
21.8% (pc5X+/NEB express), respectively. Secondly, the number of cells that had mutated plasmids was found to 
be 8.7% and 17.15% for pc5X+/NEB express and pp5X+/NEB express, respectively. However, in case of vector 
controls none of the colony contained mutated plasmids. This data clearly shows that ACSLV MP is unstable in E. 
coli and further supports our gene instability results. Growth curve of NEB express cells producing fusion protein 
(mbp + ACLSV MP) decreased considerably throughout as compared to cells containing vector control. Upon 
overexpression the cellular energy is diverted towards translation machinery that significantly reduces the growth 
of cells. However, pMAL vectors (p5X and c5X) produce a 45 kDa maltose binding protein. Therefore, the com-
parison between growth statistics of cells producing maltose binding protein and chimeric fusion protein would 
give a relatively clear picture of toxicity caused by expression of heterologous protein. The decrease in growth 
(Fig. 2) of cells (pc5X+/NEB express) at 30 °C and 37 °C shows the toxicity imparted by ACLSV MP.

Secondary structure prediction of ACLSV MP transcript.  The presence of ribose sugar in RNA gives 
it an enhanced ability to form more hydrogen bonds as compared to DNA. As a result, RNA tends to form com-
plicated secondary structures. RNA secondary structure and the conformational features govern the stability and 
final turnover of mRNA. In order to identify structural constraints which may affect the expression of ACLSV 
MP in E. coli, the secondary structure of fusion RNA (malE + ACLSV MP) was predicted using mFOLD web 
server53. The secondary structure revealed a characteristic “AU” rich single-stranded loop starting at position 
2103 (nt) and ending at position 2119 (Fig. 3). AU-rich single stranded loops in mRNA secondary structure are 
potential targets for RNase E cleavages54. Likewise, when the secondary structure of 3′-end truncated ACLSVMP 
gene was predicted, no AU-rich single-stranded loop was observed. In order to confirm the role of RNase E in 
the degradation of ACLSV MP mRNA, we transformed pc5X+ in N3431 cells (temperature sensitive RNase E 
mutant, the strain is abbreviated as rnets elsewhere in this article) and analyzed the ACLSV MP transcript profile 
using northern blotting.

Transcript Profiling of ACLSV MP mRNA in RNase E mutant strain and E. coli DH5α.  The stabil-
ity of mRNA is an integral and important aspect that could limit the level of overexpression in any heterologous 
system. Considering the probable cleavage of ACLSV MP transcript by RNase E, the pc5X+ was transformed 
into E. coli strains DH5α and rnets. Total RNA isolated from the above strains (DH5α and rnets) were subjected 
to northern blotting using a gene specific riboprobe. Results revealed that there was a significant accumulation 
of full-length fusion transcripts in rnets strain at non-permissive temperature (43 °C), as compared to full-length 
transcripts present at 20 °C and at permissive temperature of 28 °C (Fig. 4). The accumulation of transcripts at 
non-permissive temperature clearly indicates the role of RNase E in stability of the chimeric mRNA. On the other 
hand, the transcripts from transformed DH5α cells under two different temperatures (i.e 28 °C and 43 °C) did not 
show alteration in accumulation of the full-length transcript. However, at 20 °C there was a significant accumu-
lation of both full-length and truncated transcript as compared to other temperatures (28 °C and 43 °C), suggest-
ing the role of temperature in genetic stability encountered at 20 °C in DH5α cells. It is also worth mentioning 
here that DH5α and rnets are not isogenic strain, therefore, variable transcript profile at 20 °C in both cases is as 
expected. Relative quantification of ACLSV MP transcripts using real-time quantitative PCR showed 4.6 and 5.8 
fold increase in corresponding transcripts at 15 and 30 min after shifting to non-permissive temperature (43 °C). 
This data is in harmony with the results obtained by northern blotting.

Discussion
All of the studies that describe the function(s) of ACLSV MP have been done using MP sequence from ACLSV-A 
isolate6. However, studies on MP sequence from ACLSV-P isolate which shares only 79.9% homology to 
ACLSV-A MP sequence have not been undertaken to date. In addition, there is a lot of ambiguity related to the 
initiation codon marked in gene sequences of ACLSV MP submitted in nucleotide database maintained by NIH, 
Bethesda, Maryland, USA. A number of sequences have an upstream inframe AUG codon, which in majority 

Figure 2.  The graph has been plotted for O.D600 (Y-axis) and different time points (X-axis) of transformed NEB 
express cells grown with and without 0.3 mM IPTG at 30 °C and 37 °C. Solid straight line and round dotted line 
represents the growth of transformed cells without induction at 37 °C and 30 °C respectively. Broken solid black 
line (30 °C) and solid squares (37 °C) represents the growth pattern of transformed cells after induction.
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of the cases falls under high kozak consensus sequence55 have been misreported. In pGEM®-T Easy vector the 
full-length clone was unstable at 28 °C and 37 °C however, we found the clone was stable at a lower temperature i.e 
20 °C. Therefore, it is tempting to speculate that the instability is due to (i) a possible prokaryotic promoter activity 
present in the sequence or (ii) the toxicity of expressed protein. In a study on Japanese encephalitis virus infectious 
clone23 it was found that the prokaryotic promoter activity displayed by nucleotides 54–120 is responsible for its 
instability which was taken care of by culturing the bacteria at 25 °C. The lower temperature markedly reduces 
the promoter activity and stabilises the clone in E. coli. In the present study, the clones were stably propagated 
at 20 °C, suggesting a possible role of a prokaryotic promoter sequence present in the sequence of ACLSV MP. 
Prokaryotic promoters in ACLSV MP gene sequence were predicted using an online program available at http://
www.fruitfly.org/seq_tools/promoter.html. With a minimum promoter score kept at 0.8, seven sequences were 
identified which may have promoter activity (data not shown). The function of such a promoter sequence may 

Figure 3.  Part of the predicted secondary structure of chimeric (malE + ACLSV MP) RNA showing the single 
stranded (SS) AU rich loop spanning the region between nucleotides 2103–2119 (highlighted with yellow color) 
which is a potential site for cleavage by RNase E. The secondary structure was predicted at mFOLD web server 
(http://unafold.rna.albany.edu/?q=mfold/RNA-Folding-Form). This is a cropped image; full image is presented 
in supplementary Figure 1.

Figure 4.  Northern blot image showing fate of chimeric ACLSV MP mRNA in E. coli DH5α (left panel) and 
in rnets mutant (right panel). The chimeric plasmid pc5X+ was transformed into DH5α cells (pc5X+/DH5α) 
and into rnets (pc5X+/N3431). Total RNA was used for northern blotting. The DH5α panel shows higher 
accumulation of both full-length (FL) and truncated (Trn) transcripts at 20 °C as compared to 28 and 43 °C 
samples. On the other hand, there is more accumulation of FL in sample collected after 30 minutes of shifting 
to non-permissive temperature (43 °C) compared to FL at 20 °C, 28 °C (permissive temperature) and 15 min 
sample of 43 °C (non-permissive temperature) in pc5X+/N3431 samples. EtBr stained 23 S ribosomal RNA 
(internal loading control) has been shown as a separate panel in the above image. The 23 S image is cropped 
from the total RNA image which is presented as a full length image in supplementary Figure 2.

http://www.fruitfly.org/seq_tools/promoter.html
http://www.fruitfly.org/seq_tools/promoter.html
http://unafold.rna.albany.edu/?q=mfold/RNA-Folding-Form
http://1
http://2
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be hindered at lower temperature resulting in the stability of clones. Presence of tandem repeats and dinucleotide 
repeats affects the stability of plasmids in E. coli 28, 29. Presence of tandem repeats in ACLSV MP were analysed by 
an online tandem repeat finder program56 (https://tandem.bu.edu/trf/trf.html), no tandem repeats were found 
by this method. Furthermore, the toxicity and plasmid instability (checked using pMAL vector constructs) which 
leads to product heterogeneity during overexpression is in accordance to the results of a study57, that showed 
cloning related problem of S. pneumoniae malX and amiA genes in E. coli are not solely dependent on the strong 
promoters on multicopy plasmids but rather it is a significant effect of the gene products.

Full-length infectious clones of many single-stranded RNA viruses have been difficult to propagate in E. coli58. 
Full-length ACLSV infectious clone was easily assembled by homologous recombination in yeast58. However, 
when the plasmids from yeast were transformed in E. coli and the transcripts generated from E. coli plasmids were 
checked for infectivity on host plants, the recorded infectivity was only 1–2%. Reasons behind such a low infectiv-
ity remain unknown. ACLSV MP is integral for movement of virus in host cells, it also functions as a suppressor 
of gene silencing and based on our instability results, it may be speculated that the low infectivity might have been 
due to incorporation of some non-sense mutations in MP sequence.

In-vivo deficiency of RNase E is known to prolong the half-life of ~1500 mRNAs59. In the present study we 
found the presence of an AU-rich single-stranded loop in RNA secondary structure and its negating effect on 
mRNA turnover [which was experimentally proved by increase in mRNA of chimeric construct in case of RNase 
E mutants (rnets)], is in accordance to many previous reports that investigated the role of RNase E in process-
ing or turnover or both in case of many RNAs42, 60. The increase in relative abundance of ACLSV MP mRNA 
at non-permissive temperature (as evident from northern blot and qPCR data) confirms the negating effect of 
endonucleolytic enzyme RNase E on heterologous expression of ACSLV MP.

Heterologous overexpression of truncated ACLSV MP in E. coli, yielded protein in inclusion bodies that 
was seen as a distinct band (~60 kDa) in coomassie stained gels. On the other hand, during overexpression of 
full-length gene in pMAL vectors we did not see any fusion product (in coomassie stained gels). As transcrip-
tion and translation are coupled in prokaryotes therefore inspite of the action of RNase E there would be certain 
transcripts that would miss ribonuclease action to make full-length protein. The western blot analysis showed 
presence of full-length fusion protein in addition to other smaller sized bands which could be due to the cleavage/
degradation of full-length protein. These results infer that although there is very less expression of full-length 
fusion protein, but it is still prone to proteolysis. However, due to aggregation the protein from truncated frag-
ment is saved from proteolysis, as inclusion bodies are resistant to proteolytic degradation61. The indigenously 
raised antibodies were highly sensitive and did not show any cross-reactivity to the total proteins from wild type 
BL21 and NEB expressed cells (Fig. 1).

Chimeric/tagged proteins are widely used in protein research for purposes as diverse as vaccine develop-
ment, immunodetection, trafficking studies, biochemical purification and interaction studies62. Commonly used 
fusion tags include 6X histidine, MBP-maltose binding protein, GST- glutathione S-transferase, TRX-thioredoxin 
and Strep- streptavidin/avidin63–67. The formation of inclusion bodies due to lack of sophisticated pathways for 
post-translational modifications, is by far a major limiting factor in E. coli expression system68–71. Folding and solu-
bility limitations (which lead to aggregation of expressed proteins) could be improved by fusing the protein of inter-
est to expression tags72. It has been reported that MBP greatly enhanced the solubility of five out of six (otherwise 
expressed in insoluble form) different and diverse passenger proteins, whereas, the use of TRX or GST did not sig-
nificantly alter the solubility of those proteins. Based on our results of truncated gene expression (protein expressed 
in inclusion bodies) and bioinformatic calculations for solubility index (0.695) for full-length gene, we predicted 
that the full-length gene would also form inclusion bodies that would be highly undesirable for structural studies, 
though the formation of inclusion bodies do have its own advantages as they can be easily isolated in relatively pure 
form and are resistant to proteolysis73. pMAL vectors, apart from increasing solubility also offers to export the pro-
tein to periplasm that is a more oxidizing compartment than cytoplasm and also hosts specific chaperons, foldases 
and enzymes for disulphide bond formation74–76. Thus, we tried to express the gene in both the cytoplasmic and 
periplasmic vector and found that proteolysis is occurring in both the cases (data not shown), which implies that the 
expressed protein is prone to proteolysis irrespective of the site of protein production.

In conclusion, the findings from present study have clearly shown that the cloning related problems of 
the movement protein of ACLSV can be taken care of by culturing at a low temperature (20 °C) but still 
post-transcriptional and post-translational controls pose a limitation to successful heterologous expression of 
ACLSV MP in E. coli. Although the present dataset is not sufficient to devise a proper strategy for overexpression 
of this gene in E. coli, it is necessary to study the differential expression of host genes during overexpression of 
the heterologous gene. The information generated from such studies would lead to better understanding of the 
underlying barriers that pose bottlenecks for overexpression of foreign genes. Once the conundrum of overex-
pression is solved, further structural studies would lead to a better understanding of the ACLSV MP function.

Materials and Methods
Cloning of ACLSV MP Gene and truncation of it’s 5′ and 3′-ends.  For cloning ACLSV MP a ~2 kb 
region from ACLSV genome was amplified from virus infected apple cultivar Gala using primers AC5547 F 
and AC R 7440 (Table 2), which contains both MP and partial coat protein (CP) regions. The recombinant plas-
mid pACMPCP was generated by ligating the amplicon in pGEM®-T Easy vector and then transformed into E. 
coli DH5α cells. From the cloned sequence, ACLSV MP (1383 nt) was amplified using primers RMS125F and 
RMS125R. We attempted to clone this amplicon in pGEM®-T Easy vector, however this recombinant plasmid 
(pACMP1) was found to be unstable at 37 °C and 28 °C. The amplified ACLSV MP sequence was then ligated 
into a low copy number plasmid pSMART-LC Amp (Lucigen Corporation, Middleton, WI, USA) vector (which 
contains transcription terminators at both its open ends); to generate a recombinant plasmid named pSACMP. 
All the PCR amplifications for cloning purpose in this study were carried out using Advantage®2 polymerase 

https://tandem.bu.edu/trf/trf.html
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mix (Takara Bio, USA). As the plasmid pACMP1 was found to be unstable, so to identify the region in ACLSV 
MP that may be causing instability of MP sequence in DH5α cells, we generated following deletion mutants; 
pMP5′, pMP3′, pMP3′a, pMP3′b and pMP3′c (Fig. 5). The details of the primers used to generate the full-length 
and truncated clones are given in Table 2. Further to evaluate the role (in instability) of an inframe ATG that lie 
six nucleotides downstream of the first ATG in ACLSV MP sequence, we generated various chimeric plasmids 
like other plasmids generated in this study. All the full-length and truncated constructs were transformed into 
competent E. coli DH5α cells. Equal number of cells from each transformation were spread on three Luria agar 
plates supplemented with ampicillin (100 µg/ml), and one of each plate was kept at 20 °C, 28 °C and 37 °C. Each 
transformation was repeated thrice and checked for colony formation.

S.
No

Amplicon for 
plasmid Primer pair used (sequence 5′ - 3′)

1 pACMPCP
ACR5547F - TCTGGAGTTTTCATTCGCCTA

ACR 7440R - TGGGTTCAAGAGTTTATTTGCGTAAACATGC

2 pACMP2
RMS125F –ATGGCGACGATGATAAGGGGTCACAAATGA

RMS 125R - TCACAAACCTGACGGAAGGTCATG

3 pACMP1
RMS124F – ATGATAAGGGGTCACAAATGA

RMS 125R - TCACAAACCTGACGGAAGGTCATG

4 pMP5′
RMS ACF 1000-AAGAGCAAGCAATGTTGCAGAAATT

RMS 125R–TCACAAACCTGACGGAAGGTCATG

5 pMP3′
RMS125F–ATGGCGACGATGATAAGGGGTCACAAATGA

RMS AC Rev 1000 - GNAGAHATGTTATCKACGGATGAC

6 pMP3′a
RMS125F–ATGGCGACGATGATAAGGGGTCACAAATGA

RMS Rev 752 - ACCACCTCCTTCAGATTGAAGGA

7 pMP3′b
RMS125F–ATGGCGACGATGATAAGGGGTCACAAATGA

RMS Rev 753 - AACTCCGTCTGCTCCGAGGTTCC

8 pMP3′c
RMS125F–ATGGCGACGATGATAAGGGGTCACAAATGA

RMS Rev 754 - CCTGTCTTTCCATGAAGGGGGCT

9 pc5X+, pp5X+
RMS124FE-CCATGGCGACGATGATAAGGGGTCACAAATGA

RMS 125RE - GAATTCTCACAAACCTGACGGAAGGTCATG

Table 2.  Various primer combinations used for cloning of full-length, truncated and expression constructs of 
ACLSV MP. The initiation codons in plasmids pACMP1 and pACMP2 have been italicized. For preparation of 
constructs for pMAL vectors the enzyme sites in primers RMS 124FE and RMS 125RE have been underlined.

Figure 5.  Different sequences of ACLSV genome used to clone ACLSV MP and different truncated mutants 
of ACLSV MP. Solid black rectangles represent the ACLSV sequences inserted in pGEMT-Easy vector. GATT, 
AATC and dots represent the vector sequences. pACMPCP contains genomic sequence of ACLSV spanning 
from 5547–7440 nt’s which contains full-length ACLSV MP and partial CP. pACMP2 is full-length ACLSV 
MP gene (1383 nt’s), pACMP1 contains ACLSV MP devoid of first nine nucleotides. pMP5′ is 5′-end truncated 
construct which lacks first 375 nt’s, pMP3′ lacks 375 nt’s from the 3′-end. pMP3′a, pMP3′b and pMP3′c contain 
1–1308 nt’s, 1–1233 nt’s and 1–1158 nt’s of ACLSV MP.
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Secondary structure prediction of ACLSV MP.  Amplified ACLSV MP sequence was used for the prediction 
of secondary structure of mRNA using mFOLD web server53. Similarly, secondary structures of truncated fragments 
920 nt (5′-end) and 454 nt (3′-end) were also predicted using energy minimization program of mFOLD web server.

Heterologous expression of ACLSV MP in E. coli.  For heterologous overexpression in E. coli, ACLSV MP 
sequence was amplified using primers RMS 124FE (NcoI restriction enzyme site) and RMS125RE (EcoRI restric-
tion enzyme site), after restriction digestion (with EcoRI and NcoI) and purification of digested PCR product it was 
ligated into similarly digested pMAL expression vectors (p5X and c5X) to generate recombinant plasmids pc5X+ 
and pp5X+. Recombinant plasmids were transformed into competent NEB express cells. For protein overexpression 
the cells (NEB express cells containing pp5X+, pc5X+ and vector controls) were grown in Luria broth amended with 
1% glucose. After the cells reached an O.D600 = 0.5, IPTG (0.3 mM final concentration) was added. The cells were 
grown at three different temperatures (16 °C, 28 °C, 37 °C) and samples (1 ml culture) were drawn at different time 
points (Table 1). The samples were centrifuged to collect the cells. Equal cell mass was suspended in SDS loading 
dye (Laemelli loading buffer) and heated for 7 minutes on a boiling water bath. The samples were cooled on ice for 
5 minutes, and analyzed on 12% SDS-PAGE, to see protein profile the gels were stained with CBB.

Truncated fragment (920 nt) was cloned in pET 32a+ and pET 28a+ vectors. Recombinant plasmids were 
transformed into BL21 DE3 cells, and a single positive clone (of each plasmid) was selected for protein over-
expression. Induction was carried out at 30 ° C with 1 mM IPTG and equal number of cells were collected at 
different time intervals (2, 3 and 4 hr). Equal numbers of cells from each sample were then suspended in 500 µl 
phosphate buffer saline pH 7.0 containing 1 mM PMSF and were subjected to sonication. Cell pellets and super-
natant were collected separately after centrifugation. Protein profile of both fractions (pellets and supernatant) 
was analyzed on 12% SDS-PAGE as mentioned earlier.

Protein purification and antisera generation.  Protein from truncated fragment (920 nt) cloned in pET 
32a+ vector was used for generation of antisera against ACLSV MP. For recombinant protein production, one 
litre culture (2x YT media) was induced at 30 °C with 1 mM IPTG for 4 hrs, the cells were pelleted down and sub-
jected to sonication for cell lysis. After sonication, the pellets were dissolved in 300 mM NaCl and 8 M urea, so as 
to denature the protein entrapped in inclusion bodies. Protein purification was carried out using Ni-NTA resin 
(Thermo scientific) as per manufacturer’s instructions and eluted in a buffer containing 300 mM NaCl, 8 M urea 
and 250 mM imidazole (elution buffer). Further, the eluted protein was dialyzed against a buffer system contain-
ing 100 mM Tris-HCL (pH-7.8) + 0.14 M β-mercaptoethanol and 2 M Urea. The purified protein was then used 
as an antigen for immunization in rabbits. Polyclonal antisera were raised by applying three weekly consecutive 
injections of 500 mg purified protein emulsified with complete Freund’s adjuvant (in an equal volume ratio) and 
injected subcutaneously and intramuscularly at five different sites into healthy white New Zealander male rabbits 
(approximately four months old). For the booster doses, incomplete Freund’s adjuvant was used. After 6 weeks, 
the animal was bled from the marginal ear vein and serum was collected from the blood using pasture pipette and 
centrifuged at 5000 rpm for 10 min at 4 °C. IgG was purified using IgG extraction kit (Bangalore Genei, Merck 
Biosciences, Germany) as per manufacturer’s instructions. For raising antisera, rabbits were used after approval 
from the Institutional Animal Ethics Committee at this institute (CSIR-Institute of Himalayan Bioresource 
Technology) which works under the guidelines of “Committee for the purpose of control and supervision on 
experiment on animals (CPCSEA)”. All the work done on animals in this study was approved by institutional 
committee on animal ethics, and experiments were executed as per the guidelines laid by the committee.

Plasmid instability test and growth curve of transformed NEB express cells.  The constructs pre-
pared in pMAL vectors were subjected to plasmid stability test as described in pET system manual, 8th edition, 
1999 (Novagen, USA) with few modifications. Briefly, immediately before induction (O.D600 = 0.5) equal number 
of cells from empty vector containing NEB express cells and recombinant vector containing cells were spread on 
each of the following plates (i) Luria agar, number of colonies on this plate will represent the number of all viable 
cells (ii) Luria agar + ampicillin (100 µg/ml), colonies on this plate will represent the cells which carry the plasmid 
(iii) Luria agar + 0.3 mM IPTG, colonies on this plate will represent the plasmids/mutants that have lost the ability 
to express the target gene (iv) Luria agar + ampicillin (100 µg/ml) + IPTG (0.3 mM), colonies on this plate repre-
sent only the mutants that retain the plasmid but have lost the ability to express the target gene. The experiment 
was repeated thrice and colonies on each plate were counted. For graphical representation (Supplementary Fig. 3) 
average of the colonies from three independent replicates were taken. For study of growth kinetics of the trans-
formed NEB express cells, vector controls (p5X and c5X) containing cells and chimeric plasmids (pp5X + and 
pc5X+) containing cells were propagated in Luria broth (50 ml) containing 100 µg/ml ampicillin and 1% glucose 
till the OD600 reached 0.5. After this 0.3 mM IPTG was added to each culture and then incubated at 30 °C and 
37 °C. Absorbance at 600 nm was taken using spectrophotometer (Specord 200, Analytic Jena, Germany) at fol-
lowing time points: 15, 30, 60, 90, 120, 180, 240 and 330 min. The readings from this experiment were plotted in 
a graph to see the difference in growth kinetics of empty and chimeric vectors.

Strains of E. coli.  DH5α-F− endA1 glnV44 thi-1 recA1 relA1 gyrA96 deoR nupG purB20 ϕ80dlacZΔM15 
(lacZYA-argF) U169, hsdR17(rK

−mK
+), λ−. BL21-F− ompT gal dcm lon hsdSB(rB

−mB
−)λ(DE3[lacI lacUV5-T7gene 

1 ind1 sam7 nin5]) [malB+]K-12(λS). NEB express - fhuA2 [lon] ompT gal sulA11 R(mcr-73::miniTn10–TetS)2 
[dcm] R(zgb-210::Tn10–TetS) endA1 Δ(mcrC-mrr)114::IS10. N3431- lacZ43, relAI, spoTI, thi-1, rne-3071(Gold-
blum and Apirion 1981).

http://3
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Transcript profiling.  The transformed E. coli DH5α and rnets were grown at 28 °C (3 cultures of each 
transformed cell type) and one batch each of both transformed cells was grown at 20 °C. After the cells reached 
O.D600 = 0.5, 0.3 mM IPTG was added for induction. After addition of IPTG, transformed E. coli DH5α and rnets 
were grown at 20 °C and 28 °C for 1 hr and samples were collected (~1 × 109 cells). Similarly, samples (15 min and 
30 min) were collected from cultures post shift to non-permissive temperature (43 °C). At non-permissive tem-
perature samples were collected at 15 min and 30 min. For transcript profiling, the total RNA from different IPTG 
induced samples [E. coli DH5α and N3431 temperature sensitive mutant (rnets) cells] were isolated using hot 
SDS-Phenol method77, DNAse treatment and subsequent purification of total RNA was done using a commercial 
kit (NucleoSpin®, Macherey Nagel, Germany). The presence of ACLSV MP specific transcript was detected by 
northern blotting. Equal amount (1.5 µg) of RNA from different temperatures and time intervals were loaded 
on formaldehyde denaturing agarose gel and then transferred to nitrocellulose membrane by capillary action. 
Anti-sense DIG labeled riboprobe prepared from 3′ -end truncated ACLSV MP was used for hybridization (at 
68 °C). Chemiluminescent detection was carried out using CDP star (Ambion, Life technologies, USA) as per the 
manufacturer’s instructions. Images were captured using azure c300 imaging system (Azure Biosystems, USA).

Real Time PCR.  First strand cDNA synthesis was done with 1 µg of total RNA (DNase treated) isolated from 
permissive (28 °C) and non-permissive temperature (43 °C) conditions using Verso cDNA Synthesis Kit (Thermo 
Scientific, USA) in a 20 µl reaction containing 4 µl of 5X cDNA synthesis buffer, 500 µM each dNTP, 400 ng of 
random hexamer primer, 1 µl RT enhancer and 1 µl Verso enzyme mix. The reaction was incubated for 50 min at 
42 °C, for inactivation of RT enhancer the reaction was then heated to 95 °C for 2 minutes. Relative quantification 
of ACLSV MP transcripts was done on Agilent Mx3000 P QPCR system using DyNAmo ColorFlash SYBR Green 
qPCR kit (Thermo scientific, USA). Calculations for relative abundance of ACLSV MP mRNA were done using E. 
coli IdnT as a reference gene. List of primers used in qPCR are listed in Table 3. For relative quantification of tran-
scripts 2 µl of the 1:10 diluted cDNA and 2 µM of each forward and reverse primer with three technical replicates 
was used. Relative quantification was done by comparative ΔΔCT method78.

Western blotting.  NEB express cells transformed with pp5X+ and pc5X+ were propagated and harvested as 
described earlier. Equal cell mass from cultures harbouring control and chimeric plasmids were resuspended in 
SDS loading dye (Laemelli loading buffer) and heated at 95 °C for 7 minutes and cooled on ice for 5 minutes. These 
samples were separated on 12% SDS-PAGE, transferred to PVDF membrane and blocked with 5% skimmed 
milk-Tris buffered saline amended with 0.1% Tween-20 (TBS-T) overnight at 4 °C. After blocking the membrane 
was washed five times with TBS-T and then incubated for 1 hr with anti-MP antibodies (lab raised) at room 
temperature (RT) with continuous slow shaking. Membrane was again washed several times (five times) with 
TBS-T and further incubated with 1:5000 anti-rabbit IgG conjugated to horseradish peroxidase (Sigma-Aldrich, 
USA) for 30 minutes at RT. Signals were detected using SuperSignal™ West Femto Maximum Sensitivity Substrate 
(Thermo Scientific, USA).

Ethical approval and informed consent.  For raising antisera, rabbits were used after approval from the 
Institutional Animal Ethics Committee under Committee for the purpose of control and supervision on experi-
ment on animals (CPCSEA).

References
	 1.	 Yoshikawa, N. Apple chlorotic leaf spot virus. CMI/AAB Descriptions of Plant Viruses No. 386 (No. 30 revised) (2001).
	 2.	 Lister, R. M. Apple chlorotic leaf spot virus. CMI/AAB Descriptions of Plant Viruses no. 30 (1970).
	 3.	 Nemeth, M. Virus, Mycoplasma and Rickettsia Diseases of Fruit Trees. Akademiai Kiado. (Springer US, 1986).
	 4.	 Cembali, T., Folwell, R. J., Wandschneider, P., Eastwell, K. C. & Howell, W. E. Economic implications of a virus prevention program 

in deciduous tree fruits in the US. Crop Prot. 22, 1149–1156, doi:10.1016/S0261-2194(03)00156-X (2003).
	 5.	 German, S. et al. Nucleotide sequence and genomic organization of apple chlorotic leaf spot closterovirus. Virology 179, 104–112, 

doi:10.1016/0042-6822(90)90279-Z (1990).
	 6.	 Sato, K., Yoshikawa, N. & Takahashi, T. Complete nucleotide sequence of the genome of an apple isolate of apple chlorotic leaf spot 

virus Short communication. J. Gen. Virol. 74, 1927–1931, doi:10.1099/0022-1317-74-9-1927 (1993).
	 7.	 Yaegashi, H., Isogai, M., Tajima, H., Sano, T. & Yoshikawa, N. Combinations of two amino acids (Ala40 and Phe75 or Ser40 and 

Tyr75) in the coat protein of apple chlorotic leaf spot virus are crucial for infectivity. J. Gen. Virol. 88, 2611–2618, doi:10.1099/
vir.0.82984-0 (2007).

	 8.	 Kawakami, S., Watanabe, Y. & Beachy, R. N. Tobacco mosaic virus infection spreads cell to cell as intact replication complexes. Proc. 
Natl. Acad. Sci. USA 101, 6291–6, doi:10.1073/pnas.0401221101 (2004).

Gene Primers (sequence 5′-3′) Reference

IdnT
EC idn T F- CTGTTTAGCGAAGAGGAGATGC

79
EC idn T R- ACAAACGGCGGCGATAGC

RNase E
EC rne F- AGGCAAACATCTACAAAGGTAAAATC

This study
EC rne R- AACACATCTTTAATGTTGGGACGAC

mal E
375 F– AAGTGGATAACATATCTGCAAGAG

This study
375 R- TCACAAACCTGACGGAAGGTC

Table 3.  List of primers used for qRT-PCR. For quantification of transcripts of ACLSV MP, primers were 
designed from the nucleotide sequence of maltose binding protein present in pMAL vectors. The RNase E 
primers were designed from RNase E sequence derived from the genome of an E. coli K-12 strain MG1655 
(GI:556503834).

http://dx.doi.org/10.1016/S0261-2194(03)00156-X
http://dx.doi.org/10.1016/0042-6822(90)90279-Z
http://dx.doi.org/10.1099/0022-1317-74-9-1927
http://dx.doi.org/10.1099/vir.0.82984-0
http://dx.doi.org/10.1099/vir.0.82984-0
http://dx.doi.org/10.1073/pnas.0401221101


www.nature.com/scientificreports/

1 0Scientific Reports | 7: 2133  | DOI:10.1038/s41598-017-02375-y

	 9.	 Kaplan, I. B., Zhang, L. & Palukaitis, P. Characterization of Cucumber Mosaic Virus V. Cell - to- Cell Movement requires capsid 
protein but not virions. Virology 246, 221–231 (1998).

	10.	 Knapp, E., Danyluk, G. M., Achor, D. & Lewandowski, D. J. A bipartite Tobacco mosaic virus-defective RNA (dRNA) system to study 
the role of the N-terminal methyl transferase domain in cell-to-cell movement of dRNAs. Virology 341, 47–58, doi:10.1016/j.
virol.2005.06.032 (2005).

	11.	 Lent, J. V., Wellink, J. & Goldbach, R. Evidence for the involvement of the 58K and 48K proteins in the intercellular movement of 
cowpea mosaiv virus. J. Gen. Virol. 71, 219–223, doi:10.1099/0022-1317-71-1-219 (1990).

	12.	 Kasteel, D. et al. The involvement of cowpea mosaic virus M RNA-encoded proteins in tubule formation. J. Gen. Virol. 74, 
1721–1724, doi:10.1099/0022-1317-74-8-1721 (1993).

	13.	 Perbal, M.-C., Thomas, C. & Maule, A. Cauliflower mosaic virus gene I product (PI) forms tubular structures which extent from the 
surface of infected protoplasts. Virology 195, 281–285, doi:10.1006/viro.1993.1375 (1993).

	14.	 Storms, M. M. H., Kormelink, R., Peters, D., Van Lent, J. W. M. & Goldbach, R. W. The nonstructural NSm protein of Tomato spotted 
wilt virus Induces tubular structures in plant and insect cells. Virology 214, 485–493, doi:10.1006/viro.1995.0059 (1995).

	15.	 Koonin, E. V., Mushegian, A. R., Ryabov, E. V. & Dolja, V. V. Diverse groups of plant RNA and DNA viruses share related movement 
proteins that may possess chaperone-like activity. J. Gen. Virol. 72, 2895–2903, doi:10.1099/0022-1317-72-12-2895 (1991).

	16.	 Melcher, U. The ‘30K’ superfamily of viral movement proteins. J. Gen. Virol 81, 257–266, doi:10.1099/0022-1317-81-1-257 (2000).
	17.	 Mushegian, A. R. & Elena, S. F. Evolution of plant virus movement proteins from the 30K superfamily and of their homologs 

integrated in plant genomes. Virology 476, 304–315, doi:10.1016/j.virol.2014.12.012 (2015).
	18.	 Satoh, H. et al. Intracellular distribution, cell-to-cell trafficking and tubule-inducing activity of the 50 kDa movement protein of 

Apple chlorotic leaf spot virus fused to green fluorescent protein. J. Gen. Virol. 81, 2085–93, doi:10.1099/0022-1317-81-8-2085 
(2000).

	19.	 Yaegashi, H. et al. Apple chlorotic leaf spot virus 50 kDa movement protein acts as a suppressor of systemic silencing without 
interfering with local silencing in Nicotiana benthamiana. J. Gen. Virol. 88, 316–24, doi:10.1099/vir.0.82377-0 (2007).

	20.	 Isogai, M. & Yoshikawa, N. Mapping the RNA-binding domain on the Apple chlorotic leaf spot virus movement protein. J. Gen. 
Virol. 86, 225–9, doi:10.1099/vir.0.80493-0 (2005).

	21.	 Kasteel, D. T. J., van der Wel, N. N., Jansen, K. A. J., Goldbach, R. W. & van Lent, J. W. M. Tubule-forming capacity of the movement 
proteins of alfafa mosaic virus and brome mosaic virus. J. Gen. Virol. 78, 2089–2093, doi:10.1099/0022-1317-78-8-2089 (1997).

	22.	 Canto, T. & Palukaitis, P. Are Tubules Generated by the 3a Protein Necessary for Cucumber Mosaic Virus Movement? Mol. Plant-
Microbe Interact 12, 985–993, doi:10.1094/MPMI.1999.12.11.985 (1999).

	23.	 Zheng, X. et al. Genetic instability of Japanese encephalitis virus cDNA clones propagated in Escherichia coli. Virus Genes 52, 
195–203, doi:10.1007/s11262-016-1289-y (2016).

	24.	 Stueber, D. & Bujard, H. Transcription from efficient promoters can interfere with plasmid replication and diminish expression of 
plasmid specified genes. EMBO J. 1, 1399–1404 (1982).

	25.	 Adhya, S. & Gottesman, M. Promoter Occlusion: Transcription through a Promoter may Inhibit its activity. Cell. 29, 939–944 (1982).
	26.	 Razin, S. V., Ioudinkova, E. S., Trifonov, E. N. & Scherrer, K. Non-clonability correlates with genomic instability: a case study of a 

unique DNA region. J. Mol. Biol. 307, 481–486, doi:10.1006/jmbi.2000.4372 (2001).
	27.	 Kiyama, R. & Oishi, M. Instability of plasmid DNA maintenance caused by transcription of sequences in Escherichia coli. Gene. 150, 

57–61 (1994).
	28.	 Bichara, M., Pinet, I., Schumacher, S. & Fuchs, R. P. P. Mechanisms of dinucleotide repeat instability in. Escherichia coli. Genetics 154, 

533–542 (2000).
	29.	 Kang, H. K. & Cox, D. W. Tandem repeats 3′ of the IGHA genes in the human immunoglobulin heavy chain gene cluster. Genomics 

35, 189–195, doi:10.1006/geno.1996.0338 (1996).
	30.	 Al-allaf, F. A., Tolmachov, O. E., Zambetti, L. P., Tchetchelnitski, V. & Mehmet, H. Remarkable stability of an instability-prone 

lentiviral vector plasmid in. Escherichia coli Stbl3. 3 Biotech. 61–70, doi:10.1007/s13205-012-0070-8 (2013).
	31.	 Liao, H. H. Effect of temperature on the expression of wild-type and thermostable mutants of kanamycin nucleotidyltransferase in 

Escherichia coli. Protein Expr. Purif. 2, 43–50, doi:10.1016/1046-5928(91)90008-7 (1991).
	32.	 Scmidt, B. J. & Bloom, F. R. Electromax STBL4 cells for the stable maintenance of repeat sequences. Focus (Madison). 21, 52–53 

(1999).
	33.	 Nettleship, J. E., Assenberg, R., Diprose, J. M., Rahman-Huq, N. & Owens, R. J. Recent advances in the production of proteins in 

insect and mammalian cells for structural biology. J. Struct. Biol. 172, 55–65, doi:10.1016/j.jsb.2010.02.006 (2010).
	34.	 Bird, L. E. High throughput construction and small scale expression screening of multi-tag vectors in Escherichia coli. Methods 55, 

29–37, doi:10.1016/j.ymeth.2011.08.002 (2011).
	35.	 Forchhammer, J., Jackson, E. N. & Yanofsky, C. Different half-lives of messenger RNA corresponding to different segments of the 

tryptophan operon of Escherichia coli. J. Mol. Biol. 71, 687–699, doi:10.1016/S0022-2836(72)80032-9 (1972).
	36.	 Levy, S. B. Very stable prokaryotic messenger RNA in chromosomeless Escherichia coli minicells. Proc. Natl. Acad. Sci. USA 72, 

2900–2904, doi:10.1073/pnas.72.8.2900 (1975).
	37.	 Hirashima, A., Childs, G. & Inouye, M. Differential inhibitory effects of antibiotics on the biosynthesis of envelope proteins of 

Escherichia coli. J. Mol. Biol 79, 373–389, doi:10.1016/0022-2836(73)90012-0 (1973).
	38.	 Mudd, E. A., Krisch, H. M. & Higgins, C. F. RNase E, an endoribonuclease, has a general role in the chemical decay of Escherichia 

coli mRNA: Evidence that rne and ams are the same genetic locus. Mol. Microbiol. 4, 2127–2135, doi:10.1111/mmi.1990.4.issue-12 
(1990).

	39.	 Anupama, K., Leela, J. K. & Gowrishankar, J. Two pathways for RNase E action in Escherichia coli in vivo and bypass of its essentiality 
in  mutants  defec t ive  for  R ho-dep endent  t rans cr ipt ion terminat ion.  Mol .  Microbiol .  82 ,  1330–1348, 
doi:10.1111/j.1365-2958.2011.07895.x (2011).

	40.	 Deutscher, M. P. Degradation of RNA in bacteria: Comparison of mRNA and stable RNA. Nucleic Acids Res. 34, 659–666, 
doi:10.1093/nar/gkj472 (2006).

	41.	 Condon, C. Maturation and degradation of RNA in bacteria. Curr. Opin. Microbiol. 10, 271–278, doi:10.1016/j.mib.2007.05.008 
(2007).

	42.	 Carpousis, A. J., Luisi, B. F. & McDowall, K. J. In Progress in Molecular Biology and Translational Science 85, 91–135 (Elsevier Inc., 
2009).

	43.	 Arraiano, C. M. et al. The critical role of RNA processing and degradation in the control of gene expression. FEMS Microbiol. Rev. 
34, 883–923, doi:10.1111/j.1574-6976.2010.00242.x (2010).

	44.	 Loayza, D., Carpousis, A. J. & Krisch, H. M. Gene 32 transcription and mRNA processing in T4-related bacteriophages. Mol 
Microbiol 5, 715–725, doi:10.1111/mmi.1991.5.issue-3 (1991).

	45.	 Mackie, G. A. Specific endonucleolytic cleavage of the mRNA for ribosomal protein S20 of Escherichia coli requires the product of 
the ams gene in vivo and in vitro. J. Bacteriol. 173, 2488–2497, doi:10.1128/jb.173.8.2488-2497.1991 (1991).

	46.	 Mackie, G. A. Secondary structure of the mRNA for ribosomal protein S20: Implications for cleavage by ribonuclease E. J. Biol. 
Chem. 267, 1054–1061 (1992).

	47.	 Cormack, R. S. & Mackie, G. A. Structural requirements for the processing of Escherichia coli 5 S ribosomal RNA by RNase E in vitro. 
J. Mol. Biol. 228, 1078–1090, doi:10.1016/0022-2836(92)90316-C (1992).

http://dx.doi.org/10.1016/j.virol.2005.06.032
http://dx.doi.org/10.1016/j.virol.2005.06.032
http://dx.doi.org/10.1099/0022-1317-71-1-219
http://dx.doi.org/10.1099/0022-1317-74-8-1721
http://dx.doi.org/10.1006/viro.1993.1375
http://dx.doi.org/10.1006/viro.1995.0059
http://dx.doi.org/10.1099/0022-1317-72-12-2895
http://dx.doi.org/10.1099/0022-1317-81-1-257
http://dx.doi.org/10.1016/j.virol.2014.12.012
http://dx.doi.org/10.1099/0022-1317-81-8-2085
http://dx.doi.org/10.1099/vir.0.82377-0
http://dx.doi.org/10.1099/vir.0.80493-0
http://dx.doi.org/10.1099/0022-1317-78-8-2089
http://dx.doi.org/10.1094/MPMI.1999.12.11.985
http://dx.doi.org/10.1007/s11262-016-1289-y
http://dx.doi.org/10.1006/jmbi.2000.4372
http://dx.doi.org/10.1006/geno.1996.0338
http://dx.doi.org/10.1007/s13205-012-0070-8
http://dx.doi.org/10.1016/1046-5928(91)90008-7
http://dx.doi.org/10.1016/j.jsb.2010.02.006
http://dx.doi.org/10.1016/j.ymeth.2011.08.002
http://dx.doi.org/10.1016/S0022-2836(72)80032-9
http://dx.doi.org/10.1073/pnas.72.8.2900
http://dx.doi.org/10.1016/0022-2836(73)90012-0
http://dx.doi.org/10.1111/mmi.1990.4.issue-12
http://dx.doi.org/10.1111/j.1365-2958.2011.07895.x
http://dx.doi.org/10.1093/nar/gkj472
http://dx.doi.org/10.1016/j.mib.2007.05.008
http://dx.doi.org/10.1111/j.1574-6976.2010.00242.x
http://dx.doi.org/10.1111/mmi.1991.5.issue-3
http://dx.doi.org/10.1128/jb.173.8.2488-2497.1991
http://dx.doi.org/10.1016/0022-2836(92)90316-C


www.nature.com/scientificreports/

1 1Scientific Reports | 7: 2133  | DOI:10.1038/s41598-017-02375-y

	48.	 Mudd, E. A., Carpousis, A. J. & Krisch, H. M. Escherichia coli RNase E has a role in the decay of bacteriophage T4 mRNA. Genes Dev. 
4, 873–881, doi:10.1101/gad.4.5.873 (1990).

	49.	 Lin-Chao, S. & Cohen, S. N. The rate of processing and degradation of antisense RNAI regulates the replication of ColE1-type 
plasmids in vivo. Cell 65, 1233–1242, doi:10.1016/0092-8674(91)90018-T (1991).

	50.	 Mackie, G. A. Stabilization of circular rpsT mRNA demonstrates the 5′-end dependence of RNase E action in vivo. J. Biol. Chem. 
275, 25069–25072, doi:10.1074/jbc.C000363200 (2000).

	51.	 Mackie, Ga Ribonuclease E is a 5′-end-dependent endonuclease. Nature 395, 720–723, doi:10.1038/27246 (1998).
	52.	 Clarke, J. E., Kime, L., Romero, A. D. & McDowall, K. J. Direct entry by RNase E is a major pathway for the degradation and 

processing of RNA in Escherichia coli. Nucleic Acids Res. 42, 11733–11751, doi:10.1093/nar/gku808 (2014).
	53.	 Zuker, M. Mfold web server for nucleic acid folding and hybridization prediction. Nucleic Acids Res. 31, 3406–3415, doi:10.1093/

nar/gkg595 (2003).
	54.	 Kaberdin, V. R., Singh, D. & Lin-Chao, S. Composition and conservation of the mRNA-degrading machinery in bacteria. J. Biomed. 

Sci. 18, 23, doi:10.1186/1423-0127-18-23 (2011).
	55.	 Lutcke, H. et al. Selection of AUG initiation codons differs in plants and animals. EMBO J. 6, 43–48 (1987).
	56.	 Benson, G. Tandem repeats finder: a program to analyze DNA sequences. Nucleic Acids Res. 27, 573–80, doi:10.1093/nar/27.2.573 

(1999).
	57.	 Martin, B., Alloing, G., Boucraut, C. & Claverys, J. P. The difficulty of cloning Streptococcus pneumoniae mal and ami loci in 

Escherichia coli: toxicity of malX and antiA gene products. Gene 80, 227–238, doi:10.1016/0378-1119(89)90287-4 (1989).
	58.	 Youssef, F., Marais, A., Faure, C., Gentit, P. & Candresse, T. Strategies to facilitate the development of uncloned or cloned infectious 

full-length viral cDNAs: Apple chlorotic leaf spot virus as a case study. Virol. J. 8, 488, doi:10.1186/1743-422X-8-488 (2011).
	59.	 Bernstein, Ja, Lin, P.-H., Cohen, S. N. & Lin-Chao, S. Global analysis of Escherichia coli RNA degradosome function using DNA 

microarrays. Proc. Natl. Acad. Sci. 101, 2758–2763, doi:10.1073/pnas.0308747101 (2004).
	60.	 Mackie, G. A. RNase E: at the interface of bacterial RNA processing and decay. Nat. Rev. Microbiol. 11, 45–57, doi:10.1038/

nrmicro2930 (2013).
	61.	 SIngh, S. M. & Panda, A. K. Solubilization and refolding of inclusion body proteins. J. Biosci. Bioeng. 99, 303–310, doi:10.1263/

jbb.99.303 (2005).
	62.	 Beckwith, J. The All Purpose Gene Fusion. Methods Enzymol. 326 (2000).
	63.	 Bornhorst, J. A. & Falke, J. J. Purification of Proteins Using Polyhistidine affinity Tags. Methods Enzymol. 326, 245–254, doi:10.1016/

S0076-6879(00)26058-8 (2000).
	64.	 Sachdev, D. & Chirgwin, J. M. Solubility of proteins isolated from inclusion bodies is enhanced by fusion to maltose-binding protein 

or thioredoxin. Protein Expr. Purif. 12, 122–132, doi:10.1006/prep.1997.0826 (1998).
	65.	 Smith, D. B. Generating Fusions to Glutathione S-transferase for Protein Studies. Methods Enzymol. 326, 254–270 (2000).
	66.	 LaVallie, E. R., Lu, Z., Diblasio-Smith, Ea, Collins-Racie, La & McCoy, J. M. Thioredoxin as a fusion partner for production of 

soluble recombinant proteins in Escherichia coli. Methods Enzymol. 326, 322–340, doi:10.1016/S0076-6879(00)26063-1 (2000).
	67.	 Skerra, A. & Schmidt, T. G. M. Use of the Strep-Tag and streptavidin for detection and purification of recombinant proteins. Methods 

Enzymol. 326, 271–304, doi:10.1016/S0076-6879(00)26060-6 (2000).
	68.	 Demain, A. L. & Vaishnav, P. Production of recombinant proteins by microbes and higher organisms. Biotechnol. Adv. 27, 297–306, 

doi:10.1016/j.biotechadv.2009.01.008 (2009).
	69.	 Terpe, K. Overview of bacterial expression systems for heterologous protein production: From molecular and biochemical 

fundamentals to commercial systems. Appl. Microbiol. Biotechnol. 72, 211–222, doi:10.1007/s00253-006-0465-8 (2006).
	70.	 Pacheco, B., Crombet, L., Loppnau, P. & Cossar, D. A screening strategy for heterologous protein expression in Escherichia coli with 

the highest return of investment. Protein Expr. Purif. 81, 33–41, doi:10.1016/j.pep.2011.08.030 (2012).
	71.	 Costa, S., Almeida, A., Castro, A. & Domingues, L. Fusion tags for protein solubility, purification, and immunogenicity in 

Escherichia coli: The novel Fh8 system. Front. Microbiol. 5, 1–20, doi:10.3389/fmicb.2014.00063 (2014).
	72.	 Kapust, R. B. & Waugh, D. S. Escherichia coli maltose-binding protein is uncommonly effective at promoting the solubility of 

polypeptides to which it is fused. Protein. Sci. 8, 1668–1674, doi:10.1110/ps.8.8.1668 (1999).
	73.	 Singh, S. M. & Panda, A. K. Solubilization and refolding of inclusion body proteins. J. Biosci. Bioeng. 4, 303–310, doi:10.1263/

jbb.99.303 (2005).
	74.	 Kadokura, H., Katzen, F. & Beckwith, J. Protein Disulphide Bond Formation In Prokaryotes. Annu. Rev. Biochem. 72, 111–135, 

doi:10.1146/annurev.biochem.72.121801.161459 (2003).
	75.	 Messens, J. & Collet, J.-F. Pathways of disulfide bond formation in Escherichia coli. Int. J.Biochem. Cell. Biol. 38, 1050–1062, 

doi:10.1016/j.biocel.2005.12.011 (2006).
	76.	 Berndt, C., Lillig, C. H. & Holmgren, A. Thioredoxins and glutaredoxins as facilitators of protein folding. Biochim. Biophys. Acta - 

Mol. Cell Res. 1783, 641–650, doi:10.1016/j.bbamcr.2008.02.003 (2008).
	77.	 Lin-Chao, S. & Bremer, H. Effect of the bacterial growth rate on replication control of plasmid pBR322 in Escherichia coli. MGG Mol. 

Gen. Genet. 203, 143–149, doi:10.1007/BF00330395 (1986).
	78.	 Livak, K. J. & Schmittgen, T. D. Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta 

C(T)) Method. Methods 25, 402–8, doi:10.1006/meth.2001.1262 (2001).
	79.	 Zhou, K. et al. Novel reference genes for quantifying transcriptional responses of Escherichia coli to protein overexpression by 

quantitative PCR. BMC Mol. Biol. 12, 18, doi:10.1186/1471-2199-12-18 (2011).

Acknowledgements
Authors are thankful to the Director, Council of Scientific & Industrial Research- Institute of Himalayan 
Bioresource Technology for providing necessary research facilities for carrying out this work. RMS is thankful 
to CSIR for providing fellowship and acknowledges Academy of Scientific and Innovative Research for PhD 
registration. Authors are thankful to Dr. Sue Lin-Chao, Institute of Molecular Biology, Academia Sinica, Taipei 
11529, Taiwan, for providing E. coli N3431 strain as a gift. RMS duly acknowledges Alysha Cooper (Royal 
Brisbane and Women’s Hospital, QLD, Australia) and Dr. Vivek Dogra (PSC- Shanghai, China) for suggesting 
creative changes to the manuscript. This is CSIR-IHBT publication number 4069.

Author Contributions
R.M.S. – Execution of experiments and manuscript writing. D.S.- Designing of RNase E and plasmid instability 
work, manuscript editing. V.H.- Designing of experiments and manuscript editing.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-02375-y
Competing Interests: The authors declare that they have no competing interests.

http://dx.doi.org/10.1101/gad.4.5.873
http://dx.doi.org/10.1016/0092-8674(91)90018-T
http://dx.doi.org/10.1074/jbc.C000363200
http://dx.doi.org/10.1038/27246
http://dx.doi.org/10.1093/nar/gku808
http://dx.doi.org/10.1093/nar/gkg595
http://dx.doi.org/10.1093/nar/gkg595
http://dx.doi.org/10.1186/1423-0127-18-23
http://dx.doi.org/10.1093/nar/27.2.573
http://dx.doi.org/10.1016/0378-1119(89)90287-4
http://dx.doi.org/10.1186/1743-422X-8-488
http://dx.doi.org/10.1073/pnas.0308747101
http://dx.doi.org/10.1038/nrmicro2930
http://dx.doi.org/10.1038/nrmicro2930
http://dx.doi.org/10.1263/jbb.99.303
http://dx.doi.org/10.1263/jbb.99.303
http://dx.doi.org/10.1016/S0076-6879(00)26058-8
http://dx.doi.org/10.1016/S0076-6879(00)26058-8
http://dx.doi.org/10.1006/prep.1997.0826
http://dx.doi.org/10.1016/S0076-6879(00)26063-1
http://dx.doi.org/10.1016/S0076-6879(00)26060-6
http://dx.doi.org/10.1016/j.biotechadv.2009.01.008
http://dx.doi.org/10.1007/s00253-006-0465-8
http://dx.doi.org/10.1016/j.pep.2011.08.030
http://dx.doi.org/10.3389/fmicb.2014.00063
http://dx.doi.org/10.1110/ps.8.8.1668
http://dx.doi.org/10.1263/jbb.99.303
http://dx.doi.org/10.1263/jbb.99.303
http://dx.doi.org/10.1146/annurev.biochem.72.121801.161459
http://dx.doi.org/10.1016/j.biocel.2005.12.011
http://dx.doi.org/10.1016/j.bbamcr.2008.02.003
http://dx.doi.org/10.1007/BF00330395
http://dx.doi.org/10.1006/meth.2001.1262
http://dx.doi.org/10.1186/1471-2199-12-18
http://dx.doi.org/10.1038/s41598-017-02375-y


www.nature.com/scientificreports/

1 2Scientific Reports | 7: 2133  | DOI:10.1038/s41598-017-02375-y

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

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://creativecommons.org/licenses/by/4.0/

	Movement protein of Apple chlorotic leaf spot virus is genetically unstable and negatively regulated by Ribonuclease E in E ...
	Results

	Cloning and instability of ACLSV MP gene. 
	Heterologous expression of full-length and 3′ truncated fragment of ACLSV MP. 
	Instability and toxicity caused by ACLSV MP during heterologous overexpression. 
	Secondary structure prediction of ACLSV MP transcript. 
	Transcript Profiling of ACLSV MP mRNA in RNase E mutant strain and E. coli DH5α. 

	Discussion

	Materials and Methods

	Cloning of ACLSV MP Gene and truncation of it’s 5′ and 3′-ends. 
	Secondary structure prediction of ACLSV MP. 
	Heterologous expression of ACLSV MP in E. coli. 
	Protein purification and antisera generation. 
	Plasmid instability test and growth curve of transformed NEB express cells. 
	Strains of E. coli. 
	Transcript profiling. 
	Real Time PCR. 
	Western blotting. 
	Ethical approval and informed consent. 

	Acknowledgements

	Figure 1 Western blot analysis done using lab raised antibodies, showing cleavage of full length fusion protein during induction.
	Figure 2 The graph has been plotted for O.
	Figure 3 Part of the predicted secondary structure of chimeric (malE + ACLSV MP) RNA showing the single stranded (SS) AU rich loop spanning the region between nucleotides 2103–2119 (highlighted with yellow color) which is a potential site for cleavage by 
	Figure 4 Northern blot image showing fate of chimeric ACLSV MP mRNA in E.
	Figure 5 Different sequences of ACLSV genome used to clone ACLSV MP and different truncated mutants of ACLSV MP.
	Table 1 Different temperatures used for protein induction and sample collection time at respective temperatures.
	Table 2 Various primer combinations used for cloning of full-length, truncated and expression constructs of ACLSV MP.
	Table 3 List of primers used for qRT-PCR.




