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in the solution. For in vivo expression, however, the temperature is often 

stable, and denaturation/reannealing is not practical. Misfolded RNA 

products can be degraded rapidly. Predicted conformation of RNA during 

transcription needs to be taken into consideration for in vivo RNA 

expression. 

 

Acknowledgement: This RNA folding project was initially carried out by Dan 

Shu, who finished the in vitro study and concluded that long interference 

sequence in 5ʹ-end would disturb the folding of MG aptamer. I would like to 

thank Dr. Shu for allowing me to join this project and I am glad to contribute 

to this project with my skills in bacterial expression. Unlike the in vitro study, 

we were not able to get quantitative data for in vivo assessment because 

denaturation/reannealing is impractical in living cells. However, the in vivo 

results show some synergy with the in vitro data. The in vitro conclusion that 

long interference sequence in 5ʹ-end will disturb RNA folding was supported 

by the fact that these RNA designs were degraded in vivo. 

 

 
 

Figure 3 Folding assay of in vivo expressed pRNA-3WJ MG-apt.  
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(A) RNA construct design for in vivo folding studies. (B) 8% PAGE gel with 8 
M UREA, showing in vivo RNA products. For constructs 5ʹ+12 and 5’+15, 
whose folding could be disturbed by the interfering sequence in vitro, there 
was no correct product found in vivo. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Chapter 3 Expression of RNA nanoparticle harboring 

multiple functional elements in E. coli using tRNA 

scaffold 

3.1 Background 

So far, methods of massive production and purification in bacteria are only 

available for proteins. Most of the RNAs used in research are prepared by in 

vitro transcription or chemical synthesis, which can be costly in large scale or 

when producing long RNAs. Although in vivo expression of RNA has been 

considered as an alternate method, there are some obstacles. For example, 

RNA without a certain structure is vulnerable to RNase and can be degraded 

rapidly in living cell. The low efficiency of termination can often result in 

heterogeneous products. [52] Also, large scale purification of certain RNA 
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products can be difficult. Therefore, scaffolds based on native RNAs have 

been developed to protect RNA products from degradation, as well as 

allowing them to be processed by cellular enzymes. tRNA and 5S rRNA 

have been proven effective scaffolds for recombinant RNA expression. [2, 6] 

The stability and high copy number of tRNA make it a promising scaffold for 

large scale expression. In previous applications the exogenous RNA 

sequence is inserted into the anticodon loop. Insertions up to approximately 

300 nucleotides have been successfully expressed using the tRNA scaffold 

in E. coli. [2] 

Our lab has developed a tetravalent X-shaped RNA motif based on the 

pRNA-3WJ, which is able to carry up to four different RNA modules. For 

therapeutic RNA nanoparticles, multiple functional modules are often 

needed to be integrated into one molecule. [36] For example, one affinity tag 

is required to purify the RNA after production (e.g. streptavidin aptamer or 

sephadex aptamer), similar to his-tag or strep-tag in proteins. One 

fluorogenic tag is required to detect the transportation, folding and 

degradation of RNA after delivery (e.g. MG aptamer or spinach aptamer). 

Finally, one or more therapeutically active elements (e.g. siRNA, ribozymes, 

or riboswitches) are the most important part of therapeutic RNA nanoparticle. 

The 3WJ or X-shaped motif can not only integrate multiple modules into one 

RNA particle, but can also stabilize the folding of these modules. 

Here we report a method of combining both tRNA scaffold and 3WJ to 

make an RNA nanoparticle harboring multiple functional modules that can be 

expressed in E. coli in large scale. Although the pRNA can not be expressed 

in E.coli, the attempt of protecting the pRNA by tRNA scaffold is successful 
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[2]. Therefore, we hypothesize the 3WJ motif is also capable for E.coli 

expression with tRNA scaffold. 

 

3.2 MATERIALS AND METHODS 

3.2.1 Design of RNA construct 

An X-shaped motif was constructed by combining one 3WJ and one 

reversed 3WJ. One of the four arms of the X-shaped motif was connected to 

the anti-codon loop of E. coli tRNALys3. The MG aptamer, streptavidin 

aptamer, and HBV ribozyme were connected to the other three arms. (Fig. 

4B) This RNA will be described hereafter as tRNA-MG-HBV-STV. 

3.2.2 Construction of expression vector 

The tRNA expression vector was constructed using the method developed 

by L. Ponchon and F. Dardel. [2] The lpp promoter, rrnC terminator, and 

several restriction sites were inserted between SacI and XhoI sites of 

pBluescript II SK (+/-) (pBS). (Fig. 4A) (The construction was done by 

Keyclone Technologies). This plasmid will be described hereafter as 

pBS-lpp. 

Template DNA sequence of tRNA-MG-HBV-STV was acquired by 

overlap PCR and cloned between EcoRI/HindIII sites in plasmid pBS-lpp. 

The cloning was completed in E. coli strain DH5α. The recombinant plasmids 

were verified by sequencing (GENEWIZ). 

3.2.3 RNA expression and extraction 

E. coli strain DH5α containing pBS-lpp with tRNA-MG-HBV-STV sequence 

inserted was inoculated into 1 liter of LB medium containing 100 µg/ml 
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ampicillin and was grown at 37°C shaker at 250 rpm for 16 hr. Cells were 

pelleted and resuspended in 10 ml of 10 mM magnesium acetate, 1 mM 

Tris-HCl, pH 7.4 (buffer L; Ponchon et al. [50]). The total soluble RNAs were 

extracted using 12 ml of water saturated phenol (pH 4.5) (Fisher). The 

aqueous phase was ethanol precipitated then dissolved in 1.5 ml of 0.05% 

DEPC treated water. 

3.2.4 Purification of tRNA-MG-HBV-STV from agarose gel 

The extracted RNA was loaded into 1% agarose gel and separated by 

electrophoresis at 121 V for 30 min in 1x TAE buffer (40 mM Tris-acetate, 1 

mM EDTA, pH 8.0). The band of tRNA-MG-HBV-STV was cut down and 

sealed in a dialysis bag (3000 MWCO) with 1 ml of TAE. The bag was put 

back to the electrophoresis chamber and the electrophoresis was continued 

at 150 V for 15 min. In the last 30 s of the electrophoresis, the electrodes 

were inverted to release the RNAs attached to the dialysis bag. After 

electrophoresis, the solution inside the bag was collected. The purified RNAs 

were concentrated by ethanol precipitation. 

3.2.5 Streptavidin binding test 

The tRNA-MG-HBV-STV sample was loaded to streptavidin resin in 1x PBS 

buffer (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4 ) [13] 

containing 10 mM of additional MgCl2. The resin was washed by the same 

buffer. Then, the RNA was eluted by 5 mM of biotin. Samples were collected 

during washing and elution and verified in 8% 8 M UREA PAGE in 1x TBE by 

MG and EB staining, as described in 2.2.6. [9] 
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3.2.6 HBV ribozyme cleavage assay 

The DNA substrate of HBV ribozyme was tagged by Cy3. The cleavage 

reaction was performed at 37°C in 20 mM Tris (pH 7.5) and 20 mM MgCl2 for 

60 min. An in vitro transcribed, pRNA escorted HBV ribozyme was used as 

positive control of cleavage. The result of cleavage was confirmed in 8% 8 M 

UREA PAGE in 1x TBE. [10] 

 

3.3 Result and Discussion 

3.3.1 Verifying the function of MG aptamer, streptavidin aptamer, 
and HBV ribozyme  

In vivo product of pRNA-MG-HVB-STV was able to bind streptavidin resin. 

Bound RNA can be eluted competitively by 5 mM biotin. (Fig. 5B) The 

cleavage of HBV ribozyme had been confirmed (Fig. 5A), however, the 

efficiency of cleavage was lower than the positive control (pRNA escorted 

HBV ribozyme, lane 2). This could be caused by the structure of RNA rather 

than in vivo expression, since both in vivo expressed and in vitro transcribed 

pRNA-MG-HVB-STV presented similar cleavage efficiency. It was possible 

that different modules in the RNA molecule could interfere with each other, 

since the result of HBV ribozyme was positive. The MG fluorescence was 

detected even in the denaturing gel (Fig. 5A). Connecting to the 3WJ would 

stabilize the MG aptamer, protecting its conformation under the presence of 

8 M UREA. 

The design of pRNA-MG-HVB-STV is an example of hypothesized 

therapeutic RNA nanoparticle. After production, it can be purified using 

streptavidin column. The HBV ribozyme is a therapeutic module which can 
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destroy viral genome. After delivery, the presence of the RNA can be 

observed by MG fluorescence. Our laboratory has created a lot of RNA 

nanoparticles based on pRNA 3WJ, harboring multiple functional modules. 

[36, 53] The result of this experiment reveals the possibility of massive 

production of these RNA nanoparticles in bacteria. 

3.3.2 The yield of RNA production 

Roughly 5 mg of purified pRNA-MG-HVB-STV was acquired from 1 L of E. 

coli culture. This is less than the reported yield (10-50 mg) of other 

recombinant RNAs based on tRNA scaffold. [2] One possible reason of the 

reduction in yield is the HBV ribozyme, which has a single strand region in its 

hammerhead. Single strand regions are vulnerable to RNases even when 

they are in the middle of the RNA. Another possible reason is that our RNA 

was purified from agarose gel, in which more samples could be lost when 

comparing with the chromatography used by L. Ponchon and F. Dardel. [1,2] 

 

3.4 Conclusion 

The pRNA 3WJ is a potential scaffold for therapeutic RNA nanoparticles, it is 

able to harbor multiple elements and stabilize them. Until now, these 

pRNA-based nanoparticles were made mainly by in vitro transcription. In this 

project we incorporated the 3WJ and the tRNA scaffold to express 

3WJ-based RNA nanoparticles in E. coli. The in vivo product of 

pRNA-MG-HBV-STV has been acquired successfully, with all three modules 

proving functional, thus demonstrating the viability of massive production of 

3WJ-based RNA nanoparticle in vivo.  The current method is not perfect, 

27 
 



yet. Further study is required to improve the yield of expression, as well as 

the compatibility of different modules.  

 

 
Figure 4 Design of tRNA-MG-HBV-STV  

(A) The expression region of tRNA expression vector (refered as pBS-lpp). 
The lpp promoter, rrnC terminator and several restriction sites are inserted 
between SacI and XhoI sites of pBluescript II SK (+/-) (pBS). (Keyclone 
Technologies). (B) Construct of tRNA-MG-HBV-STV. The MG aptamer, 
streptavidin aptamer, and HBV ribozyme were incorporated into the 
anti-codon loop of E. coli tRNALys3 using an X-shaped motif. 
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Figure 5 Activity of the aptamers and ribozyme in tRNA-MG-HBV-STV 
(A) HBV ribozyme cleavage of DNA substrate labeled by Cy3. Cy3 channel 
shows the DNA substrate, MG channel shows tRNA-MG-HBV-STV, EB 
channel shows all DNAs and RNAs. Lane 1: substrate only. Lane 2: 
substrate and HBV ribozyme escorted by pRNA as positive control of 
cleavage, cleaved substrate appears as a lower band in Cy3 channel. Lane 
3: substrate and cell-expressed tRNA-MG-HBV-STV, cleavage detected in 
Cy3 channel, the MG fluorescence of tRNA-MG-HBV-STV detected at Cy5 
channel. Lane 4-5: substrate and in vitro transcribed tRNA-MG-HBV-STV, 
cleavage detected in Cy3 channel, the MG fluorescence of 
tRNA-MG-HBV-STV detected at Cy5 channel. Lane 6: tRNA-MG-HBV-STV, 
purified from cell. Lane 7: tRNA-MG-HBV-STV, made by in vitro transcription. 
(B) MG fluorescence and streptavidin binding. The tRNA-MG-HBV-STV 
sample was extracted from E. coli and purified from agarose gel. 1: 
tRNA-MG-HBV-STV before loading to streptavidin column, 2: unbound RNA, 
3: wash 4-5: elution. 
Acknowledgement: Thanks to Dan Shu for the gel images. 
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Figure 6 AFM image of tRNA-MG-HBV-STV 
tRNA-MG-HBV-STV expressed in E. coli and purified from gel. An overall “X” 
shape is apparent. (scale: nm) 
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Chapter 4 RNA Expression in Bacillus subtilis Using 

Phi29 pRNA as Scaffold 

4.1 Background 

An efficient method of recombinant RNA expression has been developed in 

E. coli using tRNA and 5S rRNA as a scaffold. [2, 6] However, until now, not 

a lot of attempts have been made to express recombinant RNAs in 

gram-positive bacteria.  

Currently most of the RNA extraction kits and reagents are primarily 

designed for animal cells. When applied to bacteria, cell lysis can become a 

problem. Gram-negative bacteria like E. coli are often lysed under harsh 

conditions (e.g. SDS/NaOH, phenol). [50, 54] These reagents make the kits 

unavailable. Additionally, phenol or detergents need to be removed after 

RNA extraction, or they may denature the RNA product. Most RNA 

extraction kits suggest crushing the bacteria cells mechanically using a 

homogenizer or a French Press. However, RNA degradation should be 

taken into consideration since cellular nuclease will not be deactivated in this 

way. On the other hand, the cell wall of gram-positive bacteria can be 

removed by lysozyme, leaving the protoplasts. [55, 56] Protoplasts can be 

simply lysed using the same method as animal cells, and the reagents are 

often offered in the kits. 

Our lab has developed many RNA nanoparticles based on phi29 pRNA 

or 3WJ. [10, 36, 53] Most of them are prepared by in vitro transcription. In 

one of our previous studies, pRNA was designed as a scaffold to escort the 

HBV ribozyme. Animal cells were transfected by DNA sequence of pRNA 
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with HBV ribozyme insertion. The cleavage activity of HBV ribozyme was 

confirmed in the cells. [10] However, no efforts had been made to observe or 

extract the RNA product, and the amount of RNA product was not 

determined. To study the function of pRNA, wild-type pRNA has been 

expressed in B. subtilis, as well as pRNAs with several modified bases. [24] 

But, pRNA’s capacity of being a scaffold to escort functional elements in 

large scale expression has not been verified. 

The strategy of expressing recombinant RNAs in E. coli uses a natural 

RNA (tRNA or 5S rRNA) as scaffold to deceive the cell, rendering the 

exogenous RNAs as harmless natural products. The structure of the scaffold 

plays an important role of the stability of RNA product. [2, 6] Unfortunately, 

phi29 pRNA is recognized as alien by E. coli. Although we have been able to 

express the pRNA-3WJ in E. coli using T7 expression system, applying the 

same method to full-length pRNA results in degradation of RNA product. On 

the other hand, B. subtilis is the natural host of phi29, and pRNA is rather 

stable in B. subtilis. The full gene of wild-type pRNA, including the promoter 

and terminator, has been cloned into a plasmid for B. subtilis expression. 

The amount of pRNA product has been satisfying. [24] Here we report the 

result of the RNA expression in B. subtilis, using phi29 pRNA as scaffold to 

escort exogenous RNA modules. We hypothesize that some regions of the 

pRNA can be replaced by functional RNA elements while the RNA is still 

stable in B.subtilis. 
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4.2 MATERIALS AND METHODS 

4.2.1 Design of RNA constructs 

We used fluorogenic RNA aptamers because they are easily detected. In our 

first attempt, MG aptamer was inserted into the left-hand loop of pRNA 

(pRNA-MG). (Fig.7A) In another design, the head-loop of pRNA was 

replaced by spinach aptamer (pRNA-spi). (Fig.7B) To test pRNA’s capacity 

to harboring more than one functional module, both MG aptamer and 

spinach aptamer were integrated into the left-hand loop of pRNA using a 

reversed 3WJ (pRNA-MG-spi). (Fig.7C) Template DNA sequences of 

pRNA-MG, pRNA-spi, and pRNA-MG-spi were acquired by overlap PCR. 

4.2.2 Construction of expression vector 

Shuttle vector pHT315 has been created by O. Arantes and D. Lereclus that 

can replicate in either E. coli or Bacillus. pHT315 was constructed by 

inserting Bacillus replication origin, erythromycin resistant gene, and multiple 

cloning site into E. coli vector pUC19. [58] 

In our experiment, template DNA sequence of pRNA-MG/ pRNA-spi/ 

pRNA-MG-spi was inserted between EcoRI/XbaI sites in pHT315. The 

cloning was completed in E. coli strain DH5α. The recombinant plasmids 

were verified by sequencing (GENEWIZ). 

4.2.3 Bacillus subtilis transformation 

B. subtilis strain 12A was transformed following the method by S. Chang and 

S. N. Cohen, 1979. [23] SMM buffer (0.5 M sucrose, 0.02 M Maleate and 

0.02 M MgCl2, pH 6.5. Wyrick and Rogers, 1973 [57]) was used to maintain 

the osmotic pressure and prevent the protoplast from lysis. SMMP medium 
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was prepared by mixing equal volumes of 4 X Penassay broth (Difco 

Antibiotic Metium 3) and 2 X SMM. B. subtilis 12A was grown in 37°C shaker 

until mid-log phase. Cells were harvested and resuspended in 1/10 volume 

of SMMP containing 2 mg/ml lysozyme. The resuspended cells were 

incubated at 37°C with gentle shaking for 2 hr to form protoplasts. After that, 

the protoplasts were pelleted and washed by SMMP to remove lysozyme, 

then resuspended in the same volume of SMMP. 

For each transformation, 500 μl of protoplast was mixed with 1.5 ml of 30% 

PEG 8000 in 1X SMM (w/v), as well as 500 ng of plasmid. Two minutes later, 

5 ml of SMMP was added to the mixture. The protoplasts were pelleted again 

and resuspended in 1 ml of SMMP, then incubated at 30°C for 1.5 hr with 

gentle shaking at 100 rpm. 200 μl of the protoplasts were plated on DM3 

regeneration medium (for one liter, 200 ml 4% agar, 500 ml 1 M sodium 

succinate (pH 7.3), 100 ml 5% Casamino acids, 50 ml 10% yeast extract, 

100 ml 3.5% K2HPO4 and 1.5% KH2PO4, 25 ml 20% glucose, 20 ml 1 M 

MgCl2, and 5 ml 2% bovine serum albumin (sterilized by filtering, added to 

the mixture when the temperature is about 55°C after autoclave)). The 

recovered colonies were transferred to LB plate containing 25 μg/ml 

erythromycin for selection. [23] 

4.2.4 Fluorescence assay of living B.subtilis cells 

Overnight culture of B. subtilis expressing pRNA-MG/ pRNA-spi/ 

pRNA-MG-spi was pelleted and resuspended in 2 volumes of binding buffer 

containing 100 mM KCl, 5 mM MgCl2, and 10 mM HEPES (pH 7.4). To 

detect MG fluorescence, 2 μM MG dye was added to the solution. To detect 

spinach fluorescence, 2 μM DFHBI was added to the solution. [19] The cell 
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suspension was incubated at room temperature for 30 min. The fluorescence 

was measured using a fluorospectrometer (Horiba Jobin Yvon; SPEX 

Fluolog-3). The MG fluorescence was excited at 570 nm, and scanned from 

600 to 800 nm to detect emission. [48, 49] The spinach fluorescence was 

excited at 450 nm, and scanned from 570 to 700 nm to detect emission. [19] 

To acquire the microscope image of living B. subtilis cells, overnight culture 

of expressing pRNA-MG-spi was pelleted and resuspended in 1/2 volume of 

binding buffer containing 5 μM MG dye (for MG fluorescence) or DFHBI (for 

spinach fluorescence). The cell suspension was incubated at room 

temperature for 30 min. 3 μl of cells was added to a slide and examined 

under Olympus FLUOVIEW FV1000 confocal laser scanning microscope 

using a 60X oil lens. MG fluorescence was acquired by Cy5 channel, and 

spinach fluorescence was acquired by Cy2 channel. 

4.2.5 RNA extraction from B.subtilis 

B. subtilis expressing pRNA-MG/ pRNA-spi/ pRNA-MG-spi was inoculated 

into 10 ml of LB broth containing 25 μg/ml erythromycin and grown in 37°C 

shaker at 250 rpm for 14 h. Cells were pelleted at 4,000 rpm for 10 min at 

room temperature, and then resuspended in 1 ml of 1X SMM containing 5 

mg of lysozyme and 2 u RNase-free DNase I. [23, 57] Protoplasts were 

formed by incubating at 37°C for 30 min. After that, RNA was extracted from 

the protoplasts using RNeasy Mini Kit (QIAGEN), following the instructions 

from the official manual. 
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4.2.6 Fluorescence assay of extracted RNA 

The extracted RNAs were analyzed in 8% PAGE gel in 1x TBE (89 mM Tris 

base, 89 mM Boric acid, 2 mM EDTA). After electrophoresis, the gels were 

stained by 5 µM DFHBI in binding buffer (100 mM KCl, 5 mM MgCl2, and 10 

mM HEPES, pH 7.4) and scanned using the Cy2 channel (473 nm 

excitation/520 nm observation) of Typhoon scanner to acquire the spinach 

fluorescence signal. After that, the gel was stained by 5 µM MG dye in 

binding buffer and scanned using the Cy5 channel (635 nm excitation/670 

nm observation) to acquire the MG fluorescence signal. Finally, the gel was 

stained by Ethidium Bromide (E. B.) and then scanned in the E. B. channel 

(532 nm excitation/580 nm observation) to display the total RNA. 

The MG and spinach fluorescence spectrums of extracted RNAs were 

also acquired using the same method described in 4.2.4. 

 

4.3 Result and Discussion 

4.3.1 Verifying the RNA products 

The fluorescence activity of both MG aptamer and spinach aptamer has 

been confirmed by spectrum. For cells expressing pRNA-MG, the emission 

peak was discovered at 650 nm. [48, 51] For cells expressing pRNA-spi, the 

emission peak was discovered at 500 nm. [20] For cells expressing 

pRNA-MG-spi, both peaks were detected, but not as high as the constructs 

with only one aptamer inserted. Fluorescence assay of extracted RNAs had 

a similar result. The peaks were more obvious since there was not a cell 

background. 
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For cells expressing pRNA-MG-spi, both MG and spinach fluorescence 

have been observed under confocal microscope. (Fig. 10) The intensity of 

fluorescence differs from cell to cell. This is possibly caused by different 

levels of expression. It is important to use freshly transformed cells for 

expression, since constant expression of RNAs is a burden on growth. Cells 

that produce more RNA product may grow slower, thus finally eliminated by 

selection, leaving only those have a low level of expression. [1] 

The fluorescence was also visible in PAGE gel of extracted RNAs. (Fig. 

9) The size difference was caused by different length of insertions.  

4.3.2 The method of RNA extraction and purification 

Total soluble RNAs can also be extracted from the protoplasts using phenol 

extraction, as described in 3.2.3. [1] However, the purity of RNA product is 

not as good as using the RNeasy kit. The MG fluorescence can be detected 

immediately after phenol extraction and ethanol precipitation. The spinach 

fluorescence, however, is missing. The RNA needs to be cleaned by passing 

through a NucAway Spin column (Invitrogen) to recover its spinach 

fluorescence. The structure of spinach aptamer is more flexible than the 

double-strand MG aptamer. Therefore the spinach aptamer is possibly 

denatured by the phenol left after ethanol precipitation. While using the 

RNeasy kits, the RNA product is ready to use immediately after purification. 

For E. coli, it is difficult to remove the cell wall completely. Additional steps of 

cell lysis (e.g. homogenizer) are required before the kit can be used. This is 

why phenol extraction is preferred in E. coli, since the cell lysis and RNA 

extraction can be completed in one step. For B. subtilis, the cell wall can be 
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easily removed by lysozyme digestion. Thus, the kit is preferred for a better 

quality product. 

4.3.3 Current limitations of pRNA scaffold 

Although we were able to acquire the expected product of pRNA-MG-spi, its 

amount was significantly less than pRNA-MG or pRNA-spi. It seems the long 

insertion had an impact on the stability of RNA. To protect the RNA from 

being degraded it is important to maintain a compact structure. While using 

tRNA as scaffold, only the anti-codon loop can be replaced by the insertion. 

[2] There are three loops in phi29 pRNA that can be replaced by insertions 

without changing the 3WJ structure. We found each of the three loops can 

be replaced by the MG aptamer, and that the amount of product is satisfying. 

However, when all three loops were replaced by insertions (one by MG 

aptamer, one by streptavidin aptamer, one by HBV ribozyme), there was no 

detectable product. In addition we were not able to alter the sequence at 

either the 5ʹ or 3ʹ end of pRNA. 

Currently the amount of RNA product with large insertions is not as good 

as desired. One possible solution to this problem is the modification of the 

host strain. In our experiment expressing 3WJ in E. coli (Chapter 2) we tried 

both regular BL21 (DE3) and BL21 Star (DE3) (Invitrogen) whose RNase E 

is disabled by mutation. The results withBL21 Star (DE3) were better, with 

more RNA product. Therefore, selecting a suitable host strain can be 

important for RNA in vivo expression. Bacterial expression of proteins is 

common; and there are a lot of commercially viable strains that are designed 

for protein expression. On the other hand, very few strains are engineered 

specifically for RNA expression, if any. Therefore, we may need to create a 
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modified (e.g. deletion of RNases) strain for the best result of RNA 

expression. 

 

4.4 Conclusion 

Full-length phi29 pRNA is unstable in E. coli. However, it can be produced in 

a satisfying amount in B. subtilis, which is the natural host of phi29. 

Therefore, pRNA is a potential scaffold for large scale RNA expression in B. 

subtilis. The attempt to insert one aptamer into pRNA is successful. Currently 

we are able to replace one of the three loops of pRNA with an aptamer. 

However, while both MG and spinach aptamers are integrated into one loop, 

the amount of RNA product is significantly reduced. It is possible that both 

the pRNA scaffold and the host strain need to be modified to express large 

RNA insertions. Although further improvements are needed, the pRNA 

scaffold in B. subtilis is a potential system for large scale expression of 

recombinant RNA. The Gram-positive nature of B. subtilis will bring some 

advantages over E. coli in cell lysis and RNA extraction. For example, the 

cell wall can be easily removed by lysozyme, allowing the commercially 

viable RNA purification kits to be used easily. 

 

Acknowledgement: Thanks to Dan Shu for designing the pRNA-MG, our first 

recombinant RNA that is available for B. subtilis expressioin. My design of 

pRNA-MG-spi was also inspired by previous RNA designs made by Shu for 

in vitro study. 
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4.5 Work in progress and failed attempts 

Besides the designs described in this chapter, we also tested a series of 

different RNA constructions for bacterial expression. Some of them work was 

completed as desired, but the rest of them failed to make expected products. 

The result shows that, for an RNA molecule, its viability of in vivo expression 

heavily depends on the structure. 

Besides the pRNA-MG design that integrated the MG aptamer into the 

left-hand loop, we also tried replacing the right-hand loop, or the head loop, 

by MG aptamer and the result was similar. However, we encountered 

problems replacing more than one of the loops in pRNA. One of the designs 

had the head loop replaced by spinach aptamer and the left-hand loop 

replaced by MG aptamer. Both MG and spinach fluorescence are detected in 

living cell. However, the extracted RNA showed several unexpected bands in 

UREA PAGE gel, suggesting degradation of product. This is why we 

integrated both MG and spinach aptamers into one loop in design 

pRNA-MG-spi. The attempt to replace all three loops (one by MG aptamer, 

one by streptavidin aptamer, one by HBV ribozyme) resulted in no detectable 

product. It was important to maintain the structure of the scaffold for in vivo 

expression. [2] 

Another attempt was to replace the gp16 binding domain of pRNA by 

siRNA sequence, in order to produce siRNAs in B. subtilis. This modification 

would not change the overall structure of the pRNA much. However, this 

design failed to make any product in B. subtilis. Interestingly, although the 

full-length pRNA could not be produced in E. coli, the expression worked well 
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when the sequence of pRNA was inserted into the anti-codon loop of tRNA 

scaffold. [2] Therefore, the terminal sequence may be critical for in vivo 

expression. Sequence in the 5ʹ- and 3ʹ-ends can participate in the initiation 

and termination of transcription, as well as post-transcriptional processing. 

We are planning to replace either the 5ʹ- or 3ʹ-end of pRNA by random 

sequence to investigate which parts of the RNA are required for expression. 

Unlike the sophisticated protein expression, the study of RNA expression in 

bacteria is still in its initial stage. Modifications may be needed to be made to 

the host strain, the plasmid vector, as well as the RNA scaffold itself, to 

finally develop a high-efficiency expression system. 

 

 
Figure 7 pRNA-based design constructs to be expressed in B. subtilis.  
All designs are based on wild-type pRNA (with terminator) as scaffold. (A) 
pRNA-MG, the left-hand loop replaced by MG aptamer. (B) pRNA-spi, the 
head loop replaced by spinach aptamer. (C) pRNA-MG-spi, both MG 
aptamer and spinach aptamer integrated into the left-hand loop by a 
reversed 3WJ. 
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Figure 8 MG and spinach fluorescence spectrum of pRNA-based structures 
(A) Fluorescence spectrum of living cell. The MG fluorescence was excited 
at 570 nm, and scanned from 600 to 800 nm to detect emission. The spinach 
fluorescence was excited at 450 nm, and scanned from 570 to 700 nm to 
detect emission. B. subtilis 12A without any exogenous plasmid was taken 
as negative control. (B) Fluorescence spectrum of extracted RNAs, 
measured under the same condition. 
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Figure 9 RNAs extracted from B. subtilis 12A 8% TBE PAGE with EB, MG, 
and DFHBI staining. 
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Figure 10 image of living B. subtilis cells under confocal microscope 
The fluorescence from MG aptamer was acquired in Cy5 channel. The 
fluorescence from MG aptamer was acquired in Cy2 channel. B. subtilis 12A 
without any exogenous plasmids was taken as negative control. 

 

 

 

 

44 
 



References 
1. Luc Ponchon and Frédéric Dardel. Large scale expression and purification 
of recombinant RNA in Escherichia coli. Methods 54 (2011) 267–273. 
 
2. Luc Ponchon and Frédéric Dardel. Recombinant RNA technology: the 
tRNA scaffold. Nature Methods Vol.4 No.7 (2007) 571-576. 
 
3. T Meinnel, Y Mechulam, and G Fayat. Fast purification of a functional 
elongator tRNAmet expressed from a synthetic gene in vivo. Nucleic Acids 
Res. (1988) August 25; 16(16): 8095–8096. 
 
4. P.B. Moore, S. Abo, B. Freeborn, D.T. Gewirth, N.B. Leontis, G. Sun. 
Preparation of 5S RNA-related materials for nuclear magnetic resonance 
and crystallography studies. Meth. Enzymol. 164 (1988) 158–174. 
 
5. J.J. Perona, R. Swanson, T.A. Steitz, D. Söll. Overproduction and 
purification of Escherichia coli tRNA(2Gln) and its use in crystallization of the 
glutaminyl-tRNA synthetase-tRNA(Gln) complex. J. Mol. Biol. 202 (1988) 
121–126. 
 
6. X. Zhang, A.S.R. Potty, G.W. Jackson, V. Stepanov, A. Tang, Y. Liu, K. 
Kourentzi, U. Strych, G.E. Fox, R.C. Willson, J. Mol. Recognit. Engineered 
5S ribosomal RNAs displaying aptamers recognizing vascular endothelial 
growth factor and malachite green. J Mol Recognit 22 (2009) 154–161. 
 
7. Rebecca Reynolds, Rosa Maria Bermbdez-Cruz and Michael J. 
Chamberlin. Parameters Affecting Transcription Termination by Escherichia 
coli RNA Polymerase I. Analysis of 13 Rho-independent Terminators. J. Mol. 
Biol. (1992) 224, 31-51. 
 
8. Chatchawan Srisawat, Irwin J. Goldstein, and David R. Engelkea. 
Sephadex-binding RNA ligands: rapid affinity purification of RNA from 
complex RNA mixtures. Nucleic Acids Res. 2001 January 15; 29(2): e4.  
 
9. C. Srisawat and D. R. Engelke. Streptavidin aptamers: affinity tags for the 
study of RNAs and ribonucleoproteins. RNA (2001) 7: 632-641. 
 
10. S. Hoeprich, Q. Zhou, S. Guo, D. Shu, G. Qi, Y. Wang and P. Guo. 
Bacterial virus phi29 pRNA as a hammerhead ribozyme escort to destroy 
hepatitis B virus. Gene Therapy (2003) 10, 1258–1267. 
 

45 
 



11. Albert Weixlbaumer, Andreas Werner, Christoph Flamm, Eric Westhof 
and Rene´e Schroeder. Determination of thermodynamic parameters for HIV 
DIS type loop–loop kissing complexes. Nucleic Acids Research (2004) Vol. 
32, No. 17 5126–5133. 
 
12. Donovan, W. P. and S. R. Kushner.Polynucleotide phosphorylase and 
ribonuclease II are required for cell viability and mRNA turnover in 
Escherichia coli K-12. Proc. Natl. Acad. Sci. USA (1986) 83, 120-124. 
 
13. http://cshprotocols.cshlp.org/content/2006/1/pdb.rec8247.full 
 
14. S.L. Wong. Advances in the use of Bacillus subtilis for the expression 
and secretion of heterologous proteins. Current Opinion in Biotechnology. 
(1995) 6:517-522 
 
15. D. Shu and P. Guo. Only one pRNA hexamer but multiple copies of the 
DNA-packaging protein gp16 are needed for the motor to package bacterial 
virus phi29 genomic DNA Virology. (2002) 309: 108-113. 
 
16. P. Guo. Structure and function of phi29 hexameric RNA that drives the 
viral DNA packaging motor. Progress in Nucleic Acids Research. (2002) 72: 
415-474. 
 
17. S. Hoeprich and P. Guo. Computer Modeling of Three-dimensional 
Structure of DNA-packaging RNA (pRNA) Monomer, Dimer, and Hexamer of 
Phi29 DNA Packaging Motor. J Biol Chem. (2002) 277(23):20794-803. 
 
18. P. Guo. Methods for Structural and Functional Analysis of pRNA in 
Bacterial Virus Phi29 DNA Packaging Motor. Acta Biochem Biophys Sin. 
(2002) 43(5):533-543. 
 
19. Jeremy S. Paige, Karen Wu, and Samie R. Jaffrey. RNA mimics of green 
fluorescent protein. Science. (2011) July 29; 333(6042): 642–646.  
 
20. Chudakov DM, Matz MV, Lukyanov S, Lukyanov KA. Fluorescent 
Proteins and Their Applications in Imaging Living Cells and Tissues. Physiol. 
Rev. (2010) 90:1103 
 
21. Marc C Morais, Shuji Kanamaru, Mohammed O Badasso, Jaya S Koti, 
Barbara A L Owen, Cynthia T McMurray, Dwight L Anderson & Michael G 
Rossmann. Bacteriophage 29 scaffolding protein gp7 before and after 
prohead assembly. Nature Structural Biology (2003) 10: 572 - 576  
 

46 
 

http://cshprotocols.cshlp.org/content/2006/1/pdb.rec8247.full


22. Marc C. Morais, Kyung H. Choi, Jaya S. Koti, Paul R. Chipman, Dwight L. 
Anderson, Michael G. Rossmann. Conservation of the Capsid Structure in 
Tailed dsDNA Bacteriophages: the Pseudoatomic Structure of ϕ29. 
Molecular Cell, Volume 18, Issue 2, (2005) April 15; Pages 149–159 
 
23. Chang S, Cohen SN. High frequency transformation of Bacillus subtilis 
protoplasts by plasmid DNA.Mol Gen Genet. (1979) Jan 5;168(1):111-5. 
 
24. C. Zhang, C. S. Lee, and P. Guo. The proximate 5’ and 3’ ends of the 
120-base viral RNA (pRNA) are crucial for the packaging of bacteriophage 
phi29 DNA. Virology (1994) 201:77-85.  
 
25. P.Guo and M. Trottier. Biological and biochemical properties of the small 
viral RNA (pRNA) essential for the packaging of the double-stranded DNA of 
phage phi29. Seminars in Virology (1994) 5:27-37. 
 
26. M.A. Bjornsti, B.E. Reilly, and D.L. Anderson. Morphogenesis of 
bacteriophage f29 of Bacillus subtilis: oriented and quantized in vitro 
packaging of DNA protein gp3. J. Virol. (1983) 45, 383–396. 
 
27. Z. Zhao, E. Khisamutdinov, C. Schwartz, P. Guo. Mechanism of 
One-Way Traffic of Hexameric Phi29 DNA Packaging Motor with Four 
Electropositive Relaying Layers Facilitating Antiparallel Revolution. ACS 
Nano. (2013) Mar 26. 
 
28. D. Shu, H. Zhang, J. Jin, P. Guo. Counting of Six PRNAs of Phi29 
DNA-Packaging Motor with Customized Single Molecule Dual-View System. 
EMBO J. (2007) 26, 527–537. 
 
29. P. Jing, F. Haque, D. Shu, C. Montemagno, P. Guo. One-Way Traffic of a 
Viral Motor Channel for Double-Stranded DNA Translocation. Nano Lett. 
(2010) 10, 3620–3627. 
 
30. R. W. Hendrix. Symmetry Mismatch and DNA Packaging in Large 
Bacteriophages. Proc. Natl. Acad. Sci. U.S.A. (1978) 75, 4779–4783. 
 
31. H. Zhang, C. Schwartz, G.M. De Donatis, and P. Guo. ‘‘Push Through 
One-Way Valve’’ Mechanism of Viral DNA Packaging. Advances in Virus 
Research. (2012) 83: 415-465. 
 
32. C. Zhang, C.S. Lee, P. Guo. The proximate 5' and 3' ends of the 
120-base viral RNA (pRNA) are crucial for the packaging of bacteriophage 
phi 29 DNA. Virology. (1994) May 15;201(1):77-85. 

47 
 



33. P. Guo. Methods for Structural and Functional Analysis of pRNA in 
Bacterial Virus Phi29 DNA Packaging Motor. Acta Biochem Biophys Sin. 
(2002) 43(5):533-543 
 
34. Y. Shu, D. Shu, Z. Diao, G. Shen, and P. Guo. Fabrication of Polyvalent 
Therapeutic RNA Nanoparticles for Specific Delivery of siRNA, Ribozyme 
and Drugs to Targeted Cells for Cancer Therapy. IEEE NIH Life Sci Syst 
Appl Workshop. (2009) May 2; 2009: 9–12. 
 
35. D. Shu, Y. Shu, F. Haque, s. Abdelmawla, and P. Guo. 
Thermodynamically stable RNA three-way junction for constructing 
multifunctional nanoparticles for delivery of therapeutics. Nature 
Nanotechnology. (2011) 6(10):658-67. 
 
36. F. Haque, D. Shu, Y. Shu, L. Shlyakhtenko, P. Rychahou, M. Evers, P. 
Guo. Ultrastable synergistic tetravalent RNA nanoparticles for targeting to 
cancers. Nano Today. (2012) Aug;7(4):245–57. 
 
37. S. Chen. RNA folding: conformational statistics, folding kinetics, and ion 
electrostatics. Annu Rev Biophys (2008) 37: 197-214. 
 
38. F. Ding, S. Sharma, P. Chalasani, V.V. Demidov, N. E. Broude, and N. V. 
Dokholyan. Ab initio RNA folding by discrete molecular dynamics: from 
structure prediction to folding mechanisms. RNA (2008) 14: 1164-1173. 
 
39. H. M. Al-Hashimi and N. G. Walter. RNA dynamics: it is about time. Curr 
Opin Struct Biol (2008) 18: 321-329. 
 
40. C. Ehresmann, F. Baudin, M. Mougel, P. Romby, J.-P. Ebel, and B. 
Ehresmann. Probing the structure of RNAs in solution. Nucleic Acids Res 
(1987) 15: 9109-9128. 
 
41. U. Moazed, S. Stern, and H. F. Noller. Rapid chemical probing of 
conformation in 16S ribosomal RNA and 30S ribosomal subunits using 
primer extension. J Mol Biol (1986) 187: 399-416. 
 
42. M. Lindell, P. Romby, and E. G. Wagner. Lead(II) as a probe for 
investigating RNA structure in vivo. RNA (2002) 8: 534-541. 
 
43. T. M. Henkin. Control of transcription termination in prokaryotes. Annu 
Rev Genet (1996) 30: 35-57. 
 

48 
 



44. J. P. Richardson. Transcription termination. Crit Rev Biochem Mol Biol 
(1993) 28: 1-30. 
 
45. J. P. Richardson. Rho-dependent transcription termination. Biochim 
Biophys Acta (1990) 1048: 127-138. 
 
46. L. E. Macdonald, Y. Zhou, and W. T. McAllister. Termination and 
Slippage by Bacteriophage T7 RNA Polymerase. J Mol Biol (1993) Volume 
232, Issue 4: 1030-1047. 
 
47. Y. K. He, C. D. Lu, and G. R. Qi, In vitro cleavage of HPV E6 and E7 
RNA fragments by synthetic ribozymes and transcribed ribozymes from 
RNA-trimming plasmids. FEBS LETTERS. (1993) 322 
 
48. K. A. Afonin, E. O. Danilov, I. V. Novikova, and N. B. Leontis, TokenRNA: 
A new type of sequence-specific, label-free fluorescent biosensor for folded 
RNA molecules. Chembiochem (2008) 9: 1902-1905. 
 
49. R. Reif, F. Haque, and P. Guo. Fluorogenic RNA Nanoparticles for 
Monitoring RNA Folding and Degradation in Real Time in Living Cells. 
Nucleic Acid Ther (2013) 22(6): 428-437. 
 
50. L. Ponchon, G. Beauvais, S. Nonin-Lecomte, and F. Dardel. A generic 
protocol for the expression and purification of recombinant RNA in 
Escherichia coli using a tRNA scaffold. NATURE PROTOCOLS (2009) 4: 
947-959. 
 
51. D. M. Kolpashchikov. Binary malachite green aptamer for fluorescent 
detection of nucleic acids. J Am Chem Soc (2005) 127: 12442-12443. 
 
52. F. W. Studier, A. H. Rosenberg, J. J. Dunn, and J. W. Dubendorff. Use of 
T7 RNA polymerase to direct expression of cloned genes. Methods Enzymol. 
(1990) 185, 60–89. 
 
53. Y. Shu, F. Haque, D. Shu, W. Li, Z. Zhu, M. Kotb, Y. Lyubchenko, P. Guo. 
Fabrication of 14 different RNA nanoparticles for specific tumor targeting 
without accumulation in normal organs. RNA. (2013) Apr 19. 
 
54. H. C. Birnboim and J. Doly. "A rapid alkaline extraction procedure for 
screening recombinant plasmid DNA". Nucleic Acids Res. (1979) 7 (6): 
1513–23. 
 

49 
 



55. D. Westmacott, H. R. Perkins. Effects of lysozyme on Bacillus cereus 
569: rupture of chains of bacteria and enhancement of sensitivity to 
autolysins. J Gen Microbiol. (1979) Nov;115(1):1-11. 
 
56. J. J. Thwaites, U. C. Surana, and A. M. JonesMechanical. Properties of 
Bacillus subtilis cell walls: effects of ions and lysozyme. J Bacteriol. (1991) 
January; 173(1): 204–210.  
 
57. P.B. Wyrick and H. J. Rogers. Isolation and Characterization of Cell 
Wall-Defective Variants of Bacillus subtilis and Bacillus licheniformis. J 
Bacteriol. (1973) October; 116(1): 456–465. 
 
58. O. Arantes and D. Lereclus. Construction of cloning vectors for Bacillus 
thuringiensis. Gene (1991) Volume 108, Issue 1, December 1, Pages 
115–119 
 
59. M. A. Alting-Mees and J. M. Short. pBluescript II: gene mapping vectors. 
Nucleic Acids Res. (1989) November 25; 17(22): 9494. 
 
60. S. Inouye and M. Inouye. Up-promoter mutations in the lpp gene of 
Escherichia coli. Nucleic Acids Res. (1985) May 10; 13(9): 3101–3110. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

50 
 



Vita 

Le Zhang 

 

Date and Place of Birth: 

March 17, 1987 

Daqing, Heilongjiang Province, China 

 

Education: 

2005-2009 B.S. in Biological Sciences, Peking University 

 

Professional Publications: 

Yan H, Chang S, Tian Z, Zhang L, Sun Y, Li Y, Wang J and Wang Y. Novel 

AroA from Pseudomonas putida Confers Tobacco Plant with High Tolerance 

to Glyphosate. PLoS ONE; 2011, Vol. 6 Issue 5, p1 

Geng J, Fang H, Haque F, Zhang L and Guo P. Three reversible and 

controllable discrete steps of channel gating of a viral DNA packaging motor. 

Biomaterials. 2011, 32(32):8234-42 

 

Presentations: 

Randall Reif, Farzin Haque, Le Zhang, Peixuan Guo. Monitoring RNA 

Folding and Degradation in Living Cells Using the Fluorogenic Malachite 

Green Aptamer. Rustbelt RNA Meeting, Oct 2012 
51 

 



 

Dan Shu, Le Zhang, Emil Khisamutdinov, and Peixuan Guo. Differences 

Between in vivo and in vitro Folding of RNA. Markey Cancer Center 

Reasearch Day, Apr 2013 

 

52 
 


