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THAI ABSTRACT 

ว อ  ฟอ ง  วู  อ า น ห์  ต วัน  :  ผ ล ขอ ง รี ค อมบิ แนน ท์ ไ ค เ มอ ริ ก โป รตี น ช นิ ดพี เ คอ า ร์ และ เ อพี เ อ เ อฟ -1 
ต่อการติดเชือ้ไวรัสพีอาร์อาร์เอสในเซลล์ไลน์ เอ็มเออาร์ซี-145 (EFFECT OF RECOMBINANT CHIMERIC PKR-
APAF-1 PROTEIN ON PRRS VIRUS INFECTED MARC-145 CELL LINE) อ.ที่ป รึกษาวิทยานิพนธ์หลัก: อธิภู 
นนัทประเสริฐ, อ.ที่ปรึกษาวิทยานิพนธ์ร่วม: อจัฉรา ธวชัสิน {, 107 หน้า. 

โ ร ค สุ ก ร ไ ว รั ส  PRRS จั ด เ ป็ น เ ชื ้อ ไ ว รั ส ที่ ส า คัญที่ สุ ด แ ล ะ ท า ใ ห้ เ กิ ด ค ว า มสูญ เ สี ย ท า ง เ ศ รษฐ กิ จ 
อย่างมหาศาลให้กับอตุสาหกรรมการเลีย้งสกุรทัว่โลก แม้ว่าวิธีการมากมาย ที่จะน าไปใช้ในการควบคมุ และป้องกันการเกิดโรคนี ้
เชน่ การฉีดวคัซีน และความปลอดภยัทางชีวภาพ การระบาดยงัคงเกิดขึน้ ในการศกึษานี ้ rcPAP ซึง่สร้างขึน้ตามแนวคิด DRACO 
ใน มนุษย์ถูกสร้างขึน้ และผลิตโดยใช้ระบบ การแสดงออกของ ยีนผ่านเชือ้แบคทีเรียและศึกษาผลเหน่ียวน าให้ เกิดภาวะ 
apoptosis ในเซลล์ไลน์ เอ็มเออาร์ซี-145 ที่ติดเชือ้ไวรัส PRRS สายพนัธุ์ US ที่แยกได้ ในประเทศไทย ในส่วนแรกของการศึกษา 
rcPAP ได้ถูกสร้าง ขึน้ด้วย 3 ส่วนประกอบ คือ ส่วนของโปรตีน ทีเอทีของเชือ้ไวรัสเอชไอวี ซึ่งเป็นส่วนที่ใช้เจาะเข้าสู่เซลล์ 
ส่วนของโปรตีน PKR ที่ใช้ในการตรวจจบักับ dsRNA และส่วนของโปรตีน โดเมน CARD ของ Apaf-1 ที่ใช้เหน่ียวน าให้เกิดภาวะ 
apoptotic โดย rcPAP ถูกผลิตโดย ใช้สองเวคเตอร์ ของระบบการแสดง ออกของยีน (PET-His6-TEV-LIC และ pQE32) 
และท า ใ ห้ โปรตีนบ ริสุท ธ์ิจนเ ป็นเ นื อ้ เดียวกัน  ภายใ ต้ เ ง่ือนไขตามธรรมชาติ  โครงส ร้างสามมิติ  (3D) ของ rcPAP 
ถกูวิเคราะห์โดยใช้โปรแกรม I-TASSER (C-คะแนน = -4.27) พบวา่ คล้ายกบัโปรตีน PKR และ Apaf-1 ของมนษุย์ ซึง่น่าจะมีการท า 
ห น้ าที่ ที่ ค ล้ ายกัน   r cPAP  ที่ ผ ลิ ต จากพลาส มิด  H i s 6 - TEV - L IC  เ ป็ น โป รตี นที่  ส ามา รถละลายน า้  แ ละ ไ ด้  
ความเข้มข้นที่สูงกว่าพลาสมิด  pQE32 ถึง 2.4 เท่า (12.32 มิลลิกรัมบริสุทธ์ิของ rcPAP ต่อลิตร) ที่อุณหภูมิต ่า (25 ° C ) 
สภาวะที่เหมาะสมส าหรับใช้ผลิต rcPAP คือ ความหนาแน่นของเชือ้แบคทีเรียที่ OD600 มีค่า 0.6 จะถูกเหน่ียวน าด้วยสาร 
IPTG  ที่ระดบั 0.75 mM อณุหภมิู 25 องศาเซลเซียส เป็นเวลา 18 ชัว่โมง ในการศึกษาครัง้นี ้โพลีโคลนนอลแอนติบอดีต่อ rcPAP 
ได้ถกูผลิตขึน้ และตรวจยืนยนั การท า ปฏิกิริยากับ rcPAP บริสทุธ์ิโดยวิธี IFA และ indirect ELISA  ในส่วนที่สองของการศึกษา 
เ ป็ น ก า ร ศึ ก ษ า ผ ล ข อ ง  r c P A P  ( ที่ ค ว า ม เ ข้ ม ข้ น  4 0 ,  6 0 ,  8 0  แ ล ะ  1 2 0  ไ ม โ ค ร ก รั ม  / มิ ล ลิ ลิ ต ร ) 
ในหลอดทดลองที่มีผลตอ่เเซลล์ไลน์ เอ็มเออาร์ซ-ี145 หลงัจากติดเชือ้ไวรัส PRRS สายพนัธุ์ US ที่แยกได้ในประเทศไทยเป็นเวลา 6 
ชัว่โมง ต่อผลการเสริมประสิทธิภาพต้านไวรัส (เหน่ียวน าให้เกิดภาวะ apoptotic เพื่อฆ่าเซลล์ที่ติดเชือ้ไวรัส) ในชัว่โมงที่ 24, 48 
และ 72 หลังการติดเชือ้ ผลการศึกษา พบว่า เซลล์ไลน์  เอ็มเออาร์ซี-145 ที่ได้รับโปรตีน rcPAP ที่ความเข้มข้น 40, 60 และ 80 
ไมโครกรัม/มล ไมเ่ป็นพิษตอ่เซลล์ โดยที่ความเข้มข้นของ rcPAP ที่ 80 ไมโครกรัม/มิลลิลิตร มีการเหน่ียวน าให้เกิดภาวะ apoptotic 
สงูสดุและเพิ่มการต้านไวรัสในหลอดทดลองภายหลงัการติดเชือ้ไวรัสที่ 72 ชัว่โมง มีการเพิ่มระดบั caspase-3 อย่างมีนัยส าคญั 
(16.09 เท่า (13.36 ± 0.003 VS 0.83 ± 0.003 ng/โปรตีน มก) ในเซลล์ไลน์  เอ็มเออาร์ซี-145 ที่ติดเชือ้ไวรัส PRRS 
หลังจากได้รับโปรตีน rcPAP (80 ไมโครกรัม/มิลลิลิตร) เม่ือเทียบกับไม่ได้ รับโปรตีน จ านวนส าเนา RNA ของเชือ้ไวรัส PRRS 
ได้ลดลงอยา่งมีนยัส าคญั 46.08% (3.86 ± 0.005 VS 7.16 ± 0.009 log10 (copies/ml)) ในเซลล์ และ 49.16% (3.34 ± 0.006 VS 
6.57 ± 0.02 log10 copies/ml) ใน supernatants ของเซลล์ไลน์ เอ็มเออาร์ซี-145 ที่ได้รับโปรตีน rcPAP (80 ไมโครกรัม/มิลลิลิตร) 
เม่ือเทียบกับไม่ ได้รับโปรตีน  ที่น่าสนใจ ไตเตอร์ของเชือ้ไวรัสได้ลดลงอย่างมีนัยส าคัญ 67.9% (1.65 ± 0.003 VS 5.15 ± 0.01 
log10 (TCID50/ml)) ในเซลล์ไลน์ เอ็มเออาร์ซี-145 ที่ติดเชือ้ไวรัส PRRS หลังจากได้รับโปรตีน rcPAP (80 ไมโครกรัม/มิลลิลิตร) 
เม่ือเทียบกบัไมไ่ด้รับโปรตีน นอกจากนี ้ผลยงัแสดงให้เห็นวา่ rcPAP สามารถ ที่จะลดการสงัเคราะห์ N โปรตีน ของเชือ้ไวรัส PRRS 
และ การเกิดภาวะ CPE ในเซลล์ไลน์ เอ็มเออาร์ซี-145 ที่ติดเชือ้ สรุปผลจากการศึกษาครัง้นี ้ผู้ วิจยัประสบความส าเร็จในการผลิต 
rcPAP และท าโปรตีนให้บริสุทธ์ิ และแสดงให้เห็นว่า rcPAP สามารถเหน่ียวน าให้เกิดการตายของเซลล์ไลน์  เอ็มเออาร์ซี-145 
ที่ติดเชือ้ไวรัส PRRS สายพันธุ์  US ได้ และเพิ่มกิจกรรมต้านไวรัสโดยการยับยัง้การแบ่งตัวของเชือ้ไวรัส ผลการศึกษา ครัง้นี ้
บง่บอกวา่ rcPAP มีแนวโน้มที่จะใช้เป็นสารตอ่ต้านการติดเชือ้ไวรัส PRRS สายพนัธุ์  US 
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ENGLISH  ABSTRACT 

# # 5675503731 : MAJOR VETERINARY MEDICINE 
KEYWORDS: ANTIVIRAL ACTIVITY / APOPTOSIS / MARC-145 CELL LINE / US STRAIN PRRS VIRUS / RCPAP 

VO PHONG VU ANH TUAN: EFFECT OF RECOMBINANT CHIMERIC PKR-APAF-1 PROTEIN ON PRRS 
VIRUS INFECTED MARC-145 CELL LINE. ADVISOR: ASSOC. PROF. ATHIPOO NUNTAPRASERT, D.V.M., 
Ph.D., D.T.B.V.M., CO-ADVISOR: ASSOC. PROF. ACHARA TAWATSIN, B.Sc., M.Sc. {, 107 pp. 

In swine disease, PRRS virus is recognized as the most significant viral pathogen and causes enormous 
economic losses to the swine industry worldwide. Although many methods are applied to control and prevent this 
disease, such as vaccination and biosecurity, outbreaks still occur. In this study, rcPAP that generated according to the 
human DRACO concept was constructed and produced using bacterial expression system and studied its apoptotic-
induction effect on Thai isolated US strain PRRS virus-infected MARC-145 cells. In the first part, the rcPAP was 
constructed with 3 components of protein TAT HIV part as cell penetration, PKR part as dsRNA detection and CARD 
domain of Apaf-1 part as apoptotic induction. The rcPAP was produced using two different-expression systems (pET-
His6-TEV-LIC and pQE32) and purified to apparent homogeneity under native conditions. The three-dimensional (3D) 
structure of rcPAP was predicted using I-TASSER software (C-score = -4.27) and was found to be similar to that of 
human PKR and Apaf-1 proteins, suggesting a similar respective function. The rcPAP produced from the pET-His6-TEV-
LIC plasmid was expressed as a soluble protein at a 2.4-fold higher concentration (12.32 mg purified rcPAP per litre of 
culture) than those from the pQE32 plasmid at a low temperature (25 °C). The optimal condition for rcPAP production 
was found to be an inoculum cell density at an OD600 of 0.6 induced with 0.75 mM IPTG at 25 °C for 18 h. The mouse 
anti-rcPAP polyclonal antibodies were produced and found to successfully react with purified rcPAP by indirect 
immunofluorescence (IFA), western blot and indirect ELISA analyses. In the second part, the in vitro study of the rcPAP 
(at the concentration of 40, 60, 80 and 120 mg/ml) was studied to treat in MARC-145 cells after 6 h infected with Thai 
isolated US strain PRRS virus. The enhanced antiviral efficacy (apoptotic induction to kill virus-infected cells) was 
continued to determine at time course of 24, 48 and 72 hpi. The results demonstrated that rcPAP treated MARC-145 
cells alone were no cytotoxicity at a concentration of 40, 60 and 80 mg/ml. The rcPAP concentration of 80 mg/ml at 72 
hpi showed maximum apoptotic induction and enhanced antiviral activity in vitro. The rcPAP significantly increases the 
active caspase-3 levels (16.09 fold (13.36 ± 0.003 vs 0.83 ± 0.003 ng/mg protein) in PRRS virus-infected MARC-145 
cells treated with rcPAP (80 mg/ml) when it was compared with no treatment. The PRRS viral RNA copy numbers were 
significantly reduced 46.08 % (3.86 ± 0.005 vs 7.16 ± 0.009 log10 (copies/ml)) in culture cells and 49.16 % (3.34 ± 
0.006 vs 6.57 ± 0.02 log10 copies/ml) in culture supernatants of infected MARC-145 cells treated with rcPAP (80 mg/ml) 
when it was compared with no treatment. Interestingly, the viral titers were significantly reduced 67.9 % (1.65 ± 0.003 
vs 5.15 ± 0.01 log10 (TCID50/ml)) in Thai isolated US strain PRRS virus-infected MARC-145 cells treated with rcPAP (80 
mg/ml) when it was compared with no treatment. In addition, the results also showed that the rcPAP was able to lower 
PRRS virus N protein synthesis and CPE in infected MARC-145 cells. In conclusion, the results from this study suggested 
that rcPAP successfully expressed, produced and purified and was induced apoptosis in US strain PRRS virus-infected 
MARC-145 cells and enhanced antiviral activity against virus replication. These results imply that the rcPAP is likely a 
valuable therapeutic agent against US strain PRRS virus infection. 

 

 

Department: Veterinary Medicine 
Field of Study: Veterinary Medicine 
Academic Year: 2016 
 

Student's Signature   
 

Advisor's Signature   
 

Co-Advisor's Signature   
   

 

 



 vi 

 

 

 
ACKNOWLEDGEMENTS 
 

ACKNOWLEDGEMENTS 

 

The deepest appreciation goes to my primary mentor, Assoc. Prof. Dr. 
Athipoo Nuntaprasert, who has served as a father figure to me over the last three years 
and has given me the opportunity to achieve one of my scientific goals. I would like to 
thank Assoc. Prof. Achara Tawatsin for her invaluable encouragement, helpful 
suggestions and supervision throughout the course of this work. 

I take this opportunity to express my deep sense of gratitude to the members 
of my Doctoral Scrutiny Committee Assoc. Prof. Dr. Rosama Pusoonthronthum, Assoc. 
Prof. Boonmee Sanyasootcharee, Assoc. Prof. Dr. Meena Sarikaputi and Assist. Prof. 
Dr. Nareerat Viseshakul for providing several suggestions and helpful guidance for 
improvement in research. 

I would like to thank all lecturers and staffs of Department of veterinary 
medicine for their kind cooperation during my study. 

I am indebted to my current and former Thai lab students for providing a 
stimulating and fun environment in which to learn and grow. I would like to thank my 
classmates and my friends in life. 

This thesis would not be possible without full support from ‘Scholarship for 
International Graduate Students in ASEAN Countries’, Graduate School and Faculty of 
Veterinary Science, Chulalongkorn University. The financial and academic supports 
will contribute significantly to my future career and my life. I am always indebted for 
those. 

Finally, I express my deepest gratitude to my dear parents and all my family 
members. I am eternally grateful for their everlasting support and faith in all my 
undertakings 

 



CONTENTS 
  Page 

THAI ABSTRACT ................................................................................................................ iv 

ENGLISH ABSTRACT .......................................................................................................... v 

ACKNOWLEDGEMENTS .................................................................................................... vi 

CONTENTS ......................................................................................................................... vii 

List of tables ....................................................................................................................... xi 

List of Figures ..................................................................................................................... xii 

LIST OF ABBREVIATIONS................................................................................................... 1 

General introduction ............................................................................................................ 4 

CHAPTER 1 ....................................................................................................................... 14 

Abstract ......................................................................................................................... 15 

Introduction ................................................................................................................... 17 

Materials and Methods ................................................................................................. 21 

Bacterial strains and plasmid vectors .................................................................... 21 

Expression of rcPAP ............................................................................................... 21 

Cloning .......................................................................................................... 21 

Subcloning into pET-His6-TEV-LIC plasmid ................................................. 23 

Subclone into the pQE32 plasmid ................................................................ 24 

Expression of rcPAP and optimization of the expression conditions .................... 26 

The three-dimensional (3D) structure of rcPAP ..................................................... 27 

Solubility of the rcPAP produced within E. coli ...................................................... 27 

Purification of rcPAP ............................................................................................... 28 

Concentration of rcPAP .......................................................................................... 29  

 



 viii 

  Page 

Production of polyclonal antibodies against rcPAP in BALB/c mice ..................... 29 

Western blot analysis ............................................................................................. 30 

Indirect immunofluorescence assay (IFA) ............................................................. 30 

Murine anti-rcPAP polyclonal antibody determination by indirect ELISA.............. 31 

Results ........................................................................................................................... 33 

Construction and expression of rcPAP .................................................................. 33 

Solubility test of rcPAP ........................................................................................... 38 

Optimization of rcPAP expression .......................................................................... 39 

Purification of rcPAP ............................................................................................... 41 

Characterization of mouse polyclonal antibody against rcPAP............................. 43 

Discussion ..................................................................................................................... 47 

CHAPTER 2 ....................................................................................................................... 53 

Abstract ......................................................................................................................... 54 

Introduction ................................................................................................................... 56 

Materials and Methods ................................................................................................. 58 

Cell culture, rcPAP and virus .................................................................................. 58 

Cytotoxicity assay ................................................................................................... 58 

Cell transduction assays of rcPAP ......................................................................... 60 

Antiviral activity of the rcPAP.................................................................................. 61 

Quantitative Real-time RT-PCR (qRT-PCR) ............................................................ 62 

Viral Titration ........................................................................................................... 63 

Western blot analysis ............................................................................................. 64  

 



 ix 

  Page 

Apoptosis assays ................................................................................................... 65 

Statistics analysis ................................................................................................... 66 

Results ........................................................................................................................... 67 

Cell viability ............................................................................................................. 67 

Cell transduction assay of rcPAP ........................................................................... 68 

Antiviral activity of the rcPAP.................................................................................. 69 

Apoptosis assay ..................................................................................................... 75 

Discussion ..................................................................................................................... 77 

Conclusion ......................................................................................................................... 82 

REFERENCES .................................................................................................................... 85 

APPENDIX ......................................................................................................................... 94 

APPENDIX A .................................................................................................................. 95 

Instrument and chemical substances .................................................................... 95 

APPENDIX B .................................................................................................................. 96 

Physical map of plasmid pCR®-2.1 TA vector (Invitrogen, USA) .......................... 96 

APPENDIX C ................................................................................................................. 97 

Physical map of plasmid pET His6 TEV LIC vector (Addgene, USA) ................... 97 

APPENDIX D ................................................................................................................. 98 

Physical map of plasmid pQE32 vector (QIAGEN, USA) ...................................... 98 

APPENDIX E .................................................................................................................. 99 

The statistical analysis of the qRT-PCR results in culture cells using ANOVA 
(as shown in Figure 16A) .............................................................................. 99  

 



 x 

  Page 

The statistical analysis of the qRT-PCR results in culture supernatants using 
ANOVA (as shown in Figure 16B) ............................................................... 101 

APPENDIX G ............................................................................................................... 103 

The statistical analysis of the viral titers results in culture supernatants using 
ANOVA (as shown in Figure 18) ................................................................. 103 

APPENDIX H ............................................................................................................... 105 

The statistical analysis of the monkey active caspase-3 levels in culture cells 
using ANOVA (as shown in Figure 20) ....................................................... 105 

VITA ................................................................................................................................. 107 

 

 



xi 
 

 

List of tables 
 

Table 1 Comparison homology (%) of deduced amino acid sequences of the dsRBD 
of swine PKR and the CARD domain of swine Apaf-1 gene with those of other 
mammalian species ............................................................................................................ 8 

Table 2 Nucleotide sequences of PCR primers used for RT-PCR ................................... 22 

Table 3 PCR condition program ....................................................................................... 23 

Table 4 Expression levels of rcPAP at the different-induction temperatures ................... 35 

Table 5 The 3D structural prediction of rcPAP based on the deduced amino acid 
sequences using the I-TASSER method ........................................................................... 37 

Table 6 Solubility of rcPAP produced from the pET-His6-TEV-LIC plasmid at different 
induction temperatures ..................................................................................................... 38 

Table 7 Concentrations (mg/L) of the rcPAP fractions ..................................................... 42 

Table 8 Nucleotide sequences of the primers used for qRT-PCR in this study............... 62 

Table 9 The qRT-PCR condition program ........................................................................ 63 

 

  



 

 

xii 

List of Figures 

Figure 1. (A) Protein kinase R (PKR) and (B) Activation of PKR by viral dsRNA (Dauber 
and Wolff, 2009). ............................................................................................................... 10 

Figure 2. Schematic overview of the apoptotic pathways (Riedl and Salvesen, 2007) ... 11 

Figure 3. (A) Novel ideal structure of the rcPAP; (B) How rcPAP work to induce 
apoptosis in PRRS virus-infected MARC-145 cells. ......................................................... 12 

Figure 4. Schematic structure of (A) rcPAP, dsRBD 1 and 2 of swine PKR reconnected 
to the CARD domain of swine Apaf-1 as indicated; (His)6-tagged rcPAP in the (B) pET-
His6-TEV-LIC and (C) pQE32 plasmids. ........................................................................... 25 

Figure 5. Analysis of the rcPAP produced from the (A) pET-His6-TEV-LIC and (B) 
pQE32 plasmids at varying induction temperatures. The rcPAP was resolved through 
12.5 % (w/v) acrylamide SDS-PAGE and stained with CBB. M, protein markers (kDa); 
C, total cell protein before IPTG induction as a negative control. The protein markers 
(BioRad) on the gels are indicated in kilodaltons (kDa). .................................................. 34 

Figure 6. Western blot analysis of the rcPAP using mouse anti-His6 monoclonal 
antibodies from the (A) pET-His6-TEV-LIC and (B) pQE32 plasmids. M, protein 
markers (kDa); C, total cell protein before IPTG induction as a negative control. The 
protein markers (BioRad) on the gels are indicated in kDa. ............................................ 35 

Figure 7. (A) Ribbon depiction of the I-TASSER model of rcPAP 
(http://zhanglab.ccmb.med.umich.edu/I-TASSER/) and (B) the secondary structure 
topology of rcPAP (http://zhanglab.ccmb.med.umich.edu/I-TASSER/). .......................... 38 

Figure 8. Solubility level of rcPAP produced from the pET-His6-TEV-LIC plasmid 
/BL21(DE3) cells at varying-induction temperatures, showing the (A) 12.5 % (w/v) 
acrylamide SDS-PAGE gel after CBB staining and (B) the western blot analysis with 
mouse anti-His monoclonal antibodies. M, protein markers (kDa); C, total cell protein 
before IPTG induction as a negative control; P, pellet fraction after cell sonication; S, 



 

 

xiii 

soluble supernatant after cell sonication. The protein markers (BioRad) on the gels are 
indicated in kDa................................................................................................................. 39 

Figure 9. Optimization of the (A) the inoculum cell density (as OD600 values), (B) the 
IPTG concentration and (C) the induction time for rcPAP production at 25 °C, as 
determined after resolution in 12.5 % (w/v) acrylamide SDS-PAGE and CBB staining. 
(A) E. coli transformants were inoculated at different densities and incubated with 1 
mM IPTG and induced for 5 h. (B) E. coli transformants were inoculated at OD600 of 
0.6 and induced for 5 h. (C) E. coli transformants were inoculated at OD600 of 0.6 and 
induced with 0.75 mM IPTG. M, protein markers (kDa); C, total cell protein before IPTG 
induction as a negative control. The protein markers (BioRad) on the gels are 
indicated in kDa................................................................................................................. 40 

Figure 10. Enrichment of rcPAP using a HiTrap chelating HP column. (A) The 12.5 % 
SDS-PAGE gel stained with CBB and (B) the western blot analysis of rcPAP using 
mouse anti-His monoclonal antibodies. M, protein markers kDa; C, total cell protein 
before IPTG induction as a negative control; S, soluble supernatant after cell 
sonication; P, pellet fraction after cell sonication; Lanes 0.1–0.5 and 1, eluted with 100, 
200, 300, 400, 500 and 1000 mM imidazole, respectively. The protein markers 
(BioRad) on the gels are indicated in kDa. ....................................................................... 42 

Figure 11. Enrichment of rcPAP via HiTrap chelating HP column chromatography. The 
rcPAP was resolved by 12.5 % (w/v) acrylamide SDS-PAGE gel and stained with CBB: 
M, protein markers kDa; C, total cell protein before IPTG induction as a negative 
control; FT, flow through; E1–5, fractions 1 to 5, respectively, with 0.5 M of imidazole. 
The protein markers (BioRad) on the gels are indicated in kDa. ..................................... 43 

Figure 12. Western blot analysis of rcPAP using mouse anti-rcPAP polyclonal 
antibodies. M, protein markers kDa; C, total cell protein before IPTG induction as a 
negative control; S, soluble supernatant after cell sonication; P, pellet fraction after 
cell sonication; lane 0.1, eluted with 100 mM imidazole; Lanes 0.1–0.5 and 1, eluted 



 

 

xiv 

with 100, 200, 300, 400, 500 and 1000 mM imidazole, respectively. The protein 
markers (BioRad) on the gels are indicated in kDa. ......................................................... 44 

Figure 13. Characterization of mouse anti-rcPAP polyclonal antibodies by (A) indirect 
ELISA and (B) IFA analysis on MARC-145 cells. (A) The OD450 values represent the 
average of five independent experiments performed in six replicates. Error bars 
indicate the standard deviations. (B) C1, the rcPAP are displayed in red; C2, the cell 
nuclei are shown in blue; C3, merged. ............................................................................. 46 

Figure 14. The cytotoxicity of the rcPAP in MARC-145 cells was measured using MTT 
and Trypan blue assay. Data are shown as mean ± SD of six independent 
experiments. Bars represent the standard deviation. ...................................................... 67 

Figure 15. The product of rcPAP (80 g/ml) transduced cells and persisted for days 
in MARC-145 cells. The western blot analysis of (A) transduction and (B) persistence 
of rcPAP. M, Protein markers (kDa); Protein markers (BioRad) were indicated in kDa. .. 69 

Figure 16. The enhanced antiviral effects of the rcPAP (g/ml) treated PRRS virus 
infected MARC-145 cells at three time points in (A) culture cells and (B) culture 
supernatants were performed using qRT-PCR. Data are shown as mean ± SD of six 
independent experiments. Bars represent the standard deviation. The p < 0.05 (*). ..... 70 

Figure 17. Inhibition of PRRS virus induced CPE in culture cells. The CPE was 
observed under microscopy. MARC-145 cells were infected with PRRS virus (200 
TCID50 per well) for 72 hpi. (A) PRRS virus infection without rcPAP and (B) PRRS virus 

infection with 80 g/ml of rcPAP at 72 hpi. ...................................................................... 72 

Figure 18. Mean viral titers in culture supernatants of the rcPAP (g/ml) treated PRRS 
virus infected MARC-145 cells at three time points, respectively. Titers are expressed 
as log10 TCID50 per ml of six independent experiments. Bars represent the standard 
deviation. The p < 0.05 (*). ................................................................................................ 73 

Figure 19. The correlation between methods of qRT-PCR (log10 (copies/ml) and viral 
titers (log10 (TCID50/ml) in PRRS virus-infected MARC-145 cells. ................................... 73 



 

 

xv 

Figure 20. The band pattern of PRRS virus N protein was analyzed by western blot 

after treatment with the rcPAP (g/ml) at the indicated concentrations or PBS for (A) 
24 hpi, (B) 48 hpi and (C) 72 hpi, respectively. M, Protein markers. Protein markers 
(BioRad) on the gels are indicated in kDa. ....................................................................... 74 

Figure 21. The monkey active caspase-3 levels in MARC-145 culture cells were 
measured via ELISA technique. Data are shown as mean ± SD of six independent 
experiments. Bars represent the standard deviation. The p < 0.05 (*). ........................... 76 



1 
 

 

LIST OF ABBREVIATIONS 

Apaf-1 = Apoptotic Protease-Activating Factor-1 
bp = base pair 
BSA = Bovine serum albumin 
CARD = Caspase recruitment domain 
cDNA = Complementary DNA 
CPE = Cytopathic effect 
C-score = Confidence score 
DCs = dendritic cells 
DISC = Death-inducing signalling complex 
DMEM = Dulbecco’s modified Eagle’s medium  
DNA = deoxyribonucleic acid 
dNTP = dATP, dGTP, dTTP, dCTP 
DRACO = Double-stranded RNA (dsRNA) Activated Caspase 

Oligomerizer 
dsRBD = dsRNA-binding domains 
dsRBM = dsRNA binding motif 
dsRNA = Double stranded ribonucleic acid 
EDTA = Ethylenediaminetetraacetic acid 

eIF2α = Eukaryotic translation initiation factor 2α  
ELISA = enzyme-linked immunoassay 
EU = European genotype 

FMD = Foot and Mouth Disease 
HIV = Human Immunodeficiency Virus 
HP = High Pathogenic 
HRP = Horseradish peroxidase 
ICAD = Inhibitor of caspase activated DNAse 
IFN = Interferon 



 

 

2 

IPMA =  Immunoperoxidase Monolayer Assay 
 

IPTG = Isopropyl-Beta-D-Thiogalactoside 
I-TASSER = Iterative threading assembly refinement algorithm 
LB = Luria Bertani  
LV = Lelystad Virus 
kDa = kilodalton 
M = Protein marker 
Met-tRNAi = Methionyl initiator transfer RNA 
miRNAs = MicroRNAs 
mRNA = Messenger ribonucleic acid 
MTT = 3-(4,5-Dimethylthiazol-2-Yl)-2,5-Diphenyltetrazolium 

Bromide 
N protein = nucleocapsid protein 
NOD = Nucleotide binding and oligomerization domain  
OD = Optical density 
ORFs = open reading frames 
PAM = porcine alveolar macrophages 
PBS = Phosphate buffered saline 
PCR = polymerase chain reaction 
PCV2 = Porcine Circovirus type 2 

PED = Porcine Epidemic Diarrhea 
PKR = Protein kinase R 
PMSF =  Phenylmethanesulfonyl Fluoride 

 

PRRS = porcine reproductive and respiratory syndrome 
PVDF = Polyvinyl difluoride 
qRT-PCR = Quantitative Real Time Reverse Transcriptase-

Polymerase Chain Reaction; 
rcPAP = Recombinant chimaeric swine PKR-Apaf-1 protein 
RNA = Ribonucleic acid 



 

 

3 

rpm = Rounds per minute 
RT-PCR = Reverse Transcriptase Polymerase chain reaction 
SDS-PAGE = Sodium Dodecyl Sulfate Polyacrylamide Gel 

Electrophoresis 
SiRNA = Small inhibitory RNA 
TAT = Trans-activator transcription 
TCID50 = 50 % tissue culture infectious dose 
TM-score = Traditional metrics score   
US = North American genotype 

 

  



 

 

4 

 

 

 

 

 

 

 

 

 

General introduction  



 

 

5 

The porcine reproductive and respiratory syndrome (PRRS) is recognized as the 

most significant swine viral pathogens and causes economic losses worldwide (Neumann 

et al., 2005; Cho and Dee, 2006). This virus can infect swine only and currently no 

evidence showing that any other species is susceptible to PRRS virus infection (Van 

Breedam et al., 2013). Phylogenetic studies showed that PRRS virus has two main 

genotypes: the North American strain (US strain) is VR-2332 or type 2 and the European 

strain (EU strain) is the Lelystad Virus or type 1 (Meulenberg et al., 1997; Nelsen et al., 

1998). Recently, the new PRRS virus strain, as China strain or highly pathogenic (HP) 

strain (related to type 2) is known for rapid and severe spread among Asian countries 

(Tian et al., 2009). The US strain PRRS virus is still greatly reported to cause abortion storm 

and respiratory disease complexes in pigs around the world (Karniychuk and Nauwynck, 

2013). The high variability of various PRRS virus strains circulated in the farms make this 

virus remains hard to control. Although there has been extensive research on the control 

of these diseases, such as vaccination and the use of antiviral drugs or biosecurity, the 

disease still occurs. In general, the most effective method to control viral diseases is 

vaccination. The current use of PRRS modified live virus vaccines has not provided 

complete protection because of the viral virulence and this disease was often 

subsequently reoccurring in the pigs (Charerntantanakul, 2012).  

MARC-145 cells derived from MA-104 monkey kidney cell line are important cell 

lines for studying the PRRS virus infection and show permission of the complete replication 
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cycle of PRRS virus and more convenient than the use of primary cells such as porcine 

alveolar macrophage (PAM) cells (Wensvoort et al., 1991; Bautista et al., 1993; Kim et al., 

1993). Currently, many researches were reported the development of better and novel 

methods to control PRRS virus infection in vitro. For example, the interferon (IFN) is used 

as an important role to inhibit most of viral infections (Sang et al., 2010). The study of 

recombinant swine IFN-β on MARC-145 cells infected with US strain PRRS virus indicated 

that pre-treatment of MARC-145 cells with recombinant porcine IFN-𝛽 inhibited only US 

strain PRRS virus replication but not HP and EU strains (Overend et al., 2007). However, 

the licence to use this molecule has not been approved yet because of no any data from 

in vivo study. In another example, the study of Cecropin P1 (CP1) which is found in porcine 

intestine showed that this protein has not only revealed extracellular antiviral activity 

against PRRS virus, but also inhibited activity when administered either before, or after 

viral challenge in MARC-145 cells (Guo et al., 2014). The epigallocatechin gallate (EGCG) 

palmitate drug was studied for its activity to reduce PRRS viral infection in MARC-145 

cells. This report indicated that anti-PRRS viral effects were considerably higher than that 

of EGCG or ribavirin when administered as a pre- or post-treatment. Moreover, the anti-

PRRS viral effects of EGCG palmitate when administered before was more powerful than 

after or co-treatment (Zhao et al., 2014). However, EGCG palmitate was shown to be 

higher in cytotoxicity than the native EGCG. In addition, EGCG palmitate was suggested 

to add before PRRS virus infection. The last example of PRRS virus controlling method is 
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the use of antiviral drugs such as cidofovir or oseltamivir to control of swine viral diseases 

is limited compared with the use of antimicrobial agents because of various restricting 

factors such as adverse reaction, complexity, cost and resistance (Tempesta et al., 2007; 

Govorkova et al., 2009; Pozzo and Thiry, 2014). 

There is an evidence suggesting a new variant strain of some swine viruses are 

resistant to antiviral drugs and that may become more powerful, such as super-viruses in 

human (Rider et al., 2011; Song et al., 2015; Zhou et al., 2015). Therefore, the new 

effective strategies to control swine viral diseases are urgently needed and will likely 

require utilizing the latest technologies and evolving practices to enhance the disease-

fighting powers to eventually eradicate these viruses.  

More recently, recombinant human DRACO molecule was developed for 

controlling virus-infected cells, including flaviviruses, bunyaviruses and influenza viruses 

(Rider et al., 2011). The human DRACO was constructed from the three different 

components: (1) the transduction peptide derived from the HIV TAT domain for entering 

cells, (2) a double stranded (ds) RNA recognition domain derived from human protein 

kinase R (PKR) (1–181 amino acids) for activation of the defensive interferon pathways, 

and (3) the caspase recruitment domain (CARD) of human Apaf-1 for inducing apoptotic 

caspase pathways (Rider et al., 2011). This molecule detects the long dsRNA helices of 

many viruses during their transcription and replication and induces rapid apoptosis 

selectively in enveloped or non-enveloped virus-infected cells but not in uninfected cells. 
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In 2015, there was a report showing the use of DRACO in pigs (Guo et al., 2015). This 

DRACO was synthesized based on the sequences of two natural cellular pathways and 

was constructed using swine PKR and human Apaf-1 instead of swine Apaf-1. The first 

process involved dsRNA detection using the two dsRNA-binding domains (dsRBD) of the 

swine PKR gene, while the apoptotic induction process was based the CARD domain of 

the human Apaf-1 gene (Guo et al., 2015). The DRACO in pigs exhibited antiviral activity 

against HP-PRRS virus infection by reducing viral RNA replication and protein production 

in both MARC-145 cells and in PAM. Moreover, the multiple alignments of the deduced 

amino acid sequences of the two dsRNA-binding domains of the swine PKR gene 

compared to those of other mammalian species are shown in Table 1.  

Table 1 Comparison homology (%) of deduced amino acid sequences of the dsRBD of 
swine PKR and the CARD domain of swine Apaf-1 gene with those of other mammalian 
species 
Sequences Cattle Mouse Human 

dsRBD of swine PKR 68.5 % 50 % 58.2 % 

CARD domain of swine Apaf-1 92.7 % 85.5 % 87.6 % 

 

The dsRBD of the swine PKR gene showed only 58.2 % deduced amino acid 

sequence similarity to the human PKR gene. The CARD domain of the swine Apaf-1 gene 

had the highest amino acid sequence homology to the bovine Apaf-1 gene and 87.6 % 
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sequence identity with the human Apaf-1 gene. Thus, the dsRBD of human PKR and the 

CARD domain of the human Apaf-1 gene might not have a specific function in pigs.  

According to human DRACO concept, recombinant chimaeric swine PKR-Apaf-1 

protein (rcPAP) was constructed comprising three parts: detection, apoptosis and 

delivery parts. The first part is the Trans-Activator transcription (TAT) protein which was 

used as protein transduction domain (PTD) derived from HIV TAT domain at the position 

of 47–57 amino acid sequences (GYARAAARQARAG) (Murriel and Dowdy, 2006). The 

second part is in the viral dsRNA detection pathway, the dsRBD derived from swine PKR. 

The swine PKR protein (Figure 1 A) comprises of an N-terminals with two dsRNA binding 

domains, a linker domain, and a C-terminal kinase domain. Swine PKR had two consensus 

motifs of the RNA-binding domain in the N-terminal region similar to those of other 

mammalian species (Asano et al., 2004). PKR is a latent Serine/Threonine kinase that is 

stimulated by binding to viral dsRNA synthesized during virus infection (Figure 1 B) 

(Samuel, 1993). Major natural PKR activators are produced in viral infected cells as by-

components of viral replication or transcription. The viral dsRNA is made from viruses 

having a genome of positive-strand RNA, dsRNA, or DNA viruses. Nevertheless, dsRNA 

signals were not detected for RNA viruses with negative strand (Weber et al., 2006).  
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Figure 1. (A) Protein kinase R (PKR) and (B) Activation of PKR by viral dsRNA (Dauber 
and Wolff, 2009).  

 

The third part is in the apoptotic induction pathway, the CARD domain of swine 

apoptotic protease-activating factor 1 (Apaf-1) was chosen. Swine Apaf-1 shown in Figure 

2 contains three principal parts: the N-terminal caspase recruitment domain (CARD), the 

nucleotide binding and oligomerization domain (NOD), and the C-terminal regulatory 

WD40 repeat domain (Elmore, 2007). Apaf-1 belongs to intrinsic pathway of apoptosis, a 

causative apoptosis in the cell conducts the assembly of the apoptosome, which 

stimulates the initiator caspase-9. The activation of caspase-9 has been demonstrated 

using recombinant CARD domain of Apaf-1 and the CARD of Apaf-1 and caspase 9 is 

interactive by forming the complex in the proportion of 1:1 (Hu et al., 2014 ). Caspase-9 

is an initiator caspase and exists as a latent monomeric type in the nonappearance of a 

stimulated apoptosis. The active caspase-9 activates effector caspase-3 by cleaving the 

(A) (B) 
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inhibitor of caspase activated DNAse (ICAD). Then, the effectors represent the execution 

level of the caspase cascade and conducts to apoptosis of the death cell. This activation 

pathway of caspase-3 results in DNA fragmentation, degradation of cytoskeletal and 

nuclear proteins, cross-linking of proteins, creation of apoptotic bodies, expression of 

ligands for phagocytic cell receptors and lastly uptake by phagocytic cells.  

 

Figure 2. Schematic overview of the apoptotic pathways (Riedl and Salvesen, 2007) 
 

A detail study on the production of rcPAP (Figure 3 A) with cloning, production 

and purification and the in vitro study of rcPAP with induction of apoptosis in virus-infected 

cell lines (Figure 3 B)  including reduced effect on viral RNA copy numbers, viral titration, 

viral N protein synthesis and CPE may provide novel enhanced antiviral efficacy for use 

in controlling swine viral diseases. The main purposes of the present study are focuses 

on the production and the in vitro effect of rcPAP in MARC-145 cell line as follows:  

 



 

 

12 

 

 

Figure 3. (A) Novel ideal structure of the rcPAP; (B) How rcPAP work to induce apoptosis 
in PRRS virus-infected MARC-145 cells. 
   

In CHAPTER 1, the author described the molecular method to clone and produce 

the rcPAP using bacterial-expression system with two-different plasmids. In addition, the 

author compared the expression levels between two plasmids.  Moreover, the author 

described the optimized condition for the production of rcPAP and also purification 

method. Furthermore, the author described the characterization of mouse specific 

(A) 

(B) 
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polyclonal antibodies reacted against rcPAP. The rcPAP was successfully produced and 

further use to perform in vitro study. 

In CHAPTER 2, the author described the in vitro effect of rcPAP on Thai isolated 

US strain PRRS virus-infected MARC-145 cell line. Firstly, the author described the study 

of cytotoxicity of rcPAP on MARC-145 cell line. Secondly, the author described the 

penetration and persistence times of rcPAP in MARC-145 cells were determined. Finally, 

the rcPAP efficacy on the induction of apoptosis was measured, the reduction of viral RNA 

copy numbers, viral titration and the decreasing in viral N protein synthesis and CPE were 

also studied.  
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CHAPTER 1 

Production of recombinant chimaeric swine PKR-APAF-1 proteins in a bacterial 

expression system  
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Abstract 

 The swine farms worldwide are at risk of viral disease infections, including porcine 

reproductive and respiratory syndrome (PRRS), classical swine fever, porcine epidemic 

diarrhoea and porcine circovirus type 2. Although many control and preventive methods 

are applied to these diseases, such as vaccination and biosecurity, outbreaks still occur. 

The use of recombinant chimaeric swine double-stranded RNA-dependent protein kinase 

(PKR)-apoptotic protease activator factor 1 (Apaf-1) proteins (rcPAP), which generated 

according to the human DRACO concept, is an alternative way to control viruses in swine. 

The rcPAP was constructed using Thai-isolated US strain PRRS virus-infected PAM, 

comprised of a delivery part (HIV TAT domain), a detector part (two dsRNA-binding 

domains of the porcine PKR gene) and an effector part (CARD domain of the porcine 

Apaf-1 gene). The rcPAP was expressed in E. coli using two different-expression systems 

(pET-His6-TEV-LIC and pQE32) and was enriched to apparent homogeneity under native 

conditions. The three-dimensional (3D) structure of rcPAP was predicted using I-TASSER 

software (C-score = -4.27) and was found to be similar to that of human PKR and Apaf-1 

proteins, suggesting a similar respective function. The rcPAP produced from the pET-

His6-TEV-LIC plasmid was expressed as a soluble protein at a 2.4-fold higher 

concentration (12.32 mg purified rcPAP/l of culture) than that from the pQE32 plasmid at 

a low temperature (25 °C). The optimal condition for the rcPAP production was found to 

be an inoculum cell density at an OD600 of 0.6 induced with 0.75 mM IPTG at 25 °C for 18 
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h. Mouse anti-rcPAP polyclonal antibodies were produced and found to successfully react 

with the rcPAP by indirect immunofluorescence, western blot and indirect ELISA analyses. 

This rcPAP is likely to be useful in controlling of PRRS viral infections in the future. 

 

Keywords: Expression, Polyclonal antibody, Production, Purification, rcPAP, Soluble 

Protein. 
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Introduction 

Swine farms are at risk to multiple serious and complicated viral diseases. Many 

of these viruses can survive in pig cells with long-term, chronic consequences, and most 

of them are difficult to treat because they are protected by the host’s own cells. Porcine 

reproductive and respiratory syndrome (PRRS) with single stranded RNA of 15 Kb 

genome is one of the most prominent diseases in swine and causes adverse effects to 

the pig industry through both direct and indirect losses (Li et al., 2007). In addition, 

classical swine fever also causes important infectious diseases in pigs and wild boars, 

with significant economic losses in Asian countries (Dong et al., 2012). Porcine circovirus 

type 2 (PCV2) is the causative agent of PCV-associated disease while porcine endemic 

diarrhoea became an endemic disease in Asian pig farming countries with recent 

outbreaks in the United States in 2013 and in Canada and Mexico in 2014 (Sun et al., 

2012; Seo et al., 2014; Vlasova et al., 2014; Song et al., 2015).  

Although there has been extensive research on the control of these diseases, such 

as vaccination and the use of antiviral drugs or biosecurity, the diseases still occur. In 

general, the most effective method to control viral diseases is vaccination, but the current 

use of modified live PRRS virus vaccines has not provided complete protection, with viral 

virulence and disease often subsequently reoccurring in the pigs (Charerntantanakul, 

2012). Moreover, the use of antiviral drugs for the control of swine viral diseases is limited 



 

 

18 

compared with the use of antimicrobial agents because of various restricting factors, such 

as adverse reaction, complexity, cost and resistance (Pozzo and Thiry, 2014).  

Recently, recombinant human DRACO proteins were developed for controlling 

virus-infected cells, including flaviviruses, bunyaviruses and influenza viruses (Rider et 

al., 2011). The human DRACO was constructed from the three different components: (1) 

a double stranded (ds) RNA recognition domain derived from human protein kinase R 

(PKR) (1–181 amino acids) for activation of the defensive interferon pathways, (2) the 

caspase recruitment domain (CARD) of human Apaf-1 for inducing apoptotic caspase 

pathways, and (3) the transduction peptide derived from the HIV TAT domain for entering 

cells (Rider et al., 2011). This molecule detects the long dsRNA helices of many viruses 

during their transcription and replication and induces rapid apoptosis selectively in 

enveloped or non-enveloped virus-infected cells but not in uninfected cells. However, little 

information is available on the appropriate use of this type of recombinant chimaeric 

protein to reduce viral infections in veterinary medicine (Pozzo and Thiry, 2014). 

In 2015, there is a report of the use of DRACO in pigs (Guo et al., 2015). This 

DRACO was synthesized based on sequences of two natural cellular pathways and it was 

constructed using swine PKR and human Apaf-1 instead of swine Apaf-1. The first 

process involved dsRNA detection using the two dsRNA-binding domains of the swine 

PKR gene, while the apoptotic induction process was based the CARD domain of the 

human Apaf-1 gene (Guo et al., 2015). The resultant DRACO exhibited antiviral activity 
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against highly pathogenic (HP)-PRRS virus infections by reducing viral RNA replication 

and protein production in both MARC-145 cells and in PAM. However, the two dsRNA-

binding domains of the swine PKR gene showed only 58.2 % amino acid sequence 

similarity to the human PKR gene. The CARD domain of the swine Apaf-1 gene had the 

highest amino acid sequence homology to the bovine Apaf-1 gene (92 %) and 87.6 % 

sequence identity with the human Apaf-1 gene. Thus, the two dsRNA-binding domains of 

human PKR and the CARD domain of the human Apaf-1 gene might not have any specific 

functional activity in pigs.  

To control the variant or super-viruses that occur in swine in the future, novel 

antiviral peptide molecules, such as the DRACO chimaeric molecule, that originate from 

a suitable swine host are urgently need. In general, the sequence alignments of the full-

length swine PKR and Apaf-1 genes lack specificity. Taken together with previous reports, 

the dsRBD (two dsRNA-binding domains (dsRBD1 and dsRBD2)) of swine PKR and the 

CARD domain of swine Apaf-1 are viewed as better candidate peptides for a more 

specific study of viral dsRNA detection and apoptotic induction (Rider et al., 2011; Guo 

et al., 2015). In this study, a recombinant chimaera containing portions of the swine PKR 

and Apaf-1 genes was engineered from the cDNA of PAMs and a transducing tag with 

trans-activator transcription (TAT) protein. This chimaeric peptide may play an important 

role as a self-defence mechanism in pigs, resulting in the destruction of virus-infected 

cells by apoptosis. The objective of this study was to produce the recombinant chimaeric 
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swine PKR-Apaf-1 protein (rcPAP) in an E. coli expression system to be used as a 

potential candidate for the control of PRRS viral loads in pigs. 

  



 

 

21 

Materials and Methods 

 

Bacterial strains and plasmid vectors 

 The pCR2.1 TA plasmid (Invitrogen, USA) was used to construct the TAT-PKR-

Apaf-1 chimaera and was then transformed into E. coli strain DH5α (Invitrogen, USA). 

Two bacterial expression plasmids were constructed to express the rcPAP with an N-

terminal (His)6 tag: the pQE32 (QIAGEN, Germany) and the pET-His6-TEV-LIC plasmids 

(Addgene, USA). The pQE32 and the pET-His6-TEV-LIC plasmids were transformed into 

the M15 (pREP4) and BL21 (DE3) E. coli strains, respectively.  

 

Expression of rcPAP  

Cloning 

The purified RT-PCR products encoding the dsRBD of porcine PKR (582 bp) (P) 

(GenBank Accession Number: AB104654) (Asano et al., 2004) and the CARD domain of 

porcine Apaf-1 (297 bp) (A) (GenBank Accession Number: XM_003481742) (Riedl et al., 

2005) cDNA from US strain PRRS virus-infected PAMs were directly inserted in the 

pCR2.1®TA plasmid (Invitrogen, USA) after amplification using the primers shown in Table 

2 and RT-PCR conditions in Table 3. The HIV TAT domain was added to the PKR forward 

primer (amino acid sequence: YGRKKRRQRRR) (Gump and Dowdy, 2007). The plasmids 

were named pCR2.1-P and pCR2.1-A and were propagated in the DH5α host cell. The 

digested fragment from pCR2.1-A was inserted into pCR2.1-P at the AgeI restriction site, 
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and the correct orientation of the pCR2.1-P-A plasmid was confirmed by PCR 

amplification and sequencing analyses. The sequences of the porcine PKR and the CARD 

domain of the porcine Apaf-1 cDNA were submitted to GenBank with accession numbers 

KP729189 and KP729186, respectively. 

Table 2 Nucleotide sequences of PCR primers used for RT-PCR 

 

 

 

 

 

 

 

 

 

 

 

 

 Restriction enzyme sites in the primers are underlined 
 PRK forward primer including TAT HIV domain (33 bp) 
  

Gene Sense Sequence (5’ to 3’) GenBank 
accession 
number 

Product 
sizes (bp) 

1. TAT-PKR 
RBD part 

+ CCCGGGTATGGTCGTAAAAAGCGTCGT
CAGCGTCGTCGTGCCAGTGGTCGTTCA 

AB104654 582 

- ACCGGTTCAGACTGTGCTTTTCACAGA 
2. Apaf-1 
CARD part 

+ ACCGGTGATGCAAAAGCTCGAAATTGT XM_0034817
42 

297 
- ACCGGTGTCGACGGAAGAAGAGACGA

CAGG 
3. NSP 2 
(full) 

+ AAAGACCAGATGGAGGAGGA GU454850 756 
- GAGCTGAGTATTTTGGGCGTG 

4. NSP 2 
(deleted) 

+ AAAGACCAGATGGAGGAGGA GU454850 666 
- GAGCTGAGTATTTTGGGCGTG   

5. ORF 7 + ATGCCAAATAACAACGGCAAG GQ330474 478 
 - TCATGCTGAGGGTGATGCTGT   
6. TAT-PKR 
RBD-Apaf-
1 CARD 

+ CCCGGGTATGGTCGTAAAAAGCGTCGT
CAGCGTCGTCGTGCCAGTGGTCGTTCA 

 873 

- ACCGGTGTCGACGGAAGAAGAGACGA
CAGG 
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Table 3 PCR condition program 

 

Subcloning into pET-His6-TEV-LIC plasmid 

 The P-A fragments (Figure 4A) were amplified from the pCR2.1-P-A plasmids with 

the indicated specific primers (Table 2) and RT-PCR conditions (Table 3) and then 

inserted into the pET-His6-TEV-LIC plasmid using ligation-independent cloning (LIC) 

(MacroLab, 2014). The pET-His6-TEV-LIC plasmids were linearized by SspI restriction 

enzyme (New England Biolabs, USA) digestion, purified and treated with T4 DNA 

polymerase (Thermo Scientific, USA) in the presence of dGTP (Thermo Scientific, USA). 

Likewise, the purified P-A PCR product was treated in the presence of dCTP (Thermo 

Scientific, USA). Then, 2 µl of each respective T4 treatment reaction was a mixed in a total 

volume of 10 µL and incubated for 10 min at room temperature (RT) to anneal prior to 

transformation into BL21 (DE3) cells and selection of a single transformant colony for 

protein expression. Transformants (pET-P-A) (Figure 4B) were screened for the correct 

 Reverse Transcriptase PCR 

cDNA 
NSP2 (full and 

deleted) & ORF7 
TAT-PKR RBD & 

Apaf-1 CARD 
TAT-PKR RBD-
Apaf-1 CARD 

1 
Cycle  

Denaturation 94 °C (5 minutes) 94 °C (5 minutes) 94 °C (5 minutes) 

35 
Cycles 

Denaturation 94 °C (30 seconds) 94 °C (15 seconds) 94 °C (15 seconds) 
Annealing 60 °C (30 seconds) 61 °C (30 seconds) 61 °C (30 seconds) 
Extension 72 °C (1 minute) 68 °C (45 seconds) 68 °C (1 minute) 

1 
Cycle 

Extension 72 °C (10 minutes) 68 °C (10 minutes) 68 °C (10 minutes) 
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insertion of the coding fragment and for DNA insert in-frame translation of the N-terminal 

(His)6 tag by PCR and sequencing analyses. 

 

Subclone into the pQE32 plasmid 

The P-A fragment was released from pCR2.1-P-A by SmaI and SalI restriction 

enzyme digestion and inserted into the pQE32 plasmid at the restriction sites following 

the supplier’s instructions and was then transformed into M15 (pREP4) cells. 

Transformants (pQE32-P-A) (Figure 4C) were checked for the correct coding insertion 

and in-frame translation of the (His)6 tags by using PCR and sequencing analysis. 
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Apaf-1 
WD or Y-domain 
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dsRBD
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dsRBD1 

dsRBD
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CARD 

CARD 

Kinase domain 

HIV TAT domain 
(YGRKKRRQRR

rcPAP 
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Figure 4. Schematic structure of (A) rcPAP, dsRBD 1 and 2 of swine PKR reconnected 
to the CARD domain of swine Apaf-1 as indicated; (His)6-tagged rcPAP in the (B) pET-
His6-TEV-LIC and (C) pQE32 plasmids. 
 

(B) 

(C) 
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Expression of rcPAP and optimization of the expression conditions 

A single colony of each respective transformant (one for each recombinant 

plasmid) was propagated overnight in 3 ml of LB media containing the appropriate 

antibiotic in the correct amount at 37 °C under shaking condition. Then, 500 µl of the 

overnight culture was inoculated into 10 ml of pre-warmed medium (including antibiotics) 

and grown at 37 °C with vigorous shaking until the optical density at 600 nm (OD600) of the 

cell suspension was approximately 0.6. The cultures were divided into two 5-ml fractions, 

one of which was induced for rcPAP expression by the addition of IPTG to a final 

concentration of 1 mM, and then cultured for 5 h at the selected temperature (18, 25, 30 

and 37 °C). The cells were harvested by centrifugation for 1 min at 12,000 rpm, discarding 

the supernatant and re-suspending the cell pellet in SDS-PAGE loading buffer (0.2 ml/ml 

original culture volume), and heated at 95 °C for 5 min before 10 µl was resolved through 

a SDS-PAGE gel (12.5 % (w/v) acrylamide resolving gel) at 10 V/cm and then stained with 

Coomassie brilliant blue-R250 (CBB; Bio Basic, Canada). The expression level of the 

rcPAP from the pET-His6-TEV-LIC and pQE32 plasmids was determined in the stained 

gels using the ImageJ image analysis software (http://imagej.nih.gov/ij) (Nguyen et al., 

2014). 

To optimize the expression conditions, the (i) inoculum cell density (as OD600 

value), (ii) the final IPTG concentration and (iii) the induction time were evaluated in turn 

by sequential univariate analysis at the optimized temperature (see above). In short, when 
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the inoculum reached the selected OD600 value (0.5, 0.6, 0.7, 0.8, 1 and 1.2), the culture 

was induced with 1.0 mM IPTG for 5 h, and the yield of rcPAP was evaluated (as above), 

selecting the OD600 value that generates the highest yield. Then, at the optimized 

temperature and inoculum OD600, the cultures were induced with different final 

concentrations of IPTG (0, 0.1, 0.25, 0.5, 0.75, 1.0 and 2 mM) for 5 h prior to evaluating 

the yield of rcPAP, and IPTG concentration that resulted in the highest yield was selected. 

Finally, using the above selected conditions, the subculture was induced for various times 

(0, 2, 4, 6, 8, 10, 12 and 18 h) and then the condition generating the highest rcPAP yield 

was selected. 

 

The three-dimensional (3D) structure of rcPAP 

The 3D structure of the rcPAP was predicted from its amino acid sequences using 

I-TASSER software (http://zhanglab.ccmb.med.umich.edu/I-TASSER/) (Roy et al., 2010). 

 
Solubility of the rcPAP produced within E. coli  

To test the solubility of the rcPAP produced at various induction temperatures (at 

otherwise the optimal inoculum OD600, IPTG concentration and induction time), E. coli 

pellets were obtained from 300-ml cell cultures induced with IPTG, re-suspended in lysis 

buffer (25 mM Tris-HCL, pH 7.4 containing 5 mM MgCl2, 1 % (v/v) Triton-X-100, 1 % (v/v) 

N-lauroyl-sarcosine and 10 mM imidazole), and then sonicated on ice for 10 min (Vo and 

Nuntaprasert, 2015). After sonication, the cell suspensions were centrifuged at 12,000 

http://zhanglab.ccmb.med.umich.edu/I-TASSER/
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rpm for 10 min at 4 °C. The clear supernatant and pellet were collected and analysed for 

the rcPAP yield after SDS-PAGE resolution and CBB staining, as above. The solubility 

level was derived from the percentage of rcPAP in the soluble and pellet fractions at each 

induction temperature.  

 

Purification of rcPAP 

To enrich the rcPAP to apparent homogeneity, the transformed and induced M15 

(pQE32-P-A) and BL21 (DE3) (pET-P-A) cell pellets were re-suspended in lysis buffer (as 

above) and incubated on ice for 1 h. The suspension was then sonicated on ice and 

centrifuged at 12,000 rpm at 4 °C for 30 min. The levels of rcPAP in the resulting soluble 

and insoluble fractions were determined after SDS-PAGE resolution and CBB staining, as 

above. HiTrap chelating affinity column (HiTrap™ Chelating HP, Germany) 

chromatography was used to enrich the rcPAP. The column was washed with distilled 

water and recharged with 0.1 M NiSO4 prior to equilibrating with loading buffer. The 

solubilized lysate was loaded onto the column and washed with the same buffer to remove 

contaminating E. coli proteins. Finally, the rcPAP was eluted with elution buffer containing 

various concentrations of imidazole (0.1, 0.2, 0.3, 0.4, 0.5 and 1 M). Each purification step 

was analysed by resolution through SDS-PAGE (12.5 % (w/v) acrylamide resolving gel) 

with CBB staining and confirmed by western blot analysis. The eluted protein was dialysed 

against phosphate buffer saline (PBS) overnight using Cellu-Sep® T2 Tubings dialysis 
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membrane (Seguin, USA). After measuring the protein concentration by the standard 

bicinchonic acid (BCA) assay (Pierce, USA), the protein solution was aliquoted and stored 

at -80 °C until further use. 

 

Concentration of rcPAP 

The enriched rcPAP concentration was determined as the total protein using a 

BCA protein assay kit (Pierce, USA) with bovine serum albumin (BSA) at 25–2,000 µg/ml 

as the reference standard. Briefly, both BSA standards and the unknown protein samples 

were mixed with the working reagent and incubated at 37 °C for 30 min. The 

spectrophotometer (GENESYS™ 20 Visible Spectrophotometer, Thermo Scientific, USA) 

was set at 562 nm and PBS was used as the blank. The protein concentration of each 

unknown sample was estimated based on the standard curve of the BSA concentration. 

 

Production of polyclonal antibodies against rcPAP in BALB/c mice  

The five ml of the purified rcPAP (500 g/ml) were submitted and the mouse 

polyclonal antibody against rcPAP was produced by ABGENEX Co. LTD (India).  

The immune-reactivity between the enriched rcPAP and the mouse polyclonal 

antibodies was confirmed using western blot, ELISA and immunofluorescence (IFA) 

assays. 

 



 

 

30 

Western blot analysis 

The SDS-PAGE and western blot analyses were performed as described 

previously (Kim et al., 2013). Briefly, the lysate from the optimally induced bacterial cells 

expressing rcPAP from the pQE32-P-A and pET-P-A plasmids was separated by SDS-

PAGE (12.5 % (w/v) resolving gel) and then transferred to a polyvinyl difluoride membrane  

(PVDF) (Pall Corporation, USA) in transfer buffer (20 mM Tris-HCl, 192 mM glycine, 0.1 % 

(w/v) SDS, 20 % (v/v) methanol, pH 8.3) using a semi-dry transfer unit at 25 volts 

(Amersham, USA) for 1.5 h. The membrane was blocked with 5 % (w/v) skim milk in PBS 

at 4 °C overnight, washed with PBS/0.5 % (v/v) Tween 20 (PBS-T) and then incubated with 

a 1: 1,000 dilution of mouse anti-His monoclonal antibodies (GenScript, USA) or a 1: 1,000 

dilution of mouse anti-rcPAP polyclonal antibodies at 37 °C for 1 h, washed five times in 

PBS-T, and then incubated with a 1: 2,000 dilution of horseradish peroxidase (HRP)-

conjugated goat anti-mouse IgG (Sigma, USA) at 37 °C for 1 h. After washing (as above), 

the colour was developed by incubation with 3, 3-diaminobenzidine (Dojindo, Japan) for 

15–30 min, and the colour development was terminated by rinsing with distilled water. 

 

Indirect immunofluorescence assay (IFA) 

The MARC-145 cells in 24-well plates were incubated with or without 60 µg/ml of 

rcPAP (Guo et al., 2015) at 37 °C in a 5 % (v/v) CO2 incubator for 3 h, washed with PBS to 

remove the medium and then fixed in 4 % (w/v) paraformaldehyde for 10 min at RT. After 
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washing in PBS, the cells were incubated in 0.1 % (v/v) Triton-X in PBS for 5 min at RT, 

washed in PBS and then incubated with the mouse anti-rcPAP polyclonal antibodies (1: 

500 dilution) overnight at 4 °C. The cells were rinsed five times with PBS and incubated 

with the Cy2-conjugated AffiniPure goat anti-mouse IgG (Jackson ImmunoResearch, 

USA) (1: 200 dilution) at RT for 1 h. Finally, the cells were washed five times with PBS, and 

tetramethylrhodamine isothiocyanate (Thermo Scientific, USA) was added prior to 

examination using a fluorescence microscope (LSM510 META; Carl Zeiss, Jena, 

Germany). 

 

Murine anti-rcPAP polyclonal antibody determination by indirect ELISA 

 Titration of the mouse antiserum against rcPAP was assayed using an indirect 

ELISA. Briefly, the wells of the ELISA plate were coated with varying concentrations of the 

purified rcPAP (range 1.56–100 µg/ml/well) in a coating buffer (15 mM Na2CO3, 35 mM 

NaHCO3, pH 9.6) overnight at 4 °C. The wells were washed five times with PBS-T, blocked 

with 5% (w/v) skim milk in PBS at 37 °C for 1 h, washed five times with the PBS-T and then 

incubated with 100 µL of antiserum (1: 10 and 1: 50 dilutions) at 37 °C for 1 h. After 

incubation, the wells were washed five times with PBS-T and then incubated with 100 µL 

of the 1: 10,000 dilution of HRP-conjugated goat anti-mouse IgG (Sigma, USA) at 37 °C 

for 1 h. Following five washes with PBS-T, the wells were reacted with 3, 3′, 5, 5′-

tetramemethylbenzidine at RT in a dark room for 15 min, and then the reaction was 
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stopped by the addition of 100 µL of 2 M H2SO4. The absorbance was measured at 450 

nm using an ELISA plate reader (Multiskan EX, Thermo Scientific, USA).  
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Results 

 

Construction and expression of rcPAP 

The rcPAP plasmids were successfully constructed and produced from the US 

strain of PRRS virus-infected PAM (Vo and Nuntaprasert, 2015). The nucleotide and 

deduced amino acid sequences of the dsRBD of the swine PKR gene and the CARD 

domain of the swine CARD Apaf-1 gene were analysed (data not shown), and the 

sequences were submitted to GenBank (accession numbers KP729189 and KP729186, 

respectively).  

The P-A cDNA was successfully constructed into the pET-His6-TEV-LIC and 

pQE32 plasmids, respectively. The sequences of each plasmid confirmed their correct 

orientations and in-frame positions with the N-terminal (His)6 tag (data not shown). After 

transformation into the respective host E. coli strain, small-scale expression of rcPAP was 

induced by the addition of 1 mM IPTG. The rcPAP was successfully expressed from both 

expression plasmids using the respective E. coli systems (Figure 5). The molecular weight 

of rcPAP was determined to be approximately 35 kDa from the deduced amino acid 

sequence, which was in agreement with the observed protein band on the SDS-PAGE 

analysis of the rcPAP expressed in both the pET-His6-TEV-LIC and pQE32 plasmids 

(Figure 5), with a single band at an apparent molecular mass of 35 kDa. 
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Figure 5. Analysis of the rcPAP produced from the (A) pET-His6-TEV-LIC and (B) pQE32 
plasmids at varying induction temperatures. The rcPAP was resolved through 12.5 % (w/v) 
acrylamide SDS-PAGE and stained with CBB. M, protein markers (kDa); C, total cell 
protein before IPTG induction as a negative control. The protein markers (BioRad) on the 
gels are indicated in kilodaltons (kDa). 
 

The expression levels of recombinant proteins in E. coli typically vary according 

to the plasmid and temperature (Rosano and Ceccarelli, 2014). In this study, the 

expression levels of rcPAP produced from the pET-His6-TEV-LIC plasmid at 37 °C in BL21 

(DE3) cells (19.5 %) were 2.4-fold higher than that obtained from the pQE32 plasmid in 

M15 (pREP4) cells (8.1 %) under the same conditions (Table 4). However, at a lower 

temperature (25 °C) the rcPAP expression levels increased just over 1.1-fold to 22.7 % 

and 9.1 % for the pET-His6-TEV-LIC and pQE32 plasmids, respectively (Table 4). The 

rcPAP produced from both expression plasmids successfully reacted with the mouse anti-

His monoclonal antibodies, as determined by western blot analysis (Figure 6). The rcPAP 
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produced from the pET-His6-TEV-LIC plasmid showed a stronger band on the membrane 

than that of the pQE32 plasmid, consistent with its 2.4-fold higher expression level (see 

above). Because rcPAP was produced at a higher level from the pET-His6-TEV-LIC 

plasmid (in BL21 (DE3) cells), this expression system was selected for further study. 

 

Table 4 Expression levels of rcPAP at the different-induction temperatures 
Plasmids Expression level (%) 

18 °C 25 °C 30 °C 37 °C 
pET-His6-TEV-LIC 9.3 22.7 16.7 19.5 
pQE32 6.4 9.1 8.2 8.1 

 

 
Figure 6. Western blot analysis of the rcPAP using mouse anti-His6 monoclonal antibodies 
from the (A) pET-His6-TEV-LIC and (B) pQE32 plasmids. M, protein markers (kDa); C, 
total cell protein before IPTG induction as a negative control. The protein markers 
(BioRad) on the gels are indicated in kDa. 
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Determining the 3D-structure of a novel protein is the cornerstone of many aspects 

of modern biology (Roy et al., 2010). In this study, the 3D structure of rcPAP was evaluated 

theoretically using I-TASSER (Figure 7 and Table 5). Five models of rcPAP were 

computationally generated using the I-TASSER algorithm with C-scores ranging from -

4.27 to -4.52, where the C-score is a confidence score and ranges from -5 to 2, with higher 

scores representing a higher confidence level in the model (Roy et al., 2010). Model 1, 

with a C-score of -4.27, was used for all of the analyses described (Figure 7A). The overall 

structure of the rcPAP contained 13 α-helices and seven β-strands (α-α-α-β-β-β-α-

α-β-β-β-β-α-α-α-α-α-α-α-α). In addition, the 3D structure of the dsRBD of porcine 

PKR protein was predicted (C-score of 0.69) to contain four α-helices and six β-strands 

(α-β-β-β-α-α-β-β-β-α), while the CARD domain of the porcine Apaf-1 protein was 

predicted (C-score of 0.93) to contain six α-helices. These results indicated that the 3D 

structure of rcPAP had three more α-helices (one each from the plasmid, the TAT domain 

of HIV and the linker between the dsRBD and CARD domain) and one more β-strand than 

the sum of the dsRBD of the porcine PKR and the CARD domain of the porcine Apaf-1 

proteins. The TM-score ranged from 0 to 1, and the closest structural similarity was used 

to predict the I-TASSER model (Roy et al., 2010). In this study, the closest structural 

matches of the dsRBD of swine PKR protein (TM-score = 0.82) and the CARD domain of 

swine Apaf-1 (TM-score = 0.975) protein were similar to the human PKR (1QU6A) and 

human Apaf-1 (1Z6TB) proteins, respectively. Due to having highest level of structural 



 

 

37 

similarity (TM-score = 1), these proteins may well have a similar function as the target 

(Asano et al., 2004; Roy et al., 2010). 

 Table 5 The 3D structural prediction of rcPAP based on the deduced amino acid 
sequences using the I-TASSER method 
Items α-helices β-strands C-score 

rcPAP model 1 13 7 -4.27 
rcPAP model 2 13 7 -4.5 
rcPAP model 3 13 7 -4.35 
rcPAP model 4 13 7 -4.45 
rcPAP model 5 13 7 -4.52 
dsRBD of porcine PKR protein 4 6 0.69 
CARD domain of porcine Apaf-1 protein 6 0 0.93 

 

(A) 
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Figure 7. (A) Ribbon depiction of the I-TASSER model of rcPAP 
(http://zhanglab.ccmb.med.umich.edu/I-TASSER/) and (B) the secondary structure 
topology of rcPAP (http://zhanglab.ccmb.med.umich.edu/I-TASSER/). 
 

Solubility test of rcPAP  

The proportion and yield of soluble recombinant proteins produced often depend 

on the induction temperature (Francis and Page, 2010), and the protein expression at low 

temperature often significantly improves the solubility of recombinant proteins (Francis 

and Page, 2010). Accordingly, the lower level of protein solubility was found at higher 

temperatures (8.98 % and 3.1 % at 30 °C and 37 °C, respectively) than at lower 

temperatures (11.7 % and 19.8 % at 18 °C and 25 °C, respectively) (Figure 8 and Table 

6).  

Table 6 Solubility of rcPAP produced from the pET-His6-TEV-LIC plasmid at different 
induction temperatures 
Items Solubility level (%) 

18 °C 25 °C 30 °C 37 °C 
Soluble fraction 11.7 19.8 8.98 3.1 
Pellet 9.02 17.2 15.5 14.7 

 

(B
)

http://zhanglab.ccmb.med.umich.edu/I-TASSER/
http://zhanglab.ccmb.med.umich.edu/I-TASSER/
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Figure 8. Solubility level of rcPAP produced from the pET-His6-TEV-LIC plasmid 
/BL21(DE3) cells at varying-induction temperatures, showing the (A) 12.5 % (w/v) 
acrylamide SDS-PAGE gel after CBB staining and (B) the western blot analysis with mouse 
anti-His monoclonal antibodies. M, protein markers (kDa); C, total cell protein before IPTG 
induction as a negative control; P, pellet fraction after cell sonication; S, soluble 
supernatant after cell sonication. The protein markers (BioRad) on the gels are indicated 
in kDa. 
 

Optimization of rcPAP expression   

The optimal expression conditions for rcPAP production from the pET-His6-TEV-

LIC plasmid were evaluated sequentially in terms of the inoculum cell density (as OD600 

value), the IPTG concentration and the induction time at 25 °C (the previously determined 

optimal temperature) in a univariate approach that assumes no significant interaction 

between these three factors. Within that caveat, the optimal OD600 was found to be 0.6 

(Figure 9A), the optimal IPTG concentration was 0.75 mM (Figure 9B), and the induction 
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time was 18 h (Figure 9C), yielding the optimal induction conditions of an inoculum OD600 

of 0.6, induced with 0.75 mM IPTG for 18 h at 25 °C.  

 

Figure 9. Optimization of the (A) the inoculum cell density (as OD600 values), (B) the IPTG 
concentration and (C) the induction time for rcPAP production at 25 °C, as determined 
after resolution in 12.5 % (w/v) acrylamide SDS-PAGE and CBB staining. (A) E. coli 
transformants were inoculated at different densities and incubated with 1 mM IPTG and 
induced for 5 h. (B) E. coli transformants were inoculated at OD600 of 0.6 and induced for 
5 h. (C) E. coli transformants were inoculated at OD600 of 0.6 and induced with 0.75 mM 
IPTG. M, protein markers (kDa); C, total cell protein before IPTG induction as a negative 
control. The protein markers (BioRad) on the gels are indicated in kDa. 
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Purification of rcPAP  

The rcPAP purification was designed to remove most contaminating E. coli 

proteins to give an acceptable level of rcPAP purity. The rcPAP was produced from the 

pET-His6-TEV-LIC plasmid under the optimal induction conditions (see above), where 

rcPAP was mainly found in the soluble fraction, and therefore, its purification could be 

performed under a native condition from the HiTrap chelating affinity column. After 

extensive washing, the bound rcPAP was eluted with various concentrations of imidazole 

ranging from 100 mM to 1 M. The bound rcPAP started to elute at 200 mM of imidazole 

and reached the highest yield at 0.5 and 1 M of imidazole (Figure 10). The SDS-PAGE 

and the western blot analysis of the eluates showed a single band with a molecular mass 

of approximately 35 kDa (Figure 10), and therefore, the rcPAP was enriched to apparent 

homogeneity. In addition, rcPAP was found in varying fractions eluted with 0.5 M of 

imidazole (Figure 11 and Table 7). The rcPAP concentration of fraction 3 (14.21 mg/l of 

bacterial culture) showed the highest yield followed by fraction 2 (4.73 mg/l of bacterial 

culture). Moreover, after dialysis against PBS, the recovery yield of rcPAP was 12.32 mg/l 

of bacterial culture. In this study, 55.2 % (12.32/22.31) of the rcPAP was recovered from 

84.8 % (22.31/26.31) of the eluted protein. 
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 Figure 10. Enrichment of rcPAP using a HiTrap chelating HP column. (A) The 12.5 % 
SDS-PAGE gel stained with CBB and (B) the western blot analysis of rcPAP using mouse 
anti-His monoclonal antibodies. M, protein markers kDa; C, total cell protein before IPTG 
induction as a negative control; S, soluble supernatant after cell sonication; P, pellet 
fraction after cell sonication; Lanes 0.1–0.5 and 1, eluted with 100, 200, 300, 400, 500 and 
1000 mM imidazole, respectively. The protein markers (BioRad) on the gels are indicated 
in kDa. 
 

Table 7 Concentrations (mg/L) of the rcPAP fractions 
Fractions Yields of rcPAP (mg/l) 
Soluble  26.31 
Flow through 0.07 
Elution 1 1.63 
Elution 2 4.73 
Elution 3 14.21 
Elution 4 1.13 
Elution 5 0.61 
Dialyzed rcPAP 12.32 
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Figure 11. Enrichment of rcPAP via HiTrap chelating HP column chromatography. The 
rcPAP was resolved by 12.5 % (w/v) acrylamide SDS-PAGE gel and stained with CBB: M, 
protein markers kDa; C, total cell protein before IPTG induction as a negative control; FT, 
flow through; E1–5, fractions 1 to 5, respectively, with 0.5 M of imidazole. The protein 
markers (BioRad) on the gels are indicated in kDa. 
 

Characterization of mouse polyclonal antibody against rcPAP 

The western blot analysis revealed that the purified rcPAP reacted with the mouse 

polyclonal antibody to reveal a single band of 35 kDa (Figure 12). The purified rcPAP was 

coated on ELISA plates at different concentrations (1.56 to 100 µg/ml/well). The mouse 

polyclonal antibodies raised against rcPAP exhibited concentration-dependent binding to 

rcPAP and the antisera at a 1: 10 dilution showed a 1.15-fold higher binding value in ELISA 

than the 1: 50 dilution (Figure 13A). The apparent specificity of the mouse polyclonal 

antibodies against rcPAP was also shown in the IFA test (Figure 13B), as no reaction was 

observed in untransformed cells in contrast to the transformed and induced cells that 
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expressed rcPAP. The rcPAP was located in the cytoplasm (red colour) of the MARC-145 

cells (Figure 13B-C1). The rcPAP expressed in E. coli was able to elicit an rcPAP-specific 

antibody response.  

 

Figure 12. Western blot analysis of rcPAP using mouse anti-rcPAP polyclonal antibodies. 
M, protein markers kDa; C, total cell protein before IPTG induction as a negative control; 
S, soluble supernatant after cell sonication; P, pellet fraction after cell sonication; lane 0.1, 
eluted with 100 mM imidazole; Lanes 0.1–0.5 and 1, eluted with 100, 200, 300, 400, 500 
and 1000 mM imidazole, respectively. The protein markers (BioRad) on the gels are 
indicated in kDa. 
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Figure 13. Characterization of mouse anti-rcPAP polyclonal antibodies by (A) indirect 
ELISA and (B) IFA analysis on MARC-145 cells. (A) The OD450 values represent the 
average of five independent experiments performed in six replicates. Error bars indicate 
the standard deviations. (B) C1, the rcPAP are displayed in red; C2, the cell nuclei are 
shown in blue; C3, merged. 
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Discussion 

In general, there are several mechanisms that the body can use to reduce and/or 

to cope with infections. The use of a recombinant chimaeric protein, such as that used in 

this study, is an example of limiting or reducing the viability and number of virus-infected 

cells during an infection to potentially reduce the viral load. The induction of apoptosis 

(cell death) may benefit limiting the virulence of intracellular viruses by shortening their 

survival, especially for some important PRRS virus in pigs that have evolved mechanisms 

to inhibit apoptosis. The expression and production of recombinant proteins from the full-

length PKR and Apaf-1 genes in humans and mice have been reported (Meurs et al., 

1990; Rende-Fournier et al., 1997; Zhou et al., 1999; Riedl et al., 2005; Reubold et al., 

2011). Many reasons, including their ease of generation, have increased their successful 

clinical use and non-toxic nature upon injection to animals, thus justifying the use of 

targeting chimaeric peptides instead of entire proteins for the production of those genes. 

As an un-natural anti-viral mechanism, this rcPAP with its three different parts (TAT domain 

from HIV, dsRBD of the swine PKR and the CARD domain of swine Apaf-1), was 

successfully constructed from PAM infected with the Thai-isolated US strain PRRS virus 

and produced in a bacterial expression system.  

Two bacterial expression plasmids (pET-His6-TEV-LIC and the pQE32) were used 

to express the N-terminus (His)6 tagged rcPAP chimaera, and the expression levels of the 
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resulting fusion protein at different induction temperatures were evaluated. The rcPAP 

expression levels depended on the induction temperature and the expression 

plasmid/host cell system, but the N-terminus (His)6 tag did not interfere with the expression 

levels of the chimaeric protein. The pET-His6-TEV-LIC plasmid in the BL21 (DE3) cells 

showed a higher rcPAP expression levels at all induction temperatures than the pQE32 

plasmid in the M15 (pREP4) cells, which may reflect differences in the replicon, promoter 

and host cell between the two expression systems. This is in agreement with previous 

reports that pET plasmids with the pMB1 origin (ColE1-derivative) have a higher copy 

number per cell than those with the wild-type ColE1 origin in the pQE plasmids (15–60 vs. 

15–20 copies per cell, respectively) (Rosano and Ceccarelli, 2014).  

The higher plasmid dosage may well result in a higher recombinant protein yield 

(Boustanshenas et al., 2013). Indeed, the yield of recombinant proteins produced from 

the pET plasmids were reported to be two-fold higher than those from the pQE plasmid 

(QIAGEN, USA) (Suryanarayana et al., 2016), in agreement with the results of this study. 

Moreover, the yield of soluble protein can be increased by varying the induction 

temperature, the inducer concentration and the inoculum OD600 (Gupta and Shukla, 2015). 

In particular, protein expression at a low temperatures often results in a significantly 

improved solubility of the recombinant protein (Gupta and Shukla, 2015). Accordingly, the 

rcPAP produced from the pET-His6-TEV-LIC plasmid at induction at lower temperatures 

(18–25 °C) yielded a higher amount of soluble rcPAP (without modifying the native protein 
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extraction method), indicating that a slow induction of the rcPAP efficiently reduced the 

formation of inclusion bodies (Rosano and Ceccarelli, 2014).  

The computational modelling of the protein 3D structure of rcPAP was performed 

using I-TASSER (Iterative Threading Assembly Refinement) along with those for the 

dsRBD of the swine PKR protein and the CARD domain of the swine Apaf-1 protein (Roy 

et al., 2010). The C-scores of the obtained rcPAP structures ranged from -4.27 to -4.52. 

Although -1.5 has been used previously as a cutoff for confidence in models, there can 

still be significant modelling accuracy in models with C-scores below this limit (Roy et al., 

2010). Considering the similarities in structural features, the TM-score of the dsRBD of the 

swine PKR protein and the CARD domain of the swine Apaf-1 protein that matched the 

best I-TASSER model was aligned in the PDB library, the results of which suggested that 

the dsRBD of the swine PKR protein and the CARD domain of the swine Apaf-1 protein 

will be likely to have the same function as the human PKR and Apaf-1 proteins, 

respectively. 

Due to the relatively high expression yield and solubility of the rcPAP obtained at 

25 °C, the effect of the inoculum cell density, the IPTG concentration and the induction 

time were optimized to improve the protein expression yield. Generally, low-temperature 

induction in E. coli results in the expression of soluble foreign proteins, but high 

concentrations of IPTG show increased toxicity in E. coli and inhibit cell growth (Onodera 

et al., 1996; Sørensen and Mortensen, 2005; de Groot and Ventura, 2006). Here, it was 
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found that increasing the inoculum cell density up to an OD600 of 0.6 increased the 

subsequent yield of rcPAP, but at OD600 values above 0.6, there was no significant 

increase in rcPAP yield. Likewise, a prolonged induction time of more than 18 h (data not 

shown) or an IPTG concentration above 0.75 mM did not significantly enhance the rcPAP 

expression yield. Thus, the optimized expression conditions for rcPAP were to use an 

inoculum cell density of an OD600 of 0.6 and to induce protein expression by 0.75 mM IPTG 

at 25 °C for 18 h. 

The enrichment of the soluble rcPAP without recovery of the insoluble protein 

saved time and cost, primarily due to the removal of the cross-flow filtration, denaturing 

and refolding steps (Kim et al., 2013). The rcPAP were expressed in a soluble form at a 

low-induction temperature and enriched under a native condition using a HiTrap chelating 

HP column charged with Ni2+. Although some (29.6%) of the rcPAP was lost during the 

enrichment, this was expected, as not all of the protein can be recovered without also 

picking up contaminants. Future studies could address the use of other suitable column 

chromatography methods, other types of HiTrap media and/or types of salt and salt 

concentrations used to dilute rcPAP prior to using a HiTrap Chelating HP column. 

We also studied the immunogenicity of rcPAP in BALB/c mice. rcPAP in 

combination with Freund's adjuvant elicited a humoral response in BALB/c mice. The 

humoral response was characterized by a high titre of polyclonal antibodies, as revealed 

by indirect ELISA. Furthermore, the anti-rcPAP polyclonal antibodies raised in the BALB/c 

mice appeared to be specific for rcPAP relative to E. coli proteins, as observed by western 
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blot and IFA analyses. Thus, the rcPAP produced and enriched from E. coli might maintain 

its natural 3D structure, or at least for these immunogenic sites. 

Previous studies have shown that the PRRS virus stimulates anti-apoptotic 

pathways in MARC-145 cells and PAMs in the early infection stage during viral replication, 

while PRRS virus-infected cells die from apoptosis in the late infection stage after viral 

replication and assembly and therefore release the new virions (Heijbel, 2003; Costers et 

al., 2008). If rcPAP could induce apoptosis in MARC-145 cells that were infected with the 

PRRS virus at an early stage, this would potentially prevent viral replication and assembly 

and thus reduce the viral load in the swine. In viral-infected cells, when two or more 

dsRBDs of the rcPAP were cross-linked on the same-viral dsRNA, the effector domain of 

rcPAP would theoretically then activate caspase 9 and trigger apoptosis (Elmore, 2007; 

Rider et al., 2011). In this study, the TAT domain of HIV (protein transduction) was used 

for the delivery of rcPAP into MARC-145 cells. The HIV TAT domain has previously been 

used to deliver the human DRACO protein into mouse cells and approximately 11 human 

cell lines (Rider et al., 2011). In swine, the HIV TAT domain has also been shown to deliver 

the PRRS virus nucleocapsid and the matrix protein into the PK-15 cell line, dendritic cells 

and peripheral blood mononuclear cells (Jeong et al., 2010). Accordingly, this study 

demonstrated that rcPAP was transduced into the cytoplasm of MARC-145 cells, as 

revealed by the IFA analysis (Figure 11B). Thus, we imply that the HIV TAT domain 

successfully delivered rcPAP through the MARC-145 cell membrane. For dsRNA 

detection by rcPAP, the dsRBD of PKR protein was selected to recognize and bind to viral 
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dsRNA in virus-infected cells (Rider et al., 2011; Guo et al., 2015). Considering the 

similarities in structural features, it has been suggested that swine PKR protein has a 

similar function to other mammalian PKR proteins (Asano et al., 2004). This study 

supported that the dsRBD of the swine PKR gene could recognize viral dsRNA in PRRS 

virus-infected cells. For the effector domain of rcPAP, the CARD domain from the Apaf-1 

gene was chosen for recruitment and activation of the initiator apoptotic pathway (Rider 

et al., 2011). This study is the first report that utilized the CARD domain of the swine Apaf-

1 protein as an apoptosis inducer.  

In conclusion, rcPAP was expressed and enriched under native conditions, and 

its expression could be optimized. This is the first study to produce rcPAP in an E. coli 

expression system. Based on our findings, enriched rcPAP may facilitate further 

development of more useful methods against PRRS.  
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CHAPTER 2 

The effect of recombinant chimaeric swine PKR-Apaf-1 proteins on 

PRRS virus-infected MARC-145 cell line 
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Abstract 

We produced the recombinant chimaeric swine PKR-Apaf-1 proteins (rcPAP) from 

bacteria according to the human DRACO concept. In this study, we explore the possibility 

that enhanced antiviral activity of this molecule against PRRS in swine. The rcPAP (at a 

concentration of 40, 60, 80 and 120 g/ml) was used to treat at 6 h after Thai-isolated US 

strain PRRS virus-infected MARC-145 cells. The antiviral efficacy with the apoptotic 

induction to kill virus-infected cells, using MARC-145 cell lines was determined at a time 

course of 24, 48 and 72 hpi. The results demonstrated that no cell cytotoxicity was 

observed during rcPAP added and rcPAP was transduced into the MARC-145 cells within 

1 h. The induction of cell death and the reduction of PRRS viral replication have responded 

in a dose dependent manner. The rcPAP concentration of 80 g/ml at 72 hpi significantly 

showed the highest enhancement of antiviral activity (p < 0.05). The rcPAP significantly 

increased the monkey active caspase-3 levels at the level of 16.09 fold (13.36  0.003 vs 

0.83  0.003 ng/mg protein) in PRRS virus-infected cell lines when treated with 80 g/ml 

rcPAP at 72 hpi, (p < 0.05). The PRRS viral RNA copy numbers at 72 hpi had significantly 

reduced by 75.55 % (1.75  0.008 vs 7.16  0.009 log10 (copies/ml)) in the infected cells 

and 84.47 % (1.02  0.002 vs 6.57  0.02 log10 (copies/ml)) in culture supernatants when 

treated with 80 g/ml rcPAP (p < 0.05). Interestingly, the viral titers at 72 hpi were 

dramatically reduced by 87.76 % (0.63  0.004 vs 5.15  0.01 log10 TCID50/ml) in PRRS 
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virus-infected cell lines treated with rcPAP (80 g/ml) (p < 0.05). The results also showed 

that the rcPAP was able to reduce and suppress N protein synthesis in the PRRS virus-

infected cell lines. In conclusion, this study suggested that rcPAP is a promising 

therapeutic agent against homologous strain PRRS viral infection. 

 

Keywords: Antiviral activity, cell culture, cytotoxicity, in vitro, viral copy number, viral 

titer, PRRS. 
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Introduction 

The limited number of available antiviral drugs may reflect the difficulties of 

developing therapeutics to treat viral diseases of both a practical and financial level 

(Pozzo and Thiry, 2014). Because of being obligate intracellular parasites, the replication 

of viruses is intricately linked to normal cell processes and thus many compounds such 

as antiviral drugs that interfere with viral replication are inherently toxic to host cells and 

present a low therapeutic index (Quinn et al., 2015). Moreover, there is evidence about 

new variant strains of some swine viruses that are resistant to antiviral drugs and may 

become more powerful like super-viruses (Rider et al., 2011; Song et al., 2015; Zhou et 

al., 2015). Therefore, novel antiviral molecules to inhibit PRRS virus replication or 

enhanced antiviral activity against PRRS virus are welcome options to complement other 

strategies for PRRS prevention and control. 

The ideal antiviral molecules, which are therapeutically safe and effective, would 

selectively affect specific processes of the target virus with minimal side effects on normal 

cellular pathways. There are many reports showing the antiviral activity against viral 

diseases in swine. For example, the RNA interference has been reported as antiviral drugs 

which target viral genome or viral receptors (Choi et al., 2009; Xiao et al., 2011; 

Moghaddam et al., 2014; Abba et al., 2015; Li et al., 2015; Liwei et al., 2015). Secondly, 

plant extract compounds have been studied to inhibit viral replication or viral infection or 

directly destroy the viral particles (Yang et al., 2013; Moghaddam et al., 2014; Abba et 
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al., 2015). Thirdly, recombinant proteins have been reported as antivirals which could 

induce apoptosis and kill viral-infected cells (Rider et al., 2011; Zhang et al., 2013; He et 

al., 2014; Guo et al., 2015).  

One of the options would be to use PRRS virus-specific and efficacious antiviral 

molecule like rcPAP. The rcPAP has successfully produced from bacterial system (Vo and 

Nuntaprasert, 2015, 2016) according to human DRACO concept. The rcPAP is consisted 

of TAT domain of HIV, dsRBD of swine PKR and CARD domain of swine Apaf-1. The rcPAP 

detects viral dsRNA in viral infected cells via the dsRBD of swine PKR. After two or more 

rcPAP molecule crosslink on the same viral dsRNA, the rcPAP induces apoptosis and kills 

those virus-infected cells. An alternative approach to induce apoptosis in infected cells 

and inhibit viral mRNA expression or translation, the rcPAP molecule produced from 

bacteria was carried out to study the in vitro effect against PRRS virus.  
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Materials and Methods 

 

Cell culture, rcPAP and virus 

MARC-145 (ATCC: CRL-12231) cell line was cultured in Dulbecco’s modified 

Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 

maintained at 37 °C in 5 % CO2 incubator (Ma et al., 2013). The rcPAP (stock at 1 mg/ml) 

was used at a four concentrations of 40, 60, 80 and 120 g/ml). US strain PRRS virus 

(Thai isolated 01NP01, stock virus at 6 log10 TCID50/ml) was used in this study. PRRS 

virus was propagated in MARC-145 cells. 

 

Cytotoxicity assay  

The cytotoxicity of rcPAP was evaluated using MTT assay in normal MARC-145 

cells in six independent experiments. Each experiment involved triplicate wells per 

concentration. MACR-145 cells were detached using 0.5 % Trypsin/EDTA (Invitrogen, 

USA), re-suspended in complete medium and then dispensed into 96-well plates at a 

density of 104 cells per well. After incubation for 24 h, the rcPAP were administered to the 

wells at varying final concentrations (40, 60, 80, and 120 µg/ml) (Guo et al., 2015) and 

incubated at 37 °C, in a humidified 5 % CO2 incubator for 72 h. Then, 10 µl of MTT reagent 

(5 mg/ml) (Dojindo, Japan) was added to each well (Ding et al., 2005) and incubated for 

4 h to allow the conversion of MTT to formazan crystals by mitochondrial dehydrogenase, 
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prior to the addition of 100 µl of 10 % (v/v) SDS in 50 % (v/v) N, N-dimethylformamide 

(Merck, USA) to solubilize the formazan crystals without removing the medium (Uma et 

al., 2008). An ELISA plate reader (Multiskan EX, Thermo Scientific, USA) was used to 

record the absorbance at 570 nm. The percentage of cell viability was calculated using 

following equation: % Cell viability = 100 - % Cytotoxicity (% Cytotoxicity = 1- (mean 

absorbance of treated cells/ mean absorbance of negative control)) (Valiyari et al., 2012).  

 The cytotoxic effect of rcPAP on this cell line was also determined by the Trypan 

blue viability assay (Billack et al., 2008). Cells (104
 per well) in 24 well plates were cultured 

at similar concentrations of rcPAP (as described above) for 72 h. Then, the medium was 

removed from the wells, and the cells were washed with PBS. Cells were detached by 

adding 100 μL of 0.5 % Trypsin/EDTA (Invitrogen, USA). DMEM supplement with 10 % 

FBS (50 μL) and 0.5 % Trypan blue (50 μL) (Merck, USA) were added to each well, and 

the plates were incubated for 5 min. Then, a 20 μL aliquot was removed and placed on 

a Neubauer hemocytometer (Precicolor, Germany). Finally, the numbers of viable and 

nonviable cells were counted under a microscope. The percent viability was calculated 

as: (viable cells/ the total cell count) × 100. 
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Cell transduction assays of rcPAP 

For determination of protein transduction efficiency, the rcPAP internalization was 

assessed by western blot analysis (Rider et al., 2011; Zhang et al., 2013). MARC-145 cells 

in 6-well plates were cultured in DMEM with rcPAP at a concentration of 40, 60, 80 and 

120 µg/ml for varying times (up to 5 h) and then cells were trypsinized and washed 

thoroughly in PBS to remove any rcPAP on the cell surface (Zhang et al., 2013). The cells 

in a well of plate were washed three times with PBS and lysed in pre-cold lysis buffer (1% 

Triton X-100, 1 mM PMSF in PBS) for 10 min (Zhang et al., 2013). Lysates from 

approximately 105 cells were added to the well. A known amount of purified rcPAP was 

used as a standard as indicated. The rcPAP were identified using western blotting with 

mouse anti-6x His monoclonal antibodies (1: 1,000 dilution) (GenScript, USA) and goat 

anti-mouse IgG HRP (1: 2,000 dilution) (GenScript, USA).  

To test rcPAP persistence inside the cells, four concentrations of rcPAP (as shown 

above) were administered to culture medium and incubated for 5 h and then cells were 

washed by PBS and putted into medium without rcPAP (Zhang et al., 2013). The cells 

were collected every 12 h (up to 72 h) and analysed as described above. 
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Antiviral activity of the rcPAP 

The antiviral assay was performed in six independent experiments. The MARC-

145 cells were seeded in a 6-well plates at a density of 105 cells per well and cultured for 

24 h at 37 °C, in a 5 % CO2 incubator. Then the cells were inoculated with Thai isolated 

US strain PRRS virus at a 200 TCID50 per well for 6 h at 37 °C, and the viral inoculum was 

then removed and the cell monolayer was washed with PBS. The various concentrations 

of rcPAP (40, 60, 80, and 120 µg/ml) with fresh medium were added (Guo et al., 2015). 

One positive control (cell lines inoculated with virus without rcPAP) and two negative 

controls (one cell lines with medium only and another with rcPAP) were included. The cells 

were cultured for 24 hpi; 48 hpi or 72 hpi after each rcPAP administration to medium at 37 

°C, in a 5 % CO2 incubator, the supernatants was collected for virus yield titration. The 

quantitative real time RT-PCR (qRT-PCR) was tested the viral RNA in either culture cells 

or supernatants at different times post-inoculation. Viral titers in the culture supernatants 

were determined and calculated as log10 (TCID50/ml). The monkey active caspase-3 

levels (a key protease activated during early stages of apoptosis) in culture cells were 

determined using ELISA analysis (Wardi et al., 2014). Western blot technique was used 

to detect nucleocapsid (N) protein synthesis of PRRS virus in culture cells.  
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Quantitative Real-time RT-PCR (qRT-PCR) 

The qRT-PCR was used to detect and quantify viral RNA copy numbers based on 

ORF7 gene of PRRS virus (Wernike et al., 2012; Guo et al., 2015). The positive pCR2.1-

ORF7-US plasmid was constructed using a pCR2.1®TA cloning kit (Invitrogen, USA) 

according to the manufacturer’s instruction. Viral RNA was extracted from either culture 

cells or supernatants. The procedure of total RNA isolation was performed following the 

protocol of commercial kit’s instruction (PureLink™ Viral RNA/DNA Kit, Invitrogen, USA). 

Then, RNA concentration was measured (using Nanodrop ND-2000, Thermo Scientific, 

USA), diluted to equal concentration and reverse-transcribed onto cDNA by using 

Superscript® III Reverse Transcriptase (Invitrogen, USA). The generated cDNA was 

amplified by qRT-PCR using the following specific primers as shown in Table 8.  

Table 8 Nucleotide sequences of the primers used for qRT-PCR in this study 
Gene Sense Sequence (5’ to 3’) GenBank 

accession 
number 

Product 
size 
(bp) 

Reference 

ORF7 of US 
strain PPRS 
virus  

+ GCAATTGTGTCTGTCGTC GU454850 81 (Wernike 
et al., 
2012) 

- CTTATCCTCCCTGAATCT
GAC 

 

The qRT-PCR was developed for detection of each virus using SYBR Green I 

fluorescent dye using Thunderbird®Sybr®qPCR Mix (Toyobo, Japan). The qRT-PCR 
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reaction was performed using the ABI 7300 System (Applied Biosystems, USA) in 96-well 

plates. The cycling conditions were shown in Table 9.  

Table 9 The qRT-PCR condition program 
cDNA ORF7 of PRRS virus US strain 

1 cycle Denaturation 95 °C (1 min) 
40 cycles Denaturation 95 °C (1 min) 

Annealing 57 °C (15 sec) 
Extension (data collection) 72 °C (45 sec) 

 

The qRT-PCR was performed in triplicates using 10-fold serial dilutions of the 

positive pCR2.1-ORF7-US plasmid with concentration ranging from 10 to 10 log10 

(copies/ml) as standard. Positive (cells infected virus without rcPAP) and two negative 

(one cells only and another cells plus rcPAP) controls were tested along with the unknown 

samples. 

 

Viral Titration  

Viral titers in culture supernatants of PRRS virus were determined by log10 

(TCID50/ml). Briefly, cells were seeded onto 96-well culture plates at a density of 104 cells 

per well and then incubated for 24 h to reach at least 80 % confluence before infection. 

The viral culture supernatants were 10-fold serially diluted, from 10-1 to 10-9 dilution, and 

200 µl of each dilution were putted to each of six wells. MARC-145 cell lines were 

maintained with medium free virus served as a control. The cells were incubated at 37 °C 
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in an incubator containing 5 % CO2 for 72 hpi. The inverted microscope was used to daily 

check cell cytopathic effect (CPE) and IPMA technique was used to determine PRRS virus 

titers (Tatsanakit et al., 2003). The log10 (TCID50/ml) was calculated using the Reed–

Muench method (Reed and Muench, 1938). 

 

Western blot analysis 

The N protein of PRRS virus was performed using western blot analysis as 

described elsewhere (Guo et al., 2015; Pan et al., 2015). Briefly, the lysates from the rcPAP 

treated PRRS virus-infected MARC-145 cells were separated by SDS-PAGE (12.5 % (w/v) 

resolving gel) and then transferred to a polyvinyl difluoride (PVDF) membrane (Pall 

Corporation, USA) in transfer buffer (20 mM Tris-HCl, 192 mM glycine, 0.1 % (w/v) SDS, 

20 % (v/v) methanol, pH 8.3) using a semi-dry transfer unit (Amersham, USA) for 1.5 h. 

The membrane was blocked with 5 % (w/v) skim milk in PBS at 4 °C overnight and then 

incubated with 1: 2,000 dilution of anti-PRRS virus N monoclonal antibodies (Rural 

Technologies, USA) at 37 °C for 1 h, washed three times in PBS/0.5 % (v/v) Tween 20 

(PBS-T), and then incubated with 1: 2,000 dilution of horseradish peroxidase (HRP)-

conjugated goat anti-mouse IgG (Sigma, USA) at 37 °C for 1 h. After washing (as above), 

the color was developed by incubation with the 3, 3-diaminobenzidine (Dojindo, Japan) 

for 15–30 min and the color development was terminated by rinsing with distilled water. 
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Apoptosis assays 

Monkey active caspase-3 (which cleaved at Asp175/Ser176) from lysates of 

monkey cell lines was detected and quantified by using the Monkey Active caspase-3 

ELISA Kit (MyBio-Source, USA) in 96-well plates under manufactory’s instruction (Wardi 

et al., 2014). After treating cells with rcPAP, floated and adherent MARC-145 cells were 

pelleted and washed in cold PBS and lysed with cell extraction buffer (Invitrogen, USA) 

(10 mM Tris, pH 7.4, 100 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM NaF, 20 mM Na4P2O7, 

2 mM Na3VO4, 1 % Triton X-100, 10 % glycerol, 0.1 % SDS, 0.5 % deoxycholate) and 1 

mM PMSF and protease inhibitor cocktail (Invitrogen, USA). The lysates were centrifuged 

at 13,000 rpm for 10 min at 4 °C. The protein concentration of cell extract supernatants 

was determined as the total protein using a BCA protein assay kit (Pierce, USA) with 

bovine serum albumin (BSA) at 25–2,000 µg/ml as the reference standards. The cell 

extract supernatants were then used to determine the concentration of monkey active 

caspase-3 levels (Wardi et al., 2014). The OD of this colored product was measured at 

450 nm with an ELISA Reader (Multiskan EX, Thermo Scientific, USA), and this OD is 

directly proportional to the concentration of monkey active caspase-3 present in the 

sample. The results (ng/mg protein) represented as monkey active caspase-3 levels (ng) 

per protein concentration of cell extract supernatants (mg). 
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Statistics analysis 

All data were presented as means ± standard deviation (S.D.) from six 

independent experiments. Each experiment involved triplicate wells per concentration. 

Statistical analysis was performed with analysis of variance (ANOVA) (F test). A p < 0.05 

was considered statistically significant. 
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Results 

 

Cell viability 

The cytotoxicity of rcPAP was determined using MTT and Trypan blue assays as 

shown in Figure 14. The rcPAP treated MARC-145 cell lines showed no cytotoxicity from 

40 g/ml to a concentration of 80 g/ml (100 % of cell viability) using either MTT or Trypan 

blue assays. However, this rcPAP showed cytotoxicity at the concentration of 120 g/ml. 

The percentage of cell viability by using MTT assay was decreased 1.5  0.28 % and by 

using Trypan blue assay was decreased 4.3  0.09 %.  

Figure 14. The cytotoxicity of the rcPAP in MARC-145 cells was measured using MTT and 
Trypan blue assay. Data are shown as mean ± SD of six independent experiments. Bars 
represent the standard deviation. 
 

40

50

60

70

80

90

100

110

0 40 60 80 120

C
el

l 
V

ia
b

il
it

y
 (

%
) 

The rcPAP concentration (g/ml)

MTT Trypan blue



 

 

68 

Cell transduction assay of rcPAP 

The transduced rcPAP (35 kDa protein band) into MARC-145 cells was 

demonstrated by western blot analysis. Four concentrations of rcPAP (40, 60, 80 and 120 

g/ml) were examined its transduction and persistence on MARC-145 cell lines. The 

existed and persisted times of the rcPAP inside the MARC-145 cells were responded in a 

dose independent manner (data not shown). According to the reduction of percent cell 

viability of MARC-145 cells added with rcPAP at a concentration of 120 g/ml, we 

designed to observe the effect of rcPAP at the 80 g/ml. As shown in Figure 15, rcPAP 

bands were detected by using western blot technique in the MARC-145 cell lines, which 

treated with an 80 g/ml. The results indicated that the rcPAP began to enter into MARC-

145 cells within 1 h and still detected for a period of at least 72 h.  
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Figure 15. The product of rcPAP (80 g/ml) transduced cells and persisted for days in 
MARC-145 cells. The western blot analysis of (A) transduction and (B) persistence of 
rcPAP. M, Protein markers (kDa); Protein markers (BioRad) were indicated in kDa. 
 

Antiviral activity of the rcPAP  

The qRT-PCR results showed that the rcPAP (40, 60, 80 and 120 g/ml) 

significantly reduced PRRS viral copy numbers in a dose-dependent manner between 

rcPAP-treated and untreated PRRS virus-infected MARC-145 cells at three different 

periods (24, 48 and 72 h post inoculation (hpi)) (p <0.05) as shown in Figure 16A and B.  
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Figure 16. The enhanced antiviral effects of the rcPAP (g/ml) treated PRRS virus infected 
MARC-145 cells at three time points in (A) culture cells and (B) culture supernatants were 
performed using qRT-PCR. Data are shown as mean ± SD of six independent 
experiments. Bars represent the standard deviation. The p < 0.05 (*). 
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of copy numbers of viral genome in rcPAP-treated PRRS virus-infected cells (80 g/ml) 

was 23.1 % (4.46  0.05 vs 5.8 ± 0.008 log10 (copies/ml)) in culture cells and 23.76 % 

(4.17  0.05 vs 5.47  0.01 log10 (copies/ml)) in culture supernatants compared with 

those of untreated MARC-145 cells. At 48 hpi following rcPAP (80 g/ml) treated PRRS 

virus-infected MARC-145 cells, mean PRRS viral copy numbers (the highest reduction) 

were 43.18 % (3.67  0.01 vs 6.46 ± 0.01 log10 (copies/ml)) in culture cells and 46.50 % 

(3.21  0.003 vs 6.0  0.008 log10 (copies/ml)) in culture supernatants compared with 

those of untreated MARC-145 cells. Interestingly, the rcPAP (80 g/ml) treated PRRS 

virus-infected MARC-145 cells were significantly decreased the RNA viral copy numbers 

with the highest reduction by 75.55 % (1.75  0.008 vs 7.16  0.009 log10 (copies/ml)) 

in culture cells and 84.47 % (1.02  0.002 vs 6.57  0.02 log10 (copies/ml)) in culture 

supernatants at 72 hpi (p < 0.05). These results clearly showed that the highest reduction 

of viral copy numbers was found at a concentration of 80 g/ml of rcPAP treated PRRS 

virus-infected MARC-145 cells. The inhibition of 80 g/ml of rcPAP treated PRRS virus-

infected MARC-145 cells at 72 hpi was taken pictures under the inverted microscope. As 

shown in Figure 17, the number of CPE (using IPMA technique) was dramatically lower in 

the rcPAP (80 g/ml) treated infected MARC-145 cells (Figure 17B) compared with 

untreated control (Figure 17A) at 72 hpi. These results illustrated that the rcPAP had the 

antiviral activity in vitro. 
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Figure 17. Inhibition of PRRS virus induced CPE in culture cells. The CPE was observed 
under microscopy. MARC-145 cells were infected with PRRS virus (200 TCID50 per well) 
for 72 hpi. (A) PRRS virus infection without rcPAP and (B) PRRS virus infection with 80 

g/ml of rcPAP at 72 hpi. 
 

In addition, the reduction of viral loads of the rcPAP against PRRS virus was 

determined. It showed that viral titers were significantly reduced in rcPAP (40, 60, 80 and 

120 g/ml) treated PRRS virus-infected MARC-145 cells (p < 0.05) at three different-time 

points (24, 48 and 72 hpi). As shown in Figure 18, the highest reduction of viral titers 

produced by the rcPAP-treated PRRS virus-infected MARC-145 cells at a concentration 

of 80 g/ml compared with untreated PRRS virus-infected cells was 59.43 % (1.57  

0.005 vs 3.87  0.01 log10 (TCID50/ml)), 63.13 % (1.6  0.006 vs 4.34  0.01 log10 

(TCID50/ml)) and 87.76 % (0.63  0.004 vs 5.15  0.01 log10 (TCID50/ml)) at 24, 48 and 

72 hpi, respectively (p < 0.05). In this experiment, the results clearly demonstrated that 

rcPAP at a concentration of 80 g/ml was significantly reduced by 87.76 % of PRRS virus 

titers at 72 hpi compared with untreated control (p < 0.05).  

(A) (B) 



 

 

73 

 

Figure 18. Mean viral titers in culture supernatants of the rcPAP (g/ml) treated PRRS 
virus infected MARC-145 cells at three time points, respectively. Titers are expressed as 
log10 TCID50 per ml of six independent experiments. Bars represent the standard 
deviation. The p < 0.05 (*). 

The correlation between methods of qRT-PCR and viral titers in this study showed 

strong and positive linear relationship with r = 0.972 value as shown in Figure 19. 

 

Figure 19. The correlation between methods of qRT-PCR (log10 (copies/ml) and viral titers 
(log10 (TCID50/ml) in PRRS virus-infected MARC-145 cells. 
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To further validate the results obtained from qRT-PCR and viral titers, western blot 

analysis of virus-infected cell lines was detected the PRRS viral N protein band (15 kDa) 

at 24 hpi (Figure 20A) and 48 hpi (Figure 20B) but was not detected at 72 hpi (Figure 

20C). Viral N protein synthesis was decreased when adding high concentration of rcPAP 

(80 and 120 g/ml) in PRRS virus-infected MARC-145 cells at 48 hpi and was not 

detected at 72 hpi compared with untreated infected cells due to the reduction of viral 

propagation.  

 

Figure 20. The band pattern of PRRS virus N protein was analyzed by western blot after 

treatment with the rcPAP (g/ml) at the indicated concentrations or PBS for (A) 24 hpi, 
(B) 48 hpi and (C) 72 hpi, respectively. M, Protein markers. Protein markers (BioRad) on 
the gels are indicated in kDa. 
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Apoptosis assay 

 To examine the rcPAP induced apoptosis in PRRS virus-infected MARC-145 cells 

during the early phase of infection, monkey active caspase-3 levels were detected using 

ELISA analysis. As shown in Figure 21, the levels of monkey active caspase-3 in rcPAP 

(40, 60, 80 and 120 g/ml) treated PRRS virus-infected MARC-145 cells were significantly 

increased in a dose-dependent manner compared to untreated PRRS virus-infected cells 

(positive control) at different-time points (24, 48 and 72 hpi) (p < 0.05). The results 

indicated that the highest monkey active caspase-3 levels in rcPAP (80 g/ml) treated 

PRRS virus-infected MARC-145 cells were 12.69 fold (6.73  0.008 vs 0.53  0.003 

(ng/mg protein)), 14.18 fold (9.08  0.003 vs 0.64  0.002 (ng/mg protein)) and 16.09 

fold (13.36  0.003 vs 0.84  0.003 (ng/mg protein)) at 24, 48 and 72 hpi, respectively, 

compared with untreated control. From our results, the highest concentration of monkey 

active caspase-3 levels was 13.36 ng/mg protein at a concentration of 80 g/ml of rcPAP 

treated PRRS virus-infected MARC-145 cells for 72 hpi. These data show that rcPAP has 

induced apoptosis in PRRS virus-infected MARC-145 cells.  
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Figure 21. The monkey active caspase-3 levels in MARC-145 culture cells were measured 
via ELISA technique. Data are shown as mean ± SD of six independent experiments. Bars 
represent the standard deviation. The p < 0.05 (*). 
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Discussion 

 Human DRACO (Rider et al., 2011) and swine DRACO (Guo et al., 2015) have 

been reported to be used to control the viral diseases in vitro. These two pathways 

(interferon and apoptosis) originated from human DRACO concept can be combined to 

circumvent most viral blockades including PRRS virus as a major swine positive-strand 

RNA viruses (Rider et al., 2011; OIE, 2015). This study is the first report that rcPAP 

produced from bacteria, which is chimaeric protein, derived from swine PKR and swine 

Apaf-1 induced cell death and inhibited PRRS virus replication in MARC-145 cells. The 

antiviral effect of rcPAP appears to be more species specific. Not only the most of ideal 

antiviral molecules inhibit the synthesis of virus or stimulate host-encoded elements in 

controlling virus growth, but also our rcPAP can have biological effect to reduce the virus-

infected cell lines as well. In this study, the HIV TAT domain as protein transduction 

domain (PTD) part was successfully fused with our rcPAP and showed the effect to deliver 

the rcPAP into MARC-145 cells as previously reported by Guo et al. (2015). TAT domain 

may be transduced rcPAP into MARC-145 cells via macropinocytosis as previously 

reported (Murriel and Dowdy, 2006). The transduction effect using western blot technique 

clearly demonstrated that the rcPAP got into and was inside MARC-145 cells and 

persisted for at least 3 days. Interestingly, the previous study by Rider et al. (2011) showed 

the persisted time of human DRACO molecule for at least 8 days. Further investigation 

needs to address the maximum times that rcPAP could persist inside the cells and still 
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have antiviral activity. We also found that the concentration of rcPAP at 40, 60 and 80 

g/ml is not toxic the normal cell lines by using MTT assay and Trypan blue assay. 

However, at a concentration of 120 g/ml, rcPAP showed a few reductions of cell viability 

with less than 4.5 % with using both assays. Human DRACO molecule produced by 

bacteria (5 to 20 g/ml) also had reported no toxicity in 11 studied cell lines (Rider et al., 

2011). Comparing with swine DRACO produced by bacteria (Guo et al., 2015) at a 

concentration of 120 g/ml showed very high cytotoxicity in reduction of cell viability more 

than 80 % in MARC-145 cell line. One explanation for this may be that the purified 

processes to reduce contaminated with E. coli toxin are important steps. Our purified 

rcPAP was used the specific purified column, dialyzed three times against PBS buffer 

overnight and confirmed single band protein (35 kDa) on membrane by using western 

blot analysis (Vo and Nuntaprasert, 2015, 2016). However, the observation of cytotoxicity 

of rcPAP on swine cell lines and primary cells origin and the reduction of bacterial toxin 

by using antitoxin absorbent column are need to be further study.  

 The dsRBD in dsRNA part of swine PKR in our rcPAP showed the effect on PRRS 

viral dsRNA detection because PRRS virus is belonged to the positive-strand RNA viruses 

(OIE, 2015). Weber et al., (2006) reported that the dsRNA in viral infected cells could be 

only detected with a positive-strand RNA, dsRNA, or DNA but not the negative-strand 

RNA virus (Weber et al., 2006). Similarly, the dsRBD detection of either human PKR in 

human DRACO or swine PKR in DRACO in swine are successfully bound to viral dsRNA 
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in virus-infected cells (Rider et al., 2011; Guo et al., 2015). The dsRBD of PKR of rcPAP 

may bind to PRRS viral dsRNA in interferon pathway (Dauber and Wolff, 2009).  

 Apoptosis is considered to be an important host defence mechanism that 

interrupts viral replication and eliminates virus-infected cells (Koyama et al., 2008). The 

CARD domain part in our rcPAP was constructed to induce apoptosis in virus-infected 

cells. The rcPAP molecule (80 g/ml) was shown the significant effect to induce the 

apoptotic protein (active caspase-3) in MARC-145 cell line after PRRS virus infection at 

72 hpi (p < 0.05). The monkey active caspase-3 levels were low concentration in virus-

infected culture cells without rcPAP. As expected, the results of monkey active caspase-

3 levels significantly increased 16.09 fold in PRRS virus-infected MARC-145 cells with 

rcPAP (80 g/ml) at 72 hpi (p <0.05). The studies of Rider et al. (2011) and Guo et al. 

(2015) have been demonstrated that the CARD domain of Apaf-1 induced apoptosis in 

virus-infected cells. In agreement with those studies, our rcPAP could induced apoptosis 

in PRRS virus-infected MARC-145 cells via activation of caspase 9 (caspase 9 is initiator 

caspase in intrinsic apoptotic pathway) (Elmore, 2007). Once activation, active caspase 

9 activates caspase 3 (caspase 3 is the key protease activated during early apoptosis as 

apoptotic marker) (Elmore, 2007).  

A time course study revealed that rcPAP showed the reduction of viral replication 

when it was added after the PRRS virus entered the cell line. Both validated methods from 

the correlation curve between the qRT-PCR and viral titers were confirmed and the 
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reduction of viral replication could be used in this study. The antiviral activity against PRRS 

virus-infected MARC-145 cells (200 TCID50) clearly showed that rcPAP (concentration of 

80 g/ml) significantly reduced PRRS virus copy numbers (84.47 %) and viral titers (87.76 

%) (p < 0.05) at 72 hpi. In comparison with previous reports by Liwei et al. (2015) using 

miRNAs and Li et al. (2015) using siRNAs highly showed the suppression of PRRS virus 

RNA copy numbers (about 40 %) and viral titers (about 60 %) by directly target to viral 

genome (Li et al., 2015; Liwei et al., 2015). In our knowledge, rcPAP did not destroy viral 

particles or directly inhibit viral replication by target viral genome instead of indirect via 

apoptotic induction to kill virus-infected cells. However, at a concentration of 120 g/ml 

of rcPAP showed less antiviral activity than that of at 80 g/ml. These results may be 

related to cytotoxicity of rcPAP. Although, the rcPAP was added to infected-cell line after 

viral inoculation, further study will be addressed at different administration time of rcPAP 

such as before or together with viral inoculation. The PRRS virus N protein, the most 

abundant viral protein expressed in infected cells, blocks host protein synthesis due to its 

high concentration in the nucleolus (Meulenberg, 2000; Suarez, 2000; Jourdan et al., 

2012). Moreover, the PRRS virus N protein may affect transcriptional regulation in infected 

cells by interacting with transcriptional regulators (Dokland, 2010). Here, we showed that 

the rcPAP effectively decreased the synthesis of the viral N protein and CPE in PRRS 

virus-infected Marc-145 cells. Theoretically, our rcPAP did not directly inhibit viral protein 

synthesis. The reduction of viral N protein in rcPAP treated virus-infected cells may be 
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related to the apoptotic induction of rcPAP to kill virus-infected cells. It implies that rcPAP 

may reduce PRRS viral-infectious clones and viral loads. Taken together, rcPAP at the 

concentration of 80 g/ml significantly showed the maximum enhanced antiviral activity 

(reduced viral copy numbers, viral titers, viral N protein and CPE by induction of 

apoptosis) in PRRS virus-infected cell lines at 72 hpi (p < 0.05). These results will address 

us to further investigate the in vivo effect of rcPAP on reduction of viral shedding in nursery 

pigs after vaccination with PRRS MLV vaccine.  

 In conclusion, the data included in this report provide that the rcPAP produced 

from bacterial system exhibits strong antiviral activity via apoptotic induction against 

PRRS virus in MARC-145 cell line. The rcPAP has potential to be used in the development 

of prophylactic and therapeutic strategies for this disease and other viral diseases in 

swine. However, the enhanced antiviral efficacy of the rcPAP need to further confirmation 

in vivo. 
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Conclusion 
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For application of the rcPAP to enhanced antiviral activity in swine diseases, the 

author carried out in this thesis on the basic research on the production of the rcPAP and 

its induction effect of apoptosis on MARC-145 cell line infected with US strain PRRS virus 

by the establishment of expression system, production, purification and biological activity 

analyses. The author first constructed the rcPAP, studied production of this protein and 

synthesized the mouse polyclonal antibodies against the rcPAP. Then, the enhanced 

antiviral activity against the US strain PRRS virus of the rcPAP was investigated in vitro. 

In CHAPTER 1, the cloning step for construction and expression of rcPAP derived 

from US strain PRRS virus-infected PAM was carried out. The two expression plasmids 

were constructed, expressed and the expression levels were compared. The rcPAP gene 

in pET-His6-TEV-LIC plasmid could express as a soluble protein at a 2.4-fold higher 

concentration (12.32 mg purified rcPAP/l of culture) than that from the rcPAP gene in 

pQE32 plasmid at a low temperature (25 °C). In addition, the solubility test was performed 

under different temperatures and the optimal expression conditions (OD600 of 0.6, 0.75 

mM of IPTG, at 25 °C and induction time for 18 h) for production of rcPAP were 

determined. Moreover, mouse polyclonal antibodies against rcPAP were produced and 

successfully reacted with purified rcPAP. The IFA pictures indicated that HIV TAT domain 

has been successfully delivered rcPAP into MARC-145 cell cytoplasm. 

In CHAPTER 2, the author investigated the in vitro effects of the rcPAP molecule 

(at a concentration of 40, 60, 80 and 120 g/ml) on Thai-isolated US strain PRRS virus-

infected MARC-145 cells. Firstly, the cytotoxicity assay of rcPAP was examined on MARC-
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145 cell line. The rcPAP at a concentration of 40, 60 and 80 g/ml did not cause any 

toxicity to MARC-145 cells but at a concentration of 120 g/ml was found 4.5 % of 

cytotoxicity. Secondly, the transduction and persistence time of rcPAP on MARC-145 cells 

were measured. The rcPAP was detected in intracellular MARC-145 cells at 1 h of 

inoculation and persisted in cells for at least 72 h. Thirdly, the effect of rcPAP was studied 

on MARC-145 cells after 6 h infected with US strain PRRS virus. The maximum 

concentration of rcPAP is 80 g/ml and the significant enhanced antiviral activity was 

shown at 72 hpi (p < 0.05). The induction of cell death on US strain PRRS virus-infected 

MARC-145 cells with rcPAP treatment significantly increased the monkey active caspase-

3 levels (p < 0.05). The significant reduction of viral copy numbers was observed in either 

culture cells or culture supernatants (p < 0.05). The viral titers of US strain PRRS virus was 

significantly decreased in rcPAP treated infected MARC-145 cells compared with 

untreated control. The N protein synthesis and CPE were also shown lower on the rcPAP 

treated US strain PRRS virus-infected cells than the untreated infected control.  

The cloning, expression, production and purification of rcPAP and its enhanced 

antiviral activity in vitro in this thesis were performed. The obtained knowledge and tools 

here will contribute a lot not only on the basic research for recombinant chimeric protein 

production but also applied for improving antiviral protocol against swine infectious 

diseases. 
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APPENDIX A 

Instrument and chemical substances 

1. A -20oC refrigerator, Model SF-C997 (Sanyo, Thailand) 
2. A -80oC refrigerator, Model 905 (Thermofisher Scientific, USA) 
3. Centrifuge and Microcentrifuge 
4. Experimental glasswares 
5. Gel document system, Model GVM 20 (Synoptics, UK) 
6. Gel electrophoresis system, Model GE-100 (Bioer technology Co. Ltd., China) 
7. Heat block (Labnet International Inc., USA) 
8. Incubator, Model BE-400 (Memmert Inc., Germany) 
9. Lamina air flow, Model Bio II A (Telstar, Spain) 
10. Micropipette (Labnet, USA) and Micropipette tips 
11. PCR and protein assay 
11.1  Agarose gel (Molecular grade) 
11.2  1kb DNA marker 
11.3  Prestain protein marker (Low range) (Bio-Rad, USA) 
11.4  Ethidium bromide 10mg/ml (Sigma Aldrich Inc., USA) 
11.5  Gel electrophoresis buffer (TAE) and protein running buffer 
11.6   Loading dye (Fermantas, Canada) and Coomassie brilliant blue-R250 (CBB; Bio 

Basic, Canada) 
11.7 SDS-PAGE gel (12.5% (w/v) acrylamide 
11.8  Itaq DNA polymerase (iNtRon, South Korea) and Thunderbird®Sybr®qPCR Mix 

(Toyobo, Japan) 
12.       PCR cabinet (Biometra, Germany) and ABI 7300 System (Applied Biosystems, 

Foster City, CA) 
13. PCR tube and Microcentrifuge tube 
14. Vortex, Model K 550-GE (Scientific Inc., USA) 
15. Shaking incubator, Model 311DS (Labnet International Inc., USA)  
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APPENDIX B 

Physical map of plasmid pCR®-2.1 TA vector (Invitrogen, USA) 
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APPENDIX C 

Physical map of plasmid pET His6 TEV LIC vector (Addgene, USA) 
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APPENDIX D 

Physical map of plasmid pQE32 vector (QIAGEN, USA) 
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APPENDIX E 

The statistical analysis of the qRT-PCR results in culture cells using ANOVA (as shown in 
Figure 16A) 

       
Anova: Two-Factor With Replication    
SUMMARY 24 hpi 48 hpi 72 hpi Total   

Cells only           
Count 6 6 6 18   
Sum 0 0 0 0   
Average 0 0 0 0   
Variance 0 0 0 0   

Cells+rcPAP           
Count 6 6 6 18   
Sum 0 0 0 0   
Average 0 0 0 0   
Variance 0 0 0 0   

Positive 
control           

Count 6 6 6 18   
Sum 34.8 38.74 42.97 116.51   
Average 5.8 6.456667 7.161667 6.472778   
Variance 0.008 0.016067 0.009217 0.337127   

40           
Count 6 6 6 18   
Sum 29.47 26.05 14.69 70.21   
Average 4.911667 4.341667 2.448333 3.900556   
Variance 0.005657 0.004497 0.002097 1.177441   

60           
Count 6 6 6 18   
Sum 28.91 24.31 12.82 66.04   
Average 4.818333 4.051667 2.136667 3.668889   
Variance 0.015017 0.006697 0.005067 1.354505   
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80           
Count 6 6 6 18   
Sum 26.78 21.99 10.5 59.27   
Average 4.463333 3.665 1.75 3.292778   
Variance 0.059387 0.01095 0.00896 1.39588   

120           
Count 6 6 6 18   
Sum 28.07 23.46 11.81 63.34   
Average 4.678333 3.91 1.968333 3.518889   
Variance 0.036217 0.00852 0.004817 1.391575   

Total             
Count 42 42 42    
Sum 148.03 134.55 92.79    
Average 3.524524 3.203571 2.209286    
Variance 5.25902 4.957141 5.069929    
       
ANOVA       

Source of 
Variation SS df MS F P-value F crit 

Sample 570.0692 6 95.01154 9918.519 
3.7E-

142 2.186134 

Columns 39.50052 2 19.75026 2061.785 
5.46E-

85 3.082852 

Interaction 55.65463 12 4.637886 484.1618 
4.88E-

86 1.845515 
Within 1.005817 105 0.009579    
       
Total 666.2302 125         

 
There are significant difference between rcPAP treatment and no treatment virus-

infected MARC-145 cells at those rcPAP concentration at three different-time points. 
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APPENDIX F 

The statistical analysis of the qRT-PCR results in culture supernatants using ANOVA (as 
shown in Figure 16B) 

       
Anova: Two-Factor With Replication    
SUMMARY 24 hpi 48 hpi 72 hpi Total   

Cells only           
Count 6 6 6 18   
Sum 0 0 0 0   
Average 0 0 0 0   
Variance 0 0 0 0   

Cells+rcPAP           
Count 6 6 6 18   
Sum 0 0 0 0   
Average 0 0 0 0   
Variance 0 0 0 0   
Positive control           

Count 6 6 6 18   
Sum 32.8 36 39.41 108.21   
Average 5.466667 6 6.568333 6.011667   
Variance 0.018667 0.008 0.026017 0.229744   

40           
Count 6 6 6 18   
Sum 27.28 22.91 11.19 61.38   
Average 4.546667 3.818333 1.865 3.41   
Variance 0.017867 0.009697 0.00999 1.368376   

60           
Count 6 6 6 18   
Sum 26.61 21.68 9.84 58.13   
Average 4.435 3.613333 1.64 3.229444   
Variance 0.07011 0.001787 0.00264 1.478535   
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80           
Count 6 6 6 18   
Sum 25 19.25 6.11 50.36   
Average 4.166667 3.208333 1.018333 2.797778   
Variance 0.005667 0.003137 0.002337 1.841689   

120           
Count 6 6 6 18   
Sum 25.47 20.82 7.37 53.66   
Average 4.245 3.47 1.228333 2.981111   
Variance 0.00223 0.00672 0.002337 1.735787   

Total             
Count 42 42 42    
Sum 137.16 120.66 73.92    
Average 3.265714 2.872857 1.76    
Variance 4.54364 4.129967 4.420907    
       
ANOVA       

Source of 
Variation SS df MS F P-value F crit 

Sample 474.9943 6 79.16572 8880.77 
1.2E-

139 2.186134 

Columns 51.23949 2 25.61974 2874.01 
2.11E-

92 3.082852 

Interaction 60.94475 12 5.078729 569.7292 
1.11E-

89 1.845515 
Within 0.936 105 0.008914    
       
Total 588.1146 125         

 
There are significant difference between rcPAP treatment and no treatment virus-

infected MARC-145 cells at those rcPAP concentration at three different-time points.  
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APPENDIX G 

The statistical analysis of the viral titers results in culture supernatants using ANOVA (as 
shown in Figure 18) 

Anova: Two-Factor With Replication    
SUMMARY 24 hpi 48 hpi 72 hpi Total   

Cells only           
Count 6 6 6 18   
Sum 0 0 0 0   
Average 0 0 0 0   
Variance 0 0 0 0   

Cells+rcPAP           
Count 6 6 6 18   
Sum 0 0 0 0   
Average 0 0 0 0   
Variance 0 0 0 0   
Positive control           
Count 6 6 6 18   
Sum 23.2 26.06 30.91 80.17   
Average 3.866667 4.343333 5.151667 4.453889   
Variance 0.010667 0.018907 0.015217 0.311037   

40           
Count 6 6 6 18   
Sum 19 12.48 6.89 38.37   
Average 3.166667 2.08 1.148333 2.131667   
Variance 0.018667 0.0008 0.003377 0.727015   

60           
Count 6 6 6 18   
Sum 18.8 11.93 6.31 37.04   
Average 3.133333 1.988333 1.051667 2.057778   
Variance 0.002667 0.003057 0.004977 0.770407   

80           
Count 6 6 6 18   
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Sum 17.2 9.59 3.79 30.58   
Average 2.866667 1.598333 0.631667 1.698889   
Variance 0.010667 0.006097 0.004417 0.893093   

120           
Count 6 6 6 18   
Sum 17.8 10.58 5.45 33.83   
Average 2.966667 1.763333 0.908333 1.879444   
Variance 0.002667 0.003427 0.004017 0.75777   

Total             
Count 42 42 42    
Sum 96 70.64 53.35    
Average 2.285714 1.681905 1.270238    
Variance 2.236376 1.907372 2.768861    
       
ANOVA       

Source of 
Variation SS df MS F 

P-
value F crit 

Sample 246.522 6 41.087 7870.833 
6.8E-

137 2.186134 

Columns 21.91346 2 10.95673 2098.927 
2.19E-

85 3.082852 

Interaction 36.34688 12 3.028907 580.2327 
4.31E-

90 1.845515 
Within 0.548117 105 0.00522    
       
Total 305.3304 125         

 

There are significant difference between rcPAP treatment and no treatment virus-
infected MARC-145 cells at those rcPAP concentration at three different-time points. 
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APPENDIX H 

The statistical analysis of the monkey active caspase-3 levels in culture cells using 
ANOVA (as shown in Figure 20) 

Anova: Two-Factor With Replication    
SUMMARY 24 hpi 48 hpi 72 hpi Total   

Cells only           
Count 6 6 6 18   
Sum 0 0 0 0   
Average 0 0 0 0   
Variance 0 0 0 0   

Cells+rcPAP           
Count 6 6 6 18   
Sum 0 0 0 0   
Average 0 0 0 0   
Variance 0 0 0 0   
Positive control           

Count 6 6 6 18   
Sum 3.2 3.86 5 12.06   
Average 0.533333 0.643333 0.833333 0.67   
Variance 0.003227 0.002747 0.003027 0.018906   

40           
Count 6 6 6 18   
Sum 34.04 44.9 62.22 141.16   
Average 5.673333 7.483333 10.37 7.842222   
Variance 0.001227 0.001067 0.0018 3.962101   

60           
Count 6 6 6 18   
Sum 36.54 47.24 68.21 151.99   
Average 6.09 7.873333 11.36833 8.443889   
Variance 0.00168 0.001867 0.004577 5.091343   

80           
Count 6 6 6 18   
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Sum 40.39 54.49 80.17 175.05   
Average 6.731667 9.081667 13.36167 9.725   
Variance 0.008577 0.003777 0.003897 7.980991   

120           
Count 6 6 6 18   
Sum 39.12 51.86 76.14 167.12   
Average 6.52 8.643333 12.69 9.284444   
Variance 0.00536 0.005707 0.0048 6.940308   

Total             
Count 42 42 42    
Sum 153.29 202.35 291.74    
Average 3.649762 4.817857 6.94619    
Variance 9.388739 16.55383 35.02079    
       
ANOVA       

Source of 
Variation SS df MS F P-value F crit 

Sample 2326.255 6 387.7092 152660.5 
1.9E-

204 2.186134 

Columns 234.6497 2 117.3248 46196.65 
2.5E-

155 3.082852 

Interaction 172.9757 12 14.41464 5675.765 
9.4E-

142 1.845515 
Within 0.266667 105 0.00254    
       
Total 2734.147 125         

  

There are significant difference between rcPAP treatment and no treatment virus-
infected MARC-145 cells at those rcPAP concentration at three different-time points. 
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