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ABSTRACT

Functional and structural studies o f the influenza A virus polymerase subunit 

PB1 and its complex with the PA subunit

by

Liping Dong

The influenza virus RNA polymerase is a heterotrimeric complex of PA, PB 1, and 

PB2. PB1 functions in RNA elongation, 5' and 3' viral RNA binding, and has an 

endonuclease activity. For detailed biochemical and structural studies, PB1 was 

expressed in the baculovirus expression system (BVES). However, the majority of 

recombinant PB1 was insoluble. Nine PB1 truncation mutants expressed in E. coli or 

insect cells were also largely insoluble. The coexpression o f PA and PB1 in the BVES 

improved PB1 solubility, and recombinant PA:PB1 appeared stable. Purified PA:PB1 

possessed RNA elongation, 5' and 3' vRNA binding activities, and appeared compact 

under EM. Using negative staining images, a ~30 A resolution reconstruction o f PA:PB1 

was obtained. Promising crystallization conditions were also identified. By showing that 

heterodimeric PA:PB1 is biologically active and that highly purified samples can be 

obtained in preparative amounts, this study represents a significant step towards the 

determination o f the polymerase atomic structure, which will have important applications 

in anti-influenza drug development.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



ACKNOWLEDGEMENTS

First and foremost, I would like to thank my advisor, Dr. Yizhi Jane Tao, for the 

thesis direction, patience, support and understanding during my study. The door to Dr. 

Tao’s office was always open whenever I got trouble or questions. In science, Dr. Tao is 

my advisor; in life, she is more like a good friend.

I am grateful to my committee: Dr. Yousif Shamoo, Dr. Janet Braam, Dr. Pemilla 

Wittung-Stafshede, and Dr. Junghae Suh. They gave me great advices during my progress 

review and were always supportive. I would also to further thank Dr. Janet Braam to 

provide an opportunity for first year’s rotation and the chance to know Dr. Elizabeth 

McCormack, such a nice person. I would also like to give my special thanks to Dr. David 

Apiyo at Dr. Pemilla Wittung-Stafshede Tab, who gave me tons o f suggestions for my A- 

exam proposal writing and presentation.

I would like to thank my lab members: Qiaozhen, Junhua, Jack, Tom, Yunyun, 

Douglas and Mihir. I am so grateful that everybody in the lab is so nice and easy to work 

with. Qiaozhen gave me tons o f suggestions with my molecular cloning, protein 

purification and ideas about my experiments. Junhua helped me a lot with FPLC, x-ray 

crystallography and thesis writing. Tom is my classmate and his delightful spirit 

lightened up the days. Jack took EM pictures and helped me with the reconstruction. 

Yunyun is the youngest graduate student in our lab and she let me know a lot about the 

fashion. Douglas is very nice and so smart. He helped me with my thesis writing. The 

entire lab gave me lots o f help for both research and personal life. It is such a great 

experience to work with them in my life.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



IV

I would like to thank Dr. Robert Krug, providing an opportunity to do those 

function studies in his lab at UT-Austin. During my stay at Austin, Dr. Laura Newcomb 

guided me to walk though the procedure and help me to analysis the data. Dr. Reilin Kuo 

and Dr. Chen Zhao gave me lots o f help and fun when I was in Austin.

I would like to thank Dr. Shamoo’s lab for using their equipments and chemicals. 

Special thanks to Dr. Rafael Counago, who gave me tons of brilliant suggestions with my 

grant proposal writing and progress review reports. I would also like to give my thanks to 

Dr. Gang Wu for his help on the protein purification suggestion and thanks to Megan 

Guelker for training me to use crystallization robot.

I would like to thank Dr. Matthews’ lab and Dr. Silberg’s lab for providing certain 

competent cells and plasmids. Ying and Hongli are good friends o f mine and they helped 

me not only on study but also on my personal life.

I would like to thank Dr. MacKenzie lab for using their ultracentrifuge and 

sonicator. I would like to send my special thanks to Adnia Maximciuc who helped me a 

lot with my student seminar and progress reports.

I am also grateful to faculties at Rice, giving me so many interesting topics. I 

would also like to thank my friends, administrative staffs in the Department of 

Biochemistry and Cell Biology, classmates in 2003.

I would like to thank the financial supporters, Welch foundation.

Last but most important, I am grateful to my family, my mom, my husband and 

my brothers supports with their love. My husband is my only family member in USA and 

he gives me support in every minute.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Table of Contents

Title Page.................................................................................................................................. I

Abstract....................................................................................................................................II

Acknowledgments............................................................................................................... I ll

Table of Contents.................................................................................................................. V

List of Figures.........................................................................................................................X

List of Tables.......................................................................................................................XII

Chapter 1: Introduction and Background........................................................................1

1.1. Influenza v iru s........................................................................................................1

1.1.1. Overview.........................................................................................................1

1.1.2. Virion structure.............................................................................................1

1.1.3. Genom e...........................................................................................................2

1.1.4. Viral proteins.................................................................................................2

1.1.5. Life cycle of influenza v irus.......................................................................6

1.1.5.1. Virus binding, entry and uncoating..................................................... 6

1.1.5.2. Viral transcription and replication...................................................... 8

1.1.5.3. Translational control of influenza v iru s............................................10

1.1.5.4. Nuclear export of ribouncleoproteins ...............................................10

1.1.5.5. Viral assembly and release....................................................................11

1.2. Impact of influenza virus on human health................................................... 13

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



VI

1.2.1. Seasonal outbreaks.................................................................................... 13

1.2.2. Evolution of influenza virus antigens.................................................... 13

1.2.3. History of influenza pandemics.............................................................. 13

1.2.4. Avian influenza A H5N1 -  a new pandemic threat............................ 14

1.3. Current methods of controlling of influenza virus infection.....................15

1.3.1. Vaccines........................................................................................................15

1.3.2. Antiviral drugs............................................................................................17

1.3.2.1. M2 channel inhibitors............................................................................ 17

1.3.2.2. NA inhibitors............................................................................................17

1.4. Influenza RNA-dependent RNA polymerase................................................ 18

1.4.1. Overview of viral transcription and replication.................................18

1.4.2. Subunits of influenza RNA polymerase................................................ 19

1.4.3.Viral transcription...................................................................................... 19

1.4.4. Viral replication......................................................................................... 21

1.4.5. Structural studies of influenza viral RNA polymerase......................22

Chapter 2: The expression of influenza A virus PB1 protein.................................27

2.1. Introduction...........................................................................................................27

2.2. Methods and results............................................................................................ 27

2.2.1. Expression of full-length PB1 in Baculovirus (BVES).......................27

2.2.1.1. Preparation of plasmids and competent cells................................... 29

2.2.1.2. Molecular cloning................................................................................... 31

2.2.1.3. The Spodoptera frugiperda insect cell line

(IPLB-Sf21 AE, or Sf21) culture......................................................... 32

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



VII

2.2.1.4. Generation of recombinant PB1 baculoviruses............................... 33

2.2.1.5. PB1 expression in BVES........................................................................33

2.2.1.6. Efforts to improve PB1 solubility....................................................... 36

2.2.2 Expression of PB1 deletion mutants in the bacterial system ................38

2.2.2.1. Construction of bacterial expression plasmids expressing

PB1 deletion mutants............................................................................. 38

2.2.2.2. Expression of PB1 deletion mutants in the bacterial 

expression system....................................................................................41

2.2.3. Expression of deletion mutants of PB1 in the InsectSelect system. ..45

2.3. Discussion..............................................................................................................47

Chapter 3: Expression and purification of the influenza A virus PA:PB1 dimer 51

3.1. Introduction...........................................................................................................51

3.2. Methods and results.............................................................................................52

3.2.1. PA:PB1 dimer coexpression in BVES...................................................52

3.2.1.1. Coinfection of PB1 with PB2, NP and P A ........................................ 52

3.2.1.2. Coexpression of PB1 with PA formed stable PA:PB1 dim ers 54

3.2.1.3. Optimization of PA:PB1 expression in BVES..................................56

3.2.2. PA-.PBl dimer coexpression and purification in E. coli................. 59

3.2.3. Purification of the PB1/PA dimer in the BVES...............................................64

3.2.3.1. Cell lysis.................................................................................................... 64

3.2.3.2. Ni-NTA affinity column preparation and purification.................. 64

3.2.3.3. HiTrap Heparin HP chromatography...............................................65

3.2.3.4. Gel filtration chromatography.............................................................66

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



VIII

3.2.3.5. Ion exchange chromatography......................................................... 70

3.3. Discussion.............................................................................................................72

Chapter 4: Biochemical functional studies of the PA:PB1 subcomplex............73

4.1. Introduction...........................................................................................................73

4.2. Methods and results.............................................................................................74

4.2.1. PA:PB1:PB2 trimer purification............................................................74

4.2.2. 5' and 3' vRNA binding assays............................................................... 74

4.2.3. Primer-independent RNA synthesis in v itro ....................................... 77

4.2.4. Endonuclease activity in vitro................................................................. 78

4.3. Discussion..............................................................................................................80

Chapter 5: Structural studies of the PA:PB1 dimer.................................................... 84

5.1. Introduction...........................................................................................................84

5.2. Methods and results.............................................................................................85

5.2.1. Electron microscopy (EM) study.................................................................. 85

5.2.2. X-ray crystallographic study of the PA:PB1 dimer..................................87

5.2.2.1. Stability test of the PA:PB1 dim er............................................................87

5.2.2.2. Crystallization of the PA:PB1 dimer........................................................ 90

5.3. Discussion..............................................................................................................92

Chapter 6: Summary, discussion and perspectives..................................................... 95

6.1. PB1 was insoluble when expressed alone in insect cells or E.coli cells....95

6.1.1. PB1 expressed in the BVES was largely insoluble....................................95

6.1.2. PB1 truncation mutants expressed in E.coli cells or insect cells

were still largely insoluble............................................................................. 96

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



IX

6.2. PA:PB1 formed a stable dimeric subcomplex when coexpressed

in the B V E S.............................................................................................................96

6.2.1. PA:PB1 coexpression in the BVES significantly increased

the solubility of PB1.......................................................................................96

6.2.2. Coexpression of PA:PB1 in bacteria did not improve PB1 solubility.97

6.2.3. PA:PB1 expression and purification were optimized.............................. 97

6.3. Functional studies of the PA:PB1 subcomplex..............................................98

6.3.1. The PA:PB1 dimer possessed RNA synthesis activity............................. 98

6.3.2. PA:PB1 could bind to 5 ’and 3’ vRNA........................................................ 99

6.3.3. PA:PB1 did not have endonuclease activity...............................................99

6.4. Structural studies of the PA:PB1 subcomplex......................................... 100

6.4.1. PA:PB1 dimers were homogenous compact particles under EM........100

6.4.2. A few promising conditions for crystallization of PA:PB1

dimer were identified..................................................................................... 101

6.5. Significance...........................................................................................................101

References............................................................................................................................ 102

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



LIST OF FIGURES

Figure 1.1. Schematic diagram of influenza A viruses virion...................................... 3

Figure 1.2. Schematic diagram of the life cycle of influenza virus..............................7

Figure 1.3. Nucleic acid sequence difference among the vRNA,

mRNA and cRNA..............................................................................................9

Figure 1.4. Schematic diagram of heterotrimeric polymerase..................................20

Figure 1.5. Model of influenza virus cap snatching mechanism............................... 23

Figure 2.1. Functional domains of PB1........................................................................... 28

Figure 2.2. Overview of Bac-to-Bac baculovirus expression system (BVES).........30

Figure 2.3. Expression test of full-length PB1 in BVES.............................................. 35

Figure 2.4. Attempts to increase the solubility of the full-length PB1 in BV ES...37

Figure 2.5. Schematic diagram of the nine deletion mutants of PB 1.......................39

Figure 2.6. The expression of PB1 deletion mutants in BL21 (DE3) E. coli cells

using the vector pRSETA............................................................................. 43

Figure 2.7. The expression of PB1 deletion mutants in Rossetta BL21 (DE3)

E. coli cells using the vector pET28a......................................................... 46

Figure 2.8. The expression of PB1 deletion mutants in Sf21 cells using

InseceSelect system.........................................................................................48

Figure 3.1. Western blot for the coinfection of PB1 with NP in BVES................... 53

Figure 3.2. PB1 coinfection with N-terminal His-tagged PA in B V ES................... 55

Figure 3.3. Pilot purification of PA:PB1 complex in BVES....................................... 57

Figure 3.4. Optimization of PA:PB1 coexpression in BVES...................................... 58

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



XI

Figure 3.5. Time course of PA:PB1 dimer coexpression in E. coli cells.................. 62

Figure 3.6. Purification of PA:PB1 expressed in E. coli cells.....................................63

Figure 3.7. Hitrap Heparin chromatography for PA:PB1 purification.................. 67

Figure 3.8. Superdex 200 gel filtration chromatography for PA:PB1

purification....................................................................................................... 69

Figure 3.9. Mono S chromatography for PA:PB1 purification.................................71

Figure 4.1. The polymerase PA:PB1 complex viral RNA binding assay................ 76

Figure 4.2. The polymerase PA:PB1 complex primer-independent RNA

synthesis in vitro assays................................................................................ 79

Figure 4.3. The polymerase PA:PB1 complex endonuclease activity

in vitro assay.................................................................................................... 81

Figure 5.1. TEM micrograph of PA:PB1 particles stained by uranyl formate..... 86

Figure 5.2. EM structural studies of the PA:PB1 dim er............................................ 88

Figure 5.3. A flow chart showing a typical reconstruction procedure in EM AN .89

Figure 5.4. Stability test of the PA:PB1 dimer at different temperatures..............91

Figure 5.5. Screening result of PA:PB1 crystallization condition by TOPAZ...... 93

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



L IS T  O F  T A B L E S

Table 1. Primers for amplification of PB1 deletion mutants.....................................40

Table 2. Primers for amplification of full-length of PA and PB1............................. 60

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1

Chapter 1

Introduction and Background

1.1. Influenza virus

1.1.1. Overview

Influenza viruses, members o f the Orthomyxoviridae family, are enveloped 

viruses and have a segmented, single-stranded, negative-sense RNA genome (Lamb and 

Krug, 2001). In humans, influenza viruses are the causative agents o f flu, a contagious 

respiratory illness characterized by a broad range of symptoms including fever, 

pharyngitis and headache. Severe infections o f influenza can lead to pneumonia, which 

can be fatal, particularly in young children and the elderly (Wright and Webster, 2001).

Influenza viruses are classified into three types: A, B, and C, based on antigenic 

differences in the nucleoprotein (NP) and matrix (Mi) proteins (Hay et al., 2001). 

Influenza A viruses are further classified into subtypes based on their hemagglutinin (HA) 

and neuraminidase (NA) glycoproteins. Influenza A infects a wide variety o f avian 

species, humans, and other mammals, including swine and horses. Influenza B infects 

humans exclusively. Influenza C has mainly been isolated from humans, but occasionally 

has been found in other species. Influenza A causes the most severe disease in humans 

and is the most important o f the three influenza types. In light o f this fact, I primarily 

focus on influenza A viruses in this thesis.

1.1.2. Virion structure

Influenza virions are usually spherical particles o f 80-120 nm in diameter, 

although filamentous forms occasionally occur (ICTVdB, 2006). The viral envelope is a
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lipid bilayer derived from the plasma membrane o f the infected host cell. There are about 

500 clustered spikes composed of HA and NA on the lipid envelope, which are 10-14 nm 

in length and 4-6 nm in diameter (ICTVdB, 2006). A few M2 integral membrane proteins 

can also be found on the envelope. Underneath the lipid bilayer are the viral matrix 

proteins (Mi), which are associated with the ribonucleoprotein (RNP). Some non- 

structural protein 2 (NS2) proteins are also associated with the Mi protein. RNP structures 

forms the core o f the virus.

1.1.3. Genome

The eight segments o f the negative-sense genome o f influenza viruses are 

organized in the form of RNP complex (Lamb and Krug, 2001). Besides genomic RNAs, 

the RNPs consist o f four protein species: NP, polymerase basic protein 2 (PB2), 

polymerase basic protein 1 (PB1) and polymerase acidic protein (PA). NP is the most 

abundant protein in RNPs. The heterotrimeric RNA-dependent RNA polymerase 

complex, which consists o f PB1, PB2, and PA subunits, is also found in RNPs (Figure 

1.1).

The eight RNA segments o f the influenza A virus encode 11 different proteins: 

PB2, PB1, PB1-F2, PA, HA, NP, NA, M h M2, NSi and NS2 (Lamb and Krug, 2001). 

The gene assignment for influenza A virus is as follows: segment 1 codes for PB2, 2 for 

PB1 and PB1-F2, 3 for PA, 4 for HA, 5 for NP, 6 for NA, 7 for M, and M2, and 8 for NS, 

and NS2.
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PB2
PB1
PA

NARNA
HA

NP

RNP

NS

NP
n s«;

NS,

Figure 1.1. A schematic diagram o f Influenza A viruses virion. Hemagglutinin (HA), 

neuraminidase (NA) and M2 ion channel protein are three transmembrane proteins. The 

virion matrix protein Mi underlies the lipid bilayer. Within the lipid bilayer, there are 8 

segments o f single-stranded genomic RNA packed in the form of RNPs. Besides genomic 

RNAs, the RNPs consist o f four protein species: Nucleoprotein (NP) and the 

heterotrimeric RNA-dependent RNA polymerase complex, including PB2, PB1, and PA 

subunits (Lamb and Krug, 2001).
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1.1.4. Viral proteins

PB2, PB1 and PA are encoded by the three largest RNA segments (Lamb and 

Choppin, 1976). Their function in viral transcription and replication will be discussed in 

detail later.

PB1-F2 protein is the latest identified influenza virus protein encoded by an 

alternative open reading frame (ORF) of segment 2 (Chen et al., 2001). This protein 

shows variable expression levels in individual infected cells and is predominantly 

localized in the mitochondria. It has been proposed that PB1-F2 is a pro-apoptotic 

protein (Chanturiya et al., 2004; Zamarin et al., 2005). Cell-type-dependent induction of 

cell death was observed in infected host immune cells, but not in epithelial cells 

(Coleman, 2007). Therefore, PB1-F2 may be involved in viral pathogenicity.

HA is a well-characterized transmembrane glycoprotein that appears as 

homotrimers on the viral envelope in vivo (Wiley and Skehel, 1977; Wiley et al., 1977). 

In infected cells, HA is translocated into the endoplasmic reticulum (ER), where it is 

folded, glycosylated, and processed to form homotrimers. It is further glycosylated and 

palmitoylated in the Golgi complex. HA is eventually targeted to lipid raft microdomains 

on the plasma membrane (Nayak et al., 2004). HA on the viral envelope mediates 

membrane fusion by binding to the cellular sialic acid receptor and is responsible for 

penetration o f the virus into cytoplasm. Additionally, HA is the primary antigen against 

which neutralizing antibodies are produced during infection (Lamb and Krug, 2001), and 

influenza virus epidemics are associated with changes in its antigenic structure.

NP is the major structural protein that interacts with the RNA segments to form 

RNPs. NP is also one of the type-specific antigens and is distinct among influenza A, B,
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and C viruses. NP is likely important for both the unprimed initiation and antitermination 

o f viral replication since both viral RNA (vRNA) and complementary RNA (cRNA) are 

encapsidated with NP, while message RNAs (mRNA) are not associated with NP in 

infected cells. Additionally, NP is the major target of cross-reactive cytotoxic T 

lymphocytes generated against all influenza virus subtypes in mice and humans (Lamb 

and Krug, 2001).

NA is also a glycoprotein, similar to HA, that can be recognized by neutralizing 

antibodies. NA is a homotetramer containing an enzymatically active head domain and a 

stalk region that is attached to the membrane. NA is important both for its biological 

activity o f cleaving sialic acid from glycoproteins and as a major antigenic determinant 

that undergoes antigenic variation (Lamb and Krug, 2001).

The matrix Mi protein is the most abundant protein in the influenza virion. It 

underlies the viral lipid envelope and provides rigidity to the membrane. Mi interacts 

with the cytoplasmic tails o f the HA, NA, and M2 proteins and also interacts with the 

RNP, serving as a bridge between the envelope and the viral core (Nayak et al., 2004).

M 2 , encoded by a spliced mRNA derived from genomic RNA segment 7, is a 

proton-selective ion channel that plays an important role in virus uncoating (Lamb and 

Krug, 2001).

NSi, a non-structural protein, is expressed in large amounts in infected cells but is 

not incorporated in virions. It is especially important in antagonizing the cellular immune 

response during the viral life cycle. NSi plays a major role in inhibiting the activation of 

RNA-activated protein kinase (PKR) by sequestering viral double strand RNA (dsRNA). 

Moreover, it inhibits the posttranscriptional processing of these cellular antiviral pre-
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mRNAs by binding to the cleavage and polyadenylation specificity factor (CPSF) or by 

inhibiting poly(A)-binding protein II (Krug et al., 2003).

NS2, although named as a non-structural protein, can actually be found in virions 

and plays an important role in the export o f newly synthesized vRNPs via interactions 

with Mi. Therefore, it is also referred to as nuclear export protein (NEP) (O'Neill et al.,

1998).

1.1.5. Life cycle of influenza virus

As shown in Figure 1.2, the stages o f replication of the influenza virus include: 

virus binding, entry and uncoating; message RNA and viral RNA synthesis; translational 

control o f influenza virus; nuclear export o f RNP; and virus assembly and budding.

1.1.5.1. Virus binding, entry, and uncoating

Influenza virus utilizes HA molecules to bind to sialic acid residues on cell 

surface glycoproteins or glycolipids. Binding affinity of HA to sialic acid linked to 

galactose by a-2,3 or a-2,6 linkage is dependent on a specific residue in the HA receptor- 

binding pocket (Rogers et al., 1983). Because carbohydrate chains o f avian intestine 

contain predominantly sialic acid in a-2,3 linkage, avian influenza virus preferentially 

binds to sialic acid in a-2,3 linkage. Similarly, because human trachea carbohydrate 

chains contain predominantly sialic acid in a-2,6 linkage, influenza viruses circulating in 

humans preferentially bind to sialic acid in a-2,6 linkage. Therefore, the specificity of 

HA for sialic acid in a-2,3 or a-2,6 linkage to galactose is a key determinant in restricting 

the transfer o f influenza virus directly from avian species to humans (Rogers and Paulson, 

1983).
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Figure 1.2. A schematic diagram of the life cycle o f influenza virus. The figure is taken 

from Fields virology (Lamb and Krug, 2001).
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Influenza viruses enter cells by receptor-mediated clathrin-dependent endocytosis 

(Lamb and Krug, 2001). After internalization, the virion-containing vesicles begin to fuse 

with primary endosomes and further progress to late endosomes. The uncoating and 

penetration of influenza virions in endosomes is dependent on the acidic pH of the 

compartment (Sato et al., 1983). Low pH in late endosomes induces a conformational 

change in the HA molecule resulting in the exposure o f a hydrophobic fusion domain 

(Bullough et al., 1994). This facilitates the fusion o f viral and endosomal membranes and 

the release o f the capsid particle into the cytosol.

In addition, the M2 , a proton-selective ion channel, appears to be essential for the 

uncoating process. In the presence o f an anti-M2 drug amantadine, the influenza virus 

matrix protein Mi fails to dissociate from the RNPs, and transport o f the RNPs to the 

nucleus is blocked (Martin and Helenius, 1991). At an acidic pH, the M2 ion channel 

activity is activated. It has been proposed that activated M2 can acidify the virion interior, 

promoting the release o f vRNP from Mi into the cell cytoplasm (Helenius, 1992). M2 ion 

channel activity during uncoating may also prepare HA for the fusion process (Bron et al., 

1993).

After Mi dissociates from the RNP, viral RNPs can enter the nucleus as intact 

units. All four proteins in the RNP (NP, PB1, PB2, and PA) contain nuclear localization 

sequences (NLS), and the RNPs are actively transported into the nucleus via nuclear 

pores (Whittaker and Helenius, 1998). The synthesis o f influenza vRNA occurs in the 

nucleus.

1.1.5.2. Viral transcription and replication
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The genomic vRNA of influenza viruses serves as the template for the synthesis 

o f both mRNA and cRNA, as shown in Figure 1.3. The cRNA is subsequently copied 

into vRNAs. Detailed mechanisms of viral transcription and replication are discussed in 

section 1.4.

mRNA 5 ro?GpppXmY AGCGAAAGCAGG 11 Aw 3
r  . K-----  15-22nt

I
vRNA 3 UCGCUUUCGUCC 1 (------------ GGAACAAAGAUGAppp 5

cRNA 5 pppAGCGAAAGCAGG------------- 11------------ CCUUGUUUCUACU 3

Figure 1.3. Nucleic acid sequence differences among the viral RNA, mRNA and cRNA. 

This figure is modified from Fields Virology (Lamb and Krug, 2001). There is a U/A or 

C/G at position 4 on the different RNA segments.
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1.1.5.3. Translational control of influenza virus

To ensure efficient translation of viral proteins, influenza adopts two important 

strategies to regulate translational activities in virus-infected cells: suppression of the 

interferon (IFN)-induced block against all protein synthesis and shutoff o f the translation 

o f cellular mRNAs (Lamb and Krug, 2001).

The presence o f both positive-sense cRNAs and negative-sense vRNAs during 

infection induces the formation o f dsRNA. These viral dsRNA molecules induce IFN 

production and activate the cellular kinase PKR. PKR activation leads to a global 

shutdown o f protein synthesis via phosphorylation o f eIF-2oc. This phosphorylation can 

prevent the recycling o f eIF-2 and block global translational initiation (Katze, 1992).

To counteract the action of PKR, viral protein NSi can sequester viral dsRNA 

molecules, thereby blocking its activation (Lu et al., 1995). In addition, it is reported that 

a cellular protein that inhibits PKR function is activated in influenza virus-infected cells 

(Lee et al., 1990).

The mechanism by which translation o f cellular mRNAs is selectively shut off is 

poorly understood. First, the cleavage of the 5 ' ends o f cellular pre-mRNA transcripts by 

the viral polymerase induces the degradation o f newly synthesized cellular pre-mRNAs. 

In addition, viral NSi protein can block the nuclear export o f cellular mRNAs. Moreover, 

the initiation and the elongation steps in the translation o f cellular mRNAs are blocked in 

infected cells by a largely unknown mechanism that may involve NSi (Krug et al., 2003).

1.1.5.4. Nuclear export of RNPs

While RNPs from input virions are transported into the nucleus, newly 

synthesized RNPs need to be transported back from the nucleus to the cytoplasm after

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



11

transcription and replication. The current model for vRNP nuclear export proposes that 

this process is mediated by an M 1-NS2 protein complex (O'Neill et al., 1998). The NS2 

protein, which can bind to Mi, contains a leucine-rich region. This region can serve as a 

nuclear export sequence (NES) and interacts with an exportin to mediate nuclear export. 

Therefore, the VRNP-M1-NS2 protein complex can be transported into the cytoplasm via 

the NES in NS2. The NES in NS2 may directly overcome the NLS sequences in NP and 

polymerase subunits. It is also possible that the NLS sequences in NP and the 

polymerase subunits are sequestered by the tight binding of NP to actin (Digard et al.,

1999).

1.1.5.5. Viral assembly and release

Virus budding is a complex, multistep assembly process that involves the proper 

organization o f viral proteins at the cell membrane and the formation o f the viral particle 

by pinching off from the cell surface.

Intracellular transport of the integral membrane proteins

The integral membrane proteins HA, NA and M2 are synthesized on membrane- 

bound ribosomes and are translocated to ER. In addition, HA and NA are glycosylated 

with N-linked carbohydrate chains. Once correctly folded and assembled, these 

membrane proteins are transported out o f the ER to the Golgi apparatus, where 

oligosaccharide chains are further processed. In addition, palmitoylation of HA and M2 

is believed to occur in the cis-Golgi complex. These proteins are eventually transported 

to the apical surface in polarized epithelial cells, where virions assemble and bud (Lamb 

and Krug, 2001). Influenza viruses bud from lipid raft microdomains; the concentration

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



12

of HA and NA into these microdomains is required for efficient virus budding (Nayak et 

al., 2004).

Virus budding

A series o f protein-protein interactions between the glycoproteins and the internal 

soluble components is involved in proper virus assembly. The current model o f influenza 

virus assembly suggests that Mi coordinates assembly between the surface glycoproteins 

and the viral RNP complexes (Nayak et al., 2004). In fact, Mi can interact with the 

cytoplasmic tails o f HA, NA, and M2 . These interactions may directly mediate the 

formation o f the budding particle.

It is likely that cellular machinery is required for the virus to pinch off from the 

plasma membrane. In addition, NA activity is required (Palese et al., 1974). It has been 

proposed that NA cleaves the cellular receptor sialic acid residues to release the newly 

formed viruses, which then invade new cells.

Packaging a segmented genome

Production o f an infectious influenza virus particle requires incorporation o f at 

least one copy o f each o f the eight genomic segments. Nevertheless, random packaging 

cannot be distinguished from a selective mechanism for inclusion o f a full complement of 

genomic RNAs. Recent findings from structural studies argue against random packaging, 

supporting instead a model in which each segment contains specific incorporation signals 

that enable the RNPs to be recruited and packaged as a complete set (Noda et al., 2006). 

A selective mechanism of RNP incorporation into virions and the unique organization of 

the eight RNP segments may be crucial to maintaining the integrity o f the viral genome 

during repeated cycles o f replication.
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1.2. Impact of influenza virus on human health

1.2.1. Seasonal outbreaks

Typically, there are between three and five million cases o f severe illness and up 

to 500,000 deaths annually associated with influenza world wide (WHO, 2003). In 

America, there are approximately 36,000 deaths and 200,000 hospitalizations every year 

(Thompson et al., 2004; Thompson et al., 2003).

1.2.2. Evolution of influenza virus antigens

Influenza viruses are constantly changing. Small changes in HA and NA antigens 

on the virus surface result from the accumulation o f mutations. This is referred to as 

antigenic drift, which can create new virus strains that may escape human immune 

response and cause an epidemic (Webster et al., 1982). In addition, influenza virus can 

form reassortants in vivo between members o f the same type. This process is called 

antigenic shift (Webster et al., 1982). For example, avian influenza A virus strains and 

human influenza A virus strains can reassort. The new reassortants may acquire entirely 

novel antigens that are immunologically distinct from those o f the previous circulating 

strain. Therefore, reassortants arising from antigen shift may be capable o f causing a 

pandemic. For example, it has been shown that the A/Hong Kong/68 H3N2 virus 

contains HA and PB1 genes from a H3N8 strain; all other genes are from a H2N2 strain 

(Kawaoka et al., 1989).

1.2.3. History of influenza pandemics

Since the symptoms o f human influenza were described by Hippocrates 2,400 

years ago (Martin and Martin-Granel, 2006), influenza viruses have caused numerous
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pandemics. However, historical data are hard to interpret due to the lack o f flu-specific 

symptoms.

In the 20th century alone, there were several pandemics. The most deadly 

influenza virus pandemic was the Spanish flu (influenza A H1N1) pandemic o f 1918, 

which is thought to have killed 50 to 100 million (2.5% to 5% of the population) people 

worldwide (Taubenberger and Morens, 2006). The hallmarks o f that pandemic were the 

extremely high infection rate of up to 50% and the extreme severity o f the symptoms 

including extensive hemorrhage in the lung, nose, stomach and intestine. It killed 

between 2% to 20% of those infected, whereas usual flu virus kills about 0.1%. 

Additionally, young adults in their prime were affected most severely (Oxford, 2000).

The next most deadly viruses were those that caused the Asian flu (Influenza A 

H2N2) pandemic in 1957, which killed 1 to 1.5 million people worldwide and 70,000 in 

the United States (Kilboume, 2006). The Hong Kong flu (influenza A H3N2) pandemic 

in 1968 killed around 1 million worldwide and 34,000 in the United States (Kilbourne, 

2006). There have been no major pandemics since 1968. Immunity to previous pandemic 

influenza strains and vaccination may have helped prevent further pandemics.

1.2.4. Avian influenza A H5N1 -  a new pandemic threat

Avian influenza A (H5N1) is also known as “avian influenza” or “bird flu”. It is 

highly pathogenic and has caused many human fatalities, especially in Southeast Asia. 

Although it has occasionally crossed the species barrier, avian influenza A (H5N1) is still 

mainly an avian disease and millions of birds have been killed by the virus. H5N1 is 

easily transmissible between birds. Although H5N1 is mainly spread by domestic poultry,
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migratory birds can also carry H5N1 (Webster et al., 2006). Therefore, the virus may be 

able to spread all over the world through the migratory birds.

In 1997 in Hong Kong, 18 humans were infected and 6 died in the first known 

case o f H5N1 infecting humans. As o f June 2007, 313 cases have been registered with 

191 deaths (WHO, 2007). Thus far, H5N1 infections in humans have generally been 

caused by bird-to-human transmission of the virus. Only a few cases o f human-to-human 

transmissions exist. The virus is not spreading efficiently or sustainably among humans 

at present (Viejo Banuelos, 2006). To cause a pandemic in humans, H5N1 viruses will 

have to acquire the ability to transmit efficiently from person to person.

With rapid ongoing mutations, the H5N1 virus will probably accumulate enough 

changes to replicate and transmit efficiently in humans in the near future. Therefore, it is 

currently recognized as the most relevant influenza pandemic threat (Guan et al., 2004). 

Other than its constant changes in antigenicity, H5N1 now infects an increasingly large 

host reservoir and shows increased pathogenicity and mortality (Webster et al., 2006). 

Currently, -60%  of humans infected with H5N1 have died. Genetic factors that make 

H5N1 so highly pathogenic are only partly understood. It appears that NSi and PB2 

might be involved in the pathogenicity of H5N1 (Krug, 2006).

1.3. Current methods of controlling of influenza virus infection

1.3.1. Vaccines

Inactivated vaccines against influenza virus are prepared from viruses grown in 

chicken embryos. The inactivated vaccines can be whole virus, detergent-treated split 

product, or purified HA and NA antigens (Cox et al., 2004). Each year the influenza
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virus changes and different strains become dominant. Because o f the high mutability o f 

the virus, a particular vaccine formulation usually only works for one year. The annually 

updated trivalent vaccine for the 2006-2007 flu season consists surface glycoprotein 

components from influenza H3N2, H1N1, and B influenza viruses. The vaccine is 

recommended for anyone in a high-risk group who would be likely to suffer 

complications from influenza, such as children and the elderly.

Besides the inactivated virus vaccine, influenza vaccines are also available as a 

nasal spray of live attenuated virus. The live attenuated vaccine has been reported to be 

more effective than the inactivated virus vaccine at preventing influenza in children 

(Ambrose et al., 2006).

Both types o f influenza vaccines are grown from fertilized chicken eggs. 

Therefore, current vaccine production faces a lack o f surge production capacity. Cell 

culture-based manufacturing technology is currently being researched, which may 

overcome the capacity limitation of the egg-based vaccine production (Stephenson et al., 

2004).

There will be no real pandemic vaccine available until the pandemic happens and 

the specific virus strain causing the pandemic is isolated. Once a potential virus is 

identified, it takes at least several months to make the new vaccine available for clinical 

use (Fedson, 2006). However, related influenza virus strains do offer some cross

protection. Pre-pandemic vaccines are being developed against one current H5N1 virus 

strain, which may offer some protection against the future pandemic flu virus strain 

(Booy et al., 2006). Although some encouraging news has been reported, there are still 

technical problems and concerns regarding the current pre-pandemic vaccine, including

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



17

the high dosage needed, low immunogenicity, and the fact that it targets only one clade of 

the H5N1 virus.

1.3.2. Antiviral drugs

Specific anti-influenza chemoprophylaxis and treatment are useful additions to 

vaccination that could reduce the medical and socioeconomic impact o f pandemic 

influenza. Currently, there are two classes o f specific antiviral agents against influenza: 

M2 channel inhibitors (rimantadine and amantadine) and neuraminidase (NA) inhibitors 

(zanamivir and oseltamivir).

1.3.2.1. M2 channel inhibitors

Amantadine and rimantadine can block M2 channel, which is important for viral 

uncoating as discussed earlier in section 1.1.5.1. Both drugs are only effective for the 

prevention o f influenza A infection (Stiver, 2003). Prophylaxis with either drug prevents 

~50 percent o f infections and 70 to 90 percent o f illnesses. However, single amino acid 

mutation in the M2 protein o f the virus can lead to resistance to both amantadine and 

rimantadine (Bright et al., 2005). Due to the rapid emergence and ready transmissibility 

o f drug-resistant strains, their use has been limited. Therefore, they probably will not be 

very effective against influenza pandemics.

1.3.2.2. NA inhibitors

Zanamivir and oseltamivir are both neuraminidase inhibitors, which are effective 

against both influenza A and B viruses. Their design was based on knowledge of the 

tertiary structure o f the virion NA (von Itzstein et al., 1993). NA permits the virus to 

penetrate the mucus during initial infection (Matrosovich et al., 2004) and also allows

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



18

virus release from infected cells during late infection. Inhibition o f NA can decrease 

virus spread and reduce the severity of the illness (Moscona, 2005).

Resistance to the neuraminidase inhibitors may develop because o f resistance to 

drug binding to NA protein or because o f a reduction in the HA-receptor binding affinity 

so that NA activity has no effect on the release o f virus from infected cells (Gubareva et 

al., 2000; McKimm-Breschkin, 2000). However, mutations at conserved NA residues 

seem to be more clinically relevant (McKimm-Breschkin, 2002). Oseltamivir-resistant 

H5N1 virus has already been clinically identified (de Jong et al., 2006). In addition, the 

current costs o f prolonged administration of both drugs are high (Stiver, 2003).

More effective antiviral drugs are needed to control the existing and emerging 

influenza viruses. The structure o f the influenza virus nucleoprotein identified the tail 

loop binding pocket as a potential target for antiviral drug design (Ye et al., 2006). The 

viral RNA polymerase, with several enzymatic activities unique to viral replication, is 

another valuable target for antiviral drugs (Lamb and Krug, 2001). High-resolution 

structural studies o f influenza viral RNA polymerase can offer detailed information on 

viral RNA replication and its regulatory mechanisms, which are important for new 

antiviral drug design.

1.4. Influenza RNA-dependent RNA polymerase

1.4.1. Overview of viral transcription and replication

The genomic vRNA of influenza viruses serves as a template for the synthesis of 

both mRNAs and cRNA as shown in Figure 1.3. cRNA is subsequently copied into 

vRNAs. Unlike other RNA viruses, influenza virus mRNA synthesis has a unique
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dependence on host cell nuclear function. All three types o f virus-specific RNAs—  

mRNAs, template RNAs, and vRNAs— are synthesized in the nucleus.

1.4.2. Subunits of influenza RNA polymerase

The influenza RNA-dependent RNA polymerase (RdRp) is a heterotrimer 

composed o f the PA, PB1 and PB2 subunits as shown in Figure 1.4 (Inglis et al., 1976; 

Lamb and Choppin, 1976). Functions o f individual subunits o f the viral polymerase have 

been relatively well characterized. PB1 is the catalytic subunit, containing the highly 

conserved motifs common to all RNA-dependent RNA polymerases and RNA-dependent 

DNA polymerases (Biswas and Nayak, 1994). PB1 also displays an endonuclease 

activity and possesses binding sites for the conserved 5' and 3' vRNA termini (Li et al., 

1998). PB2 is important for recognizing and binding to the cap of mRNA primers (Blaas 

et al., 1982). PA is a chymotrypsin-like protease and its functional relevance in viral 

RNA synthesis remains unclear (Hara et al., 2001; Naffakh et al., 2000). Studies with PA 

temperature-sensitive (ts) mutants suggested that PA was required for vRNA replication 

rather than mRNA transcription (Kawaguchi et al., 2005; Krug et al., 1975). However, a 

point mutation in PA has been shown to abolish cap-snatching without affecting RNA 

replication (Fodor et al., 2002). Recent mutagenesis studies of PA suggests that PA 

might be involved in a wide variety o f different functions, including endonuclease 

activity, cap binding, virion RNA promoter binding, RNA elongation and even virus 

assembly (Fodor et al., 2003; Hara et al., 2006; Regan et al., 2006).

1.4.3 Assembly of viral RNA polymerase

PB1 has been shown to interact with PB2 and PA (Hara et al., 2001), whereas no 

interaction between PA and PB2 has been reported. Therefore, PA:PB1 or PB2:PB1
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Figure 1.4. A schematic diagram of heterotrimeric polymerase. P, polymerase; EN, 

endonuclease; P', protease and specific binding sites for 5' vRNA, 3' vRNA, and 5' cap, 

as marked 5’, 3’ and C, respectively (Li, et al., 1998).
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subcomplexes might exist as intermediates for the formation o f the final trimeric complex. 

Although there is no direct in vivo evidence o f the existence of such subcomplexes, a 

recent study found that efficient nuclear import o f PB1 requires coexpression o f PA 

(Fodor and Smith, 2004). It has been proposed that PB1 and PA are imported into the 

nucleus as a subcomplex, which later assembles with separately imported PB2 (Deng et 

al., 2005). A cellular nuclear import factor, Ran binding protein 5 (RanBP5) might be 

involved in the nuclear import o f PA:PB1 subcomplex (Deng et al., 2006).

A cellular heat shock protein, Hsp90, also appears to be involved in the assembly 

o f viral polymerase in vivo. As an interacting partner for both PB2 and PB1, Hsp90 is 

relocalized from cytoplasm into the nucleus during influenza virus infection. Hsp90 can 

also interact with PB2:PB1 or PA:PB1 subcomplex. However, the association o f Hsp90 

with the PB2:PB1 complex is displaced by PA and Hsp90 can not be found in the mature 

trimeric polymerase complex. Therefore, Hsp90 may play an important role as a 

molecular chaperone during polymerase assembly (Naito et al., 2007).

The detailed assembly process o f influenza viral polymerase clearly needs further 

investigation. Moreover, the existence and biological functions o f those subcomplexes 

are not yet known. However, this did not prevent efforts being made to disrupt viral 

polymerase assembly for therapeutic use. A 25 amino acid peptide corresponding to the 

PA-binding domain o f PB1 was to block viral polymerase activity and inhibiting viral 

spread (Ghanem et al., 2007).

1.4.4. Viral transcription

The mechanism of synthesis o f the viral mRNAs is well studied because an in 

vitro system is available. During the transcription of viral mRNAs, host cell pre-mRNA
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transcripts are utilized to provide capped primers to initiate viral transcription by a “cap- 

snatching” mechanism (Figure 1.5), which circumvents the need for additional viral 

capping enzyme activities. Binding o f 5' vRNA is the first step towards the activation of 

the viral polymerase; it activates the capped RNA-binding activity and the binding of 3' 

vRNA (Li et al., 1998). The binding of 5' vRNA can also activate the endonuclease 

activity, which generates capped RNA primers with preferred CA cleavage (Rao et al., 

2003). Using 3' vRNA as a template further ensures the integrity o f the newly 

synthesized mRNA (Hay et al., 1977; Robertson et al., 1981). After priming with 5' 

capped host-derived mRNA fragments, the newly synthesized mRNA chains are 

elongated, copying the template up to a point at which a stretch of uridine residues is 

reached, 15 to 22 nucleotides before the 5 ' ends o f the vRNAs. Termination occurs as a 

result o f stuttering or reiterative copying o f the stretch o f U residues, adding a poly(A) 

tail to the 3 ' ends o f the viral mRNAs.

1.4.5. Viral replication

Replication o f virion RNA occurs in two steps: the synthesis o f the full-length 

copies o f the vRNAs and the copying of template RNAs into vRNAs. Both steps are 

initiated without a primer and are not terminated at the poly (A) site used during mRNA 

synthesis. NP is required for both steps to prevent termination and polyadenylation 

(Shapiro and Krug, 1988). The switch from mRNA synthesis to the synthesis o f full- 

length template RNAs requires that the polymerase switch from capped RNA-primed 

initiation to unprimed initiation. It has been proposed that the molecular form of the 

polymerase that carries out vRNA replication differs from the one that carries out mRNA 

synthesis.
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Figure 1.5. Current model o f influenza virus transcription by a cap snatching mechanism 

(Rao et al., 2003). Panel I, the binding o f 5' RNA activates the capped RNA-binding, 

endonuclease activity and the binding o f 3' RNA. Panel II, III and IV, using the capped 

RNA primers with preferred CA cleavage as primer and 3' RNA as template, 

transcription occurred and the newly synthesized mRNA are elongated.
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1.4.6. Cellular factors associated with viral polymerase

Cellular factors have been utilized by many negative-stranded RNA viruses for 

their efficient RNA synthesis (Gupta et al., 1998; Moyer et al., 1986). In case o f influenza, 

several such factors have also been identified.

Influenza viral RNA polymerase utilizes host capped mRNAs as primers. 

Therefore, viral transcription is functionally tightly associated with cellular transcription 

by RNA polymerase II (RNAP II). Recently, it has been further shown that viral 

polymerase can physically interact with the largest subunit o f the RNAP II via its C- 

terminal domain (Engelhardt et al., 2005). The viral polymerase preferentially binds to 

the hyper-phosphorylated RNAP II, which may be essential for efficient viral 

transcription in vivo. Additionally, the hypo-phosphorylated RNAP II is selectively 

degraded during influenza infection (Perez-Gonzalez et al., 2006). PA interacts with a 

cellular protein hCLE/CGI-99 (Huarte et al., 2001). This protein is a human homologue 

of CoLlagen with Endostatin domain in Gallus gallus (hCLE), and also identified in 

C.elegans by Comparative Gene Identification (therefore named as CGI-99). hCLE/CGI- 

99 can interact with both hypo- and hyper-phosphorylated RNAP II as a positive 

transcription factor (Perez-Gonzalez et al., 2006). It has been proposed that PA, as a 

protease, may be responsible for the degradation o f the hypo-phosphorylated RNAP II 

via interaction o f hCLE/CGI-99.

Two additional host factors were identified to stimulate influenza virus RNA 

synthesis by using an in vitro RNA synthesis assay system (Momose et al., 2001; 

Momose et al., 2002). One factor is identified as Hsp90 (Momose et al., 2002), which can 

interact with PB2 and may be important for viral polymerase assembly, as discussed
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earlier in section 1.4.3. However, it has not yet been determined how Hsp90 stimulates 

RNA synthesis. The other factor is NP interacting protein 5 (NPI-5), which can interact 

with NP to facilitate NP’s interaction with RNA (Momose et al., 2001).

1.4.7. Viral polymerase genes as determinants of host specificity and virulence

Increasing evidence links the influenza viral polymerase genes to host specificity 

and virulence. One of the best characterized virulence determinants is PB2 amino acid 

627. The PB2 with a Lysine instead of Glutamic acid at the position 627 ( PB2 E627K) 

was attributed to increased pathogenicity in avian H5N1 influenza viruses isolated in 

1997 in Hong Kong (Hatta et al., 2001) and the human influenza virus isolate from the 

chicken H7N7 virus epidemic in the Netherlands in 2003 (Fouchier et al., 2004). Genetic 

characterization o f H5N1 viruses revealed other mutations in the viral polymerase 

complex associated with mammalian adaptation and virulence (de Jong et al., 2006; 

Salomon et al., 2006). Furthermore, animal studies of the reconstructed 1918 virus also 

found that besides HA, polymerase genes are essential for optimal virulence 

(Taubenberger et al., 2005; Tumpey et al., 2005).

Although those mutations are known to be virulence determinants, their 

functional roles in viral replication are not fully understood. One possibility is that 

optimal polymerase activity may be responsible for increased virulence (Gabriel et al., 

2005). It is also likely that those amino acid changes in the polymerase genes might 

involve in the interactions with some unknown host factors, which can enhance viral 

transcription and replication.

1.4.8. Structural studies of influenza viral RNA polymerase
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Because o f the lack o f high-resolution structural information for influenza viral 

polymerase, mechanistic details underlying the formation of active transcription and 

replication complexes are unclear. One of the major obstacles for influenza viral 

polymerase structural studies is the difficulty in sample preparation (Digard et al., 1989).

A relatively low resolution (23-A ) structure o f the polymerase complex present 

in the RNPs has been determined by Area et al. using electron microscopy reconstruction 

(Area et al., 2004). Due to the limited resolution, the localization o f specific subunits had 

to be determined by 3D reconstruction o f tagged RNPs and RNP-monoclonal antibody 

complexes. A recent report on the structure o f recombinant polymerase heterotrimer (26- 

A) purified from mammalian cells revealed that its structure largely resembles the 

structure previously reported for the polymerase complex in the RNPs (Torreira et al., 

2007). A short C-terminal domain o f influenza virus polymerase PB2 subunit (82 amino 

acids) was found to be soluble and its structure was determined by NMR (Tarendeau et 

al., 2007). This domain is related to nuclear import o f PB2 and probably has little to do 

with polymerase activity.

Elucidating a detailed influenza RNA polymerase structure can provide insight 

into the mechanistic details of viral replication and transcription, and can be utilized for 

antiviral drug design. Therefore, my thesis project focused on the structural and 

biochemical studies o f influenza virus polymerase PB1 protein and PA:PB1 subcomplex.
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Chapter 2 

The expression of influenza A virus PB1 protein 

2.1. Introduction

Influenza A viral polymerase is a trimeric complex of PB 1, PB2 and PA subunits. 

Among the three subunits, PB1 is the most important and best characterized. PB1 

contains the catalytic site for nucleotide polymerization; the central part o f the PB1 

polypeptide likely forms a canonical polymerase structure (Biswas and Nayak, 1994). In 

addition to its core polymerase activity, three additional functions related to viral 

transcription and replication have been mapped to PB1, including 5’ vRNA binding, 3' 

vRNA binding, and endonuclease cleavage (Li et al., 1998) (Figure 2.1). In light o f these 

facts, PB1 is an excellent potential target for antiviral drug design.

The structural studies o f PB1 will likely reveal key features o f the influenza viral 

polymerase. For X-ray crystallography or other structural studies, a sufficient amount of 

highly purified functional PB1 is required. This chapter concerns the search for an 

optimal system of generating large amounts o f functional PB 1.

2.2. Methods and Results

2.2.1. Expression of full-length PB1 in Baculovirus (BVES)

The baculovirus expression system is often the first choice for the expression of 

recombinant eukaryotic genes, because insect cells have sophisticated protein folding 

mechanisms and posttranslational modification machineries similar to those of 

mammalian cells. In addition, recombinant protein expression is generally under the
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Core polymerase domain Connect to PB2

Catalytic activity
3’ vRNA binding /  5’ vRNA binding

Endonuclease activity

Figure 2.1. Function domains o f PB1. Blue region connects to PA, orange region binds 

to 3' vRNA, light green region has a catalytic activity, dark green region has an 

endonuclease activity, yellow region binds to 5' vRNA binding, and black region 

connects to PB2.
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control o f the strong polyhedrin promoter, allowing high levels o f expression o f up to 

30% of the total cellular protein. Therefore, the baculovirus expression system was 

chosen first to express recombinant PB1 for further biochemical and structural studies.

The general procedure to generate recombinant baculovirus for gene expression is 

shown in Figure 2.2. We started with a baculovirus expressing full-length PB1. For 

purification convenience, a 6 x His-tag was fused to the PB1 expression cassette at the C- 

terminus.

2.2.1.1. Preparation of plasmids and competent cells

The plasmid pFastBacl provided in the Bac-to-Bac baculovirus expression 

system kit (Invitrogen) was amplified. A glycerol stock of E. coli cells stored at -80°C 

containing pFastBacl plasmids was streaked onto an LB plate with ampicillin and grown 

at 37°C overnight. Two colonies were picked into 25 mL LB media with ampicillin in a 

125 mL flask and incubated at 300 rpm overnight. The pFastBacl plasmid was extracted 

by a plasmid midi kit (Qiagen).

To prepare competent DH5a E. coli cells, a glycerol stock o f DH5a E. coli cells 

were streaked onto an LB plate and grown at 37°C overnight. Two colonies were picked 

into 5 mL LB media in a 14 mL Falcon tube and incubated at 300rpm. 0.5 mL of 

overnight seeds was added into 50 mL LB media at 37°C until the cell density reached 

0.5 at 600 nm. DH5a cells were chilled on ice for 10 minutes and pelleted by 

centrifugation at 2500 x g for 10 minutes at 4°C. The supernatant was decanted and 

excess culture medium was removed by inverting the tubes. Cell pellets were 

resuspended in 20 mL ice-cold TB buffer (10 mM HEPES pH 6.7, 15 mM CaCl2, 55 mM 

M nC f and 20 mM KC1) by swirling the tube. Cells were incubated on ice for 10 minutes
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Figure 2.2. Overview o f Bac-to-Bac expression system. This figure is taken from the 

manual o f Bac-to-Bac baculovirus expression system, Invitrogen.
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and pooled down by centrifugation for 10 minutes at 2500 x g at 4°C. The pellet was 

resuspended in 3.75 mL ice-cold TB buffer and 0.28 mL of DMSO by gently pipetting up 

and down. DH5a competent cells were aliquoted in 200 pL into pre-chilled 1.5 mL 

eppendorf tubes, incubated on ice-ethanol mix for at least 1 hour and stored at -80°C.

2.2.1.2. Molecular cloning

To amplify the PB1 coding region, full-length PB1 (2341 nt) cDNA from 

influenza A virus/PR/8/34 strain was used as the template for PCR. The cDNA of 

influenza A virus/PR/8/34 (Cambridge) (H1N1) polymerase segment 2 encoding PB1 

was a gift from Dr. Robert Krug at UT-Austin. The fragment, with a 6 x His-tag at C- 

terminus, was amplified by PCR with the primer pair PB1F (5' 

ACT GAC AGGCCT AT GG AT GT C A ATCCG ACCTT A- 3') and PB1B (5’ -

G AC A AGCTT CT AGT GAT GGT GAT GGT GAT GGCCGCCTTTTT GCCGT CT G AGCT 

TTTCAAT- 3'). Oligonucleotides were purchased from Sigma. Using the Expand High 

Fidelity PCR system from Roche Company, the PCR was set up in 2x50 pL reaction 

containing o f 1 x buffer, 15 mM MgCh, 2.6 units o f enzyme mix, 25 ng template, 300 

nM of primers and 200 pM dNTP. The reaction began with a 2-minute 95°C melting, 

followed by 30 cycles of a 30-second 95°C melting, a 30-second 48°C annealing, and a 3- 

minute 72°C DNA polymerization, and finished with a 7-minute 72°C DNA 

polymerization to complete elongation o f non-full length products. The PCR products 

were cleaned using a PCR quick clean kit (Qiagen).

To clone the PB1 coding region into pFastBacl, both pFastBacl plasmid and the 

cleaned PCR products were double digested with StuI and Hindlll. Restriction enzymes 

were purchased from New England Biolabs. The 4.8 Kb vector fragment and the 2.3 Kb
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fragment were separated by agarose gel electrophoresis. The fragments were further 

extracted by use o f a gel extraction kit. Double digested vector and PCR fragments were 

then ligated under a 3:1 molar ratio o f insert-to-vector using 1 x T4 ligase buffer and 1.5 

units T4 DNA ligase (New England Biolabs). The reaction was carried out at room 

temperature for 30 minutes and then transformed into chemically competent DH5a cells. 

Positive clones were identified by double restriction digestion and DNA sequencing to 

confirm insertion o f the correct PB1 gene constructs.

To obtain a bacmid DNA carrying the PB1 expression cassette, the recombinant 

pFastBacl-PBl was transformed into DHlOBac competent cells (Invitrogen) which 

contained the bacmid and a helper plasmid. The bacmid is a baculovirus shuttle vector 

propagated in E. coli, and the helper plasmid encodes a transposase. In the presence of 

the Tn7 transposase, transposition can occur between pFastBacl and the bacmid by 

transposing a mini-Tn7 element from the plasmid to the mini-attTn7 attachment site on 

the bacmid. This results in the insertion of exogenous coding sequences into the bacmid. 

The recombinant bacmids were identified by antibiotic selection and blue/white screen 

since the transposition resulted in the disruption o f the lacZa gene. Positive colonies 

were further confirmed by restreaking. PCR analysis using M l3 primers (forward primer: 

5' -GTTTTCCCAGTCACGAC- 3', backward primer: 5' -CAGGAAACAGCTATGAC- 

3', Sigma) was performed to further verify successful transposition to the bacmid. The 

recombinant bacmid DNA was extracted and used for transfection.

2.2.I.3. The Spodoptera frugiperda insect cell (IPLB-Sf21 AE, or Sf21) culture

S£21 master cell seed was purchased from Invitrogen and was initiated in a T-75 

flask. After a confluent monolayer as formed, cells were detached and transferred into
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suspension culture. Cell suspension cultures were diluted to ~5 x 105 viable cells/mL in 

complete Grace’s medium supplemented with 10% FBS and further incubated until they 

reached 2 x 106  viable cells/mL before the next subculture. To maintain consistent and 

optimal cell growth, suspension cultures were subcultured every other day.

2.2.1.4. Generation of recombinant PB1 baculoviruses

To generate recombinant viruses, 2 mL Sf21 cells at 9 x 105 cells/mL were added 

into each well in a 6 -well tissue culture plate and incubated at 27°C for 1 hour to form a 

monolayer. 6  pL o f Cellfectin reagent (Invitrogen) and 1 pg of recombinant bacmid 

DNA were diluted separately in 100 pL o f the unsupplemented Grace’s insect medium 

containing antibiotics (100 units/mL penicillin and streptomycin). The two solutions 

were combined and incubated for at least 15 minutes at room temperature. The mixture 

was further mixed with 0.8 mL unsupplemented Grace’s medium containing antibiotics. 

Following 1 hour incubation, the insect cell monolayers were formed and the supernatant 

was removed. The monolayers were washed with Grace’s medium and were incubated 

with the lipid:DNA complex at 27°C for over 5 hours in a rocking shaker. The 

supernatant was then removed and 2 mL of the complete Grace’s medium supplemented 

with 10% FBS and antibiotics was added. Recombinant baculovirus solutions were 

obtained 7 days by collecting the supernatant. This recombinant virus solution was 

labeled as the PI viral stock and stored at 4°C.

2.2.1.5. PB1 expression in BVES

After transfection with the recombinant bacmid DNA, the infected cells from 2 

mL culture were collected and washed using lx  PBS buffer (4.3 mM Na2FIPC>4 . 137 mM

NaCL 2.7 mM KC1, 1.4 mM KH2PO4). The pellet was resuspended in 1 x lysis buffer
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(10 mM Tris-HCl, 5 mM MgC12, 5 mM 2-ME, 400 mM NaCl and 17 ug/mL PMSF), 

kept on ice for 30 minutes and vortexed every 5 minutes. The lysate was sonicated and 

spun down. The supernatant was collected as soluble fraction and the pellet was 

resuspended in HO buffer (10 mM Tris-HCl, 0.1 mM EDTA, PH 7.4). Both samples 

were mixed and electrophoresed in an SDS-10% PAGE gel after 5 minutes boiling at 

95°C. As shown in Figure 2.3, full-length PB1 with a C-terminal 6 x His-tag was 

expressed in the transfected insect cells at a detectable level, but no soluble PB1 protein 

was detected. Because the overall PB1 expression level was low, it was possible that 

some PB 1 was soluble but the amount was too little to be detected.

To improve the expression level, the PI viral stock was amplified twice by 

infecting Sf21 cells at an MOI (multiplicity o f infection) o f 0.05 when cell density 

reached 1 x 106 cells/mL. The viral titer o f the P3 viral stock reached lx l0 8 cells/mL, as 

determined by plaque assay. To perform plaque assays, 2 mL x 0.5 x 106 cells/mL of 

Sf21 cells were seeded into each well o f the 6 -well plate and incubated for 1 hour at 27°C.

4 8Serial virus dilutions from 10' to 10' were prepared by diluting the P3 virus stock with 

complete Grace’s medium. After 1 hour incubation, an Sf21 monolayer was formed and 

the supernatant was replaced by the respective virus dilution. The plate was incubated at 

27°C for 1 hour. Grace’s plaquing overlay was prepared by mixing 6  mL Grace’s 

complete medium, 3 mL sterilized ddHaO, and 3 mL melted 4% agarose. After the 1 

hour incubation with virus, the virus inoculum was removed and the Grace’s plaquing 

overlay was added to each well. The gel was hardened for 20 minutes and the plate was 

incubated at 27°C for 7 days. The plaques were identified by adding 0.5 mL of Neutral 

Red staining solution (1 mg/mL, Invitrogen).
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<-PBl

Figure 2.3. Expression test o f full-length PB1 in BVES. M, protein marker. N, whole 

cell lysate o f uninfected Sf21 cells. W l-3, whole cell lysates o f infected Sf21 cells. S, 

soluble fraction. P, insoluble fraction. Arrow shown the expected size o f C-terminus 6 x 

His-tagged PB1, ~90 kD.
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To optimize PB1 expression, the time course o f expression after viral infection 

was performed and different MOIs were tested. The best results were achieved 96 hours 

post-infection at an MOI o f 3. Therefore, 200 mL of Sf21 insect cells were infected with 

PB1 recombinant baculovirus at an MOI of 3. Cells were harvested 96 hours post

infection and the cell pellet was lysed and centrifuged to separate the soluble and 

insoluble fractions. The results from SDS-10% PAGE gel indicated that PB1 was 

expressed in the baculovirus-infected insect cells at a relatively high level but still no PB1 

could be detected in the soluble fraction.

2.2.I.6. Efforts to improve PB1 solubility

Certain buffer co-solvents can facilitate proper protein folding and increase 

protein solubility. Conditions such as 1 M of NaCl, 0.5% of Triton X-100, 1% NP 40, 

and the combination o f the three were initially tested. None o f the above agents increased 

the solubility o f PB 1. Several more conditions were tested based on the paper “Detection 

and prevention of protein aggregation before, during, and after purification” (Bondos and 

Bicknell, 2003). For example, 1 M urea, 10 mM CHAPS, 10 mM CHAPSO, 1% (v/v) 

NP-40, 10 mM B-OG, 0.3% (v/v) Tween-20, or 1 M L-Arginine was added in lysis buffer. 

Unfortunately, the solubility o f PB1 did not improve under these conditions. Other 

combinations o f above compounds were also tested, e.g., 2 M urea + 2% NP-40, 2 M 

urea + 0.6% Tween 20, 2 M urea + 1% TritonX-100, 2 M urea + 20 mM CHAPSO, 2 M 

urea + 20 mM CHAPS , 2 M urea + 50 mM B-OG, and 2 M urea + 1.5 M NaCl. 

However, PB1 remained insoluble (Figure 2.4).
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Figure 2.4. Attempts to increase the solubility o f the full-length PB1 in BVES. M, protein 

marker. 1, 2 M urea + 2% NP-40. 2, 2 M urea + 0.6% Tween 20. 3, 2 M urea +1% 

Triton X-100. 4, 2 M urea + 20 mM CHAPSO. 5, 2 M urea + 20 mM CHAPS. 6 , 2 M 

urea + 50 mM 13-OG. 7, 2 M urea + 1.5 M NaCl. S, supernatant and P, pellet. The gel 

was stained with Coomassie blue. The expected PB1 band is around 90 kD.
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2.2.2 Expression of PB1 deletion mutants in the bacterial system

One way to increase the solubility o f the PB1 is to express truncated PB1 mutants. 

The truncated protein may have better solubility if  the deletions remove hydrophobic 

regions causing PB1 to aggregate. Based on previous biochemical studies and sequence 

alignments, the core polymerase domain appear to reside in the center o f PB1 polypeptide 

between amino acids 150 and 600. The N- and C-termini of PB1 are primarily involved 

in interactions with other subunits. Therefore, deletion mutants without N- and/or C- 

termini may to a degree preserve the catalytic and RNA binding activities exhibited by 

full-length PB1. Nine PB1 deletion mutants with deletions of variable sizes (-50 aa, -100 

aa or -  150 aa) at both ends were designed as shown in figure 2.5.

Although the baculovirus expression system has many advantages, as mentioned 

before, it is an expensive and time consuming process. Bacterial expression systems 

offer an inexpensive and quick method for the production o f recombinant proteins; 

therefore, we expressed nine truncated PB1 proteins in the bacterial expression system.

2.2.2.I. Construction of bacterial expression plasmids expressing PB1 deletion 

mutants

Construction of PB1 deletion mutants* plasmid using pRSETA vector

All nine fragments were PCR amplified with the primers listed on Table 1. PCR 

reactions occurred under the same conditions as mentioned in section 2.2.1.2. The 

cleaned PCR products were cloned into a pRSETA vector using the Xhol and Hindlll 

sites. The pRSETA vector was provided by Dr. Jonathan Silberg and contained a T7 

promoter, a start codon, an N-terminal 6 x His-tag, and an additional Xpress-tag. Some
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Figure 2.5. A schematic diagram of the 9 deletion mutants o f PB1. See Figure 2.1 for the 

explanation o f the color coding regions.
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Table 1. Primers for PB1 deletion mutants

Primer name Sequence (5-3') Vector
name

PBl-d50-F TCTCgAggAA A Aggg A AgAT ggAC A AC A

pRSETA

PBl-d97-F CCTCgAgTCCC ATCCTggT ATTTTT gA A
PBl-dl51-F TCTCgAgTC A A AT ggCCTC ACggCC A AT
PBl-d50-B TCT A AgCTTCT ATCTTCTgTATgA ACT gCT ggg
PBl-dl04-B AgC A AgCTTCT ATTT ggCT ggACC AT gT gCT gg
PBl-dl60-B TCTAAgCTTCTAATTTgggCCTCCgTCggAgAC
ET28-d50-F TCT ggATCCgA A A AgggA Ag AT ggAC A AC A

pET28a

ET28-d97-F AgCggATCCTCCC ATCCTggT ATTTTT gA A
ET28-dl51-F TC AggATCCTC AA AT ggCCTC ACggCC A AT
ET28-d50-B gCTCgAgCTATCTTCT gTAT gA ACT gCTggg
ET28-dl04-B gCTCgAgCTATTT ggCT ggACC AT gT gCT gg
ET28-dl60-B TCTCgAgCTAATTTgggCCTCCgTCggAgAC
PB1-151F CCAAAgCTTgACATgggTTCAAATggCCTCACggCCAAT

pIZ/V5-HisPB1-97F CC AAAgCTT gAC AT gggTTCCC ATCCT ggTATTTTT gA A
PB1-104B ACTCgAgCgTTT ggCTggACC AT gT gCT gg
PB1-160B ACTCgAgCgATTTgggCCTCCgTCggAgAC
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recombinant plasmids were sequenced to confirm that the inserts are placed correctly in 

the open reading frame.

Construction of PB1 deletion mutants’ plasmid using pET28a vector

Empirical experiences indicate recombinant proteins expressed from different 

vectors may have different solubility behaviors. Therefore, the pET28a vector was also 

employed to express truncated PB1 mutants. The pET28a vector provided by Dr. Yousif 

Shamoo has an optional N- or C-terminal His-tag with a T7 promoter. The truncated PB 1 

proteins 97-653 and 97-597 were PCR amplified with primers (see Table 1) and cloned 

into pET28a with an N-terminal His-tag using the Xhol and Hindlll restriction sites.

2.2.2.2. Expression of PB1 deletion mutants in the bacterial expression system

The BL21 series o f E. coli hosts are often the first choice for protein expression 

because they are protease deficient and capable o f high-level expression from a T7 RNA 

polymerase-based system. The expression cell line BL21 E. coli was made competent by 

a modified chemical competent protocol, as described in section 2 .2 .1 .1 .

Expression of PB1 deletion mutants using pRSETA vector in BL21 E. coli cells

Recombinant plasmids were transformed into BL21 E. coli cells. Chemically 

competent BL21(DE3) E. coli cells were gifts from Dr. Yousif Shamoo’s laboratory. 

For pilot expression experiments o f construct 151-653, 1 mL of 37°C overnight bacterial 

culture in LB containing 50 pg/mL ampicillin was used to inoculate 25 mL of LB culture. 

Cell cultures were grown at 37°C and further separated into four tubes when absorbance 

at 600 nm reached between 0.6-0.8 . IPTG was added into the four tubes to final 

concentrations o f 0.1, 0.2, 0.5, and 1 mM respectively. After another three hours at 37°C, 

the bacterial cultures were harvested by centrifugation. Pellets were resuspended in 1 mL
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of buffer A (50 mM Tris-HCl, 300 mM NaCl and 5 mM imidazole). Lysates were put on 

dry ice for a few minutes and subsequently thawed in a 42°C water bath. This ffeeze- 

thaw cycle was repeated three additional times. After further sonication, the lysates were 

centrifuged to obtain the soluble fraction. Samples from different fractions were 

prepared and run on a SDS-10% PAGE gel.

Truncated PB1 protein 151-653 was expressed; however, no soluble PB1 protein 

was detected by either Coomassie staining or western blotting (Figure 2.6). Similarly, the 

other eight constructs were introduced into BL21 E. coli cells and protein expression was 

induced by IPTG at a final concentration o f 0.5 mM. Unfortunately, no truncated PB1 

was detected in the soluble fraction for any of the constructs. In addition, western blot 

analysis revealed that some o f the truncated PB1 actually had two or three lower bands, 

likely due to degradation and/or premature translation termination (data not shown). 

Expression of PB1 deletion mutants using pRSETA vector in Rosetta BL21 (DE3) E. 

coli cells

The lower molecular weight protein bands observed in the above experiments 

could have resulted from the existence o f special codons in the PB1 gene. Generally, the 

expression o f heterologous recombinant genes in E. coli is difficult when codon use in 

the recombinant gene differs from codon use in the host cells. Codon bias causes 

depletion of the internal tRNA pools. Translation o f the recombinant RNA is delayed, 

resulting in degraded proteins and premature termination. Indeed, the PB1 coding 

sequence has 11 arginine codons AGA and AGG, which are the rarest codons in E. coli.

To prevent premature translation termination and to improve the expression level, 

Rosetta BL21 (DE3) E. coli cells (Novagen), which contain extra copies of rare E. coli
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97- 597 (-5 8  kD) 151- 653 (-5 8  kD)
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Figure 2.6. The expression o f PB1 deletion mutants in BL21 (DE3) E.coli using the 

vector pRSETA. M, protein marker. N, whole cell lysate o f no-IPTG induced E.coli cells 

as negative control. W, whole cell lysate o f IPTG induced E.coli cells. Soluble fraction 

from lysis buffer containing 1) 1% NP-40 +1% Triton X-100; 2) 1% Tween 20 + 20 mM 

CHAPSO; 3) 50 mM (TOG + 20 mM CHAPSO, marked as Si, S2 and S3, respectively.
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tRNA genes, were tested. All nine constructs were introduced into Rosetta BL21 (DE3) 

E. coli cells; expression o f truncated proteins was induced by IPTG at a final 

concentration 0.5 mM.

All o f the nine truncated PB1 proteins were expressed with expected sizes. 

However, none of the expressed proteins was soluble. The use o f different expression 

parameters, such as IPTG induction at lower (UV600 0.5) or higher (UV600 0.9) 

concentration o f bacterial culture, different concentrations o f IPTG (0.1 mM-1 mM), 

addition o f 1% glucose or sucrose, different temperatures (16°C, 30°C, 37°C), yielded no 

desirable outcomes.

Expression of PB1 deletion mutants using pRSETA vector in BL21 (DE3) pLysS E. 

coli cells

If the recombinant protein expression is toxic to the cell, its expression can be 

improved in a bacterial strain that contains the pLysS or pLysE vector, which tightens 

expression system regulation by expressing low levels of T7 lysozyme. T7 lysozyme 

inhibits T7 RNA polymerase in the absence o f IPTG. Chemically competent BL21(DE3) 

pLys E. coli cells were gifts from Dr. Kathleen Matthew’s laboratory. In case the 

truncated PB1 proteins were toxic to the cells, BL21 (DE3) pLysS E. coli cells were tried 

for their expressions. Indeed, the expression level was higher in those cells, while the 

solubility was still poor (data not shown).

Expression of PBI deletion mutants using pET28a vector in different E. coli cells

The pET28a recombinant plasmids were further transformed into Rosetta BL21 

(DE3) E. coli cells and BL21 (DE3) pLysS E. coli cells. The truncated proteins were 

induced by IPTG at final concentration 0.5 mM. The truncated proteins were expressed
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at a relatively high level, but solubility did not improve. Similar results were obtained 

under different expression conditions, as mentioned before (Figure 2.7).

2.2.3. Expression of deletion mutants of PB1 in the InsectSelect system

To solve the solubility problem of the PB1 protein, another expression system, 

InsectSelect, was used. The InsectSelect system is a non-lytic, single-vector insect 

expression system that expresses recombinant protein in a wide range of insect cell lines. 

With InsectSelect, the gene o f interest is expressed from a single integrative plasmid. 

This means that expression experiments can be performed with simple transfection and 

selection techniques. This system has the advantage over the BVES because o f its simple 

cloning procedures. It is also superior to the bacterial expression system because of the 

eukaryotic folding and post-translational machineries in the insect cells.

The smaller truncated PB1 mutants 151-597, 151-653 and 97-597 were tried first 

in the InsectSelect system (Invitrogen). The truncated PB1 fragments 151-597, 151-653 

and 97-597 were amplified by PCR with primers listed on the Table 1. The cleaned PCR 

products were cloned into a pIZ/V5-His vector (Invitrogen) using the Hindlll and Xhol 

restriction sites. Zeocin was used for the antibiotic selection.

The recombinant plasmids were sequenced and used to transfect Sf21 insect cells 

with Cellfectin. The transfection started with seeding lxlO6 Sf21 cells in a 6-well plate, 

which had been adapted to serum-free medium, and incubated at least 15 minutes to form 

a monolayer. To prepare the transfection solution, 1 mL of serum free medium, 6 pL 

recombinant plasmids, and 20 pL Cellfectin reagent were gently mixed and incubated 15 

minutes at room temperature. After 15 minutes incubation, the supernatant was carefully
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97-653 (-64 Kd) 97-597 (-58 kD)

M W, S, W2 S2 W3 S3 W4 S4

Figure 2.7. PB1 deletion mutants expression in Rossetta BL21 (DE3) E.coli cells using 

vector pET28a. M, protein marker. W, whole cell lysate. S, soluble fraction. Two 

different colonies were picked to test expression, as marked 1 & 2 for mutant 97-653, 3 & 

4 for mutant 97-597. There is little soluble truncated PB1 in soluble fraction. Similar 

results for other mutants.
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removed and the cells were washed with serum free medium. The entire transfection 

solution was added to each well and the plate was incubated 4 hours at room temperature 

on a side-to-side rocking platform. The supernatant was removed and 2 mL of fresh 

complete medium were added. The plate was stored in the 27°C incubator.

The transfected cells were harvested at 2, 3 and 4 days post-transfection to 

determine the recombinant protein expression levels. The expression levels were too low 

to detect even by western blot. To make stable cell lines expressing truncated PB1, the 

transfection was repeated with Zeocin selection to obtain cell lines for constitutive 

expression. Different concentrations o f Zeocin (250, 350, 450, 550 and 650 pg/mL) were 

tested on untransfected cells to identify their sensitivity to the antibiotics. Based on the 

results, the Sf21 cells were quite sensitive to Zeocin antibiotics; indeed, 350 pg/mL of 

Zeocin seems to be a reasonable concentration for establishing stable cell lines. After 

two weeks o f selection, the pools o f the stably transfected cells were harvested to test the 

expression of the recombinant proteins. However, the expression o f truncated PB1 was 

poor, as shown in Figure 2.8. Therefore, this system may not be suitable for PB1 

expression.

2.3. Discussion

In summary, PB1 proteins were mostly insoluble when expressed alone by BVES 

(Figure 2.3). All o f nine truncation mutants of PB1 were also insoluble when expressed in 

bacteria expression system (Figure 2.6 and 2.7). In addition, the expression of few 

truncation mutants o f PB1 in Insectselect system was poor (Figure 2.8). During viral 

infection in vivo, the majority o f PB1 may be associated with PA and PB2 as a complex.
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Figure 2.8. The expression o f PB1 mutants using InsectSelect system. 1, lysate from 

uninfected Sf21 cell. 2-4, 2 days’ lysate from infected insect cell with 151-653, 151-597, 

97-597, respectively. 5-7: 3 days’ lysate. 8-10, 4 days’ lysate. 11, protein marker. 12- 

14, 3 days’ supernatant from infected insect cell with 151-653,151-597, 97-597. 15, PB1 

mutant, 97-597, expressed in BL21 (DE3) pLys E. coli using pET28a vector as positive 

control. 151-653 M.W.: 58kD, 151-597 M.W.: 63kD, 97-597 M.W.: 58kD.
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The interaction with other polymerase subunits may dramatically increase the solubility 

o f PB1, which will be discussed in detail in Chapter 3.

While expression levels in both insect cells and bacteria were reasonably high, it 

was very difficult to improve the solubility o f PB1. Efforts to refold the insoluble PB1 

proteins failed. However, more extensive efforts to refold might be possible through the 

use of systematic fractional factorial refolding screens (Willis et al., 2005). Many 

additives can assist the refolding of insoluble proteins to their native forms. The 

combination o f these additives dictates the efficiency of refolding. Therefore, systematic 

fractional factorial refolding screens may be used to find the optimal refolding condition 

for PB1.

The nine truncation mutants o f PB1 also did not exhibit significantly improved 

solubility compared to the full-length protein. However, a more rigorous approach may 

be employed to generate thousands of mutants and screen their solubility. Recently, it 

was reported that a very short C-terminal domain o f PB2 was found to be soluble by this 

approach (Tarendeau et al., 2007). However, if  the soluble truncation mutants do not 

have the core polymerase motif, the significance o f the structures will be significantly 

affected.

Additional approaches may be employed to address the insolubility issue o f PB1. 

One possibility is to express PB1 protein fused with a large-affmity tag (Shih et al., 2002). 

The fusion o f a protein o f interest to a large-affinity tag, such as the maltose-binding 

protein (MBP), or glutathione-S-transferase (GST), can be advantageous in terms of 

increased expression, enhanced solubility, improved folding, and protein purification via
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affinity chromatography. This approach has proven useful to improve solubility of 

several proteins.
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Chapter 3 

Expression and purification of the influenza A virus PA:PB1 dimer

3.1. Introduction

In vivo, influenza viral RNA polymerase is a heterotrimer composed o f the PA, 

PB1 and PB2 subunits. In addition, NP is associated with the RNA polymerase in the 

RNPs. PB1 has been shown to interact with PA, PB2, and NP (Biswas and Nayak, 1994; 

Hara et al., 2001). In influenza virus infected cells, the majority o f PB1 might exist in a 

complex with PA, PB2 and/or NP. Without those interacting proteins, PB1 may become 

insoluble, which explains our difficulty obtaining soluble PB1 in Chapter 2. If this is the 

case, coexpressing PB1 with those interacting proteins may dramatically increase its 

solubility.

The assembly and the architecture o f the influenza viral RNA polymerase are 

poorly understood. Because PB1 can interact with all other proteins found in RNPs, PB1 

may play an essential role in the assembly of the RNA polymerase trimer and RNPs. 

Subcomplexes such as PB1:PA, PB1:PB2, or PB1:NP may also exist during the viral 

infection (Fodor and Smith, 2004; Naito et al., 2007).

In this chapter, I showed that coexpression o f PA and PB1 significantly improved 

the solubility o f PB1. PA and PB1 were found to form a very stable dimer when 

coexpressed in BVES. In addition, conditions for the expression and purification o f the 

PA:PB1 dimer were further optimized.
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3.2. Methods and results

3.2.1. PA:PB1 dimer coexpression in BVES

It has been shown that PB2, PA and NP can interact with PB1 (Biswas and Nayak, 

1994; Hara et al., 2001). Coexpression of PB1 with its interacting proteins may improve 

the solubility o f PB1 by keeping the protein in a favorable conformation and/or by 

sequestering hydrophobic protein surfaces. Therefore, insect cell coinfection using 

baculovirus expressing PB1 together with baculoviruses expressing another interacting 

partner was performed to obtain stable and soluble higher-order complexes.

3.2.1.1 Coinfection of PB1 with PB2, NP and PA

Baculoviruses expressing PB1, PB2, NP and PA with and without His-tags had 

previously been generated in our laboratory. Recombinant baculovirus PB2, PA and NP 

were provided by Dr. Qiaozhen Ye and Tom Guu, Rice University. We started by testing 

the coexpression o f PB1 and PB2. Coinfection with baculoviruses expressing PB1 and 

PB2 with MOIs o f 3 in insect cells did not improve PB1 protein solubility and could not 

form stable complexes. In contrast, the coinfection of baculoviruses expressing PB1 with 

a 6x His-tag at N- or C- terminus and NP with MOIs o f 3 increased the solubility o f PB 1. 

However, when the soluble fraction was applied to a Ni-NTA affinity column, the

binding of His-tagged PB1 was very poor (Figure 3.1). This result indicates that the

interaction between NP and PB1 might have been masked by His tag.

The soluble fraction o f recombinant PB1 was significantly increased when PB1 

and PA were coinfected with MOIs of 3 in the pilot experiment. The fused His-tag might 

affect their interaction and therefore the stability of PA:PB1 complex. Combinations 

such as C-terminal His-tagged PB1 with non-tagged PA, N-terminal His-tagged PB1 with
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Figure 3.1. Western blot for the coinfection o f NP with C-terminal 6x His-tagged PB1 in 

BVES. W, whole cell lysate. S, supernatant. P, pellet. M, protein marker. F, Ni-NTA 

flow-through. E l-5 elution fractions from Ni-NTA. Similar result was got from the 

coinfection o f NP with N-terminal His-tagged PB1.
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non-tagged PA, and non-tagged PB1 with N-terminal His-tagged PA have been tested. 

Comparable results were obtained from all three combinations, suggesting that the 

presence of the His-tag did not interfere with protein-protein interactions (Figure 3.2). 

Later, all PA:PB1 dimer expression was done with C-terminal His-tagged PB1 and native 

PA protein.

3.2.I.2. Coexpression of PB1 with PA formed stable PA:PB1 dimers

A 400 mL Sf21 cell culture was used for the expression of the C-terminal His- 

tagged PB1 with non-tagged PA. Insect Sf21 cells were grown to the density o f 1 x 106 

cells/mL and then coinfected with baculovirus pairs at MOIs of 3. Infected cells were 

harvested at 48 hours post-infection and lysed for 30 minutes on ice in 10 mL lysis buffer 

(50 mM Tris-HCl, pH 7.75, 300 mM NaCl, 5 mM imidazole, 10% Glycerol, 17 ug/mL 

PMSF, 1 pg/mL Leupeptin & Pepstatin, 20 pg/mL DNase & RNase, 1% (v/v) NP-40, and 

1% (v/v) Triton X-100). After sonication, the lysate was subjected to centrifugation at 

25,000 x g for 30 minutes at 4°C. The soluble fractions were applied to Ni-NTA resin 

(Qiagen) pre-equilibrated with buffer A (50 mM Tris-HCl, pH 7.75, 300 mM NaCl, 5 

mM imidazole, 10% Glycerol). After gentle rocking at 4°C for 1 hour, the resin was 

further washed with buffer A and eluted with buffer C (50 mM Tris-HCl, pH 7.8, 300 

mM NaCl, 250 mM imidazole, 10% Glycerol, 5 mM P-ME). Samples were collected 

from each purification step and run on a SDS-10% PAGE gel. The elution fractions from 

Ni-NTA resin were combined, added buffer A (50 mM Tris-HCl, PH 7.8, 10%Glycerol, 5 

mM P-ME) until the final concentration o f NaCl reached 50 mM. The sample was 

applied to a 1 mL Hitrap Heparin affinity column (Amersham-Pharmacia). Peak fractions 

from the Heparin column were concentrated to 300 pL and applied to a Superose 6 gel
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Figure 3.2. PB1 coinfection with N-terminal His-tagged PA. Lane 1, lysate of 

uninfected Sf21 cells. Lane 2, lysate o f infected Sf21 cells. Lane 3, supernatant. Lane 

4, pellet. Lane 5-6, flow-through fraction and wash fraction from Ni-NTA purification. 

Lane 7, protein marker. Lane 8-13, elution fractions from Ni-NTA purification. C- 

terminal His-tagged PB1 coinfection with non-tagged PA and N-terminal His-tagged PB1 

with non-tagged PA produced similar results.
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filtration column, (bed volume 24 mL) for further purification (Amersham-Pharmacia). 

Samples from each step were analyzed on an SDS-10% PAGE gel (Figure 3.3). It is 

notable that the PB1 and PA kept a ~1:1 ratio throughout the whole purification process, 

suggesting that the PA and PB1 may form a stable heterodimer.

3.2.I.3. Optimization of PA:PB1 expression in BVES

The yield o f the PA:PB1 dimer in the BVES from the above procedures was fairly 

low at ~0.2 mg/ lx  109 cells based on estimation from 400 mL Sf21 cell culture. To 

improve the final yield o f the purified PA:PB1 dimer, both the expression and 

purification protocols needed further optimization.

To improve the expression level o f the dimer, its expression kinetics was 

examined in different cell lines with various MOIs. First, the expression of the PA:PB1 

dimer in two different insect cell lines, High five (Invitrogen) and Sf21, were tested and 

the time course o f the expression was examined. The PA:PB1 dimer was expressed at a 

much higher level in Sf21 cells than in the High five cells. Second, different MOIs were 

also tested. The MOI o f 3 appeared to be sufficient, as a higher MOI o f 7 did not 

improve the expression o f the PA:PB1 dimer significantly (Figure 3.4). Therefore, the 

original conditions for PA:PB1 dimer expression appeared to be very close to the optimal 

condition. More PA:PB1 dimer expression in BVES can only be obtained by increasing 

the volume o f the infected cells. Large scale expression in BVES is cost-prohibitive and 

also poses challenges for subsequent purification.
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Figure 3.3. Pilot 
® purification o f PA:PB1

complex.
A. The fraction from a 
Heparin 1ml column on a

90 kD —» 90 kD-> SDS-PAGE gel stained by
Coomassie blue.
B. The fractions from a 
Superose 6 gel filtration 
column on a SDS-PAGE 
gel stained by Coomassie 
blue.
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C. Chromatogram for PA:PB1 using a Superose 6 gel filtration column. Red curve 

stands for UV absorption o f molecular marker on Superose 6 column and blue curve 

stands for UV absorption o f PA:PB1, which is eluted at -150 kD position.
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Figure 3.4 Optimization of PA:PB1 expression in BVES.

A, Time course o f PA:PB1 dimer expression in BVES with two different insect cell 

lines, Sf21 and High five.

B, PA:PB1 dimer expression in BVES with different MOI combinations.
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3.2.2. PA:PB1 dimer coexpression and purification in E. coli

While the PA and PB1 coexpression in the BVES may have overcome the 

solubility problem of PB1, its low expression in the BVES was a major obstacle to 

obtaining large amounts o f purified dimer for future structural studies. Therefore, I 

decided to take advantage o f the high recombinant protein yield and low cost o f the 

bacterial expression system.

Coexpression of the PA:PB1 dimer was tested in E. coli. The pET-26b+ plasmids 

expressing PB1 with and without a C-terminal His-tag were generated by amplifying the 

fragments by PCR using the primers listed in Table 2 and subsequently inserting into the 

bacterial expression vector pET26b+ (provided by Dr. Jonathan Silberg, Rice University). 

The recombinant plasmids were transformed into Rosetta BL21 (DE3) E. coli cells. 

After induction for 10 hours at 20°C, the expressed PB1 was largely insoluble. A 

pRSETA-PA expressing PA with an N-terminal His-tag (By Tom Guu.) was also tested. 

The recombinant PA was also mostly insoluble when expressed alone. Because 

pET26b+ vector carries a kanamycin resistance gene and the pRSETA vector carries an 

ampicillin resistance gene, cells containing both plasmids were selected by the use o f the 

two antibiotics after the cotransformation into Rosetta BL21 (DE3) E. coli cells. Cells 

carrying both plasmids were grown in liquid LB medium containing kanamycin and 

ampicillin at 37°C. After induction, both proteins were expressed but remained mostly 

insoluble. Additionally, PA was expressed at a higher level than PB1. This might be due 

to the fact that the pRSETA vector is a high copy number vector.

To avoid the copy number problem, the low copy number vector pET22b+ 

(provided by Dr. Jonathan Silberg, Rice University), carrying an ampicillin resistance
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Table 2. Primers full-length of PA & PB1 constructs

Primer name Sequence (5-3) Vector name
ET26-C-F gCgCATATggATgTCAATCCgACCTTACTT

p ET26b+ET26-C-B gCT Cg AgTTTTT gCCgTCT g AgCT CTT C
ET26-B gCT Cg AgCT ATTTTT gCCgT CT g AgCT CTTC
ET26-F T AC ACT CgC AT AT gg AT gTC AATCCg ACCTT ACTT
ET22-F TACCATgggCgAAgAT TTTgTgCgAC p ET22b+
ET22-B CgTCTCgAgACTCAATgCATg TgT
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gene, was used for the expression o f PA. The PA fragment was PCR amplified using the 

primers listed in Table 2 and further inserted into the pET22b+ vector. The recombinant 

PA was also mostly insoluble when expressed alone. When a pET22b+-PA plasmid was 

used with the pET26b+-PB 1 plasmid for co-expression, both proteins were expressed and 

partially soluble. Both PB1 and PA were detected by the western blot with anti-His and 

anti-PA antibody (Figure 3.5). However, in the experiments that attempted to optimize 

the conditions, the results were not consistent. These results suggested that the two 

plasmids were not very stable in the host cells, and the two proteins were largely 

insoluble when coexpressed in E. coli at 37°C.

Because a high level o f protein expression in a short time period may cause 

aggregation, lower temperatures were used to increase the solubility o f the expressed 

protein. Both PA and PB1 could not be detected in the soluble fraction in small scale 

expression experiments. A large scale experiment was performed to recover the low 

level o f protein in the soluble fractions. Although two bands first appeared on the gel by 

Coomassie blue staining after Ni-NTA purification, no PA or PB1 was recovered after 

further purification by Heparin 1 mL, Superdex 200 and Hitrap Q column (Figure 3.6).

One problem with PA:PB1 expression in the bacterial system is that it is hard to 

keep a 1:1 ratio o f PA to PB1 because o f the differences between the copy numbers of the 

two expression plasmids. Another problem is that both proteins may not be properly 

modified post-translationally; indeed, appropriate modifications o f PA and PB1 may be 

essential for a stable PA:PB1 complex. Furthermore, the solubility o f the PA:PB1 dimer 

was relatively poor. Therefore, it appears that the bacterial expression system was not 

suitable for expression o f PA:PB1 dimer.
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1 2 3 4 5 6 7

Figure 3.5. Time course o f PA:PB1 dimer co-expression in E. coll.. Lanel, whole cell 

lysate o f non-induced cells. Lane 2 & 3, soluble fraction and Ni-NTA elution fraction of 

2 hour induction at 37°C. Lane 4 & 5, soluble fraction and Ni-NTA elution fraction o f 4h 

induction at 37°C. Lane 6 & 7, soluble fraction and Ni-NTA elution o f lOh induction at 

37°C. Western blots were performed to detect PB1 and PA proteins.
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Figure 3.6. Purification o f the PA:PB1 dimer with C-terminal 6x His-tag at PB1 

expressed in E.coli.

A, elution fractions from Ni-NTA column. B, elution fractions from a Heparin 1ml 

column on a SDS-PAGE gel stained by Coomassie blue. C, elution fractions from a 

Superdex 200 column on a SDS-PAGE gel stained by Coomassie blue. D, elution 

fractions from a Q column on a SDS-PAGE gel stained by Coomassie blue. Sample from 

Sf21 cells containing PA :PB1 dimer was included in B as positive control.
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3.2.3. Purification of the PA:PB1 dimer in the BVES

Although the expression o f PA:PB1 in the BVES was relatively low, both PA and 

PB1 were largely soluble. In addition, the dimer was quite stable during the purification 

process, and relatively high purity was achieved at the end o f the series o f purification. 

However, to obtain enough purified PA:PB1 dimers for further functional and structural 

studies, we need to scale up PA:PB1 expression and improve purification efficiency.

3.2.3.1. Cell lysis

A 3-liter o f Sf21 cell culture was used for the expression of the C-terminal His- 

tagged PB1 with non-tagged PA. Insect Sf21 cells were grown to the density o f 1 x 106 

cells/mL, coinfected with baculovirus pairs at MOIs o f 3, and harvested at 48 hours post

infection, based on the MOI test and time course detailed in section 3.2.1.3. The cell 

pellet was washed with 1 X PBS and resuspended in low salt buffer (15 mL/1 x 109 cells, 

50 mM Tris-HCl pH 7.8, 50 mM NaCl, 5 mM MgCh, 10 mM imidazole 10% Glycerol, 5 

mM p-ME, 17 pg/mL PMSF, 1 pg/mL Leupeptin & Pepstatin), incubated on ice for 30 

minutes, and vortexed every 5 minutes. Whole cell lysate was separated into cytoplasmic 

and nuclear fractions by centrifugation at 25,000 x g for 30 minutes. The nuclear fraction 

was treated by Ni-NTA lysis buffer A (15 mL/1 x 109 cells, 50 mM Tris-HCl pH 7.8, 300 

mM NaCl, 5 mM MgCL, 5 mM imidazole, 10% Glycerol, 5 mM P-ME, 17 pg/mL PMSF, 

1 pg/mL Leupeptin & Pepstatin, 20 pg/mL DNase and RNase) and sonicated. The 

nuclear lysate was further separated by centrifugation at 25,000 x g for 30 minutes. The 

supernatant was collected for Ni-NTA column purification.

3.2.3.2. Ni-NTA affinity column preparation and purification
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His-tagged protein can be purified by Ni-NTA column, a type o f immobilized- 

metal affinity chromatography. Nitrilotriacetic acid (NTA) is a tetradentate chelating 

adsorbent and can bind 6x His-tagged proteins very tightly. 2 mL of Ni-NTA resin 

(Qiagen) was first packed into a column and equilibrated with lysis buffer. The 

cytoplasmic fraction and the supernatant from the nuclear fraction were combined. 2 M 

NaCl was added until the final concentration of NaCl reached 300 mM. The combination 

was slowly applied to the column with the bottom cap was closed. The protein-resin 

complex was gently mixed by shaking on a rotary shaker at 4°C for 1 hour. Following 

binding, the outlet was removed and the flow-through was collected. The column was 

washed with Ni-NTA lysis buffer A and the protein was eluted with elution buffer (50 

mM Tris-HCl pH 7.8, 300 mM NaCl, 5 mM MgCl2,300 mM imidazole, 10% Glycerol, 5 

mM p-ME). Samples from each step were analyzed on SDS-10% PAGE gels stained 

with Coomassie Blue.

3.2.3.3. HiTrap Heparin HP chromatography

The HiTrap Heparin HP column (Amersham Biosciences) came prepacked for 

preparative affinity chromatography. It is designed for many proteins such as DNA 

binding proteins and some growth factors. Two column volumes, 1 mL and 5 mL, are 

available. We chose the HiTrap Heparin 1 mL column because the expression level o f 

the PA:PB1 dimer was relatively low. All the buffers for Fast Performance Liquid 

Chromatography (FPLC) were degassed and filtered with 0.22 pm filter membrane 

before application.

Before each purification, the column was pre-washed with a salt gradient using 

elution buffer B (50 mM Tris-HCl pH 6.8, 1 M NaCl, 5 mM MgCL, 10% Glycerol and 5
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mM P-ME). The gradient began with 100% elution buffer B for 5-10 mL, then the NaCl 

concentration was gradually decreased from 1 M to 50 mM for 5-10 mL. The gradient 

ended with binding buffer A (50 mM Tris-HCl pH 6.8, 5 mM MgCL, 10% Glycerol and 

5 mM P-ME) for another 5-10 mL. The fractions from the Ni-NTA step were combined 

and the concentration of NaCl was balanced to 50 mM using the binding buffer A and 

then injected into the Hitrap Heparin 1 mL column by syringe. The protein was eluted by 

elution buffer B using a continuously increasing gradient of NaCl from 50 mM to 1 M in 

a total volume o f 20 mL The fractions were examined by SDS-10% PAGE gels and peak 

fractions containing the majority o f the PA:PB1 dimer were combined (Figure 3.7).

3.2.3.4. Gel filtration chromatography

Gel filtration chromatography, also known as size exclusion chromatography, 

separates proteins based on their molecular weights. Proteins with higher molecular 

weights are eluted earlier than those with lower molecular weights. Two kinds o f gel 

filtration columns are available in our lab, Superose 6 and Superdex 200 (Amersham 

Biosciences). The Superdex 200 column (bed volume 120 mL) offers better separation 

than the Superose 6 column for particles o f -170 kD; therefore, we chose Superdex 200 

for purification of the dimer. The column was washed with buffer (50 mM Tris-HCl pH 

6.8, 200 mM NaCl, 5 mM MgCL, 10% Glycerol and 5 mM P-ME) for at least two 

column volumes before each application.

Fractions containing the majority of the PA:PB1 dimer from the HiTrap Heparin 1 

mL column were combined and concentrated through a Centricon filter (Millipore, 50 

kDa) into 2 mL. The concentrated sample was clarified at 12,000 x g for 10 minutes at 

4°C and loaded onto the pre-washed Superdex 200 column on the FPLC. Ideally, the
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Figure 3.7. Hitrap Heparin 1 m L chrom atography for PA:PB1 
purification. Top: Chromatography o f Hitrap Heparin 1 mL column with 
absorbance at 280 (dark blue), %B (green), and conductivity (light blue) 
traces. Bottom: SDS-PAGE of fractions (No. 9-15) located between the 
two arrows, stained with Coomassie blue.
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PA:PB1 dimer should be eluted at ~65 mL by buffer (containing 50 mM Tris-HCl pH 6.8, 

200 mM NaCl, 5 mM MgCl2 , 10% Glycerol and 5 mM P-ME) as a single peak. However, 

for a 3-6 liter o f insect cell culture, additional large aggregate, or perhaps a contamination 

peak, was observed (Figure 3.8) at 45 mL. Therefore, a second round of purification was 

performed, after which point a single peak was observed (data not shown).

Although a reasonable amount o f PA and PB1 was obtained after purification by 

passing through the Ni-NTA, heparin, and Superdex 200 columns, an additional band 

below PA persisted throughout purification (Figure 3.8), suggesting that an additional 

purification step was required for large scale protein expression and purification o f 

PA:PB1. Because the additional purification step would further decrease the final yield, 

more infected insect cells were needed to produce more expressed protein for purification.

Practically, it is most convenient to grow two liters o f insect cell culture at one 

time. The amount o f protein from a two-liter insect cell culture is also appropriate for 

one Ni-NTA column. Therefore, for each two-liter culture, after Ni-NTA purification, 

the fractions were frozen and saved. Desired protein fractions from three sets o f culture 

were then pooled for further purification.

Two rounds o f gel filtration resulted in a considerable loss o f protein. To avoid a 

second round o f gel filtration, His-trap FF 1 mL, Butyl FF 5 mL, and Phenyl FF 5 mL 

columns with different salts (3 M of Sodium Chloride and 3 M of Ammonium sulfate) 

and different pHs (6.8, 7.2, and 8.0) and a Blue column were tried before the samples 

were applied to the first round of gel filtration. Unfortunately, none o f these treatments 

yielded satisfactory results.
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Figure 3.8. Superdex 200 gel filtration chromatography for PA:PB1 purification. Top: 

Chromatography o f Superdex 200 column traces and two peaks observed as marked by A

and B. Red curve stands for protein marker and blue curve stands for the dimer. Bottom :

SDS-PAGE o f fractions from both peaks stained with Coomassie blue. An additional band 

below PA marked by red arrow.
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3.2.3.5. Ion exchange chromatography

To remove the additional band persisted throughout the purification, ion exchange 

chromatography (IEC) was tried. IEC separates proteins according to their net charge, 

which is dependent on the composition o f the mobile phase. By adjusting the pH or the 

ionic concentration o f the mobile phase, various protein molecules can be separated. 

Both cation IEC (HiTrap SP XL 1 mL and Mono S 1 mL) and anion IEC (HiTrap Q 1 

mL and a DEAE column) were tried. The best result was obtained from the Mono S 1 

mL column.

To operate purification, the column was washed by the same process as 

mentioned in section 3.2.3.3. The fractions from the gel filtration step were combined 

and the concentration o f NaCl was balanced to 50 mM using Mono S buffer A (50 mM 

Tris HC1 pH 6.8, 50 mM NaCl, 5 mM MgCh, 10% Glycerol, and 5 mM P-ME). The 

sample was further concentrated through a Centricon filter into 2 mL and applied to a 

Mono S 1 mL column on the FPLC. The protein was eluted with a salt gradient using 

Mono S buffer B (50 mM Tris HC1 pH 6.8, 1 M NaCl, 5 mM M gCf, 10% glycerol, and 5 

mM P-ME). The gradient was 0-5% B in 10 mL, 5-60% B in 15 mL, and 100% B in 10 

mL. The PA:PB1 eluted at -400 mM NaCl. The flow rate used was 1 mL/min and peak 

fractions were collected. Fractions were analyzed by SDS-10% PAGE stained with 

Coomassie blue (Figure 3.9). The additional band disappeared. The peak fractions were 

concentrated in a Centricon filter (Millipore) until the final concentration reached 5 

mg/mL. The final protein sample was filtered through a 0.22 pm filtration microtube and 

quantified by A28 0nm. About 1 mg o f protein was obtained from 6 x 109 cells and the
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Figure 3.9. Mono S chromatography for PA:PB1 purification. Top: 

Chromatography o f Mono S column with absorbance at 280 (dark blue), 

%B (green), and conductivity (light blue) traces. Bottom: SDS-PAGE of 

those fractions between two arrows stained with Coomassie blue.
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concentrated protein was stored at 4°C with a 25x protease inhibitor cocktail tablet 

(Roche).

3.3. Discussion

Coexpression o f PA and PB1 resulted in the formation o f a very stable PA:PB1 

dimer in the BVES. In addition, coexpression of PB1 and NP also increased the 

solubility o f PB1 and was worthy o f further investigation to address the purification 

problem. However, coexpression of PB1 and PB2 did not significantly enhance the 

solubility o f PB1 in our BVES system. Furthermore, the coexpression of PA and PB1 in 

bacteria was not successful: both PA and PB1 were largely insoluble. This strongly 

suggests that the eukaryotic folding machinery and/or appropriate post-transcriptional 

modifications o f PA and PB1 are essential for their interactions and functions.

Under current conditions, 1 mg of highly purified PA:PB1 dimers can be obtained 

from 6 x 109 insect cells. Although the final yield was still relatively low compared to 

many other recombinant proteins, the purification efficiency almost doubled compared to 

the original conditions, while using three times the starting materials. Although the 

amount o f protein purified was relatively small for large scale conventional screening of 

crystallization conditions, it was more than adequate for biochemical functional assays. 

After the final purification step, the purity o f the PA:PB1 dimer appeared to be at least 

90% pure.
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Chapter 4

Biochemical functional studies of the PA:PB1 subcomplex

4.1. Introduction

Although various important polymerase functions have been mapped to PB 1, the 

function o f PA is still largely unknown. Studies on viral polymerase assembly found that 

PB1 and PA are imported into the nucleus as a subcomplex, which later assembles with 

separately imported PB2 (Fodor and Smith, 2004). This suggests the existence of a 

PA:PB1 subcomplex during the viral life cycle, although it is still unknown whether the 

complex is present transiently or stably.

The exact biological function of the PA:PB1 dimer remains a controversy. 

Studies from Honda et al. suggest that the PA:PB1 dimer has a replicase activity but no 

transcriptase activity (Honda et al., 2002), while Deng et al. claims that the PA:PB1 

dimer has no RNA synthesis activity in the absence o f PB2 (Deng et al., 2005). Since the 

dimer was not extensively purified in either study, its purity may have affected the results 

o f their assays. Contamination with different host proteins during the dimer preparation 

may explain the above discrepancy.

As described in Chapter 3, I obtained reasonable amounts o f highly purified 

PA:PB1 dimer from the BVES after a series o f purification steps. To determine the 

function o f  the purified recom binant PA:PB1 dimer, several b iochem ical assays were 

performed, including assays for the binding o f 5' and 3' vRNA, assays for the 

endonuclease activity, and assays for primer-independent RNA synthesis. The 

PA:PB1:PB2 trimeric complex was used as a positive control. These assays were
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conducted in Dr. Robert Krug’ laboratory (UT-Austin, TX), where all o f the methods 

were well established. In addition, all o f the materials except protein complexes were 

provided by his laboratory.

4.2. Methods and results

4.2.1. PA:PB1:PB2 trimer purification

The PA:PB1:PB2 trimer expression and purification protocol was established by 

Dr. Qiaozhen Ye (Rice University). Briefly, a 2-liter Sf21 cell culture was used for the 

expression o f the C-terminal His-tagged PA with non-tagged PB1 and PB2. Sf21 cells 

were infected with baculovirus at MOIs o f 2:3:5 for PA, PB1 and PB2, respectively. The 

cells were harvested at 72 hours post-infection. The cell pellet was lysed by Ni-NTA 

buffer A and sonicated. The lysate was further separated by centrifugation at 25,000 x g 

for 30 minutes. The supernatant was collected for Ni-NTA column purification. The 

fractions containing trimeric complex were collected and applied to Hitrap Heparin 1 mL 

column. The peak fractions containing PA:PB1:PB2 were combined and applied to 

Superos 6 gel filtration column. The PA:PB1:PB2 were eluted by a buffer with 50 mM 

Tris-HCl Ph 7.8, 200 mM NaCl, 10% Glycerol, 5 mM P-ME. The peak fractions were 

filtered through a 0.22 pm filtration microtube and used for functional studies. Buffer 

components and column operating procedures were the same as described in section 3.2.2.

4.2.2. 5' and 3' vRNA binding assays

Oligoribonucleotides containing the 5 '- or 3'-terminal sequence o f vRNA were 

synthesized using an oligonucleotide synthesizer (Dharmacon). As indicated, thio U was
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introduced at a particular position in both oligoribonucleotides (Figure 4.1.A) (Shah et al., 

1994). Thio U residues were used because they can crosslink with amino acids with high 

efficiency after exposure to UV light. The thio U-incorporated oligoribonucleotides were 

then labeled at their 5' ends using T4 polynucleotide kinase (New England Biolabs) and 

[y-32P] ATP (Perkin Elmer, 10 mCi/mL and 3000 Ci (lllTB q)/m m ol). The reaction 

contained 40 pmol o f template (either 5' oligo or 3' oligo), 1 pL of 10 x kinase buffer, 1 

pL (10 units) o f T4 polynucleotide kinase, 2 pL (20 pmCi) o f [y-32P] ATP, and DEPC 

H20  in a final volume o f 10 pL. The reaction mixture was incubated at 37°C for an hour. 

The radio-labeled oligoribonucleotides were further purified by a Sephadex G-25 column 

(Roche) and stored at -80°C.

For 5' vRNA binding (Li et al., 1998), the purified PA:PB1 dimer (0.4 ng) and 

PA:PB1:PB2 trimer (0.1 ng) were incubated with 32P-end-labeled oligoribonucleotides 

containing the 5'-terminal sequence o f vRNA (10 ng, lXlO5 c.p.m.) in a 10 pL volume for 

20 minutes at room temperature. After the first incubation, 20 pL o f binding buffer 

(containing 10 mM HEPES-KOH pH 7.8, 150 mM KC1, 0.5 mM EGTA, 2 mM MgCl2, 1 

mM dithiothreitol, 1 unit RNasin, and 10% glycerol) was added to the reaction. After 30 

minutes incubation at room temperature, the mixtures were put on ice and exposed to 366 

nm UV light for an additional 30 minutes. The crosslinked protein-oligoribonucleotide 

complexes were separated from free oligoribonucleotide by electrophoresis on SDS-7% 

PAGE gels or 4% acrylamide gels. Similar to the purified PA:PB1:PB2 trimer, the 

purified PA:PB1 dimer did bind to the oligoribonucleotide containing the 5'-terminal 

sequence o f vRNA as shown in Figure 4. IB. NP protein was used as a positive control as 

it is a non-specific RNA binding protein.
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Figure 4.1. The polymerase PA:PB1 complex viral RNA binding assay.

A, Oligoribonucleotides containing the 5 ’- or 3'-terminal sequence o f vRNA, thio-U was 

introduced at a particular position as indicated.

B, Binding assays for 5' and 3' vRNA. 3P: PA:PB1:PB2 with His-tag at the C-termini o f 

PA. 2Pj: PA:PB1 with His-tag at the C termini o f PA. 2 P2 : PA:PB1 with His-tag at the C- 

termini o f PB1. NP: nucleoprotein. Similar to 3P, PA:PB1 dimer has the vRAN binding 

activity.
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The 3' vRNA binding assay was performed under the same reaction conditions 

described. However, because 3' vRNA binding is usually sequential to 5' vRNA binding, 

an unlabeled oligoribonucleotide (lacking thio U) containing the 5'-terminal sequence of 

vRNA (40 pmol, 23 nucleotides in length, synthesized by IDT company) was added to 

the reaction in addition to the 32P-end-labeled oligoribonucleotide containing thio U and 

the 3'-terminal sequence o f vRNA (10 ng, lx l0 5 c.p.m.). As shown in Figure 4.1B, the 

binding o f 3' vRNA o f both 2P and 3P complex was much weaker than that o f 5' vRNA. 

Surprisingly, NP did not bind to 3' vRNA, which may due to the saturation o f its RNA 

binding sites by unlabeled 5' vRNA.

4.2.3. Primer-independent RNA synthesis in vitro

Primer-independent RNA synthesis in vitro was carried out under the standard 

reaction conditions using a 50-mer NS vRNA as a template (Shapiro and Krug, 1988), 

which contained the first 25 nucleotides from both 5' and 3' ends o f the vRNA. The 

polymerase complexes, both PA:PB1 dimer (0.4 ng) and PA:PB1:PB2 trimer (0.1 ng), 

were incubated with 40 pmol o f template RNA in 10 uL volume for 20 minutes at room 

temperature. Replication buffer (20 mM HEPES-KOH pH 7.8, 5 mM Mg(OAc)2 , 2 mM 

DTT, 1 mM ATP, 0.5 mM GTP, CTP, 0.0005 mM unlabeled UTP and 5U RNAse 

Inhibitor) and 2 pL (20 pmCi) o f alpha- 32P UTP (Perkin Elmer, 10 mCi/mL and 3000 

Ci(l 1 lTBq)/mmol) were added with or without NP (4 ng, provided by Dr. Qiaozhen Ye, 

Rice University). The reaction mixture was incubated at 30°C for 1 hour. Afterwards, 

the phenol/chloroform method was used to extract RNA products. The RNA products 

were analyzed by electrophoresis on a 15% acrylamide gel containing 8 M urea. Like the
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PA:PB1:PB2 trimer, the PA:PB1 dimer synthesized RNA products with a size o f 50 

nucleotides, indicating that PA:PB1 dimer was capable o f replication (Figure 4.2). 

However, an additional band (larger by 50 nucleotides) was observed when only PA:PB1 

dimer was used. NP has been shown by Dr. Krug’s laboratory to promote RNA 

replication activity, possibly via a direct interaction between NP and the viral polymerase. 

When NP was added to the trimer, its RNA synthesis activity was indeed increased. 

However, when NP was added to the PA:PB1 dimer, another slower-migrating band 

appeared. Reasons for the appearance o f those bands have not been determined yet and 

will be discussed later in this chapter.

4.2.4. Endonuclease activity in vitro

The endonuclease activity assay described by Rao et.al (Rao et al., 2003)was used 

to test the endonuclease activity o f the PA:PB1 dimer using a 5' cap radiolabeled RNA 

(provided by Dr. Reilin Kuo, UT-Austin). The PA:PB1 dimer (0.4 ng) and PA:PB1:PB2 

trimer (0.1 ng) were incubated with 40 pmol o f template RNA (50-mer NS vRNA) for 5 

minutes at room temperature. The reaction mixture was incubated with the radiolabeled 

capped RNA (10 ng, lx l  05 c.p.m.) and 0.1 pg o f yeast tRNA (50-100 nucleotides) as an 

additional inhibitor o f non-specific nucleases on ice for another 20 minutes in a final 

volume of 10 pL. After adding 15 pL of the endonuclease activity buffer (50 mM 

HEPES-KOH pH 7.8, 100 mM KC1, 5 mM MgCl2, 2 mM DTT, and 5U RNAse inhibitor), 

the reaction was incubated in a 30°C water bath for 1 hour. One o f PA:PB1:PB2 trimer 

reactions was stopped by adding 125 uL o f 10 mM Tris buffer before incubation at 30°C 

as a negative control. Compared to PA:PB1 :PB2, the PA:PB1 had no endonuclease
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Figure 4.2. The polymerase complexes primer-independent RNA synthesis in 

vitro assays. 3P, PA:PB1:PB2 with His-tag at the C-terminus o f PA. 2Pi, 

PA:PB1 with His-tag at the C termini o f PA. 2P2, PA:PB1 with His-tag at the 

C-termini o f PB1. NP, nucleoprotein. Similar to the PA:PB1:PB2 trimer, 

PA:PB1 dimer can synthesize RNA products with a size o f 50 nucleotide, 

indicating that PA:PB1 dimer is capable o f replication. An additional band 

larger than 50 nucleotides was observed when only PA:PB1 dimer was used. 

When NP was added to the reaction, another slower-migrating band appeared.
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activity (Figure 4.3), indicating that PB2, as a cap binding protein, was needed for the 

endonuclease activity o f the influenza viral polymerase complex.

4.3 Discussion

This was the first detailed biochemical study using highly purified PA:PB1 

dimers. Previous studies of the function o f PA:PB1 were limited by the purity o f their 

sample preparations. Therefore, results from this study are more likely reflects the real 

function o f the PA:PB1 subcomplex.

Based on my preliminary results, the PA:PB1 dimer was able to bind to both 5' 

and 3' vRNA, although the 3' vRNA binding was relatively weak (Figure 4.1). However, 

more experiments are needed to address the specificity o f its binding to vRNA. 

Nonspecific RNA or 5' and 3' vRNA mutants should be included as controls in those 

experiments.

For the RNA elongation assay, when the PA:PB1 subcomplex was added, a weak 

band corresponding to 50 nt appeared, which is the right sized product when using vRNA 

50-mer as the template (Figure 4.2). In addition, some slower migrating bands appeared, 

indicating that some of the newly synthesized RNAs were larger than 50 nt. To explain 

the size discrepancy, it is possible that a poly(A) tail may have been synthesized because 

the PA:PB1 dimer was not able to read through the poly(U) signal. Some recent results 

from Dr. Krug’s laboratory showed that the higher molecule weight species were no 

longer observed when DNA-saturated NP was added to the trimeric polymerase. 

Therefore, N P’s non-specific RNA binding activity might have caused the appearance of 

those slower migrating bands through a mechanism that is not yet well understood.
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Figure 4.3. The polymerase complexes endonuclease activity in vitro assay. 3P, 

PA:PB1:PB2 with His-tag at the C-termini o f PA. 2Pi, PA:PB1 with His-tag at the C 

termini o f PA. 2 P2 , PA:PB1 with His-tag at the C-termini o f PB1. Lane 1, reaction 

was stopped by adding 125uL o f lOmM Tris, right after adding Capped RNA as 

negative control. Lane2, 3 and 4, reactions were incubated for one hour at 30°C with 

addition of Capped R N A . Compared to PA :PB1:PB2, the PA:PB1 had no  

endonuclease activity. Cleaved products around 13 nt was shown in the red box.
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Furthermore, in this experiment, the specificity of vRNA, cRNA or the requirements of 

the 5' and 3' conserved sequences need to be addressed by designing different templates. 

Finally, it may be useful to add ApG primer in this elongation assay. As has been noted 

before for the polymerase trimer, the elongation is more efficient when primers are added 

(Kobayashi et al., 1992). It would be interesting to examine whether the same would be 

observed when PA:PB1 is used.

PA:PB1 did not exhibit any endonuclease activity (Figure 4.3), indicating that 

PB2, as a cap binding protein, is needed for the endonuclease activity o f the influenza 

viral polymerase complex.

To exclude the interference o f the protein activity by the histidine tag, two 

different PA:PB1 dimers were used for the above assays: 2Pi and 2P2. The 2Pi was 

composed o f a C-terminal His-tagged PA and a non-tagged PB1, while the 2P2 was 

composed of a non-tagged PA and a C-terminal His-tagged PB1. The two complexes 

demonstrated similar 5! and 3' vRNA binding activities and neither o f them exhibited any 

endonuclease activity (Figure 4.3). However, 2P| demonstrated stronger RNA synthesis 

activity than 2P2 (Figure 4.2), indicating that the C-terminal His-tag on PB1 might 

interfere with its RNA elongation activity and 2Pi will be used for further crystallization.

More refined experiments will be needed to delineate the exact functions o f the 

PA:PB1 subcomplex. Nonetheless, from the above experiments, it is evident that PA:PB1 

is a functional subcomplex of the influenza viral polymerase. From the limited 

information about viral polymerase assembly available, it appears that PB1 and PA are 

imported into the nucleus as a subcomplex, which later assembles with separately 

imported PB2 (Fodor and Smith, 2004). Therefore, there might be a time window during
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which PA:PB1 executes its function in viral replication. However, a more detailed 

understanding o f viral polymerase assembly is needed; furthermore, the function of 

PA:PB1 in vivo during viral infection needs further investigation.

In addition, further structural study o f PA:PB1 will likely reveal the important 

features o f the influenza viral RNA polymerase. Because this subcomplex is active in 

RNA synthesis and viral RNA binding, the protein folds involved in those activities 

likely resemble the ones in the holo viral RNA polymerase.
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Chapter 5 

Structural studies of the PA:PB1 dimer

5.1. Introduction

There is no crystal structure available for the influenza virus polymerase complex. 

Currently, only a low-resolution, three-dimensional structure o f the trimeric polymerase 

determined by electron microscopy has been produced (Torreira et al., 2007). Based on 

that study, the polymerase is very compact, with no obvious boundaries between subunits. 

However, the structure lacks a considerable amount o f detail. As for individual subunits 

o f the polymerase, only the structure o f the C-terminal domain of the PB2 subunits has 

been solved by NMR (Tarendeau et al., 2007). That study revealed the structure o f a 

bipartite nuclear localization sequence, which mediates the nuclear import o f PB2. 

However, it disclosed little information regarding the cap binding activity o f PB2 or the 

RNA synthesis activity o f the polymerase.

To fully understand the mechanism of viral polymerase activity, a higher 

resolution structure is needed, in particular for PB1, as it is the catalytic subunit o f the 

polymerase. The high resolution structure will also be valuable for the design o f novel 

antiviral drugs. We were able to obtain preparative amounts o f highly purified PA:PB1 

dimer, as described in Chapter 3. The PA:PB1 is biochemically active and exhibited both 

R N A  elongation  and 5' v R N A  binding activities, as show n in Chapter 4. Therefore, the 

structure o f PA:PB1 will likely reveal key features o f the influenza viral RNA 

polymerase.
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This chapter describes the electron microscopy studies that were performed on the 

purified PA:PB1 dimer preparations, as well as the -30  A resolution reconstruction o f the 

PA:PB1 dimer that was obtained. In addition, a few promising conditions were identified 

during the screening of crystallization conditions for PA:PB1 dimer.

5.2. Methods and results

5.2.1. Electron microscopy (EM) study

EM is an excellent tool to study the structure of proteins and macromolecular 

complexes; it requires less sample and is less stringent for particle purity than X-ray 

crystallography. In addition, EM can be used to examine the homogeneity o f protein 

sample preparations, which is important for subsequent crystallography study.

To gain information about particle size and morphology, PA:PB1 was negative 

stained and examined by transmission electron microscopy (TEM) (by Jack Xie, Rice 

University). To produce images with good contrast, the dimer was diluted into a non

glycerol containing buffer (50 mM Tris-HCl, pH 8.0, 200 mM NaCl) to a final 

concentration o f -0.02 mg/mL. The sample was applied to carbon-coated grids, which 

had been previously glow discharged at low air pressure, and stained with freshly 

prepared 0.75 % uranyl formate solution. All images were recorded on a 2Kx2K CCD 

detector at a nominal magnification o f 50,000 X in a JEOL2010 TEM operating at 120 

KV. The dimer particles had a uniform size when viewed at high magnification (Figure

5.1). The particles were 8-10 nm in diameter, consistent with the dimer’s theoretical 

molecular mass o f -170 kDa.
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Figure 5.1 TEM micrograph o f PA:PB1 particles stained by uranyl formate and few of 

particles was circled by red. Scale bar, 40 nm. All the micrographs were taken by Jack 

Xie at Rice University.
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For 3D reconstruction of PA:PB1, -4,000 particles were manually boxed from 

-200 micrographs using Electron Micrograph ANalysis (EMAN), a software package for 

TEM single-particle reconstructions (Ludtke et al., 1999). The micrographs were taken 

at -2  pm underfocus. The particles were center-aligned and classified to generate a set of 

reference-free class averages, which should have represented different characteristic 

views o f the particles. In this way, -9  o f these averages were generated and used in 

calculating an initial 3D model (Figure 5.2). This initial 3D model was used to generate a 

set o f projections at 10° euler-angle intervals. The model projections were used for 

further particle alignment, classification, and new map calculation. This process was 

used iteratively to refine particle parameters, as shown in Figure 5.3. True convergence 

was achieved when the model remained unchanged for several successive iterations. So 

far, a -3 0  A resolution reconstruction o f the PA:PB1 dimer has been obtained (Figure

5.2). To obtain better resolution, more particles and further refinement are needed.

5.2.2. X-ray crystallographic study of the PA:PB1 dimer

Our EM study showed that the PA:PB1 dimer had a compact shape. The 

interaction between PA and PB1 may be beneficial for crystal growth by stabilizing the 

conformation and limiting the flexibility o f free PB1. Compared to EM, X-ray 

crystallographic study can offer higher resolution.

5.2.2.I. Stability test of the PA:PB1 dimer

Temperature is one o f the most important factors for crystal growth. To make 

sure that the dimer would not be degraded at temperatures to be used later for 

crystallization screening, stability of the dimer was tested at four different temperatures,
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Figure 5.2. EM structure studies o f the PA:PB1 heterdimer by EMAN.

A, TEM image o f boxed raw particles, scale bar is 5 nm.

B, The nine class-averages for calculating the initial model, scale bar is 5 nm.

C, Final model o f 3D reconstruction for the PA:PB1. Right image is another view of 

left one after a ~60 clockwise rotation along z axis. Scale bar, 15 nm.

This work was performed with Jack Xie, at Rice University.
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Figure 5.3. A flow chart showing a typical reconstruction procedure in EMAN.
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4°C, 10°C, 20°C, and room temperature. Samples stored at different temperatures were 

collected every other day for two weeks and every week after that for another two weeks. 

Results indicated that the dimer was relatively stable for a month at any o f the tested 

temperatures (Figure 5.4). Therefore, all four temperatures could be used for screening. 

Currently, crystals are being grown only at 10°C due to a limited supply of the protein.

5.2.2.2. Crystallization of the PA:PB1 dimer

Crystallization is the process o f forming a regular 3D array of homogeneous 

particles by slow precipitation from a uniform solution. The process includes two major 

steps: nucleation and crystal growth. To obtain PA:PB1 dimer crystals, my original plan 

was to use the Hydra Plus One robot to screen -1,000 unique crystallization conditions 

provided by Hampton research and Qiagen. Unfortunately, the expression level o f the 

dimer was low; only -1 .0  mg of relatively pure protein could be recovered from 6 x 109 

insect cells. With only a limited amount o f protein available, the number o f screens that 

can be used for PA:PB1 is seriously limited for the robot. In addition, because the robot 

often has an aligning problem and also because protein injecting syringe of the robot has 

a rather large dead volume (of -30  pL), I tried to manually grow crystals in 96-well 

plates by using an 8-channel pipette. The sitting-drop method was used with 100 pi well 

solution plus 1 pi protein and 1 pi well solution in the sitting drop. To date, 7 screening 

kits including MbClass, PEG, Index, Classics, Classics lite, MPD, and Salt RX have been 

tried. However, precipitation or clear drops have been observed.

The TOPAZ robot (Fluidigm) was also used to search for conditions for PA:PB1 

crystallization. This system requires only -1 .4  pL o f sample to screen against 96
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Figure 5.5 Stability test o f the PA:PB1 dimer at different temperatures: 4°C (A), 10°C (B), 

20°C (C), and room temperature (D). Proteins stored for the indicated periods (from 2- 

day to 40-day) at those temperatures were run on SDS-PAGE gels. The gels were then 

stained by Coomassie blue.
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conditions. In total, -400  conditions were tested. Several conditions (A: 0.4 M Lithium 

sulfate, 1 M Magnesium sulfate; B: 0.1 M Ammonium sulfate, 10% v/v MPD, 0.1 M 

HEPES pH 7.0; C: 0.1 M Sodium citrate, trisbasic, 0.1 M Sodium citrate, pH 4.5) 

produced cubic-shaped crystals and therefore were highly promising (Figure 5.5). 

However, the results could not be reproduced by micro-batch or by the hanging drop 

method using either commercial kit solutions or home-made solutions.

5.3. Discussion

EM study shown that the PA:PB1 dimer particles appeared uniform in size when 

viewed at high magnification (Figure 5.1). The particles were 8-10 nm in diameter, 

consistent with the dimer’s theoretical molecular mass o f -170 kDa. A -30  A resolution 

reconstruction o f the PA:PB1 dimer was obtained by EM study (Figure 5.2). At -30  A 

resolution, the structure o f PA:PB1 appears to have four large channels leading into 

center o f the molecule that is largely empty. Interestingly, similar features such as large 

channels and an empty center have also been found in a low resolution 3D reconstruction 

o f the heterotrimeric PA:PB1:PB2 complex recently reported by Torreira et al (Torreira 

et al., 2007). However, because o f resolution limitations, we were unable to pinpoint the 

polymerase and the location o f the endonuclease active site. In addition, the molecular 

boundary o f the PA and the PB1 subunit are also unclear.

Compared to negative staining, ciyo-EM followed by rigorous reconstruction can 

produce structures o f much better resolution (Henderson, 2004). Recent advances in 

cryo-EM technique have significantly improved its resolution, close to the subnanometer 

range. However, due to the radiation damage caused by the electrons, only particles
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Figure 5.5. Screening o f PA:PB1 crystallization condition by TOPAZ under the 

following condition: 1.0M Ammonium Salfate, 10% v/v MPD, 0.1M HEPES pH 7.0. 

Shown in here are pictures taken right after set-up (TO), one day later (T l), two days 

later (T2), three days later (T3), and four days later (T4).
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above certain molecule weights are suitable for cryo-EM. Theoretically, a complex as 

small as 100 kDa can be analyzed under idealized conditions (Henderson, 1995); 

however, in reality, the particles studied by cryo-EM are generally above 250 kDa (Saibil, 

2000). At 168 kDa, the PA:PB1 dimeric complex is relatively small for cryo-EM studies. 

Therefore, crystallization appears to be the best way to obtain a high resolution structure 

o f PA:PB1.

A few conditions were found to be promising for crystallization o f PA:PB1 dimer. 

However, the results could not be reproduced, perhaps due to differences in protein 

preparations, solutions, crystallization, and/or the exact geometry o f the crystallization 

apparatus. It would be helpful if  the experiment could be repeated directly using the 

robot to confirm these conditions.
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Chapter 6

Summary, discussion and perspectives

The currently circulating avian H5N1 influenza virus appears to be on its way to 

becoming the latest pandemic virus strain (Webster et al., 2006). Vaccine production in a 

pandemic setting will be slow, especially in the initial phase (Stephenson et al., 2004). 

Available antiviral drugs are either not sufficiently effective or costly (Stiver, 2003). 

Therefore, there is an urgent need for the development of new antivirals. An ideal 

antiviral target is the viral RNA polymerase. Detailed structural information o f the 

influenza viral polymerase will greatly assist the design of novel antiviral drugs.

The influenza virus RNA polymerase is a trimeric complex composed o f PA, PB1, 

and PB2. Multiple functions o f the polymerase have been assigned to PB1, including the 

5' and 3' vRNA binding activity, RNA synthesis, and an endonuclease activity. As the 

central component o f the viral RNA polymerase, PB1 was the focus of my thesis study.

In my research, efforts were made to obtain large amount o f highly purified 

soluble PB1 for structural studies. PA and PB1 were found to form a stable heterodimer 

when coexpressed in the BVES. The expression and purification o f PA:PB1 was 

optimized, structural and functional studies were performed on highly purified PA:PB1 

dimers.

6.1. PB1 was insoluble when expressed alone in insect cells or E. coli cells

6.1.1. PB1 expressed in the BVES was largely insoluble

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



96

Although PB1 was expressed at a relatively high level in the BVES, the majority 

was insoluble. This was in agreement with previous reports (Kobayashi et al., 1992; 

Szewczyk et al., 1988). To address this problem, several lysis buffers were tested 

without significant success (Figure 2.4). Because many additives can assist the refolding 

o f insoluble proteins to their native forms, systematic fractional factorial refolding 

screens may be used to search for the optimal refolding condition for PB1 (Willis et al., 

2005).

6.1.2. PB1 truncation mutants expressed in E.coli cells or insect cells were still 

largely insoluble

Nine truncation mutants expressed in bacterial or Insectselect systems did not 

produce soluble proteins (Figure 2.6, 2.7 and 2.8). However, a more rigorous approach 

may be employed to generate and screen thousands o f mutants. Recently, it was reported 

that part o f PB2 was found to be soluble by this approach (Tarendeau et al., 2007). For 

making PB1 mutants, precaution has to be made to keep the core polymerase domain 

intact so the biological significance o f their structures will not be seriously compromised. 

In addition, the solubility o f PB1 may be increased by using a large affinity tag (Shih et 

al., 2002). Fusion to a large affinity tag, such as MBP or GST, has successfully improved 

the solubility o f several proteins.

6.2. PA:PB1 formed a stable dimeric subcomplex when coexpressed in the BVES

6.2.1. PA:PB1 coexpression in the BVES significantly increased the solubility of PB1

Coexpression of PA and PB1 in the BVES resulted in the formation of a very 

stable PA:PB1 dimer (Figure 3.2). In addition, coexpression o f PB1 and NP also
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increased the solubility o f PB1 (Figure 3.1) and is worthy of further investigation. 

However, coexpression o f PB1 and PB2 did not significantly enhance the solubility of 

PB1 in our BVES system. Combined with the observation that PA:PB1 might be 

imported to the nucleus independent o f PB2 (Fodor and Smith, 2004), the interaction 

between PA and PB1 might be essential for maintaining the right conformation o f PB 1. 

Additionally, NP also increased the solubility o f PB1, suggesting that those two proteins 

might also have extensive interactions. Furthermore, it has been recently reported that 

PB1 can also interact with a cellular protein Hsp90 (Naito et al., 2007). As a chaperon 

protein, Hsp90 coexpression may also increase the solubility o f PB1.

6.2.2. Coexpression of PArPBl in bacteria did not improve PB1 solubility

Because o f the low expression o f PA:PB1 in the BVES, a bacterial expression 

system was used for its high recombinant protein yield and low cost. Unfortunately, 

coexpression o f PA and PB1 in bacteria did not replicate the findings from the BVES: 

both PA and PB1 were largely insoluble when coexpressed in bacteria and could not form 

stable dimers (Figure 3.6). This strongly suggests that appropriate post-transcriptional 

modifications o f PA and PB1 are essential for their interactions and functions.

6.2.3. PA:PB1 expression and purification were optimized

To increase the final yield o f the purified PA:PB1 dimer, conditions for its 

expression and purification were optimized. For expression, effects o f insect cell lines, 

MOIs, and duration o f the infection on protein expression were determined (Figure 3.4). 

For purification, different combinations o f columns, pHs, and ionic buffers were tested. 

We were eventually able to obtain ~1 mg of high purity PA:PB1 from 6 x 109 insect cells 

(Figure 3.6, 3.7, and 3.8).
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After these optimizations, the final yield was still not great. It appeared that more 

proteins may only be obtained by using more insect cells. As a result, expression will be 

prohibitively expensive and purification will be time consuming. Therefore, it is worth 

trying to express the dimer in a yeast system. Because yeast are eukaryotes, we expect 

for PA:PB1 expressed in that system to be soluble. However, it is difficult to predict 

what type o f expression levels could be reached in such a system.

6.3. Functional studies of the PA:PB1 subcomplex

This is the first time that highly purified PA:PB1 subcomplex was used for 

detailed biochemical characterization. All previous studies on the function o f PA:PB1 

used only partially purified proteins (Deng et al., 2005; Honda et al., 2002). Partially 

purified PA:PB1 dimers may be contaminated with host proteins or various DNA or 

RNA species. Therefore, results from this study should accurately reflect the function of 

the PA:PB1 subcomplex in vitro.

6.3.1. The PA:PB1 dimer possessed RNA synthesis activity

The PA:PB1 subcomplex was able to produce new RNAs using the 50 mer 

truncated NS vRNA as a template (Figure 4.2). Unexpectedly, only a small fraction of 

those new RNAs appeared to be 50 nt in length. Slower migrating bands also appeared 

on the gel, indicating the presence o f newly synthesized RNAs longer than 50 nt. To 

explain the size discrepancy, it is possible that a poly(A) tail may have been synthesized 

because the PA:PB1 dimer was not able to read through the poly(U) signal. Some recent 

results from Dr. Krug’s laboratory showed that the higher molecule weight species were 

no longer observed when DNA-saturated NP was added to the trimeric polymerase.
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Therefore, N P’s non-specific RNA binding activity might have caused the appearance of 

those slower migrating bands through a mechanism that is not yet well understood.

In general, our data supports the idea that PA:PB1 is functional and capable of 

replication in the absence o f PB2. However, the specificities o f vRNA and cRNA, or the 

requirements o f the 5' and 3' conserved sequences, need to be further addressed by 

designing different templates. It may also be useful to add ApG primer to the RNA 

elongation assay. For the trimeric polymerase, elongation is more efficient when primer 

is added (Kobayashi et al., 1992). It would be interesting to examine whether the same 

occurs when PA:PB1 is used. If  PA:PB1 does not function more efficiently in the 

presence o f ApG, it would further suggest that PA:PB1 should be considered a replicase 

rather than a transcriptase. Similarly, cRNA templates and other non-specific RNA 

should also be used to determine whether there is a template preference for PA:PB1.

6.3.2. PA:PB1 could bind to 5 'and 3' vRNA

Based on the preliminary results, PA:PB1 was capable o f binding to both 5' and 3' 

vRNA, although the 3' vRNA binding was weaker (Figure 4.1). However, more 

experiments are needed to address the specificity o f its binding to vRNAs. Nonspecific 

RNA or 5' and 3' vRNA mutants might be used as controls in these experiments.

6.3.3. PA:PB1 did not have endonuclease activity

PA:PB1 exhibited no endonuclease activity (Figure 4.3), indicating that the cap- 

binding subunit PB2 is needed for the endonuclease activity o f the polymerase complex.

Current results clearly indicate that PA:PB1 is a functional subcomplex o f the 

influenza viral polymerase, although more refined experiments are needed to further 

define its biological functions. Because PB1 and PA are imported into the nucleus as a
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subcomplex, separately from PB2, there might be a time window during which PA:PB1 

could execute its function as a replicase in the nucleus. However, it should be noted that 

it is still unknown whether this subcomplex exists in vivo.

These functional assays further justified our subsequent structural studies of 

PA:PB1. Because the subcomplex was active in RNA synthesis and viral RNA binding, 

the protein folds involved in those activities are likely to resemble those in the 

heterotrimeric RNA polymerase. Therefore, structural studies of PA:PB1 will likely 

reveal many important features o f the influenza viral RNA polymerase.

6.4. Structural studies of the PA:PB1 subcomplex

6.4.1. PA:PB1 dimers were homogenous compact particles under EM

PA:PB1 dimer particles appeared uniform in size when viewed at high 

magnification (Figure 5.1). The particles were 8-10 nm in diameter, and were consistent 

with the theoretical molecular mass o f -170 kDa. A -3 0  A resolution reconstruction of 

the PA:PB1 dimer was obtained by EM (Figure 5.2). Because o f resolution limitations, 

we were unable to get detailed structural information o f the subcomplex.

Although cryo-EM offers much higher resolution, at the size o f 168 kDa, the 

PA:PB1 dimeric complex is too small for cryo-EM studies. However, because o f rapid 

advances in EM instrumentation and computational power (i.e., image processing), it is 

conceivable that in the near future the molecular weight limit o f cryo-EM in practice will 

approach its theoretical limit o f 100 kDa (Henderson, 1995).

The homogeneity o f the PA:PB1 preparations and the compact shape o f the 

particles indicate that the dimer is suitable for crystallization. The interaction between
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PA and PB1 may promote crystal growth by limiting the flexibility o f free PB1. 

Therefore, crystallization currently appears to be the best practical way to obtain a high 

resolution structure o f PA:PB1.

6.4.2. A few promising conditions for crystallization of PA:PB1 dimer were 

identified

When the TOPAZ robot was used to screen crystallization conditions for the 

PA:PB1 dimer, a few conditions were found to be promising (Figure 5.5). However, the 

results could not be reproduced by micro-batch or hanging drop method using either 

commercial kit or home-made solutions. This disparity could be caused by differences in 

protein preparations or solutions. It would be helpful if  the experiment could be repeated 

directly using the robot to confirm those conditions. Currently, screening for PA:PB1 

crystallization conditions is limited by a lack o f highly purified protein.

6.5. Significance

To my knowledge, this is the first time that highly purified stable PA:PB1 dimers 

have been obtained without in vitro reconstitution. Furthermore, the PA:PB1 dimers 

were found to be active, as they demonstrated RNA elongation activity and binding 

activity to both 5’ and 3’ vRNA. Although only a low-resolution EM reconstruction has 

been obtained at this time, this study is an important step towards elucidating a high- 

resolution structure o f the influenza A viral RNA polymerase. A detailed structure o f the 

polymerase will facilitate the design o f novel antiviral drugs.
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