Assays to measure the activity of influenza virus polymerase.
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Abstract: 
Influenza viruses use an RNA dependent RNA polymerase (RdRp) to transcribe and replicate their segmented negative strand RNA genomes. The influenza A virus RdRp consists of a heterotrimeric complex of the proteins PB1, PB2 and PA. The RdRp is associated with the incoming influenza A viral RNA (vRNA) genome bound by the viral nucleoprotein (NP), in complexes called viral ribonucleoproteins, vRNPs. During the viral replication cycle, the RdRp snatches capped primers from nascent host mRNAs to carry out primary viral transcription. Viral mRNA translation produces new copies of the RdRp subunits and NP, which are required to stablise and encapsidate complementary copies of the genome (cRNAs), forming cRNPs. These cRNPs then use the cRNAs to make new vRNAs, which are encapsidated into new vRNPs. Secondary transcription by new vRNPs results in further viral mRNAs and an increase of the viral protein load in the cell. The activities of the RdRp (mRNA, cRNA and vRNA synthesis) in the influenza virus replication cycle can be measured on several levels, ranging from assessment of the accumulation of RNA products in virus-infected cells, through in situ reconstitution of the RdRp from cloned cDNAs, to in vitro biochemical assays that allow the dissection of individual functions of the RdRp enzyme. Here we describe these assays and point out the advantages and drawbacks of each. 
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1. Introduction
Influenza A, B and C viruses use an RNA dependent RNA polymerase (RdRp) to transcribe and replicate their segmented negative strand RNA genomes [1,2]. The influenza A and B virus RdRp consists of a heterotrimeric complex of the proteins PB1, PB2 and PA, for influenza C virus these proteins are named P1, P2 and P3. Most laboratory studies are performed with influenza A viruses and consequently there is more known about the RdRp for this influenza type, although it is likely that many properties, including the structure [3-5], are shared by the three influenza type polymerases, and similar methodologies could be applied in all three cases. 
The RdRp is associated with the incoming influenza A viral RNA genome bound by the viral nucleoprotein (NP), in complexes called ribonucleoproteins, or RNPs [6,7] (Fig. 1). Early during the viral replication cycle, the vRNPs are delivered to the cell nucleus [8,9] where the RdRp snatches capped primers from nascent host mRNAs to carry out primary viral transcription (Fig. 1). Viral mRNA translation produces new copies of polymerase subunits and NP, which are imported into the nucleus [8] where they stablise and encapsidate complementary copies of the genome, forming cRNPs [10] (Fig. 1). The cRNPs next copy the cRNA back to viral RNA, creating new negative sense RNA genome segments that can be encapsidated to  form new vRNPs. Secondary transcription by new vRNPs results in further viral mRNAs and an increase of the viral protein load in the cell.

The activity of influenza RdRp can be measured on several levels. The amplification of each of the viral RNAs during infection can be measured using primer extension or quantitative real-time (qRT-PCR) with primers specific for the segment and sense of the (viral) RNA under investigation [11,12]. Alternatively, active vRNPs and/or cRNPs can be reconstituted inside a cell nucleus from cDNA clones [13-15]. By using artificial viral-like RNAs that encode reporter genes, e.g. luciferase or GFP [16], often termed minigenomes or replicons, the activity of the polymerase in these in situ assays can be easily read out with a relatively high throughput. Finally, in a more detailed biochemical approach, in vitro assays are available that measure the individual steps carried out by purified RdRp preparations on different templates and using capped or uncapped RNA primers [17-20]. Here we describe how to measure influenza RNA levels (Section 2), how to undertake the in situ reconstituted polymerase assays and how to purify the influenza virus RdRp from cells and perform assays to study the enzyme in vitro. 

The different methods and approaches have their advantages and disadvantages. Measuring vRNA levels during infection is the most authentic environment in which to assess RdRp activity. However, this requires working with infectious virus in containment facilities, and the interpretation of results can be complicated by the fact that the amount of RdRp and NP available to drive replication will be influenced by the activity of the polymerase itself, resulting in a feedback loop. For example, a mutant virus whose polymerase has low transcription activity is likely to show reduced amounts of all viral replication (cRNA and vRNA) and transcription (mRNA) products because less RdRp and NP will be available to stabilize cRNA, making it difficult to pinpoint exactly where the deficit lies. In contrast, the amount of polymerase driving RNA amplification in the in situ and in vitro assays is controlled by the user, which makes the readout of this assay independent of polymerase activity. On the other hand, reconstituting the polymerase in situ is usually performed by expressing only the three RdRp subunits and NP, whereas in the infected cells there are other virally encoded proteins present, such as NS1 and NEP, which are known to influence viral RNA levels [11,21]. Assays of RdRp activity in situ also have the disadvantage that they provide little mechanistic information on the RdRp activity. In vitro assays can give more detailed information about the enzyme, but they do not incorporate the effect of host cell factors or the kinetic and spatial relationships between substrates, cofactors and products that profoundly influence the outcome inside the cell.
The methods for quantifying the viral RNA products can also be differentiated by ease of use. The primer extension assay is time consuming (Section 2.3), radioactive and it requires skill to generate reproducible results. The qRT-PCR (Section 2.4) can be prone to contamination issues. Moreover, both the primer extension assay and the qRT-PCR assay require handling of RNA, which necessitates care and RNAse free environments. The reporter gene assays have none of the above drawbacks, and are rapid and scalable from single well to semi-high throughput levels (Section 3). Moreover, since the signal is generated by GFP or luciferase, it effectively represents an amplified influenza polymerase activity signal as a viral mRNA can be translated multiple times, which provides are larger window of measurement to differentiate between mutants. However, the disadvantage of the assay is that reporter gene expression level is dependent on both the replicative and transcriptional activity of the influenza virus RdRp. Consequently, it is not possible to distinguish the precise mechanisms of mutants, host factors or compounds that differentially affect replication or transcription.  The in vitro methods (Section 4) come with their own set of difficulties as they require a source of purified influenza RdRp, utilize very short RNA templates, use radioactivity as a read out, and demand sufficient skill to generate reproducible results. Laboratories with limited experience with biochemical techniques might find these assays challenging.

2. Polymerase activity during virus infection.
The most direct way to assess influenza virus polymerase activity is to infect cells with influenza virus, and measure the accumulation of products that result from polymerase activity at various times after infection, for example by extracting RNA from infected cell lysates and quantifying the amounts of vRNA, cRNA, or mRNA accumulated (Fig. 2). 

2.1 Virus infection
Perform this as described in earlier chapters using appropriate cells, virus strain of choice and appropriate multiplicity of infection (MOI).

2.2 RNA extraction
A common practice of RNA extraction is by Trizol as described here. However, there are many commercial kits available that can be successfully used to extract RNA from cell lysates.

2.2.1 Materials for RNA extraction
1. Trizol or equivalent.
2. Chloroform.
3. Isopropanol.
4. Ethanol wash solution: 75% ethanol v/v in water.

2.2.2 Method for RNA extraction (Trizol extraction method)
1. Aspirate medium from virus infected cells.
2. Resuspend cells in 1 ml PBS and transfer to 1.5 ml tube (see Note 1).
3. Centrifuge cells at 2700 rpm for 5 min.
4. Remove PBS (see Note 2).
5. Centrifuge cells for 3 seconds to spin down liquid on side of tube.
6. Remove remaining PBS (see Note 3).
7. Add 10 μl PBS and resuspend the cells by flicking.
8. Add 0.25 ml Trizol to the cells and vortex until dissolved.
9. Add 50 μl chloroform to the Trizol suspension and vortex briefly.
10. Centrifuge Trizol/chloroform mixture at 10,000 g for 15 min at 4 °C.
11. Prepare a new 1.5 ml tube and add 0.5 μl glycogen (see Note 4)..
12. Transfer 130 μl of the clear water phase of the Trizol/chloroform mixture to the glycogen tube.
13. Add 130 μl isopropanol and mix well.
14. Centrifuge Trizol/chloroform mixture at 17,000 g for 15 min at 4 °C.
15. Remove supernatant (see Note 5).
16. Add 130 μl 75% ethanol and mix well. 
17. Centrifuge Trizol/chloroform mixture at 17,000 g for 5 min at room temperature (RT).
18. Remove supernatant.
19. Centrifuge cells for 3 sec to spin down remaining liquid on the side of the tube.
20. Carefully remove supernatant.
21. Resuspend RNA in 20 μl RNAse free water. 
22. If RNA is to be used for RT-PCR or qRT-PCR analyses, it needs to be treated with DNAse first.

2.3 Primer extension analysis
This methods utilizes reverse transcriptase in conjunction with specific radioactively labelled primers to generate cDNAs from influenza virus vRNAs, cRNAs, and mRNAs. The difference in sequence and length of the three cDNA products can then be used to separate them on a gel and quantify their relative steady-state levels (Fig. 2).

Prepare all solutions using filtered, deionised water (18 MΩ-cm at 25 °C) and analytical grade reagents. Store running buffers at room temperature and components of the polymerase reaction at -20 °C. Use gloves to keep the buffers and reactions RNAse free. Follow the appropriate guidelines of the Radiation Safety Officer when preparing the reaction mix and use appropriate Perspex shielding. Dispose of waste materials according to the waste disposal guidelines for radioactive and non-radioactive waste.

2.3.1 Materials for primer extension
1. Cleaning ethanol: 70% ethanol v/v in water.
2. Glycogen.
3. [γ -32P]ATP (3000 Ci/mmole).
4. Polynucleotide kinase (PNK).
5. Qiaquick Nucleotide removal kit.
6. dNTP mix: 10 mM in water.
7. Superscript III.
8. Primer for vRNA signal: 10 mM in water of e.g. 5’-TGGACTAGTGGGAGCATCAT-3’ for WSN segment 6.
9. Primer for mRNA and cRNA signal: 10 mM in water of e.g. 5’-TCCAGTATGGTTTTGATTTCC-3’ for WSN segment 6.
10. Primer for 5S rRNA loading control: 10 mM in water of 5’-TCCCAGGCGGTCTCCCATCC-3’.
11. Decade RNA marker: label RNA marker using [γ -32P]ATP (3000 Ci/mmole) and PNK.
12. Ethylenediaminetetraacetic acid (EDTA) solution: weigh 93 g of EDTA and dissolve in 400 ml water. Add approximately 25 ml 10 M NaOH to adjust pH to 8.0. Add water to make up 0.5 l. The solution should become clear with stirring.
13. Loading buffer: 9 ml formamide, 0.2 ml 0.5 M EDTA and 0.8 ml water. Add 0.01 mg bromophenol blue and 0.01 mg xylene cyanol.
14. TBE buffer: weigh 108 g Tris, 55 Boric Acid and 40 ml 0.5 M EDTA. Add water to make up 1 l.
15. Ammonium persulfate solution: weigh 1 g ammonium persulfate and dissolve in 10 ml water. Store at 4 °C.
16. N,N,N,N-Tetramethyl-ethylenediamine (TEMED)
17. Six percent denaturing PAGE gel mix: weigh 21 g urea in 50 ml tube and mix with 7.5 ml of 19:1 acrylamide:bis-acrylamide solution and 5 ml 10x TBE. Add water to 50 ml. Mix until the urea dissolves and the solution becomes clear.
18. Running buffer: mix 100 ml 10x TBE buffer with 900 ml water.
19. Glassplates and vertical electrophoresis tank.
20. Whatmann paper.
21. Geldryer.
22. Exposure cassette 35x43 cm.
23. Phosphorimager plates.

2.3.2 Methods for primer extension

2.3.2.1 Primer labelling
1. Prepare the following reaction mix for each primer: 6 μl water, 1 μl PNK buffer, 1 μl PNK enzyme and 1 μl primer.
2. Add 1 μl [γ -32P]ATP to the each reaction mix.
3. Incubate at 37 °C for 1 hour.
4. Remove unincorporated nucleotides using nucleotide removal kit.
5. Elute the radiolabelled primer in 30 μl water (see Note 6).

2.3.2.2 Reverse transcription
1. Prepare the primer mix by combining: 0.25 μl vRNA primer, μl c/mRNA primer, 0.025 μl radiolabelled 5S rRNA primer, 0.475 μl 10 mM unlabelled 5S rRNA primer.
2. In a 0.5 μl tube mix: 1 μl primer mix, 1 μl RNA and 3 μl water.
3. Denature RNA by incubating it at 95 °C for 2 min.
4. Place RNA/primer mix immediately on ice after denaturing.
5. Prepare the enzyme mix by combining: 2 μl superscript III buffer, 1 μl 100 mM DTT, 0.5 μl 10mM dNTPs, 1.25 μl RNase free water, and 0.25 μl superscript III enzyme (see Note 7).
6. Centrifuge the RNA/primer mix briefly to spin down radioactive condensation.
7. Heat up RNA/primer mix and enzyme mix at 50 °C.
8. Add 5 μl enzyme mix to RNA/primer mix and mix well.
9. Incubate primer extension reaction at 50 °C for 1 hour.
10. Add 10 μl loading buffer to the primer extension reaction and store it at -20 °C.

2.3.2.3 Denaturing PAGE
1. Prepare 6% denaturing PAGE gel mix.
2. Clean two glass plates with 70% ethanol.
3. Assemble glass plates and spacers horizontally.
4. Add 0.2 ml 10% APS to gel mix (see Note 8).
5. Add 50 ul TEMED to gel mix.
6. Pour the gel mix carefully, but quickly between the glass plates. 
7. Insert well comb between the glass plates (see Note 9).
8. Denature primer extension reaction/loading buffer mix at 95 °C for 3 min.
9. Place primer extension reaction/loading buffer mix on ice.
10. Centrifuge the primer extension reaction/loading buffer mix briefly to spin down radioactive condensation.
11. Assemble the gel tank and glass plate setup. 
12. Add running buffer to the gel tank and remove the well comb when the wells are submerged.
13. Rinse the wells carefully with a syringe filled with running buffer.
14. Load 10 μl of the primer extension reaction/loading buffer mix (see Note 10).
15. Load 0.5-1 μl of Decade RNA marker.
16. Run the gel at 1300 V and 35 W for 1 h.
17. Remove one of the glass plates from the gel-glass sandwich and place the gel onto two sheets of Whatmann paper.
18. Dry the gel for >30 min on a geldryer and expose it to a film or phosphorimager screen.

2.4 RNA analysis by qRT-PCR 
Like the primer extension protocol (see Section 2.3), this method also relies on using reverse transcriptase with a primer specific for each species of virally encoded RNA (vRNA, cRNA and mRNA) to make three different cDNAs. These are then further amplified using specific primers for the PCR and quantified using a qRT-PCR machine. To prevent amplification of non-specific products, the specific primer sequences can have an additional unique 5’ sequence, which is then used for the further amplification and quantification step, e.g. as described by [12]. The method using tagged primers is described here (Fig. 3). Results are calculated by the ΔCT method [22].

2.4.1 Materials for RNA analysis by qRT-PCR
1. Superscript III RT enzyme (200 U/μl) and 5x first strand buffer (250 mM Tris-HCl (pH 8.3 at room temperature), 375 mM KCl, 15 mM MgCl2) (ThermoFisher).
2. dNTP mix 10 mM.
3. Primer (100 μM) for first strand synthesis of vRNA, cRNA and mRNA and oligo dt of housekeeping gene (100 mM in water). Kawakami et al. describe primer sequences for segments 5 and 6 [12].
4. Primer pair (100 μM each) for amplification step of vRNA, cRNA or mRNA comprised of primer tag sequence and segment specific sequence [12].
5. Fast SYBR Green PCR Master Mix (Life Technologies).
6. RNase H.
7. dH2O.
8. 0.1 M DTT.
9. 0.2 ml PCR tubes.
10. MicroAmp Optical 96-Well Reaction Plate with Barcode (Life Technologies).
11. MicroAmp Optical Adhesive Film Kit (Life Technologies).
12. Real-time PCR machine.

2.4.2 Method for RNA analysis by qRT-PCR
2.4.2.1 First strand synthesis to generate cDNA
1. To avoid contamination by DNA or RNAse, clean the work area and equipment by chemical decontamination using a bleach solution or commercial DNAse and RNAse solution or by UV light irradiation. If possible, prepare mixtures in a laminar flow cabinet.
2. For each RNA target add 0.5 μl first strand primer (oligo-dT for housekeeping gene or tagged primer for either influenza vRNA, cRNA or mRNA) to a PCR tube.
3. Add equal concentrations of total RNA between samples 10 pg–5 µg (Optional RNAseOUT may be added when amplifying low level RNA target (see Note 11).
4. Add 1 μl dNTP mix and sterile distilled water up to 12 μl.
5. Heat to 65 °C for 5 min and incubate on ice for at least 1 min.
6. Briefly centrifuge to collect contents.
7. Add 4 μl 5x first strand buffer; 1 μl 0.1 M DTT and 1 μl Superscript III enzyme.
8. Mix by pipetting gently.
9. Incubate at 50 °C for 50 minutes followed by 70 °C for 15 minutes to inactivate the RT.
10. Remove RNA complementary to the cDNA by adding 1 μl RNase H and incubate at 37 °C for 20 min.
11. The cDNA can now be used as a template for amplification in PCR or qRT-PCR.

2.4.2.2 Amplification and quantification of cDNA
1. Dilute cDNA (based on original total RNA concentration) up to 20 ng/μl.
2. Dilute primer pair 1:100 from 100 mM stock (either housekeeping specific primer pair or tag sequence and segment specific pair).
3. To a MicroAmp® Optical 96-Well Reaction Plate well add 4 μl forward primer, 4 μl reverse primer, 10 μl SYBR green master mix, and 1 μl dH2O (see Note 12).
4. Add 1μl cDNA (up to 20 ng/μl).
5. Once all wells have been prepared cover the plate with MicroAmp® Optical Adhesive Film
6. Spin the plate briefly and keep on ice.
7. Run the plate on Fast SYBR green delta CT program on a qRT-PCR machine  [22].
8. Generate CT values for each sample using the qRT-PCR machine software
9. Relative RNA expression values can be generated by ΔCT calculation: (2^(-ΔCT), where ΔCT=sample CT - housekeeping CT.
10. Fold expression differences between samples can be calculated by ΔΔCT calculation: (2^(-ΔΔCT)), where ΔΔCT= (sample A CT - housekeeping CT) - (sample B CT - housekeeping CT).

2.5 Polymerase activity in infected cells by reporter gene expression.
As an alternative to measuring the levels of viral RNAs that accumulate during infection, a simple readout of polymerase activity can be made from cells into which a viral like RNA or minigenome has been introduced. The viral-like RNA is produced from a plasmid that contains a polymerase I promoter and terminator flanking the noncoding RNA sequences derived from a particular influenza virus RNA segment [14]. A reporter gene such as luciferase or a fluorescent protein [16], replaces the open reading frame (ORF) that, in the viral segment, encodes a viral protein (Fig. 4A). The design of the viral-like RNA is important, since it has been noted that the most efficient expression, when driven by virus infection, is from viral-like RNAs in which the 3’-noncoding promoter region is mutated at positions 3, 5, and 8 (3-5-8 minigenome; Fig. 4B).
After transfection of the plasmid encoding this viral-like RNA, a subsequent infection can deliver in trans the viral polymerase that will then drive amplification and expression of the minigenome (Fig. 4C). The expression of the reporter gene is measured by a reporter gene assay suitable for the gene used. This approach is simple and easy to scale up to high throughput assays, suitable for example for small molecule screens. Expression of the readily measured reporter gene product, such as luciferase, gives an estimate of the activity of the polymerase (Fig. 4D). The obtained values need to be normalised for transfection efficiency. An additional plasmid encoding the Renilla luciferase can be used for this purpose (Fig. 4C and Fig. 4E-F). 
The assay can be performed in cells of any species with the caveat that the polymerase I promoters are mostly species-specific so the plasmid encoding the viral like RNA must be modified appropriately. The method described below is optimised for human 293T cells.

2.5.1 Materials for virus driven minigenome assay
1. 24-well plate.
2. Poly-L lysine.
3. Sterile dH2O.
4. Sterile PBS.
5. DMEM without FCS.
6. DMEM with 2% FCS and 1% penicillin/streptomycin (P/S).
7. 7ml bijou (Grenier Bio-one).
8. optiMEM (Gibco Lifetechnologies) 
9. 3-5-8 minigenome firefly PolI plasmid.
10. Renilla luciferase PolII expression plasmid.
11. Lipofectamine 2000 transfection reagent.
12. Passive lysis buffer (Promega).
13. Dual-Luciferase® Reporter Assay System (firefly/Renilla) (Promega)
14. White plate, 96-well flat white bottom (Costar)
15. Luminometer.

2.5.2 Methods for virus driven minigenome assay
2.5.2.1 Preparation of adherent cell monolayer
1. Dilute poly-L lysine 1 in 20 in sterile dH2O and add 300 μl to each well of a 24-well tissue culture plate (see Note 13).
2. Incubate for 5 min at RT.
3. Remove poly-L lysine solution and rinse with sterile water, leave to dry.
4. Seed 293T cells at appropriate dilution to be 80-90% confluent the following day.

2.5.2.2 Transfection of cell monolayer
1. In a 7 ml bijou mix OptiMEM (total volume of 50 μl per well including OptiMEM, lipofectamine and DNA) and 2.5 μl of Lipofectamine 2000 reagent (see Note 14).
2. After 5 minutes incubation at RT add DNA (0.2 μg 3-5-8 minigenome plasmid and 0.2 μg Renilla expression plasmid per well).
3. Incubate 30 minutes at RT.
4. Add dropwise to the well of 80-90% confluent cells growing in normal cell media).
5. Incubate 20-24 h 37°C.

2.5.2.3 Influenza infection of transfected cells
1. Dilute the virus to an appropriate MOI in serum free DMEM, assuming a total volume 200 μl per 24-well.
2. Remove culture medium from cells.
3. Gently wash the cells with 0.5 ml sterile PBS and remove PBS.
4. Gently add the virus inoculum to cells and incubate 37 °C for 1 hour. Gently rock the plate by hand every 15 min to ensure virus inoculum covers the cell monolayer.
5. Remove the inoculum and replace with 0.5 ml 2% FCS 1% P/S DMEM.
6. Incubate for a defined time at 37 °C (6-48 h) (see Note 14).

2.5.2.4 Quantification of polymerase activity
1. Remove cell media and gently wash cells once in PBS.
2. Remove PBS and add 100 μl of 1x Passive lysis buffer (Promega).
3. Rock/shake for 15 min at RT.
4. Take 20 μl and pipette into a well of a white bottomed plate.
5. Using an automated plate luminometer, inject 100 μl of luciferase reagent into each sample and read for 5-10 sec to measure firefly luciferase activity. Next inject 100 μl of Stop&Glo® reagent into each sample and read for at least 5-10 seconds to measure Renilla luciferase activity. Alternatively a manual or tube-based luminometer can be used (see Note 15).
6. The ratio of firefly to Renilla signal is indicative of the amount of polymerase activity.

2.6 Notes
1. As an alternative to the Trizol-based RNA extraction procedure proposed here RNA purification columns, such as in commercially available kits, can be used. Care should be taken, however, as they may differentially purify short and long viral RNAs.
2. A sample for protein analysis can be taken at this point. Ten μl is usually sufficient for Western analysis.
3. It is essential that all PBS is removed completely. Any remaining liquid will affect the RNA isolation procedure and result in uneven RNA loading.
4. Glycogen is a co-precipitant and it helps isolating small RNAs, such as defective interfering (DI) RNAs or small viral RNAs.
5. The glycogen-RNA precipitate should be visible as a small white pellet.
6. Elute the 5S rRNA primer in 50 μl water.
7. A master mix can be made if multiple primer extensions need to be performed. Keep the master mix on ice until use.
8. If gel mix is chilled on ice before APS and TEMED are added the polymerisation reaction will be slower and the gel will set much slower. This will provide some more time to pour the gel. 
9. Save the remainder of the PAGE gel mix as a visual aid to help you check when the gel has set. When condensation forms in the tube, immediately proceed with the assembly of the running setup. Then submerge the top part of the gel in running buffer, pull out the comb and rinse the wells. The gel can be left like this for several hours without a risk of the wells drying out. 
10. The remainder of the reaction can be stored at -20 °C or discarded.
11. RNAseOUT is a ribobnuclease inhibitor that will prevent ribonucleases from degrading RNA. This step should be included if the target RNA is in very low abundance.
12. A master mix can be made to save time and prevent variation between samples. When calculating the volumes based on the total number of reactions required, include an extra reaction to avoid running out of master mix due to pipetting errors.
13. 293T cells adhere to monolayers weakly. Poly-lysine treatment of the well helps increase adherence and prevents cell loss. Other cell lines may be more adherent and the poly-lysine treatment may not be necessary for these cell lines.
14. The period of incubation must be determined based on virus strain and application of the assay. An initial time-course may be informative for future applications. When performing a time course ensure that samples are prepared on separate cell culture plates to minimise temperature variations and other disturbances.
15. There are many different luminometers available, such as single-sample or multi-sample plate luminometers. In all experiments samples must be kept cool and away from light to avoid deterioration between readings. The time from injection to reading must be kept the consistant between samples.

3. In situ polymerase assays.
Influenza virus replication takes place in the nucleus of infected cells. In situ polymerase assays recapitulate the environment in which virus replication occurs, for example in the presence of all host cells factors and in a situation where localization may play a role in determining activity, whilst allowing more high throughput and more controllable measurement of the polymerase functions.   Active RdRPs can be reconstituted in situ in the cell nucleus by transfection of four plasmids that direct the expression of the three RdRp subunits and NP [15] (Fig. 4G and 5A). Together these will then replicate and encapsidate a viral-like RNA produced from a fifth plasmid transfected along with the other four. The RdRp can be derived from different viral origins, and can be mutated in order to analyse the molecular basis of activity.
The fifth plasmid contains a polymerase I promoter to drive transcription of a viral-like RNA. Initiation from this promoter produces a viral like RNA with an authentic 5’ end, while a correct 3’ terminus is generated by using either a hepatitis delta ribozyme or a polymerase I terminator sequence [14] (Fig. 4A).  The sequences adjacent to the termini of the viral-like RNA are derived from the noncoding RNA sequences of a particular influenza virus vRNA segment including the viral promoter sequences and other noncoding nucleotides. Expression of the readily measured reporter gene product, such as luciferase (Fig. 4D), gives an estimate of the activity of the polymerase on those particular terminal vRNA sequences. The assay can be performed in cells of any species, provided that the appropriate polymerase I promoter is used on the plasmid as polymerase I promoters are mostly species-specific. 
In addition to reading out the expression of the reporter gene as a general measure of polymerase activity, the individual viral RNA species produced by the reconstituted polymerase can be measured either using a primer extension assay (Section 2.3, Fig. 5) or using a qRT-PCR assay (Section 2.4) to measure the abundance of each viral RNA species.  Measuring the steady-state levels of the three viral RNA species in the setting of a reconstituted polymerase assay has an advantage over experiments with infected cells, because the products of the assay do not impact on the assay itself.  
Cells can be transfected with the plasmids set required for this assay in suspension or as adherent monolayers. At the end of the incubation period cells can be lysed and analysed for reporter gene expression or for RNA as described in Section 2.

3.1 In situ polymerase assay in cells in suspension
3.1.1 Materials for transfection of cells in suspension
1.	293T cells.
2.	6-well tissue culture plates.
3.	Plasmids for the expression, e.g. pcDNA3-PB1, pcDNA3-PB2, pcDNA3-PA, pcDNA3-NP [15].
4.	pPolI plasmid for the expression of a vRNA segment, e.g. WSN segment 6 (pPolI-NA).
5.	Phosphate buffered saline (PBS).
6.	Trypsin.
7.	15 ml tube.
8.	50 ml tube.
9.	Lipofectamine 2000.
10.	Optimem.
11.	DMEM supplemented with 10% fetal calf serum (FCS).

3.1.2  Method for in situ polymerase assay in cells in suspension.
1.	Trypsinise cells by adding 1 ml trypsin and incubating at 37 °C until the cells go into suspension.
2.	Inactivate trypsin with 4 ml DMEM/10% FCS.
3.	Transfer cells to 15 ml tube and centrifuge for 5 min at 1000 rpm.
4.	Resuspend cells in 5.250 ml DMEM/10% FCS.
5.	For each transfection mix 5 μl lipofectamine with 345 μl Optimem (see Note 1).
6.	Incubate the lipofectamine/Optimem mix 5 min at RT.
7.	Put 0.25 μg of each of the 5 plasmids in a 1.5 ml tube and add up to 20 μl dH2O.
8.	Add 60 μl Optimem to plasmid mix.
9.	Transfer plasmid/Optimem mix to lipofectamine/Optimem mix and mix well.
10.	Centrifuge plasmid/lipofectamine/Optimem mix for 3 sec and incubate room temperature for 20 min (see Note 2).
11.	Place 0.250 ml 293T cell suspension in a 6-well dish just before the transfection.
12.	Add plasmid/lipofectamine/Optimem mix to cells and mix well.
13.	Add 2 ml DMEM/10% FCS to the 6-well and incubate at 37 °C for 24 h (see Note 3).
14.	After the appropriate incubation time lyse the cells in Trizol and proceed for RNA analysis by primer extension as in section 2.3 or lyse the cells in luciferase lysis buffer and read luciferase products in luminometer as in section 2.5.2.4. 

3.2 In situ polymerase assay in adherent cells in a monolayer 
3.2.1 Materials for in situ polymerase assay in adherent cells.
1. 24-well plate.
2. 6-well dish.
3. Poly-L lysine.
4. Sterile dH2O.
5. Sterile PBS.
6. 7ml bijou (Grenier Bio-one).
7. OptiMEM (Gibco Lifetechnologies).
8. Polymerase PolII expression plasmids for example pcDNA3 or pCAGGS expressing PB1, PB2, PA and NP (see Note 4).
9. Reporter plasmid encoding viral like RNA, for example pPolI-Firefly.
10. Renilla luciferase polII expression plasmid, for example pCAGGs-Renilla.
11. Lipofectamine 2000 transfection reagent.
12. Passive lysis buffer (Promega).
13. Dual-Luciferase® Reporter Assay System (firefly/Renilla) (Promega).
14. White plate, 96well flat white bottom (Costar).
15. Luminometer

3.2.2 Method for in situ polymerase assay in adherent cells in a monolayer
1. Seed 293T cells into 24-well plates to be 80-90% confluent the next day.
2. The following day, in a 7ml bijou mix optiMEM (total volume of 50μl per well including OptiMEM, lipofectamine and DNA) and 2.5μl of Lipofectamine 2000 reagent. Each polymerase set should be tested in triplicate and transfections made using a master mix. 
3. After 5 min incubation at RT add DNA (0.08 μg pCAGGS expression plasmids of PB1 and PB2, 0.04 μg PA PolII expression plasmid (see Note 4), 0.16 μg NP PolII expression plasmid, 0.08 μg polII-Renilla expression plasmid and 0.08 μg pPolI-firefly plasmid per well).
4. Incubate 30 min at RT.
5. Add dropwise to the well of cells (cells in normal cell media).
6. Incubate at 37° for 6-48 hours (see Note 3).
7. After the appropriate incubation time, lyse the cells in Trizol and proceed with the RNA analysis by primer extension as in section 2.3 or lyse the cells in luciferase lysis buffer and read luciferase products in the luminometer as in section 2.5.2.4. 


3.3 Notes

1. When multiple transfections need to be performed, a lipofectamine/Optimem master mix can made.
2. The mix is stable for several hours at RT.
3. Incubation times can be shortened or extended if desired. 20-24 h is an appropriate incubation time for most purposes, but this can be varied depending on the questions asked, incubations between 8 and 72 h are possible.
4. Expression of alternative segment 3 ORFs can result in a suppression of host gene expression and suppression of plasmid encoded genes driven from polymerase II promoters [23]. The strength of this effect varies between virus strains. It is advisable to titrate the PA plasmid to find a plasmid concentration that supports polymerase activity, but does not inhibit expression of the other polymerase components. In addition, the frame-shift in segment 3 that results in expression of the PA-X reading frame and is responsible for can be abrogated by mutation of the PA plasmid.

4.  In vitro assays with purified polymerase
The individual steps of influenza A virus RNA synthesis can be studied using in vitro assays with purified influenza A virus RdRp preparations (see section 4.1). To date, several in vitro assays have been developed to investigate the steps of viral transcription and replication [24]. In influenza virus infected cells, the RdRp starts viral transcription by snatching 8-14 nt-long capped primers from nascent host mRNAs [25,26]. These primers are then guided into the active site of the RdRp for hybridisation with the 3’ terminus of the vRNA template [27]. The above two steps, cap snatching and transcription initiation, can be studied using RNA primers containing radiolabelled cap-1 structures  [17]. Section 4.2 describes how these primers can be made, purified and used in an influenza virus RdRp transcription assay. As alternative for the radioactive primers, rabbit β-globin mRNA can be used as primer source for influenza transcription in vitro [28,29]. The use of this primer can be measured through [α-32P]GTP incorporation (see section 4.3) or primer extension (see section 2.3 above and [30]).

4.1 Polymerase purification from 293T cells
Prepare all solutions using filtered, deionised water (18 MΩ-cm at 25 °C) and analytical grade reagents. Use RNase free tubes at all times. Make buffers fresh and keep at 4 °C at all times. Use gloves to keep the buffers and reactions RNAse free. Dispose of waste materials according to the waste disposal guidelines.

4.1.1 Materials
1. 293T cells.
2. 10 cm tissue culture dishes.
3. Lipofectamine 2000.
4. Optimem.
5. DMEM supplemented with 10% fetal calf serum (FCS).
6. Plasmids pcDNA3-PB1, pcDNA3-PB2-TAP and pcDNA3-PA  [15,31].
7. Phosphate buffered saline.
8. Hepes buffer: 1 M solution in water, pH 8.0.
9. Glycerol solution: 50% glycerol in water.
10. Igepal (NP-40) solution: 5% Igepal in water.
11. Sodium chloride (NaCl): 5 M solution in water.
12. Ice cold deionised water.
13. Dithiotreitol (DTT): 1 M solution in water.
14. EDTA free protease inhibitor cocktail mini: 1 tablet in 0.5 ml water.
15. Phenylmethylsulfonyl fluoride (PMSF).
16. β-mercaptoethanol.
17. Tobacco Etch Virus (TeV) protease: 10 units/μl.
18. IgG sepharose.

4.1.2 Methods
4.1.2.1 Cell preparation: 
1. Split 1 T75 flask 1:2 one day prior to the transfection and grow to 80-90% confluency at 37 °C.
2. Wash cells with 5 ml PBS.
3. Trypsinise cells by adding 1 ml trypsin and incubating at 37 °C until the cells go into suspension.
4. Inactivate trypsin with 4 ml DMEM/10% FCS.
5. Transfer cells to 15 ml tube and centrifuge for 5 min at 1000 rpm.
6. Resuspend cells in 3 ml DMEM/10% FCS.
4.1.2.2 Transfection:
1. For each transfection mix 34 μl lipofectamine with 2466 μl Optimem.
2. Incubate the lipofectamine/Optimem mix 5 min at RT.
3. Put 4 μg of each of the 3 plasmids in a 1.5 ml tube.
4. Add up to 500 μl Optimem to plasmid mix.
5. Transfer plasmid/Optimem mix to lipofectamine/Optimem mix and mix well .
6. Centrifuge plasmid/lipofectamine/Optimem mix for 3 sec and incubate at RT for 20 min (see Note 1).
7. Place 1 ml 293T cell suspension in a 10 cm dish just before the transfection.
8. Add plasmid/lipofectamine/Optimem mix to cells and mix well.
9. Add 10 ml DMEM/10% FCS to the 6 well and incubate at 37 °C for 40-48 h.
4.1.2.3 Cell lysis:
1. Prepare 5 ml fresh lysis buffer by mixing: 200 μl 5M NaCl, 250 μl Hepes 1M pH 8.0, 50 μl PMSF, 500 μl protease inhibitor cocktail, 500 μl 5% NP40, 2.5 ml 50% glycerol, 0.35 μl β-mercaptoethanol and 1 ml water. Store the lysis buffer on ice.
2. Prepare 15 ml tube with 1360 ml ice-cold deionised water and 40 μl 5M NaCl. Place tube on ice (see Note 2).
3. Prepare 50 ml wash buffer by mixing: 0.5 ml PMSF, 0.5 ml 1 M Hepes pH 8.0, 1.5 ml 5M NaCl, and 10 ml 50% glycerol. Add ice-cold water to 50 ml. Store the wash buffer on ice.
4. Resuspend the transfected cells in 5 ml PBS by scraping them from the dish.
5. Transfer cells to 15 ml tube and centrifuge for 5 min at 1000 rpm.
6. Discard the supernatant.
7. Resuspend the cells in 0.5 ml ice cold lysis buffer and transfer to 1.5 ml tube.
8. Place the cell/lysis mix on ice for 10 min and mix every 2 min. Return to ice after every mix (see Note 3).
9. Centrifuge for 5 min at 17,000 g at 4 °C.
10. Transfer supernatant to 15 ml tube with water/NaCl and place on ice.
11. Add 50 μl IgG sepharose to 1 ml water in 1.5 ml tube (see Note 4).
12. Centrifuge IgG sepharose 1 min at 1000 g at RT.
13. Remove supernatant and resuspend IgG sepharose in 1 ml wash buffer.
14. Centrifuge IgG sepharose 1 min at 1000 g at RT.
15. Remove supernatant and resuspend IgG sepharose in 1 ml wash buffer.
16. Centrifuge IgG sepharose 1 min at 1000 g at RT.
17. Remove supernatant from IgG sepharose.
18. Take supernatant from cell lysis and mix with IgG sepharose.
19. Transfer IgG sepharose/cell lysis mix to water/NaCl tube.
20. Incubate on rotating wheel or roller for 2 h at 4 °C (see Note 5).
4.1.2.4 Wash and elution:
1. Centrifuge 15 ml tube with IgG sepharose/cell lysis mix for 1 min at 1000 g and remove supernatant.
2. Add 1 ml wash buffer and transfer to 1.5 ml tube.
3. Incubate on rotating wheel or roller for 10 min at 4 °C.
4. Centrifuge 1.5 ml tube with IgG sepharose/wash buffer for 1 min at 1000 g and remove supernatant.
5. Add 1 ml wash buffer and incubate on rotating wheel or roller for 10 min at 4 °C.
6. Centrifuge 1.5 ml tube with IgG sepharose/wash buffer for 1 min at 1000 g and remove supernatant.
7. Add 1 ml wash buffer and incubate on rotating wheel or roller for 10 min at 4 °C.
8. Prepare 1.5 ml cleavage buffer by mixing 1.5 ml wash buffer with 1.5 μl 1 M DTT (see Note 6).
9. Centrifuge 1.5 ml tube with IgG sepharose/wash buffer for 1 min at 1000 g and remove supernatant.
10. Add 1 ml cleavage buffer and incubate on rotating wheel or roller for 10 min at 4 °C.
11. Centrifuge 1.5 ml tube with IgG sepharose/wash buffer for 1 min at 1000 g and remove supernatant.
12. Centrifuge 1.5 ml with IgG sepharose again for 3 sec to spin down remaining liquid on the side of the tube (see Note 7).
13. Add 300 μl cleavage buffer and 1.5 μl TeV protease to the IgG sepharose tube.
14. Return the 1.5 ml tube with IgG sepharose/cleavage mix to the rotating wheel/roller and incubate 16 h at 4 °C.
15. Centrifuge 1.5 ml tube with IgG sepharose/cleavage mix for 2 min at 1000 g and transfer supernatant to a new, labelled tube.
16. Analyse the yield of the purification by loading 15 μl of the purified polymerase on an 8% SDS-PAGE gel and visualising the protein using silver staining. Use a 1-20 ng/μl BSA standard curve to estimate the yield (see Note 8).
17. Store the purified polymerase at -80 °C (see Note 9).

4.1.3 Notes
1. The mix is stable for several hours at RT.
2. It is essential that this tube is placed on ice. Using water at RT in the water/NaCl will inactivate the RdRp.
3. The cell lysis mix can be stored at -20 °C for at least two weeks without a significant loss of RdRp activity.
4. Using a yellow pipette tip from which the tip is removed with scissors will make this easier. Ensure that the IgG sepharose is properly mixed before attempting to pipette it.
5. The binding step can be extended to 16 h.
6. Save the remaining wash buffer a negative control for future activity assays.
7. This step is particularly critical when multiple RdRp preparations are performed side-by-side. Up to 30 μl can sometimes remain on the sides of the tube, so that would result in a 10% error in the elution volume on top of differences in expression and yield.
8. The expected yield is 2-10 ng/μl of purified RdRp.
9. The RdRp should be stable at -80 °C for over a year. The RdRp can be freeze-thawed at least five times without a significant loss of activity, provided the RdRp is kept on ice when thawed. If aliquots will be made, add TCEP to a final concentration of 0.5 mM to the purified RdRp. TCEP is more stable than DTT.

4.2. Radiolabelled capped oligonucleotide transcription
Prepare all solutions using filtered, deionised water (18 MΩ-cm at 25 °C) and analytical grade reagents. Store running buffers at room temperature and components of the capping reaction at -20 °C. Use gloves to keep the buffers and reactions RNAse free. Follow the appropriate guidelines of the Radiation Safety Officer when preparing the reaction mix and use appropriate Perspex shielding. Dispose of waste and sharp materials according to the waste disposal guidelines for radioactive, sharps and non-radioactive waste.
4.2.1 Materials
1. Vaccinia capping system (NEB).
2. 2’-O-methyltransferase (NEB).
3. [α-32P]GTP (3000 Ci/mmole).
4. 0.5 ml tubes.
5. Diphosphorylated RNA primer: 5ʹ-ppAAUCUAUAAUAGCAUUAUCC-3ʹ 10 μM in water (see Note 1).
6. Heating block.
7. Ethylenediaminetetraacetic acid (EDTA) solution: weigh 93 g of EDTA and dissolve in 400 ml water. Add approximately 25 ml 10 M NaOH to adjust pH to 8.0. Add water to make up 0.5 l. Solution should be clear.
8. Loading buffer: 9 ml formamide, 0.2 ml 0.5 M EDTA and 0.8 ml water. Add 0.01 mg bromophenol blue and 0.01 mg xylene cyanol.
9. TBE buffer: weigh 108 g Tris, 55 Boric Acid and 40 ml 0.5 M EDTA. Add water to make up 1 l.
10. Ammonium persulfate solution: weigh 1 g ammonium persulfate and dissolve in 10 ml water. Store at 4 °C.
11. N,N,N,N-Tetramethyl-ethylenediamine.
12. Twenty percent denaturing PAGE: weigh 21 g urea and mix 25 ml of 19:1 acrylamide:bis-acrylamide solution and 5 ml 10x TBE. Add water to 50 ml.
13. Running buffer: mix 100 ml 10x TBE buffer with 900 ml water.
14. Biomax MS film.
15. Waterproof marker.
16. 1.5 ml tubes.
17. Glass vial.
18. Scalpel.
19. NAP-10 desalting column.
20. RNase inhibitor (Promega).
21. Dithiotreitol (DTT) solution: 100 mM in water.
22. GTP solution: 10 mM in water.
23. ATP solution: 10 mM in water.
24. UTP solution: 10 mM in water.
25. CTP solution: 10 mM in water.
26. Magnesium chloride (MgCl): 100 mM in water
27. 5 prime vRNA promoter strand: 5’-AGUAGUAACAAGGCC-3’ 10 μM in water
28. 3 prime vRNA promoter strand: 5’-GGCCUGCUUUUGCU-3’ 10 μM in water
29. Purified influenza virus polymerase.
30. Decade RNA marker: label RNA marker using [γ -32P]ATP (3000 Ci/mmole) and PNK.
31. Saran-wrap.
32. Glassplates and vertical electrophoresis tank.
33. Exposure cassette 35x43 cm.
34. Phosphorimager plates.
4.2.2. Methods
4.2.2.1 Capping reaction
1. Label 0.5 ml tube and add 13 μl water.
2. Add 1 μl 10 μM diphosphorylated RNA oligo, 2 μl 10X capping buffer, 0.5 μl 32 mM S-adenosylmethionine (SEM), 1 μl capping enzyme (10 units/μl), 1 μl 2’-O-methyltransferase (40 units/μl), and 1.5 μl [α-32P]GTP (3000 Ci/mmole) to the water in the reaction tube.
3. Incubate reaction mix at 37 °C for 1 h.
4. Add 20 μl loading dye.
5. Denature capped primer at 95 °C for 2 min.
6. Place denatured reaction/loading buffer mix on ice.
4.2.2.2 Purifying capped primer
1. Prepare 20% denaturing PAGE mix.
2. Clean two glass plates with 70% ethanol.
3. Assemble glass plates and spacers horizontally.
4. Add 0.2 ml 10% APS to gel mix.
5. Add 50 μl TEMED to gel mix (see Note 2).
6. Pour the gel mix carefully, but quickly between the glass plates. 
7. Insert well comb between the glass plates (see Note 3).
8. Centrifuge the denatured capping extension briefly to spin down radioactive condensation.
9. Assemble the gel tank and glass plate setup. 
10. Add running buffer to the gel tank and remove the well comb when the wells are submerged.
11. Rinse the wells carefully with a syringe filled with running buffer.
12. Load 20 μl of the labelling reaction in the middle two wells of the gel (see Note 4).
13. Run the gel at 200 V and 35 W for 2 h. (see Note 5).
14. Remove one of the glass plates from the gel-glass sandwich and place the gel face down on a sheet of Saran-wrap (see Note 6).
15. From behind a Perspex screen, carefully wrap the gel-glass structure in Saran-wrap to prevent and buffer or condensation from leaking out.
16. Place the wrapped up gel-glass with the gel facing upwards in an exposure cassette.
17. In a dark room, open the exposure cassette behind a Perspex screen and place an MS film on the middle of the gel from 5 min. Indicate the position of the MS film on the Saran-warp with the waterproof marker. Also mark the top left corner of the film with the waterproof marker (see Note 7).
18. Develop the MS film. This should show one black band in the middle of the film
19. In the lab, remove the gel-glass structure from the exposure cassette and place it with the gel facing upwards on the MS film. The film should be positioned such that it falls within the outline marked on the Saran-wrap. The marked corner of the film should be in the top left corner.
20. Carefully cut away the Saran-wrap without disturbing the gel.
21. Cut out the strip of gel that is marked by the black band on the film and transfer it to a 1.5 ml tube.
22. Add 1 ml water to the tube to elute the capped RNA and place the tube in a glass vial.
23. Place the vial on a rotating wheel or roller for 16 h at 4 °C.
24. Centrifuge the gel elution tube for 3 sec to spin down the radioactive liquid.
25. Equilibrate a NAP-10 column with 15 ml water.
26. When the NAP-10 column has empties, transfer it to a new collection tube and add the supernatant from the gel elution.
27. Allow the NAP-10 column to empty.
28. Add 0.3 ml water.
29. When the NAP-10 column has emptied, transfer the column to a new collection tube (see Note 8).
30. Add 1.3 ml water to the column.
31. Aliquot the flow-through in 10 fractions and freeze-dry for approximately 6 h.
32. Resolve the radiolabelled capped primer in 80 μl water (8 μl per tube) and store at -20 °C.

4.2.2.3 Transcription assay
1. Number two tubes. 
2. Add 2 μl wash buffer to tube 1 and 2 μl purified RNA polymerase to tube 2.
3. Add to each tube: 0.2 μl 100 mM MgCl, 0.2 μl 10 mM ATP, 0.2 μl 10 mM UTP, 0.2 μl 10 mM GTP, 0.2 μl 10 mM CTP, 0.2 μl of each promoter strand, 0.04 μl 100 mM DTT, 0.2 μl RNase inhibitor (see Note 9).
4. Add 0.36 μl of radiolabelled capped primer.
5. Incubate at 30 °C for 1 h.
6. Add 4 μl loading buffer to each reaction tube.
7. Denature RNA at 95 °C for 2 min.
8. Place tubes on ice.
9. Prepare 20% denaturing PAGE gel mix.
10. Clean two glass plates with 70% ethanol.
11. Assemble glass plates and spacers horizontally.
12. Add 0.2 ml 10% APS to gel mix.
13. Add 50 ul TEMED to gel mix (see Note 2).
14. Pour the gel mix carefully, but quickly between the glass plates. 
15. Insert well comb between the glass plates (see Note 3).
16. Centrifuge the denatured reaction tubes briefly to spin down radioactive condensation.
17. Assemble the gel tank and glass plate setup. 
18. Add running buffer to the gel tank and remove the well comb when the wells are submerged.
19. Rinse the wells carefully with a syringe filled with running buffer.
20. Load the denatured reactions on the gel, leaving the first two wells empty.
21. Load 0.5-1 μl Decade RNA marker.
22. Run the gel at 200 V and 35 W for 2 h. (see Note 5).
23. Remove one of the glass plates from the gel-glass sandwich and place the gel face down on a sheet of Saran-wrap (see Note 6).
24. From behind a Perspex screen, carefully wrap the gel-glass structure in Saran-wrap to prevent and buffer or condensation from leaking out.
25. Place the gel-glass structure in an exposure cassette with the gel facing upwards.
26. Expose the gel to a phosphoimager screen for 1 h. (see Note 10).
27. Scan image using phosphoimage reader.

4.2.3 Notes
1. Other primer sequences and longer RNA primers can also be used. Longer primers are particularly useful for studying the cap-snatching reaction.
2. After the addition of TEMED and APS, the gel will set. If gel mix is chilled on ice before APS and TEMED are added the polymerisation reaction will be slower and it will take longer for the gel to set. This will provide some more time to pour the gel.
3. Save the remainder of the PAGE gel mix as a visual aid to help you check when the gel has set. When condensation forms in the tube, immediately proceed with the assembly of the gel tank setup. Then submerge the top part of the gel in running buffer, pull out the comb and rinse the wells. The gel can be left like this for several hours without a risk of the wells drying out.
4. More or less can be loaded, depending on the size of the wells.
5. Or stop the gel when the bottom blue dye is approximately 10 cm from the bottom of the gel.
6. The gel can sometimes stick to one of the glass plates. It is then recommended to flip the gel-glass sandwich over to try and remove the other glass plate.
7. After 2 h on a 20% gel, the capped 11-mer will run approximate 1 cm above the bottom blue dye. The film must cover this part of the gel.
8. Be aware that the flow-through may already be slightly radioactive.
9. It is easier to make this as a 3x mix and to add 1.64 μl to each of the two tubes.
10. Longer exposure may be needed, depending on the age of the radiolabel and activity of the polymerase preparation.

4.3. Globin RNA-primed transcription
Prepare all solutions using filtered, deionised water (18 MΩ-cm at 25 °C) and analytical grade reagents. Store running buffers at RT and components of the RdRp reaction at -20 °C. Use gloves to keep the buffers and reactions RNAse free. Follow the appropriate guidelines of the Radiation Safety Officer when preparing the reaction mix and use appropriate Perspex shielding. Dispose of waste materials according to the waste disposal guidelines for radioactive and non-radioactive waste.
4.3.1. Materials
1. RNase inhibitor (Promega).
2. Dithiotreitol solution: 100 mM in water.
3. GTP solution: 10 mM in water.
4. ATP solution: 10 mM in water.
5. UTP solution: 10 mM in water.
6. CTP solution: 10 mM in water.
7. Globin mRNA solution: 10 mM in water (see Note 1).
8. Magnesium chloride (MgCl): 100 mM in water.
9. 5 prime vRNA promoter strand: 5’-AGUAGUAACAAGGCC-3’ 10 μM in water.
10. 3 prime vRNA promoter strand: 5’-GGCCUGCUUUUGCU-3’ 10 μM in water.
11. Ethylenediaminetetraacetic acid (EDTA) solution: weigh 93 g of EDTA and dissolve in 400 ml water. Add approximately 25 ml 10 M NaOH to adjust pH to 8.0. Add water to make up 0.5 l. Solution should be clear.
12. Loading buffer: 9 ml formamide, 0.2 ml 0.5 M EDTA and 0.8 ml water. Add 0.01 mg bromophenol blue and 0.01 mg xylene cyanol.
13. TBE buffer: weigh 108 g Tris, 55 Boric Acid and 40 ml 0.5 M EDTA. Add water to make up 1 l.
14. Ammonium persulfate solution: weigh 1 g ammonium persulfate and dissolve in 10 ml water. Store at 4 °C.
15. N,N,N,N-Tetramethyl-ethylenediamine
16. Twenty percent denaturing PAGE: weigh 21 g Urea and mix 25 ml of 19:1 acrylamide:bis-acrylamide solution and 5 ml 10x TBE. Add water to 50 ml.
17. Running buffer: mix 100 ml 10x TBE buffer with 900 ml water.
18. Glassplates and vertical electrophoresis tank.
19. Phosphorimager plates.
4.3.2 Methods
4.3.2.1 Transcription assay
1. Number two tubes. 
2. Add 2 μl wash buffer to tube 1 and 2 μl purified RNA polymerase to tube 2.
3. Add to each tube: 0.2 μl 100 mM MgCl, 0.2 μl 10 mM ATP, 0.2 μl 10 mM UTP, 0.2 μl 10 mM GTP, 0.2 μl 10 mM CTP, 0.2 μl of each promoter strand, 0.04 μl 100 mM DTT, 0.2 μl RNase inhibitor, 0.16 μl water (see Note 2).
4. Add 0.2 μl of 20 ng/μl rabbit β-globin mRNA (see Note 1).
5. Incubate at 30 °C for 1 h.
6. Add 4 μl loading buffer to each reaction tube.
7. Denature RNA at 95 °C for 2 min.
8. Place tubes on ice.

4.3.2.2 Denaturing PAGE
1. Prepare 20% denaturing PAGE mix.
2. Clean two glass plates with 70% ethanol.
3. Assemble glass plates and spacers horizontally.
4. Add 0.2 ml 10% APS to gel mix.
5. Add 50 ul TEMED to gel mix (see Note 3).
6. Pour the gel mix carefully, but quickly between the glass plates. 
7. Insert well comb between the glass plates (see Note 4).
8. Centrifuge the denatured reaction tubes briefly to spin down radioactive condensation.
9. Assemble the gel tank and glass plate setup. 
10. Add running buffer to the gel tank and remove the well comb when the wells are submerged.
11. Rinse the wells carefully with a syringe filled with running buffer.
12. Load the denatured reactions on the gel, leaving the first two wells empty.
13. Load 0.5-1 ul Decade RNA marker.
14. Run the gel at 2000 V and 35 W for 2 h (see Note 5).
15. Remove one of the glass plates from the gel-glass sandwich and place the gel face down on a sheet of Saran-wrap (see Note 6).
16. From behind a Perspex screen, carefully wrap the gel-glass structure in Saran-wrap to prevent and buffer or condensation from leaking out.
17. Place the gel-glass structure in an exposure cassette with the gel facing upwards.
18. Expose the gel to a phosphoimager screen for 1 h (see Note 7).
19. Scan image using phosphoimage reader.

4.3.3 Notes
1. The β-globin mRNA can be replaced by a 10 mM ApG solution in water to measure the replication activity of the RdRp.
2. It is easier to make this as a 3x mix and to add 1.64 μl to each of the two tubes.
3. After the addition of TEMED and APS, the gel will set. If gel mix is chilled on ice before APS and TEMED are added the polymerisation reaction will be slower and it will take longer for the gel to set. This will provide some more time to pour the gel.
4. Save the remainder of the PAGE gel mix as a visual aid to help you check when the gel has set. When condensation forms in the tube, immediately proceed with the assembly of the gel tank setup. Then submerge the top part of the gel in running buffer, pull out the comb and rinse the wells. The gel can be left like this for several hours without a risk of the wells drying out.
5. The gel can be run longer or shorter. As a rough estimate, stop the gel when the bottom blue dye is about 10 cm from the bottom of the gel.
6. The gel can sometimes stick to one of the glass plates. It is then recommended to flip the gel-glass sandwich over to try and remove the other glass plate.
7. Longer exposure may be needed, depending on the age of the radiolabel and activity of the polymerase preparation.
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Figure legends

Fig. 1. RNA synthesis by the influenza virus RNA polymerase. The negative stranded influenza virus genome segments are encapsidated by a helical coil of viral nucleoprotein (NP) molecules and one copy of the viral polymerase. Together, this complex of vRNA, NP and RdRp is called the viral ribonucleoprotein or vRNP. The RdRp consists of the three viral subunits PB1, PB2 and PA. During replication, the RdRp synthesises a complete complementary copy of the vRNA called the cRNA, which lacks a cap and polyA-tail. The cRNA is also encapsidated by NP and the RdRp, forming a cRNP. cRNP can produce new vRNA molecules. By contrast, during viral transcription, the RdRp uses an 8-14 nt long capped RNA primer to initiate the synthesis of a capped and polyadenylated (An) viral mRNA. Due to the use of the capped primer, the viral mRNA is longer at its 5’ terminus than the vRNA template. Polyadenylation occurs 16 nt upstream of the 3’ terminus of the vRNA template and thus ensures that the mRNA lacks the last 16 nt of the vRNA, allowing differentiation between mRNA and cRNA molecules.

Fig. 2.  Analysis of influenza virus RNA levels using primer extension analysis. (A) Schematic of RNA extraction from cells infected with influenza virus. (B) Schematic of the primer extension reaction using a primer (Primer -, depicted in blue) binding to a vRNA segment and a primer (Primer +, depicted in purple) binding to the cRNA and mRNA generated from that vRNA segment during viral replication and transcription. cDNA synthesis of the cRNA and mRNA molecules results in products of a different length due to the presence of a 8-14 nt long capped RNA primer (Cap) on the 5’ end of the mRNA. The reverse transcriptase (RT) that extends the radiolabelled primers is depicted as a green sphere. Using denaturing PAGE, the cDNA species can be separated and quantified. M indicates marker lane and S sample lane.

Fig. 3. Analysis of influenza virus RNA levels using qRT-PCR. Viral RNA species are reverse transcribed using primers specific for the vRNA, cRNA and mRNA molecules. Each primer also contains a unique 3’ tag that does not bind to the viral RNAs. After cDNA synthesis, a second set of primers is used to make dsDNA from the single-stranded cDNA molecules and to amplify the dsDNA. SYBR Green I dye subsequently intercalates with the dsDNA PCR products. Excitation of the dsDNA-SYBR Green complex with blue light results in fluorescence that can be measured and used to compute the viral RNA levels in the sample. 

Figure 4. Analysis of influenza polymerase activity in situ using luciferase. (A) Schematic of a Pol I-driven plasmid encoding a vRNA-like template with 5’ and 3’ non-coding regions (ncr) and an open reading frame containing the firefly luciferase gene. Transcription of the Pol I gene is terminated or cleaved such that the 3’ terminus of the transcript contains a native vRNA 3’ terminus. (B) Schematic of the wild-type vRNA promoter sequence and the vRNA promoter containing 3’ substitutions 3GA, 5UN and 8CU (3-5-8 promoter). The promoter is drawn based on [4,27]. (C) Transfection of plasmids expressing the viral proteins PB1, PB2, PA, and NP. The vRNA template is produced from a fifth, Pol I-driven plasmid. An additional plasmid expressing renilla luciferase is co-transfected as transfection control in order to normalise the firefly luciferase measurements. Twenty-four hours after transfection the activity of the luciferase protein is measured. (D) Firefly luciferase activity measured in relative light units. (E) Renilla luciferase activity measured in relative light units. (F) Polymerase activity as measured by firefly luciferase activity and normalised by the renilla luciferase activity. (G) Transfection of plasmids expressing the viral proteins PB1, PB2, PA, and NP. A vRNA template encoding Firefly luciferase is produced from a fifth, Pol I-driven plasmid, while the transfection control Renilla luciferase is procuded from a sixth plasmid.

Fig. 5. Analysis of RNA species generated by the influenza polymerase in situ. (A) Transfection of plasmids expressing the viral proteins PB1, PB2, PA, and NP. The vRNA template is produced from a fifth, Pol I-driven plasmid. Twenty-four hours after transfection, the RNA is isolated using Trizol or other RNA extraction methods. (B) Analysis of the activity of the wild-type influenza A virus RdRp and four RdRp mutants. Radiolabelled cDNAs specific for viral RNAs derived from segment 4, the vRNA, cRNA and mRNA molecules, were analysed using 6% denaturing PAGE. A PB1 active site mutant (DD445-446AA) was used to measure the levels of vRNA generated by Pol I. The 5S rRNA was detected as loading control and used to normalise the detected viral RNA signals. Graph shows quantitation of the four RNA species after subtraction of the signal of the active site mutant.

[bookmark: _GoBack]Fig. 6. Purification of the influenza virus polymerase. (A) Plasmids expressing PB1, PA and PB2-TAP are transfected into 293T cells. After 48 h of expression, the cells are washed, lysed and fractionated. The released TAP-tagged polymerases are next bound to IgG beads and washed to remove contaminant. The purified polymerase is released from the IgG beads via TeV cleavage. (B) Analysis of a purified WSN influenza A virus polymerase via SDS-PAGE and silver-staining. The marker lane is indicated with ‘M’. The two co-purifying Hsp70 bands are also indicated. (C) Western blot analysis of a purified WSN influenza polymerase preparation using a polyclonal rabbit antibody against the whole polymerase. The PA and PB1 subunits are preferentially detected.

Fig. 7. In vitro activity assays. (A) Incubation of purified influenza virus polymerase (orange) with the two strands of the viral RNA promoter (green) (see Fig. 4B) leads to the formation of a RNA-polymerase complex. In the presence of NTPs this complex will start viral replication or, when also a capped RNA is added to the reaction mixture, viral transcription. The reaction is stopped by the addition of loading buffer (purple). Denatured RNA products are finally loaded onto a denaturing polyacrylamide gel and separated by electrophoresis. (B) Time-course of a transcription reaction using a capped 11-nt long RNA oligo as primer donor. The reactions were analysed on a 20% denaturing polyacrylamide gel. (C) Time-course of a replication reaction using ApG as primer and [α-32P]GTP as radioactive nucleotide. The reactions were analysed on a 23% denaturing polyacrylamide gel.
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