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Abstract

Polyadenylation is an essential cellular process in eukaryotic cells (Edmonds M and Abrams R, J 

Biol Chem 235, 1142–1149, 1960; Zhao J et al., Microbiol Mol Biol Rev 63, 405–445, 1999; 

Edmonds M, Progr Nucleic Acid Res Mol Biol 71, 285–389, 2002). For this reason, it has been 

difficult to examine the functions of specific polyadenylation proteins in vivo. Here, we describe a 

cell culture assay that allows structure-function experiments on CstF-64, a protein that binds to 

pre-mRNAs downstream of the cleavage site for accurate and efficient polyadenylation. We also 

demonstrate that the stem-loop luciferase assay for polyadenylation (SLAP) accurately reflects 

CstF-64-dependent polyadenylation. This assay could be easily adapted to the study of other 

important RNA-binding proteins in polyadenylation.

Keywords

Polyadenylation; CstF-64; Luciferase reporter gene; Dual-Luciferase Assay; RNA-binding 
protein; Epitope tagging

1 Introduction

Many stages in gene expression require the action of RNA-binding proteins. One such stage, 

polyadenylation, requires at least five separate protein complexes [4 – 6] requiring the action 

of many RNA-binding proteins [7, 8]. One of the best studied of these proteins is the 64,000 

Mr subunit of the cleavage stimulation factor, CstF-64 [9, 10]. CstF-64 binds to the 

downstream G/U-rich sequence element in pre-mRNAs [11, 12] and is essential for 

polyadenylation of the pre-mRNA [6, 13, 14].

Because it is essential for normal cellular growth and development, examination of the 

structure-function relationships of the CstF-64 protein by disrupting its activities in 

polyadenylation in vivo has been difficult [13, 15, 16]. However, in vitro studies have 

allowed descriptions of the linear domains of CstF-64: the N-terminal RNA-binding domain 

(RBD), the hinge region, the MEAR(A/G) region, and the highly conserved C-terminal 

domain [12, 17 – 23]. But these proposed functions of putative domains had not been 

demonstrated in vivo due to the absence of a straightforward assay system.
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Here, we present the stem-loop luciferase assay for polyadenylation (SLAP) that allows 

structure-function studies of CstF-64 in vivo. The SLAP procedure involves the downstream 

G/U-rich sequence element of a luciferase reporter gene to be replaced with two copies of 

the MS2 bacteriophage stem-loop element [24]. This modification makes luciferase 

expression dependent on the co-expression of a CstF-64-MS2 coat protein RNA-binding 

domain [25] fusion protein. These constructs are expressed in HeLa cells and the varying 

levels of luciferase expression correlate with changes in mRNA polyadenylation. The SLAP 

system has allowed us to verify not only that SLAP is a valid method of measuring 

polyadenylation in vivo but also implicated that the RBD, hinge, and CTD domains of 

CstF-64 were critical for polyadenylation [26].

2 Materials

All DNA, buffers, and other solutions were prepared using double deionized water. All 

reagents were stored as indicated.

2.1 Transfection Components (Store at −20 °C)

1. SL-Luc luciferase reporter: Generated by removing the SV40 polyadenylation 

cassette from pRL-SV40 (Promega, Madison, Wisconsin) using NotI and ClaI 

restriction enzymes. A SV40 polyadenylation cassette with MS2 stem loops 

replacing the G/U-rich downstream polyadenylation element was cloned in by 

PCR from p3Z SVL-MS2 (Maciolek and McNally (Medical College of 

Wisconsin)) also using NotI and ClaI primers (primer sequences available upon 

request). Additionally, two other SL-Luc constructs were made: one that contains 

neither the G/U-rich downstream element nor the MS2 stem loops (SL-Luc ΔSL) 

and one in which the AAUAAA polyadenylation signal was mutated by site-

directed mutagenesis to AGGAGA (SL-LucAGGAGA). All SL-Luc constructs are 

shown in Fig. 1b.

2. MS2-CstF-64 fusion plasmids were obtained from Maciolek and McNally 

(Medical College of Wisconsin, ref. 24) and then cloned into p3XFLAG 7.1 

(Sigma-Aldrich, St Louis, Missouri) using NotI, BglII, and KpnI restriction 

enzymes. Various primer combinations were used to generate different CstF-64 

deletion constructs (primers available upon request). CstF-64 constructs that 

were made are as follows and diagramed in Fig. 1c: MS2-CstF-64, MS2-CstF-64 

ΔRBD, MS2-CstF-64 ΔHinge, MS2-CstF-64 ΔP/G, MS2-CstF-64 ΔMEARA, MS2-

CstF-64 ΔCTD, and MS2-CstF-64Y85A-L86S (point mutations demonstrated to 

inactivate the MS2 coat protein RNA-binding domain [27]).

3. pGL3-Control (firefly luciferase plasmid, Promega, Madison, Wisconsin).

4. p3XFLAG 7.1 empty vector (Sigma-Aldrich, St. Louis, Missouri).

2.2 HeLa Cell Culture (Store at 4 °C Except Where Indicated)

1. Cell culture media: DMEM with 4.5 g/L-glucose, L -glutamine, and sodium 

pyruvate. DMEM was supplemented with 10 % Cosmic Calf Serum (Hyclone, 

Logan, Utah), 100 U/mL penicillin, and 100 μg streptomycin/mL.
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2. Cell culture media without penicillin and streptomycin.

3. Serum-free cell culture media: DMEM with 4.5 g/L-glucose, L-glutamine, and 

sodium pyruvate.

4. Cell culture media for post-transfection: Media from #2 with 20 % Cosmic Calf 

Serum.

5. Opti-MEM I Reduced Serum Medium (Invitrogen).

6. Lipofectamine (Invitrogen).

7. HeLa cells (ATCC, Manassas, Virginia)—grow at 37 °C in 5 % CO2 (see below) 

and store in liquid nitrogen.

2.3 Luciferase Assay Components (Store at −80 °C Except Where Indicated)

1. Passive Lysis Buffer from Dual-Luciferase® Reporter Assay System (Promega, 

Madison, Wisconsin). Prepare a 1× working concentration by adding 1 volume 

of 5× PLB to 4 volumes of distilled water (see Note1).

2. Phosphate buffered saline (PBS; 1×): 8 g NaCl, 0.2 g KCl, 1.44 g Na2HPO4, 0.24 

g KH2PO4 pH 7.4 in 1 L H2O. Store at room temperature.

3. Luciferase Assay Reagent II (LAR II) (Promega, Madison, Wisconsin). 

Resuspend the provided lyophilized Luciferase Assay Substrate in 10 mL of 

Luciferase Assay Buffer II (Promega, Madison, Wisconsin). Store for 1 month at 

−20 °C or 1 year at −80 °C (see Notes2 – 4).

4. Stop & Glo Reagent (Promega, Madison, Wisconsin). Stop & Glo is supplied at 

a 50× concentration. Add 1 volume of 50× substrate to 50 volumes of Stop & 

Glo buffer in a polypropylene tube (see Notes5 and 6).

5. Turner Designs (Sunnyvale, California) TD-20/20 Luminometer or equivalent. 

Store at room temperature.

3 Methods

Carry out all procedures at room temperature unless otherwise specified.

3.1 HeLa Cell Transfection (All Procedures to Be Carried Out Under a Sterile Hood)

1. Approximately 24 h before transfection, plate 2.75×104 HeLa cells per well on 

24-well plates. Cells are to be plated in 500 μL of media without antibiotics. 15 

1Prepare 1×PLB on the day of the cell lysis and make sure that enough is made for all samples plus 10 % for overage.
2When planning SLAP experiments, it is best to plan a number of wells so that all of the LAR II is used. With each data point 
representing 15 transfected wells and each well using 100 μL of LAR II, only about 6 or 7 data points (constructs) are needed to use 
this amount of LAR II.
4Prepare a new LAR II solution for each new experiment. However, because the LAR II reagent is expensive, if you need to use LAR 
II that has been frozen (left over from a previous assay), make sure to mix it with the new LAR II so that each sample gets the same 
LAR II for consistency.
5Make Stop & Glo on the day of the luciferase assay. Fresh reagent always works best.
6Make enough Stop & Glo for all samples plus 10 % to ensure that each sample gets enough of the reagent.
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wells will need to be plated for each experimental data point (one triplicate for 

each experiment and five replicates of each experiment, see Note7).

2. On the day of transfection, set up 1.5 mL tubes for each experiment (each 

triplicate) as follows: 100 μL of Opti-MEM with 48 ng of SL-Luc reporter, 16 ng 

of pGL3 control, 400 ng of MS2-CstF-64 fusion plasmid, and 536 ng of 

p3XFLAG 7.1 for a total of 1,000 ng of DNA (see Notes8 and 9).

3. In a separate 1.5 mL tube for each experiment, add 100 μL of Opti-MEM with 8 

μL of Lipofectamine Transfection Reagent (see Note10).

4. Pipette the Opti-MEM/Lipofectamine mixture into the tube containing the DNA, 

mix gently with a pipetter, and incubate for 15 min at room temperature.

5. Add 600 μL of Opti-MEM to the combined DNA/Lipofectamine mix and mix 

gently (see Note11).

6. Under a tissue culture hood, remove growth medium from the HeLa cells and 

replace it with 200 μL of serum-free DMEM in each well. Add 250 μL of DNA/

Lipofectamine/Opti-MEM (from step 5) to each well (three times for each 

triplicate). Mix by rocking the plate gently.

7. Incubate the plate for 5 h at 37 °C.

8. Add 400 μL of DMEM with 20 % Cosmic Calf Serum to each well without 

removing the transfection media. Incubate at 37 °C for approximately 19 h.

9. Remove transfection media and replace with 500 μL per well of regular cell 

culture media with 10 % Cosmic Calf Serum and antibiotics (penicillin and 

streptomycin). Incubate plates at 37 °C for 24 h.

3.2 Cell Lysis

1. Label enough 1.5 mL tubes for each well of the transfection (see Note12).

2. Prepare enough Passive Lysis Buffer by diluting 5×PLB with water (see Note1).

3. Remove media from the cells and gently add approximately 500 μL of 1×PBS to 

each well to wash media from the cells.

4. Wash cells a second time with 1×PBS.

5. Remove PBS from cells and add 100 μL of Passive Lysis Buffer per well.

7For organizational purposes it is easiest to plate cells by experiment (each one of the five replicates for each data point being tested). 
For example, if transfecting MS2 alone, MS2-CstF-64, ΔRBD, ΔHinge, ΔP/G, ΔMEARA, and ΔCTD wells can be arranged for each 
triplicate (three wells of MS2 alone, etc.) until all triplicates are done for each replicate, then do the same for the next replicate. This 
breaks the samples into different replicates for ease of organization.
8It is easiest to make one large master mix tube for each data point (experimental construct) that you will be testing for. So prepare 
five times the amount of Opti-MEM and DNA plus 10 %. This provides each well with the same amount of Opti-MEM and DNA.
9When making the master mix, it is most convenient to use a 5 mL (or 15 mL) tube to ensure that all components can be mixed.
10When using a master mix, add 550 μL of Opti-MEM with 44 μL of Lipofectamine.
11If making a master mix (see Note8), add 3,300 μL of Opti-MEM to the master mix tubes.
12Keep the same organization for the sample tubes as for the wells on the plates. Not all of the sample will be used in each luciferase 
assay, so samples can be retained and stored at −70 °C and used for additional luciferase assays.
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6. Place the plates onto an orbital shaker platform and agitate gently for 15 min at 

room temperature.

7. Transfer the lysate into the appropriate labeled 1.5 mL tube (from step 1).

3.3 Luciferase Assay

1. Prepare Luciferase Assay Reagent II as described above (see Note2).

2. Prepare Stop & Glo Reagent as described above (see Note3).

3. Set up enough 1.5 mL tubes for each sample in the experiment (15 for each data 

point, see Note13).

4. To each tube (from step 3), add 100 μL of LAR II.

5. Program the luminometer to perform a 2-s premeasurement delay, followed by a 

10-s measurement period for each assay.

6. Transfer 20 μL of cell lysate (from Subheading 3.2, step 7) into the luminometer 

tube containing LAR II. Mix by pipet-ting four or five times.

7. Place tube in the luminometer and initiate reading immediately after mixing.

8. If the luminometer is not connected to a printer or computer, record the firefly 

luciferase activity measurement (see Note14).

9. Remove the tube and dispense 100 μL of Stop & Glo Reagent. Mix by pipetting, 

and replace the tube in the luminometer and initiate reading.

10. Record the Renilla luciferase activity measurement (see Note15).

11. Discard the reaction tube and proceed to the next tube.

12. When all samples have been measured, analyze as follows (Table 1):

• Divide each Renilla activity value by its corresponding firefly luciferase 

activity value. This produces the luciferase activity for each transfected 

well.

• Then average the triplicate luciferase values (three transfected well 

values).

• Then average the five triplicate groups that are the replicates for each 

MS2 or MS2-CstF-64 construct.

• Use the values for the replicates to determine the standard deviation for 

each construct.

3Prepare the LAR II reagent on the day of the luciferase assay (it should not be refrozen).
13Prepare enough tubes to do all samples. All luciferase samples from one transfection should be performed on the same day. This 
eliminates day-to-day variation between the samples and the LAR II and Stop & Glo Reagents that can occur.
14Record the firefly luciferase activity as quickly as possible if not using a printer or make sure to take the same amount of time 
between samples. For greatest reproducibility, we find it most effective to use a stopwatch to time the addition of the reagents and 
luciferase readings.
15Record the Renilla luciferase activity quickly to ensure timely transfer from one sample to the next. For greatest reproducibility, we 
find it most effective to use a stopwatch to time the addition of the reagents and luciferase readings.
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• Graphs for these results can be produced using a program such as 

Microsoft Excel (Fig. 2).

13. Use the values for the replicates along with a statistics program such as InStat 

(Graphpad Software, Inc, San Diego, California) to determine the validity of the 

results using an ANOVA and a Tukey Post Test.
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Fig. 1. 
The SLAP method and components. (a) Simplified cartoon of components in 

polyadenylation. Shown are the pre-mRNA (line) with the MS2 stem-loop RNA elements, 

the cleavage and polyadenylation specificity factor (CPSF, green ball), the subunits of the 

cleavage stimulation factor (CstF-77, CstF-50, red balls), and the MS2-CstF-64 (blue ball). 
(b) Stem-loop luciferase (SL-Luc) constructs used in SLAP. (c) MS2-CstF-64 and deletion 

constructs
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Fig. 2. 
Renilla/firefly ratios as calculated from the data in Table 1. Shown are relative luciferase 

units calculated from the Renilla/firefly ratios for SL-Luc, SL-Luc + MS2-CstF-64, SL-

LucAGGAGA, and SL-LucAGGAGA + MS2-CstF-64. Note that the Y-axis is broken to 

accommodate the higher values for SL-Luc + MS2-CstF-64
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