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Abstract

Abnormalities in rates of mRNA decay can lead to changes in normal, steady-state levels of 

transcripts, which in turn can result in changes in protein production and abnormal phenotypes. 

For example, mice deficient in the gene encoding tristetraprolin (TTP), a tandem CCCH zinc 

finger domain protein, develop a complex syndrome that includes wasting, arthritis, and myeloid 

hyperplasia, all secondary to elevated levels of tumor necrosis factor alpha (TNF). This in turn 

reflects elevated levels of TNF mRNA, which is a direct “target” of TTP binding and TTP-

promoted deadenylation and decay. Three TTP-like proteins are expressed in man, and four in 

mice, all of which share functional homologies of mRNA binding ability and control of transcript 

decay. In contrast, the Schizosaccharomyes pombe genome contains only one TTP-like protein, 

named zfs1. Microarray analysis revealed that S. pombe cells deficient in zfs1 overexpress the 

arz1 mRNA, which has several ideal TTP-like binding sites in its 3’-untranslated region (UTR). 

We used the “no message in thiamine (nmt)” repressible system, in which thiamine rapidly shuts 

off gene transcription, to evaluate the relative stability of the arz1 mRNA in wild-type and zfs1-

deficient cells. We found that the arz1 mRNA decayed much more rapidly in the presence of 

endogenous zfs1 than in its absence. The nmt system also proved useful for the study of mRNA 

sequence elements that are essential for interactions with zfs1, which eventually results in 

accelerated transcript decay. These studies illustrates the utility of the S. pombe nmt system for 

evaluating protein-mRNA interactions that affect mRNA decay in vivo, and provide an alternative 

to the use of transcription inhibitors or heat-sensitive polymerase promoters that are more 

commonly used to evaluate mRNA decay in Saccharomyces cerevesiae. We hope to use this 

convenient experimental system to unravel the mechanism by which TTP family members, in this 

and other organisms, bind to mRNAs and promote their instability.

Introduction

Control of mRNA decay is an essential phase of regulating the expression of genes into 

biologically active protein. Their labile nature alone is insufficient to control the timing of 

protein expression termination; instead, their lability is governed by the interplay among a 

variety of proteins. The importance of tight control of gene expression at the post-
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transcriptional level is particularly evident in the case of tristetraprolin (TTP), a CCCH type 

tandem zinc finger (TZF) domain protein. TTP is a protein encoded by Zfp36 in mice whose 

absence results in a severe autoimmune and inflammatory syndrome (Lai et al., 1998; Taylor 

et al., 1996). TTP deficiency is associated with tumor necrosis factor-alpha (TNFα) over-

expression (Blackshear, 2002; Carballo et al., 1998; Lai et al., 1998), and TTP has been 

shown to promote deadenylation and destruction of TNFα mRNA (Carballo et al., 1998; Lai 

et al., 1999). TTP may regulate overlapping aspects of immune cell function, inflammation 

and autoimmunity by targeting, in addition to TNFα, other essential mRNAs (Carballo et al., 

1998; Carballo et al., 2000; Lai et al., 2006; Ogilvie et al., 2005).

TTP and its family members specifically bind to Adenylate Uridylate (AU)-rich elements 

(AREs) present in the 3’-untranslated region (3’-UTR) of select mRNAs through the TZF 

domain. The optimal binding site recognized by TTP and its relatives is the UUAUUUAUU 

nonamer (Blackshear et al., 2003; Brewer et al., 2006; Brewer et al., 2004; Hall, 2005; 

Hudson et al., 2004; Lai and Blackshear, 2001; Lai et al., 1999; Lai et al., 2005; 

Worthington et al., 2002), which is present in tandem and often overlapping repeats in 

TNFα, GM-CSF, and IL-2 mRNAs, each confirmed physiological targets of TTP (Carballo 

et al., 1998; Carballo et al., 2000; Ogilvie et al., 2005). TTP binds to and subsequently 

destabilizes target mRNAs by an incompletely understood mechanism that most likely 

involves the recruitment or activation of poly-A ribonuclease (PARN), an enzyme with 3’-5’ 

poly(A) tail exonuclease activity (Lai et al., 2003).

CCCH TZF domain proteins are widespread in eukaryotes, with many species expressing 

multiple representatives of this family (Blackshear, 2002). In man, three genes encoding 

TTP family proteins are expressed: ZFP36 (encoding TTP), ZFP36L1 and ZFP36L2, with 

expression levels varying widely in different tissues (Carrick and Blackshear, 2007). At the 

same time, each family member retains the canonical TTP-like activity of mRNA binding 

and destabilization. Even the budding yeast, Saccharomyces cerevisiae, expresses two 

different TZF domain proteins, one of which (CTH2) mediates mRNA decay in response to 

iron deficiency (Puig et al., 2005; Thompson et al., 1996), and a second one (CTH1) whose 

activity has not been fully characterized. These examples illustrate the potential difficulties 

of studying TZF domain family proteins in species where the potential exists for biological 

redundancy. In contrast, the fission yeast Schizosaccharomyces pombe expresses only a 

single CCCH TZF domain protein, zfs1, with TTP-like defining characteristics; in 

particular, specific TZF domain residues and intra and inter-finger spacing are highly 

conserved between S. pombe and other eukaryotes (Fig. 1). We have recently found that zfs1 

mirrors TTP function in that it binds to and promotes the decay of specific target mRNAs 

(Cuthbertson et al., 2007), as described in detail below.

Studying mRNA decay in yeasts

In general, yeast systems have proven adaptable to studies of mRNA decay, and the 

extensive work done in Saccharomyces cerevisiae is highlighted in other chapters of this 

volume. The mechanisms through which mRNAs are degraded in yeasts have been reviewed 

(Amrani et al., 2006; Coller and Parker, 2004; Garneau et al., 2007). A genome wide scan of 

mRNA decay that used various methods of inhibiting transcription in S. cerevisiae, 
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including temperature-sensitive mutants of yeast RNA polymerase II and chemical 

inhibitors of transcription such as phenanthroline and thiolutin, has been published (Grigull 

et al., 2004). Much less is known about the utility of such methods in S. pombe, although 

some studies using phenanthroline have provided evidence for inhibition of transcription 

(Kim et al., 2000; Kim et al., 2002). The utility of such chemical inhibitors in yeasts is 

somewhat limited, since a wide range of “off-target” effects may be observed that include 

increases in the expression of certain genes (Grigull et al., 2004) and stimulation of the 

stress transcriptional response (Adams and Gross, 1991). In S. pombe, temperature sensitive 

mutants of RNA polymerase II have been described (Mitobe et al., 2001; Mitobe et al., 

1999), but studies of mRNA decay in these mutant strains have not yet been published, to 

our knowledge. Again heat and other stresses on yeast cells can cause dramatic changes in 

the levels of some mRNAs (Herruer et al., 1988; Li et al., 1999). A further confounder is 

that, in S. pombe, a subunit of RNA polymerase II (Rpb7p) is not only involved in 

transcription, but also appears to be involved in mRNA decay (Lotan et al., 2007). Finally, 

the S. pombe nmt (no message with thiamine) expression system has been used to a limited 

extent for examining mRNA decay, and we describe in detail how we have used this system 

below.

Systems for studying TZF protein-mediated mRNA decay

A valuable resource for evaluating the effects of deficient TTP-mediated mRNA decay has 

been the TTP knockout mouse model (Carballo et al., 1998; Taylor et al., 1996) and cells 

derived from these mice. Mice deficient in either Zfp36l1 and Zfp36l2 have also been 

generated (Stumpo et al., 2004). Studies in intact mice generally do not provide a direct 

setting in which decay can be evaluated; only the net results of inhibiting mRNA decay can 

be observed, exemplified by the syndrome of TNF excess in the TTP knockout mice.

Cells derived from TTP knockout mice have been used extensively for the validation of TTP 

target mRNAs and in studies focused on the examination of the mechanism of action of 

TTP-mediated mRNA decay (Carballo et al., 1998; Carballo et al., 2000; Lai et al., 2006). 

Cells deficient in TTP can be compared directly with normal cells, preferably derived from 

animals from the same litter, by northern analysis after actinomycin D (Act D) treatment (to 

halt transcription) in order to measure decay of target mRNAs. For example, TNFα mRNA 

levels were evaluated in mouse macrophages from wild-type and TTP-knockout individuals 

after lipopolysaccharide (LPS) treatment, followed by Act D addition (Carballo et al., 1998). 

A similar approach was used to demonstrate that GM-CSF mRNA is a physiological target 

of TTP; this study also provided evidence for an effect of TTP on mRNA deadenylation 

(Carballo et al., 2000). Other TTP targets, such as IL-2 (Ogilvie et al., 2005)and Ier3 (Lai et 

al., 2006) mRNAs, have been validated as endogenous targets using TTP-knockout 

fibroblasts or lymphocytes after Act D treatment.

Transcriptional repression by Act D has proved effective in many cell types, but some cell 

types, including macrophages, are very sensitive to the toxic properties of Act D (Lewis et 

al., 1995). Furthermore, Act D induces TNFα production in cultured macrophages (Wheeler 

et al., 1991). Act D works by binding to DNA and inhibiting gene expression, but the effects 

of is interaction with DNA have long been known to include cell death in certain 
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circumstances (Elkind et al., 1969). An alternative system for repressing transcription in 

mammalian cells involves using tetracycline-responsive promoters from bacteria (Gossen et 

al., 1995). Such an approach has recently been used in studies of mRNA decay in 

mammalian cells (Chen et al., 2007; Ezzeddine et al., 2007). This type of tetracycline-based 

control of gene expression in mammals provides several advantages in many experimental 

situations (Damke et al., 1995; Gossen and Bujard, 1992; Kirchhoff et al., 1995). However, 

the efficiency of the “tet-off” approach has been questioned due to potential issues relating 

to cell-specific effectiveness (Gossen and Bujard, 1995), potential transcriptional leakage 

(Phillips et al., 2007) and the need for repeated application of the tet-family ligands (Milo-

Landesman et al., 2001).

Other studies of TTP-ARE interactions have relied on the use of transient transfection of 

plasmids expressing both TTP and its native or artificially constructed mRNA targets, often 

in cells lacking TTP, such as HEK293 cells (Lai et al., 2002). Effects of introduced TTP and 

its family members can be asessed in such experiments, but TTP-like proteins can not only 

promote the destruction of mRNAs containing optimal target sequences that are not 

physiological targets; they can also promote the destruction of mRNA targets containing 

suboptimal target sequences. In both cases, this can occur when the protein:target RNA 

ratios are unphysiologically high, presumably as a result of mass action and low affinity 

interactions. Thus, these co-transfection methods are not as reliable as the “gold standard” of 

using cells deficient or not in endogenous TTP and its targets. The fission yeast S. pombe is 

a system in which the single expressed TTP-like protein can be studied at native expression 

levels, using both endogenous target mRNA measurements as well as measurements of 

artificially introduced RNA after transcription shutoff using the nmt expression system.

Characterization of zfs1 as a mediator of mRNA decay

Gene-targeting elimination of the zfs1 gene in S. pombe produces cells that do not respond to 

mating pheromone properly, and do not sporulate efficiently (Kanoh et al., 1995). The 

vegetative growth rate of zfs1-deficient S. pombe is reduced, along with cell size (Kanoh et 

al., 1995). Not only does zfs1 appear to play an indirect role in the regulation of pheromone 

signal transduction, it also appears to be required for the proper coordination of cell division, 

because in zfs1-deficient cells the formation of the division septum is not properly 

coordinated with the progression of mitosis (Beltraminelli et al., 1999).

No biochemical function was assigned to the zfs1 protein in these studies, but its TZF 

domain was clearly related to those of TTP and its family members (Fig. 1). We 

hypothesized that zfs1, through its TZF domain, was capable of binding to TTP-like ARE 

binding sequences; we therefore decided to investigate a potential role for zfs1 as a mediator 

of mRNA stability. Using a matched pair of zfs1-deficient and wild-type S. pombe strains 

(Beltraminelli et al., 1999), we undertook a side-by-side microarray comparison of steady 

state gene expression in the two strains (Cuthbertson et al., 2007). Of 123 transcripts 

elevated ≥1.5 fold in the zfs1-deficient cells, 12 contained apparent TTP-like ARE binding 

sites. The most elevated transcript that contained ideal TTP binding sites (i.e. 

UUAUUUAUU) was encoded by the SPCC1494.03 gene. Northern analysis confirmed that 

steady state levels of this transcript were elevated approximately 3.6-fold in the zfs1-
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deficient cells (Figure 2). The transcript encoded by the SPCC1494.03 gene was named 

arz1, for armadillo-repeat-containing zfs1 target 1, based on the fact that the arz1 protein 

encoded by the SPCC1494.03 gene contains multiple armadillo-repeats, and on evidence for 

arz1 mRNA targeting and decay regulation by zfs1. The evidence supporting arz1 mRNA as 

a physiological target of zfs1, and the biological function of zfs1 as a mediator of mRNA 

decay, identified a useful system for the evaluation of mRNA decay as mediated by TZF 

domain proteins.

Use of the nmt expression system to evaluate zfs1-mediated mRNA decay

nmt

The nmt (no message with thiamine) expression system is constitutive (Figure 3) and, as the 

name indicates, thiamine repressible (Maundrell, 1993). Maximum expression from the nmt 

promoter is achieved after 18 hr of growth in normal medium containing thiamine 

(Maundrell, 1990; Maundrell, 1993). We used a commercially available version of the nmt 

promoter-based expression vector (Invitrogen, Carlsbad, CA) that has a mutated TATA box, 

which reduces expression levels to ~15% of the unmodified nmt promoter (Basi et al., 

1993); various other versions of the nmt vector, with different promoter strengths, are also 

available. The nmt expression system has been used to examine mRNA decay in S. pombe 

(Daga et al., 2003), and appeared to be an attractive alternative to other approaches for 

inhibiting transcription in yeast (Adams and Gross, 1991; Grigull et al., 2004; Herruer et al., 

1988; Kim et al., 2002; Li et al., 1999) for many reasons, including the rapid nature of 

transcription repression and the ability to avoid stressful conditions that alter the levels of 

many mRNAs (Adams and Gross, 1991; Herruer et al., 1988; Li et al., 1999).

The nmt/arz1 expression construct

For our studies, genomic DNA from S. pombe was used as a template for PCR amplification 

of the SPCC1494.03 open reading frame (ORF) plus 1 kb of downstream genomic sequence 

predicted to include the complete arz1 coding region and 3’-UTR. About half of S. pombe 

genes are intron-free, including SPCC1494.03, often permitting the use of genomic DNA in 

expression vector construction. A high fidelity polymerase mix, Platinum Taq Polymerase 

High Fidelity (Invitrogen, Carlsbad, CA), was used for the arz1 amplification, using arz1 

gene specific primers F1 and R1 (Table I), following the manufacturer’s protocol for a 2.5 

kbp product. The arz1 PCR product (2,478 bp) was cloned into the TOPO TA pNMT41 

system (Invitrogen, Carlsbad, CA) and transformed into ultracompetent E. coli, provided 

with the TOPO kit, which were plated on LB plates supplemented with 100 µg/ml 

ampicillin. Colonies were grown overnight in selective medium, and nmt/arz1 plasmids 

were purified using a standard Qiagen (Valencia, CA) miniprep kit following the 

manufacturer’s protocol. Plasmid DNA yield was checked spectrophotometrically, and by 

agarose gel electrophoresis and ethidium bromide staining followed by ultra-violet light 

visualization in preparation for plasmid DNA digestion with the restriction endonuclease 

EcoR1. This excised the arz1 insert from the vector in two pieces (fragments of 333 bp and 

2161 bp) due to the presence of an internal EcoR1 site. DNA sequencing of the plasmids 

confirmed the proper insertion and orientation of arz1 for expression in S. pombe. The wild-

type S. pombe strain used in our studies has a leu1 mutation (leu1-32) that confers leucine 
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auxotrophy; this was the background strain for the zfs1-deficient strain that was generated 

through gene targeted replacement of the zfs1 gene (Beltraminelli et al., 1999). The nmt/arz1 

expression construct contains a cassette that confers leucine prototrophy. Wild-type and 

zfs1-deficient S. pombe leu auxotrophic strains were transformed with the nmt/arz1 

expression construct following a standard chemical/heat shock method (Bahler et al., 1998). 

Both strains were grown on Yeast Extract Supplemented (YES) agar at 30 °C in preparation 

for liquid culture. Single colonies of each strain from fresh plates were used to inoculate 25 

ml cultures in Edinburg Minimal Medium (EMM) supplemented with 50 mg/l each of 

adenine, histidine, leucine, lysine and uracil (EMM+5S) in 125 ml Belco (Vineland, NJ) 

glass culture flasks. Cultures were grown at 30 °C (shaking at 200 rpm) well into 

logarithmic growth phase until a 1:10 dilution of culture in fresh medium yielded A600 ≥1.0 

after 3–4 days. An aliquot of each starter culture (20 ml) was then added to 80 ml of fresh 

EMM+5S in 500 ml Belco glass culture flasks and grown for 5 hr at 30 °C with shaking at 

200 rpm to ensure that newly divided cells were present in culture for transformation. Cells 

were then pelleted by centrifugation at 2,000 × g for 5 min at room temperature (RT), 

washed with an equal volume of autoclaved water at RT and collected again by 

centrifugation. The cell pellets were resuspended in 1 ml of autoclaved water at RT and 

transferred to 1.5 ml tubes. Cells were again collected by centrifugation (2,000 × g for 5 min 

at RT) in a microcentrifuge and washed with 1 ml of 1 X lithium acetate (LiAc)/tris-EDTA 

(TE). For 10 X LiAc, 1 M lithium acetate was adjusted to pH 7.5 with diluted acetic acid. 

For 10 X TE, 0.1 M Tris-HCl, 0.01 M EDTA at pH 7.5 was used (Bahler et al., 1998). Cell 

pellet volume was then estimated (at ~200 µl) by comparing with known volumes of water 

in separate tubes. An equal volume of 1 × LiAc/TE was then used to resuspend the cells to 

achieve a concentrated solution in preparation for transformation.

S. pombe nmt/arz1 transformants

For each strain, 100 µl of the concentrated cell suspension was added to a new 1.5 ml tube 

containing 20 µg of sheared salmon sperm DNA in 4 µl of water and 3 µg of nmt/arz1 

plasmid DNA in10 µl of water, gently mixed and incubated at RT for 10 min. Next, 260 µl 

of 40% polyethylene glycol 3550 (PEG 3550) in 1 X LiAc/TE was added, and the 

suspension was gently mixed and incubated at 30 °C for 1 hr. For 10 ml of 40% PEG in 1 X 

LiAc/TE, 4 g of PEG 3550 was added to 1 ml of 10 X LiAc and 1ml of 10 X TE with 4.54 

ml of water in a small beaker and mixed with a small stir bar. The mixture was then sterile 

filtered through a 0.2 micron syringe filter (Millipore, Billerica, MA). Dimethylsulfoxide 

(43 µl) was added, and the suspension was mixed gently and heated at 42 °C for 5 min in a 

water bath. Cells were then collected by centrifugation (2,000 × g for 5 min at RT) in a 

microcentrifuge. The cell pellet was observed to be slightly translucent after PEG treatment. 

The cell pellet was then washed with 0.5 ml of water, cells were collected again and 

resuspended in 0.5 ml of water and the suspension was plated on EMM supplemented with 

50 mg/l of adenine, histidine, lysine and uracil (EMM+4S-Leu) using autoclaved, dried glass 

beads, and grown at 30 °C for 5 days. (Note: sterile technique should be used throughout the 

yeast transformation procedure to prevent contamination by airborne fungi. The use of 

sterile autoclaved water for making transformation reagents and for cell washing is 

essential.) Leu prototrophic colonies were streaked for isolation on fresh EMM+4S-Leu 

plates, and grown at 30 °C for 3 days.
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Colonies confirmed for Leu prototrophy were screened by colony PCR for the presence of 

the nmt/arz1 plasmid. Colony PCR was carried out as follows using BioLine Taq 

Polymerase (Medicorp, Montréal, Québec, Canada) in a standard PCR reaction mixture 

based on the manufacturer’s protocol that included an nmt vector-specific 5’ PCR primer 

(the nmt forward primer, listed in Table I) and an arz1 internal 3’ PCR primer (F2 and R2). 

The reaction mixture was kept on ice and inoculated with a small volume of cells from a Leu 

prototrophic colony. Briefly, a single colony was touched with the end of a small volume 

pipet tip such that a visible amount of cells was present on the end of the tip, and the cells 

were applied to the PCR reaction mix, resulting in a visibly turbid mixture. Variation from 

semi-translucent to nearly opaque mixtures did not appear to affect PCR results 

substantially, and it was important to deliver enough cells to provide sufficient template for 

gene amplification. Once cells were suspended in the PCR reaction mixture, it was heated at 

94 °C for 5 min in the thermocycler to ensure yeast cell wall lysis, and kept at 4 °C while the 

Taq polymerase was added. A negative control sample was generated from a colony of wild-

type S. pombe, and a positive control included 30 ng of purified nmt/arz1 plasmid. 

Amplification proceeded for 40 cycles in order to produce sufficient product (374 bp) for 

visualization by agarose gel electrophoresis and ethidium bromide staining. Clones that were 

confirmed to be PCR positive for the nmt/arz1 expression construct were maintained on 

EMM+4S-Leu plates and restreaked weekly when cultures were being analyzed for 

expression.

Repression of arz1 transcription with thiamine

Individual colonies of wild-type and zfs1-deficient S. pombe transformed with the nmt/arz1 

construct (named W1 and Z1, respectively) were grown in sterile filtered EMM+4S-Leu 

broth at 30 °C with shaking at 200 rpm, well into logarithmic growth phase, at which time 

(about 3–4 days) a 1:10 dilution of culture in fresh media read ≥1.0 A600, in order to ensure 

that the nmt-driven expression was maximal. Replicate cultures derived from separate 

colonies grown under identical conditions (five for each strain) were used for statistical 

analysis of the data. Starter cultures (in 30 ml of EMM+4S-Leu) were diluted to 0.7–0.8 

A600 in 30 ml of fresh medium and grown for 4 hr at 30 °C with shaking at 200 rpm in 

preparation for time course studies. Five replicates each of W1 and Z1 paired cultures were 

cultured and compared directly in the following assay. For each experimental replicate, W1 

and Z1 cultures were removed from the 30 °C shaker and 1.5 ml of each culture was 

transferred to a 1.5 ml microcentrifuge tube. Cells were pelleted by centrifugation at 

maximum speed (approximately 17,000 × g) in a microcentrifuge for 1 min, and the 

supernatant was removed using a vacuum aspirator. The W1 and Z1 cell pellets were 

simultaneously snap frozen in liquid nitrogen, and thiamine was immediately added to the 

cultures to a final concentration of 10 µM (28.5 µl from a 10 mM stock solution in water) as 

the time course was started, and cultures were returned to the 30 °C shaker. The pre-

thiamine treatment cell pellets were considered to be time zero samples. After 7.5 min, 

thiamine-treated W1 and Z1 cultures were removed and sampled in an identical manner, so 

that cell pellets were snap-frozen by 10 min. Time course sampling proceeded until 20 min 

and 40 min samples were collected. Cell pellets were then stored at −80 °C until total RNA 

could be isolated.
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Total RNA isolation

Total RNA was prepared from cell pellets using the MasterPure Yeast RNA purification kit 

(Epicentre, Madison, WI). For this isolation, frozen cell pellets were placed on ice, and 300 

µl of Extraction Reagent supplemented with proteinase K (0.17 µg/µl final concentration) 

was added to each sample. Pellets were resuspended by vortexing, and samples were 

incubated at 70 °C for 15 min with vortexing every 5 min. Samples were then placed on ice 

for 5 min and 175 µl of (MCP) protein precipitation reagent was added, followed by 

vigorous vortexing for 10 sec. The precipitate was pelleted by centrifugation at 14,000 × g at 

4 °C for 30 min. Shorter centrifugation times are recommended by the manufacturer’s 

protocol, but we recommend extended spins at higher speeds to prevent debris carryover 

into the precipitation steps. During the centrifugation step, 0.5 ml of isopropanol was added 

to RNase/DNase-free 1.5 ml tubes. Supernatants were added to the isopropanol-containing 

tubes at RT in order to precipitate RNA, and the tubes were mixed by inversion 40 times. 

Inversion can be done quickly by holding the 1.5 ml tubes between two standard tube racks. 

Total RNA was then collected by centrifugation at 14,000 × g at 4 °C for 30 min and then 

kept on ice. Supernatants were removed carefully so that the pellets were not aspirated, 

which may occur if a vacuum aspirator is used or if the pellets are kept on ice for an 

extended time. RNA pellets were washed with 0.5 ml of 70% ethanol and centrifuged at 

14,000 × g at 4 °C for 5 min. The wash supernatants were carefully removed by pipetting; 

residual ethanol was collected in the bottom of the tube (20–50 µl) with another brief 

centrifuge spin and was removed by pipetting. The manufacturer’s protocol suggests 

multiple ethanol wash steps, but we found that one wash was sufficient for obtaining RNA 

of suitable quantity and quality for northern analysis. Pellets were resuspended in deionized, 

double autoclaved water supplemented with ribonuclease inhibitor (Invitrogen, Carlsbad, 

Ca, to final concentration 10 µl/ml) by vortexing vigorously. Total RNA concentrations 

were calculated based on A260, and 10 µg of total RNA from each sample was transferred to 

a RNase/DNase free 1.5 ml tube and lyophilized in a speed vac at RT. Remaining RNA and 

dried samples were stored at −80 °C.

Northern analysis and transcript quantitation

Denaturing gel electrophoresis

Lyophilized total RNA isolated from wild-type and zfs1-deficient strains, and from each of 

these strains transformed with the nmt/arz1 construct (W1 and Z1, respectively), was 

resuspended in 8.8 µl of denaturing solution per sample by incubation at 70 °C for 6 min in a 

dry bath with brief vortexing at 3 min. Denaturing solution consisted of 2 µl of water, 0.88 

µl of autoclaved 10 X MOPS buffer (pH 7.0), 1.56 µl of formaldehyde and 4.44 µl of 

deionized formamide per 8.8 µl of total volume. Resuspended samples were held on ice for 1 

min, and 4.5 µl of northern loading dye was added. The resuspended mixture was vortexed 

briefly and held on ice in preparation for loading. A 0.3 l, 1.2% agarose gel was prepared by 

dissolving 3.6 g of agarose in 217.2 ml of water in a 0.5 l bottle with a stir bar. After boiling, 

the dissolved gel was stirred under a fume hood while 52 ml of formaldehyde (37.5%) and 

30 ml of autoclaved 10 X MOPS buffer, pH 7.0, were added. After the mixture cooled, a 20 

× 25 cm gel was poured so that samples could be loaded (up to 40 per gel with 20 in each of 

the upper and lower halves of the gel) in large wells (8 × 1 mm) (Figure 4). Wild-type and 
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zfs1-deficient samples were subjected to electrophoresis on the same gel if possible (data 

summarized in Figure 2). Direct comparisons between samples separated on the same gel 

and carried through the complete analysis at the same time were used for quantitative 

comparisons. Gels were run in 1 X MOPS buffer for 18 hr at ~30 volts. The gels were then 

transferred to large (~22 × 28 cm) plastic containers and stained with 33 µg/ml acridine 

orange in 10 mM NaH2PO4, pH 6.8 for 15 min, washed twice in 10 mM NaH2PO4, pH 6.8 

for 30 min, cut in half along the wells dividing the upper and lower sections of the gel to 

facilitate ease in handling, and evaluated for sample loading and ribosomal RNA migration 

by UV imaging.

Northern blotting

RNA from the gels was transferred to Hybond N+ nylon membranes (Amersham, 

Biosciences, Piscataway, NJ), pre-wetted with sterile water, using the basic capillary 

technique (Sambrook, 1989) overnight using 10 X SSC as the mobile phase. Membranes 

were gently rinsed with 10 X SSC to remove any possible debris remaining from the contact 

with the gel after transfer. Membranes were UV cross-linked and dried at RT between 

absorbent papers (Whatman 1; Whatman, Kent, UK). Membranes were pre-hybridized in 

50% deionized formamide, 5 X SSC, 50 mM Na2HPO4 (pH 6.5), 0.5% SDS, 1 X 

Denhardt’s solution and 150 µl/ml denatured, sheared salmon sperm DNA in water that was 

boiled for 5 min and cooled in order to denature the salmon sperm DNA. Prehybridization 

was carried out at 42 °C in a hybridization bottle overnight. An arz1 DNA fragment (665 

bp) was generated by PCR using gene specific primers F3 and R3 (Table I), and 50 ng of 

this fragment was labeled and used as a gene-specific probe. The arz1 probe was random 

prime-labeled with a High Prime kit (Roche, Indianapolis, IN) to incorporate dCTP-α 32P 

(Perkin Elmer, Wellesley, MA), as was an actin control probe also generated by PCR using 

F4 and R4 primers (Table I). Percent incorporation, ~50%, was determined after the labeled 

probe was separated from unincorporated isotope by desalting (G-50, Roche) by counting 1 

µl each of reaction mix and desalted probe, allowing an estimation of labeling efficiency. 

Dextran sulphate (1 ml of a 50% (w/v) solution in water) was added to 4 ml of fresh 

prehybridization solution in a 15 ml polypropylene Falcon tube (BD Biosciences, San Jose, 

CA) and boiled for 5 min. Radiolabeled probe was then added to the hot hybridization 

solution, and the mixture was allowed to cool for 5 min at RT so that an excessively hot 

solution was not applied to the RNA blot. This was poured directly into the hybridization 

bottle after removal of the prehybridization solution. Hybridization occurred overnight at 42 

°C. The filters were then washed once in the hybridization bottle with 20 ml of 1 × SSC, 

0.1% SDS at RT, and in a plastic dish with enough 1 × SSC, 0.1% SDS at RT to cover the 

membrane (~150 ml) with shaking at least four times for 5 min. Two additional washes were 

then done in the same manner at 60 °C for 15 min each. Filters were blotted on paper towels 

to remove excess wash solution, wrapped in plastic wrap and exposed to phosphorimager 

screens for 2–3 hr. Screens were scanned using the Typhoon system and quantitation was 

performed using ImageQuant 5.1 (Amersham Biosciences, Piscataway, NJ).

Northern analysis results

As was the case for the endogenous arz1 mRNA levels, the nmt-expressed arz1 mRNA 

levels were consistently greater in the zfs1-deficient strain, but the overall expression levels 
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in both strains varied by as much as two-fold (Figure 4B). Nevertheless, the variation was 

minimal across independent biological replicates (Figure 4B–C). arz1 mRNA levels at 0, 10, 

20 and 40 min were corrected for endogenous levels in each strain, and corrected for loading 

variation by actin mRNA levels. The corrected intensities were used to compare the relative 

arz1 mRNA levels after thiamine addition by dividing the intensity (volume) at 0, 10, 20 and 

40 min by the intensity at 0 min, yielding a set of values that ranged from 1 (for the 0 min 

sample) to ~ 0.25 by 20 min. These fractions, shown as % of time 0 in Figures 4C and 5C–

D, were compiled and compared in a pairwise fashion using GraphPad Prism 4 (GraphPad 

Software, Inc., San Diego, CA). Two tailed t-tests were used to compare mean values from 

the two strains at each time point.

Utility of the S. pombe zfs1 model

A significant difference was observed for nmt-expressed arz1 mRNA levels in the two 

strains at the 10 min time point, but by 20 min the difference was lost. This result was 

consistent with arz1 being a target of zfs1, as were results from additional studies that 

involved earlier time courses as well as recombinant zfs1 protein binding to an arz1 ARE-

based RNA oligonucleotide.

S. cerevisiae has been used to evaluate CCCH TZF domain protein binding to RNA, using 

yeast three-hybrid interaction strategies (Puig et al., 2005). In that study, mutations in CTH2 

target sequences in the RNA eliminated the interaction. In contrast, we used a direct 

assessment of RNA decay to evaluate normal and mutated ARE binding sites in S. pombe 

arz1. Two ARE-containing areas were identified based on the presence of the optimal 

UUAUUUAUU binding sites for mammalian TTP family members. The nmt/arz1 system 

was then used to evaluate the effect of a range of mutations in predicted binding sites on 

mRNA decay in the presence and absence of zfs1. Site directed mutagenesis was carried out 

using gene-specific primers (Table II) for the arz1 3’-UTR, including a pair that targeted 

two adjacent binding sites (AREb) for mutation (primers FMuB, RMuB). The adjacent sites 

at AREb appeared to be essential for zfs1-mediated decay, and no significant difference was 

observed when comparing means for MuB to Z1. The predicted zfs1 binding site that is 

more 5’ does not appear to be essential for zfs1-mediated decay (Figure 5B). The differences 

between the WT and the mutant sequences are shown in Fig. 5C, and emphasize the 

similarities between arz1 with a non-binding AREa (MuA) and the normal arz1 sequence 

(W1).

As a system for studying TTP family member function, the S. pombe zfs1 system presents a 

number of advantages, including the genetic tractability of the organism, the single TTP 

family member expressed, the ability to use the nmt system to turn off selected gene 

transcription, and others. Time will tell whether this system will increase our understanding 

of the mechanism by which TTP family members promote mRNA deadenylation and decay. 

We now know at least one physiological target of zfs1, arz1, with others predicted from a 

microarray screen (Cuthbertson et al., 2007). The arz1 protein has not yet been functionally 

characterized, but its sequence resembles members of the armadillo/beta-catenin family. 

Neither Drosophila armadillo nor human beta-catenin encoding mRNAs contain obvious 

TTP-family ARE binding sites in their 3’-UTRs transcripts. Vimar, a protein encoded by a 
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Drosophila ORF, is the closest database hit for arz1, and contains numerous potential TTP 

binding sites in a 1 kb region downstream of the stop codon. Ultimately, we hope to be able 

to link the biochemical effects of zfs1 on mRNA turnover to its apparent physiological role 

in the control of a signal transduction cascade that is essential for mating in S. pombe. This 

type of physiological connection is nicely illustrated in the case of CTH2 from S. cerevisiae, 

which is an iron-regulated protein that in turn appears to regulate the stability of a group of 

transcripts encoding proteins involved in various aspects of iron metabolism (Puig et al., 

2005). Consistent with previous observations (Mercier et al., 2006), zfs1 deficiency does not 

appear to affect iron metabolism (Cuthbertson et al., 2007). Our hope is that not only will 

the zfs1 protein be found to coordinate the stability of a similar collection of transcripts 

involved in an important physiological process in S. pombe, but that we can use this system 

to gain insights into the biochemical function of the whole class of CCCH tandem zinc 

finger proteins.
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Figure 1. 
Conservation of the TZF domain in eukaryotes. A is an illustration of the tandem CCCH 

motifs, separated by a spacer region of a conserved length, which constitute the conserved 

TTP-like, TZF domain. The numbers (8, 5 and 3) indicate the amino acid sequence length 

between the CCCH residues. In (B) is shown an alignment of several select TZF domain 

sequences from animals compared to those from yeasts (modified from Cuthbertson et al. 

2007). Crosses above the alignment denote the conserved Cys and His residues that form the 

CCCH motifs. Identity with the top sequence (TTP) is indicated by dots in the aligned 

sequences. Numbers at the end of the sequences indicate the relative position of the TZF 

domain in the full-length protein. Percent identity with the TTP TZF domain is noted to the 

right of each sequence. NCBI accession numbers are as follows: H. sapiens TTP, 

NP_03398.1; H. sapiens ZFP36L2, NP_008818.3; H. sapiens ZFP36L1, NP_004917.2; X. 

laevis C3H–1, NP_001081885.1; D. melanogaster Tis11, NP_511141.2; S. pombe zfs1, 

CAB75997.1; S. cerevisiae CTH1, P47976; S. cerevisiae CTH2, P47977; C. albicans TZF, 

XP_717137.1; C. glabrata TZF, XP_445742.1.
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Figure 2. 
Increased relative abundance of the arz1 mRNA in the zfs1-deficient S. pombe strain. 

Northern analysis was used to confirm the results of the microarray comparison of expressed 

genes from wild-type (white bar) and zfs1-deficient (gray bar) S. pombe (modified from 

Cuthbertson et al. 2007), and a comparison of means of endogenous arz1 mRNA levels from 

four paired samples is shown in (A). **, p=0.0012. Four independent steady state 

comparisons of expressed genes in wild-type and zfs1-deficient cells were carried out by 

microarray analyses, using Affymetrix Yeast 2.0 arrays. Fold mean difference of arz1 

mRNA levels is shown in (B), with levels in the wild-type strain set to 1.0 (white bar). The 

arz1 mRNA was elevated by 4.3-fold in the zfs1-deficient strain as assessed by microarray 

(black bar) or by 3.6-fold in the zfs1-strain as assessed by northern analysis (gray bar).
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Figure 3. 
The nmt/arz1 expression construct is illustrated here. The nmt 5’-UTR is encoded by a 71 bp 

sequence extending from the start of transcription to the arz1 start codon, and the arz1 ORF 

(1479 bp) is followed by 1 kbp of downstream sequence. A predicted polyadenylation signal 

sequence is present at +1,918 b past the arz1 start codon. Expression was repressed with 10 

µM thiamine (final concentration) at the beginning of each time course. The arz1 mRNA is 

depicted as wavy lines ending with a poly(A) tail.
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Figure 4. 
Time courses of arz1 mRNA repression by thiamine. W1 and Z1 represent the wild-type and 

zfs1-deficient strains transformed with the nmt/arz1 construct, respectively (modified from 

Cuthbertson et al. 2007). In (A) is shown the ethidium bromide stained, UV illuminated 

1.2% agarose gel of total cellular RNA (10 µg per lane) to illustrate loading consistency. In 

(B) is shown the corresponding northern blot probed with an arz1-specific probe. The nmt 

expressed arz1 mRNA is calculated to be 1,989 b to the polyadenylation signal. Initial time 

courses were carried out to identify an appropriate time frame for quantitative comparisons, 

and one of these experiments is presented at the top left corner (A and B); W1 and Z1, 1–40 

min. Replicate time courses for statistical comparison of means were limited to 0, 10 and 20 
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min samples (boxed labels in A and B) and these were used for the comparison of relative 

mean mRNA levels at 10 min shown in (C). WT and ΔZ labels indicate endogenous arz1 

mRNA levels in the wild-type and zfs1-deficient S. pombe strains, respectively.
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Figure 5. 
Use of the S. pombe zfs1 system to evaluate the effects of mutations in the arz1 transcript 

(from Cuthbertson et al. 2007). The sequence of the apparent arz1 3’UTR is presented in 

(A). This sequence contains two AU-rich elements (underlined) containing optimal TTP 

binding sites (UUAUUUAUU). AREa contains one binding site, beginning at 85 b past the 

stop codon (bold at beginning of sequence), and AREb contains two sites, beginning at 215 

and 232 b past the stop codon. MuA and MuB are mutant arz1 constructs, in which the 

adenosines in the binding sites are mutated in AREa or AREb, respectively. MuA contains 

two A to G mutations while MuB contains a total of four A to G mutations. MuA and MuB 

are wild-type S. pombe transformants with the respective nmt/arz1 construct, while W1 and 

Z1 represent the same wild-type and zfs1-deficient strains transformed with un-mutated nmt/

arz1 as presented in Fig. 4. In (B) a representative northern blot is shown that compares W1, 

MuA, MuB and Z1 arz1 mRNA levels at the time of thiamine addition (0 min) and 10 min 

after addition (10 min). Four independent samples of W1, MuA, MuB and Z1 are averaged 

in (C), and mean mRNA levels were compared for statistical significance by one way 

ANOVA (analysis of variance) using Bonferroni’s correction for comparison of multiple 

means. All means were significantly different, with selected comparisons highlighted in (C) 

(***, p<0.0001).
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Table II

Mutagenesis primers used in this study

Primer
Sequence (5’ – 3’)a Gene

target
NCBI accession

number

Target
sequence
position

FMuB CAAGTTTCATCCTTGTTTGTTACCATTAATT-GTTTGTTTATCTATC
arz1 NC_003421.2

2,326,853–2,326,898

RMuB AGTTGTAGATAGATAAACAAACAATTAATGG-TAACAAACAAGGATG 2,326,905–2,326,860

a
Bold residues in sequence indicate mutated base.
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