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Figure 3.13. Current Model for Regulation of Puf3p Activity. Puf proteins are represented as green 
rainbow shapes with phosphorylation modifications.  Decay factors Pop2p, Ccr4p and Dcp2p are 
represented by orange and yellow shapes.  P-bodies are represented by semi-transparent blue ellipses. A 
single mitochondrion is depicted as a red ellipse.  In dextrose conditions (Puf3p Activating Conditions, 
left diagram), cellular import of dextrose inhibits mitochondrial function by repressing transcription of 
mitochondrial mRNAs [51-54]. Additionally, dextrose likely triggers phosphorylation and subsequent 
activation of Puf3p to post-transcriptionally downregulate expression of mitochondrial mRNAs that persist 
in the cytoplasm.  As a result, Puf3p is ubiquitously expressed throughout the cell cytoplasm to maximize 
its ability to locate and bind nuclear-transcribed mitochondrial mRNAs followed by recruitment and 
binding of decay factors that repress translation and subsequently degrade the mRNA in cytoplasmic P-
bodies. In galactose, raffinose and ethanol conditions (Puf3p Activating Conditions, right diagram), the 
cell likely alters the phosphorylation sites on Puf3p to turn off Puf3p activity.   While the majority of Puf3p 
remains in the cytoplasm, another subpopulation of Puf3p forms a large aggregate, presumably to promote 
a conformational change that inhibits binding interactions with some components of the decay machinery 
but permits binding to mRNA targets.  Subsequently, Puf3p-bound mRNAs aggregate, and Puf3p shuttles 
the mRNA targets to the outer surface of mitochondria, where they are translated and imported 
independently of any Puf3p decay function.  While a subpopulation of Puf3p aggregates is sufficient to 
support transport of mRNAs to the mitochondria, the remaining Puf3p aggregates localize within P-bodies 
to sequester the protein for temporary storage.   
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MATERIALS AND METHODS 

Steady-State PUF3 mRNA analysis 

Temperature sensitive yeast strains ywo7 (wildtype) and ywo43 (puf3Δ), which 

express the  rpb1-1ts allele for RNA polymerase II, were grown in yeast extract/peptone 

(YEP) media  supplemented with 2% dextrose, galactose, raffinose, or ethanol at 24ºC to 

an OD600 of 0.4.  Total RNA was separated on 1.25% agarose gels containing 

formaldehyde and transferred to nylon membrane for probing with the radiolabeled oligo 

owo124, which is complementary to PUF3 mRNA.  The transcript was visualized using a 

Storm phosphorimager (Molecular Dynamics). Northern blots were normalized for 

loading by ethidium bromide staining of the 28S and 18S rRNAs. 

Steady-State Puf3p Western Analysis 

The temperature sensitive yeast strain ywo7 (wild-type) was grown in YEP media 

supplemented with 2% glucose, galactose, raffinose, or ethanol at 24ºC to an OD600 of 

0.4.  Harvested cells were resuspended in sample buffer and were mechanically lysed 

with glass beads. The cell extract was collected by poking a hole in the bottom of the 

microfuge tube with a 23G1 syringe, placing the tube into a 15ml centrifuge tube, and 

centrifuging  at 4000rpm.  The supernatant and pellet fractions were collected in separate 

tubes, and equal OD600 units of total protein (Biorad assay, Biorad) were loaded onto a 

10% denaturing Tris-glycine polyacrylamide gel (Lonza). Gels were electroblotted to 

nitrocellulose membrane and probed with anti-Puf3p antibodies that were produced in 

rabbit.  Cross-reacting proteins were visualized by a secondary reaction with anti-rabbit 

IgG antibodies.   Blots were stripped and reprobed with anti-Tfp1p antibodies that were 

produced in mouse.  Cross-reacting proteins were visualized by a secondary reaction with 
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anti-mouse IgG antibodies.  Loading of total protein was normalized by staining blot with 

Ponceau S.    

Puf3RDp Immunoprecipitation and Phosphorylation Analysis 

 Yeast strain ywo192 (puf3Δ) expressing FLAG-Puf3RDp grown in synthetic 

minimal media supplemented with 2% dextrose or ethanol at 30ºC to an OD600 of 0.4.  

Harvested cells were resuspended in IP buffer treated with a complete mini protease 

inhibitor cocktail tablet (Roche). Cells were lysed with glass beads, and the cell extract 

was collected in a 15ml centrifuge tube by poking a hole in the bottom of the 2ml 

microfuge tube with a 23G1 syringe, and centrifuging at 4000rpm. Total protein 

quantitation of cell extracts was performed by BioRad assay (BioRad), and equal mg of 

total protein was nutated with anti-FLAG M2 affinity gel (Sigma) slurry at 4°C.  The 

anti-FLAG affinity resin fraction was washed with IP wash buffer, and FLAG-Puf3RDp 

was eluted by the addition of 2X SDS gel loading dye to the resin, followed by boiling at 

100°C. Equal volumes of the loading dye containing FLAG-Puf3RDp were loaded onto 

loaded onto two 13% denaturing SDS polyacrylamide gels.   Immunoprecipitation of 

FLAG-Puf3RDp was verified by coomassie staining. 

The second polyacrylamide gel was stained with Pro-Q Diamond phosphoprotein 

stain (Invitrogen) per manufacturer’s directions, and was imaged on a Typhoon 840 

scanner (Amersham Biosciences/Molecular Dynamics).  Total protein levels were 

determined by subsequent SYPRO Ruby (Invitrogen) staining and detection using a UV 

transilluminator. 
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Analysis of Puf3p and decay factor interactions in vivo 

Yeast strains ywo187 (puf3Δ, CCR4-myc), ywo188 (puf3Δ, DCP2-myc), and 

ywo191 (puf3Δ, POP2-myc) were transformed with empty vector plasmid pAV72 

(pwo15) expressing the FLAG epitope by LiOAC transformation method.  Yeast strains 

ywo187, ywo188, and ywo191 were also transformed with the pAV72 vector expressing 

FLAG-Puf3RDp (pwo16). 

Strains were grown in synthetic minimal media supplemented with 2% dextrose 

or galactose at 30ºC to an OD600 of 0.4.  Harvested cells were resuspended in IP buffer 

treated with a complete mini protease inhibitor cocktail tablet (Roche). Cells were lysed 

with glass beads, and the cell extract was collected in a 15ml centrifuge tube by poking a 

hole in the bottom of the 2ml microfuge tube with a 23G1 syringe, and centrifuging at 

4000rpm. Total protein quantitation of cell extracts was performed by BioRad assay 

(BioRad), and equal mg of total protein was nutated with anti-FLAG M2 affinity gel 

(Sigma) slurry at 4°C.  The anti-FLAG affinity resin fraction was washed with IP wash 

buffer treated with a complete mini protease inhibitor cocktail tablet (Roche), and FLAG-

Puf3RDp was eluted by nutating with 3X FLAG peptide at 4°C. An equal volume of 2X 

SDS was added to the eluate, and the samples were separated on a SDS polyacrylamide 

gel. 

Gels were electroblotted to nitrocellulose membrane and probed with anti-Myc 

antibodies that were produced in mouse.  Cross-reacting proteins were visualized by a 

secondary reaction with anti-mouse IgG antibodies.   Puf3p input loading was determined 

by SDS PAGE of equal µg of total protein extract.  The Western gel was transferred to 

nitrocellulose membrane that was probed with anti-FLAG antibodies produced in mouse.  
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Cross-reacting proteins were visualized by a secondary reaction with anti-mouse IgG 

antibodies.    

Analysis of Puf3p and COX17 mRNA interactions in vivo 

Semi-quantitative RT-PCR 

Yeast strain ywo192 (puf3Δ, CCR4-myc) was transformed with plasmid pwo16 

expressing FLAG-Puf3RDp or pwo15 (empty vector) expressing the FLAG epitope by 

LiOAC transformation method.  Cultures were grown in synthetic minimal media 

supplemented with 2% dextrose or galactose at 30ºC to an OD600 of 0.4. Cells were lysed, 

total protein quantitation and the co-immunoprecipitation was performed as described in 

“Analysis of Puf3p and decay factor interactions in vivo” except that the Puf3RDp 

complexes were eluted by nutating the resin with 0.1M glycine-HCl, pH 3.5. Total RNA 

was prepared by hot phenol-chloroform extraction as previously described in [46].  Equal 

ng of total RNA were treated with Turbo DNase (Ambion), and the DNase-free RNA was 

used for cDNA synthesis using the Verso cDNA synthesis kit for semi-quantitative 

COX17 cDNA PCR analysis (Thermo-Scientific).  COX17 was amplified using 2X 

Biomix (Bioline) and primers owo7 and 459.  Several yeast housekeeping genes for RT-

PCR [47] including, ACT1 (owo456 and owo457), TPS1 (owo555 and 556), TPS2 

(owo557 and 558), TFP1 (owo572 and 573), TUB1 (owo574 and 575),  ORC5 (owo576 

and 577), and PGK1 (owo553 and 554), were also amplified using 2X Biomix and 

separated on a 2% agarose gel. 

Quantitative real-time qPCR 

Yeast strain ywo188 (puf3Δ, DCP2-myc) was transformed with plasmid pwo16 

expressing FLAG-Puf3RDp or pwo15 (empty vector) expressing the FLAG epitope by 
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LiOAC transformation method.  Cultures were grown in synthetic minimal media 

supplemented with 2% dextrose or galactose at 30ºC to an OD600 of 0.4.  mRNPs were 

cross-linked with formaldehyde, and the cross-linking reaction was quenched by addition 

of glycine.  Harvested cells were washed and resuspended in RIPA buffer containing 

sodium deoxycholate, a complete mini protease inhibitor cocktail tablet (Roche) and 

RNaseOUT (Invitrogen) RNase inhibitor.  Cells were lysed, total protein quantitation and 

the co-immunoprecipitation was performed as described in “Analysis of Puf3p and 

decay factor interactions in vivo”, except that M2 anti-FLAG affinity gel resin washes 

were performed with RIPA buffer.  Elution from the resin was performed with 3X FLAG 

peptide. Cross-linking was reversed by incubating the eluate with sodium chloride at 

65°C.  Protein digestion was performed by incubating with proteinase K.   

Eluates from co-immunoprecipitation (IP) experiments and 1/10 of the IP volume 

of cell extract used in co-immunoprecipitation reactions were resuspended in Complete 

Buffer A, and a hot phenol extraction was performed as previously described in [46].  

The aqueous phase containing total RNA was purified using Direct-Zol RNA MiniPrep 

columns (ZYMO research) with Turbo DNase digestion (Ambion) performed in the 

purification columns.  To quantitatively assess COX17 levels using real-time PCR, total 

cDNAs were synthesized using iScript Reverse Transcription Supermix for RT-qPCR 

(Bio-Rad).  COX17 and the housekeeping control TDH1 cDNAs were amplified using iQ 

SYBR green supermix (Bio-Rad) using gene specific primer pairs that were designed 

using QuantPrime online software (owo631 and 653) for PGK1 (owo630 and owo651) 

for COX17 and (owo632 and owo652) for TDH1.  Three technical replicates for COX17 
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and TDH1 cDNAs were performed for each carbon source condition using total cDNAs 

isolated from immunoprecipitation eluates and cell extracts.  

Steady-State Transcriptional Decay Analysis  

Steady-state transcriptional shut off experiments were also performed using 

strains ywo185 (Puf3p-GFP) and ywo186 (Dcp2p-GFP), each transformed with a 

plasmid expressing MFA2-COX17 3’UTR mRNA (pwo25). pwo25 was created as 

described [29, 48], with the MFA2-COX17 3’UTR RNA expressed under the control of 

the GAL1 UAS, which is induces transcription with the addition of galactose, and is 

repressed by the addition of dextrose.  Additionally, ywo186 was co-transformed with a 

plasmid expressing Puf3p-DsRed (pwo164), under the control of a constitutive GPD 

promoter. 

The DsRed protein sequence was fused to the C-terminus of Puf3p to produce 

pwo164 as follows:  the DsRed gene was amplified from pBin35SRed1 using oligos 

owo636 and owo637, and the 768bp PCR product was gel purified.  owo636 contains the 

last 39 bases of PUF3, excluding the translational stop codon, directly followed by the 

DsRed sequence.  owo637 contains the last 27 bases, including the translational stop 

codon, of DsRed, which is flanked by pwo13 sequence containing a SalI restriction site.  

pwo13, which expresses Puf3p, was digested with SalI, incubated with calf intestinal 

phosphatase, and gel-purified.  Wild-type (ywo5) yeast cells were co-transformed with 

SalI digested pwo13 and the DsRed PCR product, to allow recombination and insertion 

of DsRed into the plasmid, thus creating pwo164. This construct was verified by yeast 

colony PCR and sequencing.  
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Yeast strains transformed with pwo25 and/or pwo164 were grown at 30°C in YEP 

media supplemented with 2% galactose to an OD600 of 0.4.  Transcription was rapidly 

repressed by shifting the culture to YEP media containing 4% dextrose.  Total RNA was 

separated on 1.25% agarose gels containing formaldehyde and transferred to nylon 

membrane for probing with radiolabeled owo303, which is complementary to the MFA2-

COX17 3’UTR junction.  Northern blots were normalized for loading using 7s RNA [49]. 

Transcripts were detected using a Storm phosphorimager (Molecular Dynamics) and 

quantitated using ImageQuant software (Molecular Dynamics). 

Microscopy of Fluorescently Labeled Puf3p 

Yeast strain ywo185 was grown in complete minimal media supplemented with 

2% dextrose, galactose, or ethanol at 30°C to an OD600 of 0.4.  Cells were harvested and 

resuspended in the media supplemented with the appropriate carbon source, pipetted onto 

agarose pads supplemented with amino acids and 2% of the appropriate carbon source.  

Microscope slides were covered with a #1.5 coverslip and sealed. Observations were 

made using a Zeiss confocal microscope with a 63X objective and Zen 2009 software.  

Some images are a Z-series compilation of 6-10 images in a stack.  

Puf3p and P-body detection using epi-fluorescence microscope 

Yeast strains ywo185 (Puf3p-GFP) and ywo186 (Dcp2p-GFP) were grown at 

30°C in complete synthetic minimal media supplemented with 2% dextrose, ethanol, 

galactose, or raffinose to an OD600 of 0.4.  Cultures were harvested and washed with an 

excess of water, resuspended in water and incubated for 5 minutes at room temperature.   

Cells were pipetted onto glass slides coated with poly-L-lysine concanavalin A to 

immobilize them for imaging.  Slides were covered with a glass coverslip and sealed.  
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Epi-fluorescence imaging was performed using a Nikon microscope with a 100X 

objective and YFP filter.   

Puf3p and P-body detection  using confocal microscope 

Yeast strains ywo185 (Puf3p-GFP) and ywo186 (Dcp2p-GFP) were transformed 

with plasmids pRP1186 (Dcp2p-RFP) and pwo164 (Puf3p-DsRed), respectively, by 

LiOAC transformation. Transformed yeast strains were grown at 30°C in synthetic 

minimal media supplemented with 2% dextrose to an OD600 of 0.3-0.35.  Cultures were 

harvested and washed with an excess of synthetic minimal media, resuspended in 

synthetic minimal media supplemented with 2% dextrose, galactose, or ethanol and were 

incubated 30°C with shaking to allow for carbon source acclimation.  Subsequently, P-

bodies were induced in strain ywo185 as previously described in [36]. Harvested cells 

were immediately observed on agarose pads supplemented with amino acids, covered 

with a #1.5 glass cover slip, and sealed.  After acclimating to the appropriate carbon 

source, transformed ywo186 was harvested and resuspended in synthetic minimal media 

containing the appropriate carbon source and potassium chloride to induce P-bodies as 

previously described in [36].  Cells were immediately observed on complete minimal 

media agarose pads 1X amino acids and 2% of the appropriate carbon source, covered 

with a #1.5 glass cover slip, and sealed. Observations were made using a Zeiss confocal 

microscope with a 63X objective and Zen 2009 software.  Some images are a Z-series 

compilation of 6-10 images in a stack.  

Puf3p and mitochondria detection using confocal microscope 

Yeast strain ywo185 was grown at 30°C in complete minimal media 

supplemented with 2% dextrose to an OD600 of 0.3-0.35.  Cultures were harvested and 
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washed with an excess of complete minimal media, resuspended in minimal media 

supplemented with 2% dextrose, galactose, or ethanol, and Mitotracker Deep Red FM 

stain (Invitrogen).  Cells were incubated at 30°C with shaking for an additional 30 

minutes, and were harvested and washed with 1X PBS dissolved in the appropriate 

media.  Cells were harvested and immediately observed on complete minimal media 

agarose pads supplemented with amino acids and 2% of the appropriate carbon source.  

Observations were made using a Zeiss confocal microscope with a 63X objective and 

Zen 2009 software.  Some images are a Z-series compilation of 6-10 images in a stack.  
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translation initiation factors and the 5’ mRNA cap [1].  Therefore, the cellular events that 

trigger the formation of different Puf3p complexes may function as a molecular switch 

that allows Puf3p to regulate both translational activation and repression [2].  Previous 

studies that monitored the translation of COX17 mRNA revealed that Puf3p did not affect 

COX17 translational efficiency in dextrose conditions (Figure 4.1A; Olivas, W., 

published data [3]).  However, since Puf3p decay activity is turned on in dextrose, the 

rapid decay of COX17 may have masked any changes to COX17 translational efficiency 

(Figure 4.1A).   

Based on these observations, I hypothesized that Puf3p might have a novel role in 

conditionally regulating the translation of its mRNA targets independent of its mRNA 

decay function (Figure 4.1B).   Specifically, I proposed that in dextrose conditions, when 

Puf3p stimulates rapid decay of its targets, Puf3p might also function to disrupt 

translation of its mRNA targets, possibly by disrupting interactions with translation 

initiation complexes that are bound to the mRNA.  Therefore, Puf3p may repress 

translation of its mRNA targets, prior to its role in mRNA decay.  In galactose conditions, 

when Puf3p-mediated decay activity is inhibited and its targets are stabilized for 

subsequent translation, I proposed that Puf3p would not disrupt translation initiation 

factor complex interactions, thus allowing translation of its mRNA targets to proceed.  

Alternatively, I hypothesized that Puf3p would enhance the translation of its mRNA 

targets in galactose conditions.   To ensure that I analyzed the role of Puf3p in repressing 

the translation of its mRNA targets independent of its role in decay, I utilized strains that 

are deleted of CCR4, a deadenylation factor.  In a ccr4∆ strain, all of the mRNAs should 

be polyadenylated, which essentially blocks the major (deadenylation- dependent) mRNA  
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Figure 4.1. Polysome profiling analysis of COX17 translation.  A) In wild-type (WT) dextrose 
conditions, when Puf3p decay activity is turned on, COX17 mRNA is translated efficiently, as determined 
by its association with polysomes.  In puf3Δ conditions, COX17 mRNA translation is not altered.  If Puf3p 
were responsible for reducing COX17 mRNA translation, then it would be expected that COX17 mRNA 
would shift to the right and associate with more polysomes in the absence of Puf3p when compared to the 
WT polysome profile  (Olivas, W., published data; reprinted and modified from [3]).  B) Schematic 
diagram explaining rationale and hypotheses for COX17 translational analysis independent of Puf3p-
mediated decay activity.   
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decay pathway in yeast. 

To address these hypotheses, I analyzed COX17 mRNA association with 

ribosomes along polysome gradients in ccr4Δ strains grown in dextrose or galactose 

conditions, as well as a ccr4∆puf3Δ strain grown in dextrose conditions. COX17 

transcripts that are efficiently translated would be expected to associate with multiple 

ribosomes (polysomes), while COX17 transcripts that are inefficiently translated would 

be expected to associate with individual ribosome subunits or a single ribosome 

(monosome).  In dextrose conditions in a ccr4∆ strain, COX17 mRNA was associated 

with polysomes, with an enrichment in fractions 8 and 9 as assessed by Northern blotting 

(Figure 4.2, red bar). COX17 cDNA as assessed by RT-PCR, also associate with 

polysomes in a ccr4∆puf3Δ strain in dextrose conditions.  In both of these strains, COX17 

mRNA is mostly detected within the polysome fractions, suggesting that the absence of 

Puf3p does not reduce the translation of COX17 in dextrose conditions.   In fact, COX17 

is shifted deeper into the polysome region, suggesting that COX17 is more efficiently 

translated in the absence of Puf3p. Unexpectedly, in ccr4∆ galactose conditions, the 

efficiency of COX17 translation is reduced when compared to the ccr4∆ dextrose profile, 

as COX17 mRNA is slightly shifted towards the ribosome subunit and monosome 

gradient, with an enrichment of the 60S ribosomal subunit in fractions 5 and 6 (Figure 

4.2, red bar).  Based upon these observations, it does not appear that Puf3p enhances 

COX17 mRNA translation in ccr4∆ galactose conditions, relative to ccr4∆ dextrose 

conditions.  Future experiments must be conducted with a control mRNA that is not 

regulated by Puf3p, and the polysome profiles must be conducted using the ccr4∆puf3Δ 

strain in galactose conditions to formulate any conclusions about the role of Puf3p in  
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Figure 4.2. Puf3p reduces COX17 translational efficiency in the absence of its mRNA decay activity 
in dextrose conditions.  Shown are representative polysome profile analyses of COX17 mRNA or cDNA 
in ccr4Δ-dextrose, ccr4Δ-galactose, and ccr4Δpuf3Δ-dextrose conditions. Northern blots of COX17 mRNA 
from ccr4Δ-dextrose and ccr4Δ-galactose are shown, while an image of COX17 cDNA from ccr4Δpuf3Δ-
dextrose conditions is shown.   Four biological replicates of polysome profiles were performed in ccr4Δ-
dextrose conditions, while two replicates were conducted in ccr4Δ-galactose, and ccr4Δpuf3Δ-dextrose 
conditions. Fractions in which COX17 mRNA is most enriched are underlined in red.  A representative 
ethidium bromide staining of the gradients, in the absence of cycloheximide treatment is shown above.  The 
location of monosome and polysome fractions were determined by the intensity of ethidium bromide 
stained 28S and 18S ribosomal RNA bands, which are components of the large and small ribosomal 
subunit, respectively,  and comparison to an identical gradient with cycloheximide treatment.     
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affecting translation in galactose conditions. 

Together, these polysome profiling studies suggest that Puf3p may modulate 

COX17 translation independent of its mRNA decay stimulating function in dextrose 

conditions.  The efficient translation of COX17 as detected deep into the polysome 

fractions in the ccr4Δpuf3Δ dextrose conditions versus detection in the early polysome 

fractions in the ccr4∆ strain in dextrose indicates that Puf3p does play an inhibitory role 

in COX17 translation.  The slight reduction of COX17 mRNA translational efficiency in 

galactose conditions was unanticipated, considering that the Ccr4p deadenylase was 

deleted and that COX17 mRNA is stabilized in these conditions [4].  However, it is 

possible that global rates of translation are reduced in galactose conditions.  Testing of 

this possibility would require repetition of this experiment with co-amplification of 

COX17 and a control mRNA that is not regulated by Puf3p. In support of this hypothesis, 

I demonstrated that total protein levels are decreased in continuous ethanol, galactose and 

raffinose conditions when compared to continuous dextrose conditions as detected by 

Ponceau S staining on Western blots (Chapter III, Figure 3.1, Ponceau S). Furthermore, 

Kuhn et al. performed a global analysis of protein synthesis and polysome profiling in 

yeast that were quickly transferred from dextrose to nonfermentable glycerol conditions 

[5]. Global protein synthesis was reduced 5 minutes after the shift to glycerol, and protein 

synthesis was never fully returned to the level observed in dextrose [5].  In an 

independent study, ribosomal protein gene expression was upregulated in dextrose, but 

was downregulated in nonfermentable ethanol conditions [6].  Interestingly, ribosomes 

were globally shifted from polysomes to monosomes and ribosomal subunits after 
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switching the carbon source to glycerol, including ACT1 and several ribosomal protein 

mRNAs [5]. 

To assess the impact of Puf3p inactivation on mRNA translational efficiency 

without worrying about the global effects of carbon source, it will be important to 

identify the critical phosphorylation sites on Puf3p that are differentially phosphorylated 

in dextrose vs. galactose or ethanol conditions.  Mutation of critical phosphorylation sites 

that differ between the Puf3p activating and inactivating conditions would allow analysis 

of inactive Puf3p without changing the carbon source. The constitutively active or 

inactive Puf3 proteins could be used in polysome profiling experiments in dextrose 

conditions to determine if Puf3p inactivation enhances COX17 translation. 
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MATERIALS AND METHODS 
 
Polysome Profile Analysis of COX17 mRNA 

Yeast strain ywo267 (ccr4Δpuf3Δ) was created by swapping the endogenous 

PUF3 gene with URA3 as follows:  the URA3 was amplified from yeast genomic DNA 

using oligos owo549 and owo550, and the 926bp product was gel purified.  owo549 

contains  PUF3 5’UTR sequence, directly followed by the first 22 bases of URA3 

sequence.  owo550 contains the last 25 bases of URA3, including the translational stop 

codon,  which is flanked by PUF3 3’UTR sequence.  pwo15 was digested with BamHI 

and SalI, incubated with calf intestinal phosphatase, and gel-purified.  The ccr4Δ strain 

(ywo13) was transformed with the URA3 PCR product, to allow recombination and 

insertion of URA3 in the place of PUF3 in the yeast genome, thus creating ywo267. 

Deletion of PUF3 was verified by yeast colony PCR.  

Yeast strains ywo13 (ccr4Δ) and ywo267 (ccr4Δpuf3Δ) were grown in YEP 

media supplemented with 2% dextrose or galactose at 30°C to an OD600 of 0.5-0.6, and   

polyribosome extracts were prepared without cycloheximide as previously described [7] 

and illustrated in Figure 4.2.  Fourteen fractions were collected from the top of the 

sucrose gradients.  Fractions were prepared for Northern or RT-PCR analysis as 

described in [8].   Equal volumes of fractions were separated on a 1.25% agarose gel 

containing MOPS buffer and formaldehyde. 28S and 18S rRNA levels in each fraction 

were detected by ethidium bromide staining, and the gel was transferred to a nylon 

membrane for probing with the radiolabeled oligo owo2, which is complementary to 

COX17 mRNA.  The transcript was visualized using a Storm phosphorimager (Molecular 

Dynamics).  Alternatively, total cDNA of each fraction was prepared using DNase-free 
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RNA and the Verso cDNA synthesis kit (Thermo-Scientific).  COX17 was amplified 

using 2X Biomix (Bioline) and primers owo7 and 459. 
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CONDITIONAL REGULATION OF Puf3p FUNCTION IS DIRECTLY LINKED 
TO CHANGES IN CELL METABOLIC PATHWAYS 
 

Yeast Puf3p has been implicated as a regulator of mitochondria biogenesis and 

function by genomic computational studies [1, 2], genetic and physical interactions with 

mitochondria  [3, 4], and decay analysis of the experimentally validated Puf3p target 

COX17 mRNA [5, 6].   In my M.S. thesis work, I experimentally validated ten new 

nuclear-transcribed mitochondrial mRNAs that were regulated by Puf3p, demonstrating 

that a single yeast Puf protein can regulate a class of functionally related transcripts [7].  

This is in stark contrast to the observation that most Puf proteins work in a combinatorial 

manner to promote repression and/or turnover of mRNAs [8-13].  Furthermore, Puf3p-

mediated decay stimulating activity is conditionally regulated by environmental 

conditions, such that Puf3p promotes rapid decay of target mRNAs in the presence of 

dextrose.  Alternatively, in  the presence of galactose, ethanol, or raffinose, the half-lives 

of these transcripts are stabilized demonstrating that Puf3p activity is inhibited in these 

conditions [7].   

A reasonable model for the dynamics  of Puf3p-mediated decay activity is that in 

dextrose conditions, yeast cells do not require mitochondrial respiration to utilize 

dextrose for efficient growth.  Therefore, to conserve energy, cells repress translation of 

nuclear-transcribed mitochondrial mRNAs such as COX17, TUF1, and CYT2 that must 

be imported into the mitochondria for maturation and function.   To accomplish this 

repression, Puf3p stimulates rapid turnover of these transcripts.  Alternatively, in the 

presence of non-fermentable carbon sources, which require mitochondrial maturation and 

ATP production, Puf3p decay stimulating activity is abolished to allow translation and 
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import of these mitochondrial transcripts.  In support of this theory, dextrose has been 

shown to trigger repression of genes involved in the metabolism of alternative carbon 

sources such as ethanol and galactose [14]  and several aspects of mitochondrial ATP 

production[15-17] and cytochrome complex subunit COX6 [18].  Puf3p provides another 

level of regulation beyond transcriptional repression by acting at the level of mRNA 

stability to control mitochondrial protein production. 

FUNCTIONAL LINK BETWEEN ENVIRONMENTAL STIMULI,  Puf PROTEIN 
PHOSPHORYLATION, AND CHANGES IN  Puf PROTEIN DECAY ACTIVITY 

 In this dissertation work, I sought to understand the complex molecular 

mechanisms involved in the regulation of yeast Puf3 protein activity. Specifically, the 

goal of this work was to elucidate the mechanism of Puf3p decay activity and determine 

the aspects of Puf3p function that are altered when Puf3p activity is compromised.  At the 

molecular level, environmental signaling and subsequent signal transduction appears to 

be a critical and central component of the molecular mechanism that regulates Puf protein 

activity.  For example, environmental stimuli, such as hormones, can be recognized by 

extracellular or intracellular receptors, and in turn trigger signaling cascades that may 

elicit cellular responses such as protein phosphorylation, to alter levels of gene 

expression.  In chapter III of this dissertation, I demonstrated that PUF3 expression was 

not downregulated at the levels of transcription or translation, suggesting that inhibition 

of Puf3p activity was not due to reduced expression in inhibitory conditions.  

Furthermore, I found that the repeat domain of Puf3p is post-translationally modified by 

phosphorylation in both Puf3p activating and inactivating conditions. While this data 

shows that there is not an all or nothing difference in phosphorylation, it is still likely that 

the repeat domain may be differentially phosphorylated in response to carbon source.   
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Therefore, I propose that conditional phosphorylation of yeast Puf3p may serve as the 

molecular switch that modulates Puf3p decay stimulating activity.  Puf protein 

phosphorylation in response to an environmental trigger appears to be a conserved 

regulatory mechanism in eukaryotes that is critical for controlling Puf protein activity as 

evidenced in multiple organisms.  For example, nutrient starvation in the slime mold 

Dictyostelium triggers phosphorylation activity of the YakA kinase, which prevents PufA 

from repressing its mRNA target PKA-C [19].  Additionally, the hormone progesterone 

inhibits Puf protein activity in Xenopus oocytes [20].  Finally, in yeast, kinase CK2 

phosphorylates an N-terminal region of Puf6p, thus turning off its transcript repressive 

activity [21].  Together, these observations highlight the role of phosphorylation in 

regulating Puf decay stimulating and/or translational repression activity.   

IMPLICATIONS OF Puf PROTEIN PHOSPHORYLATION AT THE 
MOLECULAR LEVEL 

Altered Puf protein-protein interactions 

Post-translational modifications such as phosphorylation can modify tertiary 

protein structure by inducing conformational changes and/or alter the charge landscape to 

inhibit protein-protein interactions.  For example, phosphorylation of an activation loop 

in  cyclin-dependent kinase 2 alters the structure of the loop and alters amino acid side 

chain hydrogen bonding interactions in regions surrounding the loop [22].  Additionally, 

phosphorylation of Src tyrosine kinase induces a conformational change such that the 

kinase domain is buried, thus inactivating kinase activity [23]. In Xenopus, 

phosphorylation of Pum1 is coupled with the dissociation of CPEB-Pum1 binding 

interactions, resulting in translational activation of cyclin B1 mRNA [24].  Based on these 

observations, in Chapter III of this dissertation work, I hypothesized that phosphorylation 
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of the Puf3RD in inactivating conditions causes a conformation or charge landscape 

change such that the outer loop between repeats 7 and 8 is no longer able to mediate 

interactions with the decay machinery.  This hypothesis was based on the observation that 

the Puf3p outer loop has been shown to directly bind Pop2p in Puf3p activating 

conditions (Lopez Leban, personal communication).  To address this question, I 

performed co-immunoprecipitation studies with yeast extracts expressing FLAG-

Puf3RDp and Myc-tagged decay factors derived from cells grown in Puf3p activating or 

inactivation conditions.  These experiments demonstrated that interactions between the 

Puf3 repeat domain and the decay factor Pop2p is disrupted in conditions that inhibit 

Puf3p-mediated decay activity, while interactions with Ccr4p appear to be partially 

disrupted.   These compromised interactions suggest that Puf3p is defective in stimulating 

deadenylation and decapping when its function in mRNA turnover is inactivated. 

Together, these experiments demonstrate that conditional inactivation of Puf3p decay 

stimulating activity is at least partially the result of reduced interactions with 

deadenylation and decapping factors.  

Despite these observations regarding Puf3RD phosphorylation and altered 

interactions with the decay machinery, several unanswered questions remain regarding 

the conditional regulation of Puf3p activity.  In the future, it will be important to identify 

potential phosphorylation site(s) that regulates Puf3p activity using mass-spectroscopy.  

It is probable that one or a few unique sites are responsible for activating or inactivating 

Puf3p activity.  Furthermore, it is important to analyze full length Puf3p in an effort to 

identify possible phosphorylation sites outside of the repeat domain, as yeast Puf6p 

activity is turned off by phosphorylation of a residue in the N-terminus [21]. This 
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analysis would be critical for creating constitutively phosphorylated or non-

phosphorylated Puf3RDp mutants that could be used to determine if phosphorylation 

activates or inactivates Puf3p, although I hypothesize that phosphorylation would turn off 

Puf3p activity similarly as for Puf6p.  Moreover, these Puf3RDp mutants could be used 

in deadenylation assays to validate that Puf3p is actually unable to stimulate 

deadenylation in the absence of its decay activity.  Additionally, it will be important to 

determine the aspects of Puf3p that are structurally altered at the level of amino-acid side 

chain interactions and bonding forces, which can be determined by co-crystal structure 

modeling of Puf3p mutant complexes with protein partners.  Thus far, a kinase 

responsible for Puf3RD phosphorylation has yet to be identified, although Puf3p was 

predicted to be a downstream target in the rapamycin signaling pathway [2].  Together, 

these important experiments will help create a more detailed portrait about the 

complexity of Puf protein regulation.     

Altered Puf protein-mRNA interactions  

 Protein phosphorylation of mammalian Puf proteins has a direct impact on Puf 

protein-mRNA target interactions, as unphosphorylated PUM1 has a reduced affinity for 

its binding site [25].  Additionally, environmental signals such as progesterone, have 

been shown to trigger Xenopus Pum2 dissociation from its target RINGO/Spy mRNA in 

oocytes [20].  In chapter III of this work, I used both semi-quantitative and quantitative 

real-time PCR to analyze levels of COX17 mRNA that coimmunoprecipitated with 

Puf3RDp in activating and inactivating conditions.   The results of the semi-quantitative 

analysis were inconclusive, but real-time qPCR demonstrated no significant difference 

between activating and inactivating conditions.  Therefore, for yeast Puf3p, altered 
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mRNA binding interactions do not appear to be an underlying molecular mechanism that 

contributes to impaired decay stimulating activity in response to carbon source.   

Altered Puf protein subcellular localization 

There are several examples in which phosphorylation has been shown to  

stimulate differential protein subcellular localization including β-catenin and Snail 

proteins.  For example, unphosphorylated β-catenin is mainly localized to the plasma 

membrane, with a small fraction of the protein localizing to the cytoplasm and nucleus.  

Alternatively, phosphorylation of β-catenin by protein kinase D1 increases its localization 

to the nucleus [26].  Both the activity and subcellular localization of Snail repressor 

protein are controlled by phosphorylation, such that phosphorylation triggers the 

movement of the transcription factor Snail from the nucleus to the cytoplasm so that E-

cadherin can no longer be repressed in the nucleus [27].    

In other cases, phosphorylation is implicated in the conversion of normal prion 

proteins into the aggregated, disease form [28, 29].      Interestingly, prion conversion is 

also linked to cellular stress responses, as yeast Sup35 prion conversion is enhanced by a 

regulator that forms aggregates in response to heat shock [30].  Notably, the N-terminus 

of Puf proteins also contains a prion-like aggregation domain via glutamine repeats that 

may regulate Puf3p activity.   Expression of the of the Drosophila Pumilio glutamine rich 

domain was previously shown to assist formation of protein aggregates in yeast and 

disrupt endogenous Pumilio activity in Drosophila [31].  Moreover, in this dissertation 

work, I have shown that full length GFP-tagged Puf3p forms protein aggregates both in 

activating and inactivating conditions.  However, in Puf3p inactivating conditions, Puf3p 
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aggregation is exacerbated, with an increase in the size of the protein aggregates and a 

pool of Puf3 protein localizing with mitochondria.  These observations starkly contrast 

that of dextrose conditions, where the majority of Puf3 proteins are ubiquitously 

expressed throughout the cytoplasm, with a few cells expressing very small Puf3p 

aggregates.  Additionally, cellular stresses such as carbon source depletion can stimulate 

the formation of large P-bodies after dextrose, ethanol, and galactose have been depleted 

from the media.  While Puf3p localized to P-bodies in all P-body inducing conditions, the 

percentage of Puf3p aggregates colocalizing with P-bodies was increased in galactose 

and ethanol conditions.    

Recently, researchers have demonstrated that 1M potassium chloride can be 

added to cells growing in glucose, resulting in P-body induction as an alternative to 

carbon source depletion [29]. I attempted to repeat these experiments in dextrose and 

ethanol conditions using the DCP2-GFP strain with plasmid expressed Puf3p-RFP or the 

PUF3-GFP strain with plasmid expressed Dcp2p-RFP, which failed to correctly express 

Puf3p or induce P-body localization of plasmid expressed Dcp2p, respectively.  In the 

future, these potassium chloride experiments should be conducted with a yeast strain 

expressing genomically integrated DCP2-GFP and PUF3-RFP to validate that the results 

are dependent on carbon source. Despite this setback, these observations demonstrate that 

Puf3p inactivating conditions can trigger altered Puf3p localization to mitochondria, 

while Puf3p localization to P-bodies is likely independent of Puf3p functional state.   

Based on this work, I propose that Puf3p aggregate formation is facilitated by the 

presence of glutamine repeats located outside of the repeat domain.   Further analysis of 

the putative Puf3p aggregation domain (glutamine repeats) will be critical for 
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understanding the function of the regions outside of the repeat domain.  It will be 

interesting to examine aggregation using GFP-tagged Puf3p that has deletions of the 

glutamine repeats.  In addition, analysis of the glutamine mutants in the different Puf3p 

activating and inactivating conditions will be important in determining whether Puf3p 

activity is mediated by the glutamine repeats.   It will also be important to determine if 

Puf3p can also localize to stress granules, particularly in galactose and ethanol conditions 

using the potassium chloride method.  I expect that this is a conserved mechanism in 

most Puf expressing eukaryotes, as mammalian PUM proteins [32, 33] colocalize with 

stress granules.  

Based on the current understanding of Puf protein subcellular localization and the 

work presented in this thesis, a model relating conditional Puf3p regulation and 

subcellular localization can be explained as follows:   When is activated in dextrose 

conditions, the majority of Puf3p is diffusely expressed throughout the cell cytoplasm to 

increase the efficiency of finding, binding, and stimulating deadenylation of its 

mitochondrial mRNA targets.  Puf3p may then direct these transcripts to P-bodies where 

they are decapped and degraded.   In contrast, when Puf3p decay activity is inhibited by 

ethanol, galactose or raffinose, a pool of Puf3p aggregates may retain the ability to 

associate with mRNA targets and shuttle them to the mitochondrial surface where the 

mRNAs are translated and nascent proteins are imported into mitochondria.  Excess pools 

of Puf3p aggregates that are no longer required for shuttling mRNAs to the mitochondria 

may localize to P-bodies for temporary storage.   
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Puf PROTEINS AND TRANSLATION 

In multicellular eukaryotes, Puf3p proteins have been shown to mediate both 

translational activation and repression.  In C. elegans and Xenopus, translational 

activation is mediated by Puf protein interaction with cytoplasmic polyadenylases or 

cytoplasmic polyadenylation element-binding proteins, respectively [34, 35].  However, 

cytoplasmic poly (A) polymerases are not conserved in yeast, as S. cerevisiae only 

expresses two poly(A) polymerases that target aberrant transcripts for decay [36].  

Therefore, it is probable that these mechanisms of Puf-mediated translational activation 

or Puf-mediated modulation of translation are not conserved functions in yeast, but are a 

newer function of Puf proteins that emerged in more complex eukaryotic cells.    

In yeast, the 3’UTR of yeast MFA2 mRNA has been shown to regulate translation 

by recruiting trans-acting 3’UTR binding factors and differentially recruiting poly(A) tail 

binding proteins (Pab1p) in response to carbon source [37].  The highly unstable yeast 

MFA2 mRNA is post-transcriptionally regulated by RNA-binding proteins that interact 

with 3’UTR AU-rich elements (ARE) independently of the available carbon source [2, 

38]. However, MFA2 mRNA translation is regulated by carbon source, and is dependent 

on the presence of the Hog1p kinase.  In dextrose conditions, MFA2 translation is 

presumably downregulated by altered recruitment of Pab1p and ARE-RNA binding 

protein related Pub1p to ARE in a Hog1p-dependent manner, which prevents 5’cap-

poly(A) tail interactions that are required for translation initiation. In glycerol conditions, 

it is predicted that Hog1p may indirectly promote Pab1p localization to the poly(A) tail 

through interactions with an unknown ARE-binding factor, thus stimulating MFA2 

translation [37]. 
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In this work, I wanted to determine if Puf3p could conditionally alter the 

translational efficiency of COX17 mRNA in the absence of its decay activity.   

Specifically, I hypothesized that Puf3p would increase the translational efficiency in 

galactose conditions, when Cox17 protein production would be upregulated versus 

dextrose conditions.  Surprisingly, COX17 mRNA translation was less efficient in 

galactose conditions when compared to dextrose.  However, the decreased translational 

efficiency of COX17 mRNA is most likely the result of global downregulation of protein 

synthesis, as previous studies have shown that translation of ribosomal protein encoding 

transcripts are coordinately downregulated in ethanol conditions, when compared to 

dextrose  [39]. Additionally, shifting yeast cultures from dextrose to nonfermentable 

glycerol was shown to downregulate global protein synthesis, with a concomitant 

decrease in the translational efficiency of ribosomal protein encoding mRNAs, and the 

transcript encoding actin, ACT1 [40].  

On the contrary, these studies demonstrated that Puf3p reduced the translational 

efficiency of COX17 mRNA, when translational repression mediated by Ccr4p 

deadenylation and subsequent mRNA decay was blocked.  This result is particularly 

important, as it highlights the possibility that Puf3p can also function to disrupt 

translation of its mRNA targets.  One explanation for this result is that Puf3p might 

disrupt interactions between the translation machinery, and it will be important to analyze 

the role of Puf3p in regulating mRNA translation in the future.  The role of Puf proteins 

in translational repression has been frequently documented in eukaryotes, such as 

Drosophila, C. elegans, and yeast.  In yeast, genetic assays implicate Puf4p and Puf5p in 
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repressing the translation of HO mRNA in a Pop2p-dependent manner [10-12, 41], while 

Puf6p represses translation of ASH1 mRNA [42].    

Another important research question regarding Puf proteins concerns identifying 

the function(s) within the N-terminal regions outside of the PufRD, which may be 

necessary for Puf proteins to finely tune protein production both spatially and temporally 

within cells.   Prior to my dissertation work, the repeat domain was shown to be sufficient 

to regulate mRNA binding and stimulate translational repression and decay in yeast and 

Drosophila [6, 43], albeit suboptimal in comparison to the full length Puf proteins. While 

the region outside of the repeat domain comprises 1/2 to 2/3 of Puf proteins, its functional 

role has not been clearly determined.  This dissertation work highlights one possibility 

that the conserved glutamine repeats outside of the yeast Puf3p repeat domain may 

contribute to Puf protein aggregation as a means to modulate Puf protein activity and 

therefore appropriately regulate protein production. Recently, two highly conserved 

motifs termed Pumilio Conserved Motifs or PCMa and PCMb, were identified in the N-

termini of Puf proteins ranging from insects to vertebrates, although their roles in Puf 

protein function remain poorly understood [44]. However, the N-terminal 2/3 of 

Drosophila Pumilio and human PUM1 and PUM2 were shown to stimulate translational 

repression of a reporter transcript similarly to that of full-length Drosophila Pumilio, 

suggesting that Drosophila and human Puf protein repression activity was controlled by 

an N-terminal region outside of the repeat domain.  Moreover, the Drosophila Pumilio N-

terminus was found to inhibit translational repression to a greater extent than promoting 

mRNA turnover [44].  Further analyses of these N-terminal domains are critical for 

painting a complete picture about Puf protein activity regulation and function.   
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REGULATION OF Puf3p ACTIVITY AT THE MOLECULAR LEVEL 

 This work has provided insight into the detailed mechanisms of Puf protein 

function and regulation.  First, this work demonstrated that the environmental signals that 

activate or inactivate yeast Puf3p mRNA decay stimulating activity likely trigger a 

signaling cascade that results in post-translational phosphorylation of the Puf3RD.   Next, 

this work examined the implications of inhibiting Puf3p activity in galactose and ethanol 

conditions, and demonstrated that multiple aspects of Puf3p function are altered at the 

molecular level, such as interactions with the decay machinery, protein aggregation, and 

subcellular localization.  Finally, this work highlighted a previously identified function of 

Puf3p activity, such that Puf3p may reduce the translational efficiency of its mRNA 

targets prior to stimulating their decay.  Overall, this work demonstrates how several 

aspects of yeast Puf3p function are modulated to accomplish tightly controlled regulation 

of mitochondrial biogenesis and function.   
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