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 The tufA gene encodes the chloroplast elongation factor Tu and is found in 

the chloroplast genome in Chlamydomonas reinhardtii, whereas it is in the 

nucleus in land plants.  When C. reinhardtii is treated with chloramphenicol 

(CAP), an inhibitor of ribosome elongation, the stability of the 1.7-kb tufA mRNA 

is increased, and a RNA of ~1.5 kb over-accumulates.  When CAP and the 

transcription inhibitor rifampicin are added together, tufA mRNA can be chased 

into the 1.5-kb RNA (which is subsequently degraded), suggesting that it is an 

intermediate in the degradation pathway.  Mapping of the 5' and 3' ends of the 

1.5-kb RNA showed that it is truncated at the 5' end, and is missing 177-181 

nucleotides; there was no evidence of truncation at the 3' end.  The 5' end of this 

intermediate lies 76-80 nucleotides upstream of the tufA start codon, and within a 

 vii



small ORF that has predicted secondary structure.  Interestingly, the degradation 

intermediate did not over-accumulate in a chloroplast ribosome-deficient mutant, 

suggesting that its stabilization requires elongation-arrested ribosomes.  Finally, 

evidence was obtained that the intermediate accumulates in the absence of CAP, 

especially in older cultures.  These results indicate that a major pathway for 

degradation of tufA mRNA in vivo begins at the 5' end of the RNA, probably with 

an endonucleolytic cleavage, but 5' to 3' exonuclease activity cannot be ruled out. 

To determine whether the 5' or 3' UTR of tufA is destabilizing, the 

corresponding regions of an atpA-aadA-rbcL gene (which gives high mRNA 

levels) were replaced with one or both tufA UTRs, and transformed into the 

chloroplast.  Northern blot analysis of the transformants indicated, quite 

surprisingly, that the 3' UTR of tufA is strongly destabilizing.  The results suggest 

that the UTRs of tufA have distinct, but also interacting roles in mediating decay 

of tufA mRNA. 

To determine if the 3' UTR of tufA can regulate protein expression, 

constructs were made using Renilla luciferase as reporter, and transformed into 

chloroplasts.  Luminescence measurements of the transformants indicated that the 

3' UTR of tufA can regulate expression at the protein level, but no more so than 

the 5' UTR. 
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Chapter 1: Introduction 

 

1-1.  An introduction to mRNA stability 

 Gene expression is a complex multi-step process fundamental to all phases 

of growth and development.  The level of expression of a gene can be affected by 

the abundance of its mRNA.  The steady-state level of a particular mRNA in cells 

is determined not only by its rate of synthesis but also by the rate of degradation 

(Herrin and Nickelsen 2004).  Understanding the factors determining the stability 

of a RNA structure is an important component when investigating biological 

systems.   

 This thesis deals with stability and degradation of the chloroplast tufA 

mRNA in Chlamydomonas reinhardtti (C. reinhardtii).  Green algal chloroplasts 

arose from a primary endosymbiotic capture of a cyanobacterium, and possess 

remnants of their ancestral genomes and gene expression (Simpson and Stern 

2002).  Therefore, an overview of mRNA stability in bacteria should provide 

insight into understanding mRNA chloroplast stability in C. reinhardtii. 

 

1-2.  A brief overview of mRNA stability in bacteria 

1-2-1.  Trans-acting factors and the mRNA decay pathway in bacteria 

Compared to eukaryotes, bacterial mRNAs are generally unstable, but 

mRNA half-life can vary considerably, from a fraction of a minute to half an 
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hour, within a single cell (Carpousis 2002, Grunberg-Manago 1999).  In addition 

to growth conditions, environmental signals, and the efficiency of translation, 

bacterial mRNA stability is a consequence of its susceptibility to degradation by 

trans-acting cellular proteins and the specific cis-acting RNA elements that 

control the decay processes (Grunberg-Manago 1999). 

Bacterial trans-acting proteins include two endonucleases (RNase E and 

RNase III), two exonucleases (PNPase and RNase II), and a poly(A) polymerase.  

The cis-acting elements controlling mRNA degradation are stable stem-loop 

structures at the 5' end of the transcript, terminators at the 3' ends, repetitive 

extragenic palindromic (REP) sequences at or beyond the 3' ends, and specific 

sequences added to or contained within the mRNA (Grunberg-Manago 1999). 

The decay of many mRNAs in bacteria is initiated by a primary 

endonucleolytic cleavage, often by RNase E or, less commonly, by RNase III 

(Grunberg-Manago 1999, Kennell 2002).  RNase E scans mRNA transcripts in a 

5' to 3' direction.  A free 5' end is required for binding, and the RNase E protein 

preferentially cleaves within unstructured, AU-rich segments (Carpousis 2002, 

Kennell 2002).  RNase III cleaves double-stranded RNA molecules, or regions 

with a weak consensus sequence within the stem part of stem-loop structures 

(Grunberg-Manago 1999, Kennell 2002).   

The initial endonucleolytic cleavage is followed by exonucleolytic 

degradation   at    the   newly  formed    3'  end    (Figure   1-1).       Polynucleotide  
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Figure 1-1  Steps in the degradation of bacterial mRNA.   

 Complete degradation of mRNAs in a bacterium occurs through several 

steps.  (A)  An mRNA transcript is protected from exonuclease activity by a 

stable stem loop structure at the 3' end of the mRNA.  RNA degradation is most 

commonly initiated by RNase E (blue oval), an endonuclease that recognizes 

determinants on the 5' end of the mRNAs and then scans in the 5' to 3' direction.  

(B)  3' to 5' exonucleases (yellow elliptical symbol) act on the fragments 

generated by the RNase E, and RNase E further cleaves the mRNA.  (C)  The 

resulting fragments are digested by 3' to 5' exonuclease activity.  
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phosporylase (PNPase) and RNase II  are the two enzymes responsible for the 

bulk of mRNA degradation, and degrade the mRNA in a processive 3' to 5' 

direction (Carpousis 2002, Grunberg-Manago 1999, Kennell 2002).  The 

functions of PNPase and RNase II appear to be redundant.  A cell containing a 

mutation in either enzyme can survive, but mutations in both PNPase and RNase 

II are lethal (Carpousis 2002, Grunberg-Manago 1999).   

After the initial endonucleolytic cleavage liberates an upstream fragment 

that is exonucleolytically degraded from 3' to 5', degradation of the downstream 

mRNA fragment continues as the new 5' end is recognized by RNase E and 

further cleaved (Figure 1-1).  It has been shown that the usual rate-limiting step in 

mRNA decay is the initial endonucleolytic cleavage at the 5' end, which can be 

controlled by cis-acting elements (Grunberg-Manago 1999, Kennell 2002). 

In Escherichia coli, RNase E and PNPase are found with the DEAD-box 

RNA helicase B (RhlB) and enolase, a glycolytic enzyme, in a multienzyme 

complex called the degradosome (Carpousis 2002).  RhlB may function to unwind 

RNA secondary structures that impede exonucleolytic degradation, or block 

endonucleolytic cleavage sites.  Degradation of mRNA may be extremely 

efficient with the degradosome containing all the necessary factors for 

degradation (Carpousis 2002). 
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Poly(A) polymerase I (PAP I) is the main enzyme responsible for the 

polyadenylation of bacterial mRNA 3' ends.  In contrast to what happens in 

eukaryotes, these poly(A) stretches seem to destabilize mRNAs.  PAP I's role in 

the degradation of mRNA involves the creation of binding sites for PNPase and 

RNase II in mRNA intermediates; PNPase and RNase II require a single-stranded 

'toe-hold' to bind the 3' end of mRNA and initiate degradation (Grunberg-Manago 

1999, Kennell 2002).  These enzymes may become stalled when they encounter 

secondary structures, and PAP I may assist in the reinitiating of degradation by 

adding poly(A) residues to the 3' ends of mRNAs.  Repeated cycles of 

polyadenylation and exonucleolytic degradation may occur until the enzymes 

degrade the impeding secondary structure (Khemici and Carpousis 2004). 

 

1-2-2.  Cis-acting factors and mRNA stability in bacteria 

The susceptibility of bacterial mRNA to degradation by trans-cellular 

proteins is determined by differences in mRNA structure and sequence.  Stem-

loop structures are cis-acting RNA elements located in the 5' and 3'ends of 

prokaryotic mRNAs and can be responsible for controlling mRNA stability.  

Stem-loop structures located at the 5' end of mRNAs have been shown to protect 

mRNA from RNase E activity.  The stem-loop structures inhibit RNase E from 

binding to the 5' end of mRNAs.  The stabilization of this secondary structure is 

not sequence specific, and can be conferred upon gene fusions (Hansen et al. 
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1994).  In addition, the positioning of the stem-loop structure with respect to the 

5' end affects the stabilization provided.  The further away the stem-loop is from 

the 5' end, the less the stabilization, due to increased accessibility of binding by 

RNase E (Emory et al. 1992).  

Stem-loop structures located in the mRNA 3' extremities function as Rho-

independent transcription terminators by causing the RNA polymerase to release 

the mRNA at the end of the gene (Grunberg-Manago 1999).  In addition, these 

structures protect the mRNA from degradation by impeding the 3' to 5' 

exonucleolytic activities of RNase II and PNPase (Grunberg-Manago 1999, 

Kennell 2002).  The stabilization provided is independent of the stem-loop 

strength (above a limiting threshold value), and the presence of binding proteins 

may be required by some stem-loop structures to provide an efficient barrier 

against exonucleolytic activity (Causton et al. 1994).  In addition to the Rho-

independent transcription terminator sequences, the E. coli chromosome contains 

several hundred copies of a short motif called the repetitive extragenic 

palindromic (REP) sequence.  REP sequences also form stem-loop structures that 

impede the 3' to 5' processive exonucleolytic activity of RNase II and PNPase 

(Carpousis 2002, Grunberg-Manago 1999). 

In addition to the 5' and 3' ends, stem-loop structures may also be 

contained internally within the mRNA.  Internal stem-loop structures affect the 

stability of degradation intermediate mRNAs.  After processing by RNase E or 
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exonucleolytic degradation, these structures are positioned at the new 5' or 3' 

mRNA ends and direct further decay processes (Carpousis 2002, Grunberg-

Manago 1999).  In addition, these internal stem-loop structures may confer 

stability until they are processed by the endonuclease, RNase III (Grunberg-

Manago 1999).  The removal of the stabilizing structure may expose internal 

segments of the mRNA to further cleavage and degradation of other RNases.  

The nucleotide sequence of the mRNA can also influence the stability of 

the transcript.  RNase E preferentially cleaves within AU-rich regions of single-

stranded mRNA, and point mutations within these AU-rich regions can 

dramatically influence RNase E activity (McDowall et al. 1994).  Both RNase E 

and RNase III can be directed by, and/or dependent upon, the presence of stem-

loop structures.  PNPase and RNase II activity is impeded or stalled by stem-loop 

structures at the 3' ends of mRNA, whereas the addition of a poly-A tail promotes 

decay.   

In addition, the 5' triphosphate groups that are present at the 5' end of 

primary transcripts can protect transcripts from degradation.  The 5' ends of 

bacterial mRNAs are not capped; thus, nascent transcripts contain a triphosphate 

group at their 5' ends.  Endonucleolytic cleavage by RNase E is reduced if the 5' 

end contains a triphosphate group, because it reduces binding of RNase E 

(Kennell 2002).  Therefore, the 5' triphosphate may act as a protecting structure.  

 7



However, primary transcripts that have been processed by nucleases at the 5' end 

would not have the triphosphate group. 

 

1-3. mRNA stability in chloroplasts 

Chloroplast mRNAs are transcribed as precursor RNAs that undergo a 

variety of maturation events, including: cis- and trans-splicing, cleavage of 

polycistronic messages, processing of 5' and 3' ends, and RNA editing (Figure 1-

2).  Most chloroplast mRNAs of higher plants and C. reinhardtii contain inverted 

repeats (IR) at their 3' end, lack a trimethylguanosine 5' cap, and do not have a 

stable polyadenylate tail, similar to prokaryotic mRNAs.  However, most 

chloroplast mRNAs have much longer half-lives than bacterial mRNAs, and rates 

of degradation can vary widely among different mRNAs (half lives vary from ~20 

min to 8 hr).  It has been proposed that in higher plants, chloroplast mRNA 

degradation is a two step process that is initiated by endonucleolytic cleavages in 

coding regions (Klaff 1995).  Then, the resulting fragments are polyadenylated at 

the IR 3' end, which acts as a signal for rapid exonucleolytic decay from the 3' end 

similar to bacteria (Lisitsky et al. 1996, Lisitsky et al. 1997a).   

Regulation of chloroplast RNA levels can occur through stabilization or 

destabilization of transcripts (Mayfield et al. 1995, Rochaix 1996).  Both the 3' 

and 5' untranslated regions (UTRs) of chloroplast mRNAs can contain elements 

required for the stability of corresponding transcripts.   
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Figure 1-2  Pathways for chloroplast mRNA 3' end formation  
 
 A schematic representation of a chloroplast precursor mRNA (A).  The 
horizontal arrow designates the 5' end of the mature mRNA, the thicker lines 
represent the 5' and 3' UTRs, and the box represents the coding sequence.  3' end 
formation can occur through three different pathways: (B1) formation by 
endonuclease cleavage (scissors),  (B2) 2-step, endonuclease (scissors) and 3' to 5' 
exonuclease (yellow elliptical symbol) processing, or (B3) 3' to 5' exonuclease 
processing (yellow elliptical symbol).  A stem-loop usually occurs near or at the 
3' end of the mature mRNA.  Adapted from Stern and Drager (1998).   
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5' UTRs are often important determinants of chloroplast mRNA stability.  

Two short sequences in the 5' UTR have been identified to be crucial for 

stabilizing rbcL mRNA, which is a very stable mRNA in C. reinhardtii and 

tobacco (Anthonisen et al. 2001, Salvador et al. 1993a, Shiina et al. 1998).  Stem-

loop structures can form within the 5' UTRs of chloroplast mRNAs and have been 

implicated in the stabilization of atpB (Anthonisen et al. 2001) and rps7 (Fargo et 

al. 1999) in C. reinhardtii.  Two nuclear mutants of C. reinhardtii, nac2-26 and 

F16, destabilize the psbD and petD mRNAs, respectively, apparently through 

factors that protect the transcripts against 5' to 3' directed exonucleolytic 

degradation within the 5' UTR (Drager et al. 1998, Nickelsen et al. 1994).  

Interestingly, the 5' UTR region of the petA mRNA, which encodes cytochrome f, 

regulates its own translation directly or through an intermediary protein, by 

interacting with the C-terminal domain of the unassembled cytochrome f protein 

(Choquet et al. 1998).   

Additional data suggesting a role for the 5' regions in RNA stability in 

chloroplasts involves two cis-acting elements that are required to accumulate 

psbD RNA, which is also a very stable mRNA.  The first element is located 

within the first 12 nt of the psbD leader, and the second one was mapped to 

around -30 relative to the AUG start codon (Nickelsen et al. 1999).  These 

elements may contain an AUG initiation codon, a U-rich tract, and a Shine-

Dalgarno (S-D) element that is highly complementary to a sequence at the 3' end 
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of 16S rRNA (Arnold et al. 1998, Nickelsen et al. 1999).  These three elements 

direct translation initiation at a high frequency.  It was speculated that the high 

ribosome loading may sterically protect mRNA from degradation (Kim et al. 

1994). 

The 3' UTR of chloroplast mRNAs contain IR sequences that are 

necessary for accumulation of the mRNA; deletion of them results in very low 

transcript levels (Barkan and Stern 1998, Stern et al. 1991).  The IRs can form a 

stem-loop structure; however, unlike their bacterial counterparts, the stem-loop 

structures in chloroplasts do not function as transcription terminators.  Rather, 

these structures stabilize RNA fragments in vitro, and in vivo, by possibly 

impeding the initiation or propagation of 3' to 5' processive exonucleolytic 

activity (Barkan and Stern 1998, Stern et al. 1991). 

The importance of the 3' stem-loop structures in chloroplast RNA 

accumulation was demonstrated with the deletion of this secondary structural 

element for the 3' UTRs of the atpB (encodes the beta subunit of chloroplast CF1 

ATP synthase) and psaB (encodes one of the core proteins, psaB, of the 

multisubunit membrane-protein complex of photosystem I) mRNAs in C. 

reinhardtii.  Successive deletions in this region of the mRNAs lead to a drastic 

reduction in the accumulation of these transcripts, whereas the transcription rate 

of the genes remained unaffected (Lee et al. 1996, Stern et al. 1991).  In addition, 

the 3' UTR stem-loop structures appear to mediate correct 3' end mRNA 
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formation; the same researchers found various 3' end lengths of the residual atpB 

and psaB mRNAs.  Drager et al. (1996) showed that the stem-loop structure in the 

atpB 3' UTR can be replaced in vivo by a sequence of 18 guanosines, which is 

known to inhibit 3' to 5' exonuclease activity in vitro.  Strains with the 

polyguanosine tract at the 3' end accumulate to nearly wild type levels of atpB 

transcripts and the ATPase β-subunit protein (Drager et al. 1996).  Interestingly, 

the petD 3' UTR of spinach can also substitute functionally for the corresponding 

C. reinhardtii 3' region, inferring possible common structural motifs existing in 

the 3' UTRs of higher plants and algae (Stern et al. 1991). 

Additional studies with spinach showed that the 3' UTR regions bind 

chloroplast proteins.  The stem-loop structure within the petD 3' UTR forms a 

complex with 20-, 41-, and 51-kDa proteins.  Downstream of the stem-loop, box 

II, an 8 nt AU-rich sequence motif, appears to be essential for RNA-protein 

complex formation in vitro (Chen et al. 1995).  In addition, the stem-loop itself is 

necessary for protein binding.  The AU-rich box is also recognized by a 57-kDa 

protein, and together with a 33-kDa protein possibly forms a stable complex with 

RNA (Hsu-Ching and Stern 1991).   

 The translational machinery of the chloroplast is clearly of prokaryotic 

origin, and transcripts are generally not polyadenylated.  However, 

polyadenylation of chloroplast mRNAs has been demonstrated in C. reinhardtii 

and spinach chloroplasts (Komine et al. 2002, Lisitsky et al. 1996), and as in E. 
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coli, seems to mark them for degradation.  Poly(A) tails can be added post-

transcriptionally at a variety of sites (Figure 1-3), including the coding region or 3' 

end (Komine et al. 2000, Komine et al. 2002, Lisitsky et al. 1996).  The 

polyadenylated molecules are then rapidly degraded by the 3' to 5' exonuclease, 

polynucleotide phosphorylase (PNPase), and possibly other enzymes (Lisitsky et 

al. 1997a, Lisitsky et al. 1997b, Walter et al. 2002).  Polynucleotide 

phosphorylase (PNPase) has been identified in higher plant chloroplasts, and in 

addition to its role in polyadenylation-mediated mRNA decay, it has been shown 

to be essential for efficient 3' end maturation of mRNAs (Walter et al. 2002). 

In whole, RNA stability is a complex process that can be controlled at any 

step in its transcription, processing, and translation, making for a complicated and 

complex series of events that requires further investigation.  Although significant 

progress has been made in identifying target regions of factors effecting RNA 

stability, the majority of this research has been performed in vitro and future work 

requires investigating models in vivo.  This will allow a better understanding and 

identification of specific structural regions responsible for determining RNA 

stability in the cell.  In addition, isolating specific trans-acting factors will help 

identify the mechanisms of protection and degradation by these proteins.  

Understanding the impact of translation and its consequences on mRNA stability 

is also an area requiring further investigation.   
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Figure 1-3  Polyadenylation and degradation of land plant chloroplast transcripts.   
 
 A schematic representation of chloroplast precursor RNA (A).  The 
horizontal arrow designates the 5' end of the mature mRNA, the thicker lines 
represent the 5' and 3' UTRs, and the box represents the coding sequence.  
Endonuclease cleavage and 3' to 5' exonuclease digestion are represented by 
scissors and a yellow elliptical symbol, respectively.  Sites of polyadenylation are: 
(B) at the mature 3' terminus, (C) at the 3' UTR after endonuclease cleavage of the 
stem-loop, or (D) within the coding region after endonuclease cleavage.  Adapted 
from (Stern and Drager 1998). 
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1-4.  Chlamydomonas reinhardtii as a model system for studying chloroplast 

gene expression 

 Chlamydomonas reinhardtii (C. reinhardtii) is a motile, biflagellate, 

unicellular green alga containing several mitochondria and a single chloroplast 

surrounding the nucleus (Figure 1-3).  C. reinhardtii vegetative cells are haploid, 

and mutant phenotypes can be directly identified after mutagenesis  (Harris 1998, 

Harris 2001).  Large quantities of cells can be produced quickly with relatively 

simple and inexpensive media.  The cell cycle is easily synchronized by light and  

dark conditions.  C. reinhardtii cells have the ability to grow heterotrophically 

using acetate as a sole carbon source.  This allows the isolation of viable mutants 

that are unable to perform photosynthesis (Harris 1998, Harris 2001).  Since C. 

reinhardtti also has a sexual cycle and a single life cycle can be completed in as 

few as 7 to 10 days, it has been used extensively to study the genetics of 

chloroplast and flagellar function and biogenesis.  Cell motility is also not 

required for its survival (Harris 1998).   

 The chloroplast genome of C. reinhardtii is much smaller (203,395 bp) 

than the nuclear genome (~100,000 kb), and is divided by a 21.2 kb inverted 

repeat into two single-copy regions of nearly equal size (80,873 and 78,100 bp) 

(Maul et al. 2002).  The gene arrangement within the inverted repeat is typical of 

land plants, except that the 23S rRNA gene is divided by an intron and the psbA 

geneis divided by four introns  (Harris 2001).    Less  than  20% of  the genome  is 
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Figure 1-4.  The morphology of Chlamydomonas reinhardtii  

 A semidiagrammatic representation of a Chlamydomonas cell (Harris 

2001) enclosed by a cell wall (Cw) and showing the central nucleus (N) with 

nucleolus (No), surrounded by the cup-shaped chloroplast (Chl) containing 

thylakoid membranes, starch grains (S) and pyrenoid (P), within the stroma.  An 

eye-spot (Es) is positioned against the inner envelope membrane of the 

chloroplast. Two flagella (F) project from the apical region of the cell with basal 

bodies (BB), contractile vacuoles (Cv), vacuole (v), endoplasmic reticulum (Er), 

Golgi apparatus (G), lipid body (L), mitochondria (Mi), and ribosomes (r) present 

in the cytoplasm.  A single Chlamydomonas cell is ~10 µm in diameter. 
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repetitive DNA and the majority of intergenic regions consist of numerous classes 

of short dispersed repeats (SDRs), which may have structural or evolutionary 

significance (Maul et al. 2002).  The genome contains 99 expressed sequences, 

including protein-coding genes for photosynthesis (photosystem I and II, 

cytochrome b6/f, ATP synthase, ribulose-1,5-biphosphate carboxylase, and 

chlorophyll biosynthesis genes), ribosomal proteins and RNAs, a full complement 

of tRNAs genes, a translational elongation factor gene (tufA), and atypical genes 

encoding a RNA polymerase resembling that of E. coli, making it one of the 

smallest plastid genomes reported, in terms of gene number (Harris 2001, Maul et 

al. 2002).   

Chlamydomonas contains a photosynthetic apparatus closely related to 

that of vascular plants.  Protein subunits of the photosynthetic complexes within 

the thylakoid membrane are encoded by both the nuclear and chloroplast 

genomes, hence requiring crosstalk between the two separate genetic 

compartments to ensure coordinated subunit production and photosystem 

stoichiometry (Harris 1998).  A similar situation applies to the translational 

apparatus of the chloroplast. 

The induction of nuclear gene expression is often controlled at the 

transcriptional level, where as chloroplast gene expression can be regulated 

transcriptionally and by post-transcriptional events under the control of nucleus-

encoded factors.  Mutants with defects in these processes are generally 

 17



photosynthetic deficient, light sensitive, and can be identified by their high 

chlorophyll fluorescence (Harris 2001).  

Chloroplast transformation in Chlamydomonas is achieved using particle 

bombardment and occurs by homologous recombination, simplifying chloroplast 

gene knockouts and site-directed mutagenesis (Goldschmidt-Clermont 1998, 

Harris 2001).  Although, one can knockout genes for photosynthesis, cells 

containing knockout genes for the chloroplast translational apparatus are not 

expected to be viable. 

Selectable markers can identify chloroplast transformants.  Chloroplast 

mutants with defects in photosynthesis can grow in the presence of acetate but not 

on minimal medium in light.  Mutants can be rescued by particle bombardment 

with a plasmid containing a wild-type fragment covering the mutant gene and 

segments of homology on either side for homologous recombination 

(Goldschmidt-Clermont 1998).  These transformants can be selected for by their 

phototrophy on minimal medium.  Selection for phototrophic growth can also be 

used with the tscA gene as a selectable marker in tscA deletion mutants, like H13, 

which fails to accumulate PSI due to the lack of tscA.  The tscA RNA is required 

for tran-splicing of the psaA RNA, and therefore indirectly for photosynthesis.  

Dominant selectable markers use naturally occurring mutations that confer 

resistance to various inhibitors, spectinomycin, streptomycin, erythromycin  or 

DCMU (3-(3, 4-dichlorophenyl)-1, 1-dimethylurea) (Goldschmidt-Clermont 
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1998), or enzymes from heterologous sources, usually bacteria (aadA and aph).  

The advantage of drug resistance over selection for photosynthetic activity is that 

the host cell does not need to have a mutation.   

Reporters for chloroplast gene expression can be stably integrated into the 

chloroplast genome.  With constructs containing the aadA gene, the level of 

resistance of the transformants to different concentrations of spectinomycin or 

streptomycin can provide a rough indication of the expression of the AAD protein 

(Goldschmidt-Clermont 1991, Goldschmidt-Clermont 1998).  β-glucuronidase 

(GUS) activity can also be measured in extracts of transformed cells containing 

constructs with the uidA gene (Sakamoto et al. 1993).  However, assays for GUS 

and aadA activity, typically involve killing the cells.  Recently, reporter genes 

derived from bioluminescent organisms have been used, and these reporter genes, 

luciferases and green fluorescent proteins (GFPs), can be assayed without serious 

damage to the cell (Franklin et al. 2002, Minko et al. 1999).  In addition, assays 

using luciferase from Renilla reniformis (Rluc) can be performed with a semi-

automated luminometer (Minko et al. 1999). 

 The unique advantages of Chlamydomonas make it an excellent model 

organism for advancing our knowledge of photosynthesis, including chloroplast 

biogenesis and gene regulation.  
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1-5.  The tufA gene of Chlamydomonas reinhardtii and other organisms 

 The tufA gene encodes the chloroplast translation elongation factor, Tu 

(EF-Tu), which represents one of the major components of the protein synthesis 

system in prokaryotes and organelles (Baldauf et al. 1990, Baldauf and Palmer 

1990).  It participates in the correct positioning of the incoming aminoacyl-tRNA 

on the ribosome where the polypeptide chain is being elongated, and it catalyzes 

GTP hydrolysis.  EF-Tu has a three-domain structure, and behaves like a typical 

guanine nucleotide (GTP) binding protein (Baldauf et al. 1990, Kang et al. 2000).  

Like many other GTP-binding proteins, there are four specific amino acid 

sequences that interact with GTP, and these sequences are highly conserved 

throughout most translation elongation factors (Kang et al. 2000).  In addition, 

EF-Tu functions as a molecular chaperone and is overproduced in heat-intolerant 

maize chloroplasts (Rao et al. 2004). 

In the simpler photosynthetic eukaryotes, including C. reinhardtii 

(Baldauf et al. 1990), Euglena gracilis (Montadon and Stutz 1983), and probably 

most green algae (Baldauf et al. 1990), the chloroplast EF-Tu is encoded by the 

chloroplast genome.  However, in higher plant chloroplasts, EF-Tu is encoded by 

nuclear DNA (Baldauf et al. 1990, Baldauf and Palmer 1990), synthesized as a 

precursor in the cytoplasm, and then imported into chloroplasts.  In Pelargonium 

graveoleons, Arabidopsis thaliana, and Oryza sativa, tufA exists as a single-copy 
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nuclear gene (Baldauf and Palmer 1990, Kang et al. 2000, Lee et al. 1999), 

whereas in other known dicot plants, tufA is a small multi-gene family, ranging 

from two genes in Nicotiana sylvestris to four genes in Glycine max (Bonny and 

Stutz 1993, Murayama et al. 1993). 

In C. reinhardtii, tufA is a chloroplast gene whose major transcript is ~1.7 

kb (Silk and Wu 1993).  The 1.7-kb tufA mRNA has a relatively short half-life; 

~0.4 hr in the light and ~1.2 hr in the dark, respectively, in wild type cells 

growing under 12 h:12 h light-dark conditions (Hwang et al. 1996).  This 

variation in tufA mRNA half-life suggests there is a role for RNA stability in the 

regulation of tufA expression during chloroplast biogenesis.  In addition, these 

half-lives are significantly shorter than other chloroplast mRNAs that have been 

examined (Kawazoe et al. 2000, Salvador et al. 1993b).   

Because of its short half-life, particularly in the light, our lab has 

sometimes used tufA mRNA levels to gauge chloroplast transcriptional activity; 

for example, in a study of the effect of certain drugs on chloroplast transcription 

(Kawazoe et al. 2000).  In asynchronously growing C. reinhardtii cells, tufA 

mRNA levels increase in cells shifted to darkness, and also in the presence of 

antibiotics that inhibit chloroplast translation (Hwang et al. 1996, Silk and Wu 

1988).  Interestingly, in addition to the increased accumulation of the 1.7-kb tufA 

mRNA reported previously (Silk and Wu 1988), we found that a ~1.5-kb RNA 

also accumulated in cells treated with translational inhibitors chloramphenicol 
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(CAP) and streptomycin.  Further investigation of this possible degradation 

intermediate was of great interest to me, since there are few examples in the 

literature where large amounts of an RNA degradation intermediate accumulate. 

In addition, most studies of RNA turnover in C. reinhardtii chloroplasts 

have involved either the identification of classically generated, nuclear mutants 

that have a destabilized chloroplast mRNA, or the construction of cis-acting 

mutations in the RNA (deletions usually) that produce accelerated turnover 

(Herrin and Nickelsen 2004).  In this study, I have examined a chloroplast mRNA 

that is naturally unstable (tufA).   

 

1-6.  Goals for this investigation 

The specific goals of this investigation were to: (1) reproduce the 1.5-kb 

RNA in CAP-treated, asynchronously grown cells; (2) analyze this RNA by 

mapping the ends, and determining if it is a degradation intermediate of the 

mature 1.7-kb tufA mRNA; (3) examine potentially destabilizing effects of the 5' 

UTR of tufA on a stable reporter transcript in vivo; and (4) analyze the effects of 

the tufA 5' and 3' UTRs on expression of a reporter gene at the protein level. The 

reporter approach was taken because the endogenous tufA gene cannot be 

knocked out, nor probably even severely reduced in expression, because it should 

be an essential gene under all conditions. 
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Chapter 2: Materials and Methods 

 

2-1.  Strains and culture conditions 

 The wild-type strain of C. reinhardtii, 2137 mt+ (CC-1021), and the H13 

and ac20cr1 mutants were obtained from the Chlamydomonas Genetics Center 

(Duke University, Durham, NC).  The cells were grown mixotrophically (light 

plus acetate) in Tris-acetate-phosphate (TAP) medium, or phototrophically in 

TAP-minimal medium (Harris 1998) with shaking (~150 rpm) at 23 oC in 

continuous light; H13 was grown in reduced light.  Cells were typically harvested 

during the exponential phase of growth (1-6 x 106 cells/mL) for molecular 

analysis or transformation.  For the drug treatments, chloramphenicol and/or 

rifampicin, spectinomycin, or streptomycin were added to the cultures from 

concentrated stock solutions in ethanol; ethanol was also added to the control 

cultures without the drug.  The final concentration of ethanol in all cultures was 

less than 1 %.  Cell counts were performed with the aid of a hemocytometer 

(Harris 1998), after killing the cells with iodine. C. reinhardtii transformants 

containing aadA constructs were grown on TAP or TAP-minimal medium plates 

that (at 23 oC in continuous light) containing different concentrations of 

spectinomycin (100 µg/mL – 2000 µg/mL) or streptomycin (15 µg/mL – 500 

µg/mL).  Growth was inspected visually. 
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2-2.  Northern blot analysis of RNA 

2-2-1.  RNA isolation and northern blot hybridization 

 For RNA isolation, the cells were grown in 400 mL of liquid TAP medium 

in the light to mid-log phase (1-2 x 106 cells/ mL), except where noted.  In some 

experiments, chloramphenicol and/or rifampicin were added to a final 

concentration of 250 µg/mL, and 50 mL aliquots were removed at 0.5 or 1 hr time 

intervals.  Isolation of total nucleic acids and northern blot hybridizations were 

performed essentially as described previously (Herrin and Schmidt 1988, Leu et 

al. 1990).  Total nucleic acid quantities were estimated from OD260 (DU-40 

Spectrophotometer, Beckman®), and 10 µg of total nucleic acids were denatured 

in RNA gel buffer (20 mM MOPS [pH 7.2], 5 mM NaOAc, 1 mM EDTA), plus 2 

% formaldehyde, 50 % formamide by heating for 10 min at 60 oC.  After 

denaturing, the samples were placed on ice, and the 19 µL solution was adjusted 

to a volume of 21 µL with loading buffer (5 mM EDTA [pH 8.0], 0.01 % 

bromophenol blue, 0.01 % xylene cyanol, 1.5 % Ficoll 400).  The RNAs were 

separated in 1.2 % agarose gels containing 2 % formaldehyde and the RNA gel 

buffer described above.  After electrophoresis for 4.5 hr at 60 V, the RNAs were 

blotted onto Zeta-probe™ nylon membranes, fixed under short wavelength (260 

nm) UV light for 2 min, and then stained with methylene blue to insure equal 

loading and transfer (Herrin and Michaels 1985, Herrin and Schmidt 1988).  The 

membranes were hybridized with the DNA probes in formamide hybridization 
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solution (50 % Formamide, 5X SSPE, 5X Denhardt's, 0.5 % SDS, 400 µg/ml 

sheared salmon sperm DNA) overnight at 42 oC, or in ULTRAhyb® (Ambion®), 

following the manufacturer's recommendations.  Blots were analyzed by 

autoradiography (BioMax® MR or BioMax® MS, Kodak®) or with a 

phosphorimager (Molecular Dynamics® 445 SI).  RNA levels were quantified 

using 1D Image Analysis Software (Kodak®). 

 

2-2-2.  Northern blot hybridization probes 

 The tufA gene probe was created by digesting a plasmid containing an 

internal 375 bp PstI-EcoRI fragment of the tufA gene (Baldauf and Palmer 1990) 

with PstI and EcoRI (see Figure 2-1).  The expected product was checked by 

agarose gel electrophoresis.  The band was excised, placed in a 1.7 mL microfuge 

tube, frozen at -20 oC for one hr, quick thawed at 37 oC for 5 min and then DNA 

was purified using an Ultrafree®-MC centrifugal filter unit (Millipore®) following 

the manufacturer's directions.  The tufA gene probe was generated by random 

priming of the PstI-EcoRI fragment in the presence of α32P-dCTP (5.4 x 

108cpm/µg), as described previously (Hwang et al. 1996).  The aadA and rluc 

internal gene probes were generated essentially as for the tufA probe, except the 

460-bp aadA gene probe was obtained by digesting the atpX- aadA plasmid 

(Goldschmidt-Clermont 1991)  with PstI and NcoI, and the 948-bp rluc probe was  
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Figure 2-1.  The chloroplast tufA gene and surrounding sequences in C. 

reinhardtti  

 Genes are represented on the top line by boxes, and the gene names and 

direction of transcription (arrows) are shown at the top.  The oligo used for primer 

extension (#160) hybridizes to the 5' end of the tufA coding region, and the 

direction of synthesis is indicated (arrow).  The probes used for northern blot 

hybridizations and 3' RNase protection analysis were generated by the restriction 

enzymes shown.  The oligos used to generate a single-stranded DNA probe for S1 

nuclease protection analysis of the 3' end (#165 and #166), and their directions of 

synthesis are indicated (arrow).  Sizing of the schematic representation of genes, 

elements, and probes are not to scale.  Adapted from Silk and Wu (1993). 
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obtained by digesting the atpX-rluc plasmid (Minko et al. 1999) with PstI and 

NcoI, and purifying the DNAs as above. 

 

2-3.  Primer extension analysis of RNA 

 Primer extension analysis of RNA 5' ends was performed with total 

nucleic acids from C. reinhardtii and 30 ng of the primer, 5'-

CCAACTGAACCACCAGCTGCAGC-3'.  A 10-uL solution containing the 

primer, plus 20 µg of total nucleic acids in single-stranded hybridization buffer 

(0.3 M NaCl, 10 mM Tris-HCl [pH 7.5], 2 mM EDTA [pH 8.0]) was incubated at 

80 oC for 4 min, and then allowed to anneal at 42 oC for 30 min.  The reactions 

were then adjusted to contain 5 units of AMV reverse transcriptase (5 Prime to 3 

Prime, Inc.®), 8 mM DTT, 8 mM Tris-HCl [pH 8.4], 6 mM MgCl2, dNTPs (0.2 

mM dCTP, 0.8 mM dATP, 0.8 mM dTTP, 0.8 mM dGTP), 60 µg actinomycin D 

(to block polymerization from a DNA template), 0.5 µL RNAsin, and 5 µL α32P-

dCTP (3000 Ci/mmol).  The reactions were incubated at 55 oC for 30 min, then 

stopped by adding EDTA to 5 mM and 1 µg of RNase and incubating at 37 oC for 

30 min.  The samples were ethanol precipitated, resuspended in 1X gel loading 

solution (20 mM EDTA, 0.05 % bromophenol blue, 0.05 % xylene cyanol, 50 % 

formamide) and analyzed on 4.5 % polyacrylamide sequencing gels, after 

denaturation of the samples at 100 oC for 30 sec.  The gel was dried and analyzed 
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by autoradiography (BioMax® MR or BioMax® MS, Kodak®), or with a 

phosphorimager (Molecular Dynamics® 445 SI). 

 

2-4.  RNase protection analysis of RNA 3' ends 

 Figure 2-1 shows the BsrGI and AccI restriction sites that were used to 

generate a 704 bp fragment containing, 300 bp of coding region, the 194 bp 

3'UTR, and 210 bp beyond the 3' end of the tufA mRNA (Silk and Wu 1993).  The 

p76 plasmid was digested with BsrGI at 37 oC overnight, and then mixed with 

dNTPs and the Klenow fragment of DNA Polymerase I (Promega®), and 

incubated at 23 oC for 15 min to create blunt ends.  The enzymes were heat 

inactivated at 75 oC for 10 min, and then the plasmid was further digested with 

AccI.  The 704 bp product was checked by agarose gel electrophoresis, excised 

and isolated using the Ultrafree®-MC centrifugal filter unit (Millipore®) (see 

above).  The fragment was subcloned into AccI and SmaI digested pGEM®-3zf(+) 

vector (Promega®) (using E. coli DH5α as host) and the resulting plasmid, 

tufA.AccI-SmaI, was verified by restriction digests to check for proper orientation.  

Large amounts of plasmid DNA were purified from a maxi-prep (Sambrook and 

Russell 2001). 

 The tufA.AccI-SmaI plasmid was linearized using HindIII, which cuts 8 nt 

downstream of the cloned tufA AccI-BsrGI fragment.  The RNA probe was 

generated by in vitro transcription of linearized plasmid using 20 units of T7 RNA 
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polymerase (Boehringer Mannheim®), 4 mM Tris-HCl [pH 8.0, 20 °C], 6 mM 

MgCl2, 10 mM dithiothreitol, 2 mM spermidine, NTPs (1 mM CTP, 1 mM ATP, 

1 mM GTP, 70 µM UTP), RNase inhibitor (20 units, Boehringer Mannheim®), 

and 4 µL of α32P-UTP (3000 Ci/mmol) at 37 °C for 30 min.  The RNA probe's 

size of 704 nt and integrity was verified by electrophoresis in a 4.5 % 

polyacrylamide sequencing gel.  The 704 nt band was excised, placed in a 1.7 mL 

microcentrifuge tube with 200 µL of elution buffer (10 mM Tris-HCl [pH 7.5], 

0.2 M NaCl, 1 % SDS, 1 mM EDTA), mashed with a sterile scalpel, and 

incubated overnight at 37 oC.  After centrifugation, the probe-containing 

supernatant was transferred to a fresh tube, ethanol precipitated, and reconstituted 

in RNase free H2O to 10 µL .  Incorporation and quantification was determined in 

H2O using Cerenkov counting with the LS 6000 IC scintillation counter 

(Beckman®).  4 x 104 cpm of the RNA probe was hybridized with 10 µg of total 

nucleic acids using the RPA IIITM kit (Ambion®).  A mixture of RNase A and 

RNase T1 was added to the hybridization mixture and the RNase-digested 

samples were separated on 4.5 % polyacrylamide sequencing gels.  The dried gels 

were analyzed by autoradiography (BioMax® MR or BioMax® MS, Kodak®), or 

with a phosphorimager (Molecular Dynamics® 445 SI). 
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2-5. S1 nuclease protection assay of RNA 3' ends 

 A 450 bp single-stranded tufA probe was generated by single-sided PCR 

using 100 ng of plasmid p76 (Chlamydomonas Genetics Center), 20 pmol 

antisense oligomer #166 (5'-CTTAAATTTACTTTTTCTCAGGTAAGG-3'), 

annealing 100 nt downstream from the 3'-end of  tufA mRNA, and 0.2 pmol sense 

oligomer #165 (5'-GCCTGGTGACCGTATTAGTATGAC-3'), annealing 100 nt 

upstream from the stop codon.  PCR was performed as described by Sambrook 

and Russell (2001), except using 0.01 mM dCTP and 5 µL of α32P-dCTP (3000 

Ci/mmol).  Unincorporated dNTPs were removed using Micro Bio-Spin® 6 

chromatography columns (BioRad®), and 10 µL of the elution was separated and 

excised from a 2.5% acrylamide gel, as described above.  Incorporation and 

quantification was determined by using Cerenkov counting in H2O with the LS 

6000 IC scintillation counter (Beckman®). 

 Fifteen µg of total RNA and 105 ng of the 450-bp tufA probe were 

denatured by heating to 100 oC and then hybridized overnight at 45 oC in NaTCA 

Reassociation Buffer (3M NaTCA, 50 mM PIPES, 5 mM EDTA).  2 µL of S1 

nuclease (100 units, Promega®) and 238 µL of S1 nuclease reaction buffer (0.5 

mM NaOAc, 0.28 M NaCl2, 4.5 mM ZnSO4) were added to the hybridization 

mixtures, and incubated at 37 oC for 60 min.  Samples were made to 0.4 M 

ammonium acetate, 5 mM EDTA (pH 8), precipitated with ethanol, and 

resuspended in gel loading buffer (20 mM EDTA, 0.05 % bromophenol blue, 0.05 
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% xylene cyanol, 50 % formamide).  The samples were denatured by heating to 

100 oC and then separated by electrophoresis on a 5 % denaturing polyacrylamide 

gel.  The gel was dried and analyzed by autoradiography (BioMax® MR or 

BioMax® MS, Kodak®), or with a phosphorimager (Molecular Dynamics® 445 

SI). 

 

2-6.  Plasmid constructions 

2-6-1.  5'UTR constructs 

 A chloroplast DNA fragment coding for the 5' UTR of the C. reinhardtii 

tufA gene (Silk and Wu 1988) was amplified from plasmid p21 (Silk and Wu 

1988) using the polymerase chain reaction (PCR).  The oligonucleotides, (5'-

CTGCAGAAGGACCTAAATTATACCTAAACCTGAAAAATTGG-3' and 5'-

CTGCAGACCATGGATGTGTTATTTAATAAATTATTATTTAGTC-3') also 

generated PpuMI and NcoI restriction sites (underlined) at the 5' and 3' ends, 

respectively, of the amplified fragment.  The 5'UTR of the chloroplast atpA gene 

of C. reinhardtii was amplified from the atpX-rluc plasmid (Minko et al. 1999) by 

PCR.  The oligonucleotides also generated PpuMI and NcoI restriction sites 

(underlined) at the 5' and 3' ends, respectively , of the amplified fragment and 

were as  follows:  5'-CTGCAGAAGGACCTTTTCTTATGGGATATTTATATTT 

TCCTAAC-3' and  5’-CTGCAGACCATGGAAAAAAGAAAAAATAAATAAA 
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AGATTAAAAAAG-3'.  The amplified fragments were digested with PpuMI and 

NcoI, gel purified using an Ultrafree®-MC centrifugal filter unit (Millipore®) 

following the manufacturer's directions, and ligated into the PpuMI/NcoI-digested 

atpX-rluc plasmid (Minko et al. 1999), which contains the rluc coding sequence 

fused to the 3' UTR of rbcL and the atpA promoter inserted upstream of the rluc 

coding sequence.  The resultant plasmids were designated tufA-rluc-rbcL and 

atpA-rluc-rbcL (5' UTR-coding region- 3' UTR).  The PpuMI/NcoI-digested PCR 

fragments were also ligated into the PpuMI/NcoI-digested atpX-aadA plasmid 

(Goldschmidt-Clermont 1991), which contains the aadA coding sequence fused to 

the 3' UTR of rbcL and the atpA promoter inserted upstream of the aadA coding 

sequence.  The resultant plasmids were designated tufA-aadA-rbcL and atpA-

aadA-rbcL, respectively.  All the plasmids were verified by sequencing. 

 

2-6-2.  3' UTR constructs 

 A chloroplast DNA fragment coding for the 3' UTR of the C. reinhardtii 

tufA gene (Silk and Wu 1988) was amplified from plasmid p76 (Chlamydomonas 

Center) by PCR.  The oligonucleotides also generated PstI and NotI restriction 

sites (underlined) at the 5' and 3' ends, respectively, of the amplified fragment, 

and are as follows: 5'-ATTGTTCTGCAGTTTCACATTTAAATTCACTAACG-

3' and 5'-ATTGTTGCGGCCGCTTTTATTTTATATTTTATATTTAAC-3'.  The 

amplified fragment was digested with PstI and NotI, and gel purified using an 
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Ultrafree®-MC centrifugal filter unit (Millipore®) following the manufacturer's 

directions.  Then the fragment was ligated into PstI/NotI-digested atpA-rluc-rbcL, 

PstI/NotI-digested tufA-rluc-rbcL, PstI/NotI-digested atpA-aadA-rbcL, and 

PstI/NotI-digested tufA-aadA-rbcL, and the resultant plasmids were designated 

atpA-rluc-tufA, tufA-rluc-tufA, atpA-aadA-tufA and tufA-aadA-tufA (for 5' UTR-

coding region- 3' UTR); all were verified by sequencing. 

 

2-7.  DNA sequencing 

 500 ng of purified plasmid DNA was sequenced with 10 pmol of primer at 

The University of Texas at Austin's DNA Sequencing Facility using automated 

sequencing with the capillary-based ABI Prism® 3700 or AB Prism® 3100 DNA 

sequencers.  The 5' UTRs of rluc- and aadA-containing constructs were 

sequenced using a sense primer, #351 (5'-CCTTTTTTTTAATTTGCATGATTTT 

AATGCT-3'), which annealed 40 nt upstream of the PpuMI site in the.  The 

5'UTR-coding region junctions were sequenced using antisense primer, #352 (5'-

CCACTGCGGACCAGTTATCATCC-3'), for the rluc-containing constructs, or 

#353 (5'-CGATGACGCCAAATACCTCTGATA-3'), for the aadA-containing 

constructs.  These primers annealed 110 or 40 nt downstream, respectively from 

the NcoI site used for cloning.  The 3'UTRs of the rluc- and aadA-containing 

constructs were sequenced using an antisense primer, #354 (5'-

CGACGGCCAGTGAATTGTAATACG-3'), which annealed 35 nt downstream 
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of the NotI site used for cloning.  The 3' UTR-coding region junctions were 

sequenced using sense primers,  #355  (5'-GCAAGAAGATGCACCTGATGAAA 

TGG-3'), for the rluc-containing constructs, or  #356 (5'-GGAAGAATTTGTCCA 

CTACGTGAAAG-3') for the aadA-containing constructs. These primers 

annealed 50 or 35 nt, respectively, upstream of the PstI site used for cloning. 

 

2-8.  Chloroplast transformation 

 Chloroplast transformation was performed using the PDS/1000 Biolistic 

Particle Delivery System (BioRadTM).  Cells were grown in TAP medium under 

constant light to a density of 2 x 106 cells/mL.  H13 cells, which are moderately 

light sensitive, were grown in flasks wrapped in several layers of gauze (to reduce 

the light) to a density of 2 x 106 cells/mL.  Cells were harvested by centrifugation, 

and resuspended to 1.4 x 108 cells/mL in TAP medium.  Then, 4 x 107 cells (0.8 

ml of the suspension) were mixed with 0.8 mL of 0.2 % TAP-agar (at 42 oC), and 

0.7 mL of the mixture were plated as a 2 inch diameter circle on TAP plates.  For 

the transformation of H13, 5 µg of plasmid DNA was coated onto 1-µm tungsten 

particles (BioRadTM M17) as described previously (Boynton et al. 1988).  Plated 

cells were bombarded under a vacuum of 27 inches Hg, a burst pressure of 1100 

psi, and a target distance of 6 cm, as described previously (Holloway and Herrin 

1998).  After bombardment, the plates were incubated in the dark for 24 hr.  The 

next day, the bombarded layer of cells was scraped off, resuspened in TAP 
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medium, and then plated onto duplicate TAP-minimal plates.  The plates were 

incubated in bright light (50 µE in m2/sec) to select for transformants.  Colonies 

that appeared after 2-3 weeks were restreaked on TAP-minimal plates. H13 

transformants containing the aadA gene were secondarily selected on TAP-

spectinomycin (400 µg/mL) plates, and their degree of resistance to 

spectinomycin and streptomycin were estimated on plates as described in section 

2-1. For RNA and luminescence analysis, the transformants were inoculated into 

liquid TAP or TAP-minimal medium without spectinomycin, and grown with 

shaking (~200 rpm) at 23 oC in continuous light.  At least 2 transformants for each 

construct were analyzed, except for the atpA-aadA-tufA, where only one 

transformant was obtained after primary and secondary selections. 

 DNA analysis of transformants was performed by amplifying total nucleic 

acids extracted from cells grown in liquid TAP medium (in light) using PCR, as 

described previously, except with an annealing temperature of 50 oC.  The 

oligonucleotides, #364 (5'-CCAATATTTATATTAGGATATTTAATACTCC-3') 

and #366 (5'-CCAGCCGATGTTTTACGATTAACCG), anneal ~440 bp 

upstream and ~515 bp downstream of the tscA gene, respectively.  The amplified 

products were separated by agarose gel electrophoresis. 
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2-9.  Bioluminescence assay of luciferase in vivo 

 Bioluminescence assays were performed with a MLX scanning 

luminometer that contained an automatic injection system (Dynex 

TechnologiesTM).  For a standard measurement, an aliquot of cells grown in liquid 

TAP medium was counted, with the aid of a hemacytometer (Harris 1998), 

centrifuged and resuspended to a density of 0.5 x 106 cells/mL in luciferase assay 

buffer (0.5 M NaCl, 0.1 M KH2PO4, 1.0 mM EDTA, 0.02 % BSA, 0.6 mM NaN3, 

pH 7.6).  Then, 20 µL of cells was placed into a well of a 96-well microtiter plate, 

and covered with aluminum foil until analysis with the luminometer.  The 

luminometer was set in FLASH mode with shaking enabled.  For a single 

measurement, the machine injected 100 µL of solution (5 µM benzyl-

coelenterazine [from a 25 mg/mL stock solution dissolved in ethanol, Prolume®] 

in luciferase assay buffer) and then sampled light emission for a total read time of 

30 sec, with integration starting at 2.5 sec after injection. 
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Chapter 3: Results 

 

3-1  Identification and characterization of a major intermediate in the in vivo 

degradation of tufA mRNA  

 Treatment of C. reinhardtii cells with the translational inhibitor 

chloramphenicol (CAP) has been reported to increase the accumulation of tufA 

mRNA (Silk and Wu 1988, Xu et al. 1993).  To verify this effect and investigate 

it further, I examined the effect of CAP on tufA mRNA in time courses of drug 

treatment.  An example is shown in Figure 3-1, where parallel aliquots of a 

culture growing in TAP medium under continuous light were either treated with 

CAP at time 0, or left without the drug (No Drug).  Total RNA was extracted at 

the times indicated (in hr), and analyzed by northern blot hybridization using an 

internal tufA probe (Figure 2-1).  Panels A and B of Figure 3-1 show that CAP 

induced a substantial (> 2 fold) increase in levels of the 1.7-kb tufA mRNA after 

only 0.5 hr, and that increased somewhat further after 4 hr of CAP treatment.  

Interestingly, Figure 3-1B also shows that a ~1.5-kb RNA is induced by CAP, and 

that it becomes nearly as abundant as the 1.7-kb mRNA after 4 hr.  No other 

changes in tufA transcripts were observed. Since short term (i.e., a few hr) 

treatments with CAP do not affect tufA transcription rates (R. Kawazoe and D.L 

Herrin,   unpublished   results),     these  results  indicate  that  CAP  increases  the  
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Figure 3-1.  Northern blot hybridizations with the tufA gene probe.   
 
 Wild-type cells were grown to mid-log phase in liquid TAP medium (and 
constant light) and the culture was divided equally.  Aliquots of cells from a 
culture with no drug (A), CAP (250 µg/mL) (B), and CAP (250 µg/mL) plus RIF 
(250 µg/mL) (C) were taken every 30 min, and total nucleic acids were isolated.  
Drugs were added at time point 0.  The RNA was separated by denaturing agarose 
gel electrophoresis, blotted, and hybridized as described in Materials and 
Methods.  Equal loading and RNA sizes were determined from the rRNAs on 
methylene blue-stained blots.  The position of the 1.7-kb tufA mRNA, and a 
prominent 1.5-kb RNA are indicated to the right.  Panel (D) Quantification of C.  
The plot shows % total tufA transcript (1.7 kb + 1.5 kb) for the two major tufA 
RNAs, only the 0.5 – 2 hr time points were plotted; the 1.7-kb and 1.5-kb RNA 
levels are represented by elliptical and diamond symbols, respectively.  In (D) the 
cells were grown to late log /early stationary phase, and treated with CAP for 1.5 
hr (CAP), or left untreated (No Drugs).  RNA was extracted and analyzed as in 
panels A-C. 
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stability of the mature tufA mRNA, and dramatically stabilizes a presumptive 

degradation intermediate. 

 The RNAs used in panels A-C of Figure 3-1 were from mid-log phase 

cultures (~ 1 x 106 cells/mL), and a 1.5-kb band was not obvious without CAP 

treatment.  However, I noticed that in RNA preparations from older (i.e., late log 

or early stationary, ~ 6 x 106 cells/mL), untreated cultures a hybridizing RNA of 

the appropriate size was detectable, and an example is shown in Figure 3-1E. 

Evidence presented below suggests that the 1.5-kb RNA in older cultures is 

similar to the CAP-induced RNA.  

 To determine if the 1.5-kb RNA is an intermediate in the degradation of 

tufA mRNA, cells were treated with CAP plus the chloroplast transcription 

inhibitor, rifampicin (RIF).  RIF is known to block transcription of tufA (e.g., 

Hwang et al. 1996) and other chloroplast-encoded genes in C. reinhardtii.  With 

the dual-drug treatment, levels of the 1.7-kb mRNA dropped steadily (Figure 3-

1D), whereas levels of the 1.5-kb RNA increased and then decreased, consistent 

with it being derived from the 1.7-kb mRNA. 

 To examine the 5' end of the 1.5-kb RNA, primer extension with oligo 

#160, which anneals 372 nt from the 5' end of the mature tufA mRNA (Figure 2-

1), was performed with RNA from cultures treated with CAP (for 1.5 hr), and on 

the  corresponding untreated  cells.   An example of such an analysis with mid-log  
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Figure 3-2. Mapping the 5' end of the 1.5-kb RNA by primer extension.   
 
 RNA was extracted from cultures of wild-type C. reinhardtti grown in 
liquid TAP medium to mid-log phase (2 x 106 cells/mL), except in lane 8.  A 
synthetic oligonucleotide primer (#160), which anneals ~370 nt from the 5' end of 
the mRNA was end-labeled with [γ-32P] ATP and used for primer extension with 
8 µg total RNA from cells treated with CAP (CAP) (lanes 5 and 7) or untreated 
(No Drug) (lanes 6 and 8).  The 5' end of the mature tufA transcript was identified 
at -257(+/-2) nt from the start codon.  Three additional bands were identified in 
CAP treated cells (lane 5) and in older cultures (>6 x 106 cells/mL) of untreated 
cells (lane 8) at -77, -78, and -80 nt from the start codon.  The sequence markers 
(lanes 1-4) were generated from oligomer #165 (Figure 2-1), annealing 100 nt 
upstream from the tufA transcriptional stop codon and synthesizing the antisense 
strand of the p141 plasmid.  
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phase cells is shown in  Figure  3-2.    A major product corresponding closely (± 2  

nt) to the size expected for the previously determined mRNA 5'-end (at -257 

relative to the start codon (Silk and Wu 1993)) was obtained with control (No 

Drug) and CAP-treated cells (CAP).  However, extension products corresponding 

to RNAs with 5' ends at -80, -77 and -76 relative to the translation start site were 

specifically detected with CAP treatment.  These truncated tufA RNAs are 

therefore missing 177, 180, and 181 nt, respectively, from the 5' end, and could 

account for the CAP-induced 1.5-kb RNA. 

 Interestingly, when the primer extension analysis was performed with an 

older culture near the end of the log phase (~6 x 106 cells/mL), the -80, -77 and -

76 extension products were evident with RNA from control cells, although the 

levels were still much less than in the same culture treated with CAP for 1.5 hr 

(Figure 3-2, lanes 7 and 8).  This result demonstrates that tufA transcripts with the 

same 5' truncated-ends as the CAP-induced RNA can accumulate in cells not 

subjected to CAP.  

 RNase protection analysis was used to examine the 3' end of the 1.5-kb 

RNA.  A 32P-labeled antisense RNA (~700 nt) that extended ~200 nt beyond the 

tufA mRNA 3'-end was synthesized, and hybridized to RNA from cells that had 

been treated with either CAP (CAP), or CAP plus RIF (CAP+RIF), or left 

untreated (No Drug), and then digested with RNases.   Figure 3-3 shows the result  
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Figure 3-3. Mapping the 3' end of tufA transcripts in CAP-treated cells.   
 
 A 704-nt, antisense, 32P-labeled RNA probe (Probe) that extends 210 bp 
beyond the 3' end of tufA mRNA was hybridized to 10 µg of either C. reinhardtii 
RNA (lanes 3-5) or tRNA (lane 2), and digested with a mixture of RNase A and 
T1.  Undigested probe was applied to lane 1.  The C. reinhardtti RNA was from a 
culture that had either no drug (lane 3), CAP for 1.5 hr (lane 4), or CAP plus RIF 
for 1.5 hr (lane 5).  The size of the ~500-nt protected fragment was estimated 
from end-labeled DNA markers (Φ174 cut with HindIII and 1 Kb ladder). 
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of this analysis: a ~500 nt fragment of the antisense RNA probe was protected by 

RNA  from all three conditions,  although  the  amount of the  protected  fragment  

was greater with the CAP-treated cells.  No other protected fragments of the probe 

were consistently observed, even with CAP treatment.  S1 nuclease protection 

analysis of the 3' ends of tufA transcripts was performed using a single-stranded 

antisense DNA that extended 300 nt beyond the 3' end of the mRNA.  The results 

were the same as with the RNase protection; there was no evidence of a new, 

CAP-induced 3' end (data not shown).  I conclude that the 1.5-kb tufA 

intermediate RNA has been significantly cleaved only at the 5' end. 

 To help explain the effect of CAP on tufA mRNA degradation, I analyzed 

tufA transcripts in the chloroplast ribosome-deficient ac20cr1 mutant of C. 

reinhardtii by northern blot hybridization. This double-mutant has reduced 

chloroplast ribosome levels, concomitantly reduced translation, and over-

accumulates at least some chloroplast mRNAs (Harris et al. 1974, Herrin and 

Schmidt 1987).  However, ac20cr1 differs from CAP-treated wild-type cells, not 

only because the ribosomal defect is constitutive, but more importantly, because 

initiation is reduced and ribosomes do not pile up on mRNAs.  Figure 3-4 shows 

that tufA mRNA greatly over-accumulates in the mutant, but there is much less of 

the 1.5-kb RNA compared to wild-type cells treated with CAP for 1 hr. This result 

suggests that the massive stabilization of  the tufA degradation intermediate is due  
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Figure 3-4.  Northern blot analysis of tufA transcripts in a chloroplast ribosome-
deficient mutant.   
 
 RNA from wild-type C. reinhardtii (WT), wild-type treated with CAP for 
1 hr (WT+CAP), and the ac20cr1 mutant were separated, blotted and hybridized 
to the tufA gene probe.  RNA sizes and equal loading were determined by staining 
the blot with methylene blue to visualize rRNAs before hybridization.  The 18S 
rRNA band is shown below the autoradiographs.  (A)  Exposure of the blot to X-
Ray film for 48 hr.  (B)  Exposure of the blot to X-Ray film for 6 hr.  The 
positions of the 1.7-kb tufA mRNA, and the 1.5-kb degradation intermediate are 
indicated. 
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to elongation-arrested ribosomes on the mRNA, which protects it for a period of 

time.  

 Since the data indicated that degradation of tufA mRNA in vivo begins at 

the 5' end, it was of interest to look more closely at its sequence and predicted 

structure.  The primary sequence surrounding the beginning of the tufA gene is 

shown in Figure 3-5. The 5' UTR is long (257 nt), and it contains several 

candidate Shine-Dalgarno (S-D) sequences (consensus = GGAGG); however, 

whether any of them function in ribosome binding is unknown. Within the 5' UTR 

is also a short ORF that could potentially encode a basic protein of 46 amino 

acids. Blast searches of NCBI and JGI databases with the deduced amino acid 

sequence did not produce anything extraordinary.  It should also be noted that the 

ORF is not preceded by a S-D sequence.  The 5' end(s) of the degradation 

intermediate, however, mapped within the ORF (green arrows in Figure 3-5). 

 The predicted secondary structure of the 5' UTR is shown in Figure 3-6.  

This structure represents the most stable (lowest energy) structure that was 

obtained. The tufA start codon and the proximal S-D sequence are mostly 

accessible (i.e., not base-paired).  The 5'-termini of the degradation 

intermediate(s) (nt -76, -77 and -80) are within a long stem-loop structure with nt 

-76 and -77 base-paired, but nt -80 at an internal loop.  Using the suboptimal 

folding feature of mfold, a number of less stable structures were generated, but in 
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Figure 3-5.  Sequence of the tufA 5' UTR and location of transcript 5' ends. 
 
 The 5' end of the tufA mRNA is indicated by the purple +1 (numbering on 
the right margin), which is the first nt of the mRNA.  On the left margin, the 
sequence is numbered relative to the first base of the tufA ORF, which is +1.  A 
small 141-bp ORF in the 257-nt 5' UTR of tufA mRNA is underlined in black.  
Possible Shine-Dalgarno sequences are lettered and underlined in red.  The oligo 
used for primer extension (#160) anneals to the sequence lettered and underlined 
in orange, and the ends of the primer extension products are represented by green 
lettering and arrows.  Adapted from Silk and Wu (1993.) 
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Figure 3-6.  Predicted 2o structure of the tufA 5' UTR.   
 
 The structure shown is the optimal (∆G = -48.3 kcal/mole (lowest 
energy))structure predicted by mfold© (Mathews et al. 1999).  The translational 
start codon of the tufA transcript is shown in blue and marked with a blue arrow; 
possible Shine-Dalgarno sequences for tufA translation are underlined in red; the 
first and last codons of the 141-bp ORF are indicated by black arrows; and the 
ends of the primer extension products are represented by green arrows. 
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all cases the termini of the degradation intermediate(s) were in a stem-loop region 

similar to that in Figure 3-6.  

 

3-2 Determining whether the 5' or 3' UTR of tufA confers instability on a 

reporter mRNA  

 Expression signals from the chloroplast atpA (promoter and 5' UTR) and 

rbcL (3' UTR) genes of C. reinhardtii have been used to drive high level 

expression of foreign genes in the chloroplast, including the bacterial aadA gene, 

which encodes an aminoglycoside adenyltransferase that can confer resistance to 

spectinomycin and streptomycin.  The plasmid containing this gene is known as 

atpX-aadA (Goldschmidt-Clermont 1991).  The 5' and 3' UTRs of this gene were 

replaced with the tufA UTRs, creating the series of genes shown in Figure 3-7.  

All of the constructs had the same promoter (atpA), so RNA levels should reflect 

post-transcriptional processing and/or degradation rates.  The aadA constructs 

were cloned downstream from the tscA gene, which confers phototrophic growth 

on the tscA deletion strain, H13, when it integrates by homologous recombination 

into the chloroplast genome (Goldschmidt-Clermont 1991).  Transformants were 

selected initially by phototrophic growth on solid minimal medium, but were then 

subjected to secondary selection on spectinomycin (400 µg/ml).  Only 

transformants that grew under both conditions were analyzed further.  
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Figure 3-7.  Chimeric constructs containing the aadA gene and tufA UTRs.  

 Schematic representation of the aadA containing chimeric genes that were 
transformed into the chloroplast of the C. reinhardtti H13 strain.  The constructed 
gene names are indicated to the left, which refer to the 5'UTR-coding region-3' 
UTR elements.  Abbreviation of the constructed gene name is on the right hand 
side. All the genetic elements are shown in the boxed legend.  The rbcL gene is 
the large subunit of ribulose-1,5-biphosphate carboxylase; atpA is the alpha 
subunit of the ATP synthase; and aadA is adenine aminoglycoside transferase.  
All constructs have the same atpA promoter.  Upstream from the chimeric genes 
is the tscA gene, which complements the deletion in H13, restoring 
photosynthesis.   
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 To examine RNA, the transformants were grown in liquid TAP medium 

under continuous light, and total nucleic acids were extracted and analyzed by 

northern blot hybridization using an aadA-specific probe.  Figure 3-8 shows the 

results obtained in the absence of CAP (No Drug), and from a parallel set of 

cultures treated with CAP for 1 hr (+CAP).  The principal RNA detected is 1.3 

kb, which is the size expected for these mRNAs.  However, the constructs 

containing the tufA 3' UTR (AT and TT) gave several fold lower levels of mRNA, 

regardless of whether the 5' UTR was from atpA (AT) or tufA (TT).  Another 

surprise was that replacing the atpA 5' UTR with the tufA 5' UTR produced only a 

small reduction in mRNA level, if any.  These results indicate that the 3' UTR of 

tufA is much more destabilizing than tufA 5’ UTR.  A rifampicin-chase analysis to 

estimate the mRNAs was impractical because of the low levels.  In addition to the 

1.3-kb mRNA, the 3'-rbcL constructs (AR and TR) also produced a prominent 

RNA of ~0.8 kb; this transcript was observed previously with the atpA-aadA-rbcL 

construct (Goldschmidt-Clermont 1991), but its precise nature is unknown.  

 The effect of CAP on the chimeric mRNAs is also shown in Figure 3-8 

(right panel).  The mRNA levels were all increased by CAP, but it was 

particularly evident for the low-level AT and TT mRNAs.  Also apparent in the 

+CAP RNA profiles are transcripts that are smaller than the mature mRNAs; of 

particular note is a 1.1-kb RNA in each lane that is ~0.2 kb smaller than the 

mRNA.   These RNAs are presumably degradation intermediates like that seen for  
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Figure 3-8.  Northern blot analysis of the chimeric aadA RNAs in C. reinhardtii. 

 The constructs in Figure 3-7 were cloned downstream of the tscA gene and 

transformed into the tscA deletion strain H13.  The transformants were selected on 

minimal medium, and then grown on spectinomycin (400 µg/mL), indicating they 

were expressing the aadA gene.  RNA was extracted from cultures of the 

transformants grown in liquid TAP medium to mid-log phase, and separated on a 

denaturing agarose gel.  The cultures were split into two 1 hr prior to the RNA 

extraction, and one set of flasks was treated with CAP for 1 hr (+CAP).  The 

northern blot was hybridized with an internally, 32P-labeled 460-bp fragment of 

the aadA coding region.  The lane abbreviations correspond to the chimeric 

constructs in Figure 3-7.  The methylene blue stained 18S rRNA is shown below 

the autoradiographs.  AT and TT lanes in the +CAP panel are longer exposures to 

X-Ray film. 
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the endogenous tufA mRNA above.  It should be noted that the atpA 5' UTR is 

also long (> 250 nt) and contains a small ORF, although the ORF differs in 

sequence from the tufA 5' UTR ORF.  Based on a computational analysis of 

several other genes, most chloroplast mRNAs do not seem to have a small ORF in 

the 5' UTR like tufA and atpA.  

 The large effect of the tufA 3' UTR on accumulation of the reporter 

mRNAs prompted a secondary structure analysis of this region using mfold. 

Figure 3-9 shows the most stable structure obtained ∆ G = -51 kcal/mole), which 

is relatively complex for a chloroplast 3' UTR.  I also examined less stable, 

suboptimal structures and though there were differences with the structures, the 

presence of two main stem-loop domains, as in Figure 3-9, was a persistent 

feature.  Although the free energy of the optimal structure is strongly favorable, it 

does not really look like a structure that would be inherently stable to 3' to 5' 

exonucleases.  Hence, its abilities to limit degradation of tufA mRNA at the 3' 

end, while promoting it at the 5' end are likely due to interactions with proteins. 

 To see if the lower mRNA levels in the tufA 3' UTR transformants grossly 

affected expression at the protein level, the transformants were streaked onto 

minimal and TAP medium containing various spectinomycin or streptomycin 

concentrations, and grown under continuous light; the plates were inspected 

visually.  The maximum drug concentrations that permitted growth of the 

different transformants were similar, 1000 µg/mL for spectinomycin or 45 µg/mL  
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for streptomycin (not shown).  However, I noticed that at the higher drug 

concentrations, the tufA 3' UTR transformants (AT and TT) were a paler green, 

and had an unhealthy (slimy) texture compared to the AR and TR transformants  

(not shown).  The results suggest that the low levels of mRNA in the AT and TT 

transformants did not severely limit production of AAD; however, there may have 

been some negative affect.  These results could also mean that only a small 

fraction of the abundant atpA-aadA-rbcL and tufA-aadA-rbcL mRNAs are 

translated at any one time.  Indeed, there is good evidence that some chloroplast 

mRNAs are in great excess under some common laboratory growth conditions 

(i.e., constant light) (Eberhard et al. 2002). 

 

3-3 Can the 3'-UTR of tufA regulate gene expression at the level of encoded 

protein?  

 The aadA gene is not ideal for determining the level of expression of the 

protein product.  Thus, I created a series of constructs similar to those above, but 

using the Renilla luciferase (rluc) as reporter.  It was shown previously that rluc 

can be expressed in the C. reinhardtii chloroplast using the atpX expression 

cassette (Minko et al. 1999).  Western blot  analysis of the original atpA-rluc-rbcL 

transformants showed that the protein product was 3 kDa larger than native Rluc, 

indicating that translation of the atpA-rluc-rbcL mRNA began at a residual atpA 

start codon, 29 codons upstream from the rluc start site (Minko et al. 1999).   

 54



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-10.  Schematic representation of chimeric genes containing the Renilla 
luciferase (rluc) gene as an in vivo reporter of expression. 
 
 See legend to Figure 3-7 for the proteins encoded by the rbcL and atpA 
genes.  Elements are shown in the boxed legend, and the chimeric genes are 
named to the left of the drawings.  The atpA29-rluc-rbcL construct encodes the 
first 29 amino acids of the atpA protein, in addition to the atpA promoter and 5' 
UTR.  The atpA29-rluc-rbcL and atpA-rluc-rbcL constructs have the same 5' 
UTR. 
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Hence, I first made a new atpA-rluc-rbcL construct removing the 29 atpA codons; 

this construct was named atpA-rluc-rbcL, and the original construct was renamed 

atpA29-rluc-rbcL (Figure 3-10).  The other constructs, with the UTRs, exchanged 

for tufA UTRs are shown in Figure 3-10. 

 The chimeric constructs were transformed into the tscA deletion mutant, 

H13, as described above for the aadA constructs, and transformants were selected 

by phototrophic growth.  After repeated plating on minimal medium,  

transformants with each DNA type were grown in liquid TAP medium (in 

constant light), and luminescence measured in vivo with benzyl-coelenterazine 

(Minko et al. 1999).  Figure 3-11 shows the relative luminescence obtained for 

each type of construct.  The data show that removing the 29 codons of atpA had 

little effect on expression.  However, replacing the atpA 5' UTR with the tufA 5' 

UTR lowered expression by 39.4 %, whereas replacing the rbcL 3' UTR with the 

tufA 3' UTR reduced expression by 55.8 %.  The construct with both UTRs from 

tufA reduced expression by 64.5 %, suggestive of a slightly additive, or 

synergistic, negative effect of the tufA UTRs on expression at the protein level. 

These results demonstrate that the 3' UTR of tufA can regulate gene expression. 
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Figure 3-11.  Luminescence of transformants using Renilla luciferase (rluc) as a 

reporter. 

 The constructs shown in Figure 3-10 were cloned downstream of the tscA 

gene, and transformed into the tscA deletion strain H13, as described for the aadA 

constructs (Figure 3-8), except for omitting the secondary growth on 

spectinomycin.  The transformants were grown in liquid TAP medium (constant 

light) to mid-log phase.  Luminescence was assayed with 1000 cells/well as 

described in Materials and Methods.  Averaged luminescence of several 

transformants with each chimeric gene are calculated in % luminescence of atpA-

rluc-rbcL on the left y-axis and in Relative Light Units (RLU)/106 cells on the 

right y-axis. 
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Chapter 4: Discussion 

 
4-1.  Overview  

 There has been considerable progress in our understanding of cis-acting 

sequences that can affect chloroplast mRNA stability and degradation (Herrin and 

Nickelsen 2004).  There has also been progress in identifying trans-acting 

proteins, including those that confer stability on RNAs as well as enzymes 

involved in degradation (Monde et al. 2000).  However, for most of the mRNAs 

that have been studied, it is not clear what the initial step is in the degradation 

process in vivo, or what the rate-liming step is, or what sequences in the RNA 

determine the initial or rate-limiting step.  The first cleavage step is often taken to 

be the rate-limiting step in RNA degradation, in part, because intermediates do 

not usually accumulate to any great amount.  The typically low level of 

intermediates also makes it difficult to know how important the pathway that 

produced the intermediate is to the overall degradation of the mRNA.  I have 

identified and studied a chloroplast mRNA degradation intermediate for the tufA 

mRNA of C. reinhardtii.  The intermediate is induced by CAP (chloramphenicol), 

rapidly becomes abundant, and appears to represent an early step in the major tufA 

degradation pathway.  I also attempted to determine whether the unusually short 

half-life of tufA mRNA is dictated by the 5' or 3' UTR, and obtained unexpected 

results.   
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4-2.  The effect of CAP on tufA mRNA: a pathway for mRNA turnover in 
vivo 
 
 CAP inhibits protein biosynthesis on the ribosomes of prokaryotes, 

chloroplasts, and mitochondria by inhibiting peptidyl transferase (Ellis 1969, 

Goodenough 1971, Long and Porse 2003).  It can effectively prevent chloroplast 

ribosomes from “running off” mRNAs during extended isolations, and can cause 

build-up of polysomes in vivo (Margulies and Michaels 1974). It should be said 

that CAP does not totally block growth of C. reinhardtii, but it does slow growth 

considerably.  Treatment of C. reinhardtii with CAP has been shown to increase 

the accumulation of some chloroplast mRNAs, especially tufA (Silk and Wu 

1988, Xu et al. 1993).  Increased levels of several chloroplast mRNAs were also 

reported for the chloroplast ribosome-deficient mutant, ac20cr1 (Herrin and 

Schmidt 1988), although the tufA transcript was not examined in that study.  In 

this investigation, I have shown that treatment of C. reinhardtii cells with CAP 

causes tufA mRNA levels to increase rapidly in cells growing asynchronously.  I 

also showed that the tufA mRNA level is substantially increased in the ac20cr1 

mutant of C. reinhardtii.  These results suggest there is a functional connection 

between translation and mRNA stability in the chloroplast of C. reinhardtii, with 

greater translation reducing mRNA stability.  A similar situation may exist in 

higher plant chloroplasts, based on studies of the psbA and rbcL genes in spinach 

using translation inhibitors (Klaff and Gruissem 1991).  The mechanistic basis of 

the translation effect is unknown: however, data presented here suggest that the 
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slowing down or “freezing” of translating ribosomes can protect RNA from 5' to 

3' exonuclease degradation.  

 In addition to increasing the mature 1.7-kb tufA mRNA, CAP dramatically 

induced a 1.5-kb RNA that hybridized to the tufA probe.  This RNA became 

nearly as abundant as the mature tufA mRNA, after a few hour with the drug.  A 

drug-chase experiment, whereby the cells were treated simultaneously with CAP 

plus the chloroplast RNA polymerase inhibitor RIF, indicated that the mature 1.7-

kb tufA mRNA is the precursor to the 1.5-kb RNA.  Mapping of the 5' end by 

primer extension, and the 3' end by RNase and S1 protection confirmed that the 

1.5-kb RNA is a degradation intermediate, and that it is only lacking sequence 

from its 5' end. 

 Primer extension analysis demonstrated that the 1.5-kb CAP-induced 

RNA is heterogenous at the 5' end, with molecules lacking either 177, 180 or 181 

nt of the 5' -UTR.  This agrees well with the RNA size difference obtained from 

the northern blots.  RNase and S1 protection analyses of tufA transcripts indicated 

that the 3' end of the 1.5-kb RNA is intact.  Thus, in the presence of CAP, rapid 

cleavage of mature tufA mRNA is occurring only at the 5' end.  It should be said, 

however, that the 3' end of the intermediate could be modified with a non-coding 

sequence, for example, a short poly(A) tail, and our assays would not have 

detected it.  The fact that the 1.5-kb RNA migrates rather diffusely on the 
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denaturing agarose gels could indicate that it has more heterogeneity than just the 

few nt at the 5´ end. 

 The 5' end of the 1.5-kb degradation intermediate mapped to a predicted 

stem-loop domain in the 5' UTR of tufA.  Interestingly, these ends are also within 

a small, free-standing, 141-bp ORF.  The amino acid sequence of the ORF is not 

conserved, and its function, if any, is unknown.  Also, as noted by Silk and Wu 

(1993), it has 2 rare codons that might reduce its translation.  However, it must be 

taken into account in proposing a mechanism to explain the accumulation of the 

intermediate. 

 Based on these data and the published literature, I have proposed a model 

for the early steps of tufA mRNA degradation in the presence of CAP; the model 

is shown in Figure 4-1.  The first step is endonucleolytic cleavage in the 5' UTR 

of the mature 1.7-kb mRNA, which creates the 1.5-kb intermediate(s).  The 1.5-

kb intermediate would normally be degraded rapidly by a 5' to 3' exonuclease 

(Drager et al. 1999), but in the presence of CAP, the exonucleolytic degradation 

of the intermediate is much slower than the initial endonucleolytic cleavage of the 

mature mRNA, so the intermediate accumulates over time.  Endonucleolytic, 

rather than exonucleolytic, activity is favored for the first step, mainly because the 

data suggest a discrete conversion of the mature mRNA to the intermediate.  Also 

RNA endonucleolytic activity is known to occur in the C. reinhardtii chloroplast  

(Nickelsen  et  al.  1994,  Sakamoto  et al.  1994).   However, it is also  
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Figure 4-1.  Possible model for tufA turnover in vivo. 
 
 A schematic representation of chloroplast tufA mRNA in C. reinhardtii.  
The thicker lines represent the 5' and 3' UTRs, the white box represents the coding 
sequence, and the blue box represents the 141-bp ORF located within the5' UTR.  
(A) Turnover begins with an endonucleolytic cleavage (scissors) in the 5' UTR of 
the mature 1.7-kb tufA mRNA, ~200 nt from the 5' end.  The cleavage forms a 
1.5-kb degradative intermediate, and exposes the RNA to rapid 5' to 3' 
exonuclease degradation (yellow elliptical symbol).  (B)  Protection of the 1.5-kb 
RNA by CAP treatment, which freezes ribosomes (pink circular symbols) on the 
transcript, blocking exonuclease activity. 
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possible that the first step involves a highly proficient 5' to 3' exonuclease such 

that truncated intermediates do not accumulate, until the exonuclease stalls in the 

5' UTR.  I propose further that the stalling or blocking of the 5' to 3' exonuclease 

is caused by elongation-arrested ribosomes on the small ORF or at the 5' end of 

the tufA coding region (Figure 4-1B).  This hypothesis is supported by the fact 

that efficient stabilization of the intermediate requires CAP, and that it does not 

occur in a mutant (ac20cr1) with reduced levels of chloroplast ribosomes.  The 

eventual destruction of the intermediate could be by more than one pathway. 

 What happens in the absence of CAP?  I also presented evidence that the 

tufA degradation intermediate accumulates sufficiently in cultures near stationary 

phase that it was apparent on a northern blot and was readily detected by primer 

extension; the latter analysis also showed that the intermediate has the same 

heterogenous 5' end as the CAP-induced RNA.  This result suggests that a 

significant fraction of tufA mRNA, in at least one non-drug condition (i.e, cells 

whose growth is slowing), is degraded by the same pathway; however, in the 

absence of CAP, the destruction of the intermediate must be much faster so it 

stays at a low level.    

 One explanation for the existence of the 1.5-kb RNA in cells without CAP 

may be because of natural ribosomal pausing that impedes 5' to 3' exonuclease 

activity.  Ribosomal pausing has been demonstrated in chloroplasts of higher 

plants, although not in C. reinhardtii to our knowledge (Kim et al. 1994, Stollar et 

 63



al. 1994).  A suggested role for pausing in the translation of psbA mRNA is to 

facilitate proper folding and assembly of the nascent D1 protein with chlorophyll 

(Kim et al. 1994, Zhang et al. 1999, Zhang et al. 2000).  In C. reinhardtii cells 

that have reached stationary phase, chloroplast translation would likely decrease, 

and that could result in increased ribosomal pausing at certain sites. Finally, it 

should be noted that the tufA degradation intermediate is theoretically translatable, 

and hence could continue to act as a template for making EF-TU until destroyed.  

 A favored model for degradation of chloroplast mRNAs in higher plants is 

similar to what I propose for tufA insofar as degradation begins with an 

endonucleolytic cleavage. In higher plants, that step is followed by 

polyadenylation of the new 3' end, and then 3' to 5' exonucleolytic destruction of 

the A-tailed RNA (Figure 1-3); the process may be repeated on the same RNA as 

needed.  Polyadenylated chloroplast RNAs have been detected in C. reinhardtii 

(Komine et al. 2000), and that process could likely play a role in the destruction 

of the small 5' fragment of tufA (in the endonuclease model), or in the disposal of 

the intermediate.  Unlike tufA, however, most of the endonucleolytic sites that 

have been generated in vitro, and to some extent, detected in vivo with higher 

plant chloroplast mRNAs, reside in the coding and 3' UTR (Baginsky and 

Gruissem 2002, Klaff 1995); hence the importance of the 3' to 5' exonuclease.  
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4-3.  Determining if the 5' or 3' UTR of tufA is destabilizing  

 Based on the short half-life of tufA mRNA, and the fact that its 

degradation in vivo begins at the 5' end, we surmised that the 5' UTR was likely 

destabilizing compared to other chloroplast mRNA 5' UTRs.  We also reasoned 

that mutating the endogenous tufA gene would be very problematic, since 

chloroplast protein synthesis is not dispensable.  So the corresponding region 

(atpA 5' UTR) of an atpA-aadA-rbcL transcript, which gives high mRNA levels 

(Goldschmidt-Clermont 1991), was replaced with the tufA 5' UTR. Also, since 

there have been few published studies with C. reinhardtii that compared the 

effects of both UTRs of the same gene, additional constructs were made replacing 

the rbcL 3' UTR, and both UTRs, with the corresponding regions of tufA.  The 

contructs were transformed into the chloroplast and the steady-state mRNA levels 

were examined.  Since the different constructs had the same promoter, we 

interpreted any differences in mRNA levels as reflecting RNA stability 

differences. 

 It was surprising that the replacement of the 5' UTR of atpA (AR) with the 

5' UTR of tufA (TR) had little effect on the mRNA level.  However, both 

constructs containing the tufA 3' UTR (AT and TT) gave much lower levels of 

mRNA, regardless of whether the 5' UTR was from atpA or tufA.  Also, the tufA-

aadA-tufA transcript level was similar to the atpA-aadA-tufA RNA level.  Based 

on other studies (Blowers et al. 1993, Rott et al. 1998), we were expecting some 
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effect by replacing the 3' UTR of rbcL with the 3' UTR of tufA, but not to the 

extent obtained.  The results indicate that the 3' UTR of tufA is much more 

destabilizing than the 5' UTR of tufA, at least when placed in a new context. 

 Secondary structure analysis of the relatively long (200 nt) tufA 3' UTR 

predicted a fairly complex structure compared to many other chloroplast mRNAs. 

It is not known whether proteins bind to the 3' UTR (or the 5' UTR) of tufA, as has 

been shown for several other chloroplast mRNAs in C. reinhardtii (reviewed in 

Herrin and Nickelsen 2004, Nickelsen 1998), but it seems likely that such proteins 

exist, and probably contribute to the effect manifested by the 3' UTR. 

 The most intriguing aspect of the destabilizing effect of the tufA 3' UTR is 

that, in my model, the 3' UTR should control degradation at the 5' UTR. 

Interactions between the 5' and 3' UTRs are well known in nuclear-cytoplasmic 

mRNAs (reviewed in Gallie 1998). Interactions mediated by RNA binding 

proteins between the 5' and 3' UTRs are known to play an important role in 

stabilizing nuclear mRNAs.  The 5'-cap structure and the poly(A) tail can interact 

to form a circular mRNA that affects translation. 

 There is little known about the details of this type of interaction in 

chloroplasts. However, there is both genetic and biochemical evidence that it may 

be important. The genetic data come from work with tobacco chloroplast 

transgenes that had combinations of UTRs from different chloroplast genes 

driving expression of the uidA gene (GUS); some of the data were indicative of 
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cooperativity between certain 5' and 3' UTRs in controlling RNA levels and 

translation (Eibl et al. 1999).  The biochemical data concern the C. reinhardtii 

psbA mRNA.  Katz and Danon (2002) found that binding of proteins to the 5' 

UTR of psbA is stabilized by the presence of the 3' UTR in the same transcript, 

even if most of the coding region was not present.  The 5' UTR-binding proteins 

do not bind tightly to the 3' UTR.  They also act by promoting translation, and are  

not needed for stabilization of the mRNA.  Nonetheless, a related mechanism 

could pertain to the tufA mRNA if the 3' UTR functioned in a negative way by 

inhibiting the binding of protective proteins (to the 5' UTR).  One way this could 

be achieved is if the 3' UTR directly competed for binding to the proteins or by 

binding to the RNA and preventing binding of the proteins.  An alternative 

mechanism would be that the 3' UTR of tufA “delivers” the endonuclease to the 5' 

end of the mRNA. An endonuclease is known to bind to the stem-loop structure in 

the 3 ' UTR of some chloroplast transcripts (Nickelsen 1998). 

 The last objective of this work was to determine if the wild-type 3' UTR of 

tufA could modulate gene expression at the level of expressed protein.  This had 

not been demonstrated for any 3' UTR of a chloroplast gene in C. reinhardtii, 

although it had in tobacco (Eibl et al. 1999).  The aadA-based constructs 

discussed above did not lend themselves to quantification of gene expression at 

the protein level.  Thus, a series of constructs was made based on the Renilla 

luciferase, but were otherwise similar to the aadA constructs.  In vivo 
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luminescence of rluc expressed in the C. reinhardtii choroplast has been shown to 

reflect physical levels of the enzyme (Minko et al. 1999).  After transformation 

into chloroplasts of the H13 strain (as with the aadA constructs) luminescence 

was measured.  The results indicate that the 3' UTR of tufA can determine 

expression at the protein level, because the atpA-rluc-tufA construct produced ~2-

fold less Rluc than the atpA-rluc-rbcL construct.  
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