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ABSTRACT 

In the nematode Caenorhabditis elesans, amber 

suppressor mutations of different ~ R N A ~ ~ P  genes do not 

suppress amber mutations in different genes equally, even 

though the mature suptRNA sequences are identical (Kondo et 

al. J M B  215, 7, 1990). The results suggest either different 

levels of suptRNA expression, or tissue- and/or 

developmentally-specific expression of these suptRNAs. The 

latter may arise through differences in flanking sequences 

or chromosomal position of the suptRNA gene. 

Transcription in vitro of individual, cloned suptRNA 

genes in embryo extracts produces levels of expression 

roughly paralleling those of the phenotypic assays i.e. a 

hierarchy with sup-5 and sup-7 more efficiently transcribed 

than the rest. We have now tested the effects of altered 

flanking sequences on this expression &I vitro; such 

experiments might also give us an indication of which 

templates to test in the future in transgenic animals. The 

alleles sup-7, sup-24, and sup-29 were chosen for deletion 

analysis since they represented strong, medium, and weak 

levels of transcription in vitro and suppression vivo. 

For each of these genes, deletions were carried out from the 

end; an additional series of 3 '  deletions was also 

undertaken for sup-7. For sup-24 and sup-29, 

transcriptional activity was sharply reduced only when 

virtually all of the upstream flanking region had been 



replaced with vector sequence. In contrast, sup-7 activity 

was significantly diminished with the elimination of an 

element more distal from the gene (20 to 30 bp away). With 

the 3 '  deletions of sup-7, loss of expression was seen only 

when the deletions entered the coding region itself. 



QUOTATIONS AND DEDiCATION 
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oftener than an optimist, but an optimist has more fun - and 
neither can stop the march of events." 

Lazarus Long 
in Time Enouqh For Love 
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INTRODUCTION 

The blueprint for life resides in each cell's DNA and 

serves as the information databank for almost every aspect 

of growth and development. This information is transformed 

into action through a series of i :ocesses that are shared by 

all life. First, the template DNA of a gene is transcribed 

into its corresponding RNA which may carry out structural or 

processive functions. In additicn, certain "rnes~enger'~ 

RNAs may serve as interim templates for the production of 

the proteins which make up the vast majority of cellular 

constituents.  his two step process, transcription and 

translation respectively, has been called the central dogma 

of molecular biology by Crick (1970). 

Several refinements have since been added to the 

central dogma. Segments of proceins containing information 

for their localization were shown to be cleaved en route to 

the polypeptide's destination. In 1977 messenger RNAs were 

shown to be the products of spliced precursors (Berget et 

al., 1977) overthrowing the assumption of a strict one-to- - 
one relationship between DNA and amino acid sequence. More 

recently, examples of specific editing of mRNA templates 

have been uncovered (reviewed in Simps~n and Shaw, 1989). --- 
Examples of protein splicing have also been unearthed (Kane 

et al., 1990; Carrington & d., 1985). Despite these -- 

incursions the basic principle of the central dogma 

persists. 



A gene may be expressed constitutively, at a certain 

stage of development, in a given cell type, in response to 

the needs of growth, or in response to environmental 

stimuli. Knowledge of the control of this gene expression 

is essential to the understanding of how the information 

encoded linearly in DNA is actuated both spatially and 

temporally. 

A genegs expression can theoretically be governed at 

any point along the pathway described above. Since the 

transcription of DNA to RNA is the first step, regulation at 

this point represents both the coarsest and cheapest form of 

control. As such the process of transcription as well as 

its regulation has been a prime target for investigation. 

Prokaryotic systems, by virtue of their simplicity, 

have been studied from early on in the history of molecular 

biology. The use of genetics has allowed the identification 

of transcriptional regulatory mutations. Biochemical 

manipulation of the transcriptional machinery permits the 

determination of the function of specific components at the 

molecular level (Alberts g& aJ., 1983). This dual, 

complementary approach provides inroads to study at the in 

vivo and in vitro levels respectively. A combination of the 

two approaches is often seen whereby mutant templates are 

constructed, introduced into hosts, and assayed for their 

effects. 

Transcription in E. coli, the workhorse for prokaryotic 

studies, is carried out by a single class of RNA polymerases 



comprised of several subunits (~hamberlin, 1982). The core 

enzyme responsible for elongation requires an additional 

sigma factor as well as specific DNA elements upstream of 

the transcriptional units for initiation. Two such sequence 

elements are the TTGACT and TATAAT boxes located 35 and 10 

base-pairs 5 '  to the initiation site respectively (McClure, 

1985). A pre-initiation complex is formed with the core 

enzyme interacting with the TATAAT box and the sigma factor 

interacting with the TTGACT box. A conformational change 

results in the unwinding of one turn of the DNA helix 

centered over the proximal box and subsequent migration of 

the complex to the initiation site. This situation 

constitutes the open initiation complex and at this point 

initiation is possible. 

Within the context of cellular energetics, regulation 

at the initiation of transcription is logical since 

investment in unwanted product would be wasteful. The 
i 

operon of E. coli was the first well-defined molecular 

regulatory system and provides an example of control at 

initiation (Miller and Reznikoff, 1978). The repressor 

binds at a site between the promoter and initiation site 

thereby preventing the bound complex from moving downstream 

and forming the open transcription complex. Conversely, the 

CAMP-catabolite activator protein interacts with DNA 

upstream of the RNA polymerase binding site and facilitates 

inititation through protein-protein interactions which alter 



neighbouring DNA conformation (Travers, 1987) . A variety of 

control mechanisms exist for the many different operons. 

Prokaryotic transcription has been shown to terminate 

at or shortly after hairpin structures followed by runs of 

uridyl residues. It is thought that the transcriptional 

machinery pauses at the hairpin and the DNA-RNA duplex 

formed immediately thereafter dissociates due to the 

presence of weak A-U pairings. The coding strand of DNA is 

now freed to rejoin its complement. Meanwhile, the core 

enzyme, which has lost its sigma factor immediately after 

initiation, exhibits less affinity for duplex compared to 

single-stranded DNA. This process is also the target of 

regulatory mechanisms such as the antitermination factors 

encoded by the lambda N and Q genes (Roberts, 1987). Other 

prokaryotic termination mechanisms also exist. The rho 

factor recognizes characteristics of nascent RNA and moves 

to disrupt the transcriptional machinery by effectively 

pulling away the RNA (Das d., 1 9 7 8 ) .  In the case of the 

E. coli trp operon, termination is accomplished via a - - 

coupling of the transcriptional and translational processes 

(Yanofsky, 1987). 

The dissection of the transcriptional process in 

eukaryotes has moved at a much more deliberate pace. This a 

reflection of the much greater sizes of eukaryotiz genornes, 

the packing of the genetic material into chromatin, and the 

much greater complexity of eukaryotic transcription 

components and processes. 



For the most part, classical genetic analysis is not 

available for the isolation of regulatory mutants. Instead, 

the biochemical approach has been extensively utilized. 

Eukaryotes were found to require three different but related 

classes of RNA polymerases (reviewed in Sentenac, 1985). 

PNA polymerase I is insensitive to high levels of the fungal 

inhibitor alpha-amanitin and transcribes a precursor RNA 

which is in turn processed iqto the 18S, 5.8S, and 26s 

ribosomal RNAs. RNA polymerase I1 is sensitive to low 

levels of alpha-amanitin and transcribes the precursors to 

messenger RNAs which give rise to the cell's proteins. 

Finally, RNA polymerase 111 is sensitive to mid-range 

concentrations of alpha-amanitin and transcribes small RNAs 

like 5S, tRNA, U6, 7SL, 7SK, and VA. Alpha-amanitin is a 

cyclic octapeptide containing several unusual amino acids 

which binds very tightly to RNA polymerase I1 preventing 

transcript elongation (Stryer, 1988). 

The class I and I1 polymerases require promoter 

sequences which lie upstream of the actual coding region. 

RNA polymerase I requires two elements (Sollner-Webb and 

Tower, 1986), a proximal block which interacts with the 

ancillary polymerase I-specific transcription factors and a 

more distal block which appears to 5s necessary under more 

demanding assay conditions. 

RNA polymerase I1 transcribes the entire complement of 

the eukaryotic cell's protein-coding genes. A diverse 

collection of regulatory mechanisms controls their 



expression. A 'TATA' box centered at -25 has been 

implicated in nearly all transcription of class 11 genes 

(for an exception see Garritty and Wold, 1990). This 

element resembles a displaced prokaryotic TAT-MA element and 

has been shown to bind the TFIID transcription factor 

(Sawadogo and Roeder, 1985; Nakajima c& aJ., 1988). 

Constitutively expressed genes tend to have GC-rich regions 

in their promoters. A wealth of other elements and their 

corresponding binding factors have been identified. For 

example, the mammalian Spl protein has been shown to be 

necessary for the transcription of genes containing GC boxes 

(Dynan and Tjian, 1983). The heat shock transcription 

factor (HSTF) binds at specific regions of the heat shock 

gene's promoter (Parker and Topol, 1984). In addition to 

these elements which lie within a few hundred base-pairs of 

the transcription initiation site, there exist the so-called 

enhancer sequences which can influence transcription from 

great distances (reviewed in Kushu & a., 1991; Muller & 

a1 1988). Not only found upstream, these enhancers can be -- I 

found downstream and even within genes themselves. 

Enhancers are also known to be activated in a tissue- 

specific manner. 

The most extensively studied of the eukaryotic 

transcriptional systems is that of the class I11 5s genes of 

Xenopus laevis. surprisingly, when cloned 5s templates were 

transcribed in vitro it was found that accurate initiation 

required control sequences embedded within the coding region 



(~akonju et &., 1980; Bogenhagen d., 1980). This 

internal control region (ICR) was subsequently found t~ 

consist of two discrete elements, the A and C boxes. The 

ICR is first bound by the factor TFIIIA which then enhances 

the binding of the A box by TFIIIC. A fully stable pre- 

initiation complex which persists through many rounds of 

transcription is formed upon the binding of TFIIIB (Lassar 

et al., 1983). Polymerase I11 is then itself bound loosely -- 

until initiation. Termination of 5s as well as all class 

I11 genes occurs at a run of Tts downstream of the gene. 

The transcription of other class 111 genes does not 

require TFIIIA. In the case of tRNAs a split ICR region is 

present with A and B boxes which contain bases highly 

conserved in all tRNAs: Ug, A14, G18, and Glg in the A box 

and G53, T55, C56, A58, and C61 in the B box (Galli & aJ., 

1981). Also, unlike the 55 gene, distances between the two 

boxes may vary without greatly reducing transcription (e.g. 

Carrara et Q.,  1981; reviewed in Geiduschek and Tocchini- 

Valentini, 1988). A pre-initiation complex on tRNA 

templates is formed by the sequential binding of TFIIIC then 

TFIIIB. Recently, a factor consisting solely of RNA 

(TFIIIR) has been shown to be required for 5s and tRNA 

transcription (Young et a,, 1991). 
In addition to internal sequence requirements, the 

transcription of tRNAs has also in many instances been shown 

to depend on flanking sequences (reviewed in Sharp g& a., 
1986, and Geiduschek and Tocchini-Valentini, 1988). The 



bulk of these flanking elements have been found to reside 

upstream while a very few have been shewn to occur 

downstream. In the case of the 5 '  elements positive (e.g. 

Arnold and Gross, 1987), negative (e.g. Hipskind and 

Clarkson, 1983), and tissue-specific functions have been 

shown (Young g& aJ., 1986). Combinations of these have also 

been shown to occur (Saj jadi &. , 1387) . Little 

conservation of these sequences exists, suggesting solely 

gene-specific modes of regulation. 

The role of upstream elements is even more pronounced 

with the remaining class I11 genes - 116, 7SL,  7SK, and VAL. 

In many cases, ICRs appear to be present and necessary while 

in others 5' sequences seem sufficient (7SK - Murphy c& d,, 

1987). This latter case is reminiscent of the requirements 

for transcription by RNA polymerase 11. In fact, recent 

investigations have shown that the U6 TATA box is bound by 

the TFIID factor (Margottin a. , 1991) . It is now 

believed that the different classes of eukaryotic RNA 

polymerases may share several transcription factors 

(reviewed in Folk, 1588; Sollner-Webb, 1988; Murphy et a., 
1989; Palmer and Folk, 1990; Wolffe, 1991). 

It is now possible to dissect the eukaryotic 

transcriptional system using the twa-pronged in v i t r o / i ~ .  

vivo approach. Genetic and biochemical methods have been 

developed for the g. melanoqaster and 2. cerevisiae madel 

organisms. Polymerase I1 transcription in the nematode 

Caenorhabditis elegans has been studied both genetically and 



biochemically (Sanford & a., 1983, 1985; Rogalski and 
Riddle, 1988) . 

Several attractive features make C. eleqans a valuable 

model organism. The complete cell lineage has been 

determined, rendering C. eleqans invaluable for studies of 

development. A short 3.5 day life-cycle and the existence 

of self-fertilizing hermaphrodites for the maintenance of 

homozygous mutant stocks has permitted straightforward 

genetic analysis (Brenner, 1974). A small genome size, 100 

million base-pairs, and a low proportion of repetitive DNA 

allows the isolation of specific sequences from recombinant 

libraries. A physical map has also been begun and is being 

used as a basis for the sequencing of the genome (Coulson 

al., 1986). Transgenic animals can be made via the - 

injection of DNAs into the gonadal syncitium (Mello a., 
1991) thereby allowing the &I vivo testing of the functions 

of cloned sequences. A comprehensive overview of C.  elesans 

biology can be found in Wood & a. (1988). 
The background for this thesis can be found in research 

carried out in the laboratory of Dr. R.H. Waterston 

involving the characterization of mutations which are able 

to suppress other mutant phenotypes (reviewed for C, eleqans 

in Hodgkin et a., 1987). During the reversion analysis of 

a muscle-defective mutant such a suppressor, sup-5 111, was 

picked up (Waterston and Brenner, 1978). A further study 

revealed a new suppressor which acted in a similar manner 

but mapped to a different location - sup-7 X (Waterston, 



1981). The mode of action of these suppressors resembled 

that of nonsense suppressors (for reviews see Celis and 

piper, 1981 and Hatfield, 1985). That is, they were thought 

to affect information transfer since they operated in a 

general way on similar alleles of a variety of genes, such  

nonsense suppressors allow stop codons to be recognized as 

codons for an amino acid, enabling translation to proceed 

through the original mutation (Steege and Soll, 1979). This 

hypothesis was borne out in an experiment where an injected 

tRNA fraction from a sup-7 strain was shown to suppress an 

amber allele of the sex determination tra-3 gene (Kimble g& 

al., 1982). The amber suppressor capabilities of the sup-5 - 

and sup-7 genes were further proven by in vitro translation 

studies on an amber unc-53(e1300) mRNA (Wills & a., 1983). 
Sup-7 was also shown to encode a ~ R N A ~ ~ P ~ ~ ~  gene with a 

single base-pair change at the anticodon which was believed 

to allow read-through of amber translation termination 

signals (Bolten g& a., 1984). A concurrent reversion 

analysis resulted in the isolation of additional mutations 

with amber suppressor profiles but varying in the levels of 

suppressibility (Hodgkin, 1985). To date eight of the 

twelve members of the 6 .  eleqans ~ R N A ~ ' ~  gene family have 

been mutated to amber suppressors. ~enomic clones have been 

sequenced and shown to consist of identical tRNA sequences 

with the base-pair change described for sup-7. These amber 

suppressor alleles have also undergone extensive cross- 

suppression analysis against amber alleles of genes with 



known expression profiles (Table 1). The data from these 

experiments suggest that the suppressors (and their wild- 

type counterparts) may be expressed in a differential manner 

(Kondo & aJ.,1988; Kondo & a,, 1990). As such, these 

genes could represent a rare example of tissue-specific tRNA 

transcription. In addition, the approach described enables 

a single gene of a multigene family to be assayed for its 

individual expression. 

The object of this thesis was to begin to investigate 

the molecular basis for the putative differential expression 

of these suppressors. Primer extensions were performed in 

the hope that the initiation sites for the different alleles 

would differ sufficiently to allow their expression to be 

followed through hybridization studies. Unfortunately no 

such differences were seen. Instead, deletions were made 

into the sup-7, sup-24., and sup-29 clones in order to 

delineate regulatory elements using transcription extracts. 

Discrete upstream positive regulatory regions were found to 

be involved. For sup-7 the region was approximately 20 to 

30 base-pairs upstream while the regions modulating the 

expression of sup's 24 and 29 were much closer to the genes. 

It is hoped that these altered templates may some day be 

used for the correspmding in vitr~ analyses. 



Table 1: Summary of phenotypic Suppression Data 

The results of crosses between strains supplying homo- or 

heterozygous doses for sup's 7, 5, 24, 33, 34, 21, 28, and 

29 and strains bearing amber alleles of unc-13, unc-51, unc- 

24 ,  unc-52, unc-15, dpy-20, lin-1, and tra-3 are shown 

(after Kondo et a., 1990). Also given are the putative 

tissues of expression for the amber alleles. The 

suppression of the uric mutants (resulting in altered 

movement phenotypes) was assayed using tracking assays. 

Suppression of dpv-20 was scored by its effect on worm 

length. lin-1 mutants display multiple vulva1 protrusions 

and are egg-laying defective; wild type adult progeny i.e. 

suppressed individuals were picked and scored. tra-3 is a 

gene involved in sex determination which when mutant 

transforms XX hermaphrodites into sterile pseudomales. 

Revertants for this transformation were scored. 
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Materials and Methods 

Provided Clones and DNA Isolations 

Recombinant plasmid clones of both amber suppressor and 

wild type counterparts of sup-5, sup-7, sup-24, sup-28, and 

sup-29 were kindly supplied by Dr. R. Waterston (Kondo @ 

al., 1988). Competent 3.  coli DH5-alpha cells (Hanahan, - 

1983) were transformed with the appropriate clones (Golub, 

1988) and plated on selective media. Resultant single 

colonies were used to innoculate large-scale cultures of 

NZCYM broth which were shaken overnight at 3 7 O ~  (Maniatis & 

al., 1982). Plasmid DNAs were isolated via a modified - 

alkaline lysis technique (Maniatis et al., 1932)  and 

ptirified on cesium chloride - ethidium bromide gradients 

(Davis & a., 1980). 
Large-scale preparations of subcloned Erayments were 

initially carried out as above, Later isolations used a 

scaled up version of the differential centrifugation 

protocol of Lee and Rasheed (1990)- This method uses a 

modified ammonium acetate precipitation scheme which removes 

bacterial DNA, RNA, proteins, heavy metals, detergents and 

other contaminants. The original protocol was used except 

that all volumes were scaled up by a factor of ten. After 

the initial isopropanol precipitation, 700 u l  o f  2 & 

ammonium acetate was used to resuspend trhe pellet. This 

solution was transferred to a 1-5 nl Eppendorf tube, placed 

on ice for 10 minutes and spun Eor 10 minutes at room 



temperature in a desktop centrifuge. The supernatant was 

transferred to a new Eppendorf tube and an equal volume of 

isopropanol was added. After a ten minute incubation at 

room temperature the previous centrifugation was repeated. 

The resultant pellet was washed with 70% ethanol, vacuum 

dried, and taken up in 100 ul of TE (10 mM Tris-HC~, 0.1 mM 

EDTA at pH 8.0). Since these templates were later used for 

in vitro transcriptions, RNase was not added to the final - 

solution, In all cases this latter technique provided 

templates with higher proportions of super-coiled DNA and 

lower amounts of RNA compared to the CsCl method when 

visualized on an ethidium bromide stained agarose gel. No 

difference was detected between comparable samples from the 

two methods used for in vitro transcriptions. 

Small mini-preparations of plasmid DNAs were carried 

out using a variety of techniques during the course of this 

study. Initial isolations employed the alkaline lysis 

method of Birnboim and Doly (1979). Subsequent procedures 

included the Miniprep Kit Plus (Pharmacia), the Magic 

Minipreps DNA Purification System (Promega), and the 

aforementioned differential centrifugation method of Lee and 

Rasheed (1990) , 

Restriction fragments were isolated by fractionating 

restriction digests on agarose gels and recovering the 

fragment by electroelution (~aniatis & a,, 1982) or 
through the use of the Geneclean Kit (Bio/Can scientific 

Inc.) . 



Plasmid Subcloninq 

Gel purified restriction fragments were ligated into 

appropriately cut Bluescript M13+ (Stratagene Cloning 

Systems), pUC18, and pUC19 (Yanisch-Peron et d., 1985; 

Pharmacia) vectors with T4 DNA ligase. Ligation reactions 

were used to transform competent E. coli DH5-alpha (for 

Bluescript) and JM83 (for pUC18 and 19) cells. Confirmation 

of the identity and orientation of the inserted fragments 

was achieved by restriction mapping and sequencing. 

~estriction enzymes were available from Pharmacia and BRL. 

Transcription Reactions 

Cell-free extracts from C. elesans embryos were 

obtained as described in Honda & &. (1986). Transcription 

reactions were carried out in a 25 ul total volume. One 

hour incubations at 2 5 O ~  were stopped by the addition of 

sodium dodecyl sulphate (SDS) to 1% and then phenol- 

chloroform extracted. The resultant nucleic acids were 

loaded directly onto 10% polyacrylamide transcription gels 

containing SDS to 0.01%. After electrophoresis, gels were 

dried down and autoradiographed on Kodak XK-1 film. The 

,,,,adiograph was used as a C---1 -t- for +L- -- -- a,.tt,r\.r L C I I I ~  ~a LC Lllc r ~ L i s i o n  of 

transcript bands, These bands were Cerenkov counted i n  

Biodegradable Counting ~cintillant (Amersham) to quantitate 

the levels of transcription, This type of counting measures 

the light e~itted by charged particles as they pass from a 



transparent medium of low refractive index to a second 

medium of high refractive index when their velocity in the 

first medium exceeds the velocity of light in the second 

(Chase and Rabinowitz, 1967). For each lane a piece of the 

dried-down gel of equivalent size to that of the band was 

counted as background and subtracted from the band value. 

The effects of template and total DNA concentration 

were monitored by following the approach of Wilson & a. 
(1985). First, the transcription of the unaltered sup-7 

clone simply as a function of increased template 

concentration was measured. Transcription was seen to 

increase linearly with template concentration then begin to 

level off at approximately 1.5 nM. At very high template 

concentrations (50 nM and higher) transcription was seen to 

drop off markedly. From this a sub-saturating fixed 

concentration ( 0 . 4  nM) of template was used to examine the 

effect of added non-s2ecific DNA (supercoiled Bluescript 

vecxor with no insert). The addition of this carrier DNA 

resulted in an approximate doubling of the template 

transcription up to a final total DNA amount of 0.3 ug per 

reaction. Little effect on transcription was seen beyond 

this point. Finally, a constant total DNA amount (0.3 ug) 

was maintained while template concentration was varied. In 

this way the optimal concentration of total DNA and the 

range of sub-saturating template concentrations was 

established. For the transcriptions described in this study 

total DNA concentration was 0.3 ug per reaction and the 



template concentration was 0.8 nM. For each template a 

minimum of three transcriptions were performed. In 

addition, two different extract batches were used to 

eliminate the possibility of extract dependent 

transcription. The wild type undeleted template was 

assigned a value of 100% to which deleted template levels 

were compared. A mean value and standard deviation was 

calculated for each construct. 

Primer Extensions 

Primer extensions on tRNAs generated via in vitro 

transcriptions were carried out in order to ascertain 

whether the unprocessed immature transcripts of the various 

suppressor alleles possessed significantly different 5 '  

extremities (Dingermann and Nerke, 1987). It was hoped that 

sufficiently disparate transcription initiation sites would 

allow the expression of individual transcripts to be 

surveyed by hybridizations with allele-specific primers. 

After a 25 ul in vitro transcription with cold NTPs the tRNA 

produced was ethanol precipitated then taken up in 8 ul of 

doubly distilled water, For sup's 5 and 7, 5 ul of 25 nM 

template was used in transcriptions while for the remaining 

more weakly transcribing templates 5 ul of a 50 nM solution 

was used. 

~arnma-~'~ labelling of the 5 '  terminus of the primer 

was accomplished by a one hour incubation at 3 7 O ~  of the 

following mixture: 1 ul of 2 uM primer; 1 ul of 10 times 



kinase buffer (0.5 M ~risNC1, 0.1 M MgC12, 50 mM DTT, 1 mM 

spermidine, 1 mM EDTA) ; 1 ul 0-1 M DTT; 5 ul gamma 3 2 ~  ATP; 

1.5 ul doubly distilled water (ddH20); 0.5 ul kinase 

(~harmacia, 10 units/ul) . 
One ul of this labelled primer mix was added to the 8 

ul tRNA solution, heated for 2 minutes at 80•‹c then put on 

ice. The addition of 1 ul of 3 M NaCl was followed by 

successive 10 minute incubations at 65OC and 42O~. The 

s~lution was allowed to return to room temperature and 40 ul 

of the following solution was added: 31.8 ul 1 M Tris; 15.5 

ul 2 M KC1; 3 ul 1 M MgC12; 15 ul each of 10 mM dATP, dCTP, 

dGTP, and dTTP; 30 ul 100 mM DTT; 12.5 ul DMSO; 97.5 ul 

doubly distilled water (ddH20). Subsequently 1 unit (0.5 

ul) of both RNasin (Promega) and AMV reverse transcriptase 

(Promega) was added and followed by incubations for 30 

minutes at 42O~, 15 minutes at 50•‹C, and 15 minutes at 55OC. 

The reaction was stopped and the template RNA degraded by 

the addition of 2.5 ul 0.2 M EDTA and 1 ul 1 mg/ml RNase 

respectively. After a 15 minute incubation at 3 7 O ~  the 

final sample was extracted once with phenol/chloroform 

1 : )  This was followed by an ethanol precipitation aided 

by the addition of 1 ul of 4 mg/ml yeast carrier tRNA in 

0.1% SDS and 0.1 M NaOAc. Samples were taken up in 2 u l  of 

98% formamide dye and loaded onto a 10% sequencing gel. 

Deletions of Suppressor Subclones 



Deletions were performed on the suppressor subclsnes as 

per the Exo 111 - S1 strategy of Henikoff (1984). A variety 

of strategies were used to generate the deletion constructs. 

For sup-7, deletions were made from the 5' end of the cloned 

EcoRI-SalI fragment (see Results section) permitting the 

isolation of endpoints near or within the gene. In this 

case the clone was first digested with KpnI allowing the 3 '  

overhang to protect vector sequences from subsequent 

digestion by exonuclease 111. The resultant digest was then 

phenol-chloroform extracted, ethanol precipitated, and 

digested by SalI. At this point the digest was run out on a 

1.5% agarose gel. The presence of a very small molecular 

weight fragment consisting of freed polylinker between the 

KpnI and SalI sites would be evidence of a successful 

digestion strategy. At this point the Henikoff (1984) 

protocol would be followed on 5 to 10 ug of digested 

template. A similar approach was used on each of the other 

initial templates described in the Results section except 

that different enzymes with 5 '  overhangs for the second 

digest were employed. In the case of the sup-7 3 '  deletions 

HindIII was used for the second digestion while HindIII and 

BamHI were used for the sup-24 and sup-29 deletions series, 

respectively. In all cases the exonuclease 111 digestions 

were carried out at 3 7 O ~  with 500 units of enzyme. The 

digestion rate was observed to be roughly 6 to 9 base-pairs 

per second. Timepoints were taken every 30 secorids until 

the region of interest was reached at which time fractions 



were taken in quick succession. Half of each collected 

timepoint was loaded onto an agarose gel to determine the 

extent of digestion. Exonuclease and S1 nuclease enzymes 

were both obtained from Promega. 

Se~uencinq of Deletion and Subcloned Plasmid Constructs 

All sequencing techniques used were based on the 

enzymatic dideoxy termination strategy (Sanger aJ., 

1977). Originally DNA sequences were determined from 

denatured plasmid templates as described (Hattori and 

Sakaki, 9986). Later determinations used Miniprep Kit Plus 

(~harmacia) plasmid preparations and Sequenase V. 1.0 and 

2.0 (USB) sequencing. When regions of high secondary 

structure were encountered, the TaqTrack kit (Promega) as 

well as the dimethyl sulfoxide (DMSO) method of Dr. T. 

Snutch was attempted. This latter method involved the 

mixing of 2 to 4 ug of double-stranded DNA with 2.5 pmol of 

T3 or reverse primer in a total volume of 8 ul. One ul of 

DMSO was added and the solution was incubated at 9 5 O ~  for 3 

minutes after which the tubes were immediately placed into a 

dry ice-ethanol slurry for 5 minutes. After quickly finger- 

thawing and spinning the tubes in a microfuge for 1 second, 

2 ul of Sequenase sequencing buffer (5X) was added and the 

mixture was allowed to sit at room temperature for 5 

minutes. 6.3 ul of warm labelling mix (per sample: lul DTT; 

2 u1 diluted labelling mix; 0.8 ul 3 5 ~ - d ~ ~ ~ I  2 ul diluted 

Sequenase enzyme; 0.5 ul DMSO) was added and followed by 



another 5 minute incubation at room temperature. 3.5 ul of 

each sample was aliquoted into tubes containing dideoxy 

termination mixes and incubated at 3 7 O ~  for 5 minutes. The 

reactions were stopped by the addition of 4 ul of stop dye 

and the samples were loaded onto sequencing gels as before. 



RESULTS 

Comparison of In Vitro Transcriptions 

Five suppressor clones were chosen from those supplied 

by Dr. R. Waterston for comparison of their expression in c. 
eleqans embryonic cell free extracts. These were selected 

because they represented a range of phenotypic suppression 

with sup-5 and sup-7 evincing the greatest, sup-24 a 

moderate, and sup-28 and sup-29 the lowest levels (Kondo & 

al. 1988; Kondo & a., 1990). Since these were prelimiary - 

experiments the in vitro transcription assays were performed 

simply on a fixed amount of each template (2 nM) with 2 nM 

of Ce5S1 (a construct containing the C. elesans 1 kb 5s 

repeat) as an internal standard. Each tRNA band count was 

normalized with respect to the complementary 5s internal 

standard. The sup-7 clone was found to be expressed at the 

highest level and was assigned a value of 100%. Values for 

the others relative to sup-7 were as follows: sup-5 90%; 

sup-24 69%; sup-28 26%; sup-29 19%. It should be noted that 

these determinations were not carried out under the 

optimized conditions for the deletion endpoints. Figure 1 

summarizes this data. Figure 2 gives the sequence sf the 

regions of DNA containing these genes. 

Primer Extensions 

In order to determine the gene transcription initiation 

sites, primer extensions were carried out. A 22 base 



F i g u r e  1: Comparison o f  in v i v o  s u p p r e s s i o n  and  j$ 

v i t r o  t r a n s c r i p t i o n  d a t a .  

T r e p r e s e n t s  t h e  r e l a t i v e  l e v e l s  of .in v i t r o  t r a n s c r i . p t . i o n .  

7 was t a k e n  a s  iOO% and e q u a t e d  w i t h  t h e  -I-+++ j.ii A-is sr-,c~.rinij - 

v a l u e .  The in v i v o  d a t a  i s  from Tab le  1. The numcr . ica1  

d e n o t a t i o n s  on t h e  a b s c i s s a  c o r r e s p o n d  t o  t h e  amber a l l e l e s  s f  

(1) unc-13, ( 2 )  unc-54,  ( 3 )  unc-24, ( 4 )  mnc-15, ( 5 )  WIG-52, ( G )  

dpy-20, ( 7 )  l i n - 1  and  ( 8 )  t r a - 3 .  



Figure  2:  Sequences af Genomic Regions Conta in ing  Sup -5, 

- 7 ,  - 2 4 ,  - 2 8 ,  -29 

70  base -pa i r s  of  5 '  ( a )  and 3 '  (c) f l a n k i n g  r e g i o n  sequence 

is given  f o r  t h e  above genes.  The wild- type mature RNA 

coding p a r t s  a r e  a l s o  g iven  ( b )  and a r e  i d e n t i c a l  f o r  each 

gene. The arrow and T r e p r e s e n t s  t h e  change found i n  each 

case producing t h e  amber suppressor .  A f t e r  Kondo et a. 
(1988). 





oligonucleotide was used which was complementary to bases 3 

to 24 of the mature transcript (5'-GCGCTACCATTGCGCCAAGCAG- 

3). In all cases the data from these experiments supported 

transcription initiation at the first purine (in each case 

at the -2 position) upstream of the encoded 5 '  end of the 

mature transcript (Figure 3).  his lack of significant 

differences in 5' processed transcript precluded the use of 

allele-specific oligonucleotide probes to follow the 

expression of individual suppressors. 

optimization of Template concentration 

The optimal template and total DNA concentration for 

the undeleted sup-7 clone was determined using the three 

part procedure outlined in the Materials and Methods 

section. Figure 3a summarizes graphically the dependence of 

transcriptional strength on template concentration. The 

final concentrations of template and total DNA chosen for 

further transcription were 0.8 nM and 0.3 ug/reaction 

respectively. 

Subcloninq and Deletions of Sup-7, Sup-24, and Sup-29 

1. Sup-7 5 '  and 3 '  deletions 

The original sup-7 clone (pRW98) supplied by Dr. R. 

Waterston consisted of a 7.5 kb Hind I11 fragment cloned 

into the vector pBR322 (Bolivar & a., 1977). From this a 

1.3 kb EcoRI-SalI fragment was subcloned into Bluescript 

M13+ cleaved with the same enzymes. The SalT site occurs 21 



Figure 3: Primer Extension Data 

This composite autoradiograph shows the results of primer 

extensions from an oligo whose 3 '  terminus hybridized to the 

+ 3  nucIeoti.de of the mature transcript (See Xaterials and 

Methods section for details). 1, primer extension on s u p - - 5 ?  

tRNA; 2, primer extension on the wild-type counterpart t W 4 A  

of sup-5; 3, sup-24; 4, parental of sup-24; 5, sup--7; 6 ,  

primer extension on tRNA from the v i t r o  t r a n s c r i p t i o n  of 

a template bearing an artificially engineered ochre not 

amber mutation; 7, sup-28; 8, parental of sup-28; 9 ,  sup-?-?; 

A, parental of sup-29; P, unextended primer added to ycl  at 

same concentration as for the extended primers; q,a,t,c, arc 

the lanes of a sequencing ladder used t o  size the 

extensions. The template for this ladder consisted only of 

vector DNA. The arrows to the  right of the l adde r  

correspond to, from top to bottom, the first upstrcarn !>urine 

at -2, the 5 '  terminal base cf the mature transcript, i ~ n d  

the base ( + 3 )  hybridizing to the 3 '  terminai base of the 

extension primer. 





Figure 3a: Template concentration Versus Percent 

Transcription for Extract Optimizations 

The effect on transcription levels of increased template 

concentration is shown. In each assay the most strongly 

expressed concentration was assigned the value of 100% to 

which the other concentrations were compared. The 

differently shaped data point sets correspond to separate 

assays. The heavy line represents the linear portion of the 

concentration dependence. The thin vertical line represents 

the subsaturating template concentration (0.4nM) used in the 

subsequent assay of the effect of total DNA concentration on 

a fixed concentration of template. This graph summarizes 

the first step of the optimization scheme of Wilson & aJ., 

(1985). See the Discussion section for further details. 





base-pairs upstream of the encoded 5 '  end of the mature 

transcript. This clone was retained as a potential 5 '  

deletion candidate and was also used for further deletions 

into the sup-7 gene. 

A 3.5 kb EcoRI-Hind111 fragment which consisted of the 

above EcoRI-SalI fragment as well as additional upstream 

flanking sequence was also subcloned into Bluescript M13+. 

From this a 1.0 kb XbaI fragment was isolated which 

contained the sup-7 gene as well as 250 bp of 5' and 700 bp 

of 3' flanking sequences. This subclone was used for 5' 

deletions into the flanking sequence upstream of the 

aforementioned SalI site. Figure 4 gives the sequence of 

the chosen set of 5' deletions into sup-7. 

To fashion a clone suitable for 3' deletions into sup-7 

the 1.0 kb XbaI fragment was isolated and digested with 

RsaI, which was known to cut roughly in the middle of the 

fragment. The two possible XbaI-RsaI fragments were shotgun 

cloned into Bluescript M13+ cleaved with XbaI and SmaI. The 

presence of the fragment with the sup-7 was determined by 

the presence of the SalI site. This construct effectively 

reduced the 3 '  flanking sequence to 200 bp and permitted the 

isolation of a deletion series the sequence of which is 

given in Figure 5. The presence of a DdeI site just 

downstream of the B box control region within the gene 

itself also allowed the isolation of an additional deletion 

endpoint. 

2. Sup-24 5 '  deletions 



Figure 4: Sequences of SUP-7 5' Deletions 

The sequences of the deletion constructs are shown. The top line 
gives the wild-type genomic sequence with the one base-pair amber 
suppressor producing change at the anticodon (underlined). The 
lines below give the vector sequences introduced during the 
deletion process. Dots show identity to the original sequence. 

+7 0 +80 +90 +lo0 +I10 
GCTCAGTGGTCA-AATTTTTTGTTTTTTAAGTAGTAGTAAGTATATAAGTATACMTTTMTTCWT 



Figure 5: Sequences of Sup-7 3' Deletions 

The secpenees of the deletion constructs are shown. The top 
line gives the wild-type genomic sequence with the one base- 
pair amber suppressor producing change at the anticodon 
(underlined). The lines below give the vector sequences 
introduced during the deletion process. Dots show identity 
to the original sequence. Note that the +lo7 and +I74 
endpoints occur 35 and 102 base-pairs downstream, 
respectively, from the 3' end of the mature transcript. 

-50 -40 -30 -20 -10 
TTACTCGGTTCACTCGTAGCGGTCGTCCATATCACTGCTGTCGACAAGAGAGAATAACAT 

+10 +20 +30 +4 0 4-50 +GO 
GACTGCTTGGCGCAATGGTAGCGCGTTCGACTCTAGATCGAAAGGTTGGGCGTTCGATCC 

CAGCTTTTGTTCCC.TTA.T.AGG.TTAA,TCCGA.CTT..CGTAATCA.G.TCAT 
(Sup7-3 '+4)  (Sup7-3'+33)AGCT.TTGTTCCC.TTAGTGAG,G.TA 

+70 +80 +90 +lo0 +I10 
GCTCAGTGGTCA-AATTTTTTGTTTTTTAAGTAGTAGTMTATMTACMTTTAATTCAAAAT 
AGCTGT.TCCTG-TG.GAAA.TG..A.CCGC.CAC...TCC.C....CA..CGAGCCGGA 
AT..C.A.C.TG-GCG.AA.CA.GG,CAT..CT..TTCC,GTGTG..A..GT.ATCCGC. 

G..GG.-TCCAC.AGT.C.AGAGC.GCCGCCACCGCGGTGGAGCTCCAATTCGC 
(Sup7-3 '+66) (Sup7-3'+107)CAGC,.TTGTTC 

(Sup7-3"m) 



The supplied sup-24 clone (pKJ312) consisted of a 14 kb 

HindIII fragment in Bluescibe M13+. From this a 0.7 kb 

NsiI-EcoRI fragment containing the sup-24 gene was isolated, 

blunted, and ligated into Bluescript M13-k cleaved with SmaI. 

Once the orientation with the 5 '  end of the gene proximal to 

the KpnI site of the polylinker was established a series of 

deletions into the 5' flanks of sup-24 was performed. The 

sequences of the deletion clones of this series is shown in 

Figure 6. 

3. Sup-29 5 '  deletions 

A 1.0 kb NsiI-Hind111 fragment containing the sup-24 

gene was 'isolated from the supplied clone pKJ508 which 

consisdd of a 4.3 kb HindIII fragment cloned into 

Bluescribe M13+. This fragment was blunted and subcloned 

into the Smal site of Bluescript M13+. With only 180 base- 

pairs of 5' flanking sequence present this construct was 

used for 5 '  deletions into the upstream flanks of sup-24. 

In addition, a NarI site 16 base-pairs upstream of the 5' 

end of the encoded mature transcript was used to subclone a 

deletion endpoint. The sequences of the 5 '  deletions into 

the regions near sup-29 are given in Figure 7. 

In Vitro Transcriptions of Deletion Series 

The conditions for the in vitro transcriptions of the 

described deletions series are given in the Materials and 

Methods section. Table 2 gives the percentage raw data for 

the Cerenkov counted excised bands for each construct. In 



Figure 6: Sequences of Sup-24 5 '  Deletions 

The sequences of the SUP-24 5 '  deletion series is shown. 
The top lines represent the wild-type sequence with the one 
base-pair change at the anticodon which produces the amber 
suppressor (underlined). Dots represent those bases o f  the 
introduced vector sequence which are equivalent to those 
found in the wild-type. 

-50 -40 -30 -20 -10 
TATTCTCTCCTTTCTCTCTACCCCTTTCGTGTCATTGCACTAGATGACAAAGGAAAATGT 
(Sup24-79) 
G.A (Sup24-57) 
A.A.TAAC.. .CA (Sup24-47) 
GGAAT.AA..C.CACTAAAGGGAAC (Sup24-35) 
.GA.TA.G..AAG...GGA.TTAACCCTCAC.A.AG.G.AC.A.A.C (Sup24-13) 
G.AA.AGCTA.GA.CA.GATTA.GCCAA.CTCGGAATT.ACCCTCACT.....G..C 

(Sup24-3) 

+10 +2 0 +30 +40 i-50 +60 
GACTGCTTGGCGCAATGGTAGCGCGTTCGACTCTAGATCGAAAGGTTGGGCGTTCGATCC 

+70 +80 +90 +lo0 +I10 +la9 
GCTCAGTGGTCA-AAGTTTTTTTTTTTTTCTAAATTTGAGTWACTTAAAGTTATCAA 



Figure 7: Sequences of Sup-29 5 '  Deletions 

The sequences of the sup-29 5' deletion series are shown. The 
top line represents the wild-type sequence. Dots represent the 
bases of the introduced vector sequences that are equivalent to 
those found in the wild-type sequence. 

-50 -40 -30 -20 -10 
AATGATTCCGTAATGAGCAGCAAGGTTTCCTGACTGGFAGTTGGCGCCCGCCGAAATCGT-GAC 
(Sup29-97) 
(Sup29-73) 
. . C (Sup29-57) 
..A.GGAA.AA..GC (Sup29-45) 
.GGTCGA.GC..TC..TA...TT.A.A..GAATTCCTG@AGCCC (Sup29-16) 
C.CAGGAAACAGC.AT.ACCATGAT.ACG.CA.GCTCGGAA.TMC .. TCATC. ..GG.A-AC 

(Sup29+2) 



Table 2: Raw Percentage Value Data for Transcriptions of 
Deletion Constructs 

Deletion Percent Transcription Mean Standa rd  
Endpoint Values Deviation 

* These percentage values represent values corrected 
downwards by 54% to account for the longer transcript size. 
See Discussion. 

- The absence of numerical values here reflect either the 
lack of a standard deviation value for the assigned 100% 
levels or the presence of a zero or subzero band count after 
background correction. 



each case the construct with the least amount of DNA deleted 

was assigned a value of 100%. The remaining deletions 

endpoints were assigned percentage values relative to this. 

A minimum of three assays were performed for each endpoint. 

Figures 8 to 10 present photographs of representative gels 

for each deletion series. Figures 11 to 13 graphically 

represent this data showing the extent of remaining original 

DNA below and the transcription level of each deletion 

endpoint relative to the wild type undeleted template. 

Recloninq of the Sup-7 SalI (575'-21) Clone 

Because of the complete lack of transcription of the 

subcloned EcoRI-SalI fragment of sup-7 the region containing 

and surrounding the gene was sequenced. This revealed no 

sequence changes from what was expected. To rule out the 

possibility of specific vector sequences killing expression 

("vector poisoningtF) the EcoRI-SalI fragment was recloned 

into both pUC18 and 19 cut with those enzymes. Assays of 

midipreps of these templates also revealed a lack of 

transcription (data not shown). 
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Figure 8: Transcriptions of SUP-7 5 '  Deletions 

Plates A and B represent overexposed and underexposed 

versions of the same autoradiograph. Lanes 1, 2, 3, 4, 5, 

6 ,  7, 8, and 9 are transcriptions of Sup-7 5 '  deletion 

endpoints -91, -52, -32, -21, -10, + 3 ,  +12, 4-35, and 4-56 

respectively. The arrows to the right of the upper panel 

are directed to the faint bands in lane 7 which are not seen 

in the lower exposure. 





Figure 9: Transcriptions of Sup-l 3 '  Defetioss 

A representative autoradiograph of the transcription of SUP- 

7 3' deletions is shown. Lanes 1, 2 ,  3 ,  4 ,  and 5 correspond - 

to transcriptions of endpoints sup-7 +174,  4-207, 5 6 6 ,  b33, 

and +4 respectively. The arrows to t h e  r i g h t  of the panri 

indicate the higher molecular weight transcripts s e e n  for 

the +66 endpoint, 





33a 

Figure 10: Transcriptions of SUP-24 and Sup-29 5 '  Deletions 

A representative autoradiograph of the transcription of sup- 

24 and sup-29 5 '  deletions is shown. Lanes 1, 2, 3, 4,  5 ,  - 

and 6 correspond to transcriptions of endpoints sup-29 -97, 

-73, -57, -45, -16, and +2 respectively. Lanes 7, 8, 9, A, 

B, and C correspond to transcriptions of endpoints sup-24 - 
79, -57, -47, -35, -13, and -3 respectively. The arrows to 

the right of the panel refer, from top to bottom, to the 

origin of the gel, the faint slightly higher molecular 

weight transcript of the sup-24 -3 endpoint, and the 

remaining mature transcripts. 





Figure 11: Graphical Representation of Sup-7 5 '  and 

3 '  ~eletion Transcriptions 

A graphical representation of the data in Table 2 for the 

transcriptions of the sup-7 5' and 3' deletions is shown. 

Each data point (X for 5 '  and o for 3 ' j is the mean of the 

collected values with the error bar supplying the standard 

deviation. The lines below the graph represent those 

genomic sequences remaining after the deletions were 

performed. The top line gives the 5 '  and 3 '  ends of the 

regions encoding the mature transcript, the A and B boxes, 

and the Tn termination site. 





Figure 12 : Graphical Representation of Sup-24 5 

Deletion Transcriptions 

A graphical representation of the data in Table 2 for the 

transcriptions of the sup-24 5 '  deletions is shown. Each 

data point is the mean of the collected values with the 

error bar supplying the standard deviation. The lines below 

the graph represent the extent of genomic sequences 

remaining after the deletions were performed. 





Figure 13: Graphical Representation of Sup-29 5 '  

Deletion Transcriptions 

A graphical representation of the data in Table 2 for the 

transcriptions of the sup-29 5 '  deletions is shown. Each 

data point is the mean of the collected values with the 

error bar supplying the standard deviation. The lines below 

the graph represent the extent of genomic sequences 

remaining after the deletions were performed. 





Discussion 

The object of this thesis was to determine the 

molecular basis for the putative temporal and/or tissue- 

specific expression of the ~ R N A ~ ~ P ~ ~ ~  gene family of 

Caenorhabditis eleqans described in Kondo & d. (1988) and 

Kondo & a. (1990). The cross-suppression tests carried 

out in these studies have been mentioned in the Introduction 

along with the basis for the claim of differential 

expression. One other instance of differential tRNA 

expression is that of the tRNA in. the silk gland of the 

silkworm Bombyx mori (Young & d., 1985). The capability 

of isolating large quantities of silkgland polymerase I11 

competent extract has allowed the molecular dissection of 

this gene's expression and the identification of upstream 

regulatory regions. In C. elesans, however, extracts from 

specific tissues or organs are not available due to the 

small size of the organism. The existence of suppressor 

mutations may provide a vehicle for isolating a single 

genets expression away from the background expression of the 

other family members. 

To begin this study the original suppressor allele 

clones of the five ~ R N A ~ ~ P ~ ~ ~  genes (sup-5, sup-7, sup-24-, 

sup-28, and sup-29) described in Kondo g& &., (1488) were 

assayed in our embryonic cell free extracts. The levels of 

expression roughly paralleled the extent of phenotypic 

suppression seen in the genetic studies.  his presented 



clear evidence of varied levels of expression between 

different members of the gene family. While of interest, it 

shou1,d be remembered that these assays were carried out in 

only one type of extract and that nothing could be said 

about differential expression in specific tissues or stages 

of development. Since the coding regions of each of these 

genes are identical and many examples exist of 5 '  polymerase 

I11 regulatory elements, the upstream flanking regions were 

examined. Some sequence similarity between the strongly 

expressed sup-5 and sup-7 genes was seen. 9 of 13 bases 

between positions -27 and -39 were shared. For the two most 

weakly transcribing genes (sup-28 and sup-29) there was a 

marked conservation of sequence very near the 5 '  end of the 

gene which tailed off quickly with distance. These two 

genes may represent the product of a recent duplication 

event. Limited divergence of flanking sequences after this 

event would result in the similarity of sequence and 

transcriptional levels seen. More subtle mutations might 

result in the more pronounced suppression profiles observed. 

Figure 14 compares the upstream flanking sequences. 

Finally, three suppressor clones were chosen for upstream 

deletion studies - sup-7, sup-24, and sup-29. These 

represent strongly, moderately, and weakly 

Cu -rreu ~ ~ a ~ ~ ~ ~ ~ i b i n g / s u p p r e s s i n g  alleles respectively. Sup-7 was 

chosen over sup-5 because in all cases it appeared to be the 

most highly expressed allele. As such it was also chosen 

for a series of deletions from the 3 '  direction. Sup-29 was 



Figure 14: Comparison of 5' Flanking Sequences for 

Supis 5, 7 ,  28, and 29 

A. The line designated Sup-7 gives the 60 base-pairs of 5 '  

flanking sequence for that gene. The line immediately 

below, designated Sup-5, supplies the sequence of the 

corresponding sequence for the Sup-5 gene. Identities 

between the two sequences are represented by dots in the 

lower line. 

B. The 60 base-pairs of 5' flanking sequence for the Sup-28 

and Sup-29 genes are compared in the same fashion as panel 

A. 





chosen over sup-28 because it was consistently the most 

weakly expressed. In a large number of the cross- 

suppression stuzies sup-28, despite its lower & vitro 

transcription level, greatly resembled sup-24, 

Primer extensions were done to determine the 5 '  

extremities of the unprocessed transcripts of the suppressor 

and wild type alleles. If one or more of these 

transcription sites differed sufficiently in spacing from 

the mature 5' end it may have been possible to design 

allele-specific ofigcnucleotide probes to follow the 

expression of a single gene. This could have been done by 

probing Northern blots of stage-specific RNA isolations. 

Additionally, it is now possible to perform situ 

hybridizations using short oligonucleotides fM. Chalfie, 

personal communication), Unfortunately, insufficient 

differences in the lengths of extension prodncts was seen. 

In all cases the initiation site corresponded to the first 

(-2) purine upstream of the nature transcript's 5 '  end, 

This result, coupled with the similarity of termination 

signals seen in the immediate 3' flanking sequences shown in 

Figure 2, suggests the production of similarly sized primary 

transcripts for these genes. Similar primary transcript 

sizes would argue for transcriptional regulation rather than 

reqziation at the level of processing. 

Before the deletion constructs were assayed in vitro, 

the procedure of Wilson et af. (1985) was followed to 

optimize both template and total DNA concentrations. The 



mechanics of this approach was outlined in the Materials and 

Nethods section but the underlying principles will be 

discussed here. First, the level of transcription with 

respect to increasing template concentration (sup-7) was 

determined. The curve arising from this is a composite of 

the effects of both rising template and total DNA 

concentrations. To ascertain the contributions of the 

lateer increasing amounts of non-specific vector DNA was 

added to a fixed sub-saturating concentration of template 

(0.4 nM) . Finally, the optimal total DNA concentration (0.3 

ug/reaction) was held constant and the behaviour of an 

increasing concentration of template DNA was observed. A 

suitable subsaturating template concentration of 0.8 nM was 

obtained from this. For the pioneering work done in Bombvx 

mori the total DNA concentration was kept in the range 0.2 

to 0.4 ug per reaction while the saturating tenplate 

concentration was encountered at approximately 1 nM (Wilson 

et al., 1985) . - -- 

In vitro transcription assays of the deletion endpoints - 

were carried out under the conditions just described. For 

simplicity these results will be discussed in a piecemeal 

fashion: 

(i) 5' deletions within the sup-7 gene; 

The 5' deletion endpoint at +3 within the mature 

transcript encoded region exhibits sharply reduced 

transcription due to the excision of an upstream positive 

regulatory element (to be discussed later), Also seen was 



what appeared to be a continuum of slightly higher sized 

transcripts. This could be due to the fact that the vector 

replacement sequence introduced adjacent to the deletion 

endpoint consists of a stretch of 13 purines with one 

cytosine at the new -4 position. It is possible that the 

transcriptional machinery is choosing several different 

purines as its starting point. The deletion endpoint at +12 

disrupts the A box internal control region by removing the 

canonical +8 thymidine residue. A very low level of 

transcription is, however, seen albeit at a band size higher 

than usually seen. This is consistent with other studies 

where the A box is altered (Wilson & &. , 1985) . It is 

believed in these cases that a I1pseudo A boxb1 is sought by 

the transcriptional machinery as well as alternate 

initiation sites (Geiduschek and Tocchini-Valentini, 1988). 

In order to initiate transcription at the site seen, it is 

possible that the removal of the +8 thymidine has reduced 

the original A box to the status of a pseudo A box and 

consequently affected initiation. The deletion endpoint at 

+35 is at the anticcdon region of the mature transcript- No 

A box is present but a highly over-exposed gel (data not 

shown) reveals a very faint band for this construct 

-.. --- r n l . 2 -  --*.I w c l y r r L ,  A X I L =  L U U L ~  miyratiilg at a some'w'hat higher molec~lzi r  ---'-"" 

be explained by the presence of a very. .z weak pseudo A box and 

new initiation sites further upstream. No such pseudo-box, 

however, was uncovered in a search of the sequence. The 

final deletion endpoint occurs at +56 within the B box 



internal control region. No transcription is detected, 

which is not surprising considering none of the 5 '  flanks 

and internal elements remain. 

(ii) 3 '  deletions within the sup-7 gene; 

The sup-7 3 '  +66 deletion endpoint occurs just before 

the B box is encountered. A pair of large transcripts was 

seen. In this case all the essential 5 '  and internal 

control elements are present except for the original 

termination signal. It is possible that the decrease in 

level of transcription (by approximately 76% corrected 

value) may be due to more than the simple elimination of the 

wild-type termination site. In its place a run of 4 

thymidine residues (corresponding to nucleotides 600 through 

603 of Bluescript M13t), present approximately 90 base-pairs 

downstream of the endpoint by virtue of vector replacement, 

may be acting as a termination site. By sequence analysis 

these larger transcripts were estimated at 150 bases in 

size. Since the mature wild-type transcript is 72 bases in 

length a 54% downward correction factor was implemented to 

adjust these lanest counts. The remaining two deletions 

within the gene occur at +4 and + 3 3 .  The former retains 

only the first four bases of the mature transcript and none 

=g the internal ---+--I ," ,,,,,A regions. AS might be expected no 

transcription is observed, The +33 endpoint is at the 

anticodon and removes the B box and termination site. Such 

truncated genes have been shown initiate correctly but the 

levels of transcription are extremely low (Carrara & &., 



1981; Johnson & aJ., 1984; Wilson & &., 1985). To see 

these low levels, high template concentrations beyond those 

of this study or lowered electrolyte concentrations are 

needed (Dingermann & a., 1983; Wilson a., 1985). 
(iii) Deletions into the 3 i  flank of sup-7; 

Two deletion endpoints into the downstream flanking 

regions of sup-7 were isolated. These occurred at +I07  (35 

base-pairs past the end of the mature transcript) and + I 7 4  

(102 from end). In each case transcription levels were 

indistinguishable from wild type under our assay conditions. 

Wilson & a. (1985) reported that as many as 50 base-pairs 
of downstream sequence are required for full transcription 

and suggest that this larger control region may be general 

for all tRNAs. No other similar requirements have been 

reported for tRNAs but this may be due to the fact that the 

majority of interest in extragenic control elements for 

tRNAs has been directed toward upstream sequences. Thus 

while our results may be in contrast to their findings, in 

our study the closest deletion endpoint to the gene was 

still 35 base-pairs away, It is therefore conceivable that 

any decrease in transcription for this construct was simply 

not detected in our assay or that the deletion had not yet 

entered a 3 '  region of importance* 

(iv) Deletions into the 5' flank of sup-7; 

The deletions into the upstream region of sup-7 which 

terminated at -91, -52, and -32 could not be distinguished 

statistically within the framework of our analysis- For the 



deletion ending at -21 a precipitous drop in level of 

transcription to zero was seen. At first glance this 

suggested the excision of a strong positive regulatory 

element between -32 and -21. A low level of transzription 

was seen with the -10 deletion. Oddly, however, for both 

the -10 and +3  deletions the vector replacement sequences 

have very little similarity to the wild type sequence in the 

-21 to -32 region. Perhaps the transcriptional machinery is 

recognizing something beyond simple sequence identity. 

Examples exist of sequences upstream of polymerase I11 genes 

that are important not by virtue of a specific sequence but 

by the presence of a stretch of AT-richness (K. Sprague, and 

P,  Fruscoloni, personal communications). There is a small 

cluster of adenosines and thymidines between positions -33 

and -29 which are restored in the -10 construct. This 

cluster is not restored in the + 3  construct. Another 

explanation is that vector replacement sequence is 

"poisoningN a basal 'eve1 of transcription set by signals 

downstream of position -21. To examine this possiblility 

the EcoRI-SalI fragment which makes up this construct was 

recloned into ptJC18 and 19. Again no transcription was seen 

(data not shown). A comparison of the vector replacement 

sequences gave no obvious similarities which might have 

cxsed a poisoning effect, Again perhaps something beyond 

simple sequence recognition is involved. 

(v) Deletions into the 5' flanks of sup-24; 



5 :  deletion endpoints at -57, -49 ,  - 35 ,  and -13  

exhibited close ta wild type transcription although a slight 

drop in the means of transcription levels was seen as the 

gene was approached. A large drop was seen for the -3 

endpoint. This was surprising given the fact that seven of 

the ten bases deleted between the -13  and -3 endpoints were 

restored by vector sequence. The simplest explanation would 

involve a specific positive regulatory element residing in 

this region. It is also possible that the transcriptional 

machinery recognizes what it believes to be an inhibitory 

signal in the introduced vector sequences. 

(vi) ~eletions into the 5 '  flank of sup-29; 

The situatior here was much the same as for sup-24. 

Transcription dropped off markedly only at the +2 endpoint. 

A faint transcript of wild-type size is detectable which 

suggests weak but similar initiation. This again suggests a 

control element near the 5 '  end of the gene. For the other 

deletions transcription remained high. 

The results of this thesis represents an introductory 

Zook into the transcriptional requirements for three genes 

oP the ~ R N A ~ ~ ~ ~ ~  family of c. eleqans. In each case, for 

sup-7, 24, and 29 an upstream positive element was 

implicated in the control of tRNA expression. It is also 

possible that these stretches of flanking sequence may be 

involved in the putative differential expression of these 

genes, A wide variety of experiments can be done to further 



analyse the mechanisms of these gene expression. The site- 

specific mutagenesis of sites believed to be signals for the 

transcriptional machinery would clearly delineate precise 

sequence elements required. Similarly, gel shift assays 

done on given DNA regions would clearly indicate whether 

those stretches are implicated in the transcriptional 

process. On a broader scale it may be possible to set up an 

in vivo system to study the expression of this gene family. -- 

Advances in DNA microinjection technology for C.  eleqans may 

permit the introduction of reporter genes such as beta- 

galactosidase containing amber mutations into strains 

bearing the various suppressor alleles. In this way 

differential expression of the suppressors would be revealed 

by a tissue-specific activation of the reporter gene. 

Alternatively, the injection and stable incorporation of 

single copies of altered suppressor constructs might permit 

the in vivo analysis of clearly delineated sequences when 

transformed strains are crossed to worms bearing amber 

alleles of known expression. 

These results would contribute to the growing 

collection of sequences known to regulate the expression of 

polymerase I11 genes. This study looked at the sequence 

requirements of three members of a multigene tRNA family. If 

the suspected differential nature of their expression is 

borne out in later experiments, the information obtained 

here may be useful fo r  the determination of underlying 

mechanisms, 



REFERENCES 

Alberts, B., Bray, D., Lewis, J., R a f f ,  M., Roberts, K. and 
Watson, J.D. (1983). 

~olecular ~ioloqv of the Cell. 
Garland Publishing, Inc., N.Y. 

Arnold, G.J. and Gross, H.J. (1987). 
Unrelated leader sequences can efficiently promote 
human tRNA gene transcription. 
Gene 51 237-246. 

Berget, S.M., Moore, C. and Sharp, P.A. (1977). 
Spliced segments at the 5' terminus of adenovirus 2 
late -A. 
Proc. Natl, Acad. Sci. 74 3171-3175. 

Birnboim, H.C. and Doly, J. (1979). 
A rapid alkaline extraction procedure for screening 
recombinant plasmid DNA. 
Nucl. Acids Res. 1 1513-1523. 

Bogenhagen, D.F., Sakonju, S. and Brown, D. D. (1980) . 
A control region in the center of the 55 RNA gene 
directs specific initiation of transcription: 11. The 
3' border of the region. 
Cell 19 27-35. 

Bolivar, F., Rodriquez, R.L., Green, P.J., Betlach, M.C., 
Hynener, H.L., Boyer, H.W.,Crosa, J.H. and Falkow, S. 
(1977). 

Construction and characterization of new cloning 
vehicles. 11: A multipurpose cloning system. 
Gene 2 95-113. 

Bolten, S . L . ,  Powell-Abel, P., Fischhoff, D.A. and 
Waterston, R.H. (1984). 

The su -7 st5 X gene of ~aenorhabditis eleqans encodes 
a t R N M m b e r  suppressor. 
Proc. Natl. Acad. Sci, 81 6784-6788. 

Brenner, S. (1974). 
The genetics of Caenorhabditis eleqans. 
Genetics 77 71-94. 

Carrara, Z,, DiSegni, G., O t s u k a ,  A. and Tocchini-Valentkni, 
G.P. (1981) . 

Deletion of the 3 '  half of t h e  yeast tWZhLeU3 gene does 
not abolish prcmoter funcxion in vitro. 
Cell 27 371-379, 

Carrington, D.M. ,  Auffret, A. an1 Hanke, D.E. (1985). 
Polypeptide ligation occurs during post-translational 
modification of concanavalin A. 



Nature 313 64-67. 

 eli is, J . E .  and Piper, P.W. ( 1 9 8 1 ) .  
Nonsense suppressors in eukaryotes. 
TOBS 6 177-179. 

Chamberlin, M. ( 1 9 8 2 ) .  
Bacterial DNA-dependent FWA polymerases. 
In The Enzymes, P.D. Boyer, Ed., 15 109-153. 

Chase. G.D. and Rabinowitz, J.L. ( 1 9 6 7 ) .  
principles of ~adioisotope M&thodbloqy, Third Edition. 
Burgess Publishing Company, Minneapolis, Minn. 

Coulson, A., Sulston, J., Brenner, S. and Karn, J. ( 1 9 8 6 ) .  
Toward a physical map of the genome of the nematode C. 
eleqans . 
Proc. Natl. Acad. Sci. 83 7821-7825. 

Crick, F.H.C. (1970)  . 
Central dogma of molecular biology. 
Nature 227 561-563. 

Davis, R.W., Botstein, D. and Roth, J.K. ( 1 9 8 0 ) .  
Advanced Bacterial Genetics. 
Cold Spring Harbor Laboratory, Cold Spring Harbor, N.Y. 

Das, A , ,  Merril, C. and Adhya, S. ( 1 3 7 8 ) .  
Interaction of RNA polymerase and rho in transcription 
termination: coupled ATPase. 
Proc. Natl. Acad. Sci. 75 4828-4832. 

Dingermann, T. and Nerke, K. ( 1 9 8 7 ) .  
Primer extension analysis of tRNA gene transcripts 
synthesized in vitro and in vivo. 
Anal. Biochem. 162, 466-475. 

Dingermann, T., Sharp, S., Schaack, J. and Soll, D. ( 1 9 8 3 ) .  
Stable transcription complex formation of eukaryatic 
tRNA genes is dependent on a limited separation of the 
two Fntragenic control regions. 
J. Biol. Chem. 258 10395-10402. 

Dynan, W.S. and Tjian, R. ( 1 9 8 3 ) .  
Isolation of transcription factors that discriminate 
between different nrwoters r- --s recomnized 7 by FSA 
polymerase 11. 
Cell 32 669-680. 

Folk, W.R. ( 1 9 8 8 ) .  
Changing directions in pol I11 transcription. 
Genes Dev. 2 373-375. 

GaPli, G,, Hofstetter, H, and Birnstiel, M. ( 1 9 8 1 ) .  



Two conserved sequence blocks within eukaryotic tRNA 
genes are major promoter elements. 
Nature 294 626-631. 

Garritty, P.A. and Wold, B.H. (1990) . 
Tissue-specific expression from a compound TATA- 
dependent and TATA-independent promoter. 
Mol. Cell. Biol. 10 5646-5654. 

Geiduschek, E.P. and Tocchini-Valentini (1988). 
Transcription by RNA polymerase 111. 
Ann. Rev. Biochem. 57 873-914. 

Golub, E.I. (1988). 
'One minutet transformation of competent E. coli by 
plasmid DNA. 
Nucl. Acids Res. 16 1641. 

Hanahan, D. (1983). 
Studies on transformation of Escherichia coli with 
plasmids. 
J. Mol. Biol. 166 557-580. 

Hatfield, D. (1985) . 
Suppression of termination codons in higher eukaryotes. 
TIBS 10 210-204. 

Hattori, M. and Sakaki, Y. (1986). 
Dideoxy sequencing method using denatured plasmid 
templates. 
Anal. Biochem. 152 323-328. 

Henikoff, S. (1984). 
Unidirectional digestion with exonuclease I11 creates 
targeted breakpoints for DNA sequencing. 
Gene 28 351-359. 

Hipskind, R.A. and Clarkson, S .G. (1983) . 
5'-flanking sequences that inhibit in vitro 
transcription of a Xenopus laevis tRNA gene. 
Cell 34 881-890. 

Hodgkin, J. (1985). 
Novel nematode amber suppressors. 
Genetics 111 287-310. 

Hodgkin, J., Kondo, K. and Waterston, R.H. (1987) . 
Suppression in the nematode Caenorhabditis eleqans. 
Trends Genet. 3 325-329. 

Honda, B.M., Devlin, R.H., Nelson, D.W, and Khosla, M. 
(1986). 

Transcription of class I11 genes in cell-free extracts 
from the nematode Caenorhabditis eleqans. 



Nucl. Acids Res. 14 869-881. 

Johnson, J.D:, Raymond, G.J. and deParasis, J. (1984). 
Transcription of t l W A  gene fragments by Hela cell 
extracts. 
Mol, Gen. Genet. 197 55-61. 

Kane, P.M., Yamashiro, C.T., Wolczyk, D.F., Neff, N., Goebl, 
M. and Stevens, T.H. (1990). 

Protein splicing converts the yeast TFPl gene product 
to the 69-kD subunit of the vacuolar H+-adenosine 
triphosphatase. 
Science 250 651-657. 

Kimble, J., Hodgkin, J., Smith, T. and Smith J. (1982). 
Suppression of an amber mutation by microinjection of 
suppressor tRNA in g. eleqans. 
Nature 299 456-458. 

Kondo, K., Hodgkin, J. and Waterston, R.H. 1988). 
Differential expression of five tRNATrAUAG amber 
suppressors in Caenorhabditis eleqans. 
Mol. Cell. Biol. 8 3627-3635. 

Kondo, K., Makovec, B. and Waterston, R.H. (1990) . 
Genetic and molecular analysis of eight ~ R N A ~ ' ~  amber 
suppressors in Caenorhabditis eleqans. 
J. Mol. Biol. 215 7-19. 

Kustu, S., North, A.K. and Weiss, D.S. (1991). 
Prokaryotic transcriptional enhancers and enhancer- 
binding proteins. 
TIBS 16 397-402. 

Lassar, A.B., Martin, P.L. and Roeder, R.G. (1983). 
Transcription of class I11 genes: formation of pre- 
initiation complexes. 
Science 740-748. 

Lee, S-y:, and Rasheed, S. (1990). 
A slmple procedure for maximum yield of high-quality 
plasmid DNA. 
BioTechniques 2 676-679. 

Maniatis, T., Fritsch, E.R. and Sambrook, J. (1982). 
Molecular cloninq, a laboratory manual. 
Cold Spring Harbor Laboratory, Cold Spring Harbor, N . Y .  

Margottin, F . ,  Dujardin, G., Gerard, M., Egly, J-M., Huet, 
J. and Sentenac, A. (1991). 

Participation of the TATA factor in transcription of 
the yeast U6 gene by RNA polymerase C. 
Science 251 424-426. 



McClure, W.R. (1985)  . 
Mechanism and control of transcription initiation in 
prokaryotes. 
Ann. Rev. Biochem. 5$ 171-204. 

Mello, C.C., Kramer, J.M., Stinchcomb, D. and Ambros, V. 
( 1 9 9 1 ) .  

Efficient gene transfer in c. eleqans: extrachromosomal 
maintenance and integration of transforming sequences. 
EMBO J. 10 3959-3970. 

Miller, J.H. and Reznikoff, W.S. (1978 ) .  
The operon. 
Cold Spring Harbor Laboratory, Cold Spring Harbor, N.Y. 

Muller, M.M., Gerster, T. and Schaffner, W. ( 1 9 8 8 ) .  
Enhancer sequences and the regulation of gene 
transcription. 
Eur. J. Biochem. 176 485-495. 

Murphy, M:, Liegro, C.D. and Melli, M. ( 1 9 8 7 ) .  
The vitro transcription of the 7SK RNA gene by RNA 
polymerase I11 is dependent only on the presence of an 
upstream promoter. 
Cell 51 81-87. 

Murphy, S., Moorefield, B. and Pieler, T. ( 1 9 8 9 ) .  
Common mechanisms of promoter recognition by RNA 
polymerases I1 and 111, 
Trends Genet. 5 122-126. 

Nakajima, N., Horikoshi, M. and Roeder, R.G. ( 1 9 8 8 ) .  
Factors involved in specific transcription by mammalian 
RNA polymerase 11: Purification by genetic specificity, 
and TATA box-promoter interactions of TFIID. 
Mol. Cell. Biol. 8 4028-4040. 

Palmer, J.M. and Folk, W.R. (1990 ) .  
Unravelling the complexities of transcription by RNA 
polymerase 111. 
TIBS 15 300-304. 

Parker, C.S. and Topol, J. ( 1 9 8 4 ) .  
A Drosophila RNA polymerase I1 transcription factor 
binds to the regulatory site of an hsp70 gene. 
Cell 37 273-283. 

Roberts, W. (1987 ) .  
Phage lazhda and the regulation of transcription 
termination. 
Cell 52 5-6. 

Rogalski, T.M. and Riddle, D.L. (1988 ) .  



A ~aenorhabditis eleqans RNA polymerase I1 gene, ama-1 
IV, and nearby essential genes. 
Genetics a28 61-74, 

Sajjadi, F.G., Miller Jr., R.C. and Spiegelman, G.B. (1987). 
Identification of sequences in the flanking region 
of a Drosophila melanoqaster tRNAvaq4 gene that 
modulate its transcription in vitro. 
Mol. Gen, Genet. 206 279-284. 

Sakkonju, S., Bogenhagen, D. F. and Brown, D. D. (1980) . 
A control region in the center of the 5s RNA gene 
directs specific initiation of transcription: I. The 5' 
border of the region. 
Cell 19 13-25. 

Sanford, T., Golomb, M. and Riddle, D.L. (1983). 
RNA polymerase I1 from wild-type and amanitin-resistant 
strains of Caenorbabditis eleqans. 
J. Biol. Chem. 258 12804-12809. 

Sanford, T., Prenger, J.P. and Golomb, M. (1985). 
Purification and immunolcgical analysis of RNA 
polymerase I1 from Caenorhabditis eleqans. 
J. Biol. Chem. 260 8064-8069. 

Sanger, F., Nicklen, S. and Coulson, A.R. (1977). 
DNA sequencing with chain-terminating inhibitors. 
Proc. Natl. Acad. Sci. 74 5463-5467. 

Sawadogo, M. and Roeder, R.G. (1985). 
Interaction of a gene-specific transcription factor 
with the adenovirus major late promoter upstream of the 
TATA box region. 
Cell 43 165-175. 

Sentenac, A. (1985) . 
Eukaryotic RNA polyrnerases. 
CRC Crit. Rev. in Biochem. 18 31-90. 

Sharp, S.J., Schaack, J., Cooley, L., Burke, D.J. and Soll, 
D. (1986). 

Structure and transcription of eukaryotic tRNA genes. 
CRC Crit. Rev. in Biochem, 19 107-144, 

Simpson, L. and Shaw, J, (1988)- 
W A  editing and the mitochondria1 cryptogenes of 
kinetoplastid protozoa. 
Cell 57 35-366. 

Sollner-Webb, 3. and Tower, J. (1986). 
Transcription of cloned eukaryotic ribosomal RNA genes. 
Ann. Rev. Biochem. 55 801-830, 



Sollner-Webb, B, ( 2 9 8 8 )  , 
Surprises in p+olynerase I11 transcription. 
Cell 52 153-151. 

Steege, D I A -  and Solf, D-G. f 1979) . 
 upp press ion. 
f n Bioloqical Requlation and Devef opment , R. F. 
Goldberger, Ed,, 433-485. 

Stryer, L. (1988). 
B i o c h e m i s t r y ,  Third Edition. 
WIH. Freeman and Company, N.Y. 

Travers, A.A. f 1987) . 
Structure and function of g. culi promoter DNA. 
CRC Crit. Rev. in Biochen, 22 181-219. 

Waterstan, R.H, and Brenner, S ,  (1978). 
A suppressor mutation in the nematode acting on 
specific al le les  of many genes. 
Nature 275 715-719. 

Waterson, R.H. (1981). 
A second informational suppressor, sup-? X, in 
Caenorhabditis eleqans, 
~enetics 97 307-325.  

Wills, N., Gesteland, R.F. ,  Karn, J., Barnett, L., Bolten, 
S ,  and Waterston, R,W. (19833 . 

The genes sup-7 X and sup-5 111 of g. eleqans suppress 
amber nonsense mutations via altered transfer RNA. 
Cell 33 575-583, 

Wilson, E.T., Larson, D., Young, L.S. and Sprague, K . U .  
(1985) . 

A large region controls tm3A gene transcription. 
J. Mol. Biol, 183 153-163- 

Wolffe, A . P .  (1991). 
RNA polymerase 111 transcription. 
Curr. Opin. Cell Bioi, 3 461-466. 

Wood, W.B- and the Community of g .  eleqans Researchers, Eds.  
(1988). 

The Nematode Caenorhabditis eleqans. - 
Cold Spring Harbor Laboratory, Cold spring Harbor, M.Y, 

Yanisch-Perm, C., Vieira, 5. and Messing, J. (1985)- 
Improved M I 3  phage cloning vectors and host strains: 
Nucleotide sequences of the M13mpl3 and p U C 1 9  vectsrs. 
Gene 33 I O 3 - f H -  

Yanofsky, C- C3.987). 
~peron-specific contrsf by transcription attenuation. 



Trends Genet, 3 356-360. 

Young, L.S., Takahashi, N. and Sprague, K.U. (1986). 
Upstream sequences confer distinctive transcriptional 
propgfties on genes encoding silkgland-specific 
tRNA a. 
Proc. Natl. A c a d -  Sci. 83 374-378. 

Young, L.S., Dunstan, H . M . ,  Witte, P .R . ,  Smith, T.P., 
Ottonello, S .  and Sprague, K.U.  (1991). 

A class 111 transcription factor composed of RNA. 
Science 252 542-546, 


