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I. INTRODUCTION 

The biosynthesis of transfer RNA (tRNA) is a multistep process which includes tran- 
scriptional and post-transcriptional events. The initial transcripts of tRNA genes are 
RNA molecules containing extra nucleotide sequences not present in tRNA. An impor- 
tant aspect of tRNA biosynthesis is therefore the conversion of the initial tRNA gene 
transcripts into mature functional molecules. This takes place via a series of enzymatic 
reactions termed RNA processing which include cleavage and trimming of tRNA pre- 
cursors by endo- and exonucleases to tRNA size. The addition of the CCA sequence 
to the 3’ ends and the synthesis of modified nucleosides are also part of the precursor 
processing. Important advance in the understanding of tRNA gene organization and 
structure has been achieved in recent years with the help of the recombinant DNA’ 
and the DNA sequencing  technique^.'.^ In prokaryotes. recent research has brought 
detailed information about the structure of several tRNA genes and their initial tran- 
scription products. It has also revealed the fact that some tRNA genes are associated 
with ribosomal RNA (rRNA) genes in a common transcription unit. In eukaryotes it 
was discovered that the phenomenon of noncolinearity of a gene with its product, 
generally observed in these systems,‘ applies also to some tRNA genes. It was found 
that several tRNA coding sequences are not continuous, containing intervening se- 
quences of variable length. The removal of the intervening sequences was shown to 
take place at the tRNA precursor level and to involve a new type of RNA processing 
reaction called splicing, whose mechanism is not yet understood. The recent sequence 
analysis of several tRNA genes has helped in some cases to predict the structure of 
primary transcription products, which cannot always be detected in vivo, as well as 
the initial steps in the processing pathway. This, together with the information accu- 
mulated in intermediate precursor processing and the mode of action of several proc- 
essing and nucleoside modifying enzymes, provides a better understanding of some 
aspects of tRNA precursor maturation. 

Several excellent reviews on tRNA bio~ynthesis ,~.~ RNA processing,’ and modified 
nucleosides in tRNA8.O have appeared in the last few years. In this article we shall 
describe general aspects of tRNA biosynthesis, concentrating on the recent advances 
in the study of gene organization and the structure of initial transcription products. 
Special attention will be given to the new information now available on eukaryotic 
tRNA biosynthesis. 

Abbreviations used: bp. base pair; kb. kilobase pair; tp. pseudouridine; m’U or T, 5’-methyluridine; D. 
dihydrouridine; Gm. 2’Omethylguanosine; Cm, 2’-0-methylcytidine; m’G, 1-methylguanosine; m’A, 2- 
methyladenosine; m’G, ’methylguanosine; mam’S’U. 5-methylaminomethyl-2-thio-uridine; mo’U, 5 ’ -  
rnethoxyuridine; cmo’U. uridine-5-oxyacetic acid; PA, N‘4sopentenyladenosine; PA. [N(9/3-Dribofura- 
nosylpurin-6-yl)carbamoyl)threonine]. 
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11. ORGANIZATION OF tRNA GENES 

Extensive knowledge has become recently available about the chromosomal location 
and organization of tRNA genes in prokoryotes, particularly in Escherichia coli and 
T4 phage. The location of some tRNA genes on the E. colichromosome has been 
derived from genetic mapping of suppressor mutations, identified to occur in tRNA 
genes, which alter the anticodon of the tRNA and allow translation of nonsense and 
missense codons.10-12 tRNA genes located near suppressor or ribosomal RNA genes 
can be mapped when carried together with these genes on the same transducing phage 
or plasmid. In this way genes coding for tRNAzry' (fyfl) and tRNAJrhr ( thf l )  were 
mapped near the missense suppressor suA36 derived from tRNAzC'y when carried by 
bacteriophage Ah80dgl f l s~~~ ' . '~  Genes for tRNA,"', tRNAIBAta, tRNA2G'Y, tRNAIA'p, 
tRNAr'P have been located in rRNA operons (rrn) through the analysis of transducing 
phages and plasmids carrying rRNA genes."-" Chromosomal locations of E. coli 
genes specifying 20 different tRNA species have been recently determined using the 
gene dosage effects caused by F' factors and the amplified synthesis of tRNA after 
induction of lysogenes bearing A integrated at  different chromosomal ~ i t e s . ' ~  The ge- 
netic mapping experiments show the tRNA genes to be distributed along the E. coli 
chromosome in a nonrandom fashion, some regions containing a higher density of 
tRNA genes. 19.20 Hybridization experiments have shown that E. coli DNA fragments, 
averaging 400 nucleotides, can accommodate two to three tRNA sequences.2'Jz This, 
together with biochemical analysis of multimeric tRNA precursor molecules isolated 
under special conditions in E. coli has led to the conclusion that many 
E. coli tRNA genes are organized in clusters. Several tRNA gene clusters have been 
identified and shown to contain either different tRNA g e n e ~ ' ~ . ~ ~ J '  or repeats of the 
same gene.zs.z9 

The discovery that some tRNA genes are located within rRNA o p e r o n ~ ~ ~ - ' ~  has fo- 
cused attention on the organization and expression of these genes. The (rRNA) genes 
in E. coliare organized in a t  least seven transcription units (rRNA operons) located at  
seven different chromosomal sites with the gene order 5'. .. 16S-23S-5S...3'.30 These 
rRNA operons were transposed either on plasmids or on A phages and shown to contain 
genes for one or two tRNAs in the spacer region between the cistrons for 16s and 23s 
rRNAs. Out of the seven rRNA operons, four had tRNA2G'U and the remaining three 
had both tRNA,"' and tRNA,BA'o g e n e ~ ' ~ - ' ~ . ~ I  (Table 1). These spacer tRNA genes are 
under the control of the rRNA promoter and are cotranscribed with the other rRNA 
genes. I' The 30s rRNA precursor molecules, which accumulate in strains lacking func- 
tional RNase I11 and appear to be primary rRNA t r a n ~ c r i p t s , ~ ' - ~ ~  have been processed 
in vitro with E. coli extracts to produce tRNAI"', tRNA,,A'a and tRNA2C'".36 Some 
rRNA operons have tRNA genes located at or near their distal end'" in addition to the 
ones in the spacer region. For example, the rrnC operon has genes for tRNArrP and 
tRNAIA'p at its distal end (Figure 1); a gene for tRNAIA'P is located at  the distal end of 
group 1 rRNA operon and a gene coding probably for tRNArhr'8.36 is located at the 
end of the rrnD operon'" (Table 1). There is evidence that the distal tRNA"P tRNAA1p 
genes are in the same transcription unit as the other rRNA genes in the rrnC operon.'s 
Different strains carrying hybrid plasmids with tRNAr'p, tRNAIA'P and parts of the 
rrnC operon overproduce the two tRNA species only when the promoter for rrnC is 
present. The rRNA operon carried by the transducing phage A M ,  which contains the 
genes for rRNAs, spacer tRNAs (tRNAr"' and tRNAIBAJn) and the two distal tRNAs 
(tRNAIAgp and tRNAr'p), is considered to be a hybrid rRNA operon probably formed 
by recombination between an unknown rRNA operon and the distal end of the rrnC 
~peron . " . ' ~  Studies with deletion mutants in the promoter region of the rRNA operon 
from AilvS or AilvSsu7, the latter carrying an amber suppressor mutation in the tRNA"p 
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Table 1 
tRNA GENES ASSOCIATED WITH rRNA 

OPERONS IN E. COLF*.=~ 

Map 
location Spacer tRNA Distal tRNA 

Group Locus (min) gene gene 

1 unmapped Ile, Ala ASP 
I 1  rrnD 71 Ile, Ala Thr 
111 rrnA 85 Ile, Ala 
IV rrnB 88 Glu - 
V unmapped Glu 
VI  rrnC 83 Glu Asp Trp 
VII rrnE 89 Glu 

A four-tRNA gene cluster (Thr. Tyr. Gly, Thr)z6.1' located 
close to the distal end of rrnB operon was found to be tran- 
scribed independently." 

ASP 

FIGURE 1. Organization of the rRNA operon r r K  from'E. coli. 
The total length of the transcription unit shown is about 5500 bp." 
The arrow indicates the direction of transcription. 

gene, also show that the expression of the distal tRNA"P gene is dependent on the 
promoter of the rRNA operon and that the tRNAr'p gene is cotranscribed with the 
rRNA and spacer tRNA genes of the  pero on.^' The significance of the association of 
several tRNA genes with rRNA operons is not clear. There is no apparent correlation 
between the types of tRNA genes located in the spacer region and at  the distal end of 
an rRNA operon (Table 1). Although all the rRNA operons so far analyzed have one 
or two types of spacer tRNA gene arrangements (either tRNAIC" or both tRNA,"' and 
tRNAIBAlo), not all rRNA operons seem to have tRNA genes at their distal ends. In 
addition, one of the two distal tRNAIA'P genes is associated with an rRNA operon 
which contains tRNA,"' and tRNAlBAIo as spacer while the other is associated with the 
rrnC operon which contains tRNAIG'" gene as spacer. 

Extensive studies have been carried out on the structure and organization of the 
genes coding for the two tyrosine-accepting tRNA species tRNAlry' and tRNAIryr in 
E. coli. The tRNAIry' species differs in nucleotide sequence from tRNAIrYr by only 
two bases in the variable loop ~egion .~ '  There are two identical genes ( r y f l )  coding for 
tRNAIry' and one gene (rynr) coding for tRNAIry'. The ryr T locus is located at  27 
min on the genetic map;19.20.39.40 rynr is located at  88 min, in close vicinity to gene 
glfl (tRNAIG'y) and rhfl (tRNA3r~r).13.19.20.41.41 The two tRNAIr"" genes, carried as a 
"doublet" on transducing phage +80psu3"- have been studied by restriction enzyme 
analysis and DNA sequencing and were shown to consist of two 85 bp (base pair) 
tRNA sequences separated by a 200 bp intergenic ~ p a c e r . ~ " - ~ ~  A "singlet" tRNAIryr 
gene structure carried by +80psu3' was shown to arise from the +80u3"- doublet by an 
unequal recombination event involving the two identical tRNA'Y' sequences through 
the loss of one of the two 85 bp tRNAlrY' sequences and the 200 bp intergenic se- 

The results of in vivo and in vitro tRNAlrY' transcription studies suggest 
that the two tRNAIry' genes are included in the same transcription  nit.^'-^^ The 
tRNAZry' gene is tightly associated in the E. coli chromosome with three other tRNA 
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FIGURE 2. Organization of T4 tRNA genes. The arrow indicates the direction of transcription and the 
scale gives distances in base pairs. The sizes of the T4 tRNA deletions A119,A27. and A8 shown at the top 
of the figure are 2070 & 190, 1330 f 100 and 200 i 30 bp. respectively.b0 A promoter for T4 tRNA transcrip- 
tion, located upstream from ip I gene at a distance of about loo0 bp from the large tRNA gene cluster,” is 
indicated as p.”.’O 

genes to form the cluster ThrU, tyrU, gfg, thfl coding for tRNA4rh‘, tRNAzryr, 
tRNA2G’y and tRNAlrh‘, re~pectively.’~~~’ Transducing bacteriophage Arif‘l g50 carries 
the tRNA gene cluster in the same arrangement and orientation (relative to transcrip- 
tion) as in the E. coIichromo~orne:’~*~~*~~ 5’ ...tRNA4rhr-8bp-tRNAzryr-l 15bp-tRNA2G’y- 
6 ~ P - ~ R N A , ~ ~ ‘ .  Although located at the distal end of the rrnB ribosomal operon, the 
four tRNA genes are not cotranscribed with the rRNA genes and seem to have their 
own p rom~te r .~ ’  Transducing bacteriophage Ah8Odgfy Tsu36+13 carries a tRNAZrJ”, 
tRNAIG’y, tRNAlrh‘ gene cluster. But for the absence of the tRNA4rhr gene, this cluster 
is identical to that carried by IriF18 ~ h a g e . ’ ~ . ~ ~  Recent DNA sequence studies have 
demonstrated that the region upstream of tRNAZZy‘ on Ah8Odgfflsu36‘ phage is iden- 
tical to the region upstream of tRNAlryr gene on +8Opsu3+ phage.46 It appears that 
the Ah80dgfgsu36’ transducing phage carries a hybrid structure composed of “up- 
stream” sequences from the tRNAIr”‘ gene cluster and the “downstream” sequences 
from the tRNAzry‘ gene cluster, an artifact probably generated during the isolation of 
this transducing phage.26.45.46 

Several E. coli bacteriophages, the T-even group (T2, T4, T6, RB69) and Ts, carry 
tRNA genes that are expressed upon host i n f e c t i ~ n . ~ ~ - ’ ~  Bacteriophage T4, which has 
been the most extensively studied, carries genes coding for eight tRNA and two other 
stable RNA species of unknown function.60-62 The nucleotide sequences of all the T4 
tRNAs and of species 1 RNA have been d e t e r n ~ i n e d . ~ ~ . ~ ~ - ~ *  A set of T4 mutants, car- 
rying deletions in the tRNA region, have allowed the mapping of the tRNA genes as a 
cluster located between genes e (lysozyme) and 57 on the T4 genome.60.61 Recently, 
using endonuclease digestion and in situ hybridization of the DNA fragments with 
individual [(32P)1-labeled T4 tRNAs. a restriction map of the T4 tRNA gene cluster 
and its control region has been c o n ~ t r u c t e d . ~ ~  The map of the T4 tRNA region is shown 
in Figure 2. The tRNA genes are organized within a distance of 1600 bp in two clusters. 
A large cluster containing seven tRNA genes is located about 600 bp away from a 
second cluster which contains the genes for tRNAAra and the two stable RNAs (species 
1 and species 2). The T4 tRNA region was recently c l~ned’~ . ’~  and the two tRNA gene 
clusters were sequenced.” The complete sequence of a DNA fragment of about 600 
bp which includes the genes from tRNAG’” to tRNA”’ has shown that the T4 W A  
sequences are organized in a very compact s t r u ~ t u r e . ~ ~  EarWWtience%f clustering of 
the tRNA genes had suggested that the T4 tRNA region may constitute a single tran- 
scription unit.60 While kinetics of in vitro synthesis of T4 tRNAs support this hypoth- 
esis,’l attempts to isolate a large multimeric precursor from E. coli infected cells were 
not successful.-lt is probable that in vivo transcription is tightly coupled with process- 
ing and that cleavage takes place before transcription of the entire T4 tRNA region is 
completed. However, in a nuclease-free in vitro system, a polycistronic T4 tRNA pre- 
cursor was recently isolated among T4 tRNA tran~cripts.’~ Further evidence that the 
T4 tRNA genes are included in a single transcription unit has been obtained with the 
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help of molecular cloning." Recombinant I-T4 phages containing a 5000 bp EcoR1 
restriction fragment that encodes for the larger one of the two T4 tRNA gene clusters 
have been constructed. Difficulties encountered in the cloning of this T4 fragment have 
suggested that a small region close to the T4 tRNA genes, probably the ipl gene (inter- 
nal protein codes for a "lethal" function which has an inhibitory effect on the 
cell growth. Deletion of this "lethal" gene has allowed the location of a promoter, 
about 1000 bp upstream from the tRNAG'" gene, which directs the transcription of the 
T4 tRNA genes7' (Figure 2). I-T4 hybrid phages which had the intact T4 DNA frag- 
ment were shown to induce tRNA synthesis in infected cells, while little T4 tRNA 
synthesis was observed with A-T4 phages which have the deletion. The presence of a 
promoter in the deleted region was also confirmed by RNA polymerase binding exper- 
i m e n t ~ . ~ ~  Clustering of tRNA genes seems to be common in bacteriophages and evi- 
dence shows that in the genome of T5 phage about 20 tRNA genes are located in three 
regions within a 13,800-nucleotide-long DNA ~egment .~ '  

In eukaryotes the number of tRNA genes is much larger than that observed in bac- 
teria. There are about 600 genes coding for tRNA in Drosophila rnelanogastef7 and 
8000 in Xenopus l a e v i ~ ~ ~ - ~ O  compared to 60 tRNA genes in E. coli.".8'82 Since the 
number of tRNA species is not significantly larger than in bacteria, this implies that 
in eukaryotes the tRNA genes exist in multiple copies. From hybridization kinetics an 
average of 10 genes for each tRNA sequence was calculated in D r o s ~ p h i l a ~ ~  and about 
200 in Xenopus.80 The 300-fold reiterated genes for Xenopus tRNAIM" were shown to 
be and organized in tandem repeats of 3.18kb.04 Cloning and analysis by 
restriction endonuclease of such a repeat have shown that it contains two genes coding 
for tRNAIM" and at least one other 4 s  RNA species separated by spacers of about 0.3 
kb.84 Presently it is not clear whether the clustering of identical tRNA genes found in 
Xenopus genome applies to other eukaryotes. In situ hybridization studies with puri- 
fied tRNAs on the Drosophila polytene chromosomes suggest that some tRNA genes 
coding for the same tRNA species are distributed at different sites on the chromo- 
some85 while other tRNA genes seem to be clustered a t  a single chromosomal site as 
in X e n o p u ~ . ~ ~ . ~ ~  A cloned 9.3-kb Drosophila DNA fragment derived from a unique 
chromosomal site was shown to contain a repeat of three identical tRNA genes, coding 
for tRNAILy', separated by large spacers and two other tRNA genes coding for tRNAA'# 
and tRNAAs".09 90 Evidence from gene cloning'' and uv light mapping experiments9' 
suggests that in the yeast Schizosacharornyces cerevisae genome the tRNA genes are 
not significantly clustered and possess a rather widely spaced distribution. The genes 
coding for tRNArY' have been located at eight different loci on several chromosome~'~ 
and digestion of yeast DNA with endonuclease EcoR, has produced eight distinct and 
separable fragments capable of hybridization with tRNAry'.94 That a limited clustering 
may exist in yeast is revealed by the analysis of a cloned DNA fragment in which the 
genes for tRNA,"'# and tRNAA'p were found located in the same orientation and sepa- 
rated by a 9-bp spacer.9s DNA sequencing of three cloned yeast tRNAry' genes has 
demonstrated that these genes all contain next to the 3' side of the anticodon triplet a 
17-bp intervening sequence which is not present in mature tRNArY*' (Figure 3). In two 
of the tRNAryr genes the 14-bp sequence is identical, while in the third it differs by a 
single base pair. Similarly, short intervening sequences (18 or 19 bp) different from 
the tRNAryr inserts have been demonstrated next to the anticodon loop in three cloned 
tRNAPh' genes9' (Figure 3). Several other tRNA genes from yeast, tRNAS'',o, 
tRNArrp, and tRNA,L'Y also contain intervening  sequence^.^^-^^ The presence of inter- 
vening sequences in tRNA genes is an example of the phenomenon of noncolinearity 
between a gene and its product. While noncolinearity seems to be the general rule in 
eukaryotic genes coding for mRNA,' not all the eukaryotic tRNA genes so far exam- 
ined contain intervening  sequence^.^^^'^^^^ In yeast the genes coding for tRNA,"". 
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1 10 20 30 40 50 60 70 80 90 

FIGURE 3. Nucleotide sequences of yeast tRNA"'and tRNA"' genes and their corresponding tRNAs. 
The anticodon and its coding triplet are overlined in both the tRNA and the gene sequences. The position 
of the intervening sequence is indicated by the line interrupting the tRNA sequence. Note that the CCA 
residues present at the 3' end of the mature tRNA molecules are not encoded for by the DNA.96.97,'a 

tRNAA'p, tRNA,S8r, and tRNAS*',,,, do not contain any i n ~ e r t s . ~ ~ . ~ ~  In eukaryotes, with 
the possible exception of yeast tRNA,Ars-tRNAA'p genes,'O0 there is no evidence as yet 
for multimeric tRNA transcription units. The 90 to  100 nucleotide tRNA-precursor 
molecules detected in yeast,lO'*'O' human KB cells, lo' or Bombyx mor?04*105 contain 
only one tRNA sequence, suggesting that eukaryotic tRNA genes are generally tran- 
scribed into monocistronic RNA molecules. This may reflect the different organization 
of eukaryotic tRNA genes, although it cannot be completely excluded that some of 
the tRNA precursors observed have already undergone partial processing or degrada- 
tion during isolation. 

Cell organelles such as mitochondria and chloroplasts contain specific tRNAs and 
tRNA genes.Io6 Mitochondria from yeast contain about 20 tRNA genes, 17 of which 
are located in a narrow region representing less than 20% of the genome.'O' The mito- 
chondrial genome of Neurospora crassa has been shown to contain about 25 genes for 
IRNA, clustered in two regions of the circular mtDNA molecule.'0* One of the clusters 
maps in a 4-kb spacer region between the 17s and 24s rRNA genes.lo9 There are about 
IS sites hybridizing with tRNA in mitochondrial DNA from Xepopusand about 19 in 
that from HeLa cells. Electron microscopic mapping of tRNA-DNA hybrids in HeLa 
cell and Xenopus mitochondria1 DNA has shown that the tRNA cistrons are widely 
spaced, distributed uniformly around the genome, and transcribed from both 

Recently the location of tRNA hybridization sites along the chloroplast 
DNA has been determined in Chlamydomonas'" and spinach."' 

111. NUCLEOTIDE SEQUENCE OF tRNA PRECURSORS 

A great deal of information concerning the organization of tRNA genes in transcrip- 
tion units and different aspects of tRNA biosynthesis such as precursor processing and 
base modifications has been obtained from an examination of nucleotide sequences of 
precursor molecules. Although precursors to tRNA molecules were first detected in 
mammalian most of our knowledge about their maturation into tRNAs has 
come from studies with microorganisms. In bacteria, where mutant isolation and 
highly radioactive labeling are possible, several tRNA precursors have been isolated 
and their nucleotide sequences determined. Recently, several yeast tRNA precursors 
were detected and analyzed with the help of a yeast temperature sensitive (ts) mutant."' 

Transcription in vitro of tRNA genes by nuclease-free RNA polymerase affords a 
way of obtaining intact tRNA pre~ursors.'~*'' These molecules, which cannot be de- 
tected in vivo because of their fast cleavage, are useful for the study of the enzymes 
involved in the first steps of tRNA precursor processing. 
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FIGURE 4. Nucleotide sequence of E.  coli tRNAIrY' precursor. 
The site of RNase P cleavage is indicated by a large arrow and the 
3' extra nucleotides are boxed."' Small arrows indicate the anti- 
codon s ~ , .  (G+C) mutation and base-substitution mutations 
which decrease the tRNA yield.'*1 Double head arrows show the 
positions of the modified nucleosides found in the mature tRNA 
molecule." 

A. E.  coli tRNA Precursors 
The extremely short half-life of tRNA precursors in normally growing bacteria 

makes their isolation and characterization very difficult. One way to increase the pro- 
duction of specific tRNA precursors takes advantage of transducing phage carrying 
tRNA genes."s-"' Upon infection with these phages or induction of their prophage, 
the transcription of the transduced tRNA genes is highly amplified, due to the large 
number of tRNA genes in the cell resulting from phage DNA replication. In another 
approach, tRNA precursor molecules are caused to accumulate in E. coli as a result 
of mutations which block or slow down their processing by an alteration of the tRNA 
precursor structure or the processing enzymes. Thus, bacterial tRNA precursors were 
discovered in the study of a #30 phage carrying a mutationally altered tRNAIrY'suJ+ 
gene, defective in suppressor a~ t iv i ty . "~ . "~  Several tRNAlrY' mutants, selected for de- 
fective suppressor activity, were found to carry single base substitution in the tRNAITyr 
gene and to transiently accumulate a tRNAlrY' precursor"s.116 (Figure 4). The muta- 
tions in the tRNA gene appear to alter the conformation of the tRNA precursor so 
that it cannot be normally processed. This example emphasizes the importance of pre- 
cursor conformation for its recognition by the processing enzymes. Precursors to 
tRNAs may also accumulate as a result of mutations which alter the processing en- 
zymes. Temperature sensitive (ts) E. coli mutants have been isolated which accumulate 
tRNA precursors at the nonpermissive temperature."*-lZ0 The best characterized mu- 
tants harbor a ts RNase P, an endonuclease that cleaves tRNA precursor at the 5' end 
of the mature tRNA sequence."' When a culture of E. coli cells carrying a ts RNase 
P is incubated at the nonpermissive temperature in the presence of radioactive phos- 
phate, a large number of [("P)]-labeled tRNA precursor species accumulate. These 
can be separated by electrophoresis in acrylamide gel and further characterized. The 
ts RNase P mutants accumulate precursors ranging in molecular sizes from slightly 
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FIGURE 5. Nucleotide sequences of pre- 
cursors to E. coli tRNA*=. The four precur- 
sor species contain different 5' leader se- 
quences and mature 3' ends. All the modified 
nucleosides of mature tRNA"'" are present in 
the precursors. The arrow indicates the site 
of RNase P cleavage (From Vogeli. G. ,  Stew- 
art, T. s.. McCutchan, T.,  and Soll, D., 1. 
Biol. Chem., 252, 2311, 1977. With permis- 
sion.) 

larger than mature tRNA to about 500 nucleotides in length.z3.24.1z2-124 The fact that 
all tRNAs accumulate as precursors at the nonpermissive temperature in ts RNase P 
mutants indicates that RNase P plays an essential role in the biosynthesis of all tRNA 
in E. coli. Several types of precursors were observed to accumulate in ts RNase P 
mutants - small monomeric (4.0 to 4.5S), large monomeric (4.5 to 5 3 3 ,  dimeric, 
and multimeric precursors. The small monomeric precursors which are the predom- 
inant type have only a few extra nucleotides at  the $-termini of the corresponding 
tRNA molecules. Since the majority of these precursors have ribonucleoside mono- 
phosphates a t  the 5' end, they appear to be derived from the internal or 3'-proximal 
regions of multimeric precursors or from the larger monomeric precursors as a result 
of processing reactions. 12' The larger monomeric precursors like tRNAITyr precursor 
(Figure 4) have longer stretches of extra nucleotides and ribonucleoside triphosphates 
at their 5' termini, and are probably transcripts of monomeric cistrons or derived from 
the 5' proximal sites of multimeric precursors. Multimeric precursors containing as 
many as 5 to 7 tRNA sequences within a single molecule have been 
These multimeric precursors are evidently derived from clusters of tRNA genes, some- 
times identical species repeated in tandem, which are transcribed as a unit. Their study 
provides us with some information on the organization of tRNA genes in E. coli. The 
small number of multimeric precursors so far identified probably represents only a 
fraction of the total multimeric precursors transcribed in E. coli. These molecules are 
metabolically unstable and are rapidly processed by endonucleolytic activities, proba- 
bly RNase P2Iz2 or RNase OLZ5, to monomers and dimers. A complete nucleotide se- 
quence has been determined only for a few E. colitRNA (Figure 
5 and Figure 6). All E. coli tRNA precursors so far sequenced contain - CCA either 
as a mature 3' end or followed by another sequence.116~1'7~122~1z4~116~1z7 RNA precursors 
accumulating in ts RNase P mutant at  the nonpermissive temperature contain some 
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PGU 
U 

C 
A 
G 
G C 
A C 

A 

U C G G U  A C 
C O G  
U . A  
G . C  

A A  
'U .Au 
A . U  

GUGGG G . . . . . . . G A c u A u . . . . .  "-' CCGACU . . .  . .  
UGCCCGCUCCAAGAUG CUGAUAuA ,CACCCU u G b A * A ~ ~ ~ ~ ~  U u G * C  G * C  

AC * G 
A 

G D 
D D  GG 

GA C . 0  
0 - C  5.3 
C G  A .  

FIGURE 6. Nucleotide sequence of the dimeric tRNA,G'r - tRNAJrh' precursor of E. coli. 
Arrows indicate the RNase P cleavage sites and 3' end nucleotides not found in the mature 
tRNA are boxed. (From Chang, S. and Carbon, J . ,  J .  Biol. Chern., 250, 5542, 1975. With 
permission.) 

modified nucleosides such as ~p,T(rn~U),  D, m'A and always lack the Gm modifica- 
tion. ''' 

B. Bacteriophage T4 tRNA Precursors 
Three dimeric T4 tRNA precursors have been isolated from E. colicells infected 

with bacteriophage T4: tRNAG'"-tRNAL", tRNAP'"-tRNAS", and tRNArh'-tRNA"*. 
The sequences of all these precursors have been d e t e ~ r n i n e d ~ ~ . ~ ~ ' , ' ~ ~  (two of them are 
presented in Figure 7). The following features seem to characterize the structure of the 
dimeric precursors: 

1 .  

2. 

3.  

All have a nucleoside monophosphate at their 5'  end, indicating that they may 
be derived from a larger RNA transcript by nucleolytic cleavage. 
They contain 5' leader sequences of variable length which have no sequence ho- 
mology and are composed of A and U residues only. 
All three precursors have either no spacer or only one nucleotide between the 
two tRNA moieties and very short (0 to 3) 3' extra nucleotides which are again 
composed of A and U residues only. 
All modified nucleoside residues of the mature tRNAs are present in the precur- 
sors with the exception of the Gm modification in the 3' distal tRNAs. 

4. 

RNase P appears to be responsible for the 5' end maturation of all the T 4  
~ R N A S . ~ ' . ~ ' . ' ~ ~  When ts RNase P mutants are infected with bacteriophage T4 at  the 
nonpermissive temperature, no mature T4 tRNAs are produced. Instead, the dimeric 
precursors to tRNAG'"-tRNAL*" and tRNAPr0-tRNAS" and the monomeric precursors 
to tRNAC'y, tRNArh', and tRNAA'# accumulate. No accumulation of the tRNATh'- 
tRNA"' dimeric precursor is observed, probably due to an alternative pathway of proc- 
e s ~ i n g . ' ~ ~  RNase P participates also in the maturation of RNA species 1 at its 5' end 
and precursors of this RNA also accumulate in RNase P mutants.6' 

The T4 tRNA precursors do  not always contain the CCA sequence at  the 3' end. 
This implies that in some precursors the CCA must be added as part of their matura- 
tion process. A striking difference exists between the three dimeric T4 tRNA precursors 
concerning the presence of the CCA at the 3' end of the tRNA sequences. In tRNAP'"- 
tRNAS" both tRNA sequences lack CCA ends6S; in tRNAC'"-tRNAL'" only tRNAL'" 
has a complete CCA sequknce;128 and in tRNArhr-tRNA". only the 5' proximal tRNATh' 
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A G C  
G G  oG G ' #  

u U A G  
C * G  
c G :,* A' 

A . U  

' A  A PAA 
A G  ' CA )/ ;OH G * C  c ' G C .  A m s 2 i 6  

A 
C ' S  A C  A 

N ' C A C G A U  s4uu . . . . . . .  A A G G G * $ G C U C U U C  * t " E C G $ A  u . . . . .  . . . . . . .  . . . . .  
GG - 2  

U * G  

G 2  c S G C U A  
m A  G A * U  

A C A - U  

C * G  
u G  A * U  

A A  
Go C 
G * C  A A  

A A U 
3 G  
C G A  

A U U C C C A G C  G C G A G A A "  , C A G C  A c U  N t 

'06 G' 

A 

A 
G ' U U  p; 

U 
A 
A 

G 
D G 
A A  

G * C  
A . U  
G * C  
C * G A  

rn2 G 

G 
N , " U A G ~ C C  . . . . .  

C - G  
G - C  A .  U 

G 
C A G G  

m'G A C - G  
G C A * U  

,,,TG u A - U 

G - C  
T U  

A 
AG AA 

G U 
U D  

G O D  

B 

FIGURE 7. Nucleotide sequence of two dimeric T4 tRNA precursors. (A) Precursor to 
tRNAG'" - tRNA""'; (B) precursor to tRNA '" - tRNAL'. Arrows indicate the RNase P cleavage 
sites and the 3' end nucleotides not found in the mature tRNAs are boxed. (With permission 
from Guthrie. C., J .  Mol. Biol.. 95, 529, 1975 and Seidman, J .  C., Barrell, B. G., and Mc- 
Clain, W. H. .  1. Mol. Biol., 99, 733, 1975. Copyright by Academic Press, inc. (London), 
Ltd.) 

contains the CCA end.Iz9 In view of the fact that the synthesis of CCA at the 3'-ter- 
minus of dimeric precursor is prerequisite for its cleavage by RNase Pl3'.IJZ the dispo- 
sition of the CCA sequence in the dimer seems to determine the processing pathway 
of each of the p r e c ~ r ~ o r ~ . ' ~ ~ ~ ~ ~  This aspect will be discussed in a following section. 

C. Precursor tRNAs in Eukaryotes 
Precursors to tRNAs have been detected by pulse-labeling experiments in various 

eukaryotic systems (for a review see Reference 114.) These are small RNA molecules 
about 100 nucleotides long, which contain a single tRNA sequence with extra nucleo- 
tides at both ends. Only recently individual RNA species with properties of tRNA 
precursors have been isolated from and yeast lo' and purified to radi- 
ochemical purity. Some of the tRNA precursors derived from silk worms still have the 
transcription initiator purine nucleoside triphosphate at their 5' termini and contain 
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modified and methylated bases typical of tRNA."' In yeast pulse-labeled with [(3zP)] 
orthophosphate, a large number of tRNA precursors of different sizes (4 to 5.8 S) 
have been identified. These can be converted into tRNA-size molecules by incubation 
with yeast cell-free extracts.lol In yeast as in silkworms, it was suggested that the 
smaller size precursors were derived from the larger ones in the process of matura- 

A yeast mutant, ts 136, described initially as conditionally defective in trans- 
port of mRNA from the nucleus to the cytoplasm,I" was recently shown to accumulate 
tRNA precursors at the nonpermissive temperature.'02 When ts 136 mutant was grown 
at 35.5"C in the presence of radioactive phosphate, about 12 tRNA precursors accu- 
mulated in a pattern of species similar to that obtained in the pulse-labeling experi- 
ments of wild-type yeast. lo' The [("P)]-labeled precursor tRNAs were separated by 
two dimensional polyacrylamide gel electrophoresis in a number of spots in the 4.5 to 
5.8 S size range. The RNA from each spot was eluted and characterized by hybridiza- 
tion to a set of E. colirecombinant clones, each of which carrying one or more defined 
yeast tRNA genes.91 In this way several tRNA precursors which accumulated in the 
yeast mutant ts 136 at the nonpermissive temperature were identified as precursors for 
tRNAPh', tRNArYr, tRNAJL", tRNAr'p, tRNAS"ucG98. In addition, three other tRNA 
precursor spots were found to hybridize to a unique set of clones containing as yet 
unidentified tRNA genes.98 It should be observed that in this mutant only a very re- 
stricted set of tRNA precursor species accumulate and it was nt possible to detect 
precursors for most of the yeast tRNAs. Sequence analysis of the precursors for 
tRNAPhe and tRNAryr was carried out by RNase T1 and pancreatic RNase digestion 
and fingerprinting. It was found that the precursors to both tRNAry' and tRNAPh' 
contain intervening RNA sequences, do not have extra nucleotides at  their 5' ends, 
and that their 3' ends contain the uncoded CCA t e r ~ n i n i . ~ ~ . ' ~ ~  The precursors contain 
most of the modified nucleosides with the exception of Gm or Cm and the hyper- 
modified bases Y and PA. Two intervening sequences differing by one base pair sub- 
stitution have been observed in the three cloned tRNArY' genesg6 and both are present 
in tRNAr"' precursors. Similarly, tRNAPh' precursors contain the nucleotide stretches 
derived from the two types of intervening sequences of the respective tRNAPh' genes.97 
The precursors to tRNAS*r,cG, tRNA,L8u and tRNArrP, which also accumulate in the ts 
136 mutant at  the restrictive temperature, all contain intervening  sequence^.^^ Finger- 
print analysis of the precursors to tRNASc'uCG,99 tRNATrp ''', and tRNA3L8" 9s shows 
that they also have mature 5' and 3' ends and an RNA intervening sequence located 
near the 3' end of the anticodon loop. It may be concluded that the only extra se- 
quences contained in the 4.5 S precursors which accumulate in ts 136 mutant are the 
intervening sequences. These precursors are not primary transcripts, since antecedent 
processing events have already produced mature 5' and 3' ends and introduced modi- 
fied nucleosides. If  these RNA molecules are to serve as precursors to tRNAs, the 
intervening RNA sequences must be removed by an enzymatic activity which would 
excise very specifically a segment of the polynucleotide chain and rejoin the ends. Evi- 
dence for the existence of such an excisioo-ligation activity in yeast was recently pre- 
~ e n t e d . ~ " . " ~  It should be observed that precursors for tRNAs whose DNA sequences 
do not contain intervening sequences, like tRNA,A'a, tRNAA'p. tRNAzS", and 
tRNAS"uCA are not found to accumulate in the ts 136 m ~ t a n t . ~ ~ . ~ ~  

Figure 8 shows the secondary structure proposed for the precursors to tRNAry' and 
tRNAPhe.9s The precursor structures obtained by maximization of base pairing retain 
the general features of the tRNA cloverleaf model. They diverge from it in the antico- 
don stem, which is extended by the additional base pairs formed with the precursor 
specific intervening sequences. A common feature shared by the two tRNA precursors 
and also by the precursors to tRNASgr,c,99 and tRNAr'p,lw is an intervening sequence 
rich in A and U which can form base pairs with the respective tRNA anticodon. The 

tion. 101, I 3 4  
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Pie- tRNATYr 
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W' 
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U C  
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G G G C G U  C 
U ~ G ~ A  A' . . . . . Loop 

cx 6 c c o  
0 

UUUAAG "&\ .GAG 
A .U 

Pre-1 RNAPhe 
P'Acorotor  StNn. c. 

pG . c  
C . 0  
0 .  C 
0 - U  
A .  U 
U S A  
J ' . A ~ ~ ~ ~ ~ c u *  'rye 

0 Low. . . . . .  
' 0  u G A C U C o ) ) I  c u G u G u u C  

c U  
Load u .... 

' 0 6 A G A G  "C A G O  
C - 0  
C . 0  
! * U  C U A G  

~ - C A A G U  
A - U  

FIGURE 8. and tRNA pkm. Arrows indicate 
the splice points of the intervening sequence. (From Knapp, G., Beckmann, J. S., Johnson, P. F., Fuhrman. 
S. A.. and Abelson, J.. Cell, 14, 221, 1978. With permission. Copywright MIT. Published by The MIT 
Press, Cambridge.) 

Possible secondary structures of precursors to yeast tRNA 

interaction of the anticodon with the intervening sequence allows the formation of two 
loops which contain the putative sites of enzymatic excision and ligation. Evidence for 
the existence of such precursor structures may be obtained from an analysis of precur- 
sor sensitivity to S1 n ~ c l e a s e ' ~ ~  or limited RNAse T1 d i g e ~ t i o n . ~ ~  It was shown that 
the anticodon of the precursors, unlike that of mature tRNAs, is not susceptible to 
enzymatic attack and that the cleavage takes place in the looped region of the interven- 
ing sequence. 

D. In Vitro Synthesis of tRNA Precursors 
Transcription of tRNA genes in vitro by purified RNA polymerase produces com- 

pletely unmodified tRNA precursors and provides an opportunity to study in detail 
the maturation process of primary transcripts. Studied first in a system consisting of 
+80su3+DNA, purified E. coli RNA polymerase, and 4 factor, the tRNAlrY' gene tran- 
scription product was analyzed by competitive hybridization or acrylamide gel electro- 
phoresis and found to be larger than a 4s tRNA molecule.'37J38 Subsequently, the 
tRNAlr"' gene was transcribed from whole + 8 0 p s ~ ~ + D N A ~ ~  139-142 or DNA restriction 
 fragment^'^.'^' by several investigators who have characterized a transcription product 
of variable size (up to 350 nucleotides), but always larger than that of the tRNA,ryr 
precursor (129 nucleotide) isolated in vivo.'16 The size variability of the tRNAlrY' 
precursors synthesized in vitro was probably due to nuclease contaminations in the 
RNA polymerase preparations. With a nuclease-free RNA polymerase a 350 nucleotide 
precursor was transcribed from a single tRNAlrY' gene,49.'43 while a precursor of about 
600 nucleotide was obtained from a +80su3+-DNA which carried both tRNAlry' 
 gene^.^'.''^ Similarly, transcription of tRNA genes carried by the DNA of 
i 80dg l f ls~~~+  (tRNAIrY', tRNAzG'~su36', tRNAJrh') was shown to produce a large size 
(-8 S) polycistronic tRNA trans~ript .~" ."~ The fidelity of the in vitro transcription was 
demonstrated by the processing of the synthesized tRNA precursors with crude E. coli 
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extracts into mature ~ R N A s . ~ " . ' ~  These tRNA molecules were identified by the finger- 
print patterns of their RNase T1  digest^.^^."^ The primary transcripts of tRNA genes, 
isolated by electrophoresis on acrylamide gels, have been used as substrates for the 
study of enzymes involved in precursor m a t u ~ a t i 0 n . I ~ ~  In a different approach, 
tRNAITy' synthesis was studied in vitro, without isolation of the primary transcription 
product, by following the formation of a su3+ tRNAITy' active in the suppression of 
amber  mutation^.'^^.'^^ By separation and combination of fractions from crude cell 
extracts and isolation of intermediate precursors, several nuclease activities which par- 
ticipate in the processing of tRNAlry' precursor have been identified.I4O 

Transcription in vitro of the T4 tRNA genes followed by processing of the unfrac- 
tionated product by crude cell extracts was shown to produce T4-specific ~ R N A s . ' ~ ~  
Although the T4 tRNA gene cluster was inferred to be transcribed in vitro as a polycis- 
tronic RNA the size of this transcript and the presence of a multitude of 
other T4 DNA transcripts have been an obstacle to its isolation. Recently, transcription 
of DNA from wild type T4 and T4 mutants containing deletions in the tRNA region 
followed by separation of products by polyacrylamide gel electrophoresis allowed the 
identification of the T4 tRNA precursor among the high molecular weight RNA tran- 
scripts. Figure 9 shows that the T4 tRNA precursor is present only in the transcript 
from wild-type T4 DNA and is missing from the transcripts of the deletion mutants. 
Instead, new RNA species have appeared (indicated by small arrows) which were found 
to contain the remaining tRNA sequences of the tRNA gene cluster shortened by the 
 deletion^.^^ The T4 tRNA precursor, which is about 5000 nucleotides long, was isolated 
and processed into mature size tRNA molecules.74 This precursor could be useful for 
the detection of the nucleolytic activities which generate the T4 tRNA dimeric and 
monomeric precursors observed in vivo. 

IV. PROCESSING OF tRNA PRECURSORS 

Much of the knowledge concerning the processing pathway of tRNA precursors 
from the initial transcript to mature tRNA molecules came from the study of E. coli 
tRNAITy' and bacteriophage T4 tRNA biosynthetic systems. Partially processed tRNA 
precursors have been isolated and used as substrates for the detection and purification 
of several processing enzymes. These include endo- and exonucleases which bring the 
transcript to its mature size, tRNA-nucleotidyl transferase which adds the 3' CCA 
sequence, and a multitude of nucleoside modifying enzymes. In eukaryotes, the proc- 
essing of some tRNA precursors involves, in addition, an activity which removes inter- 
vening sequences by a cleavage-ligation process. 

A. Endonucleases 
1. RNase P 

The first enzyme that has been shown to participate in the processing of tRNA pre- 
cursors,11L-121 RNase P,  was purified from E. coli as an endonuclease which cleaves 
tRNA precursors in vitro to generate the mature 5' termini. The essential role of RNase 
P in tRNA biosynthesis was demonstrated by the isolation of ts lethal mutants of E. 
coli defective in this nuclease activity.lla'lzO In the mutants at  the restrictive tempera- 
ture, the synthesis of all cellular as well as phage-encoded tRNA is arrested, resulting 
in an accumulation of precursors. Genetic studies have shown that there are two types 
of RNase P mutants which differ in their mutational site on the E. ~o l i ch ro rnosome .~~~  
The mutational site of ts 709 mutant120 was located at 67 min ( r p B ) ,  that of ts 241 
and A 49  mutant^"'.^^^ was located at 77 min (rnpA) on the genetic map of E. coli. 
Mutation in either one of these genes is equally effective in blocking the RNase P 
function, resulting in the accumulation of the same tRNA p r e ~ u r s o r s . ~ ~ ~ ~ ~ ~ ~  These find- 
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FIGURE 9. Autoradiogram of acrylamide 
gel separation of primary transcripts of T4 
DNA with intact or deleted tRNA genes. 
DNA from wild type (WT) T4 and psu,- dele- 
tion mutants A119, A27 and A8 were tran- 
scribed by purified E. cofi RNA polymerase, 
the RNA products extracted and separated by 
electrophoresis on acrylamide/agarose com- 
posite gel as described in Ref. 74. E. coli23S 
and 16s [("P)] rRNA were run separately as 
reference markers. T4 pre-tRNA indicates the 
tRNA precursor band in WT T4 transcripts. 
The small arrows indicate the new tRNA pre- 
cursor bands appearing in transcripts of the 
deletion mutants. 

ings suggest that RNase P activity is the product of two separate genes. Recent studies 
with purified RNase P preparations have shown that this enzyme contains a discrete 
RNA species and has a buoyant density in CsCl characteristic of an RNA-protein com- 
plex composed of 80% RNA and 20% protein."' That the RNA is an essential com- 
ponent for enzyme function is indicated by the fact that the activity of RNase P can 
be abolished by treatment with microccocal nuclease or pancreatic RNase A. The sep- 
aration of RNase P into RNA and protein components, each devoid of any ribonu- 
clease activity, has been obtained by column-chromatography in the presence of 7 M 
urea. Recently the reconstitution of RNase P activity from the separated components 
was re~0rted.I '~  Of several RNAs tried, only the RNA species found in purified RNase 
P was active in the reconstitution experiments. The exact role of the RNA component 
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is not clear; i t  may stabilize the protein moiety in an active configuration, or it may 
participate actively in RNase P-precursor tRNA recognition by a mechanism involving 
RNA-RNA  interaction^."^ The site specificity of RNase P is not known. An examina- 
tion of the nucleotide sequences surrounding the RNase P cleavage site on a number 
of different tRNA precursors reveals no similarity among them (see Figures 4 to 7). 
In addition, isolated fragments of tRNAP"'-tRNAS'' precursor containing the nucleo- 
tide sequence at  the cleavage site for RNase P were not attacked by the enzyme.62 
These observations indicate that the specificity of the enzyme cannot be determined 
exclusively by the primary sequence of the substrate. Additional information concern- 
ing RNase P processing specificity has been obtained from the study of mutations 
which inactivate suppressor tRNAs from E. coliand T4 phage.150-155 In some of these 
tRNA mutants single nucleotide substitutions have affected tRNA biosynthesis causing 
an accumulation of precursors. A characterization of the mutant precursor tRNAs for 
their sequence alteration and their defects in enzymatic processing suggested that the 
mutations which disrupt the secondary and/or tertiary structure of the molecule result 
in a reduced rate of cleavage by RNase P. Figure 4 shows the location of several mu- 
tations which affect RNase P processing of tRNAlry' precursor. The importance of 
conformation of the tRNA sequence for efficient processing by RNase P is supported 
by the following observations: mutations in the anticodon loop which d o  not affect 
secondary and/or tertiary structure of the tRNA do not alter RNase P recognition of 
precursors; ISo the inhibitory effects of nucleotide substitutions in the hydrogen- 
bonded stems can be reversed by second site mutations that change the nucleotide 
opposite in the stem so that an A:U or G:C base pair can be r e f ~ r m e d . ~ ~ ~ ~ ~ ~ ~  Thus 
RNase P seems to recognize some structural features common to all tRNA precursor 
molecules, probably their tRNA moiety, rather than nucleotide sequences at  the cleav- 
age site. How exactly this recognition takes place is a question still open to specula- 
tion* 1411 155 A study of tRNA precursor cleavage by the single-stranded specific nuclease 
S1 shows that the predominant structural feature of the precursors is their close resem- 
blance to mature tRNAs.Is6 The S1 digestion products of T4 tRNAG1"-tRNAL8" dimeric 
precursor were compared with those of the mature cognate tRNAs. The location and 
accessibility of S1 cleavage sites were observed to be identical in both precursor and 
mature tRNAs. On the basis of these findings it was argued that the dimeric precursor 
is composed of two domains in which the secondary and tertiary conformations are 
very close to those found in mature ~ R N A s . ' ~ ~  The two sites of T 4  tRNAG'"-'RNAL'Y 
precursor cleavage by RNase P (Figure 7A) were found to be inaccessible to S1 nuclease 
digestion, which may suggest a participation of their nucleotides in secondary or ter- 
tiary It is not clear yet to what extent the 5' extra sequences proximal 
to the RNase P cleavage site play a role in enzyme attack. In vitro, a tRNA,rY' precur- 
sor containing only three extra nucleotides at the 5' end was reported to be 
processed.lS1 The 3' terminal region of the precursor affects cleavage by RNase 
P,151.157.158 a fact which may be explained by the three-dimensional structure of the 
tRNA sequence in the precursor which brings the RNase P cleavage site at  the 5' end 
very close to the 3' terminus of the molecule. In the case of T4 tRNAPro-tRNAS" pre- 
cursor which has an immature 3' end, it was shown that the.removal of the 3' extra 
nucleotides and subsequent synthesis of the CCA sequence must take place before 
cleavage by RNase P. l S 7  In contrast, the T4 tRNAG'"-tRNAL" precursor which contains 
a mature 3' CCA end is rapidly processed by RNase P. From this it may be concluded 
that the presence in a precursor molecule of a mature 3' end which includes the CCA 
sequence is a prerequisite for its efficient cleavage by RNase P. It has been suggested 
that RNase P must bind t o  the CCA sequence of the precursor for the cleavage to 
occur.155 The effect of an intact CCA sequence or an untrimmed 3' terminus upon 
RNase P cleavage seems, however, to vary with the precursor substrate. E. coli tRNA 

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

07
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



268 CRC Critical Reviews in Biochemistry 

precursors which accumulate in ts RNase P mutants contain nucleotide residues be- 
yond the terminal CCA, yet in vitro they are excellent substrates for cleavage by RNase 
p~116 .117 .114  It is observed that for many E. coliprecursors the maturation of the 5' end 
by RNase P cleavage takes place before the trimming of the 3' extra s e q ~ e n c e s . ~ ~ . ' ~ '  
Bearing in mind that all E. coli tRNA precursors so far examined contain the CCA 
sequence, it may be argued that its presence is required for efficient cleavage by RNase 
P. On the other hand, the cleavage by RNase P which generates the 5' terminus of T4 
tRNApro was reported to occur in exonuclease-deficient cells in the absence of 3' end 
trimming and CCA Thus, the synthesis of a mature CCA 3' end before 5' 
end maturation of precursor by RNase P seems to be an absolute requirement only in 
the case of the T4 tRNA dimeric precursors tRNAPr0-tRNAS" and tRNArh'-tRNA"*. 
An additional aspect of the role played by the 3' terminal region of a precursor in the 
interaction with RNase P is exemplified by the way in which the processing of dimeric 
precursor takes place. A number of dimeric precursors from both E. coliand T4 phage 
are cleaved by RNase P at two sites to generate the 5' ends of the tRNA moieties. 
There is evidence for a preferential order of cleavage, both in vivo and in vitro, such 
that the 5' end of the 3' proximal tRNA is generated f i r ~ t . ~ ~ ~ . ~ ~ ~ . ~ ~ ~  In vitro RNase P 
was also shown to recognize and cleave some RNA molecules which are not tRNA 
precursors, such as an E. coli4.5 S RNA and a +80-induced M3 RNA.16' 

2. RNase P2 and RNase 0 
An endonucleolytic activity which cleaves in the spacer regions of multimeric tRNA 

precursors was detected in heat-treated cell extracts from E. coli mutants with a ts 
RNase P. Such an activity originally observed in extracts from E. coliA49 mutant was 
designated RNase P2"' and a similar enzyme from ts 241 mutant was designated 
RNase O.lZ5 RNase P2 and RNase 0 are functionally very similar and it remains to be 
clarified whether they represent the same enzymatic activity. Mutants affecting these 
enzymes have not yet been isolated. RNase P2 and RNase 0 have been partially puri- 
fied'3.161 and their specificities studied in vitro using as substrate tRNA precursors 
which accumulate at  the restrictive temperature in ts RNase P mutants. The partially 
purified enzymes cleave specifically at the intercistronic region of multimeric tRNA 
precursors, producing smaller precursor molecules that contain one or two tRNA se- 
quences. These cleavage products, which are sometimes identical with the tRNA pre- 
cursors that accumulate stably in RNase P mutants, can be subsequently processed by 
RNase P to yield tRNA-sized molecules. In a multimeric tRNA precursor which con- 
tains several cleavage sites for the intercistronic endonuclease (RNase P2 or 0) and 
for RNase P the question arises about the order in which the two enzymes process 
their substrate. In a study of the in vitro processing of a trimeric precursor for the 
tRNAmMe'-tRNAX-tRNAlG'" it was found that cleavage reactions catalyzed by RNase 
0 precede those of RNase PIz4. The action of RNase 0 was highly ordered, the enzyme 
having preference for the site proximal to the 5' t e r m i n u ~ . ~ ~ ~ . ~ ~  On the other hand, 
purified RNase P was shown to attack the trimeric precursor at a much slower rate 
than purified RNase 0 and to cleave only at the site proximal to  the 3' terminus, 
producing a dimeric tRNAmM"-tRNAX and a 5' mature tRNAIC'" precursor.124 Shimura 
and Sakano15 have proposed a model for the sequential processing of tRNA precur- 
sors, according to which RNase 0 cleaves first the multimeric precursors providing 
substrates which are more susceptible to attack by RNase P (Figure 10A). This model, 
however, does not explain why multimeric precursors do accumulate in the ts RNase 
P mutants despite the fact that they are substrates for RNase 0. From in vitro studies 
of multimeric precursor processing by RNase P2 and RNase P, Schedl et al.13.1'' have 
shown that complete spliting to monomer precursors is achieved only by a combination 
of the two endonucleases. According to their model for sequential processing, cleavage 
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FIGURE 10. Sequential processing models for multimeric E. coli 
tRNA precursors. (A) Scheme proposed in Reference 25. (B) Scheme 
proposed in Reference 23. In some cases where the spacer region does 
not contain the RNase 0 or  RNase P2 cleavage site, a dimeric precur- 
sor is generated. The dimeric precursor is cleaved by RNase P at  two 
sites following the order indicated. The extra 3' nucleotides of the 
monomers are subsequently removed by exonuclease. 

by one endonuclease exposes a site for the second enzyme as shown in Figure 10B. 
Thus RNase P2 and RNase P cleave the multimeric precursor in a n  alternating fashion, 
starting with the removal of the 5'-leader sequence by an  RNase P cleavage. This model 
may explain the accumulation of multimeric precursors in the RNase P mutants. It 
does not account, however, for the experiments described by Sakano and  Shimura,"' 
according to which multimeric precursors are cleaved into monomeric ones by RNase 
0 alone. One should however consider these conclusions derived from in vitro studies 
with caution and  keep in mind that the proposed schemes for processing of large pre- 
cursors may not have their counterpart in vivo. It is probable that in vivo processing 
of a transcript takes place before its entire length is transcribed and  that large precur- 
sors such as those observed in RNase P mutants are not normally formed. 
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At present we do not know what are the structures recognized by RNase P2 and 0. 
On the one hand, RNase 0 was reported to have some resemblance with another E. 
coli endonuclease, RNase III,16a and to cleave more efficiently double stranded RNA 
structures such as poly(A), p01y(U).'~' The relationship between the two enzymes is 
not clear. On the other hand, there is evidence that RNase P2 is different from RNase 
Ill." The cleavage products obtained by processing an in vitro synthesized T4 tRNA 
rnultimeric precursor with purified RNase P2 were completely different from the cleav- 
age products obtained with purified RNase In fact, RNase P2 was observed to 
cleave the in vitro synthesized multimeric T4 tRNA precursor, specifically yielding 
several intermediate tRNA precursors which could be processed by cell extracts to ma- 
ture size ~ R N A s . ' ~ ~  While these experiments may indicate a recognition of spacers in 
the multimeric T4 tRNA precursor by RNase P2, it is not clear yet whether this enzyme 
is responsible in T4 infected cells for the cleavage of the primary T4 tRNA transcript. 

3. RNase 111 
The role of RNase 111 in tRNA precursor processing is presently unclear. The syn- 

thesis of T4 tRNAG'" was found to be severely depressed in an RNase I11 deficient 
strain, which suggests a participation of this enzyme in the processing of a precursor 
RNA containing tRNAG'n.'64 This hypothesis needs additional evidence since the accu- 
mulation of such a precursor in the RNase I11 mutant has not been observed. 

RNase 111 is responsible for the generation of smaller rRNA precursor molecules by 
cleavage of the large 30 S polycistronic rRNA p r e c u r ~ o r ~ ~ ~ "  and as such it may be 
expected to play a role in the processing of the cotranscribed tRNA precursors. In 
vitro, 30 S rRNA precursor molecules were cleaved by RNase 111 to produce interme- 
diate precursors of spacer tRNAs containing tRNAaGfY or the tRNA,"'-tRNA,,-"' di- 
rner. These precursors were then cleaved by purified RNase P to produce the 5' ends 
of tRNA,Gfu and tRNA,sA'o.165 The 5' end of tRNA,"' is not produced in vitro by RNase 
P, although it must be assumed that the enzyme performs such a cleavage in vivo. The 
secondary structure a t  the 5' end of the tRNA,"' precursor was invoked to be respon- 
sible in vitro for the inhibition of the RNase P action.165 In vitro, RNase P can cleave 
directly the intact 30 S rRNA precursors to generate the mature 5'-termini of tRNAZG'" 
and tRNAleAf' which still contain 3' immature ends. 165 Results demonstrating conclu- 
sively the lack of involvement of RNase 111 in spacer tRNA processing have been ob- 
tained from the study of an RNase 111, RNase P double mutant of E. c ~ l i . ' ~ ~  In this 
mutant, under restrictive conditions a 19s RNA precursor containing both 16s rRNA 
and tRNAaC'Y accumulates. The tRNAZC'" can be released from the 19s RNA by RNase 
P. These results imply the existence of an unidentified endonuclease which is respon- 
sible for a cleavage distal to tRNA sequences in the rRNA precursor and which to- 
gether with RNase P is responsible for the excision of spacer tRNA. In accord with 
these observations are the data obtained from the study of a ribosomal operon (rrnB) 
carried by ArifY18." In this operon a deletion of the promoter and a major part of 16s 
rRNA gene did not prevent transcription of spacer tRNAZG'" and 5s RNA genes from 
a A promoter and normal processing to yield mature RNAs. Since the site for RNase 
I11 cleavage was deleted (this site is formed by the interaction between sequences pre- 
ceeding the 16s rRNA and those following it167), it may be concluded that RNase 111 
is not required for the formation of mature tRNAaGtU or 5s RNAZ7. 

4.  Other Endonucleases 
An endonucleolytic cleavage, which may be of general significance in the processing 

of polycistronic transcripts, was observed to occur in the 3' region of an in vitro syn- 
thesized tRNAlrY' precursor. 140 This precursor, which contained about 100 nucleotides 
beyond the 3' terminus of the tRNAary' sequence, was shown to require both an endon- 
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uclease and an exonuclease for the processing of the 3' end. The occurrence of the 
endonuclease cleavage site seven nucleotides downstream from the CCA end was dem- 
onstrated using a synthetic tRNAlry' gene containing only 16 bp distal to the 3' end of 
the structural sequence.168 The transcript derived from the 16 bp is expected to form a 
hairpin of 5 bp. Since the synthetic gene was transcribed and its product correctly 
processed in a crude in vitro system, it was concluded that an endonuclease recognizes 
and cleaves the hairpin loop and that the remaining seven nucleotides at the 3' end of 
the tRNA precursor are then removed by an exonuclease. Sequencing of the gene for 
tRNA,"' and the surrounding region in a ribosomal RNA operon of E. coli has re- 
vealed the existence of a similar hairpin structure adjacent to the 3' end of tRNA,"', 
which may be the site for an endonucleolytic cleavage. 169 Other still uncharacterized 
endonucleolytic activities have been found to be involved in the cleavage at  the 3' end 
of spacer tRNAs in ribosomal ~ p e r o n s ' ~ ~ . ' ~ ~  and in the processing of the primary tran- 
script of T4 tRNA genes." 

B. Exonucleases 
The tRNA precursors so far identified seem to fall into two types according to their 

3' extra sequences. In one type, generally observed in E. c01i,235116.117 the CCA sequence 
is present, followed by a variable number of nucleotide residues. In the second type 
of precursor, which is observed in several T4 tRNAP5.Iz9 and probably in 
e u k a r y ~ t e s , ~ ~ . ~ ~ . ' ~ ~  part or all of the CCA sequence is missing and its place occupied 
by other nucleotides. The generation of mature 3' termini must therefore involve a 
stepwise exonucleolytic trimming of extranucleotides up to the CCA sequence, or to 
that sequence which could have all or part of the CCA added to it by tRNA-nucleotidyl 
transferase. From the specificity requirements of these reactions we may expect to find 
that different nucleases participate in the processing of the two types of tRNA precur- 
sors. Enzymatic activities which remove in vitro the 3' extra nucleotides of tRNA pre- 
cursors have been observed in crude E. coli e ~ t r a ~ t ~ . ~ ~ . ~ ~ ~ . ~ ~ ~ . ~ ~ ~  Several exonucleases 
have been partially purified but the identification of individual enzymes responsible 
for 3' trimming of tRNA precursors is still confused. 

Schedl et al.23 have isolated a 3' processing activity which copurified with the 3' to 
5'  exonuclease RNase II.l7O In addition, partially purified RNase I1 preparations were 
observed to remove 3' extra nucleotides from an in vitro synthesized tRNA,rJ" precur- 
SOT, 140.141 making this enzyme a possible candidate for 3' end processing of tRNA. An 
additional exonuclease RNase P 111 (distinct from RNase 11) which removes 3' extran- 
ucleotides from tRNAlryr precursors after an endonucleolytic digestion has been de- 
scribed.I4O A similar exonuclease, RNase Q, was recently purifed and shown to process 
the 3' extra nucleotides from monomeric E. coli tRNA precursors only after RNase P 
has removed the 5' extra s e q ~ e n c e s . ~ ' ~ . ~ ~ ~  Snce many tRNA precursors which accu- 
mulate in ts RNase P mutants have additional residues at  their 3' termini it might be 
concluded that trimming the 3' end occurs in vivo after maturation of the 5' end. It 
appears, therefore, that in vitro RNase P 111 and RNase Q both follow the same order 
of processing as observed in vivo. Another 3' exonuclease activity, RNase Y,lS1 can 
digest monomeric precursors into acid-soluble form. However the removal of the 5' 
terminal extra nucleotides by the action of RNase P makes the precursor molecule less 
sensitive to RNase Y. It is not known however whether this enzyme generates correct 
3' ends. The observation that RNase I1 also becomes less active on a precursor which 
has had its 5' extra sequences removed by RNase P leads to the assumption that RNase 
I1 is the same activity as RNase Y.Ir1 Thus the involvement of RNase I1 in tRNA 
precursor processing is not definitely established. 

A major difficulty in the purification and characterization of nucleases involved in 
the processing of tRNA precursors is the scarce amount of substrates available. To  
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overcome this difficulty, large amounts of tRNA mecursors specifically labeled at their 
3' end were prepared with the help of tRNA nucleotidyl transfera~e. '~ '-~' '  Since there 
are two types of tRNA precursors, with or without CCA, the synthetic precursors 
prepared to represent them were: t-RNA-CCAC*C* and tRNA-CU* (where the stars 
indicate radioactive label). Using these substrates, an enzyme specific for the removal 
of extra residues following the CCA sequence, RNase D, was purified from E. 

This enzyme does not remove residues from the CCA sequence and in fact 
regenerates by its action the amino acid acceptor activity of tRNA-CCAC*C*. The 
resistance of the CCA sequence to enzyme attack after extranucleotide removal sug- 
gests that the 3' processing enzyme recognizes the tRNA structure as well as the CCA 
sequence and senses conformational changes which may occur in the precursor during 
its maturation. It cannot be excluded however that the CCA is stabilized in vivo by 
aminoacylation. The other synthetic tRNA precursor, tRNA-CU*, which lacks part of 
the CCA sequence, was resistant to RNase D, supporting the assumption that different 
nucleases are involved in the 3' processing of the two types of tRNA  precursor^.^" 
Since trimming by RNase D of natural tRNA precursors like the precursor to tRNAIrY' 
requires the prior maturation of the 5' end by RNase P,  it is probable that RNase D 
represents the same activity as RNase P III"O and RNase Q.'"' 

The biosynthesis of T4 tRNAPr0, tRNAS", and tRNA"' requires an exonuclease ac- 
tivity which is absent in E. colistrain BN.175 This enzyme termed RNase BN, removes 
the 3' extra sequences of T4 tRNA precursors before the synthesis of the CCA termi- 
nus."' Using as substrate the synthetic tRNA-CU* precursor, RNase BN was purified 
and shown to cleave efficiently a pU residue from the 3' terminus of immature 

extranucleotides from immature tRNA"' and from the tRNAP'"-tRNA5" and tRNAT"'- 
tRNA"' dimeric precursors. 

co]j. 17 I. I74  

tRNAPro . 173 For unclear reasons, however, it was less efficient in the removal of 3' 

C. tRNA Nucleotidyl Transferase - Synthesis of the CCA 
All tRNAs contain the 3'-terminal CCA sequence which is the site of attachment of 

the aminoacid. This sequence can be synthesized by tRNA nucleotidyl transferase, an 
enzyme of wide distribution in both prokaryotes and eukaryotes, which incorporates 
AMP and CMP residues into tRNA molecules lacking d1 or part of the CCA termi- 
nus.176 The question raised in the biosynthesis of different tRNAs is whether the 3' 
terminal CCA is transcribed as part of the precursor RNA or is added post-transcrip- 
tionally by tRNA nucleotidyl transferase. The involvement of tRNA nucleotidyl trans- 
ferase in tRNA biosynthesis was studied with the help of E. coli cca mutants defective 
in this enzyme."' The tRNA-nucleotidyl transferase activity does not appear to be 
required for the biosynthesis or function of E. coli tRNAs; the majority, if not all, of 
E. coli tRNA genes encode the CCA sequence in their DNA. In addition, the suppres- 
sor function of E. coli suppressor tRNAs is expressed at  normal levels in the cca .. 
mutant strain."' A participation of tRNA nucleotidyl transferase in the metabolism 
of 3' CCA terminus of tRNA in E. coliis indicated by the finding of a small fraction 
of tRNA molecules which lack a complete CCA sequence in the cca  train.'^^."^ 
Among these, tRNACy' appears to be the most severely affected by the cca mutation 
(79% of the molecules lacked a complete CCA sequence).''O Since the 3' CCA sequence 
of tRNACys was shown to be coded by the gene, the defective tRNACy' molecules in cca 
cells were assumed to be the result of a high turnover at  the terminus. In this respect 
tRNA nucleotidyl transferase plays the role of a repair enzyme. tRNA nucleotidyl 
transferase is required for the biosynthesis of several T4 tRNAs. As expected from the 
nucleotide sequences of their precursors, tRNAGJ". tRNA"', tRNAPro, and tRNAS" ac- 
quire their CCA terminus post-transcriptiona11y.6s~1z8~1z9 E. coli cca mutants do not 
support the production of mature T4 tRNA species which require CCA addition and 
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were shown to accumulate tRNAs as well as dimeric tRNA precursors with immature 
3' end."' The accumulation of T4 tRNAP"-tRNAS" precursor in cca mutants indicates 
that the 3'-CCA sequence of tRNAS" is normally synthesized by nucleotidyl transferase 
before the precursor is cleaved by RNase P.1s7.182 In order to establish the origin of 
the CCA sequence, whether gene encoded or post-transcriptionally added, McClain et 
al. have comparatively studied the tRNA species induced by T-even bacteriophages 
T2, T4. T6, and RB69 in a cca mutant strain. In general, the biosynthetic origin of 
the CCA sequence of a given tRNA was found to be the same in the different bacteri- 
ophages. In two cases, however, (tRNAS" and tRNA"') the 3' CCA residues were 
formed by tRNA nucleotidyl transferase in one phage but by transcription in another 
phage. Assuming that the different modes of CCA synthesis reflect tRNA gene evolu- 
tion, McClain et al.lS3 speculated that primitive tRNAs did not require 3' CCA residues 
to function and that this requirement has evolved with the refinement of the protein- 
synthesizing machinery. Initially the requirement for CCA was fulfilled by tRNA nu- 
cleotidyl transferase; subsequently, for a more rapid tRNA biosynthesis the tRNA 
genes mutated to forms that encoded the CCA residues. It should be observed that in 
prokaryotes the majority of tRNA genes encode 3' CCA residues in their DNA. 

D. Nucleosidc Modifications 
One of the characteristics of tRNA is the presence of modified nucleosides in addi- 

tion to the four nucleosides (adenosine, cytidino, uridine, and guanosine) normally 
found in RNA. At least 50 different modified nucleosides have been isolated and char- 
a c t e r i ~ e d . ~ . ' ~ ~  The distribution of the modified nucleosides in the cloverleaf model of 
the tRNA is not random and shows site-specific regularities. Of special interest are the 
hypermodified nucleosides such as PA, PA, Q, and Y, which are located either in the 
first position or next to the 3' end of the anticodon, and which seem to play a role in 
the recognition of codon sequences.' Some other modified bases like mSU(T), ry and 
D are present at  specific locations in the tRNAs of most organisms. Since the tRNA 
gene transcripts are made by RNA polymerase from the four unmodified nucleotides, 
the synthesis of all modified bases must occur at the polynucleotide level as part of 
the post-transcriptional maturation process. This fact is clearly demonstrated by ex- 
periments in which tRNA genes carried by the DNA of transducing phages have been 
transcribed in vitro by purified E. coli RNA polymerase to yield completely unmodi- 
fied tRNA precursors. Upon subsequent incubation with crude cellular extracts mature 
size tRNAs were formed which contained several modified n u c l e o ~ i d e ~ . ~ ~ ~ * ' ~  In some 
cases the yield of these modifications, which included the formation of hypermodified 
bases, was very high and the tRNA synthesized and processed in vitro could be ami- 
noacylated.185 The formation of almost all the modified bases, with the exception of 
ry,186 requires the presence of donor molecules (Sadenosylmethionine, threonine, iso- 
pentenylpyrophosphate, etc). In the absence of these, tRNA precursors synthesized 
enzymatically in vitro have been processed by E. coli extracts to mature size tRNA 
molecules which did not contain modified  base^.^^^^^^''' Similarly, precursors isolated 
from E. coli whose nucleoside modification was only partial have been processed effi- 
ciently in vitro.Iz4 This shows that nucleoside modifications are not prerequisite for 
the size maturation of tRNA gene transcripts. 

The biosynthesis of the modified nucleosides in tRNA is still poorly understood. 
Most of our knowledge derives from in vitro studies with purified tRNA modifying 
enzymes and tRNA p r e c ~ r s o r s ' ~ ~ ~ ' ~ ' ~ ~ ~ ~  or undermodified isolated 
from bacterial mutants. In general it was observed that all tRNA precursors isolated 
from cells contain a certain number of modified nucleosides, the type of modification 
varying with the stage of precursor size m a t u r a t i ~ n . ~ ~ ~ ' ~ ~ ~ ' ~ '  The analysis of several 
different E. coli tRNA precursors shows that nucleoside modifications, such as T, ry, 
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D, and m'A, occur a t  early stages of tRNA maturation while others, such as m'G and 
Gm, occur at later stages. In fact the Gm modification is absent even from the mono- 
cistronic tRNA precursors which accumulate in ts241 mutant and appear to occur only 
after precursor processing by RNase P.124.187 The y in the anticodon region was re- 
ported to be synthesized as a last step in the maturation of -tRNAlrY' from an E. coli 
tRNAlry' mutant.'88 Recently, however, using in vitro synthesized tRNAIrY' pre- 
cursor it was shown that a purified pseudouridylate synthetase 1 can synthesize the 
anticodon y directly on the initial transcript before any size maturation has taken 
~ l a c e . ' ~ '  In yeast ts136 mutant tRNA precursors which accumulate contain some mod- 
ification such as y, D, T, and m'G but lack Gm or Cm.98 It appears that some modi- 
fying enzymes may possess an absolute specificity for mature-size tRNA while others 
may recognize particular sequences on a tRNA structure which is part of larger precur- 
sor molecule. The study of nucleoside modifications in T4 tRNA precursors tRNAPro- 
tRNAS" and tRNAG'"-tRNAL'" from T4 tRNA mutants have demonstrated the impor- 
tance of the tRNA conformation for recognition by modifying  enzyme^.'^' Nucleotide 
substitutions that occurred in one of the tRNA sequences of the dimeric precursors 
(e.g.. in the tRNAS" or tRNAG'" moiety) reduced the extent of nucleoside modification 
only in that tRNA sequence which contained the mutant nucleotide. The second tRNA 
moiety of the dimeric precursor was found to be completely modified, probably be- 
cause it retained the conformation recognized by the modifying enzymes.1s4.1ss 

In view of the importance of substrate RNA conformation for nucleoside modifica- 
tion, it is not surprising to find that introduction of the same modification at different 
sites involves different enzymes. Thus the biosynthesis of ~(r in the bacterial tRNA is 
carried out by two different enzymes: (1) the pseudouridylate synthetase 1 coded by 
the his T gene is responsible for the synthesis of v, in the anticodon region of several 
tRNA species; and (2) the pseudouridylate synthetase I1 responsible for the synthesis 
of y in the TyCG loop of every tRNA m o l e ~ u l e . ~ ~ ~ . ' ~ ~  A well-studied class of tRNA 
modifying enzymes are the tRNA methylases. These include a large number of differ- 
ent enzymes, each responsible for the synthesis of a specifically methylated nucleoside. 
The methyl donor for tRNA methyl-transferase reactions is in most cases Sadenosyl- 
L-methionine, although sometimes the methyl group is derived from formyl-tetrahy- 
drofolate.'93 The isolation of E. coli mutants with defects in RNA rnethylati~n"~ has 
enabled the identification of the rrmA locus with the gene of the methyl transferase 
responsible for the production of mSU modification in tRNA.194 Other E. colimutants 
were found to be defective in the biosynthesis of m7G (trmB) or mamss2U (trn~C).'~~ 
Recently a general method for the isolation of E. coli mutants defective in nucleoside 
modifications, based on the accumulation of undermodified RNA under nonpermis- 
sive growth conditions and detection of mutants by remodification either in vivo a t  
permissive conditions or in vitro, has enabled the isolation of two ribosomal and two 
tRNA methylation defective mutants.I9' In one of the mutants the tRNA was shown 
to lack mamss2U due to a permanent nonfunctional methyltransferase ( t r d ) .  while 
in another mutant a defect in the synthesis of mlG was caused by a ts transferase 
( rrrnD).'97 From the map locations of mutations affecting tRNA methylation and pseu- 
douridylation it appears that the genes involved in tRNA modification are scattered 
all over the E. coli chromosome. The level of tRNA (msU) methyl transferase was 
shown to be under the same stringent control as stable RNA and ribosomal proteins.'" 
However, there is no coordinated regulation of the different tRNA methyltransferases 
since the enzymes synthesizing mamss'U and mlG were not found to be stringently 
regulated. IP9 

The biosynthesis of several hypermodified nucleosides such as ms2i6A, PA, and Y 
appears to be a multistep process which involves several enzymes and donor substrates, 
and has been recently reviewed.g The synthesis of moSU and cmoSU, which occupy the 
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NH 

Ribose 

FIGURE 1 I .  Nucleoside 
Q (queuosine). 

first position of anticodons in certain tRNA species, was shown to occur via a common 
5-hydroxyuridine precursor which is subsequently methylated or acetylated.zOO Recent 
studies of the biosynthesis of nucleoside Q (queuosine) (Figure 11) have revealed a 
novel type of post-transcriptional modification in tRNA: insertion of a modified base 
into the polynucleotide chain by cleavage of the N-C glycoside bond without breakage 
of the phosphodiester bond.'O' An enzyme with a tRNA transglycosylase activity was 
initially discovered in the lysate of rabbit reticulocytes."' This enzyme was shown to 
carry out a specific exchange of guanine with queuine (Q base) or guanine located in 
the first position of the anticodon of tRNATY', tRNA"", tRNAASn or tRNAA*p.203 A 
similar guanine insertion enzyme was found in E. coliand was recently purified to 
h~mogenei ty . '~~  It was shown that the actual substrates of the E. coli tRNA transgly- 
cosylase are the Q precursors rather than guanine, and queuine (Q base) itself was not 
incorporated into tRNA nor released by the transglycosylase reaction.'" In fact, one 
of the Q precursors, 7-(amino-methyl)-7deazaguanine was found in the acid-soluble 
fraction of E. colicellsZos and in vitro was irreversibly exchanged by the purified tRNA 
transglycosylase with the guanine located in the first position of the anticodon of un- 
dermodified tRNAA'" and tRNATJ".'O' It seems therefore that a Q precursor, probably 
7-(aminomethyl)-7-deazaguanine, is incorporated into tRNA by transglycosidase reac- 
tion and then it is successively modified to form a complete Q The E. coli 
transglycosylase shows a very high specificity toward the base and its location in the 
polynucleotide chain. The exchange of base by cleavage of N-C glycoside bond takes 
place without requirement of an enzyme source. 

E. Processinp. of T4 tRNA Precursors 
Genetic and biochemical data have established that T4 tRNA genes are transcribed 

as a polycistronic RNA molecule. However, in vivo the initial transcript has not been 
detected and there are no experimental data describing the first processing steps leading 
to the generation of the intermediate monomeric and dimeric precursors observed in 
T4 infected cells. The recent DNA sequence analysis of the T4 tRNA gene cluster, 
together with the complete sequence of all T4 tRNA precursors, make it possible to 
retrace the way these precursors are generated7' (Figure 12). It appears that the T4 
tRNA precursors must have been joined together in a primary transcript and generated 
by' endonucleolytic cleavages. The first endonucleolytic cleavage generating the 5' end 
of the tRNAG'"-tRNAL" precursor is made by an enzyme of unknown specificity. I t  is 
not clear whether RNase 111 is responsible for this cleavage, although the synthesis of 
T4 tRNAG'" was reported to be severely depressed in RNase 111 deficient cells.'64 Other 
sites of cleavage, which occur in regions containing exclusively A and U, imply an 
endonuclease activity that recognizes a tRNA ~tructure.~.'' This nuclease cleaves the 
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FIGURE 12. Schematic representation of the transcript of the T4 tRNA gene cluster. The tRNA structures 
are represented by boxes. The arrows mark the endonucleolytic cleavages that must occur in order to gen- 
erate the tRNA precursors detected in vivo.'z 

transcript next to a CCA or CCAA sequence generating the 3' ends tRNA of tRNAC'"- 
tRNAL'" and tRNAG'" precursors. The 3' ends of tRNAP"-tRNASmr and tRNAThr- 
tRNA"' precursors may be similarly produced (Figure 12). Here in the absence of an 
encoded 3' CCA sequence, the cleavage takes place in such a way that both dimeric 
precursors have three nucleotides, UAA in tRNAS" and UAU in tRNA"', which have 
to be removed before addition of the CCA. The tRNArh'-tRNA"* precursor, due to 
the presence of the CCA at the interstitial sequence, is probably cleaved by the same 
endonuclease to produce a tRNArhr CCA p r e c u r ~ o r . ~ ~ ~ ~ ~ ~  Such a cleavage may explain 
why this dimeric precursor is found in low yields and does not accumulate in ts RNase 
P mutants.'29 The DNA sequence analysis of the smaller T4 tRNA gene cluster indi- 
cates that tRNAArE species 2 and species lRNA are probably cleaved from the T4 tRNA 
primary transcript by the same endonucleolytic activity, generating the 3' ends of 
tRNAAr8-CCAA, species 2 RNA-CCA and species 1 RNA-ACA.72 The endonuclease 
responsible for these cleavages is probably a host enzyme not yet identified. 

The detailed information now available about the processing of intermediate T4 
tRNA precursors tRNAPro-tRNAS", tRNAG'"-tRNAL8', and tRNArh8-tRNA"* into ma- 
ture tRNAs sheds light on the diversity of this process. It was shown to involve several 
enzymes and a different pathway of maturation for each tRNA.72*129 The maturation 
of tRNAP'O and tRNAS" from their dimeric precursor requires the participation of 
RNase P, 3'-exonuclease BN and tRNA nucleotidyl transferase in a sequential set of 
reactions established by McClain and  collaborator^^^^^^^^ and summarized in Figure 13. 
The important feature of the processing of tRNAPro-tRNAS" precursor is the absolute 
requirement for 3' end maturation (removal of 3' extra nucleotides and addition of 
CCA) before cleavage by RNase P. The transient accumulation of T4 tRNA precursors 
in T4 infection of wild-type E. coli as compared to  mutant cells with a ts RNase P 
seems to reflect this requirement. While the dimeric precursors tRNAPm-tRNAS" and 
tRNArhe-tRNAJt8 show transient accumulation in wild-type infections, the monomeric 
tRNAG'y and dimeric tRNAGJ"-tRNAL8" precursors can be detected only in infections 
of a mutant with ts RNase P. The reason for this behavior resides in the fact that 
tRNACJy precursor and the tRNAL8" moiety of the dimeric tRNAG'" tRNAL*" precursor 
have the CCA sequences encoded and are thus rapidly processed in cells containing a 
wild type RNase P. Figure 14 shows the scheme of this processing. In the processing 
of precursors with immature 3' ends like tRNAP"-tRNAS" and tRNArh'-tRNA"' the 
rate-limiting step must be their trimming at  the 3' end prior to RNase P cleavage. The 
processing pathway of the tRNArh'-tRNAIJ' was recently d e ~ c r i b e d . ' ~ . ~ ~ ~  This precursor 
can be processed in an analogous fashion to tRNAPro-tRNAS" (Figure 15). However, 
the maturation of tRNATh"-tRNA"' was observed to be assymetric in wild-type cell 
infections and to yield tRNA"' in 30% the amount of tRNArh'.129 An additional path- 
way of processing was proposed which takes into account the unique disposition of a 
mature 3' terminal CCA sequence in this dimer (Figure 15). According to this scheme. 
the previously described endonucleolytic activity which recognizes a tRNA-CCA 
moiety and cleaves the large T4 tRNA primary transcript, would cleave the tRNArh'- 
tRNA"' next to the tRNArh' CCA sequence. The cleavage is assumed to occur at several 
sites, including the 5' end sequences of tRNA"' which, as a result, would be labile and 
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p~~~~~~~~~ cu a UAA 

RNase BN 1 
I 

I 1  

pUUUAAUUUA CU 

tmnsferase 

pUUUAAUUUA SU m C C A  

RNaseP RNaseP 

lprdcU m C C A  

RNaseBN 1 
lprol€ 

transferase I 
CCA 

FIGURE 13. The processing scheme of 
T4 tRNA'" -tRNAL' precursor. The 
tRNAstructures are represented by boxes 
and the encoded residue corresponding to 
part of the mature 3' CCA terminus is 
underlined. The precursor is processed by 
exonuclease RNase BN"'."', tRNA nu- 
cleotidyl transferase and RNase P in the 
sequential order established in Reference 
132. 

pAAUAAU [GlnlC m C C A  p AUU u lGlyl CCA 

RNase P I RNaseP RNaseP 

I C C A  
1 1  
1 
mc W C C A  

transferase 

m C C A  

FIGURE 14. The processing scheme of T4 tRNA"'" -tRNAL" 
and tRNAG" precursors. The encoded residues corresponding 
to all or part of the mature 3' CCA terminus are underlined. 
tRNAL" and tRNAG'r are generated by single RNase P cleav- 
ages. tRNA nucleotidyl transferase is required for the comple- 
tion of the CCA sequence of tRNAG'"."."' 

degraded.Iz9 Thus it appears that although the T4 tRNA region is transcribed as a 
single molecule, the relative amounts of individual mature T4 tRNAs vary as a result 
of the maturation process. The organization of the T4 tRNA genes and the surround- 
ing sequences seem to be designed in such a way as to allow a control of the final level 
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pUUUU CCA A~UAL1--or-pUUUU[ThrlCCL\A(lleUAU 

RNase BN I endonuclease X I 
uuuu (Thrl CCA A p u u u u  l~hrl CC~G---:~GJUAU 

transferase 3'exonuclease 1 (RNaseD) 1 
p u u u u I T h r l C C A A I I l e c c A  p u u u u m ~  degradation 

RNaseP 

m C C A A  m C C A  CCA 

3'exonuclease 
(RNase D) 

FIGURE IS. Two processing pathways for the tRNArh' -tRNA"' pre- 
cursor. (Left) Maturation is initiated by exonuclease RNase BN13t.i'J fol- 
lowed by a sequential processing reaction involving tRNA nucleotidyl 
transferase, RNase P and another exonuclease, tentatively indicated as 
RNase D."' An alternative pathway (right) implies an endonucleolytic 
cleavage by a still unidentified enzyme, which generates a tRNA"' pre- 
cursor with a mature 3' CCA end or, as shown in the figure, a 3' CCA 
end containing several extranucleotides. The extranucleotides are then re- 
moved by an exonuclease. When endonucleolytic cleavage occurs into the 
nucleotides from the 5' end of tRNA" the latter becomes unstable and is 
degraded.'2.'2q 

of each tRNA by modulating the efficiency of RNA precursor processing. The enzymes 
involved in T4 tRNA processing seem to be all host enzymes and mutations in E. cofi 
RNase P, exonuclease BN, and tRNA nucleotidyl transferase restrict T4 tRNA synthe- 
sis. The complete maturation of tRNA", tRNAS", tRNA"', and tRNAGIy requires as 
a final step the synthesis of the Gm modification in the D loop. 

A T4 phage function, mb, coded for by a gene located at  some distance from the 
tRNA region, was reported to be required for the synthesis or stability of the tRNAP'" 
tRNAS", tRNA"' and species 2 RNA.S7~'06~207 Conclusive evidence was presented that 
T4 mbfunction is not an endonuclea~e.'~ 

F. Processing of Eukaryotic tRNA Gene Transcripts 
It has been known for some time that cytoplasmic extracts of mammalian cells, 

yeast, and ~ i l k w o r m s ' ~ ' ~ ' ~ * ~ ~ ~ ~  contain activities which can reduce the tRNA precursors 
to the size of tRNAs. However, the fact that until recently no radiochemically pure 
precursors to a single eukaryotic tRNA species were avilable has hampered the at- 
tempts to identify and purify specific processing enzymes. The lack of a well-defined 
eukaryotic substrate has led research workers to the use of the much studied E. coli 
tRNA,ry' precursor. It was argued that since the secondaryltertiary structure of the 
tRNAs was conserved during evolution, the processing enzymes from eukaryotes may 
be similar to the bacterial enzymes in recognizing the tRNA conformation of the E. 
coli tRNA precursor. Such an approach has revealed in KB cells on endoribonuclease 
activity with RNase P-like specificity that generates the 5' end of the mature tRNAs."' 
The cleavage products generated from E. cofitRNA,ry' as well as from other precursors 
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by the K B  cell activity were identical in size to those produced by the E. coli RNase P. 
With the isolation and identification of several tRNA precursors from silkworms and 
yeast it became possible to study the action of eukaryotic processing enzymes on their 
natural substrates. In the silk gland of Bombyx mori two enzymatic activities analo- 
gous to those from E. coli have been detected: an RNase P-like activity and a 3’ to 5’ 
exonuclease.”o In vitro, the maturation of the tRNA precursors from B. mori was 
found to be a two-step process which involves first the removal of the 5‘ end extranu- 
cleotides and then an exonucleolytic trimming of the 3’ end. From these studies it 
appears that the enzymes participating in the processing of the 5‘ end 3’ ends of tRNA 
precursors are similar in eukaryotes and prokaryotes. Data from sequence analysis of 
several cloned tRNArJ” and tRNAPh’ yeast  gene^'^.'^ indicate that the regions upstream 
from the 5‘  end of mature tRNAs are dissimilar, and imply a variability in the 5’ leader 
sequences of the precursors. It may be assumed therefore that the 5‘  end processing 
enzymes from eukaryotes, like their counterpart in prokaryotes, must recognize pre- 
cursor structure rather than nucleotide sequence. Since the yeast tRNA genes so far 
sequenced do not code for the CCA ~ e q u e n c e , ’ ~ . ~ ~  the 3‘ end maturation of the tRNA 
precursors must include removal of extra nucleotides and CCA addition. The interven- 
ing sequences observed in several yeast tRNA genes98-1w.1J6 are transcribed and are 
found in the precursors accumulating in ts 136 mutant. Eukaryotic tRNA maturation 
must therefore involve not only nucleolytic cleavage, base modification, and CCA ad- 
dition, but also excision of the intervening sequences and religation - a process re- 
ferred to as “splicing”. Using as substrates the tRNA precursors accumulating in ts 
136 mutant, an excision-ligase activity was detected in yeast extracts which will process 
the precursors to mature ~RNAS.’~.”’O.”~ So far no definite cellular location was deter- 
mined for this activity. It requires Mg”, ATP, and 0.05 to 0.15 Msalt and is inhibited 
by tRNA. It should be observed that only a limited number of tRNA precursor species 
accumulate in the ts 136 mutant and that all the accumulating precursors so far ana- 
lyzed contain intervening sequences. This suggests a connection between the mutant 
in the m a  1 gene13s which causes RNA accumulation in the nucleus, and the lack of 
removal of intervening sequences. The simplest explanation would be to assume that 
the lesion in the ts 136 mutant lies in the RNA splicing enzyme. There is no indication, 
however, of an increased temperature sensitivity of the enzyme from the mutant as 
compared to that from wild-type cells. At the same time we do not know the number 
of enzymes involved in the splicing of different precursors containing intervening se- 
quences and more experimental data are required for the understanding of this tRNA 
maturation pathway particularly to eukaryotes. 

The frog oocyte provides a useful system for the study of eukaryotic tRNA gene 
transcription as well as precursor processing. DNA injected into the nucleus of Xeno- 
pus oocyte is transcribed in viva."'."' In this fashion the Xenopus oocyte has been 
proved to be especially efficient in expressing those genes which are transcribed by 
RNA polymerase 111, the 5s ribosomal RNA, and the tRNA genes. Shown first to 
transcribe faithfully cloned genes from Xenopus coding for 5s RNA”’ and 
tRNAIM”,z14 the oocyte is also able to express cloned tRNA genes from heterologous 
systems like nematode215 and yeast.’16 A cell-free system recently derived from the 
Xenopus oocyte is capable of accurate in vitro transcription of Drosophila, Schizosa- 
charomyces pombeD0 and S. cerevisiaPoo tRNA genes. 

From these studies it was observed that the transcription of the tRNA genes in the 
Xenopus system produces intermediate precursor molecules which are slowly processed 
into mature ~ R N A s . ~ ~ ~ ~ ~ ~ . ~ ~ ~ ~ ~ ~ ~  The expression of several cloned yeast tRNAry‘ genes 
and a yeast tRNAr‘p gene, which all contain intervening sequences, was studied in the 
Xenopus oocyte in vivo or in cell-free extracts.100.”6 The RNA synthesis was conducted 
in the presence of ( (~-~~P)] - labe led  nucleoside triphosphates, and the products were 
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separated by acrylamide gels and analyzed. These experiments have enabled for the 
first time the isolation of a eukaryotic tRNA gene primary transcript having an extra 
fragment at the 5' end and an intervening RNA sequence, but lacking the 3'CCA end 
as well as modified bases.z16 A 5' leader sequence containing the initiator nucleoside 
triphosphate was observed to be present in the primary transcripts derived from four 
different yeast tRNATY' genes examined. In all these transcripts the 5' leader sequence 
presents considerable variability in length and nucleotide sequence. n6 The Xenopus 
RNA polymerase 111 seems to recognize the yeast tRNA transcription unit and initiates 
in close proximity to the tRNAryr genes. Sequence analysis of the major RNA species 
and the time course of their accumulation in the oocyte indicate that removal of the 
5' extra sequences, 3' end trimming, and addition of the CCA take place before the 
splicing. Several modifications occur probably at the stage of termini processing and 
are for the first time detectable in a precursor which has mature ends but still contains 
the intervening sequence. The splicing activity of the Xenopus system converts both 
tRNArY' and tRNAf'p precursors into covalently linked mature size tRNA.100.z'6 Al- 
though the splicing of yeast tRNAs is reported to be less efficient in Xenopus oocytes 
than in wild-type the fact that it takes place at all and with apparent fidelity 
in such a heterologous systems is remarkable. The presence of a splicing activity in 
Xenopus implies the presence of intervening sequences within tRNA genes in this or- 
ganism, a fact which has to be demonstrated. It may also suggest a common evolution- 
ary origin of intervening sequences and splicing activities in eukaryotes. The specificity 
of these enzymes seems to be directed toward a common feature of their substrates, 
probably the secondary and tertiary structure of the tRNA precursors. A comparison 
of the known intervening sequences of four different yeast ~ R N A S ~ ~ - ' ( " ' . ' ~ ~  shows no 
sequence homology; nevertheless, it is possible to fit them all in similar secondary 
structure models as shown in Figure 8. In all the tRNA precursors so far examined 
the 5'-end splice site is always adjacent to the position of the modified base, next to 
the 3' end of the tRNA anticodon, and the 3' end of the splice is located next to a 
similar mature tRNA sequence, AUC. 

V. tRNA GENE EXPRESSION 

A. Transcription of tRNA Genes 
Transcription is governed by two events - initiation and termination of RNA syn- 

thesis which occur a t  different specific sites along the template. The sequence and 
structural features of these DNA sites, promoters, and terminators serve as recognition 
signals for RNA polymerase. In E. coli the correct initiation of RNA synthesis has an 
absolute requirement for an RNA polymerase containing the o f ac t~ r .~ ' '  The termina- 
tion of transcription in vitro requires in some systems the presence of the termination 
factor Q , " ~  which seems to have an essential function in V ~ V O . ~ ' ~  Information on the 
transcription of a tRNA gene has become available from in vitro studies on the E. coli 
tRNAIry' system, using the DNA of transducing +80 phages carrying one or both 
tRNA,Tyr genes.4~.49.143.~Z0.ZZl Th e complete sequencing of the tRNAIryr region together 
with in vitro transcription studies has established a promoter and a terminator which 
define the tRNAlry' transcription  nit."*'^^*"^ The DNA sequence following the 3' end 
of the structural gene was found to have an unusual structure. It consists of a 178-bp 
sequence that is repeated 3.14 times44 and contains an in vitro q-dependent transcrip- 
tion termination site.143 The first repeat unit starts 19 bp before the end of the sequence 
encoding the mature tRNA. In vitro transcription studies with purified restriction frag- 
ments derived from #80psus+DNA indicate that the transcript of the single tRNAlry' 
gene contains approximately 350 nucleotides. RNA synthesis is initiated 41 nucleotides 
upstream from the 5' end of the mature tRNA and continues 224 to 226 nucleotides 
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- sp - 2p - 10 trdnacriptfon 
I --c- 

5' I , , TTACAGCGGCGCGTCATTTGA~ATGATZC&CCC&TTCC, I , , 
3' , I ~AATGTCGCCGCGCAGTAAACT,AI~Cl3ASGCGGGGCGAAGG, I I 

I I I I l l  I 
C C C TTAA 
G G G AATT 

FIGURE 16. Nucletide sequences in the promoter region of 
tRNAIry' gene. Part of the nucleotide sequence of the tRNAIry' pro- 
moter region m is presented indicating the promoter heptamer se- 
quence, "Pribnow box,"''s~zJ*, the regions of inverted repeats (+*) 
and the initiation of transcription site." Two types of bp alterations 
have been introduced in the tRNAIrv' gene promoter region: (a) Four 
G:C have been substituted by four A:T into a synthetic tRNAtrY' gene, 
resulting in an increased expression of the gene."s (b) Mutants con- 
taining single base pair A:T to G:C transitions in the A:T rich region 
of the promoter show a considerable reduction in the expression of 
tRNAlr"' suppressor activity. '* 

beyond the CCA 3' end of the tRNA, terminating at  p-dependent A promoter 
for tRNAlrY' gene was located within 50 nucleotides upstream from the initiation of 
transcription site."' The complete chemical synthesis of tRNAIrY'~us+ genezz3 and its 
in vitro transcription'6B and in vivo expre~sion''~ help establish the functional structure 
of this gene. The transcription of the synthetic gene, which contained 51 bp upstream 
from the initiation site and only 16 bp following the CCA end, was promoter con- 
trolled and initiated with pppG at the correct site. The primary transcript was then 
correctly processed in vitro by cell  extract^."^ The synthetic tRNA,ry'su,+ gene was 
cloned into plasmid and phage vectors and found to be functional in suppressing amber 
 mutation^."^^^'^ A sequence alteration was introduced into the synthetic su3+ gene by 
substituting for the four G:C base pairs immediately precedingthe point of transcrip- 
tion initiation four A:T base pairs (Figure 16). It was assumed that a decrease in G:C 
content of the promoter will allow a higher rate of transcription by lowering the Tm 
of the region and facilitating stand separation by RNA polymerase. The modified syn- 
thetic gene was cloned and indeed found to be transcribed to a greater extent than the 
unmodified gene. The enhancement is however less than twofold, which suggests that 
the four changed nucleotides are not of critical importance for the expression of the 
gene.z15 It should be observed that the synthetic tRNAlry' gene lacked the transcription 
termination signal and the 178-bp repeat sequence observed in the naturally occurring 
gene.44 Apparently a tRNAlry' gene containing only 16 bp beyond the tRNA 3' CCA 
end can be functional due to the existence of a processing signal in this region.'68 An 
endonucleolytic cleavage will process the tRNA precursor close to the CCA end. In 

DNA, transcription of the tRNAlrYr genes carried as a doublet by the +80psu3+,- 
(Kyoto)2z6 phage DNA did not require p factor for terminat i~n. '~~." '  It seems that the 
distal region of the tRNAIry' gene carried by this phage does not contain the 178-bp 
repeat sequences and the p-dependent termination 

Information about the properties of tRNA gene promoters was obtained from in 
vitro transcription studies. Early experiments have shown that tRNA genes can be 
efficiently transcribed using purified DNA and RNA polymerase (holoenzyme) without 
the requirement of any additional factors.'37.138.145 The formation of RNA polymerase- 
promoter complex is characterized by a binding constant specific for each promoter 
which is determined by its structure and the conditions affecting the state of DNA 
template such as salt concentration, temperature, and nonionic ~olvents.'~' The 

contrast with the in vitro transcription studies of +8Opsu,+ ( C a ~ n b r i d g e ) ~ ~ . ~ ~ . ' ~ ~  phage 
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tRNAIrYr promoter, when studied by transcription from DNA restriction fragments, 
appeared to be exceptionally salt sensitive, to require glycerol for function, and to be 
unable to form a rifampicin resistant promoter-polymerase complex.49 However, all 
these properties which may indicate a weak promoter-polymerase interaction were not 
observed when the same tRNA gene was transcribed from a whole +80psu3+,- phage 
DNA template.'44.120.221 In fact the tRNAlrY' gene appears to have a rather strong pro- 
moter which is preferentially selected from +80psu3+,- DNA in transcription reactions 
containing limiting amounts of RNA p 0 1 y r n e r a s e . ~ ' ~ ~ ~ ~ ~ ~ ~ ~  These observations suggest 
that the size of the template may affect the efficiency of promoter function. In vitro 
studies with high molecular weight E. coli DNA templates show also a selective and 
efficient transcription of tRNA genes by RNA polymerase which takes place in the 
presence of relatively high salt concentrations (up to 0.2 

B. Regulation of tRNA Synthesis 
There are two ways in which tRNA synthesis can be regulated: at the transcriptional 

level through the control of the amounts of transcripts produced, and at the matura- 
tion level through the control of the amount of mature tRNA formed. The way tRNA 
transcription is regulated is poorly understood. In E. coli the rate of transcription of 
tRNA and rRNA genes depends on the growth rate of the cell and is under stringent 
contr01."~ During amino acid starvation, stringent (rel+) bacteria but not relaxed (rel-) 
mutants stop stable RNA synthesis. Concomitantly, the starved cells accumulate 
ppGpp which has been proposed to be the mediator of the stringent response in vivo. 
It has been suggested that ppGpp acts as an effector of negative control of transcrip- 
tion initiation by interacting directly with RNA polymerase and reducing its affinity 
for rRNA and tRNA p r ~ r n o t e r . ' ~ ~  Although in vivo the synthesis of rRNA seems to 
be inversely correlated with the concentration of ppGpp, the question whether this 
compound has a direct effect on rRNA synthesis has not been settled. Selective inhi- 
bition by ppGpp of in vitro rRNA synthesis was observed in a number of laboratories, 
while negative results were obtained by others (for a review see Reference 30). Recently 
it was shown that there are two transcription initiation sites for each of the rrnA and 
rrnE E. coliribosomal operons, and ppGpp was found to inhibit in vitro transcription 
from both sites in each rRNA ~peron . '~ '  The effect of ppGpp on in vitro tRNA gene 
transcription is still uncertain. In one case the transcription of E. coli tRNA,rY' gene 
was reported to be selectively inhibited by ppGpp,z32 while in others the synthesis of 
tRNA*Y' and bulk E. coli tRNA (directed by E. coli DNA) were found to be unaf- 
fected. 228.23J The involvement of a positive factor such as protein elongation factors 
TuTs in rRNA and tRNA synthesis is also c 0 n t r 0 ~ e r ~ i a 1 . ~ ~ ~ ~ ~ ~  Thus in vitro studies have 
not provided consistent information on the regulation of stable RNA transcription. 
The recently described association of several tRNA genes with rRNA o p e r ~ n s ' ~ - ' ~  de- 
fines perhaps a special class of tRNA genes. These genes, which code for major tRNA 
species in E. coli, are transcribed from a rRNA promoter and are coregulated with the 
rRNA genes. This may explain some of the common features observed in the regulation 
of both rRNA and bulk tRNA synthesis. The transcription of the tRNA genes which 
are not associated with rRNA operons may be regulated by a different mechanism. 
This may account for the observations that under the same growth conditions there 
are some variations in the rate of tRNA synthesis as compared to that of rRNA.134.235 
The synthesis of one E. coli tRNA species, tRNA,La was found to be controlled inde- 
pendently.236 The relative amounts of the two tyrosine-accepting tRNA species were 
also observed to vary during cell growth. Although tRNAZZyr is coded for by a single 
gene, the amount of this tRNA species is equivalent to that of tRNAlry' (coded for by 
two genes) early in the E. coligrowth cycle and becomes twice that amount in the late 
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cell cycle.z37 There is no explanation yet for the way the amounts of these tRNAs are 
regulated. 

Control of tRNA synthesis at the maturation level may be exerted through any of 
the enzymatic steps involved in processing. The T4 tRNA system previously described 
furnishes an example where processing controls the level of the tRNAs. Here although 
the eight tRNA species are transcribed as a single RNA molecule, the final amounts 
of mature tRNAs can vary several folds due to the build-in requirements of the precur- 
sors for a different processing pa th~ay .~ ’ . ’*~  

VI. CONCLUDING REMARKS 

The organization of tRNA genes is a field of research which promises to advance 
rapidly in the near future. With the molecular cloning and DNA sequencing techniques 
now available one may anticipate that the nucleotide sequences of more tRNA genes 
will soon become known. Much effort is expected to be spent on the study of the 
structure and organization of eukaryotic tRNA genes, especially from higher organ- 
isms. 

The isolation and characterization of tRNA precursors has led to a knowledge of 
many of the steps and enzymes involved in the processing of tRNA gene transcripts. 
Basically, the process of precursor maturation does not seem to differ going from 
simple organisms to the eukaryotic cell. Whether derived from prokaryotes or eukar- 
yotes, the processing enzymes have similar requirements for recognition of tRNA-like 
structures and perform similar reaction. Thus, together with the conservation of tRNA 
structures, the principles governing tRNA precursor processing seem to have been pre- 
served during evolution. In eukaryotes, tRNA precursor processing involves in addi- 
tion “RNA splicing”, which appears to be a general way of RNA processing in these 
systems. 

Due to its complexity, the control of tRNA gene expression is still poorly under- 
stood. One may hope that information about the structure of controlling sites in tRNA 
genes, which can be obtained from DNA sequencing, will help unravel some aspects 
of the regulation of tRNA synthesis. The role of precursor processing as a control 
mechanism for the modulation of tRNA gene expression has only started to emerge 
from recent studies. Due to the presence of intervening sequences, this mode of control 
may prove of major importance in the expression of genes in higher organisms. 
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