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/. Introduction 

Expression of genetic information depends on specific 
interactions between proteins and nucleic acids. Se
quence-specific interactions are critical not only for 
transcriptional expression and regulation of genes but 
also for all translation and other posttranscriptional 
events. The recognition of specific RNA molecules is 
the basis for all these posttranscriptional events. 

The recognition of tRNA and tRNA-like structures 
in protein synthesis is an example of the kind of prob
lem for which in vitro RNA synthesis has been used to 
define the basis for specificity. Yeast tRNAphe,1,2 yeast 
tRNAA8P,3 Escherichia coli tRNAjMet,4-5 and E. coli 
tRNAGln6 are the only RNA molecules for which there 
are high-resolution three-dimensional X-ray structures. 
These structures have provided details about the precise 
geometries of helical domains and unpaired nucleotides, 
suggesting potential determinants for recognition by 
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proteins such as aminoacyl tRNA synthetases.7-13 

RNA sequence and length variants can be rapidly 
generated by in vitro synthesis. From the study of these 
variants, the contributions of individual nucleotides to 
the interaction energy and specificity of a specific 
complex can be tested. In vitro RNA synthesis has been 
used to investigate tRNA recognition, the mechanism 
of catalytic RNA,14"18 RNA splicing,1*"21 and struc
ture-function relationships of ribosomal RNAs.22-24 

With the exception of particular aspects of ribosomal 
RNA structure, little is known about the tertiary 
structures of RNAs other than tRNAs, so we focus here 
on the recognition of tRNAs and tRNA-like structures 
as model systems for the recognition of more compli
cated RNAs. Some general features of RNA structure, 
including the parameters for the basic helical motif and 
the atomic structures of tertiary interactions, such as 
triple base pairs, are known from the work on tRNAs.25 

These structural features are a starting point for the 
consideration of how synthetic RNA substrates have 
been used to study the recognition of specific tRNAs 
and tRNA-like structures. 
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Figure 1. Space-filling models of A-form and B-form DNA. 
Views are perpendicular to the helical axis. The models are shaded 
and labeled to emphasize the differences in depth and width 
between the major and minor grooves, as well as differences in 
helical pitch. 

/ / . Background and General RNA Structural 
Considerations 

A. RNA Structure 

With the exception of certain viral genomes—such 
as those of reovirus, sheep blue-tongue virus, rice dwarf 
virus and other unrelated icosohedral animal and plant 
viruses—RNAs generally are a single covalent strand. 
Thus, base pairing interactions are intrastranded, in 
contrast to the interstrand base pairing of DNA. The 
2/-hydroxyl group influences the chemical properties of 
RNA and also imposes stereochemical constraints on 
RNA structure.25 This functional group restricts the 
ribose conformation in oligomeric RNA molecules to the 
C3'-endo conformation. In DNA, the sugars freely in-
terconvert between the C3'-endo and C2'-endo puckered 
conformations. 

These constraints on ribose conformation determine 
the helical structures that are accessible. In the absence 
of modified bases and repeated C-G sequences, DNA 
molecules in aqueous solutions adopt either the right-
handed A- or B-form helix, with complementary bases 
paired in the Watson-Crick scheme (see Figure 1). The 
B-form was originally detected in salt-containing DNA 
fibers at high humidity. The helical pitch is 10.5 base 
pairs per turn, and the planar bases are perpendicular 
to the helical axis.26 The helix has a diameter of 22 A 
and has two distinct grooves: a minor groove that lies 
between the Cl ' carbons and a major groove that lies 
on the opposite side. 

The A-form DNA helix is found in fibers of lower 
humidity and has a diameter (23 A) greater than that 
of B-form DNA.27 The pitch is 11 base pairs per turn, 
and the planar Watson-Crick base pairs are tilted with 
respect to the helical axis. An important difference 

Anticodon 

Figure 2. Comparison of a cloverleaf representation with a 
space-filling model of E. coli tRNA*1* whose nucleotide sequence 
was built into the yeast phenylalanine tRNA coordinates. The 
amino acid acceptor end and anticodon are indicated. 

between A- and B-form helices is that the major groove 
of the A-form is narrower and deeper, while the minor 
groove is wider and more shallow. The RNA 11 helix 
has the same pitch and base pair tilt as A-form DNA, 
and the shape of the grooves is similar.28 These two 
different types of helical structure (B-form and A-
form/RNA 11), therefore, present different molecular 
surfaces to the proteins with which they make se
quence-specific contacts. 

RNA molecules assume a greater variety of tertiary 
structures than do DNA molecules, because of the lack 
of a complementary second strand and because of the 
potential to form Watson-Crick intrastrand hydrogen 
bonds between complementary sequences which can be 
well separated from each other in the linear sequence. 
In addition, the juxtapositioning of distant bases in the 
sequence allows for tertiary base pairing schemes that 
typically are non-Watson-Crick (e.g., Hoogstein pair
ing). Consequently, in the absence of proteins, dou
ble-stranded DNA rarely assumes the globular forms 
characteristic of transfer RNAs or ribosomal RNAs. 
The higher order DNA structures that are found in vivo, 
including those resulting from supercoiling and those 
associated with the folding of chromosomes, are de
pendent on topoisomerases and packaging proteins. 
Even so, the condensation of DNA in chromosomes 
results in a structure that is more rodlike than globular. 

The structures of yeast phenylalanine tRNA1,2 and 
the more recently crystallized tRNAs3-6 have provided 
important details about the three-dimensional confor
mations that are possible for RNA molecules. When 
the sequences of the first tRNA molecules were ob
tained, the base pairing that gives rise to stems and 
loops suggested the two-dimensional cloverleaf structure 
that is now the conventional schematic representation 
of tRNAs (see Figure 2). It was predicted and con
firmed (by extensive physical studies29) that base 
stacking stabilizes the final structure. At the time of 
the elucidation of the first sequence, the function of 
conserved unpaired bases in the cloverleaf was un
known. The X-ray structure of yeast tRNAPhe 1>2 re
vealed the participation of conserved nucleotides, such 
as U8, A14, G15, G22, G46, and i£55, in tertiary base 
pairing schemes that were not anticipated. Included 
among the nine tertiary interactions found in the yeast 
tRNAPhe structure are triple base pairs, reverse 
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Figure 3. Comparison of the four possible Watson-Crick base pairs in RNA (adapted from ref 40). Functional groups that have the 
potential to form hydrogen bonds on the minor groove side of the base pair have been marked with arrows. "A" designates a potential 
hydrogen-bond acceptor, while "D" designates a potential hydrogen-bond donor. 

Hoogsteen base pairs, and hydrogen bonds between 
bases and the sugar-phosphate backbone. Collectively, 
they establish the compact, L-shaped structure of 
tRNA, whereby the four helical stems are fused into two 
helices (the acceptor and TtyC stems are stacked to
gether, as is the D-stem with the anticodon stem) and 
the D- and T^C-loops are annealed together. Thus, the 
triple base pair between G22, C13, and G46 strengthens 
the interaction between the T^C and dihydrouridine 
loops and provides greater resistance to thermal, 
chemical, and enzymatic degradation. Base pairs can 
also hydrogen bond with the free 2'-hydroxyl of ribose 
or, as in the ternary interaction between G18, ̂ 55, and 
phosphate 58, with the phosphate oxygen from another 
portion of the backbone. Thus, the crystallographic 
structure revealed the influence of complex base pairing 
and stacking interactions for building a stable globular 
conformation. 

All tRNAs also contain an extra arm with a variable 
number of nucleotides.29 The length of this variable 
arm has been used as a means to classify tRNAs into 
various groups.29 The most common type I tRNAs 
typically have five bases in the variable loop and four 
bases in the dihydrouridine stem. Type II tRNAs have 
13-22 nucleotides in the variable loop and 3 base pairs 
in the dihydrouridine stem. At present, only the 
structures of type I tRNAs have been solved by X-ray 
crystallography.1-6 Chemical protection studies of 
tRNAs whose structures have been solved30'31 suggest 
that this method can reveal structural aspects of unu
sual tRNAs32 or tRNAs with large variable loops.33 

B. General Issues for Protein-RNA Recognition 

1. Proteln-DNA Interactions 

What is known about DNA recognition34'35 is in
structive as a background for what has been learned 
about RNA recognition. The binding of proteins to 
specific sites in double-stranded DNA is an integral part 
of gene regulation, DNA synthesis, repair, recombina
tion, andd cleavage. X-ray structures have been ob
tained for several specific complexes, including X re
pressor,36 434 repressor,37 trp repressor,38 and EcoRI 
endonuclease.39 

All of these proteins make the majority of their se
quence-specific contacts with B-form DNA through 
major groove interactions. An early proposal40 for how 

GIn, Asn, Arg, Asp, GIn, and Ser side chains could 
discriminate between sequences has been confirmed 
and further elaborated by subsequent structural anal
ysis of protein-DNA complexes. The chemical basis for 
the discrimination between different base pairs lies in 
the order of hydrogen-bond acceptor and donor groups 
across the base pair that is accessible to a protein. As 
shown in Figure 3, a G«C base pair presents the pattern 
acceptor (guanine N7)-acceptor (guanine 06)-donor 
(cytosine N4). In principle, this potential array of hy
drogen bonds permits all four base pairs to be distin
guished from each other on the basis of major groove 
interactions. In each protein-DNA complex, the con
formation of the protein, sometimes in conjunction with 
bends or kinks in the DNA conformation, acts to pos
ition uniquely the specificity-determining polar side 
chains with respect to the major groove in an orienta
tion that is idiosyncratic to the complex. The nature 
of the base pair recognized by any particular amino acid 
side chain will depend on local geometry; for example, 
both X and 434 repressor use glutamines to make se
quence-specific contacts. The X repressor's glutamine 
hydrogen bonds with adenine,36 while 434 repressor's 
glutamines bond to guanines, adenines, and thymines.37 

As initially suggested by modeling studies41 based on 
the uncomplexed proteins and helix swapping experi
ments,42 the repressors use a conserved a-helix-/?-
turn-a-helix to contact DNA, with the second of the 
two helices lying directly in the major groove. Polar side 
chains in this structural unit make contact with major 
groove bases in the operator through a series of hy
drogen bonds and, occasionally, through hydrophobic 
interactions. Variations on this basic theme are found. 
For example, in X repressor, the amide NH group of the 
side chain of Gln44 donates a hydrogen bond to ring 
N7 in an A-T pair, while the side-chain carboxyl oxygen 
accepts a hydrogen bond from the exocyclic N6 of ad
enine.36 This bidentate interaction is further stabilized 
by a hydrogen bond from the amide group of Gln44 to 
the amide carboxyl of Gln33, while the amide amino 
group of Gln33 donates a hydrogen bond to the phos
phate oxygen 5' to the A-T pair. Thus, amino acid-base 
pair contacts can be part of a network of specific hy
drogen bonds. In the case of trp repressor, tightly 
bound water molecules are thought to provide specif
icity by bridging between groups that are not in direct 
contact.38 Hydrogen bonds from peptide amide groups 
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to the phosphate backbone may help to maintain spe
cificity by fixing the orientation of the helix-turn-helix 
with respect to the major groove.36,37 Often, subtle 
features of the DNA sequence influence the specificity 
of these protein-DNA interactions by modulating the 
DNA conformation, so as to create a molecular surface 
that is complementary to the protein.37 

Like the repressors, EcoRI endonuclease also uses 
a-helices to make hydrogen bonds with the major 
grooves of its GAATTC recognition sequence, but the 
recognition helices do not assume a helix-turn-helix 
structure.39 The amino-terminal ends of the two rec
ognition helices in each of the two subunits point into 
the major groove bases of the inner tetranucleotide 
AATT. This places specificity-determining amino acid 
side chains in the proper orientation for base recogni
tion: the carboxyl group of Glul44 receives hydrogen 
bonds from the successive N6 adenine exocyclic amino 
groups, while the Argl45 guanidinium donates two 
hydrogen bonds to the imidazole N7 nitrogens of the 
adenines located across the axis of symmetry. These 
"bridging" contacts, in which a single amino acid makes 
hydrogen bonds to functional groups on two successive 
base pairs, are unique to the EcoRl complex. The hy
drogen bonds donated by each Arg200 guanidinium 
group to the 06 and N7 of the outer guanines, by con
trast, are typical of the contacts made by the repressors. 

2. Protein-RNA Interactions 

Given that there are limited restrictions on RNA 
shape and conformation, there are no simple symmetry 
considerations that might suggest how proteins recog
nize RNA sequences. However, the RNA 11 confor
mation of RNA helices imposes some limits on the 
potential interactions with protein side chains.28 In 
particular, the deep groove of this helical conformation 
is too narrow for protein structural motifs such as the 
a-helix to make direct sequence-specific contact. 
Therefore, the primary basis for sequence discrimina
tion in RNA may be the minor groove.6 As shown in 
Figure 3, there are fewer differences in the pattern of 
potential hydrogen-bond donors and acceptors pres
ented by G-C and A-T (or A-U) base pairs from the face 
of the minor groove than from the face of the major 
groove.40 Because both C and U have the 2-keto group 
as a potential hydrogen-bond acceptor in the minor 
groove, discrimination between some of the base pairs 
may be based on the exocyclic 2-amino group of gua
nine. This expectation is fulfilled by several examples 
in the structure of the Gln-tRNA synthetase-tRNAGk 

complex.6 

The three-dimensional structures of transfer RNAs 
are closely similar. With some specific local features 
that are idiosyncratic to each tRNA, the molecule fea
tures two helical regions, one of which terminates in the 
amino acid acceptor end, while the other terminates in 
the anticodon.29 Thus, the structure of yeast tRNAPhe 

is a model for interpreting results on the sequence-
specific recognition of most tRNAs. After the yeast 
tRNAPhe structure became available, Rich and Schim
mel considered photochemical cross-linking, tritium 
labeling, and nuclease digestion data on synthetase-
tRNA complexes and proposed that recognition is 
mediated principally through contacts made along the 
inside surface of the tRNA "L".43 On this surface, both 

helical domains are potential sites for sequence-specific 
recognition through minor groove discrimination. In 
addition, at the inside of one end of the L the anticodon 
is a natural site for discrimination because the bases are 
unpaired and because this sequence codes for the at
tached amino acid. On the outside of the L, an alter
native region is the "variable pocket", which is formed 
by the interaction of the T^C and D loops.44'45 The 
nucleotides that comprise this patch, 16,17,59, and 60, 
are not conserved among tRNAs and are not engaged 
in Watson-Crick base pairs. Thus, several different 
regions potentially can contribute recognition deter
minants, and possible interactions include hydrogen 
bonds either to the minor groove exocyclic amino or 
keto groups or to the unpaired bases themselves. Nu
clease protection studies carried out on many synthe-
tase-tRNA complexes, including those of E. coli 
tRNAIle46, yeast tRNAphe47, yeast tRNASer48, E. coli 
tRNAThr49, and E. coli tRNAAla5°, have proved useful 
in identifying potential RNA-protein contact sites. 

The three-dimensional structures obtained from 
crystals of the complexes between yeast tRNA*81551, E. 
coli tRNAGhl6, and their respective synthetases have 
begun to provide more specific details of synthetase-
tRNA interactions. In the cocrystal between E. coli 
tRNAGln and the glutamine tRNA synthetase, the 
protein binds along the inside of the L-shaped structure 
as suggested by Rich and Schimmel.43 The anticodon 
and specific acceptor stem nucleotides are in contact 
with the synthetase. In the acceptor stem, the exocyclic 
2-amino group of G2 forms hydrogen bonds to the 
backbone carboxyl oxygen of Prol81 and to the back
bone amide of Ilel83. The latter interaction is bridged 
through a bound water molecule, in a fashion reminis
cent of "indirect readout" first suggested in the trp 
repressor complex.38 A hydrogen bond to the exocyclic 
2-amino group of G3 is made by the carboxyl of Asp235, 
which also hydrogen bonds to the previously mentioned 
water molecule (see Figure 4). 

A more complex feature is the interaction of the 
protein with the 3' end of the acceptor stem and the 
conformational change by the nucleotides that are lo
cated in the 3' acceptor end. The U1-A72 base pair at 
the end of the acceptor stem is wedged open by the side 
chain of Leul36, which protrudes from a jS-turn in the 
acceptor binding domain of the protein. The rate of 
charging of tRNAGln variants is influenced by the pro
pensity of this base pair to be melted out.52 The un
paired nucleotides (GCCA76) at the 3' acceptor end are 
folded back at a 90° angle with respect to the acceptor 
stem helix, such that the 3' end is buried deep within 
the dinucleotide binding fold, in close proximity to 
bound ATP and (presumably) the bound amino acid. 
The 2-amino group of G73 hydrogen bonds to the 
phosphate oxygen of the previous nucleotide. This in
teraction stabilizes the unusual conformation of the 
acceptor arm, and specifically depends on having a G 
at position 73. There are also contacts between the 
synthetase and the anticodon which await further re
finement of the structure. At present, it is clear that 
the recognition of tRNAGln involves, at a minimum, 
contacts to the exocyclic amino groups in the minor 
groove and sequence-dependent conformation changes 
in the tRNA itself. The relative contribution of each 
of these interactions remains to be determined by 
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Figure 4. Examples of amino acid-base pair contacts using 
functional groups present in either the major or minor grooves, 
(a) The contact between Asp235 of E. coli glutamine tRNA 
synthetase and the minor groove of the G3-C70 base pair of E. 
coli tRNAGto, from ref 6. Hydrogen bonds are indicated by dashed 
lines, (b) Cooperative contact between Lys4 and Asn55 of X 
repressor to major groove functional groups of base pair 6 in the 
synthetic operator, as described in ref 36. 

systematic kinetic and binding studies with synthetic 
tRNAGln variants, as well as with mutants of the en
zyme.83 

C. Brief History of Synthetic RNA Methodology 

A useful approach for elucidating and testing models 
for recognition is by investigation of substitution mu
tations of both the protein and the nucleic acid. For 
RNA, one obstacle to this approach has been the dif
ficulty in freely generating and isolating mutant and 
wild-type RNA species from whole cells in amounts that 
are sufficient for quantitative studies. Originally, only 
a limited number of methods were available to engineer 
specific changes in tRNA sequences and structure. 
Some of the earliest applications of in vitro RNA syn
thesis technology involved altering the nucleotides 
proximal to the 3' acceptor terminus by using snake 
venom phosphodiesterase and tRNA nucleotidyl 
transferase.64-66 Other early work featured the use of 
partial ribonuclease A digestion to cleave single-
stranded regions of the tRNA, such as the anticodon 
or the unpaired CCA acceptor terminus. The resulting 
partial tRNA molecules were then tested for amino-
acylation.67-69 A useful technical advance was the in
troduction of RNA ligase to join small RNA oligo
nucleotides to larger fragments.60 This permitted 
greater flexibility in the synthesis of sequence variants. 
Methodologies based on RNA ligase have been used to 
study the roles of specific nucleotides in several tRNA 

systems, including yeast tRNAPhe, E. coli tRNAMet, and 
E. coli tRNAIle (discussed in detail below). Synthetic 
strategies based in part on RNA ligase have also been 
used in the synthesis of tRNAs from their constituent 
nucleotides.61 

An alternative strategy for generating RNA sequence 
variants is based on the use of RNA polymerases from 
prokaryotic and eukaryotic sources. Initially, this 
methodology was a mixed success, owing in part to the 
use of purified RNA polymerase from E. coli, which has 
three different subunits in the core enzyme (a, /3,/30 and 
a separate one for specific initiation (<r). Each of these 
subunits must be cloned for optimal use of this system. 
Frequently, reactions carried out by using this system 
were characterized by premature termination and the 
addition of non template encoded polyuridine tracts to 
the ends of products.62 In later work, eukaryotic whole 
cell or nuclear extracts were used that either contained 
or were supplemented with RNA polymerases and other 
accessory factors.63,64 The runoff transcripts obtained 
from these extracts suffered from some combination of 
poor yields, incorrect initiation, and premature termi
nation. 

Many of these technical barriers were overcome 
through the use of transcription systems based on the 
bacteriophages SP6 and T7, which each encode RNA 
polymerases that are single polypeptide chains. The 
SP6 system was originally characterized by Chamberlin 
and co-workers66 and then used later to great advantage 
by Melton et al. to produce RNA probes of eukaryotic 
genes.67 These in vitro synthesized RNAs were superior 
(to nick-translated DNA probes) in their ease of syn
thesis and in their high specific activity. They also were 
useful for elaborating details about the mechanisms of 
RNA processing and for providing an efficient means 
to program in vitro translation. 

The T7 RNA polymerase system was first charac
terized by Studier and co-workers.68'69 This single-
subunit enzyme has a molecular weight of 98 000 and 
has been cloned and overexpressed in bacteria to aid 
in its purification. T7 polymerase is highly specific for 
a 23 base pair promoter sequence that is repeated 17 
times in the T7 genome, but which has not been found 
in E. coli or other host DNAs. The viral promoter 
elements that are required for efficient transcription 
initiation have been incorporated into high copy vectors 
with multiple cloning sites for transcription templates.70 

In both the T7 and the SP6 systems, a simple reaction 
of few components is sufficient to obtain efficient in 
vitro synthesis.68,71,72 The T7 system is presently fa
vored because of the greater number of initiations (>100 
vs <10) obtainable per template molecule as compared 
to the SP6 polymerase.71-72 

The T7 RNA polymerase can initiate transcription 
from a promoter as small as 18 base pairs. The tran
scribed sequence can be single stranded, so that tran
scripts up to tRNA length (about 80 nucleotides) can 
be obtained from a template which has a double-
stranded promoter and single-stranded coding se
quence.71,72 This system has limitations, because T7 
RNA polymerase prefers to initiate transcription at a 
G and, in addition, the sequence of the transcript from 
+1 to +6 has a marked effect on the yield of prod
uct.71-73 For example, the presence of a cluster of uri
dines affects the partitioning of the polymerase between 
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abortive initiation and elongation.73 The T7 polymerase 
also has a propensity to add non template encoded 
nucleotides at the 3' ends of transcripts, so that prod
ucts can appear heterogeneous on denaturing poly-
acrylamide gels.71 The extent of this non template 
encoded polymerization appears to be a function of the 
transcript sequence, but there are, as yet, no simple 
empirical rules for predicting its occurrence. 

A complementary approach to the in vitro synthesis 
of RNA is the use of chemical synthesis.74 Early 
workers in this field were stymied by a number of 
problems, especially the reactivity of the 2'-hydroxyl 
and the relative ease of hydrolysis of RNA under mild 
alkaline conditions. To bring chemical RNA synthesis 
up to the level of simplicity and repeatability of chem
ical DNA synthesis, an effective protecting group for 
the 2'-hydroxyl is required.75 Usman et al. and others 
demonstrated the feasibility of the in vitro synthesis of 
long ribonucleotides by development of 3'-O-
phosphoramidites that were protected at the 2'-position 
with a tert-butyldimethylsilyl (TBDMS) moiety.76-77 In 
conjunction with controlled pore glass supports, the use 
of these monomers has permitted the complete chemical 
synthesis of a 77-nucleotide RNA sequence corre
sponding to tRNA™64.78 When tested with a purified 
preparation of methionine tRNA synthetase, the 
chemically synthesized tRNA had a methionine ac
ceptance of 11% of that of the native tRNA. The 
chemical approach promises to afford methods for in
troducing unusual bases into RNA, mixed intrachain 
RNA-DNA hybrid molecules, and other RNAs not 
available through enzymatic means. 

/ / / . Proteins That Interact with tRNAs and 
tRNA-IIke Structures 

A. Aminoacyl tRNA Synthetases with tRNAs 

7. General Features 

The aminoacyl tRNA synthetases are an ancient class 
of enzymes that catalyze the two-step aminoacylation 
reaction.9 There is one enzyme for each amino acid, and 
that enzyme charges all isoacceptors of its cognate 
tRNA species. In the first step of the reaction, the 
amino acid is activated by condensation with ATP to 
produce a bound adenylate; subsequently, the activated 
amino acid is transferred to the 3' end of the cognate 
tRNA. The esterified tRNA forms a complex with 
elongation factor Tu, which delivers the charged tRNA 
to the ribosome. Although all synthetases catalyze the 
same reaction, they are diverse with respect to sequence, 
length, and quaternary structure.9 One structural fea
ture demonstrated to be common to several synthetases 
is that sequences involved in adenylate synthesis are 
localized to the amino-terminal part of the protein, 
while some of the sequences involved in tRNA binding 
are located in the carboxyl-terminal half.79,80 The most 
conserved structure is the dinucleotide binding fold, an 
alternating arrangement of /3-strands and a-helices that 
contains the sequences responsible for adenylate syn
thesis.81 

The recognition problem has been investigated for a 
number of years by many different approaches.8-13 An 
important distinction between this interaction and that 
between regulatory proteins and DNA is that synthe

tase discrimination between tRNAs can occur at a 
binding and at a catalytic step.13 Unlike the interaction 
of a repressor with a DNA operator, the tRNA-enzyme 
complex must dissociate quickly to maintain protein 
synthesis. Consequently, the interaction is not as tight 
as repressor-operator interactions, and this limits the 
extent to which recognition can be achieved at the 
binding step. Dissociation constants at pH 7.5 are in 
the range 0.1-1.0 nM, which is at least 4 orders of 
magnitude weaker than that of a typical repressor-op
erator complex. The study of numerous cognate and 
noncognate synthetase interactions (reviewed in ref 13) 
has shown that, for some complexes, binding discrim
ination may only contribute a 100-fold preference for 
the correct tRNAs, while discrimination at the transi
tion state of catalysis may be as high as 104 (ref 13). 

In one of the earliest systems for studying tRNA 
recognition, variants of an E. coli supF amber sup
pressor (normally inserts tyrosine at UAG codons) were 
isolated that were aminoacylated with glutamine.82 

Determination of the minimal sequence changes asso
ciated with mischarging identified several positions 
within the acceptor end of the tRNA. These mutations 
included A73-*-G, as well as substitutions for the Gl-
C72 base pair. The molecular basis of glutamine 
mischarging with these mutant tRNAs was obscure, as 
some of these changes did not bring the suppressor 
sequence into closer agreement with tRNAGln. In the 
absence of an understanding of the molecular basis of 
glutamine mischarging, it was not clear how this type 
of genetic selection could be applied to other tRNAs. 
With the tRNAGbl-GlnRS cocrystal now in hand, the 
effect of these mutations on mischarging can be at least 
partially rationalized. 

In recent years, the ability to chemically synthesize 
genes for tRNA amber suppressors and to score their 
activity in vivo has rekindled interest in systematic 
studies of tRNA sequence variants. Abelson, Miller, 
and Normanly synthesized a set of tRNA genes coding 
for amber-suppressing tRNAs (CUA anticodon), with 
the object of defining the minimal set of nucleotide 
substitutions that are required to convert a tRNA from 
one amino acid identity to another.83 So far, intro
duction of the CUA amber anticodon into 11 of 20 
tRNAs does not change the amino acid attached in 
vivo.10 This set includes Ala, GIy, Cys, Phe, ProH, 
HisA, Lys, Ser, GIn, Tyr, and Leu. The remaining 
tRNAs can be divided into two groups; the first, which 
includes tRNAs for He, GIy, Met, GIu, and Trp, are all 
mischarged with glutamine. The second group com
prises those CUA-anticodon tRNAs that are mischarged 
with lysine tRNA synthetase (He, Arg, Met(m), Asp, 
Thr, and VaI). For those tRNAs that are mischarged 
when their anticodons are substituted, one or more 
bases in the anticodon may be a recognition determi
nant for the cognate enzyme. Additionally or alterna
tively, it may be a determinent for the glutamine or 
lysine tRNA synthetases. 

Those tRNAs unaffected by anticodon changes can 
be studied through an in vivo "transplantation assay", 
as devised by Normanly et al.84 In this method, base 
substitutions are introduced into an amber-suppressing 
tRNA gene, which is then transformed into an E. coli 
strain that also carries a plasmid with a reporter gene 
that bears an amber (UAG) mutation. If the amber 
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suppressor is functional, the gene product from the 
reporter gene (typically dihydrofolate reductase86) is 
sequenced to determine the identity of the amino acid 
that has been inserted at the amber codon. By this 
method, introduction of 12 nucleotides that are common 
to a set of serine tRNAs into a leucine tRNA isoac-
ceptor was sufficient to confer some serine acceptance 
in vivo.84 Since then, this approach has been extended 
to the study of tRNAAla, tRNAPhe, and tRNA*1* (see 
below). 

Amber suppression is a valuable method for studying 
how the introduction of nucleotide substitutions into 
a tRNA sequence affect the amino acid identity of the 
tRNA. It is restricted, however, to those isoacceptors 
whose amino acid identities are preserved in the pres
ence of a CUA anticodon. Another problem is that 
some variants do not accumulate to reasonable intra
cellular levels, owing to the effect of the nucleotide 
changes on stability and/or recognition by the pro
cessing system. 

Another drawback to this approach is that the iden
tity of a tRNA is influenced by competitive reactions 
between synthetases (cf. Yarus87). As shown by Swan-
son et al.88 and Hou and Schimmel,89 some tRNA var
iants can act as substrates in vivo for more than one 
aminoacyl tRNA synthetase. Consequently, altering the 
levels of synthetases by varying their relative gene 
dosages will change the amino acid acceptor identity 
of any "dual identity" tRNA. This phenomenon has 
been analytically treated by calculations that are based 
on kinetic parameters for aminoacylation in vitro with 
alanine and tyrosine of a tRNA1"5" variant which en
codes the major determinant for alanine identity and 
is thus charged by tyrosine and alanine.89 Therefore, 
the identity of a tRNA may represent the outcome of 
many potentially competing interactions between a 
tRNA and the whole set of cognate and noncognate 
synthetases in the cell. For these reasons, examining 
the interaction of a tRNA with its cognate synthetase 
in the absence of competing interactions provides in
formation that is obscured by amber suppression. 

Most seriously, amber suppression can, in some cases, 
occur with substrate variants that charge poorly or not 
at all in vitro.90 Thus, suppression can be insensitive 
to large variations in the efficiency of aminoacylation 
and cannot be used to make an analytical estimate of 
the contribution of specific nucleotides to recognition. 
Studies carried out in vitro circumvent the problems 
associated with the excess sensitivity of amber sup
pression, which is influenced by factors in addition to 
aminoacylation. 

2. tRNA1** 

Schulman and co-workers have used several in vitro 
techniques to study the recognition determinants of 
those E. coli tRNAs (such as tRNA;

Met, tRNAVal, and 
tRNAArg) where the anticodon is thought to play a 
major role in synthetase recognition. Early work on 
tRNAjMet showed that bisulfate-induced conversion of 
C34-»-U (first position of anticodon) had a strong neg
ative effect on aminoacylation.91'92 This observation 
prompted the use of in vitro RNA synthesis to incor
porate all four possible NAU anticodons into 
tRNAj1^61.93 The substitution was performed by limited 
digestion with RNase A to remove the native anticodon, 

followed by the insertion (by ligation with RNA ligase) 
of the substituted trinucleotides. Later, substitutions 
were made for A35 and U36.94 These experiments 
showed that substitutions at C34 decrease amino
acylation rates with purified methionine tRNA 
synthetase by 4-5 orders of magnitude, while substi
tutions of A35 and U36 decreased rates by 1-4 orders 
of magnitude depending on the specific substitution.93 

Uemura et al. also used the RNA ligase method to show 
that changing A73 (the fourth base from the 3' end of 
the tRNA, i.e., the "discriminator base") had no effect 
on aminoacylation of tRNA;Met.95 

The role of the anticodon in determining tRNAMet 

identity was further investigated through the in vitro 
T7 RNA polymerase synthesis of anticodon variants of 
tRNAiMet, tRNA1^, and tRNA™.96 Introduction of the 
methionine CAU anticodon into tRNAVal and tRNA1^ 
conferred aminoacylation with methionine at a rate 
(expressed as relative V/Km) that was within 10% of 
that of tRNA;Met. This suggests that methionine tRNA 
synthetase recognizes the anticodon of tRNA;Met and 
that other regions of the sequence are secondary for 
specificity. Photochemical cross-linking studies have 
identified a region of the methionine tRNA synthetase 
that is within 14 A of the anticodon,97 and subsequent 
site-directed mutagenesis experiments have implicated 
Trp461 as determining, in part, the specificity for C34.98 

Microinjection studies of E. coli tRNA;Met derivatives 
into Xenopus laevis oocytes suggest that the correct 
anticodon sequence may also be required for modifi
cation of A37 to N-[if-(9-/3-D-ribofuranosylpurine-6-
yl)carbamoyl]threonine (t6A)." This modification may 
increase translational efficiency and stability of the 
tRNA in vivo. 

In work carried out on other synthetases that may 
recognize the anticodon, replacement of the methionine 
CAU anticodon with CUA was shown to reduce the rate 
of methionine acceptance by 3 orders of magnitude and 
to convert the tRNA into a substrate for glutamine 
synthetase in vitro,100 as might be expected from pre
vious in vivo supressor studies.82 In vitro tRNA syn
thesis using T7 RNA polymerase was used to show that 
reciprocal exchange of the valine and methionine an
ticodons into the respective tRNAs makes them effi
cient substrates for the reciprocal synthetase.100 By the 
same methods, the CCG anticodon and A20 of tRNA*18 

were introduced into tRNAMet, and the latter was 
transformed into an excellent substrate for arginine 
tRNA synthetase.101 The substitution of A20 by U has 
been shown to eliminate arginine acceptance in vivo.102 

More recently, Schulman and co-workers have shown 
that introducing genes for tRNA;Met with either the 
phenylalanine GAA or valine GAC anticodons can be 
used to engineer the initiation of in vivo protein syn
thesis with phenylalanine or valine.103 

3. tRNA"" 

With the availability of X-ray structural data for 
yeast tRNAPhe, the effect of particular nucleotide sub
stitutions on structure-function can be more accurately 
modeled than in the case of tRNAs for which no crystal 
structure yet exists. As in the case of tRNAMet, the role 
of the anticodon in tRNAPhe recognition was initially 
investigated by use of RNase A digestion and T4 RNA 
ligase to make anticodon substitutions.104 Using this 
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method, Bruce and Uhlenbeck reported that substitu
tion of any one of the three GAA anticodon nucleotides 
resulted in a 3-12-fold decrease in aminoacylation by 
purified yeast phenylalanine tRNA synthetase.105 

However, introduction of the GAA anticodon into yeast 
tRNA1^1 gave a substrate that was only poorly amino-
acylated with phenylalanine, suggesting that yeast Phe 
tRNA synthetase is sensitive to other sites.106 

A more complete characterization of yeast tRNAPhe 

was carried out by Samson et al.107,108 Utilizing the T7 
system, they provided the first example of an in vitro 
tRNA transcript that could be quantitatively amino-
acylated in vitro. This result showed that modified 
bases were not required for aminoacylation of tRNAPhe. 
(A similar observation by Samuelsson et al. showed that 
a transcript based on the sequence of a glycine tRNA 
from Mycoplasma mycoides was also aminoacylated at 
a rate in vitro close to that of the native tRNA.109) This 
full-length tRNAPhe transcript was aminoacylated at a 
rate comparable to that of the native tRNA and had 
nearly the same temperature stability as the native 
tRNA.107 

A series of transplantation experiments utilizing 
full-length transcripts of tRNAPhe, yeast tRNA,,,"61, and 
yeast tRNA*1* was used to narrow the yeast tRNAPhe 

recognition set to G20, G34, A35, A36, and A73.108 

These five nucleotides are outside the conserved set of 
nucleotides for all tRNAs, but fall within single-
stranded regions where the bases are most exposed. In 
further studies of the properties of unmodified in vitro 
transcripts, the structures of the yeast tRNAPhe tran
script and various mutants have been analyzed by 
NMR110 and by lead cleavage.111 Substitutions at G20 
do not produce large structural alterations, suggesting 
that the poor aminoacylation of tRNAPhe variants at 
this position may arise from the loss of a specific pro-
tein-tRNA contact. Other positions in the variable 
pocket appear not to be strong determinants, as nu
cleotide substitutions that preserve the pattern of sec
ondary and tertiary interactions have little effect on 
aminoacylation kinetic parameters.112 

The yeast tRNAPhe system is an example whose rec
ognition determinants are distributed in at least three 
regions of the tRNA structure: the anticodon, the ac
ceptor end (specifically, the discriminator base), and an 
unpaired base that projects from the surface of the 
tRNA. This distribution is seemingly in contrast to the 
recognition of tRNAMet (see Table I). The results of 
in vivo supression assays of E. coli tRNAPhe variants 
suggest that, as in the case of the yeast tRNAPhe, nu
cleotide 20 is also an important determinant.113 Other 
positions, however, are apparently not conserved. 

Another novel approach to the tRNAPhe recognition 
features the chemical synthesis of tDNA substrates. 
Roe and his co-workers synthesized 76-nucleotide DNA 
oligomers corresponding to the sequence of E. coli 
tRNAPhe and E. coli tRNA^, made with either ribo-
or deoxyadenosines at the 3' ends.114 Aminoacylation 
of tDNAPhe, but not of tDNA1*8, was dependent on the 
presence of riboadenosine at the 3' end, which is con
sistent with the observation that the 3' end of E. coli 
tRNAPhe requires a 2'-hydroxyl for aminoacylation. 
Both of these tDNAs could only be aminoacylated to 
approximately 15% of the theoretical maximum, which 
may have been due to incomplete deprotection of some 

TABLE I. Determinants for Recognition of Transfers 
RNAs Studied with Partially or Completely Synthetic 
RNAs Molecules 

nucleotides important 
transfer RNAs for recognition ref 

E. coli alanine G3-U70," 119,120 
(mini- and microhelix) 

M3b 

E. coli arginine anticodonc A20 101 
E. coli histidine pG-l-C73'' 121 
E. coli isoleucine L34e 122 
E. coli methionine anticodon' 90-94,96 
yeast phenylalanine anticodon, G20, A73* 107, 108, 111, 

112 
E. coli valine anticodon' 96 

° G3-U70 is the major determinant for specifying alanine accept
ance. G3-U70 confers alanine acceptance in vitro on six different 
tRNA sequence frameworks which have been tested and on a col
lection of minihelix and microhelix sequence variants. 6A73 en
hances amnoacylation with alanine of those substrates which en
code G3-U70. 'Transfer of CCG arginine anticodon alone confers 
arginine acceptance on a methionine tRNA. A20 alone does not 
confer arginine acceptance, so that anticodon appears to be the 
major determinant. A20 improves efficiency of aminocylation with 
arginine of a methionine tRNA that has a CCG anticodon. dIt has 
not been shown whether G-1-C73 can confer histidine acceptance 
on non-histidine tRNAs. "The role of L34 in tRNAs other than 
the LAU-anticodon-containing tRNA11* has not yet been investi
gated. 'Interchange of the methionine CAU and valine UAC anti
codon interchanges the amino acid acceptance of the respective 
tRNAs. * Transfer of anticodon, A73, and G20 into E. coli 
tRNAphe, yeast tRNA*', and tRNAM,t confers aminoacylation with 
phenylalanine by yeast phenylalanine tRNA synthetase. 

of the bases after the synthesis. Optimal amino
acylation for both substrates was obtained at pH 5.5 
and in the presence of 20% dimethyl sulfoxide. These 
conditions are known to promote misacylation. Kinetic 
parameters obtained under these conditions for the 
tDNAs were within a factor of 10 of those of the native 
tRNA. 

A possible explanation for these results is that the 
major determinants for recognition are single-stranded 
regions (see case of yeast tRNA1"116), where the difference 
between tDNA and tRNA structure is least. In con
trast, for substrates where helical regions encode de
terminants for recognition, the difference between A-
form and B-form helices could prevent cross-amino-
acylation of tDNA and tRNA substrates. 

4. thlNA** 

a. Whole tRNA Substrates. The principal recog
nition determinants of E. coli tRNA*18 were first iden
tified by screening nucleotide sequence variants of an 
amber-suppressing derivative of tRNA*1*. Through 
systematic mutagenesis of the nonconserved positions 
in tRNA*1*, with an emphasis on variations along the 
inside of the L-shaped structure, Hou and Schimmel 
determined that G»C and A-U substitutions at G3-U70 
uniquely eliminated alanine acceptance.115 Introduction 
of G3-U70 into tRNA0*8, tRNAPhe, and tRNA1* con
ferred alanine acceptance on each tRNA in vivo.89,115 

The result with tRNAPhe was confirmed by McClain 
and Foss.116 Because G3-U70 is unique to tRNA*18 in 
E. coli, the results suggested that tRNA*18 may be 
discriminated from other tRNAs on the basis of this 
single base pair. In later studies, Hou and Schimmel 
showed that eukaryotic alanine tRNAs from Bombyx 
mori and human (which encode G3-U70) were also 
functional alanine-inserting suppressors in E. coli.111 
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Figure 5. (a) Sequence and cloverleaf structure of tRNAAk/GGC 

with nucleotides used in the construction of minihelixAla indicated 
by shading, (b) Synthetic hairpin minihelix based on the acceptor 
TVC helix of tRNAAla/GGC. The G3-C70 variant of minihelix*111 

is indicated on this figure; other sequence variants are shown in 
Figure 6. (c) The template-primer system (see refs 71 and 72) 
for the synthesis of mini- and microhelices. The synthesis of 
minihelix*1" is shown as an example. For the synthesis of other 
mini- and microhelices, a specific single-strand DNA template 
strand is hybridized to a common 18 base pair promoter strand. 
Alternatively, minihelix*1" transcripts have been produced from 
double-stranded templates derived from plasmid DNA prepa
rations that have been linearized with a restriction enzyme, as 
described in ref 107. 

The role of the G3«U70 base pair in alanine tRNA 
synthetase recognition was also investigated in vitro. 
It was established that G3-U70 was required for the in 
vitro alanine acceptance of tRNAAk and that tRNACys 

and tRNATyr became substrates in vitro when G3-U70 
was introduced.115 The G3-U70 tRNA0*8 amber sup
pressor inserts alanine in vivo and no detectable cys
teine, but it had a reduced rate and extent of amino-
acylation in vitro.115 In contrast, the G3-U70 tRNA1^ 
substrate is efficiently and completely aminoacylated.89 

Alanine tRNA synthetases from the insect B. mori and 
from human cells also demonstrate G3-U70-dependent 
in vitro aminoacylation of their homologous substrates, 
suggesting that the role of this base pair has been 
conserved during evolution.117 

Park et al. showed that the E. coli enzyme recognizes 
the G3-U70 base pair during both the binding andd 
catalytic steps of aminoacylation.118 In particular, when 
A3«U70 tRNAAla is bound to the enzyme at a site that 
competitively inhibits binding of native tRNAAJa, there 
is no aminoacylation of the A3-U70 species. Thus, the 
G3-U70 determinant may trigger a conformational 
change in the transition state of the reaction. 

b. Minihelix Substrates. Independent support for 
the role of the G3-U70 base pair in the catalytic steps 
of aminoacylation was provided by the analysis of 
truncated derivatives of tRNAAJa which can be amino
acylated with alanine. Through the use of the in vitro 
T7 transcription system, short transcripts correspond
ing to the 12 base pair acceptor-T^C stem and loop of 
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Figure 6. Sequence variants of minihelix*1" minihelixCys, and 
minihelixTyr that have been examined as substrates for amino
acylation by alanine tRNA synthetase. The shaded portions refer 
to the positions where substitutions have been introduced, (a) 
Variants of minihelixAla in which substitutions have been intro
duced at positions 73 and 3-70. (b) Variants of minihelixCys in 
which substitutions have been introduced at positions 73 and 3-70. 
(c) Minihelix1^, showing the U3-A70 to G3-U70 substitution which 
confers aminoacylation with alanine. 

E. coli alanine tRNAAla were analyzed for alanine ac
ceptance.119 This segment constitutes one domain or 
"arm" of the L-shaped tRNA structure (see Figure 5). 
(In a footprint of whole tRNA*1", alanine tRNA 
synthetase also protects the acceptor-Ti/'C region from 
nuclease attack, but does not protect either the D-stem 
and loop or the anticodon.50) This domain is amino
acylated with alanine with a k^ comparable to that of 
native tRNA; a small elevation in Km corresponds to 
a loss of interaction energy of only 1 kcal mol-1. The 
smallest substrate tested was a seven base pair helix and 
five nucleotide loop that is based on the sequence of the 
acceptor stem. Efficient aminoacylation of this sub
strate showed that sequences outside the acceptor helix 
are dispensable for charging. In addition, transplan
tation of G3-U70 into a minihelix based on the accep-
tor-T\[/C sequences of tRNA1^ conferred efficient ala
nine acceptance in vitro. The kinetic parameters for 
aminoacylation of this substrate are nearly the same as 
for the aminoacylation of G3-U70 tRNA1*.89 Thus, the 
49 additional nucleotides of tRNATyr do not perturb the 
interaction of the enzyme with the acceptor helix. 

The minihelix system has been used to resolve two 
aspects of tRNAAJa recognition raised by in vivo studies. 
McClain et al. observed weak suppression of amber 
codons in /5-galactosidase mRNA by tRNA*1* variants 
encoding alternative bases pairs at the 3*70 position.90 

Among these, variants encoding U-G, G,A, A«C, C,A, 
and U,U inserted alanine among other amino acids. 
Using the minihelix system, Shi et al. synthesized 
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TABLE II. Kinetic Parameters for Aminoacylation with 
Alanine of Minihelix RNAs and tRNAs at pH 7.5, 370C 

^cat/"m> 
RNA /L,., s"1 Kn, mM M"1 s"1 

tRNA*1* (E. coli) 
G3-C70 tRNA*1' 
A3-U70 tRNA*1' 
U3-G70 tRNA*" 
G3-U70 tRNA1* 
minihelix*1* 
G3-C70 minihelix*1" 
U3.U70 minihelix*1' 
G3,G70 minihelix*1' 
minihelixCj™ 
G3-U70,A73 minihelix0*" 
G3-U70 minihelix1* 

a Minihelices are shown in 

0.93 

0.60 
0.91 

0.28 
0.48 

Figure 6. 

2.1 

14.0 
9.1 

8.8 
8.8 

4.4 X 10s6 

(O)' 
(O)' 
(O)' 
4.3 X 104d 

1.0 X 105* 
(0)b 

(0)e 

(0)" 
(OY 
3.2 X 104e 

5.3 X lO46 

6From ref 119. 'From 

U3.U70 and G3.G70 variants and found them to be 
completely inactive for aminoacylation (see Figure 6; 
Table II).120 In similar assays utilizing full-length 
tRNA*1* variants, those encoding U-G, G-C, or A-U base 
pairs at position 3-70 were also defective for amino
acylation. 

Several explanations for the discrepancy between the 
in vivo and in vitro observations may be proposed. 
First, other tRNA-binding proteins such as EF Tu may 
act in vivo to trap the small quantities of aminoacylated 
product, effectively preventing these poorly amino
acylated tRNAs from acting as substrates in the 
"posttransfer" editing reaction. Additionally or alter
natively, the combination of the overproduction of these 
variant tRNAs and the high sensitivity of the sup
pression assay may act to magnify a reaction that is too 
small to detect in vitro. 

A further question addressed with the minihelix 
substrates concerns the effect of transplanting G3-U70 
into tRNACyB. In contrast to G3-U70-encoding sub
strates that are efficiently aminoacylated by alanine 
tRNA synthetase, tRNACys encodes a U at position 73 
instead of an A. This nucleotide was originally called 
the discriminator, because tRNAs specific for amino 
acids of a particular chemical type (e.g., hydrophobic) 
had the same base at position 73 (i.e., an A). Using 
minihelixAU and minihelixCys variants with various nu
cleotide substitutions at position 73, in vitro charging 
assays revealed that an A at position 73 is required for 
efficient aminoacylation by purified alanine tRNA 
synthetase (see Table II).120 The substitution of other 
nucleotides at position 73 sharply decreased the rate 
and extent of G3-U70 aminoacylation. (These same 
changes were shown by Hou and Schimmel to have no 
effect on amber suppressor function in vivo, perhaps 
for some of the reasons mentioned above.115) Thus, 
G3-U70 alone is sufficient to confer alanine acceptance, 
but position 73 has a significant modulatory effect. 

The idea of "primary" (i.e., G3-U70) and "secondary" 
(i.e., A73) recognition determinants may turn out to be 
a feature of tRNA recognition. As described earlier, 
both the arginine CCG anticodon and A20 must be 
introduced into tRNAjMet to achieve efficient in vitro 
aminoacylation with arginine tRNA synthetase.101 Of 
these two determinants, the introduction of the CCG 
anticodon alone into tRNAMet is 40-fold more effective 
in raising Vmax/Kn, as compared to A20 tRNAMet. The 
presence of multiple recognition determinants in a 

tRNA implies nothing about the degree of interaction 
between them. 

There may be other tRNAs in which the acceptor 
stem is the primary location for recognition determi
nants. All sequenced tRNAHis molecules contain an 
additional G at their 5' ends, making them one nu
cleotide longer than other tRNAs at this end. This 
additional nucleotide is paired with C73 in E. coli 
tRNAHis. Recently, Himeno et al. reported that this 
G_x-C73 base pair in E. coli tRNAHis is required for 
efficient aminoacylation of synthetic transcripts.121 All 
substitutions of this base pair that were examined (in
cluding a triphosphate variant at the -1-position) had 
a deleterious effect on aminoacylation, suggesting that 
the enzyme is sensitive to changes in the tRNA at this 
position. It is of interest to test a minihelix based on 
the sequence of the acceptor-T^C stem of tRNAHis. 

5. tRNAIle and tRNAAsp: Modified Bases Involved in 
tRNA Recognition 

In the examples discussed above, the high rate and 
extent of aminoacylation observed with synthetic RNA 
transcripts suggests that the absence of modified bases 
has little or no effect on aminoacylation. Muramatsu 
et al. recently described an example with tRNAIle in 
which a modified anticodon base plays a crucial role in 
synthetase recognition.122 

There are two E. coli isoleucine tRNA isoacceptors 
that are substrates for isoleucine tRNA synthetase. The 
major species (GAU anticodon) reads AUU and AUC 
codons, while the minor species reads AUA codons 
through an LAU anticodon. L is the modified base 
lysidine, which has the e-amino group of a lysine joined 
to C2 of the pyrimidine ring of cytidine.123 Through the 
use of anticodon replacement techniques featuring RNA 
ligase60,93,i04-i06 t h e substitution of CAU for LAU at the 
tRNAUe2 anticodon was demonstrated to abolish ami
noacylation by isoelucine tRNA synthetase. Concom
itantly, the tRNADe(CAU) became a good substrate for 
methionine tRNA synthetase, as expected from the 
work of Schulman and co-workers.101 Thus, a G or an 
L at position 34 specifies isoleucine acceptance in this 
tRNA. (It is of interest to note that early studies 
showed that bound Ile-tRNA synthetase blocks hy
bridization of enzymatically synthesized AUCA and 
AUCG tetranucleotides to the anticodon of tRNADe 124 

and also blocks cleavage after G35 by Tl ribo-
nuclease.46) Examination of the two (G or L) position 
35 bases suggests that the e-nitrogen by lysine may be 
a surrogate for N3 of guanine to make a portion of L 
resemble G. 

Modified bases apparently play a role in modulating 
the recognition of yeast tRNA*815 according to a recent 
paper by Perret et al.125 Instead of functioning to 
promote the recognition of this tRNA by the cognate 
synthetase, the modifications act as blocking determi
nants to prevent the interaction of yeast tRNA*8*" with 
noncognate enzymes. Kinetic parameters for amino
acylation with aspartate and arginine were determined 
for both the naturally isolated tRNA and the transcript 
containing no modified bases. Both of these substrates 
had the same kinetic parameters for aminoacylation 
with aspartyl tRNA synthetase, but the unmodified 
transcript had nearly 300-500 times the specificity 
(expressed as k^JKj) for the arginyl synthetase as the 
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Figure 7. Simplified schematic drawing of a pseudoknot RNA 
structure, (a) Formation of a pseudoknot where sequences distal 
to a stem (Sl) and loop hydrogen bond to the loop top form a 
second stem (S2). (b) Alternative representation of the pseu
doknot that illustrates the formation of a quasicontinuous helix 
and the bridging of loop nucleotides across the helix. 

modified tRNA. Only three of the modified bases 0/43, 
^32, and In1GS?) are specific for tRNA**. Further work 
will be necessary to explore this phenomenon and de
termine the contributions of the individual modifica
tions. 

B. Interaction of tRNA Synthetases with 
tRNA-like Structures 

1. Plant Viral 3' Ends 

Some aminoacyl tRNA synthetases aminoacylate the 
3' ends of certain genomic and subgenomic plant viral 
RNAs. This suggests a structural relationship between 
tRNAs and the 3' ends of these viral RNAs. Computer 
predictions of structure were tested experimentally with 
chemical probes126 and led to the proposal of an RNA 
pseudoknot that enables a tRNA-like structure to form 
at the 3' end.127 

In the RNA pseudoknot, bases in a hairpin loop form 
Watson-Crick pairs with bases that are located outside 
the hairpin structure.128 Because less than 11 base pairs 
form with the loop, there is only partial revolution of 
one strand about the other, so that a true knot is 
avoided. In the pseudoknot described by Pleij et al. (see 
Figure 7) for turnip yellow mosaic virus, there is coaxial 
stacking of the two different helical stems of the pseu
doknot.129 The stems are joined by two different con
necting loops which cross the major and minor grooves, 
respectively. The pseudoknot structure is supported 
by the 2-D NMR studies of Puglisi et al. on short syn
thetic RNA fragments, where the stability of the 
pseudoknot has been shown to be sensitive to temper
ature and Mg2+ concentration.130 

Brome mosaic virus (BMV) RNA (aminoacylated by 
tyrosine) and turnip yellow mosaic virus (TYMV) RNA 
(aminoacylated with valine) are the most extensively 
studied plant viral RNAs. For BMV, Dreher et al. 
demonstrated that a synthetic 135-nt fragment retains 
aminoacylation function.131 The sequence requirements 

for aminoacylation with tyrosine and for viral replica
tion were studied by introducing mutations into the 
viral 3' end and at a putative AUA "anticodon" se
quence.131 Those substitutions in which the CCA end 
was changed had abolished aminoacylation function, 
but retained at least partial replication function. The 
sequences at the AUA anticodon, by contrast, were not 
required for aminoacylation, but severely attenuated 
replication. The genetic separation of aminoacylation 
and replication functions in BMV RNA suggests that 
aminoacylation is not required for virus viability. Am
inoacylation may be an evolutionary vestige of a much 
closer relationship between replication and protein 
synthesis that predated the appearance of DNA.132 

Studies on RNAs synthesized from a TYMV cDNA 
indicate that our understanding of the relationship 
between the viral 3' ends and aminoacylation may be 
incomplete. Dreher et al. synthesized a series of length 
variants of TYMV RNA in vitro and determined kinetic 
parameters for their aminoacylation by wheat germ 
valine tRNA synthetase.133 Although 82 3'-terminal 
nucleotides can be folded into a tRNA-like structure 
that can be aminoacylated in vitro, sequences which lie 
upstream of this structure (between 82 and 159 from 
the 3' end) are required for a maximal rate and extent 
of aminoacylation. The decreased rate of amino
acylation of fragments shorter than 159 nucleotides is 
reflected predominantly in a decreased V1n^ rather than 
Km, suggesting that the sequence 82-159 affects cata
lytic rather than binding steps. This is another dem
onstration of the significance of the transition state for 
catalysis for recognition by synthetases. Footprinting 
studies carried out on the fragments with purified 
synthetase suggest that the enzyme either contacts this 
region directly or that this region is required for the 
correct conformation of the tRNA-like domain.134 

Unlike the BMV RNA, the TYMV anticodon is an im
portant determinant for aminocylation, as it is for E. 
coli tRNAVal. 

2. Interaction of a Synthetase with a tRNA-like 
Structure Involved in Translation Repression 

Through their regulation of the pool of charged 
tRNAs, aminoacyl tRNA synthetases influence the rate 
of protein synthesis. This may create selective pressure 
for regulation of the intercellular level of synthetases. 
E. coli threonine tRNA synthetase is an example of one 
that is translationally regulated. The autogenous con
trol of this synthetase was initially demonstrated 
through the in vivo analysis of thrS operon and gene 
fusions to lacZ.135 Only gene fusions in which the initial 
portion of the structural gene for thrS was joined to 
lacZ were repressed by exogenous copies of thrS. Be
cause operon fusions (which lack the initial portions of 
the structural gene) were not repressed, this provides 
evidence for regulation at the level of translation. These 
studies defined the translational operator as a 134 base 
pair region that is between 10 and 15 nucleotides up
stream of the initiator AUG and 100 bases downstream 
of the transcriptional start site. 

The system has been studied in vitro by subjecting 
the synthetic fragments of the mRNA operator or 
synthetase-operator complex to various chemical and 
enzymatic probes. Moine et al. identified four helical 
loop regions in the operator on the basis of their sen-
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sitivity to modification with dimethyl sulfate and di
ethyl pyrocarbonate.136 The helix III loop A domain 
possesses a high degree of sequence similarity to the 
anticodon region of tRNA™. Significantly, the re
placement of "G-32" (32 nucleotides before the AUG 
translational start codon) in the unpaired anticodon 
loop of this structure leads to a loss of translation 
regulation; the analogous G in the anticodon loop of 
tRNA1111 has been shown with chemical probes to be in 
close contact with threonine tRNA synthetase. 

A feedback mechanism has been proposed for regu
lation by binding of Thr-tRNA synthetase to the an-
ticodon-like structure to block the access of ribosomes 
to the Shine-Dalgarno sequence. Confirmation and 
refinement of this model will come through studies of 
mutations in the operator sequence and characterization 
of second-site suppressors in thrS.131 Mutations in 
threonine tRNAs can also be examined, so that basis 
of "homology" between threonine tRNAs and the op
erator can be established. 

C. RNase P: An Enzyme with an Essential RNA 
Component That Recognizes tRNA 

RNase P is required for maturation of the 5' ends of 
tRNA precursors. The enzyme has two different sub-
units in all organisms investigated so far. In E. coli, 
these consist of a 13.7-kDa protein component (C5) and 
a 377-nucleotide RNA component known as the Ml 
subunit.138 This nuclease distinguishes tRNA precur
sors from all other RNAs. Mutational analyses of 
precursor molecules showed that substitutions that 
disrupt the secondary or tertiary structure of the pre
cursor inhibit the cleavage reaction.139,140 Thus, the 
enzyme is sensitive to the structure of the precursor. 
RNA synthesis of enzyme and substrate component has 
proved to be an effective way to approach recognition 
of tRNA precursors. 

The essential role of RNA in the catalytic event was 
first demonstrated when cleavage of the precursor 
tRNA was shown to be dependent on both Ml RNA 
and C5 protein.141'142 Subsequently, Guerrier-Takada 
et al. showed that the requirement for C 5 could be 
overcome by raising the Mg2+ concentration from 10 to 
60 mM.143 Kinetic parameters at 60 mM Mg2+ were 
determined for the holoenzyme reaction and for the 
reaction with Ml RNA alone. Under these conditions, 
C5 increased the velocity of the reaction by 2-fold, but 
had no effect on the Km. The rnp A gene that codes 
for the C5 protein subunit is essential for viability in 
E. coli, so the operational Mg2+ concentration in vivo 
maybe closer to that (10 mM) used in the original as
says. In vitro, it is possible to carry out complemen
tation experiments utilizing the E. coli RNA and Ba
cillus subtilis C5 protein.143 Thus, the protein may 
recognize features of the RNA structure that have been 
conserved during evolution. 

The C5 protein and Ml RNA components of RNaseP 
have been cloned and overexpressed.142'144 Utilizing 
these reagents, Vioque et al. measured a dissociation 
constant of 4 X 10'10 M for the binding of Ml to C5.145 

Footprint analysis showed protection of nucleotides 
between 82-86 and 170-270. A competition assay was 
used to examine the binding of synthetic truncated 
derivatives of Ml RNA to C5.146 A fragment comprising 
sequences from 94 to 272 effectively competed away 

binding to nonspecific RNAs, while a fragment span
ning either 1-168 or 164-272 did not. 

A phylogenetic comparison of nine different se
quences from two different eubacterial phyla estab
lished a "consensus" RNase P (Min 1) that contained 
only 263 nucleotides versus the 354-417 nucleotides of 
the parental structures and incorporated stems, loops, 
and pseudoknot features that were conserved between 
all members of the collection.146 The Min 1 consensus 
also contained one of the regions implicated by foot-
printing, i.e., the sequences between 82 and 96 in E. coli 
Ml RNA. In vitro transcripts of the Min 1 structure 
processed a pre-tRNA*8*' substrate at a rate that was 
only 5-fold slower than that of full-length E coli Ml 
RNA. The success of this design strategy is consistent 
with the belief that particular structural determinants 
of RNase P have been conserved through evolution. 

The region from 86 to 92 in Ml has been further 
implicated by enzyme-substrate cross-linking studies.147 

Mixtures of Ml RNA and a pre-tRNATyi were irradi
ated with UV light at 300 or 254 nm and then resolved 
on polyacrylamide gels to isolate the specific complexes. 
Reverse transcriptase was used to establish the points 
of cross-linking in both the enzyme and substrate. 
Reverse transcription terminated consistently at C93 
in Ml RNA, indicating that C92 is cross-linked to the 
substrate. The cross-linking experiments also defined 
points of contact to the substrate. Efficient termination 
of reverse transcription (using a primer complementary 
to the 3' end of the tRNA precursor substrate) occurred 
at G-2 (two nucleotides before the start of the mature 
tRNA). This indicates that C92 in Ml is cross-linked 
to "C-3" in the pre-tRNA. This is within three bases 
of the cleavage site in the pre-tRNA. 

Deletion of C92 in Ml RNA raised Km by 100-fold 
and lowered k^t by 6-fold relative to wild type Ml, in 
the absence of C5. However, the specific nucleotide at 
position 92 is not critical, because a U92 substitution 
mutant had nearly the same kinetic parameters for 
processing as wild-type Ml. Also, deletion of C92 can 
be partially overcome by the presence of the C5 subunit. 
Thus, N92 may influence the local conformation of the 
RNase P active site, but may be secondary to the in
fluence of the C5 protein subunit. 

In parallel with the wo»k on the Ml RNA, in vitro 
RNA synthesis has also been used to investigate the 
substrate requirements for the reaction. Truncated 
versions of E. coli tRNAPhe that retain the acceptor-
Tî C stem and loop are substrates for the enzyme, but 
the introduction of base substitutions at C74 (the 3' 
terminus is A76) eliminated cleavage.149 As described 
for alanine tRNA synthetase, RNase P recognizes a 
limited part of the overall tRNA structure. 

There is also evidence to suggest that RNase P rec
ognizes the 3' CCA sequence of the precursor tRNA 
molecule.148 The precursor to E. coli tRNATyr is three 
nucleotides longer at the 3' end than the mature species, 
such that the sequence is CCAUCAOH- Cleavage of this 
substrate in vitro with Ml RNA or the RNaseP holo
enzyme reveals that the turnover number for the re
action with Ml RNA alone is greatly reduced in the 
absence of the CCA sequence. The wild-type Ml RNA 
will correctly cleave a pre-tRNATyr which lacks the 
3'-terminal CCAUCA, although at a slower rate than 
for the wild-type precursor. A mutant RNase P with 
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a deletion of C92 also cleaves the mutant precursor, but 
does so at a site that is four to six bases upstream of 
the wild-type cleavage site. Reverse transcription of a 
photo-cross-linked complex between the mutant Ml 
RNA and the mutant pre-tRNATyr gave strong termi
nation at Gl in pre-tRNA. It is noteworthy that high 
concentrations of exogenous CCA trinucleotide inhibit 
the reaction of a substrate that contains the CCA group, 
but stimulates the processing of a substrate that lacks 
the trinucleotide. Thus, RNase P may have two sepa
rate binding sites for the pre-tRNA—one associated 
with the eventual site of cleavage and one for the CCA 
end. 

IV. Summary and Conclusions 

A. Limitations of In Vitro RNA Synthesis 

In the case of synthetic tRNAs, one drawback is that 
the transcripts are unmodified. The lysidine in the E. 
coli tRNA11*8 isoacceptor is a modified base shown to 
be essential for aminoacylation,122 and modifications in 
yeast tRNA^P act as negative determinants for other 
aminoacyl tRNA synthetases.126 However, unmodified 
transcripts may become useful in the purification and 
characterization of tRNA nucleotide modification en
zymes, including pseudouridine synthase from Sac-
charomyces cerivisiae150 and guanine methyltransferase 
from Xenopus oocytes.151 Microinjection of in vitro 
transcripts into Xenopus oocytes can be used to pro
duce modified tRNAs in vivo.152 As more of the genes 
coding for the tRNA modification enzymes are cloned 
and their gene products characterized, tRNA transcripts 
produced in vitro can be treated with these enzymes to 
study the effects of modifications on molecular recog
nition. 

Another obstacle to obtaining the full range of po
tential sequence variants is the promoter specificity of 
the T7 RNA polymerase. The enzyme prefers a G at 
the first position and is highly sensitive to the sequence 
in the region +1 to +6.73 Methods to circumvent these 
nucleotide requirements include the use of purified Ml 
RNA to process pre-tRNA transcripts in vitro.153 The 
minimal substrate requirements for RNase P have been 
localized to the acceptor-T^C helix and the CCA end.149 

Thus, as long as a transcript possesses these minimal 
features, a G can be added to the 5' end to satisfy the 

. promoter requirements for T7 RNA polymerase. The 
extra G in the resulting transcript can then be removed 
by the action of Ml RNA in vitro. Alternatively, T7 
transcription can be primed by N„G dinucleotides to 
obtain RNA transcripts with 5' ends starting with nu
cleotides other than G.72 

The efficient synthesis by T7 RNA polymerase of 
RNA transcripts shorter than 20 nucleotides is more 
sensitive than longer transcripts to the sequence of the 
coding strand71 and is also hindered by the tendency 
of the enzyme to undergo an "abortive cycling mode".73 

In this mode, the polymerase does not clear the pro
moter and synthesizes short transcripts two to six nu
cleotides in length. Sequence analysis of abortive 
products shows that termination occurs most frequently 
after incorporation of UMP.73 Use of chemical RNA 
synthesis may be required in those cases where se
quence or length constraints decrease the yield and 
homogeneity of product. 

Several laboratories have observed that T7 polym
erase will in some circumstances produce a transcript 
of approximately 70 nucleotides whose synthesis is in
dependent of exogenous DNA template.154 Instead, the 
template for this "product X" may copurify with the 
polymerase itself and be used by the enzyme when the 
sequence of the exogenous template is unfavorable. The 
synthesis of the X RNA is initially slow, but the rate 
accelerates after a lag period of an hour or greater. 
Thus, X RNA can represent a greater proportion of the 
product in transcription reactions that are carried out 
over long (e.g., 3 h) periods. Initial studies on the se
quence and structure of X RNA suggest that it is a 
self-complementary RNA of approximately 35 nucleo
tides. If the reaction is carried out for an extended 
period, then multimeric forms of X RNA appear. 
Clearly, more work is needed to characterize the phe
nomenon of non template encoded RNA synthesis by 
T7 RNA polymerase. 

B. RNA Recognition 

In vitro RNA synthesis is most useful when combined 
with a complementary method to rapidly identify 
positions of potential interest in a given RNA structure. 
A genetic method such as amber suppression, in which 
a great number of variants can be rapidly screened, is 
essential when a priori there is no clear rationale for 
selecting target nucleotides for mutagenesis. Once a 
mutant is isolated that is defective for a particular 
function in vivo, the systematic in vitro synthesis and 
characterization of RNAs that analytically define the 
mutant phenotype can be undertaken. 

However, there are two instances when such a genetic 
screen may not be necessary. First, there may be prior 
evidence (such as molecular phylogeny) that points to 
a particular region as important for a given function. 
For example, specific nucleotides in predicted helices 
can be tested explicitly. Second, the regions of func
tional importance in a large RNA molecule can some
times be addressed by synthesis of a series of deletion 
mutants which are tested in an in vitro assay. This 
approach is particularly effective when domains can be 
identified, such as the two that make up the L-shaped 
tRNA structure. In these cases, transcripts can be made 
that encode a single domain. This approach offers the 
ability to study those mutants that might not be easily 
tested in vivo. 

The role of nucleic acid conformation in sequence-
specific recognition can be studied through the use of 
chemical synthesis. Ribo- and deoxyribonucleotides can 
be programmed in predetermined blocks in a sequence, 
resulting in the formation of mixed RNA-DNA mole
cules. These hybrid molecules could then be used as 
substrates for in vitro assays and might allow conclu
sions to be drawn about the role of minor groove in
teractions. The aminoacylation of tDNAPhe suggests 
that not all synthetases require the A-form that is 
characteristic of RNA helices. As shown in the exam
ples presented above, tRNA recognition nucleotides can 
be either paired or unpaired. In the case of tRNAMet 

and tRNAPhe, important bases for recognition are lo
cated in the anticodon. In these cases, the helical nature 
of the tRNA would not be predicted to play an im
portant role in the presentation of the bases to the 
protein. Such tRNAs are candidates for studies of the 
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tDNA analogue of a tRNA. In tRNA^, the G3-U70 
base pair is located within a helical region of the tRNA, 
so that the corresponding DNA analogue might be in
active. 

Other protein-tRNA systems not covered in this re
view can be addressed through the use of in vitro RNA 
synthesis. These include the CCA nucleotidyl trans
ferase and other tRNA processing and modification 
enzymes,165 elongation factor Tu, and initiation factors. 
Seong and Rajbhandary have used an in vivo system 
to show that elongator tRNAMet and initiator tRNAMet 

are distinguished by initiation factors on the basis of 
a single base pair mismatch at the 5' end of the initiator 
tRNA.52 This is an example of a well-defined system 
that can be further investigated by in vitro studies with 
synthetic transcripts. 

The insights gained into the recognition of RNAs by 
protein through the use of in vitro RNA synthesis may 
be useful for the design of small molecules that bind 
to specific RNAs that are essential for cell viability. For 
example, a drug that binds selectively to the G3-U70 
base pair of tRNA*1" could arrest protein synthesis. By 
taking advantage of sequence differences (around 
G3-U70) between the human tRNA*18 and that of a 
pathogenic organism, selective drug binding might be 
achieved. 

The interaction between the RNA-dependent reverse 
transcriptase of retroviruses and the specific tRNA that 
acts as a primer for reverse transcriptase is another 
system that might be amenable to the design of drugs 
that bind to RNA. The annealing of the primer tRNA 
to the primer binding site is the first step in initiation 
of cDNA synthesis by reverse transcriptase and thus 
represents a potential target for the arrest of viral 
multiplication.156 HIV reverse transcriptase and primer 
lysine tRNA form a complex that can be detected by 
glycerol gradient centrifugation, which may serve as an 
assay for testing inhibitors of the binding reaction.157 

Further, the bound tRNA also protects reverse tran
scriptase from thermal denaturation and trypsin di
gestion. The synthesis of RNA length and sequence 
variants could be used in this system to define deter
minants on the tRNA required for binding and serve 
as initial targets for drug design. 

The interpretation of experiments on systems other 
than tRNAs, such as the Ml RNA of RNase P, is se
verely hampered by the lack of three-dimensional 
structural information. The tRNA structure was pos
sible in part because of the availability of relatively large 
quantities of a specific tRNA, such as tRNAPhe, from 
a convenient natural source (i.e., bakers' yeast). RNA 
synthesis has developed sufficiently that it can now 
make available large amounts of otherwise scarce RNA 
species, such that structural analysis of these molecules 
is now feasible. Thus, while the first experiments ex
ploited the use of RNA synthesis to generate sequence 
variants which define determinants for recognition in 
a defined structure (i.e., transfer RNA), future appli
cations will increasingly use synthesis as the means to 
generate the materials themselves that will be used for 
structure determinations. RNAs studied in this manner 
could include defined elements or domains of Ml RNA, 
ribosomal RNAs, and cellular and viral RNAs. How
ever, investigators will still be faced with the problem 
of whether the synthetic materials accurately recapi

tulate their natural counterparts, where modified bases 
and folding patterns specific to the cellular environment 
have an influence on structure and function. 

Registry No. RNase P, 71427-00-4; aminoacyl tRNA 
synthetase, 9028-02-8. 
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