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Abstract

The initiator tRNA must serve functions distinct from those of other tRNAs, evading binding to
elongation factors and instead binding directly to the ribosomal P site with the aid of initiation factors.
It also plays a key role in decoding the start codon, setting the frame for translation of the mRNA.
Sequence elements and modifications of the initiator tRNA distinguish it from the elongator
methionyl tRNA and help it to perform its varied tasks. These identity elements appear to finely tune
the structure of the initiator tRNA, and growing evidence suggests that the body of the tRNA is
involved in transmitting the signal that the start codon has been found to the rest of the pre-initiation

complex.
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Introduction

The initiator tRNA plays a critical role in the cell. It reads the start codon, allowing the initiating
ribosome to begin translation in the correct location. A properly located translational start is
crucial, since by beginning translation in the wrong location the cell not only fails to produce
the desired protein, but also creates an aberrant, possibly toxic one. In addition, the availability
of the initiator tRNA may be limiting for translation; a roughly twofold decrease in initiator
tRNA expression in yeast increased the doubling time approximately threefold [1], and a
“modest” overexpression of the initiator tRNA resulted in greatly elevated rates of translation
and allowed mouse embryonic fibroblasts to induce tumors in mice [2]. Thus, a detailed
understanding of the mechanism of initiator tRNA function in translation may have important
medical relevance.

In the course of its duties, the initiator tRNA must accomplish a number of tasks involving
interactions with several binding partners: aminoacylation with methionine by methionyl-
tRNA synthetase; in bacteria and eukaryotic organelles, formylation of the methionine moiety
by methionyl-tRNA transformylase; interaction with one or more initiation factors; and binding
to the ribosome. The initiator tRNA must perform functions different from those of any other
tRNA. It is the only tRNA that binds directly to the P site of the ribosome during the
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translational cycle; it is also one of the only tRNAs that must avoid binding to elongation factor
Tu (EF-Tu; eEF1A in eukaryotes). In addition, the initiator tRNA must be distinguished from
the other methionine-bearing tRNA present in the cytoplasm, the elongator methionyl tRNA
that contributes methionine residues during peptide chain elongation. (In animal mitochondria,
a single methionine-bearing tRNA species appears to serve as both initiator and elongator

[31)

The initiation of protein synthesis is clearly a crucial process for the cell (reviewed in [4-6]).
There are significant differences between how this process is accomplished in eukaryotes and
in bacteria. Translation initiation in eukaryotes requires at least twelve initiation factors.
Aminoacylated initiator tRNA is delivered to the P site of the ribosome as part of a ternary
complex (TC) with GTP-bound eukaryotic initiation factor 2 (elF2). TC binds to the small
(40S) ribosomal subunit with the help of elFs 1, 1A and 3, forming a 43S pre-initiation complex
(PIC). The PIC can then bind the 5' end of an MRNA in a process facilitated by elF3, elF4F,
and the poly(A) binding protein. The PIC is thought to scan along the message in search of the
start codon. elF2, with the aid of the GTPase activating protein elF5, hydrolyzes GTP, and
start codon recognition triggers release of inorganic phosphate (P;) from the complex. Pj release
is followed by dissociation of elF2¢GDP, leaving the initiator tRNA in the P site with its
anticodon base-paired to the mRNA start codon. In addition to irreversible GTP hydrolysis,
start codon recognition induces a conformational rearrangement in the complex from an open
state, thought to be competent for scanning, to a closed one, thought to be locked down on the
mRNA. At this stage, joining of the large (60S) subunit to the complex, with the help of elF5B,
forms a complete 80S complex that can continue on to the elongation phase of translation.

Two major differences, likely in part related to each other, exist between bacterial and
eukaryotic initiation. First, bacteria have Shine-Dalgarno sequences upstream of most start
codons. These sequences base pair with the 16S rRNA and localize the 30S subunit to the start
codon. Eukaryotes lack the anti-Shine-Dalgarno sequences in their 18S rRNA and thus do not
use Shine-Dalgarno sequences to locate initiation codons. Secondly, in contrast to the >12
initiation factors found in eukaryotes, bacteria possess only three. IF1 is the ortholog of eIF1A,
promoting initiator tRNA binding to the P site and blocking the A site until the ribosome is
ready to begin elongation. IF2 is not the ortholog of elF2, but is instead the ortholog of elF5B.
Both IF2 and elF5B facilitate the subunit joining step of initiation. However, IF2 also acts to
promote initiator tRNA binding to the 30S subunit, whereas in eukaryotes, this role is filled
by elF2 rather than by elF5B. Although IF2 binds initiator tRNA in vitro (with an affinity of
approximately 1 uM) [7,8], it is thought to interact with the tRNA on the ribosome, rather than
forming a complex with tRNA that then binds to the 30S subunit. This is in contrast to
eukaryotic initiation, where initiator tRNA must bind to elF2 before it can bind to the ribosome.
The third bacterial factor, IF3, helps the ribosomal pre-initiation complex select the correct
tRNA for initiation. It has a similar fold to that of elF1, binds a similar site on the small
ribosomal subunit and appears to be at least functionally orthologous to the eukaryotic factor
[9,10].

In bacteria, after aminoacylation of the initiator tRNA, the methionine moiety is formylated
by methionyl-tRNA transformylase [11,12]. This modification is important for the function of
the tRNA in initiation, as it is used by bacterial initiation factor 2 (IF2) to check that the
appropriate tRNA is in place for initiation [13]. IF2 recognizes the formylated amino acid on
the initiator tRNA, and will bind other tRNAs bearing formylated or acetylated amino acids
[13]. Formylation is not a determinant used in eukaryotes to identify the correct tRNA for
initiation; while many eukaryotic initiator tRNAs can be formylated by this enzyme in vitro
[13], the enzyme is not present in the cytoplasm of eukaryotes and the methionine on the
initiator tRNA is not formylated.
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In elongation, elongator aminoacyl-tRNAs are delivered to the ribosomal A site, not the P site.
In eukaryotes, elongator tRNAs are delivered to the A site in complex with GTP-bound
eukaryotic elongation factor 1A (eEF1A). In bacterial elongation, the homologous EF-Tu
serves this role [14].

The sequence of the initiator tRNA gene is the most highly conserved among those of all tRNA
species, across all three domains of life [15]. In fact, all known vertebrate initiator tRNAs have
identical sequences [16]. A number of differences, however, are observed at the level of
sequence conservation between eukaryotic and bacterial initiator tRNAs. As will be seen
below, these differences in sequence elements occur in locations throughout the initiator tRNA
body. The importance of a number of these elements has been investigated, and some
differences have been observed between how bacterial and eukaryotic initiator tRNAs function.
Although this review focuses primarily on eukaryotic initiator tRNAs, we will also compare
the bacterial and eukaryotic tRNAs in order to help elucidate general principles behind their
functions and to note instances of their divergence.

from elongation

What special attributes allow the initiator tRNA to fulfill its role? The initiator tRNA is likely
tuned for its particular function in the ribosomal P site, as opposed to elongator tRNAs, which
have to fulfill different roles, in both the A and P sites. The cell acquires an additional degree
of control by having a separate tRNA for initiation, and thus regulates the levels of initiator
and elongator methionyl tRNAs separately [17]. It is important that each type of methionyl
tRNA be restricted to its separate function, as competition for tRNA by the initiation and
elongation machinery could lead to serious problems for the cell [18-20]. How is this
accomplished? Conserved elements in the sequence, and in some cases modifications, of the
initiator methionyl tRNA distinguish it from the elongator methionyl tRNA and allow each
tRNA to perform its particular function (Figure 1).

The initiator tRNA is aminoacylated by methionyl tRNA synthetase, the same enzyme that
charges the elongator methionyl tRNA. Initiator and elongator fates diverge after this step. The
initiator binds elF2«GTP and must not bind eEF1A. A key question, then, is how it is excluded
from binding eEF1A.

The initiator tRNA binds eEF1A much less tightly than does the elongator methionyl tRNA
(>100 nM versus 0.8 nM using wheat germ components) [14]. Several features of the initiator
tRNA play a role in preventing it from binding to the elongation factor. For example, the base
pair at position 1:72 in the acceptor stem is an important contributor to initiator/elongator
discrimination. Bacterial initiator tRNAs contain a C:A mismatch at position 1:72, which has
been shown to be a determinant for formylation of the methionine moiety by methionyl-tRNA
transformylase [11,12], and the major determinant for exclusion of the bacterial initiator tRNA
from elongation; changing this position to a Watson-Crick base pair causes the tRNA to bind
to EF-Tu [21]. An A1:U72 base pair is invariant in eukaryotic and archaeal initiator tRNAs
(the sole known exception being y1:A72 in S. pombe), while the elongator tRNAs of all three
domains generally bear a G:C base pair in the 1:72 position. Drabkin and colleagues [22]
showed that G1:C72 inthe human initiator tRNA allowed the initiator tRNA to act in elongation
in rabbit reticulocyte lysate. In yeast, an initiator tRNA containing G1:C72 could act as an
elongator tRNA in vivo, and A1:U72 in the elongator tRNA decreased its elongation ability
[23].

The eukaryotic initiator tRNA lacks the T loop's eponymous T (with one known exception, the
parasite Encephalitozoon cuniculi), bearing the sequence AU at positions 54-55 instead of the
Ty found in other tRNAs, including the elongator methionyl tRNA. This is not the case in

bacteria, where the Ty sequence is present in the T loop of both elongator and initiator tRNAs
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[15]. As previously noted, this could therefore represent an important difference in initiation
between bacteria and eukaryotes [24].

The T at position 54 in the elongator tRNA is an elongator determinant important for eEF1A
recognition. In yeast, the function of an elongator tRNA containing A54 was dramatically
compromised, and overexpression of eEF1A helped to restore the elongator function of this
tRNA [23]. Substitution of A54 with U/T54 was shown to strongly affect the ability of the
initiator tRNA to function in vivo: in yeast, U54 alone in the initiator tRNA was lethal, and
the changes U54 C60 (which preserve a lack of base pairing between the bases at positions 54
and 60) resulted in lack of growth when provided on a low-copy vector to an initiator null
strain, and poor growth even when present in high copy [24]. These data are consistent with
the idea that A54 in the initiator tRNA may be an anti-elongator element that prevents the
initiator tRNA from binding to the elongation factor [23-25]. In yeast, A54 did not appear to
be a requirement for initiation, since G54 and C54 supported growth of an initiator null strain
[24]. Evidence exists, however, that A54 in conjunction with other conserved bases may play
a role in other aspects of initiator tRNA function, as discussed below.

Additional elements of the structure of the T stem and loop are involved in exclusion of the
initiator tRNA from elongation. Vertebrate initiator tRNAs contain the base pairs A50:U64
and U51:A63, which are generally not contained in elongator tRNAs. These base pairs serve
as an anti-elongator determinant that likely prevents the initiator tRNA from binding eEF1A
[22]. The changes U50:A64 and G51:C63 allowed human initiator tRNA to function in
elongation in rabbit reticulocyte lysate. These changes conferred greater elongation activity to
the initiator tRNA than the G1:C72 change, and when coupled with G1:C72 resulted in a tRNA
almost as active in elongation as the elongator methionyl tRNA. In bacteria, both the 50:64
and 51:63 base pairs are important for elongator tRNA binding to EF-Tu [26] and are anti-
elongator determinants in the initiator tRNA [27]. It has been suggested that the bases at these
positions affect the structure of the RNA backbone in this region in such a way that binding of
the elongation factor is prevented [28]. This is consistent with the surprising observation [29]
that E. coli initiator tRNA could act as elongator tRNA in rabbit reticulocyte lysate, and the
authors' suggestion that the E. coli initiator tRNA therefore lacks structural features that
exclude the eukaryotic initiator tRNA from elongation.

Thus, for eukaryotic initiator tRNAs, the major anti-elongator determinant resides in the T
stem, and the A1:U72 base pair serves as a lesser anti-elongator determinant [22]. This relation
is reversed in E. coli, where the main determinant preventing the initiator tRNA from acting
in elongation is the C1 A72 mismatch, and an additional, secondary determinant is located in
the T stem in the same location as in the eukaryotic initiator tRNA, the wobble base pair
U50:G64 [27]. Thus, bacterial and eukaryotic initiator tRNAs use similar elements to prevent
the initiator tRNA from acting as an elongator tRNA, but place the emphasis on these elements
differently. It would be interesting to determine the evolutionary origins of this difference in
emphasis.

Interestingly, in the same region of the T loop, at position 64, plant and fungal initiator tRNAs
contain an O-ribosylphosphate modification that serves as an anti-elongator element. Yeast
and wheat germ initiator tRNAs lacking the position 64 modification were able to support
elongation in vitro [30], and the initiator tRNA was able to act as an elongator tRNA in a yeast
strain lacking functional Ritlp, the phosphoribosyl transferase that makes the modification
[31]. To ensure that it modifies the initiator and not elongator tRNA, Ritlp recognizes aspects
of the T loop and stem, notably the bases A54 and A60 that are conserved in eukaryotic initiators
[31]. The position 64 modification becomes important when the availability of TC components
is compromised, as combining a lack of Ritlp with mutations in genes for the initiator tRNA
or elF2 resulted in synergistic growth defects, which were alleviated by high copy initiator
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tRNA butworsened by high copy eEF1A [20]. This modification achieves its role by preventing
binding of the tRNA to eEF1A, presumably sterically [18,30,32,33]. Forster and colleagues
showed that initiator tRNA lacking this modification could bind to eEF1A«GTP [18].

That determinants blocking binding to eEF1A are found in and at the base of the T stem and
loop is consistent with work by Dreher and colleagues indicating that eEF1A interacts largely
with the tRNA acceptor stem and T loop [14]. This is also the case for EF-Tu, as seen in the
crystal structure of tRNAPMe bound to EF-TusGDPNP [34]. Hydrogen-bonding interactions
were seen between nucleotides 63 and 64 and the protein backbone, at amino acid G391, of
EF-Tu [35].

As mentioned above, bacteria and eukaryotes employ different yet related strategies to exclude
the initiator tRNA from binding to the elongation factor. Elements in the T loop are important
in many species, but in different ways. Curiously, within eukaryotes, additional methods have
evolved to serve the same purpose; where the human initiator tRNA contains structural
elements conferred by nucleotides in the T loop, the plant and fungal tRNAs contain a bulky
modification instead. It would be interesting to know what distinct evolutionary pressures
created these different solutions to the same problem.

Interaction with elF2

In eukaryotes, the initiator tRNA must bind elF2¢GTP before it can be delivered to the
ribosome. This marks a significant difference between eukaryotes and bacteria: in the current
model of bacterial initiation, the tRNA can bind directly to the P site and subsequently interact
with IF2 on the ribosome. Binding of the initiator tRNA to elF2¢GTP is fifteen-fold tighter (10
nM) than binding to elF2«GDP (150 nM), as measured using yeast components [36]. This is
important for release of the tRNA by elF2¢GDP, leaving the tRNA in the P site following GTP
hydrolysis after start site selection.

In addition to its function in preventing binding of the tRNA to eEF1A, the A1:U72 base pair
plays roles in the initiation pathway. A number of studies have shown that A1:U72 is a key
element for initiator tRNA function in vivo [23,24] and in vitro [25,36,37]. Farrugio and
colleagues showed that the A1:U72 base pair is important specifically for binding to elF2
[38]. Using human tRNA in vitro, they observed that changing this base pair to G1:C72 reduced
affinity for elF2 16-fold (from 50 nM to 790 nM) but did not affect later steps in the initiation
pathway. The affinity observed for the G1:C72 initiator tRNA was not as low as that of yeast
elongator methionyl tRNA for elF2 (which did not bind detectably), so the authors noted that
elF2 must also interact with other elements of the initiator tRNA.

Indeed, the methionine moiety is important for elF2«GTP binding, providing a means to keep
unacylated tRNA from entering the initiation pathway. Using an in vitro reconstituted system
of yeast components, Kapp and colleagues saw that the methionine residue made a positive
contact with elF2¢GTP but not with elF2¢GDP, while interactions between the tRNA body and
the factor were the same regardless of whether the tRNA was aminoacylated [36]. This work
also showed that A1:U72 is necessary for recognition of the methionine moiety, likely by
helping to position it in its recognition pocket on elF2. The authors suggested that the identity
or geometry of the base pair at 1:72, rather than the presence of an easily disrupted base pair,
is needed to position the methionine moiety properly in its binding pocket on elF2.

Several studies have examined the importance of the identity of the initiating amino acid. Yeast
initiator tRNA charged with isoleucine binds poorly to elF2 [39]. Human initiator tRNA with
the altered anticodon sequence CUA and charged with glutamine cannot initiate in vivo or in
vitro, whereas the bacterial version can initiate from a UAG codon (using formylglutamine)
[40,41]. Yet, an initiator tRNA variant with a GAC anticodon is aminoacylated with valine
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and can initiate translation from a GUC codon in mammalian cells [41]. Thus, whereas in
bacteria a formylated amino acid is recognized, in eukaryotes an aspect of the methionine itself
is recognized. Kapp [36] suggested that this could be the ability of the side chain to fit in the
binding pocket on elF2, or perhaps a contact with other groups of the amino acid.

Identity elements in the T loop and the anticodon stem were seen to jointly affect binding of
the tRNA to elF2. In vitro work using yeast components showed that a change in the T loop
to U54,C60 did not affect binding by itself, but in combination with U31:U39 in the anticodon
stem a threefold reduction in affinity of initiator tRNA for elF2 was observed [37]. This is
consistent with the existence of a functional interaction between the anticodon stem and T loop
of the initiator tRNA, as discussed below. In addition, several combinations of initiator identity
elements conferred a greater affinity for elF2¢GTP to the elongator methionyl tRNA.
Substituting the initiator identity elements A1:U72 along with G31:C39 into the elongator
tRNA increased the binding affinity for elF2¢GTP to nearly that of the initiator tRNA, and
A1:U72 with A54 and A60 in the T loop brought the affinity to within two-fold of that of the
initiator tRNA [37]. These observations suggest that the structure of the initiator tRNA is
coordinated by elements in distant spatial locations in the molecule.

Binding to the ribosomal P site and start codon recognition

The initiator tRNA is thought to bind directly to the P site of the small ribosomal subunit and
to play a critical role in recognizing the start codon in the mRNA. Although the initiation factors
clearly help mediate these events, the structure of the tRNA itself also plays a key role.

Structural insights

The first crystal structure of an initiator tRNA was that of the yeast tRNA, solved to 6 A by
Schevitz and coworkers in 1975, and followed by a 4.5 A structure in 1979 [42]. In these
structures the anticodon arm was the most poorly defined part of the molecule, suggesting the
existence of a “flexible hinge” between the D stem and the anticodon stem. In the 3 A crystal
structure of the yeast initiator tRNA determined by Basavappa and Sigler [33] (Figure 2), the
anticodon stem and loop regions remained poorly defined, despite the improved resolution of
the structure overall. The higher resolution, however, did enable visualization of the O-
ribosylphosphate modification at position 64, identified only a year or two earlier [30,32].

In addition, a special substructure was observed in the elbow of the tRNA (Figure 3), formed
by conserved residues located in the D and T loops that are found in combination exclusively
in eukaryotic initiator tRNAs. The D and T loops contain a number of characteristic eukaryotic
initiator tRNA features. The D loop is marked by the lack of nucleotide 17, which is present
in all other tRNAs, including the bacterial initiator; the D loop also contains A20, also found
in the yeast elongator, whereas E. coli initiator and most elongator tRNAs contain
dihydrouridine at this position. The T loop contains A54, which is found exclusively in
eukaryotic initiator tRNAs; m*A58: and A60, where a pyrimidine is typically found in bacterial
and archaeal initiators and all elongator tRNAs. These nucleotides participate in hydrogen
bonding interactions that create a stronger connection between the D and T loops than that seen
in elongator tRNA structures, with three hydrogen bonds between A20 in the D loop and bases
G57, A59, and A60 in the T loop. Hydrogen bonding was also observed within the T loop
between m1A58 and A60, and between m1A58 and A54. It has been suggested that this
substructure might keep the tRNA from entering elongation, perhaps by preventing structural
changes in the D-loop-T-loop region necessary for interactions of the tRNA with the ribosome
and factors in elongation. Alternatively, or in addition, this unique structure may play a role in
the initiation process itself (see below).
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The crystal structure of a bacterial initiator tRNA was solved to 3.5 A by Woo et al. in 1980
[43]. Comparing this structure to that of a yeast elongator tRNA, tRNAP"®, the authors observed
differences between the two tRNAs in the anticodon loop, CCA end, and D loop. The low
resolution, however, prevented a conclusive determination of tertiary interactions. A more
compact D loop structure was observed in the initiator tRNA, even though in the E. coli initiator
tRNA this loop contains an additional base relative to yeast tRNAP. In the anticodon stem,
the base 5' to the anticodon, U33, faced out of the anticodon loop, instead of inward as in the
tRNAPNe structure. The anticodon loop appeared “skewed,” as opposed to the more
symmetrical anticodon loop of tRNAPPe, The authors proposed that the conformation of the
anticodon might be affected by hydrogen bonding involving U33; in the initiator tRNA the
ribose moiety appeared to participate in a hydrogen bond with phosphate 36, while in the
elongator the hydrogen bond was between the uracil base and phosphate 36. The authors noted
that this could give insight into the presence of C33 in the initiator tRNAs of higher eukaryotes
(the only tRNAs that contain C instead of U at this position), since C33 is unable to hydrogen
bond with phosphate 36 but a hydrogen bond remains possible with the ribose.

The idea that the initiator tRNA may have a unique anticodon loop conformation is long-
standing. In 1979 Wrede et al. [44] saw strikingly different S1 nuclease cleavage patterns
between initiator and elongator tRNAs. They observed that the three initiator tRNAs examined
— mammalian, E. coli, and yeast — cleaved at the same two positions in the anticodon loop
(C34, A35), whereas for six elongator tRNAs from E. coli, yeast, and S. pombe, cleavage was
typically seen at four positions in the anticodon loop (U33, C34, A35, and U36). This suggested
that the anticodon loop of the initiator tRNA took on a conformation different from that of
elongator tRNAs. Since the initiator and elongator tRNAs have the same anticodon loop
sequence (save the difference at base 33 in higher eukaryotic initiators) and modifications, the
authors suggested that this special conformation is imparted to the anticodon loop by three
conserved G:C base pairs in the anticodon stem of the initiator tRNA, which are not all present
in elongator tRNAs (these base pairs are discussed below). In support of this idea, RajBhandary
and coworkers observed that changing the 29:41 base pair, both 29:41 and 30:40, and then all
three to their respective elongator identities in E. coli initiator tRNA resulted in a progressive
increase in the susceptibility of anticodon loop bases to cleavage by S1 nuclease, yielding a
cleavage pattern similar to that of elongator tRNA for the tRNAs with two and three G:C base
pairs changed [45]. In contrast, in work using an initiator tRNA bearing a CUA anticodon and
capable of initiating translation in vivo in E. coli from a stop codon [40], changing the G:C
base pairs affected initiation activity, but not the S1 nuclease pattern observed [46]. Thus, the
G:C base pairs may influence, but not exclusively determine, the special anticodon
conformation of the initiator tRNA.

As mentioned above, in the initiator tRNA crystal structures the anticodon stem/loop region
was not well-defined enough to confirm that its conformation differed from that of the elongator
tRNA. Several pieces of evidence did not appear to square with this idea. NMR solution
structures showed synthetic yeast initiator and E. coli elongator anticodon stem-loops adopted
similar conformations [47], and the authors proposed that the more extensive S1 cleavage of
the elongator anticodon loop resulted from a greater conformational flexibility relative to the
initiator anticodon loop. In this study, however, possible evidence of another conformational
state was observed but could not be examined in detail. In addition, in structures of the bacterial
ribosome with tRNA and mRNA bound [48-50], the conformation of the initiator tRNA
anticodon loop was not notably different from that of the elongator tRNA.

A recent 3.1 A crystal structure of the E. coli initiator tRNA [51] showed a special, more

compact, anticodon conformation. In this structure, Cm32 and A38 formed a wobble base pair,
extending the anticodon stem, in an interaction stabilized by stacking with G31:C39, although
this base pair might rely on the low pH at which the structure was determined. In addition, A37
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was seen to be involved in a base triple with G29 and C41. In this structure, however, the
observed conformation may have been stabilized by a significant interaction of the anticodon
loops in the crystal lattice. The authors suggest that a switch between two conformations of
the initiator tRNA (this compact conformation, and that seen in ribosome structures with
mRNA) could be important for first allowing initiator tRNA selection on the ribosome — the
unique, compact conformation allowing only the initiator tRNA to bind in the constrained P
site — and, subsequently, signaling through a conformational change that the start codon has
been found.

Tuning of tRNA structure

While a number of identity elements contribute to initiator tRNA function, there is evidence
that many of these elements work in combination. It appears that no one particular interaction
causes the tRNA to bind specifically to the P site of the small ribosomal subunit. Instead, the
tRNA structure is finely tuned by multiple elements in distinct regions of the tRNA that together
impart the appropriate structure for specific P site binding.

As mentioned above, A54 and A60 influenced the ability of the yeast initiator tRNA to bind
to elF2 only in combination with identity elements in other regions of the molecule, indicating
that elements distant in space have long-range effects on the structure of the initiator tRNA
[37]. Consistent with this idea, this type of structural tuning may be important for bacterial
initiator tRNA binding in the P site. Shoji and colleagues showed that the rate constant (Kqyff)
for dissociation of unacylated initiator tRNA from the 70S ribosome was unaffected by 16S
rRNA mutations in the P site, including G1338U, A790G, and m2G966U, while the ko for
all other unacylated tRNAs increased [52]. The authors point out that elements in the body of
the tRNA must contribute to this effect, since the k¢ value for the elongator methionyl tRNA,
with the same anticodon, increased with these rRNA changes. The authors suggest that the
initiator tRNA is uniquely tuned to bind specifically in the P site of the ribosome, and that a
combination of features is likely responsible for this tuning; little or no effect was seen on
Koff With a single change at position 1:72 or even with the anticodon stem of the initiator tRNA
switched to that of glutamate elongator tRNA.

Additional identity element roles

The A1:U72 base pair may play a role in the context of the ribosomal complex. Kapp and
coworkers expanded the known role of the A1:U72 base pair by showing that changing it
affected steps after elF2 binding in a reconstituted system of yeast components. Changing
A1:U72 to the elongator identity element G1:C72 had an approximately ten-fold effect on
binding of TC to the 40S subunit, and a small effect on peptide bond formation [37]. Given
that this base pair affects the binding of the tRNA to elF2, it is possible that its alteration could
result in improper presentation of the tRNA and thus its improper positioning in the ribosomal
complex.

Work by Astrom and colleagues suggested that bases in the acceptor stem besides the 1:72
base pair might be important for initiator tRNA identity. Elongator methionyl tRNA with the
initiator acceptor stem was able to rescue a yeast strain lacking any wild-type initiator tRNA
genes, while elongator tRNA with A1:U72 was not [23]. This acceptor stem transplant also
rescued more efficiently than the elongator tRNA containing the initiator elements A1:U72,
Ab4, G29:C41, and G31:C39 together, although this combination of elements did rescue
partially. One candidate element within the acceptor stem could be the C3:G70 base pair, which
is the only acceptor-stem base pair that is conserved in initiator tRNAs in all three domains of
life [15]. In elongator tRNAs, although there may be a preference for a C:G base pair, the base
pair found in this position varies. C3:G70 was shown to be important for formylation in bacteria
[11,12]. It will be interesting to investigate whether this base pair might be involved in other
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ways in initiator function. In an in vivo study in yeast, changing C3:G70 failed to show an
effect [24], but this was also the case for the anticodon stem G:C base pairs, which are known
to be important for initiation.

Modifications

Modifications may also play a role in allowing the initiator tRNA to serve its function. tRNAs
in general bear many nucleotide modifications. The S. cerevisiae initiator tRNA contains
eleven modifications, but most are nonessential and of unknown function. Exceptions to this
include mA58, which in yeast is known to be essential for the stability of the initiator tRNA
[53]. This modification is made by the enzyme 1-methyladenosine 58 methyltransferase, which
is comprised of the Ged10p/Ged14p complex [53,54]. In yeast, initiator tRNA lacking m1A58
is degraded via the nuclear Trf4/Rrp6 surveillance pathway [55]. This modification is not found
in most bacteria, with mycobacterial tRNAs being an exception [56].

The modified nucleotide N6-threonylcarbamoyladenosine (t8A) is found in position 37,
immediately 3' to the anticodon, in eukaryotic initiator tRNA. This modification may be
involved in decoding of the start codon. tA37 is also found in tRNALYS, where it helps to
decode the UUU codon, stabilizing the codon-anticodon pairing through stacking interactions
(as well as preventing an internal tRNA base pair) [57]. A37 is not modified in the E. coli
initiator tRNA. It has been suggested that this is important for allowing the E. coli initiator to
read the codons UUG and GUG, which are known to serve as start codons in E. coli, in addition
to AUG. It was seen that E. coli initiator tRNA with this modification could no longer decode
UUG or GUG [58]. If this modification helps to exclude those codons, the presence of t®A37
in the eukaryotic initiator tRNA would be consistent with the fact that the start codon of
eukaryotes is overwhelmingly (although not exclusively) AUG.

G:C base pairs in the anticodon stem

The major identity element implicated in specific P site binding of the initiator tRNA is found
in the anticodon stem. Initiator tRNAs in all three domains of life have three G:C base pairs at
positions 29-31:39-41 in the anticodon stem, with few exceptions.

A number of studies have investigated the role of these three G:C base pairs in bacteria. The
anticodon stem G:C base pairs were shown to be important for binding of initiator tRNA to
the P site in vitro using E. coli components [45]. Changing the 29:41 base pair, both 29:41 and
30:40, and then all three to their respective elongator identities progressively diminished the
activity of the tRNA in initiation, without affecting binding to IF2. The G:C base pairs were
demonstrated to be important for initiator tRNA function in vivo in E. coli, using a tRNA with
a CUA anticodon mutation that was able to initiate from a stop codon [40]. Using a CAT
reporter, a change to the middle G:C base pair (30:40) had a more severe effect than a change
to either of the other two base pairs (20-fold versus about 5-fold), while changing two base
pairs reduced translation about 30-fold and no detectable initiation was observed (>200 fold
reduction) with all three base pair changes [46]. The effect of the 30:40 base pair change was
most likely due to a problem at or following the step of binding in the P site, as aminoacylation
and formylation of the tRNA were unaffected by these changes.

In bacteria, IF3 is known to be important for selecting the initiator tRNA over other tRNAs,
and the G:C base pairs have been proposed to be necessary for IF3-dependent initiator tRNA
discrimination [59]. Genetic work suggested that the effect of the G:C base pairs in initiation
had to do with discrimination by IF3, as compromising the function of IF3 led to increased
activity of a three-G:C mutant initiator tRNA in initiation [60]. The binding site for IF3 on the
30S subunit, as determined by footprinting and cryoEM, is too far from these anticodon stem
base pairs for the factor to contact them directly [61,62]. In the crystal structure of the 70S
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ribosome [48,49], two bases in the 16S rRNA, G1338 and A1339, were seen to contact the top
two G:C base pairs, making type Il and type I interactions (respectively) with the minor groove
of G29:C41 and G30:C40. Dallas and Noller [62] proposed that IF3 binding induces a
conformational change in the 30S subunit that allows G1338 and A1339 to check tRNA identity
through their interaction with the anticodon stem G:C base pairs. In vivo and in vitro studies
using site-directed mutagenesis of G1338 and/or A1339 were consistent with the interactions
seen in the crystal structures, and with a role for these rRNA bases in tRNA binding to the P
site [52,63,64]. Whether these bases play a role in discrimination between initiator and
elongator tRNAs during initiation remains unclear, however.

The anticodon loop of the initiator tRNA also appears to be involved in discrimination by IF3,
as changes in the loop of a synthetic initiator anticodon stem-loop (swapping the two bases 3’
of the anticodon with the two 5’ of the anticodon) were shown to eliminate selection by IF3
[59]. Noller and Lancaster [63] proposed that IF3 helps to recognize some feature of the
anticodon loop — excluding many elongator tRNAs — and the interaction of the top two G:C
pairs with ribosomal RNA bases G1338 and A1339 upon IF3 binding helps to discriminate in
particular between the initiator and elongator methionine tRNAs; thus, by these two criteria,
the initiator methionyl tRNA would be uniquely identified out of all tRNAs. However, IF3
may play an indirect role in initiator discrimination by promoting an increased rate of
dissociation of all tRNAs from the 30S subunit [65], and, as mentioned above, the role of
G1338 and A1339 in initiator/elongator discrimination remains hypothetical.

Modification of the ribosomal RNA may be involved in the response of the complex to IF3.
An E. coli strain deficient in rRNA methylations allowed efficient initiation with an initiator
tRNA with changes in the G:C base pairs (even all three) [66]. The loss of one particular
methylation (1207) increased initiation with an initiator tRNA with all three G:C base pairs
changed, while the loss of others (966, 967) decreased initiation with this tRNA. This suggests
that rRNA methylations may play a role in selection of the initiator tRNA in the P site. As
some of the rRNA methylations are in the IF3 binding region of the 30S subunit, the authors
suggested that these methylations could contribute by helping to mediate the conformational
changes proposed to be induced by IF3 that allow inspection of the G:C base pairs.

Thus, a growing body of evidence shows the importance of the initiator tRNA anticodon stem
G:C base pairs in bacteria. Do these base pairs play the same role in eukaryotes?

Changing the G:C base pairs in human initiator tRNA to their elongator identities lowered
translation efficiency in rabbit reticulocyte and wheat germ lysates, although a smaller effect
was observed in the wheat germ system [25]. Astrom and coworkers saw that the G:C base
pairs were involved in conferring initiator tRNA identity in yeast. Elongator methionyl tRNA
with a combination of the three G:C base pairs and A1:U72 was able to complement an initiator
null yeast strain, albeit with low efficiency, if the and subunits of elF2 were overexpressed;
adding A54 to this combination of elements increased the ability of this elongator tRNA to
complement the initiator null strain [23].

However, an initiator tRNA with an altered 31:39 base pair (U31:U39), or with both the 29:41
and 31:39 base pairs changed together (A29:U41, U31:U39), allowed a yeast strain with an
otherwise initiator null background to grow normally [24]. Are the G:C base pairs less
important in eukaryotes? Perhaps they serve a more subtle, but still important, function.

Using purified yeast components, Kapp et al. [37] found that G29:C41 and G31:C39 were

required for thermodynamic coupling between binding of TC and a model mRNA containing
an AUG codon to the 40S subunit. Since this coupling likely reflects interactions in the complex
relevant to start codon recognition, this result suggested that these G:C base pairs may influence
this important step. It was proposed that the G:C base pairs influence a conformational change
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in the tRNA that occurs upon pairing between the anticodon and the start codon, and that this
conformational change is partly responsible for triggering downstream events in initiation.

The 18S rRNA bases equivalent to G1338 and A1339 also appear to be important for initiator
tRNA binding in eukaryotes. Mutations in these bases in S. cerevisiae affected TC binding to
the ribosome and recognition of the AUG codon [67]. As in the bacterial case, it is not clear
whether these bases play a role in specifically interacting with the initiator tRNA or if they
have a more general effect on binding of tRNAs to the P site.

Conformational coupling between T loop and anticodon stem

As mentioned above, evidence suggests that the initiator tRNA could be involved in start codon
recognition. In eukaryotes, start codon recognition has several steps. One of these steps is a
conformational change of the 40S subunit from an open state competent to scan the mRNA to
aclosed state that is arrested on the mRNA after start codon selection [68-70]. The initial signal
that causes the complex to undergo this conformational change to the closed state upon start
codon recognition appears to be the matching base pairing of the initiator tRNA anticodon with
the start codon [10,41,71,72]. How is this signal transferred from the base-pairing event to
bring about these large-scale changes? The codon/anticodon duplex could be sensed directly
by the ribosome and/or some combination of initiation factors. Alternatively, the tRNA itself
might transmit the signal. It has been shown [73] that elongator tRNAs are capable of this
function in the A site during the decoding phase of protein synthesis. For this to be possible,
communication must occur between the anticodon region and distant parts of the tRNA making
contacts with factors and/or the ribosome.

In fact, Kapp and colleagues [37] showed that the effect of changes in the anticodon stem G:C
base pairs on thermodynamic coupling between TC and mRNA binding to the 40S subunit was
influenced by identity elements in the T loop. Changing initiator tRNA identity elements A54
and A60, which participate in the hydrogen bonding network observed to form a tight
connection between the D and T loops [33], to their elongator counterparts (U54, C60)
suppressed the effect of changes to the top or bottom anticodon stem G:C base pairs (although
not both together), restoring the coupling between binding of TC and mRNA to the 40S subunit.
Changing A54 and A60 on their own had no effect. This suggests a conformational coupling
between the anticodon stem and the D-loop-T-loop substructure of the initiator tRNA during
start codon selection.

In elongator tRNAs in the A site, there is evidence that codon/anticodon pairing results in a
conformational change of the tRNA that loosens the D-loop-T-loop association [73-79], and
a “kinking” or bending of the anticodon stem about the D-stem-anticodon stem hinge region
was observed in A site and P site tRNAs base-paired with mRNA in several bacterial and yeast
ribosome structures [50,80,81]. Base pairing with the start codon could result in a similar
conformational change in the initiator tRNA involving these regions. If changes to the
anticodon stem G:C base pairs affect anticodon stem mobility, a loosening of the D-loop-T-
loop substructure by the substitutions U54 and C60 could compensate by lowering the energy
barrier for changing the D-loop-T-loop interaction, maintaining the ability of the tRNA to
assume the post-codon-recognition conformation. This conformational change in the initiator
tRNA may be involved in transmitting the signal that the start codon has been located from the
anticodon-start codon duplex to the rest of the complex, causing the conformational change to
the “closed” state of the pre-initiation complex. An alternative, but not mutually exclusive,
possibility is that these elements coordinate a movement of the initiator tRNA within the
complex from a pre-start codon recognition state (e.g., P/l [82,83]) to a post-recognition state
fully engaged in the P site, and that this movement is a key element of pre-initiation complex
closure.
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Conclusions

Evidence points to the idea that the initiator tRNA is structurally tuned to perform its function,
not just preventing it from serving as an elongator tRNA and allowing it to bind specifically
in the P site, but also allowing it to respond within the complex, serving as an active player in
start codon recognition. It appears likely that part of the function of the initiator tRNA is to
transmit the signal that the start codon has been recognized. The special conformation and/or
dynamics of the anticodon loop, the special substructure observed between the D and T loops,
and the evidence for a conformational coupling within the tRNA that affects start codon
selection, add up to suggest that the tRNA body is an active player in sending the signal that
anticodon/start codon base pairing has taken place. This is in keeping with the active roles
observed for tRNAs in decoding in the A site during elongation [73], and adds to the growing
evidence that is changing the traditional view of tRNAs as merely static adaptors [84].

Given the similarities between the bacterial and eukaryaotic initiator tRNAS, it seems likely that
the proposed active role played by the eukaryotic tRNA in start codon recognition is also played
by its bacterial counterpart. In eukaryotes, many complicated extra steps culminating in
irreversible GTP hydrolysis and pre-initiation complex closure govern selection of the start
codon. Clearly, the details of how this signal is sensed and responded to are different in bacteria
and eukaryotes. To what extent does the mechanism of initiator tRNA involvement in start
codon selection differ between eukaryotes and bacteria? What is the route of transmission from
the initiator tRNA body to the rest of the complex that precipitates further events necessary for
start site selection? In eukaryotes, the signal might go to elF2 directly, as it is in contact with
the tRNA; this would imply a significantly different method of transmission from the case in
bacteria, which lack elF2. Or, it could be that the signal is sensed directly by the ribosome,
which is highly conserved in both systems, in which case the conformational change in the
initiator tRNA might be sensed similarly by bacterial and eukaryotic complexes. If so, then
despite all the additional components required for eukaryotic start codon recognition, this
would mark a fundamental similarity in the process throughout the domains of life.

List of abbreviations

TC Ternary complex

IF initiation factor

elF eukaryotic initiation factor

PIC pre-initiation complex
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Figure 1.

Cloverleaf diagram of S. cerevisiae initiator (left) and elongator (right) methionyl tRNAs.
Identity elements in the sequence are indicated by numbers. The position 64 Oribosylphosphate
modification is indicated by an asterisk. There is some confusion in the literature and databases
about the identity of base 64 in the elongator tRNA. In most cases, including all elongator
tRNA genes in the S. cerevisiae genome, this base is a C. However, in a few cases it is reported
as a U. It is possible that this is the result of deamination of C in a fraction of the tRNAs; in
this case, sequencing of the corresponding cDNA would give a U at this position.
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Figure 2.
Space-filling model of the yeast initiator tRNA crystal structure [33], with identity elements
shown in color.
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Figure 3.

Ribbon diagram of the yeast initiator tRNA crystal structure [33], showing the special hydrogen
bonding substructure observed between the D and T loops. Residues participating in hydrogen
bonding are shown as sticks; hydrogen bonds are shown as yellow dashes. The substructure is
created by hydrogen bonding within the T loop (involving residues A54, mLA58, and A60),
as well as between the D and T loops (involving A20, G57, A59, and A60).
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