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I. INTRODUCTION

Transfer RNAs have been subjected to intensive investigation during the past dec-
ade. These studies have ranged from investigations of primary and three-dimensional
structure, to recognition of tRNA by diverse systems of proteins, and to tRNA biosyn-
thesis and gene organization.'? While early investigations of biological function con-
centrated on the role of tRNA in translation of messenger RNA, there has been an
increasing awareness of the participation of tRNA in a variety of other cellular proc-
esses.?

For each amino acid, there is one or more specific tRNA species and because of the
existence of isoaccepting species for a given amino acid, there are on the order of 60
distinct tRNA species in the typical cell. To date, over 100 tRNA species (from various
organisms) have been sequenced and these range in length from 73 to 93 nucleotides.>*
Figure 1 gives a cloverleaf representation of tRNAs that participate in the elongation
of polypeptide chains. Bases that are common to all or almost all of these species are
indicated by a capital letter. In this diagram, R represents purine, Y designates pyrim-
idine, and H denotes hypermodified purine. In addition, landmarks found in all
tRNAs are indicated; these are the amino acid acceptor terminus, dihydrouridine loop
(so named because of the common occurrence of dihydrouridine {D] residues), anti-
codon loop, variable loop, and TyC loop. Open circles designate bases that commonly
vary among the various tRNAs and a thin line connects those that are associated
through cloverleaf hydrogen bonds.

The variation in length among the various tRNAs occurs in three specific regions.
Two of these are in the dihydrouridine loop and are designated a and $; these regions
immediately flank the two contiguous Gs in this loop (see Figure 1). The remaining
region that varies in length is known as the variable loop. It is in these three regions,
and only in these regions, that length variations occur. In general, the value of a and
B may be between 1 and 3 and the variable loop is at least 4 but may be as large as 21
nucleotides.**

A schematic illustration of the three-dimensional structure of yeast tRNA®* is shown

in Figure 2.5°7 The molecule is approximately L-shaped and is made up of two helical .

sections that join roughly at a right angle. These helical sections arise from the clover-
leaf hydrogen-bonding pattern that is shown in Figure 1. In addition, there are a large
number of tertiary interactions which bridge together the two branches of the L-shaped
structure. In this structure, the largest dimension is from the 3'-terminus to the anti-
codon, a distance of 7SA. From what is known at present, all tRNA molecules may

* This article was submitted on June 27, 1979.
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FIGURE 1. Diagrammatic representation of all noninitiator tRNAs. Invariant and
semi-invariant residues are designed by capital letters. R is purine, Y is pyrimidine, and
H is hypermodified purine. Length variations in different tRNA species occur in regions
designated a, B, and variable loop. Major landmarks on the structure are indicated.

be folded in this general pattern, with length variations being accommodated by the
dotted outlines shown in Figure 1. These regions (e, 8, and the variable loop) bulge
out and away from the structure, where they do not interfere with the basic pattern of
folding. For this and other reasons, it is believed that the great variety of tRNA se-
quences and lengths can all be accommodated into the basic folding arrangement
shown in Figure 2.*

Although relatively small, single-stranded RNAs, they are designed to present recep-
tor sites to a variety of proteins with which they interact during protein synthesis. In
addition, transfer RNAs participate in the regulation of gene expression,® !2 in cell wall
biosynthesis,'*'4 in the priming of reverse transcriptase,'*'¢ and possibly in amino acid
transport.'” In some cases, these diverse phenomena involve interactions of tRNAs
with proteins not normally associated with protein synthesis (e.g., reverse transcrip-
tase), and such interactions further emphasize the unusual versatility of tRNA mole-
cules.
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FIGURE 2. Schematic illustration of the yeast tRNA™* three-dimensional structure. Two views are shown,
together with major landmarks (compare with Figure 1). The tRNA backbone is represented as a continuous
tube with base pairs designated by crossbars. (Courtesy of Quigley, G. J., Wang, A. H.-J., Seeman, N. C.,
Suddath, F. L., Rich, A., Sussman, J. L., and Kim, S. H., Proc. Natl. Acad. Sci. U.S.A., 72, 4866, 1975.)

Here we consider the interaction of tRNAs with five different proteins. Four of these
are proteins that tRNA molecules encounter during the process of protein synthesis.
These are: aminoacyl tRNA synthetases, elongation factor Tu, tRNA Met transfor-
mylase (only in prokaryotes), and peptidyl hydrolase. In addition, we consider the
interaction of a specific tRNA species with reverse transcriptase; it is an interaction
between reverse transcriptase and a specific tRNA species that is responsible for the
priming of DNA synthesis off of an RNA template.'®'¢ This interaction is presumably
unrelated to the role of tRNA in protein synthesis.

A problem we face is that because the various tRNA species must all interact with
the same protein synthesis machinery (e.g., ribosome system) and therefore must con-
form to the constraints imposed on it by this machinery, the tRNAs have much in
common from a structural standpoint. The similar structural features of all tRNAs
are apparent in Figures 1 and 2. The problem is that for proteins that differentiate
between tRNAs, this differentiation must be done against a backdrop of similarities,
and it is against this backdrop that we must sort out the features that are critical for a
specific recognition reaction.

Our knowledge about each of the five systems described below is quite uneven. For
example, there is considerably more understanding of the interactions of tRNAs with
aminoacyl tRNA synthetases and elongation factor Tu than there is of its interactions
in other systems. In spite of this, enough has been done in all five cases to indicate
clearly that each system has unique recognition characteristics. For example, what is
of no consequence to aminoacyl tRNA synthetases may be of crucial importance for
elongation factor Tu. This simply emphasizes the diversity of receptor sites that are
perceived by the different proteins that interact with tRNAs.

Although five specific protein-tRNA interactions are considered here, there are ad-
ditional ones that will not be considered. However, the five cases treated here represent
those that are best characterized and give a good picture of the current state of meth-
odological approaches and of mechanistic concepts that are a crucial part of this im-
portant field.
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II. AMINOACYL tRNA SYNTHETASES

The aminoacyl tRNA synthetases catalyze the first step in protein synthesis in which
each amino acid is covalently attached to its cognate tRNA.® In the expression of the
genetic code, this is the first place where information in a nucleic acid (tRNA) is inter-
preted in terms of an amino acid. The connection between nucleic acid information
and an amino acid is done with great precision by the aminoacyl tRNA synthetases. A
mistake in this reaction can result in the incorporation of the wrong amino acid into a
growing polypeptide chain.?

The enzymes vary considerably in subunit structure and molecular weight. There
appear to be four different types of structures: a, a2, a., and a.f,.'® This size hetero-
geneity may not reflect as great a heterogeneity in the enzymes as seems superficially
apparent. It is well known that the large, single-chain a enzymes and the large subunits
of multichain enzymes contain repeated sequences so that, in some sense, the enzymes
may not be as different as suggested by their gross structural parameters.?°-** For ex-
ample, a large single-chain a enzyme, with sequence repeats, may bear close similarity
to an a, enzyme. But in any event, in spite of the gross structural differences, each of
these enzymes is designed to carry out a highly specific tRNA recognition reaction.

The recognition of transfer RNAs by aminoacyl tRNA synthetases has recently been
reviewed in several articles.'®25-3° Because of this, no attempt is made here to repeat
in detail this material. Instead, some of the major concepts are concisely summarized
and attention is then directed to two areas currently of great research interest: the
possibility of covalent bond formation in synthetase-tRNA complexes, and the use of
oligonucleotides to probe the role of specific sequences in the synthetase-tRNA recog-
nition reactions.

A. Summary of Some Major Conclusions
1. Thermodynamics of Synthetase-tRNA Interactions

Many investigators have studied synthetase-tRNA complex formation at equilib-
rium.'* Dissociation constants for cognate enzyme-tRNA complexes (that is, cases
where the enzyme and tRNA are specific for the same amino acid) indicate that the
dissociation constants typically fall in the range of 10" to 10*M, depending upon
conditions.'® In general, complex formation is stronger on the acid side of neutral pH.

Interactions also occur between noncognate enzyme-tRNA pairs. For example, it
has been estimated that Escherichia coli lle-tRNA synthetase interacts with E. coli
tRNAP* with a dissociation constant of about 10uM at pH 5.5, 17°C; with the cognate
E. colitRNA"*, under the same conditions, the dissociation constant is about 10 nM.3!
Therefore, in this case, the noncognate complex is about three orders of magnitude
weaker than the cognate one. Even greater differences have been observed in some
cases.’’ However, in heterologous systems (where the enzyme and tRNA come from
different organisms, such as yeast and E. coli, respectively) noncognate complexes can
be much stronger relative to the homologous cognate one.?' Thus, at least at the level
of binding, discrimination is less exact in the heterologous systems.

The temperature dependence of synthetase-tRNA complex stability has also been
investigated. Homologous, cognate and heterologous, and noncognate complexes
have been studied. In all cases, complex formation is accompanied by a large, positive
change in AS®, while AH® values tend to be small or even positive.*'-** Thus, complex
formation is entropically driven. This can be rationalized by assuming that electrostatic
interactions play an important role in stabilizing the complexes, and that the AS® values
reflect liberation of solvating water molecules (from charged sites) upon complex for-
mation.”' An analogous situation has been found for the interaction of the lac repres-
sor-lacoperator interaction, Where complex formation is also entropically driven.*?

RIGHTS

i,



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/07/12
For personal use only.

December 1980 211

2. Kinetics of Synthetase-tRNA Association

A limited number of studies of synthetase-tRNA interactions have been done with
stopped-flow and temperature-jump methods. The major conclusion from these stud-
ies is that for cognate complexes, association between enzyme and tRNA occurs in a
two-step reaction.?*:343* The first is an approximate diffusion control bimolecular as-
sociation between protein and nucleic acid. The second step is a unimolecular confor-
mational change of the initially formed enzyme-tRNA complex. This process occurs
on the order of milliseconds.

Some data indicate that the second step is a crucial part of the recognition process
and represents a ‘‘reading’’ or discrimination step. Support for this idea comes from
studies of the heterologous, noncognate complex that forms between yeast Phe-tRNA
synthetase and E. colitRNA™", Although a rapid association occurs between these two
species, no subsequent unimolecular conformational change has been detected.*? Ap-
parently the second, ‘‘reading’’ step cannot occur because the enzyme and tRNA are
mismatched.

3. Concept of Dual Discrimination

Steady state kinetic studies of the aminoacylation reaction have shown that the max-
imal velocity plays an important part in discriminating between tRNA species. For
example, yeast Val-tRNA synthetase, under normal reaction conditions, can do some
aminoacylation of yeast tRNA4!= 3¢ The Km for this reaction is about 60-fold higher
than it is for the cognate aminoacylation of tRNA"*!. However, the V... is about 5,000-
fold lower for the noncognate aminoacylation. Therefore, even when the noncognate
tRNA binds to the synthetase, there is a low statistical likelihood of it being aminoa-
cylated with the wrong amino acid. This concept has been strengthened by other stud-
ies.?’

As mentioned earlier, studies of complex formation at equilibrium have shown that,
in a homologous system, noncognate complexes can have dissociation constants 100-
fold or more higher than that of the cognate complex. Thus, at the level of binding
alone, there can be a good bias in favor of cognate complexes. However, the steady-
state kinetic data suggest that the maximal velocity plays at least as great, if not a
greater, role in the discrimination process. These results have given rise to the concept
of dual discrimination, or a two-part process for recognition specificity.

It is not hard to rationalize the phenomenon of dual discrimination. Transfer RNA
molecules have many structural similarities, as mentioned earlier. This enables each of
them to cycle through the same ribosomal machinery in the process of protein synthe-
sis. But this structural similarity makes it difficult for the various aminoacyl-tRNA
synthetases to distinguish, simply on the basis of binding, the different tRNA species.
The discrimination at the level of maximal velocity enables the enzymes to achieve a
substantial extra increment in their recognition specificities.

The recognition that occurs at the level of the rate-determining step in catalysis is
remarkable, because some experiments indicate that there are close similarities in the
structural organization of cognate and noncognate complexes (see below). That is, a
noncognate tRNA may bind to an enzyme in approximately the same orientation as
the cognate one. Therefore, the distinction between various tRNAs, once they are
bound to an enzyme, must be extremely subtle. It is likely that the placement of the
3'-terminus of the tRNA in the catalytic site of the enzyme has severe stereochemical
requirements that must be met in order for catalysis to occur.

4. Role of the Anticodon
Because each anticodon is unique, this is the most obvious area for synthetases to
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FIGURE 3. Skeletal model of yeast tRNA”*, The illustration may be compared with Figure 2. General
areas found important for synthetase interactions in a number of studies are roughly indicated by dotted
lines. (The diagram of the skeletal model was kindly provided by Dr. S. H. Kim.)

showed that in the same region of the tRNA™" structure, Tyr-tRNA synthetase cata-
lyzes a similar exchange.®® This raises the possibility that synthetase-catalyzed exchange
at uridine 8 may be a common phenomenon.

Extensive model studies have been done on the H-5 exchange reaction of pyrimi-
dines.®’” The mechanism that is generally visualized for this exchange is nucleophilic
attack at C-6 to give a transient saturated adduct; reversal of this reaction can lead to
tritium exchange. This is depicted in Figure S, where it is envisioned that a nucleophilic
group is attached to the enzyme. It should be noted that formation of the transient
covalent adduct does not necessarily insure that exchange will occur. If adduct forma-
tion is stereospecific, so that, for example, enzyme and tritium enter from opposite
faces of the pyrimidine ring, then reversal of the reaction will result in removal of the
tritium that was incorporated (by microscopic reversibility). However, if tritium can
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FIGURE 5. A mechanism for H-5 exchange.

occasionally add to either face of the ring, then on occasion the reverse reaction will
result in some tritium incorporation. Therefore, the rate of tritium incorporation is
not a quantitative measure of the extent of adduct formation, but rather is a suggestive
indicator of the formation of a transient covalent bond.

This kind of mechanism has been demonstrated for thymidylate synthetase, an en-
zyme which catalyzes the formation of thymidylate from dUMP.* In this case, the
existence of the transient adduct of enzyme with C-6 of the pyrimidine ring is well
established. As a result of the formation of this adduct, the enzyme does stimulate
tritium incorporation into C-5 of dUMP.

Figure 6 designates the sequence and cloverleaf structure of E. coli tRNA'*. The
arrow designates the position of uridine 8. According to the published X-ray crystal-
lographic data on yeast tRNAP*, the base in this position can participate in tertiary
hydrogen bonding interactions with A14.%¢ Poised in this conformation, the 5,6-side
of U8 faces the solvent, and is easily accessible to attack by an approaching enzyme.
Moreover, this part of the structure is precisely the region that other studies have in-
dicated is important for synthetase-tRNA interactions; that is, it is believed that the
synthetase spans this position in the tRNA structure (Figure 3).2¢-%° Therefore, avail-
able evidence is consistent with the possibility that the synthetase comes close enough
to this part of the structure to make a transient covalent bond with U8. With this in
mind, further experiments have been done to determine more definitively whether this
in fact occurs and, if so, its significance.

2. Further Observations

There is a major difficulty associated with working with the intact tRNA and prov-
ing that, with it, a transient covalent adduct forms with the bound synthetase. It is
technically difficult to study an isolated interaction at one specific base among the
background of the other nucleotides in the chain. For example, an enormous technical
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FIGURE 6. Sequence and cloverleaf structure of E. coli tRNA"* with an arrow des-
ignating the 8-position.

effort was required in order to prove that synthetase catalyzed exchange occurs at
uridine 8 and not at a variety of other pyrimidines in the structure.® Likewise, consid-
erable technical difficulties are associated with trapping, or otherwise proving, a cov-
alent adduct with enzyme occurs at a specific position. For this reason, attention has
been turned towards smaller substrates.

Preliminary experiments have indicated that Ile-tRNA synthetase can catalyze H-5
exchange simply with uridine.®® If the exchange with the mononucleoside involves the
same catalytic groups which give rise to the exchange at U8 in the intact tRNA, then
it is clearly advantageous to do further experiments with the monomeric substrate.

When working with uridine, a major concern is whether the exchange catalyzed by
synthetase is a nonspecific phenomenon, which is unrelated to the reaction that occurs
with tRNA. That is, one can imagine that any protein laden with nucleophilic groups
(such as SH groups) could catalyze such an exchange. To check this point, experiments
were also done with serum albumin and with phosphorylase a. In the absence of den-
aturing agents, the latter protein contains approximately 14 titratable SH groups,®
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and would be expected to catalyze exchange if nonspecific nucleophilic groups are
capable of stimulating this reaction. However, when employed at concentrations com-
parable to lle-tRNA synthetase, neither serum albumin nor phosphorylase a catalyzes
any significant H-5 exchange with uridine.®® These data suggest that regardless of its
exact significance, Ile-tRNA synthetase has an apparently unique capability to carry
out this reaction.

A second experiment compared the catalytic efficiency of Ile-tRNA synthetase with
one of the best known chemical catalysis of the H-5 exchange reaction. It is well known
that cysteine is an excellent catalyst, particularly around pH 9.7° However, the reported
rate of cysteine catalyzed exchange at pH 9, 37°C, is considerably lower than that of
Ile-tRNA synthetase at pH 7.5, 37°C. In fact, on a per molecule basis, our preliminary
data suggest that the synthetase at pH 7.5 appears to be approximately 1,000-fold more
efficient than cysteine at pH 9; if the comparison is made with cysteine at pH 7.5,
then the relative catalytic efficiency of the enzyme is even greater.®® These data suggest
the enzyme possesses unusual chemical properties with regard to catalysis of this ex-
change reaction.

3. Significance for Recognition v

In order to establish that the interaction of synthetase with U8 is crucial for amino-
acylation, it is necessary to show that when this interaction cannot occur, aminoacy-
lation also does not take place. Conversely, if it can be shown that blocking the ability
of the synthetase to make the putative adduct with U8 does not prevent aminoacyla-
tion, it is safe to conclude that the presumed adduct formation is not essential to the
catalytic mechanism. With these objectives in mind, there are several different ways
to approach this problem. )

One approach is to show that when no H-5 exchange occurs there is also a lack of
aminoacylation. It has been shown that when Ile-tRNA synthetase is mixed with
tRNA™, there is no stimulation of tritium incorporation into the pyrimidines of
tRNAT""; on the other hand, when Tyr-tRNA synthetase is mixed with tRNA7”, there
is a stimulation and this largely occurs in the region of U8.% These experiments argue
that there is some specificity to the H-5 exchange reaction and because Ile-tRNA syn-
thetase does not aminoacylate tRNA7”, it is consistent with the idea that H-5 exchange
and aminoacylation are intimately linked.

A second approach is to modify U8 so the 5,6-double bond is destroyed or blocked
from attack by enzyme, or to remove the base from the tRNA structure. The latter
possibility has been attempted in two different systems. In cases where a thiouridine
occurs at Position 8 (such as in many E. coli tRNAs*), it is possible to carry out a
specific reaction with this base. (It appears that, for the H-5 exchange reaction, 4-
thiouridine and uridine are roughly equivalent, and that exchange can go on with either
base.®®) It is well known that 4-thiouridine can be reduced with sodium borohydride
and that subsequent treatment of the reduced base with acid results in fracture of the
glycosidic bond.” Therefore, this is a way to reduce the 5,6-double bond and even
remove the base from Position 8.

This experiment has been carried out with two E. coli tRNAs that contain thiouri-
dine: tRNA™" and tRNAVY®! %7273 The reduction and acid cleavage steps were carried
out with the tRNAs containing either thiouridine or uridine at Position 8. (The latter
can be produced from the former through a simple treatment.) The purpose of doing
the experiment with the uridine-containing tRNA is to serve as a control; the reduction
and the acid cleavage step should not have any effect on a uridine residue. In both
cases, the reduction and acid cleavage result in a decrease in tRNA aminoacylation
capacity; from an analysis of the experiment, it appears that all tRNA molecules con-
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taining a thiouridine at the 8-position are inactivated by this treatment.’?’* However,
experiments with tRNA containing uridine at Position 8, show that the reduction pro-
cedure per se leads to some inactivation; this is undoubtedly due to modification of
other sites in the molecule such as dihyrouridine and m’G. However, even after the
acid treatment step, this tRNA material still retains significant, albeit reduced activity.
These experiments are supportative of the idea that an intact uridine (or thiouridine)
at Position 8 is essential for activity. On the other hand, because other sites are dam-
aged in the modification procedure, the experiment is not clear-cut and unambigious
in its interpretation. )

It is well known that it is possible to cross-link a s*U8 with C13 under the action of
ultraviolet light.”*?* The cross-linking occurs through the 4-position of the uridine ring
and it can occur without a major disruption of the tRNA structure.®* This modifica-
tion does not prevent aminoacylation, although it can affect the rate of charging.”
However, because the 5,6-double bond is not affected by the cross-linking reaction, it
isdifficult to assess the meaning of this finding.

In summary, therefore, there is still no definitive proof that a transient covalent
bond must form at uridine 8 in order for aminoacylation to occur. What is clear is
that the synthetases come into close proximity with this residue, and that, because a
similar interaction at this site has been observed with two different aminoacyl tRNA
synthetases, the interaction at U8 is common to most synthetase-tRNA complexes.

What purpose might a covalent interaction at U8 serve? Because all tRNAs contain
this base, it is clearly not the recognition site per se. It is possible that residues flanking
uridine 8 play a role in recognition, and this is discussed in the following section. Bases
in other parts of the structure, and/or those flanking uridine 8, might be specificity
sites which determine whether a synthetase is oriented in such a way as to make a
transient bond with U8. The bond at U8 itself may serve the purpose of coordinating
the recognition sites with the catalytic site on the enzyme which attaches amino acid
to the 3'-terminus of the tRNA. This may be especially important in a situation where
the *‘specificity sites’’ on the tRNA substrate are well separated spatially from the site
of catalytic action. The many degrees of freedom which a large, bound macromolecule
substrate can have may require the enzyme to “‘clamp’’ the substrate in a fixed orien-
tation in order to align exactly the 3'-terminus with the catalytic groups on the enzyme.

The necessity for proper alignment could be an important part of the discrimination
process. As mentioned earlier, the recognition process is in two steps and occurs both
at the binding step and at the catalytic step associated with V,,,,. One can imagine that
for a noncognate complex, it may be difficult to make the transient adduct at U8, and

for that reason the 3'-terminus of the incorrectly bound tRNA cannot line up precisely
enough with the catalytic groups of the enzyme so as to achieve aminoacylation. In

this way the interaction at uridine 8 could play a crucial role in the discrimination
process.

C. Oligonucleotide Binding

As mentioned earlier, work on aminoacyl tRNA synthetases has suggested that the
recognition sites on tRNA for these enzymes may be scattered on various parts of the
tRNA structure. Thus, it would seem that a single block of consecutive nucleotides
does not comprise the recognition site of any aminoacyl tRNA synthetase. On the other
hand, it is reasonable to suppose that short sequences in scattered parts of the structure
may play a role in recognition. In this connection, because there is clear evidence that
at least two synthetases interact with the region around uridine 8, it is reasonable to
test the binding of oligonucleotides derived from the uridine 8 region of the tRNA.

This kind of experiment has been done with tRNA' and Ile-tRNA synthetase. The
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oligonucleotide U-A-G corresponds to the 8-9-10 position in the tRNA'** structure (see
Figure 6). Using equilibrium dialysis, binding of this oligonucleotide and the reverse
sequence G-A-U has been tested. It was found that at pH 7.5, 4°C, U-A-G binds to
Ile-tRNA synthetase with a dissociation constant of about 90 uM; under the same
conditions, no binding of G-A-U could be detected.®® This argues for a specific inter-
action of U-A-G with Ile-tRNA synthetase. Because the interaction is specific, it is
plausible that the oligonucleotide sits in the same site on the enzyme that is occupied
by the corresponding sequence in the bound tRNA.

A different approach to the interaction of oligonucleotides with synthetases has been
taken by Vlassov and Khodyreva.’® These authors simply scanned the entire tRNA
sequence for oligonucleotides which might interact with synthetase. This was done with
E. colitRNA”* which was treated with ribonuclease A. This produced oligonucleotides
which were then dialyzed against enzyme. After dialysis, the oligonucleotides on both
sides of the dialysis membrane were separated and analyzed. The main objective was
to determine whether certain oligonucleotides were more concentrated on the enzyme
side of the membrane than on the opposite side.

In this experiment, two oligonucleotides were found to be substantially concentrated
on the enzyme-containing side of the membrane. These are designated in Figure 7,
which gives the sequence and cloverleaf structure of E. coli tRNA”®* together with
oligonucleotides found to bind strongly to the enzyme enclosed by a solid line. One of
these oligonucleotides includes the uridine 8 region; the other is in the anticodon stem.
Although the authors do not calculate dissociation constants for these enzyme-oligon-
ucleotide complexes, it would appear that they would need to be less than 100 uM in
order to account for the binding they observe. Finally, a third oligonucleotide, derived
from the 3'-side of the dihydrouridine stem, was also found concentrated on the en-
zyme side of the dialysis membrane; this oligomer appeared to interact significantly
less strongly than the other two and it is indicated by a dotted outline in Figure 7.

There are three questions that can be raised in connection with these experiments.
First, it is unknown whether the oligonucleotides interact separately with the enzyme
or whether combinations of two of them, or all three of them, must be simultaneously
bound in order to get strong binding. That is, the experiment does not tell whether
the interactions are synergistic or whether they occur independently.

The second question is related to the first. As mentioned, it would appear that in
order to account for the binding that is observed, the dissociation constants of the
strongly binding oligonucleotides would need to be less than 100 uM. Assuming that
the weaker binding oligonucleotide has a dissociation constant of 1 mM or less, then
a paradox arises when one tries to relate these data to the dissociation constants nor-
mally encountered when synthetases bind to tRNAs. In particular, synthetase-tRNA
dissociation constants are typically in the range of 1 uMto 1 nM.'® If the free oligon-
ucleotides independently interact with the synthetase with the same interaction free
energy as the corresponding oligonucleotide sequences in the tRNA, then we would
predict that the dissociation constant for the synthetase-tRNA interaction would be at
least 0.01 nM (which is the product of the three maximal dissociation constants esti-
mated for each of the oligonucleotide-synthetase interactions). Unless there are other
oligonucleotide sequences in the tRNA which tend to decrease synthetase-tRNA bind-
ing, it is clear that the dialysis results do not fit well with the overall synthetase-tRNA

dissociation constant. Of course, as previously mentioned, it is possible that the inter-
action of these oligonucleotides is synergistic, so that it is not legitimate to calculate
independent dissociation constants for each oligonucleotide. In any event, this ques-
tion needs to be cleared up.

A third question has to do with the specificity of the interaction of these oligonu-
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FIGURE 7. Sequence and cloverleaf structure of E. colitRNA®. Oligonucleo-
tides found to bind strongly to Phe-tRNA synthetase are enclosed by a solid
line, while a less tightly binding fragment is enclosed by a dashed line. Every
fifth base in the sequence is designated by a lower case letter. In the case of the
fragment that runs from G5 1o s*US8, it is apparently joined to C13 as indicated,
presumably through a photo-cross-link between s*U8 and C13. (From Vlassov,
V. V. and Khodyreva, S. N., FEBS Lett., 96, 95, 1978. With permission.)

cleotides with the synthetase. In particular, one of these oligomers contains four con-
secutive Gs (see Figure 7). It is possible that the interactions of this oligonucleotide
with the synthetase are nonspecific, and arise from the predominance of consecutive
G residues which might interact with a variety of proteins.

Nevertheless, it is interesting that these investigators find that an oligonucleotide
from the U8 region associates significantly with the synthetase. This fits well with the
data on lle-tRNA synthetase and, clearly, their approach represents a rapid screening
method for determining sequences in the tRNA that may bind as isolated oligonucleo-
tides to the synthetase. This approach hopefully will be used in studying a variety of
other systems.
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These results on oligonucleotide binding to lle-tRNA synthetase and to Phe-tRNA
synthetase have been sufficiently encouraging so as to warrant expansion of this ap-
proach to other systems. For example, as mentioned earlier, mutations in the antico-
don of E. coli tRNA®"” and of E. coli tRNAT* significantly affect recognition,*®*!
Equilibrium dialysis experiments with anticodon oligonucleotides would be of consid-
erable interest in these cases. Also, it is conceivable that oligonucleotide binding might
influence enzyme conformation in a way that is crucial for catalysis. For example, if
the interaction of synthetase with a particular oligonucleotide sequence n the intact
tRNA somehow influences the conformation of the enzyme so that it can more easily
aminoacylate the 3'-terminus, then the same conformational change might occur upon
oligonucleotide binding. In this event, it would be interesting to see whether the 3'-
terminal oligonucleotide C-C-A, which is present in all tRNAs, could be aminoacylated
by a synthetase which has been *‘triggered’’ by the specific binding of an oligonucleo-
tide from another part of the structure.

11I. ELONGATION FACTOR Tu

A. Basic Aspects

The bacterial elongation factor Tu has been under intense study for several years.
It is involved in the delivery of aminoacyl tRNA (AA-tRNA) to the ribosomes. It
participates in the following series of reactions:””-’®

Tu:-GTP + AA-tRNA — Tu'-GTP-AA-tRNA

Tu- GTP-AA-tRNA -ribosomes Tu:GDP + P, + ribosome bound AA-tRNA
Tu-GDP + Ts—> Tu'Ts + GDP

Tu'-Ts + GTP -+ Tu-GTP + Ts

W N -

In the first step, aminoacyl tRNA (AA-tRNA) is bound to a complex of Tu with GTP.
This complex binds to the ribosomes, resulting in the release of AA-tRNA and the
hydrolysis of GTP to GDP. The Tu-GDP complex then interacts with another protein,
T,. This results in the release of GDP and the formation of the Tu' TS complex. Fi-
nally, the cycle is completed by the binding of GTP to Tu and the release of Ts from
Tu.

The designation Tu means ‘‘temperature unstable’’, while Ts denotes ‘‘temperature
stable’’.”” The two proteins have molecular weights of 45,000 and 30,000, respec-
tively.”-® It appears that the main function of Ts is to catalyze the exchange of GDP
for GTP.* This exchange is apparently accelerated by 1500-fold or more by Ts.”’

Both GTP and GDP bind strongly to Tu, with the diphosphate having over a 100-
fold stronger affinity (dissociation constant of about 3 nM at 20°C, in the presence of
Mg?*).7”7% Interestingly enough, only the GTP form of Tu associates strongly with
aminoacyl tRNA.*3* This implies that a conformational difference exists between
Tu:GTP and Tu-GDP. There is direct experimental evidence for such a difference.s-8¢

The binding of aminoacyl tRNA to Tu-GTP is sometimes detected by a nitrocellu-
lose filter assay.®® In the absence of AA-tRNA, Tu:GTP adheres to a nitrocellulose
filter, while AA-tRNA does not stick. When mixed together to form a complex, the
filtration properties of the AA-tRNA apparently predominate because the entire com-
plex passes through the filter. Thus, the extent of complex formation can be monitored
by measuring the amount of Tu-GTP that passes through the filter upon addition of
AA-tRNA. This is generally done by using radioactively labeled GTP to detect the
Tu-GTP. Using a variation of this assay, it is estimated that the dissociation constant
of AA-tRNA with Tu-GTP is about 10 to 100 nM.?"-88
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Tu-GTP associates strongly with charged noninitiator tRNAs.**% That is, neither
the nature of the amino acid nor the specific noninitiator tRNA species is discriminated
by the protein-nucleotide complex. On the other hand, Tu-GTP does discriminate
against the charged initiator tRNA, Met-tRNA Met. This tRNA species is not bound
while the analogous noninitiator, Met-tRNA ,Met, is bound by Tu-GTP.” Thus, the
protein is able to distinguish between a charged initiator vs. a charged noninitiator
tRNA.

Another important aspect of the interaction of AA-tRNA with Tu:GTP is the strin-
gent requirement for an aminoacyl group; the protein does not interact with uncharged
tRNA.** Moreover, blocking of the amino group of the aminoacyl moiety of AA-
tRNA prevents Tu binding.** Thus, there is a strong requirement for a free amino
group on the amino acid. But it is interesting to note that the discrimination against
Met-tRNA Met occurs even when the charged initiator species lacks the formyl group
on its methionine residue.®® This means that information in the tRNA structure itself
is recognized by the protein.

Several studies have attempted to understand in more detail the nature of the inter-
action between Tu-GTP and AA-tRNA. One objective has been to define the architec-
tural features of the complex and to define what parts of the tRNA are sensed by the
protein. In addition, efforts have been directed at the nature of the protein-tRNA
interaction at the 3'-end of the tRNA molecule, where the amino acid is attached.
Because aminoacylation is the signal that triggers binding of Tu-GTP, it is reasonable
to explore features of the protein-nucleic acid complex in this part of the tRNA. Some
of these studies are considered below.

B. Nuclease Digestion Studies

Jekowsky and Jekowsky et al. have done several experiments to map the architec-
tural design of the complex.®'** Evidence was obtained showing that the 3'-end is
shielded by bound Tu. For example, the solvent mediated spontaneous hydrolysis of
the amino acid from aminoacyl tRNA is strongly retarded if Tu is bound to the charged
tRNA. This suggests that the protein shields the aminoacyl moiety from the solvent.
Moreover, in free AA-tRNA the 3’-end can be rapidly cleaved by pancreatic ribonu-
clease A; this occurs because of the single-stranded cytidine residues at the 3'-end.
However, in the presence of saturating amounts of Tu:-GTP, the cleavage can be in-
hibited by over a factor of 15. Moreover, no protection is afforded by Tu-GTP. Thus,
the protection by Tu:GTP of the 3'-terminus can be used to assay for the extent of
complex formation.*?

Further nuclease digestion studies were done with Tl ribonuclease. This enzyme spe-
cifically cleaves after G’s. The idea was to digest the complex with TI ribonuclease
with the hope of obtaining a nuclease-digested core that remains bound to Tu. Diges-
tion was carried out for 30 min at 37°C; after this time, a nuclease-digested section of
tRNA remained bound to Tu. This was subjected to structural analysis to determine
which parts of the intact tRNA had been cleaved.

The results of this analysis are shown in Figure 8. The figure gives the cloverleaf
structure of yeast tRNA* and indicates by solid arrows the sites at which TI ribonu-
clease cleaves the aminoacyl tRNA that is bound to Tu'GTP. These cleavages occur
after G15, G18, and G57. The dashed arrows represent additional cleavages that occur
at either G19 or G20 or both. It is clear from this diagram that a chunk of the dihy-
drouridine loop is removed and that a cleavage is introduced into the TypCG loop; but
even with these cleavages, the charged tRNA remains firmly bound to Tu- GTP.

It should be noted that it is not possible for Tl ribonuclease to introduce a cleavage
in the anticodon loop, where there is only one G residue and this is modified with a
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FIGURE 8. Sequence and cloverleaf structure of yeast tRNA. Cleavages in a Tl ribonuclease
digested complex of this tRNA with elongation factor Tu are indicated by solid arrows. Dashed
arrows denote an additional cleavage that occurs at G19 or G20 or both. (With permission from
Jekowsky, E., Miller, D. L., and Schimmel, P. R., J. Mol. Biol., 114, 451, 1977. Copyright by
Academic Press, Inc.)

2’-O-methyl group; the modification blocks nuclease action. There is only one G in
the TyC loop and cleavage occurs at that point; cleavage occurs at least at three, if
not at all four, Gs in the dihydrouridine loop. Most of the remaining Gs are in double
helical sections where they are less susceptible to T1 ribonuclease attack.

The significance of these cleavages is seen better in Figure 9, which gives a schematic
illustration of the 3'-dimensional structure of yeast tRNAP*, In this figure, the tRNA
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FIGURE 9. Schematic illustration of yeast tRNA™ structure with arrows indicating positions of three of
the Tl ribonuclease cleavages of the nuclease digested complex of the tRNA with elongation factor Tu. The
arrows correspond to the solid ones in Figure 8. The tRNA structure is represented as a continuous tube
with cloverleaf hydrogen bonds designated with open crossbars and thin lines joining groups that bond in
tertiary interactions. (With permission from Jekowsky, E., Miller, D. L., and Schimmel, P. R., J. Mol.
Biol., 114,451, 1977. Copyright by Academic Press, Inc.)

backbone is represented as a continuous tube, while cloverleaf hydrogen bonds are
designated by open crossbars. Thin lines join bases that are bonded together through
tertiary interactions. The solid arrows in this figure designate the same cleavage points
that are indicated by solid arrows in Figure 8. From this figure, it is clear that removal
of Residues 16, 17, and 18 from the dihydrouridine loop seriously disrupts the tertiary
interactions of this loop with the TyC loop. In addition, the cleavage at G57 is spatially
close to the dihydrouridine loop cleavages, and should also disrupt the tertiary struc-
ture. Because Tu is able to bind to a tRNA species which is cleaved in these areas, the
results indicate that serious damage to the tertiary structure does not destroy the recep-
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tor sites for the elongation factor. This result is compatible with the idea that the
protein bonds primarily to the aminoacyl acceptor-TwC helical stem of the tRNA. In
this way, it would avoid contact with both the D and the TyC loop, so that cleavages
in these loops would not seriously affect its interaction with the tRNA. Also, because
cleavages that disturb the tertiary structure might affect the orientation of the helical
D stem and anticodon stem with respect to the acceptor-TyC helix that runs approxi-
mately at a right angle, it seems likely that the interaction does not extend to a region
significantly beyond the acceptor-TyC helical axis. This would appear to be the sim-
plest explanation of the data.

C. Chemical Modification Studies

As mentioned earlier, Tu is able to distinguish between Met-tRNAM and Met-
tRNA Met. Using a chemical modification approach, Schulman et al. have explored
the physical basis for this discrimination.®® This in turn has led to considerable insight
into the structural features important for recognition of aminoacyl tRNAs by Tu.

The basic approach takes advantage of a relatively gentle chemical modification that
can be introduced by bisulfite treatment. By use of bisulfite, cytidine residues are
deaminated and converted to uridines, according to the scheme of Figure 10.%*-*% This
is a relatively gentle modification, especially because no bulky groups are left attached
to the nucleotide units.

In the case of E. coli tRNA Met, there are 26 cytidine residues. When treated with
3 M sodium bisulfite at pH 6 and 10 mM MgCl, at 25°C, only six of the cytidine
residues are converted to uridines.*® The six modified residues are located at Positions
1, 16, 17, 35, 75, and 76. The modifications at Positions 35 and 76 lead to loss of
amino acid acceptor activity. The remaining modifications have no effect on the accep-
tor activity. The sequence and cloverleaf structure of tRNA Met and the location in
the structure of the four modifications that do not affect aminoacylation are illustrated
in Figure 11,

A unique feature of the initiator tRNA is the lack of a base pair for the 5'-terminal
residue. In noninitiator tRNAs, this residue is paired with a complementary base on
the 3'-side of the tRNA; but in tRNA Met, Clis matched with A73, so that no Watson-
Crick base pair can form. However, the bisulfite- induced conversion of C to U enables
this terminal residue to base pair through a U A match. This is the most striking result
of the bisulfite modification of tRNA Met.

1. Role of Terminal Base Pair

Many experiments involving chemical modifications seek to alter specific residues
and then test the effect of the modification on the binding of a particular protein; in
general, one looks for modifications that either diminish or leave unaltered the binding
characteristics. If an active tRNA molecule can be modified at a specific site and
thereby be made inactive, one can tentatively assume that the modified site represents
a point important for binding with the protein under investigation. This is not a hard
and fast conclusion because it is possible that modifications introduce structural
changes which in turn cause inactivation. As a starting point in the analysis, however,
it is useful to consider the possibility that the modification destroys the ability of a
base to act as a receptor site.

In contrast to the usual situation, in working with tRNA ;Met one starts with a spe-
cies that is inactive (with respect to Tu binding). Therefore, modifications are intro-
duced to see whether some of them might induce a change which would permit Tu to
bind strongly to the charged, modified tRNA.

The basic experimental approach used was as follows. E. colitRNA Met was treated
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FIGURE 10. Schematic illustration of the chemical conversion of cytidine to uridine.
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FIGURE 11. Cloverleaf representation of E. coli tRNAMet. Every
tenth base in the sequence is numbered. Four C — U conversions that
can be achieved by bisulfite treatment (see Figure 10) are indicated,
and these four do not affect amino acid acceptance activity. (From
Schulman, L. H., Pelka, H., and Sundari, R. M., J. Biol. Chem.,
249, 7102, 1974. With permission.)

with bisulfite to give partial modification of each of the reactive sites and loss of over
half of the original methionine acceptor activity. The active molecules were selected
by aminoacylating the modified species and testing the ability of these molecules to
form a complex with Tu:GTP. The molecules that were not aminoacylated represent
ones that have modifications at C35 and, additionally or alternatively, C76. As men-
tioned earlier, these cannot be aminoacylated.

The results of this experiment are shown in Figure 12. The figure shows the amount
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FIGURE 12. Association of modified and unmodified tRNAs with elongation factor Tu. The vertical axis
gives the amount of protein-nucleic acid complex formed. Bottom line is for unmodified Met-tRNA,Met
and modified fMet-tRNA Met. The top line is for Phe-tRNA" and Met-tRNA**. The middle curve is for
partially modified (see text) Met-tRNA Met. (From Schulman, L. H., Pelka, H., and Sundari, R. M., J.
Biol. Chem., 249, 7102, 1974. With permission.)

of complex formed vs. the amount of aminoacyl tRNA added. The bottom line shows
results with unmodified Met-tRNA ;Met and modified fMet-tRNA Met. In both cases,
there is no association of the tRNA species with the elongation factor. The top curve
shows the good complex formation obtained with Phe-tRNAP** and Met-tRNA Met.
Between the two curves is a curve which represents the interaction of a partially modi-
fied Met-tRNA Met with elongation factor Tu. It is clear that the bisulfite modification
of tRNAMet has introduced a substantial alteration in the ability of the charged initi-
ator tRNA to interact with elongation factor. Thus, here is a clear case where a chem-
ical modification gives activation of a biological function of tRNA rather than deacti-
vation.

Subsequent experiments showed that the binding curve for modified Met-tRNA Met
could be brought into coincidence with that for Phe-tRNA®* and Met-tRNA,Met by
a simple treatment of the modified initiator tRNA. One of the C to U transitions that
occurs is at Position 75. By an enzymatic procedure, it is possible to remove modified
C75 (which is now a U) and replace it with its normal counterpart, C. When this is
done, the modified Met-tRNA Met binds to elongation factor with an affinity that is
indistinguishable from that of unmodified Met-tRNA _Met.*® Thus, normal binding of
the initiator tRNA to the elongation factor is achieved by the introduction of one or
more of the changes that are possible at Positions 1, 16, and 17.

An attempt was made to pinpoint precisely which base was responsible for the acti-
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vation of tRNA Met with respect to Tu binding. In particular, attention was directed
at the nature of the base at Position 1 in the modified tRNA that binds to Tu. Bound
tRNA was separated from free tRNA on a gel filtration column, and the 5'-terminus
was analyzed. It was found that in the material bound to Tu, there was a strong en-
richment for the modified species that had a terminal 5'-U relative to the starting mod-
ified material. In the fractions from the filtration column which represented tRNA
molecules that did not bind to Tu, there was no enrichment in the amount of Terminal
U. Although C to U modification also occurs in the dihydrouridine loop, these are
less frequent than the extent of conversion of Cl to Ul, in the material that binds to
Tu. Collectively, these results suggest that the C to U conversion of the 5'-terminus is
a necessary condition for activation of the initiator tRNA with respect to Tu binding.

In the gel filtration separation of bound, modified tRNA from free, modified tRNA,
some 5'-terminal C residues were present in the material that presumably represents
complex. This raises the possibility that the charged initiator can be induced to bind
to Tu:GTP, even without a terminal base pair. However, the separation between the
free and the bound tRNA was not perfect, and the amounts of 5'-terminal C detected
in the complex fraction could be due to contamination from the unbound tRNA.

2. Role of 5’-Phosphate

Schulman et al. have also done experiments to test out the significance of another
structural feature of the 5'-terminus.®® The question was raised as to the significance
for Tu binding of the 5'-terminal phosphate group. Tu binding was tested with tRNAs
which either contained or lacked this terminal group. The results are shown in Figure
13. In Panel A, it is shown that no complex formation occurs with Met-tRNA Met,
regardless of the presence or absence of phosphate. However, in the case of Phe-
tRNA®* and Met-tRNA,Met, two noninitiator tRNAs, there is a clear absolute re-
quirement for the presence of the S'-terminal phosphate in order for Tu binding to
occur (Panels B and C). This result adds further weight to the conclusion, established
through chemical modification studies, that the 5'-terminus is a key point for Tu rec-
ognition.

The importance of the terminal base pair in the acceptor stem, the observation that
conversion of C75 to a uridine results in a serious decrease in the ability of Tu to bind,
the obvious significance of the 5'-phosphate, and the nuclease protection results clearly
indicate that the acceptor end of the molecule is crucial for the recognition process.
In support of this are results obtained several years ago with a modified yeast Phe-
tRNAP*. An extra cytidylic acid residue was introduced at the 3'-terminus to give C-

C-C-A instead of the usual C-C-A. The charged form of this species binds poorly to-

Tu-GTP.*

D. 2’ Versus 3' Aminoacyl Specificity

Much effort has been directed at identifying the initial position of aminoacylation
(2" or 3') by aminoacyl tRNA synthetases. It is now clear that some enzymes preferen-
tially aminoacylate the 2’ position, some aminoacylate the 3 OH, and a few aminoa-
cylate at either position.’’-'°® Because elongation factor Tu discriminates between
charged vs uncharged tRNA, it seems clear that some aspect of the aminoacyl moiety
must be sensed by bound Tu. If the recognition involves a precise stereochemistry, one
can imagine that Tu binds to an aminoacyl moiety specifically attached to the 2" or 3’
hydroxyl. For example, if the amino group of an amino acid itself is sensed by Tu as
an important recognition site on aminoacyl tRNA, its orientation with respect to the
rest of the terminal adenosine residue would clearly be different in the 2’ vs. the 3’
position. Therefore, it is plausible to think that Tu might preferentially bind one of
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FIGURE 13. Effect of 5'-phosphate on complex formation of charged tRNAs with elongation factor Tu.
Vertical axis gives amount of complex formed. From Schulman, L. H., Pelka, H., and Sundari, R. M., J.
Biol. Chem., 249, 7102, 1974. With permission.)

the aminoacyl-tRNA isomers and shouid the initial position of amino acid attachment
be incorrect for Tu recognition, rapid acyl migration to the adjacent hydroxyl would
yield the species that is active for T-factor binding.

This question has been examined in some detail by taking advantage of special pro-
cedures that enable the preparation of isomeric tRNA species with the aminoacyl
moiety stably attached specifically to the 2’ or 3’ position. For example, use has been
made of tRNAs that terminate in 2’ or 3’ deoxyadenosine. Such tRNAs can be prepared
in their aminoacylated form and tested for binding to Tu-GTP.

The results of extensive investigations indicate that the T-factor shows little prefer-
ence for the 2° or 3’ aminoacylated form.'°®-'°* Experiments have been designed to give
good sensitivity for detection of any preference by using molecular sieve gel filtration
of two isomeric tRNAs mixed with Tu-GTP. One positional isomer is labeled with
tritium and the other with '*C. Using this approach with isomeric tRNA™", little pref-
erence for either isomer was found.'®® Hecht has pointed out that the small preferences
which are sometimes seen in an experiment of this sort can easily be reversed by simply
altering the experimental conditions — for example, by introducing a change as simple
as the nature of the gel filtration matrix.'** On the other hand, although there is little
preference for either of the isomeric species, it appears that the unmodified aminoacyl
tRNA, which has both cis hydroxyl groups available for the aminoacyl moiety, is the
best ligand for Tu.'%0-!%?

E. Conclusions and Unresolved Issues

The experiments cited above have given considerable insight into the areas on ami-
noacyl tRNA that are important for Tu recognition. It is clear that the acceptor ter-
minus is the key element. The evidence is also fairly good that the protein is able to
discriminate against initiator tRNAs by virtue of their lack of a base pair at the first
position in the acceptor helix. What still remains unclear, however, is how the factor
is able to distinguish between aminoacylated vs. unacylated tRNA.,

One obvious possibility is that the tRNA undergoes a subtle conformational change
upon aminoacylation. The question of the effect of aminoacylation on the conforma-
tion of tRNA has been investigated for a number of years. Some of the evidence has
produced conflicting conclusions and, as a result, no clear picture has emerged. Cohn
and co-workers investigated proton magnetic relaxation rates of water protons sur-
rounding tRNA; they found changes upon aminoacylation of bulk tRNA and of
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tRNA’* which they interpreted as due to a change in structure at some of the man-
ganese binding sites.'** Ninio used small angle X-ray scattering and found no intensity
changes upon aminoacylation of E. coli tRNA"*, but at large angles found that ami-
noacylation did cause some intensity differences which they attributed to altered Mg*?
binding and to changes in the cation distribution.!°® More recently, Potts et al. have
used laser light scattering techniques to measure accurately the diffusion constant of
charged and uncharged yeast tRNA®*, under different solution conditions.!?%-'*” Some
data are plotted in Figure 14, which gives the translational diffusion constant of yeast
tRNAP- at different extents of aminoacylation. The diffusion constants were moni-
tored along with the extent of deacylation, as the charged tRNA deacylated sponta-
neously. Solutions contained 0.1 M Tris-Cl, 0.1 M NacCl, at pH 7.2 and 20°C. In one
case, the magnesium concentration was 10 mM, while in the other case it was I mM.
At the higher magnesium concentration, there is a clear decrease in the translation
diffusion constant accompanying aminoacylation; at the lower magnesium concentra-
tion, there is no effect of aminoacylation. These results show that effects of aminoacy-
lation are extremely sensitive to the ionic environment. At the higher Mg?** concentra-
tions, the resuits have been interpreted in terms of an intrinsic molecular change in
addition to altered hydration and ion atmosphere.!®'’ Relating these results to the
intracellular environment of an organism at 37°C is not simple, but the results at least
indicate that under some conditions a conformational perturbation is possible. 1t is
conceivable that such a change would be the signal that enables Tu to discriminate
between charged and uncharged tRNA. ‘

On the other hand, the experiments of Potts et al. have not been repeated with other
charged tRNA species. A possible problem with Phe-tRNA®* is the aromatic side chain
of the amino acid. It is conceivable that upon aminoacylation and under some condi-
tions, this arpomatic side chain may be able to intercalate with a portion of the amino
acid acceptor helix. That this is possible is suggested by fluorescence polarization ex-
periments with Ile-tRNA"* which was modified on the amino group of the amino acid
through the attachment of a naphthyl ring.'®® The environment of the naphthyl group
can be studied by fluorescence. Conditions were found under which the fluorescence
is strongly polarized, suggesting that the naphthyl group was immobilized somehow
through an interaction with the tRNA structure. A likely mechanism for immobiliza-
tion of a planar aromatic group is formation of an intercalation complex. This should
also be possible with the phenyl ring of phenylalanine. Thus, it will be of great interest
to see whether the results of Potts et al. will be reproduced with other aminoacyl tRNA
species.

A difficulty with the idea that a conformational change in aminoacyl tRNA is re-
sponsible for the ability of Tu to bind has to do with the data cited above on the
binding of Tu to 2’ and 3" aminoacyl tRNA isomers. If conformational changes occur,
and if they are due to interactions involving the aminoacyl moiety with a portion of
the tRNA structure, then one might expect that this interaction would be quite sensitive
to the position of the aminoacyl moiety on the terminal ribose. For example, if the 5'-
terminal phosphate interacts with the amino moiety (which should be at least partially
protonated at pH 7) of the amino acid, the geometry of this interaction will clearly
depend upon whether the amino acid is attached to a 2° or 3' OH. As already men-
tioned, however, the discrimination by Tu between 2’ and 3° aminoacyl isomers is not
great. _

It is also possible that the free amino group itself is a key feature in aminoacyl tRNA
that is recognized by Tu. This is suggested by experiments that show a lack of binding
of Tu to N-blocked aminoacyl to tRNA.* However, there is also a problem with this
idea. Several years ago it was shown by Fahenstock et al. that replacement of the NH,
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FIGURE 14. Translation diffusion constant (Dj,.) of yeast tRNA”* as a function of the extent of ami-
noacylation, at pH 7.2. Experiments are for two different Mg?* concentrations. (From Potts, R., Fournier,
M. J.,and Ford, N. C., Jr., Nature (London)268, 563, 1977. With permission.)

(of the aminoacyl moiety of AA-tRNA) with a hydroxyl gives a species that still reacts
with Tu: GTP."” This would seem to rule out the possibility that, for example, a pro-
tonated amino group on the aminoacyl moiety participates in a crucial electrostatic
interaction with Tu; obviously, a similar positive charge cannot be put on an OH
group.

As just mentioned, blocking by acetylation of the amino group of the aminoacyl
moiety prevents Tu binding.®® One interpretation of this result is that the amino group
projects directly into a pocket in the structure of Tu; any substituent added to the
amino group would disrupt the complex because it could not be sterically accommo-
dated into the pocket designed for it. However, an OH group could be acceptable
because it is reasonably close in diameter to an amino group. According to this view-
point, the amino group plays a passive role, but strict steric requirements for its accom-
modation into a pocket on Tu prevent groups significantly larger than —NH, from
being bound.

In summary, much progress has been made on identifying the structural features of
tRNA that are important for interaction with Tu. But the critical question of how
aminoacylation facilitates binding remains unanswered. At present, we can only sug-
gest that a conformational change occurs which facilitates binding, or that the free
amino group itself is a critical part of the interaction; in the latter case, any interaction
of the protein with the amino group would also have to be able to accommodate an
OH group.

IV. PEPTIDYL tRNA HYDROLASE

Peptidyl tRNA hydrolase catalyzes the hydrolysis of N-acetyl aminoacyl tRNAs and
oligopeptidyl tRNAs.'"°-!'* The enzyme appears to be a single-polypeptide chain with
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a molecular weight of about 13,000.''* Unlike the elongation factor Tu, the biological
function of peptidyl-tRNA hydrolase is not well understood. A possibility is that when
peptidyl-tRNAs are prematurely released from the ribosomes, they are rapidly cleaved
by this enzyme so0 as to regenerate free tRNA which may be recycled in protein synthe-
sis. Additionally, or alternatively, because the enzyme does not attack fMet-
tRNA Met, it may also be used to assure that no N-blocked charged tRNAs are used
for initiation, other than the methionine specific initiator tRNA.

A. Characteristics of and Studies of Recognition

With one exception, the hydrolysis is completely nonspecific with regard to the at-
tached peptidyl moiety of tRNA. The exception is fMet-tRNA ,Met which is the only
known N-substituted aminoacyl tRNA which is not attacked by the hydrolase.''!"
114.116.117 Thig has nothing to do with the formyl methionine group per se because fMet-
tRNA.Met and other peptidyl-tRNA_.Met species are readily cleaved by the
enzyme.'**"'"’” In short, the enzyme displays a kind of negative recognition; it discrim-
inates against a particular tRNA species. This contrasts with the recognition of tRNAs
by aminoacyl tRNA synthetases which specifically select one tRNA species for amino-
acylation. However, the peptidyl tRNA hydrolase must have some awareness of the
tRNA structure, because N-substituted aminoacyl-oligonucleotides are not as readily
cleaved by the enzyme, !10-111.113.114

The protein has not been investigated nearly as extensively as aminoacyl tRNA syn-
thetases or the elongation factor Tu. The most extensive study of the mechanism by
which the protein discriminates against fMet-tRNA ,Met appears to be that of Schul-
man and Pelka.!'® These authors specifically searched for the structural feature in the
initiator tRNA that prevents catalysis by the peptidyl tRNA hydrolase.

Using the bisulfite modification approach, by which cytidine residues are converted
to uridines, it was possible to alter the tRNA Met structure. Modifications that were
introduced are shown in Figure 11. These modifications are the same as those intro-
duced in connection with the study of the recognition mechanism of elongation factor
Tu.

It was found that partial bisulfite modification of the residues shown in Figure 11
gave rise to a fMet-tRNA Met species that is hydrolyzed readily by the peptidyl tRNA
hydrolase. This is exactly reminiscent of the results obtained with elongation factor
Tu, where it was found that bisulfite modification of Met-tRNA Met activated the
species with regard to recognition by Tu. Further characterizations were done to deter-
mine which of the modifications were most important for producing activation of the
peptidyl tRNA hydrolase. Analysis showed that after 17% of the partially modified
fMet-tRNA Met had been hydrolyzed by the enzyme, over 40% of those containing a
5’-terminal uridine were cleaved, whereas only a few percent of those with 5%-terminal
cytidine had been hydrolyzed. Furthermore, after about 40% of the total partially
modified fMet-tRNA Met was cleaved, virtually all of the molecules containing 5'-ter-
minal uridine were hydrolyzed, and less than 20% of those with a 5'-terminal cytidine
were cleaved. Plots of log of the rate vs the mole fraction of Ul gave good linearity,
suggesting that a single hit was responsible for the activation of the tRNA. Analogous

plots involving residues C16, C17, or C75 gave nonlinear results. These results appear -

to indicate that the lack of a base pair at the 5'-terminus is largely responsible for the
discrimination against fMet-tRNA Met by the peptidyl hydrolase.*®

Other experiments indicated that the 5'-terminal phosphate is also important for
catalysis by peptidyl-tRNA hydrolase. With the 5'-phosphate removed from N-acetyl
Phe-tRNAP* the rate of hydrolysis by the enzyme is sharply reduced; this also is true
when the 5'-phosphate is removed from partially bisulfite-modified fMet-tRNA Met.''®

RIGHTS

i,



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/07/12
For personal use only.

December 1980 233

B. Comparison of Recognition of tRNA by Hydrolase and Elongation Factor Tu

From these results, and the analogous ones on the recognition properties of elonga-
tion factor Tu, it appears that the lack of a terminal base pair in the initiator tRNA
enables this species to be distinguished by both the elongation factor and peptidyl
tRNA hydrolase. Moreover, for both proteins, the 5'-terminal phosphate plays a cru-
cial role in the interaction between the protein and tRNA. In these respects, the two
proteins have closely analogous recognition properties; beyond that, the analogy
breaks down. In the case of elongation factor Tu, the amino group of the aminoacyl-
tRNA must not be blocked, in order to have efficient elongation factor binding. Con-
versely, for the peptidyl-tRNA hydrolase, the amino group must be blocked, either by
the attachment of an acetyl group or of additional amino acid residues. It is precisely
this aspect of the recognition characteristics of both proteins that we still do not un-
derstand. In the case of the peptidyl-tRNA hydrolase, it must somehow recognize the
presence of a peptide bond at the 3’-end of the tRNA. Because peptidyl moieties of
different sizes are cleaved from a peptidyl-tRNA, it is apparent that however recogni-
tion is achieved, the main axis of the peptide chain must not project into a binding
site on the protein; otherwise, some large peptidyl groups would be sterically excluded.
Instead, the enzyme must be able to sense the presence of a peptide group, perhaps by
hydrogen bonding with the planar, transamide portion of the peptidy! backbone, and
it may accomplish this by binding along the ‘‘side’’ of the peptidyl chain rather than
‘“‘end-on’’.

V. E. COLI METHIONYL-tRNA FORMYLASE

In prokaryotes, protein synthesis is initiated with the formyl methionine residue do-
nated from fMet-tRNA Met.!''*-*?* The only known exception occurs in Halo-bacter-
jum cutirubrum where initiation occurs with an unformylated Met-tRNA species.'*
The formyl group is derived from formyl tetrahydrofolic acid and the transfer to Met-
tRNA Met is catalyzed by the transformylase enzyme.'** This is a small protein with a
molecular weight of about 25,000.'** This enzyme specifically recognizes Met-
tRNA Met; it does not catalyze the formylation of Met-tRNA,Met or of any other
charged tRNA species.'?* Moreover, while it can form a stable complex with fMet-
tRNA Met or Met-tRNA Met, it does not form stable complexes with uncharged
initiator tRNA (tRNA Met) nor with various aminoacyl-tRNA species.!?¢ This means
it recognizes a specific tRNA and it requires that this tRNA be aminoacylated.

In the case of elongation factor Tu and peptidyl tRNA hydrolase, it appears that
these enzymes do not interact with initiator tRNA because of the lack of a terminal
base pair in the acceptor stem. We can surmise that this unique structural feature could
also be the means by which the Met-tRNA formylase distinguishes between Met-
tRNA Met and Met-tRNA ,Met. However, initiator tRNAs from eucaryotic species
such as yeast and vertebrates have a terminal base pair in the acceptor stem, and the
E. coliMet-tRNA formylase is able to formylate these charged initiator tRNAs.'?” This
indicates that the presence or absence of a terminal base pair in the initiator tRNA is
not essential for recognition by the formylase.

Attempts to determine sites on initiator tRNA important for recognition by the for-
mylase have been confined to two types of investigations. First, it has been shown that
a variety of charged initiator tRNAs can be formylated by the enzyme. Sequence com-
parisons of these tRNAs have revealed those sites that are common, and those that
are different, to the various initiators. Figure 15 gives a composite structure of the
various tRNAs that are recognized by the Met-tRNA formylase.’?” This composite is

RIGHTS

i,



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/07/12
For personal use only.

234

Composite Structure of tRNAs Recognized
by E.Coli Methionyl-tRNA Transformylase
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FIGURE 15. Composite of iIRNAs recognized by E. coli methiony!-tRNA transformylase. The
composite is based on sequences of a variety of bacterial and eukaryote initiator tRNAs. Nucleo-
tides common to these tRNAs are shown by large letters, while small letters designate nucleotides
found in all tRNAs. Bases that are not common to these initiators are designated by dots. Arrows
designate sites that can be chemically modified without loss of transformylase recognition.’’ (In
part from Gillum, A. M., Hecker, L. 1., Silberklang, M., Schwartzbach, S. D., RajBhandary,
U. L. and Barnett, W. E., Nucleic Acids Res., 4, 4109, 1977, With permission. Updated in part
with data from Heckman, J. E., Hecker, L. 1., Schwartzbach, S. D., Barnett, W. E., Baumstark,

B., and RajBhandary, U. L., Cell, 13, 83, 1978.)

based on sequences from E. coli, yeast, Bacillus subtilis, Neurospora crassa, and ver-
tebrates. Lower-case letters designate nucleotides that are found in the same position
in all tRNAs, while large letters show those common to only the initiator tRNAs, It is
seen that bases uniquely common to the initiator tRNA are scattered throughout the
structure. No obvious pattern emerges from this sequence comparison.

A second approach to the question of recognition has been chemical modification

studies. Schulman and co-workers have carried out many studies with E. coli

RIGHTS

i,



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/07/12
For personal use only.

December 1980 235

tRNA Met using the chemical modification approach.?” Of the sites which are common
to the initiator tRNAs, six can be chemically modified without destroying the substrate
properties of this tRNA. These six sites are designated by arrows in Figure 15. A num-
ber of other modifications have also been carried out and, in spite of the identification
of 15 different sites of modification, so far no site has been found which inactivates
E. colitRNA Met with respect to its ability to be acted upon by the formylase.?’

1t is clear that from the available data there is no obvious pattern to the recognition
by the formylase. Although it comes from a prokaryote source, it can formylate at
least some eukaryote initiators. From Figure 15 it is apparent that a minor fraction of
the bases are identical in the various tRNAs that can be formylated by the E. coli
enzyme. A common feature to all of these tRNAs are G:C base pairs in specific posi-
tions in each of the four stems of the cloverleaf; interestingly, there are no conserved
A:U base pairs. However, there is no way, with the present data, to come to any
plausible scheme for recognition by the transformylase.

In some ways, the recognition properties of the transformylase incorporate features
of the recognition reactions of both the aminoacyl tRNA synthetases and elongation
factor Tu. It is like the synthetases (and unlike Tu) in that it recognizes a particular
tRNA species, and it is like elongation factor Tu (and unlike synthetases) in that it
recognizes charged vs. uncharged tRNA. It is yet another example of the diversity of
the critical characteristics of the recognition reactions of the various protein-tRNA
system, and presumably of the different kinds of receptor sites on tRNAs that are
differentiated by these systems.

A basic problem with the current state of the formylase problem is that we have no
concrete data on which parts of the tRNA make contact with the enzyme. Thus, nu-
clease digestion, oligonucleotide hybridization, photochemical cross-linking, and trit-
ium labeling studies — analogous to those done with aminoacyl tRNA synthetases and
elongation factor Tu — would aid greatly in narrowing down the parts of the tRNA
that are important for recognition. As it stands now, virtually all areas are possible,
because bases uniquely common to all initiator tRNAs are scattered throughout the
structure (Figure 15), and because chemical modification studies have not been able
to locate any sites at which inactivation can be induced.

VI. REVERSE TRANSCRIPTASE

Reverse transcriptase is a RNA-dependent DNA polymerase found in the virions of
RNA tumor viruses.'*® The function of the polymerase is to copy the viral RNA into
complementary DNA. The 70S tumor virus RNA has several 4S RNA species associ-
ated with it; these can be dissociated by raising the temperature.!**!%° Interestingly
enough, the transcription process requires a low-molecular-weight 4S RNA species as
a primer, '30-133

Harada et al. showed that tRNAT™” is the RNA primer used for initiation of Rous
sarcoma virus DNA synthesis.!* This tRNA is found in the virions and also in the cells
of chickens, which are the viral host. This tRNA also associates tightly with the 35S
RNA subunits of the 70S viral RNA;"** "3 in fact, it appears to associate more strongly
with the viral RNA than do any of the other RNA species encapsulated with the vi-
rion.lllllo
A. Interaction with Viral RNA and with tRNA

The question can be raised as to whether the priming by tRNA”"” is due to a strong
and specific association of the tRNA with the enzyme. This question was investigated
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by Panet et al., who employed gel chromatography on Sephadex® G-100 and sedi-
mentation in glycerol gradients to investigate the possible association between reverse
transcriptase and tRNA7»,13¢ 3P tRNA from chicken embryo cells was mixed with
reverse transcriptase and run on a Sephadex® G-100 column. A small amount of the
tRNA ran in the excluded volume with the enzyme. This tRNA was then analyzed by
a two-demensional gel electrophoresis procedure that separated individual tRNAs. The
analysis showed that the fraction excluded by Sephadex® in the presence of reverse
transcriptase mainly contains tRNAT*, The other significant species was tRNA Met.'*¢

It was also shown that binding of tRNAT” to reverse transcriptase shifts the en-
zyme’s sedimentation coefficient in a glycerol gradient. Demonstrating that the enzyme
activity actually shifts in the gradient leaves little doubt that the tRNA binds directly
to the protein and not to some contaminating material. 3¢

Reverse transcriptase is comprised of two different types of subunits.'*’-**® There is
an e« chain with a molecular weight of 63,000 and a 8 chain with a molecular weight
of 81,000.'** It is likely that the a chain is derived from a proteolytic cleavage of the 8
chain.'**-'4° The predominant form of the enzyme is an af dimer, although it can also
exist as a free a chain and as a 8, dimer.'?*® All three forms are enzymatically active,
although they differ in their catalytic behavior.

The question of the association of these forms with RNA was investigated by Hizi
et al.'** These investigators used a nitrocellulose filter binding assay. Some of the re-
sults obtained with various RNA species for the a8 enzyme are tabulated in Table 1.
Strong association is found with the 70S RNA (which contains bound tRNA?*) for
which the dissociation constant is about .01 nM. The dissociation constant is about a
factor of 10 larger for 35S RNA (which lacks tRNA”") and is only slightly increased
by the hybridization of tRNA7” to the 35S RNA (data not shown). For tRNA"* alone,
the dissociation constant is about 30 nM, which is only about a factor of 5 smaller
than the dissociation constant of «ff enzyme withwhole tRNA that lacks tRNAT>,

Results with each of the two other molecular forms of the enzyme were also ob-
tained.'*' From these results it is evident that except for tRNA7”"», there is little differ-
ence in the affinity of the three forms for the various RNA species. In the case of
tRNAT, there is a roughly six-fold smaller dissociation constant for the complex with
the aff enzyme than with the a enzyme. Except for this difference, in the other instances
all enzyme forms show little difference among themselves for association with the var-
ious RNA species.

The results of Hizi et al.*! contrast with those of Panet et al.’** In the latter case,
gel filtration of a mixture of cellular tRNAs with reverse transcriptase showed that
only two species, tRNA7” and tRNA /", were prominent in the binding. However,
the nitrocellulose filter results of Hizi et al. suggest that the bulk cellular tRNA has
an association with the aff enzyme which is only about a factor of 5 lower than that
for the association with tRNA7*. Because about 90 to 95% of the bulk 4S RNA should
contain species other than tRNA™? and tRNA Met, this would seem an ample amount
to make up for the approximately five-fold lower association of these tRNAs. Thus,
it would be expected that in a gel filtration, considerable amounts of tRNAs other
than tRNAT should be bound to the enzyme. The reason for this discrepancy is not
apparent.

B. Regions on tRNA Important for Interaction

Some attempt has been made to identify on tRNAT* the sites important for its bind-
ing to reverse transcriptase. Using avian myeloblastosis virus (AMV) reverse transcrip-
tase, experiments were done with modified forms of tRNA7».'4* For example, the
tRNA was split into 5’ and 3’ halves by using Sl nuclease partial cleavage. The halves
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Table 1
DISSOCIATION CONSTANTS FOR af8 FORM OF AVIAN SARCOMA VIRUS
REVERSE TRANSCRIPTASE WITH VARIOUS RNAS 4!

Viral RNAs Nonviral RNAs

18S HeLa cell 28S HeLa cell
TJOSRNA 35SRNA tRNA'™" 4SRNA S5SRNA f2phage RNA ribosomal RNA ribosomal RNA

0.01 0.16 29 140 15 5.6 1.4 0.67

Note: Dissociation constants are given in units of nM and were measured (by a nitrocellular filtration
method) at, approximately, pH 8, 0°C.

of the molecule were separated and tested for their association with reverse transcrip-
tase using gel filtration and glycerol gradient sedimentation. No complex formation
could be detected with the half molecules. A similar result was obtained by using frag-
ments produced by cleavage, at m’G. Neither the 5° nor the 3’ fragments resulting
from this cleavage, which produces one third and two third molecules, bound to the
enzyme. On the other hand, neither periodate oxidation of the 3'-terminus, nor elimi-
nation of the 3'-terminal adenosine, prevented binding of the reverse transcriptase.
Furthermore, elongation of the tRNAT"? primer by the addition of seven deoxynucleo-
tides to the 3'-terminus gives a tRNA species that still binds firmly to reverse transcrip-
tase. These results indicate that even though the enzyme uses the 3'-terminus as a site
of elongation, this region does not seem to be crucial for binding to the enzyme. On
the other hand, the experiments with the fragments argue that both halves of the tRNA
are required for recognition by the enzyme. Of course, this result must be interpreted
with caution because a half molecule has a very different conformation as an isolated
species than does the corresponding half in the intact tRNA. This conformational dif-
ference in itself could strongly affect recognition by the protein.

In the case of murine viral 70S RNA, the primer is tRNA®~,'** The avian enzyme
can be used to synthesize DNA from the murine 70S RNA. In this case, the avian
enzyme, which normally uses tRNA”? to prime DNA synthesis from avian 70S RNA,
uses tRNAP as its primer for DNA synthesis from murine 70S RNA.!** In addition,
it is possible to show an association between the avian enzyme and tRNA?~ derived
from Moloney murine leukemia virus virions or NRK cells.!** Curiously enough, no
binding of the Moloney murine leukemia virus reverse transcriptase to tRNA®” or to

tRNAT? could be detected.
Further work on the nature of the complex formed between AMYV reverse transcrip-

tase and tRNAT"? has been carried out by Araya and Litvak.'** Using UV irradiation,
it has been possible to photo-cross-link beef tRNAT"? to the enzyme. The beef tRNAT"
has a sequence similar to the chicken tRNA”* and it has also been shown that the beef
tRNA can serve as a primer.'**

As shown in Figure 16, cross-linking of tRNA’” from beef to AMV reverse tran-
scriptase is efficient and results in the joining of about 1.7 to 1.8 mol of tRNA per
mole of enzyme. Substantially lower values are obtained with yeast tRNA”” and beef
tRNAV® These tRNAs differ markedly in sequence from beef tRNA7"? 4145 In addi-
tion, bovine serum albumin does not cross-link to tRNAT"* from beef.

The joining of almost 2 mol of tRNAT™* to AMYV reverse transcriptase checks well
with nitrocellulose filter assays which show that close to 2 mol of tRNA can be titrated
onto the enzyme. Moreover, it appears from Figure 16 that there is some specificity
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FIGURE 16. Photo cross-linking of various tRNAs to avian myeloblastosis reverse transcriptase. The ver-
tical axis indicates the moles of tRNA joined to enzyme per mole of enzyme. (From Araya, A. and Litvak,
S., Cold Spring Harbor Symp. Quant. Biol., 43, in press. With permission.)

to the cross-linking process. It will be of considerable interest to learn which regions
on the tRNA have been cross-linked to the enzyme. These presumably are the contact
sites in the protein-nucleic acid complex.

C. Significance of Interaction With tRNA

When the results discussed above are considered coliectively, the significance of the
association of AMV reverse transcriptase with tRNAT" is still not clear. While the gel
filtration results of Panet et al.'*® and the preliminary photo-cross-linking results of
Araya and Litvak'** indicate a definite specificity in the binding of tRNAT” to reverse
transcriptase, the findings of Hizi et al. suggest that the specificity over other cellular
tRNAs is not that great.'** Moreover, it is clear that the association of the enzyme
with 70S RNA or 35S RNA subunits is orders of magnitude stronger than it is with
tRNA™. Thus, in vivo, the enzyme should show a strong preference for the high-
molecular-weight viral RNA, and the amount of binding to free tRNA7"* alone may
be insignificant. On the other hand, the resuits of Panet et al. do suggest that, in a
mixture of cellular tRNAs, the enzyme will specifically select tRNA”"7.!3¢ Because this
is also the species used to prime DNA synthesis, it seems too much to ask for the
selective binding of tRNAT™"* to be mere coincidence.
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More recent experiments by Cordell et al. shed further light on these issues.!*¢ It
had been shown previously that, beginning with the penultimate nucleotide at the 3'-
terminus of tRNAT”, there is a sequence of at least 16 nucleotides which binds the
tRNA to the avian sarcoma virus genome.'¥’-'*® A duplex of this small portion of the
tRNA and a sequence in the virus genome does not detectably bind to the enzyme. 4
Neither do a large variety of tRNA fragments, of varying sizes, bind to reverse tran-
scriptase.'* However, a fragment of 27 residues, starting at the 3'-terminus, primes
DNA synthesis from the viral genome. Interestingly enough, this fragment includes a
span of ten consecutive residues which are homologous to the analogous positions in
the tRNA*™ species that is used as a primer for the genome of the Moloney murine
leukemia virus.'*¢ As mentioned above, the avian enzyme can bind to and initiate syn-
thesis from the murine virus genome with this tRNA.

Because the 3'-fragment of 27 residues primes DNA synthesis and yet shows no
detectable association with the enzyme, Cordell et al.'*® argue that the binding of free
tRNAT"® to reverse transcriptase may not be important for the initiation of DNA syn-
thesis from the viral genome.'*¢ Rather, it is the sequence of nucleotides on the 3'-side
of the tRNA that is probably of primary importance, because this sequence makes
possible the association of the tRNA with the viral RNA and the subsequent initiation
of DNA synthesis. This is not to say that the enzyme-tRNA association has no signifi-
cance whatsoever. The Rous sarcoma avian virus contains roughly comparable
amounts of the polymerase and the tRNAT™ species that selectively binds to it,'3-'°
and the enhanced abundance of this tRNA species may reflect, at least in part, its
preferential incorporation into the virion as directed by reverse transcriptase.

The question may be raised as to whether one of the subunits of reverse transcriptase
comes from Trp-tRNA synthetase. The Trp-tRNA synthetase of human placenta, bo-
vine pancreas, and yeast appears t0o be an a, enzyme with an o-subunit molecular

weight of 50,000 to 60,000.'® This is close to the molecular weight of the a subunit of
AMYV reverse transcriptase. However, Panet et al. found no Trp-tRNA synthetase ac-

tivity present in their AMV reverse transcriptase preparation.'?® Also, antireverse tran-
scriptase 1gG prepared from rat serum inhibited both the DNA polymerase and the
tRNAT binding activity of the enzyme, while nonspecific IgG did not. These results
do not rigorously exclude the possibility that a subunit of Trp-tRNA synthetase is also
a subunit of reverse transcriptase, but neither do they offer any encouragement for
such a viewpoint. It would be worthwhile to do a few more experiments to rule out
the possibility that one of the subunits of reverse transcriptase is derived from Trp-
tRNA synthetase.

VII. CONCLUSIONS

It is evident from the foregoing discussion that transfer RNA has been designed so
as to present receptor sites to a variety of different proteins. Five different protein-
tRNA interactions have been considered here, and this is not a complete survey of all
possible protein-tRNA specific associations. In the process of protein synthesis, there
are many special interactions with ribosomal proteins that occur as tRNA moves
through the acceptor and peptidyl sites during polypeptide chain elongation. These
protein-tRNA interactions presumably take advantage of features that are common to
all tRNAs that function in elongation of polypeptide chains. In addition to these sys-
tems associated with protein synthesis, there are probably additional protein-tRNA
interactions that are yet uncharacterized. For example, the involvement of transfer
RNAs in regulation of gene expression,®'* cell wall biosynthesis,!*'* and possibly
membrane transport phenomena!'’ suggest that a variety of other interactions with pro-
teins will be discovered at some point in the future.
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It is striking that the characteristics of the five recognition reactions discussed here
are remarkably different. For example, aminoacyl tRNA synthetases discriminate be-
tween the various amino acid specific tRNA species, and have evolved a ‘‘dual’’ dis-
crimination scheme which enables them to differentiate between tRNAs at both the
level of binding and of catalysis. On the other hand, the elongation factor Tu appar-
ently makes no distinction between the various noninitiator tRNA species and simply
requires that these species be aminoacylated. The difference between synthetase and
the elongation factor recognition is further underscored by evidence that synthetases
do not show much discrimination between charged vs. uncharged tRNA.'*° Likewise,
unusual and striking features are associated with the recognition reactions of the other
proteins described (transformylase, peptidyl hydrolase, and reverse transcriptase).

Clearly, the greatest amount of information has been gained on specific synthetase-
tRNA interactions. Here it is clear that, for many of the enzymes, the inner part of
the L-shaped tRNA structure is an important part of the protein binding region (Figure
3). In this part of the structure, the uridine at the 8-Position comes into close contact
with bound synthetase and may make a transient covalent adduct with the protein. If
this proves to be the case, then it will be of considerable interest to test whether tran-
sient covalent interactions occur in some of the other specific protein-tRNA systems.

In studying protein-RNA recognition, the ultimate objective is to provide a molecu-
lar picture and explanation of the recognition specificity. This objective has not been
reached so far in any of the systems that have been studied. There are inherent limita-
tions associated with techniques for studying molecules in solutions that make it ex-
tremely difficult to come up with a precise molecular picture. Therefore, in the long
run, we expect that the greatest surge in new information in this area may come from
X-ray crystallographic studies of protein-tRNA complexes. However, at present this
objective does not appear to be near fruition. Numerous attempts have been and con-
tinue to be made to crystallize especially synthetase-tRNA complexes. Although hopes
have been raised on a number of occasions, at the time of this writing no crystals of a
complex suitable for X-ray analysis have been obtained.

In spite of the lack of information, it is helpful to speculate on the kinds of interac-
tions that might occur between atomic groups on proteins and complementary sites on
nucleic acids. With single-stranded sections of nucleic acids, it is not hard to construct
stereospecific complexes involving hydrogen bonding groups on bases with comple-
mentary groups on a polypeptide backbone or with certain of the amino acid side
chains that have hydrogen bonding potential. For example, in the complex between
actinomycin D and deoxyguanosine, two hydrogen bonds form between the peptide
backbone of the antibiotic to the ring N3 and the exocyclic amino acid group of guan-
ine.'s' Many other such interactions can also be visualized with unpaired bases.

But the real challenge lies in deducing how specific interactions might occur between
double-helical nucleic acids and protein groups. This is because many important pro-
tein-nucleic acid interactions appear to involve sections of double-helical nucleic acids.
For example, the interaction between lac repressor and lac operator presumably in-
volves double-helical DNA.'$? Moreover, if synthetases bind, at least in part, along
the inner part of the L-shaped tRNA structure, then the protein is confronted with,
largely, double-helical RNA segments.

To get at this issue, some interesting model building studies have already been car-
ried out. One of the earliest efforts was by Carter and Kraut.'** These authors pointed
out that in polypeptides, anti-parallel  chains can form a gradual right-handed double
helix, having a long pitch. Interestingly enough, these structures have a pitch and ra-
dius approximately in the same range of nucleic acid double helices. Furthermore, such
polypeptide ‘‘double helices’’ can be found in the structures of a number of proteins.'*?
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With this in mind, they constructed a model in which a hydrogen-bonded complex
forms between a polypeptide double chain f-sheet and a RNA double helix. In the
double-stranded polypeptide sheet, amide NH and carbonyl oxygens alternately turn
inward, where they hydrogen bond with opposite members of the sheet, and turn out-
ward, where they can interact with solvent or other groups. Carter and Kraut showed
it was possible to build a model in which hydrogen bonds can be made between ribose
2’-hydroxyls and the outwardly turned carbonyl oxygens on the polypeptide chains.
Moreover, from their models, it appeared possible for water molecules to connect (via
hydrogen bonds) alternate peptide NH groups with furanose ring oxygen atoms and
with 2'-hydroxyl groups. This structure, which would appear devoid of specificity be-
cause it involves interactions between the polypeptide and nucleic acid backbones, can
be conferred with specificity because not all amino acid side chains can be sterically
accommodated into the arrangement dictated by the backbone interactions.'s® It
should also be noted that a structure involving the polypeptide double stranded f-sheet
interacting with double stranded DNA has been built by Church et al.?s*

The question of sequence-specific recognition has been approached by Seeman et
al.'*® These authors looked for specific interactions that might occur between amino
acid side chains and hydrogen bonded nucleotide bases in a double helix. Their studies
suggest that to uniquely identify a particular base pair (for example, A -U vs. U-A)
requires at least two hydrogen bonds between an amino acid side chain and a base. A
proposed scheme of interactions for the major groove is given in Figure 17A. Here it
is shown that asparagine or glutamine may specifically bond to the adenine portion of
an A -U pair, while arginine may bond to the guanine portion of a G- C pair. In Figure
17B, a proposed interaction for the minor group is shown. In this case the interaction
involves the side chain of asparagine or glutamine with the guanine part of the G-C
pair.

We can expand upon these ideas by looking at the recognition surface of tRNA,
regarding all exposed potential hydrogen bond acceptors and donors on the bases as
possible receptor sites for interactions with proteins. The distribution of these sites will
vary from tRNA to tRNA, owing to their sequence differences. By interacting specifi-
cally with these hydrogen bonding sites in single- and double-stranded regions, a pro-
tein should be able to discriminate between the various tRNA species.

These ideas are illustrated in Figure 18, which shows two views of a space-filling
model of tRNA (compare with Figure 2) and where we have used shading to indicate
the locations of free hydrogen bond acceptors and donors (on the bases only). The
light stippled areas are the acceptors and the darker ones are the donors. These sites
scatter all over the surface and provide a rich diversity of regions for hydrogen bonding
associations with proteins. The potential bonding sites occur in single-stranded sections
such as the anticodon and the 3’-terminus, which clearly are accessible to an approach-
ing protein side chain, and also in some of the double-stranded regions where interac-
tions like those shown in Figure 17 may occur.

These model building studies of protein-nucleic acid complexes give concreteness to
our ideas about protein-nucleic acid recognition. Also, more interactions than what
has been discussed above can certainly be visualized. For example, it is obvious that
aromatic side chains of proteins can intercalate into helical sections. What is not clear,
however, is whether such an interaction can provide any specificity. The same question
holds for the interaction of positively charged side chains, such as lysine and arginine,
with the charged phosphate backbone of nucleic acids. In any event, however, it ap-
pears enough diverse interactions are possible so that, in principle, recognition is not
difficult to visualize or rationalize. Further, if it turns out that one or more transient
covalent bonds can form in these protein-nucleic systems, this will, of course, open
up a whole new dimension to our way of viewing these interactions.
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FIGURE 17. Schemes for specific base-amino acid hydrogen
bonded complexes in the major groove (A) and minor groove (B).
(From Seeman, N. C., Rosenberg, J. M., and Rich, A., Proc. Natl.
Acad. Sci. U.S.A., 73, 804, 1976. (With permission.)

It should also be appreciated that the X-ray crystallographic determination of one
of these complexes may not completely clarify the mechanism of recognition. The rea-
son for this is that it may be difficult to sort out which interactions are crucial for
recognition and which are not. In other words, it may be that clearly defined rules for
recognition in these systems may only emerge after a number of complexes have been
analyzed at the molecular detail and compared against each other.

Some of the most interesting questions that remain have to do with the molecular
architecture and organization of the proteins which carry out the recognition reactions.
For example, consider the tRNA recognition sites on aminoacyl tRNA synthetases. If
these recognition sites largely use the same part of the RNA structure, it is reasonable
to speculate that these sites share a great deal in common. That is, the architectural
features of these sites may be closely similar, with specificity achieved by the variation
of a few amino acids in critical positions. This might be like the situation with immu-
noglobulins, where specificity is controlled by residues in the variable region.'s® We
can imagine that synthetases have a portion of their structure which is devoted to RNA
recognition and that alterations in this portion (through amino acid changes) could
lead to changes in recognition specificity. This idea is currently being pursued, and it
appears that mutant synthetases with altered tRNA recognition have been obtained.3
The structural analysis of these mutants, and of the synthetase genes themselves, will
obviously provide a great deal of new insight and information on this important issue.

In conclusion, the recognition of transfer RNA by proteins has been studied by a
variety of imaginative approaches which have served both to delineate structural fea-
tures on the nucleic acid important for recognition, and to bring to light the remarkable
differences (see above) in the recognition characteristics of the various proteins. The
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View 1

FIGURE 18. Space filling diagram of tRNA structure, shown in two views. Location on the bases of
potential hydrogen bond acceptors (dotted radial lines) and donors (solid concentric lines) is indicated.
(Kindly provided by Quigley, G. J., Teeter, M., and Rich, A.)

continued efforts in this area should bring a considerable amount of new insight, par-
ticularly with regard to the molecular basis for the interactions and to the structural
organization of the RNA binding sites on the protein themselves.

VIII. SUMMARY

Transfer RNAs have specific interactions with a variety of proteins. Some of these
have to do with the role of tRNA in protein synthesis, while others are due to the
participation of tRNAs in processes other than protein synthesis. Five specific protein-
tRNA interactions are reviewed here. The protein systems are: aminoacyl tRNA syn-
thetases, elongation factor Tu, peptidyl tRNA hydrolase, methionyl-tRNA formylase,
and reverse transcriptase. The first four are proteins which interact with tRNAs during
the course of protein synthesis while, in the last case, reverse transcriptase uses a spe-
cific tRNA to prime the synthesis of DNA off of an RNA template. Each of these five
systems has been studied with the aim of identifying on tRNAs the receptor sites (e.g.,
nucleotide units) responsible for a particular specific association. The most informa-

RIGHTS

i,



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/07/12
For personal use only.

244 CRC Critical Reviews in Biochemistry

e FIGURE 18 — View 2

tion has been obtained with aminoacyl tRNA synthetases, where some parts of the
tRNA surface that make contact with a bound synthetase have been identified. Consid-
erable progress has also been made on the other systems and, in some cases, regions
crucial for the interaction with a specific protein have been pinpointed. It appears that,
at least in part, each system has its own pecularities and a given protein may recognize
features of the tRNA structure — or the aminoacyl- or peptidyl-tRNA structure —
which are of no significance or of totally opposite significance in some of the other
systems. For example, elongation factor Tu binds selectively to aminoacyl tRNAs, and
shows little affinity for unacylated tRNAs, while a given aminoacyl tRNA synthetase
may show little preference for its aminoacyl vs. non-acylated cognate tRNA. Also,
elongation factor Tu does not significantly associate with N-blocked (e.g., N-acetyl)
aminoacyl tRNAs while, in contrast, peptidyl tRNA hydrolase will not act on amino-
acyl-tRNAs but will hydrolyze N-blocked (e.g., N-acetyl, peptidyl, etc.) tRNAs. There-
fore, each protein system must be viewed separately and it appears that the tRNA
molecule is designed to have a variety of receptor sites which, in conjunction with
moieties attached to its 3'-terminus, are used — perhaps in various combinations —
so as to make tRNA a truly multifaceted and multifunctional molecule. From a space-
filling model of the tRNA structure it can be seen that, even in double-stranded re-
gions, there is considerable potential for the formation of hydrogen bonds between
bases on tRNAs and protein side chains, and that the spatial distribution of such po-
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tential hydrogen bonding sites may vary considerably from tRNA species to species.
And while hydrogen bonds are not the only kind of interaction that can stabilize a
protein-nucleic acid complex, they serve to demonstrate one way that specificity might
be achieved in the various protein-tRNA recognition reactions. In addition, with at
least the aminoacyl tRNA synthetases, there may be a transient covalent bond between
a base on the tRNA and the bound synthetase.

ADDENDUM

There have been at least two important developments since the submission of this
article for publication. In the area of aminoacyl-tRNA synthetases, strong further evi-
dence has been obtained indicating that these enzymes can make a transient covalent
bond with uridine residues. In particular, it was discovered that the mononucleoside
S-bromo-uridine is cleaved at the glycosyl linkage by various synthetases to yield 5-
bromouracil plus free ribose.'®” This unusual reaction, which is believed to proceed
through a Michael adduct intermediate in which a synthetase has been added to C-6
of the pyrimidine ring, was shown to occur with all four E. coli aminoacyl-tRNA
synthetases that were tested, and also with a mammalian synthetase that was studied.
Thus, there appears to be a common catalytic center on all synthetases, both in bacteria
and in higher organisms, which can undergo Michael addition with a uridine ring.

In the case of reverse transcriptase, A. Araya, L. Sarih, and S. Litvak have presented
evidence showing that the avian myeloblastoris virus transcriptase plays an active role
in hybridizing tRNAT"? to the 35S viral RNA.!*®* Moreover, as evidenced by nuclease
digestion with RNAase Tl and micrococcal nuclease, the transcriptase was shown to
unwind part of the acceptor stem of the tRNA. Because the 3'-side of the tRNA, in-
volving the 3'-side of acceptor stem, is the part which hybridizes to 35S RNA, it would
appear that the transcriptase catalyzes this unwinding as a step in its mechanism of
mediating hybridization between the tRNA and 35S RNA.
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