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INTRODUCTION

PREVIOUS reviews of protein synthesis in plants!-2 have given little space to fRNA or amino-
acyl-tRNA synthetases (amino acid activating enzymes, amino acid ligases), although they
have been fully described for other systems.3>~® Since the elucidation of the machinery of
protein synthesis has only recently been attempted in plants, it is of interest to find out to
what extent tRNA aminoacylation and metabolism resembles that in microorganisms and
animals. Reference to microbial and animal systems is made where relevent.

Aminoacyl-fRNA synthetases (E.C.6.1.1.-) catalyse the initial step in protein synthesis
by attaching specific amino acids to their cognate tRNA molecules (Scheme I).

Mg2+
Amino acid + ATP + Enzyme —___ Aminoacyl-AMP-Enzyme + PPi 6))
Aminoacyl-AMP-Enzyme + tRNA M_gp; Aminoacyl-tRNA + Enzyme + AMP 2)

SCHEME 1. ATTACHMENT OF AMINO ACIDS TO TRANSFER RNAs.

To ensure strict fidelity in the translation of the genetic code, the overall reaction must
exhibit exclusive specificity. Those plants which synthesize non-protein amino acids struc-
turally akin to those found in proteins,® have evolved mechanisms for excluding these
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analogues from incorporation. Discrimination may occur at either step (1) or (2) in Scheme
1. 10-12

Stable aminoacyl-AMP-enzyme complexes have been isolated,!3-!4 but the rate of
conversion into aminoacylated tRNA is slow compared with the turnover numbers for the
total reaction.'®'5 A concerted reaction involving tRNA, amino acid and ATP has been
proposed,’” where by aminoacyl-tRNA’s are formed without the production of discrete
intermediates. Arguments concerning the reaction mechanism have been discussed.’-©:18

AMINOACYL-tRNA SYNTHETASES

The pyrophosphate exchange reaction (Scheme 1 reaction 1),'°~2! is very sensitive but
exhibits a high endogenous activity with impure preparations due to the liberation of
amino acids by proteolytic enzymes. This can be minimized by dilution of the extract,22-23
which also serves to decrease ATP hydrolysis. Addition of fluoride to inhibit ATP-ases,2*:2%
decreases the rate of exchange for some enzymes.'%?! Pyrophosphate exchange due to
enzymes other than aminoacyl-sRNA synthetases,?5-28 must be eliminated.

The tRNA esterification reaction,?®~32 depends on many variables and these should be
carefully controlled.®® It is subject to the action of nucleases and pyrophosphatases in
impure preparations®?-34-3% and is more sensitive to salts,3® bases3” and organic solvents,38
than is the pyrophosphate exchange reaction.
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Assay of the enzymes involved by the hydroxamate method,39:4° where the base serves
as an aminoacyl acceptor in place of tZRNA, has recently been discussed.’ The technique
is not suitable for the assay of the synthetases of dicarboxylic acids or their amides, as these
amino acids can be converted into B-aspartyl and y-glutamyl hydroxamates by reactions
unrelated to protein synthesis.*!~*3 It is possible that the high activities reported for these
enzymes in crude tomato root extracts utilizing this method?* were due to such reactions.

The tRNA esterification reaction is the best physiological assay, although the pyrophos-
phate exchange reaction is important mechanistically.

Isolation and Purification

General methods for the isolation of synthetases*# and the extraction of enzymes from
plant tissue*>:#® have been reviewed. Thioglycollate and metabisulphite increased the
specific activity of synthetases in the extract of plumules and radicles from Phaseolus
vulgaris?*® and tobacco leaf,*” although the enzymes from the cotyledons of the former
were unaffected. Glutathione,*® mercaptoethanol and dithiothreitol®2 have also been used
for a similar purpose. Sucrose did not affect the activity of the enzymes extracted from
Phaseolus vulgaris.?® However, individual enzymes may be protected by sucrose or other
polyols,*+4? which help to maintain the integrity of hydrogen bonding within the enzyme
molecules. Increase in ATP-ase activity in the presence of sucrose?® may affect the assay
conditions used. Different buffers should be investigated for their effects on individual
enzymes.5-33 PVP,4%:50 EDTA®! and specific amino acids®?-*>3 have also been used to
supplement the extraction medium. The action of proteases®#3° can be minimized by
either high buffer/tissue ratios or mercaptoethanol.5¢ Despite claims that extraction in the
presence of liquid nitrogen and glycerol is essential for the extraction of synthetases from
pea roots,*® the enzymes have been successfully extracted from similar tissues in the absence
of these materials.?3-24

Levels of Aminoacyl-tRNA Synthetases in Tissues

Although considerable variation in the levels of individual aminoacyl-zRNA synthe-
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tases from different plant tissues has been observed,!!:23:24:47.57-66 3 general pattern
emerges. Ile-, Leu- and Val-synthetases exhibit high activity, whilst the synthetases for
AspNH,,Met,Phe,His,Pro,Ala, Try,Tyr,Cys and Gly are more variable. Arg-, Glu-,
GIluNH,- and Asp-synthetases exhibit low activity. Comparison of the exchange and
esterification reactions leads to the same general conclusions®? although individual enzyme
levels vary considerably. Those enzymes which form strong aminoacyl-adenylate com-
plexes, esterify tRNA less efficiently.’* Thus the total levels observed may be dependent
to some extent on the assay method used. Dialysis (which preferentially inactivates some
of the enzymes), differences in pH optima’7-¢? and high K, values for individual
enzymes,?*¢7 may account for some of the variability and low activities obtained.

The total level of aminoacyl synthetase activity in dry seeds is approximately proportional
to the protein content.®® Legumes, in particular soybean, have a high activity of pyro-
phosphate exchange per gram dry seed.®® When extracts of any plant material are assayed
for pyrophosphate exchange using a mixture of the 20 protein amino acids, the values
obtained are lower than the sum of the activities determined when the amino acids are
tested individually.?3:47.69.70

Rates of aminoacyl-fRINA synthesis in intact bean leaves are similar to those in leaf
discs, but cell-free preparations acylate significantly less tRNA.7® The rate of aminoacyla-
tion was more rapid when the plants were grown in the light, although the total amount of
charged tRNA formed was higher in dark-grown plants.”®

Alanyl- and Glycyl-tRNA Synthetases

Ala-tRNA synthetase from tomato roots,?* has a K,, for Ala of 2-8 x 1072 M, similar
to the enzyme from Lactobacillus arabinosus.”* The plant enzyme was unable to activate
B-alanine or a-aminobutyric acid, although p-alanine inhibited Ala-dependent pyrophos-
phate exchange. The fact that no purified Gly-fRNA synthetase and low Gly-dependent
pyrophosphate exchange has been reported from plant extracts, may reflect an instability
of the enzyme similar to that in animals and bacteria.”?73

Threonyl- and Seryl-tRNA Synthetases

Thr-tRNA synthetase has been partially purified from soybean hypocotyl’* and Aesculus
hippocastanum seed.” The latter enzyme has a K, of 10~* M and was insensitive to salts.
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Thr-aminoacylation was inhibited by borrelidine, using either the cytoplasmic or chloro-
plast enzyme from Phaseolus vulgaris.’® Ser-tRNA synthetase has been partially purified
from soybean hypocotyl.32

Isoleucyl-, Valyl- and LeucyltRNA Synthetases

Assay of these enzymes in impure preparations?2-2%-47 may give ambiguous results,
in accordance with the non-specific nature of the corresponding bacterial enzymes.””-78
Ile serves as a substrate for the Leu-tRNA synthetase from Aesculus hippocastanum,
although its affinity for the enzyme is 100-fold lower than Leu. Leu-dependent pyrophos-
phate exchange was inhibited by high concentrations of Ile, and although esterification of
tRNA was not measured, the analogous situation in bacteria suggests that Ile would not
bind to tRNA.?7 Although there appeared to be some competition of Leu-stimulated
exchange in the presence of Ile, Met and Val, in enzyme preparations from Lupin seeds,
these latter amino acids did not effect the aminoacylation of tRNA.?* This may indicate
that discrimination against the alternative substrates takes place at the level of the transfer
reaction. a-(Methylenecyclopropyl) glycine stimulated pyrophosphate exchange with
crude extracts from Phaseolus aureus,*® although it was not activated by purer preparations
of the Leu-tRNA synthetase from Aesculus hippocastanum.”® This analogue, however, could
be acting as a substrate for the Val-fRNA synthetase in the former case. Certain analogues
of Leu with either a 4 C co-planar ring or with an unbranched carbon skeleton before the
yC atom acted as substrates for the Aesulus enzyme.”® Although norleucine acted as a sub-
strate for this enzyme, it was not activated by the lupin enzyme,2> probably because a crude
extract was used with the analogue at non-saturating concentrations. Norvaline and several
N-acetylderivatives were activated by the lupin enzyme,?® although the pyrophosphate
exchange exhibited by the latter was probably due to a contaminating deacetylase.” The
MW of 170 000 for the lupin enzyme contrasts with the lower value of 105000 for the
E. coli Leu-tRNA synthetase.8° The high sensitivity of the desculus enzyme to Cs* and K+
and relative inertness of Na * on the pyrophosphate exchange,”® parallels observations with
the enzyme from Pseudomonas aeruginosa,! but contrasts with the situation in several other
synthetases from plants, where monovalent cations are increasingly inhibitory to the ex-
change reaction with increasing charge/radius ratio.%® The inhibitory action of NH,*
is also marked for the Leu-tRNA synthetase.”S Multiple forms of Leu-tRNA synthetase
have been reported in Phaseolus vulgaris®*-33 and soybeans®*:85 as in microbial systems.8¢-87
Results must be interpreted with care because of differences in organelle specificity’® and
the formation of artifacts during chromatography.?® Mixed substrate tests should be applied
where multiple forms are suspected.®9-9°
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Val-tRNA synthetase has been partially purified from wheat germ®! and Aesculus
californica.” As with the E. coli enzyme,®? a-aminobutyric acid inhibits binding of Val to
tRNA.°! The Thr-stimulated pyrophosphate exchange by the Val-fRNA synthetase from
bacteria’® has not been observed with the plant enzymes. The enzyme from Aesculus
activated a-(methylene cyclopropyl) glycine and a-(cyclobutyl)glycine. Norvaline stimu-
lated exchange from lupin extracts and this could be due to contaminating Ile- or Val-
tRNA synthetases, since this compound is activated by both such enzymes from bacteria.®®-°3
The bacterial enzyme is sensitive to reagents coupling with SH groups,?3-°! as are the Ile-
and Leu- enzymes from plants;®!?¢* Mg?+* being required for this inhibition.'* The Val-
tRNA synthetase from bean chloroplasts is less sensitive to Mg? *, spermidine or mercap-
toethanol than is the cytoplasmic enzyme.”®

The bacterial Ile-tRNA synthetase also activates Val, Leu and Met.”® Since most pre-
parations of this enzyme from plants have been contaminated with other synthetases, the
exact position with regard to substrate specificity is not known.?3:4” The enzyme from lupin
is protected against thermal denaturation by its cognate tfRNA,*# the reaction being Mg? *
dependent. No monovalent cation effects were observed on Ile-fRNA binding to the
enzyme,®* although they have been recorded elsewhere.®®:°¢

Methionyl- and Cysteinyl-tRNA Synthetases

Met-tRNA synthetase from wheat germ,®’ catalyses an ethionine-dependent pyrophos-
phate exchange at a lower concentration than the corresponding bacterial enzyme.®®
It is sensitive to SH-coupling reagents and activated by mercaptoethanol. Partially purified
enzymes have been used in the study of protein chain initiation in plants.®®-190

Cys-tRNA synthetase from Phaseolus aureus appears to be relatively stable,®:°° but
there are no reports of a purified enzyme from plants.

Some plants are able to accumulate selenomethionine and selenocysteine in large
quantities.’®! Non-accumulator plants cannot distinguish between the seleniferous and
sulphur amino acid and the former can become incorporated into protein.*°? Accumulator-
species, however, do not incorporate the Se analogues into protein'®? which may reflect
a discriminatory role of the synthetases.?®

Aminoacyl-tRNA Synthetases of Dicarboxylic Acids and their Amides

Glu-tRNA synthetase, purified 50-fold from Phaseolus aureus, Hemerocallis fulva and
Caesalpinia bonduc, exhibits a high K,, (7 x 1073 M) for the pyrophosphate exchange,
which is not lowered by the addition of tRNA.%7 This contrasts with the enzyme from
E. coli'®? and rat liver,'°* where the presence of tRNA lowers the K|, for this reaction. The
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plant enzyme appears to be very unstable.®” Both threo and erythro forms of y-methyl
and y-OH-L-glutamic acid as well as y-OH-y-methyl-L-glutamic acid are activated by the
enzyme from Phaseolus aureus, a plant which does not contain any of these substituted
glutamic acids in its soluble nitrogen pool. However, the enzyme from Hemerocallis,
which produces threo-y-OH-L-glutamic acid could only activate the erythro-L forms of
these compounds. Conversely, the enzyme from Caesalpinia bonduc, which synthesizes
erythro-y-methyl-L-glutamic acid, could only activate the threo-L isomers. Thus a mech-
anism has been evolved in each case to exclude the naturally-occurring diastereoisomer
from proteins.

The low activity observed for the GIuNH,-tRNA synthetase in the absence of tRNA
in plants,5%-5° may reflect a vital requirement of tRNA for the assay of GluNH,-fRNA
synthetase by the ATP-PPi exchange method as has been shown in E. coli,'°® rat
liver'®4 and pig liver.1°> However, certain bacteria are able to amidate Glu attached to
a specific GluNH, tRNA by means of a GluNH, Glu-fRNA synthetase and a GluNH, or
AspNH, dependent amido transferase.'°¢ Which of these two systems operates in plants is
as yet unknown.

Asp-tRNA synthetase from Phaseolus aureus activates a-amino malonic acid and threo-
B-OH-L-aspartic acid by the exchange reaction, but not the erythro isomer.®® AspNH,—
tRNA synthetase from Phaseolus, can utilize isoasparagine and aspartic acid hydroxamate
as substrates in the pyrophosphate exchange in place of AspNH,.5®

Lysyl-, Histidinyl- and Tryptophanyl-tRNA Synthetases

Lys-tRNA synthetase from pea seed'®” and wheat germ®’ is unstable and inhibited by
SH-coupling reagents, although in the former case, the presence of SH-groups does not
lead to reactivation. The enzyme has been partially purified from Vigna sinensis>® and
Delonix regia.5® The latter enzyme has a K, of 1-6 x 10~* M for Lys in the exchange reac-
tion. S-(2-aminoethyl)-L-cysteine was activated with a K,, of 1-2 x 1073 M, but its activity
relative to that of Lys was relatively low compared to that observed with the E. coli
enzyme.!%8:19° The enzyme from Canavalia ensiformis, with a K,, for Lys of 7-3 x 107° M,
apparently activated Arg and homoarginine at high concentrations.®' This however was
found not to be due to the presence of arginase in the extracts, which might produce
ornithine, a potential substrate for the synthetase.

His-tRNA synthetase from Delonix regia has a K, for His of 1-4 X 1075 M® and is
relatively stable. There is no report of a purified Try-fRNA synthetase from plants.

Arginyl-tRNA Synthetase

Arg-tRNA synthetase from the chloroplast and cystoplasm of Phaseolus vulgaris both
activate canavanine, but only the latter exhibited inhibition of Arg-dependent pyrophos-
phate exchange on addition of the analogue.”® The chloroplast enzyme was unable to
activate Arg in the absence of fRNA,’¢ as in E. coli,’'° but the cytoplasmic enzyme could

105 1, W, LEg, J. M. RAVEL and W. SHIvE, Arch. Biochem. Biophys. 121, 614 (1967).
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108 F_ M. LANSFORD, N. M. Lt and W. SHIVE, Arch. Biochem. Biophys. 119, 272 (1967).
109 W H. STERN and A. MEHLER, Biochem. Z. 342, 400 (1965).
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promote exchange at 109/ of the rate when tRNA was added. Different Arg-tfRNA syn-
thetases have also been observed during the development of Chlamydomonas!!! and tobacco
tissue culture cells.!'? The unstable enzyme from Canavalia ensiformis did not activate
either homoarginine or canavanine,®! thus discriminating against the latter compound which
is naturally synthesized by the plant. In this respect of substrate discrimination, it would
be of interest to study the enzyme from Indigofera spicata, a plant producing the potential
Arg analogue L-a-amino-e¢-amidino caproic acid (indospicine).t13

Phenylalanyl- and Tyrosyl-tRNA Synthetases

Phe-tRNA synthetase from Phaseolus aureus, Leucaena leucocephala®? and several
Aesculus sps.,'" is less exacting in its amino acid substrate requirements than the Tyr-
enzyme, in agreement with results obtained from bacteria.l?*-11% Phe-fRNA synthetase
from Aesculus hippocastanum supported pyrophosphate exchange with a variety of Phe
analogues, most of which inhibited Phe-dependent exchange at high concentrations.!?
As observed with the bacterial enzyme, Ala molecules substituted on the 8-C atom with a
coplanar ring''® or an unclosed coplanar ring'!” of suitable size, served as substrates for
the Aesculus enzyme. The non-planar homoisoleucine molecule was not utilized.!! Aes-
culus californica, unlike most Aesculus species, contains large amounts of the Phe-analogue,
2-methyl-4-amino-hex-4-enoic acid (AMHA) in its soluble nitrogen pool.!!® This compound
is utilized as a substrate for the Phe-fRNA synthetase from all plants so far tested,
although the enzyme from A. californica activates AMHA and similar analogues less
efficiently than does the enzyme from non-analogue containing plants.'! Although the
esterification of tRNA by the analogue was not investigated, it was assumed that the
discriminatory step occurred here, as no AMHA residues were found in 4. californica
protein.!! Mimosine served as a substrate for the enzyme from mung bean and Leuceana,
but was not transferred in either case.'? The low specificity of the Phe-tRNA synthetase is
reflected in the slight activation of Tyr by the mung bean enzyme!? and competitive inhibi-
tion of the Phe-dependent pyrophosphate exchange by 1-aminophenylethane phosphonic
acid.'*? Tyr-, Leu-, Val- and Thr-dependent exchange was unaffected by the corresponding
phosphonic acid analogues.!!® Two distinct DEAE-cellulose fractions of Phe-fRNA
synthetase from wheat seedling chloroplasts differed in MW and K* dependence,!?°
although heterogeneity due to dissociation'?! could not be ruled out. Although there is
a report of instability of Phe-tfRNA synthetase,'?? the enzyme from most plants appears
to be relatively stable.!2:%9 Salts had a greater inhibitory effect on the exchange reaction
catalyzed by the enzyme from A. californica'® than on the enzyme from other species.!!-12
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Tyr-tRNA synthetase from mung bean,'? exhibits a similar substrate specificity to
the enzyme from microbial sources,4:11¢ although Phe activation was not observed.!23
p-Fluorophenylalanine served as a substrate for the enzyme, but neither m-tyrosine nor
mimosine were activated.

Prolyl-tRNA Synthetase

Pro-tRNA synthetase has been isolated from numerous plant species.10:48:124-126 Enzyme
from plants whose growth is inhibited by azetidine-2-carboxylic acid (A2C), the lower homo-
logue of Pro, activate!®!25 and transfer the analogue to fRNA. However, plants naturally
containing A2C, fail to utilize it as a substrate in the absence of tRNA,%:125 thus prevent-
ing the incorporation of the analogue molecule into protein. In the presence of tRNA,
a low level of pyrophosphate exchange is observed in the presence of A2C with this type of
enzyme,®® but the analogue fails to bind to tRNA. Enzymes capable of utilizing A2C as a
substrate, activate analogues smaller than Pro more efficiently than the enzyme from plants
containing A2C. Conversely, larger analogues, such as cis-(ex0)3,4-methanoproline, are
more effectively utilized by the enzyme discriminating against A2C.!2* The maximum
level of pyrophosphate exchange relative to Pro exhibited by these compounds never
reaches the level observed with the bacterial or animal enzymes although the K,’s are
similar.*27-128 Substrate protection constants!2® of Pro with the plant enzymes'3° are 10-15
times lower than that observed for the rat liver enzyme,*! in agreement with reports of a
stable aminoacyl-AMP complex formed with the enzyme from pea seedlings.** Instability,
high salt sensitivity and high pH optima in the exchange reaction distinguish the enzymes
from plants containing A2C from those of non-producer plants.!3°

Intracellular Localization of tRNA and AminoacyltRNA Synthetases

ATP-dependent, amino acid-stimulated protein synthesis has often been observed in
subcellular fractions.?32-14% Suitable fractionation and washing procedures for the prep-
aration of intact organelles with a minimum of bacterial contamination, should be em-
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ployed.4¢-141-151 Most aminoacyl-rRNA synthetase activity appears in the non-particulate
fraction,?!-32:61,152 3lthough organelle disruption might account for some of this.*>?

Chloroplasts. Tobacco chloroplasts retain enzymes for incorporating amino acids into
proteins only when iso-osmotically extracted.'*? This may account for the apparently low
levels of activity found in chloroplasts by some workers.?!:39-61-13% However, a high level
of specific activity is often associated with the chloroplast synthetases.®%-¢3-154 In spinach
chloroplasts, Tyr-, Met-, and Leu- stimulated pyrophosphate exchange in decreasing order
of activity; whilst this order was reversed with the supernatant fraction.®® The chloroplast
synthetases are present in a soluble form,!*7-*35 and can be precipitated in the 40-70%,
ammonium sulphate fraction of the chloroplast proteins.'’> Washed grana exhibit no
activity.® High RNA concentrations are associated with the chloroplast synthetases??>-156
The high acceptor activity of the chloroplast ‘pH 5” fraction, apparently double that of the
cytoplasmic fraction,'3* was due to a stronger binding of ‘*RNA’ to the former.'3* Since
the protein synthesizing machinery of the chloroplast differs from that of the cytoplasm,14®
distinctive fRNAs and synthetases might be expected. Vicia faba chloroplasts contain
unique soluble RNAs (possibly {RNAs), distinguishable by MAK column profiles.®”
Specific chloroplast tRNAs have also been isolated from Phaseolus vulgaris.*>%-*>° Density
gradient profiles of chloroplast synthetases indicated fewer components exhibiting syn-
thetase activity than in the cytoplasm.!>* Properties of Val-, Arg- and Leu-tRNA synthe-
tases from Phaseolus vulgaris’® and Tle-tfRNA synthetase from wheat seedlings,’*® differed
according to whether they came from chloroplast or cytoplasm. Distinct Phe- and Ile-
tRNA synthetases have also been recorded from Euglena chloroplasts.1¢°

Nuclei. Nuclear amino acid incorporation into protein32:'6-162 apnd ‘pH 5 frac-
tions3%-163:164 have been reported from pea seedlings, spinach leaf and tobacco tissue
culture. Although only traces of synthetase activity could be found in pea leaf and
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pea embryo nuclei,®® tRNA from pea seedling nuclei could be aminoacylated by
cytoplasmic and nuclear ‘pH 5 fractions. %4 tfRNA was absent from Vicia faba root nucleoli
but was present in the extranucleolar chromatin.!6°

Mitochondria. The incorporation of amino acids into protein in soybean!3* and pea
seedling!3” mitochondria and observations of pyrophosphate exchange in mung bean*®
and carrot root*! mitochondria, which parallels observations with rat liver mitochondria,
contrasts with reports where little activity has been detected.6°-93:166 However, bacterial
contamination could not always be ruled out. Sterile mitochondrial cell-free systems from
castor bean endosperm and Vigna sinensis were dependent on ATP.'*7 Mitochondrial
pyrophosphate exchange in carrot root was lost on sonication.?! Specific mitochondrial
tRNAs have been isolated from Phaseolus vulgaris'®® and a possible mitochondrial Phe-
tRNA synthetase has been recorded from Euglena.'®7 Two of the 6 species of LeutRNA
from soybean mitochondria appear to be more predominant than the corresponding cyto-
plasmic species.'¢®

Protein bodies and ribosomes. Proteoplasts from wheat endosperm appear to incorporate
protein'®® and contain ‘pH5’ enzyme and ‘soluble RNA’.*7%-172 Although there is no evi-
dence for different enzymes or tRNAs, the hypothesis was put forward that the enzymes
associated with proteoplasts incorporate amino acids into storage protein whilst their
corresponding cytoplasmic counterparts incorporated amino acids into cytoplasmic pro-
teins. Evidence from maize'** and Vicia faba'"? protein bodies indicates that most of this
incorporation is due to bacterial contamination. Pyrophosphate exchange associated with
ribosomal particles, which is enhanced by sonication or salt disruption,®8:5°:3 may re-
flect contamination, as purer preparations exhibit a lower activity.>®

Aminoacyl-tRNA Synthetases During Development

The specific activity of aminoacyl-tfRNA synthetases from pea cotyledons was found to
increase 8-fold during the first 3 days of germination.®® The low levels of activity during the
first few hours of germination and inhibition of this subsequent rise in specific activity by
inhibitors of protein synthesis, was thought to reflect de novo synthesis of these enzymes.53
However, the specific activity of aminoacyl-tRNA synthetases from French bean cotyledons
was high in the dry seed, and remained constant over the first 6 days of germination.??
This discrepancy may be partially due to the use of different assay methods, but since most
seeds, including pea seeds*®:-6® contain high levels of synthetases, the former results with
pea cotyledons®? are difficult to explain. The absolute activity of synthetases from French
bean plumules and radicles, increased exponentially over the first 6 days of germination,
whilst the specific activity increased during the first 3 days, then gradually decreased.??
The specific activity of AspNH,-, His-, Pro-, Cys-, Ile-, Leu-, Phe-, Val- and Tyr-tRNA
synthetases increased in the plumule during the first 3 days of germination, whilst the
activity of the Glu, GIuNH, and Arg-specific enzymes decreased. The radicle showed a
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similar pattern of activity, but in addition, increases in Asp-, Ser-, and Gly-tRNA synthe-
tases were observed.2® The absolute activity of aminoacyl-tRNA synthetases from tobacco
leaf decreased during senescence, but the specific activity did not decrease until the chloro-
phyll content fell below a certain level.}7#

Kinetin-treated tobacco leaf discs exhibited increased levels of synthetase activity
compared with water controls,’”* but this effect was too slow to account for the delay in
chlorophyll breakdown and increase in soluble N content.!’* The increased levels of amino-
acyl-tRNA synthetases concomittant with increased amino acid levels observed in pea
seedlings,®? were not observed with senescing tobacco leaves.!”# In rat liver the control of
aminoacyl-fRNA synthetases may depend on the protein level of the tissue and amino acid
pool sizes,!7* but no definite information is available for higher plants. The ‘pH 5° fraction
from gibberellic acid-treated pea seedlings was 5-8 times more active than that from un-
treated plants.®® Cytokinins,*®8 red light,®* or virus infection,?’® have little effect on the
level of the enzymes.

Exponentially dividing tobacco cells contain a different Arg-tRNA synthetase to that
found in non-dividing cells;!*? a situation similar to that in Chlamydomonas, where the
gametes contain a different Arg-enzyme to that occurring in the vegetative cell.!! Light
induces the chloroplast Ile-tfRNA synthetase from Euglena gracilis, the enzyme being
absent from dark-grown organisms and bleached mutants.'®” However, the chloroplast
Phe-tRNA synthetase from this organism, is non-inducible and coded by nuclear genes.!5”

Extraction and Purification of tRNA from Plants

Apart from a brief discussion by Loening,'”” reviews on extraction and purification
of tRNA have concentrated on microbial systems.18-178-180 The method used should remove
protein, carbohydrates and other nucleic acids, yet minimize damage to tRNA from physical
shock and degradative enzymes.

Phenol extraction of nucleic acids from fresh tissue32 should employ low buffer volumes,
but for seed tissue, equal volumes of aqueous extract and phenol are necessary.8-6%:18¢
Exposure time to the phenol should be minimized to prevent nuclease action,7%182 but
with large-scale preparations from lupin'®! and wheat germ,*®® longer extraction times are
more convenient. Since phenol does not completely inhibit the action of ribonuclease, 84186
bentonite has been used to adsorb these enzymes.'®’~'°! However, bentonite does not
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increase the yields of nucleic acids from woody tissue,!®? and adsorbs only 50% of ribo-
nuclease A from wheat leaf cytoplasm.'®® Increased yields of nucleic acids are obtained
by the use of SDS,8%:194:195 byt this is due to disruption of organelles,!?® dissociation of
nucleic acids from membranes and proteins!®’ and inhibition of nucleases.'?® The use of
other detergents has been discussed,*”¢ and extraction of nucleic acids with detergents alone
reported.'®9-290 Since Mg? * causes RNA to aggregate, it should be omitted from the extrac-
tion medium or chelated with EDTA. Zn? *,2°! Cu? +,!5! or 8-hydroxyquinoline,32:2°2 may
be used to inhibit ribonucleases. Disadvantages of the phenol extraction include the need
for multiple extractions, the formation of emulsions and loss of RNA at the interface.2°
High UV absorbance due to phenol is removed with Sephadex'8® and pigments with chloro-
form,2°3

Diethyl pyrocarbonate (DEP)2°4 inhibits ribonuclease?°> and other enzymes2°6-207
by reacting with Try>%8 and His?%? residues in the protein without affecting RNA or DNA.205
RNA from bean and tobacco leaves extracted with DEP or phenol, showed similar sedi-
mentation profiles and levels of protein contamination.®® Although increased yields of
RNA were observed with the DEP method, yields of tfRNA were lower.?'® However, DEP
has been used in the extraction of tRNA from Jerusalem artichoke.?'! DEP promotes the
ring opening of adenine®!? and loss of amino acid acceptor ability?!3-215 although the
presence of protein®!? or immediate removal of DEP from the preparation after extraction, 216
will minimize these effects.

Carbohydrates are removed by treatment with 2-methoxyethanol!78:181 or DEAE-
cellulose,32-76-183.217 ajthough the former does not completely remove nucleoside phos-
phates and polyphosphates which can be subsequently eliminated by cetyltrimethyl-
ammoniumbromide precipitation of tRNA.184:218 Similar quaternary ammonium bases
do not affect the acceptor properties of the tRNA.219
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Separation of soluble RNA from high molecular weight (HMW) RNA by high salt
concentrations,?2° is best performed with 3M salt to minimize contamination by HMW-
RNA 32.168,221,222 Effective separation on DEAE-cellulose®?'81-221 and MAK col-
umns!89-192.194,223 haq heen achieved, although loss of acceptor ability by complex for-
mation with methylated albumin, should be avoided.!”7-224 Sephadex G200,1%1:223,226
and G75,227 Zn2 +,228 ammonium sulphate fractionation,??° treatment with dimethyl sulph-
oxide?3° density gradient centrifugation?3! and gel electrophoresis,?*? have been used
to separate HMW-RNA from tRNA but have not found wide use with plant material.

Countercurrent distribution,233-23* MAK, 235:23¢ methylated albumin silicic acid,?37-238
protaminated kieselguhr!®'-23? and DEAE-cellulose columns at normal?**® and elevated?**
temperatures, have been used to separate individual tRNAs. Hydroxyapatite resolved
4 1le-, 2 Val- and 3 Leu-tRNAs from lupin seeds?3+:23° and benzoylated DEAE-cellulose®*2
has been used to separate tRNAs from wheat germ®?:1°0-183 and pea root.?** Reverse-
phase chromatography,?++:245 has been successfully employed in the fractionation of iso-
accepting tRNAs from various plant species.'81:243:246.247 Qther separation techniques
have, as yet, not been applied to plant fRNAs.248-252

220 A M. CresTFIELD, K. S. SMiTH and F. W. ALLEN, J. Biol. Chem. 216, 185 (1955).

221 P G. Guirz and C. A. DEKKER, Biochemistry 2, 1185 (1963).

222 K. S. KirBY, Biochem. J. 96, 266 (1965).

223 J . ManDELL and A. D. HerSHEY, Anal. Biochem. 1, 66 (1960).

224 i Gorpin and 1. I. KAIser, Biochem. Biophys. Res. Commun. 36, 1013 (1969).

225 A B, Lecocky, K. Worctecaowska and K. PecH, Bull. L’ Acad. Polon. Sci. XVII, 63 (1970).

226 M, REYNIER, M. AUBERT and R. MoNIER, Bull. Soc. Chim. Biol. 49, 1205 (1967).

227 T A, McCoy and E. A. CARTER, J. Chromatogr. 37, 458 (1968).

228 B_ K. Ray and M. S. N. Rao, Biochemistry 8, 1277 (1969).

229 §  AvitaL and D. ELSON, Biochim. Biophys. Acta 179, 279 (1969).

230 §. GUTCH, Biochim. Biophys. Acta 157, 76 (1968).

231 W, GILBERT, J. Mol. Biol. 6, 389 (1963).

232 J, E. LOENING, Biochem. J. 102, 251 (1967).

233 B, P, DOCTOR, in Methods in Enzymology (edited by L. GrossMaN and K. MoLDAVE), Vol. XIIA, p.
644, Academic Press, New York (1967).

234 A B. LEGOCK], A. SZYMKOWIAK, M. HierowskI and J. PAWELKIEWICZ, Acta Biochim. Polon. 15, 197
(1968).

235 A PETERKOFSKY, Proc. Natl. Acad. Sci. U.S. 52, 1233 (1964).

236 N, Suroka and T. YAMANE, in Methods in Enzymology (edited by L. GrossmManN and K. MOLDAVE),
Vol. XIIA, p. 658, Academic Press, New York (1967).

237 T, Okamoto and Y. KAWADEY, Biochem. Biophys. Res. Commun. 13, 324 (1963).

238 R SterN and U. Z. LITTAUER, Biochemistry T, 3469 (1968).

239 A B. LEGockI and J. PAWELKIEWICZ, Bull. L’ Acad. Polon. Sci. XV, 517 (1967).

240 R M. B6ck and J. D. CHERAYIL, in Methods in Enzymology (edited by L. GrossMaN and K. MOLDAVE),
Vol. XIIA, p. 638, Academic Press, New York (1967).

241 P_ L. BERQVIST, B. C. BAGULEY and R. K. RALPH, in Methods in Enzymology (edited by L. GROSSMAN
and K. MoLpAVE), Vol. XIIA, p. 638, Academic Press, New York (1967).

242 1, GiLLAM, S. MILLWARD, D. BLEw, M. voN TiGersTROM, E. WiMMER and G. M. TENER, Biochemistry
6, 3034 (1967).

243 R. 0. Morris and D. F. Bascock, Plant Physiol. 46A, 30 (1970).

244 A D. KELMERS, G. D. NoveLLI and M. P, STULBERG, J. Biol. Chem. 240, 3979 (1965).

245 . F. WErss, R. L. PearsoN and A. D. KELMERS, Biochemistry 7, 3479 (1968).

246 (3, BURKARD, P. GUILLEMAUT and J. H. WEIL, Compt. Rend. Soc. Biol. 163, 2731 (1969).

247 J, H. CHerRY and D. J. OsBORNE, Biochem. Biophys. Res. Commun. 40, 763 (1970).

248 K. MUENCH and P. BERG, Biochemistry 5, 970 (1966).

249 A, H. MeHLER and A. BANK, J. Biol. Chem. 238, 2888 (1963).

250 F. KATCHALSKI, S. YANOFSKY, A. NOVOGRODSKY, Y. GALENTER and U. Z. LITTAUER, Biochim. Biophys.
Acta 123, 641 (1966).

25t G. L. BRowN and G. ZuBay, J. Mol. Biol. 2, 287 (1960).

252 G, ZuBAy, J. Mol. Biol. 4, 347 (1962).



tRNA and aminoacyl-tfRNA synthetases from plants 2911

Multiplicity of tRNAs

The existence of multiple iso-accepting tRNAs specific for a single amino acid appears
not to show a uniform correlation with the degeneracy of the code.2’3 MAK profiles of
tRNA from wheat seedlings indicated the presence of multiple forms of tfRNA specific
for Arg, Glu, Ser, Val and Lys. The 6 species of LeutfRNA from soybean hypocotyl
corresponds with the number of Leu-codons,® but pea cotyledons contain smaller pro-
portions of LeustRNA, , s ¢ and little LeurRNA ;.24 Phaseolus vulgaris contains a number
of Leu-specific ZRNAs in both the chloroplasts and mitochondria, and some of these are
also found in the cytoplasm.”¢-*38 Differences in the levels of iso-accepting ValzRNA and
LeusRNA molecules have also been observed in etioplasts and chloroplasts of Phaseolus.'*°
Two Met-specific tRNAs, as well as a distinct initiator MetrRNA, have been isolated from
wheat germ.®®-1°° Multiple iso-accepting tRNAs for Leu, Pro, Thr, Ser, Tyr, Val, Ile, Lys
and Arg have also been reported from various plant sources.50-74:76.112,239,254 Eyery peak
of tRNA separated by column chromatography does not necessarily represent a distinct
species. Spurious peaks may arise by ribonuclease action,?>7# slipping of hydrogen bonds,
thus altering the tertiary structure,’#:25%:256 aggregations of tRNA,3°-257-25% changes in
base methylation,26%-26! or impurities in the labelled amino acids.”*

Interaction of tRNA with Aminoacyl-tRNA Synthetases

Complexes of synthetases with specific fRNAs have often been reported in microbial
and animal systems.262-268 Jle-tRNA synthetase from lupin is protected against heat
denaturation by its cognate tRNA.°* LeusrRNA protected this Ile enzyme to a lesser
extent, whilst the Leu- and Lys-synthetases were not protected by their respective tRNAs.
The Mg-dependence of this protection may reflect a conformational change in the fRNA
or enzyme.®*26? In contrast to the bacterial synthetases,?’® aminoacylation was unaffected
by monovalent cations.®* The ability of pea seedling synthetases to form aminoacyl-
AMP-enzyme complexes, decreased in the order Pro, Arg, Ser, Thr, Val. Whilst the transfer
of Arg and Ser to tRNA was efficient, Pro aminoacylation was poor.'* Spermine and
spermidine can replace Mg?* in the esterification reaction,’® as in the enzymes from
E. coli,?"1:272 but the exact role of polyamines is not known.
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Homologous and Heterologous Aminoacylation and Species Specificity

The specificity of tRNAs and synthetases in a heterologous system is most strict when
the organisms belong to widely different taxonomic groups.273-27¢ Care must be exercised
in drawing conclusions from heterologous systems which superficially appear not to cross-
react to a great extent, as very often, the reaction as measured by K,s is just as efficient.2”7

Pea seed tRNA was not esterified to any extent by the Ala-fRNA synthetase from pig
liver.278 In contrast to this, a rat liver ‘pH5’ fraction was able to substifute for spinach
chloroplast ‘pHY fraction.?33-13% A higher level of aminoacylation was observed for the
lupin homologous system than for heterologous systems in which E. coli provided the
source of either tRNA or synthetase.'®* With maize enzyme and E. coli tRNAs for Ser,
Glu, Val, Asp, Lys, Leu and Phe, the heterologous system was shown to be 0-509 as active
as the homologous, although it was more active than the homologous system when Arg-,
Ile- and Ala-tRNAs from E. coli were used with maize enzyme.?”® Phe-tRNA synthetases,
and tRNAs from peas, yeast and algae exhibited little difference in cross-specificity, but
the Met-enzyme and MettRNA from peas and algae only slightly reacted with yeast
tRNA or enzyme.?®° Pea seed and wheat germ homologous system esterified LystRNA
more rapidly than than did the heterologous system.®* Homologous and heterologous
combinations of half molecules of PhetRNA from wheat germ, accepted Phe using the
yeast synthetase, and charging of the heterologous combination occurred even when several
base pairs in the 3" and 5’ ends and in the stem of the tRNA were changed.?%!

Multiplicity of zZRNA or synthetase species, or different levels of tRNA in different
parts of the plant might account for apparently low values for the esterification reaction in
unfractionated extracts.’?-167-247 Due to the presence of two Lys-sRNA synthetases in
peas, incorporation of Lys into pea tRNA, using the enzyme from yeast or algae, was only
509 of that observed with the opposite combination.?®° Leu-sRNA synthetase from soy-
bean hypocotyl, only charges LeurRNA,_,, whereas enzyme from the cotyledon also
charged LeutRNA; ,.1%8 Differences in the leucyl binding of soybean or pea tRNA with
homologous or heterologous enzyme were due to differences in the LeurRNA species
present.?4? Multiple Leu-tRNA synthetases from soybean and Phaseolus vulgaris have a
clear specificity amongst the iso-accpeting fRINAg.82-84.85

tRNA and synthetases from the cytoplasm of pea seedlings cross-reacted equally well
with those from the nuclei,'®* in contrast to the exclusive specificity reported for pig liver
cytoplasmic and nuclear fractions.?”® Aminoacylation of chloroplast or cytoplasmic tRNA
was most rapid if the synthetase and tRNA were from the same subcellular compart-
ment,'4154:273 the heterologous reaction being 65% of that of the homologous. The
reaction between chloroplast enzyme and cytoplasmic tRNA was incomplete for Arg, Pro
and Ser but not for Val and Thr.'* With the opposite combination, aminoacylation of
tRNA by Arg and Val was reduced. PhesRNA and IletRNA from Euglena chloroplasts
were only acylated by the chloroplast synthetases.!%”? Similarly, 3 LeutRNA’s from Phaseolus
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vulgaris chloroplasts could only be charged by the chloroplast enzyme.’® However,
the three Val-specific fRNAs from the cytoplasm could be charged by enzyme from the
chloroplast or cytoplasm.”®

Structure and Base Composition of tRNA

The sequence of 32 tRNA species from microorganisms is known,282 each with a base
composition varying between 75 and 85 nucleotides and a minor base content of 10-209%,.
Tertiary structures have been proposed by several workers.283-285 The wheat germ PhetRNA
sequence is almost identical to that of yeast,!83:286 only 16 of the 76 nucleotides differing,
with all but 2 of these being located in double stranded regions. The dihydrouracil loop
and stem are exactly the same as in the yeast fRNA but the ‘Y base’ and positions of some
of the minor bases differ.183 Thirteen out of a possible 16 chain-terminal dinucleotide
sequences were found in wheat germ soluble RNAs,?*87 with an average of one alkali-stable
dinucletoide sequence/RNA chain. Alkaline hydrolysis of wheat germ ribonucleates
yielded 1 nucleoside/90 nucleotides, adenosine being the most frequently released nucleo-
side.28® This is consistent with its position at the 3’ terminus of tRNA.221-289 Variations
in the total base composition of ‘soluble RNA’ from plants have been reported,!90.221.290
No common trends were observed in the terminal nucleotide composition in Mimosa
epicotyl with increasing age.?®! Modified nucleotides in tRNA?%2 occur in definite locations
in the primary sequence, giving rise to changes in hydrogen-bonding or covalent bonding
characteristics which determine the 3-dimensional configuration of the molecule. Methyl-
ated bases have been isolated from wheat germ,293:2%4 tobacco leaf?°5:29¢ and beet?%5
RNA. The faster chromatographic mobility of maize tRNAs compared with mouse liver
and Neurospora tRNAs may be due to base methylation.?”®

tRNA-mRNA-Ribosome Interaction

The general pattern of protein synthesis on the ribosome is universal. A complex is
formed between an iniator fRNA, mRNA and the smaller ribosomal subunit, which is
dependent on GTP and supernatant factors. The initiator fRNA occupies the peptide site
whilst non-initiator fRNAs bind at the aminoacyl site on the complete ribosome. GTP,
factor-dependent transfer of aminoacyl tRNA from the aminoacyl site to the peptide site
then occurs, the amino acids going into peptide link whilst the deacylated tRNA dissociates
from the ribosome.

The coding properties of wheat germ tRNA coincide with those reported for E. coli?°”
although small discrepancies could justify the assignment of 3 Val codons in the former
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case. Some poly-U-directed Leu incorporation was detected,?®” thus conforming with the
idea of ambiguity in the code. Poly-1, poly-C and poly-A could not code for their respective
amino acids®®7 in accordance with the absence of binding of rat liver ProtRNA to wheat
germ ribosomes in the presence of poly-C.?°% However, poly-C appeared to enhance in-
corporation of Pro into peptides on tomato seedling ribosomes.??® Absence of binding of
synthetic polynucleotides may reflect the presence of endogeneous messenger.

PhetRNA binding factors have been reported from Vicia faba,3%° wheat germ,3°+—305
rice embryo,3°¢ tobacco and pea seedling chloroplasts!*?-3%7 and pea seedlings.®®® The
absence of requirements for supernatant factors and GTP for PhesRNA binding to wheat
germ ribosomes,?®” may reflect contamination of the preparations with the factors.?°S
Although, in the absence of poly-U, GTP had no effect on PhetRNA binding to washed
wheat germ ribosomes, DOC-treated ribosomes required GTP, and a supernatant fraction
which could be replaced by E. coli supernatant.®®® This indicated that the messenger is
bound but is not able to be translated. Kinetic data indicate the presence of either 2 sub-
fractions or a co-operative effect of the binding factor on poly-U-stimulated poly-Phe
synthesis with wheat germ ribosomes. The factor-ribosome complex increased GTP
hydrolysis independently of tRNA3°1:305 jn contrast to the situation in the rabbit reticulocyte
system.310

The 2 major Met-specific fRNAs from wheat embryo,!°%-3%4 exhibit different coding
properties.3®* MettRNA, from wheat resembles Met:RNA, from E. coli in that it can
interact with the homologous binding enzyme and fails to complex with the heterologous
(bacterial) enzyme. MettRNA, from wheat, however, can form a ternary complex with the
enzyme from both organisms.!°-3%% The higher non-enzymatic binding affinity of Met-
tRNA, to wheat germ ribosomes at low Mg?+ concentrations in the presence of ApUpG,
may confer on this species of tRNA, initiator properties.'°® One of the 3 Met-specific
tRNAs from wheat germ could be formylated with an E. coli transformylase®'* or a
transformylase from wheat germ.’® The presence of Met/RNA, in chloroplasts from
Euglena,’'? Phaseolus vulgaris®'> and wheat leaves,3'* reflects the bacterial-like protein
synthesis machinery of these organelles. N-Acetyl- and formyl-PhetRNA from yeast could
bind to wheat germ ribosomes as well as efficiently as PhetRNA at high Mg?* concentra-
tions,3°? but N-blocked, deaminated or denatured tRNAs could not bind to the aminoacyl
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site at lower concentrations of Mg?*.3%2 Ca?* was unable to replace Mg?+ completely
in the tRNA binding to ribosomes.?!> The minimum structure of tRNA for ribosomal
binding has been little studied in plants, but in microbial systems, binding is inhibited or
altered by acetylation,3!¢ deletion of the °Y base’,3!” modification of bases,?!® iodination of
NS-(A%-isopentenyl)adenosine (2iPA)3!° or ribonuclease treatment.?2° In every case the
aminoacylation function was not impaired, indicating that the correct 3-dimensional
configuration around the codon end is required for ribosomal binding.

Cytokinins and tRNA

Many cytokinins have been isolated from plant sources®?! and from tRNA hydrolyzates
by chromatography on LH-20322-325 or celite.322:323.326 Their diversity may reflect the
presence of multiple fRNAs distributed amongst the various subcellular organelles.322-327
The quantities of cytokinin ribonucleosides in tRNA is too small for cytokinin moieties
to occur in all tRNA molecules.?28:32° Where cytokinins have been localized, they are
found adjacent to the 3’ end of the anticodon,328:339-332 occurring in the sequence A-
2iPA-A ;321328333 jp g position analogous to that of the ‘Y base’ of yeast and wheat germ
PherRNA.183-334 2iPA and cis. ribosyl zeatin occur together in wheat germ,335 pea root336
and spinach tRNA although only the latter compound could be isolated from immature
corn kernel tRNA .33 In addition, wheat germ tRNA contains the 2-methylthio-derivatives
of these two compounds.324-325 Cytokinins have also been isolated from bacterial and yeast
tRNA.322.323,328.337.338 I F. coli, cytokinin activity is associated with tRNAs having
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U as the first base of the codon. 381:332 However, not all codons beginning with U exhibit
cytokinin activity.33%-340

Labelled benzylaminopurine supplied to cytokinin-requiring soybean and tobacco
tissue culture was recovered as the nucleotide in the fRNA341-342 and zeatin could be formed
from 2iPA.343 Randomization of label was greatest when the purine ring was labelled and
the 9-substituted derivatives were particularly labile.>*? Although this apparently complete
base substitution into tRNA led to speculations concerning cytokinin control of fRNA
synthesis,>*2-344 several pieces of evidence refute this. Masking of the 9-position of 6-
benzylaminopurine inhibited incorporation into tRNA but had no effect on cytokinin
activity.>*> Substituted bases are not incorporated per se, the substituent groups being
added to preformed polynucleotide chains. The absence of cytokinin requiring E. coli
mutants®#> and presence of the frans isomer of zeatin in ethanolic extracts of corn kernel
(tRNA contains the cis isomer)*#® also suggests that cytokinins are not precursors of the
modified bases in fRNA. Reversible, cytokinin-induced bud formation in moss proto-
nema3#7 also suggests that cytokinins do not exert their functional role through incorpora-
tion into tRNA, but act through some rapidly reversible process.

Mevalonic acid is a precursor of 2iPA in tRNA from tobacco callus tissue,?*® and as
in microorganisms, acetate is the original precursor.®*® The 2iPA side chain is formed by
modification of the preformed tRNA, permanganate-treated tRNA being able to act as a
substrate, whilst iodinated tRNA could not.?3° No competitive effect of 2iPA on meva-
lonic acid incorporation was noted.**® Cytokinins may be breakdown products of fRNA,
but since their level in some tissues exceeds that which could be derived from tRNA, other
routes are necessary. Tobacco pith cells degrade 2iPA into hypoxanthin, inosine and other
compounds, some of which exhibit cytokinin activity.?5! Feedback mechanisms for con-
trolling the availability of mevalonate, involving tRNA, have been proposed®?” but no
evidence from plants is available.

Biosynthesis of tRNA

‘Soluble’ RNA is richer in methylated bases than other types of RNA.22¢ The nucleolus
is the centre of synthesis and methylation of zRNA in pea seedlings®32 in accordance with
results from mammalian sources.3***34 In animals, nuclear turnover of pseudouridine
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() and incorporation of 5-methyl cytosine and ¢ into tZRNA has been observed,333-355-357
the y-labelled fRNA being chased into the cytoplasm.®>® In Vicia faba meristems, pulse-
labelled tRNA appeared rapidly in the cytoplasm.®5 Much of the label was probably due
to the addition of the CCA end to the tRNA molecules.*3® This reaction, catalysed by
CTP, ATP-terminal nucleotidyl transferase, adds C,C then A, sequentially to the incom-
plete tRNA molecule at the 3’ terminus.3%%-3%! In pea root and soybean, 85-90%; of the
molecules of tRNA have an intact 3’ terminus.32 Little is known about tRNA transcription
in plants. Hybridization of chloroplast DNA with chloroplast tRNA indicated that there
was sufficient genetic material present to code for 20-30 tRNA molecules.?42 However,
since iso-accepting tRNA species exist in the chloroplast,*>® this might represent the lower
limit.3%2 Hybridization of bean leaf LeusrRNA with DNA from the chloroplast, was better
than that observed with nuclear DNA.%3-363 New rRNA synthesis has been dem onstrated
in enucleated Acetabularia®®* and tobacco leaf chloroplasts.36®

In bacteria, S-adenosyl methionine serves as a methyl group donor at the polynucleotide
level for the methylation of bases in tRNA,366:367 and Cys serves as a precursor for the
2-methylthio derivatives.368:32 A high reciprocal specificity between methylating enzymes
and tRNA was found for spinach and various mammalian sources®’® and wheat germ and
E. coli.?"* RNA from a given source, whilst fully methylated with respect to its homologous
enzyme, could offer new methylation sites for the enzyme from a different species.?72
Methylation of E. coli tRNA with enzyme from wheat embryo produced N2-dimethyl-
guanosine (m,%G) in the sequence G—C-m,2G-C.37! With homologous (wheat) and hetero-
logous (wheat and E. coli) systems, methylation of bases exceeded sugar methylation.37?
With wheat enzyme and fRNA, pyrimidine nucleosides were the primary targets for methyla-
tion, whilst the mixed system favoured methylation of purine nucleosides. The heterologous
system was more extensively methylated than the homologous.37! Met could not completely
reverse the inhibition of methylation of sugar beet tRNA by ethionine.3”3 Methyl-deficient
tRNA species have a higher ambiguity in recognizing the correct mRNA codon.37* The
ability to charge LeuzRNA from sugar beet is correlated with the degree of in vivo methyla-
tion of the molecule,3”? in agreement with results from bacteria.??*
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Role of tRNA in Development

Several theories have been forwarded for fRNA-mediated control of protein synthesis
and differentiation.?®? Differences in levels or species of fRNA during development or
in certain physiological states of the organism have often been demonstrated.®7-37? The
level of tRNA in Pinus resinosa, which is low in the dormant embryo, increases slightly on
germination.3®® Similar results were obtained with Mimosa epicotyl.2®! tRNA was lost
from wheat embryos within 10-15 hr of germination, but the level was restored in 20 hr
by rapid resynthesis.** Cold hardening of apple twigs increased levels of soluble RNA,
whilst dehardening led to a reduction in the total level.*®! Leaves from pea seedlings con-
tain relatively more sSRNA than the roots or stem.!®® Auxins generally bring about an
increase in RNAs including tRNA.382 Cytokinin activity is most abundant near the tip
of the radicle of pea seedlings, where the fRNA concentration is highest.?®?

Modification of several species of tRNA was observed in differentiating wheat seed-
lings,3+:384 differences in Pro-, Lys- and Ser-rfRNAs being especially noticeable. This could
be due to a change in one degenerate species or the formation of a new species. Similar
results were recorded for benzyladenine-treated lupin embryos,'®! but aminoacylation of
tRNA in different parts of the seed was maintained at the same level except for an increase
in the acceptor activity of AlarRNA and one species of lletRNA in the epicotyl. Kinetin,
IAA and 2/PA had no effect on the levels of tRNA, although kinetin-treated embryos
exhibited a higher /U ratio for extracted tRNA.??° 6-benzyladenine-treated soybean
seedlings exhibited increased aminoacylation of LeurRNA; 4 and decreased acylation of
LeurRNA, in the hypocotyl, compared with control plants, whilst the cotyledons contained
more LeutRNA; ¢.247 However, cytokinins had no effect on TyrtRNA.?5* LeutRNA; 4
may arise by modification of pre-existing species, experiments with ethionine-treated
excised cotyledons indicating that differences in methylation might be involved.*®5 How-
ever, cycloheximide, 6-methylpurine or ethionine did not decrease the relative amount of
LeutRNA; ¢ extracted, suggesting that LeuwtRNA, , are preferentially destroyed,3%¢
in agreement with the results of Bick and Strehler.?87

tRNA from mature cells of soybean, acylated more Ser and Leu per unit tRNA than
did tRNA from dividing cells.?8° Slight increases in Lys-, Phe-, Tyr- and Met-acylation were
also observed. No quantitative differences in levels of iso-accepting tRNAs were observed
in dividing or non-dividing pea root cells, except in the case TyrsRNA. Non-dividing cells
exhibited decreased levels of TyrtRNA, ; relative to TyrtRNA,; this change occurring
during the transition from the elongation to the maturation stage. Decrease in TyrfRNA,
in the transition from the division to elongation phase was also noted.”* A similar decrease
of TyrtRNA, was found in cotyledons of soybean on germination but the level of TyrtRNA;
and 2 of the 6 Leu-specific fRNAs increased.?’* Exponentially-growing tobacco pith
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cultures acylate 309 more Arg than cells in the stationary phase, rapidly-growing cells
containing a different synthetase as well as a different ArgtRNA.!'! This agrees with the
situation in Chlamydomonas, where the mature organism contains 3 Arg-specific fRNAs
but the gametes contain only one.!!! Specific changes in bean leaf LeutRNA species
occurs during the greening process.?? Differences in rates of amino acid incorporation into
protein in etioplasts and chloroplasts,3®® may reflect differences in specific tRNAs in these
organelles.!32-38° Exposure of dark-grown Euglena to light results in the formation of 3
new chloroplast fRNAs.160

No changes in the cytokinin content of tRNA from tomato plants was detected when
infected with Agrobacterium tumefaciens.>°° However little work has been reported on
changes in fRNA levels in infection of plant material by pathogens. Changes in species of
tRNAs during development could reflect their possible function in inactivating old messages
beginning with a common codon sequence,?®? the presence or absence of a unique tRNA
determining the reading of the message.?°2 Uniqueness in a tRNA species could be due to
hypermodified nucleosides specific for certain protein molecules, thereby making possible
a mechanism for activating or deactivating tRNA by rapid structural alterations in the
3-dimensional configuration.32” The role of tRNA in the control of RNA synthesis®®!-392
and in the end-product repression of the enzymes of amino acid biosynthesis,3?3-3%4 has
not as yet been studied in plant systems.

CONCLUSIONS

Compared with the abundant literature available concerning the animal, bacterial
and yeast aminoacyl-fRNA synthetases and tRNAs, the study of these molecules in plants
is still in its infancy. Aminoacylation in plants, poses interesting problems with regard to the
substrate specificity of individual synthetases from plants producing certain amino acid
analogues. As yet, no crystalline synthetase has been prepared from a plant, nor have any
mechanistic investigations been carried out with a purified enzyme. There is no reason to
suppose that the plant synthetases on the whole are any more unstable than the corre-
sponding bacterial or animal enzymes. Further investigations into these enzymes is urgently
required, especially as regards their relationship with the iso-accepting tRNAs in the plant
cell. Also, little is known about the role of tRNA in differentiation in plants and how its
function is regulated by methylating enzymes and other enzymes involved in its biosynthesis.

The difference in tRNA species and synthetases in chloroplasts from those in the cyto-
plasm also warrants a more thorough investigation. Results to date, indicate that the chloro-
plast synthetases and tRNAs are more akin to those of bacteria in their properties, whilst
those from the cytoplasm differ considerably. Whether or not the cytoplasmic enzymes are
similar to those of the mammalian cytoplasm, is open to conjecture. The comparative
properties of synthetases from tropical plants and plants from temperate climates might
also be of interest, especially since many synthetases are temperature-labile.
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The site of transcription of individual tRNA molecules, especially of those in the chloro-
plast and the sites of synthesis of individual chloroplast synthetases, remains to be fully
formulated, as does the control of the levels of individual tRNAs. However, the complete
role of tRNA in the plant cell is not yet fully clear, especially since in bacteria, it may con-
trol RNA synthesis or act as a repressor molecule.

With the increasing interest shown in fRNA and aminoacyl-sRINA synthetases in plants
over recent years, it is expected that many of these problems will be tackled in the near
future in order to clarify the pivotal role of tfRNA in cell metabolism.
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