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ABSTRACT
Characterization of Valyl Transfer RNA Species from Green and

Aplastidic Euglena gracilis Strain Z.

Utilizing optimal conditions for specific aminoacylation
of valine to tRNA from green and aplastidic Euglena gracilis,

and reversed phase chromatography (RPC-5), the isoaccepting

species of valyl tRNA were characterized. Results indicated
that there were four isoaccepting species for valine in wild
type Euglena, one of which appeared to be chloroplast in ori-

gin since it was not found in aplastidic cells,

In aminoacylation reactions, synthetases derived from
purified chloroplasts could only charge tRNA derived from
chloroplast containing cells, inferring a specificity between
chloroplast valyl tRNA and its cognate chloroplast synthetase,’
In addition, there were considerable quantitative differences
noted among the non-chloroplast valyl tRNA species when light-
grown, dark adapted wild type cells and a streptomycin-bleached

mutant were compared by RPC=-5 analysis,
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INTRODUCTION

The development of the chloroplast is a complex, multi-
faceted process which, in the case of some organisms, involves
massive and rapid structural and biochemical changes. For exe
ample, in the green flagellate alga Euglena gracilis, the con-
version of the precursor body, the proplastid, to a fully devel-
oped chloroplast involves a 60-fold increase in volume requiring
less than 72 hours. Concurrent with this increase in size are
the formation and organization of numerous internal membranes

and the synthesis of many diverse molecules,

Although a large body of knowledge exists concerning
events leading to the formation of a fully developed chloroplast
including structural and bilochemical changeq, very little is
known about the mechanisms involved iq initiating and regulating
these processes. Among major questions requiring elucidation
are: What is the precise role of, and what are the speci{ic
types of, light required for induction of chloroplast develop-
ment? Where does the genetic information for the biosynthesis
of a chloroplast originate? Where are the precursor components
for the construction of the chloroplast synthesized? What are
the regulatory mechanisms that integrate chloroplast development

with other cellular functions?

The phenomenon of cytoplasmic inheritance was first
reported by Correns in 1909 (as stated in Sager, 1972) and has

come to mean to many that the cytoplasmic organelles may possess
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a genetic system independent of the: nucleus, Correns found

that mutants of Mirabilis which contained abnormal chloroplasts

showed segregation patterns which differed from the pattern of
simple Mendelian segregation, The abnormal chloroplasts were
transmittad by a mechanism that appeared to be dependent upon
the transfer of the cytoplasm and which strongly suggested the
presence of an extranuclear gemetic system. Many other reports
in the literature as well (i.,e., Rhoades' study of iojop in
maize) led to a revival of interest in the extent to which

chloroplasts are autonomous,

It was critical to know if the chloroplast controlled all
the aspects of its destiny, or was dependent upon extra-organellar

influences for its survival.

In 1966 Schiff and Epstein proposed three general models
describing possible degrees of chloroplast autonomy suggested

by a varlety of observations,

The first model proposed that the chloroplast was completely
dependent upon the nuclear genome for every aspect of its con=-
struction and that the chloroplast was produced de novo in each

generation,

At the other extreme an alternate model conceived of the
chloroplast as a completely autonomous organelle which contained
the necessary genetic information and synthesized all the mole-
cules and structures necessary for its self-perpetuation,

Finally, the more "moderate™ model proposed that there was an
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interaction bstween the nuclear and chloroplast genomes and
accepted the possibility that the chloroplast must be capable of
synthesizing some of the components for its own continuity and

function, However, this hypothesis implied that the chloroplast
depended to some extent upon the nuclear genome for certain as-

pects of its survival, A later modification of this model was
offered by Schiff in 1971, in which he suggested that although
it had its own unlique genome, the chloroplast had become depen-
dent upon the nucleus for one or more products required for its
normal construction and functioning. Thus, a nuclear mutation
could eliminate this product and lead to abmormal chloroplast

development.

Is the chloroplast autonomous? To demonstrate a complete
or even partial autonomy it would be necessary to demonstrate
that the chloroplast possessed:

a) 1Its own unique DNA;

b) A mechanism for the replication of this DNA,
i.e., & chloroplast specific, DNA dependent DNA polymerase;

¢) A mechanism for the tramscription of this DNA,
i.e., a chloroplast specific, DNA dependent RNA polymerase;

d) A protein synthesizing system including ribosomes,
transfer RNAs and aminoacyl transfer RNA synthetases; also the
ability to use the aforementioned to code unambiguously for,

‘ synthesize, and regulate at least part of its own blogenesis

and functioning.

It 18 generally recognized that the chloroplast does indeed
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rossess all of the characteristics outlined in (a=d), The lit=-
erature 1ls voluminous in this area and has been thoroughly
reviewed by Kirk and Tilney-Bassett (1967), Tewari (1971),
Whitfield (1973), and Woodecock and Bogorod (1973). In additionm,
the bibliography lists many additional references which also
support (a-d)., Since the literature survey covered an extremely
wide range of photosynthetic organisms (from algae to higher
plants) it is assumed that the presence of all these chloroplast

components 1s universal.

The identification of the site(s) containing genetic infor-
mation for the synthesis of chloroplast specific or localized
components is still debatable., The evidence for informational
content of chloroplast DNA with respect to its encoding sequences
of the other chloroplast nucleic acids has come primarily from
hybridization studies. Studies of the coding sites or sites of
synthesis of chloroplast proteins have been facilitated by the
use of antibiotics of defined specificity. In addition, workers
have used physliological shifts from growth in dark to growth in

light, in vivo and in vitro incorporation studies and the util-

ization of mutants with biochemical or structural defects to
obtain some of the findings that will be discussed in the

following paragraphs,

There is an accumulating body of evidence which comes
primarily from DNA-RNA hybridization studies that chloroplast
DNA can code for chloroplast ribosomal RNA. Scott and Smillie
(1967) found that chloroplast ribosomal RNA hybridized with
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chloroplast DNA in Euglena to the extent of 1% at saturation,

In the presence of excess unlabelled total rRNA from wild type
cells, the extent of DNA-RNA hybridization was somewhat reduced.
If chloroplast rRNA was added to the hybridization mixture the
extent of hybridization was greatly lowered, Addition of un-
labelled RNAs from dark grown Euglena, which contained no formed
chloroplasts, did not reduce the formation of DNA-RNA hybrids,

an indication that the binding of chloroplast rRNA to chloroplast

DNA was speclific.

Stutz and Rawson (1970) found that alkaline denaturation of
Buglena chloroplast DNA resulted in the formation of two strands
of different base composition and buoyan& demnsity., Hybridization
studies with each strand indicated that the heavy strand bound
nine times as much rRNA than did the lighter strand, Additional
studies by these workers indicated that chloroplast DNA did not

hybridize with 80S (cytoplasmic) rRNA.

Similar findings have been reported by Tewari and Wildman
(1970) for tobacco where they found that the binding of chloro-
plast rRNA to chloroplast DNA varied from 1.,4% « 1,7%, depending
upon the method of isolation of the ribosomes., Chloroplast DNA
was tested for homology with rRNA from cytoplasmic ribosomes
and was found to hybridize to the extent of only 0.05%. Ingle
et al (1971) reported for Swiss chard that chloroplast DNA hy-
bridized with chloroplast rRNA five times more effieiently than
it did with cytoplasmiec rRNA,



6.

In each of those two studlies two different phenomena became
obvious, First, although the hybridization of chloroplast rRNA
to chloroplast DNA was considerably more efficient than that of
the hybridization of cytoplasmic rRNA to chloroplast DNA, a
small amount of the latter type of hybridization was always detecte
able, Second, there was a:considerable amount of hybridization
observed between nuclear DNA and chloroplast rRNA in both higher
plants and algae, To explain the latter finding, Tewari and
Wildman (1970) proposed the existence of two classes of chloro-
plast ribosomes, one of which was nuclear in origin = a model
certainly in need of substantial proof, Ingle et al (1971)
found in four different plants (wheat, Swiss chard, onion, and
artichoke) that cytoplasmic rRNAs hybridized principally with a
DNA of buoyant density 1.705g/ml and concluded that this repre-
sented nuclear DNA snriched in ribosomal RNA cistrons, Chloro-
plast and cytoplasmic rRNAs hybridized to about the same extent
with this DNA, In a similar experiment with chloroplast DNA,
they found that the chloroplas$ rRNA was much more effective in
binding to it than was cytoplasmic rRNA. These authors, by com=
paring interspecles hybrids of cytoplasmic rRNA and nuclear DNA
among the four previously mentloned plants, found a lack of
specles discrimination and concluded that the stability of these
hybrids must be determined before any definite conclusions about
nuclear origin of chloroplast rRNAs could be made, Stutz and
Rawson (1970) found that in Euglena the heterologous hybrids
are less stable than the homologous ones and concluded that this

instability could be the result of pairing of similar but non-
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identical sequences. Thomas and Tewari (1974) subsequently
demonstrated that chloroplast rRNA from peas hybridized with
chloroplast DNA from bean, lettuce, spinach, corn and oats to
about the same degree. This indicated that the base sequences
of these genes were very similar in all of these plants, and
could be mxplained by the fact that, in general, ribosomal cis-
trons have remained more constant in evolution than has the

majority of the DNA of the organism,

Stutz and Vandrey (1971) extracted chloroplast DNA from
highly purified Euglena chloroplasts and obtained in addition
to the usual band at 1.685 g/ml, & satellite band at 1,701 g/ml,
Using both types of chloroplast DNA in hybridization experiments
with purified chloroplast rRNA, they reported a six-fold increase
in specific hybridization with the 1.701 g/ml fraction in contrast
with that found with the 1,685 g/ml fraction., They concluded that
there was a region of chloroplast DNA specifically enriched for
chloroplast rRNA cistrons which was probably part of the 40P
circular DNA previously reported to be present in Euglena chloro-
plasts by Manning et al (1971),

Very little work has been reported on hybridization of
chloroplast tRNAs to chloroplast DNA, Tewari and Wildman (1970)
established that 0.4% = 0.7% of chloroplast DNA was involved in
coding for chloroplast tRNA based on saturation-hybridization
studies of total chloroplast tRNA from tobacco leaves with DNA
from tobacco chloroplasts. Chloroplast rRNA did not compete for
the tRNA sites on the chloroplast DNA, whereas chloroplast tRNAs
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showed the expected competition, These hybridization values

are equivalent to L4 - 7.9 x 105 daltons (M.W., of tobacco
chloroplast DNA being 1.1 x 100 daltons). This amount of DNA
would theoretically be sufficient to code for 20-30 tRNAs of
molecular weight 25,000, assuming one tRNA/amino acid (exclusive

of isoaccepting species).

Williams and Williams (1970) reported that chloroplast
leucyl tRNA of Phaseolus hybridized to the extent of 0.025% of
the chloroplast DNA, Assuming a molecular weight of 108 daltons
for Phaseolus chloroplast DNA this represents a molecule of
25,000 dalton size, or the equivalent of one leucyl tRNA, Ear=
lier, Schweiger (1967) had shown that enucleated Acetabularia
could incorporate '“c uracil into tRNA, which indicated that the
clstrons in the chloroplast DNA might be transcribed.

The problem of determining the site of information for the
synthesis of chloroplast proteins has been a formidable one.
Most of the evidence reported appears to be of an indireet nature
and deals primarily with the site of synthesis rather than the
source of genetic information, Studies utilizing isolated chloro-
plasts have not provided much unambiguous information due to the
extremely low rates of incorporation and the large number of
protelins synthesized simultaneously., This often makes it diffi-
cult to identify specific prateins. By the use of "70S and 808
antibiotles" in conjunction with shifts from growth in the dark
to growth in the light a considerable amount of information has
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been obtained., The use of nuclear and chloroplast mutants should
enable one to identlify the codon source of such chloroplast

specific proteins.

Goodenough et al (1972) used antibiotice and nuclear mutants
in Chlamydomonas to determine the sites of chloroplast component
synthesis, They found that chloroplast ribosome production im
wild type appeared to be insensitive to growth conditions and
photosynthetic capacity of the chloroplast since cells grown N
phototrophically, mixotrophically or heterotrophically (in the
dark) showed no change in chloroplast ribosome levels. This
was also found to be true in a large number of mutant strains
blocked in some phase of photosynthesis, One mutamt, however,
(ac=20) was exceptional in that it possessed low levels of
chloroplast ribosomes when grown phototrpphically and evem lower
levels when grown mixotrophically (up to a 90% reduction). Ac=-
companying this reduction in chloroplast ribosomes were reductions
in the levels of ribulose 1,5 diphosphate carboxylase, cytochrome
559, and Q (the flourescence quencher), In addition, plastid
membrane organization and pyrenoid formation were affected. How=-
ever, many other chloroplast specific proteins were unaffected.

A summary of these findings is presented in Table B. These data
were reinforced by experiments with light grown, wild type cells
treated with chloramphenicol and spectinomycin (708 inhibitors)
which gave results almost ldentical with those findings obtained
with mixotrophically grown ac-20 cells, It was concluded that

the components affected by low levels of chloroplast ribosomes
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or 70S inhibitors were synthesized in chloroplasts., Cyclohex-
imide (an 80S inhibitur) appeared to have an inhibitory effect

on RuDPCase levels ag did the 70S antibiotics, and it was sugges-
ted that the synthesis of this enzyme was more complex, perhaps,

involving cytoplasmic as well as chloroplast ribosonmes,

In Euglena, Smillie (1967) found that the synthesis of
RuDPCase and NADP=-glyceraldehyde 3-phosphate dehydrogenase were
inhibited by chloramphenicol, and stimulated by cycloheximide,
Smillie and Scott (1970) reported that there were two fructose
1,6 diphosphate éldolases in Euglena, one cytoplasmic and the
other chloroplast in localization. The former was inhibited by
cycloheximide and the latter by chloramphenicol, The effect of
these two inhibitors on cytochrome 552 and ferridoxin NADP re-
ductase was less conclusive, since although chloramphenicol
inhibited both, cycloheximide also had an inhibitory effect (at
concentrations higher than that required to inhibit cytoplasmic

enzymes),

The most definitive evidence for the origin of the gemetic
information encoding for a chloroplast protein comes from the
work of Wildman's laboratory. In a study by Kawashima and Wildman
(1972), the authors present genetic evidence that the small sub=-
unit of Fraction I protein (ribulose 1,5 diphosphate carboxylase)
of tobacco is inherited in a Mendelian fashion, since it is trans-
mitted by both pollen and egg parent and appears to be coded for
by nuclear DNA,
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In a subsequent investigation Chan and Wildman (1972)
studied the tryptic peptides from the large subunit of Fraction
I protein obtained from a number of Nicotiana species, including
one with an altered peptide. The altered peptide appeared in
hybrids only when contributed by the female parent and it was
concluded that the maternal mode of inheritance of this special
peptide implied that the information for it resided in chloro-
plast DNA,

Kung et al (1972) showed that the inheritance of a specific
Photosystem II chlorophyll-protein from Nicotiana was independent
of the maternal parent and thus they concluded that this protein
was coded for by nuclear DNA, Bourque and Wildman (1973) later
reported that there were at least two electrophoretically distim-
guishable differences among the basic proteins of the 50S chloro=
plast ribosome subunit of two Nicotiana species. Neither poly-
peptide exhibited maternal inheritance in interspecific hybrids
and they concluded that theee proteins were also coded for by

nuclear DNA,

Mets and Bogorod (1972) reported two erythromycin-resistant
mutants of Chlamydomonas reinhardi, with altered proteins local=-
ized in the 52S ribosomal subunits of the 70S ribosome, One
mutation was inherited in a Mendelian fashion (indicating that
the coding information resided in the nuclear DNA) while the
other mutant showed uniparental inheritance (indicating chloro-

plast DNA as the site of genetic information). Additional evidence
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since then has indicated an interaction between the nuclear and
chloroplast genetic systems in the blogenesis of chloroplast

ribosomes.

It would appear, themn, that the two extreme models describing
chloroplast autonomy, namely complete dependence on the nuclear
genome or complete self-relilance on the chloroplast genome can
be rejected, Instead it seems that chloroplasts rely on the
nuclear genome and its protein synthesizing machinery as well as
their own. Recently, evidence has appeared which suggests a bi-
directional mutualistic existence between the nuclear and chloro-
plast genomes., For example, Blamire et al (1974) described
experiments in which chloroplast protein synthesis was implicated
in the regulation of nuclear DNA replication in Chlamydomonas
roinhardi, Utilizing a group of 70Se-specific antibiotlics they
found that each of these drugs inhibited nuclear DNA replicatim
at concentrations which had no effect on chloroplast DNA replie

cation,

Hoober and Stegman (1973) studied the synthesis and regula-
tion of a major chloroplast membrane polypeptide which was formed
on 808 ribosomes in the cytoplasm of Chlamydomonas reinhardi
Mutant y-1. These authors proposed that a regulatory protein
synthesized in the chloroplast inhibits the synthesis of a mRNA

(site of its transcription possibly in the chloroplast),
which codes for this chloroplast membrane polypeptide. This reg-
ulatory proteln was belleved to be synthesized on chlorpplast

ribosomes since its production was inhibited by chloramphenicol,
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The activity of this regulatory protein was affected by the cone
version of protochlorophyllide to chlorophyll, and these authors
hypothesized that protochlorophyllide may act as a corepressor,

Thus it is apparent that chloroplast autonomy and development
are closely intermeshed with the activities of other cellular
components and that these interactione are multidirectional,

That much more unequivocal information is required before any
theory concerning chloroplast biogenesis and autonomy could bde

proven 1s indeed an understatement.,

The green flagellate Euglena gracilis has been chosen as
experimental material here because it offers many advantages for
the study of chloroplast development, It can be grown rapidly
in axenic culture, producing relatively large quantities of bio-
logical material, Its chloroplasts, by growth of the organism in
the dark for several generations, can reform precursor bodies -
the proplastids - which contain very little internal structure,
no detectable chlorophyll, and no photosynthetic capacity. Re=
exposure of these dark grown cells to the light results in the
reformation of fully developed and functional chloroplasts.

This entire developmental process can occur in the absence of
growth by maintalning cells on a "resting" medium developed by
Stern et al (1964), which makes it possible to study the devele
opmental processes under conditions in which variables introduced
by cell division are eliminated., In addition, Euglena can be
permanently bleached by growth on streptomycin (Provasoli et al,
1948), exposure to ultraviolet radiation (Lyman et al, 1959),
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or growth above 32° C (Pringsheim and Pringsheim, 1952). Each
of these treatments can be carried out without effect on cell
viability., Aplastidic cells could thus be utilized to possibly
ascertain the physical location and sites of genetic information
of numerous chloroplast specific components. A detalled descrip-
tion of the developmental events leading to the formation of a
mature chloroplast in Euglena gracilis has been described by
Schiff (1970) and thus only the major features pertinent to this
study will be discussed here,

Dark grown cells of Euglena contain proplastids about
1'%P in diameter, bound by a membrane two layers in thickness,
(Klein et al, 1972), Ribosomes (68S), smaller than those in the
cytoplasm, are present in the proplastid. The proplastid cone
tains prolamellar bodles which are composed of tubular elements
and as many as three per proplastid have been observed, Several
thylakolid membranes are attached to the prolamellar body and
cytoplasmic intrusions into the proplastid are extensiwe. Mito-
chondria are often observed in close association with the pob=-
plastide, Upon exposure to light, plastid membrane formation
becomes evident in 30 minutes, and thylakoids form and increase
in number until a maximum is reached. After four hours of devel=-
opment in the light, the thylakoids fuse into stacks called
lamellae, and lamellar formation is linear from about 14 hours
to 7?2 hours (Ben Shaul et al, 1964)., At about 24 hours there is
a tremendous expansion in the length of the proplastid and by
24=36 hours the paastid is elongate, The pyrenoid (site of
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paramylon synthesis) is formed during 14 to 24 hours of deved-
opment, and by 7?2 hours the development of a mature chloroplast

is complete (Ben Shaul et al, 1964),

One of the first physiological changes detected upon light
exposure was the conversion of protochlorophyll(ide) to chloro-
Phyll(ide) which was thought to be the inductive signal to the
cell for the onset of chloroplast development (Schiff et al,
1961), In addition, there was a large increase in oxygen uptake,
most of which was irreversible, with a small reversible increase
attributed to photorespiration, The incresse in respiration
(perhaps mitochondrial) was thought to be able to provide the
energy and intermediates needed for chloroplast development., As
chloroplast development proceeded, the photorespiratory component
of oxygen uptake decreased until at four hours there was a net
increase &n oxygen evolution, It was therefore suggested that
the beginning of photosynthesis occurred at approximately four
hours after light exposure (Schiff et al, 1963). These findings
were in good agreement with studies of co2 fixation (Stern et al,
1964) and with the time of formation of the first photosynthetic
lamellae, Chlorophyll synthesis and photosynthetic ability ine
creased very slowly from O to 12 hours, and both rose sharply
from about 14 hours until completion of development at 72 hours,
an observation which correlated well with the increase in lamel=-
lar formation reported during this period (Stern et al, 1964).

A number of proteins, apparently chloroplast localized, appeared

or increased in amount during this period (Lewlis et al, 1965).
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Various photosynthetic enzymes and related compounds such as
TPN trlose phosphate dehydrogenase (Hudok and Fuller, 1965),
RuDPC (Fuller and Gibbs, 1959), TPN-transhydrogenase (Lazzarine
and San Pletro, 1963) and cytochrome 552 (Perine et al, 1964)

also appeared or increased in amount during this period.

The findings by Holowinsky and Schiff (1969) that a brief
period (about 90 minutes) of low level illumination followed by
a dark period would eliminate the usual lag period in chlorophyll
formation (potentiation) when cells are returned to light aided
in the study of the early stages of chloroplast development,
Since the optimal length of the dark period for potentiation
was equal, in effect, to 12 hours of continuous light, it was as-
sumed that the short exposure to light allowed those events which
would ordinarily take place in the light to also take place in
its absence. This allowed a separation of the early inductive
phase from the later one since the latter could be studied in the
dark. The action spectrum for induction during pre-illumination
indicated that the protochlorophyllide to chlorophyllide convere

sion actually triggered the process,

Two separate findings have indicated that the devedoping
chloroplast does not obtain energy and precursors from its own
photosynthesis, Stern et al (1964) showed that considerable
chloroplast development took place prior to the development of
full photosynthetic competence and that the optimal light inten-
sity for development occurred at 150 foote~candles, a level far

below the 2,000 foot-candles required for saturation intensity
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for photosynthesis, Schiff et al (1968), using DCMU, a specific
inhibitor of electron flow from PSII, found that it completely

blocked CO, fixation but only diminished chlorophyll synthesis

2
by 20%. Plastids that developed in the presence of DCMU reached
normal size and had chloroplast structures, plgments, and the
capacity for photosynthesis even when DCMU blocked photoreduction
and noncyclic phosphorylation., This suggested that the reducing
power and ATP required for these processes must be supplied to
the developing plastid by the rest of the cell, These results

were in good agreement with the known fact that many organisms

such as Chlamydomonas, Chlorella, and some higher plants do not

require light for chlorophyll synthesis or chloroplast develop-
ment (Bishop, 1966).

Zeldin and Schiff (1967) have shown that light induction of
chloroplast development resulted in incorporation of labelled
RNA precursors into both chloroplast and non-chloroplast RNAs
and they suggested that RNA synthesis in both chloroplast and
the cytosol was activated by light. These results were consist-
ent again with the idea that chloroplasts could obtain at least
some of their building blocks from the rest of the cell, These
results also suggested the possibility that the signals that were
involved in chloroplast development must affect, in addition,

sltes outside the chloroplast,

Thus in Euglena the greening situation is reminiscent of

adaptive enzyme formation., Presented with light as a substrate,
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dark grown cells of Euglena produce the necessary machinery to
use this light, and this induction and subsequent chloroplast
development involve the coordination of many diverse activities,

The question to be posed is, "How are these events regulated?'.

The conversion of the proplastid to a fully mature chloro=
plast involves drastic changes in cellular metabolism, There
appears to be little doubt that these developmental events re-
quire the synthesis of many new molecules such as RNA and protein,
Concurrent with these syntheses the cessation of synthesis of
other cellular components probably occurs., Therefore, the regu=-
lation of these events must involve mechanisms dealing with the
coordinated syntheses of groups of molecules in contrast to the
synthesis of a single molecule which could be specifically

regulated,

One of the most appealing classes of molecular candidates
for this critical multiregulatory role in proplastid differen=
tiation at the '"macroregulation' level is tRNA., Mechanisms for
maégroregulation by tRNA can be visualized at the transcriptional
level as well as the translational level, with controls likely
to be operating at both levels. In other systems this has been
amply demonstrated. For example, Kaplan et al (1973) reported
that in an E. coli mutant in which RNA synthesis was dependent
upon protein syntheesis (a stringent response) thie dependency
was due to the absence of charged tRNAs, They showed that the
Inhibition of protein synthesis by the use of antibiotics which

act at the ribosomal level uncoupled the stringent response and



19.

allowed RNA synthesis to proceed in the absence of protein syn-
thesis. They suggested that this uncoupling was a result of the
accumulation of charged tRNAs whose use in protein synthesis was
spared by the presence of the antibliotics,

At the translational level tRNA was one of the most likely
molecules to be involved in macroregulation because of the unique
features of its having multiple epecles for each amino acid and
ite uniform requirement for the synthesis of proteins., Quantiw
tative and qualitative changes in isoaccepting tRNAs during de-
velopment have implicated these molecules as possible regulatory
agents in a wide ¥ariety of blological phenomena and organisms,
For example, changes in tRNA profiles have been observed by
Sueoka and Sueoka (1969) upon infection of E. coli by T=-2 phage,
Selective qualitative and quantitative changes in tRNAs have been
observed under different growth conditions in Bacillus gubtilus
by Vold (1972), Taylor et al (1967) found differences in the
tRNA patterns of Erlich ascites tumor and mouse sarcoma-1 cells
from those of the corresponding normal tissues, Quantitative
changes in the levels of tRNA's have been observed by Merrick
and Dure (1972) during the developmental stages in cotyledon
embryogenesis and germination in cotton, In Euglena, Barnett
et al (1969) and Reger et al (1971) have demonstrated the appear-
ance of new tRNA species correlated with the development of the
chloroplast in that genus,

In view of these observations, it is conceivable that tRNA

rlays a significant role in regulating the interactions between
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the chloroplast, nucleus, and other cytosol genomes that may be

involved in the development of a chloroplast in Euglena gracilis.

With this in mind, a study was undertaken of the character-
ization of the isoaccepting valyl tRNA species of Euglena
gracilis as to localization, specificity, and qualitative and
quantitative differences - if any - between aplastidic and

plastid-containing cells,
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MATERIALS AND METHODS

I, Source and Growth of Organisms
A, Source of Organisms

Euglena gracilis Klebs, variety bacillaris, Pringsheinm,
strain 2 were obtained originally from a culture kindly supplied
to Dr. M. I, Selsky by Dr. Harvard Lyman. These cells (light
grown) served as a source of chloroplasts or plastidederived
components, The bleached mutant ZUV was derived by Dr. M. I.
Selsky from wild type cells by irradiation with ultraviolet l1light
and has been maintained in continuous culture since 1973, Ro
chlorophyll could be detected in ZUV cells by analysis of acetome
extracts, and electron micrographs of sections of such cells in-
dicated no plastid structures were present, A streptomycin
bleached mutant of the wild type culture, denoted as SM-57 and
maintained in continuous culture since 1971 was Blso used in
these studies, There was no evidence of plastid structure by
study of electron micrographs of thin sections of these cells
nor was chlorophyll detected in acetone extracts of them, Both
bleached cell types (Z2UV, SM=57) served as sources of non-chloro-
plast components. In addiﬁion, wild type cells grown continuouse

ly in the dark and called "dark adapted" were also used in this

study.

B. Ggoggh of Organisms

All cell types were grown axenlcally in the light with



a2,

continuous gyratory agltation at 26°-29°c in 2-liter Ehrlenmeyex
flasks contalning one liter of medium, Continuous illumination
was provided by four 4O watt General Electric F72T120W cool white
lamps placed 75 cm above the surface of the shaker where the
light intensity, as measured by a YSI (Yellow Springs Instrument)

2 sec~!, The medium used was

light meter was 3.5 x 107 ergs cm
that of Hutner as cited, and modified by Greemblatt and Schiff

(1959). The composition of this medium is shown on Table A,

II., Preparation of tRNA

Transfer ribonucleic acid was isolated by a modified ver=-
sion of the method of Holley et al (1965). All procedures
described in detail below were carried out at 0°-4° .

Six liters of Euglena cells in late logarithmic or early
stationary phase (pH of culture: 6.8 - 7.2) were filtered
through several layers of cheesecloth to remove dead, clumped
cells and mucilaginous materials. The filtrate was centrifuged
for five minutes at 5,000 x g in a Sorvall centrifuge (RC2B),
the supernatant solution discarded, and the pellet washed in
buffer A (0,05M Tris-HCL pH 7.6, 0,005M Mgcla). The suspended
cells were then centrifuged for ten minutes at 5,000 x g, the
supernatant solution discarded, and the entire wash procedure
roepeated a second time, The resultant pellet was then washed
two times in buffer B (0.1M Tris-HCl pH 9, 0.2M NaCl) and
welghed, The alkaline pH of buffer B was needed to optimize de=~
acylation of the tRNA and the high salt was added to inhibit

nuclease activity. The pellet (average wet weight: 30 gms)



23,

was resuspended in 80 ml of buffer B and the cells were brokem
in a cooled French Pressure Cell at approximately 10,000 psi.
The lysate was collected directly into 80 ml of an aqueous phe=
nol solution (80% redistilled phenol, 20% water) which contained
0.2M NaCl with respect to the aqueous phass., The resultant de-
proteinized lysate was stirred for 20 minutes at 0° C, followed
by 15 minutes of stirring at room temperature (230-25° C)s The
mixture was centrifuged for ten minutes at 10,000 x g and the
aqueous phase was carefully reﬁbved to avoid disturbance of the
phenol layer or interface., An equal volume of buffer B was
added to the remaining phenol phase and the stirring and centri-
fugation procedures repeated, The aqueous phases were pooled,
additional fresh phenol solution added, and the stirring and
centrifugation steps repeated for a third time, The filnal
aqueous layer was collected and to it was added 1/10 volume of
10% NaCl and 2.5 - 3,0 volumes of absolute ethanol (high-salte
ethanol precipitation). Such mixtures, here and elsewhere
described, were always vigorously agitated and meintained at
-20° C for a minimum of one hour., The precipitate which formed
was centrifuged at 10,000 x g for ten minutes. The resultant
pellet was dissolved in 0.01M Tris-HCl (pB?,G) and comnsecutively
precipitated and solubilized three more times. The final pellet
wag extracted with ten times 1ts volume of 1M NaCl for 20 minutes
at 0° ¢ followed by 15 minutes at room temperature, in order to
solubilize the low molecular weight RNAs, including tRNA., The
resultant suspension was centrifuged at top speed in an IEC

Clinical Centrifuge (Model CL) for ten minutes, The supernatant
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solution was removed, additional 1M NaCl added to the pellet
and the extraction procedure repeated once more. The final
pellet (1M NaCl insoluble fraction) was redissolved in 0,001M
Tris-HCl (pH 7.5) and placed in a freezer for storage, for use

in other studies,

The combined 1M NaCl-soluble fractions were precipitated
by the high salt-ethanol precipitation method previously described.
The resultant pellet was collected by centrifugation at top speed
in a clinical centrifuge for ten minutes and dissolved in 0,1M
Tris-HC1 (pH 7.5). A small aliquot of this solution was removed
and its absorbance at 260 nm measured on a Gilford Spectrophoto=-

meter (Model 240),

The remaining solution was applied to a DEAE-Cellulose
(Whatman DE 52 pre-swollen diethylaminoethyl cellulose) column
(50 cm by 2.5 cm) equllibrated with two column volumes of 0,1M
NaCl in 0,1M Tris-HCl buffer (pH 7.5). The sample was applied
to the column in a few ml of O.1M Tris-HCl buffer (pH 7.5) and
then eluted with IM NaCl in the same Tris-HCl buffer in order to
remove any residual DNA and high molecular weight RNA, Three ml
fractions were collected and their optical densities determined
at 260 and 280 nm. All fractions with an optical density of 260/
280 nm of 1.9 = 2.0 were pooled and precipitated by the high salt-
ethanol precipitation method. The precipitate was recovered by
centrifugation, dissolved in 0,001M Tris-HCl (pH 7.5), and stored
at -20°C as charged bulk tRNA.

In order to discharge the bulk tRNA 1t was precipitated with
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high salt-ethanol, recovered by centrifugation, dissolved in
0.5 Tris-HCL buffer (pH 9) and incubated at 37°C for one hour.
The discharged tRNA which was recoveped by subsequent high salt-
ethanol precipitation was redissolved in 0,001M Tris-HC1l buffer

(pE 7.5) and stored at =20°C.

III., Preparation of Aminoacyl tRNA Synthetases

Total aminoacyl tRNA synthetases were prepared by & mod-
ified version of the method of Barnett et al (1969). All proced-
ures described in the following paragraphs were carried out at

0° - 4° ¢,

Six liters of Euglena cells in late logarithmic or early
stationary phase (p H of culture: 6.8 - 7.2) were harvested and
filtered through several layers of cheesecloth. This filtrate
was centrifuged for five minutes at 5,000 x g in a Sorvall cen=-
trifuge (RC2B). The supernatant solution was discarded and the
pellet washed in buffer C (0.2M K,HPO, , PH 7.0, 0.01M BME, 10%
glycerol). The suspension was centrifuged for five minutes at
5,000 x g, the supernatant solution discarded and the wash pro=-
cedure repeated a second time, The resultant pellet was welghed
and again resuspended in buffer ¢ (4 ml buffer/gm wet weight of
cells). The cells were disrupted by passage through a cooled
French Pressure GCell at approximately 10,000 psi and the lysate
was centrifuged at 10,000 x g for 30 minutes, The supernatant
solution was carefully removed and was centrifuged at 100,000

x g (avg.) in a type 30 rotor in a Spinco Ultracentrifuge (model L)
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for two hours at uoc, to pellet ridbosomes and other cell padtic-
ulates. The soluble fraction was collected and applied to a DEAE
Cellulose (Whatmen DE 52 pre-swollen diethylaminoethyl cellulose)
column (50 em by 2.5 cm) in order to remove nucleic acids. After
the column was pre=equilibrated with two column volumes of buffer
C, the sample was applied to it dissolved in a few ml of buffer C,

and then the column was eluted with the same buffer, Fractions

of three ml were collected and optical densities at 260 and 280
nm were determined on a Gilford Spectrophotometer (Model 240),
The fractions containing a high 280/260 optical density were
pooled and precipitated by the addition of ultra-pure crystalline
(Nl!@!‘*)asml+ (Schwarz-Mann) to a final concentration. of 3.,0M with
the pH of the mixture being adjusted to 7.2. After remaining
overnight at 4°c, the precipitate was collected by centrifugation
at 10,000 x g for 30 minutes, The pellet was resuspended in
buffer D (0,01M Tris-HCl pH?7.5, 0.1M KCl, 0.01M BME, 20% glycerol)
and applied to a column (50 cm by 2.5 cm) of G~25 (coarse) Seph=
adex (Pharmacia Fine Chemicals) for desalting. The column was
pre-equilibrated with two column volumes of buffer D and eluted
with the same buffer. Three ml fractions were collected and the
optical densities were determined at 280 and 260 nm, Those frac=-
tions showing high 280/260 optical densities were pooled, denoted
as bulk synthetases and frozen at -60°C in small altquots of

0¢2 = 0,3 ml,

IV, Isolation of Chloroplasts

Chloroplasts were isolated by a modified version of the
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method of Preston et al (1972). All procedures described bedow

wore carried out at o° - #o Ce

Six liters of light grown, wild type Euglena in late loga=-
rithmic or early stationary phase (pH of culture: 6.8 = 7.2)
were passed through several layers of cheesecloth and the fil=-
trate was centrifuged for ten minutes at 2,000 x g in a Sorvall
centrifuge (RC2B). The supernatant solution was discarded and
the pellet washed in STM buffer (10% sucrose, 0.,01M Tris-HCl,
pH 7.8, 0.,01M MgClz, 0.001 BME), This suspension was centri-
fuged for ten minutes at 5,000 x g, the supernatant solution dis=-
carded and the entire wash procedure repeated a second time,
The resultant pellet was weighed, carefully resuspended in a
volume of STM ten times its weight and disrupted by passage through
a cooled French Pressure Cell at 2,000 psi directly into a chilled
glass flask, Cell breakage was verified by microscopy. The ly=-
sate was centrifuged at 500 x g, and the yellow=orange supernatant
solution obtained was discarded. The pellet (containigg whole
cells and chloroplasts) was resuspended 1ﬁ a volume of STM equal
to 17 times the initial pellet weight. To obtain a good resus-
pension of the pellet it was first suspended in a small volume
(50 ml) of STM, passed twice through a 17-gauge needle attached
to a 50 ml syringe and then mixed well with the additional volume
of STM. The resultant suspension was allowed to stand in the cold
for 15 minutes to allow cell membrane material to settle out, The
upper 2/3 of this suspension was filtered through a double layer
of cheesecloth and glass wool and centrifuged at 500 x g« The

supernatant solution was discarded and the pellet resuspended in
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50 ml of ST buffer (10% sucrose, 0,01M Tris-HCl, pH 7.8). To
insure even suspension, the material was passed through & 17=
gauge needle four times, The sample was now ready to be cen-

trifuged in the reorienting gradient zonal rotor.

During preparation of the algal materiai, the zonal rotor
was prepared for the sample application as follows: 100 ml of
a 60% (w/w) sucrose solution was placed in a cooled Sorvall Re-
orienting Density Gradient Zonal Rotor (SZ-14) before accelera-
tion, to serve as a cushion., The 1,000 ml gradient of 15% - 50%
sucrose dissolved in 0.01M Tris-HCl, pH 8.0, containing 4 x 10~°M
EDTA was generated dynamically (via a Cole-Palmer pump) by addi-
tion while the rotor was spinning at 2,000 -~ 2,500 rpm, After
the sucrose was pumped into the rotor, speed was maintained at
2,000 - 2,500 rpm for 20 minutes before the chloroplast suspen=-
sion was added by syringe injection into the zonal rotor, followed
by the injection of an additional 50 ml of ST, The speed of the
rotor was increased to 3,000 rpm and maintained at that level
for ten minutes, The rate controller on the Sorvall centrifuge
(RC2B) was then turned on and the rotor was slowly and uniformly
decelerated to a halt, Using a Cole-Palmer Peristaltic Pump
(Model #7013-2), 50 ml aliquots were collected from the bottom
of the rotor (most dense region) into 50 ml of STM. Each fraction
was examlned for purity by phase contrast microscopy and only
those fractions devolid of whole cell contamination were retained.
This material was pooled, centrifuged for ten minutes at 2,000
x g, and the chloroplast-containing pellet stored at -20°C for

further use.
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V. Preparation of Chloroplast Aminoacyl tRNA Synthetases

Chloroplast aminoacyl tRNA synthetases were isolated by the
previously described method that was used to isolate cytoplasmic
synthetases., It was necessary, however, to use a number of accum=
ulated batches of frozen purified chloroplasts to insurse adequate

starting material.

VI, The Aminoacylation Assay

The aminoacylatlion reaction was carried out according to

the method of Barnett et al (1969), with some modifications,

The aminoacylation reaction mixture contained per ml: 50
pmoles HEPES (N-2-hydroxyethylpiperazine-N-2 ethanesulfonic
acid, Calbiochem Corp.) buffer (pH 7.5); 5 pmoles ATP, disodium
(pR 7.0, Sigma Chemical Co,); 10 jimoles magnesium acetate; 5
pmoles 2-mercaptoethanol, and 44 X 1074 pumoles 1be valine *
(specific activity 260 mC/mmole) or 1.7 x 1074 pmoles 38 valine #
(specific activity 6.7 C/mmole, Schwarz-Mann); 40-80 Jen tRNA
and 100-200 pgm of an appropriate synthetase preparation, Re-
actions in a total volume of 0,2 ml were initiated by the:ad-
dition of enzyme and incubated for various times at 3o°c. At
specified times, aliquots (0.04 ~ 0,08 ml) were removed and
pipetted onto 24 mm filter paper discs (Whatman 3MM) which were
then immersed in ice cold 10% TCA (trichloroacetic acid) for at

least 15 minutes, The discs were then washed twice for tem

* These values represent concentrations at which valine is
limiting,
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minutes in ice cold 5% TCA, twice for ten minutes in ice cold
absolute ethanol and finally twice for ten minutes in ice cold
anhydrous ether, The discs were then dried under an infrared
lamp and counted in a Nuclear Chlcago or Beckman liquid scintil-
lation counter in 5.0 ml of a toluene=based scintillation mix
composed of 0,38 gm POPOP; [T,u-bis(2-(5-phenyloxazoly1))benzen§7,
and 15,2 gm PPO; (2,5 diphenyloxazole, Nuclear Associates Inc.)
dissolved in one gallon of toluene (Mallinckrodt, Scintillar).

VII. The Separation of Chloroplast from Cytoplasmic Valyl
tRNA Synthetase Activity

Fractions containing chloroplast valyl tRNA synthetase
activity were separated from those containing cytoplasmic spe=-

cies by a modification of the method of Hecker et al (1973),

The soluble protein fraction (containing aminoacyl tRNA
synthetases and prepared as previously described) from fully
greened Euglena cells was applied to a 1 x 20 cm column of hy-
droxylapatite (HTP, Blio Rad Labs), pre-equilibrated with three
column volumes of 0,5 mM potassium phosphate (pH 7.0) containe
ing 0,01M 2-mercaptoethanol and 10% glycerol., Three ml fractions
were collected during elution with a step gradient consisting of
75 ml each of 0,08, 0.12, 0,15, 0,18, 0,21 and 0,25 M potassium
phosphate {(pH 7.0) containing 0.01M 2-mercaptoethanol and 10%
glycerol, Thirty microliter aliquots of these fractlons were
assayed against tRNA from bleached or plastid-containing cells,

as previously described, in total reaction volume of O.1 ml,
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VIII. Preparation of Large~Scale Reaction Mixtures for RPC-5
Analysis

The large scale reactlion mixtures were prepared in a sim=-
ilar manner as the previously described standard mixture except
that the reaction size was increased proportionately. After 30
minutes of incubation at 3o°c, the reaction was stopped by plac=-
ing the reaction vessel in ice, The reactions were made 1% with
respect to NaCl, One mg of carrier tRNA (Sigma, soluble yeast
RNA, type III) was added, followed immediately with an equal
volume of acidified aqueous phenol (80% redistilled phenol, 20%
0.2M sodium acetate, pH 4.5). The mixture was stirred vigorously
once a minute for twenty minutes, centrifuged in a clinical cen-
trifuge for ten minutes and the aqueous phase removed. The re=
maining phenol layer was re-extracted with buffer E (0.01M sodium
acetate, pH 4.5, 0,01M magnesium chloride, 0,02M 2-mercaptoebhanol)
and the aqueous phase removed and pooled with the first aqueous
phase, The tRNA was precipitated from the pooled aqueous by
the high salt-ethanol method and kept at =20°C for one hour. The
tRNA precipitate was recovered and redissolved in buffer E. This
procedure was repeated several times until the odor of phenol
could no longer be detected. At this point the tRNA was again
dissolved in buffer E and stored at 20°C until used for RPC-5

analysis.

IX. Reversed Phase Chromatographic (RPC=5) Separation of the
Isoaccepting Species of Valyl tRNA

The high pressure liquid chromatographic separation of the
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isoaccepting species of valyl tRNA was accomplished by a mod-
ified version of the method of Pearson et al (1971). All oper=-
ations were catried out at 4°c and all solutions were degassed

prior to use,

The chromatography column was prepared by fitting Swagelock
end fittings (Lab Data Control) onto a 100 em long x 0.6 em I,D,
wide seamless steel tube (Reeve Angel) which had a glass wool
plug as a bed support in addition to the Lab Data Control bottom
fitting. The column was partially filled with buffer solution
type E-1 (0.01M sodium acetate, pH 4.5, 0.01M magnesium chlor-
ide, 0,002M mercaptoethamol, and 1M NaCl). A slurried prepara-
tion of RPC=5 resin (polychlorotrifluorcethjyiene resin coated
with trialkylammonium chloride, Miles Laboratories) prepared by
gently creaming the RPC-5 resin with a mortar and pestle was
poured into the column with a Pasteur pipette., FEach successive
application of RPC-5 resin to the column (until the column was
filled to 2 inches from the top) was compacted for three minutes
by applying 700 psi pressure using a Milton Roy Corp. positive
displacement mini-pump, Model #19-60029-001 with a maximum
pressure rating of 5,000 psl, This packing technique reduced the
aqueous void volume and improved chromatographic resolution., Be-
fore gradient elution each column was equilibrated with several
column volumes of equilibration solution (0.01M sodium acetate,
pH 4.5, 0,01M magnesium chloride, 0,002M 2-mercaptoethanol, and
0.,2M NaCl). Less than one ml of a large=-scale Wio or 30 1abelled
mixture of charged tRNA was then applied to the column, and this

was covered with a small amount of RPC=5 resin in buffer, The
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column was then washed with at least three times the column
volume of equilibration solution., Elution was then performed
with a 600 ml linear gradient of 0.33M = 0.46M NaCl dissolved
in 0,01M sodium acetate pH 4.5, 0,01M magnesium chloride, and
0,002M 2-mercaptoethanol. The 700 psi pressure which was gen=
erated by the pump resulted in a flow rate of one ml per minute,
Three minute fractions, equivalent to three ml, were collected
using an LKB 7000 Fraction Collector. To each fraction, 200
pgms of carrier tRNA (Sigma, soluble yeast RNA, type III) and
TCA to 5.5% were added. The samples were vortexed and allowed

| to stand for 30 minutes in the cold. Each fraction was then
filtered under vacuum through a Schleicher & Schuell nitrocel-
lulose filter (Type B=6, 25 mm, O.45 p porosity) on a Millipore
3025 Multiple Sampling Manifold Filtration Apparatus. The
filters were washedttwice under vacuum with 5 ml of 5% TCA, fol-
lowed by one rapid wash with one ml of 70% ethamnol. The filters
were then dried under vacuum (50-100 p) for 15 minutes at 25°C,
equilibrated in alr at room temperature (23°-25°c) for 30 minutes,
and fimally counted in the toluene scintillation mix described

earlier,
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RESULTS AND DISCUSSION

As described earlier Euglena is well suited to the study
of chloroplast development, Utilizing the potential of this
system, the initial experiments were designed to determine whe-
ther there was a detectable difference in the amount of chargeable
valyl tRNA between wild type Euglena and a bleached mutant, Un=-
fractioned tRNA isolated from wild type Euglena (hereafter denoted
green tRNA) was charged with 33 valine by bulk aminoacyl tRNA
synthetases derived from wild type Euglena (hereafter denoted
green enzyme) or from a streptomycin (or ultraviolet) bleached
mutant (hereafter denoted bleached or colorless enzyme)., No dis-
cernable differences in charging characteristics were detected
between enzyme isolated from streptomycin or ultraviolet bleached
mutants and these enzyme preparations were used interchangeably.
In addition, tRNA isolated from the bleached mutant (hereafter
denoted bleached or colorless tRNA) was also charged with g
valine by enzymes derived from green and bleached Euglena cells.
The results of these experiments are shown in Table 1, A study
of the aminoacylation of valine to green tRNA by green and
bleached enzyme shows a decrease of about 11% in the amount of
charging by a bleached enzyme compared with that of green enzyﬁe.
On the other hand, bleached tRNAs were charged with a greater
total amount of wvaline but to the same level by green or bleached
enzyme preparations. These results were in good agreement with
those of Kislev et al (1972), and suggested that wild type Euglena
might contain additional species of valyl tRNA and valyl tRNA syn-
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thetases not found in bleached cells, Since the major differ-
ences between the two cell types was the absence of chloroplasts
in bleached cells the possiblility existed that these additional

tRNAs~and aminoacyl tRNA synthetases were chloroplast localilzed,

As previously noted the tRNA derived from bleached cells

contained more chargeable valyl tRNA than did the tRNA isolated
from wild type cells, regardless of the enzyme source, One pos-
sible hypothesis to explain this phenomenon could be based on
the observation of Wolken and Palade (1953) who found that there
was a great increase in the number of mitochondria in Euglena
gracilis under conditions in which the chloroplast content was
reduced, ..Although it is plausible that a great increase in the
number of mitochondria present in bleached cells qould account
for some increase in the amount of chargeable mitochondrial valyl
tRNA, 1t seems unlikely that this could account for an increase
of up to 24%. Only a determination of the amount of valyl tRNA
contributed per mitochondrien and the relationship of this value
to the number of mitochondria in wild type and in bleached cells
could clarify this. Additional explanations will be discussed
later in the sections describing the aminoacylation reaction it-

self,

Since there was a possibility that, in Euglena, chloroplast
specific valyl tRNAs might exist, & detailed study of the factors
affecting the aminoacylation of valine was undertaken. The
charging reaction was characterized with respect to a variety of

parameters in order to create optimum conditions for the speclfic
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charging of valine to valyl tRNA.

X. The Effect of 2-Mercaptoethanol on the Aminoacylation
of Valine to Valyl tRNA

Much of the literature indicates that, as a class, amino-
acyl tRNA synthetases contain one or more sulfhydryl groups
which are essential for activity. Therefore, most aminoacyl=-
ation reactions are carried out in the presence of sulfhydryl
reagents such as 2-mercaptoethanol, dithiothreitol, etc. It has
been reported by Burkhard et al (1970), however, that amounts
greater than 2 mM of sulfhydryl reagent inhibit the attachment
of valine to valyl tRNA in Phaseolus vulgaris. Therefore, the
effect:.of the presence or absence of added 2-mercaptoethanol
was studied in the charging of valine to the tRNAs of Euglena,
The results, shown in Table 2, indicate that there were no ap-
parent differences. It should be noted, however, that the amino=
acyl tRNA synthetases used here were protected by a sulfhydryl
reagent, since (0,001M) 2-mercaptoethanol was present during the
isolation and subsequent storage (at -7o°c) of the enzymes., With-
out added 2-mercaptoethanol, the maximum concentration of this
sulfhydryl compound that would be present in a reaction mix
after the addition of synthetase was about 0,25 pmoles/ml - con=
slderably less than the 10 Pmoles/ml added to the mix in these
experiments, Therefore, what is actually being measured here
is the effect of exogenously added 2-mercaptoethanol, These
results indicate that either the valyl tRNA synthetase of Euglena
does not require a sulfhydryl reagent or that the 0,25 Pmoles/ml
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2-mercaptoethanol contained in the enzyme preparation is suffice
ient to protect the enzyme. Since inclusion of 10 mM 2-mercapto-
ethanol appeared to have no adverse effect on total aminoacylation

level, it was always added.,

XI. The Effect of pH on the Aminoacylation of Valine to Valyl tRNA

The effect of pH, in the range of 4,5 = 7.5, on the amino~
acylatlon of valine to valyl tRNA was determined and the results
are shown in Table 3, Little if any effect was noted on the ex=-
tent of charging on the heterologous and homologous systems as
the pH was varied from 6.0 = 7.5. Decreases in charging were
often observed at pH levels of 5.5 or less. Loss of aminoacyl-
ation activity at low pH was probably due to a rapid inactivation
of the valyl tRNA synthetases. A rapld decrease in the activity
of threonyl tRNA synthetase from rat liver at pH 4.5 had been
previously reported by Allende et al (1966). Burkhard et al (1970)
reported that the optimal pH for the attachment of 18 different
amino acids to their cognate tRNAs were in the range of 6.6 -

7.4 in Phaseolus yulgaris.

The fact that aminoacyl tRNA synthetases catalyze & deacyl=-
ation reaction in the presence of excess ATP has been elegantly
demonstrated by Bonnet and Ebel (1972), Yaniv and Gros (1969),
Yarus and Berg (1969), and Lagerkvist et al (1966). The follow-
ing experiment was therefore performed to demonstrate that the
effect of pH was on this enzyme activity. Aminoacylation of 5H

valine to valyl tRNA was performed in two separate reactions as
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- previously described., At the end of 30 minutes the reactions
were stopped and the enzyme denatured by the addition of an 80%
phenol solution. One sample of charged tRNA was extracted with
aqueous puffer at pH 7.5, while the other was extracted with
aqueous buffer at pH 4.5, Both extracts of charged tRNA were
immediately frozen to minimize the amount of non-enzymic deacyl-
ation described by Lagerkvist et al (1966) and Baldwin and Berg
(1966). The samples of charged tRNA were thawed and small but
equal aliquots of each were incubated at 3o°c, under the condi-
tions noted in Table 4. The data summarized in Table 4 indicate
that at both pH 4.5 and pH 7.5 the amount of non-enzymic deacyl-
ation of val-tRNA"2! wag virtually the same - about 15%. The u
amount of enzymatically catalyzed deacylation was different,
however, at the two pH's, There was little enzymatic deacylation
noted above the control level at pH 4.5, However, at pH 7.5
there was an enzymatic deacylation of 21% = a level significantly
above that of the control, The results of the reverse reaction,
namely the aminoacylation of valine to valyl tRNA, as were shown
in Table 3, indicated a decrease in this reaction as the pH was
lowered from 6.0 to 4.5. It appears, therefore, that the effect
of pH on the synthetase was much more marked on the deacylation

reaction than on the forward reaction.

Of particular interest was the dramatic increase noted in
the extent of enzymatic deacylation of valine in the presence
of 5 mM ATP at pH 7.5. An increase in the level of deacylation

also occurred at pH 4.5 but to a much lesser extent,
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Bonnet and Ebel (1972) reported very similar findings in
yeast with valyl tRNA and valyl synthetase. They described the
process of aminoacylation of valine to wvalyl tRNA as a composite
of four simultaneous reactions occurring at different rates (as

described below).

1. val + ATP + tRNA -Y2Lyl _synth, o5 ipna¥3Ll & amp + ppi

2. valetRNAY®l s val + tRNA"RL

3. yval-tRNAVAL «%,“—}ﬁ-’ val + tRNAVEL

4. (a) ATP + val + tRNAVRL c—g-j‘,—iﬁ-) AMP + PPi + val + tRNAVZE

(6) AMP + PPi + val + tRNA"®T 4+ val-tmNAVE! «%}a;%{-lll—» AMP +

PPi + val + tRNAVRL

Reaction (1) is the forward reaction, the aminocacylation of

valine to valyl tRNA. Reaction (2) represents the non-enzymic
deacylation of charged valyl tRNA. Reaction (3) is the enzymatic
deacylation of charged valyl tRNA, and finally (4) represents an
additional enzymatic degradation of ATP into AMP and PPi which
takes place only when high concentrations of valyl synthetase

are present, This reaction also requires the presence of uncharged
valyl tRNA and valine, leading to an accumulation of AMP and PP1
which in turm drives the aminoacylation reaction in the reverse

direction,

These findings were essentially in agreement with the results
shown in Table 4. One aspect of the experiment described in Table
4 that needed clarification was the origin of uncharged valyl tRNA
and valine that would be required for an ATP-enhanced enzymatic

deacylation reaction (equation 4). The source of tRNA could have
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possibly originated in two ways. (1) As indicated by Bonnet

and Ebel (1972) it was virtually impossible to aminoacylate to
completion a species of tRNA using bulk enzyme preparations,
since the extent of acylation of that species was dependent upon
the concentration of the cognate enzyme ( to be discussed in
greater detail in a following section). Under the conditions

of the aminoacylation described in this investigation, a consid-
erable amount of uncharged valyl tRNA was always probably present.
(2). Second, the non-enzymic hydrolysis of charged valyl tRNA

led to an accumulation of both uncharged valyl tRNA and valine,
This situation favored the deacylation of valine, thereby further
increasing the amount of free tRNA and amino acid until an equi-

librium point was reached,

Thus it appears that in the aminoacylation of valine to
valyl tRNA the effect of pH is primarily on the activity of the
valyl tRNA synthetase. Low pH decreases the activity of the en=~
zyme with respect to both the aminoacylation as well as the dew
acylation reaction, Most dramatically, low pH effects the
enzyme's ability to hydrolize ATP into AMP and PPi in the presence
of valyl tRNA and valine,

XII., The Kinetics of Aminocacylation of Valine to Valyl tRNA

The kinetics of aminoacylation of valine to valyl tRNA are
shown in Figure 1, The results indicate that in both the homol=-
ogous and heterologous systems the aminoacylation reaction

reached a plateau in about 15 minutes., Of particular interest
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was the biphasic, and in some cases multiphasic, featupe of the
kinetics of the aminoacylation. As shown in Figure 1, there
appeared to be a very rapld rate of acylation in all systems
examined during the first one to three minutes, This was fol-
lowed by a slower rate of charging, until in all four systems
the aminoacylation plateaued at about 15 minutes. One possible
hypothesis to explain these multiphasic kinetics would be to
propose the existence of several different species of valyl tRNA,
which were charged with valine at different rates. That this
can and does occur in other organisms has been documented by
Yeglan and Stent (1969). These workems showed that the kinetics
of the aminoacylation of isoleucyl tRNA from E. coli were biphasic,
They reported a rapid acylation accounting for about one-~third
of the total isoleucine acceptor activity followed by a second,
slower phase during which the remainder of the isoleucyl tRNA
was charged. By MAK chromatography of such tRNAs charged for
varying time periods they could demonstrate three distinct iso=
accepting specles of isoleucyl tRNA which were present in vary-
ing proportions in each type reaction. They noted that the
species of tRNA which charged very rapldly accounted for about
one-=third of the total isoleucyl tRNA and the remaining two=

thirds were accounted for by the two more slowly charging species,

An slternative hypothesis to explain the results shown in
Figure 1 was based on the findings of many investigators who
have shown that almost any tRNA can be mischarged by one or more
non-cognate amino acids. Although tRNAs are very selective in

binding strongly only to their cognate amino acid, many may also
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bind to a non-cognate amino acid albeit to a much lower level.
This has been elegantly demonstrated by Yarus (1973) who showed
that isoleucyl tRNA synthetase has the ability to misacylate
isoleucyl tRNA with at least 15 different amino acids, He also
found that the tRNA species for chemically similar amino aclds
were more easily misacylated with isoleucine and related amino
acids than were those species which mormally recognize amino acids
chemically unrelated to isoleucine. Based on these findings Re
categorized tRNAs into families such that a specles in one fam-
1ly could be more easily misacylated by an amino acid normally

recognized by different tRNA species in the same family.

Since most tRNAs must be aminoacylated by their cognate
amino acid to insure fidelity of translation of those proteins
necessary for survival and since misacylation appears to be a
common event in wvitro, how is this situation resolved in vivo?
Two different hypotheses have been proposed by Yarus (1972, 1973).
The first involved a suppression of misacylation due to marked
differences in rate of reaction between tRNAe and their cognate
versus non-cognate amino acids, The idea is schematically de=
picted in the following figure:

tRNA tRNAz

width of line denotes

rate of aminoacylation
enz, enz,
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The results of a series of such competitive interactions were
reported by Yarus to lead to a decrease in the rate of aminoacyé
lation of non-cognate tRNA and enzyme by 2 to 3 orders of magni-
tude in a mixed system, Thus, in vivo, mischarging should be
dramatically reduced if this model is correct.

The second mechanism by which an organism can reduce errors
is based on the finding that aminoacyl tRNA synthetases can de=
acylate an amino acid from a misacylated tRNA molecule, For
example, Yarus (1972) reported that phenylalanine tRNA misacylated
with isoleucline by isoleucyl tRNA synthetase is rapidly deacy;ated
by phenylalanine tRNA synthetase, Thus, the tRNA synthetases may
have an additional function to that of aminoacylation, namely that

of correcting misacylated tRNAs,

In view of the fact that misacylations can and do occur, the
data in Figure 1 may be interpreted in the following manner: 1In
the early rapid aminoacylation reaction observed, valine is probe
ably aminoacylated to both valyl tRNA and a non-cognate tRNA (in
this case probably isoleucyl tRNA since valine and isoleucine
are structurally very similar, and the corresponding tRNAs belong
to the same family as described earlier by Yarus). The misacy=-
lated tRNA may be rapidly deacylated by isoleucyl tRNA synthe-
tase, and the opposing reactions may result in the observed de=-
crease in the rate of acylation. Once the deacylations are com-
plete the apparent rate of the aminoacylation reaction should

once again increase until equilibrium or a plateau is attained.

This hypothesis was tested as follows: &an aminoacylation
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reaction in the homologous green system as described in '"Mater-
ials and Methods",was performed until a plateau level of amino=-
acylation was attained. At this point a large excess of cold
valine (10 times that of the '4c valine present in the reaction
mix) was added, aliquots taken at 0.5, 1, 2, 5 and 12 minutes,
and the acid precipitable radicactivity determined. In a sim=
ilar reaction a ten-fold excess 0f cold isoleucine was added in
lieu of cold valine. Since it has been shown here earlier (see
Table 4), and by Bonnet and Ebel (1972) that at equilibrium

both the aminoacylation and deacylation reactions are occurring
concurrently, the cold valine would compete with the 140 valine
for the valyl tRNA., Thus one might expect a constant reduction
with time of the total radioactive valine bound to the valyl
tRNA, This is indeed what one notes in Figure 2. If mischarg-
ing, followed by a correction of this mischarging, occurs one
would expect that in the second experiment there should initially
be a decrease in counts due to the competition between cold iso-
leucine and the Iuc valine, followed by an increase in 1#6 counts
as the misacylations are corrected, The total counts at equilib-
rium should equal those at the start of the experiment and Figure
2 shows this to be so, The unusual kinetics in Figure 1 could

be due, in part, to the mischarging of valine to isoleucyl tRNA
followed by a correction by the isoleucyl tRNA synthetase. It

is also posslble that a combination of both mischarging and dif-
ferences 1n rates of aminoacylation of different isocaccepting
species of valyl tRNA could account for these results, Since
this finding was not considered critical for the main objective

(to ascertain when the reaction reached its plateau) the matter
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XIII. The Determination of the Optimal Mg:ATP Ratio for the
Aminoacylation of Valine to Valyl tRNA

It has been known for some time that, like all or most
enzymes utilizing ATP, the aminoacyl tRNA synthetases also re-
quilre Mg++. However thls enzyme 1is involved in more than one
reaction, since in addition to catalyzing the hydrolysis of ATP
and acylating an amino acid in the first part of the aminocacyl-
ation reaction, it is also involved in the transfer of this acyl=-
ated amino acid to its cognate tRNA, As previously discussed,
the synthetases also have the capability of deacylating both a
correctly aminoacylated tRNA as well as a misacylated one. There
appears to be no exception to the universal requirement of Mg++
in the amino acid activation reaction (ENZ + ATP + AA¢—
ENZ «AA+AMP + PPi). The early literature abounds in controversy
as to the requirement for Mg++ in the tramnsfer reaction (ENZ-AA-
AMP + tRNA <> AA-tRNA + ENZ + AMP). For example, Mg++ is not
required to form aminoacylated valyl tRNA in yeast (Lagerkvist
et al, 1966) isoleucyl tRNA in E. coli (Norris and Berg, 1964),
or threony} tRNA in rat liver (Allende and Allende, 1964),
while it is necessary for the formation of charged seryl and

threonyl tRNA in Bacillus stearothermophilus (Bluestein et al,

1968). Recently Zimmerman and Robinson (1972) have shown that
the requirement for Mg++ in the phenylalanyl tRNA synthetase
catalyzed transfer reaction can be altered or completely elim=-

inated by simply changing the reaction buffer used. They found
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that sodium cacodylate, citrate and succinate buffers were
highly active in supporting the transfer reaction in the absence
of Mg++. With tris-acetate buffer, however, the synthetase ex-
hibited an absolute requirement for Mg''., They stated that "a
greater appreciation of the effect of other assay conditions
upon this matter" was necessary. In some systems, such as that

reported by Kayne and Cohn (1972), Mg &

s where required, can be
replaced to varying degrees in the aminocacylation reaction by a
variety of trivalent ions such as La3+, Pn3+, Nd3+, Sm3+, Eu3+

and Gd3+. The polyamine spermidine,has also been used with some

success to replace a high Mg++ requirement.

It certainly appears from the data shown in Table 4 that
Ms++ is not required for the enzyme catalyzed deacylation of

valine from valyl tRNA in Euglena,

Mg++ is also believed to be involved in the stabilization
of the tRNA molecule itself, Gartland and Sueoka (1966) have
shown that tryptophanyl tRNA of E. coll can exist in two chroma-
tographically separable forms: one active and chargeable by
tryptophan, the other inactive and unchargeable. Both are stable
in the presence of Mg++, but active species can be converted into
the inactive forme by the removal of Mg++. The inactive form
can be converted to the active form by exposure to conditions
which weaken hydrogen bonds (e.g., low pH) followed by restabil;
ization with Mg++. The tryptophanyl tRNA synthetase apparently
can recognize only one of the two species, the chargeable one,
These investigators found that similar phenomena were exhibited

by 11 other tRNAs., Similar findings have been reported by



46,

Lindahl et al (1966) and Fresco et al (1966), who found that one
of three species of leucyl tRNA could not be aminoacylated under
ordinary in vitro aminoacylation conditions unless the TRNA had
been previously heated to 60°C in the presence of 10 mM Mgclz.
Ittwas thought that such treatment resulted in the renaturation
of the inactive forms of leucyl tRNA and restored its proper

tertiary structure,

Later work by Yarus and Rashbaum (1972) appeared to place
some doubt on the previously mentioned findings. Utilizing the
isoleucyl tRNA synthetase system of E. coli from which they
scrupulously removed all the Mg++ which might contaminate their
ligands, they concluded that Mg++ (or divalent cations) were re-
quired solely for the synthesis of the enzyme-AMP-AA complex,
They noted, therefore, that Mg"'+ cannot be an integral part of
"the static or dynamic structure of isoleucyl tRNA which is re-
quired for recognition and aminocacylation", Additional effects
of Mg++ on tRNA structure have been reported by Miller and
Steiner (1966) who have shown that in the presence of Mg++ both
pancreatic ribonuclease or snake venom phosphodiesterase liber-
ate only a few nucleotides from tRNA while in its absence these
enzymes degrade tRNA much more extensively, In addition, there
is a pronounced effect by Mg++ on the absorbance melting curve

of tRNA, shifting the Tm to considerably higher temperatures.

Divalent catlons are persistent contaminants of many of
the reagents which are required in reaction mixtures used to

assay tRNA activity. Thus, a considerable amount of ambiguity
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is introduced in the interpretation of experiments attempting
to determine the effect of these divalent cations on aminoacyl-

ation parameters.

A survey of the literature by Novelll (1967) indicated that
the optimum Mg/ATP ratio must be determined for each different
activating enzyme within a specles and for similar enzymes be-

tween species.

Results of the determination of the optimal Mg/ATP ratios
required for the aminoacylation of valine to valyl tRNA in the
Euglena systems studied are shown in Figure 3 where the ATP level
was constant at 5 mM, It can be noted that when bleached tRNA
was charged by either green or bleached enzyme the optimal Mg/
ATP ratio was from 1 to 3, with only a slight decrease at ratios
greater than 4., When green tRNA was charged by bleached enzyme
the optimum ratio was about 2, and decreased slightly at ratios
above 6, When green tRNA was charged by green enzyme there was
a peak Mg/ATP ratio at 3, followed by a decrease in charging as
the ratio increased. As will be shown later, the optimum ratio
for the charging of green tRNA by valyl tRNA synthetase from
purified chloroplasts was about 3, and this might account for
the optimal Mg/ATP ratio of 3 for the greenm tRNA by green enzyme
system, These Mg/ATP optima probably represent an average for
all the isoaccepting valyl transfer RNA speclies. It 1s possible
that each of these species had its own unique Mg/ATP optimum,
These results were in good agreement with those of Smith and

McNamara (1967) who found that the optimum Mg/ATP ratio for the



48.

aminoacylation of valine to valyl tRNA in rabbit reticulocytes

was 1.67 compared with the 1 « 3 ranie found in this investiga=-
tion, When these results were compared with the Mg/ATP levels
used by Barnett et al (1969) and Reger et al (1970) for the amino-
acylation of phenylalanyl, glutamyl and isoleucyl tRNA of Euglena
gracilis it seemed that a serious discrepancy existed. They

found that a Mg/ATP ratio of 20 was optimal for these tRNAs using
0,5 mM ATP. Although they worked with tRNAs which might require
drastically different Mg/ATP optima, the question was raised as

to the meaning of their optimal Mg/ATP ratio. One can obtain an
almost infinite number of identical Mg to ATP ratios by propore
tionately varying both the Mg and ATP concentrations, For example
10 mM Mg and 1 mM ATP gives the same Mg/ATP ratio as does 20 mM
Mg and 2 mM AﬁP. In most systems described in the literature,

and in the experiment described in Figure 3, the ATP concentra-
tion was kept constant while the Hg++ concentrations were varied,
Is it the absolute Mg++ concentration, the absolute ATP concen~
tration or the ratio of both that is critical for optimizing

the aminoacylation reaction?

An experiment similar to that in Figure 3 was performed,
except that the uniform ATP concentration was changed from

5 pM to 0.5 pM per ml reaction.

As can be seen in Figure 4 the optimum Mg/ATP ratio now
appears to be 20 compared with the value of 2 found in the pre-
vious experiment, However, in both cases the optimal absolute

Mg++ concentration was about 10 mM, The 15 mM Mg++ optimum
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seen at a 5 mM ATP concentration for green tRNA by green enzyme
(Figure 3) seemed to be present here too, although not as sharply
defined. Also, at 0,5 mM ATP and 10 mM Mg'', the extent of amino-
acylation at the plateau appears to be slightly higher than in the
previous experiment carried out at 5 mM'ATP and 10 oM Mg++. The

implication of this will be discussed in the next section.

It appeared from these experiments that, in the case of the
aminoacylation of valine to valyl tRNA in Euglena gracilis, the
absolute Mg++ concentration was the most critical factor in the
Mg to ATP ratio, within the limits tested. Whether this finding
will apply to all of the tRNA systems in Euglena remains to be

determined,

XIV, The Effect of ATP Concentration on the Aminoacylation of
Valine to Valyl tRNA

Reducing the ATP concentration in the aminoacylation mix
from 5 Fmoles to O.SAFmomes/ml resulted in the attainment of a
higher level of aminoacylation. Based on the work of Bonnet
and Ebel (1972) and the work reported in Table 4, it appeared
that the valyl tRNA synthetase could catalyze a breakdown of
ATP into AMP and PPi, leading to a reversal of the aminoacylation
reaction. Thus in the presence of decreasling amounts of ATP,
less AMP and PPi would be formed and the reversal of the amino-
acylation would be reduced. This would result in a greater de-
gree of total 1“0 valine charging to its tRNA at equilibrium,

The need for uncharged valyl tRNA and valine required further
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clarification., Ogata (1961) and Hele (1964) found that the
isoleucine-dependent ATP <> PPi exchange reaction catalyzed by
isoleucyl tRNA synthetase was greatly enhanced by the presence
of isoleucyl tRNA, The binding of the tRNA to the synthetase
molecule may cause a conformational change which may be required
for the subsequent enzymatic recognition of ATP., The require-
ment of tRNA for the ATP«——»PPi exchange reaction is, however,
not universal as has been amply demonstrated by Ravel (1965) and
Lazzarini and Mehler (1966). These workers showed the opposite
effect, namely a sharp reduction in the ATP¢—— PPl exchange re=-
action in the presence of glutamic acid and its cognate tRNA,

In the case of aspartyl tRNA synthetase as reported by Norton
(1963) the presence of the aspartyl tRNA appeared to have no
effect whatever. To quote Novelli (1967), "these results, un=
fortunately, add a little more confusion to an already highly

confused situation",

XV, Effect of tRNA and Enzyme Concentration on the Aminoacyla-

tion of Valine to Valyl tRNA

Experiments were performed to determine the effect of tRNA
concentration on the extent of aminoacylation of valine to valyl
tRNA in Euglena. The results (Table 5) indicated that increas-
ing the tRNA concentration when a constant level of enzyme was
used did not result in an increase in the extent of aminoacyl-
ation per pgm tRNA. The specific level of valyl charging activ=

ity, per unit tRNA, was found to be identical in the range of
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5-10 pem of tRNA studied here, and therefore enzyme at the

level normally used should not have been limiting., The constant
level of GPM/Fsm tRNA observed was to be expected since the fac-
tor CPM/Pgm tRNA should be the equilibrium constant in the follow=-

ing simplified expression of the aminoacylation reaction:

tRNA + AA «— tRNA*AA

_ [eRNA-287
VA2 VYV

= Kequil = CPM/Fgm tRNA

The effect of a range of enzyme concentrations on the ex~
tent of aminoacylation of 3H valine to a fixed level of green
tRNA in the homologous wild type (green) system was next tested.
These results (Table 6) showed that at a low concentration of
enzyme (12 pen protein/reaction) there was a decreased rate and
level of total valine aminoacylation when compared to the higher
enzyme concentrations. Enzyme in this investigation has been
routinely used at a level of approximately 120 pem protein/reac-
tion. These results are in general agreement with those obtained
by Bonnet and Ebel (1972) and Yegian and Scott (1968), who showed
that at low concentrations of synthetase the extent of aminoacyl=
ation of valine in yeast, and of isoleucine in E. coli, was.al-
most directly proportional to the concentration of the cognate
aninoacyl tRNA synthetases, At higher concentratlons of enzyme
they found the rate of aminoacylation decreased rapidly. At
extremely high enzyme concentrations there was a rapid acylation

until a plateau was reached ("equilibrium") and this was followed
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by a deacylation reaction which increased in rapidity with in-

creasing concentration of enzyme..

It was difficult to explain the finding that the extent of
aminoacylation was dependent upon the synthetase concentration
(i.e.y, 12 pgm protein vs. 120 pen protein). One can speculate
at this time that in the green enzyme preparations used here there
is just not enough activity or availabllity of certain valyl syn-
thetase species td aminoacylate completely all of the tRNA species
in the time, and under the conditions, in which the reactions are
monitored., The findings of Calender and Berg (1966) and Yarus
and Berg (1969) indicated that in vivo synthetases are present in
almost equimolar concentrations with their cognate tRNAs and sug-
gest that the synthetases may be saturated with their respective
tRNAs ‘at all times. Whether this applies to the Euglena system

remains to be determined,

XVI, Effect of CTP on the Aminoacylation of Valine to Valyl tRNA

Studies by Ingram et al (1963), Apgar et al (1966) and
Makman et al (1966) indicated that a large number of isolated
yeast tRNAs lacked a 3' terminal adenosine, Purified nucleotidyl
transferase has been shown by Furth et al (1961) and Anthony et al
(1963) to catalyze the addition of AMP and CMP onto the 3' end of
tRNA molecules from ATP and CTP respectively, releasing PPi. 1In
addition, crude aminoacyl tRNA synthetase preparations have been
found to contain the nucleotidyl transferases and could repair

thogse tRNAs lacking in a terminal adenosine or -06C& s0 that they
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could be subsequently aminoacylated normally., In this investi-
gation, in the presence of added CTP there was a decrease noted
in the amount of valyl tRNA cyargeable by 140 valine, as shown

in Table 7. Two alternatives are offered to explain these find-
ings. First, in the presence of nucleotidyl transferases the
addition of CTP results in the formation of CMP and PPi and, as
was discussed earlier, increasing concentrations of PP1 would
tend to drive the reaction in the reverse direction. This would
be manifested by a decrease in the level of aminoacylation. The
increased level of PPi would possibly have been due to the repair
of any species of "incomplete! LRNA, but the effect of high levels
of PPi would only be measurable here as a decrease in the level

of 140 valine charged to tRNA.

An alternative but less likely explanation would be that
during the aminoacylation reaction a cytosine could be added in
place of the normal adenosine by the nucleotidyl transferase,
This would result in a tRNA molecule incapable of belng charged.
It was also noted that the bleached enzyme preparation was less
efficient with respect to nucleotidyl transferase activity than
was the green preparation, Since CTP had an adverse effect on
the level of charging of valine to valyl tRNA it was not added

in any of the subsequent experiments.

In all of the previously discussed experiments the concen=
tration of valine was in considerable excess to insure the attain-
ment of a maximum level of charging. However, in view of the
evidence presented by Yarus and Mertes (1973) in which they show-

ed that isoleucyl tRNA synthetase could misacylate isoleucyl tRNA
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with a large number of different amino acids, it was necessary

to determine if mischarging occufred under the conditions of
excess valine used in these studies, Those amino aclds shown

by Ritter and Jacobson (1972) and Bergman et al (1961) to be

most competitive for wvalyl tRNA synthetase, namely phenylalanine
and isoleucine, were selected for study. In addition, two amino
aclds were included which were classified with valine as to struc-
tural similarity, namely leucine and alanine. The results of a
serles of experiments designed to determine whether mischarging
of valyl tRNA occurred with these amino acids are shown in Table
8. Addition of each of the competitive amino acids in concentra=-
tions up to 10 times that of the IAC valine resulted in no de-
tectable change in the amount of 1“6 valine charged to valyl
tRNA., If mischarging did occur, as was shown for the isoleucine
system, it was probably rapidly corrected by the valyl tRNA syn-
thetase, so that at equilibrium it appeared that 140 valine was

charged only to valyl tRNA,

Most investigators studying amincacylatlion reactions add
to their mixtures specified, but equal, amounts of 19 cold amino
acids in order to bind the respective cognate tRNAs., This sup=-
posedly prevents mischarging to these non-cognate tRNAs by the
specific isotopically labelled amino acid being studied. The
amount of each tRNA species in a cell can vary considerably, as
shown by Smith and McNamara (1971). Thus, this method of adding
uniform amounts of 19 cold amino acids could still lead to mis-

charging since the added quantity of one cold amino acid which
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is sufficlient to completely acylate its cognate species of tRNA
might be in great excess for another cold amino acid or be lim-
iting for others. It would appear that if this methad is to be
employed with confidence then the amounts of each tRNA (or at
least those tRNAs known to be capable of being mischarged by the
amino acid used in the investigation) should be determined and
the appropriately calculated amount of each cold amino acid
added., To avoid this cumbersome and time-consuming procedure,
levels of limiting valine were used to minimize the possibility
of mischarging. Thls was merely precautionary since it had been
shown that little or no mischarging occurred even under conditions

of non-limiting valine,

These findings corroborate the work of Yarue described
earlier in which in vitro mischarging in homologous systems
could be detected primarily under conditions where the only en-
tities present were non-cognate components. Such in vitro
conditions were present only when purified tRNAs and synthetases
were employed. There was, however, & decreasing amount of mis-
acylation reported as the cognate amino acld, cognate tRNA and
cognate tRNA synthetase wereladded. This situation approached
that found when bulk tRNA and tRNA synthetases were used and

closely resembled the conditions found in vivo.

Having determined the optimal parameters for the specific
aminoacylation of valine to valyl tRNA using bulk tRNA and bulk
synthetases, all additional experiments were carried out under

these conditions,
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XVII., Aminoacylation of Valine to Valyl tRNA from Green and
Bleached Euglena by Chloroplast Enzymes

The extent of aminoacylation of 3H valine to valyl tRNA
from green and bleached Euglena by chloroplast and green enzyme
is shown in Table 9., These results indicated that chloroplast
valyl tRNA synthetase (obtained by two methods) was capable of
charging tRNA derived from green Euglena cells but could not
charge valyl tRNA isolated from bleached ce}le. In addition,
it should be noted that valyl tRNA from green cells was charged
by chloroplast enzyme to a level of about 10¥% that it was charged
by green enzyme. This was in good agreement with the earlier
results where colorless synthetase charged green tRNA about 10% -
14% less than did green enzyme. These findings also suggested
that there were valyl tRNA species present in tRNA from green
cells which were not present in bleached cells lacking chloro-

plasts.

XVIII, Effect of y5++ on _the Aminoacylation of Valine to Green
tRNA by Enzyme Derived from Purified Chloroplasts

It was previously observed that the Mg"'+ optimum for
charging of green tRNA by green enzyme was 15 mM in contrast to
10 mM for the bleached systems, A separate experiment was there-
fore carried out to determine the optimal Mg++ concentration for
the activity of the chloroplast valyl tRNA synthetasee. The
results are shown in Figure 5. First, the chloroplast valyl
synthetase was most active at 15 mM Mg'', Second, the chloro-

plast enzyme was much more sensitive to low Mg++ concentrations
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than were the cytoplasmic enzymes. Although there appeared to
be little change in the enzyme activity at Mg++ concentrations
of 10 - 20 mM, there was an extremely sharp drop in extent of
aminoacylation at Mg++ concentrations less than 10 mM, At 20
mM Mg++ or higher the chloroplast enzyme could aminoacylate
valine less effectively although the decline was not as marked
as it was at lower Mg++ concentrations, In addition, the length
of time required to reach an aminoacylation plateau was conside
erably longer for the chloroplast enzyme than it was for whole
cell sypthetase. This might reflect a low valyl synthetase ace
tifity in the enzyme preparation used, the presence of very small
quantities of chloroplast valyl synthetase, the loss of valyl
synthetase activity in the isolation procedu;e, or the very slow

rate of aminoacylation to chloroplast valyl tRNA.

Chloroplast valyl tRNA synthetase activity was also sep~-
arated in total green cell extracts from its c¢ytoplasmic counter=-
part according to the method of Hecker et al (1974) as described
in "Materials and Methods", This chloroplast synthetase was
utilized 1§ charging both green and colorless tRNA, The results
of this experiment are shown in Table 9, and are in excellent
agreement with those obtained when the chloroplast synthetase
came from isolated chloroplasts. The extremely samll amount of
chafging seen with colorless tRNA (7CPM/pgm tRNA) can be attrib-
uted to the fact that the fraction utilized (0.06M KHaPOl+ fraction)
contained a small quantity of cytoplasmic synthetase contamination,

A slightly lower KH2P0 concentration would have probably elim-

4
inated this small amount of contamination.
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XIX., Aminoacylation of Valine to Valyl tRNA from Dark Adapted
Wild Type Euglena Cells by Chloroplast Enzymes

The extent of aminoacylation of ~H valine to valyl tRNA

from dark adapted wild type Euglena cells is shown in Table 10,
These results indicated that chloroplast valyl tRNA synthetase
(obtained by two methods) was capable of charging tRNA derived
from dark adapted wild type cells to the level of about 10% of
that of green cells charged by green enzymes, In addition,
chloroplast synthetase charged tRNA from dark adapted wild type
cells to the same extent it did tRNA from wild type green cells.
The significance and implications of these findings will be dis=-

cussed later,

Prior to the final preparation of large scale reactions for
the the chromatographic separation of the valyl tRNA species,
aliquots of green and bleached bulk tRNA were subjacted to gel
filtration chromatography on G-100 Sephadex. The results are
shown in Figures 6 and 7., Gel filtration showed that the tRNAs
existed in monomeric form as evidenced by the single symmetrical
elution peak from G-100 Sephadex which could separate monomers
from dimers, The width of the peak can probably be attributed
to the fact that bulk tRNA contained all or almost all of the
major tRNA specles., These tRNAs vary somewhat in molecular
weight, the range being about 24,000 - 28,000, It was therefore
assumed that the peaks obtained by chromatographic separation of
the valyl tRNA into isoaccepting species would not be a result

of artifacts of molecular aggregation,
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XX. The Separation of Isoaccepting Species of tRNA by Reverse
Phase Chromatography

- Barnett et al (1969) have demonstrated that new chromato-
graphically resolvable species of phenylalanine, glutamic acid
and isoleucine tRNAs were formed in dark adapted Euglena cells
upon.chloroplast induction in these cells by exposure to light,
These light induced specles were not found in wild type cells
grown heterotrophically in the dark, These experiments were
also repeated with light grown, ultraviolet bleached mutants
which had permanently lost their ability to form chloroplasts
and contained no detectable chloroplast DNA or other chloroplast
components., These cells contalned the same tRNA species for the
amino acids dlscussed above as did wild type cells grown in the
dark, and the authors concluded that "the alterations in the tRNA
patterns were directly related to chloroplast development and not

to some other light related phenomenon",

Reger et al (1970) also demonstrated that light grown, wild
type Euglena gracilis contalned tRNA specles for phenylalanine
and isoleucine not detectable in dark grown wild type cells or
in cells of an ultraviolet bleached mutant. In addition, these
authors found that each of these light induced species of tRNA
was aminoacylabdble only by its corresponding chloroplast synthe-
tase, The isoleucyl tRNA synthetase, like its cognate chloroplast
tRNA, was light inducible and was not found in either dark grown
wild type or bleached mutant cells. The chloroplast specific

phenylalanine tRNA synthetase, however, was not found to be light



60.

inducible since it was present in bleached cells as well as in

wild type cells,

The appearance of new isoaccepting species of tRNA correlated
with the presence of chloroplasts was not uniquely associated with
Euglena gracilis. Burkhard et al (1970) reported that in Phaseolus
vulgarig (bean) there are three species of leucyl tRNA found only
in the chloroplast, and such species could only be charged by
chloroplast enzyme, In addition, they found two chloroplast lo-
calized valyl tRNA's, one of which was recognized only by the

cognate chloroplast enzyme,

XXI. The Reversed Phase (RPC-5) Chromatographic Separation of

the Isoaccepting Species of Valyl tRNA from Green Cells
Charged by Green Enzyme

The elution profile of the valyl tRNA species obtained by
the charging of green tRNA by green enzyme is shown on Figure 8.
The detalls of the chromatographic procedure are described in
WMaterlals and Methods",

It was found that the isoaccepting valyl tRNA species were
resolved into four peaks., Peaks I and II eluted very close to

one another, and p eak II was about 1/3 the size of peak III.

XXII. RPC=5 Separation of the Isoaccepting Species of Valyl
tRNA from Green Cells Charged by Bleached Enzyme

When tRNA isolated from green cells was aminoacylated

with valine by enzyme derived from bleached cells (denoted
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“colorless" on the graphs) and chromatographically resolved, the
profile obtained (Figure 9) contained only three distinct peaks.
Peak I was no longer present - a feature consistently seen in
subsequent elutions of similar material., Peak I was presumed to
be of chloroplast origin based on the following lines of addi-
tional evidence.

1. It appeared in chromatographic profiles of green tRNA
but only when this tRNA had been charged with valine by green

enzyme,

2. Aminoacyl tRNA synthetases 1solated from purified chlo-

roplasts charged valine to green but not to bleached tRNA.

3+ Chloroplast valyl tRNA synthetase activity separated
from cytoplasmic valyl tRNA synthetase activity on hydroxylapa-
tite columns charged green tRNA but not bleached tRNA,

4, The decrease in the level of charging of green tRNA by
bleached versus green enzyme was found to be about 8% - 12%
(chloroplast enzyme charged green tRNA about 10% the level that
green enzyme charged it)., These findings are summarized in

Table 11,

XXIII, RPC=5 Separation of the Isoaccepting Species of Valyl
tRNA from Bleached Cells Charged by Green Enzyme

The chromatographic resolution of the valyl tRNA species
derived from bleached cells that were charged by green enzyme 1s
shown in Figure 10, This profile showed the same three peaks

which eluted at the same salt molaritles as those seen with green
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tRNA (Figure 9) with the exception that there was a dramatic
shift in the relative size of peaks II and III. Whereas peak
II was about 1/3 the size of peak III in green tRNA, it was now
about three times the size of peak III. Peak I, found in green

tRNA, was missing, suggesting again that the first peak was of

chloroplast origin,

XXIV, RPC-5 Separation of the Isoaccepting Species of Valyl
tRNA from Bleached Cells Charged by Bleached Enzyme

When the elution profile of bleached tRNA charged by
bleached enzyme was analyzed it was seen (Figure 11) that there
was virtually no difference in the elution profile from when

bleached tRNA was charged by green enzyme.

XXV, RPC-5 Separation of the Isoaccepting Species of Valyl
tRNA from Dark Adapted Cells Charged by Green Enzyme -

The chromatographlic separation of the valylﬂtRNAs which
were derived from dark adapted Euglena cells and charged by
green enzyme 1s shown in Figure 12. The elutioh profile very
closely resembled that of bleached tRNA charged by elther green
or bleached enzyme, with one major exception, Peak I attributed
to chloroplast origin was present., This finding was not expect-
ed in view of the earlier discussed reports concerning other
Euglena chloroplast tRNAs. In each of the cases examined thus
far in EBuglena the chloroplast localized species was reported
absent in dark adapted cells. Here it appeared the chloroplast
localized and specific valyl tRNA species was not light inducible,
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but was present in cells containing the chloroplast precursor
bodies, proplastids. Valyl tRNA derived from dark adapted cells
was then charged by chloroplast enzyme in order to determine whe=
ther or not this peak could be of chloroplast origin. The results
shown in Table 10 indicated that wvalyl tRNA derived from dark
adapted cells was indeed chargeable by the chloroplast valyl tRNA

synthetase,
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CONCLUSIONS AND GENERAL DISCUSSION

The study of chloroplast development has been impeded by
three major problems (none of which has been completely resolved
to date) namely, (1) the extent of genetic autonomy possessed by
the chloroplast, (2) the molecular level at which such autonomy,
if it existed, would be expressed (transcriptional, translational),

and (3) the nature of the regulatory mechanism(s) involved,

It is quite clear from the aforementioned material that the
chloroplast has all the necessary prerequisites for self-perpet-
uation: its own unique DNA, a mechanism for the replication and
transcription of this DNA, and a functional protein synthesizing
system, However, what has become apparent 1s the existence of
many bi~ or multi-directional interactions between the chloro-
plast and other cell genomes. A clarification of such interplay
is certainly necessary. Conslderable information is avallable
concerning structural and chemical changes which accompany chlorow=
plast development, yet little is known about the control and reg-
ulatory mechanisms involved. Summarized below are some of the
major findings of the present investigation which will be dis-

cussed with respect to the unresolved issues,
1. Aplastidic mutants of Euglena contain higher levels of
aminoacylatable valyl tRNA species than do wild type cells,

2. Wild type, light grown cells contain four isoaccepting
valyl tRNA species as determined by reversed phase chromatography
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(RPC~5) at 6°c.

3, One of these isoaccepting specles of valyl tRNA is

unique to the chloroplast.

L, This chloroplast valyl tRNA specles appears to be con-
stitutive since it is also found in dark grown wild type cells,

5. Wild type light grown Euglena, or chloroplasts lsolated
from them, contain a valyl tRNA synthetase which shows specificity

for the chloroplast localized valyl tRNA specles,

6. Major quantitative differences exist in two non-chloro=-
plast valyl tRNA species between green cells and dark adapted or

bleached cells,

The observation that the aplastidic mutants used in this
investigation contained considerably more chargeable valyl tRNA
than did wild type cells was very puzzling, Some lncrease in
valyl tRNA could be accounted for by the increased number of
mitochondria in aplastidic cells (Wolken and Palade, 1953). How=-
ever, it was hard to believe that an increase of 24% could be due
to the additional mitochondria., Until more is known about the
number of mitochondria per cell and the amount and characteristics
of the valyl tRNA per mitochondrion, this hypothesis remains un-

proven.

Another possible explanation for the increased levels of
valyl tRNA in aplastidic cells could be based on the findings of
Zeldin and Schiff (1967 and 1968). They reported that mutants
lacking detectable chloroplasts incorporated considerably more

p32 labelled inorganic phosphorus into phenol-extractable RNA



66.

than did wild type cells., They also noted that aplastidic cells
showed considerable levels of RNA labelling in the dark, and an
even greater extent of labelling when these cells were exposed

to light. Dark grown resting cells, on the other hand, showed

no RNA labelling in the dark at all, These findings were inter=
preted to indicate that aplastidic mutants lacked the ablility to
produce regulatory signals required to repress the labelling of
RNA in the dark, and that the proplastid might be the source of

such regulatory signals,

A similar but related explanation could also account for
the apparent light induced superinduction of RNA labelling noted
in these mutants, This would require the existence of a cyto=
plasmic photoreceptor whose activation would result in the pro=-
duction of the necessary cytoplasmic components for the developw-
ing chloroplast. However, since these mutants contain no devel-
oping chloroplast, regulation exerted by the developing chloro-
plast was lost, thereby leading to a superinduction of the RNA
components required for the chloroplast. The distribution of
labelled RNA components was not determined in that study; thus
one can only speculate as to whether this model could explain
the increased levels of chargeable tRNA found in aplastidic cells.
An experiment to clarify this matter should be the comparison of
the levels of chargeable valyl tRNA species between aplastidic

and wild type cells grown both in the dark and in the light,

Reversed phase chromatographic separation of the isoaccepte
ing valyl tRNAs of Euglena resulted in the resolution of four

distinct species. One of these species, denoted as peak I on
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Figure 8 was present only when tRNAs isolated from wild type or
dark adapted cells were charged by synthetases from chloroplast
containing cells (green enzyme). As stated earlier, the origin
of this species was attributed to the chloroplast on the basis
of the following additional evidence:

1. Synthetase fractions isolated from purified chloroplasts,
or those separated from the cytoplasmic valyl synthetase activity
by hydroxylapatite chromatography, charged green or dark adapted
tRNA but not tRNA derived from the bleached mutant,

2. When the charging of green tRNA by enzyme from gresen
and bleached cells was compared (Table 1) it was noted that bleached
enzyme charged about 10% less than did green enzyme, When green
tRNA was charéed with synthetases from chloroplasts the value obe
tained was about 10% that ndbed when it was charged with green
enzyme, The high degree of speciflicity noted by the cytoplasmic
and chloroplast synthetases for their homologous tRNAs permitted
an estimation of the distribution of valyl tRNAs, namely 90% from
the cytoplasm, 10% from the chloroplast. Cytoplasmic and chloro=-
plast enzyme activities were additive with green tRNA and equalled
the level of aminoacylation of total cell valyl tRNA activity no-

ted when synthetases from green cells were used.

A review of the literature indicated that as one goes from
lower to higher organisms the number of isoaccepting species of
valyl TRNA increased. For example, in E. coli, Roy et al (1971)
found two isoaccepting valyl tRNAs, and Takemoto et al (1973)
found yeast had three., A4s reported here, plastidic Euglena have

four isoaccepting tRNAs. In the higher plant Phaseolus valgaris,
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Burkhard et al (1972) reported that the number of valyl tRNA
specles was five. The significance of these findings is still
obscure and whether thls evolutionary trend reflects a greater
need for tRNA variability in organisms of greater complexity re-

mains to be clarified.

That the chloroplast of Buglena has a unique species of va=-
1yl tRNA was not surprising since similar findings for isoleucyl,
phenylalanyl and glutamyl tRNA had been reported by Barnett et al
(1969) and Reger et al (1971). These experiments indicate, how-
ever, that Euglena contains only one chloroplast specific valyl
tRNA species, in contrast to the five chloroplast localized valyl
tRNA species reported by Burkhard et al (1972) for Phaseolus
vulgaris. In this later report, only one of the chloroplast
localized valyl tRNAs could be solely charged by chloroplast syne
thetase - a finding which may be qulte significant,

The fact that the chloroplast specific valyl tRNA species
in Euglena is constitutive (as indicated by its presence in dark
adapted cells) is interesting in view of the findings of Barnett
et al (1969) and Reger et al (1971) who found that the chloroplast
specific tRNAs examined in Euglena appeared to be induced by light,
with two exceptions, The exceptlions were noted in the report of
Goins et al (1973) which demonstrated that in an ultraviolet in=-
duced cytoplasmic pale mutant (G,BU) the chloroplast localized
isoleucyl and methionyl tRNAs were present in dark adapted cells
to the same extent as in light grown wild type cells. The results

presented here represent the first report of a constitutive chlo=-
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roplast specific tRNA in wild type Euglena Z strain. Prelimine
ary experiments of Selsky (personal communication) indicated that
a similar situation exists for the chloroplast specific isoleucyl
tRNA species of Euglena Z-strain., His data indicates that tRNAs
from dark adapted cells could be charged with lsoleucine by chlo=-
roplast enzyme to a level of about 1/3 that of tRNA from wild type
green cells, tRNA derived from bleached cells, on the other hand,
showed no significant charging with isoleucine with the same chlo=-

roplast enzyme preparation.

Another interesting observation concerning chloroplast spe-
cific valyl tRNA was the fact that this particular tRNA was pre=-
sent to the same level in dark adapted cells as that found in
light induced wild type cells, This finding was somewhat sur-
prising in view of other reports, where it was noted that even
in cases where detectable amounts of chloroplast specific valyl
tRNAs were present in the dark, light nevertheless stimulated a
considerable increase in these spedies, Burkhard et al (1972),
for sxample, have reported significant quantitative increases in
the levels of chloroplast specific valyl tRNA in Phaseolus vul=-
garis as they studied the system from etloplast to fully developed
chloroplast, A similar situation has been reported by Merrick

and Dure (1972) in cotton,

The current finding of a chloroplast specific tRNA in dark
adapted Buglena is not unexpected in view of the fact that dark
adapted cells contain proplastide. These precursor bodies pos=

sess some structural complexity and reduced levels of several
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chloroplast components such as ?0S ribosomes, RuDP carboxylase,
and NADP triosephosphate dehydrogenase. In addition, the pro-
plastids probably contain chloroplast DNA which, in turn, lis
presumably responsible for their replication. Therefore the
proplastid, in many ways, resembles a "miniaturized" chloroplast
and is capable of reproducing itself and its normal complement

of components in the dark, It would not be difficuly to visual=-
ize similar types of bidirectional interactions between the pro-
plastid éenome and other cell genomes in maintaining and regula-
ting the proplastid in the cell cycles. These interactions may
require the presence of some chloroplast specific tRNAs in a
manner similar to those required by the mature chloroplast itself.
Supporting this speculation are the findings of Barnétt et al
(1969) which indicate that at least one of the chloroplast speci-
fic tRNA synthetases (phenylalanyl) is not light induced and is
present in dark adapted cells. Additional, but more ambiguous,
findings.are those of Parthier et al (1973), They reported that
although light appeared to induce large increases in the activity
of chloroplast specific synthetases (among them valyl synthetase),
these synthetases were nevertheless present to a much lesser ex=-
tent in dark adapbed cells, The ambigukty in their results arose
from the fact that they based the level of chloroplast synthetase
activity on its abllity to charge tRNA from the blue-green alga

Anascystis nidulans. They did not prove that Anacystis could only

be charged by chloroplast symthetase.

Although a large number of chloroplast localized aminoacyl

tRNA synthetases have been detected in a wide variety of photo-
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synthetic organisms, the specificitles of many of these enzymes
differ markedly. For example, Burkhard etual (1970) reported
that in Phaseolus wulgaris the chloroplast leucyl tRNA synthetase
could aminoacylate both chloroplast and cytoplasmic localized
leucyl tRNAs., A similar situation was found for the chloroplast
localized valyl tRNA synthetase, In both cases there was virtu-
ally no difference in activity between the chloroplast and cyto-
plasmic synthetase in the level of aminoacylation obtalined with
the cognate cytoplasmic tRNAs., In fact, the data indicated that
only one chloroplast localized synthetase, that for adanyl tRNA,
could not charge cytoplasmic tRNA, All of the other chloroplast
synthetases tested could charge their cytoplasmic tRNA countera

parts to a significant level,

In the case of Euglena however, a different situation exists.
Kislev et al (1972), using high purity chloroplast preparations,
reported that only about 1/2 of the chloroplast localized amino-

acyl synthetases studied could charge the tRNAs of the cytoplasm.

It appears that "chloroplast localized" need not infer
“chloroplast specific", The possibility exists that the chloro-
plast and cytoplasmic localized synthetases are one and the same,

belng compartmentalized at different sites within the cells,

The results presented here show a much clearer picture for
the case of Euglena valyl tRNA synthetases, Not only is the
chloroplast valyl tRNA synthetase localized within that organelle
but it appears to have an identity differemt from that of its

cytoplasmic counterpart. This was demonstrated by the fact that
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its activity could be physically separated from that of the
cytoplasmic species by hydroxylapatite chromatography. In addi-
tion, this chloroplast specific valyl tRNA synthetase was capable

of charging only its cognate chloroplast localized tRNA.

Hecker et al (1974) have shown that the chloroplast valyl
tRNA synthetase was present in both dark adapted and aplastidic
mutants of Euglena gracilis. Their data support a nuclear genome
and an 80S ribosome synthetic site for it, Whether the presence
of the chloroplast valyl tRNA synthetase as demonstrated by
Hecker ot al (1974) and the presence of chloroplast valyl tRNA
in dark adapted cells (as demonstrated here) implies functional-
ity in vivo is still obscure, This situation needs further clar-
ification since, in the case of the chloroplast phenylalanyl sys-
tem, tRNA appears to be missing from dark adapted cells while its

cognate chloroplast synthetase is present,

One of the most intriguing findings of this investigation
was the observatlon that there were large quantitative differen-
ces between two of the cytoplasmic isoaccepting valyl tRNA species
seen when tRNA derived from light grown, wild type and bleached
cells were compared (peaks II and III on Figures 8 and 10), Ap-
proximations (cut and weigh paper method) indicated that peak II
occupled about 1/3 the area of peak III when green tRNA was ana-
lyzed and about three times the area of peak III when colorless
tRNA was studied., That these differences were a function of the
tRNA rather than the enzyme used was apparent from the fact that

there were no changes in proportions of these two peaks in green



73.

tRNA regardless of the enzyme used in charging it (Figure 9),
The same situation held for bleached tRNA (Figure 11).

It would be interesting at this point to speculate as to the
possible significance of the major quantitative differences in
the elution profiles noted between green and bleached tRNA., Among
the major events that take place upon greening are significant
changes in both cytoplasmic and chloroplast RNA and protein syn-
thesis, It is as 1f the cell were retooling for the production
of the necessary components for the developing chloroplast, It
would not be difficult to visualize a control mechanism wherein
the availability of one er a few specles of tRNA could regulate

the translation of a group of mRNAs,

TRNA regulatory mechanisms of this type have been reported
for other organisms, For example, Sueoka and Sueok& (1969) have
shown that of 17 tRNAs examined in E., coli only leucyl tRNA
showed a clear alteration of elution pattern upon infection of
the cell by T-2 phage. E. coll normally has five resolvable is0=
accepting leucyl tRNA speeies, Upon T=2 infection, peak I was
reduced to about 50% of its original amount, while there was an
increase in peak V, and no alteration in the other three peaks.
Ribosome binding experiments indicated that peak I.responded to
the codon CUG, while other studies using in yitro protein synthe-
glzing systems indicated that T=2 mRNA rarely contained the CUG
codon. On the basis of these findings the authors proposed the
following: "Upon infection, phage T=-2 induces a specific ribo-

nuclease that cleaves leucyl tRNA1 at the site of the translation
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of E. coli mRNA on ribosomes; this in turn leads to the cessation
of host protein synthesis. Since phage mRNA contains little or

no CUG codons corresponding to leucyl tRNA1 its potential for
protein synthesis remains unimpaired”, It should be noted however,
that new findings by Sueoka and co-workers (Neidhardt, personal
communication, 1975) have caused that laboratory to modify the
original idea and suggest that perhaps more than leucyl tRNA

specles was lnvolved,

In another report by Vold (1973) differences between the

tRNA species of spores and exponentially growing cells of Bacillusg
subtilus were compared by reversed phase chromatography. Three
patterns of elution profile for vegetative cell and spore tRNAs
were observed for different aminoacyl tRNAs, namely (1) no change;
(2) change in the ratios of exlsting peaks; and (3) the appearamce
and disappearance of some unique peaks, Here again, the changes
noted in tRNA proflle at different developmental phases indicate

a possible regulatory role,

On the basis of the previously discussed findings and the
results reported earlier in this paper, it was postulated that
the non-chloroplast valyl tRNAs play a regulatory role in chloroe
plast development in Buglena. With this in mind, the isoaccept-
ing valyl tRNA species of dark adapted wild type cells were
chromatographically resolved by the RPC-5 method. It was of in-
terest to know 1f the elution profile would resemble that of wild
type green cells, bleached cells or some intermediate situation.

If the hypothesis that non-chloroplast valyl tRNAs should play a
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regulatory role in chloroplast development in Euglena had any
merit, then one would expect the elution profile of these species
in dark adapted cells to resemble those noted for bleached cells.
The elution profile shown in Figure 12 did indeed resemble that
obtained from bleached cells, with one exception., Peak I, attrib-
uted to valyl tRNA of chlproplast origin, was present. This find=
ing was expected, since 1t had been shown that the chloroplast
synthetase could charge tRNAs from dark adapted cells to the same
level as.those from light grown green cells. The differences in
elution profiles between green and bleached cells could be ex-
plained by major alterations in nucleotide sequence and/or major
changes in secondary or tertiary structure of such tRNAs. It was,
however, tempting to speculate that the differences seen were due
to the relatively minor converslion of one species into the other.
This could be accomplished by fhodificatlon of one or a few nucleo=-
tides in those tRNA molecules which, in turn, might result in dif-
ferences in the elution profile of such tRNAs as well as differen-
ces in their ability to function in vivo. A vast literature exists
pertaining to the role of modified nucleotides and their effect

on tRNA function., In general, it appears that modifications re-
sult in an alteration of the ability of the tRNAs to bind to the

ribosome, but not to their capacity to be aminocacylated.

One illustrative example was described in the work of Gefter
and Russell (1969). These workers isolated three forms of the
amber suppressor tyrosyl tRNA of E. coli, each of which differed

in degree of modification at the base adjacent to the 3' nucleo-
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tide of the anticodon. The degree of modification represented
successive reactions in the blosynthesis of such tRNA molecules,
The differences did not affect the ability of tRNAs to accept an
amino acid but did alter their ribosomal binding capacity. The
fully modified form was found to be most active, in terms of
binding, while the partially modbfied form showed 54% of this ac-
tivity and the completely unmodified form only 14% of this binding

capacity.

Whether or not the quantitative differances in the none
chloroplast valyl tRNAs represent the conversion of one form into
the other will only be determined by base sequence analysis of

these two tRNA.species.

The conversion hypothesis is also in good agreement wlth

the previously discussed work of Zeldin and Schiff (1968), who
showed that light induced labelling of non-chloroplast species
appeared to be due to a turnover, rather than a net increase, in
labelled RNA, This could be determined in the system investigated
in this study by performing an experiment with double labelling.
Cells could be grown in the dark in the presence of 140 uridine
and just prior to turning on the lights 3H uridine would be added.
The tRNAs could then be isolated and chromatographically analyzed.
If the quantitative differences represented a conversion of one
species into the other, then one peak (peak II) might contain a
greater ratio of 14G/3H. This type of experiment remains to be

done,

To help clarify many of the unresolved issues dlscussed in
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this work it is proposed that the following investigations be
undertaken in the future:

1. The determination of codon recognition by the various
isoaccepting valyl tRNAs via ribosome binding studlies and by in-
corporation of valine in the presence of various tri and polynu-
cleotides, Of prime interest are the non-chloroplast specific
species. A stronger argument for a regulatory role of tRNAs
could be established if one could 1solate newly transcribed mRNAs
during the chloroplast development process and correlate their
codon sequence with the increase or decrease in level of specific
tRNAs, a formidable task indeed.

2. The determination of whether there are chloroplast spe-
cific tRNAs and tRNA synthetases for other amino acids and the
investigation of whether they are light inducible or constitutive.,

3, The determination of whether the non-chloroplast tRNAs
for other amino acids show quantitative differences in going from

light to dark, using both dark adapted and bleached cells,

These investigations may shed light on the relative role of
the proplastid and cytoplasm in chlopoplast development in Euglena,
Most importantly, one should avoid taking the "thermodynamic"
approach (namely being concerned with the initial and final state)
for the determination of the presence or absence of specific tRNA
molecules, It is of major importance to follow the changes in
tRNA specles from a developmental standpoint and attempt to cor-
relate such quantitative and qualitative differences with the
appearance of new proteins or with the increase of those already

present as the chloroplast develops.
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TABLE A
EUGLENA MEDIUM (pH 3.5)%

Congtituent Quantity per liter
KH2P04 O4 gms
Mgsoh-7H20 0.5 gns
Caco3 0.2 gms
L=Glutamic acid 5.0 gms
DL=-Malic acid 2,0 gums
(NH#>2HP°4 0.2 gms
Metals mix #49%* (see below) 130,0 mgs
F9013'6H20** 5.0 mgs
Thiamine HCl*# 1.0 mgs
Cyanocobalamin*#* 0,2 peus
(B=12)

Hutner's trace metals mix #40%# ggg[IOO liters basal medium

Fe(NH#)Z(SOA)2~6H20 70

Mnsou-unao 3

ZnSOJ 7H20 22

Cusou-5H20 4 (2.5 for anhydrous)
(NH4)6M0702qf#H20 0,72

CoSOh-7H20 2ely

Na3V04-16H20 0446

H3B03 0.57

The above metals mix was used at 13 mg¥%; i.e., 130 mg/1000 ml
of growth medium

# Greenblatt, C., and Schiff, J., Protozool,, 6:23 (1959)

## Added from separate stock
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TABLE B

Chloroplast Components Affected and Not Affected in Mixotrophic
Chlamydomonas reinhardi (ac=20)

Affected

!+« RubP carboxylase
2. Cytochrome 559

3+ @ (the quencher of
fluorescence PSII)

4, Membrane organization

5. Pyrenoid formation

Not Affected

1.
2.
3.

be
5.
6.
7.
8.
9
10,
11,
12.
13,
4.
15.

16.
17.

18.
19.

Phosphoribosomerase
Phosphoribulokinase
PGA-~kinase

G=3-P-dehydrogenase (NAD)
G=3-P=dehydrogenase (NADP)
Triosephosphate isomerase
FDP aldolase

Total quinone
Plastocyanin

Cytochrome 553

Cytochrome 564

P700

Ferredoxin

Ferredoxin NADP reductase

Chlorophyll (reduced at most
by half)

Carotenoid (reduced by half)

Membrane formation (reduced
by half)

Eyespot formation

Starch synthesis
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TABLE 1

Aminoacylation of 3y valine to tRNAs from Green and
Bleached Euglena by the Homologous

or Heterologous Aminoacyl tRNA Synthetases

Source of tRNA

Wild type (green)
wild type (green)
Bleached
Bleached

Source of Enzyme

Wild type (green)
Bleached
Wild type (green)
Bleached

CP

tRNA

125
11
154
155

Standard reaction conditions as described
in "Materials and Methods" were followed,
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TABIE 2

Effect of 2-Mercaptoethanol on the Aminoacylation

of 3H Valine to tRNA from Green and Bleached

Source of tRNA

wild type (green)
Wild type (green)
Bleached
Bleached

Euglena Cells

Source_ of Enzyme

Wild type (green)
Bleached
Wild type (green)
Bleached

CP tRNA
+B =BME

92
8y
113
112

93
83
11

113

Standard reaction conditions as described in
"Materials and Methods! were followed,

when present was added at 10 yM/ml

BME



TABLE 3

Effect of pH on the Aminoacylation of

B> Valine to Valyl tRNA®

Source of tRNA Source of Enzyme pH

Wild type (green) Wild type (green)

Wild type (green) Bleached

Bleached Wild type (green)

Bleached Bleached

7 AN
0 7N
91 121

95 110

ko2 2.0 2.2

103

76
129
129

§.2

103

86
3
135

Standard reaction conditions as described in "Materials and

Methods" were followed except that the pH of the reaction mix

was varled as indicated above,

*expressed as CPM/Pg tRNA

103

86
137
135

103
86

137

137

102 .

85

139
136

100
86

142
142

028
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TABLE 4

Effect of pH on the Enzymatic Deacylation of “H Valine
from tRNA in the Homologous Wild Type Green System

A, pH 7.5
1.

2.
3
k.
Se

Bl EH &.E
1.

2.
3.
ke
5.

34 valyl
tRNA

*
ATP

Enzynme

* %

+

o+

ATP added as 1in standard reaction mix.

% lncubation

Time (Min)
0
30
30
30
30

0
30
30
30
30

CPM
2460
2117
2157
1952

800

2000
1700
1676
1690
1500

% Deacy-

lation

1
12
21
67

15
16
15
25

Enzyme added as in standard reaction mix,
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Effect of Increasing Green tRNA Concentration
on the Level of Aminoacylation with Homologous

and Heterologous Enzyme

Source of Source of Amount of tRNA CPM/pg
tRNA Enzyme ggggreactionz tRNA

wild type wild type 5 99
(green) (green) |

wild type Bleached 5 90
(green)

wild type Wild type 10 100
(green) (green)

Wild type Bleached 10 92
(green)

Standard reactlon conditlions as described
in "Materials and Methods" were followed.
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TABLE 6

Bffect of Enzyme Concentration on the Extent

of Aminoacylation of 3H Valine to tRNA
in the Wild Type (Green) Systenm

CPM/gg tRNA
Amount of Enzyme Incu ation Time (min)
ggg proteig(reactionz 40
12 50 73 78
120 102 103 102
240 102 101 102
480 96 ' 98 96

Standard reaction conditlions as described
in Y"Materiale and Methods" were followed
except that enzyme concentration was varied
as indicated.
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Effect of the Addition of CTP on the Aminoacylation

2;7140 Valine to tRNA from Green and Bleached

EBuglena by the Homolpgous and Heterologous

Aminoacyl tRNA Synthetases

Source of tRNA Source of Enzyme ggg' CP tRNA

wild type wild type - 72
(green) (green)

Wild type wild type + u7
(green) (green)

Wwild type Bleached - 65
(green)

Wwild type . _Bleached + 48
(green)

Bleached Wild type (green) - 92

Bleached Wild type (green) + 62

Bleached Bleached - o1

Bleached Bleached + 67

»

Standard roaction conditions as described
in "Materials and Methods" were followed,

When CTP was present, it was added at a
concentration of 5pu/m1

-26

-32

=26
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TABLE

Effect of Addition of Unlabelled Amino Acids on the
Aminoacylation of 4o yaline to Valyl tRNA

in Homologous Systems Under Conditions
of Non-Limiting Valine '

System Studied

Green tRNA Bleached tRNA
E:i:geii;g 1“0 Valine Greez Enzyme Bleachgd Enzyme
Added Added (CPM/pg tRNA) (CPM/pg tRNA)
ISOLEUCINE
0 5%10™7M 99 146
5x10™M 5x10™7M 100 148
1x10™ 5x10™7M 101 145
1x10™5M - 5x10™°M 99 145
PHENYLALANINE
4.2x10™7H 5x10™7M 103 140
8.4x10™7M 5x10™7M 98 148
8.4x10~% M 5x10™2M 100 137
LEUCINE
5%10™7M 5x10™7M 101 143
1104 5%10™7M 99 147
1x10™M 5x10™M 98 139
ALANINE
5x10™7M 5x10™7M 101 149
1x10™4 5x10™7M 101 144

121071 5x10™7M 10 143



TABLE 9

Aminoacylation of 38 valine to tRNA

from Green and Bleached Euglena by Enzyme
Obtasined from Green Eells or Chloroplasts

Source of tRNA Source of Enzyme CPp tRNA
wild type (green) Wild type (green) 427

wild type (green) Chloroplast (a) 3
Bleached Chloroplast (a) 0.7
Wild type (green) wild type (green) L27

Wild type (green) Chloroplast (b) 41
Bleached Chloroplast (b) 7

Reaction mix contained per ml: 50 pM Hepes, pH 7.5;
0.5 pM ATP, pH 7.0; 10 pM magnesium acetate; 5 pM BME;
1.2 pc “H valine sp. act., 6.7 C/mmole; 61.5 pg green
tRNA or 103,5 ps colorless tRNA; 190 pg enzyme protein
(green enzyme) or 36 & enzyme protein (chloroplast
enzyme). Reaction time was 60 minutes,

(a) enzyme isolated from purified chloroplasts

(b) chloroplast enzyme activity separated from cytoplasmic
activity by hydroxylapatite chromatography of whole
green cell extracts
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TABLE 10

Aminoacylation of 3H Valine to tRNA Derived fronm

Dark Adapted or Wild Type Euglena by Enzyme Obtained
from Green Cells or from Isolated Chloroplasts

Source of tRNA Source of Synthetase _. CPM/ug tRNA
Wild type (green) wild type (green) 410
wild type Chloroplast (a) 40

(dark adapted)

Wild type Chloroplast (b) 38
(dark adapted)

Reaction conditions were the same as those
described in Table 9,

¢a) enzyme isolated from purified chloroplasts

(b) chloroplast enzyme activity separated from
cytoplasmic activity by hydroxylapatite chro-
matography of whole green cell extracts
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TABLE 11

Aminoacylation of hg Valine to tRNA Derived from
Wild Type (Green) Cells by Enzymes Obtained from
Wild Type_or Bleached Euglena or Purified Chloroplasts

Relative %
Source of tRNA Source of Enzyme Aminoacylation
Wild type (green)  Wild type (green) 100
Wild type (green) Bleached 90=93
Wild type (green) Purified chloroplasts 8-10

Standard reaction conditions as described
in "Materials and Methods" were followed,
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Figure 1, Kinetics of charging of valine to valyl tRNA

® Green tRNA x green enzyme
O Green tRNA x bleached enzyme
& Bleached tRNA x bleached enzyme

A Bleached tRNA x green enzyme



CPM /7 ue TRNA

300

200

loo |

. 92.

FIGURE 1.

_

DIII.» ......... » ......... b ........ - .»
A
A A’
oo’o '
»l
j 4 e@eessssvesscss e tnns FYEEXERRE RS [ ]
\ . . i “ ) )

10

20
MINUTES

30



95.

Figure 2, Effect on the aminoacylation of “’C valine to valyl
tRNA in the homologous green system by the addition
of a large excess of cold valine or isoleucine

0O addition of 10x excess cold isoleucine

@ additionnof 10x excess cold valine
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Figure 3. Effect of Mg++/ATP and Mg ** on the aminoacylation
of valine to valyl tRNA at 5 mM ATP

Green tRNA x green enzyme

Green tRNA x bleached enzyme

Bleached tRNA x bleached enzyme

» O b o

Bleached tRNA x green enzyme
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Figure 4. Effect of Mg''/ATP and Mg’ on the aminoacylation
of valine to valyl tRNA at 0,5 mM AZP
® Green tRNA x green enzyme
O Green tRNA x bleached enzyme
A Bleached tRNA x bleached enzyme

A Bleached tRNA x green enzyme
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Figure 5, The effect of Mg++ on the aminoacylation of 53
valine to green and bleached tRNA by enzyme from
isolated chloroplasts

Colorless tRNA, 20!
Colorless tRNA, 40!

A Colorless tRNA, 60!

Green tRNA, 20t
Green tRNA, 4O?
Green tRNA, 60¢
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Figure 6. @=100 Sephadex chromatography of bulk tRNA
isolated from green cells,
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Figure 7., G=100 Sephadex chromatography of bulk tRNA
isolated from bleached cells,
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Figure 8. The Reversed Phase (RPC-5) Chromatographic
separation of the isoaccepting species of valyl
tRNA from green cells charged by green enzyme,
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Figure 9, The Reversed Phase (RPC-5) Chromatographic
separation of the isoaccepting species of valyl
tRNA from green cells charged by bleached enzyme.
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FIGURE 9.
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Reversed Phase (RPC-5) Chromatographic
separation of the isoaccepting species of valyl
tRNA from bleached cells charged by green enzyme,
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Figure 11, Reversed Phase (RPC-5) Chromatographic
separation of the isoaccepting specles of valyl
tRNA from bleached cells charged by bleached
enzyme.,



112,

FIGURE 11.
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Reversed Phase (RPC-5) Chromatographic
separation of the isoaccepting species of valyl
tRNA from dark adapted cells charged by green
enzyme,
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