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ABSTRACT

Erythroid differentiation in Friend Teukemia cells can be induced
by addition of dimethylsulfoxide to the culture medium. Hemoglobin
represents 24% of the protein synthesis in differentiated cells. There-
fore, Friend cells induced for differentiation may exhibit a marked
change in tRNA population in order to effectively translate globin mRNA.
Friend cells may prove to be a model system for the study of change in
tRNA expression during differentiation and for the facilitation of
specific protein synthesis. The chromatographic profiles of isoaccepting
tRNA species from Friend leukemia cells were analyzed at five time points
during a ninety-six hour period of dimethylsulfoxide-induced differentia-
tion. Sixty-four isoaccepting species of tRNA for sixteen amino acids
were resolved by RPC-5 chromatography. The relative amounts of tRNAphe,
tRNAi]e, and tRNAva] species were maintained by the cells during differ-
entiation; whereas the relative amounts of some of the isoaccepting tRNAs

for the other thirteen amino acids changed significantly. Transfer RNA

species containing the hypermodified nucleoside Q were among those



exhibiting significant changes. Fluctuations in relative amounts of
isoacceptors occurred between 36 and 72 hr after addition of dimethylsul-
foxide, corresponding to globin mRNA appearance and hemoglobin synthesis,
respectively. In most cases, the predominant tRNA isoacceptors of unin-
duced cells were retained throughout differentiation. Notable exceptions
were tRNA species for threonine, proline, and methionine. The two
proline tRNA species present in uninduced cells were replaced by two
different species in induced cells; the four threonine isoacceptors
present early were represented by only two of the four in differentiated
cells. These changes may reflect the cell's response to globin mRNA
containing only two of the four threonine codons. Initiator methionine
tRNA decreases in relative amount during the first 48 hours and then
increases. This decrease is correlated to an initial lag in cell growth
and protein synthesis. Some of the isoacceptors occurring in relatively
smaller amounts were not expressed at all times. These changes possibly
reflect the cell's functional adaptation of tRNA in differentiation for

hemoglobin synthesis. The amount and distribution of Q-base-containing

isoacceptors of tRNAasn, tRNAaSp, tRNAh1S, and tRNAtyr were assayed. The

amount of Q-base containing tRNA species decreased in the first 48 hr
after the induction, then increased again, indicating the level of Q

modification is correlated to the process of differentiation.
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I. INTRODUCTION

Protein biosynthesis appears to be controlled by the regulation of
both translation and transcription. Transfer RNA has a well known role
as translator of messenger RNA. Additional functions for tRNA have been
described and studied for the past twenty years. The significance of a
multiplicity of isoaccepting species of tRNA redundant for the sixty-one
translated coding triplets still remains obscure. It is not clear yet
to what extent the cell actually uses variations in specific tRNA levels
or specific isoaccepting forms of tRNA to, for instance, control the
relative rates of translation of different mRNAs. However, the differ-
ences in tRNA isoaccepting species found in various differentiated and
undifferentiated cells could reflect the operation of such a control
mechanism.

Cellular differentiation in eukaryotic tissues is often charac-
terized by the production of a relatively high abundance of one protein
or a group of specific proteins accompanied by a drastic shift of cellu-
lar metabolism. Differentiated tissues and cells which preponderantly
synthesize particular proteins with unique amino acid compositions provide
promising experimental systems in which to assess the physiological signi-
ficance of changes in the tRNA population. Such systems, including fibroin
synthesis by the silk worm (1; 2; 3), crystallin synthesis by lens tissue
(4; 5; 6), hemoglobin synthesis in reticulocytes (7; 8; 9), and collagen
synthesis in embryonic chick tissues (10; 11; 12) have been studied to

various degrees with regard to the involvement of tRNA.



Accumulated evidence has suggested that the intracellular levels

of tRNA species are tightly correlated with the demands of the cell for
various amounts of particular amino acids and certain anticodons in the
synthesis of protein. This continuous and selective cellular adjustment
of the tRNA population has been referred to by Garel (2) as "functional
or quantitative adaptation". Relatively little direct evidence, however,
has been obtained regarding the physiological role of these tRNA changes
because of the heterogeneity of the stage and type of the differentiated
cells and because of the lack of proper comparison between the undiffer-
entiated, "stem" cells and differentiated cells.

In vitro differentiation of Friend leukemia cells (F.L.C.) has

been studied since 1970. Friend leukemia cells seem to provide an ideal
system for the study of tRNA involvement in cellular differentiation.
This cell Tine has a homogeneous cell population in which erythroid-Tike
differentiation can be induced and is therefore an in vitro analogue of
erythropoiesis in vivo. In addition, many morphological and biochemical
transitions experienced by this cell during differentiation have been
well characterized over the last decade. Prior to this study, an altera-
tion of the Friend leukemia cell tRNA population and tRNA nucleoside com-
position during the dimethylsulfoxide-induced erythrodifferentiation had
been reported (13); this alteration was concurrent with the production

of hemoglobin.

In order to study the role of tRNA in cellular differentiation by
using this easily controlled, homogeneous population of cells, an identifi-
cation and characterization of the tRNA jsoaccepting species that change
during differentiation of this system is an important, essential first step.

Toward this purpose, the present work has investigated the tRNA isoaccepting
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species expressed in Friend leukemia cells before and during in vitro
differentiation. The alteration of isoaccepting tRNA species for sixteen
amino acids was studied by reversed-phase plaskon chromatography. Concom-
itant with alterations of cellular functions in the transition between
dividing, undifferentiated cells to non-dividing, predominantly hemoglobin
synthesizing cells, dramatic quantitative and qualitative changes

occurred in the distribution of tRNA isoaccepting species. Sixty-four
isoaccepting species of tRNA for sixteen amino acids were resolved and

their changes during differentiation have been characterized.



II. LITERATURE REVIEW

A. Transfer Ribonucleic Acid and Its Structure

In 1958 Francis Crick proposed the "Adaptor Hypothesis" whereby an
adaptor molecule must exist in order to interface between the synthesis
of protein and existence of genetic information in nucleic acid (14).
Shortly afterwards the Adaptor Hypothesis was confirmed by the discovery
in rabbit Tiver extracts of a class of small RNA molecules capable of
specifically binding amino acids (15), and now known as transfer RNA
(tRNA).

Transfer RNA functions in protein biosynthesis by carrying ester-
fied, "activated", amino acids to the ribosome, site of protein synthesis.
The correct order of amino acids is dictated by messenger RNA (mRNA) by
means of triplet base pairing with tRNA. Consistent with Crick's hypo-
thesis, mRNA only interacts with tRNA and not with amino acids and there
are at least 20 tRNA species, each specifying one of the 20 amino acids.

The interaction of tRNA with mRNA and polypeptide requires specific
recognition of tRNA by aminoacyl-tRNA synthetase, certain transfer
factors, ribosomal RNA (rRNA) and ribosomal proteins, and the appropriate
triplet codon on the mRNA. Recognition depends on the primary, secon-
dary, and tertiary structure of the tRNA molecule. Basically, tRNA
molecules have a chain length between 73 and 93 nucleotides and molecular
weight of 23,000 to 30,000 daltons. The nucleotide sequences of more
than one hundred tRNA species from various biological sources have been

determined (16). Al11 tRNAs which have been sequenced can be drawn to
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fit the "cloverleaf model" of secondary structure suggested by Holley et

al. when reporting the first tRNA sequence in 1965 (17). Two basic features
of this model are: Tlarge portions of the molecule forming double helical
stems in order to stabilize the structure; and single stranded hair-pin
loops with the potential of being functionally active sites. The single
stranded Toops can hydrogen bond to each other to form the tertiary struc-
ture. Except for an occasional G-U base pair, the stems are held together
by Watson-Crick base pairs. The cloverleaf model allows for the maximum
number of Watson-Crick pairs in the structure.

A11 tRNAs contain four to five arms consisting of stem and loop
structures, as shown in Figure 1. The loop regions have been designated
the dihydrouridine (D) loop (Loop I), the anticodon Toop (Loop II), the
variable loop (Loop III), and the TyC loop (Loop IV). The four stems
common to all tRNAs are the acceptor stem, the dihydrouridine stem, the
anticodon stem, and TyC stem.

The acceptor stem, containing the constant CCA terminal sequence,
consists of seven base pairs and four single nucleotides, including the
3' terminal CCA sequence used to accept a specific amino acid. Differences
in the sizes of various tRNAs are accounted for by variation of size in
the dihydrouridine arm and variable arm. Variable arms of 3 to 21
nucleotides in length have been found. In contrast the dihydrouridine
arm is much less variable in length, being from only 15 to 18 nucleotides
with 7 to 11 nucleotides in the loop region, and 3 or 4 base pairs in the
stem. Variation in the length of the dihydrouridine loop occurs in two
regions, o and B, as shown in Figure 1. These regions contain up to 3
nucleotides with a high proportion of dihydrouracil residues.

The anticodon arm and the TyC arm as well as acceptor stem seem to



Figure 1.

The generalized cloverleaf structure of tRNA. The cloverleaf
secondary structure is a common feature of all tRNAs. The four
loop regions, I-IV, are designated in a counterclockwise direc-
tion from the 5' to 3' end of the molecule. Solid circles

with a dot between indicate bases involved in helical stems
containing Watson-Crick base pairs. Open circles signify non-
Watson-Crick base paired bases. The dotted region in the
variable loop and o and B regions in the D loop contain dif-
ferent numbers of nucleotides in various tRNA sequences.
Nucleosides common to all structures are indicated as: Py,
pyrimidine; Pu, purine, y, pseudouridine; N, a frequently

modified purine or pyrimidine.
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be of constant size in all tRNAs with the possible exception of mito-
chondrial tRNA (18). The anticodon loop contains the anticodon nucleo-
tide triplet corresponding to one of the 20 amino acids. The TyC Toop
contains, with a high degree of regularity, two modified bases in a
specific tetranucleotide sequence, TyCG. It has been demonstrated that
the TYC loop is jmportant in the binding of tRNA to the ribosome (19).

Comparison of all the sequenced tRNA molecules has led to the
assignment of many invariant and semi-invariant nucleotide positions in
the generalized cloverleaf structure (20). Fifteen invariant residues,
including the terminal CCA, and eight semi-invariant residues are common
to almost all tRNAs. It is interesting to note that segments which are
identical or similar in all tRNAs are located mainly in loop regions of
the cloverleaf structure. This unity of tRNA structure is evidently a
reflection of their common functional need. However, post-transcriptional
modification of certain nucleotides and the composition of minor bases
give a tRNA molecule some features of individuality (20), although many
of the modified nucleosides are located at invariant positions. The
enzymatic modifications of specific tRNA nucleosides have been extensively
reviewed by Agris and Soll (21) and Nishimura (22). The modifications are
assumed to be essential for proper functioning, but many of the roles are
not yet specifically identified.

Now that the three-dimensional crystallographic structure has been
determined for one tRNA at high resolution (23) and is thought to be
closely representative of all tRNA, primary and secondary structural
information of tRNA can be viewed with new understanding. The X-ray

crystallographic structure places the cloverleaf structure of tRNA into a



characteristic L shape through hydrogen bonding of various parts of the
tRNA molecule (24). A continuous helix formed between the acceptor stem
and the TyC stem is perpendicular to a second helix formed by the anti-
codon stem and the dihydrouridine stem. The dihydrouridine loop interacts
with TYC loop to contribute to the stability of this L shaped structure
(25). This configuration of tRNA has been confirmed by crystallographic
studies of different tRNAs and supported by biophysical studies of tRNA

in solution (26; 27; 28; 29).

B. Transfer RNA Biosynthesis

The total tRNA in a bacterial cell comprises about 1% of the dry

weight. There are about 4 x 105

tRNA molecules of perhaps 55 different
types in such a cell. Thus tRNA content corresponds to a concentration
of approximately 0.5 mM (30).

Biosynthesis of tRNA has been studied in both prokaryotic and
eukaryotic systems. Like most stable RNAs of the cell, tRNA is trans-
cribed from DNA as a larger precursor molecule which must be subsequently
processed. There is no regularity with regard to the tRNA genes organi-
zation. Transfer RNA genes can exist in multiple copies (for review see
31). Transfer RNA genes are transcribed by the action of RNA polymerase.
It has been demonstrated that the original transcripts of tRNA genes may
be monomers (32), dimers or trimers (33), or even larger (34; 35).

It has also been found that dimer precursors may contain two
different tRNAs as well as one tRNA but in duplication (36). The

monomer precursors generally range in size from 130 - 200 nucleotides and

may or may not contain the 3'-terminal CCA sequence. The tRNA precursor
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is then cleaved to the proper length by the action of several nucleases
(35; 37; 38). The steps involved in the biosynthesis of tRNA are
summarized and shown in Figure 2. A1l modification reactions of tRNA occur
post-transcriptionally and a specified sequence of modifications has been
suggested (39). More than 50 different modified nucleosides have been
isolated from tRNA and the structure of most of these have been determined.
In most cases enzymes responsible for the biosynthesis of these modifica-
tions have been detected and some have been purified. (For the most recent

reviews see 21; 22).
C. Various Functions of tRNA
1. Role in Ribosomal Protein Synthesis

Amino Acid Activation

The major function of tRNA is to transfer amino acids during protein
synthesis through translation of the mRNA (for the most recent review see
40). During this process, tRNA molecules interact with many different
enzymes as well as RNA molecules. The amino acid is initially "activated"
by a specific activating enzyme, aminoacyl-tRNA synthetase, and ATP (41;
42) to form an enzyme-bound aminoacyl adenylic acid intermediate. The
aminoacyl group of this intermediate is immediately attached to the 2' or
3'-terminal adenosine residue of an appropriate tRNA through an ester
linkage. Each of the twenty different aminoacyl-tRNA synthetases is
specific for one amino acid. The specificity of these synthetases for
both their amino acids and their corresponding tRNAs is the first and
possibly most important step to ensure the fidelity of translation.

Evidence has been obtained which indicates that many different
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Figure 2. Scheme of steps involved during the biosynthesis of tRNA.
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regions of the tRNA molecule including the dihydrouridine Toop (43), the
dihydrouridine stem (44), the anticodon loop (45), and the acceptor
stem (46) are important in synthetase recognition. It has recently
been suggested that no single particular site of the tRNA molecule is
alone responsible for synthetase recognition (31). Experiments by
Schimmel's group (47; 48) have shown that the nucleotides which are
shielded by the synthetase are found scattered throughout the tRNA
molecule. They have also shown that all of the sites on tRNA which
interact with synthetase are on the inside face of L-shaped tertiary
structure, implicating the tertiary configuration in recognition of tRNA
by the synthetase. (For a recent review of tRNA and aminoacyl-tRNA
synthetase recognition see reference 49).

Initiation of Translation
in Prokaryotes

First, the bacterial initiator N-for‘my]—met-~tRNAr]2et binds to the

appropriate factors (IF1, IF2, and IF3) and GTP and forms an obligatory
initiation complex which then reacts with the small (30S) ribosomal sub-
unit in the presence of the initiation codon AUG located near the 5'
terminal in mRNA (50). The initiation factors possibly recognize both
the formyl group and the acylation-dependent tertiary structure of the
initiator tRNA, thus discriminating against non-formylatable met-tRNA"\let
(51). A11 three initiation factors have been shown to have some effect

on this reaction, but IF2 plays the most important role; its requirement
has been shown to be absolute (52). Research toward identification of the
particular function for each of these initiation factors has not been too
successful. Nevertheless, it appears that the effects are actually

cooperative (53; 54).



14

Initiator tRNA enters the 30S subunit at the aminoacyl binding
site (A site), and when the 50S ribosomal subunit joins the complex, it
translocates to the peptidyl site (P site) in the 50S subunit, during
which GTP is hydrolysed. Upon addition of 50S subunits to complete 30S
initiation complexes described above, 70S complexes are formed (55; 56).

met

During initiation, part of the TyC loop in fmet-tRNAf may not base pair

with 55 rRNA as has been hypothesized to occur with other aminoacyl-tRNAs

(57; 58). Furthermore, the fmet-tRNA?et

which is the only tRNA to be
recognized by transformylase (59) is not bound to elongation factor, Tu,
in direct contrast to the other aminoacyl-tRNAs (60), indicating the

met

selective role of fmet--tRNAf to ensure the fidelity of initiation during

protein synthesis.

Elongation in Prokaryotes

After the 70S initiation complex is formed, non-initiator, aminoacyl-
tRNA binds to a specific protein factor, elongation factor T(EF-T)(61)
which consists of two subunits, EF-Ts and EF-Tu. The EF-Tu<GTP complex
then binds to both aminoacyl-tRNA and the 70S ribosome (62). It has been
suggested that the ribosome, particularly 5S rRNA, plays a role in this
binding by providing a complementary tetranucleotide that base pairs to
the non-variable TyCG tRNA sequence (19; 57). Binding occurs at the
A site of the 70S ribosome, as the anticodon triplet of the tRNA
hydrogen-bonds to the complementary triplet, codon, in mRNA. GTP is then
hydrolyzed and GDP dissociates from the complex.

The formation of the peptide bond is catalyzed by the enzyme peptidyl
transferase which is bound to the 50S subunit. This enzyme catalyzes

peptide bond formation with the new aminoacyl-tRNA replacing the tRNA of
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the preceding amino acid as the protein lengthens from amino to carboxyl
end (55).

The lengthened peptidyl1-tRNA remains bound to the A site until the
preceding uncharged tRNA leaves the P site. The ribosome then moves along
a distance to the next reading frame on mRNA, while translocating the
peptidy1-tRNA from the A site to the P site. Now the A site is available
for next aminoacyl-tRNA complex and then another cycle of chain elongation
can occur. Translocation of the ribosome is dependent upon GTP hydrolysis
as well as the presence of elongation factor G(EF-G) as EF-G-GTP complex.

EF-G dissociates from the ribosome after translocation.

Termination in Prokaryotes

A11 translation utilizes the same three terminator codons (UAA, UAG,
and UGA). These codons are recognized by protein release factors. RF-1
recognizes UUA or UAG specifically, whereas RF-2 recognizes UUA or UGA
(63; 64). However, RF-3 has the capacity to facilitate the binding of
RF-1 and RF-2 to ribosomes and interacts with GTP (64). The detachment of
a complete polypeptide chain from the ribosome is not yet fully understood
(55; 65). Nevertheless, RF-1, RF-2, and RF-3 interact with the ribo-
some to promote the release of polypeptidyl-tRNA from the ribosome once
one of the three termination codons is read. Following this, the ester
bond between the polypeptide and the tRNA is hydrolyzed. Then the tRNA,
mRNA, and ribosomal subunits dissociate. Termination is also a GTP-

dependent reaction.

Protein Synthesis in Eukaryotes

Eukaryotic translation is a more complicated process than that of
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prokaryotes, and therefore has not yet been as well defined. Nevertheless,

Amet is not

it has been shown that, in eukaryotes, initiator met-tRN
formylated; the ribosome is an 80S particle with a 40S and a 60S subunit
in contrast with the 70S particle with a 30S and a 50S subunit in a pro-
karyotic system; and elongation, termination, and releasing processes
have more protein factors involved as compared with that of prokaryotes.
(For most recent reviews see 66; 67; 68.) Even with the differences men-
tioned above, the mechanism of tRNA involvement in both prokaryotic and

eukaryotic translation systems must be considered similar from the

present state of knowledge.
2. Other Roles of tRNA

Aside from the major role of tRNA in ribosomal protein synthesis,
many other processes have been discovered in which tRNA or aminoacyl-tRNA
is a participant. Unfortunately, very few of these processes are well
understood. However, the intriguing possibility of tRNA being involved
in metabolic processes as a regulatory factor strongly attracts the
attention of those who are in this area of research. Those roles are
outlined below.

Availability as an Effector
of Protein Synthesis

The major function of tRNA is the accurate translation of the
genetic code during protein synthesis. As an extension of tRNA's major
role in translation and because of the degeneracy of both the genetic code
and tRNA, it has been proposed that tRNA could play a role in regulating
the rate of protein synthesis (69). In this role isoaccepting tRNA

species with specific anticodons could be present in limiting amounts and
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would control the rate of translation of certain mRNA by virtue of these
anticodons being insufficient in supply. It has been demonstrated that
certain isoacceptors are preferentially used: a specific glycine tRNA
species in the synthesis of collagen (11); certain leucine tRNAs in E.
coli (70); and particular alanine, glycine, and serine tRNAs in silkworm
fibroin synthesis (2). These results indicate that a specialized tRNA
population may serve as a critical factor for the rate of synthesis of a
particular protein. Further supporting evidence has been demonstrated in

reticulcytes (71) and lens tissue (5).

Involvement in Biosynthetic Pathways

Aminoacy1-tRNA involvement in regulating the biosynthesis of several
amino acids has been demonstrated in both prokaryotic (72) and eukaryotic
organisms (73). Possible interactions have been postulated to explain
this participation: (1) tRNA may interact with the first enzyme of the
pathway and thus exert a regulating role over this enzyme and accordingly
over the whole reaction sequence; (2) aminoacyl-tRNA (or the synthetase)
may interact with the attenuator site in a gene's operator region causing
repression or derepression of the operon for the biosynthetic enzymes.

The histidine operon, among several biosynthetic systems studied,
has been one of best characterized for tRNA involvement. It comprises
the structural genes for nine enzymes, which catalyze the formation of
histidine, and the operator and promoter control regions (74). It has
been shown by genetic analysis that there are six loci which can cause
derepression of the histidine operon (75). The levels of his-tRNA in
vivo have been measured in strains of S. typhimurium containing represen-

tative mutations in each of the six regulatory genes (76). An inverse
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relationship between his-tRNA levels and histidine operon expression was
found for mutants involved in hisU and hisW which possibly code for pro-
his

cessing enzymes for tRNA" ~; hisS which codes for histidyl1-tRNA synthetase;

and mutants in tRNAhiS gene itself. Surprisingly this relationship was
not true for hisT mutants in which the modifying enzyme, pseudouridine
synthetase I is affected. Experimental results indicate that histidyl-tRNAs
must have a specific pseudouridine residue in the anticodon region as a
signal for repressing the histidine operon. It was also found that when
the first enzyme of the pathway was altered by mutation, the kinetics of
repression were altered (77). The hisG protein has an affinity for tRNA;
its activity is inhibited by his-tRNA more than by any other tRNAs
tested (78). Binding of the hisG protein to hisO DNA which is the
operator-promoter region has also been demonstrated (79). Thus it had
been suggested that the hisG enzyme fits some requirements for a classical
repressor with his-tRNA serving as the co-repressor (80).

With the demonstration of repeated amino acid codons in mRNA

leaders, tRNA involvement in gene expression is thought to occur through

attenuation of translation.

Primer for RNA Virus Replication

Reverse transcription enzymes (RNA-dependent-DNA-polymerase) from
RNA tumor viruses utilize specific tRNAs as primer for the synthesis of
viral coded DNA. The enzymes from avian myeloblastosis virus (81) and
Rous sarcoma virus (82; 83) use tryptophan tRNA; whereas the enzyme from
a murine leukemia virus uses proline tRNA (84). A certain number of
selected tRNA species are incorporated non-covalently into C-type viral

particles during encapsulation (85); but only a specific tRNA, tightly
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bound to a complementary sequence at the 5' end of the viral genome, is
used for priming the reverse transcription. It is also well established
that many viruses, especially plant viruses, have tRNA-1ike structures so
that their 3'-end can be charged in vitro with one amino acid, such as
turnip yellow mosaic viral RNA with valine (86' 87). However its biolog-

ical significance is still not clear yet.

An Enzyme Modulator

Transfer RNA has been show to play a role affecting certain enzymy
activities. Goebel and Helinski (88) have suggested that tRNA is a
potent inhibitor of E. coli endonuclease I by observing that tRNA alters
the activity of this enzyme which is capable of making double-stranded cuts
in DNA. It has also been reported that tRNAY' or tRNAPM® inhibited the
activity of DAHP synthetase, a feedback sensitive enzyme catalyzing tyro-
sine and phenylalanine biosynthesis in S. cerevisae (89). One species of
tyrosine tRNA has been shown to inhibit the enzyme tryptophan pyrrolase
from a Drosophila vermilion mutant (90; 91). However, it has since been
reported that both the cases discussed above might happen to be artifac-
tual (92; 93). More recently, investigations of Drosophila mutants and
their diet tend to support involvement of tyrosine tRNA in regulation of
tryptophan pyrrolase (94). Tyrosine tRNA has also been shown as a possible
enzyme modulator in the control of tyrosinase activity. By measuring the
level of tyrosine tRNA isoacceptors and tyrosinase activity in swine
melanoma tissue, it has been demonstrated that the level of one of three

isoacceptors is correlated with the enzyme's activity (95). In vitro

——

experiments suggested that binding of tyrosine tRNA to tyrosinase caused

an enhancement of the enzyme's activity (96). By using two different DNA
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operons as substrate in an in vitro transcription system, Pongs and
Ulbrich (97) have shown a rather general controlling role of tRNA in the

enhancement of enzyme activity; the binding of E. coli fmet-tRNA to RNA

polymerase III caused an increase of its ability to synthesize RNA.

Effector of Stringent Response

When prokaryotic cells are starved for amino acids and thus unable
to synthesize proteins, deacylated tRNA occupies the ribosomal A site.
The simultaneous presence of mRNA and the relA gene product, both bound
to the ribosome, cause the synthesis of ppGpp and pppGpp which are
referred to as magic spot I and II respectively (98; 99; 100). These
phosphorylated nucleotides appear to cause a major pleiotropic alteration
of cellular metabolism including cessation of stable RNA synthesis (101).
Further study indicates that the formation of magic spot is not dependent
on the absolute concentration of deacylated tRNA; but rather on the

ratio of aminoacyl-tRNA to tRNA (102).

A Suppressor

Suppression of missense, chain termination, or frame-shift mutations
during translation results from tRNA genetically altered in the anticodon
sequence being capable of responding to these mutations (for reviews see

103 and 104).

Non-ribosomal Peptide Synthesis

There is a specific class of enzymes called aminoacyl-tRNA trans-
ferases (23) which transfer amino acids from aminoacyl-tRNAs to a variety

of recipient molecules without the involvement of a decoding mechanism
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and ribosomes. A specific class of glycine tRNAs from Staphylococci are

thought, with the aminoacyl-tRNA transferase, to transfer glycine to N-
acetylmuramylpentapeptide, an intermediate in the cross-linking bridge of
the bacterial cell wall (105; 106). The acceptor molecule can also be a
phospholipid so that the transferred amino acid becomes incorporated into
a cell membrane component (107). It also has been shown that the amino
acid-accepting molecule could be a finished protein, thus the amino acids
of specific aminoacyl-tRNAs are transferred to the N-terminal ends of
certain proteins (108) . The aminoacyl-tRNA transferase activities have
also been found in mammalian cells and transfers of arginine from
arginy1-tRNA to erythrocyte ghost membrane protein (109) and some nuclear

proteins associated with chromatin have been reported (110).
D. The Role of tRNA Modifications

A characteristic of tRNA is that it contains a variety of modified
nucleosides. Modified nucleosides occur in tRNA with a high frequency
and a wide range of structural variation. At the present time the
structures of about 55 modified nucleosides have been elucidated (21).
Some of these are simple methylations of the base or the 2' hydroxyl of the
ribose moiety; while others are so-called hypermodifications with a great
deal more complex carbon structure. Examples of hypermodified nucleosides
include: adenosine substituted with y,y-dimethylallyl or similar groups
(16A, N6-isopenteny1adenosine); nucleosides modified with various amino
acids as t6A and X (ribofuranosylpurin-6-yl-carbomyl threonine and
3-(3-amino-3-carboxypropyl)uridine, respectively). More recently the
structures of some even more complicated modified bases have been eluci-

dated. The fluorescent nucleoside Y, found in yeast tRNAphe contains a
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tricyclic ring system derived from guanosine (21). The structures of
the modified base Q and its sugar derivatives manQ and galQ have been
determined (111; 112). Most of our knowledge about the detailed steps

in the biosynthesis of modified nucleosides in tRNA derive from in vitro

studies on the characterization and purification of tRNA modifying enzymes.
To date, only relatively few tRNA modifying enzymes have been well
characterized or obtained in fairly purified form such as the enzymes

for certain methylations, thiolation, and Q formation (113; 114; 115;

1165 117; 118 ;3 119; 120; 121; 122).

From genetic analysis and in vitro experimentations, some informa-

tion on the function of tRNA modified nucleosides has been obtained. It
is plausible to think that modified nucleosides may somehow be engaged in
regulatory processes. Evidence from different sources indicate that
modified tRNAs act more efficiently by being able to form a stronger
complex with the ribosome, mRNA, and transfer factors during protein
synthesis (21; 23; 124; 125; 126 ; 127; 128 ; 129). A possible explanation
for the existence of 2'-0-methyl nucleosides may be a protective effect
by blocking ribonuclease action on the adjacent phosphodiester bond (24;
28; 130; 131; 132). Transfer RNA is susceptible to various ribonucleases.
If ribonuclease attack is specific for particular tRNAs, it could be
significant in the regulation of protein synthesis. It has been reported
that tRNAs of E. coli have different susceptibilities to B. subtilis
ribonuclease or to RNase T1 (133). It is also known that, in vivo, a

preexisting tRNA]eu

of E. coli is "nicked" by a nuclease formed after
phage T2 infection without losing leucine acceptor activity (134).
Evidence has also been accumulated showing that the amounts of

modified nucleosides change during such cellular events as differentiation,
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senescence, neoplasia, chemical carcinogenesis, and viral transformation

(135 135; 136; 137).
E. Biology of Friend Leukemia Cells
1. Normal Erythropoiesis

The ontogeny of red blood cells is now understood in some detail.
Erythrocytes are derived from a pleuripotent hematopoietic stem cell
(CFU-S) in bone marrow (138). Intermediate stem cells (ECP) which become
committed exclusively to the erythroid line as unipotential are develope<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>