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INTRODUCTION

Transfer ribonucleic acid (tRNA) has the cellular function of
serving as a link between the genetic word encoded in messenger ribonucleic
acid and the corresponding amino acid. Hence, its role in the protein
biosynthetic system of the cell is of prime importance. However, it is
clear that tRNA is a multifunctional molecule with additional roles of
fundamental importance to the cell.

Besides its function in protein biosynthesis, tRNA serves in
bacteria (1) as well as in mammals (2), as a mediator in the non-ribosomal
enzymatic transfer of certain amiﬁo acids to the amino terminal end of
specific proteins. Also, in some gram-positive bacteria specific tRNA's
work exclusively in the synthesis of cell wall peptidoglycans, such as

Gly

tRNA in Staphylococcus aureus (3). tRNA may also function as an allo-

steric effector of specific enzymes in procaryotes (4) and eukaryotes (5).
That tRNA could have a regulatory role in the biosynthesis of
proteins has been suggested by several researchers (6,7,8). They have
postulated that tRNA, when present in limiting amounts, may modulate the
translation of the genetic message. This view 1s supported by experiments
done using an ig_xi;zg_hemoglobin synthesizing system which indicate that
there are isoaccepting tRNAs for a single amino acid with a specificity
for certain codons (9,10). It was also shown that the rates of synthesis
of the alpha and beta chains are susceptible to variations in the specific
concentration of tRNA isoacceptors (11). This effect also is observed with

artificial messenger (12}.



Biochemical and genetic experiments done in Salmonella typhimurium

support the theory (18) that tRNA plays a role in the regulation of trans-
criptional events. The hisT mutant is deficient in a functional enzyme that
forms pscudouridine in the anticodon stem of histidine tRNA (13) and leucine
tRNA (14). In these cells this deficiency causes the constitutive produc-
tion of the histidine (15,16) and isoleucine-valine (17) biosYnthetic
enzymes. The absence of an adequate repressor mechanism for these operons
suggests that the pseudouridine modification is necessary for tRNA to work
as a corepressor. Recently, it has been reported that a tRNATrP system also
plays a role in the repression of the tryptophan operon (18) in Escherichia
coli. A complex formed by tryptophanyl-tRNA and its aminoacyl-tRNA
synthetase or by the aminoacyl-tRNA synthethase and some other unidentified
factor binds to a DNA region which apparently corresponds to the second
transcriptional control site, the attenuator (19-22), located between the
termination of the operator and the beginning of the first structural gene
of the tryptophan operon. This site is different from the first transcrip-
tional control site located at the leader region of the operator to which
a tryptophan-repressor protein complex binds (20,22).

tRNA may also play a role in the inhibition of translation of
exogenously added natural messengers to an in vitro protein synthesizing
system from interferon-treated mouse L cells (23). The addition of purified
fractions of mammalian tRNA restores the normal rate of translation of
these messengers.

tRNA is a dynamic molecule in vivo, undergoing changes with various
metabolic states (24). The most direct investigative procedure for

studying differences in tRNAs involves chromatographic separation in one of



several systems in common use. Most of the studies described below followed
such a procedure. Quantitative and qualitative changes in tRNA isoacceptor
populations have been observed in differentiating systems: brine shrimp,
insects and wheat seedlings (25); sea urchin (24,26); Drosophila (27); and
cotyledons and hypocotyls of soybean seedlings (24). Several workers have
analyzed tRNA populations from normal rat liver as compared to liver tumors.
Zajdela ascitic hepatoma has several qualitative or quantitative differences
from normal liver (28). A new leucine tRNA appears in liver of ethionine-
treated rats; however, this alteration disappears in the ethionine-induced
hepatomas (29). A fetal phenylalanine tRNA has been found in Morris
hepatoma (30} ; however, it seems that the appearance of this species depends
on the synthetase preparation used for amincacylation (31); a crude
preparation shows the presence of the extra species in normal liver as well,
whereas a more purified preparation does not, Studies in an immunoglobulin
producing plasma cell neoplasm suggested that tRNA may be involved in
regulating antibody production (32,33,34). Different tyrosine and aspartic
acid tRNAs were observed in a human myeloma cell line when compared to a
normal lymphoblast cell line (35). An enzyme-dependent difference in
glutamine tRNAs was observed in normal and leukemic human lymphoblasts (36);
when tRNA was charged with an aminoacyl-tRNA synthetase-containing fraction
from normal cells, an extra species of glutamine tRNA was observed. This
difference was not observed when enzymes from leukemic cells were used for
aminoacylation.

Viral infections also cause tRNA alterations. Herpes simplex
infection of baby hamster kidney cells (37) and adenovirus infection of

KB cells (38) altered the profiles of arginine tRNA, Evidence indicates



that the virus genome did not code for arginine tRNA itself and, consequently,
was not the direct source of the alterations (38,39)., It has been shown that
avian myeloblastosis virus contains two kinds of RNA in addition to its 70S
RNA: free 45 RNA and '"705 associated" 4S5 RNA. Studies of base composition
(40,41) and amino acid acceptor capacity (42,43) have shown that these RNAs
are mostly lysine tRNA (44,45). There is also a preference to include

lycine aminoacyl-tRNA synthetase in the virion (46). The major species of
primer RNA utilized by the avian oncornavirus RNA-directed DNA polymerase

for the initiation of DNA synthesis in vitro is a 45 RNA molecule with
structural and functional features of tRNA (47-51). This species has been
shown to be tRNATrp as indicated by sequencing and aminoacylation (52)
studies. Both, Rous sarcoma (53,54) and avian myeloblastosis (55) reverse
transcriptases use host tryptophan tRNA as a primer.

This thesis will report observations on the variations of
isoaccepting lysine tRNA patterns in different proliferative states of
mammalian cells. Therefore, a survey of work related to lysine tRNA is
presented. In general, only two major species of lysine tRNA are observed
by different chromatographic systems. Developing brine shrimp (56) and sea
urchin (57,58) show a new lysine tRNA. There is also a correlation between
the presence of specific lysine tRNAs and the proliferative ability of
cells (59); an isoacceptor fraction (in addition to the usually observed
major species) was absent in non-dividing cells, such as brain, muscle, and
lens cortex; it was present (8-12% of total) in bone marrow, spleen, Morris
hepatoma and HTC cells. Larger amounts were observed in rapidly growing

mouse leukemic cells.



Quantitative differences in lysine tRNAs, compared with controls,
were found in livers of chickens treated with diethylstilbestrol (60) and
livers of rats treated with thyroxine (61). Quantitative changes were
reported in L-M cells in tissue culture when compared with L-M tumor cells
(62). Changes also were observed in Morris hepatoma (30) and Zajdela
ascitic hepatoma (28). In other related studies a mouse cell tumor had a
larger third peak of lysine tRNA, whereas similar tumors and normal tissues
have two major peaks and in some cases a small third peak (63). A
comparison of SV-40-infected monkey kidney cells and mouse fibroblasts in
tissue culture, using DEAE-sephadex chromatography, show only the two major
lysine tRNA peaks in both biological systems. No significant differences
were observed (64). Hybridization experiments indicated that the SV-40
genome does not seem to code for any of the observed lysine tRNAs., In another
report, lysine tRNA from newborn mice (Balb/c) and SV-40-transformed Balb/3T3
cells in monolayer culture were compared using BD-cellulose (benzoylated
DEAE-cellulose) chromatography (65). Only one peak was observed in newborn
mice; two major peaks were found in SV-40 transformed cells.

In other studies using cells in monolayer culture, a significant
increase in one of the isoaccepting aspartic acid tRNAs was found in polyoma-
transformed rat cells (BN line) and polyoma- or SV-40-transformed mouse
cells (A1/N line) (66). Changes in aspartic acid tRNA also were observed
in SV-40-transformed and SV-40-infected monkey kidney cells (67), in hamster
tunor derived by inoculation with SV-40-transforned cells, and in’a human
mammary tumor (68). Less striking changes have been found for leucine,

isoleucine, phenylalanine, threonine, asparagine and histidine tRNAs (67).



Previous work in this laboratory (69) has shown the presence of a
major extra species of lysine tRNA in polyoma;transformed 3T3 mouse fibro-
blasts (Py3T3 cell line). BD-cellulose column chromatography profiles of
normal 3T3 cells and mouse embryo primary cultures show the presence of
only two major lysine tRNA isocaccepting species as reported by most workers
(26,27,36,59,60,63,64,70,71): peak I and peak II. The extra species present
in Py3T3 cell cultures was labeled peak III., Further work in this sytem
using RPC-5 chromatography (reverse phase chromatography system 5) yielded
five well separated peaks of lysine tRNA when Py3T3 material was used.

Four peaks were observed with lysine tRNA from 3T3 cells.

Part of the work presented in this thesis will deal with the
accomplishment of the correlation between BD-cellulose and RPC-5 chromato-
graphic profiles of lysine tRNA from Py3T3 cells. A combination of these
two powerful chrematographic systems revealed the presence of a total of
seven lysine tRNA isoaccepting species.

The other part of the work was directed to an analysis of the
behavior of these isoacceptors in monolayer cultures of cells in different
proliferative states. As mentioned before (59), a specific lysine tRNA
isoaccepting species (peak 4) wés found to vary with the proliferative
conditions of the tissues studied. Since most of this work was done by
comparing lysine tRNA populations from different tissues of the whole
animal, it was of interest to look for this variation in monolayer cell
culture systems which could be manipulated to provide growing and resting
conditions in the same cells. Furthermore, the combination of two powerful
chromatographic systems (BD-cellulose and RPC-5) allowed us to have a more

complete picture of any changes in lysine tRNA isoacceptors.



MATERIALS

All reagents were analytical grade. Glass fiber filters (GF/C) were
obtained from Whatman. LEagle's minimum essential medium (MEM), calf serum,
penicillin, and streptomycin, were obtained from Grand Island Biological
Company. 3H—lysine (7 Ci/mM) and 14C—lysine (312 mCi/mM) were obtained from
Schwarz/Mann. Material for RPC-5 and BD-cellulose were prepared according
to Kelmers et al. (72) and Gillam et al. (73), respectively. 3T3 and Py3T3
(polyoma virus-transformed 3T3) mouse fibroblasts were obtained from
Dr. H. Green. Balb/3T3, KA31l (murine sarcoma virus-transformed Balb/3T3),
and SV-T2 (SV-40 virus-transformed Balb/3T3) mouse fibroblasts were obtained
from Dr. G. Todaro. A polyoma-free CR1 mouse strain obtained from Charles
River Breeders, Brockton, Mass., was the source of livers and embryos for
primary tissue cultures. 3H-Lysyl-tRNA from leukemic mouse cells grown in
suspension culture was kindly provided by Dr, B, J. Ortwerth (Department

of Biochemistry, University of Missouri).



METHODS

Growth of Cells, Cells were grown in 700 cm2 glass roller bottles

at 37° in MEM containing penicillin G (100 U/ml) and streptomycin (100 ug/ml)
and supplemented with 10% calf serum. The pH in cultures was held at
physiological conditions by bubbling 5% CO2 into the roller bottles every

48 hr., Sterile conditions were meticulously observed during cell growth.

Preparation of Primary Mouse Embryo Cultures. Pregnant mice in the

late stages of gestation were asphyxiated by bottled carbon dioxide fumes
and embryos were removed aseptically. The heads and extremities were
removed from the embryos, and the remaining tissue was minced and rinsed
in PBS (0.01 M sodium phosphate buffer, pH 7.2, 0.15 M sodium chloride) to
remove red blood cells. The tissue was treated with trypsin (0.25% trypsin,
0.01 M sodium phosphate buffer, pdH 7.2, 0.15 M sodium chloride) for 15 min
periods at room temperature. The mixture was centrifuged at 600 x g for
10 min at 4°, Cells were resuspended in MEM containing 10% fetal calf
serun to stop the activity of trypsin. This process was repeated 6 to 7
times to disperse individual cells from the remaining tissue. The cells
in the final suspension were counted in an AO-Spencer hemacytometer.
Approximately 20,000 cells/cm2 were seeded in each 700 cm2 roller bottle.

Preparation of tRNA. Cells were harvested from exponentially

growing cultures unless otherwise indicated. Cells were scraped off the
glass surface with a rubber policeman, washed with 20 ml of PBS per roller
bottle, recovered in a Kolmer graduated tube by centrifugation for 10 min
in a clinical centrifuge at setting 5, and resuspended in a 0.1 M Tris-HC1

buffer solution, pH 7.5 (Tris buffer), using 2.5 ml of Tris buffer per



0.5 ml of packed cell volume. Cells then were lysed with 0.5% sodium
dodecyl sulfate for 5 min at 0°; tRNA was extracted by vigorous stirring
for 3 min at 60° with an equal volume of phenol saturated with Tris buffer,
The agueous phase was recovered by centrifugation of the mixture for 10 min
at 16,000 x g. The phenolic phase was re-extracted with 0.5 volume of Tris
buffer, the aqueous phase was recovered by centrifugation, and both aqueous'
phases were pooled. After adding 0.1 volume of 20% potassium acetate, tRNA
was precipitated with 2.5 volumes of 95% ethanol. After an additional
precipitation, tRNA was purified further on DEAE-cellulose (74), using
approximately 0.5 ml of packed DEAE-cellulose per 0.5 ml of packed cell
volume, Chromatography was accomplished in disposable plastic syringes:
after the last centrifugation, tRNA was dissolved in Water's washing buffer
(0.25 M NaC1l, 0.01 M MgCIZ,

cell volume; under these conditions, tRNA is retained on the columm. Then,

0.001 M EDTA) using 10 ml per 0.5 ml of packed

tRNA was eluted with 4 column volumes of Water's eluting buffer (0.7 M

NaCl, 0.01 M MgClZ, 0.001 M EDTA) and precipitated with ethanol after adding
potassium acetate as before. After centrifugation, any attached amino acid
was discharged by incubating the tRNA for 60 min at 37° in 1.8 M Tris-HC1,
pH 7.8 (0.1 m1/0.5 ml of cell pack volume). After precipitation with 3
volumes of 95% ethanol, tRNA was recovered by centrifugation and dissolved
in acetate buffer (0.004 M magnesium acetate, 0.04 M potassium acetate,

pH 4.5). After two additional reprecipitations, tRNA was dried in vacuo
and dissolved in deionized water. The concentration was determined by
measuring the absorbance at 260 nm and assuming that 1 mg/ml of tRNA gives

24 A260 wits when measured in a cell with a 1 cm path length.
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Preparation of Aminoacyl-tRNA Synthetases. The cell pellet from

10 roller bottles was washed with PBS, suspended in 2 ml of Tris buffer,

and broken in a Ten Broeck glass homogenizer with 15 gentle pestle strokes.
The supernatant solution from a 10,000 x g centéifugation, was centrifuged
again for 120 min at 105,000 x g. The final supernatant solution was passed
through a 20 x 2 cm colum of Sephadex G-100 (void volume 20 ml). After
sample application, the column was eluted with Tris buffer, and after the
first 15 ml of eluate, ten fractions of 3 ml were collected. Each of the
ten fractions were assayed for lysyl-tRNA synthetase activity. The pooled

active fractions were divided into 100 ul aliquots and stored at -70°.

Aminoacylation of tRNA, tRNA was aminoacylated in a 150 ul reaction

containing: Tris-HC1, pH 7.2, 15 umcles; ATP, 0.2 umoles; magnesium acetate,
2 umoles; 2-mercaptoethanol, 5 umoles; 19 non-radioactive L-amino acids

(not including lysine), 1 umole each; 25 uCi of 3H-lysine or 2.5 w1 of

14

C-lysine; 0.5 A units of tRNA; and 40 ug of protein from the synthetase

260
preparation. After incubation for 20 min at 37°, aminoacyl-tRNA was
recovered by chromatography on a 0.2 ml column of DEAE-cellulose.

Chromatography on BD-Cellulose. Columm dimensions were 110 x 0.9

cm, tRNA preparations from test and control systems aminoacylated with

SH- and 14C-Iysine, respectively, were mixed with 2.0 mg of Escherichia coli

B tRNA as carrier in 0.5 ml of acetate buffer (0.010 sodium acetate, pH 5,
0.010 M MgClZ, 0.65 M NaCl, and 0,.4% sodium azide). After sample applica-
tion, the columm was washed with 60 ml of acetate buffer. A 200 ml linear
gradient from 0.65 M to 1.2 M NaCl in acetate buffer was used for elution.
A final wash consisted of 60 ml of acetate buffer containing 1.5 M NaCl and

15% methoxyethanol., Fractions of 3 ml were collected; each fraction
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received 120 ug of yeast RNA and was adjusted to 10% in trichloroacetic
acid. The precipitate was collected by filtration on glass fiber filters
(2.5 cm diameter), and the amount of radioactivity on the dried filters was
determined in 5 ml of a toluene-based scintillation fluid. Absorbance at
254 nm was monitored throughout the column chromatography.

Chromatography on RPC-5. Colum dimensions were 110 x 0.9 cm, A

high pressure column system was used with pressure varying from 200 to 400
psi. tRNA preparations from test and control systems, aminoacylated with
SH- and 14C-lysine, respectively, were mixed and injected into the column
previously equilibrated with acetate buffer (0.010 M sodium acetate, pH 5,

0.010 M MgC1,, 0.5 M NaCl). After sample application, a 500 ml linear

2’
gradient from 0.5 M to 0.65 M NaCl in acetate buffer was started. Fractions
of 4 ml were collected at a flow rate of 1.3 ml/min. Radioactivity in each
fraction was determined in 15 ml of a toluene-based scintillation fluid

containing 33% Triton X-100.

Protein Determination. Proteins were determined by Lowry's method

(75).
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RESULTS

BD-Cellulose Chromatographic Profiles of 3T3 and Py3T3 Lysine

tRNAs. As observed in Fig. 1, BD-cellulose chromatography fractionates
lysine tRNA from exponentially growing 3T3 cells into three fractions:

peak I, IIa, and II., An extra species of lysine tRNA, peak III, is observed
in Py3T3 cells. The data agree with the initial finding of an extra species
of lysine tRNA in Py3T3 cells as reported by Jacobson et al. (G9). An
improved resolution in the peak II region shows the additional presence of
peak Ila.

RPC-5 Chromatographic Profiles of 3T3 and Py3T3 Lysine tRNAs. The

RPC-5 chromatographic profiles of lysine tRNA from exponentially growing
cultures of 3T3 and Py3T3 cells are shown in Fig. 2. Lysine tRNA from 3T3
cells is fractionated into four clearly defined peaks: 1, 2, 4 and 5. It
is shown below that peak 3 is masked in the peak 4 region. Py3T3 cells
show an extra species of lysine tRNA: peak 6.

Correlation of BD-Cellulose and RPC-5 Chromatographic Results.

Although the relative chromatographic position of RPC-peak 6 differs from
the relative position of BDC-peak III, the possibility that the peaks were
identical species of tRNA was tested. The general relationships of the
rest of the peaks present in both types of chromatographic systems also
was studied. An amount of Py3T3 lysyl-tRNA sufficient for recovery and
rechromatography was fractionated on BD-cellulose (Fig. 3). The fractions
between the arrows were pooled, concentrated, and rechromatographed in the
RPC-5 system with unfractionated lysine tRNA from Py3T3 cells as a chroma-

tographic marker. As shown in Fig. 4, BDC-peak I splits inte RPC peaks 1,
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Figure 1.

Bb-cellulose chromatography of 3T3 and Py3T3 lysine tRNA., For 3T3, 2,000
cells/cm? were seeded in 10 glass roller bottles of 700 cm? ¢ capacity; cells
were harvested at a density of 57,000 cells/em?, For Iv3T3, 2,000
cells/cm were seeded in 5 glass roller bottles of 700 Lmz capacity; cells
were harvested at a density of 140,000 cells/cm?. Chromatographic

condi tions were as described in Methods.

(— 3H-—Lysine tRNA from 3T3 cells.

(-=nw- j 14C-—Lysine tRNA from Py3T3 cells.
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Figure 2,

RPC-5 chromatography of 3T3 and Py3T3 lysine tRNA. GSeeding and harvesting

conditions were as in Fig. 1. Chromatographic conditions were as specified
in Methods.

(—) 3H—Lysine tRNA from 3T3 cells.

(-—=-- ) 14C—Lysine tRNA from Py3T3 cells.
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Figure 3

Preparative BD-cellulose chromatography of Py3T3 lysine tRNA. tRNA, 2.5
Aggp units (five times the usual amount), was aminoacylated with SH-1ysine
and chromatographed on BD-cellulose., Fractions between the arrows were

collected, pooled, and recovered by precipitation for rechromatography in
the RPC-5 system.
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Figure 4

RPC-5 chromatography of BDC-peak I from Fig. 3 with lysine tRNA from
Py3T3 cells.

(

) BIC-peak I “H-lysine tRNA.

[ ) 14C—Lysine tRNA from Py3T3 cells.
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2 and 4. From Fig. 5, it is observed that BDC-peak II is RPC-peak 5, which
shows a leading edge in the control. This edge, as shown in Fig. 6,
corresponds to BDC-peak IIa. Finally, BDC-peak III splits into RPC-peaks 3
and 6 (Fig. 7).

The data are summarized in Table 1, and indicate the existence of
at least seven lysine tRNA isoaccepting species: RPC peaks 1, 2, 3, 4, 5a,
5, and 6; peaks 5a and 5 are much better fractionated in the BD-cellulose
chromatographic system into peaks IIa and II, respectively.

Influence of the Proliferative State of Cells on the Distribution

of Lysine tRNAs, A significant difference in the distribution of peaks is

observed when lysine tRNA from growing and resting mouse primary cell
cultures are compared on RPC-5, Cells from whole mouse embryo and growing
primary cells in culture have a significant amount of peak 4 (Fig. 8).
On the other hand, comparison of growing primary cell cultures with resting
primary cell cultures or adult mouse liver (Figs. 9 and 10) reveals almost
no peak 4 in nongrowing cells. Moreover, peak 4 is the main species in
rapidly dividing mouse leukemic cells growing in suspension (Fig. 11).

A summary of the data from Figs. 8, 9, 10, and 11 is provided in
Table II. Peak 4 is five-fold larger in tRNA from growing mouse embryo
cells when compared with tRNA from mouse liver, and it is almost three-fold
larger in tRNA from growing primary mouse cells than in resting cultures.
In both instances, a smaller amount of peak 2 accompanies the larger amount

of peak 4.

Time Course of Variation of Lysine tRNA Species in Growing Cells.

As the preceding data show, the populations of isoaccepting lysine tRNAs

from resting and growing cells differ. KA3l cells (murine sarcoma
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Figure 5

RPC~5 chromatography of BDC-peak II from Fig. 3 with unfractionated lysine
tRNA from Py3T3 cells.

(-----) BDC-peak II “H-lysine tRNA,

(—) 14C—lysine tRNA from Py3T3 cells,
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Figure 6

RPC-5 chromatography of BDC-peak Ila from Fig. 3 with unfractionated
lysine tRNA from Py3T3 cells.

(-=wmn ) BDC-peak Ila 3Ii—lysine tRNA.

(—) 1Z‘C-l)rsine tRNA from Py3T3 cells.
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Figure 7

RPC-5 chromatography of BDC-peak ITI from Fig., 3 with unfractionated
lysine tRNA from Py3T3 cells,

(-----) BDC-peak III “H-lysine tRNA.

{(— Mi(:-l),rs:lme tRNA from Py3T3 cells.
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TABLE I

Comparison of Isoaccepting Lysine tRNA's by BD-Cellulose
and RPC-5 Chromatography

BD-Cellulose peak Corresponding peaks on RPC-5
I 1, 2, 4
11 5
Iia S5a

III 3, 6
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Figure 8

RPC-5 chromatography of lysine tRNA from mouse embryo and growing primary
cells., Cells were collected at a density of 55,000/cmZ,

(==~=- ) 3H‘lysine tRNA from growing primary cells.

(““*31%—hﬂnetMAfmmmmmemmnm.
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Figure 9

RPC-5 chromatography of lysine tRNA from growing and resting mouse primary
cell cultures. Resting primary cell cultures were harvested at a density
of 94,000 cell/cmz.

(----- 3 3H-lysine tRNA from growing primary cells,

(—) 14C~lysine tRNA from resting primary cells,
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Figure 10

RPC-5 chromatography of lysine tRNA from growing mouse primary cells with
adult mouse liver.

(----- ) 3H-lysine tRNA from growing primary cells.

() 14C—lysine tRNA from adult mouse liver.
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Figure 11

RPC-5 chromatography of lysine tRNA from leukemic mouse cells grown in
suspension and Py313 cells.

(----- ) 3H—lysine tRNA from leukemic mouse cells.

(=) 4C-lysine tRNA from Py3T3 cells.
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TABLE II

Effect of State of Growth of Cells on Distribution
of Isocacceptors of Lysine tRNA in the RPC-5 System

Distribution of Lysine

Growth tRNA Isoacceptors
Cells State % of total
1 2 4 5
Mouse liver Resting - 58 3 38
Mouse enbryo Growing 4 37 15 44
Primary embryo Resting 2 50 9 40
Primary embryo Growing 2 35 24 37

Mouse leukemia Growing 1 28 37 35
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virus-transformed Balb/3T3 cells) were used to look at the time course of
these changes as cells grew to confluency. The distributions of lysine
tRNA species from cells harvested at 24, 72, 96, and 120 hr after seeding
as a subconfluent monolayer are shown in Table III. As expected, there is
a significant decrecase in the amount of peak 4 (from 20 to 5 per cent) as
the culture reaches higher density; peak 2 increases from 25 to 38 per cent.
In both cases there is about a 15 per cent variation; following the same
pattern, peak 5 increases by the same amount that peak 6 decreases.

The distribution on BD-cellulose of lysine tRNA species from the
same cells described above, is shown in Table IV. While peak I remains
constant, peak IIa decreases from 13 to O per cent, and peak III decreases
from 21 to 16 per cent, whereas peak Il increases from 20 to 38 per cent.
Again, the variations in peak Ila and IIIl seem to complement the increase

in peak II.
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TABLE III

Time Course of Variation of Lysine tRNA Species in
Growing Cells: RPC-5 Chromatography

Distribution of Lysine

Time After Seeding, tNRA Isoacceptors
hours % of total
1 2 4 5 6
24 5 25 20 33 17
72 6 30 12 38 14
96 6 32 8 41 13
120 5 38 5 40 11

*KA31l cells were seeded at 20,000 cells/cm2 in glass roller bottles
(700 cm2) at O time. Five roller bottles were used for each experimental
point. The culture density at 120 hr was 72,000 cells/cmZ,



TABLE IV

Time Course of Variation of Lysine tRNA Species
in Growing Cells: BD-Cellulose Chromatography®*

40

Time after Seeding,

Distribution of Lysine

tRNA Iscacceptors

hours % of total

I Ila II I11
24 46 13 20 21
72 46 10 28 16
120 45 0 38 16

*The experiment was described in Table III.
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DISCUSSION

The results presented in this thesis show a relationship between
changes in the isoacceptor pattern of lysine tRNAs and the mitotic activity
of cells., Previous work in Dr. B, J. Ortwerth's laboratory (59) have shown
a correlation between the variation of one of the lysine tRNA isoaccepting
species and the proliferative state of several tissues of the whole animal.
Therefore, it was of interest to analyze this phenomenon in different growth
stages of a single biological system. The use of monolayer tissue cultures
of established cell lines and primary cells, instead of whole animal tissues,
permitted carefully controlled cell growth conditions and a study of
different aspects of the relationship of lysine tRNA isocacceptor patterns
to cell density and contact inhibition of growth. Also, since mouse
leukemic cells, analyzed in Dr. Ortwerth's laboratory (59), show a
dramatically increased level of lysyl-tRNA peak 4, it was of interest to
determine what levels of peak 4 were present in virus-transformed cell
lines and whether, as in mouse leukemic cells, large amounts of peak 4 were
peculiar to the transformed state. Furthermore, to maximally demonstrate
variations in the lysine tRNA isoacceptor pattern, it was necessary to use
a combination of two chromatographic systems. An increase in the resolving
ability of BD-cellulose provided a good separation of peaks II and IIa.

Peak IIa previously was visualized only as a shoulder on peak II (69). This
was an important improvement, as peak Ila proved to be one of the peaks
responding to changes in culture density. Although RPC-5 chromatography
fractionates lysine tRNA into more peaks than does BD-cellulose, BDC-peak

Ila is masked in the RPC-peak 5 region, rendering this system useless for
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detecting changes in peak ITa. Such heterogeneity in this region of RPC-5
column chromatograms could explain the ambiguity of codon recognition
experiments observed in different systems including mammalian tissues
(76,77) and baker's yeast (78). In these systems, the late eluting major
species of lysine tRNA (peak 5 in mammalian tissues and peak 2 in most
other systems) responds preferentially to ApApA codon in a binding system
with E. coli ribosomes. This result is consistent with the presence of a
thiouridine residue at the "wobble" position of the anticoedon (79).
However, there is always a residual activity which binds to ApApG as well.
Recently, Ortwerth and Carlson (80) have shown that, at least for rat liver
lysine tRNA, peak 5 contains two isoacceptor species, 5 and 5g. Peak 5
responds to ApApA, while 5p binds to ApApG. Both seem to have a modified
thiouridine residue as they both are sensitive to iodine (81) or CNBr (82)
treatment. It is possible that peak 5 could correspond to the RPC-5
peak 5a (BDC-peak IIa) reported here. I have shown, in preliminary work,
that BDC-peaks II and Ila are sensitive to iodine oxidation, which suggests
the presence of a thiouridine residue in both species. Several other
reports involving RPC-5 chromatography of lysine tRNA are in the literature
(83-88); although it is not obvious that these particular lysine tRNAs
contained BDC-peak IILa, it would be of interest to explore this possibility.
As reported in Results, RPC-peak 4 also responds to the growth stage
of cells. This peak is well separated from other isoacceptors in RPC-5
chromatography, but chromatographs with peak 2 on BD-cellulose. The results
agree with other published reports showing the sensitivity of this peak to
the mitotic activity of cells (76,86); peak 4 decreases several fold as the

cell density of cultures increases. It is almost absent in nondividing
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tissues like mouse liver (3%) and is present in considerable quantity in
rapidly dividing tissues such as mouse embryo (15%). In addition to the
systems reported here, the same phenomenon has been observed when comparing
light and heavy cultures of Balb/3T3 and Py3T3 cell lines. As in the case
of RPC-5 peaks 1 and 2, peak 4 is resistaﬁt fo iodine oxidation and binds
exclusively to ApApG triplet (76).

A striking result was the splitting of BDC-peak III into RPC-5
peaks 3 and 6. Peak III was previously reported as being present in Py3T3
and absent in "normal' 3T3 cells (69). This peak is present in KA31l and
PyBalb/3T3 cell lines and absent in Balb/3T3 and SVI2 (SV-40 virus-
transformed Balb/3T3) cell lines. The same is true for RPC-peak 6, which
is present in Py3T3, KA31, PyBalb/3T3, and mouse leukemic cells and absent
in 3T3, Balb/3T3 and SVI2 cells. RPC-5 peak 3 is present in small amounts
in normal and transformed cell lines. RPC-peak 6 or BDC-peak III does
respond to the growth state of the cell, although to a lesser degree than
BDC-peak IIa or RPC-peak 4 (see Tables III and IV), The coding properties
of RPC peaks 3 and 6 are unknown. The isoacceptor distribution ié
influenced in different ways by a number of variables such as serum age and

source, pH, €O, or 0, tension and perhaps the number of passages of the

2
cells. More work is necessary to assess these effects.

The time course of changes in isoacceptors of KA31 cells (Tables
III and IV) suggests that a precursor relationship exists between RPC peaks
4 and 2 as well as between BDC peaks IIl, IIa, and II. RPC peaks 2 and 5
are most probably the mature, fully modified species. The relationship

between RPC peaks 4 and 2 seems rational because they both recognize the

same triplet (ApApG), and peak 2 increases by about the same amount that
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peak 4 decreases., Triplet binding assignments are not known for BDC peaks
III and IIa, although, as discussed previously, there is the possibility
that BDC-peak IIa is the peak 5p described by Ortwerth and Carlson (80)
which binds to ApApG. Complicating this simple view i1s the observation that
peak II increases by about the same amount that the combination of peaks

ITa and 1II decrease.

Obviously, definitive experiments are required to demonstrate
precursor relationships, and fingerprinting, if not sequencing, of the
isoacceptors would be preferred to biological experiments in mammalian
cells, which lack the versatility of manipulation that is available with
bacterial cells (89).

The results presented do not include experiments designed to provide
insight into the purpose of variation in isoaccepting tRNA populations.
Nevertheless, it is tempting to speculate that a reasonable function will
include a mechanism related to regulation of cell growth. Data is
accumulating in the literature showing that the tRNA population of cells
is adapted for translation of specific messengers. tRNA-dependent cell-free
systems from Ehrlich ascites cells translate efficiently globin mRNA,
oviduct mRNA, and encephalomyocarditis (EMC) viral RNA when the system
contained ascites cell tRNA, In contrast, reticulocyte tRNA could only
promote the translation of globin mRNA and was inefficient for the trans-
lation of oviduct mRNA and EMC viral RNA (90). The data agree with early
suggestions of functional specialization of reticulocyte tRNA for hemoglobin
synthesis (91)., The same correlation between function and tRNA content has
been observed in reticulocytes of sheep (92), silk gland of silkworm during

fibroin synthesis (93,94), the lactating mammary gland (95), rat fibroblasts



during collagen synthesis (96), bovine lens tissue synthesizing crystallin
(97), and in rooster livers during estrogen-induced phosvitin synthesis
(98). Thus, if the tRNA population of cells is adapted for a specific
physiological state, the finding of changes in systems undergoing shifts

in regulatory or physiological processes would be expected. As established
in the introduction, such changes have been observed during embryonic
development, differentiation, neoplasia (24,99), systems under ‘the influence
of hormones (100}, virus infected cells (37) and bacteriophage-infected

E. coli (101,102,103).

The data may be interpreted as an adaptation of the tRNA population
of cells to the translation of new proteins, as has been suggested earlier
in different forms of the modulation theory (6,7,8). Experiments in a
cell-free protein synthesizing system dependent on exogenous lysine tRNA
from various cell growth stages are necessary to test a modulation function
or a direct effect of iysine tRNA isoacceptors.

It is necessarybto emphasize that the data present an average of
changes in a heterogeneous cell population in which cells are at different
stages of the cell cycle. Experiments with synchronized cell cultures would
yield a better understanding of the changes observed.

Another possibility for consideration Is that lysine tRNA species
sensitive to growth conditions may be acting as transcriptional regulators

as is the case with histidine tRNA in Salmonella typhimurium (13-16). An

experimental approach to explore this possibility currently is not feasible.
In conclusion, the lysine tRNA isoacceptor family is, apparently,
highly responsive to changes in cell physiological conditions. On one hand,

we have an extra species present in specific virus-transformed cell lines;
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on the other, we have two more isoacceptor species responding to changes in
cell density in normal and virus-transformed cell lines. The exploration
of the interrelations and significance of these phenomena holds, without

doubt, exciting possibilities for future work in this area.
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Previous work from this laboratory using benzoylated DEAE-cellulose
(BD-cellulose) column chromatography has shown the presence of an extra
species of lysine tRNA (peak III} in polyoma virus-transformed mouse
fibroblasts (Py3T3 cell line). Others have reported that the amount of
one of the isoacceptor species of lysine tRNA (peak 4) decreased as the
proliferative rate of tissues decreased. Because this observation was
made using a reverse phase chromatographic system (RPC-5), a correlation
of both sets of results was not possible. Work presented in this thesis
shows a correlation of BD-cellulose and RPC-5 column chromatographic
systems, demonstrating the presence of a total of seven lysine tRNA
isoacceptor species; peaks 1, 2, 3, 4, 5, 5a, and 6. To investigate the
variation of these species with the proliferative state of the cell,
monolayer tissue culture systems were used instead of whole animal tissues
as in previous work. The tissue culture system made it possible to observe
a single cell population at different proliferative stages. Also, through
the use of virus-transformed cell lines, it was possible to investigate
whether large amounts of peak 4 was a characteristic of tumor tissue as
previously reported in leukemic mouse cells. It was found that peak 4 is
present in considerable amounts (15%) in cell systems with a high-
proliferative rate (frowing mouse embryo primary cultures and whole mouse
embryo); this amount decreases drastically (3%) as mitotic activity
decreases (resting mouse embryo primary cultures and adult mouse liver).
Another lysine tRNA isoacceptor spécies was found to be as sensifive as
peak 4 to cell growth conditions: peak 5a,

Peak 4 was present in about the same amount in different proliferating

cell systems (mouse embryo primary cultures, whole mouse embrye, 3T3, Py3T3,



and KA31 cell lines), regardless of their normal or transformed states.
Peak 6, which corresponds to part of BD-cellulose peak I1I, was
found to be present in specific virus-transformed cells (Py3T3, KA31
cell lines), and absent in 3T3, Balb/3T3, mouse embryo primary cultures,
whole mouse embryo, adult mouse liver and kidney, and SV-40 virus-

transformed mouse fibroblasts (SVT2 cell line).



