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Discharge of Aminoacyl-Viral RNA by a Factor

from Interferon-Treated Cells

Abstract. Extracts of cells treated with purified interferon discharge the amino
acid previously esterified to viral RNA but fail to affect aminoacylated transfer RNA.
A similar activity is also present in crude interferon preparations.

The RNA from several different virus-
es can react in place of transfer RNA
(tRNA) in the esterification of specific
amino acids by eukaryotic aminoacyl-
tRNA synthetases (/). The biological
role in viral replication of such aminoacy-
lation is not yet known, but the sugges-
tion has been made that it may be in-
volved in the regulation of protein syn-
thesis (2). Interferon, a protein produced
by cells exposed to viruses and certain
other materials, causes cells to become
resistant to viral infection and also alters
specific functions of the treated cells, in-
cluding protein synthesis (3). Incubation
of exogenous messenger RNA (mRNA)
with extracts of interferon-treated cells
results in the translation of less protein
than is observed with extracts of un-
treated cells; this low level of translation
can be increased by the addition of cer-
tain tRNA preparations (¢, 5). We report
here another activity shown by extracts
of cells exposed to interferon: specific
deacylation of aminoacylated viral RNA.

The RNA extracted from tobacco mo-
saic virus (TMV) was esterified with his-
tidine by partially purified rabbit liver his-
tidinyl-tRNA synthetase. The unpurified
human, rabbit, and mouse interferons
used had all been induced in cell culture
by virus; the residual virus was inacti-
vated by dialysis at pH 2, and the neutral-
ized fluids were then stored at —70°C.
Mock preparations of unstimulated cell
cultures were similarly prepared from su-
pernatant fluids that, like the interferon
preparations, contained 2 percent fetal
bovine serum in Eagle’s minimal essen-
tial medium.

In order to show that a factor inter-
fering with aminoacylation of viral RNA
is produced by cells after exposure to in-
terferon, mouse Ly, cells grown in 60-
mm petri plates were treated with Seph-
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arose beads bearing covalently linked
mouse interferon (30,000 beads per dish)
6); control cells were treated with un-
modified Sepharose beads. After in-
cubation at 37°C for 6 hours, the beads
were removed and the cells were washed
and homogenized; supernatant fluids
from the homogenates were then added
either to an acylating system (Fig. 1a) or
to a solution of histidinyl-TMV-RNA
(Fig. 1b). As seen in Fig. 1, the extracts
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of cells that had been treated with inter-
feron diminished the esterification of the
TMV-RNA and increased the break-
down of preformed histidinyl-TMV-
RNA.

The deacylating factor may be related
to the development of resistance to virus-
es. Cells treated with Cantell’s highly pu-
rified human interferon (7) (PIF) (with a
specific antiviral activity of 3.7 x 10°
units per milligram of protein) became
progressively more resistant to virus
challenge; the activity in extract super-
natants increased in parallel with antivi-
ral resistance until about 7 hours after in-
terferon treatment, when deacylating ac-
tivity began to decline and a plateau in
antiviral resistance was reached (Fig. 2).
The dissociation of the curves after 7
hours may be explained by mechanisms
for disposing of the factor, such as bind-
ing to insoluble components or secretion
from the cell.

Crude interferon preparations also
contain a deacylating activity. The activi-
ty is clearly not attributable to interferon
itself: no deacylating activity could be de-
tected in as much as 170,000 units of
PIF, but an active factor was present in
crude preparations of human, rabbit, and
mouse interferons (even after they were
diluted > 1 : 250). The deacylating activ-

Fig. 1. The in vitro activity of Ly, cell homog-
enates treated with Sepharose-bound mouse
interferon (A) or with control, untreated Seph-
arose beads (O) on (a) the inhibition of histi-
dine acylation to TMV-RNA and (b) the accel-
erated discharging of histidine TMV-RNA.
The amount of interferon bound to the beads
was about 3 x 10* units, as measured in Lgy,
cells with GDVII virus as challenge (12). Cells
were exposed to the beads for 6 hours at 37°C,
then washed, homogenized in 1 ml of 0.02M
tris-HCI buffer (pH 7.5), and centrifuged for
20 minutes at 2000g. Supernatant fluids were
assayed. Rabbit liver histidinyl-tRNA syn-
thetase was prepared from the 105,000g super-
natant fluid of clarified liver homogenates.
The fraction eluted from diethylaminoethyl
(DEAE)-cellulose with 0.25M NH,CI served
as a crude synthetase preparation from which
the histidine synthetase was purified by col-
umn chromatography on DEAE-cellulose fol-
lowed by affinity chromatography on a tRNA
(Escherichia coli)-Sepharose column, and
subsequently by TMV-RNA-Sepharose col-
umn chromatography, according to methods
described by Remy et al. (13). Although not
homogeneous, this preparation was devoid of

ribonuclease activity as shown by gel electrophoresis of TMV-RNA before and after treatment
with the synthetase. One enzyme unit esterifies 1 pmole of tRNA in 10 minutes. The TMV-RNA
was prepared from a CsCl-banded virus preparation, which was then further concentrated,
suspended in 1 percent sodium dodecyl sulfate, and extracted with an equal volume of phenol.
The TMV-RNA was esterified with histidine in the following reaction mixture (0.1 ml): 0.02M
tris-HCI (pH 7.5), 5 mM MgCl,, 2 mM ATP, 10 uM [*H]histidine, 4 to 10 pmole of TMV-RNA
per 0.1 ml, 10 ul of extract from treated Lg,, cells, and 20 units of purified histidine synthetase.
Aminoacylation was measured as trichloroacetic acid—precipitable tritium at the times in-
dicated. Discharging was measured in a system containing 1 pmole of histidinyl-TMV-RNA in
0.02¢ tris (pH 7.5), 5 mM MgCl,, 2 mM ATP, and 10 ul of cell extract. Samples were
precipitated with trichloroacetic acid at the times indicated, filtered on glass fiber disks,

washed, and counted in a scintillation counter.

527



w
2
L —e—pe 2

) J—
£, ° 120 2
) - u
o — - u—
'§r—c (=]
-~ X - E
S~ \ -8
3'04— [ ] >
2 <
Ew© o~ \ — T
2 L /\ — “
ol S
c e \, :405
o 2_, -
© / 4 5
- B
P N T S T T U0 W P 0
0 4 8 24 2
[

Hours after exposure to |F

Fig. 2. Correlation of appearance of the deac-
ylating factor with development of the antiviral
state after interferon treatment. Rabbit kidney
(RK-13) cells were treated with 10,000 units of
PIF (highly purified human leukocyte inter-
feron) at 36°C for the indicated periods of
time. At the indicated times cells were either
(i) washed three times and infected with a high
multiplicity of encephalomyocarditis (EMC)
virus for subsequent measurement of single-
cycle viral hemagglutinin (HA) yield (@) or (ii)
washed and extracted for determining deacyl-
ating activity (O) as in Fig. 1. IF, interferon.

ity was destroyed in a preparation of rab-
bit interferon by heating at 50°C, where-
as the activity that stimulates antiviral re-
sistances (interferon) survived heating to
70°C. Deacylating activity was also lost
from a crude human interferon prepara-
tion that retained its ability to induce an-
tiviral resistance after storage at —20°C
and multiple freeze-thawings. Thus
crude, dialyzed, pH 2-treated interferon
preparations are mixtures of materials re-
leased by cells after exposure to virus, in-
cluding the deacylating factor produced
by some cells in response to the inter-
feron produced by other cells.

Assays of deacylation in interferon
preparations necessarily included com-
parisons with preparations of mock inter-
feron as controls because sufficient quan-
tities of mock preparation also can de-
crease the acylation of TMV-RNA.
However, when appropriate dilutions
are used, the preparations of mock inter-
feron have little effect on the rate of acy-
lation, and the difference between mock
and interferon preparations is proportion-
al to the amount of the crude interferon
preparation added (Fig. 3). Discharging
of histidinyl-TMV-RNA is dependent on
the presence of adenosine triphosphate
(ATP), with maximum stimulation at
about 2 mM.

An experiment was designed to deter-
mine whether the deacylating factor it-
self discriminates between tRNA and vi-
ral RNA or whether a material in the mix-
tures of crude extracts and TMV-RNA
affects all aminoacylated RNA. The
TMV-RNA and tRNA were mixed and
added to incubation mixtures containing
histidinyl-tRNA synthetase and either
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the crude rabbit interferon or the mock
preparation. The results, shown in Fig.
4, indicate that the deacylating factor de-
creases selectively the amount of
aminoacyl-viral RNA and does not
cause a change in the amount of cognate
aminoacyl-tRNA. An indirect effect (for
example, inhibiting the synthetase or ac-
tivating a nuclease) would be expected to
affect aminoacylation of both species of
RNA.

A plant antiviral preparation (8) affects
aminoacyl-TMV-RNA in the same man-
ner as interferon-treated cell extracts
and crude interferon preparations (data
not shown). Further, our data show that
encephalomyocarditis virus RNA, esteri-
fied with serine, as reported by Stebbing
and Lindley (9), is also deacylated by the
interferon preparations that deacylate
histidinyl-TMV-RNA. Thus, it appears
that a deacylating factor is stimulated as
aresponse of various cells to appropriate
antiviral factors and that this factor rec-
ognizes the aminoacylated RNA of quite
different viruses. Under our experimen-
tal conditions histidinyl-tRNA and seryl-
tRNA are resistant to the factor. More-
over, several other amino acids can be
esterified to their cognate tRNA’s just as
well in the presence of the factor as in its
absence. An effect of interferon treat-
ment on Ehrlich ascites cells has re-
cently been reported by Sen ef al. (10) to
decrease the aminoacylation of some of
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Fig. 3. The effect on the histidine acylation of
TMV-RNA by the amount of crude rabbit
interferon preparation added to incubation
mixtures described in Fig. 1. The TMV-RNA
was esterified with histidine in the presence of
the mock control (®) or the crude rabbit
interferon diluted 1:600 (O). The inset shows
the inhibition of TMV esterification by the
crude interferon preparation as the calculated
difference from the control in the large
figure plotted against the amount of crude
material added. The rabbit interferon had an
antiviral potency of 1.7 X 10° units per
milliliter measured in RK-13 cells, with en-
cephalomyocarditis virus as challenge. IF,
interferon.
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Fig. 4. Selectivity of inhibition of amino-
acylation of TMV-RNA or rabbit tRNA by
crude rabbit interferon (used in Fig. 3) or the
mock control. An equimolar mixture of TMV-
RNA and tRNA was prepared, and the RNA
was esterified with [*PH]histidine as in Fig. 1 in
the presence of a 1 : 2000 dilution of crude
rabbit interferon (O) or its mock preparation
(@), followed by isolation of the aminoacylated
RNA’s. Marker tRNA and TMV-RNA were
added to permit identification of fractions by
ultraviolet light absorption, and the mixture
was separated on a column of Sephadex G-
100. The source of the rabbit tRNA was a
phenol extract of the 105,000g supernatant
fluid of clarified liver homogenates. The RNA
was precipitated from the aqueous phase
with ethanol, resuspended in 2M LiCl, clari-
fied by centrifugation, and reprecipitated with
ethanol.

the endogenous tRNA’s; it is not yet pos-
sible to relate this phenomenon to the dis-
charging described here. Similarly, we
cannot tell whether deacylation is in-
volved in the decrease of translation
caused by interferon (5, /7).

The phenomenon described here may
be useful as a rapid, simple in vitro assay
of an interferon-induced factor, thereby
permitting the identification of material
(or materials) produced in response to in-
terferon.

ILAN SELA, SIDNEY E. GROSSBERG

J. JaAMES SEDMAK, ALAN H. MEHLER
Departments of Biochemistry and
Microbiology, Medical College of
Wisconsin, Milwaukee 53233
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Ribosomal Genes of Xenopus laevis: Evidence of

Nucleosomes in Transcriptionally Active Chromatin

Abstract. Most of the reiterated ribosomal genes in the somatic cells of larvae of a
mutant of Xenopus laevis appear to be protected from short-term nuclease digestion
by being packaged in the form of chromatin subunits or nucleosomes. Since these
mutant animals probably require all of their ribosomal genes to be active in order to
maintain viability, at least some of the transcriptionally active gene sequences are
probably associated with chromatin subunits. Thus, association of DNA with nucle-
osomes may not necessarily preclude template activity, although such association is
probably of a dynamic rather than a static nature.

Evidence from a wide variety of
sources (/) indicates that most of the
chromatin of higher eukaryotes is pack-
aged into repeating arrays of globular
subunits consisting of double-stranded
DNA associated with histones separated
by stretches of DN A not packaged in this
globular form. A model for these funda-
mental chromatin particles, also called
nucleosomes (2) or nu-bodies (3), has
been proposed by Kornberg (4). In this
model about 200 base pairs of DNA are
arranged on the outside of a globular
octamer of histones with the composi-
tion (H4),(H3),(H2A),(H2B),, formerly
known as (F2A1),(F3),(F2A2),(F2B),. A
similar nucleosome model has been pro-
posed by Van Holde et al. (5). Most re-
cent evidence has supported such an ar-
rangement of histones and DNA (6) in
both native (7) and reconstituted 2, 8)
chromatin.

Indirect evidence suggests that tran-
scriptionally active (as well as inactive)
chromatin may be packaged, at least par-
tially, into the nucleosome configuration
(9-19). In all of the studies cited, how-
ever, the starting population of cells
from which the chromatin subunits were
released by nuclease digestion appeared
to be heterogeneous with respect to ge-
nomic transcriptional activity. Thus, the
nucleosomes derived from such mixed
populations could well have been re-
leased from transcriptionally inactive
gene sequences present within the start-
ing population.

Here I present evidence from nucleic
acid hybridization studies that a major
fraction of the reiterated ribosomal genes
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in the somatic cells of a mutant of the am-
phibian Xeropus laevis is protected from
short-term micrococcal nuclease diges-
tion by being packaged into nucle-
osomes. To maintain viability, larvae het-
erozygous for this mutation (the anu-
cleolate mutation) probably require all of
their ribosomal cistrons to be synthetical-
ly active (20, 21), suggesting that tran-
scriptionally active ribosomal DNA may
be partially associated with histones in
much the same manner as transcrip-
tionally inactive chromatin (9). How-
ever, this association may be rather la-
bile, as will be shown.

There are about 450 to 500 adjacent
sets of ribosomal genes per haploid ge-
nome in wild-type Xenopus laevis (22,
23). This corresponds to about 0.2 per-
cent of the nuclear DNA of diploid wild-
type somatic cells (24). Each of these tan-
demly repeated ribosomal cistrons in-
cludes DNA which codes for a 40§ RNA
transcript that is a precursor to 285 and
18§ ribosomal RNA (rRNA) as well as
DNA for a nontranscribed ‘‘spacer’’ re-
gion of high deoxyguanylic and deoxy-
cytidylic acid (G + C) content (22, 24).
In diploid wild-type animals the 1000 or
so cistrons are distributed equally be-
tween two nucleolar organizer regions lo-
cated on homologous chromosomes (25).
Such animals usually have two nucleoli
per nucleus during early larval stages of
development and are hence designated
as +/+ nu (26).

In a certain strain of these animals
there is a stable mutation, the anucleo-
late mutation, which involves the total
deletion of the repeated ribosomal genes

from the nucleolar organizer region of
the chromosome (22, 27). Animals heter-
ozygous for this mutation (0/+ nu indi-
viduals) have only one nucleolus per nu-
cleus but are viable even though they
have only half of the number of ribosom-
al genes (about 500) of the wild type. On
the other hand, animals homozygous for
the anucleolate mutation (0/0 nu individ-
uals) have no detectable ribosomal DNA
in their genomes (24), never synthesize
any rRNA (28), and die at an early larval
stage of development [stage 41 or 42
6)].

In all embryos of Xenopus which have
ribosomal cistrons in their genomes,
rRNA synthesis commences only after
the early gastrula stage of development
has been reached [stage 10 or 11 (29),
some 10 to 12 hours after fertilization
30)]. From this time onward the rate of
synthesis appears to increase contin-
uously until about the heartbeat stage of
development when it begins to slow
down and reaches a maximum plateau
sometime around stages 42 to 45 (the
feeding tadpole stage) of development
(26, 30). By this stage of development
the heterozygous +/0 nu animals are syn-
thesizing rRNA at the same absolute rate
as are +/+ nu wild-type animals 2/, 28).
This compensation in rates of synthesis
by the heterozygotes can be explained ei-
ther by assuming that wild-type animals
have only about half of their cistrons
transcriptionally active or by postulating
that the +/0 nu individuals are synthesiz-
ing rRNA at twice the wild-type rate on
all of their cistrons (27). In either case,
all of the cistrons of the +/0 nu animals
are probably transcriptionally active, be-
cause a reduction of the number of ribo-
somal cistrons below the heterozygous
level (as shown in a series of partial dele-
tion mutations) results in larval death
0, 21).

The nature of the structure within tran-
scriptionally active chromatin was inves-
tigated by means of two types of experi-
ments: (i) Radioactive rRNA was hybrid-
ized to purified monomer nucleosome
(monosome) DNA fragments (about 200
base pairs in length) derived from micro-
coccal nuclease-treated nuclei obtained
from heterozygous +/0 nu tadpoles
(stage 42 or 46) engaged in maximal rates
of rRNA synthesis. (ii) Similar saturation
hybridization experiments were con-
ducted with monosome DNA fragments
from early embryonic stages just before
(blastula, stage 8 or 9) and just after
(neurula, stages 16 to 18) the onset of
rRNA synthesis. In the latter experi-
ments, all of the animals resulting from
+/0 nu X +/0 nu matings were used be-
cause of the difficulty in identifying the
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