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INTERFERON, DOUBLE~STRANDED RNA AND RNA DEGRADATION.
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SUMMARY. We reported earlier that a) the incubation of an extract from
interferon-treated Ehrlich ascites tumor cells with double-stranded RNA and
ATP results in the activation of an endonuclease and b) after the activation
the double-stranded RNA and ATP can be degraded without impairing the activity
of the endonuclease. We report now the separation and partial purification of
two macromolecular components (DEliyp and DE21yr) involved in the process.

Upon incubation with double-stranded RNA and ATP component DELTNT generates a
heat-stable product of low molecular weight (designated as nuclease activator).
On incubation with the nuclease activator a latent nuclease in component DE2{yp
is activated.

INTRODUCTION

Interferons are glycoproteins which are synthesized in a variety of animal
cells upon viral infection or treatment with other interferon inducers. The
most efficient artificial inducer is dsRNA, e.g., poly(I):poly(C). Though
dsRNA is accumulated during the replication of some viruses it has not been
established if it is a mediator in the induction of interferon by viruses.

The interferons are released from the cells in which they are produced, inter-
act with other cells and inhibit in these the replication of various viruses (1)
The treatment of mouse EAT or 1929, or human Hela S3 cells with interferons

is manifested in the cell extract in various ways (2-7). Some of these mani-
festations depend on the addition of dsRNA and ATP to the extract. Thus: a)
various single-stranded RNAs are degraded faster in reaction mixtures

containing S301yy than in those containing S30¢ but only if the reaction
mixtures are supplemented with dsRNA and ATP (8,9). These two agents are needed
for the activation of an endonuclease activity, but do not have to be present
during the cleavage of RNA (3,9). We designated the system in S301yT that

is activated by dsRNA and ATP and is responsible for the acceleration of

single-stranded RNA degradation as endonuclease (8). b) dsRNA also promotes

INT
Abbreviations: DElagyr, DElbI N DEl1yy, DE21yy and DElag, DElbg, DEl,, DE2q,
different fractions purified by chromatography on DEAE-cellulose of extracts
from interferon-treated and from control cells; ds, double-stranded; EAT,
Ehrlich ascites tumor; PMSF, phenylmethylsulfonylfluoride; °30 NT and 530ca
extracts from interferon-treated and from control cells.
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the phosphorylation of a few proteins in 830 and only much less so in 830C

(4,10,11). A protein kinase activated by dségi was partially purified and
found to phosphorylate eIF-2, one of the peptide chain initiation factors
(Sen et al., submitted for publication). c) dsRNA and ATP added to an
extract of interferon-treated L cells promote the formation of a low molec-
ular weight, heat-stable compound. This compound blocks translation in
extracts from control or interferon-treated cells (4,5). It is thought to be
an oligoadenylate derivative (12).

In this communication we describe the separation and partial purification

of two macromolecular components, DE1 and DEQINT, which are involved in

INT
the activation and action of endonucleaseINT. Upon incubation with dsRNA and
ATP, DElINT synthesizes a low molecular weight, heat-stable product (nuclease

activator). Incubation of the nuclease activator with DEQINT results in the
activation of endonucleaseINT.
METHODS

Purification of components of the endonuclease system

INT

The low speed (30,000 g) supernatant fractions were prepared from FAT cells
that were treated with 650 to 1300 units (of NIH mouse reference standard)
interferon/ml (sp. act. 2 x 107 units/mg protein )(13) for 24 to 36 h (S301y7)
or from control EAT cells (S30¢c) according to the procedure of Brown et al.
(8). 830r§T (2340 mg protein; 80 ml) was supplemented to adjust its final
composition to that of buffer A (25 mM TrisCl (pH 7.8), 220 mM KC1l, 30 mM beta-
mercaptoethanol, 5 mM magnesium acetate, 1 mM ATP, 1 mM ethylenedismine
tetraacetic acid (EDTA), 30 uM phenylmethylsulfonylfiuoride {PMSF), 0.05% (w/v)
Triton X-100Q, and centrifuged at 200,000 x g and 2° for 2 h. The supernatant
fraction (S2001yyp) was removed and the pellet suspended in 80 ml of buffer A
{(which had been supplemented with KC1 to a final concentration of 500 mM) by
stirring on ice for 3 h. The suspension was centrifuged as above and the
supernatant fraction (ribosomal wash; 132 mg protein) was combined with the
5200yr. 150 ml of the combined fractions was supplemented with 50 ml of a
saturated (sat.) solution of (NHh)stb (which had been adjusted to pH 8.2 with
NaHCO3) and stirred at 0° for 30 min. The precipitate was collected by centri-
fugation at 16,000 g and 2° for 2 min and discarded. The supernatant
fraction was supplemented with 31 ml of sat. (NH)),S0) and the precipitate was
collected as above and suspended in buffer B (10 mM TrisCl (pH 8.3), 30 mM
beta~mercaptoethanol, 1 mM EDTA, 30 um PMSF, 10% (w/v) glycerol) (fraction
AS25-351gT/)- The resulting supernatant fraction was supplemented with b2 m1
of sat. (NHh)QSOh and the precipitate was collected as sbove and suspended
in buffer B (fraction AS35-45yT). The AS fractions were dialyzed against
two changes of 2 liters each of buffer B for altogether 15 h. After dialysis
the AS35-45INT fraction (158mg protein) was diluted to 15 ml with buffer B and
applied to a 5 ml DE-52 (Whatman) DEAE-cellulose column which had been equili-
brated with buffer B. The flowthrough fraction (19 ml) was designated as
DElaryp. The column was eluted first with buffer B containing 50 mM KC1
yielding DElbryr (17 ml; total protein in fractions DElaryr and DElbyt
18.4 mg) and subsequently with buffer B containing 200 mM KC1l yielding
fraction DE2ryr (15 ml; 28.8 mg protein). All fractions were stored in small
aliquots in liquid nitrogen. 10 ml of S30¢ was fractionated as above yielding
4.6 ml of DElag + DElbg and 3.2 ml DE2(.
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RESULTS

The acceleration of RNA cleavage by dsRNA and ATP in extracts of interferon-

treated cells requires at least two macromolecular components: A convenient

assay for detecting endonuclease activity was based on the use of labeled
bacteriophage R17T RNA as a substrate and gel electrophoresis and radioautography
to resolve the cleavage products. The data obtained with this assay verify

that dsRNA and ATP accelerate the cleavage of the labeled R17 RNA in S30
but much less so in S3OC (Fig. 1A).

INT?

Using this assay we established that the endonuclease activity in S30

is divided between the high speed supernatant fraction aithhe high salt waigT
fraction of ribosomes. These fractions were combined and further fractionated
by differential precipitation. All of the activity detected was in the
precipitate formed between 35 and L45% saturation with (NHh)ESOh' This

DElb ard DE2 ) by

INT?® INT INT
ion exchange chromatography on DEAE-cellulose. None of the three fractions

material was divided into three fractions (DEla

had endonucleaseINT activity in itself, however mixtures of DElaINT with
D

E2 yp OF DElbryq with DE2... had the activity (Fig. 1B). For subsequent

studies the DEla and DElb fractions were combined to yield fraction DE1l

INT INT INT®
dsRNA and ATP trigger the synthesis by DElINT of a heat-stable nuclease
activator. The addition of the nuclease activator to DE2INT gives rise to
endonucleaseINT activity: The experiments in Fig. 2 were prompted by a) the

above finding that at least two protein components are involved in endo-

nucleaseINT function, b) the recognition that dsRNA and ATP are required only

for the activation of endonuclease .. not for its action(s) and c) the dis-

covery that incubation of dsRNA and ATP in S30 gives rise to a heat-stable

INT
small molecule that inhibits protein synthesis (4). Our experiments revealed

that upon incubation of DElINT with dsRNA and ATP a heat-stable product is
formed which, if added to DE2 i Promotes R17 RNA cleavage (lane 6). We
will designate this product as "nuclease activator". DEL or DE2 alone

INT INT
do not cleave RNA even in the presence of dsRNA and ATP (lanes 1 and 4).

DE2INT does not substitute for DElINT in synthesizing the nuclease activator

in the absence or presence of dsRNA (lanes 2 and 3). If either dsRNA or

ATP is omitted from the reaction mixture with DElI the nuclease activator

NT
is not formed (lanes 5 and 9). Neither is it formed if the reaction

mixture containing DElINT’ ATP and dsRNA is heated to 100° prior to incubsation

(lane 7). Finally DEl, does not substitute for DEl in synthesizing the

INT
nuclease activator (lanes 11 to 1h).
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Fig. 1. The promotion of RNA cleavage by dsRNA and ATP involves at least two
protein fractions. Assay by gel electrophoresis and radioautography. A)

Effect of dsRNA on R17 RNA cleavage in S30¢ and S30ryp. The reaction mixtures
(30 ul) contained buffer C (25 mM TrisCl (pH 8.0), 120 mM KC1, 5 mM magnesium
acetate, 6 mM beta-mercaptoethanol) as well as 1 mM ATP, 50,000 cpm of (32p]-
lsbeled R17 RNA (sp. act. 1.5-6.0 x 10° cpm/yg), 133 ug/ml unlabeled R17 RNA
(prepared by a procedure {1k} modified from that of J. Steitz) and either

2 ul S30c or 2 pl S30TNT as indicated, and 5 pg/ml poly(I)-poly(C) (Miles
Laboratories) if so indicated. They were incubated at 30° for 2 h. Thereafter
the resctions were terminated by the addition of 10 ul of a solution containing
50 mM Tris borate (pH 8.6), 2 mM EDTA, 50% (v/v) glycerol, 0.5% (w/v) SDS and
0.002% (w/v) bromophenol blue (serving as an electrophoretic marker}. The
entire reaction mixtures were analyzed by gel electrophoresis in 3.5% poly-
acrylamide gels containing 50 mM Tris borate (pH 8.6), 2 mM EDTA and 0.1% SDS
(15). Samples were loaded onto 16 cm x 21 cm x 1.5 mm slab gels and were
electrophoresed at 200 volts for 3 h and analyzed by radioautography on Kodak
XRS5 film using a 12 to 14 h exposure time. B) Effect of dsRNA on R1T RNA
cleavage in reaction mixtures containing equivalent aliquots of fractions from
S301yT obtained by fractional precipitation with (NHu)2SOL and DEAE-cellulose
chromatography. (The term equivalent means that the aliquots were obtained
from the same volume of cell extract.) The composition of the reaction
mixtures was as described in A) except that S30¢ and S301yr were omitted and

as indicated 3.3 yl DElaryp, or 3.0 ul DElbiyT or 2.6 ul DE2iyp or a mixture

of two of these fractions was added with or without 5 mg/ml of poly(I)-poly(C)
as indicated in the figure. The processing of the reaction mixtures was as
described in A). The location of various RNA size markers in the electrophoresis
is indicated by arrows.

The nuclease activator is a small molecule: Nuclease activator was

generated by incubating DElINT with dsRNA and ATP, and subsequently DElINT

was inactivated by heating. The reaction mixture was lyophilized, dissolved
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Fig. 2. Incubation of DEl_ (but not of DE1.) with dsRNA and ATP give rise to
a heat-stable nuclease activator which if addéd to DE2___ activates a nuclease
cleaving R17 RNA. Assay by gel electrophoresis and radidsutography. A) dsRNA
promotes the synthesis of a heat-stable nuclease activator by DEirym. Fractions
DElaryr and DElbyyp were combined in a volume ratio of 3.3 to 3.0 and the
mixture was designated as DElyyp. Either 2.6ul DE2qyp (lanes 2, 3) or 3.1 ul
DElyr (lanes 5,6) or no protein fraction (lanes 1, E) were incubated in a

19 pl reaction mixture containing buffer C, :1 mM ATP as well as 5 pg/ml
poly(I).poly(C) (lanes 3, 6) or no poly(I)-poly(C) (lanes 1, 2, 4, 5) at 30°
for 2 h (first incubation). Thereafter the reaction mixtures were kept at 100°
for 5 min and at 0° for 20 min. Some of the reaction mixtures were supplemented
with 3.1 ul DElyp (lanes 1 to 3) others with 2.6 ul DE2TN7 (lanes L to 6) and
all with 1 mM ATP, 50,000 cpm [32P] R17 RNA and 133 pg/ml of unlabeled R1T RNA
in a final volume of 30 ul in buffer C. The reaction mixtures were incubated
at 30° for an additional 2 h and were processed for gel electrophoresis as
described in Fig. 1A, B) DElpyp is heat labile; the synthesis of a heat-stable
nuclease activator by DElryp in the presence of dsRNA requires incubation. The
composition, incubation and processing of the reaction mixtures in lanes 7, 8
was as in the case in lane 6 (in A)) except that the reaction mixture in lane 7
was shifted to 100° immediately after mixing (i.e., the first incubation at

30° for 2 h was omitted). C) ATP is required (in addition to dsRNA) for the
synthesis of the nuclease activator by DElryp. The composition, incubation and
processing of the reaction mixturegin lanes 9, 10 was as in the case of that in
lane 6 (in A)) except that ATP was omitted from the first incubation of the
sample in lane 9. D) DEl; does not substitute for DElyyr in synthesizing the
nuclease activator. The composition, incubation and processing of the reaction
mixtures in lanes 11 to 1k was as in the case of that in lane 6 (in A)) except
that no poly(I)-poly(C) was added to the reaction mixtures in lanes 11 and 13
and that 3.1 pl of DEl¢ was added (instead of DEl{NT) to the reaction mixtures
in lanes 11 and 12.

in water, supplemented with labeled R17 RNA and ATP (to serve as size markers)

and fractionated by gel filtration on a Sephadex G-25 column. The resulting
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Fig. 3. The heat-stable nuclease activator is & small molecule as determined
by gel filtration. 155 ul DEliyT was incubated with 1 mM ATP and 5 ug/ml
poly(I)-poly(C) in buffer C in a total volume of G50 ul at 30° for 2h. The
reaction mixture was kept at 100° for 5 min, frozen at -20°, lyophilized to
dryness and suspended in 150 ul of water. It was supplemented with 200,000 cpm
each of [32P]-R17 RNA and y[32P]ATP (serving as size markers) and was applied
to a 0.6 cm x 24 cm Seghadex G-25 (fine) column equilibrated with 10 mM

Tris C1 (pH 8.3). (y[32P]ATP was synthesized by the procedure of Farrell et al.,
ref. 16.) The column was developed with the equilibrating buffer. 0.3 ml
fractions were collected and 20 ul of each was counted in a liquid scintillation
system. 10 ul of each fraction was added to a reaction mixture containing

1.3 pl DE21yp, 100,000 cpm [32P]RNA and 133 ug/ml of unlabeled R17 RNA in a
final volume of 15 ul in buffer C. The reaction mixtures were incubated at 30°
for 2 h and were processed for gel electrophoresis as described in Fig. 1.

The segment of the gel containing the undigested R17 RNA, the top 1.5 cm of
each lane, was cut out and counted in 4 ml of formula 963 scintillation fluid
(New England Nuclear). o----0, cpm/20 ul fraction (indicating the location in
the effluent of the size markers: labeled R17 RNA and ATP); e—,

cpm/gel segment indicating the amount of uncleaved R1T RNA in the various
reaction mixtures supplemented with different effluent fractions.

The reaction mixtures supplemented with fractions 16 to 22 contained the least
amount of uncleaved R1T RNA. Thus, these are the fractions containing the
most nuclease activator. The contribution-to the cpm/gel segment by the
[32PJR17 RNA added as size markers is less than 3%, i.e., negligible.

fractions were counted in a scintillation counter to locate the size markers

in the effluent (see the legend to Fig. 3). Aliguots of each fraction were

added to reaction mixtures containing DE2INT and R17 RNA to test for nuclease

activator. The data in Fig. 3 show that the nuclease activator is eluted in

the included volume (i.e., after R17 RNA) but before ATP. Thus it is

presumably a small molecule (smaller than 5000 daltons but larger than ATP).
DISCUSSION

The following observations indicate that dsRNA and ATP are not needed for

952



Vol. 81, No. 3, 1978 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

the activation of DE2INT by the nuclease activator: Nuclease activator
that has been purified by gel filtration to remove ATP and dsRNA, does
activate DE2 ... Moreover the addition of ATP and poly(I)-poly(C) to a

reaction mixture containing DE2IN and & nonsaturating concentration of

purified nuclease activator, doesTnot result in a further increase in nuclease
activity (Ratner et al., manuscript in preparation).

The nuclease activator shares the following characteristics with the low
molecular weight, heat-stable compound reported by Kerr et al. (12) to be

synthesized in S30 from L929 cells in the presence of dsRNA and ATP: It is

inactivated by snaigTvenom diesterase but not by Pl RNase (Ratner et al.,
manuscript in preparation).

We purified the agent(s) that is (are) converted into an active endo-
nuclease upon treatment with the nuclease activator at least 50 fold. The
partially purified agent(s) is (are) responsible for most of the increase in

nuclease activity in S30 resulting from the addition of the nuclease

INT
activator.. It remains to be seen if the same nuclease sasctivator activates
one or several inactive nucleases.

Preliminary experiments reveal that DE2, does contain significant amounts

of the agent(s) activated by the nuclease gctivator but not more than half as
much as DEZINT. DElC seems to be much less active than DElINT in generating
the nuclease activator (Ratner, et al., manuscript in preparation).

In conclusion it should be noted that it is in line with the involvement of
a nuclease in mediating (at least some of) the antiviral effects of interferons
that the average half life of reovirus mRNAs is about 12 h in control L1929
cells but only sbout 4 h in interferon-treated L929 cells (Desrosiers et al.,
manuseript in preparation).
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