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nterferon Action: RNA Cleavage Pattern of a 
(2'-5')Oligoadenylate-Dependent Endonuclease 

Abstract. One of the mediators of interferon action is a latent endoribonuclease 
(ribonuclease L )  that is activated by (2'-5')oligoadenylates. Among the homopoly- 
mers of the four common ribonucleotides, activated ribonuclease L degrades at an 
appreciable rate only polyuridylic acid. In two natural RNA's  tested the most 
.frequent ribonuclease L cleavages occur after UA,  UG, and UU (A ,  adenine; U ,  
uracil; and G, guanine) and much less frequent cleavages after C A  and AC (C,  
cytosine). 

Interferons are components of the 
antiviral and antitumor defenses of ver- 
tebrates. The treatment of cells with 
interferons is revealed in the cell extracts 
in several ways (1). Thus in an extract 
from interferon-treated cells (such as 
Ehrlich ascites tumor or HeLa cells) 
added messenger RNA is cleaved much 

faster than in a corresponding extract 
from control cells. The faster cleavage 
requires adenosine triphosphate (ATP) 
and is manifested only if the extract 
is supplemented with double-stranded 
RNA (2). The enzyme system catalyzing 
the cleavage consists of two components 
(3). The first component is (2'-5')oligo- 

Fraction number 

adenylate synthetase, an enzyme in- 
duced by interferon, which if activated 
by double-stranded RNA converts ATP 
to (2'-5')oligoadenylates, such as ( 2 ' -  
5')pppApApA (4). This enzyme was pu- 
rified to homogeneity and characterized 
(5, 6). The second component is ribo- 
nuclease L,  a latent endoribonuclease, 
which can be activated by (2'-5')oligo- 
adenylates (3, 7-9). The activation is 
reversible. It has been shown that on 
removal of (2'-5')oligoadenylates the en- 
zyme returns to the latent state and on 
readdition of (2'-5')oligoadenylates it be- 
comes reactivated (10). Here we present 
data on the unusual RNA cleavage pat- 
tern of the enzyme. 

Partial purification of ribonuclease L 
by differential precipitation with ammo- 
nium sulfate and chromatography on 
DEAE-cellulose have been reported 
(10). Further purification by chromatog- 
raphy on phosphocellulose and poly(A)- 
agarose (11) increased the specific activi- 
ty of the enzyme preparation about 14- 
fold. We have tested the cleavage prefer- 
ence of the ribonuclease L preparation 
first with poly(U) (polyuridylate), po- 
ly(A) (polyadenylate), poly(C) (polycyti- 
dylate), and poly(G) (polyguanylate). Of 

Fig. 1. RNA cleavage patterns of ribonuclease L: Experiments with homo- 
polyribonucleotides. Ribonuclease L from Ehrlich ascites tumor cells was 
further purified from the DEAE-cellulose fraction of Slattery et a / .  (10) by 
chromatography on phosphocellulose and poly(A) agarose (11). The (2'- 
5')pppApApA was prepared according to Samanta et a / .  (6). [5-3H]Poly(U) (39 
pCi per micromole of P), [8-3H]poly(A) (50.9 pCi per micromole of P), and [5- 
3H]poly(C) (41 pCi per micromole of P) were obtained from Miles Labora- 
tories; [8-'4C]poly(G) (3.2 pCi per micromole of guanine) and [8-'4C]poly(A) (3 
pCi per micromole of adenine) were obtained from P-L Biochemicals. 
Ribonuclease L was assayed as follows: the homopolyribonucleotide (50 
pglml) was incubated in buffer A, consisting of 25 mM tris-CI, pH 8.2, 75 mM 
KCI, 5 mM magnesium acetate, and 10 mM P-mercaptoethanol without or 
with ribonuclease L (12 pglml) and without or with (2'-5')pppApApA (1 pM in 
adenosine monophosphate equivalents) in a final volume of 30 p1 at 30°C. After 
10 minutes the reaction was terminated by the addition of 200 p1 of buffer B [lo 
mM tris-Cl, pH 7.5, 100 mM NaCI, 1 mM EDTA, 0.1 percent (weight to 
volume) sodium dodecyl sulfate], and a 200-4 portion of the reaction mixture 
was applied on top of a 11.5-ml linear sucrose gradient [15 to 40 percent 
(weight to volume) in buffer B] and centrifuged at 177,000g at 15'C for 21 
hours. In the analyses of experiments with [3H]poly(U), [3H]poly(C), and 
[I4C]poly(G), Escherichia coli transfer RNA (0.25 pglml) was used as an 
internal marker (sedimentation coefficient, 4s); in those with [3H]poly(A), the 
internal marker was ['4C]poly(A) (sedimentation coefficient, 9s).  Fractions 
(300 p1) were collected and counted in a scintillation counter. (A) Experiments 
with poly(U); (B) experiments with poly(C); (C) experiments with poly(G); (D) 
experiments with poly(A). 0, Incubation without ribonuclease L and (2'- 
5')pppApApA; A ,  incubation with ribonuclease L but without (2'-5')pppA- 
pApA; m, incubation with both ribonuclease L and (2'-5')pppApApA. The 
locations in the gradients of tRNA (4s) and of 9S-['4C]poly(A) (M) are 
indicated by arrows. Percent countlrnin is the ratio of the net counts per 
minute in the fraction to the sum of the net counts per minutes in all fractions 
(the net counts per minute is the number of counts per minute in the fraction 
minus the background). 
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these homopolymers only poly(U) was 
appreciably degraded under our condi- 
tions (12 kg of enzyme preparation per 
milliliter of reaction mixture at 30°C for 
10 minutes), as revealed by sucrose gra- 
dient centrifugation (Fig. 1). Although 
some poly(U) cleavage occurred without 
added (2'-Sf)pppApApA, the addition of 
this activator resulted in a strong en- 
hancement of the cleavage. Further stud- 
ies are needed to establish whether the 
slow and apparently (2'-S1)pppApApA- 
independent poly(U) cleavage is cata- 
lyzed by either native ribonuclease L or 
by a form of the enzyme that has lost its 
absolute dependence on (2'-S1)pppAp- 
ApA in consequence of partial denatura- 
tion or by an unknown contaminating 
nuclease degrading poly(U) but not any 
of the other three homopolyribonucleo- 
tides. 

For examining the cleavage preference 
of ribonuclease L in a natural polyribo- 
nucleotide we used as substrate a bacte- 
riophage T7-specific RNA segment (des- 
ignated as RS) that was labeled at its 5' 
end and whose nucleotide sequence has 
been established (12, 13) (Fig. 2). Gel 
electrophoresis (Fig. 2) of uncleaved 
(control) R5 (track A), of RS partially 
cleaved by the guanine-specific ribonu- 
clease T1 (used to verify the sequence, 
track B), of R5 partially cleaved by alkali 
(to generate the sequence ladder present- 
ed from top to bottom in the 3' to 5' 
direction, tracks C and H) (14), and of RS 
incubated with ribonuclease L at 12 or 24 
pg/ml without (tracks D and F) and with 
(2'-S1)pppApApA (tracks E and G) re- 
veals that cleavage by ribonuclease L 
without (2'-S1)pppApApA is barely de- 
tectable, an indication that in the course 
of ribonuclease L purification most of 
the contaminating nucleases have been 
removed. In the presence of (2'-S1)pppA- 
pApA the major cleavages (whose se- 
quence context could be determined) oc- 
cur after UA, UA, UU, UA, UG, and 
UG (if read from bottom to top). Minor 
cleavages can be found after CA, UU, 
and UU, and very rare cleavages occur 
after AC, AC, CG, and UU. The effect, 
if any, on the rate of cleavage of the 
nucleotide at the 3' side of the cleavage 
point is not obvious. 

The sequence of the R5 RNA segment 
indicates no strongly hydrogen-bonded 
regions (12,13). We also studied, howev- 
er, the preferred ribonuclease L cleavage 
sites in an RNA segment with a well- 
defined secondary structure, that is, the 
3' terminal region of bacteriophage R17 
RNA (15). The major RNA cleavage 
sites in this occurred after three UU 
sequences, a minor cleavage after UG, 

A B C D E F G  - 

Fig. 2. RNA cleavage patterns of ribonuclease 
L: Experiments with a T7-specific RNA seg- 
ment. A T7 DNA segment designated as 
Hpa I1 140b was transcribed by means of T7 
RNA polymerase with the use of y32P-la- 
beled guanosine triphosphate (specific activi- 
ty, 1400 Cilmmole; New England Nuclear) 
and three unlabeled nucleoside triphosphates 
(12, 13). An 85-nucleotide-long transcript ob- 
tained (R5) was purified by gel electrophore- 
sis (20). The sequence of R5 had been deter- 
mined (12, 13). The y-32P-labeled RS RNA (4 
a, 30,000 countlmin) was incubated without 
or with ribonuclease L (in the amounts indi- 
cated) and without or with (2'-Sf)pppApApA 
(1 pM in adenosine monophosphate equiva- 
lents) in buffer C in a final volume of 30 p1 at 
30°C for 30 minutes. Samples were prepared for 
electrophoresis on 20 percent polyacrylamide 
gel (14). Partial digestions of samples of R5 
RNA (2 pg, 15,000 counthin) with ribonucle- 
ase T1 and alkali were also performed as 
described (14). The RNA samples were ana- 
lyzed by electrophoresis at 1800 volts for 3 
hours and radioautography (14). (Track A) 
Control (undigested) RNA; (track B) RNA 
treated with ribonuclease T1; (tracks C and 
H) treated with alkali; (track D) treated with 
ribonuclease L (12 pg/ml); (track E) treated 
with ribonuclease L (12 pg/ml) and (2'- 
5')pppApApA; (track F) treated with ribonu- 
clease L (24 pg/ml); and (track G )  treated with 
ribonuclease L (24 pg/ml) and (2'-5')pppA- 
pApA. The sequences are indicated from the 
top to bottom in the 3' to 5' direction. 

and a barely detectable one after GA. All 
of these cleavages occurred in single- 
stranded  loo^ structures and none of 
them in self-complementary, hydrogen- 
bonded regions (11). 

Further experiments with poly(U) in- 
dicate that in the course of degradation 
the activated ribonuclease L generates 
products with phosphate at their 3' ter- 
mini and hydroxyl residues at their 5' 
termini (11). 

Our results establish that ribonuclease 
L, which is known to be distinctive 
among the nucleases in its dependence 
on an unusual oligonucleotide [(2'-5')- 
pppApApA] for activity (3, 6-3, is 
different from other nucleases (16) in its 
cleavage preference. The activated ribo- 
nuclease L can efficiently cleave single- 
stranded RNA after at least three dinu- 
cleotides (UA, UG, and UU) out of the 
16 possible. This makes it most unlikely 
that, as one of the mediators of the 
antiviral action of interferons, the en- 
zyme should cleave only viral RNA [see 
also Baglioni et al. ( 3 ,  Clemens and 
Williams (8), and (131. It is curious that 
(i) the most preferred cleavage sites of 
activated ribonuclease L include a 
uridylate residue and (ii) the activators of 
ribonuclease L [(2'-Sf)oligoadenylates] 
consist of nucleotides complementary to 
uridylates. Whether or not direct U to A 
pairing occurs during this enzyme's ac- 
tion remains to be seen (18). 

Note added in proof: After this manu- 
script was submitted, I. M. Kerr and his 
colleagues reported that (2'-S1)oligo- 
adenylatedependent ribonucleases in 
rabbit reticulocyte lysates and in crude 
extracts from Krebs ascites cells and 
Daudi cells cleave several viral RNA's 
predominantly at the 3' side of UA and 
UU sequences yielding 3'-phosphate ter- 
minated products (19). 
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Inflammatory Toxin from Mycoplasma bovis: 

Isolation and Characterization 

Abstract. A n  inflammatory toxin was extracted from Mycoplasma bovis with 75 
percent aqueous ethanol. The toxin is a complex polysaccharide composed of 
glucose, glucosainine or galactosamine, and a heptose, is heat-stable, devoid of 
protein and lipid, and has a molecular weight of 73,000. The holotoxin in the cell 
membrane is a glycoprotein; however, it is the polysaccharide portion that is toxic. 
This inflammatory toxin increases vascular permeability and is capable of activating 
complement. Injirsion of 0.9 milligram of toxin into the bovine udder. resulted in the 
characteristic eosinophilic rnastitis produced by Mycoplasma bovis. 

Most cases of bovine mycoplasmal 
mastitis are due to  Mycoplasma bovis 
(1). In cattle with mastitis caused by this 
organism, the inflammation at  the acute 
stage is characterized by exudation of 
mostly eosinophils in the alveoli. Later 
on an interstitial reaction with eosino- 
phils and mononuclear cells, including 
plasma cells and lymphocytes, develops. 
The chronic stage is characterized by 
progressive fibroplasia around ductuli 
and alveoli, with hypertrophy of alveolar 
epithelium (2). Some animals may return 
to  secretion of normal-appearing milk 
within a few weeks; others may not d o  so 
until the next lactation, if a t  all. In either 
situation the yield of milk is far below 
that prior to  the disease (3). 

Of the mycoplasmas that are known 
pathogens, only a few appear to  produce 
a pathogenic toxin. Relatively little is 
known about these toxins. 

A neuroactive exotoxin is produced in 
cultures of Mycoplasma neurolyticum, 
which is the causative agent of "rolling 
disease" in mice (4, 5). The toxin is a 
protein with a molecular weight greater 
than 200,000. It is thermolabile, being 
destroyed by heating at 45OC for 15 min- 
utes, and is destroyed by treatment with 
trypsin (6). Mycoplasma gallisepticum 
also has a neurotoxic property; however, 

the organism does not produce an exo- 
toxin; all of its neurotoxicity is associat- 
ed with the living organism (3. Myco- 
plasma fermentans possesses a toxic 
factor that is associated with both viable 
and lysed cells (8) .  When injected intra- 
peritoneally into mice, a lethal toxicity 
syndrome is induced which resembles 
shock and is similar to  that caused by 
endotoxins of Gram-negative organisms 
(9). Viable cells and membrane prepara- 
tions of Mycoplasma pneumoniae in- 
duce necrosis of organ cultures of adult 
hamster trachea. The lesions produced 
include ciliostasis, vacuolization, loss of 
ciliated respiratory epithelial cells, dis- 
organization, and a loss of polarity (10). 
Mycoplasma pulmonis and Mycoplasma 
urthritidis are toxic for mice and rats. 
Intravenous injection of either organism 
is usually lethal within 2 to 3 days (11). A 
galactan was isolated from Mycoplasma 
mycoides, the causative agent of conta- 
gious bovine pleuropneumonia, which is 
composed of 90 percent D-galactose, 
about 4 percent lipid, less than 2 percent 
nitrogen, and less than 0.1 percent phos- 
phorus (12). Intravenous injection of this 
galactan into cattle causes dramatic 
stress: the rate of respiration increases, 
the animals cough and salivate, and then 
they collapse. The animals will, howev- 
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er, return to  normal within a few days 
(13). Lysed Mycoplasma bovis cells are 
also toxic. Infusion of lysed Mycoplas- 
ma bovis into the udders of cows result- 
ed in severe, acute mastitis character- 
ized by an eosinophilic response (14). 

In this report we describe the isolation 
and purification of an inflammatory toxin 
from Mycoplasma bovis, and discuss its 
biochemical and biological characteris- 
tics. 

Mycoplasma bovis was cultured in 
Bacto PPLO broth (Difco) supplemented 
with 20 percent sterile swine serum at  
37°C for 48 hours. The cells were centri- 
fuged for 20 minutes at  12,50Og, washed 
twice in phosphate-buffered saline 
(PBS), resuspended at  1000 times the 
original concentration, lysed by freezing 
and thawing, and washed twice in PBS. 
Lipids were extracted from this mem- 
brane preparation with a mixture of chlo- 
roform and methanol (2: 1 by volume) 
and then with 75 percent aqueous etha- 
nol (by volume) at 56°C with constant 
stirring for I hour. This membrane resi- 
due was hydrolyzed with the broad spec- 
trum proteolytic enzyme, Pronase B (1.0 
mg per 4.5 mg of membranes) for 18 
hours at 37OC, after which it was again 
extracted with 75 percent aqueous etha- 
nol. The toxin, which was extracted into 
this aqueous ethanol, was run on a Bio- 
Gel A-5M column, with PBS as the elu- 
ant. The molecular weight of the toxin 
was determined to be 73,000 by compari- 
son to a curve for standard dextrans that 
were also run on this column. 

Protein determination by the method 
of Lowry et al. (15) showed that the 
toxin contained no detectable protein. 
Sugar analysis by gas-liquid chromatog- 
raphy of trimethylsilyl derivatives (16) of 
the toxin revealed the toxin to  be com- 
posed of glucose, glucosamine or galac- 
tosamine, and a heptose. Fatty acid anal- 
ysis (17) of the toxin by gas-liquid chro- 
matography failed to  demonstrate the 
presence of any fatty acids, and a test for 
2-keto-3-deoxyoctonate was also nega- 
tive (18). 

Since extraction of the toxin required 
prior digestion of the protein, it was 
possible that the toxin was covalently 
bound to a protein embedded in the 
membrane. We therefore solubilized My- 
coplasma bovis membranes with sodium 
dodecyl sulfate and then ran them on 7.5 
percent polyacrylamide gels. Scans of 
these gels, stained with Coomassie blue 
for proteins and periodic acid-Schiff 
for carbohydrate, revealed 32 protein 
bands and one carbohydrate band which 
corresponded to one of the protein peaks 
(Fig. 1). The presence of glycoproteins in 
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