
THE REVERSIBLE INACTIVATION OF TOBACCO MOSAIC VIRUS 
BY CRYSTALLINE RIBONUCLEASE 

BY HUBERT S. LORING 

(From the Department of Animal and Plant Pathology of The Rockefeller Institute for 
Medical Research, Princeton, New Jersey, and The Department of Chemistry, 

Stanford University, California) 

(Received for publication, September 5, 1941) 

The inactivation of plant viruses by enzymic action has been reported by 
several investigators (1-5). The inactivation may be irreversible as in the 
case of pepsin where virus protein is hydrolyzed (3) or reversible as in the 
case of trypsin where the inactivation appears to be due in part to a decreased 
susceptibility of the test plant in the presence of the enzyme (4). Besides 
its protein component tobacco mosaic virus also contains n ribonucleic acid, 
which thus far has proved necessary for virus activity. In experiments with 
phosphatase Pfankuch and Kausche (5) have demonstrated inactivation of 
tobacco mosaic and Intent mosaic viruses and, although chemical proof was 
lacking, suggested that the loss of activity may be due to a splitting off of 
a phosphate group from the virus nucleic acid. It is unlikely that phos- 
phntase would affect the nucleic acid present in a virus particle because it 
has no demonstrable effect on the free nucleic acid itself (6). The crystalline 
ribonuclease recently isolated by Kunitz, on the contrary, splits yeast ribo- 
nucleic acid into particles which have a higher diffusion rate than free ribo- 
nucleic acid and are not precipitated by glacial acetic acid (7). It also pro- 
duces a similar change in the free virus nucleic acid and depending on the 
type of linkage between protein and nucleic acid in the virus might be ex- 
pected to split off a portion of the nucleic acid. Preliminary experiments 
showed that the virus was inactivated by relatively low concentrations of 
ribonuclease. Studies on the rate of inactivation, on the effect of different 
enzyme concentrations and of dilution of the inactive virus-enzyme mixtures 
on virus activity suggested that inactivation was brought about by a combi- 
nation of virus with ribonuclease. In more concentrated solutions and in 
the absence of salt, the virus-enzyme complex separated in the form of long 
fiber-like particles, which on analysis proved to contain about 14 per cent 
rlbonuclease. That this inactive complex could be readily dissociated to 
give back virus was shown by recovery of about 100 per cent of the original 
virus activity from an inactive virus-enzyme complex and by the solubility 
behavior of the complex at different hydrogen ion concentrations. This paper 
presents the results of these experiments. 
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Effect of Ribonuclease Concentration on Virus A ctivity.--Prelirninary experi-  

m e n t s  showed t h a t  the  v i rus  a c t i v i t y  of solut ions  con ta in ing  f rom 10 -3 to 

10 -s  gin. of pur i f ied tobacco  mosa ic  v i rus  pe r  ml .  was s t r ik ing ly  r educed  by  

the  presence  of r e l a t ive ly  smal l  a m o u n t s  of  c rys ta l l ine  r ibonuclease .  1 I n  

o rder  to d e t e r m i n e  the  effect q u a n t i t a t i v e l y  solut ions were  m a d e  up  con ta in ing  

10 -3 and  10 -5 gin. of v i rus  pe r  ml .  r e spec t ive ly  and  e n z y m e  concen t r a t i ons  

in s teps  of t en  f rom 1.2 X 10 -9 gm. per  ml .  to 1.2 X 10-* gin. pe r  ml .  in 0.1 

TABLE I 

Effect of Ribonuclease Concentration on Virus Activity When Tested Immediatdy after Mixing 

Phaseolus wlgaris* Nicotiana glutinosa* 
Concentration 

(gm. protein per ml.) 

Virus Ribonuclease 

1.2 X 10- 6 
1.2 X 10- 7 10-5 
1.2 X 10- s 
1.2 X 10- 9 

1.2 X 10- 4 
1.2 X 10- s 

10-s 
1.2 X 10- e 
1.2 X 10- 7 

No. of lesions Concen- 
tration of 

control 
Mixture Control ( ~ i . ~  r 

4 4 10 .7 
39 15 10 -7 

135 70 10- 6 
551 394 10- 5 

6 6084 10- 5 
14 6084 10- 6 

317 6084 10- a 
1489 6084 10- 6 

Per cent 
ors 

original 
activity 

1.0 
2.6 

20 
40 

0.I  
0.2 
5 

25 

No. of lesions Concen- 
tration of 
control 

Mixture Control (g~.~er 

40 3 10- 7 
149 3 10 -7 
138 36 10 -6 
251 203 10 -6 

36 312 10 -3 
133 312 10 -3 
424 312 10 -3 
387 312 10- 3 

Per cent 
of~ 

original 
activity 

10 
50 
40 

125 

10 
40 

140 
130 

* With a concentration of 10 -5 gm. virus per ml., 10 to 16 half leaves were used for each 
mixture and its respective control: with a concentration of 10 -8 gin. virus per ml., 5 to 8 
whole leaves were used both for the test solution and the controls. 

:~ Calculated from the number of lesions obtained from the mixture and the control and 

their respective virus concentrations. Per cent original activity -- No. of lesions (mixture) X 
No. of lesions (control) 

Concentration of virus (control) 
X 100. 

Concentration of virus (mixture) 

p h o s p h a t e  buffer  a t  p H  7. T h e  ac t iv i t ies  of these  solut ions  were  t h e n  com- 

pa red  i m m e d i a t e l y  by  the  half- leaf  m e t h o d  (8) on leaves  of Nicotiana glutinosa 
L.  and  Phaseolus ~ulgaris L. var .  E a r l y  Golden  Clus te r  w i th  concen t ra t ions  

of v i rus  which  gave  a p p r o x i m a t e l y  the  same  n u m b e r  of lesions. T h e  ac- 

t iv i t i es  of the  solut ions  were  then  ca lcu la ted  as pe rcen tage  a c t i v i t y  of t he  

or ig ina l  v i rus  solut ions  in each case. These  d a t a  which are  s u m m a r i z e d  in 

T a b l e  I show t h a t  an  e n z y m e  concen t r a t i on  of 1.2 X 10 -9 gm.  per  ml .  has  

l i t t le  or  no effect on v i rus  a c t i v i t y  a t  a v i rus  concen t r a t i on  of  10 -s  gm.  per  

1 The writer is indebted to Dr.  M. Kunitz  for the preparation of crystalline ribo- 
nuclease. 
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ml. In  this more dilute virus solution a decrease in activity was observed 
with a concentration of 1.2 X 10 -8 gm. ribonuclease per ml. when tested on 
Early Golden Cluster plants but the effect was not pronounced until a con- 
centration of 1.2 X 10- ~ or 1.2 X 10 -6 gm. per ml. was reached. Some differ- 
ence was observed in the behavior of the two types of test plants. As in 
earlier experiments with trypsin (4) the P. vulgaris plants were relatively 
more sensitive to the enzyme than N. glutinosa plants. With a virus concen- 
tration of 10- 3 gra. per ml., higher enzyme concentrations were required to 
show inactivation, indicating in the case of the more dilute virus solutions 
that  the inactivation was not due entirely to a decreased susceptibility of the 

90 

70 

I 

so li-- I I I I I I I I i I I I 
to /jr 2o ?S 5o ~.~ 4~ ~S 5-o ~'.~ 60 

Time in minu~C8 

Fzo. 1. Effect of time of standing on inactivation of tobacco mosaic virus by ribo- 
nuclease. 

test plants in the presence of ribonuclease. In this connection it is of in- 
terest to compare the enzyme concentrations which produced inactivation 
with the concentrations of trypsin and those of various inert proteins which 
cause an inhibition of virus activity as studied by Stanley (4) and Ross and 
Stanley (9), respectively. The amount of ribonuclease required to cause al- 
most 100 per cent inactivation is of the order of one-one hundredth the amount 
of trypsin and is about one-one hundred thousandth the amount of inactive 
proteins studied by Ross and Stanley (9), which produced about a 50 per 
cent inactivation. 

Rate of Inactivation of Virus.--The question of the effect of time on the 
inactivation of virus was studied by comparing the activity of virus-enzyme 
mixtures with suitable controls immediately and after they had stood at 
room temperatures for varying periods of time up to 10 days. The results 
of a typical experiment are shown in Fig. 1. The mixture consisted of virus 
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at  10 --3 gm. per ml. and enzyme at  1.2 X 10 -z gm. per ml. in 0.1 ~t phosphate 

buffer a t  pH 7. The control was a solution containing 10- 5 gm. virus per ml. 
The control virus solution and the enzyme-virus mixture in each test were 
inoculated on 12 ha l / l eaves  of Phaseolus vulgaris var.  Early Golden Cluster. 
I n  all cases the act ivi ty  after s tanding was not  significantly different from 

that  of the solution when tested immediately after mixing. There was no 
suggestion, therefore, tha t  the inact ivat ion was due to a progressive hydrolysis 
of virus. 

TABLE II 
gffext of Dilution on Activity of Virus-Ribonuclease Mixtures 

Virus-enzyme mixure 
(gm. protein per ml.) 

Virus 10- s 
Enzyme 1.2 X 10 -7 

Virus 10 -8 
Enzyme 1.2 X 10- o 

Dilution 

Undiluted 
1-5 
1-10 
1-50 
1-100 
1-500 
1-1000 

Undiluted 
1-5 
1-10 
1-50 
1-100 
1-500 
1-1000 

Pkaseolus mdgads* 

No. of lesions 

Mixture Control 

948 496 
987 660 
993 430 
370 530 
645 897 
212 180 
47 51 

39 53 
128 33 
186 40 
233 43 
150 71 
139 109 
120 87 

Concentration of 
control (gin. per 

ml.) 

10-5 
10-6 
10- ~ 
10-6 
10-6 

2 X 10- 0 
10-o 

10-6 
10-6 
10-6 
10-6 
10-6 
10-6 
10-6 

Per cent ors 
original 
activity 

1.9 
7.5 

23 
35 
70 

120 
97 

0.07 
2.0 
4.6 

27 
22 
64 

138 

* 12 to 16 half leaves were used for each mixture and its control solution. 
~; Calculated as in Table I. 

Effect of Dilution and the Reversal of Inactivation.--It  is well known that  
the dilution of inactive ant igen-ant ibody complexes m m a n y  cases causes a 

part ial  reactivation of the antigen. If the observed inact ivat ion of tobacco 
mosaic were due to an unspecific combinat ion of virus with ribonuclease or 
to an  inhibi tory or toxic effect on the plant ,  then reactivation of inactive 
mixtures might  also take place with dilution. The activities of several virus- 
enzyme mixtures were therefore compared a t  various dilutions with control 
solutions containing the same amounts  of virus act ivi ty  in the absence of 
enzyme. These results are summarized in Table I I .  I t  may be seen tha t  
a mixture of enzyme and virus which contained only a fraction of 1 per cent  
of the original virus act ivi ty  was fully active when the solution was diluted 
from 1 to 500 to 1 to 1000 times. 
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I t  seemed apparent  from these experiments tha t  if a virus-enzyme com- 

plex were formed, it was readily dissociated. At tempts  were made to iestore 

the original specific act ivi ty of an inactive virus-enzyme mixture by repeated 
differential ultracentifugation. Free or combined virus would be expected to 

sediment in a centrifugal field which would leave the uncombined enzyme in 
the superna tant  liquid. Re-solution of the pellet in dilute phosphate buffer 
and sedimentat ion would leave an addit ional portion of enzyme in the super- 

na t an t  liquid and repetit ion of the process should finally result in the elimina- 

tion of all the enzyme. 

TABLE III 

Recovery of Virus Activity from an Inactive Virus-Enzyme Mixture by Repeated High Speed 
Centrifugation 

Trea tmen t  

(1) 10 -3 gm. virus +. 2.7 X 10 -4 gm. ribonu- 
clease per ml . . . . . . . . . . . . . . . . . . . . . . . . . .  

(2) Above mixture centrifuged and sediment 
suspended in 0.1 M phosphate . . . . . . . . . .  

(3) Solution of sedimented virus from (2) 
treated as in (2) . . . . . . . . . . . . . . . . . . . . . . .  

(4) Solution of sedimented virus from (3) 
treated as in (2) . . . . . . . . . . . . . . . . . . . . . . .  

(5) Solution of sedimented virus from (4) 
treated as in (2) . . . . . . . . . . . . . . . . . . . . . . .  

No. of lesions on Phaseolus vulgaris and ac t iv i ty  

E--xperirne~n t 2  I Exper iment  2 

Per cent Per cent 
o f*  i o ~ *  xture  Control ori in 1 IMixture Control orig: " g a groat 

l act iv i ty  ac t iv i ty  

0 2343 0 

127 756 17 273 1020 27 

193 1761 68 635 770 82 

487 670 73 476 676 70 

198 325 61 680 741 92 

*No. of lesions (mixture) X 100. 
No. of lesions (control) 

Experimental Procedure.--0.21 ml. of ribonuclease solution containing 2.7 × 10 -4 
gm. ribonuclease per ml. was added to 14 ml. of purified tobacco mosaic virus contain- 
ing 1 mg. of virus per ml. in 0.1 ~ phosphate buffer. This solution and the control 
containing an equal amount of virus were centrifuged in stainless steel tubes at 550 
R.P.M. for 1½ hours and the supernatant liquids were poured off. 10 ml. of 0.1 M 
phosphate at pH 7 were added to each tube and the virus pellets were redissolved. 
0.1 ml. samples were removed from each tube, diluted with 9.9 ml. of 0.l M phosphate 
at pH 7, and inoculated by the half-leaf method on 12 to 16 leaves of Phaseolus 
vulgaris var. Early Golden Cluster. The remaining solution was subjected to three 
additional centrifugal cycles, samples being removed as described above after each 
sedimentation. 

After one sedimentat ion the specific act ivi ty of the sedimented material  
as shown in Table  I I I  was from 17 to 27 per cent tha t  of untreated virus. 
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After  two sedimentat ions  the ac t iv i ty  was about  70 per cent and after  four 
sedimentat ions  the ac t iv i ty  of the t rea ted  virus was about  the same as that  
of the original sample. 

Crystallization and Analysis of Virus-Enzyme Complex.--When an enzyme 
solution was added to a solution of virus containing 10 -3 gin. per  ml. or more, 
in 0.1 M phosphate  buffer a t  p H  7, it  was observed tha t  a prec ip i ta te  formed 
which redissolved when the solution was mixed. When a dialyzed enzyme 
solution was added to a virus solution in the absence of salt,  however, the 
precipi ta te  which separa ted  failed to redissolve. Microscopic examinat ion 

FIG. 2. Fiber crystals of tobacco mosaic virus-ribonuclease complex. 240 × .  
Photographed in light and dark fields respectively. 

showed the prec ip i ta te  to consist of needles similar to those Obtained when 
the purified virus is t rea ted  with ammonium sulfate. The careful addi t ion of 
enzyme to a s t i r red-virus solution in the absence of salt  resulted in the separa-  
t ion of long fibers as shown in Fig. 2. Ni t rogen analyses of the superna tan t  
liquids obta ined  after  successive addi t ions  of enzyme showed tha t  the amount  
of soluble nitrogen decreased to a minimum which was a lmost  zero and then 
as more enzyme was added the value increased. The prec ip i ta te  was in- 
soluble in disti l led water  even after  four washings in the centrifuge bu t  cou ld  
be dissolved readi ly by  the addi t ion of a trace of acid or alkali  or phosphate  
buffer a t  p H  7. 

In  order to determine whether  or not  the prec ip i ta te  consisted of virus 
alone or of virus  in combinat ion with enzyme or whether  phosphorus had 
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been split off, nitrogen and phosphorus determinations were run on the washed 
precipitate and on the supernatant liquid and washings from a known quan- 
t i ty of virus and enzyme. 

Experimental Procedure.--In Experiment 1, 0.2 ml. of an aqueous ribonuclease 
solution containing 2.84 rag. of ribonuclease nitrogen per ml. was added slowly with 
stirring to 10 ml. of tobacco mosaic virus solution containing 2.09 rag. of virus nitro- 
gen. The resulting precipitate was centrifuged at 2200 ~.P.M., the supematant liquid 
was carefully removed with a dropping pipette, and the precipitate was washed four 
times in the centrifuge with 2 ml. portions of distilled water. The first supematant 
fiquid and the washings were combined, and the insoluble precipitate resuspended 
in water was dissolved by the addition of a drop of 0.1 N NaOH. Aliquots of both 
solutions were then taken for nitrogen and phosphorus analyses. In Experiment 2, 

TABLE IV 
Distribution of Nitrogen and P~sphorus in Precipitate and Supernatant Liquid after Mixing 

Known Quantities of Virus and Ribonudease 
2.09 nag. of virus nitrogen + 0.568 nag. ribonuclease nitrogen 

Insoluble precipitate Supernatant liquid and washings Recovery 
Experiment 

Nitrogen* Phosphorus* Nitrogen Phosphorus Ni t rogen  Phosphorus 

rag. rag. rag. rag. per cent per cen~ 

1 2.43 0.077 0.27 <0.001 102 103 
2 2.40 0.074 0.26 <0.001 100 99 

* Nitrogen and phosphorus determined by the methods of Levy and Palmer (10) and King 
(11) respectively. 

the same procedure was followed with the exception that the ribonuclease added 
was dissolved in 2 ml. of water. 

The results of two experiments are shown in Table IV. Because all the 
phosphorus was present as virus and was recovered in the precipitate, it can 
be concluded that  the virus was quantitatively precipitated and that  no nu- 
cleic acid was split off. A comparison of the nitrogen to phosphorus ratio 
of the precipitate with that  of the original virus showed some additional 
enzyme nitrogen was also precipitated and was present in sufficiently strong 
combination to remain with the virus even after the precipitate had been 
washed four times. 

The fact that  a relatively insoluble virus-enzyme complex can be prepared 
provides evidence that  the loss of virus activity when enzyme is added to 
virus in the absence of salt is due at least in part  to the formation of such a 
complex. A comparison of the relative isoelectric points of the virus, pH 3.5, 
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and the enzyme about pH 8, shows that in a neutral solution such a complex 
would, in fact, be expected3 

DISCUSSION 

The fact that no nucleic acid fraction is split off when ribonuclease is added 
to the active virus provides some insight into the type of combination between 
the protein of the virus and its nucleic acid and the nature of ribonuclease 
activity. Nucleic acid would appear to occupy an integral rather than a 
terminal position in the virus particle, for in the latter case hydrolysis by ribo- 
nuclease might be expected. Other evidence for such a hypothesis is the fact 
that the liberation of nucleic acid by treatment with alkali or urea is accom- 
plished only with the destruction of the large virus particle into much smaller 
protein and nucleic acid components, as shown by the low rates of sedimenta- 
tion of the split products (12, 13). In so far as ribonuclease activity is con- 
cerned it is evident that in the case of the tobacco mosaic virus nucleoprotein, 
ribonuclease fails to hydrolyze the linkage between nucleic acid and protein. 

The inactivation with ribonuclease appears to be comparable to that found 
for other proteins with high isoelectric points, and is probably related to the 
formation of complexes between oppositely charged protein particles. The 
complex between virus and ribonuclease appears to be of the same type as 
that reported by Bawden and Pirie (14) to result from the action of clupein 
and papain on tobacco mosaic virus and as the ovalbumin-nucleic acid com- 
plex described by MacInnes and Longsworth (15). The complex formed 
with tobacco mosaic virus unlike the latter, however, is insoluble ill distilled 
water and gives the characteristic crystals or fibers. The solubility in salt or 
slightly acid or alkaline solutions suggests either partial or complete dissocia- 
tion under these conditions as is the case for the ovalbumin-nucleic acid 
complex. 

SUMMARY 

The revelsible inactivation of tobacco mosaic virus by crystalline ribo- 
nuclease is reported. Studies on the effect of time of standing on the amount 
of inactivation, and on the effect of dilution and repeated high speed centri- 
fugation on the recovery of virus activity, and the preparation of an insoluble 
virus-enzyme complex show that the inactivation is brought about at least 
in part by a combination between virus and enzyme. The significance of the 
fact that ribonuclease has no detectable effect on the virus nucleic acid when 
the latter is in combination with protein in the form of virus is discussed with 
respect to the structure of the virus. 

A similar insoluble complex was formed with the bushy stunt virus and ribo- 
nuclease but in this case the precipitate was not definitely crystalline. 
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