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I N F E C T I V I T Y  O F  V I R A L  N U C L E I C  A C I I ) *  
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M e t h o d s  h a v e  b e e n  d e s c r i b e d  for t h e  i so la t ion  of nuc le ic  acid  a n d  p ro t e i n  f rom t o b a c c o  

mosa ic  v i rus  (TMV), y ie ld ing  p r e p a r a t i o n s  w h i c h  c o m b i n e d  u n d e r  s u i t ab l e  c o n d i t i o n s  

to  fo rm pa r t i c l e s  r e s e m b l i n g  tilt.' or ig inal  v i rus  in p h y s i c o - c h e m i c a l  a n d  p a t h o g e n i c  

r e s p e c t s  I. E v i d e n c e  has  also been  p r e s e n t e d  t h a t  " m i x e d "  v i rus  could  be p r o d u c e d  

f rom p r o t e i n  a n d  nucle ic  acid  d e r i v e d  f rom d i f fe ren t  s t r a i n s  of TMV,  a n d  it has  been  

s h o w n  t h a t  t he  p r o g e n y  of such  v i rus  a l w a y s  r e s e m b l e s  t h a t  s t r a in  w h i c h  has  s u p p l i ed  

the  nucle ic  acid, b o t h  in r e g a r d  to symptomatology a n d  ch emi ca l  composition 2. T h u s  

the  r ibonuc le i c  acid  a p p e a r e d  to be t h e  p r i m e  gene t i c  d e t e r m i n a n t  of a p l a n t  virus, 
just as t he  d e o x y r i b o n u c l e i c  acid  is b e l i e v e d  to be in bac t e r i a l  v i ruses .  F u r t h e r m o r e ,  

• .\ideal by" a grant from the National Foundation for Infantile Paralysis and Research Grant 
N,,.( '--z45 from the National ('ancer Institute of tile National Institutes of Health, Public 
11calth Service. 
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observations have been described that indicate that the virus nucleic acid alone can 
initiate infection, even though it represents an inefficient pathogen compared to intact 
or reconstituted virus *. Similar conclusions have recently been reached independently 
by GIERER AND SCHRAMM 3. It  is the purpose of the present paper to describe in 
greater detail some of the characteristics of the infective activity of nucleic acid 
preparations. 

METHOD OF PREPARATION 

Twenty ml of a 1.o% solution of TMV, containing versene (o.ooolM), is warmed 
to 5o °, adjusted to pH 8.5 at that temperature, mixed with 5 ml 5% sodium dodecyl- 
sulfate (SDS) (Duponol C, twice recrystallized from ethanol, and washed with low- 
boiling petroleum ether), and held at 50 _2_, i ° for 5 minutes. Under these conditions, 
the virus particles are degraded and the solution loses its characteristic opalescence. 
Some strains of TMV (e.g., the Holmes ribgrass strain) require only I minute of 
heating for clarification, even if the initial pH is only 8. 3 ; with other strains a longer 
heating period or readjustment of the pH is required to obtain almost clear solutions. 
Fresh preparations of common TMV also sometimes require a higher initial pH 
(e.g., 8.8) for splitting. Complete clearing is not a necessary requirement, however, 
for release of active nucleic acid. The solution is rapidly cooled to 26 ° , and then 
brought to 0.33 saturation by the addition of 12.5 ml of saturated ammonium sulfate. 
After a few minutes the protein precipitate is separated by centrifugation, and the 
supernatant which may show beginning turbidity is held in a refrigerator overnight 
to permit the macromolecular nucleic acid to precipitate. The precipitate is then 
centrifuged off, redissolved in cold de-ionized water (2- 4 ml), and precipitated bv 
two volumes of cold ethanol and one to three drops of 3 3 / /pH 5 acetate to facilitate 
flocculation. The alcohol precipitation is repeated. Any water-insoluble material is 
removed by centrifugation and discarded. The final aqueous solution (2 ml) is freed 
from aggregated material, and any contaminating virus by ultracentrifugation. This 
is performed for 2 hours with refrigeration at 40,000 r.p.m, in a Spinco 4o-rotor with 
nylon adaptors and tubes of 2 ml capacity. The freely flowing supernatant is poured 
off quickly without draining, thus separating it from any pellet and a small amount 
(about o.I ml) of more viscous fluid remaining in the tube. This ultracentrifugation 
is sometimes repeated. 

At times the reaction mixture was ultracentrifuged immediately after heating 
with the detergent, and prior to addition of ammonium sulfate. The resultant pellet 
then contained about 0.2% of the original virus, as determined by quantitative 
electron microscopy and by assay. This material, defined as "damaged" TMV, was 
used as a control in later experiments. After this added step isolation of the nucleic 
acid proceeded as usual. The final ultracentrifugation in these cases sedimented fewer 
virus rods. The concentration and the approximate purity of the nucleic acid in the 
final solution was established by spectrophotometry after a dilution of about one 
hundredfold in distilled water.The ratio (R) of optical densities at maximum/minimum 
(about 258/228 m/~) was usually 3.0 and sometimes up to 3 . I ' .  The solutions were 
stored at - - 6 0  ° . 

* This ratio is not  a very sensitive expression of freedom from protein, since addition of 3 
to 4 % protein decreases it only by o.i.  An aM hoc mixture  of the component  nucleotides showed 
a ratio of 3.2. 

Re/erences p. 9 6. 
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.\SSAY ¢)I: VIRUS AND NU( ' I .EIC . \ ( ' I I )  

Common TMV was diluted in o.I M, pH b.8 phosphate buffer, and a determination 
made of the concentration of virus required to produce under the standard assay 
conditions about 2 5 (IO to 5o) lesions per half leaf of N. glutinos'a, or Holmes necrotic- 
type tobacco. About o.2 5 y,'ml (o.o5 to o.5, depending on the season) and 0.o2 5 y,ml 
of TMV were required for the two test plants, respectively. "l'he virus solutions were 
formerly applied by rubbing gauze pads soaked in the solution across the leaves, 
previously sprinkled with carborundum. In more recent experiments glass spatulas 
were employed instead of gauze, and definite volumes of solution were applied to 
each half leaf (usually 25 or 50 ).). Each solution was applied to 6-1o equivalent 
staggered half leaves on 6 to lO plants, including one or two standard TM\: solutions 
in each experimental set of 4 xo unknown solutions. 

In the assay of nucleic acid it was found advisable to dilute the solutions to 
11o% of the desired assay level with ice water and to add one tenth of a volume of 
3I phosphate buffer (pH 6.8) in an ice bath to each solution immediately prior to 
application. This was necessary since the infectivity of the nucleic acid was found 
sensitive to the phosphate ionic medium*, lint fewer lesions were produced in more 
dilute phosphate or other solwmts. Inactivation in phosphate and other media was 
particularly rapid if the same gauze pad was used for several plants, apparently 
owing to the action of absorbed plant materials on the nucleic acid. "I'MV showed 
no consistent loss of activity when applied with a gauze pad, but the activity of 
nucleic acid solutions dropped often from several hundred to less than Io lesions 
when applied in this way to 3 or 4 consecutive half leaves. 

A considerable number of experiments failed to uncover an assay medium which 
would favor both infectivity and stability. Other o.I.1I buffers at pH 6.8 (histidine, 
tris, veronal), and lower or higher pH's (ace.late, phosphate, borate, bicarbonate), 
led to fewer lesions but no greater stability. The addition of serum albumin, versene, 
or inactive nucleic acid (2 mg/ml), did not stabilize the nucleic acid activity. 

"l'lle problem of contending with rapid inactivation was simplified when it was 
found that the effect was due to plant materials. It was then prevented by the use 
of a fresh gauze pad for each half leaf, or, more simply, by application with clean 
glass spatulas. On the other hand, the slcm,er inactivation occurring in pH (i.8 phos- 
phate (o.I3[) in the absence of plant products was employed as a useful index of 
the extent to which the activity of a given solution was duc to nucleic acid or to 
contaminating or added virus particles. To this end the solutions were applied im- 
mediately upon dilution with phosphate and again after exposure to 36': for I hour. 
Nucleic acid infectivity usually dropt)ed to less than ro"i,, while control TMV showed 
no consistent change of activity under these conditions. 

Within the limits of about Io- 5o lesions per half leaf, proportionality between 
virus concentration and lesion number was close enough to permit approximate 
calculation of the relative infectivity of unknown compared to standard "FMV 
solutions assayed simultaneously. All assays were repeated several times, at concen- 
tration levels selected to approximate those of the various standard TMV levels, and 
usually quite concordant results were obtained. 
• 7- 'Fhis  i n s t a b i l i t y  of  t h e  n u c l e i c  a c i d  in t h e  a s s a y  m e d i u m  w a s  r e sp<msib le  for  t h e  p r e v i o u s l y  
r e p o r t e d  e r r o n e o u s  o b s e r v a t i o n  of  d i f f e r e n c e s  in t h e  i n f e c t i v i t y  in d i f f e r e n t  h o s t s ,  a n d  a t  d i t t e r e n t  
a s s a y  l eve l s  a s  c o m p a r e d  t o  T M V  'a. 

lecicrcn~cs p. 9 o. 
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RESULTS 

The essential difference in the nature of the infectious material  of nucleic acid as 
compared to tha t  of virus solutions is demonstrated by  a number  of experimental 
procedures. These were (I) sedimentabil i ty in the ultracentrifuge, (2) virus particle 
counts in solution and pellet, (3) effects of ribonuclease and other  enzymes, (4) 
stabil i ty in o . I M  phosphate and other ionic media, (5) effects of anti-TMV sera or 
v-globulins, and (6) chemical studies on the pur i ty  of the nucleic acid. 

I. The efficiency of sedimentation of dilute solutions of TMV under our con- 
ditions of ultracentrifugation (as described in the experimental section) was much 
greater than expected. As illustrated on Table I, solutions containing 5 to 50 v/ml 
of virus could be freed from at least 99 % of the virus under these conditions. When 
the concentrat ion was only about  I ~/ml, results were more erratic, owing to variable 
contaminat ion of the material  poured off with the solution near the bo t tom of the 
centrifuge tube. However,  if nucleic acid (at about  0.5 to 5 mg/ml) was added to 
the virus solution, it great ly  favored the sedimentation and a t tachment  to the bo t tom 
of the tube of even traces of virus. Recovery of act ivi ty  and of particles in the bo t tom 
of the tube was then always excellent, and no significant amounts  were detected in 
the supernatant .  These model experiments thus definitely showed that  at least 99% 
of any  virus present would be sedimented under the routine conditions used in the 
preparat ion of the nucleic acid. In  contrast,  the residual act ivi ty  of our nucleic acid 
preparations was unaffected by  2 or more additional centrifugations (see next section). 

TABLE I 

SEDIMENTABILITY OF TMV FROM DILUTE SOLUTIONS" 

TMI" Nucleic acid** Percvntage o/ inlectivity in 

:m I mg/ml - ~olution Drain Pellet 

5 ° - -  o . 2  18 82  

5 - -  0 . 0 4  43  5 7  

5 2 . 5  o 4 9 6  

i - -  2 21 77  

i 0. 5 0 . 0 5  2 9 8  
i 0.  4 0 . 0 2  2 9 8  

i - -  7 ° 23  7 
i 0 .  5 0 .  3 6 6  3 4  

" A few experiments selected from 
a considerable number to illustrate the 
range of sedimentation efficiency ob- 
served. Centrifuged for 2 hours with 
refrigeration at 4o,00o r.p.m, in a 4 °- 
rotor with nylon adaptors to fit 2 ml 
tubes. "Solution" is the bulk of the 
sample, poured off rapidly after arrest 
of the centrifuge, "Drain" the last 
o.i-o.2 ml, "Pellet" the material that 
adheres to the bottom of the tube, 
resuspended in water. 

"~ Non-infectious nucleic acid was 
used for these experiments. At concen- 
trations of less than o.2 mg/ml, the 
nucleic acid clid not always exert a 
distinct favorable effect on the quanti- 
tative aspects of virus sedimentation. 

2. The average number  of full-length ( <  300 m~) particles found in solutions 
containing 0.I V TMV per ml is I . I .  109 (1.8.109 if fragments are summated  and in- 
cluded). When TMV at a known concentration was sedimented as described above, 
and the number  of virus rods was determined by  electron microscopy, the counts  
agreed within about  20% with the known amount  of virus in the original solution. 
In  contrast,  the sediment obtained upon recentrifuging the nucleic acid contained 
very much fewer rods ( <  1%) than required to account  for the infectivity of the 
preparation, and upon addit ional centrifugations of the supernatant  fluid, few, if any, 
rods were generally found sedimented. At the same time, the infectivity of tile 
solution remained constant  through several cycles of centrifugation, corresponding, 

Re/erences p. 96. 
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for d i f ferent  p repa ra t ions ,  to I -6O y of T M V  per  m g  of nucleic  acid.  Also,  the  specif ic  
i n f e c t i v i t y  assays  of t he  nucle ic  ac id  f rom the  v e r y  top  of the  cen t r i fuge  t u b e  was  

no t  d i f ferent  f rom t h a t  of the  bulk  of the  ma te r i a l ,  nor  f rom t h a t  of the  so lu t ion  

near  the  v e r y  b o t t o m  of the  tube .  Ye t  the  g r a d i e n t  in c o n c e n t r a t i o n  o b s e r v e d  in 
such cen t r i fuge  tubes  i nd i ca t ed  t h a t  m i x i n g  had  been  p r e v e n t e d  (Table  II) .  

"I'.\ BI.I'~ II 

E F F E C T  O F  U I . T R A C E N T R I F U G A T I O N  ON A C T I V I T Y  O F  N U C L F I C  A C H )  

Expt. No. 

I Nucleic acid, 

II Nucleic acid, 
Same, 
S a l n e ,  

III Nucleic acid, 
Same, 
Same, 
Same, 

IV Nucleic acid, 
Same, 
Same, 
Same, 
Same, 

l"raction" Ct'ncentrati°nH m~.ml Lesions:h.l.'" • 

once ultracentrifuged, supernatc 5/) -'.5 
2 x ultracentrifuged, supernate 3.o 18 
3 × ultracentrifuged, supernate 2.6 23 

once ultracentrifuged, supernate t. 25 52 
2 × centrifuged, top "-'5 % j .o 3 ° 
2 × centrifuged, bottom 2c) % 1. 7 18 

once ultracentrifuged ~ 2 154 
2 >, centrifuged, top 25 '~(, 3.-' 7't 
2 ".: centrifuged, mid,lie 0o o, 4.9 1()2 
2 >: centrifuged, bottom x5 o~) 8.3 73 

once centrifuged 4.o 3 ° 
2 × centrifuged, top I3% l.O "4 
2 :< centrift, ged, bottom 2 5 0o 3 .2 2-I 
in o.5 31 ammonium acetate, top IO ')o 0.8 34 
in 0. 5 M ammonium acetate, bottom 25 °o 3.0 , l 

* Technique of centrifugation as described in Table I. Percentages are relative amounts of 
nucleic acid in fraction analyzed. 

** Concentration of ultracentrifuge fraction, indicative of the gradient produced by the cen- 
trifugal field. 

* ** Lesions per half leaf at 20--25 7/ml in Holmes necrotic-type tobacco. Standard TMV. ~ssayed 
parallel, produced 25 lesions at concentrations of o.o2-o.o 5 y/ml. 

W h e n  t i le nucle ic  acid  was  u l t r a c e n t r i f u g e d  in t i le p resence  of o .131  a m m o n i u m  

a c e t a t e  or  o . o 5 M  p h o s p h a t e  of p H  7, m a n y  more  rods  were  found  in the  s e d i m e n t  

(obse rva t ion  of C. A. K.~IC, HT ,X.~D W. T.\KAHaSHI). I t  appea r s  p robab l e  t h a t  these  

rods  m a n y  of which  are  of ten  qu i t e  shor t ,  r ep resen t  the  r e - a s sembly  of smal l  a m o u n t s  
of c o n t a m i n a t i n g  p ro te in  wi th  the  nucle ic  acid  u n d e r  the  inf luence of t he  a d d e d  

lmffers.  
3. Crys ta l l ine  r ibonue lease  (RNase)  in e x t r a o r d i n a r i l y  low c o n c e n t r a t i o n s  (one 

h u n d r e d  mi l l i on th  of the  nucle ic  ac id  c o n c e n t r a t i o n :  Io  8 mg /ml ,  I O  12M) abo l i shed  

the  i n f e c t i v i t y  of the  R N A  in 24 hours  a t  r o o m  t e m p e r a t u r e .  A t h o u s a n d f o l d  h ighe r  
c o n c e n t r a t i o n  of e n z y m e  had  no effect  on the  a c t i v i t y  of TMV.  3"he effects  of o t h e r  
e n z y m e s  at  h igher  levels  were  s o m e w h a t  er ra t ic .  Crys ta l l ine  panc rea t i c  d e o x y -  
r ibonuc lease  (DNase)  usua l ly  i n a c t i v a t e d  a t  a b o u t  lO 2 to IO a t imes  h igher  concen-  

t ra t ions .  H o w e v e r ,  this  effect  s eemed  no t  to requ i re  t he  presence  of Mg ++ a n d  l ike 
t he  effect  of r ibonuc lease  it was no t  abo l i shed  b y  h e a t i n g  the  e n z y m e  to 9 °0 for 
15 m i n u t e s  at  p H  4.7. As e x p e c t e d ,  D N a s e  a c t i v i t y ,  as t e s t ed  wi th  D N A  as subs t r a t e ,  
was  d e s t r o y e d  by  this  hea t  t r e a t m e n t .  I t  t hus  appea r s  v e r y  p robab le  t h a t  t h e  in- 

Relerences p. 9 6. 
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ac t iva t ion  of virus  R N A  b y  DNase is ac tua l ly  due to a con tamina t ion  with  about  
1% of RNase.  The same in te rpre ta t ion  is suggested for the  inac t iva t ing  act ion 
occasional ly  produced  by  t ryps in  at  a hundred  to thousand  fold concent ra t ion  of 
the inac t iva t ing  concentra t ion  of RNase.  This effect of t ryps in  was also hea t - s tab le  

(Table I I I ) .  

TABLE III 

EFFECT OF ENZYMES ON RNA-ACTIVITY* 

y ' l oO m l  o~ Inac t i va t ion  

RNase 0.05 98 (95 to ioo) 
0.005 o (40 to--300**) 

RNase, heated 0.05 95 (93 to 98) 

DNase [ 4- MgCI~ 5 i8 (i8, 9o '* ' )  
t noMgCl, 23 (i8 to 31 ) 

DNase, heated { + MgClz 5 25 
no MgCI~ 24 (x ~ to 48 ) 

Trypsin 5o 95 
5 45 

Trypsin, heated 5 ° 97 
5 9 ° 

" o.I ml containing 25 y of nucleic acid and 0.005 M pH 7.0 phosphate were treated with 5 ,~, 
of appropriate dilutions of the enzymes for 2 hours at 36°. 

*" Infectivity higher than in the control tube has been obtained repeatedly with the samples 
treated with less than inactivating concentration of ribonuclease. 

"** In unaccountable manner MgCI ! (o.oo2M) alone caused loss of infectivity in about half of 
the experiments, including this one. In other experiments there was no loss of activity in the 
control tube containing MgCl2, at 0.002, o.o2, and 0.2 M concentration. Citrate acted in similarly 
unpredictable manner. 

The c la r i ty  of these as well as o ther  exper iments  was a t  t imes obscured by  
var ia t ions  in the  s t ab i l i t y  of the infec t iv i ty  of the  nucleic acid under  the exper imenta l  
condit ions.  A considerable  number  of exper iments  had to be re jected because the  
nucleic acid in the control  tube,  conta ining only  phosphate  buffer, lost most  or all 
of i ts a c t i v i t y  dur ing the enzyme digestion period. This effect was minimized by  
working at  low buffer concentra t ions  (o.oo5 M p H  6.8 phosphate)  and  using short  
digest ion per iods  (2 hours at  36°), bu t  single exper imenta l  or control  samples  oc- 
cas ional ly  and unaccoun tab ly  gave unpred ic tab le  results.  

4. The loss of in fec t iv i ty  of the  nucleic acid in o . I M  phosphate  has been men-  
t ioned. In a series of exper iments  nucleic acid (o.ooi %) was exposed for I hour  at  36° 
to var ious  buffers and  o ther  ionic media,  and  subsequent ly  assayed in the cus tomary  
medium,  o . i M  p H  6.8 phosphate .  I t  then became evident  tha t  the  infec t iv i ty  was 
ve ry  sensi t ive to any  sal t  a t  o . i M  concentrat ion,  but  tha t  in o.oi2~I buffers i t  was 
compara t ive ly  s table  as over  the wide range of p H  4.6 to 9.2 (Fig. I).  A t  higher 
nucleic acid concentra t ions  (0.5%) the ra te  of inac t iva t ion  in o . I M  sodium chloride 
seemed to be decreased bu t  not  t ha t  in phosphate .  Inac t iva t ion  by  phospha te  also 
showed a smal ler  t empera tu re  coefficient than  tha t  by  chloride. In  cont ras t  to the 
inac t iva t ing  act ion of o. 1 3 f  salts,  ve ry  low salt  concentra t ions  (o.ooi M), pa r t i cu la r ly  
phosphate ,  p ro tec ted  much of the infec t iv i ty  dur ing incubat ion.  High sal t  concen- 

Re/erences p. 96. 
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trations (34 to 2 31), paradoxically, had an even more marked protective and at 
times even an activating effect, possibly because they caused aggregation and pre- 
cipitation of the nucleic acid (Table IV). When the pH-stability of the infectivity 
was determined in o .oo lM buffers (2 hours at 36°), over 5o% was retained in phos- 
phate of pH 5 to 8, with pH 0 being the optimum. Other buffer salts consistently 
caused more inactivation, but an appreciable fraction of the infectivity remained over 
the entire range of pH 3 to 9 (Fig. 2). 

r . \  l~l.l.: Ix"  

E F F E C T  O F  V A R I O U S  M O I . A R I F I E S  O F  S ( ) I M t ' M  C I I L O R I D E  O N  N U C L E I C  A C I I )  I N F E C T I V I T Y *  

E ~ p c r i m e n t  2 M M ,J.: 3 I  r,.,~., M o . o o 2  31 

I iSo 19 4 7  
II 131 5 53 55 

I I I  z()3 13I 9 53 
IV""  5 s 2 4 0  

* Held a t  300 for -, hours a t  the ind ica ted  mola r i ty ,  then  d i lu ted  a t  least  five-fold wi th  water  
and  assayed  a f te r  add i t ion  ()f one- t en th  vo lume  of 3/ phospha t e  (pH 7). I n f ec t i v i t y  expressed 
in pe rcen tage  of t h a t  of frozen-stored nucleic acid. 

*" E x p e r i m e n t  per formed with a p repa ra t ion  of nucleic acid ob ta ined  by Dr. R. tIART by the  
p rocedure  of G I E R E R  A N D  .~CHRAMM 3. 
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Fig. ~. In fec t iv i ty  of TMV nucleic acid af ter  
incuba t ion  for one hour  a t  3¢) ~ in var ious  ionic 
mcdia ,  as comparcd  to the or ig inal  in fec t iv i ty  
of the  same nucleic acid prepara t ion .  Most 
po in t s  are  the averages  of 2 to 4 expe r imen t s .  
• ~ so(tium chloride,  • -- phospha t e  (pH 
7.o), O ~ acet ic  acid or acc ta tcs ,  z_~ = bora te  
(pH 9.2), ~" = a m m o n i u m  sulfate,  and _3 = 
c a r t x m a t e  or b ica rbona te .  Thc  figures on thc  
graph  represent  the  a p p r o x i m a t e  pH of the 

buffer. 

/ 
. ~ d " ~ '  i J_ h _ I , I ~ , i  

2 4 6 [3 I 0  
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Fig. 2. infect ivi ty,  of TMV nucleic acid af ter  
incuba t ion  for two hours  a t  36° in var ious  
o.ool ,~I buffers as compared  with un incuba ted  
control .  Most t)oints are the averages  of -' to 5 
exper imen t s .  "q = phospha te ,  Lb. = aceta te .  
O = c i t ra te ,  anti  • = HCI, and  e a r , m a t e  
butters.  The curve  represents  the  resul ts  ob- 
ta ined  wi th  phospha te  buffers. More inact i -  
va t ion  occurred genera l ly  in o the r  buffer media.  

A studv of the effect of various cations is only in its beginning stages. Of the 
divalent metals tested, many appear to cause inactivation at low concentrations 

(Table V). 
5- Anti-TMV serum was often found to cause inactivation of the infectivity of 

the nucleic acid (though not, or only slowly, of its ability to reconstitute active virus 
particles in the presence of protein) but normal serum had similar effects. Therefore, 
the 7-globulin fraction of both types of sera were employed in further experiments. 
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TABLE V 

E F F E C T  O F  V A R I O U S  C A T I O N S  O N  N U C L E I C  A C I D  I N F E C T I V I T Y  

Cation" Percentage o/in/ectivity o] control" 

Ca ++ (o.oi M) 2o z2 (o.ooi M) 3 
Mg +* (O.Ol M) 74 172 
Mn ++ (o.oi M) 4 ° 73 
Ba 4 + (O.Ol M) z 3 (o.oot M) Io 
Cu ~'~ (o.ooI M) 5 (O.OOI M) 3 
Fe ~+ (o.oor M) (o.ool M) o 

Hg ¢+ (o.ool M) (o.ooi M) o 

" Incubated  at 360 for 2 hours in presence of o.ooi •// phosphate  (pH 5 for the heavy metals, 
pH 6 for the others). The first 4 were added as chlorides, copper and iron as sulfate, mercury as 
the acetate. The final pH of all solutions was between 5.6 and 6. 3, except Cu and Hg (pH 5.1, 4.8). 

** In the first experiment,  the control was also incubated (in o.ooi M phosphate) .  In the further  
experiments  the control was held undiluted and frozen. 

I t  was then found possible to show that  the activity of the nucleic acid was not 
appreciably affected by low levels of anti-TMV-r-globulin, while the infectivity of 
TMV was largely neutralized by the same amount of antiserum fraction. TMV that  
had been exposed to the SDS treatment ("damaged TMV") was inhibited by the 
antisera to a similar extent (Table VI). This infectious material was also resistant 
to RNase, and to o.I M phosphate (see Table VII). These experiments again demon- 
strate the different nature of the two infectious agents, virus and nucleic acid. 

TABLE VI 

P E R C E N T A G E  O F  I N F E C T I V I T Y  R E T A I N E D  A F T E R  T R E A T M E N T  W I T H  A N T I - T M ~ v - ~ - G L O B U L I N  

Nucleic acid 
TMV 
"Damaged  TMV" 

95 (8 experiments,  range 66--142 %) 
23 (7 experiments,  range 2 -3o%)  
35 (3 experiments,  range 33-36 %) 

" Amounts  giving similar lesion numbers  (2 5 to IOO F nucleic acid and o.I F TMV) were treated 
in o.I ml with about  5 2 of a I : ioo dilution of auti-TMV-F-globulin for i hour at 3 6°, and then 
diluted for assay. 

T A B L E  VII  

S T A B I L I T Y  O F  D E T E R G E N T - T R E A T E D  V I R U S  

Percentage o~ 
Inl~tious agent and conditions activity remaining 

Damaged v i rus ' ,  o.I M phosphate,  
Damaged virus*, RNase (O.Ol 7/ml) treated, 

in o.o05 M phosphate) 

TMV o.t M phosphate,  
TMV RNase treated, as above 

T M V - R N A  
T M V - R N A  

o.I M phosphate ,  
RNase treated, as above 

36°, 2 h 98 

36°, 2 h 89 

36°, 2 h 98 
36% 2 h 80 

36°, 2 h 5 
36=, 2 h 2 

* Ultracentrifugal sediment  obtained after the usual sodium dodecylsulfate t rea tment  (.5 rain 
at  5o% Contains 0.5 % of the original number  of 300 m/z-rods, and o. i % of the original infectivity. 
RNase was found to be active in this reaction mixture  since it produced a hyperchromic effect 
on the small amoun t s  of nucleic acid present. 
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6. Further studies haw~ been carried out concerning the purity of the nucleic 
acid as isolated from TMV. Phosphorus analyses indicated 8.1-8.5"i, P for prepa- 
rations which were lyophilized and equilibrated with laboratory air (ahout 5",, 
moisture). The UV spectrum, with particular reference to the depth of the minimum 
at 228 m/x and the resulting high N value (3.o-3.I) suggested a degree of freedom 
from extraneous absorbing material higher than any other nucleic acid preparation 
that has been described and was available to the authors. The extinction coetticient 
at the maxinmm (258 m/x) for a I.o",, solution in water was 25o. The height of the 
absorption peak differed in various ionic media. It increased upon degradation of 
the nucleic acid bv ribonuclease and alkali by, maximally, 25 and 4o",,, respectively. 

"rhe micro-biuret test proposed by I-toLm.;.~ .\x]~ 1>ITCH0 for the detection of 
protein in nucleic acid indicated no detectable protein in 5.5 rag, indicative of an 
upper limit of 0.5 % protein contamination. Qualitative and quantitative amino-acid 
analysis by two-dimensional chronaatography and l)y the DNP-method a, after 
hydrolysis of I2 mg nucleic acid, showed the expected great amount of glycine and 
another lesser nucleic-acid degradation product resembling alanine chromato- 
graphically, and giving a similar DNP-derivative. However, only serine, and aspartic 
plus glutamic acid, could be identified as probable hydrolytic products of the protein, 
and these occurred in amounts suggesting 0.4"" protein contamination. 

I)ISCUSSII,)N 

By a variety of methods it has been shown that the infectiousness of nucleic acid 
preparations from TMV is a property of the nucleic acid itself. The same conclusion 
was reached on the basis of similar evidence by GIERE1~ .XND SCHICX,~IM a. It has been 
shown elsewhere that with the infectivity is associated the ability to transfer all 
information needed for the production of complete new virus by tile host cell, in- 
cluding the amino acid composition and structure of the virus protein 2,", 7. A question 
of obvious interest is the minimal size of the nucleic acid molecule or complex of 
molecules required for this transfer of information. The bulk of the material in our 
preparations has an S~o of about 6-I0, similar to preparations described by Conl.:N 
AND Sa'A.~I.EY ~ and others. This sedimentation coefficient could represent a single 
polynucleotide chain of molecular weight of about 200--300,000. However, it seemed 
possible that the infectivity in our preparations actually resided in a minor component 
of high molecular weight, which might correspond to the entire' Imcleic acid core of 
one virus particle. Such core material of a molecular weight of 2 to 3 million has been 
described by HOI'KIt~S .~.~D SINSHEI.~IER ~, and was identified with the infectious agent 
by GII'iRER ANt) SCHRAMM 11. These same hypothetical undegraded cores might also 
be required for reconstitution. However, much recent evidence has rendered this 
hypothesis more and more untenable. When some high-molecular weight nucleic acid 
prepared according to SlYSH].:IMI~.R 9 was put at our disposal by Dr. H. K. SCHACtIM.X.X 
and Mr. Gl.],;xx RmHaROS Of this laboratory, it proved to contain little if any nucleic 
acid that was infectious or able to combine with protein to reconstitute infectious 
rods. On the other hand, when infectious nucleic acid was nltracentrifuged, no 
ditterence was detected in the specific infectivity of material from the very top and 
from the bottom of the tube (Table II). This was so for material prepared both by 
our detergent method, and by that described bv (ilv.]¢I-l~ ant) SCHR.X.~I.~t 3 (kindly given 
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to us by  Drs. W. TAKAHASHI AND C. A. KNIGHT). Tha t  the la t ter  preparat ion was 
of appreciably higher average molecular weight than  our preparat ions was supported 
by  the finding that  the concentrat ion in the top and  middle (0.5 and  1.2 ml) of the 
tube  was less than  1% of tha t  in the bot tom fraction (0.3 ml) quite in contrast  to 
the much smaller concentrat ion gradient  observed for our nucleic acid under  identical 
condit ions (Table II). A detailed physico-chemical s tudy  of the sedimentat ion 
behavior and other molecular parameters  of virus nucleic acid is being carried out 
by  Dr. H. K. SCHACHMAN, Dr. V. SCHUMAKER and Mr. G. RICHARDS of this laboratory.  
However, the prel iminary observations which have been described, and others, seem 
to favor the concept that  the act ivi ty  is associated with the bulk of the material  
and shares with it, therefore, the molecular weight of about  250,000 and the tendency 
to secondary aggregation to heavier material  which may, up to a certain point,  retain 
its infectiousness. Independen t  biological evidence 6 favors the same concept. 

The infect ivi ty of the most active preparat ions has been about  1-5% of that  
of TMV. Since the virus contains 6% nucleic acid, this infect ivi ty is only of the order 
of o.I % of the theoretical. However, in view of the sensi t ivi ty of the isolated nucleic 
acid to enzymes, ionic media, etc., no great efficiency of infection is to be expected. 
The finding of considerably higher infectivities for the same preparations upon 
reconst i tut ion to rods 7 supports the concept tha t  the relatively low infect ivi ty of 
the nucleic is not an indication of " impur i ty"  bu t  ra ther  a function of the assay 
conditions. 

SUMMARY 

A method of preparation of infectious nucleic acid from TMV is described. 
The material is of similar infectivity at lO y/ml as is TMV at 0.02 to o. 5 y/ml. 
No significant number of virus particles can be found in the ultracentrifuge sediment of 

such preparations, while TMV added to nucleic acid is quantitatively sedimented under the same 
conditions. 

The instability in o.i M salts, the remarkable sensitivity to ribonuclease, and the resistance 
to anti-TMV-y-globulin clearly differentiate the nucleic acid infectivity from that of intact or 
detergent-damaged virus. 

From the behavior in a centrifugal field and other evidence it is concluded that the activity 
is associated with the bulk of the nucleic acid in the preparations (Mol. wt. = 200,0o0 to 3oo,ooo) 
and not with a small fraction of high molecular weight. 
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