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SUMMARY 

The analytical ultracentrifuge, with u.v. absorption optics, has been used to demon- 
strate and measure bond breakage in the main chain of RNA strands extracted from 
X-irradiated TMV. 

When the whole virus was irradiated in solution at o °, the rate of loss of intact 
RNA strands was about equal to the rate of loss of viral activity. However, the 
reduction in yield of extracted RNA that accompanied increasing X-ray dose, together 
with the probability that longer strands would be selectively lost, cast considerable 
doubt on the significance of this result. 

When TMV was irradiated while frozen at about - - 5  °0 or while in centrifugal 
pellets with little water present, the correlation between reduction in yield and X-ray 
dose disappeared. These data indicate a Do for strand breakage of 4.o. IO a R as com- 
pared to an average measured Do of 1.8. lO 5 R for virus inactivation. Thus, breakage 
proceeds 4o % as rapidly as does inactivation. Also, 4o % of all the ionizations in 
TMV RNA induced by radiation may be expected to occur among backbone chain 
electrons. If it is assumed 1 that any ionization within the nucleic acid complement 
of a virus inactivates the virus, then the present data indicate that ionizations within 
the backbone chain of TMV RNA break main chain bonds and cleave the strand 
with an efficiency of close to IOO %. By analogy, then, it is suggested that ionizations 
elsewhere in the nucleic acid also are effective in breaking bonds. 

INTRODUCTION 

There is good evidence that absorption of ionizing radiation within the tobacco 
mosaic virus (TMV) particle inactivates by inducing damage in the nucleic acid (RNA) 
moiety. EPSTEIN 1 and BUZZELL, TRKULA AND LAUFFER 2 have calculated the X-ray 
sensitive volume of TMV to be about equal to its RNA volume. GIERER AND SCHRAMM 3 
and FRAENKEL-CONRAT, SINGER AND WILLIAMS 4 have demonstrated TMV activity 
in solutions of practically protein free RNA. GINOZA AND NORMAN 5 have determined 
the X-ray inactivation rate of infectious RNA to be the same as that of intact TMV. 
The physical nature of the lethal change remains to be determined. 

LAUFFER, TRKULA AND BUZZELL have shown that both X-ray 6 and u.v. 7 irradi- 
ation of whole TMV decrease the intrinsic viscosity of subsequently extracted RNA 
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strands. They suggested that  both the viscosity decrease and inact_ivatbn of the virus 
might  be due to a radiation indnced breakage of the virus'  R N A  strands. ['hc 1?resent 
communicat ion reports further investigations of the pt~ysicaI effect on RNA of X- 
irradiation of TNV. Using tl?e Spinco analytical ultracentrifuge equipped with u ; , .  
absorption optics, we have been able to resolve whole from somewhat  degraded R.NA, 
to measure the relative concentrations of th.e lwo, a~d thus to foliow ~,iae Idnetics {)f 
an X-ray  induced degradation of intact  nucleic acid strands. 

M E T H O D S  AND MATEI{IALS 

The type strain of tobacco mosaic virus was prepared from systematically- infected 
Turkish tobacco plants by  the method of BOF.DTKE]~ A~-D SIM~oxsS, ~, but  with fewer 
high speed centrifugations. 

Virus so]utions were sprayed at low pressure in mierodrops onto co]Iodiol:, cove~ ed 
grids for electron microscopic examination. 

R N A  was isolated from the virus by  Sct~RA~>fs phenol method s ~odified by 
limiting the six extractions to ~ rain each as suggested by  BAw>~.>: ,~D P~r,:;]; ~°. 

X-radiat ion with a. mean wave length of 0.2 ~,, as determinect by  absorptioJ= 
in copper, was delivered by  a 200 kV Westinghouse deep therapy unit. Yo reduce 
the effectiveness of radiation induced free radicals of water n, inactivation experiments 
were performed at concentrations of 1% to 2 % of virus, either in ];o % Dffco ]mtrient 
broth solution or frozen in buffer at a b o u t - - - 5  o°. For  the various breakage experi-- 
merits, TMV was irradiated at I ° and at ---5 o° in buffer and at x ° in wet pe]!ets 
obtained by  centrifuging from neutral,  o.ooJ. M Versene solutJoJ1 a.t 35/)oo :< g for 
9 ° rain. 

U.v. absorption spectra of nucleic acid soiut%ns were measured i,~ the P~eckman 
DU spectrophotometer.  Maxima and minima were found at 257-e58 m H, alsd ;'~5;o--:z3z 
m/x, respectively. RNA concentrat ion was found by  dividing O.D. ;~t ~57 rW* 5y  ihe 
factor 25.3 (mg/ml) -~ (ref. z2). Virus concentrations were determined with a differentia] 
refractometer  by use of the factor o.oo~7 (rag/zoo mi) ~ (ref. I3). ]<u]ative ~>]cieic ,~cid 
yields were calculated by  assuming the virus to be 6 % by  weight RNA. 

For  the analytical centrifugations, conditions were so contro]]ed ~hat tlse spim~.ing 
rotor  reached a temperature of about  4 ° when full speed was attaJ~-~ed. "/'he rotor  
temperature  drifted no more than several tenths of a degree during the runs< Samples 
were run at an O.D. at e57 rot* of I.oo to >25, corresponding to con eenirathons of 
o.oo 4 % to o.oo5 % for nucleic add ,  which was cenL~ffuged at 59,78e rev.;n~i~, and 
to o.o 4 % for TMV, whicln was centrifuged at e5,98o rev./min. Pictures of the ab- 
sorption profile of the spinning cell were obtained on Kodak "com~>ercia1" film 
(Fig. I). A picture was taken during aeederat ion (frame I), at speed (frame ~), and 
every 4 rain thereafter (frames 3-Io) .  Exposure time was 4o sec. Films were developed 
in half s trength Kodak DK 50 developer at 20 ° for ~ rain with co:ntim.~on ~- brushing. 
Photodensi tometric  t;acJngs were made with a suitably adapted Beckman analytroi 
adjusted by  use of calibrated neutral density filters to read true density of tLe films. 

Viscosities were measured at 4.0 ° with a Cannon-Mamaing semi-micro viscomete~ 
having an average velocity gradient of 3o0 see -]. 

Optical act ivi ty of RNA solutions was measured with a R~sdotpl~ model. % 
precision polarimeter at wavelengths 5.46 rnp. and 589 ml*. 
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Viral activity was assayed by  the local lesion method using Nicotiana glutinosa. 
Unknowns were inoculated in parallel with standard samples at several dilutions on 
the plan of a Latin square so that  each sample was inoculated once on each plant 
and once on each leaf position. Activities of unknowns were expressed in terms of 
concentration of standard sample necessary to produce an equal number of lesions. 

Fig. i. Positive print of pictures obtained with the u.v. absorption optics of the analytical ultra- 
centrifuge showing the sedimentation pattern of unirradiated RNA. 

The inactivation dose (Do) was estimated from a straight line plot of logarithm of 
activity remaining versus the X-ray dose. 

The solvent employed throughout was 0.02 M phosphate buffer at pH 7.2 unless 
otherwise specified. 

Analysis of the ultracentrifuge data 

A set of pictures obtained from unirradiated RNA is reproduced in Fig. I. The 
two outer areas provide reference lines at known distances from the rotor axis; the 
inner oblong represents the cell itself. From left to right can be distinguished the 
air space above the meniscus, the meniscus as a sharp line, a non-absorbing region 
of solvent from which all the molecules have migrated, a region of increasing ab- 
sorption indicating particles moving within a range of velocities, an abrupt increase 
in absorption indicating a major fraction of particles moving with uniform velocity, 
and a uniform region extending to the bot tom of the cell. Superimposed densitometric 
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[rig. 2. SuperJmpos<d photodc~]sJt:omel:ric t;-ach?gs .,d flTamos 7, .5, 7 ;:nd 9 <}f ~'i;_, !. 

t r aces  of f r ames  I, 5, 7 ;rod 9 are p Je sen t ed  h~ Fig .  2• The  l eadL:g  eoq~po~< J~t r?~o-,.-cs 
w i t h  a sedimentat io~a e .aeNcient  co r r ec t ed  to  w a t e r  a t  ~o ~:, ,5~0 , o~- 5~. 

T races  were  aJ~a]3zed to  d ( t e r m i n e  the  reJa t ive  amoun t~  of I~N;\  ~¢d:m>' ;~t i~ 
as the  l ead ing  componer~t  and  as ti~e he te ro-dJspersed ,  s lower  comi,o~e~i: .  ~:~itL tLe. 
cond i t i ons  of film tlTe~it!31el?t p r e v i o u s l y  desc r ibed  and  the  R N A  cc~TiceJq{17a~io]3 }1(~i7e 
e m p l o y e d ,  the  t r a c e  i',eiBfi~t was a p p r o x i m a t e l y  p r o p o r t i o n a l  to  co~;cev.:cr;~ti.,m. Co>. 
rectJons were  n~ade wb<n n e c e s s a r y  for  ~o]~- l ]neal i ly  a.t the  ve~Tv *op ar, d ! ) o t t o ~  of 
the  t races .  Correct io> ,~as also n~ade for the  d i lu t ion  experJe~ced b y  all ,_e ~,~,~,, , ,  a: 

c ] c o m p o n e n t s  ~4. Traces  ~, 5, 7 a~nd 9 (Fi;e:. 2) were  u.~eG M tJ~e analv~d~ o{ caclz c~ ~{ " f - : ,  

run.  F r o m  fi:an;es 5, 7 g~d 9 yeas tak:en the  a v e r a g e  t r a c e  heig]~. {oJ: ',J-~( :-egio~? oY 
the  cell con t a in ing  buffer  only .  TDe dif ference betwe,'.m this  ]-}e:ig]-}{; '~?d tl ;c l?edgi~,t 
of t r a c e  z was  t a k e n  to indicate-u~dib~t :ed,  t o t a ]  R N A  conce]?t]:~ tie?: ii2 tJ:e ee]l. Ti~< 

. k I T a  J J J 1  ~ , f~  corrected,  heigl:~ts cor re - ;pending  to ILe l ead ing  co~i:q:,onerit a n d  1o -ILe ' : ' -  co]r> 
poBent  were  expressed  in t e rms  of p e r c e ~ t  of the  tot?J.  The. use of tl2is mca~-:, > ?-end{:- 
the  ana lys i s  hndependc:nt  of dJh~t{oJ2 @JTOYS JU pYeuJOi£1S ]~andli;~g ,;t ~ the sg'n~.pJes 8.~.~d 
of dif ferences  i]~ film d e ~ e l o p m e ~ t  a m o ~ g  the  va.rJo~s J-uns. E s l h ~ a t : i o n  f;7o:> f.!~{e 
th ree  t r aces  of t i le  frac:~ioJ:l o~ the  t o t a l  k~. each compoi]oJ]{ ~ e : e  av:r~~.!.(:d, 

22.7~ S T.; J 2 T S  

Data.  conce rn ing  unJr~-adiated vh:u.s and  I;:NA e x t r a c t e d  from ii: ;;.r( p r - e > t c ' d  :.::~ 
Tab le  I A. A n u m b e r  of po in t s  a re  ~ .o teworthy.  

H a l f  of the  parc]~t v i rus  s e d i m e n t e d  with a l ead ing  compo>c.~l  witD '~iii~ of ~9o. 
This  is t he  full length  m o n o m e r  ~s and  tt te s lower  ;naterJal  carl l)e oJ)i}: Dro;v~-~ rod:- 
which  n o r m a l l y  occur  ip, TMV p r e p a r a t i o n s .  The  sed imenta t io l~  p~ti,.,r!~ for ]?N,'\ fron:, 
n n i r r a d i a t e d  v i rus  a p p r o x i m a t e s  t ha t  of the  ~i]-us. Tiros the  R N A  m o v i > ;  v, ith i:1~c 
l ead ing  c o m p o n e n t  is d e r i v e d  f rom full  lengtD vh:us rods  wDilc the  n:o;:e "alowIy 

s e d i m e n t i n g  s t r a n d s  are  d e r i v e d  from broke]n rods.  I t  a p p e a r s  proba~>ie o];. {]-:e basil-: 
of h y d r o d y n a m i c  da ta  t h a t  the  en t i re  R N A  c o m p l e m e n t  of the  > ~;r~>; sedirne~t~; ,:~ 
one piece as the  l ead ing  c o m p o n e n t .  I J~ ; S~0 of tlAs c o m p o n e n t  is 3s. Irlt;-Maic v~acos~!:~ 
cha rac t e r i s t i c  of the  c o m p o n e n t  is e s t i m a t e d  to  be ;~.bout 2oo 17;]/;p,-i] whe13 a i iowanee  

. ' -  ' J " 0 - , )  . ~ 



X-RAY INACTIVATION OF TMV AND BREAKAGE OF RNA 

T A B L E  I A 

UNIRRADIATED SAMPLES 

389 

Fraction 
Sample Extraction yield A bsorption in main component 

(%) maximum/minimum (% 

Parent  TMV I 51 
TMV I, frozen and thawed  49 
R N A  from TMV I 95 2.56 46 

79 2-36 45 
86 2-15 44 

R N A  from TMV I I  pe l l e t  IOO 2.44 75 

TABLE I B 
IRRADIATED SAMPLES 

Fraction Dose Extraction yield A bsorption • . • • *n ma~n component Sample (R. zo 5) (%) maz*mum/m*mmum (%) 

R N A  from TMV I o.39 72 2.28 37 
irradiated in so lut ion 1.2 66 2.22 22 

1.6 72 2.08 I9 
2.1 59 2.02 15 
3.5 49 2.14 IO 

R N A  from TMV I o.78 81 2.20 3 ° 
irradiated frozen 1.8 80 2.16 36 

2.7 85 2.29 23 
3.7 76 2.07 24 
5.5 69 2.09 16 

R N A  from TMV I I  i .o  88 2.14 52 
irradiated in pel lets  1.9 85 2.20 4 ° 

2.8 84 2.03 37 

is made for the viscosity contribution of the broken strands. Taking the partial 
specific volume as 0.5716 and using the equation of MANDELKERN AND FLORY 17 for 
a random coil, one obtains a tool. wt. of 2. lO 6 if the effective hydrodynamic unit is 
assumed to be spherical. These data and calculations agree with those recently 
published by ]30EDTKER ls for heat extracted TMV RNA and by GIERER D-21 for phenol 
extracted TMV RNA. Both authors have concluded that the leading component 
corresponds to the whole RNA complement of TMV. 

Data characterizing RNA extracted from irradiated virus are summarized in 
Table I]3. In Fig. 3 is given a representative series of photodensitometric traces 
showing comparable sedimentation patterns for RNA extracted from virus exposed 
to different doses of X-rays. These data show that when parent virus is subjected 
to increasing doses of X-irradiation more and more of the RNA appears in the trailing 
component at the expense of the leading component. This is thought to reflect 
breakage of nucleic acid strands. 

Fig. 4 is a semi-log plot of the relative fraction of RNA remaining in the leading 
component after various doses of irradiation. The plot indicates that RNA breakage 
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proceeds as a first order, single event reaction. The 37 % dose, Do, for breakage of 
R N A  extracted from TMV which has been X-irradiated in solution at  o ° is 1.8- xo '5 T£. 
Several determinations of the Do for inactivation of the parent  T3IV irradiated uncle:: 
the same conditions (except for inclusion of Io  % broth in the viz'us solution! gave 
the values 1.6. io  '~ R, 2.o. IO n R and 2. 4. Io  "~ R, so tha t  apparent  1~, ~xV,.. bre2kage and 

\ i  .,u UL 

JU UL 
Fig. 3- Tracings after 20 mid of sedime:atat..:on (fi'ame 7) for RNA extracted from vh:us roceiviug 
various radiation treatmeuts: upper left unirradiatod; upper right 0.39-io' R. in snl,.~tiot:; }ov.'er 

left 1.56. ro ~ ]4. in solution; lower right t.75-ro ~ I{, frozen at .... 5 o~. 

~'°°,~C~- i 
_.= J ~ o TMV ~RRADI~TED SOLUTION 

[ ¢\ ~ ~ × TMV ;RRADIATED FROZEN 
- -  0 . 7  5 i '  "! ~ . ~ . TMV IRRADIATED IN PELLETS 

, \ i 
0.25 i" 

L .; e. 
o . . . .  , ~ ~ " 

X-RAY DOSE (rzIC "s) 

Fig. 4. Semi-log ph)t of fraction of int,}eL ILN'..k to surv've breakage after various X-ray doses. 

loss of viral act ivi ty  proceed at essentially the same rate. However, tile persistent 
decrease in the yield of extracted R N A  with increasing X- ray  dose makes the .~ignifi- 
cance of this result questionable. A selective loss of longer strands could ob:;cure the 
true breakage rate. When tile virus was irradiated while frozen at about. ---5 o° or 
in a wet pellet the radiation induced reduction in yield was essentially eliminated 
('fable IB). These data  are plotted in Fig. 4 and indicate a Do for RNA breakage of. 
4.o" IO ~ R. Tile Do for inactivation of frozen virus was me,insured ,~.t 1.2. Ios R. and 
1.6. IOn R in two experiments. 

DISCUSSION 
Evaluatio~ of the n~ethod 

The difficulties associated with. the analytical ultraeentrifugation of ]ow concel~.- 
t rat ion solutes have received eonsidera.ble at tention.  The questio]~ i~ whether sedi- 
meriting solute particles can create a densi ty gradient in the cell sufficient to withstand 
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the mixing tendencies of mechanical shock and local temperature fluctuation en- 
countered during the run. SCHUMAKER AND SCHACI-IMAN 22 a n d  SHOOTER AND BUTLER 23 

have been able to perform evidently convection free centrifugations of desoxy- 
ribonueleic acid preparations at concentrations as low as 0.02 mg/ml. With the con- 
ditions of centrifugation previously described we have found a rather high degree 
of reproducibility for the measurements we have made. No run of this project showed 
disturbances in the principle boundary indicative of significant convection. The possi- 
bility of convection below and/or above the boundary, however, cannot be excluded. 
Indeed the JOI-1NSTON-OGSTON effect 24 might be expected to evoke convection above 
the boundary. The low concentrations used inake it seem unlikely that  the error 
in concentration measurement deriving from this effect 25 would here be of significant 
size. 

Electron micrographs of virus stock I showed that  about 50 % by wt. of the 
virus particles were the uniform, 300o .~ monomer. The ultracentrifugal analysis 
estimated this value at 5 ° %. Three runs of unirradiated RNA (stock I, three inde- 
pendent extractions) gave values of 45 %, 46 % and 47 % in the leading component. 
Eight runs of a somewhat different sample (five independent extractions) gave values 
between 38 % and 41% in the forward boundary. Thus the method can measure 
reproducibly the fraction of intact RNA in the solutions of interest in this study. 

Breakage of bonds in TMV RNA 

X-irradiation of the whole virus decreased the sedimentation coefficient of some 
of the extracted RNA previously in the leading edge. Intrinsic viscosity was con- 
currently decreased. These obseivations constitute good evidence for scission of RNA 
strands. The alternative possibility of an extensive change in shape and hydration 
is ruled out also by the observation that  no change in specific optical rotation of 
the RNA occurred even after ten times the Do dose. 

In the RNA extraction procedure, the aqueous TMV solution is shaken with 
phenol and then centrifuged to bring down the phenol rich phase and denatured virus 
protein. RNA strands incompletely separated from their denatured protein matrices 
during the shaking operation might well be lost ill centrifugation and it seems likely 
that  longer strands would be selectively removed. When TMV was irradiated in 
solution, extraction losses of RNA increased with increasing X-ray dose (Table I B). 
Therefore tile very interesting result, that  RNA breakage and virus inactivation 
proceeded at nearly the *same rate, is suspect. I t  seems probable that  tile decrease 
in fraction of whole strands observed in the ultracentrifugal analysis was due both 
to breakage and to selective loss during extraction. 

That  the decrease in RNA yield was due to chemical at tack on the protein by 
X-ray induced free radicals of water was indicated by  the experiments involving the 
irradiation of TMV in the frozen state and in centrifuged pellets with very little water 
present. Here the yield was largely independent of dose and the ultracentrifugal 
analysis should measure the true rate of RNA breakage. The data indicate a Do for 
RNA breakage of 4.0. Io 5 R as compared to an average value of 1.8" lO 5 R for virus 
inactivation. The rate of main chain breakage, then, is about 4 ° % of the rate of 
virus inactivation. From the reported base ratios in TMV RNA 2G-2s and the known 
primary structure of RNA, the fraction of electrons that  are associated with atoms 
in the main backbone chain can be calculated. The number is close to 40 % inde- 
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p e n d e n t  o f  w h e t h e r  o n l y  b o n d i n g  e l e c t r o n s  a r e  c o n s i d e r e d  o r  w h e t h e r  hi1 t h e  e.]ect::ons 

a r e  i n c l u d e d .  

I f  i t  is a s s u m e d ,  f o l l o w i n g  EPSTEIN 1, t h a t  a n y  i o n i z a t i o n  wit]~J,~ ! b e  lqN/~, m o i e t y  

i n a c t i v a t e s  t h e  v i ru s ,  t h e n  tlne p r e s e n t  d a t a  i n d i c a t e  t h a t  i o n i z a t i o r ; s  a s s o c i a t e d  ~,~Jt!:~ 

m a i n  c h a i n  a t o m s  l e a d  to  b r e a k s  in m a i n  c h a i n  b o n d s  w i t h  an  e f f i c i e n %  of  a b o u t  

IOO %,  w h e n  t h e  R N A  is i r r a d i a t e d  w h i l e  e n c l o s e d  in i t s  pro te in :  m a t r i x .  Sir~ce ~oni- 

z a t i o n s  b r e a k  m a i n  e b a i ~  b o n d s  w i t h  h i g h  e N c i e n e y ,  i t  is  l i ke ly  thai ;  ior~ization~- 

e l s e w h e r e  in t h e  n u c l e i c  a c i d  a l so  a r e  e f f e c t i v e  in  b r e a k i n g  b o n d s  ~,.nd t !ds ,  t!~e:-efore, 

b e c o m e s  a p l a u s i b l e  e x p l a n a t i o n  fo r  X - r a y  i n a c t i v a t i o n .  
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