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FOREWOR D 

The Comm ittee on Nuclear Science of the Na tional Academy- Research 
Council has given special a ttention to those phases 

'
of nuclear studies in which 

two or more of the older, wel l - es tablished disc iplines of scientific investiga tion 
have been drawn together. To accomplish this, the C ommi ttee has organized a 
number of subcommittees to provide the wide range of com pe tence needed to con
sider and deal with these new and rapidly developing areas of science .  This is 
well exem plified in the work of i ts Subcomm it tee on Radiobiology ,which has origl
nated a series of conferences on the basic m echanism s of radiobiology where 
physicis ts and chem ists, as well  as biologists ,  meet  to exchange inform a tion and 
to tes t  hypotheses of biological ac tions in the l ight of the combined experience of 
the group. This has resul ted in free,  informal and cri tical discussions of infor
ma tion available from several special ized fields of scientific s tudy . A t  the sam e 
tim e ,  deficienc ies in exis ting da ta have been revealed and suggestions developed 
for obtaining the m issing inform a tion .  

The organiza tion o f  thes e conferences , arranged to encou rage fra nk and 
detailed discussion in an informal  a tmosphere, has been a task of som e magni
tude .  A vital  part  of the conference is the publica tion of the proceedings, so that 
a l l  interested persons may have the benefit of these delibera tions . I t  is obviou s ,  
even t o  a layman i n  biology who m a y  read these pages , tha t the vi tal essenc e of 
the fu ndam ental processes are being exposed in the reasonings and a rguments 
which have been recorded . In many ins tanc es , it is also apparent tha t a firs t 
tenta tive approach is being made to the solu tion of a par tic ular problem. There
fore , i t  is essential to continued progress tha t conferences of this kind be en
cou raged to continue to aid in plot ting a course through the myriad of com plica t
ed reac tions which occur  when radia tion interac ts with living tissues. 

The Subcommit tee has thus fa r organized fou r  conferences . The firs t  was 
a sym posium on radiobiology held a t  Oberlin College , June 14-18, 1950. It con
sis ted ofa  series of form al papers and formal  discussions ; these were published 
in 1952 (''Sym posium on Radiobiology", J. J. Nickson, Ed., John Wiley and Sons , 
New York ,  1952). The second was a highly inform al conference held in Highland 
Pa r k ,  Illinois , May 31 - June 2, 1951, the proceedings of which were no t pub
l ished . The third considered specifically the Physical and Chem ical Aspects of 
Bas ic Mechanisms in Radiobiology and has been published as publica tion No . 305 
of  th e A cademy- Research C ouncil ,Nuclear Science Series . The current confer
enc e  cons idered the biochem ical aspec ts of the subjec t, and again no a ttem pt was 
m ade to m ake the discussions com prehensive; but  rather topics of current inter
es t were disc ussed and ana lyzed . 

The expenses of the conferenc e covered by this report were borne join tly 
by the A tom ic Energy Comm ission, the Na tional Science Founda tion and the Of
fice of  Naval Research. I t  is a pleasure to thank them for this support,  not only 
on beh a l f  of the Subcommittee on Radiobiology, but  also of all those who may re
ceive  inspira tion from reading this publica tion .  

iii 

L. F. C ur tis s ,  Chairman 
Commi ttee on Nuclear Science 

H. J.  C urtis , Chairm an 
Conferenc e Committee 
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THE DIRECf EFFECf OF RADIATION ON 
PROTEINS, VIRUSES AND OTHER LARGE MOLECULES 

Ernes t C .  Pollard 

1 

Well , I richly deserve what  I am ge tting today . In reading through the 
very fine summary of las t  year ' s  conference,  I realize that I was opera ting wi th 
a needle mos t of the tim e and i t  is very fair and jus t  recompense for having 
done thi s .  Here I am in a posi tion of pu tting up or shu tting up and so I had be t
ter tal k  about  i t .  

The work we  have done at Yale had as  i ts original interest  the use  of 
radia tion to s tudy s truc ture . This follows direc tly along the pa t tern se t  by Lea ,  
and we consider ourselves , i f  you like, descendants o f  Lea i n  o u r  philosophy 
and ou tlook in the way in which we seek to use radia tion . The use we have made 
of i t  has somewha t surprised us ;  some of the methods of us ing ionizing radia 
tion to s tudy viruses have been sum marized in my book. (1) 

Somewhat to my s urprise and pleasure ,  one s truc ture tha t we sort of 
pos tu la ted for Newcas tle disease looks very much like the elec tron mic rographs 
tha t are now being turned up in New York by Morgan et al (Z). So ·there is evi
dently sa tisfac tory val id i ty to this  me thod of using radia tion to s tudy s tr uc ture . 
I am a c u tely sure i t  has limi ta tions , and i t  would be very foo�ish to use i t  wi th
o u t  knowing these lim i ta tions . One of the reasons for this discussion today is 
to s end me away with a clearer idea of wha t the lim i ta tions are . 

In this work there is one basic aim ; i . e . , to preserve the space rela
tions of ionizing radia tion.  You use these space rela tions to tel l  you some thing 
abou t the na ture of the sys tem you are s tudying. There is a second fea ture to 
thi s :  the ionizing events that  occur  mus t  make som e change in whatever you are 
looking a t .  This change is , at the present, rather too inclusive . It involves , 
as  a ru le ,  the removal of ac ti vi ty or some very vi tal change like that. It would 
be preferable if the change were more moderate and could be studied in some 
de tai l  after i t  had occ urred , because then we would get more information . 

Because space rela tionships have to be preserved , we have opera ted 
almos t entirely in the dry s ta te .  Everyone will ask, ''How dry? " ,  and the 
answer tha t I can give to tha t  ques tion is in the following terms :  

Firs t ,  the specim ens are exposed in  high vacuum , usually inside the 
vac u um chamber of a cyclo tron ,  so tha t the total vapor pressure goes down to 
Io-5 mm. Hg.  
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Second ,  the therm al inac tiva tion cons tants for these ma terials are 
comple tely different  from those that  are obtained in the we t s ta te .  If you hea t
inac tiva te , under the condi tion tha t  we usually use for work on a virus or  an 
enzym e ,  you will find tha t  the inac tivation is charac terized by a low entropy of 
ac tiva tion , zero or nega tive . This seems to be charac teris tic of inac ti va tion in  
the dry s ta te ,  and you can show a very s triking contrast  be tween how the m a te
rial behaves as far as hea t is concerned . This we look on as an auxiliary sor t 
of evidence .  Whe ther any biological ma terial can b e  considered a s  absol u tely 
dry is doubtfu l ;  but tha t  radia tion can migra te via the m edium of wa ter under 
these condi tions I would s trenuously deny . I don ' t  see how i t  can. 

Now I should like to say a l i ttle abou t wha t I call  a theoretica l  approach 
to radiobiology . Looking back ,  the s tronges t needle I pu t into the conference 
las t year was in the form of a som ewha t impassioned plea for recording of a l l  
the effects tha t radia tion produces . I fel t  tha t we were relieved when we learned 
tha t  radia tion can produce an effec t on wa ter and tha t  this in turn can produce 
an effec t  on the cell , and I tried to indica te tha t tha t  relief was perhaps a l i t tle 
excessive ,  tha t there had. to be a considera tion of all  the effec ts tha t radia tion 
can bring about ,  and tha t  among these effec ts ,  the direc t ac tion on the biological 
com ponents of the sys tem was mos t impor tant .  

I should like now to sugges t tha t  i t  is al together possible to formulate 
a theoretical approach to radiobiology in the following term s .  We can say what 
the par ts of the cell are and lis t them , not jus t  talk about  them in absolu te gen
eralities bu t lis t them . Then we can inquire as to wha t the radia tion ac tion is 
on these parts separa tely. Having done that ,  we can inquire as to wha t  func tion 
these parts have in the work of the cell and then we can synthesize a probable 
explana tion for radia tion ac tion . 

I am amazed , to tel l  the truth ,  tha t  this is being done so little . We 
have tried it in wha t  I though t was an ama teurish way , and in the progress re 
por ts of our work we have , each year ,  wri tten a sort of s ta tem ent as to wha t  
we  think this sort o f  theoretical radiobiology should be  like . Among the things 
tha t  we have discussed has been the rela tive proportion of direc t and indirec t 
ac tion based solely on this theoretical approach . 

The fac t  is tha t when you get into this theoretical approach you becom e  
acu tely aware tha t  a lot of data tha t  you need are not only unknown, but  are no t 
even being sought .  In the firs t place, i t  is urgently necessary to know the life
times of al l  the produc ts of radia tion ac tion everywhere: no t only life times in 
wa ter , bu t life times in the solid s ta te ,  and life times of things such as HOz and, 
in fac t ,  any agent tha t  can be thought of as being involved in the response to ra
dia tion . The s tudy of these l ife tim es is a t  least  not c learly visible in the l i tera 
ture . 

In this connec tion , Dr .  Sm i th,  working a t  Yale during a leave of ab
s ence from the Department  of Radio therapeu tics at Cambridge , conduc ted, I 
thought ,  a very nice experiment along the line of the one firs t used by Dr . 
Mazia . He made a m easurement of the life time of radicals in water (3), and 
came ou t in two cases wi th a magni tude of about  3 microseconds . Jus t this one 
value alone completely modifies Lea 's  own specula tions as to the rela tion be
tween direc t and indirec t ac tion. Lea adopted , wi thout  m easurem ent ,  a figure 
of 0. 3 m icrosecond . C learly , when you have a life tim e as low as 0 .  3 micro
second , a radical formed far away from the important biological molecule 
would not be effec tive .  I t  will  hit som ething unimportant before it  ge ts there , 
and the unim portant thing m ay even be the thing tha t  causes i t  to recom bine as 
m eas ured in these experim ents . A figure 10 times grea ter modifies this . 
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The conclusion we come to from the sort of broad theore tical approach 
in which we consider the effects of radiation on proteins , nucleic acid, and the 
microscopic cytoplasmic components is tha t  direct and indirect actions are split 
about 50:50 but that they are both variable . You can, on occasion, ge t a cell in 
which only 25 percent of the ac tion is direc.t, or the o ther way around. One 
m ust not consider ei ther of these to be the functions of radiation tha t  are con
stant. They depend on the condition of the cells and on the molecules tha t  are 
in them , and we have to recognize that both of these can be variable.  There is 
no question wha tever about  the variabili ty of indirec t ac tion with respec t to the 
nature of the cytoplasm . 

I should like to suggest  tha t  this can also be said of direct action, and 
this is a somewhat  bolder s ta tement than I think anybody has made in the past.  

One trem endous and absolu tely vital da tum is sitting, waiting to be 
found by somebody . No one knows the ionic yield for indirec t ac tion on large 
nucleic acid molecules . Large nucleic acid molecules obviously play a most 
drama tic role in cellular func tion, partic ularly in a ny function tha t  takes time 
a nd requ ires the cell to develop. Yet I do not know of any work in which the 
ionic yield for indirec t ac tion on nucleic acid molec ules is given. By a nucleic 
acid m olecule,  I m ean one that has a biological function. I discount measure
ments in which the nucleic acid is either polyme rized or depolym erized wi thou t  
a guaran tee that a t  the sam e time biological func tion goes a long with i t .  

CARTER :  Do you m ean transform ing principle ? 

POLLARD: Transform ing principle ,  for exam ple , would be beau tiful ,  
but  at  the moment I don' t  think i t  is pure enough to m easure.  

CARTER: I think transforming principle is pure enough to m easure 
and I am surprised tha t  Dr . Chargaff does no t have the data. 

C HARGAFF: It is very difficult  to say really wha t  proportion of the 
transform ing principle you have in any nucleic acid preparation . Tha t  is one of 
the great diffic ulties . We are now frac tionating preparations . Maybe we will 

know soon a little more about  that .  

POLLA RD: We know the yield for direc t ac tion .  This has already 
been m easured in three places and the agreem ent  is good. But  we do not know 
the effic i ency for indirect  action. It is not known, for example, whether it takes 
10 ion pairs to inac tivate one transform ing principle molecule or,  say, I, 000 . 
Em pirically, we would expect a figure of I, 000 but i t  m ight be as low as 1 .  If, 
ind eed, i t  is I. i t  would be well worthwhile to conc entrate on that  one s ubject  as 
th e probable single basic radiobiological ac tion.  But  until we know that ,  the 
basis for this theoretical radiobiology is m issing. It does not seem to be an 
im po s s ible experiment. 

CA RTER:  Actually the obs tacle is that Dr. Chargaff has not purified 
the transform ing principle .  

CHARGAFF: You are faced wi th an almos t philosophical dilem m a .  
You may have between I, 0 0 0  and 1 0 , 000 different species o f  nucleic acid per 
nucleus, a nd if yo u equa te the nucleic acids with the genes obviously you really 
don • t know wha t  you are m easuring. If you are m easuring one transformation 
feature, e. g . , Hotchkiss '  s ulfonam ide factor,  you don ' t  know wha t  proportion of 
the total nucleic acid really corresponds to this particular ac tivity . I think it 
N"ill be a long time before we will be able to answer tha t  question . 
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POLLARD: Well , you can answer it for direc t ac tion . 

It is interesting that Fluke ,  Drew and I (4) measured the radiation 
sensitivi ty of the transformation of jus t rough to smooth. Fluke and Marm ur (S) 
have m easured the s treptom ycin and, I believe ,  one other transformation from 
Hotchkiss ' laboratory with subs tantial agreement, although wi th a rather inter
es ting extension that  there may be two c lasses of molecules present .  

I had a le t ter  from Dr .  Latarjet to the effec t  that  he  has found some
what similar, though rather less ,  sensitivi ty . One can say that the apparent  
radiation sensi tive volum e  for the direct  ac tion of  radiation on  nucleic acid cor
responds to a molecule in the order of  between 3 and 7 million molec uiar 
weight-- very sensitive . So that the temptation for me,  as,a direc t ac tion 
man, is to see this enormous figure and to want to say, "W,ell , tha t is the key 
to radiobiology . "  It is a great temptation because i t  is a huge figure . Never
theless , it  will be mos t  unwise to take this a ttitude urutl we have the other data 
as to whether, by any chance ,  1 ion pair can also inac tivate such nucleic acid 
m olecules by the medium. of water . If that is true , than we have jus t as good, 
in fac t ,  a be tter line of approach in terms of the ac tion of water . So these are 
important data .  Moreover,  I think i t  is  s o  important that i t  would b e  quite all 
right if we knew it only within a fac tor of ZO. So if one had a purified trans 
forming principle with only 40 percent inac tivity i t  s till would be worth working 
on . 

BENN ETT: I don ' t  know if this is the type of thing you are thinking 
about ,  but Dr . S tent at the University of California is incorpora ting essentially 
c arrier-free p3Z phosphate into phage and determining how many disintegra
tions are required to inac tivate them . I t  is a different type of phenomenon, I 
think. 

POLLA RD: There are two things there . In addi tion to the ionization,  
there is ac tually a change of a tomic species plus a violent  recoil and ac tual 
motion of a heavy a tom , which is a very dras tic thing indeed , in the case of a 
big molecule .  Dr. Kamen knows about  thif; because he did pioneer work on the 
subjec t .  (6) The effec t  of incorporating P Z is some 30 times as great as the 
effec t  of radiation from the ou tside . So that  there is clearly something else 
taking place that  is not normally present in ordinary radiobiology . Radio
biology is not concerned with making nucleic acid radioac tive . . If that were so,  
the cross-sec tion would be very small,  I believe . 

KAMEN: I wonder if you could tell us how the half- life was measured 
for radicals in water . 

POLLARD: I c annot describe i t  in detail because i t  involves a lo t of 
plane diffusion cons tants . The procedure was essentially tha t  of Mazia and 
B lumenthal .  Two separate monolayers , one of catalase and one of bovine 
serum album in, were deposited on a chromium -pla ted glass slide which was 
placed in a c lean water solu tion,  wi th precau tions for no oxygen , and then X
irradia ted . Loss of func tion was m easured by the ellipsome ter technique in 
one case . In the case of the catalase ,  i t  was described in terms of the amount 
of hydrogen peroxide converted . In the case of the bovine serum albumin, i t  
was m easured for the amount of specific antibodies that would hook on to the 
surfac e  of the album in.  Both gave quite similar figures . Bu t the s ignificant 
thing abou t the experiment is tha t in bo th cases , exposures of the order of ZOO, 000 r were needed to produce any effec t .  This is qui te different from an 
enzym e tha t is dis tribu ted throughout the m a terial ;  for example ,  for ca talase 
in bulk dissolved in water . Ca talase would undoubtedly be inac tiva ted by a 
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frac tion of this exposure , perhaps 5000 r or something of the sor t .  

The point is tha t beca use there is  only one place where the ca talase is , 
namely,  on the slide , the time for diffusion is important, and if the time for dif
fusion is longer than the time for recombination , then the radical is not effec 
tive . By calculating for plane surfaces one would come out  with a theoreti cal 
figure . 

I don ' t  really want to spend time on this part s ince I want to ge t to the 
details of direc t ac tion s tudies . What  we have done has been to pick up where 
Lea, Smi th ,  Holmes and Markham {7) left off. They inves tiga ted the effec t of 
X- rays on dry myosin and dry ribonuclease and measured wha t is called their 
inac tiva tion volume .  This is the volum e within which one ionization, randomly 
dis tribu ted , will cause inac tivation or loss or func tion . I t  is to be thought of as 
a parameter and i t  is only by chance or , by wha t  I hope to bring out ,  by some 
process tha t  we would like to be able to desc ribe , tha t this parame ter  agre�s in 
any way with anything known about  the molecu le at  all . 

Lea and his assoc iates found tha t in both of these molecules something 
like the molecular volume was involved in the figure for the inac tivation volume,  
and tha t  if, i n  particular,  one allowed for the way in  which ioniza tion comes in  
clus ters , the calculated molecular weights based on  this method o f  inac tivation 
agreed tolerably wi th the figures tha t were accepted at the time .  Lea did not 
follow this up in the years before he died , and when we began our work on ir
radia tion of viruses , it was sugges ted by Dr. Farro that  we should s tudy the ef
fec t of radia tion on enzymes as well . 

The experiments are threefold in charac ter and quite elaborate . Firs t  
of  a l l ,  wha tever you s tudy has  to be  brough t  into a condi tion whereby i t  can  be 
dried and handled s tably . For most enzymes and antigens , this is easy .  I n  fac t ,  
mos t of these things seem to have a higher s tabili tY.: i n  the dry than in the we t 
s ta te .  For example ,  ca talase can be heated to I00°C when dry but  is quite tem 
peram ental when wet .  These are then irradia ted with fas t deu trons , s low deu 
trons , alpha particles , fas t  elec trons of over 500 , 000 vol ts , and also with e lec 
trons of  lim ited pene tration, o r  energies below 4000 vol ts . 

We have brought  every piece of physical equipment tha t we could to bear 
on this  major type of s tudy. Tha t is one advantage of being a physicis t of some 
reputa tion.  You can get hold of appara tus that  o therwise is a li ttle hard to ge t 
you r  hands on . We have no t hesita ted to go right after i t  and we have s tudied 
what is a surprisingly large array of things . 

We have found,  firs t or a .l l ,  tha t  you can consider a molec ule as having 
an inac tivation volume and an inac tiva tion cross -sec tion, depending upon whe ther 
you deal  with ionization tha t  is random in volume or wi th ioniza tion that is con
fined to dense swa ths and so can be considered as a sort of l inear problem . The 
two us ually go together ,  al though no t exac tly . It is no t a perfec t fi t unless you 
s tar t  to introduce other fac tors . 

But  the firs t thing to say is tha t in no case when we calculate the molec 
u lar weigh t  do we com e  out  wi th something wildly wrong. As a ma tter of fac t ,  
we have had some remarkable successes . For ins tance ,  we  insis ted tha t  the 
mole c u lar weight of urease would be somewhere in the neighborhood of 1 0 0 , 000 
and we held to tha t in the face of opinion tha t i t  was 480 , 000 . Well , later deter
m inations are giving 1 00 , 000 . We hit som e things ra ther acc ura tely . For pep
s in we find a figure of 39 , 000 as agains t the accepted value or 36 , 000 . For oth
ers we haven ' t  done so  wel l .  We come ou t wi th a figure of  3 1 , 000 for trypsin , 
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whereas the present accepted figure is 17, 000 . We have a number of figures for 
radia tion molec ular weights which have not been checked in any other way . As 
they are gradually being checked , we find that our figures are quite often in the 
righ t  league . 

A very interes ting one is that of DNA. If DNA is assayed as the pneu
m ococcus transforming principle , then we come out with a molecular weigh t of 
6 ,  000 , 000 and we also require that the molecule be long and thin . The figure 
given is 45 R wide and 3800 i long .  When we assay DNA, however , by some
thing quite different -- the capaci ty to ac t as  a subs trate for i ts enzyme - - we 
com e  out wi th a figure of something like 21 00 molecular weight  and a crpss-sec
tion of about 500 square R . The conclusion is tha t  perhaps 8 nucleotides are 
sufficient to be specific for diges tion by DNA ase . 

used ? 
CARTER:  What  are  the criteria for th e  enzym atic ac tivity that you 

POLLARD: This was done by Dr . Smi th .  I think he m easured the 
amount of subs tra te conver ted in a fixed time ,  being certain that the amount of 
s ubs tra te was not the l imiting fac tor . 

CARTER:  Wha t  was the endpoin t ?  

POLLARD: No endpoint was measured. 

CARTER:  Was this loss of  viscosi ty ? 

POLLARD: No . 

CAR TER:  It would have to be done like everything we do in a Beck
m ann appara tus , and this would be m easured by the amount of specific changes 
in absorption , probably a t  two wavelengths . 

CHARGAFF: I am not sure that this is a very good c ri terion . 

POLLARD: I am ra ther interes ted tha t you grabbed on to that  as a 
m e thod of m easurement .  Tha t was not our poin t .  Our whole point is that  there 
is a comple tely different response to irradia tion . 

CARTER:  The other point is that if you inac tiva ted the desoxyribose 
nucleic ac id by three different m e thods you m igh t come out  with three different 
answers . 

PO LLARD: We bombarded the nucleic ac id to see whe ther i t  could s till 
be used as a subs tra te . The enzyme was not bomba rded in these experiments . 

CARTER: Tha t  irradia tion can do so many different things to the 
m olec ule is the point tha t we want to es tablish . 

POLLARD: I would confidently expec t tha t  if one ac tually s tudied these 
separately there would be significant differences between them. 

CARTER:  There may  be  s ignifican t areas of  agreem ent . 

POLLARD: Yes ,  quite possibly . 

CHARGAFF: The transforming molecular weight  was abou t 6,  000 , 000 ,  
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if I unders tand correc tly . 

POLLARD: Tha t is correc t .  

CHARGAFF: Tha t  is  not to say  tha t  i f  you break i t  in half i t  is  no 
longer transform ing or is tha t  the m inim um ? I really don ' t  know wha t  you are 
m easuring when you say 6, 000 , 000 . Is i t  the molecu lar weight ? 

7 

POLLARD: Wha t  is done is wha t  I cal l  a mental transformation and 
one has to undergo this before he can unders tand i t .  You take a preparation of 
the transforming principle ,  dry it and then take part of the dried specimen ou t  
as a control . You irradiate i t  wi th fas t elec trons and fas t  and slow deutrons and 
you m eas ure , after irradia tion, the amount of ac tivi ty which is left . In the c ase 
of the e arly experim ents , this was a very difficu l t  thing to de term ine . One had 
to de term ine the concentra tion of the irradia ted ma terial on which a fixed num 
ber of transforma tions would take place .  I t  was rather nas ty , and the observa
tions were not very precise .  I n  the modern experiments , i t  i s  m uch easier .  
You can s im ply meas ure the number of antibiotic -resistant form s tha t are trans 
formed . These colonies can be m easured as a defini te number ,  and you can ge t 
som e estim a te of the ac tivi ty of the t:--insform ing princ iple tha t  is left a t  the end . 
This loss of ac tivity follows approxima tely a logarithm ic func tion . 

I mus t  say wi th regard to the transform ing princ iple , in view of the 
c rudeness of the assay,  tha t we did take the logarithmic inac tivation on fai th . If 
you believe then tha t  the logarithm ic inac tiva tion requires tha t  there be a con
slant ,  which i s  volum e in  one case and area in  another, the volume corresponds 
to the volum e of the sensiti ve uni t .  This can be re -expressed as a molecu lar 
weigh t .  Bombardments that m eas ure the volumegive a value of six million for 
the equ ivalent molecular weight .  Bom bardm ents m easuring area do no t agree 
wi th this unless the s ubs tance is very long and thin .  Agreem ent be tween the vol 
ume and the area can be obtained by saying tha t  i t  is 45 � units across and 
3 80 0  .R uni ts long. Tha t  is all we can say about  this . 

CHARGAFF: Tha t  is roughly a ra tio of abou t  1 00 ?  

POLLARD: Roughly , 1 00. 

I have spent too long on this since I am not too sure that our work is at 
i ts bes t in  these two cases because the assays are somewha t an open question . 
B u t  the s ubs tances tha t we have s tudied show remarkable radiosensi tivity in the 
d ry s ta te , sensi tivity that is apparently confined to a region that is approxima te
ly  that of the molecule .  

I should like to summ arize the fac ts as  we know them . I think I have 
nine . Inc identally , I must  s tress tha t  I have a very fine group tha t is doing a ll 
this work, and I am on top of a pinnacle tha t  they support .  

1. All the inac tiva tion volumes are within a fac tor of 4 of the molec u
lar vol um e ,  on the basis tha t a s ingle ioniza tion will inac tiva te the 
molec ule . Jus t a s ingle ioniza tion , no t prim ary , but  any ioniza tion . 

Z. The cross-sec tion of a molecule measured with densely ionizing 
radia tion , such as alpha particles or deu terons , is a varying func 
tion of what  we call the ioniza tion dens i ty .  Dr . Zirkle and Dr . 
Tobias call i t  linear energy transfer .  E i ther is all  righ t .  General
ly , this shows a trend to a m axim um value and t'tlat value corre
sponds ordinarily to the diame ter and area of the zrolecule . 
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3 .  The curve for this c ross-sec tion versus ion dens i ty can usually be 
fi tted by a theore tical rela tion , and the theoretica l  relation res ts 
on the random produc tion of a definite m inim um number of ion pairs 
in a molecule of definite thickness . These measurem ents enable 
you to ge t an independent meas "ure of thickness .  

4 .  Both these quanti ties , cross -sec tion and volume , vary wi th temper· 
ature during irradiation . If the ma terial is cooled to dry ice or liq· 
uid air tempera ture , i t  is likely , although no t guaranteed, that the 
sens itive volum e will be smaller . If you want to ge t a mos t dramat· 
ic varia tion you can get i t  every time by irradia ting just  below the 
tempera ture where you would inac tivate thermally .  If you hold the 
ma terial about 20°C below that  for thermal inac tiva tion and irradi
ate a t  the same time ,  the volum e  and c ross-sec tion will both be of 
the order of 3 to 5 times larger than normal .  I t  is no t a small ef
fec t .  It is definite . 

5 .  You can have partial damage due to ionizing radiation . This shows 
up in the case of hemoglobin. If you irradiate hemoglobin and then 
look for any change in it by any method you like , the first thing you 
need to do is to put it in to solution. If this is a ttem pted at an ad
verse pH , the irradiated m a terial will no t go into solu tion . How
ever, hemoglobin is soluble at  pH 4 or 5 and once in solu tion it will 
no t appear to be damaged . Since there is a change in the solubili ty 
a t  high pH ,  partial damage of some kind has occurred (8) . 

6. Radia tion ac tion can m igrate . It  can m igrate across an enzyme in
hibi tor or an enzyme subs tra te bond . We have m easured the effect  
of trypsin and soybean trypsin inhibi tor separately and combined and 
the effec t of hyaluronic acid and hyaluronidase  separately and com
bined . In both cases we conclude tha t energy can m igrate . We are 
now s tudying this in the case of antigen antibodies . 

7 .  On the o ther hand , radia tion ac tion does not readily migrate from 
one molecule to another in a dry solid . 

We have a ra ther simple experim ent to show this ,  being done a t  the 
moment by Hutchinson. If you take elec trons of fini te range , e. g . , 
ZOO - vol t elec trons , and you bombard a layer of invertase,  you can
not burn off more than one monolayer no matter how long the radia
tion is applied . You only elim inate from this invertase prepara tion 
the top layer tha t  corresponds to one molecule . This m eans tha t  the 
transfer of radia tion energy from the top layer to the second layer 
is very diffic�lt .  

More recently , Hu tchinson has shown that this is difficult  even if the 
tempera ture of invertase is increased . So tha t  the transfer from 
one molecule to another in dry solid is ac tually difficult in the case 
of invertase . 

8 .  Previous trea tm ent of a molec ule ,  e .  g . , by hea t ,  can condition its 
radiosensitivi ty . 

9 .  Loss of solubili ty i s  a n  important response to radia tion . I t  is not 
necessarily the mos t  sensitive index , al though on occasion , this is 
the case . For example , the main effec t  of irradiation of bovine 
serum albumin in bulk is the loss of solubili ty . If i t  is pu t on a 
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monolayer and irradiated, then i ts antigenic property is lost or i ts  
ability to combine with antibodies i s  los t, but  i t  i s  los t after consid
erably more radia tion than will rem ove i ts solubility.  

Now, to s tart the disc ussion , I should like to suggest  that we have an 
explanation for these events . This is largely aimed at Dr.  Platzman. If we can 
get him s tarted we have s ucceeded. 

We feel that two things occ ur. I rather like the m e thod of approach that 
is used by A ugenstine in the remarkable l ittle book on "Information Theory In 
Biology", tha t Quastler edited (University of Illinois Press ,  1954) . Augens tine 
analyzed protein dena turiza tion in the following s tages: 

· 

1 .  The breaking of a bond such as an S-S bond, which is a definite 
s trong bond. This is associated with no entropy change and in 
volves an energy change of about  ZO,OOO calories per mole. 

Z. The breaking of a number of hydrogen bonds which opens the s truc
ture. They have entropy associated wi th them , and each has a m uch 
smaller amount of ac tual energy , in the neighborhood of 6000 calo
ries per mole . 

3 . Another bond is joined, and, in A ugens tine 's  approach,  this is a 
new S- S bond, not the right one for the original configuration. 

We should like to take almost exac tly the same viewpoint for radiation 
ac tion . Being a physicist ,  I know no chemis try and, therefore, I shall just draw 
the whole s tructure. 

A physicis t 's  idea of a protein backbone, wi th cross -linkages here and 
there is shown in Figure 1 .  

r--------, 
1 SUBSTRATE I L.. - - _..J 

X 

Crose h'*"Ve 

Fi gure I. Schematic representation of 
events associated with the passage of a 
fas t-cha rged particle through a protein 
molecule. 

What is said about protein obvi
ously can apply to nucleic acid also. 
Let us imagine that  the particle tra
verses the molec ule as shown in the dia
gram . This is the path of the fas t
charged par ticle that does the ionizing. 
We will say tha t all it does is produce a 
primary ioniza tion a t  A .  As a resul t  of 
the primary ionization, firs t of all , a 
plus is formed a t  A and then an electron 
is also released . We will say that the 
path of the elec tron is as indicated and 
that it ionizes again at B and then moves 
away . There are now two electrons 
produced, one of which comes to rest 
while the o ther ionizes at  C before com 
ing to res t .  There are now three plu ses 
and three minuses where elec trons have 
been cap tured. Now all this m u s t  hap
pen in the order of l o - 1 3  seconds , per
haps even less because very l i t tle tim e  
i s  required. 

What  follows this and how i t  is 
related to the loss of biological func tion 
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of the molec ule ? Wel l ,  I feel tha t  the things one has to think abou t are these:  
In the firs t  place we have a toms that have los t an elec tron.  The positive a ttri· 
bute,  i t  seem s to m e. cannot possibly s tay there, or at  leas t there is no reason 
why it should. I t  would be quite natural for the neighboring a tom to feed an 
elec tron into it ,  in which case, the plus is flOW in the next a tom , even though the 
posi tive charge i tself does not move physically.  But  from the place where i t  
s tarted i t  can go all the way along these chains and probably does so very rapid
ly .  So we have a concept of migration up and down from one end to the o the r .  

W e  have a specific func tional region i n  the molecule,  and let 's  say that 
this· is attached in som e way to the s ubs trate or is hooked on to som ething else. 
It won ' t  m a tter .  Let us say tha t  a bond is broken . Suppose I indicate a broken 
bond a t  X. The breaking of the bond is my conc eption of the removal of a va 
lenc e elec tron by the migrating posi tive charge. This broken bond will m ean 
tha t  the s truc ture will essentially break here,  and the fragm ent can move off 
with the m a terial of the s ubstrate, or wha tever you like , that is bound to i t .  In 
which case, the molecule no longer has its specific configura tion and i ts biolog
ical ac tivity is los t .  This is inac tivation by a single event and corresponds to 
the fac t  tha t the single event occurs in a place where just  tha t one event is suf
ficient to cause inac tivation . This m igh t ,  for ins tance,  be a prosthetic group 
tha t  dropped off. The concept I want  to s ta te is that  of the high energy single 
event.  Let's call tha t  category 1 .  This ,  in Augens tine 's pic ture, would be the 
equivalent of the breaking of an s-s bond . 

Now let 's  look at som e thing else tha t  can occur.  If these positive po 
si tions wander around, they can move ,  for instance, into a place like E and that 
can m ean that for a moment a bond will be broken. Now suppose tha t  for som e 
other reason, e .  g . , therm al agita tion or ano ther ioniza tion, the bond at D is al
so broken tem porarily . Then there can be a motion of the whole end of the 
chain outward. 

Bear in m ind tha t  Figure 1 is not drawn to scale because I have drawn 
it linearly and, in actual  fact ,  the ends are closer toge ther. It is possible that 
this ou tward motion will then cause a cross- linkage between, for exam ple, F 
and G.  and this cross -linkage will make perm anent the sort of damage tha t  has 
occu rred. This second method, too, is clearly dependent on the s trength of the 
hydrogen bonding. This is som ething tha t  m ay be dependent on tempera ture . 

I feel that there is a lot of significance to the fac t  tha t  proteins have a 
high coefficient of therm al expansion, and this may mean that  they contain bo nds 
tha t  are actually eapable of being weakened just  by the fac t  tha t  they are a l i ttle 
further apart when the high expansion is taking place .  When this type of i nac 
tiva tion involving two bonds takes place, we observe a temperature effect. 

In any event I should like to point out that the migra tion of the energy 
up and down these cha ins may take place by means of m igrat10n of the plus 
charge ;  this seem s to me to be the s ignificant thing. 

I have conc entra ted on the plus charge , but  what  I have said also ap
plies equally well to the m inus , which will be s topped in the vicinity of an a tom . 
Of course, in tim e these opposite charges will com e close enough to/e ther so 
tha t  a recom bination can occur, and in a period of time of abou t 1 0 - second s  
recom bination will b e  com pleted. I t  m us t  b e  a s  sm all a s  that  or we would no t 
observe tim e -dose ra te reciproci ty in radia tion ac tion. 

C U RTIS :  If I can get one thing clear,  both of these events really occ ur 
a t  the ou tside of this molecul e .  Tha t  is ,  you have a volume here, and if I h a ve 
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unders tood you correc tly , the charge is passed along the bonds until you sort of 
ge t to the outside, to the periphery ,  and in that  condition these two things tha t  
you mentioned can occur.  

POLLA RD: Ac tually wha t I want  to do is  to make Augens tine 's  third 
point, and that  is that some place a new bond m us t  be capable of form ation . 
This molecule isn ' t  ina c tivated until i t  has gone wrong. If the molecular pa ttern 
is undisturbed,  it will recover wi thin l o -8  seconds. But  if something has been 
broken tha t  can form a wrong configura tion, tha t  is the thing that  inacti va tes the 
molec ule . 

As I have indica ted here , the serious events take place at the periph
ery, but  that  m ight not nec essarily be the case if you have a helical structure 
that is bonded in a certain way . The bonding m igh t go inside and instead of the 
helix holding i t  in place ,  you would have::- momentary deformation of the helix 
that s tays there.  So tha t  the s i te where wrong bonding occurs is the place where 
radiation ac tion is finally manifest .  The other concept I have is the free travel 
of this type of energy -- you can think of it e i the r as a broke n bond, as su rplus 
charge , or lac k of charge -- free travel up  and down. 

BA RRON : The theory of the elec tron traveling through the protein 
s tructure was form ula ted by Schm idt in an artic le published 3 years ago , and 
s ince then Franck and Livings ton (9) ha ve said tha t  no such thing exists . 

PLA TZMAN: The disc ussion by Franck and Livings ton has nothing to 
do wi th wha t  Dr.  Pollard is proposing. I t  was specifically restric ted to the c on
sequenc es of elec tronic exci ta tion - - e .  g . , by light absorption, and was no t con
cerned w i th consequences of ionization by ionizing radiation. 

PO LLARD: I am not speaking of an elec tron travel ing and I am not 
s peaking of a proton of a nucleus traveling. I am speaking of the location where 
there is posi ti ve elec tric i ty .  

BAR RON : Do you mean then, that  i t  i s  ttre amino group, bec ause you 
have a protein tha t is in essence,  a polym erization of am ino acids ? 

POLLARD: I think I have som e thing m uch more fundam ental than that ,  
Dr.  B a r ron.  I will  point i t  out  this way: Suppose I have three nuclei as those 
diagram ed in Figure 2 a ,  b. They have elec trons around them and they have a 
valenc e e lec tron that  is also shown . This is the P s tate kind of valence elec tron. 

c 

c 

B 

+ 
B 

A 

(a) 

+ 

A 

Figure Z. Transfer of electrons be
tween neighboring atoms. 

(b) 

Ifl take away the elec tron from atom A, i t  
becomes posi ti vely charged, bu t why will 
it no t be quite possible for a P state 
electron to move from a tom B to a tom A 
in which case, B becomes posi ti vely 
charged, and then later moves to C ,  in  
which case C becomes posi tively 
charged ? Why does the posi ti ve have to 
rem ain at the atom tha t has lost the 
electron ? 

There is a s trong interac tion be
tween all these a tom s ,  and there is no 
reason why an atom should not cap ture 
a P s tate elec tron from i ts neighbor. 
When i t  does so,  the neighbor becom es 
plus ,  and so on down the l ine. I feel that 
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one thing tha t may be very significant in radia tion action is any type of bonding in 
which this is unlikely to happen. Ano ther thing I feel may be very significant, is 
the ring s tructure in which this,  so to speak, is held up by just  going around and 
around the ring for a while and , therefore , no t traveling. 

PLA TZMAN : What is important about pos tulating tha t?  

POLLARD: The importan t thing is  for this type of broken bond, as I 
see it ,  to be able to migrate. 

PLATZMAN: Why is that important? 

POLLARD: So as to have an event anywhere in the molecule apparently 
produce an inactivation. 

There are two points of view on this . One is that a protein molecule is 
so sensi tive that anywhe re you hi t i t ,  i t  dies . I look on that as being a li ttle su
pers ti tious . I j•J s t  don ' t  think any biological sys tem is quite that cri tical .  I used 
to feel that way, but I no longer do. If that is not so,  then you have to say the 
protein will cease to function biologically under a condition in which a bond is 
broken and the wrong bond is formed . The place where a bond can be broken and 
a wrong bond can form isn ' t  just  anywhere in the molecule . Apparently i t  does 
not rna tter where we put  the radiation energy in; we are able to find the place 
where the bond is broken and the wrong bond is form ed. So I feel there has to be 
som e m eans for the migration of this effect. 

PLATZMAN : Bu t perhaps not with 1 00 percent  efficiency . 

POLLARD: No, no t wi th 1 00 percent efficiency; in fac t,  almos t  surely 
this is not 1 0 0  percent because we now find mol ecules which require at least 3 
ioniza tions to inactivate them . Not I but  3 ,  and that alone m eans that there is an 
efficiency factor.  

I t  certainly did not  seem obvious to m e  tha t because you "ionize" an 
a tom in a solid molecular configuration like this ,  that  that particular atom had to 
s tay ionized. It wou ld seem to m e  that i t  would be just  the o ther way around and 
there would be every reason for the place of ionization to have a s tatis tica l  
chance of moving all around.  

BA RRON: You are acquainted with our work in which we irradia ted 
enzymes containing the sulfhydryl groups as the ac tive group and where the only 
thing that happened was the oxidation of the SH group wi thou t des truc tion of the 
protein molecule . Tha t is completely reversible because you can reduce the SH 
group and enzym e activi ty is res tored. There , you see , you canno t use your 
criteria for explaining inactivation of the enzyme.  

POLLARD: No, that is a chem ical reaction. 

BARRON: That is correct .  I am very glad that Dr. Pollard is talking 
about  the direct  theory, but  we have to make s u re tha t what he is talking about  
has nothing to do wi th the indirect action.  

POLLA RD:  That is right. 

PLATZMAN: Is someone going to tell us just how good a dis tinction 
one can make between direct and indirec t action?  
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POLLARD: I should like to know that ,  too . 

PLATZMAN: Perhaps that should com e before we talk about them as 
though the difference had been clearly delinea ted . 

BARRON: I think I will have something to say this afternoon. 

KAMEN: Wha t  was tha t  business of no migra tion in the dry s tate ? 
How does that fit into this pic ture ? 

POLLARD: No migra tion ? 

KAMEN: In your fac t No .  7 you said tha t  there was no m igration of 
radia tion energy in the dry s ta te .  

13 

PLA TZMAN: It was no t "no migra tion ."  It was limi ted m igration. 

POLLARD: I said i t  does not readily m igrate . I would like to go on 
wi th this and to have some disc ussion . Particularly , I should like Dr . Pla tzman 
tn com ment on this because one of the things that I am highly interes ted in is the 
return of the elec tron to the posi tive ion .  Last year , he gave quite an interes ting 
discussion of elec trons below the energy of the firs t exci ted s tate and how they 
behave . I am inclined to think that  is also very c rucial in this context ,  because ,  
if wha t I have said is  right ,  the events are devastating to any molecule , bu t  
som ething term inates the holding of  exci ta tion energy ,  and i t  may terminate so 
fas t that possibly this is s till not a very important process .  In o ther words ,  
maybe th e  recombination occurs before these things have time to m igrate a t  all. 
This should be calculable . 

The feeling I had from your discussion on water was that  recom bination 
was not likely to occur very fas t ,  and if recombination does not occur in this 
case ei ther,  then I am quite sure tha t  some sort of mechanism like this of energy 
migra tion will be of great  importance .  

PLA TZMAN: But  i f  I may  quote Pollard , from the las t conference , 
the m edium here is not water .  One should take care in extrapolating the results 
from one medium to ano ther. 

POLLARD: I believe that I have been going a li ttle fas t  on one point , 
and so I would like to illus tra te the kind of thing tlia t  we can do by showing you 
a slide of an apple blackening. 

This shows our basic me thod of working, in a very raw way . It is not 
some thing tha t  we have published and I don ' t  want to have it pinned on me that 
this is how I meas ure my molecular weigh ts .  Bu t  I do want to illus tra te how 
you could go about  m easuring molec ular weigh t with only these data . These data 
were taken by Mr .  Bellamy at  General Elec tric . 

The pic ture represents piec es of apple tha t have been exposed to the air 
for fixed lengths of tim e .  They have been bombarded by ionizing radiation -

mainly , I think, fas t elec trons . The control sample has becom e brown as an 
apple does. The samples tha t have been irradia ted ge t less and less brown, and 
finally the one that bas had I, 000 , 000 r is preserved and is as whi te as the origi 
nal apple before i ts expos ure to air .  

I asked Benne tt ,  just  before everybody ga thered , to look a t  this and to 
es tima te the percentage of color rem aining in the various samples . I have se t 

Copyright © National Academy of Sciences. All rights reserved.

Basic Mechanisms in Radiobiology:  III. Biochemical Aspects
http://www.nap.edu/catalog.php?record_id=18879

http://www.nap.edu/catalog.php?record_id=18879


14 

up a rough loga rithm ic plot here on the board of Ber:ne tt 's es tim ates . In any 
event ,  you can look optimis tically a t  this s traight line. With the data we have for 
pepsin,  trypsin, invertase , and so on, this s traight line is unques tioned , because 
we have a true estim a te and not just subjec�ive estimates of color . Never theless, 
even these points lie on the line a nd they show a reasonable biologic rel a tionship. 

We claim that they have a very definite rela tion . The enzyme is causing 
the oxidation of the surface  of the apple , thus giving the brown color .  The per 
cent  s urvival of the enzyme then follows the rela tion: 

ln � • 
no 

VI 

"I" is the number of clusters of ioniza tions per c ubic centimeter volum e a nd "V" 
is the quanti ty I have been talking about ,  the inac tivation volume.  __!!_ is the 

no 
frac tion of ac tivity surviving the irradia tion, n being the amount left, and n0 
the amount a t  the s tart .  

This is  really answering Dr. Chargaff 's question. When I say i t  is  a 
mental transforma tion this illus tra tes the proces s .  Now I have merely wri tten 
down the number of roentgens tha t correspond to this figure of__!!.__ = . 3 7 . I 

no 
m u l tiply tha t by the num ber of clusters per c ubic centim e ter in protein, which 
you can work ou t from the Bethe form ula , and then I com e out wi th a va lue for 
" I''. 

The inverse of tha t  is then the vol um e,  V. To find the molec ular weight,  
I m ul tiply the volume by the densi ty of the protein, 1. 3, and I m ul tiply tha t by 
Avogadro 's  num ber. Then we conclude tha t  this enzyme has a molec ula r weight 
of 760,000. 

It is assum ed tha t inac tivation of the enzyme on that apple s urface is due 
to an effec t ca used by radia tion deposi ted inside the molec ule . I have no p roof 
tha t this is the case. Ac tually , a wet surface-m igrant energy is perfec tly possi
ble . So that I am not c laiming tha t thf' molec ular weight of tyrosinase is 760,000. 

Wha t I should like to deba te this afternoon, or ra ther, should like to be 
informed abou t, is the ex tent to which this type of reasoning might  be true . Is i t  
possible ,  in point of fac t, that an inac tiva tion process of the sor t des cribed is 
c lose to the tru th ,  or is there something com pletely different tha t  greatly domi
na tes this whole process and tha t ac tually renders this whole derivation invalid? 

It would be a nic e thing (and I am s u rprised that more people haven ' t  
done i t) to  s tudy the loss of  ac tivi ty of  enzymes in sys tem s such as this and also 
the same enzym es under equivalent conditions in vitro . We have done a li t tle of 
this with extrem ely dry preparations. We ha ve s tudied the enzym es amylase,  
invertase , cytochrom e  oxidase,  and succ inic dehydrogenase in essentially in  vitro 
system s and in living cells . For example , the amylase was in barley; invertase 
in yeast  cells; and the cytochrom e oxidase and succinic dehydrogenase in 
B .  subtilis cells . In all of these s tudies the effec t of irradia tion of com m e rcial 
sam ples m the dry s ta te and of the organic system s was the sam e .  

Now I should l ike to consider the following ques tion . S uppose an ionizing 
radiation passes near a biological molec ule,  e. g . , a respira tory enzym e u nit ,  a 
m itochondrion, and produces a primary effec t. We know that a part of the ac tion 
-- Tobias and Zirkle have made this essentially a complete theory (10) -- is that 
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there can be wanderings of agents produced a t  the primary ioniza tion point and 
tha t these wil l  ge t into the molec ule and cause an inac tiva tion . However ,  only 
a certain c lass of agents may wander .  

The kind o f  primary event tha t occurs at  one point cannot wander 
through the cy toplasm and arrive at another spot .  Some thing that  has a charac
teris tic more rela ted to  chem is try than to the direc t physical event tha t occurs 
m us t  wander .  This m us t  be  some thing wi th qui te a long half- l ife , one tha t las ts 
long enough to produce an effec t .  In addi tion, i t  mus t  be som e th ing tha t is free 
to diffuse . Tha t  is to say , the enti ty i tself m us t  move and no t  merely the prop
erty possessed by the enti ty .  So this  will  be a different c lass of process from 
the one of which I have been speaking .  

Tha t is wel l- i l lus tra ted by  the fac t  tha t ,  roughly speaking, for an  en
zym e molec ule , wi th the exception of the very sensi tive sulfhydryl enzymes tha t 
Dr .  Barron has worked wi th , i t  takes of the order of 1 0  ion pa irs to produce an 
effec t by indirec t means . In the other process tha t  may occur ,  which is not the 
passage at a dis tance through a l iquid medium , the ioniza tion event seems to 
somehow dis tribute i ts effec t righ t  through the molecu le . It then u l tima tely pro
duces an effec t at some cri tical place ,  or a l terna tively ca uses the molecule to 
spl i t  open ,  so that  it no longer ac ts as a m olecule but  becomes an opened- up 
sys tem of some kind tha t is no longer specific . 

The par t  tha t  is m y  prim ary concern this afternoon concerns this direc t 
effec t .  This is the only subjec t o f  which we  have really made a s tudy, and the 
extent  to which one uni t of this type of radia tion ac tion can cause an inac tiva tion 
of a molecule is remarkable . Looking at this  thing in general ,  one is forced to 
accord the process some respec t in radiobiologica l  m a terials because it does 
seem to be as potent as i t  could possibly be . 

I should l ike to rei terate wha t I was discussing when I ta lked abou t  the 
m igra tion of the posi tive charge . If we take a polypeptide chain and , le t  us say,  
we ionize a ni trogen atom , i t  loses an elec tron, and so we ac tually have at  the 
moment  in  this chain , a "carbon" atom . I t  has los t i ts elec tron and it has a 
posi tive charge . 

Why is i t  necessary tha t i t  re tain i ts inherent new carbonlike proper 
ties ? A s  a ma tter  o f  fac t ,  i t  won ' t  have the right valenc e .  No thing will  be real
ly fi t ting right .  Is  i t  no t possible for this erroneous valence to migra te ins tead 
of s taying in place ? Tha t i s  to say ,  why won ' t  this ersa tz carbon nucleus tha t  
is , after a l l ,  a ni trogen nucleus wi th a right  t o  c rys tal l ize 7 elec trons around 
i t , take 1 of these 7 e lec trons from the next a tom , so tha t i t  is now res tored as 
a ni trogen a tom and we no longer have a carbon a tom as the next neighbor ,  bu t 
we have effec tively a boron a tom which wil l  now be plus ? 

Tha t  may no t las t .  The elec tron may come  bac k or i t  may wander on, 
and you have ,  therefore , a random walk migra tion of this plus ou tward from the 
cente r . It is a random wa I k tha t is not in an area , bu t  along lines and so i t  will ,  
in tim e ,  move anywhere on the chain . The m o ti:>n will be very rapid , bec ause 
the exchange of an elec tron be tween 2 a toms like this takes place a t  the veloc i ty 
of elec tronic motion and over the dis tance of 1 � . 

The dec ision to transfer takes some thing of the order of 1 o - 1 6 s.econds . 
The number of decisions to transfer tha t can occur  in 1 o - 8 seconds is 1 08 .  This 
would m ean to my m ind tha t the m igration would have had a chance to cover the 
whole long chain and possibly even to branch ou t  through the residues on the s ide 
in som e  sort of way . This is the exchange tha t  I was talking abou t  before .  
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You will no tice tha t  I am no t speaking abou t anything ac tually moving 
as such . No one elec tron travels .  It is j us t  the transfer of the elec tron from 
one a tom to another tha t takes plac e .  Jus t  as we migh t say this is true for the 
rather easy case of the posi tive par t  of ioni-za tion, i t  would be equa lly true if an 
elec tron had decided , for exam ple ,  to s top in a certain a tom . Then we would 
now have a carbon nucleus with a ni trogen s truc ture , and this in turn could then 
begin to move . 

C U RTIS: May I ask a ques tion a t  this point .  This event happens in 
1 o - � 6 seconds ? 

POLLARD: Tha t is the transfer of posi tive charge from one a tom to 
the other .  

C URTIS: And this time presumably is  no t time enough for any thi ng 
very radical to happen as far as the bond there is concerned . The charge c an 
travel back  and forth unti l ,  as  you men tioned this morning, i t  ge ts to the s ur
face .  in  which case  some thing may happen .  Have you  considered the possibility 
of two such traveling charges arriving at  a bond s im ul taneously ? 

POLLARD: Yes .  We have been kicking an al terna tive theory around. 
For ins tance ,  if you have a second ionization and both travel around, some bond 
may be broken when the two happen ,  by chance , to com e toge the� .  I t  is a very 
a ttrac tive idea and m igh t be all right .  

PLA TZMAN: Wha t  are the enti ties that  are supposed to come 
toge ther ?  

POLLA RD: Suppose ,  for ins tance ,  tha t one a tom broke off .  I t  might 
weaken the bond of the nearby residue for a moment jus t as it went  by , and if it 
weakened i t  at the righ t  place at  the same  tim e' the firs t was weak, you m ight 
ac tually ge t these two just  sim ply breaking off toge ther .  

PLATZMAN: The two posi tive regions would repel each other and the 
tendency would be for them to keep apar t  and not to come toge ther .  

POLLARD: Well , we are thinking of the two bonds being broken so 
tha t there is a momentary chance for a new chem ic al configuration to form . 

PLATZMAN: Yes , but  the possibil i ty of form ing a new configura tion 
would not help to induce the two ini tial episodes . They would have to be inde
penden t and coincident .  

POLLARD: The coincidence might  aid i t .  

BENNETT: Wha t  yQu want your event to do  is to occur  a t  a special 
place ,  and if these two things are going along toge ther ,  it seems to me rather  
unlikely tha t  tha t  would hi t  a t  a special place ,  which is one of  the earlier re
quirements tha t  you set  up . 

ZIRKLE: It would require a double ioniza tion, wou ldn ' t  i t ?  Don ' t 
your d a ta indicate that 1 does the trick? 

POLLARD:  In  half  the cases , 1 does the trick .  In  some ,  however , 3 
are necessary .  In one case , 4 .  

ZIRKLE :  I am no t entirely c lear ,  from your earlier discussion , a s  to 

Copyright © National Academy of Sciences. All rights reserved.

Basic Mechanisms in Radiobiology:  III. Biochemical Aspects
http://www.nap.edu/catalog.php?record_id=18879

http://www.nap.edu/catalog.php?record_id=18879


1 7  

jus t  what can bring an end to this random walk.  Tha t is , what  sort of se tup 
could there be in some  par t  of the molecule where this process could final ly re
sult in som ething irrevers ibl e .  The thing surely does no t keep on bouncing back 
and going the o ther way . 

POLLARD: Tha t is why I tried to relate this to Augens tine ' s  idea of 
denatura tion . I m us t  adm it  tha t his idea of the sulfur  bond breaking and a new 
sulfur bridge form ing may be satisfac tory , bu t  there are molecules in which this 
is unlikely,  e .  g . , molecules tha t  con tain no s ulfur .  So I fel t  tha t there mus t  be 
a varie ty of ways of reform ing bonds . My feeling is tha t  the sam e  atom s in 
every protein molec ule are capable of being bound in different ways ; tha t  they 
don ' t  have to be uniquely bound as pro te ins . My idea is tha t  this m igra ting , weak 
bond , if you like , merely gives an opportunity for som e of these other things to 
form , and if they do , then you have the loss of biological func tion . If they don ' t  
then you have recovery . In cases ,  for ins tance ,  like bovine serum albumin 
where it  takes three ioniza tions to produce the inac ti vation, i t  is obvious that  
one ioniza tion wi l l  do nothing. I t  has the chance of  doing som e thing, bu t  on the 
whole , 1 ioniza tion is no t sufficient .  But wi th 3 ,  apparently this m ul tiple proba
bil i ty of som e thing happening m ay cause the inac tiva tion . 

Hu tchinson ( 1 1 ) ,  who discovered this effec t of bovine serum album in ,  
thinks that a grea t par t  of  solubili ty loss is d ue to m ul tiple ioniza tion . The proof 
is not com ple te ,  but ,  in this session , we have to talk abou t hunches . 

MAZIA: It seem s to m e  tha t  what  you need are experim ents where you 
can assess the effec ts of radia tion on two m easurable ac tivi ties of the sam e 
m olec ules that  you know to be loca ted in different parts of the molec ule . One 
case tha t com es to m ind where. I think tha t the m easurement  would be possible 
is m yosin . Szent-Gyorgyi has shown tha t m yosin il'l an assoc ia tion of two 
enti ties which he cal ls meromyos ins , and which are l inked toge ther by peptide 
bonds . One of these sub- units has an enzym e ac tivi ty -- spli tting ATP - - and 
the ac tivi ty of the o ther can be measured as contrac tion . I t  wou ld be predic ted 
here tha t  the radia tion effec ts on the two ac tivities would be parallel , would i t  
no t ?  

POLLARD: Yes , that should be the case . That is  a good experiment.  

BARRON : You can decrease the ac tivi ty of myosin by irradia tion and 
you can bring it back .  In o ther words , the only thing you do is to oxidize the 
s ulfhydryl groups wi thou t des troying the archi tec ture of the molec ule .  

POLLA RD: That again,  however,  would apply to indirec t  processes . 
Tha t is one diffic ul ty .  

BAR RON: Unfortuna tely ,  in reali ty you have to remember tha t the 
biological  sys tem contains 80 percent water satura ted wi th oxygen; therefore , if 
you a r e  in teres ted in biology you have to think wi th th is in m ind .  

MAZIA: B u t  for the purpose of tes ting this theoretical form ulations , i t  
s e em s  l ikely tha t  you could irradiate in the dry condi tion.  

pos e . 

BARRON: You canno t dry myosin and have i t  contrac ted . 

MAZIA: Wel l ,  you could soak i t  in glycerol and serve the same pur-

BARRON: Then you oxidize the glycerol . 
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POLLARD: I think you could take care of tha t .  You could , for in
s tance ,  have glu ta thione present during irradiation . In o ther words , if the re
covery sys tem is present any radiation effe� ts will be superim posed on tha t .  

KAMEN: I am surprised that  none of  the exper ts have hopped on this 
point .  You would expec t tha t  if you got a posi tive charge on the carbon, this 
would s top the "walk" . I don ' t  know what  the times are .  

POLLARD: I have no t had a chance to  say what  I now realize is  the 
key to everything here . Al l  of these times are such that no heavy th ing can  
m ove . This i s  a key a l l  the way through . I t  i s  a key to the very nature of  ioni
za tion i tself.  The proton or the nucleus in the ioniza tion process never m oves ,  
and i t  i s  interesting tha t i n  neu tron s tudies wi th solids , the damage can be re
la ted to the number of recoils tha t ac tually do cause a motion of a heavy part, 
the part tha t is us ually unable to move and really is ins ignificant here . I feel 
tha t the tim es involved are s uch tha t  there isn ' t  any chance for a free radical to 
form . If a free radical did occur  I would be confident tha t you would no longer 
have a specific protein .  So, possibly , one of the things to look for is ,  as Dr.  
C ur tis has said , effec ts at  the end . I t m igh t wel l  be tha t all tha t  is necessary is 
that  some thing break way from the end and ,  having broken away , the molecule is 
then inac tivated . 

MAGEE: You have , in addi tion to this freedom of motion of the posi tive 
charge , a compe ti tion wi th the motion of the nuclei , i . e . , vibra tions . So when 
the charge gets into a certain region , you freeze the charge and it no longer 
moves freely . You freeze the charge into the region because of the exc i ta tion of 
motion of heavy nuclei ;  som e of the energy is transform ed into vibra tions and 
the elec tronic energy is reduced .  Then ,  the charge s tays in one vicinity and 
chem ical reac tion occurs . I think , in general term s ,  that  this is the explana tion 
for the specifici ty of the direc t ac tion of ionizing radia tion . In radia tion chem 1s· 
try ,  the fac t  tha t there is spec ifici ty of effec ts in certain func tional groups of a 
molec ule is known . This has been inves tigated, I think, ra ther extensively for 
decarboxyla tion of aliphatic ac ids . I believe ttta t a rela tively high frac tion of 
total absorbed energy goes into decarboxylation ( 1 2) . 

POLLARD: You m ean tha t i t  com es to a place where you can transfer 
from elec tron exci tation to vibrational .  It then freezes in position . That suits 
me fine . 

ALLEN: This m ay shed som e  light on why this energy apparently does 
not migrate from one molecule to ano ther . We know, of course , from the liquid 
scintilla tion counters tha t  certain kinds of energy will do this . You can ge t fair
ly good scintillation ou t  of dilu te solu tions of som e  aroma tic com pounds in nor
m al hexane. This means that  the energy absorbed by the normal hexane mole 
c ule travels from one hexane to ano ther until i t  reaches the aroma tic molec ule . 
This aromatic molec ule then fluoresces and produces the l ight tha t  you see . 

One might ask, why does this not happen wi th these pro tein molec ules ? 
Why does the energy not migrate from one to another as i t  probably does wi th  
normal hexane ? I think i t  is because the pro te in molecule contains groups tha t  
have an affini ty for banging onto the posi tive charges , thereby producing decom 
posi tion, and this process is in com pe ti tion with the transfer of charge from one 
molec ule  to the neighboring molecule . The fac t  tha t the pro tein molec ules ap
parently do , in general , possess these reac tive groups is the reason the energy 
s tays in the same molecule . 

PLATZMAN: May I make a few remarks abou t the charge migra tion? 
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I am certain that Dr .  Pollard does not mean to give the impress ion tha t  this 
process is a new conception . In case anyone is confused, my opinion is tha t  i t  
is nei ther new nor ques tionable . As a m atter  of fac t , ins tead of saying tha t the 
charge moves , one could rephrase the argument  and s ta te that  there is no jus ti 
fication for saying that  the charge i s  localized i n  any one a tom o f  the m olecule 
-- until , of course ,  the charge is found in a region where part or the energy of 
the sys tem m ay be converted into vibra tional energy , i . e . , hea t .  As Mazia has 
j u s t  said , once diss ipa tion s tar ts i t  cannot be revers ed . 

Less is known abou t the mode or migra tion of energy inside a m olecule 
than abou t  the rela ted (bu t by no means identical)  phenomena involving m igration 
of exci ta tion energy . The la tter have been s tudied ex tensively in a varie ty of 
sys tem s .  For example , Weissm an ( 1 3 ) has inves tigated the m igra tion from a 
carbonyl group at one end of a molecule to a rare earth a tom a t  the other ,  under 
a varie ty of condi tions . Bucher and Kaspers .( 1 4) have shown that ,  in the carbon 
monoxide-myoglobin complex, ligh t  absorbed in the prote in com ponent can dis
sociate the CO from a pros the tic group .  Franck and Livings ton (9) have ana
lyzed these and o ther cases and have concluded tha t  the mechanism of energy 
migra tion is mos t  l ikely of the "sensi tized fluorescence" type ,  in all  c ases . 

One wishes tha t some informa tion were available on the extent to which 
Pollard ' s  " ioniza tion migra tion" can occur .  A point to bear in m ind is tha t the 
dis tance through which sensi tized fluorescence can occur  is determined essen ti
ally by the wavelength of ligh t, which is m uch greater,  of course , than the 
wavelength of the migra ting "elec tron . " The mos t  s table posi tion , if it could be 
reached, is at a s i te tha t  one m ight crudely identify wi th the a tom of lowes t  ioni
za tion po tential . This s ta tem ent m u s t  be interpre ted loosely , bu t  the fac t  tha t  
i t  is  no t s tric tly correc t does not m ean that  i t  i s  comp�etely wrong or m ay no t 
be of great  help in quali ta tive reasoning. 

C URTJS: You say the lowes t  ioniza tion poten tial ? 

PLATZMAN : Yes , for tha t is where the greates t  amount of energy 
would  be available for hea t .  

C URTIS: To pu t this into more vis ual terms ,  this charge sort of goes 
back  and for th and up the side chains ? 

PLA TZMAN: To some extent .  

C URTIS: Hunting around until i t  kind o r  sam ples al l  the different 
a tom s ,  and then finally picks out the one tha t has the lowes t ionization potentia l  
and nes tles there . 

PLA TZMAN: Except tha t i t  goes so fas t  you canno t  say i t  is a t  any 
par tic u l ar place at any particular time . 

POLLARD: It  has a higher probabi l i ty of nes tling there . 

PLA TZMAN: In radia tion chem is try this argum ent is not uncommon. 
For ins tance ,  Kam en 's  objec tion tha t  ioniza tion ought to ca use dissocia tion at  
once is  met by the observa tions tha t in certain molecules this does not  occ ur,  a t  
l eas t with a high yield . For exam ple , in benzene the probabil i ty of  dissoc ia tion 
is c om paratively small . 

KAMEN: When don ' t  you ge t i t ?  
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MAGEE:  Arom atics don ' t  give i t .  

KAMEN: Wha t happens ? 

PLA TZMAN: The excess energy is converted to  heat .  

MAGEE:  This i s  a basis for pro tec tion theory . I t  sometim es happens 
that in a sensi tive region, a molecule c an dissipa te energy that  is trapped with
o u �  dissociation ,  and then you have a pro tec tion from radia tion . All we need is 
a recipe for favorable a tom ic configura tions . 

PLA TZMAN: I should like to raise the question of the m echanism 
whereby a single ionization brings abou t  the !; ugges ted effec t in a protein .  What 
is your  opinion of the theory for this that  Franck and I advanced { 1 5) ?  

POLLARD: You tell me  abou t  i t ,  then I will te ll you .  

PLATZMAN: I t  involved the sim ul taneous breakage and reorganization 
of m any hydrogen bonds as a res ul t  of ro tation of water dipoles about  the freshly 
formed charge . 

POLLARD: In o ther words , this occurs the m om ent water  hits i t .  
Being dry , how does this work ? 

PLATZMAN: Dry protein s ti l l  shows s trong dielec tric absorp tion:  
therefore, i t  contains groups tha t reorient  under the influence of elec tric fie lds .  
This reorienta tion is , without  ques tion, associa ted with the hydrogen bonds , and 
the sudden produc tion of an elec tric charge wi thin the protein m us t  cause the 
breakage of many hydrogen bonds over a grea t region . Subsequent reform ing of 
the bonds would then be irregular and m ight not give the original configuration.  

POLLARD: I think Hu tchinson does no t l ike this . Now I am a l i t tle 
out  of my department ,  a t  the mom ent ,  but  Hu tchinson 's  low vol tage elec tron ex
perim ents are real ly very inform ative abou t this { 1 1 ) .  What  you find is tha t  you 
don ' t  get a really large effec t  on a molecule like bovine serum albumin until you 
ge t up to abou t  1 5  elec tron vol ts ,  indica ting tha t you do have to get ionization 
firs t .  You can put  a great  many elec trons in to your bovine serum a lbum in,  so 
tha t  i t  is cer tainly getting considerable charge ; this does no t seem to m e ,  how
ever ,  to be reorienting hydrogen bonds and produc ing an effec t .  

PLA TZMAN: I t  would have to be pretty carefully proven tha t  elec trons 
get in .  

POLLARD: Tha t is righ t .  I don ' t  want to be dogmatic about  this , and 
it would be be tter  if he were sure tha t the elec trons are in there . He is no t ,  of 
cou rse , bu t  he says this is an indica tion . A figure of 1 5  is a sort of plaus ible 
broad ioniza tion figure . I think these low vol tage elec tron experiments are very 
inform a tive . Obviously , they should be done on a larger scale so tha t  we get 
da ta m ore quickly . 

C ou ld I go on for ano ther couple of m inu tes ,  pu t ting in the seam y s ide  
of this ? I want to  say  why I think this is  important firs t .  In considering a ce l l  
tha t  has  a nucleus , chromosom es , mi tochondria and so for th ,  dis tribu ted through 
i t ,  one fac t  tha t m us t  be borne in m ind is tha t radia tion tha t occurs within the 
m olec ular region wil l produce a certain effec t .  We l ike to say tha t  you can m ake 
a fa irly good es tim a te of the proportion of radia tion dam age tha t  wil l  occur as a 
resu l t  of this direc t  process by sim ply taking the to tal volum e of every one of 
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these items ,  which are responsible for biological ac tion, and calling it the sen
sitive volume as far as radiation ac tion is concerned . 

If I think about  this from the point of view of the cell, suppose a mito
chondrium is damaged. If an effec t is produced at  one point in it, I am sure 
that this will not inac tivate the whole mitochondrium . It will probably inac tivate 
a little cytochrome enzyme ,  1 of a total of 10. So the effect  of this on the total 
operation of the cell cannot, I believe, be very great. On the other hand, the 
inactivation of a nucleic acid m olecule will also occ ur, and if you pu t  one ion 
pair inside the molec ule, and if that has transforming properties (it may or may 
not) ,  biological consequences may follow, and you can estimate them in terms 
of this very simple idea . That I think is a contribution to radiobiology because,  
as I say, it enables you to pigeonhole one class of biological ac tion in one 
corner .  

HOLLAENDER: Do you call that a direc t effect or an indirect effec t ?  

POLLARD: This I call a direct effect.  I am speaking of the case 
where energy is produced and is released inside the molecule . That is  my dif
ferentiation between direct and indirect effec ts .  Where does the primary ac tion 
take place ?  If it takes place inside the molecule I class it as direct.  I am say
ing tha t, for a firs t order, if this occ urs inside this molecule, you can then say 
that this same molec ule and not its neighbors will cease to have biological func
tion. 

HOLLAENDER: Could you modify this by some secondary treatment; 
possibly prevent the direct effect. 

POLLARD: I would expec t tha t  the direc t effect could be modified . 
That is one thing I want to talk about in a minute,  because there are more fea
tures to it than I have been mentioning. I am quite s ure that  there are ways in 
which this could be modified on the basis of the picture that I have drawn of the 
radiation migrating, and the sugges tions that Dr. Kamen and Dr. Platzman came 
up with that you could have groups which, so to speak, absorb the radiation 
where it does no damage. It could be done deliberately and on occasion some
thing like it  does occur. 

However, speaking in the firs t order only, I should like my pigeonhole 
to include the s tatement that the whole molec ule , and not its neighbors , in inac
tivated when energy is released inside. By energy, I mean ionization. C learly, 
as Dr . Barron correc tly says, 80 percent of the m atter in this space is water, 
and what effec t results from water action I don' t  particularly want to debate. I 
wanted to contribute a part tha t is not related to water and which I believe to 
have a part in radiobiological response; certainly not a dominant part. My esti
mate is that it  can be between ZS percent and 75 percent. This is  only an esti
mate .  

Now I should like to give the m ore seamy and, may I say, the more 
ordinary radiobiological side of this . I should like to describe two experiments 
that show that you cannot quite accept my overwhelmingly sim ple concept. 

The first concerns the loss of ability of a virus to com bine with anti
serum . We take a virus, T-1, irradiate it and observe whether it will still com 
bine with the specific antiserum { 1 6) .  We let unirradia ted and irradiated viruses 
com pete for antibodies and we see whether the com petition is interfered with in 
any way by irradiation. 
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If we use a sample or T- 1 from a very clean solution, we find tha t loss 
or ability to combine wi th the antibody follows exactly the pa ttern I have de
scribed . You get a nice one-hi t curve .  Everything is s traight-forward . In fact, 
we can work out  the molecular weight or the antigenic surfaces , and it  fits very 
nicely. It is a ZZ, 000 molecular weight for the unit represented. 

If, on the other hand, we use T-1  from a solu tion containing a lot or 
broth (not pure T- 1 ) , then we are apparently unable to inac tivate the surface at 
a l l .  Jane Setlow, who is working with me on this , found tha t  when the bom bard
m ent was hard enough, she could detec t the s tage where the acti vity had been 
los t by looking at the changes in color occurring in the samples; if the color did 
not change , there was no loss or ability to combine wi th antibodie s .  We found 
tha t  loss or ac tivi ty was very slight until heavy bombardment was applied,  after 
which it increased rapidly . I do not know precisely what  phenomenon occ urs 
here . But  i t  is quite clear to me that  i t  is possible for a virus to combine wi th  
som e  o r  the protein and other molecules in broth i n  s uch a way tha t  the s urface 
is now radiation-s table. Why and in what manner this happens I do not know. 

This is one experiment tha t I won ' t  call disquieting, but  it shows that 
we have to think a little more than we have already. 

I might say that when we deal with com mercial preparations and o ther 
enzym e system s ,  we don ' t  find such c urious anomalie s .  Mos t or our work is 
pre tty s traight-forward. B u t  when we observe the hem agglu tinins or the New
cas tle virus , which constitute a number or units on the s urface or the virus , and 
if the virus has been dried in gelatin and then irradiated, we always get a single 
hit  type or inac tivation for the process of losing abili ty to agglu tinate red cells. 
It is a single hit inac tivation but its behavior is such tha t  apparently 3 to 4 ioni
zations are necessary ( 1 7) .  

Some or you m ay wonder how we arrive a t  this conclusion. It is very 
easy. Dr.  Tobias and Dr.  Zirkle will unders tand. In deference to their termin
ology, we apply the linear energy transferred below and plot the process ot>
served in the reac tion and we arrive at the sigmoid type or c urve w'i th points 
some thing like those indica ted in Fig. 3 .  We also measure the initial slope or 

elec tron bombardment like this . There 
isn ' t  any question that s uch a sigmoid 

..,....,. curve cannot be explained by 1 ionization 
� event, but  actually 3 or 4 ioniza tion 
� • events will give you this sor t or rela tion. 

,,""'"' 

/" 

/ '  
... � - -· ,.,."' ,,_ -.:trill .... 

Figure 3 .  The effec t of bombarding 
N O V  w i th different energy deu trons as 
m easured by i ts hemagglutina ting abil i t)O 
The c ross-sect ion changes follow an S
shpaed c urve. The slope at the origin 
may be deduced from elec tron bombard
ment.  The line drawn is a theoretical 
l ine based on an effec tive thickness of 
50 A. and a sensitiv i ty requirement of 
four ioniza lions . 

If the virus is dried-ou t-of-phos· 
phate buffer ,  which can be done , then 
the kind or c urve tha t  is obtained is or a 
more usual type.  It s till gives nearly 
the same maximum figure . We m ay not 
be quite accurate enough to be able to 
tell that for sure .  In o ther words, in a 
dried-out-of- phos phate buffer,  1 ioniza
tion is adequa te . 

So in the case or these two admit· 
tedly complicated systems ,  which are ,  
nevertheless , more in keeping with what 
radiobiological systems are like (after 
all, biological material is no t m ade up  
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of c om mercial enzymes put  in  solu tion) , there is present an  aggregated unit 
with a defini te biological func tion . The part tha t  we measure is the par t  that  is 
concerned wi th hemagglu tination and it seem s to differ in i ts radiobiological 
sensi tivi ty according to whether i t  is dried-ou t-of-gelatin (wha tever tha t  does 
to i t) or whether it is dried-out-of-phosphate buffer ,  (wha tever tha t  does to i t) . 
We ge t a tendency to greater sensitivi ty in the phosphate buffer case than in the 
gela tin . 

These two phenomena are disquieting, in a sense , but  not to II!e ,  be
c ause they tell me that  there is more color and more defini te information to be 
gained from radiation ac tion . Since one of my primary aim s is to use radiation 
a c tion to s tudy s truc ture , the more " color" we can develop, the be tter I like i t .  
Now I should like to throw this open to discussion.  

KAMEN: What percentage of your  dry material is s till virus ?  

POLLARD: I n  the case of T- 1 ,  be tween 90 and 1 00 percent .  In the 
c ase  of influenza , the hemagglu tina tion is intac t .  The drying does not touch i t , 
b u t  the infec tivi ty is , of course ,  largely gone . 

KAMEN :  There is not enough impurity to talk abou t  the effect  any 
m ore even in the dry film ? 

POLLARD: No . I would say tha t in the dry s ta te there could hardly 
be any indirec t effec t .  

CHARGAFF: I s  there any s uch thing as  a dry protein or a dry nucleic 
ac id ?  We m us t  have prepared hundreds of samples of nucleic acid . When we 
r ecover the ma terial after pumping off the water at  1 o ·Z mm . Hg. , we invari 
ably end up wi th I Z percent wa ter in our "dry" nucleic acid which I have always 
considered s truc turally bound . 

Furthermore , as to the evidence from X- ray diffrac tion, Wilkins and 
h is  associa tes have shown tha t  they get these pre tty pic tures only at rela ti vely 
high hum idity .  I don ' t  doubt tha t  you can pum p out all the water if you let i t  go 
long enough ,  bu t I would hesi ta te to call that a pro te in or nucleic acid until I 
have been shown tha t  i t  has not been changed . 

You see , the transform ing principle is really damaged even by dialysis 
a gains t an elec trolyte-free medium . I think tha t  no one has been able to res tore 
the vis cosi ty of nucleic acid after drying, and that  goes even for drying to l Z  
pe rcent mois ture . When you go down to 0 I doubt very m uch tha t  you can really 
recons ti tu te the solu tion so that  it has the properties of the original nucleic acid . 

POLLARD: I ge t this very often, Dr .  Chargaff .  Le t me ask a ques 
tion . Wha t  does tha t tell you ? 

CHARGAFF: I t  does not tell me  what  has happened but  i t  tells me  tha t  
som e thing has  happened . In biology, i t  is always very easy to recognize degra
da tion . I t  is  not easy to  recognize the na tive s tate . We don ' t  know wha t the 
na t ive nucleic acid looks like ;  bu t we can recognize the degraded s ta te .  

POLLARD: I qui te agree about  the degraded s ta te .  However ,  w e  are 
considering whe ther a separate effec t  due to diffusion of ac tiva ted m olecules is 
p resent .  Diffusion involves motion through a medium . I claim that  in these ex
periments I have removed tha t medium . Tha t is all . I do not c laim tha t  I have 

Copyright © National Academy of Sciences. All rights reserved.

Basic Mechanisms in Radiobiology:  III. Biochemical Aspects
http://www.nap.edu/catalog.php?record_id=18879

http://www.nap.edu/catalog.php?record_id=18879


Z4 

removed all the molecular HzO .  

ture . 
CHARGAFF: It may be that you h)lve irradia ted this I Z  percent mois-

POLLARD: It  is j us t  like having air inside a belljar .  I can never pump 
all the air out of the bel ljar,  bu t, nevertheless,  I cannot hear the sound in i t .  

BAR RON: Then you have not removed the indirec t effec t . 

POLLARD: I may not have removed the indirec t effec t  because I think 
there is a certain amount of religion connec ted with the indirec t effec t .  I have 
removed the m edium through which diffusion can occ u r .  There i s  no hydrody
nam icis t in the room who will disagree with me that the indirec t effec t is some
thing tha t  can diffuse as through a liquid . I am afraid I could not s tand up as an 
objec tive scientis t ,  if I did not recognize tha t fac t .  There is no m edium through 
which diffusion effec ts can occur .  

PLATZMAN: Easily . 

POLLARD: Wel l ,  could occur  easily , if you l ike . That  is right .  Of 
course , diffusion of lead into gold can be observed . I t  m us t  not be taken as  an 
arbitrary s ta tement .  But  I am not trying in these experiments to s tudy nucleic 
acid for i ts own sake . I very deeply regret the unfortunate fac t  that this  trans
forming principle is undoubtedly degraded . I rejoice over the fac t  that i t  still 
works when I pu t it back in solu tion.  I find tha t  when they have their o ther coats 
on , some of the people who are the mos t  cri tical of my experiments do m u ch 
worse things to nucle ic acid than I even think of doing, ye t continue to s tudy the 
e ffec ts there .  I have tried to isolate only one side of ac tion radiation. I want to 
s ay ,  furthermore, tha t  I do not consider this to be the only side . 

I liken myself as a physicis t to a person s tudying elec trical discharge. 
I am looking for one aspec t .  I am not saying I am explaining a l l  the phenomena 
of a neon sign .  If I can only find out ,  for exam ple , what  the s imple. phenom enon 
of ioniza tion by collision is l ike , I will be content .  I have a fini te l ife . 

CHARGAFF: My defini tion of a biochem is t is a chemis try major who 
did no t get into medical school , and he usually is qui te sensi tive about m any oth
er things . For ins tance ,  when I read Schroedinger ' s  book, "What  Is Life" .  I 
no ticed with am azem ent tha t  he had left out  wa ter .  Since tha t tim e ,  I have been 
sensi tive to HzO. and tha t is the only reason for my ques tion . 

PLATZMAN: I have los t the threads of the deba te now . Do you dis
agree with wha t Pollard said ? 

CHARGAFF: I don ' t  know. I have no license to disagree . But  I doubt 
very m uch tha t you can s ti l l  ca l l  it a comple tely anhydrous nucleic acid or protein 
molecule . 

PLATZMAN: We don ' t  care wha t the nam es are .  Are any of his con
c lusions wrong ? 

CHARGAFF: I would a t  leas t concl ude tha t  there is probably s till 
plenty of water  left in these m olecules . 

PLA TZMAN: But  if the wa ter  is left after the trea tm ent ,  which he sug
ges ted , then it is different from the wa ter that he has removed . As he points out. 
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i t  does not affec t the argument .  

CHARGAFF: You may remove 10  percent of  the water from all  m ole
cules or you may remove 1 00 percent from a part  of  the molecule and keep the 
o ther par t  hydrated . 

PLATZMAN: Bu t  if tha t hydra ted water is different from the sem i
liquid water tha t he removed,  i t  does not m a tter .  

COHN: I f  you  have this water which is  not diffusable and is  part  of  the 
crys talline s truc ture of the dried nucleic acid or protein, m ight i t  no t contribu te 
to the sensi ti ve volum e ?  Migh t  i t  not be connec ted so intima tely wi th th e s truc
ture that  i t  obeys all of the things tha t  you are talking abou t so that you would 
not be able to dis tinguish an indirec t effec t from a direc t effec t because it would 
contribu te to this m olecular volume ?  

POLLARD: That  is right .  I agree . The only thing is , you see,  there 
would s til l  have been ioniza tion taking place wi thin the molec ular s truc ture . The 
wa ter would have been part of the molecular s truc ture . 

PLATZMAN: If one wished to take the water ou t  of e thyl alcohol , he 
could convert  it to pure absolu te alcoho l .  A harsh cri tic , however ,  might point 
out tha t  the form ula is s til l  C zH60 ,  and insis t that  the true anhydrous form is 
e thylene . It seems  to me that  a l i ttle of this kind of thinking migh t be read in to 
Chargaff ' s  objec tion .  

CHARGAFF: I don ' t  think you can  apply the conception of  absolu te 
a lcohol to extend i t  to some thing l ike an absolu te protein . I think there is an es
sen tial  difference . 

PLATZMAN: There is also an essen tial difference  be tween isola ted 
water molec ules bound into a foreign s truc ture , and a liquid drop of wa ter . 

POLLARD: Let me  direc t a question to ei ther Dr .  Zirkle or Dr.  
Tobias . You have a diffusion theory of radiobiological ac tion, which really is  
an extention of what  I have mentioned here . Don ' t  you feel  tha t  you have to have 
a m edium through which the diffusion can take place ? 

TOBIAS: When you expose the proteins and virus particles to radia
tion ,  you take elaborate pains to  ass ure that  these materials should be dry , tha t 
they sho uld contain as li ttle wa ter as possible .  Ye t ,  when you tes t for the effec t 
after i rradia tion,  you ac tually place your  dry molecules in aqueous medium 
again. Do you have any evidence a t  all that  the effec ts , denaturation , inac tiva
tion , o r  change in s tructure occur imm ediately after expos ure and s till  in the 
dry s ta te , or do they occur when you res uspend the molecules in water ? 

POLLARD: I am s ure the effec ts occur when we pu t  the prepara tions 
into wate r ,  for the mos t par t .  We have looked for spec troscopic changes . The 
last  case  at which we looked was hemoglobin .  Appleyard did this work on 
hemoglobin (8) and expec ted to find spec troscopic changes in the dry s ta te .  H e  
used a quartz s lide where everything could be observed . The largest  effec t does 
seem to occur when the m a terial is put in wa ter . The only thing I can say is tha t  
my whole concept has been that  a l though there i s  a rejoined bond o f  some kind , 
this r ejoined bond ac tually won ' t  produce any change in the over- al l  ul traviole t 
absorption spec trum because ninety-nine percent of the usual bonds are s ti l l  
there . H owever ,  this l OO th bond wil l  affec t the biological ac tion .  That  you c an
not see  until the ma terial is in water .  So water does play a par t  in the effec t .  
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But many o ther things can be said . It  makes no difference how long 
you wai t  before you put it into wa ter .  You can heat it after it has been irradi 
a ted . You can heat  i t  for a considerable time and then pu t  i t  in the water .  We 
have tried all of these things and they have no effec t unless the hea ting is ex
c essive . 

TOBIAS: A charge from an ion pair does not migra te very far . So i t  
seems to me th a t  the major effec t occurs mosUy when you p u t  the irradia ted 
m olec ule in water . Then we should look for a m echanism that  can preserve 
ioniza tion or the exci tation for a long time .  

POLLARD: That is why I s upposed the wrong bond forma tion pre 
serves i t .  

TOBIAS: I would l ike you to discuss further the assertion tha t an  ion 
pair causes the effec t  in large dry molec ules . Mos t of your  evidence appears to 
s tem chiefly from the fac t tha t  if one assumes a plausible value for the energy 
necessary to produce an ion pair ,  this leads to a volume per ion pair ,  which is 
c lose to the correct  molecular vol um e .  C an you com pletely rule out exci tation 
as the cause of the biological effec t  in dry m olecules ? 

POLLARD: Wel l ,  H u tchinson 's  experiments wi th low vol tage elec trons 
speak agains t exci ta tion . Also,  the ac tion of u l traviole t  ligh t i tself is no t very 
great .  The quantum yield is low , of the order of I in 1 00 .  

TOBIAS� But  you could have a wavelength in the far ul traviole t region 
where the quantum yield is presumably high .  

POLLARD: We have jus t been looking in the far-off field . 

PLA TZMAN: How far off? 

POLLARD: We have gone ou t to about 1 500 now.  We have begun to 
look for absorption , and i t  is very interes ting. 

TOBIAS: I am under the impression that  large molecules in the dry 
s ta te m ight have considerable charge accum ula ted on their surface .  Do you 
have any observations available on the ne t m olec ular charge ? 

POLLARD:  I haven ' t  any figures on tha t .  

KAMEN: Do you know abou t  the recent  work of  Alexander and Charles 
by ( 1 8) ? They have s tudied me thacryla te polymers and find a linear rela tion 
between radia tion dosage and cross- linking . On the o ther hand , Li tUe ( 1 9) 
thinks tha t all their data can be explained as s traight-forward breakdown of the 
linear chains . I wanted to ask you whe ther you knew abou t  this work. 

POLLARD: I don ' t  know m uch abou t it .  It is in Na ture ( 1 8) , and I have 
read i t  as you have . 

ALLEN: I shou ld like to ask one ques tion on this allusion you made to 
indirec t ac tion in the case of the monolayer of ca talase , I believe i t  was . C an 
you give a figure as to the deduc tion wi th regard to the life tim e of the species in 
water ? What  was that  l ife tim e ?  

POLLARD: The closes t  I think is 3 m icroseconds . 
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POLLARD: I cannot remember that .  I t  is in the paper that  Smi th (3)  
worked out .  

ALLEN: This seems  awfully short for the l ife time of a radical in pure 
wa ter . C ould. i t  be possible that  the catalase , when i t  is in the monolayer s tage, 
is less radiosensi tive than it is when dispersed molecularly in water ? 

POLLARD: I think if you assume that  the catalase has an unequal sen
si tivi ty ,  the l ife tim e does not become any shorter . 

ALLEN: Is there some basis for an es timate of the probability of 
collision of the radical wi th a monolayer and of i ts doing anything ? 

POLLARD: Well , tha t  was what worried Smi th .  He measured the 
ionic yield for the catalase and got 20 ion pairs to inac tivate 1 ca talase molecule . 
I think he ass um ed tha t  this corresponded to a high sensitivi ty region on the s ur
face ,  which was l /20 th of the whole surface ,  and he used that l /20 th of the sur
face as the region on which the radical wou ld have to go . Otherwise , he would 
come  o u t with a figure like Lea ' s ,  which he didn ' t  believe . He has a check 
against  this in the bovine serum albumin where again you get a figure of the same 
order . I do  know that  he  does not treat the whole molec ule as  the sens i tive re
gion . I know that i t  is a frac tion and i t  is a frac tion determ ined by  the measured 
ionic yie ld .  Of course,  if a m ul tiple num ber of ions is needed to arrive even to 
a sens i ti ve place ,  then it would be different.  

ALLEN: Is i t  not s till possible that the whole s truc ture of the ca talase ,  
and particularly its  hydration s truc ture , may be  changed when i t  goes into this 
monolayer ? 

way . 
POLLARD: I t  seem s  to work on hydrogen peroxide in nearly the same 

MAZIA: Bu t  the solubi l i ty certainly has changed . 

POLLARD: I t  is j!,ls t the enzymatic ac tivi ty tha t  apparently hasn ' t  
changed  appreciably . 
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THE IN VITRO EFFECTS OF RADIATIONS ON 
MOlECULES OF BIOLOGICAL IMPORTANCE 

E. S .  G .  Barron 

We have heard Dr .  Pollard 's very thorough discussion about  the action 
of ionizing radia tions on "dry" ma tter.  I am now going to speak on the ac tion of 
ionizing radiations on aqueous solu tions a nd the role of oxygen.  As  Dr .  Pollard 
has already s ta ted , the living cell contains about  80 percent water .  Moreover, 
in mos t cases, it is oxygen-saturated water . The biologis t is therefore mainly 
interested in the a c tion of ionizing radia tions upon oxygen-sa turated aqueous so
l u tions . 

I have been asked to talk abou t the ac tion of ionizing radia tions upon 
s ubs tances of biological importance and to a t tempt to draw from these s tudies 
conclusions tha t  are of inte rest to the cell physiologis t .  I will s tart  wi th the ox
ida tion- reduc tion reac tions tha t are brought  about  by ionizing radiations . In oxygen
a ted aqueous solu tions , we have the form a tion of three powerful oxidizing agents: 
the radicals OH , OzH,  and HzOz . A tomic hydrogen seems to recombine quick
ly to form the unreac tive molecular hydrogen.  The only reduction reac tions , 
reported to be caused by irradia tion, have been reduc tions of inorganic com
pounds , such as eerie s ulfate in acid sol utions , and permanganate, bro m a te ,  
chrom a te ,  iodate ,  systems wi th an Eo above +o .  9 v,  which are  of  no  biological 
interest .  S ubs tances of biological importance ,  such as the respira tory pigments, 
ascorbic acid, glu ta thione, lac tic acid, e thanol, dihydrodiphosphopyridine nu
cleotide (DPNH ) ,  coenzyme A, and form ic acid are all  oxidized, whereas the ox
idized s ta tes are not reduced at all ( 1 ) .  

The hydrogen a tom s ,  which are presum ably formed by irradiation of 
wa ter,  show little activi ty . Probably the rate of recom bination to molec ular hy
drogen is too fas t. For example ,  ferricytochrome c, which is eas ily reduced by 
black pla tinum and hydrogen, is not reduced by X irradia tion up to 1 00 ,  0 0 0  r ,  
the m axim um exposure that can  be used without  produc ing protein denaturation 
(2) . The same thing occurs with glu tathione . Whereas reduced glu tathione is 
oxidized by i rradiation, oxidized glu ta thione is not reduced (3) . 

KAMEN: Did yo u see any hydrogen produced ? 

BAR RON: We did not measure hydrogen produc tion. What we sa y  is 
tha t  it  has been im possible for us to produce reduc tion reac tions by irrad i a ting 
aqueous solu tions of subs tances of biological importance . 
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The point  has been raised concerning the extent of  ionization and the 
ionic yield. This is of special importance because we have to remember that 
when we pass an ionizing track through an aqueous solution containing a number 
of reactants ,  we have not only the ac tion of the free radicals produced on ioniza
tion of water bu t also the ac tion of free radicals produced during the oxida tion 
of the reac tants . If we accept Michaelis ' theory of com pulsory univalent oxida
tion, there must be formation of intermediate free radicals whenever we oxidize 
a bivalent compound. These free radicals will then produce oxidation-�educ
tions , perhaps of different sys tems than those reac ting wi th the OH and OzH 
radicals . The high yield of oxidation of glu ta thione may be explained by a chain 
of reactions produced by the free radical RS, besides the free radicals OH and 
OzH :  

RSH+ OH -+ RS + HzO (1) 

RSH + OzH ._. RS + HzOz (Z) 

RS + RS ...,. RSSR (3) 

RSH + HzOz -+ RS + HzO + OH (4) 

RSH + OH __. RS + HzO (5) 

RS + RS ....,. RSSR (6) 

There are thus 4 molecules of RSH capable of being oxidized by the Z 
radicals ,  which would give l Z  molecules per 1 00 ev.  if we assume tha t  3 2 .  5 ev. 
p roduc e the Z oxidizing radicals: 

H20 ---+ H + OH 

Oz + H � OzH 

PLA TZMAN: How did you compute the ionic yield ? 

BARRON: The ionic yield was computed by measuring the oxidation of 
fer rous sulfate in acid solu tions . 

The grea t sensitivity of the sulfhydryl groups to ionizing radia tions is 
clearly  s hown on irradia tion of phosphoglyce raldehyde dehydrogenase. With 100 
r ,  there was Zl percent inac tiva tion . Tha t this enzyme inhibition was produced 
enti rely by oxidation of -SH groups in the pro tein molec ule was shown by the 
com pl e te reac tiva tion of the enzyme on addition of glu tathione . When the ex
pos u r e  was increased to 500 r, there was 94 percent inhibition of enzym e activi
ty a nd only 10 percent reac tiva tion on addition of glu ta thione . (Table I) We m ay 
a s s um e  tha t the irreversible inhibition was due to ac tion on other groups of the 
prote i n ,  such as the OH groups of tyrosine or serine, the NH2 groups , or to 
rupture of hydrogen bonds . How m uch of this second ac tion - - irreversible in
h ibi tion -- is due to the direct collision between the ionizing track and the pro
tein m olecule cannot be calculated from these experiments . 

POLLARD: I would answer tha t  none of this is due to the direct effect  
of the tra c k  going through the enzyme .  

PLA TZMAN: Are these solutions ? 
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TA BLE I 

INHIBITION OF PHOSPHOGLYCERALDEHYDE DEHYDROGENASE AND 
ADENOSINE- TRIPHOSPHATASE BY X RAYS 

REAC TIVATION WITH GLUTATHIONE (added after X irradiation) 

Enzyme X ray Exposure Inhibition Reac tiva tio n 

r Percent 

Phosphoglyceraldehyde 1 00 Z l  
Dehydrogenase zoo 50 

300 80 
500 94 

Adenosine-triphosphatase 1 0 0  2 7  
500 4 1  

1 000 73  

BAR RON: Yes . 

PLATZMAN: None was a concentrated solution ? 

. 
Percent  

Complete 
62  
-
1 0  
97 
56 
zz 

BAR RON: The experiments reported in thi� table were performed with 
solutions containing 1 4  Mg. per m i . , i . e . , I. 4 x 1 o - M . 

PLATZMAN: Did you use different concentra tions in other experiments ' 

BARRON: Yes . The effec t was independent  of concentra tion . That the 
effec t of radiation varies with the different proteins is shown in Table II, where 
the data on X-ray-induced inhibition of enzyme ac tivi ty have been assembled: 
The highest ionic yield was obtained wi th the •SH enzymes , alcohol dehydrogenase 
and phosphoglyceraldehyde dehydrogenase,  and the lowest  with catalase . Not all 
-SH enzymes , however, have the same ionic yield, because of the different spatial 

TABLE II 

IONIC YIELDS OF ENZ YMES INACTIVATED BY X IRRADIATION 

Enz e 

Yeast alcohol dehydroge nase 
Phosphoglyceraldehyde dehydrogenase 
Carboxypeptidase 
D -Amino acid oxidase 
Hexokinase 
Ribonuclease 
Trypsin 
Lysozyme 
C a talase 

Ionic Yield 

1 . 1  
0 . 93 
0 .  1 8  
0 . 1 
0 . 07 
0 . 03 
0 . 025 
0 . 0 1  
0 . 003 
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Figure I .  Effec t or X-i rradiation on the 
absorption spectrum or cytidine and cy
tosine X - ra y  dose, ZO, 000 r .  
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dis tribu tion of the -SH groups will hinder 
oxida tion.  In Table II,  we have the -SH 
enzym es , D -amino acid oxidase and hex-
okinase, which are more resistant to X 
irradiation . 

MAGEE: How did you calcula te 
the ionic yield ? 

BA R RON: In these experiments 
ionic yields were calc ulated by assum ing 
tha t 1 . 6 1 x 1 0 1 Z  ion pairs are formed per 
g .  of water per r unit. 

PLA TZMAN: Thirty-five vol ts 
per ion pair? 

BARRON: 3 2 . 5 vol ts .  

I want to disc uss now the problem 
of induced oxidation-reduction reactions 
by the free- radicals produced during ox
ida tion with OH and OzH radicals . I 
would like to call this process enhance
ment of  irradiation. These radicals, 
having a longer half-life than the OH and 
OzH radicals , may diffuse longer dis
tances . This , in my opinion, is of tre
mendous importance to the biologis t  be
cause i t  may explain effec ts produced by 
small doses of ionizing radiations, and 
effec ts observed at long dis tanc es from 
the ionizing tracks . While reduced pyri -
dine nucleo tide (DPNH )  is oxidized by X 
irradiation, the oxidized form (DPN+) is 
no t reduced (4) . In the same manner, 

e thanol is oxidized to acetaldehyde, ·and lacta te to pyruvate, while the reverse 
pro c e s s  does no t occur. Swallow (5) found that when aqueous solutions -- nitro
gen s a tu rated - - of DPN+ and ethanol were X irradiated, there was form ation of 
D PNH as shown by spec trophotometric meas urements . Swallow did not m easure 
enzym a tic activi ty of the irradiation product.  We have confirmed Swallow's  ex
p erim e n ts .  Moreover, the same reduc tion, al though to a lesser degree , was 
fou nd after irradiation of lactate plus DPN+ (Figure 1 ), and also after irradia
tion of i soproply alcohol plus DPN+. We have , in this case , the following reac
tions taking place with e thanol and D PN+: 

C H3CHzOH + OH CH3CHOH + HzO ( 1 )  

C H3CHOH + DPN DP,NH + CH3COH (Z) 

C H3CH zOH + OH CH3C HOH + HzO (3) 

C H3CHOH + DPNH CH3COH + DPNH + H + (4) 

The OH radical oxidizes ethanol to the half-oxidiz.ed radical,  CH3CHOH,  
which in  turn reduces DPN to  the half-reduced radical DPNH . A second molecule 
of a lcohol  radical completes the reduction of DPN. The reduction is thus pro -
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duced by  the oxida tion produ,c t  of irradia tion . In the presence of lac ta te , the 
free- radical form ed is CH3COHCOO, and in the presence of isopropyl a lcohol, 
it is CH3COHCH3 . 

The enzymatic ac tivi ty of this reduced compound was meas ured with 
alcohol dehydrogenase from yeas t and was found to be 50 percent ac tive . 

KAMEN: Don ' t  you think tha t 50 percent yield is accounted for by the 
fac t lhat  the enzymatically ac tive DPNH has s tereospecific i ty ,  whereas , in your 
experiments , the posi tion of hydrogen in the nicotine-amide por tion of the mole
c ule is random ized ? 

BARRON: I thoroughly agree wi th you . These experiments suggest 
tha t  in the enzymatic oxida tion of e thanol there is interm edia te form ation o f  a 
free radical . They are also a confirmation of the beau tiful experiments of Wes t
helmer and Vennesland (6) . 

KAMEN: C an you reoxidize this enzymatically reduced 50 percen t ?  

BARRON: Yes . 

I want to speak now abou t the effec t  of ionizing radia tions on pro teins . 
Here my  point of view is ra ther different from tha t of Dr .  Pollard . Proteins are 
a ttacked selec tively by ionizing radia tions and at different points . If we take ,  for 
example,  pro teins wi th a tyros ine ra tio grea ter than 1 ,  s uch as serum albu-

tryptophan 
m in,  irradia tion produces an increase in the absorption spec trum at zaoo i . 
which is proportional to the X- ray exposure (7) . This inc rease is due to oxida
tion of the tyrosine residue and it is also found after irradia tion of tyrosine solu
tions and during the firs t m inu tes after addition of tyrosinase to tyrosine . X ir
radia tion of a tryptopha9 solu tion , on the o ther hand , produces a decrease in the 
absorp tion band a t  Z800A , which is proportional to the dos e .  If changes i n  the 
absorp tion spec trum around this wave length are due to a tryptophan a ttack in 
the protein molecule ,  then one would expec t a decrease in the absorption spec t
rum after irradia tion of pro teins having a tyrosine ra tio lower than I .  Chy-

tryptophan 
motrypsin and lysozine were taken as examples of s uch proteins , since both are 
rich in tryptophan . X irradia tion of these sroteins produced the expec ted de
c rease in the absorption spec trum a t  Z800 A . X irradia tion of proteins wi th  
sm all doses leads firs t to oxida tion o f  the -sH groups and nothing else .  Then 
com es oxida tion of the OH groups of serine , and deamination of the free am ino 
groups . When the expos ure is increased to 7 5 ,  000 r ,  aqueous solu tions of serum 
albumin are prec ipita ted . This phenomenon, which is temperature dependent ,  
s eems to be due to rupture of  the hydrogen bonds .  X i rradia ted solu tions of  ser
um albumin can be kep t for hours at  3°C wi thou t  precipi ta tion . As soon as the 
tem perature is ra ised , precipi ta tion occurs . Polym eriza tion may also take 
place . When -SH- containing pro teins are irradia ted , there may be formation 
of a dimer ,  a disulfide pro tein: 

Z SH-protein ---!,� protein - S -S -pro tein + ZH+ 

This phenomenon takes place wi th se rum album in tha t  has one -SH 
group per molecule . Sedimenta tion s tudies of norm al and X irradia ted serum 
albumin indica ted tha t the Szow value  of the second peak of the irradia ted protein 
agrees with the values calc ula ted for a dimer .  

CHARGAFF: Does the amount of the second peak depend upon the dose 
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o r  can you produce more a t  will if you irradia te longer ? Does i t  reach a n  equi
l ibrium value ? 

BARRON: Tha t is  a difficu l t  ques tion to answer  because , when the ex
posure is inc reased to produce more dimer,  pro tein damage is also increased 
and precipi ta tion takes plac e .  Furthermore , the presence of o ther solu tes also 
has grea t  influenc e .  A dil u te solu tion o f  serum album in tha t  precipi tates wi th 
75 ,  000 r remains op tically clear if i rradia ted in the presenc e of sal ts ,  NaCL 
(0 . 1M) or phosphate buffer (0 . 0 1!!!) . 

WORF:  Would small  concentra tions of  amino ac ids have the same pro
tec tive effec t ?  

BARRON: Yes .  When aqueous solu tions of albumin were irradia ted in 
the presence  of cys teine , there was no dim er formation,  presumably because of 
reac tion of the free radicals wi th cys teine , the "pro tec ting ac tion" of Dale . 

MAZIA: Do you ever ge t gel forma tion in  concentra ted solu tions ? 

BARRON: We have never irradiated concentra ted solu tions . 

MAZIA: I ask this in connec tion wi th Dr . Pollard ' s  s ugges tion con
cerning the breakage of disulfide bonds . If these bonds were broken and then re
formed in new posi tions , i t  would be probable tha t  a certain number of intermole
cular S -S bonds would be formed , and such a polym eriza tion might lead to gel 
forma tion . 

BARRON: This rela tion be tween -SH groups and gel formation re
m inds me  of the experiments of Huggins (8) who found tha t in the thermal coagu
la tion of serum albumin, the nature of the coagulum was influenced by m inu te 
amoun ts of -SH reagent .  A t  pH values from 6 .  9 to 7 .  4 . , thermal coagulation 
produc ed a soft, opaque gel .  Previous addi tion of -SH reagents produced clear, 
elas ti c  gels . The clot produced in the presence  of -SH reagents could hold 3 to 4 tim es a s  m uch water as  the control opaque gel . 

MAZIA: Pollard proposed the opening of the S -S bonds and reformation 
in o ther  places . You would , under these conditions , expec t gela tion . 

BARRON: Few pro teins have -s -s - bridges . 

C URTIS: You ac tually do get this . Nim s ,  in our laboratory found an 
inc reased tendency of fibrinogen solu tions to c lo t  following the massive expos ure 
to radia tion . Although the average size of the molecule was grea tly reduced ac 
cording to the sedimentation cons tants , the c lot ting capaci ty of the solu tion had 
inc reased . 

BARRON: Polymerization res ul ting from irradia tion has been demon
s trated ,  and it is  conceivable tha t s ubs tances containing a number of -SH groups 
in their side chains may,  on oxida tion of these  groups , polymerize to form gels 
and m a c romolecules . 

I will speak now abou t som e  experim ents we have done wi th nucleic acid , 
pyrim idines ,  and purines . Taking advantag� of the intense absorption of light  in 
the u l tra violet ,  we tes ted the ac tion of X radia tion on adenosine triphosphate .  There 
was a dec rease in ligh t  absorp tion proportional to the X - ray expos ure . The same 
phenom enon occurs wi th all these subs tances . Purines and pyrim idines can add 1 
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pentose molecule to give a nucleos ide . They may add phosphoric ac id residues ,  
thus increasing the complexi ty of  the molecule . Finally , they may com bine with 
each other to produce the nucleic acids .  We have found tha t as the com plexi ty 
of the molecule increases , the sens i tivity to the ac tion of X-rays decreases . For 
example , irradia tion of cytosine with SO , 000 r produced a large decrease in the 
absorption spec trum . Addi tion of pentose to cytosine to form cytidine dec reased 
considerably the ac tion of X-rays (Figure 1 ) .  

ALLEN: Could you tell us what  these molecules are ? 

BARRON: Cy tosine is Z hydroxy-6 -aminopyrimidine 

�Hz 
,c , 
N CH 
I II 

HOC,.. CH 
�N / 

Introduc tion of a pentose res idue to the N in posi tion 3 gives cy tidine . 3 f\ - ribo

furanosido-cytosine 
N1Jz 

,c , 
N CH 
I I 

OC CH 0 CHzOH 
' N"""/ ___ c ,., 'c · 'c- c/ • 

H H 
OH OH 

Addition of ribose protec ts the cytosine molecule agains t the effec ts of X irradia 

tion . 

tion ? 
ALLEN: What is the ion pair yield for this loss of ul traviole t absorp-

BARRON: I will come to i t  later . 

ALLEN: May I ask wha t  group is responsible for the ul traviole t ab
sorption ? 

COHN:  It is the pyrim idine ring and primarily the double bonds in this 
ring . There are 3 double bonds in the cytosine ring . 

ALLEN: Are the double bonds reduced ? 

, �ARRON: Accqrdipg tq Cavalieri (9) , the absorption is due mainly to 
the -c = C - C = N or -c = C - C = 0 chromophore of the ring . Reduc tion of the 
double bonds is rather difficu l t , although i t  may be produced by hydrogen in the 
presence of colloidal palladium . 

COHN: Des truc tion of the double bonds does not necessarily mean re
duc tion . It could be by oxida tion . 
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ALLEN: If it were by oxidation ,  you would form alcohol . 

KAMEN: Did Sinsheim er do this ? 

3 7  

COHN: H e  des troyed th e  u l traviole t absorption of uracil and brough t  
i t  back by chemical treatment ,  a n  indication tha t there was no c leavage . 

CARTER:  This reac tion is undoubtedly different from that produced 
by X-rays . Is the decrease produced by irradia tion reversible ? 

BARRON:  No . A good compound for s tudy of the relationship between 
the com plexity of a molecule and i ts resis tance to X radiation is adenine. (Table lll) . When an aqueous solu tion of adenine 

NHz 
I 

TABLE III 

COMPARATIVE EFFEC T OF X IRRADIATION ON THE 
ABSORPTION SPEC TRUM OF ADENINE COMPOUNDS . 

Concentra tion, 4 x I o - 5 M dissolved in wate r .  X-ray exposure , ZO , 000 r .  The 
figures given are \tle decrease in optical densi ty (log Io ) after irradiation and 
measu red a t  Z600 A ·  T 

S ubs tance b. •  Z600 
0 
A 

Adenine -0 . 090 

Adenosine -0 . 045 
Adenyl ic Acid -0 . 0 3 5 
Adenosine diphospha te -O . OZ3 

Adenosine triphospha te 
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0 
is irradia ted ,  the optical densi ty a t  Z600 A decreases by 0 .  0 9 . Addition o f  
ribose to form adenosine (9 - 8 -D - ribofuranosidoadenine ) ,  

NHz 
• 

c 
N' 

'
c ,.., N ' cH / o, c;HzOH 

I I L � � 
HC c ......, N "---- c  • I r:. 

'-N"' � 'c -c /  I 
H H 

OH OH 

decreases by half the sensi tivity of the compound . Further pro tec tion agains t 
the effec t of X irradia tion is observed on addi tion of phosphoric ac id residues . 
The ionic yields of several of these compounds is given in Table IV. I t  can be 
seen tha t while the ionic yields of thym ine , uraci l ,  cytos ine ,  adenine , and 
guanine are around 1 per 1 00 ev . , they are cons iderably less for ribonuc le ic  
and desoxyribonuc leic acids . 

TABLE IV 

RADIOCHEMICAL YIELD ON X IRRADIATION OF 
PURINES AND PYRIMIDINES IRRADIATED IN 

DILUTED AQUEOUS SOLUTIONS 

Substance 

Sodium Desoxyribonucleate 
Sodium R ibonuc lea te 
Thymine 
Uracil  
Guanine 
Cytidine 
C y tosine 
Adenine 
Adenosine 
Adenylic Acid 
Adenosine diphosphoric acid 
Adenosine triphosphoric acid 
Uric Acid 
DPNH (Oxida tion) 
DPN 

G { 1 00 ev . ) 

0 . 000385 
0 . 007Z4 
1 .  Z45 
0 . 64 
O . Z6 1  
0 . 6 1 6  
1 .  845 
0 . 676 
0 .  1 96 
0 .  1 6 1  
0 .  1 3 8  
0 .  1 0 9  
0 . 3 7  
1 .  5 1  
o . oz . 

C ARTER :  The la t ter are more s table a s  measured by one c ri terion ? 

BARRON: Tha t is correc t ;  s table a round the chromophore groups 
responsible for light  absorption in the ul traviole t .  

guanine ? 
CHARGAFF: How do you explain the difference between thym ine and 
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BAR RON: Perhaps the addition of the iminazole ring to the .pyrim idine 
in guanine made the molecule more s table than thymine , which has only a pyri
midine ring. 

ALLEN: Are these ionic yields all for ;:�ir-s;:� turated wa ter ?  

BAR RON: Yes . Irradia tion in nitrogen-sa tura ted wa ter diminished 
the yield . 

I am going now to present to you some experim ents we have performed 
on respira tory pigm ents with iron-porphyrin Cl S  the pros the tic group.  X irradia
tion of ferricytochrom e produced an increase in absorption spec trum in the re
l!ion corresponding to the protein moie ty ,  around 2800 � ,  and a decrease W the 
So ret  band corresponding to the porphyrin nucleus . The So ret band, 40 50 A , is 
more easily des troyed by X radia tion when cy tochrome is dissolved in 0 .  005 M 
HC L than when i t  is dissolved in neu tral or alkaline solu tions . This effec t is 
due to the oxidizing ac tion of the OH and OzH radic als ; it is decreased by half 
when irradi<� tion is performed in the presence of ni trogen . The decrease of 
ligh t  absorption in the Sore t band can also be demons trated on irradia tion of 
pro toporphyrin . Here, as the Sore t band is decreased, there is also a dec rease 
in the red fl uorescence cha rac teristic of porphyrins . 

SHE R MAN: Did you observe this effec t in the absence of wa ter ? 

BA R RON: I was info rmed that experim ents had been performed with 
nucleic acids dissolved in ca rbon te trachloride and tha t they were presented as 
an indication that  the effec t produced by irradia tion was not due to the OH and 
OzH radicals .  Sim ilar experiments were made wi th pro toporphyrin . On X ir
radia tion,  the porphyrin became green and the Soret band was grea tly reduced 
as well  as the fluorescence .  The same effec t wa s obtained when porphyrin was 
dissol ved in X irradia ted carbon te trachloride . Porphyrin was converted into a 
bil iverdin. 

Pure, dry carbon te trachloride, free from impurities , is rela tively 
s table . When i t  is X irradia ted , a free radical and atomic chlorine are formed 
which on recombina tion give hexachloroethane and C l2: 

CC l 4 irradia tion ) C C 13 + C l  

CC13 + CC13 ---+ C zC 1 6 

C l  + C l  c 12 

The oxidizing ac tion of chlorine is responsible for the a ttac k on the 
porphyrin molecule . It consists of the opening of the methane bridge and the ox 
idation of this group.  In the presence of wa ter ,  chlorine gives C lOH, which also 
is a po we rful reagent. 

ve ssel . 

KAMEN: Was ca rbon te trachloride irradia ted in air ? 

BAR RON: It w<�s irradiated soon after redis tilla tion and in a closed 

ALLEN: If you add chlorine to you r  system,  does it have the same ef
fe c t  as i rradia ted ca rbon te trachloride ? 

BARRON: Chlorine and hypochlorous acid produce the same effec t as 

Copyright © National Academy of Sciences. All r ights reserved.

Basic Mechanisms in Radiobiology:  III. Biochemical Aspects
http://www.nap.edu/catalog.php?record_id=18879

http://www.nap.edu/catalog.php?record_id=18879


40 

irradia ted c"arbon tetrachloride.  

We will continue with the respiratory pigm ents and consider hemoglobin. 
Irradia tion of a dilu te aqueous solution of hemoglobin with ZO. 000 r caus es the 
following reac tions to take place as observed spectropho tom etrically: Oxida tion 
of the tryptophan �roups of globin, as shown by a decreas e in the absorption 
spec trum a t  2800 A ; an attack on the porphyrin, as shown by a dec reas e of the 
So ret band; and oxidation of the Fe ++ porphyrin to Fe+++ , as shown by an in-
crease in the absorption spectrum a t  6300 j. In fac t,  the oxidation of oxyhemo-
globin to methemoglobin proceeds in linear rela tion to the X-ray exposure.  

We may conclude from all  of  these experim ents that ionizing radiations 
ac ting on aqueous oxygenated sol utions show definite specific ity in  agreement  
with the assumption that the effec ts are essentially those produced by  the free 
radicals,  OH and OzH . It is essential to rem ember tha t observa tions from 
s tudies using large dos es of X- ray cannot be extrapolated to those wi th dos es 
used to irradia te living cells , which do not produc e immediate death .  Large 
amounts of radiation produce effec ts qualita tively different from those obta ined 
from exposures in the thousands . Whether the effec ts of thousands of roen tgens 
can be extrapola ted to effec ts produced by hundreds or tenths roentgens is no t 
known . 

The second conclusion I would like to m ake concerns the biologica l i m 
portance o f  the induced oxida tions , what  I have called enhanc em ent o f  radiation 
a c tion . These are reac tions produced by the free radicals origina ting from the 
primary oxidations due to OH and 02H radical s .  The form er are more s ta ble 
than water radicals, and, as a consequence, can diffuse more efficientl y .  The 
cell has continuously a large number of oxidizable substances tha t ,  on x irradia
tion, will  form free radicals .  These will ac t by themselves ei ther as reduc ing 
or oxidizing agents . 

R egarding the effec t of radia tions on nucleic acids , I would ven tur e- the 
opinion tha t they are ra ther resis tant because they are well -protec ted by o ther 
groups in the vicinity . This opinion is in agreem ent with the observations of 
cytologis ts . Wha t is inhibited by small doses of X-rays is the synthesis of nu 
cleoproteins , as was found by Mitchell and by Hevesy .  

The work done with pure enzym e solu tions canno t be extrapola ted to the 
c ell . Irradiation of enzym e solu tions was performed in a sys tem where th e en
zym e was the only reactant. In the cell,  there are hundreds of enzym es , pro
teins , carbohydra tes , fa ts , and elec trolytes, all capable of reac ting with the 
free radicals .  However ,  as a general rule, one may say tha t a sys tem tha t is 
s table when irradia ted in aqueous solu tions will be s table when so-trea ted in the 
c ell . 

I am,  of course .  disappointed to see tha t the -SH groups in the cel l  seem 
to be more resistant than when they are irradia ted in solution. However, I s till 
believe that the enzym es for nucleic acid synthesis and for protein synthes is are 
-SH enzym es with freely- reac ting -SH groups tha t  are extrem ely sensitive to ox
idizing agents . In this respec t, I want to rem ind you of the experim ents of Van 
Heijningen ( 1 0 ) ,  who found inhibition of -SH enzym es in the lens of X irradi a ted 
rabbits,  whereas enzymes possessing no essential -SH groups for ac tivity were 
not decreased.  

PATT: But this is  som ewhat removed in tim e from the ini tial e vent of  
irradiation. S ulfhydryl inhibition, in  this case,  occ urs days after irradiation and 
therefore, probably does not represent a direc t effec t of oxidizing agents formed 
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during the expos ure . 

BARRON: Yes . 

PATT: Tha t ,  I think, is quite important .  

BARRON:  You are absolu tely correc t .  We have to demons tra te inhibi
tion of -SH enzym es in the cell  soon after irradia tion.  I am s till  hopeful of being 
able to make such a demons tration when we s tart  our work on synthesis of nu 
cleic ac id components . I s till believe they are -SH enzymes and tha t  they are 
very sensitive to oxidizing agents . 

CARTER :  I don ' t  want to take the part of defender of nuc leic ac ids , bu t 
I wou ld like to ge t back to this business of wha t  you have to measure when you 
a re talking about  the rela tive sensi tivi ty of nucleic ac ids to irradia tion . I think 
the c ri teria Dr .  Barron discussed may be the leas t sensi tive . In the ca se of bio
logical  a c tivi ty of the transforming principle , i t  is known tha t  minor changes in 
the organiza tion of the molecule brough t  abou t  by hea t ,  pH change , and u l traviole t 
radia tion are associa ted wi th loss of activi ty . 

MAZIA: Carter 's  s ta tement raises the ques tion, whe ther anyone has 
irradia ted solu tions of transform ing principle . This is the only means now 
a va il able where one could m easure an effec t on the biological ac tivi ty of nucleic 
ac id . 

CARTE R :  Zam enhof has done some work in this regard . I have not 
seen h is published figures . 

CHARGAFF: I do not think he has worked wi th X- rays . He has s tudied 
u l tra violet  and s im ilar things and some pH changes . I have the feeling that  I 
have s een a paper on i t .  

t ion . 
CARTER :  The ul traviolet  has been done.  Heat also causes inac tiva -

CHARGAFF: If 99  percent of the molecules have no thing to do with the 
transform ing principle , if the transform ing princ iple is more sensi tive to all 
kinds of a gents than the DNA present in the prepara tion, there could be inac ti va 
tion because you have really h i t  the mos t  sens i tive part of the m ixture . That is 
a poss ibil i ty .  As long as we really don ' t  know wha t m akes the transforming 
princ i pl e ,  i t  is hard to say . You see , the old finding of McCarty abou t inac tiva
tion of the transform ing princ iple by ascorbic acid has s tuck in my m ind as 
som e th ing  very funny . I don ' t  know whe ther tha t  has been repea ted . I t  has 
never bee n  shown in any event how ascorbic acid inac tivates the transform ing 
principle .  The analytical m e thods are too c rude . You can analyze wi thin plus or 
m in u s  Z percent .  You can account for 98 percent of  your bases, bu t trace- con
s ti tu e n ts can s till be present and escape detec tion for the moment .  

C A RTER :  For the most  part ,  you know from the chem ical work that  
those trace cons ti tuents are  not protein .  So  wha t i t  comes back to is  wha t is the 
m ole c u l a r  identi ty of this rna terial ? 

CHARGAFF: I t  is undoubtedly true tha t i t  is the nucleic a cid tha t has 
the tra nsforma tion ac tivi ty ,  but whe ther this proper ty is due only to a partic ular 
sequence of the cons ti tuents or whether there is som ething else in i ts s truc ture , 
which we cannot describe ye t, is unknown . 
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MAZIA: I think tha t  one could challenge Dr.  Barron's last  point ;  
nam ely, tha t the irradia tion effec t is no t on Jhe nucleoprotein but  on the enzyme 
sys tem synthesizing nucleopro tein by drawing upon a fundamental experim ental 
des ign in radia tion gene tics .  One irradia tes ma ture sperm in the m ale and ob
serves a gene tic effec t of the radiation when the male is c rossed with an  unir
radia ted female . The sperm cel l  is no t synthesizing nuc leoprotein ;  this had 
been synthesized som e tim e earlier . The sperm nucleus carries a com pl e te 
genetic code tha t  is wai ting to be transported into an egg where i t  will go to work. 
The fac t  tha t irradia tion of the sperm nucleus does produce gene tic effec ts - in 
fac t , i rradia tion of sperm is a favori te tool of the gene tic is t  - tells us , I think,  
tha t the nucleoprotein is , in fac t , radiosens i tive . In a way ,  the chromosom al 
nuc leoprotein appears to be the mos t  radiosensi tive of all sys tem s .  This may 
be explained by the fac t  tha t the techniques of gene tics and cytogenetics perm i t  
u s  to observe effec ts a t  dose levels where you could not hope to do s o  o n  en
zymes under physiological condi tions . 

BARRON: I agree with Dr . Car ter tha t we have jus t  one param e ter ,  
bu t  you can  do  the same thing wi th amino ac ids . You irradia te amino acids and 
you  de termine the  dim inu tion of  the am ino acids . You m ake a peptide.  Imm e di
a tely the deamina tion becom es more diffic ul t .  From the peptide you m ake a 
protein .  In other words , the more complica ted the m olec ule becomes ,  the 
grea ter  i ts s tabil i ty agains t the ac tion of the ioniz ing radia tion , because yo u have 
the effec t  of s teric hindrances and of elec tronega tive groups in the pro tein mole
c ule ,  which prote c t  the sensitive spot where the produc t of  ionization is  going to 
ac t .  

MAZIA: The larger molecules may  be  more resis tant to radiation ef
fec ts tha t  can be de tec ted by chemical m e thods and yet be more sensi tive in 
term s of biological detec tion . They m ay have specifici ty and may be denatured 
comple tely as a resul t  of very m inor s truc tural modifica tions . In many cases ,  
such as  the genetic sys tem , there may be  present only one or a few of a given 
species of molecule , so tha t modifica tion of one molecule will produce a large 
effec t biologically . Perhaps we should dis tinguish between the intrinsic s tabili ty 
of molecules , which you have been discussing, and their s tabili ty in terms of the 
probabil i ty tha t  a radiochem ical event will have m easurable biological conse 
quences . 

CARTE R :  Of course , there are som e aspec ts of organized sys tems ,  
s uch as Mazia has worked with ,  tha t deserve some comm ents . As I unders tand 
them , the combination between nucleic acid and pro tein is an exquis i tely s ensi
tive sys tem in term s of certain parameters . 

MAZIA: Yes . Dr .  Maurice Berns tein , working wi th Kauffman  a t  C old 
Spring Harbor , has found tha t desoxyribonucleoprotein of nuclear origin shows a 
sens i tivity to X-rays beyond wha t  would be predic ted from informa tion abou t  ef
fec ts on- pure nucleic acids or pure proteins . 

HOLLAENDE R:  Carefully isola ted nucleoprotein tha t has a very high 
viscos i ty will respond by change in viscosi ty to less than 1 00 r .  The ul traviole t 
absorp tion spec trum will not change under such condi tions . The sensi tivity of 
this nucleoprotein resembles the sens i tivi ty of biological m aterial to X radiation . 
A t  least the energy values are of the same order of magni tude . ( 1 1 ) .  

BARRON: I want to emphasize that when you irradia te two subs tances 
you have not only the ac tion of the ionizing radia tion but you have also, the ac tion 
of the free radical tha t  is  produced when two sys tems are irradia ted . I want to 
ex ten!i this to the cel l  and to say that  when you irradia te the cel l ,  you produce , 
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besides the free radicals from water , free radicals from the ioniza tion of the 
innumerable substances tha t  are in the cel l ,  and they are going to contribu te to 
the overall effec t .  

CARTER:  I would certainly agree wi th Dr . Barron in  his interpre ta 
t ion in this regard . I bel ieve , on the basis of prej udice more than any thing else , 
tha t the prim ary events probably are concerned with the smaller molec ular 
weight  components and those tha t are exquisi tely sensi tive to ioniz ing r�dia tion .  
These m ay transm i t  their  effec ts to  the higher molecular weigh t  com ponents .  
The point tha t  I was arguing (and I believe Dr . Mazia was) was tha t these high 
molecular weight s truc tures are qui te sensitive; tha t they do have parame ters of 
s truc ture that  probably we don ' t  qui te know how to explore at this time and how 
to correlate wi th biological  ac tivi ty ,  but  insofar as we can m ake estima tions at  
this s tage of the gam e ,  they do seem to be sensi tive . 

BARRON: I want  to recall for you the experim ent wi th DPN. I have 
i rradia ted DPN wi th 1 00 , 000 r and i t  has been impossible to produce reduc tion 
to DPNH .  But when I irradia ted with 3 5 , 000 r in the presence of lac tic ac id, 
there was a reduc tion of DPN produced by the oxida tion produc t of lac tic  acid . 
This is the sort of thing tha t we have not considered in radiobiology . 

KAMEN: I should like to bring up a point in connec tion wi th this DPN 
experim ent .  I believe that  when you talk abou t  an enzym e s ubs trate like that ,  to 
ta lk abou t  wha t happens to i t  away from the enzyme may be m isleading . Have 
there been any experiments to show tha t  there is reduc tion of DPN with a DPN
dependent enzyme and i ts s ubs tra te present ?  For ins tance ,  in photosynthesis ,  
despi te the fac t  that we produce in extrac ts carrying out  the Hil l  reac tion,  an ox
idizing sys tem with a po tential near tha t of the oxygen elec trode and sim ul tane
ously a reducing sys tem wi th a potential near tha t of the hydrogen elec trode , we 
canno t  reduce DPN or TPN direc tly . Bu t  if we throw in enzym es , l ike Ochoa 's  
"malic" enzyme toge ther wi th pyruva te and COz . then , even though we cannot  
show any accum ula tion of  TPNH or DPNH wi th H-acceptor sys tem s ,  we can get 
reduc tion of the pyruva te and COz to m ala te .  Bu t  if you throw in enzymes l ike 
alcohol dehydrogenase , then even though you cannot de tec t any DPN reduction, 
you do ge t reduc tion of the fumara te to s uccina te . I t  may be then,  tha t  in the cell 
where the DPN is bound to som e charac teris tic enzym e ,  such as a dehydrogenase 
you co uld be ge tting reduc tion of the DPN because there is som ething to pull i t .  
As  long as there is  no thing for i t  to do , i t  probably does not get reduced . So that 
is  the kind of thing that I think ought  to ge t looked a t  more carefully . 

BARRON: I presented this experim ent to demons tra te that there are ef
fec ts produced by free radicals present in the cell . So it is no t only DPN. There 
m ay be o ther sys tem s ,  too , tha t  contribute . 

KAMEN: Mos t of the DPN in the cel l  is bound DPN. There is very 
l i t tle  free DPN in the c ell . 

BARRON: I agree with you .  But  what  I am saying is that this is an 
experim ent  to demons trate the enhancement of ac tion . 

KAMEN: I am jus t  saying tha t  your model experiment may no t be a 
model experim ent .  

POLLARD: I have one experiment tha t  worries me very m uch , and I 
shou ld l ike to ask whe ther anyone here has anything analogous to i t .  We m eas
ured the ionic yield for invertase in aqueous solu tion and cam e  out with a very 
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reasonable figure of about  . 0 1 6 ,  or something like tha t ,  for the ionic yield . 
Then we jus t  took som e yeas t  cells and put  them in dis tilled wa ter and irradi 
a ted them , extrac ting the invertase afterward , and we measured how m uch we 
had los t .  We didn ' t  lose any. Even when yeas t cells in dis tilled wa ter were ir· 
radia ted wi th ZOO ,  000 r there was no observed effec t on the invertase ,  whereas 
1 000  r given to the commercial preparation in dis tilled wa ter led to a definite 
effec t .  

KAMEN: Isn ' t  tha t the sam e  as  Forssberg ' s  work on  catalase where 
he found tha t irradia ting the liver gave no inac tiva tion of c a talase whereas ill .!!.!!:2, the free s tuff was inac tivated readily ? 

POLLARD: I find myself, therefore ,  a l i t tle bewildered a t  taking 
over experim ents tha t  are designed to be true in aqueous solu tion to ac tual bio
logical sys tems beca use , after al l ,  normal yeas t is in i ts right environment .  

COHN: Did you ever set up a row of tubes with 10 uni ts of invertase,  
ZO uni ts , 40 units , and on up to 1 00 uni ts of invertase and then give al l  of them 
a fixed amount of radia tion ? 

POLLARD: Oh yes . 

COHN: What happens to them ? 

POLLARD: If you do this in aqueous solu tion , when enough invertase 
is present ,  you ge t the same amount inac tiva ted per roentgen . If you have too 
li ttle invertase ,  the radical is gone before i t  can be effec tive . 

COHN: Suppose you have jus t enough radia tion to give 1 00 percent 
inhibi tion in the tube wi th SO uni ts of invertase and then you give that  amount of 
radia tion to all of them ? 

POLLARD: You won ' t  get j us t  SO units inac tiva ted all the way along. 
It won ' t  work quite tha t  way . 

COHN: Bu t you m ight ge t 10 percent inhibi tion in the tube tha t had 
1 00 uni ts . 

POLLARD: Yes . The number of uni ts of invertase we m easured in 
the yeas t cells , I think, was well wi thin the range of our in vi tro experim ents .  

COHN : Of course , yeast  has a lo t of other things besides invertase .  

POLLARD: Tha t is righ t .  Tha t ,  I think, is perhaps the thing I 
though t  of. I believe tha t the interac tion of the other things present is para
m ount in interpreta tion . 

JONES : I should like to ask Dr.  Barron whe ther the idea originally 
pu t  forward by Dale of s im ple protec tion by ioniza tion produc t capture s till 
holds . 

BARRON: Yes ,  tha t  is very well shown by irradia tion of pro tein . 
An expos ure of 7 S ,  000 r will precipi ta te protein irradia ted in wa ter sol u tion. 
If you irradia te the sam e protein wi th sodium chloride present ,  there is no pre
c ipi ta tion . Of course ,  one m igh t say tha t the protein has combined with the 
chloride to form a more s table protein . So this possibili ty m us t  also be con -
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sidered.  It is very difficul t  to de termine the sys tem that is going to protec t  
and the one tha t is  going to ac t as  a source of  free radicals to enhance  radia tion 
ac tion . What  I should like to do is to ex tend Dale 's  concept and to say tha t you 
not  only have protec tion bu t you m ay also have enhancem ent  of X- ray ac tion by 
the cons ti tuents present .  

PATT: Do you m ean to im ply that  the sodium chloride protec tion is 
d ue ,  in this ins tance ,  to the sharing of free radicals ? 

BARRON: I think it is a com bina tion of the chloride wi th the protein . 

PATT: Dale 's  original protec tive effect  was , I believe , somewhat 
d i fferent and was m ore a m a tter of compe ti tion or sharing than of combina tion . 
H e  showed s ubsequently tha t there were d ifferent types of protec tive agents and 
tha t  the rela tionship be tween the concentra tion of the protec tive subs tance and 

· the degree of protection was not en tirely s im ple . While mos t  of the effec ts 
c ould be though t of in term s of the sharing of radicals , the protec tion by certain 
a gents fell off wi th increasing concentration . 

JONES : I think Dr .  Barron 's  point as to the enhancem ent effe c t  is a 
very  im portan t one . I ,  for one , have found i t  very difficu l t  to see how you can 
ge t any irradia tion effec ts com parable to a s imple wa ter sys tem a t  the high con
centra tion of original subs tance exis ting in the cell . Every thing would pro tec t 
e ve rything else .  

PATT: Yes , bu t  then you have to go back to the thought  that you are 
no t dealing with a homogeneous sys tem . As sugges ted by Dale , there may be 
d i l u te areas al terna ting with more concentrated areas and surface effec ts of 
v arious sorts . In other words , you simply cannot compare the cell wi th a con
c en tra ted solu tion . 

JONES : It seems that  the balance of this dual sys tem , on one hand 
e nhancing radia tion effec t ,  on the o ther m inimiz ing the damaging reac tion of 
ionization , would be qui te sensi tive and dependen t upon the dens i ty of ioniza tion 
and upon the type of protec tive subs tances used . 

POLLARD: There isn ' t  a consis tent s tory on densi ty of ioniza tion . 
Chrom osom e breakage is grea ter wi th more dense ioniza tion . I see no s im ple 
explana tion tha t is possible . 

PATT: Yet in solu tion there is generally a greater effec t wi th the low 
than wi th the high ion dens i ty radia tions . 

POLLARD: And for other things too ,  bu t not for chromosome break
a ge ,  le t ' s  say . 

PATT: For most  types of biological effec t ,  the effec tiveness  general 
ly  increases wi th increasing ioniza tion dens i ty ;  ye t we find the reverse si tua
tion when we work wi th simple aqueous sys tem s .  

MAGEE:  W e  often think abou t the h igh energy of ionizing radia tion as 
s upplying the energy to m ake reac tions go and perhaps intui tively we think tha t 
radia tion- induced reac tions have high free energies , but  we can also have re
ac tions in the cel l  that are exo therm al and have a nega tive free energy change . 
In s uch cases , we can have terrific enhancement .  You jus t  sort of trigger these 
off and they go on, so tha t the enhancement in such cases , can be very high . In 
pure chem ical sys tems there are reac tions which have G values of many, many 
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thousands , l ike the photochemical chain reac tions . 

CARTER:  Isn ' t  i t  conceivable tha t  in som e  sys tem s ,  an enzyme wo uld 
spl i t  a s ubs tra te more rapidly because of the radia tion energy tha t has been ab
sorbed into the sys tem ? 

POLLARD: Very l i t tle energy is pu t in there m easured in terms of 
the m e tabolism of the cell . 

CARTER:  I think, in one of the cases you mentioned this m orning, 
the enzym e protein was ac ting upon the s ubs tra te . C an any of the energy that is 
absorbed into the pro tein be transm i tted into the enzyme subs tra te com plex? 

POLLARD: It certainly can be , bu t  tha t  wou ld affec t only the one sub
s trate molecule tha t  happens to be on the pro te in at the same tim e ,  and the en
zym e  is good for several thousand . 

CARTER:  And the molecular transformations are taking place m uch 
s lower . 

POLLARD: I feel tha t  we are ignoring the inna te charac ter of radia tion 
ac tion which is tha t for the amount of energy i t  pu ts forth ,  i ts effec t is enormous 
- - larger  than any o ther charac ter  of energy . Tha t is the basic quali ty tha t ra 
dia tion has .  S o  I don ' t  think we ought to look upon i t  a s  though i t  were j ust  a 
form of hea t  or som ething of tha t  sor t .  

CARTER:  But i t  propaga tes over long periods of  tim e .  

POLLARD: I t  is an au toca talytic ac tion of som e kind . 

C URTIS: In term s if enzymes , enough radia tion to kill a cell  will in
ac tiva te only one in every 1 0  molecules of the enzym e or som e thing of tha t or
der of magnitude . On this basis ,  you don ' t  have very m uch of an inc rease in the 
reac tion . 

CARTER :  Unless the s ubs tra te were on there a t  tha t  time ,  and then 
i t  is an event of very short dura tion . Is tha t the point ? 

POLLARD: Tha t is my  poin t .  

I think tha t  Dr .  Barron ' s  point abou t enhancem ents is a new c oncept in 
this type of work, and if we agree tha t  enhancem ent can occ ur as well as  inhibi
tion , we m ight m ake a lot of headway . Inc idental ly ,  the enhancement m us t  be a 
partic u lar kind of enhancem ent and obviously , sys tem s o ther than his m us t  show 
enhanc em ent .  So if you can find one or two tha t do and concentrate on them , that 
m ight be very revealing for radia tion ac tion . 

• ALLEN: Dr .  Barron raised a poin t  early in his talk to the effec t  that 
you do no t ge t reduc tion very readily in solu tions in pure wa ter .  I t  has always 
seemed to m e  tha t  this is to be expec ted if the wa ter decom poses , a t  leas t rough ·  
ly , into equal  num bers of oxidizing radicals and H a tom s .  They ought m ore or 
less to neu tralize each other ,  so tha t you sho uld ge t l i t tle reduc tion or oxida tion . 

BAR RON: However , you do ge t oxidation . 

ALLEN: In some sys tems ,  even in the absence of oxygen ,  yo u do get 
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a ne t oxidation, and I think this is due to the fac t tha t the water under irradia 
tion decom poses not only to give radicals but  also to give a certain ,  but  sm aller , 
yield of peroxide molecules and hydrogen molecules . As the peroxide accum u
lates in the solu tion, i t  can  ei ther ac t  direc tly on  the subs tra tes or i t  can  react 
to som e extent with H and OH to form oxidizing radicals tha t can produce this 
ne t oxida tion . The hydrogen molecu les are,  rela tively speaking , inert .  Is tha t  
point c lear ? 

BARRON: Yes ,  tha t  is wha t  I thought ;  the reason there was no reduc
t ion was because the hydrogen a tom s com bined . 

. ALLEN: No, I don ' t  think this is so because the yield of molecular 
hydrogen tha t one sees in m any sys tems is m uch smaller than the yield of radi 
c als tha t  one has to assum e is present .  But  I think tha t what us ually happens is 
that the effec ts of the H and the OH in oxida tion and reduc tion cancel ou t and any 
ne t oxida tion tha t  you get ( this is all in the absence of oxygen) is due to the pres
ence of molecular peroxide that  is form ed direc tly from the wa ter ,  to some de
gree s im ul taneously with these radicals . 

BARRON: But  there is no hydrogen peroxide formed by X radiation in 
the absence of oxygen . 

ALLEN: Tha t is true only if the wa ter is very pure . In tha t  case ,  the 
radicals can ac t on the molecular hydrogen peroxide and the whole thing goes 
back to wa ter .  If you add anything to the wa ter, it will generally protec t the 
m olecular hydrogen ,  which is less ac tive than the peroxide , so tha t you do get 
a net  forma tion of hydrogen peroxide ,  and the peroxide can go ahead and s ubse
quently produce oxidation . 

BA RRON: In all  our experim ents , we have sa turated the water wi th 
n i trogen,  purified by passage over copper wire hea ted a t  800°C .  We have never 
found hydrogen peroxide in water sa tura ted with pure ni trogen.  

ALLEN: If  the wa ter is purified , there is  a radia tion-induced reac tion 
be tween any molec ular hydrogen and hydrogen peroxide tha t  m ay be acc um ula t
ing .  The s teady-s ta te conc entra tion of peroxide m ay be too low to detec t .  

BARRON: However ,  we  have one experim ent wi th s teroid hormones 
where we can demons tra te reduc tion tha t  is very s im ilar to the reduc tion wi th 
a tom ic hydrogen .  The s teroid has an absorp tion peak a t  Z40 mj.L .  This is due to 
the carbonil  groups . Irradia tion in ni trogen gives a grea ter dim inution of the 
absorp tion spec trum than irradia tion in the presence of oxygen.  I thought this  
was a reduc tion . So wha t  we did was to  pass hydrogen over colloidal palladium 
a nd we found exac tly the sam e diminution . 

ALLEN: Dr . L .  H . Gray told m e  about some experim ents tha t have 
been done on irradia tion of suspensions of T- 1 phage . Inac tiva tion of this phage 
p roceeded with a m uch higher yield if the solu tion was sa tura ted wi th ni trogen,  
a nd a s till  higher amount of inac tiva tion was found if bo th oxygen and hydrogen 
were  present .  It was concluded from this tha t  the m ain agent for inac ti va tion of 
the phage was the hydrogen a tom . 

PATT: Along the sam e lines , Bachofer repor ted recently tha t oxygen 
apparently protec ted phage agains t X radia tion in contras t to the usual protec tive 
effec t  of oxygen remova l .  It appears , however ,  tha t  this effec t m ay be due ,  or 
a t  leas t related,  to the presence of certain sal ts in the m edium . I think the 
work to which you refer was done by Alper ;  i t  has been reported in the Bri tish 
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Journal of Radiology. 

POLLARD:  I find tha t kind of work a li ttle trickly unless you ac tually 
determ ine what it  is that the virus has lost .  For ins tance, has the viru s  s im ply 
los t  the abili ty to a ttach to the host  or has i t  actually lost the abili ty to m ultiply 
or wha t has happened ? Dealing with a virus as an indicator of radiation a c tion 
has i ts troubles.  

MAGEE: Bachofer 's  only tes t was m ul tiplication. I have often won
dered , whether there is any simple rule -of- thumb way of knowing, in thinking 
about the various parameters you can use , which are the most sensitive and 
which are the least  so ? 

POLLARD: No, there is not .  It depends again on the class of inacti
vation . It is almos t certain that the indirect effect  is on the surface and p robab
ly does involve s uch things as a ttachment. Possibly, it may even pull the en
velope out  so that  it releases nucleic acid . Tha t sort of thing may happen bu t 
isn ' t  established . The m odern feeling on viruses is that they are not m ole c ules,  
bu t ra ther are systems and should be thought of as s uch . 

TO BIAS: Dr.  Barron in his disc ussion commented chiefly on the role 
of the -SH group.  As I understand, there is a protective agent for the -SH 
group, p mercaptoe thylamine . Would you care to comment on the mode of ac 
tion of this subs tance and on the sensitivity of o ther groups besides the -SH 
group?  

BARRON: Yes , I know the work of  Bacq.  The protective action there 
is probably due to the reducing power of the mercaptoe thylam ine . I think it has 
m uch more reducing power than glu ta thione and therefore it is a more reac tive 
agent for the free radicals formed from the irradiation of water.  I think a ll this 
protec tive action comes by combina tion with the free radicals ,  the com pe ti tion 
theory that Dale was talking about. I have tried to do the Swallow experiments 
with glu tathione and DPN, to see whether the radicals of oxidized glu ta thione do 
produce the reduc tion of DPN. Unfortuna tely , the experiments were negative . 
I was unable to reduce DPN with glu ta thione on irradiation. It demons trates 
tha t the poten tial of the sys tem is too posi tive to cause the reduc tion of DPN. 
All  these things depend entirely on the potential of the system . 

PATT: A few things could be added to wha t  Dr.  Barron has s aid , al
though I think we are in general agreement on the interpretation. 

DUBOIS: Dr. Barron, did you mix any of the materials such as oxy
hemoglobin with lactic acid-DPN to study the distribution of the effec ts be tween 
two sensitive sys tem s ?  

BA R RON: No, the experiments tha t  I have reported were done 1 0  da ys 
ago ,  after we confirmed Swallow ' s  work. The experiment on the reduction of 
D PN with propyl alcohol , for instance, was done only yes terday. We are s tudy
ing these experiments, and I know that we are going to try quite a number of en
hancing agents . We intend to try to reduce the cytochrome by this kind of coup
l ing ac tion .  I became interes ted in i t  because I tried to demons trate that  there 
is form a tion of free radicals in the oxidation of alcoho l .  

TOBIAS: It seem ed that the concentration o f  these agents , for ex
ample, the alcohol , was qui te high ,  probably higher than the occurrence of the 
same substance !!l ti:!2· 
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BARRON: Yes ,  and this was so in Swallow ' s  work.  The concentration 
of the alcohol was continuously dim inished in our experim ental procedure be 
cause of the ni trogen bubbling . We do not know how m uch alcohol we had in the 
solu tion .  I think tha t  when we repeat the experiment we will have to de termine 
the ac tual amount of alcohol present .  However , we could no t have los t more than 
half. So we m us t have had O . Z molar . I think that the concentra tion of alcohol 
has to be high enough to produce  a large num ber of radicals . If we dim inish the 
concentra tion of alcohol , I am afraid we will be unable to find the reduc tion of 
DPN. Bu t those are points tha t  we have not ye t worked ou t .  

Also, the concentra tion of DPN was high . We did tha t purposely in 
order to demons trate quite conclusively tha t  there was a large form ation of re
duced DPN. 

CHARGAFF: What  about those experiments of Joseph Weiss wi th high 
dosage irradiation of nucleic acid ? He used very high dosages and got fearful 
effec ts . 

BARRON: The same thing happens with sulfu r  m us tard and ni trogen 
m us tard .  When large amounts are used , all kinds of effec ts appear .  

CHARGAFF: I s  i t  possible tha t  the sam e effec ts but ,  of course,  i n  a 
m uch lower concentra tion, do take place in physiological doses but cannot be de
tec ted because the particular m e thods are not good enough ? 

BARRON: To tha t  ques tion, I have no answer .  We have tried very 
hard ,  with the most  accura te me thods for the de termination of phosphorus , and 
we have never found any inorganic phosphorus . You see , Weiss irradia ted with 1 .  S m illion r .  With amounts wi thin I SO ,  000 r we were unable to find any diminu 
tion .  

CHARGAFF: If nucleic ac id has a molecular weight of s ix m illion, 
tha t  would mean ZO , 000 nucleo tides.  If 1 or Z out  of these ZO , 000 ,  say, were 
dephosphorylated , you would no t see it analy tically .  

�ARRON:  We have used adenosine triphosphate ,  tha t  has a m uch 
sm alle r  molecular weight ,  and have observed a decrease in the absorption band 
at Z60 m J.L . It was s tric tly proportional to the amount of radia tion . Bu t  no inor
ganic phosphorus was formed . 

CARTER: Scholes and Weiss have an explana tion for this in term s of 
the increase in ac id labili ty of the phospha te , not necessarily a spli t ting out  of 
inorganic phospha te from the molec ule . They explain the after-effect ,  the long 
period of drop in viscosi ty tha t takes place s ubsequent to irradia tion , in terms of 
slow hydrolysis of the labile phosphate compounds . 

Also they have recently repor ted conversion of monoethyl phospha te to 
ace tylphosphate ,  which , at leas t, is the model for this type of reac tion.  

CARTER:  They say tha t the 4 '  hydroxyl group of the desoxypentose 
moie ty is extrem ely susceptible to a t tack by the perhydroxyl radical leading to 
the produc tion of an acid labile phospha te ester .  

BARRON: Com ing back to the s ulfhydryl groups , you may rec all that 
coenzym e A was oxidized in vi tro wi th an ionic yield of 3 . I t  is extrem ely sensi -
tive . 

- -
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BENNETT: All  of your values are for compounds in solu tion . In the  
solid form , som e compounds , e .  g . , choline ; appear to be  particularly s uscep ti
ble to irradia tion . G values of the order of 500 are obtained from self- irradia
tion of choline wi th carbon- 1 4 .  Dr . Lemmon has presented the data in several 
papers ( I Z - 1 4) . 

He has also investiga ted the effec t of s truc tural changes in the choline 
molec;: ule on the G value . For ins tance , with choline , if an analogue is m ade 
tha t  con tains the 3 -hydroxy propyl group ins tead of the Z -hydroxy e thyl group ,  
the G value drops by a fac tor of  1 0 .  · 

BARRON: Is the choline oxidized ? 

BENNETT: I t  goes to ace taldehyde and trimethylamine . As far a s  can 
be determ ined , these are the only m ain produc ts . The ace taldehyde has not 
been determined quanti tatively , but when experim ents are done with methyl  la
beled choline , then trim e thylam ine is the only radioac tive compound that is ob
tained . The G value depends upon the type of irradiation . In other words , if the 
irradiation is done with cobal t-60 as the source,  the G value is around 1 80 .  and 
if the irradiation is done wi th high energy elec trons , the G value is around ZO . 
Experim ents are in progress to determine the sensi tivi ty of different compounds 
and the effec t of s truc tural changes . These preparations are dry and they are 
i rradiated in the absence of oxygen ,  in other words , evacuated sys tems . 

POLLARD: I t  is obviously a reac tion that  goes from molecule to 
m olecule . It is a lo t of fun to s tart  pu tting things between the m olecules .  

BENNE TT: For ins tance ,  this i s  choline chloride .  If you change the 
sys tem to choline iodide , which is in a sense pu tting in som e thing differen t,  the 
G value goes down considerably - - by a fac tor of abou t 1 0 .  The G value  for 
choline chloride in the Z - to -4 Mev .  bom bardm ent is around ZO ,  and for the io
dide appears to be of the order of Z .  There are som e experimental  difficulties 
in acc ura tely determ ining the G value . If one goes , for example , to a choline 
analogue where there is chlorine in place of the -OH ,  the G value is also quite 
low, so tha t there are profound effec ts wi th changes of s tructure.  

POLLARD:  Did you try to irradia te this a t  liquid a ir  tempera tu res ? 

BENNETT: No . Choline was chosen for these s tudies because of a 
number of com pounds tha t  we had prepared with carbon- 1 4  and s tored, i t  ap
pea red to be the mos t  sensi tive . For instance ,  adenine was relatively insens i
tive , as were mos t  of the amino acids . Many com pounds can be tried , and un
doub tedly we will try more of them . 

PATT: I believe tha t  your group has s tudied radia tion effec ts on co 
enzym e A in tissue . 

BENNETT: I would say tha t  the effec t appears to be small . In an 
earlier report it was s ta ted tha t there was considerable effec t, bu t there now ap
pears to be li ttle effec t of X irradia tion on coenzym e A or DPN ( 1 5 ) . 

DUBOIS:  I would agree wi th tha t conclusion on the basis of experi
m ents tha t we have done .  In our experim ents , sulfanilam ide acetylation was 
s tudied in irradia ted rats . We gave a dose of 1 00 mg .  per kg. per day of sul 
fanilam ide . This normally resu� ts in excretion of about  50 percent of the injec t
ed dose in the ace tyla ted form and the res t in the free form . By de term ining 
daily urinary excre tion of acetyls ulfanilam ide throughou t  the survival time after 
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le thal doses of X- rays , we obtained a com parison of acetyla tion by the l ive rs of 
normal and irradiated ra ts . Wi th this procedure there was no effec t of X radia 
tion on acetyla tion . Fifty percent of the adm inis tered dose of sulfanilam ide was 
exc re ted as the acetyla ted deriva tive in bo th the norm al and irradia ted rats . 
Therefore , i t  appears tha t  the coenzyme A level is no t reduced, and Bacq ' s  
s ugges tion tha t  m ercaptoe thylam ine m a y  ac t  b y  preserving coenzym e A i s  not 
s uppor ted by our experim ents . 

PATT: A sim ilar conclusion has been reached by Thom son in our 
labora tory . 

liver .  

COHN: Coenzym e  A m igh t be poor some place else .  

DUBOIS: Yes, the acetyla tion reac tion tha t  we s tudied occ urs in the 

PATT: Bu t I think his remarks concerned Bacq ' s  sugges tion. 

DUBOIS: Yes , the sugges tion tha t mercaptoe thylam ine exer ts part  of 
i ts pro tec tive effec t in the liver was the poin t under cons idera tion . 
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CELLULAR BIOCHEMISTRY 

Frederick G .  Sherman 

The discussion yesterday was encou raging because it is becom ing evi
dent tha t it m ay be poss ible to cons truct som e  models of the interac tion of radi
::� tion with complex molec ules tha t might be applic able to living sys tems . I t  is 
encouraging, too , that  radiobiologis ts are beginning more and more to utilize 
technics that  can uncover some of the physiological effec ts tha t take place rela
tively soon afte r irradia tion . Evidence for short- term effec ts of irradiation has 
been obtained with a wide variety of organism s .  The period I have in m ind as 
being cove red by " short-term" ranges from a few m inu tes to no t more than a 

100 
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0 

.. 

10 

TIME ( .. NUTES} 

F igure I. The respira tory activity ofX
irradia ted Escherichia coli. Strain B/r.  
on several substrate s .  The control cups 
contained ZO x I o8 and the experimentals,  
ZO x 1 0 4 colony-forming organisms.  
Filled c ircles represent the controls; tri
anales, the lrrsdlsted cells . 

few hours . 

A good place to s tart  the discus
sion would be to consider some of the ex· 
periments done by Billen e t  al . ( I) They 
have obse rved an inhibitory effect  on 
respira tion in E .  coli with expo sures as 
low as 5 ,  000 r .  This effe c t  var ies with 
the ca rbon so urce  in the m edium . (Fig
ure 1 ) .  

They observed a period of normal 
respiration in the B/r s train in every 
ins tance . This was longe r with s uccinate 
or pyruvate than with glucose a s  the sub
s tra te . However, in the Texas s train, 
the difference wa s in the opposi te direc
tion . When the s ubs tra te was pyruvate, 
respira tion was inhibi ted immedia tely.  
The l ength of the period of norm al respi
ra tion was a func tion of tempera ture. 
When the cells we re inc ubated at Z6°C .  
respiration s tayed at  the control level 
for 1 to Z hours , whereas at 37°C ,  the 
period of normal respira tion was reduced 
to 20 to 40 m inutes . (Figure Z) 

The explanation advanc ed was 
tha t enzyme synthesis is interfered with 
by radia tion . Under the conditions of 
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Figure Z. The Influence of temperature 
on X-ray damage to bac terial respiration. 
The control cups contained 54 x 1 08 and the 
expe rimentals,  56 x I  o4 colony-form ing 
organisms . Filled circles represent the 
controls;  triangles, the irradiated cells.  
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their experiments , there is a continual 
brea kdown and repair,  which resu l ts in 
the m aintenance of the enzyme level in 
the unirradia ted cell at  some equil ibrium 
value .  In the irradia ted cell  this proces s  
of repair does not take place or i t  i s  in
terfered with in one way or o ther. 

BAR RON: Were those cells s us 
pended i n  a medium containing ni trogen ? 

SHERMAN: The cells were s u s 
pended i n  nitrogen-free m edium . B u t, 
even so,  BUlen ' s  hypothesis was that  
there is s till some norm al repair in 
these cells and that  this is inhibi ted .  The 
experim ents of Billen and Lichs tein (Z) 
on the adap tive form a tion of hydrogen
ase ,  which is interfered with markedly 
by irradia tion , were used as evidence for 
this . However ,  this enzyme m ay be a 
special case because i t  requ ires certain 
am ino ac ids , glu tamate ,  among other s ,  
for i ts form ation . 

Tha t protein synthesis can go on 
after irradia tion is well es tablished. 
Holweck and Lacassagne (4) long ago ob
served tha t yeas t cells would form giant 
cells , and Brace (5) showed tha t  the for

mation of giant cells was not due to the uptake of wa ter ,  but  tha t  protein synthe 
sis was taking place.  Also we have some da ta tha t  show that  the nitrogen in the 
medium is util ized as rapidly by irradia ted as by nonirradia ted cells . 

Another kind of evidence tha t  protein synthesis can take place in X irra
dia ted c ells is furnished by the experim ents of Spiegelman, Baron and Qua stler 
(6) . They reported tha t galac tozymase form a tion was not impaired by exposu res 
that resul ted in inability of more than 99 perc ent of the cells to form new colo
nies . 

These exam ples s ugges t tha t enzym e syn thesis  can and does go on in 
irradiated cells . What  may be happening in the experim ents by Billen et a l . , is 
that cel lular repai r  and pro tein synthesis continue , but  tha t  the repa ir is  aber 
rant. This res ults in the gradual es tablishm en t of a set of abnormal enzym es .  
Their da ta (Figure I )  is sugges tive of a progressive deteriora tion . 

Another explana tion proposed by Billen was tha t there m ay be a certain 
propor tion of enzymes in excess of the enzym e requirem ent,  which com es into 
play to r eplace those tha t have been damaged . However ,  after expos ure of 5 , 000 , 
1 5 , 000 and 60, 000 r ,  the period of normal respira tion appears to be nearly the 
sam e .  C ells exposed to 5 ,  000 r were inhibited lea s t; a t  I 5 , 000 r ,  a n  interm edi 
a te inhibi tion of respira tion was observed , and a t  60 , 000 r the rate of Oz con
s umption fell qui te rapidly to low values . 

The c urve we have been disc ussing was from an experiment con-
duc ted at 37°C (Figure I ) .  C ells trea ted �n the same way b u t  inc uba ted 
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a t  Z6°C ins tead of  3 7°C ,  had  a longer period of  normal respira tion (Figure Z) . 
The to ta l amount of oxygen consumed by irradia ted cells a t  Z6°C was larger than 
tha t at 3 7°C . The processes resul ting in de teriora tion of enzym es associa ted 
wi th respira tion appear to have a higher tem pera ture coefficient than respira tion. 

A point I would like to emphasize is tha t  m icroorganism s tha t  have re� 
ceived large doses of X- rays may keep a large par t  of their m e tabolic m achinery 
intac t  and func tional even though , for exam ple , they m ay not be able to divide . 
Yeast  cells can u til ize gl ucose and phospha te for periods of a t  leas t Z4 hours 
after irradia tion . They are not dead cells . I t  is only when they are asked to do 
some thing they can no longer do tha t  they seem to be dead . 

PATT: I should like to ask whe ther oxygen consumption levels  off a t  
the same place a t  both tem peratures or a t  a somewha t higher  level  wi th the low
e r  tem pera ture . 

SHE RMAN: I t  looks as if i t  m igh t level off a t  a higher value .  

PATT: Perhaps then i t  i s  no t entirely a ma tter o f  slowing up the de
teriora tion but also of promoting som e recovery at the lower temperature .  

SHE RMAN: Tha t may be the case, but  the experim ent wasn ' t continued 
long enough to es tablish whe ther the respira tion of irradia ted cells inc ubated a t  
Z6°C would eventually fal l  off to the sam e level as the irradia ted cells incuba ted 
a t  3 7°C .  

BARRON: In our early work, we observed also tha t the abil i ty of cells 
to divide and form colonies m igh t be inhibi ted even though respira tion was per
fec tly norm a l .  At tha t  time we pointed ou t that  we have to differentia te be tween 
the dea th of the cell  and the loss of abi l i ty to divide . 

ZIRKLE: Don ' t  be too hard on us biologists .  We are jus t  lazy like 
everybody else , and som e times use terms like "dea th" and " le thal ac tion" loose
ly .  In precise discourse , i t  is , of course , necessary to s ta te just wha t  we mean 
by "death" in tha t  partic ular context .  In one context ,  e .  g . , a person m ay use 
the term to mean inhibi tion of cel l  division , in another to m ean cessation of m o 
til i ty . 

SHERMAN: In our experim ents wi th yeas t ,  there was an ini ti al period 
during which the ra te of fermenta tion of glucose was norm al .  There was li t tle 
inhibi tion for a period of abou t Z hours , bu t  after 4 hours , the inhibi tion of fer
m en ta tion reached a maxim um and this m axim um did not change for over  Z4 
hours (7 ) . 

It would be interes ting to com pare the l ife span of irradia ted a nd non
irradia ted cells from the s tandpoint of m aintenance of their capac i ty to ferment 
glucose . 

COHN: I am no t clear about  these c urves . If enzym e replacement has 
been inhibi ted , does no t this delay period sim ply cons titu te a measure of the sur
vival tim e of the enzym es tha t  are there to s tar t  wi th ,  and , couldn ' t  this s urvival 
be longer a t  lower tempera tures ? 

SHERMAN: I would go along wi th this interpre ta tion of BUlen ' s  experi· 
m ents . A couple of years ago , we pu!>lished a paper on the effec t of X radiation. on the ferm enta tion of glucose by " low ni trogen" and normal yeas t ( 8) . The per1· 
od of "normal" ferm enta tion after irradia tion appeared to be similar in bo th low· 
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ni trogen and normal  yeas t .  Howeve·r , ferm enta tion was inhibi ted by m uch low
er  doses of X radia tion in low-ni trogen than in normal yeas t cells . We have no 
da ta on the effec t  of tempera ture; however ,  if the period of norm al respira tion, 
or fermentation, represents the survival tim e of the enzym es direc tly concerned , 
there m ight be a considerable difference between normal and low-ni trogen yeas t .  

COHN: Wha t  i s  the relation between this curve and the c urve you ge t 
from nonirradia ted cells ? Is there any evidence tha t  you have impaire� enzy
m a tic ac tivi ty from the ini tial portion of the curve ? 

SHERMAN: No . These c urves (Figures 1 and Z) indica te that the ac 
tivi ty of the enzym es associa ted wi th respira tion are not impaired imm ediately 
after irradiation. However ,  there is evidenc e tha t  other cellular ac tivi ties are 
delayed (9) . 

COHN: You don ' t  really know that  you have done anything to the en
zym es except im paired their replac em ent .  

ZIRKLE: Isn ' t  there evidence that  the ac tual enzyme content is no t  im 
paired to any appreciable extent by doses that  you are talking abou t.  If you break 
the cells open and analyze for enzym e content ,  wouldn ' t  you find prac tically 1 00 
percen t of the con trol value ? In tha t case , wouldn ' t  the difference in these 
curves be due to something else ? 

SHE RMAN: Yes , in fac t ,  experim ents recently reported by Bair and 
S tannard ( 1 0) ,  indicate tha t al tera tion in the com posi tion of the m edium m ay 
change radia tion effec ts on fermenta tion from inhibition to enhancement . Their 
da ta indicate that  som e enzymes are able to func tion a t  1 00 percent or more of 
the control value . 

POTTER: I was abou t to ask if you intend to get into a discussion of 
coenzym es , and if you are,  then i t  m ight be prema ture to comment .  

SHERMAN: As a mat ter of fac t , this would be a good time to consider 
the role of cofac tors . 

POTTER: Well ,  i t  seem s  to me that before one can specula te on the 
forma tion of wrong enzymes or the failure of synthesis of right enzym es,  one 
has to break the c ells open and find out whe ther there ac tually is less of the en
zyme that you are measuring. Of course , this m us t  be done in the presence of 
appropriate coenzymes and subs trate . If the enzym e is present, then one would 
have to rejec t the idea that wrong enzym e� have been formed and tha t  the righ t  
ones have not .  M y  own explana tion i s  that  this i s  more l ikely to b e  a n  interfer
ence with continuing synthesis of the nec essary coenzymes . 

SHERMAN: I think this interpretation is as reasonable as the one sug
gested by Billen and the modifica tion of i t  tha t I have sugges ted . 

HOLLAENDER: I believe tha t you will find tha t not only one enzyme is 
affec ted by the radia tion bu t  probably a large number of enzymes and coenzym es .  
We have tried to give irradiated cells an opportuni ty to repair some of th e  dam 
age . The experim ents which Dr . Sherman discussed really grew ou t of these 
s tudie s .  If a cell i s  given a chance to repair som e of the damage before c ell di
vision is ini tia ted , som e recovery m ay be possible . We have s tudied this in 
E. col i ,  B/r .  This organism has i ts optimum growth a t  3 7°C . If our s train of 
coli is kept in the presence of certain nu trien ts at 1 8°C ins tead of 37°C , 1 00 
tlm es as many colony-form ing organisms will be obtained from cells irradia ted 
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wi th 60 , 000 r .  The respiration experiments tha t Dr .  Sherm an has  discussed 
were designed for the purpose of finding the energy source for this repair,  and , 
as  he has shown, the total oxygen consumption is considerably higher a t  subopti
m al tempera tures than at 3 7°C . The nu trien t necessary for this recove ry proc
ess can be obtained from yeas t ,  beef or spleen extrac ts . A synthe tic m edium 
consis ting of inorganic salts ,  glucose ,  glu tam a te ,  urac il ,  and guanine is also ef
fec tive . 

Although i t  is possible to omit  some of the cons tituents of our synthetic 
m edium and s till produce a few pinpoint colonies . This is not a reliable method 
for s tudying the reco\·ery phenomenon . 

The basis for these experim ents is the feel ing that cell division places 
a grea t demand on the available enzym es and nu trients . If the cell  is not able to 
synthesize these quickly enough , i t  will die . The process of cell  division is ex
trem ely s low a t  1 8°C .  After the repair process has taken place a t  1 80C , the cell 
can be warm ed to 37oc and many of the cells tha t  have been damaged by radia
tion will recover and grow qui te normally . 

POTTER :  I s  your synthetic medium rich i n  certain nucleotide pre· 
c ursors ? 

HOLLAENDER:  Yes . Ac tually the syn thetic m edium was be tter than 
yeas t extrac t in res toring abilit, to form new colonies .  

POTTER:  Have you ever examined the fl uid tha t  these cells are  in, 
from the s tandpoint of UV substances ? That sort  of thing has been done many 
tim es , bu t  is there a correlation in this case ? 

HOLLAENDER :  Very li ttle u l traviolet  absorbing ma terial wil l diffuse 
from X irradiated cells kep t in sal t  solu tion . However ,  if the cells ar5 given 
som e  gl ucose ,  the ATP as well as o ther subs tances absorbing at Z600 A will dif
fuse ou t  quite readily . ( 1  Z )  

POTTER:  I think that is highly relevant .  

SHERMAN: I wonder i f  acid soluble nucleotides are  decreased in  ir
radia ted cells because of leakage . 

HOLLAENDER :  We  do  no t have quantitative da ta ye t i n  regard to the 
leakage problem . 

POTTER :  If isolated rat l iver mi tochondria are suspended in  isotonic 
sucrose , there is no leakage of nucleotides from the mi tochondria a t  0° in the 
presence or absence of subs tra te . When the tempera ture is raised to 3 0°C , 
there is a progressive leakage of nucleotides from the m i tochondria in the ab· 
sence of s ubs tra te . However, this is not the case when subs tra te for mi tochondrial 
respiration is present .  I think that  this would provide an excellent and reproduc· 
ible tes t  sys tem for s tudy of effec ts of irradia tion . 

SHERMAN: Can you get enough m itochondria to do some sort of frac
tiona tion ? 

POTTER :  Yes ,  readily , and you can ge t the comple te profile of the 
nucleotides . They contain ZS or 30  different nucleotides . 

CARTER:  In  a supplement of the  Bri tish Journal of Radiology, there 
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is a paper ( 1 3 ) which perhaps bears on this point ,  showing inhibi tion of oxidative 
phosphoryla tion in m i tochondria from irradia ted animals . But  certainly the 
kind of correla tion tha t  Dr . Potter is talking about is not made . 

BENNETT: I am not clear abou t this pro tein turnover .  These are non
dividing E .  coli cells , are  they not ? 

SHERMAN: That  is righ t . 

BENNETT: What were the experim ents of Monod ? Were they no t  with 
non-dividing E .  coli that  shows no protein turnover?  

E .  col i .  
MAZIA: Monod could find no  evidence of  pro tein turnover in  growing 

BENNETT: U the proteins are not being degraded and re-formed in 
the c ells , it would rule out an explanation such as you have offered . 

SHE RMAN: If this is so,  then som e  other repair or som e other fac tor 
is in terfered with .  

BENNETT: Not the protein parameter or the enzyme parameter ? 

MAZIA: As I unders tand i t, Monod claims tha t enzyme is extremely 
s table in  E.  coli . If the cells are under non-growing condi tions , the enzym e 
s tays put  and if they are under growing condi tions , the enzyme is diluted out .  
On the tim e scale wi thin which he is working , the enzym e molecule would seem 
to be immortal . 

SHERMAN: I would l ike now to discuss some experim ents on yeas t  by 
Bair and S tannard ( 1 0 ) . Yeas t cells irradiated in potasW,um phospha te with 
90 , 000 r of Z50 - KV  X- rays had a significantly larger Q Z than nonirradia ted 

COz 
control s . Those receiving the same exposure but s uspended in trie thylam ine
succ inate- tar tra te buffer a t  pH 4 .  5 showed m arked inhibi tion of anaerobic COz produc tion.  

The role of elec tr�lytes in the me tabolism of irradiated yeas t was in
ves tiga ted by trea ting the cells wi th a ca tion exchange resin (Dowex- 50) . The in
fl uence of potassium on fermenta tion ( 1 4) and the early work of Nadson and Zol 
kevic ( 1 5 ) led Bair and S tannard to suspec t tha t  deple tion of cellular potass ium 
m igh t expose radiation dam age to  ca tabolic processes . 

Yeas t  cells were suspended in Dowex- 50 (50- 1 00 mesh) tha t  had been 
conver ted to the trie thylam ine form . The resin exchanged trie thylamine for the 
ca tions of the yeas t  suspension . This treatm ent did not reduce the number of 
cells tha t  were able to decolorize m e thylene blue . Treatm ent of yeas t  wi th 
Dowex- 50 after irradia tion res ul ted in a larger inhibi tion of respira tion and fer
menta tion than treatm ent  before irradiation . Glucose up take by irradia ted cells 
did no t differ m arkedly from tha t of nonirradiated cells . The inhibi tion of respi 
ra tion and ferm enta tion was due to the inabi l i ty of the yeast  to u tilize the s ub
strate . 

Dowex- 50 can remove the potassium or sodium or o ther cations that 
happen to be in the m edium . Spec trographic analysis of Dowex-50 treated yeast 
indicated that the level of intracellular po tassium and sodium was unaltered ( 1 0 ) . 
However , trea tm ent of irradia ted cells wi th Dowex-50  resulted in a reduc tion of 
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the intracell ular concentra tion o f  potassium and sodium to 25 percent below tha t 
of nonirradiated cells . Potassium was also shown to leak ou t of irradia ted cel ls  
tha t were not trea ted with Dowex-50 ,  whereas there is  no appreciable leakage of  
potass ium from normal yeas t cells . 

BENNETT: Were controls run to check the pH under these condi ti o ns ? 

SHERMAN: Yes . The cells were suspended in trie thylamine - s ucc i 
na te- tartra te buffer during and after treatm ent wi th Dowex- 5 0 .  The pH of the 
buffer was adjus ted to 4 .  5 or 6 .  5 .  

TOBIAS: Was the ferm entative ability of Dowex- 50 trea ted norm al 
cells decreased ? 

SHERMA N: Yes . 

TOBIAS: But the irradiated cells decreased more ? 

SHERMAN: As m uch as 90 percent more. 

Ba ir's experim ents ( 1 1 )  sugges t tha t irradia tion resul ts in the los s o f  
ability of yeas t cells to retain ca tions . When Dowex-50 is present in the m ed ium 
after irradia tion, the potassium concentration ou tside the cell is reduc ed to very 
low levels . The fac t  tha t post- irradia tion treatment with Dowex- 50 was more 
effec tive in revealing damage than trea tm ent  before irradiation s upports this 
interprets tion. The inabili ty of irradia ted yeas t cells to retain intracellular 
ca tions may be the resul t  of interference with the ac tive transport sys tem or 
conceivably i t  could resul t  from changes in physical properties of the membrane.  

BA R RON: Muntz demons tra ted tha t  fermenta tion will no t take pla c e  in 
yeas t extrac ts in the absence of potassium . 

SHERMA N: In E .  Coli it has been quite clea rly demons tra ted tha t 
potassium is necessary for growth , synthesis,  the incorpora tion of s ulfur into 
proteins , and the u tilization of phosphate ( 1 6) ,  so tha t  there seems to be som e 
possibility of rela ting the radiation effect  in potassium -defic ient yeast c ells to 
som e  difficulty in synthesizing protein or a t  leas t in getting energy for the syn
thesis of  protein .  

COH N: You said tha t the cells were trea ted with Dowex- 5 0 ?  

SHERMA N: Both cells and medium were shaken with the res in. Po 
tassium deficiency in E .  Coli does not interfere appreciably with glucose upta ke .  
These cells apparently have other pa thways for glucose u tiliza tion tha t do no t 
involve potassium . B u t  these pathways result  in the production of energy tha t  
i s  not available for synthesis s o  tha t the synthetic activity is interfered wi th .  
Perhaps this i s  why these cells are so sensitive to irradia tion . I t  is not tha t the 
irradiation has done anything different in potassium -defic ient than in normal 
cells , but  in normal cells energy is  available for repair. In  po tassium -deficient  
cells  i t  is bloc ked . 

We did som e experiments a couple of years ago in which we m ade yeast  
cells ni trogen deficient by growing them in  low concentra tions of ammonium 
s ulfa te (8) . These cells had a reduc ed total ni trogen content and also a redu c ed 
nuc leic acid content .  Their anaerobic COz produc tion could be inhibited m ea s 
urably with exposures of the order of 5000 r to 1 0 , 000 r .  There was no appreci 
able inhibition of fermenta tion by these exposures i n  cells grown in the presenc e  
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of concentrations of ammonium sulfate 
that were nonlimiting for growth. Our 
interpretation was in terms of the rela
tive amount of irreparable damage to 
the fermentation enzymes . 

More recently, we hav.e been 
looking at the effec t of irradiation on the 
phosphorus metabolism ( 1 7 ) .  This has 
been done by incubating the cells after 
irradiation with inorganic p32  for peri
ods of about  an hour.  In these experi 
m ents,  the cells are put into a medium 
that will allow them to divide . Howev
er, an appreciable number of new cells 
does not form in an hour at  this incuba 
tion tem perature . Nonirradiated cells 
begin to form buds, but bud form ation is 
not apparent in the irradiated cells .  In 
Figure 3 ,  the activity of various frac
tions is  compared in irradiated and non
irradiated cells . There is a marked in
crease in the total uptake of phosphorus 
by the irradiated cells . However, there 
is li ttle difference in the specific ac tivi
ty of inorganic orthophosphate or of to
tal acid soluble phosphate .  The meta
phosphate pic ture isn ' t  as  clear .  In 
som e of the 1 00 , 000 r experiments ,  the 
m e taphosphate values for irradiated 
cells are fairly near those for nonirra
diated cells; in o ther experiments, 
they are considerably depressed . 

BENNETT: Wha t  fraction ac
counts for the increase then ? 

SHER MAN: That isn' t  shown in 
this figure. The increase in activi ty is 
apparently in the RNA fraction. 

BENNETT: This could repre
sent just a difference in the phosphorus 
percentage in the cells . 

SHERMAN: Perhaps, but the 
amount of p3 1 in each of these frac
tions is the sam e .  The ribonucleic 
fra c tion from irradiated cells has a 
m u ch higher activity than RNA from 
control cells.  This is shown for the 
mononucleotides of R NA in Figure 4 .  

CHA RGAFF: Does this incl ude 
all the mononucleotides ?  

SHE RMAN: This does no t in-
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e lude the mononucleotides tha t are soluble in acid . The cells are first  extrac t 
ed with TCA and fa t solvents . RNA and DNA are  extrac ted from the insoluble 
frac tion wi th hot sodium chloride . The RNA is hydrolyzed to i ts cons ti tuent 
m ononucleo tides , and these are separated on paper by ionophoresis . We have 
also separated RNA-mononucleotides on a Dowex- 1 forma te colum n with essenti 
ally the same resul ts . 

POTTER :  I s  there som ethinll spec ial abou t  these cells ? 

SHERMAN: No, these were norm al yeas t cells grown in a synthe tic 
m edium containing as many of the cofac tors and vi tam ins as we know. Perhaps 
growth is not  quite as good as i t  is on a non-synthe tic m edium bu t i t  approaches 
i t  a t  leas t .  

The cells are  irradia ted in po tassium phospha te buffer ,  then pu t  in to a 
nonirradia ted growth m edium containing Z m e .  of p3 Z per m l . , and inc ubated 
for 1 hour at 3ooc .  

CARTER: This represents a 1 hour period of inc uba tion then ?  D o  you 
have tim e sequences tha t show the dis tribu tion earlier ? 

SHERMAN: No, we are planning to do tha t .  

BENNETT: Do  you have quantitative da ta for the amount of  nucle i c  
ac id presen t ?  I s  i t  increased or  decreased ? 

SHERMAN: There is an apparent increase in the amount of RNA in all 
bu t the firs t experim ent .  DNA does no t appear  to change significantly . The 
data are shown in Table 1 .  Both RNA and DNA were extrac ted by the m e thod of 
Ogur ( 1 8) . The DNA ex trac tion,  I think, is not nearly as clean as the RNA ex 
trac tion . I am not as convinced by the DNA values as by the RNA figures . I 
think the probable error in the RNA determ ination is smaller than i t  is in the 
DNA determ ina tion. 

Experim ent 

1 
z 
3 
4 
5 
6 
7 

TABLE 1 

RIBOSE AND DESOXYRIBOSE NUC LEIC ACID IN 
IRRADIATED AND NONIRRADIATED YEAST 

(mg/m g  dry wt .  of yeas t) 1 00 

RNA DNA 
C ontrol 60 , 000 r 1 00 , 000 r Control 60 , 000 r 1 00 , 000  r 

5 . 8 1  5 . 3 8  5 . Z5  0 . 4Z 0 . 4Z  0 . 4 1  
5 . 38  5 . 50 6 . 78  
5 . 56 6 . 00  6 . Z8 0 . 5 5  0 . 6 1  0 .  5 9  
5 . Z8  5 . 50 0 . 40 0 . 4 1  
5 . 74 6 . 1 5  6 . 05  0 . 59 0 . 6Z 0 . 6 1  
5 . 50 5 . 95 6 . 3 8  0 . 5Z  0 . 50 0 . 52 
5 . 66 6 . 1 0  6 . 5Z  0 . 57  0 . 5 5  0 .  5 6 

Under these condi tions there is not much of an increase in the num be r  
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Figure 5 .  The uptake of inorganic P32 by 
nondividing yeast cells (S . cerevisiae) in a 
phosphate-gl ucose buffer.  Irradiated 
cells exposed to 60 ,000 r of Z O O - KV X
rays . Time, m inutes after irradiation. 
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of cells. I think there is an increase , how
ever, in the amount of cellular protoplasm 
in this tim e .  

CHA RGAFF: A n  increas e ?  

SHERMAN: Yes ,  because the irra
diated cells can u til ize nitrogen from the 
m edium . 

POTTER: Do you have the specific 
ac tivity of DNA ? 

SHE R MAN: Not for yeas t because 
there is not very much DNA in tha t  organ
ism . So far, we haven ' t been able to puri
fy the DNA tha t we do have . We have some 
da ta for liver cells bu t not on yeas t cells . 

KA PLAN: There is evidence for an 
increase in R NA per cell in other s tudies 
tha t might be cons trued as s upporting this . 
We found som e time ago tha t RNA phospho
rus per cell  in irradiated thym ic tiss ue 
goes up by a matter of ZOO or 300 percen t  
within 4 days after irradia tion. W e  have 
not studied it earlier. It remains up for a 

long tim e .  Recently, Gardella and Lichtler ( 1 9) ,  reported tha t after irradia tion as
cites tum or cells showed an increase in rela tive cytoplasmic volume within some
thing l ike 1 8  or 24 hours . That  is a decrease in the nucleocytoplasm ic ra tio, and as 
these cells increased in cytoplasmic volume , there was an inc rease in RNA and in ni
trogen content of about  the same m agnitude. There was no change in DNA con tent per 
cell ,  which is in agreem ent with o ther findings . 

PATT: Klein and Forssberg (20) observed the same thing for asci tes cells a 
few ho urs after X irradiation. 

C U R TIS: Wha t is the tim e here , Dr. Sherman ? 

SHERMAN: These are 1 -hour experim ents . 

C UR TIS :  On the basis of this, ifyou had waited 1 Z or 24 hours , you m ight have 
seen m or e  of a change , or is this not possible from the experimental point of view? 

S HERMAN: I t  is quite possible from the experim ental point of view, but  wha t  
w e  were hoping to d o  was to avoid second order effec ts . I couldn ' t  predic t whether 
total nucleic acid content m ight s till be up or even higher than it is after 1 hour. 

C URTIS:  If some of your cells die as others grow, i t  m ust  introduce s erious 
com plica tions . 

SHERMAN: We haven ' t ex tended i t  in ei ther direc tion in tim e .  We are now 
trying to ge t shorter times because we have jus t recently com ple ted som e experi
m ents on phosphorus uptake by nondividing cells, in which we found an increased 
rate of u p take very soon after irradia tion.  (Figure 5) . 

COHN: Is this P3 2  uptake or total phosphorus ? 
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SHERMAN: This is counts per mfnu te per m illigram dry weight. The 
earlies t point we have is at 1 5  minutes , and we have carried these out  to about  
three hours . 

COHN: This is not specific ac tivity ? 

It could be specific ac tivi ty only if the phosphorus content had a linear 
rela tionship to milligrams dry weight .  

SHE RMAN: That is  righ t .  If  i t  does not, then you m ight guess that 
the cells are taking up p32 preferentially. 

COHN: No, I would think that possibly you could have here an enor
m ous ne t increase in the nucleic acid, a doubling or tripling of the ac tual milli
gram content of the cul ture , le t  us say .  If you have an increase in total phos
phorus you will naturally have an increase in p32 if you selec t the m edium that 
way . These are irradia ted in a phosphate buffer though . 

SHERMAN: These are irradia ted in a phospha te buffer and these cells 
a re not  s tarved cells . There was nothing wrong with them before irradiation as 
far as we knew . 

COHN: You see i t  is important .  The only point  that I am trying to 
m ake is that i t  is important  to consider specific ac tivi ties not only in phosphorus 
bu t  in terms of dry weight  and in terms of the cell i ts elf and in the degree of 
polyploidy if you are talking about DNA . Even using DNA as the criterion for the 
number of cells , you can run into trouble unless you know the degree of �ly
ploidy also at  the time of m easurement .  The !!l.B· dry weight ,  I th ink, _is not a 
very good m easurement .  One can duplica te this type o f  thing by the loss of some 
nonspecific weight  cons ti tuent of the irradiated cells . 

SHERMAN: Yes , I agree with you , but  I wonder if you would have this 
kind of change in 1 5  m inutes . 

COHN: My point may be theoretical ,  bu t there is a tendency to bring 
up experiments that we never heard abou t ,  and I do not think that all of them 
have paid too m uch attention to �e denomina tor .  

POTTER:  I would hazard a guess that if you p u t  i t  i n  the terms that 
Dr .  Cohn wants , the effec t might be even more s triking; tha t these irradiated 
cells are in effec t phosphorus-s tarved cells and that,  in the course of irradiation 
they have los t ground which they are now gaining back, whereas the no.rmal cells 
are not turning over as fas t .  

COHN: If what you say  were correc t this would bring the two curves 
together essentially, because what  you are saying is that the irradia ted cell has 
to gain phosphorus back  to make it up .  If i t  does , it will also gain p3 2 and you 
really won ' t  have an effec t .  

CHARGAFF: You don ' t  know whether the c ell los t phosphorus during 
irradia tion ? 

3 2  SHERMAN: I don ' t  know tha t ,  b u t  I do know tha t  there was no loss of 
P 

32 a t  the end of the 3 -hour period when the cells were washed and suspended in 
P -free buffer .  

CHARGAFF: I t  would be important to have a comparison analysis right 
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after irradiation, before they were pu t back into the nu trient m edium and after 
they had been in i t  for an hour . 

MAZIA: I t  m ay be a little misleading to foc us our a ttention on the 
phosphate ,  since in yeas t ,  phosphate is apparently carried into the cell in as
sociation with sugar, or serves as  a carrier for the s ugar , depending on the 
way we look a t  i t .  There i s  no  evidence o f  s traigh tforward diffusion o f  phos
pha te ions into the yeast  cell . 

CHARGAFF: I realize tha t, bu t s til l  i t  is  possible during irradia tion 
of the cell . 

SHERMAN: If this happens , the transport  mechanism has been re
s tored during the 3 -hour incubation period because afterward , the specific ac 
tivi ty of these cells remained cons tant for as long as 20 to 24 hours . 

CHARGAFF: The experiment I have in m ind would be to take yeas t  
cells grown in p32 to begin wi th ;  to irradia te them in the buffer ,  .and to deter
m ine right  after irradiation wha t they have los t  or  wha t the analysis is and then 
to pu t  them back in as you have done . 

buffer ? 
JONES : Do the con trol cells have the same exposure to phosphate 

SHERMAN: Yes , they do not lose phosphorus ei ther and this has also 
been reported by Goodman and Rothstein (2 1 ) . 

DUBOIS: Wha t was the length of the irradia tion period ? 

SHERMAN: These were fairly large doses . I t  was about 3 8  m inutes 
o r  som e thing l ike tha t .  

CARTER:  There are  two things tha t  I should like to bring up . These 
are good data . Obviously, we all want to talk  abou t  i t  as much as you do . Bu t  
essentially we  are  doing a kine tic experim ent from one point ,  which is probably 
a fine place to s tart  but  not an adequa te place to make an evalua tion.  

There are several explana tions for the difference in specific activi ty .  
One i s  tha t  your  normal  decay c urve has simply come down below the place of 
the decay curve in the irradia ted cell . But  I think tha t  the mos t  important prob
lem we should get at is wha t is the imm edia te precursor of ribonucleic acid 
phosphorus,  because if we are told to interpre t this as a new synthesis , then we 
have to know about  the comparative rates of assimilation of the immediate 
precursor to the nucleic acid . That  is why I think i t  is important tha t  you do 
ra te s tudies at 4 or 5 different times ,  and these ra te s tudies should include the 
specific ac tivity of the acid soluble nucleotide phosphorus ;  then the nucleic acid 
specific ac tivi ty should be related to these figures . If you do that ,  I think tha t  
you  are on  very sound ground . A t  this  s tage of the gam e I think i t  is m erely 
conjec tural . 

SHERMAN: We plan to do exac tly that  kind of thing . 

BENNETT: I would gather tha t  you are inferring tha t  the rate of syn
thesis of RNA is , say , double normal from these experiments . 

SHERMAN: Approximately . 
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BENNETT: I m ight point  out tha t this is somewhat in con tras t to what 
one ge ts in m ice in adenine experim ents of a sim ilar type . Here ,  the main ef
fec t to be noted is on the DNA, and sm all but  varying effec ts on RNA are ob
served , depending upon the tissue and the tim e after irradia tion . 

SHERMAN: I don ' t  know tha t I would go along wi th tha t exac tly bec a use  
the few experim ents we have m ade wi th mouse liver go along quite like this . 

BENNETT: I have done num erous experim ents using adenine in m ic e ,  
bu t perhaps tomorrow is a more appropria te tim e to discuss these resul ts fur 
ther .  

SHERMAN: I think Dr .  Jones also showed tha t there was an inc rease 
in the incorporation of p3Z  in cytoplasm ic RNA. 

JONES:  Yes , tha t is a pos t-irradia tion change we have noted . 

BENNETT: But  the effec t of X irradiation on the incorpora tion of P3 Z
phospha te or adenine into RNA is small compared wi th the immedia te effec t ob
served on  the incorpora tion into DNA .  It  is a fac tor o f  Z a t  the mos t on  RNA 
whereas the incorpora tion of p3Z -phospha te or adenine-c l 4 into the DNA of the 
liver or bone m arrow is decreased to 5 to 10 percent of tha t in a normal  animal . 
These results are s im ilar whe ther they are carried out  wi th adenine -4 ,  6-c l 4 or  
p3Z . 

SHERMAN: In our experience ,  a t  leas t, the DNA s tory isn ' t  as  good 
as the RNA s tory from the point of view of ge t ting ou t DNA tha t is no t contam i 
nated with other phosphorus frac tions .  

KAMEN: From the s tandpoint of  continuity , I rem em ber that we  made 
m uch las t year of the experim ents tha t Kellner did on ul traviole t irradiation of  
E .  coli followed by  reac tiva tion with visible ligh t .  Kellner ' s  thesis was that  
maybe the reac tiva tion phenomenon was a bet ter ,  more sensi tive cr i terion for 
singling ou t  real irradia tion effec ts from those tha t occur  in the more dras tic 
case of X-ray ,  and Kellner 's  conclusion was tha t  there was an inhibi tion of DNA 
synthesis wi thin a minute after c�ssa tion of UV irradia tion . 

Now wi th the X-ray , the general burden appears to be tha t i t  is the RNA 
tha t is ac tiva ted and accelera ted and tha t the DNA s tands s ti l l .  I am a li ttle 
worried abou t how this fi ts toge ther  now. I have no t seen any more from Kel l
ne r ' s  labora tory abou t this work. I am wondering if anybody knows how that  has 
developed since a year ago . 

SHERMAN: It is my im pression from the experim ents tha t  we ha ve 
done , tha t  the pattern of p3Z  ac tivi ty in the various RNA nucleotides is a fairly 
variable one . In m any ins tances with 1 00 , 000 r ,  uridylic acid seems to have the 
larges t  part of the ac tivi ty ,  and there are experiments in which this is exagge 
ra ted . (Figure 4) . 

In the 60 , 000 r experi m ent and in o thers , cy tidylic , adenyl ic , and 
guanyl ic acids have about  the sam e ac tivity ,  while the uridylic acid appears to be 
short-changed . In all cases , however , the pa t tern is different from the pa ttern in 
the nonirradiated cell s .  This sugges ts tha t  the mononucleo tide& may be pu t to 
ge ther differently in irradia ted cells than in nonirradia ted cells . 

CARTER :  I t m eans tha t they are entering a t  a different rate , not tha t  
they a re pu t toge ther differently . 
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BENNETT: It depends on your  pool size . You don ' t  have data ,  !sup
pose ,  on the amount of soluble nucleo tides of these deriva tives in yeas t .  This 
sort of da ta would be mos t im por tant if they are intermedia tes in the forma tion 
of nucleic acids . You can ge t variable amo unts . 

POTTER : The specific ac tivi ty of all the nucleo tide prec ursors in the 
acid soluble pool is different ,  because all of those nuc leotides are in equilibrium 
with al l  of the coenzymes and they are m ixed in different ways , so you can have 
very remote effec ts . 

SHERMAN :  B u t  this seems to b e  a variable thing from one experim ent 
to another .  

POTTER:  But  i t  affec ts your interpreta tion very m uch . You m u s t  
avoid the interpreta tion tha t the n uc leic acid i s  being pu t toge ther differently . 

COHN: One wonders what these would look l ike at a different time ,  a t  
30  m in u tes or a t  3 hours . 

SHERMAN: Forssberg and I (22) did a series of experim ents in  which 
the m ice  were killed 5 m inu tes after injec tion of p3 2 . We com pared the specific 
ac tivi ties of phosphorus in inorganic o- phospha te ,  acid labile phospha te , the 7- . 
m inute hydrolyzable frac tion,  and the to tal acid soluble phospha te . A m arked 
increase was seen in the inorganic- phosphate frac tion and in the acid labile phos 
pha te imm edia tely after expos ure to 800 r .  The ac tivi ty of these frac tions tend
ed to return to the control val ues 60 m inutes after irradia tion bu t  they were s till 
s ignificantly higher 24-hours l a ter .  The 7 -m inu te hydrolyzable frac tion in
c reased in ac tivi ty over the 24 -hour period . 

BENNETT: What organ ? 

SHERMAN: Liver .  

BENNETT: I think we should dis tinguish be tween organs because our 
experience is tha t  every organ is entirely different .  

SHERMAN: The omm ission was an oversight .  The acid labile frac tion 
is poss ibly inorganic pyrophosphate . It was separated from inorganic a -phos 
pha te by the me thod of Ernster ,  Zetters trohn and Lindberg (23 ) . 

The analysis schem e does not give a clean separa tion of acid labile 
phospha te beca use under the condi tions of hydrolysis of ac id labile phospha te , 
abou t  1 0  percent of the ATP in the extrac t is also hydrolyzed . Therefore ,  the 
acid labile frac tion is dilu ted to a considerable extent by acid soluble nuc leotide 
P . If 1 0  percent of the ATP in the extrac t is hydrolyzed , this can contrib u te 
as m uch as 50 percen t of the phospha te found in the acid labile frac tion .  In spi te 
of tha t ,  there is a marked difference in the ac tivities of these 2 frac tions in the 
irradia ted anim als . 

POTTER:  Was the P3 2  given intravenously ? 

SHERMAN: I t  was given intrapleurally since there is probably a fas ter 
up take of p32  from the l ung than from the peri toneal cavi ty .  

I n  m uscle , the s tory i s  quite different .  In order to get enough labeled 
phosphorus into the m uscle to de termine conveniently the ac tivi ty in the various  
frac tions , we had to wai t 30  m inutes after injec tion before sacrific ing the ani -

• 
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mals . Under these  circum s tances the specific ac tivi ty of inorganic or tho P .  
acid labile P .  7-minu te hydrolyzable P .  and total acid soluble P was reduced by 
irradiation. Except in the acid labile frac tion. there was no significant change 
in the specific ac tivities of these frac tions from m uscle taken from animals in 
jec ted 60  m inu tes after irradia tion ins tead o f  immedia tely afterwards . The spe
cific� ac tivity of acid labile phospha te appeared to be approaching the control val
ue in the 60-m inute experim ent .  

In  in  vi tro experiments with irradia ted liver ,  small increases of  the 
order of 5 to I 0 percent were observed in inorganic a-phosphate , ac id labile pho s 
pha te .  and 7 -minu te hydrolyzable phosphate . I doub t i f  these differences a r e  
s ignificant. These data sugges ted to us  that the effec t o f  irradia tion o n  the l iver 
was being influenced by the effec t of to tal -body irradiation. 

POTTER:  BefQre I would accep t  that  conclusion, I should like to know 
how well the inorganic p3Z in the m edium equilibra ted with the ac id soluble pool 
of these slic es in the controls . 

SHERMAN: These were incubated for an hour .  I canno t answer your 
ques tion except to say that we had a high specific ac tivi ty of inorganic phosphor
us from our tissue slices . There were abou t Z ...,c .  of p3Zjml .  in the m ediu¥! 
and this was enough to give high ra tes in all the frac tions , so that a lot of P Z 
was taken up . I don ' t  know whe ther or no t  this was equilibrated because thes e  
s tudies were done only a t  60 m inu tes .  

POTTER: Even with liver slices of 0 .  5 mm . thickness , glycogen was 
formed only in the few cells on the outs�� of the s lice according to the s tudies 
by Buchanan and Has tings . Inorganic P may equilibrate with som e ATP in the 
ou ter cells of the slice ,  and then, of course ,  when you go ahead and do the re
m ainder o f  the experiment. you have some odd ATP. 

SHERMAN: These samples were washed repeatedly and I don ' t  think 
there was very m uch inorganic phosphorus hanging on . 

POTTER:  No, I don ' t  mean that .  

BENNETT: You would have t o  express this as a ra tio o f  the ac tivity 
of what you had in the external m edium and inside and in  ATP to  enable you to 
evalua te i t  properly . 

SHERMAN: This s till would no t sa tisfy Dr . Pot ter ' s  objec tion . 

DUBOIS: The animal s tudies indica ted only turnovers in the tota l 
quanti ty of acid labile phosphorus in the control and in the irradia ted tis sue .  

SHERMAN: There is not m uch difference i n  the  total quantity o f  acid 
labile phosphorus be tween the control and irradia ted anim als . 

BENNETT: I don ' t  think this varies appreciably . 

DUBOIS: I t  has been our  impression from analysis of total concentra
tion that there isn ' t  any appreciable change in the to tal inorganic phosphorus in 
the irradiated liver ,  and I wonder whether you agree with this .  

SHERMAN: I think tha t  there is  no appreciable change in  the total 
quanti ty of inorganic P .  I am no t sure tha t I would agree tha t there is not a 
change in the to tal acid soluble P .  

• 
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DUBOJS: In 1 hour?  

SHERMAN: Yes . 

BENNETT: I would say that such a change is less than ZS  percent .  

KAPLAN: If you irradia te as much as half the l iver in  vi tro how do  you 
make sure that  the internal liver cells have access to oxygen ? I think Vincent  
Hall showed some time ago that on irradia tion of tumor fragm ents in vi tro, the 
radiosensi tivity of the tumor was very highly dependent on the size of Die frag
m ent  used and even qui te small  fragments showed radioresis tance of the cells 
in the interior of the fragment s imply because they didn ' t  ge t the same oxygen 
concentration. 

SHERMAN: That is an important point .  We tried to minimize the 
"oxygen" effec t by cooling the l iver immediately after removal and by irradiating 
i t  in the cold wi thin 5 m inu tes . The irradiation period was 1 m inute ,  and the 
tissues were kept  a t  0 to 1 °C , unti l  they were sliced and put  into the incubation 
m edium . 

TOBIAS: Mr .  Chairman, I am not a biochemis t and probably my ques
tion wil l  seem naive , bu t I cam e here with the hope tha t the biochemists would 
answer some  very simple ques tions . For exam ple , as you all know, abou t 1 / 1 0  
of the dose necessary to kill will cause a very great delay i n  th e  division process 
in a m icroorganism , and a t  the same time the cell itself will continue to grow, 
perhaps to ZO times its  normal volume and presumably i t  will continue synthe 
sizing proteins . I wonder if there are any c lues as to what enzyme sys tem would 
be affec ted by this small dose of radiation . 

SHERMAN: Is this a simple ques tion ? 

TOBIAS: I assumed tha t i t  would be a simple ques tion for a biochem is t. 
To answer i t  is beyond m e ,  of course .  

CHARGAFF: A physicis t  can ask more ques tions than a hundred bio
chemis ts can answer, I am afraid . 

I don ' t  think that wha t produces cell division is so s imple .  I think i t  is 
the mos t  complex ques tion in biochemistry . If you interfere with cell division 
you probably interfere not with just one reac tion bu t with many .  

COHN: I would sugges t that the day we can equate growth or reproduc
tion to a number of enzyme  sys tems we will all take a long vacation. 

CARTER :  I think you can paraphrase that by saying tha t  the answer to 
such a s im ple ques tion would be given by a very simple biochemis t .  

POTTER:  I would say that tha t  comment discourages fur ther discus
sion. I think Dr .  Mazia has something worthwhile to say . 

MAZIA: Since i t  has come up several tim es ,  jus t  for the sake of kick
ing it around, le t us suppose that radia tion affects som e DNA synthesiz ing mech
anism ; tha t in  order for a cell tha t  has been produced by  a division to make the 
next d ivision, i t  has to double its DNA; that low-dose irradiation knocks out the 
DNA forming m echanism ; and the delay in division represents the time required 
for its reforma tion. Let us s uppose tha t this is the only important even t when 
you irradiate with the dose you have in m ind . Would not the protein-synthetic 
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process�s associated wi th growth just go on un til the DNA finally dou bled a nd the 
cell was ready to divide ? In s uch a case, yo u would have a larger than norm a l  
cell by the tim e division was possible.  

I just  put this out  as a basis for not abandoning Tobias . 

BAR RON : The lack of inhibition of protein synthesis and inhibition of 
synthesis of nucleic acid was shown by Abrams in irradia ted rats . 

MAZIA: The firs t diagram (Figure 6) shows the res ul ts of a series of 
weighings of pairs of da ughter am ebae; that is , the two daughters resul ting from 
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Fi�ure 6 G rowth c u r ves of Amoeba 
pro teus cells Fach pair of � 
repre s e n t s  the growth of s i s te r  c e l l s  
from t h e  t i m e  of separa tion by d i v i s i on 
of the m o th e r  c e l l  until  the t i m e  of their 
d i v i s i o n .  Reduced wei�h t  i s  m e a s u red 
hy the C a r t e s i a n  D 1 v e r a l a n c e ,  a nd is 
e s s e n t i a l l y  the weight under water.  

F i gu re 7 .  Interph a s e  growth of 
a m oe b a , showing course of cha nges in 
red u c ed weigh t (proportional to dry 
weight) , vol u m e ,  pro tein content,  n u 
c l e a r  v o l u m e ,  and R N A  conte n t .  

a division were weighed immedia tely at 
"birth" and their weights were followed 
until they divided . The second diagram 
(Figure 7) is a summary of various data 
on the events taking place during growth 
between divisions . The tim e scale is 
sl ightly different because these da ta were 
obtained on am ebae grown under condi
tions where the time be tween divis ions 
was longer than Z4 hours . These ex peri 
ments are made possible first of all , by 
techniques that perm it  m eas ureme nts on 
single cells whose his tory is known and 
secondly by a new technique of growing 
cells in such a way tha t they divide syn
chronously, thus perm i tting observations 
on groups of cells of known his tory . 
Data on the increase in "dry weight" dur
ing the life of the cell are obtained by 
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individual cells as they grow. These m easurem ents were made by my s tuden t, 
David Prescott ,  who used a sensi tive Car tesian Diver technique . 

7 1  

Let us consider the growth i n  weight .  The ini tial point is  tha t a t  which 
the am eba com es ou t of a division - is "born" . Twen ty-four hours la ter ,  this 
am eba divides . The ini tial ra te of increase in mass is the highes t ;  growth pro
gresses a t  a s teady bu t  decreasing ra te and levels off som e  hours before the next 
div�sion . It levels off a t  a weigh t  jus t  double the birth weigh t .  

The am eba knows wha t i ts ma ture weight  i s  going to be  but  doesn ' t de
term ine i t  by simple a ri thm e tic . I t  does not necessarily double .  If we have a 
case where Z sis ter am ebae are of unequal s ize ,  one abnormally small ,  the other 
correspondingly large; the sm aller one s tar ts growing more rapidly than the 
larger one , and both end up a t  the sam e weight - the weight  of their mother cell . 

Wa ter content keeps pace wi th dry m ass , tha t i s ,  the c urve for growth 
in volume runs parallel wi th tha t for growth in dry weight .  

We don ' t  have da ta on  growth wi th respec t to  DNA, bu t  j us t  to round out  
the s tory, we m ay refer to the findings of  Pelc and Howard and o thers , on other 
kinds of cells . They find tha t the doubl ing of DNA goes on be tween divisions and 
is com ple ted some time before the next divis ion . *  

The s tory of RNA - and I would not for a mom ent represent i t  as general  
- is  ra ther unexpec ted . This s tudy was m ade by Dr .  Thomas W .  James . The 
RNA per cell does no t increase at all during the period of m axim um pro tein syn
thesis , but undergoes a doubling during the period be tween the leveling off of pro
tein synthesis and the onse t  of division . 

In a discussion of radia tion effec ts , we have to consider the rela tion 
between cell growth and cell division . The cell is not going to divide until i t  has 
reached wha t I might call "matur i ty . " The growth in mass ,  the growth in volume ,  
and the doubling o f  DNA are com pleted som e tim e before the c ell is  reading to 
divide . I t  is wai ting for som e thing to happen before i t  can divide .  

I should like to ra ise ,  in  a general way , the ques tion, whe ther i t  i s  le
gi tima te to  think abou t a trigger to  cell division . Does the absolu te quanti ty of 
som ething in the cell  have to reach a certa in level ? Does som e new reac tion 
have to take place before division can go forward ? There are some cu te experi
m ents on the ameba tha t  m ake me think tha t i t  is legi tima te to invoke a trigger 
mechanism to cell division .  

S ome 30 years ago ,  i t  was shown tha t  an ameba will not divide unless i t  
has achieved a full com plemen t  o f  som e  X tha t  i t  m us t  conta in .  The ce l l  divides 
once every Z4 hours and it is growing during this period , as I have desc ribed . 
All you do is this . Each day you am puta te a big chunk of cytoplasm from the cel l ,  
undoing the growth i t  has  accom plished during tha t  day . Its growth cannot  ca tch 
up wi th the am puta tions . I t  does no t divide bu t  remains alive indefini tely . This 
experim en t  te lls m e  tha t  the ameba mus t  pile up a certain amount of X before 
division i s  triggered, and because of our frus tra ting opera tions , the level of X 
neve ge ts to the triggering amount .  

* - S ince the Highland Park meeting, Dr.  Wal ter Plau t  in our laboratory , 
has obtained evidence that the synthesis of DNA in ameba is completed during the 
firs t 1 8  hours of the Z4 hour  interphase period . 
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POLLARD: You take out  a chunk at cy toplasm ? 

MAZIA: A chunk of cytoplasm , tha t is right .  C ells trea ted in this way have 
been kept alive for as long as 6 mon ths wi thou t  dividing. No lim i t  has been found as yet. 

SPIEGELMAN: Do they keep on making nuclei ? 

MAZIA: No , no . 

SPIEGELMAN: Bu t if you amputa te just before i t  divides , then i t  keeps 
a double nucleus . 

MAZIA: We don ' t  have any m easurements on tha t .  It  does not matter. 
S uppose that i t  is twice the normal - -

SPIEGELMAN: It does not matter to me; it might to the ameba. 

MAZIA: The nuclear contents would ei ther regress to the diploid value 
or remain som ewhere between diploid and te trapoloid . 

SPIEGELMAN: The sugges tion then, is tha t this is con trolling not only 
division of the cell bu t also divis ion of the nucleus because o therwise the nucleus 
would keep on doubling . 

MAZIA: Yes ,  the processes I am speaking of would be controlling every
thing that  went in to division. Tha t is why l am using the term trigger and im plying 
tha t  the trigger sets off the whole chain of events in cell division, inc luding the nuclear 
changes . James did a s imple experiment .  He wai ted until the cell had begun the mi
to tic process . The nucleus was s till presen t ,  but he knew the am eba and i ts his tory 
well enough to know tha t  i t  was abou t to go into prophase . At  this tim e he chopped off 
a big chunk of cy toplasm . He could no longer  s top division . The cell s im ply went 
through wi th the division and produced two small daughter cells , each wi.th a nucleus . 
Obviously,  the trigger had already been pulled . 

BARRON: The RNA s tarts increasing only after 1 0  hours ? 

MAZIA: Yes . It begins to increase during the second half of the period bet· 
ween divisions . 

BAR RON: Wouldn ' t you say tha t the increase in RNA is the trigger mecha-
nism ? 

MAZIA: It follows the predic ted pa ttern for the trigger mechanism . The 
fa r thes t I would go would be to say tha t i t  may be a tracer for the trigger m echanism . 
It could , for ins tance ,  be an index of the m u l  tipl ica tion of some cytoplasm ic particles . 

CA RTER:  These are  to tal amounts of  RNA ?  

MAZIA: Yes . 

CARTER:  So tha t ac tually RNA could be the prec ursor, or could be provid· 
ing par ts of the precursor, for synthesis ofDNA molecules , and i t  is only when DNA 
has been syn thesized and there is no fu rther demand on the precursor tha t RNA accum · 

ula tes . 

MAZIA: The participa tion of RNA in protein synthesis is by no m eans ruled 
ou t .  I t  is true tha t cel l division takes place  be tween the completion o f  RNA synthesis 
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and the ons et of pro tein synthesis , but if  we could overlook this interlude , the data 
would tell us tha t the cells are building up a maxim um concentra tion of RNA before 
undertaking protein synthesis at a maxim um ra te . From the am eba 's s tandpoint, the 
fac t that RNA is laid down before di vision might mean that it can avoid a lag in protein 
synthesis after division. The data tell us that there is no net increase in RNA per cell 
during the period of rapid protein synthesis . They tell us nothing about turnover . 

SPIEGELMAN: Le t 's  imagine tha t RNA is ac tually des troyed while making 
protein .  Then the ra te in tha t s teady s tate migh t acutally be fas ter than during the 
rise . 

MAZIA: That could be.  These data deal only with absolu te amounts of RNA, 
and only tell us tha t the cell does no t require a higher level of RNA during ne t protein 
synthesis than exis ted before division when net protein synthesis was no t taking place .  

POLLARD: Let  m e  ask a ques tion. Was i t  your preconceived idea tha t 
you don ' t  want  this to be des troyed ? 

MAZIA: I was coming to tha t Dr. Pollard . There is a lo t of circums tantial 
evidenc e rela ting RNA to pro tein synthesis , but many of the people who work on it fail 
to dis tinguish be tween three entirely different things ; a rela tion between RNA and 
protein synthes is , a rela tion be tween RNA synthesis and pro tein synthesis, and a re
lation be tween RNA turnover and pro tein synthesis . I have never head a discussion of 
this im portant problem where these three kinds of relations have been dis tinguished 
sharply .  

CA RTE R:  A gland stim ula ted to sec rete a grea t deal of  pro tein hor
mone m u s t  be synthesizing protein at a rapid ra te and yet i t  shows no change in 
ra te of nucleic acid turnover ,  m easured with one or two precursors . 

MAZIA: Tha t does not dissocia te the synthesis from the RNA that is there . 
Tha t is my point .  

CHARGAFF: I think there is  very little evidence either for or agains t i t .  

SPIEGE LMAN: Well ,  I will ci te som e evidence.  

CHA RGAF F: For R NA being responsible for protein synthesis ? 

S PIEGE LMAN: The evidence available cannot be taken as es tablishing with 
certainty tha t RNA is responsible for protein synthesis , but I believe tha t the experi
ments are s ugges tive. The da ta I shall be concerned with deal prim arily wi th the syn 
thesis of certain enzymes .  

A variety of  enzym es has been s tudied, including 6-galac tosidase of 
E .  coli and a - gl ucosidases of yeas t .  I migh t, perhaps , begin by noting tha t evi
denc e concerning the na ture of the prec ursor tha t is converted into ac tive enzym e 
appears to be quite defini tive . The work in Monod 's  labora tory on the syn thes is 
of 6-galac tosidase in E .  col i ,  and our own work on this system , as well as the a
gl ucosidases of yeas t, indic a te tha t the cell uses free amino acids in pu tting en
zym e m ol ec ules toge ther.  There are no indica tions of peptide involvem ent.  The 
data support ra ther the sim ul taneous u tilization of the cons tituent amino acids . 
This view al ready has im plica tions for the enzyme-form ing mechanism . If one 
is to look for the machinery tha t pu ts the protein together, it obviously has to be 
as big and as com plex as the thing tha t is being synthes ized if this view of pro tein  
synthesis is  correc t .  As long as one could imagine a s tep- wise mechanism , the 
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ac tual machinery could be sim ple,  bu t  if it  is a 1 - s tep process , than i t  m us t  be 
com plex . There are only 3 candida tes tha t one can propose , which could ser ve 
this purpose .  They a re:  Protein, DNA and R NA .  

C HA RGAFF: They are all that you have found ? 

SPIEGELMAN: They are the only 3 candidates that I can nam e .  

CARTER:  What about  polysaccharides ? 

SPIEGELMAN: They are large bu t they don ' t  have the inform a tional 
content necessary. 

CARTER:  Well ,  you  have not postula ted them yet.  

SPIEGELMAN: There are no polysaccharides that I know that are 
s ufficiently com plex to serve such a purpose . 

CARTER: The antigenic polypeptides are com plex . 

SPIEGELMAN: Antiaenisis per se does not necessarily mean com 
plexi ty . The addition of one s1m ple group can convert an antigenically inactive 
substance to an antigenical ly ac tive one . 

CA RTER: I don ' t  want to deny that  you probably are correct .  

SPIEGELMAN: In any case , the candida tes that  we can perform ex
perim ents wi th are those tha t we can nam e, and those which we ac tually seek to 
tes t experim entally are those we think are the most likely . 

In principle , one can perform elimina tion experim ents to seek to de
term ine whether the interference wi th the synthesis of  a particular com ponen t 
has as a consequence the cessa tion of the abili ty to form enzym e .  Thes e a re ,  
in part,  the kinds of experim ents that  we carried out .  We have interfered s e 
lec tively wi th the syn thesis o f  DNA using a varie ty of proced ures including th e 
use of X- rays , low dosages of UV, sulphur  mustard ,  and analogues of thym ine . 
In none of the cases cou ld we show any parallelism between the extent and the 
severity of the inhibition, and the effect on enzym e form ing capacity . Inde ed , 
in certain cases there was virtually no interference .  Cohen has recently add e d  
another interes ting example i n  the form o f  a thym ineless m u tant that will c on 
tinue to synthesis enzym e after i t  has exhaus ted the thym ine in the m edium . We 
have repea ted and confirmed these resul ts with another enzym e sys tem . I t  
shou ld be noted i n  this connec tion that this behavior is not observed, for exam 
pie, with the uraci l- like m u tant or with an am ino acid deficient m u tant .  In th ese 
c ases, the elimination of the required m etaboli te from the medium leads to the 
com plete cessa tion of the ability to form new enzym e molec ules . 

These experim ents taken toge ther certainly do not encourage one to 
pos tulate the personal involvement of DNA in the a c t  of fabricating new enzym e 
molecules . 

The si tua tion is quite different if one tu rns to RNA synthesis . In the 
firs t place, rela tively sligh t  impairment (50 percent) of RNA synthesis by UV 
leads to complete abolishm ent of the abili ty of yeas t cells to synthesize a - gluco 
sidase . Further, unlike thymine analogues , analogues of uracil and adenine can 
cause imm edia te cessa tion of  (3 -galac tosidas e form ation in E .  coli .  I have al
ready noted tha t  uracilless m u tants of  E .  coli are unable to synthesis enzym e in 
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the absence of  the me taboli te they require , and the same is true for adenineless 
m u tants . Further ,  growth of uracil less and adenineless m u tants under l im i ting 
condi tions of the required m e tabol i te ,  leads to the tem porary loss of enzym e
synthe sizing abi l i ty even  in the presence of the m e taboli te they need .  

CARTER:  Could tha t m ean tha t the uracil polyphosphate or adenine 
coenzym es could be implica ted as  well as ribose nucleic acid ? 

SPIEGELMAN: I don ' t  think so . Wel l ,  i t  could ,  yes . 

CARTER :  So,  in o ther words , i t  m ay turn ou t  to be a low molec ular 
weigh t  com pound tha t  takes us ou t  of this holy trini ty . 

MAZIA:  Except tha � this syn thesis has to im part  specific i ty ,  and 
therefore the subs tanc e has to be a nuclear produc t .  

CARTER :  He emphasized tha t i t  does no t have to be  a nuclear produc t .  

SPIEGELMAN: Wha t do  you mean ? There i s  no evidence i n  these ex
perim ents tha t you need nuclear produc ts con tinually m ade by the nucleus . 

MAZIA: No,  bu t there was a nucle us there . 

CARTER:  I t  is a c ell , in o ther words . 

SPIEGELMAN: If it does not have the righ t  gene ,  for exam ple , i t  
does no t do any good . 

CARTER:  But  i t  does not have a nuclear appara tus in this experiment 
tha t you are talking abou t .  

MAZIA:  Bu t i t  has had one . It  m ay s till b e  opera tive via th e  specific 
produc ts it has pu t into the cytoplasm . 

SPIEGELMAN: The poss ibili ty tha t nucleo lides and their phosphory 
la ted deriva tives  are involved in som e generalized and nonspec ific fashion in the 
experim ents tha t I described , is an importan t one to consider .  C ertainly , for 
exam ple ,  the com ple te deple tion in the cell  of adenylic acid and i ts derivatives 
would com ple tely abolish all ac tivities , including enzyme synthesis . We have 
a ttem pted to ge t around this  difficul ty by adjus ting our trea tm en ts as well as our 
inhibi tory agen ts , so as no t to inte rfere with overall m e tabolic processes . In
deed, we have been qui te lucky in being able to adjus t  the level of antagonis t  so 
tha t there was ac tually no inte rfe rence wi th growth .  Nevertheles s ,  we were able 
to exhibi t a spec ific interference wi th the syn thes is of a par ticular enzyme . 
This spec ifici ty is due to the fac t  tha t the form ing sys tem involved was a poor 
com pe titor for the nucleo tides . We have subsidiary e vidence supporting the 
conclusion which I canno t detail now . 

It m ight ,  perhaps , be of interes t to no te som e o ther experimen ts with 
yeas t which provide relevan t  informa tion . We discovered the exis tence in yeas t 
or a nucleotide pool qu i te analogous to the free amino acid pool wi th which we 
had been deal ing in the pas t few years . It m ay be rem em bered tha t  with the free 
am ioo ac id pool we were able to show tha t  s uppression of the incorpora tion of 
any one of the fre�  am ino acids led to the cessation of enzyme syn thesis . We 
were able to devise  procedures whereby we could deple te the nucleotide pool in 
the cell and exam ine the consequence for enzym e forma tion . This was accom -
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plished by m eans of a uracilless m u tant which was forced to synthesize proteins 
rapidly . It was found tha t the free nucleotide pool was considerably depressed 
in a m atter of 30 m inutes . It was possible to replenish this pool rapidly by in
cubation in the presence of m ixtures of purine and pyrimidine bases in the prop
er ra tio . Restoration of enzyme-forming capaci ty in cells whose nucleotide 
pool had been deple ted could be obtained very quickly by inc ubation wi th the 
proper ratio of purine and pyrimidine bases.  

CHARGA FF: What is the right ra tio ? 

S PIEGELMAN: The ratio we em ployed corresponded to the published 
analys is of the RNA of yeas t .  These d a ta  argue agains t nonspecific effects 
which m ight be attribu table to the polyphosphate of the purines and pyrimidines 
in energy transfers and other reac tions . If one takes a cell that  is half ind uced, 
and, therefore, has the right sys tern s to form the particular enzym e being 
s tudied , and depletes the nucleo tide pool , any further capaci ty to form more en
z ym e  molecules is abolished. The data thus far ,  would seem to indicate tha t 
the cell m u s t  be able to make new RNA if it is going to synthesize new enzyme 
molecules . I t  does not appear to be necessary for a cell to  synthesize new DNA 
in the process of form ing enzymes.  

MAZIA: I think, that  evidence for the nuclear origin of RNA , which 
has been fairly good ,  is growing s tronger. 

I should like to show you some simple experiments done on the am ebae 
tha t bear on this .  The am ebae received no external nu trition during these  ex
perim ents ;  we are dealing with endogenous processes . 

Brachet had shown, a few years ago , that if you c u t  an am eba in half 
and follow the total RNA content of the half with the nucleus and of the half wi th
out  a nucleus (in the absence of external food sources), you obtain the following 
result: the RNA content of the half wi th a nucleus declines very s lowly over a 
period of days , while the RNA of the enuc lea ted half declines s teadily and rap id
ly . You could interpre t these experim ents as m eaning either tha t the nucl eus 
was s tabilizing the RNA or that i t  was replac ing RNA nearly as fas t  as i t  was 
broken down. 

Jam es , in our labora tory, was doing the sam e experim ents at abo u t  the 
sam e tim e,  but  added a simple contr�l: He  followed the RNA content of intac t 
am ebae kept under the sam e condi tions . Much to our s urprise,  the RNA content 
of these whole am ebae dropped with tim e in a way tha t resem bled the si tua tion 
in enuc lea ted halves m ore than tha t in nuc leated halves ! 

A t  firs t glance ,  the experim ent would suggest  tha t Brachet was wrong 
in concl uding tha t the nucleus was involved in maintaining the RNA level in the 
cel l ,  for these whole am ebae also had perfec tly good nuclei.  But  a simple a nd 
interes ting calculation by Jam es showed tha t the new data ac tually proved the 
exis tence of a nuc lear ac tivi ty tha t is responsible for the maintenance of the 
RNA level of the cy toplasm as pos tula ted by Brachet .  Let us consider the sim 
plest kind of replacem ent mechanism ; nam ely, one in which the RNA in the c y 
toplasm is continuously breaking down, and can b e  replaced only b y  the activi ty 
of the nucleus . In the experim ents of Brache t and of Jam es, we have the s im ple 
condition that nothing is  entering the cel l  from the outside; we are deal ing wi th 
endogenous processes . Then we may use the rate of decrease of RNA in the 
enucleated half as a m easure of the ra te of breakdown of cytoplasm ic R NA .  The 
differenc e between the lower ra te of loss of RNA by the nucleated half and tha t  
of the enuclea ted half gives us , by sim ple arithm e tic ,  the ra te of replacem ent  of 
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RNA by the nucleus under the conditions of the experiment.  If we assum e  that 
the cytoplasm ic RNA is breaking down a t  the same rate in the whole am eba as in 
the half am eba, we can calculate the ra te of loss of cytoplasmic RNA in the 
whole am eba . It will lose twice as m uch, in a given time ,  as the half ameba ,  
because there i s  twice as  m uch to s tart  with .  Bu t  i f  the nucleus can synthesize 
i t  only a t  the ra te calculated from the data on the nucleated half-am eba, obvious 
ly i t  will not be able to keep up with the loss that is occurring in the whole ame 
ba; hence ,  i t  will suffer a ne t loss ,  as observed . Using the ac tual quanti tative 
values , we should be able to predic t the c urve for RNA loss from the whole ame 
b a  from the ra tes of loss and replacem ent calculated from th e  data o n  the halves . 
The predic ted c urve corresponds very well to the experim ental curve , and there
fore , I feel  that these experim ents s trengthen the theory - - which has m uch o th
er support - - tha t  the RNA of the cytoplasm , which is most  of the RNA of the 
cell , originates in the nucleus . 

SPIEGELMAN: Have you followed the turnover of RNA in these enu
clea ted ameba ? 

MAZIA: Yes . At  leas t radioac tive phosphorus data indica te that i t  is 
only 1 /3 tha t of the nucleated part .  

SPIEGELMAN: But  Brache t claim ed that there was considerable ca
paci ty for reforma tion of  RNA even in the enucleated cells . 

MAZIA:  The figure is 1 /3 .  The experim ents of James tnlow, however,  
that there is a net loss in the absence of the nucleus . 

MAGEE: I don ' t  unders tand the rela tion be tween the RNA in this cell  
and the one tha t  you were talking about  previously . 

MAZIA: Earlier, I was speaking about  a growing cell , one that  was 
taking in food . The data of Brachet and of James are for s tarving cells . We 
used the s tarving cells in order to elimina te varia tion due to food intake , bu t, in 
fac t ,  it is the sim plifica tion introduced by s tarva tion tha t makes the evidence for 
the nuclear origin of cytoplasm ic RNA so clean . 

KAMEN: There are no DNA da ta on these cells ? 

MAZIA: Unfortunately , no . 

TO BIAS: If you will apply these ideas to my ques tion raised earlier ,  
then one possible explanation for a delay in cell divis ion after a small dose of 
radia tion seem s to be that the irradiation would inac tiva te a good deal of the RNA 
in the cell ;  it would take qui te a while for the DNA to resynthesize enough RNA 
for division to ge t going . You m ay recall tha t  there is some evidence for in
creased RNA in irradiated tissues . 

MAZIA: There are som e radiation da ta on am eba tha t Hirshfield and I 
published a few years ago that  m ay be relevant,  al though we were dealing with 
UV irradiation .  We measured the delay of division caused by UV and com pared 
the effec t of a given dose in delaying the division of a whole cell with the effec t 
on a cell from which half the cytoplasm had been removed . We found tha t  when 
the cytoplasmic volum e  was reduced by one half, the radiosens i tivi ty (measured 
as delay of division) doubled; i t  took half the dose to produce the sam e  effec t .  
This would fi t your· proposal perfec tly . 

SPIEGELMAN: Isn ' t  i t  true that  you hi t DNA synthesis firs t ?  
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MAZIA :  You hi t DNA synthesis - -

CA RTER :  If this i s  going to b e  our working form ula tion, could w e  ge t 
Tobias to s ta te his idea again, because th is is going to domina te radiobiology for 
a long tim e and we should have i t  c lea r ?  

MAZIA: Perhaps w e  should finish with Dr . Spiegelman 's  ques tion . We 
think tha t you hit DNA to cause the delay in division, bu t  tha t  cytoplasm ic m ech
anism s are responsible for the reversal of the radia tion effec t .  We took photo
graphs with the ul traviolet  microscope a t  Z537 � to see whe ther there was to tal 
absorp tion,  in which case the difference be tween the whole cell and the half c ell  
m igh t be accounted for by shie lding of the nucleus . We conc luded that  we didn ' t  
have to ta l absorption because nei ther photograph was black. In fac t ,  there 
wasn ' t  m uch difference ;  the ameba coopera tes by fla t tening ou t .  

KAPLAN:  I am no t sure tha t I unders tand the sugges ted m echanism that  
ac tiva tes m i tosis in the nuc leus . Is the idea tha t the piling up of RNA is  the trig
ger m echanism ? 

CA RTE R: Could we ge t a clear s ta tem ent of this again ? 

TOBIAS : I will try to s ta te i t  again ,  but  I hope you will take these ideas  
as  mere sugges tions and specu la tion withou t proof . Dr .  Mazia made  two asser
tions : ( I )  tha t a certain amount of RNA has to  bu ild up in a cel l  before a cel l  will  
divide , and (Z) tha t DNA is responsible for the synthesis  of RNA . Irradia tion 
with a sublethal dose might affec t the amount  of RNA or the abil i ty of R NA to 
have i ts normal biochem ical func tion.  DNA, or if I m ay go farther ,  the genes of 
the cel l ,  are not ma terially affec ted ;  if they were then we would have a le thal  
effec t ins tead of m ere cel l  divis ion delay .  

Now the ce l l  wou ld like to divide ,  bu t  par t  of  i ts RNA is inac tiva ted and 
it is necessary for the DNA to synthesize som e new RNA, so cell division can be 
triggered . This wil l  take tim e,  however, and a cell divis ion delay occurs . 

There is other corollary informa tion on the role of RNA in radia tion 
damage . Already it was pointed out  by Kaplan tha t  RNA ac tually increases in the 
pos t- irradia tion period . 

A t  higher lethal doses this model wo� ld adm i t  dam age to the DNA mol e
c ules or to their abil i ty to duplica te themselves . 

Does the m odel sound plausible to you , Dr .  Mazia ? 

MAZIA: Yes . Bu t  again we have to dis tinguish between two fac ts abo u t  
DNA . DNA has to double before division in order to provide each daughter cell  
wi th a full diploid com plem ent .  Bu t  i t  does not have to  double in order to do i ts 
normal  job in the cell . Theore tically ,  you could have a s i tua tion in a radiation 
experim ent in which you blocked division because you blocked the forma tion of 
new DNA, but did not necessarily affec t RNA forma tion because you had no t dam 
aged the DNA that was already present .  

SPIEGE LMAN: Are you pos tula ting a permanent involvement of DNA in 
the forma tion of every RNA molec ule ? 

MAZIA : No . 

POTTER: Spiegelman can probably think of o ther lim i ta tion . I am 
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jus t mentioning one and tha t is that we don ' t  have the DNA c urve to rela te to the 
RNA and protein changes . 

MAZIA: As  I said, we  are  facing technical  diffic ul ties in  m easuring 
DNA forma tion in the am eba . We are trying to m easure i t  pho tome trically , and 
the thing tha t  is holding us up would not interes t  the group here ; i t  is the fac t 
tha t in Feulgen s taining the DNA is so coarsely dis tributed as to m ake the s i tua
tion very unfavorable for spec trophotome tric opera tions . 

In any case , answering your las t ques tion, I am proposing here a DNA 
uni t tha t  has some thing to do with the produc tion of RNA in a cell tha t isn ' t  divid
ing and tha t  is undergoing duplica tion in a cell tha t is get ting ready to divide . 

To block division, one could conceivably block the duplica tion of this 
parent molecule wi thou t necessarily affec ting i ts abili ty to produce RNA. Le t ' s  
pu t  i t  this way . We have a DNA unit o f  a certain kind and only one such uni t  is  
needed to produce RNA, bu t you have to have two of them before the cell can 
divide . So you can imagine si tuations where irradiation will block division with
out  blocking RNA synthesis or o thers where irradia tion will  block RNA syn the
sis . It could even be a quantita tive difference . It all goes back to elem entary 
biological  considerations tha t  do not depend on any of our chemical ass umptions . 
The genetic ma terial of the cell (which m ay be DNA) clearly has two different 
func tions . One is to serve the cell tha t  i t  is living in .  The other is to double 
i tself so tha t  bo th progeny after division will have as m uch of it as the mother 
cell . 

KAMEN: The DNA goes up to a cons tant  level jus t before division .  
You have doubled the thing before you s tart .  

MAZIA: You double the DNA before division . If  you observe a c el l  in 
a random population, i t  m ay have a single dose of DNA ( ac tually the diploid 
amount  ) if the cell is young, a double ( te traploid ) dose in a cell tha t has com 
ple ted i ts growth and is going to divide , or intermedia te values in a cell that is 
som ewhere between divisions . This has been es tablished as a fac t  by the cyto
chem is ts .  Furthermore , the cytochemists find tha t  cells tha t  are unlikely ever 
to divide again ( as in highly differentia ted tissues such as kidney ) a lm ost  al
ways have the single dose . They m ake no DNA after their las t division . On a 
s ta tis tical basis , the m ajori ty of cells in an ac tively dividing popula tion will have 
the interm edia te amount of DNA . 

SHERMAN: Or more . 

MAZIA:  That 's  right .  You will find a good m any cells approaching 
divis ion and therefore approaching the double dose of DNA . 

BENNETT: In some tissues , I think, irradia tion does not s top cel l  
division after a certain tim e .  

MAZIA: Dr . Hollaender knows more abou t this than I do . One c a n  say 
tha t  there is a time in the process of cell division when radiation can no longe r 
s top i t .  

process .  

HOLLAENDER :  Yes , that is true .  

PATT: If the cell has begun to divide, i t  us ually com pletes the division 
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ZIRKLE: That depends on the kind of cells and on condi tions . With 
su itable doses , cells irradiated during division can be s topped at various s tages . 

PLATZMAN: There appears to be a subs tantial spread in the times 
for division . This m ay be a significant fac t.  

MAZIA: The spread is rela tively small under the same condi tions .  A 
few hours between the firs t cell division and the las t cell division . 

PLATZMAN: Is it approximately a relative curve ? 

Given exac Uy the sam e experim ental condi tions , what differences are 
there in division times for a given kind of cell ? 

MAZIA: Abou t 1 5  or 20 percent .  

TOBIAS: Taking yeas t cells , the fiuc tuation in  time for cell division is 
about  .! 8 percent at 30°C .  At higher temperatures , the relative uncertain ty 
in tim e increases . 

PLA TZMAN: It seems to me  that this is a significant thing to think 
abou t with regard to the de termining fac tors . 

TOBIAS: Yes ,  after irradiation the fi uc tuation of cell divis ion tim e s  
increases a s  the time for cell division i s  prolonged . 

Careful data have been taken by Vic tor Burns a t  Berkeley on the rela 
tionship of cell division delay to the fiuc tua tion in time for cell division . Both 
are more or less proportiona tely increased by a small dose of radia tion . We in
fer tha t the chemical order of reac tion did no t change m uch but that the tim e con
s tants became slower .  I t  i s  also interes ting to note that cell divis ion delay is 
longer for the second division following irradiation than for the firs t division. I 
do not know whether or not the fiuc tua tion in cell division time is direc tly rela t 
ed to the s teep rise of  RNA content jus t before divis ion . 

We m ight finish our model for suble thal radia tion damage . I would do 
that  by having the RNA react back on the sys tem ini tia ting i ts produc tion, tha t is , 
on the DNA; thus cell division would be triggered . 

KAPLAN: You are sugges ting tha t  with the m ere accum ula tion of RNA 
in the cell m ass it divides . 

MAZIA: It may not be tha t simple . RNA is certainly he terogeneous . 
and we m igh t require a certain amount of a certain kind of RNA to realize the 
trigger reac tion. 

SHE RMAN: In this model , is there an interference wi th DNA produc 
tion in irradia ted cells ? 

MAZIA: Yes . 

SHERMAN: So that  the DNA tha t is already present continues to pro
duce  RNA .  This accum ula tes because a l ink in the feedback loop has been bro
ken . 

KAPLAN: Wel l ,  RNA m igh t pile up in tha t way , bu t certainly the 
mere acc um ula tion of RNA does not make the cell divide . That  is wha t I am 
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driving at ,  a t  the moment .  I have followed thymic weigh t  in irradia ted m ice in 
studies of the developm ent of lymphoid tumors . In normal anim als , the thym us 
gradually decreases in weight  over an age period which runs abou t 1 00 days . If 
we irradia te these animals the thym ic weight  will fall to a small frac tion of the 
normal ,  perhaps to 1 0  or ZO mg. , whereas the normal then is abou t 50 to 60 mg .  

Le t ' s  take the case  for frac tionated periodic irradia tion . The thym us 
will be reduced to this weight  and then  will s tay a t  this low level wi th some m inor 
wiggles for a m a tter of 50 to 70  days and will begin finally to grow, but at this 
point it already has a tumor in it . If we irradia te while shielding this animal 's  
hind leg or injec t i t  with bone marrow - - within 4 days after the las t irradiation, 
thymic weight shoots upward and very shortly exceeds the normal ,  then se ttles 
back to the baseline , and no tumors form . We have followed bo th DNA and RNA 
per cell  in unirradia ted controls and in groups irradia ted wi th and without thigh 
shielding a t  a series of intervals to 1 00 days . There is no change in DNA per 
cell at any of these intervals wi th the exception of a small increase beyond 1 00 
days when the tumors appear . This has been meas ured either chem ically on cell  
suspensions where we count the cells or his tochem ically using the Feulgen s tain 
on imprints ,  so tha t we have both population and individual cell determ inations . 

For RNA, on the other hand, there is a pa ttern tha t is of interes t .  The 
RNA per cell s tays reasonably cons tant for the unirradia ted thym us . Within 4 
days after irradiation there is a 300  or 400 percent inc rease in RNA per cell . I t  
does not m atter whether the cells are  from shielded or unshielded" animals . But 
in the shielded animals or in those receiving bone marrow, this· falls prom ptly 
to norm al  and s tays there . In the unshielded animals , the thym us cannot regen
era te and ye t ,  the RNA per cell s tays up at these grossly abnormal levels clear 
as  long as 1 00 days . Thus , the thymic cells of these animals have accum ulated 
RNA b u t  they are unable to divide . 

S PIEGELMAN: We have some  unpublished experiments with different 
m ate rials tha t  agree wi th these results . We tried to be very cu te and to force 
the ce l l  to make a lo t of RNA , in the hope tha t we could then demons tra te that 
s uch  c ells could make enzym es more effec tively . Indeed ,  we went fur ther and 
tried to induce the synthesis of specific kinds of RNA. The a ttempt went  along 
the fol lowing lines : If microorganisms are inc ubated in the presen�e of an 
am ino acid analogue and a mixture of amino acids , they are unable to synthesize 
pro te in ,  bu t can form RNA. One can thus obtain cel ls wi th as m uch as 4 times 
the norm al RNA content per cell . Such incuba tions were carried out in the pres
enc e  of a specific inducer of  the �-galac tosidase sys tem of  E .  col i .  After the in
cuba tion was over,  the am ino acids antagonis t was reversed by adding the cor
responding homologue .  One finds tha t  the acc um ula tion of RNA does li t tle  for en
zym e  syn thesizing capaci ty ,  indeed , qui te the contrary . The cells grow m uch 
m ore s lowly than corresponding controls and they show li ttle abili ty to form en
zym e for quite a while . In fac t ,  they continue this rela tively poor  phys iological 
behavior until  the RNA that  they have accum ulated is dilu ted out. This resul t may 
simply m ean that  the wrong kind of RNA has been synthesized, and this may be 
the s i tua tion described here today . 

TOBIAS: Dr .  Kaplan, pres umably irradia tion som ehow inac ti vates the 
RNA tha t  is  there and more is needed . 

JONES : Chick embryo RNA protein is a required fac tor for c ul ture of 
the chic k  fibroblast .  

KAPLAN : This goes back to Dr . Chargaff ' s idea tha t we should not be 
talking about  RNA as if it were som e thing discrete .  RNA is a collec tion of differ-

Copyright © National Academy of Sciences. All r ights reserved.

Basic Mechanisms in Radiobiology:  III. Biochemical Aspects
http://www.nap.edu/catalog.php?record_id=18879

http://www.nap.edu/catalog.php?record_id=18879


sz 

ent kinds of molecules , in all probabil i ty ,  and we probably have to have abou t  as 
m any different kinds of RNA as there are biological func tions for RNA to serve 
in the cell . The same  goes for DNA .  It  may be convenient shorthand bu t  it i s  
very m isleading shorthand to talk about  one kind of DNA o r  RNA . 

BENNETT: Isn ' t  i t  also true in irradia tion effec ts ,  tha t  the num ber of 
reac tions one can expec t to take place are considerably less than the to tal num 
ber of m olecules by many fac tors of 1 0 .  This effec t cannot be occ urring in 
every DNA molecule;  i t  would have to be on a very small number of the DNA or 
RNA molecules . 

POLLARD: If you assume that irradia tion acts only on RNA in yeas t 
and tha t  i t  is a defini te fac tor of 1 ,  i . e . , tha t you ge t 1 molecule inac tivated in 
order to take 10 mg. of RNA per cc . of yeast cells �own to 9 mg . , then the RNA 
will have to have a molec ular weigh t  of about  5 x 1 0  . 

CHARGAFF: Would tha t  also hold if the RNA were toge ther with a h unk 
of protein ? 

POLLARD: This m eans no recombina tion of the radical . No effec t on 
the protein at all . 

600 r .  

TOBIAS: Wha t is the radia tion dos e ?  

POLLARD: 1 0 0  r .  

TOBIAS: That is a pre tty low dose for yeast .  We would give m aybe 

POLLARD: On the o ther hand, yeast  is rather dry . 

TOBIAS: No, yeas t contains a reasonably high percen tage of water . 
My calculations are done in a som ewhat different way . We know tha t there is 
abou t 1 0  times as m uch RNA in a yeast  cell a9 DNA .  Further ,  we may take the 
molecular weight  of each RNA and DNA as 10 , and endow RNA par ticles with ap
proxima tely the sam e  radiosensi tivi ty as DNA par ticles . From elem entary prob
abil i ty considerations it follows that the number of cells in which at least  1 RNA 
molecule out  of 1 0 would be inac tiva ted is abou t 1 0  times greater than the num ber 
of cells in which a DNA molecule is inac tivated. 

POLLARD: I wonder if you should not look for some sort of propaga
tion . Wouldn ' t  i t  be more reasonable to say tha t  there is a sort of biological 
m ul tiplica tion tha t increases the num ber of inac tiva ted molec ules ? Every time 
I have m ade this calc ula tion I have s topped; i t  seem s to be unreasonable .  I t  
seems to me more reasonable to suppose that you are hi t ting one molecule which 
divides many times and i t  is tha t  process tha t has to come  to a s top . 

SHE RMAN: With jus t one wrong molec ule do you no t have to pos tula te 
tha t this is being propaga ted selec tively ? It  is in com pe ti tion with a lot of other 
fairly normal  molecules . 

POLLARD: I suppose that competi tion ul timately wins so that the cel l  
goes o n  i ts way and survives , b u t  i n  the case where i t  does not survive , what 
happens ? There m u s t  be some  selec tive mechanism . 

SHERMAN : I am no t trying to say tha t  I know wha t  happens . I just  say 
tha t this is a rather dis turbing number,  a l though it does no t seem to bo ther Dr . 
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Chargaff very m uch.  

CHA RGAFF: I don ' t  bother easily . I really don ' t  know .  I seem to 
gather tha t  the theory now is that  DNA makes RNA and RNA m akes protein . 
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This may be so in special cases . I think there is some evidence that DNA makes 
DNA and RNA makes RNA. In fac t ,  there is l i ttle chemical rela tionship a t  leas t 
be tween the total DNA of the cell and the RNA . We have looked for this bu t there 
does not seem to be any . 

PATT: On the basis of UV absorption, Mi tchell believed that RNA in
creased and DNA decreased after X irradia tion. He though t  tha t  there was a 
block in the conversion of RNA to DNA .  

TOBIAS: I d o  not believe tha t Mitchell ' s  experim ents and our model 
necessarily contradic t .  Some of  the RNA may be  inac tiva ted , b u t  s till physically 
present; the cell is then compelled to make new, ac tive RNA , thus the total cell 
ular RNA is ac tually incr-eased after exposure to radia tion . 
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ENZDIE AND RELATED EFFECI'S IN 
THE INTACT CELL 

Kenne th P .  DuBois 

During the course of the previous discussions , numerous approaches 
to the problem of the m echanism of ac tion of high energy radia tions have been 
explored .  These have included inves tigations of the effec ts of radiations on 
crys talline com pounds,  on solu tions or suspensions of biologically. im portant 
m a terials , and on intac t microorganism s ,  plants , and animals . . 

All of the approaches have contributed a great  deal to our knowledge 
of the biological ac tions of ionizing radia tions but ,  thus far ,  conclusive evi 
dence for any theory or explanation of radia tion damage i n  the intac t animal i s  
lacking. 

As the accum ulation of knowledge regarding the ac tion of ionizing ra
dia tions on organ sys tems and on intac t cells has progressed ,  grea ter interes t 
has been manifes ted in the biochemical mechanisms tha t  may be involved in the 
produc tion of the injurious effec ts .  Several phases of biochem is try have been 
inves tiga ted in connec tion wi th the mode of ac tion of ionizing radiations . The 
possibility tha t dis turbances in enzyme  sys tems alter the func tional ac tivity and 
subsequently the morphology of irradiated cells has also received considerable 
a ttention . 

Al though radiation effec ts on enzym e sys tems are only partially eluci
dated, a sufficient amount of research has been done to  permit  a general dis 
c ussion of the extent to which enzym e ac tion is interrupted in radia tion- injured 
cells . 

It is  hoped tha t  the partic ular areas of enzymology tha t have been s tud
ied s ufficiently wi th respect  to radia tion dam age as well as those tha t  have been 
neglec ted c an be recognized from our disc ussion this afternoon . 

Many s tudies have been carried out  on the infiuence of high energy ra
dia tions on chemical com pounds in vi tro and have provided an indication of the 
rela tive s usceptibil i ty of various com pounds to al teration by irradiation . Among 
the earlies t  s tudies were experiments of the type performed by Fricke and Har t  
( 1 )  i n  which simple organic compounds were employed . One o f  the valuable con
tribu tions resulting from these s tudies was the observa tion that the addition of 
various s ubs tances to aqueous solu tions of a com pound could protect  the com 
pound from decom posi tion by irradia tion . This finding is par ticularly notewo r thy 
to the biochem is t  in his consideration of the effec ts of irradia tion, since a s im i -
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lar situation in which a number of compoungs are irradia ted sim ul taneously 
must  necessarily exis t in the intact  cell.  

Following s tudies on the ac tion of radiations on simple organic com 
pounds , Dale (Z) undertook an inves tigation of the ac tion on enzym e sys tem s 
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in vitro, and several crys talline or partially purified enzymes were shown to be 
machvated in dilute solu tion. Detailed s tudies of thes e enzyme inactiva tions 
demons trated protec tion agains t loss of catalytic ac tivi ty by the addi tion of vari
ous subs tances to the enzym e solu tions . 

The oxidizing abili ty of the products of ionization of water led Dr. Bar
ron to consider the possibili ty that  the sulfhydryl enzymes would be inactivated 
by radiation through conversion of their -SH groups to the inac tive dis ulfide 
forms .  This idea was tes ted with solu tions of crys talline or partially purified 
enzym es , e. g. , hexokinase, s uccinic dehydrogenase, phosphoglyceraldehyde de
hydrogenase, adenosine triphosphatase and urease, whose catalytic ac tivity was 
known to be dependent upon -SH groups . Inhibition of the activity of s ulfhydryl 
enzym es was generally noted , and this inhibition could be reversed, as Dr . Bar
ron explained yesterday, by the addition of glu ta thione after m edium or low doses 
of X- rays . The results of these s tudies demons trated the inherent s usceptibility 
of sulfhydryl enzymes to the ac tion of ionizing radiations . 

Other experim ents on the effects of radiation on enzyme system s 
in vitro have been conducted, and ,  in som e  cases , inhibitory effects were noted. 
In general, the in vitro experiments have given a good indication of the types of 
results which can be obtained by irradiation of enzyme system s .  Fac tors such 
as the purity of the enzym e ,  the concentration of the enzyme in solution, and the 
nature of the impuri ties markedly affec t the amount of al teration of enzym e a c 
tivi ty. However,  the increasing realization of the l imita tions of in vitro s tudies 
of this sort has forced investigators to turn to the more difficul t task of examin
ing the ac tions of ionizing radiations on enzyme sys tems in vivo . 

Many inves tiga tors a re now searching for disturbances in carbohydrate 
metabolism . Although research on this phase of m e tabolism has not yet provid
ed an acceptable explanation for radiation damage, the inform ation obtained to 
date represents a valuable contribu tion to the ultima te understanding. 

Following the in vitro studies on sulfhydryl enzymes , attention was di
rected to the possible effec t of radia tion on these enzym es in the intac t animal.  
Recent experim ents in our laboratory {3) on tissues taken from rats s ubjec ted to 
high doses of X radiation illus trate the resis tance of enzymes to inac tivation 
in vivo . When animals were sacrificed a t  Z4 hours after ZO ,  000 r ,  there was no 
apprec1able dec rease in the oxida tion of several subs tra tes by liver slices .  S u c 
cinate, oxalace tate, citrate, a -ketoglu tarate, glu tamate, fumarate and m alate 
were all oxidized a t  a normal rate . Thus we see that in the intact  anim al ,  a 
presum ably radioresis tant tissue such as liver, does not exhibit a dec rease in 
ability to oxidize several interm edia tes of the tricarboxylic acid cycle . Similar 
results were obtained in the case of kidney, heart, and brain, which are also 
considered to be radioresistant. 

One point that I should l ike to make is that it  is important to s tudy bio
chemical m echanisms in tissues tha t are known to be radiosensi tive. 

One cannot extrapolate res ults obtained on radioresis tant tissues to 
radiosensi tive tissues like the spleen or the thym u s .  In the case of the spleen, 
one obtains a som ewhat diffe rent pic ture for exposures as low as 1 00 and ZOO r 
result in a pronounced decrease in the endogenous respiration . This is some -

C o p y r i g h t  ©  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .

B a s i c  M e c h a n i s m s  i n  R a d i o b i o l o g y :   I I I .  B i o c h e m i c a l  A s p e c t s
h t t p : / / w w w . n a p . e d u / c a t a l o g . p h p ? r e c o r d _ i d = 1 8 8 7 9

http://www.nap.edu/catalog.php?record_id=18879


88  

thing tha t  was no ted by Dr . Barron several years ago and i t  has also been ob
served in our laboratory . We feel confident tha t ,  in the case of the spleen ,  
e i ther the enzymes involved in  endogenous respira tion are inhibi ted by irradia
tion or radiation produces a defic iency of  s ubstrates . 

The endogenous respira tion of the spleen is rela tively high .  When 
some of the intermedia tes of the tricarboxylic acid cyc le are added to norm al 
spleen slices ,  one obtains a small s tim ula tion of respira tion; radiatio� does 
not comple tely abolish the added respiration. We know from a comparison of 
the respiration of spleen, kidney and l iver slices tha t  no dis turbance is pro
duced in kidney and l iver with dosages of radia tion which produce marked de
c reases in the endogenous respiration of spleen . One cannot entirely alleviate 
this decrease by the addi tion of intermedia tes of tricarboxylic acid . 

KAPLAN: What time is this after irradia tion and what  kind of doses ? 

DUBOIS: In the spleen, exposures as low as 1 00 r cause an appreci
able decrease in endogenous respira tion.  Dr . Barron used such exposures  in 
his work. Mos t of  our s tudies have been done wi th 400 r .  The animals were 
sacrificed a t  daily intervals for a period of 7 days and then at 1 0 ,  1 4  and 2 1  
days . 

PA TT: Have you made observa tions imm edia tely after irradiation?  

DUBOIS: One day is the shortes t  time interval ,  but Dr . Barron m ade 
observations at 4, 1 2  and 24 hours and found decreases . 

tim e ? 
CARTER: Does not the cellular popula tion change a great deal  in this 

KAPLAN: I wondered to what  extent this is a true chemical change 
rather than a chemical description of the change in cell popula tion . That is 
wha t I was ge tting a t .  

DUBOIS: That ques tion will necessarily com e  up  repeatedly because 
the biochem ical changes and pa thological changes follow the sam e p�ttern wi th 
respec t to the tim e of occurrence . The parallelism of these effec ts sugges ts 
tha t  they are rela ted , bu t whe ther the biochem ical and pa thological changes a re 
rela ted as cause and effec t canno t be s ta ted on the basis of any available data . 

BARRON: The only thing is , I doubt there would be any cell change 
from irradia tion . 

CARTER:  How long do the lymphocytes l ive ? 

KAPLAN: The lymphocytes are des troyed as early as 3 to 6 hours 
after  irradia tion . 

CARTER:  The evidence for degeneration ac tually m ight be  m uch 
earlier than tha t .  

PATT: After 1 00 r there may b e  30  or 40 percent pyknotic lympho
cytes in the lym ph nodes within a matter  of a few hours . 

POTTER:  S till in  the tissue ? 

PATT: Wel l ,  you are working wi th the intac t  animal  and the s i tua tion 
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m ay be  com plicated by rapid removal of som e  pyknotic cells . This is particular
ly e vident in the blood s tream , as shown by Trowell (4) . 

BAR RON: How m any hours after irradiation can you get lymphopenia ? 

PATT: Within a few hours after irradiation. Maximal spleen involu tion 
or involu tion of lymph nodes occurs within a day or two after 1 0 0  r to the whole body .  

DUBOIS: The endogenous respira tion of either the spleen or thym us gland 
dec reases markedly in one day after exposures  to 400 r. It may decrease a l i t tle 
more i n  the following 3 to 5 days . There is then a gradual return so that at  1 4  and Z 1 
days the rate of endogenous respiration again approaches the normal value.  This is 
a reversible inhibition of endogenous respiration and correlates quite well in time 
with the reversibili ty of the functional ac tivity of these tissues after 400 r .  

BAR RON: You have no t m easured the respiration i n  term s o f  DNA ? 

DUBOIS: No . 

PATT: The c urve for endogenous respiration resembles very nicely 
the c u r ve for spleen involu tion. With 400 r, the peak would appear a t  abou t 3 
days , with recovery becoming apparent during the next seve ral days . 

I( ION!\' 

HUitT 

SPLEEN 
THYMUS 

D UBOIS: In connection with these ob
servations on the respiration of tissues of 
irradiated animals, I f  eel that it is not prof
i table to s tudy the oxidative phase of carbo
hydrate m etabolism in the liver, kidney , 
heart ,  and brain, but that there is a great 
deal to do in connec tion with radiosensi tive 
tissues like spleen and thym us . S tudies of 
the o ve rall m e tabolic activi ty of tissue 
slices m ay be considered as prelim inary to 
more definitive experiments . 

To obtain fur ther informa tion on the 
gross effec ts of irradiation on the oxida tive Figure I .  Effect of 800 r of X radiation on 

the accum ula tion of c i tric acid in tissues of phase of carbohydrate metabolis m ,  we 
fiuoroacetate- trea ted ra ts. (This chart have used the sequential blocking technique 
was published in a paper by K.P.DuBois , developed by Potter (5) , in which fi uoroace -
K.W. Cochran and J. Doull in Proc . Soc . tat · 1 d t  · h "b" t • t  · "d "d  E B i  l d M  d 76 of Z Z  4 e 1S emp oye 0 m 1 1 C1 r1c ac1 OX1 a -xp. o . an e .  • - z7 1 951> ·  tion in tissues . This m e thod of s tudying 

the ac tions of poisons on carbohydrate m etabolism consis ts of giving fiuoroace tate 
to irradia ted animals at various times after exposu re and sacrificing the anim als for 
citric acid m eas urem ents . If radiation were interfering with the forma tion of citric 
acid at some point in the cycle , it would be revealed here by an increase or decrease in 
the amount of citric acid accum ulated in the tissues rela tive to•the controls . 

The use of fluoroace tate technique (6) showed that  there is no effe c t  on 
citric acid forma tion in heart or brain after 800 r .  There was a small inhibitory 
effec t in the kidney; this could not be obta ined with sublethal doses and, the re 
fore, was not considered to b e  o f  any appreciable s ignificance.  There was a 
marked inhibition of ci tric acid forma tion in the spleen and the thym us .  This indi
cated tha t som e s tep tha t  ul tima tely leads to c i tric acid forma tion in these organs is 
inhibited by whole -body X irradia tion . After the adm inis tra tion of a lethal dose 
to rats , the effec t was i rreversible . The resul ts of thes e experiments are illus 
trated in Figure 1 .  
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After suble thal doses ,  the inhibition of ci tric acid syn thesis in spleen 
and thym us was reversible . After ZOO r ,  ci tric acid forma tion in the spleen 
showed an initial decrease to less than half the normal value . This was follow
ed by a gradual return toward normal .  A t  14  days after ZOO r ,  the abil i ty of the 
spleen to acc um ulate c i tric acid was the same as in norm al animals .  After 400 
r, the sam e initial type of depres sion occ urred but it was greater in amount a nd 
the reversal took place a t  a slower rate.  The res ults of these experim ents a nd 
similar findings on thym us glands are shown in Figure Z .  In these s tudies we 

obtained a correlation between the X
ray exposure and amount of inhibitio n .  
A correla tion between the expos ure and 
ra te of reversal was also noted wi th the 
hip,her dose requiring a longer tim e for 
reversal. 

A t  this point ,  while we are talking 
about  low doses of X- rays , perhaps i t  
should b e  m entioned tha t we feel that  
s tudi es using suble thal amounts of  radi a -

Figure Z.  Duration or errec ts o! single tion are more valuable in searching for 
doses or x-rays on the ability or ra t tissues h . 

f d d to accum ulate t'i tric add arter fluoroace- t e m echanlsm o ac u te ra iation am a ge 
tate treatment.  A . Spleen, zoo r. B .  Thy- in anim als than is the lethal dose .  This 
m us ,  zoo r .  C .  Spleen, 400 r .  D .  Thymus, viewpoint is one for which there is a 
400 r ,  E . Liver, ZOO r .  F. Liver, 40 0  r.  grea t deal of supporting evidence from (This chart has been published in a paper 
by K . P .DuBois . K.W. Cochran and J.Doull experiments with o ther toxic agents. The 
l n Proc . Soc .  Exp. Bioi.  and Med. 76, arsenicals , for exam ple ,  produce their 
4ZZ-4z7 1951). inhibitory effec ts on sulfhydryl enzym es 

at doses fa r below the letha l .  The agents tha t have s trong inhibitory ac tion on 
cholinesterase also are effec tive at  doses tha t are far below lethal . We m igh t 
expec t that  any ac tion tha t  is of importance in connection wi th the primary bio 
chem ical mechanism of radiation damage ought to occ ur a t  exposures th a t  are 
below the LD 50. High dose s tudies , e.  g. , 800 r, are useful for explorato ry 
work. In studying the effec t of radiation on enzymes , we are inclined to first  
use large amounts of  radia tion to ascertain whether a partic ular reac tion is af
fec ted . If the reac tion is unaffec ted it can be discarded from further cons idera
tion, but  if i t  is inhibi ted, then i t  seems advisable to conduc t additiona l s tudies 
using s ublethal dos es . By this m e thod, I bel ieve tha t we can screen out and 
elim inate secondary biochemical effec ts . It seems probable that many of the 
changes tha t have been reported in animals after 800, 1 000 or l ZOO r would not 
be detec table after s ublethal exposures . They m ay be secondary to bac terial in
fec ti;:m or they may ac tually be due to radiation bu t not essential for the le thal 
ac tion in animals . 

BA RRON: Do you think there are two different problems ?  One being 
the effect of lethal doses of X radiation and the o ther,  to determ ine the ini tial 
point of ac tion of the radiation . The approach you propose is tha t of using small 
amounts of radia tion to find the initial point of dam age ,  whereas when we are 
working with le thal amounts of radia tion, as you pointed out, dea th is produc ed 
mostly by secondary infec tions . 

PATT: Not necessarily . I have som e reserva tion about  this philoso
phy for sc reening biochem ical effec ts tha t may be rela ted to lethal action.  

BA RRON: I am not agains t his philosophy . I am agreeing wi th him . 

PA TT: I believe that  DuBois im plied tha t biochem ical effects from low 
doses,  below the LDSO ,  might mean that  these are probably intimately related to 
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ki l l ing of the anim als or represen t the ini tial s teps . I would simply like to say 
tha t some physiologic and his tologic changes ,  e. g . , lymphopenia and lymphoid 
involu tion , apparently reflect  the amount of radia tion ins tead of the lethal effec t .  
In o ther words , the inference tha t changes observed wi th low doses are essen ti 
a lly cr i tical for killing does no t necessarily follow . 

BARRON: I think DuBois and I are in agreement because of our ex
perience wi th gases as warfare agents . In order to de term ine the real m ech
anism of  these gases , we had to go to doses tha t were no t le thal . 

tion . 
C URTIS: I think he a ttempts to find the ini tial reac tion from i rradia -

PATT: Tha t is fine , but  there was the addi tional qualifica tion , nam ely , 
tha t the particular enzyme inac tiva tion tha t you may ge t wi th ZOO r ,  which may 
be a s u ble thal expos ure , is  necessarily cri tical for killing and to tha t I objec t .  

BARRON: I was separa ting the lethal ac tion of  ionizing radia tion from 
the inju rious ac tion . 

DUBOIS: According to Dr .  Pat t ' s  interpre ta tion , I im plied tha t  any 
change that  occurs from ZOO r m ight be involved as an im portant fac tor in the 
le tha l  ac tion of radia tion . Tha t  is no t  exac tly wha t  was meant ,  bu t  rather tha t 
if a c hange was found a t  1 000 r in the rat ,  for example , and could no t be found 
at ZOO r, I would be incl ined to suspect that this partic ular change had nothing 
to do w i th the death of the ra t after an LDSO . In o ther words ,  any effec t involved 
in the le thal ac tion at the LDSO level should be de tec tible at doses below tha t  
amou n t .  B u t  this would not m ean tha t  a change , which i s  found ,  would neces
sarily be involved in the le thal ac tion.  

PA TT: Perhaps . 

C URTIS: Le t me c lear up this poin t .  I ga ther tha t  you don ' t  agree 
with this  philosophy, Dr. Patt . 

PATT: I think i t  is fine to use screening procedures .  However , the 
fac t  tha t a large expos ure , e .  g . , 1 000  r ,  does no t  appear to change a par ticular 
reac tion does not mean tha t  there m ay not be a change wi th lower dosages .  This 
is arguing at the o the r end .  

DUBOIS: In the sam e  rna terial ? 

PATT: Yes , in the sam e m a teria l .  This is so because there may be 
differen t sorts of effec ts ,  differences in recovery , differences in the ex ten t of 
cellula r damage ,  e tc .  We know also,  tha t  certain pharmacological agents may 
have one ac tion a t  low dosages and an entirely different ac tion a t  high dosages . 

JONES : It m ight be worth while s tudying the effec t of severa l  doses 
of radia tion . 

PATT: This is essential .  The lack of an effect  from a high dose does 
not imply necessarily tha t  an effec t will no t be seen from a low dose . I will go 
along wi th you r philosophy as a firs t approxima tion bu t  I don ' t  think we can ex 
clude the other possibil i ty .  

P LA  TZMAN: No one has asserted tha t  the primary m echanisms dif
fer at different doses . A t  leas t ,  I hope no t .  
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PATT: We are , I think, quite a few molecules and minutes away from 
what you probably mean by primary mechanism . 

BAR RON: If you irradiate protein the effec t is different .  

PLATZMAN: The ini tial chemical effec ts canno t be qualita tively dif
ferent a t  different doses . 

BAR RON: As a mat ter of fac t ,  they are different. 

PLATZMAN: I am referring to the primary effec ts . 

BARRON: The chem ical effec t after irradia tion is quali ta tively differ
ent  according to the intensi ty of the radia tion . 

PLA TZMAN: Not the primary effec ts .  Wha t you refer to arises from 
the kine tics .  

PATT: What  i s  primary ? 

PLA TZMAN: The firs t thing tha t happens after irradiation.  

JONES : You have been making a model perhaps too remote for us  to 
observe i t .  Le t us look for things tha t we can m easure . 

PLATZMAN: I only hope tha t no one imagines that there is any differ
ence wha tever in the quali ta tive ini tial effec ts . 

KAPLAN: One important objec tion is tha t  if you ta lk about  observing 
the effec t  of suble thal doses ,  the firs t thing you have to be sure of is that  your 
observa tion is an effec t .  I think this is really primary .  A t  the risk of repe ti 
tion it ge ts back to the ques tion of cell popula tion . In Figure 1 ,  DuBois shows 
heart ,  kidney, and brain . He is dealing with relatively homogeneous radiore 
s is tant tissues there,  and the cellular elements other than parenchyma that a re 
presen t are negligible . There is some supporting tissue bu t no t much.  On the 
o ther hand , the spleen is really a t  leas t two different kinds of tissue . E ven in 
the thym us , al though i t  looks like i t  is all lym phocytes , if you abolish the lym 
phocytes you see tha t there are a lo t of o ther cells . 

The real ques tion is : have you demons tra ted any al tera tion in the c i t
ra te m e tabolism of those cells of the thym us or spleen tha t are left after the ex
pos ure tha t  you have given ? I don ' t  see tha t you have any evidence for such an 
effec t .  If you are dealing wi th Z ,  3 or 4 different  ce l l  populations , each of which 
m e tabol izes c i tra te norm ally at a different  ra te ,  and then by irradia tion abolish 
one of the cell popula tions , then you will seem to ge t an effec t on c i tra te metab
olism . Therefore , I think we  have to back up  and make s ure tha t  there has  been 
any real effec t .  

DUBOIS: Tha t is right and i t  is in  line with the whole idea tha t  I am 
trying to develop this afternoon . The firs t thing tha t we have to do is to look for 
effec ts in the irradia ted tissue and discard from fur ther considera tion, the tis 
s ues and enzym e sys tem s in which no  changes are  found .  Then we  have to as 
cer ta in whether the observed effec ts represent ac tual changes in m e tabolism of 
the irradia ted tissue or are a reflec tion of the condi tion of the entire organ .  The 
pa thological and biochem ical changes in tissues such as the spleen m igh t be the 
res ul t  of radia tion injury to some other portion of the body and thus secondary 
i n  na ture . 
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JONES: I wish to add a comm ent upon differences in the apparen t 
na ture of the pos t-irradiation response that  depend upc;m the tim e selec ted and 
the dosage of radia tion used . In DNA synthesis and also in the changes of spleen 
s ize  a fter irradia tion , there is general evidence for a depression tha t is propor
tional to the radia tion exposure .  While we think of the pos t- irradia tion response 
as  being a decrease in spleen size , in cell division rate ,  and in DNA turnover , 
carefu l examination by Dr .  Lola Kelly has shown tha t immedia tely after irradia
tion , there is a period in which DNA turnover is enhanced . Perhaps in this c ase 
there  is not a genuine transi tory inc rease in mi to tic ac tivity; the effect  no ted 
may be due to the s tim ulation of cells tha t  are already rela tively insens i tive to 
radia tion inhibi tion because they are in the throes of m i tosis . 

In some contras t ,  there is ano ther sys tem , tha t of l ipid metabolism . 
Al tera tion of serum lipopro tein is an indica tor of severe radia tion damage .  B u t  
i t  i s  essentially an ali-or-nothing type of response ,  whereas the pos t-irradia tion 
dec rease in cell division and DNA turnover is a continuously graded response 
dependent upon dosage . 

Rabbits tha t  die from irradia tion show a l tera tion of serum lipopro tein  
metabolism . A t  the same exposure ,  rabbits tha t survive do no t show the change . 
The typical response is an elevation of the higher molec ular weigh t  classes of 
a- lipopro tein assoc ia ted with a lack of removal of neu tral fa t from these lipo
pro teins . Thus , the general s ta tement of the effec t of irradia tion upon lipid 
metabolism is that lipoprotein u tiliza tion is hal ted by irradia tion . Nevertheless , 
such animals , examined immedia tely after irradia tion, show a 1 6-fold enhance 
ment o f  l ipoprotein u tilization for abou t 5 to 1 0  m inutes . It is after this tha t the 
48-hour period of lack of lipoprotein u tiliza tion ensues . On the third day after 
irradia tion, the sys tem again reverts to  a 1 6 - to ZO-fold enhancem ent of  the 
normal func tional level of lipopro tein interconvers ion and u tiliza tion of their 
neu tral fa t content .  

CARTER:  By lipoprotein interconversion you are referring to the shift 
in the u l tracentrifuge peaks . 

JONES: Yes , essentially it is the shift in the flota tion ra te wi th a low
ering of the Sf number which accom panies the decrease in densi ty brought about 
by the removal of  neu tral fa t from the lipoproteins . S tar ting wi th l ipopro teins 
that may be of chylomicron s ize , which have a flo tation ra ting of Sf 40 ,  000 ,  there 
is a progressive reduc tion approaching Sf 6 by enzym a tic  hydrolys1s of neu tral 
fat . 

POTTER:  All in plasm a ?  

JONES: Yes , the whole process seems to take place in the plasma . I 
m ust apologize for this discussion which devia tes from the specific topic bu t  I 
suppose that  the circulatory sys tem or the whole mammal can be considered a 
cellular uni t .  

DUBOJS: Returning to the subjec t  o f  the influence o f  radia tion o n  c i t
ra te synthesis , I would like to m ention some effec ts tha t we have observed in 
s tudies on the l iver . Following irradia tion, the l iver of the male rat  acquires 
the capaci ty to acc um ulate large quanti ties of c i tric acid after fluoroace tate 
treatment whereas , tha t of the norm al male ra t is unable to do so . However,  
the norm al female rat  can acc um ula te ci tric acid after fluoroace ta te trea tment .  
The effec t of radia tion here is essentially to change the me tabolism with respec t  
to the response to fluoroace ta te so that  the l iver o f  the  irradia ted male ra t  re 
sembles that of the normal fem ale rat in i ts abili ty to accum ula te c i tric ac id .  
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Figure Z shows the effec t of radia tion on c i tric ac id form a tion in the l iver .  A l 
though one does not observe any effec ts of radia tion on  the abil i ty of liver sl ices 
to oxidize a number of different s ubstrates ,  the fl uoroace ta te technique ind ica tes 
tha t there is a disturbance in c i tra te form a tion in this organ .  Al though we do no t 
know the exac t cause of this biochem ical change , we s uspect  tha t a fac tor tha t 
normal ly regu la tes c i tra te forma tion in the l iver of the m ale rat  is al tered or 
des troyed by radia tion . 

This change in the m etabolism of the l iver is not assoc iated wi th the 
lethal ac tion of radia tion because the effec t i s  irrevers ible after 400 r in con
tras t  to the revers ible effec t on c i tra te synthesis in the spleen and the thym us . 
The effec t on the l iver pers is ts for a t  l ea s t  3 months after 400 r .  

KAPLAN: What happens to the fem ale ? 

DUBOIS: The val ues in the female are abou t  normal  after irradiation . 
There is quite a wide normal range , bu t  bo th norm al  and irradia ted fem ale ani
m als accum ula te large quantities of c i tra te in the l iver after fluoroacetate trea t
m ent .  

PATT: Does c i trate accum ulate in the m ale cas tra te ? 

DUBOIS : Yes , wi thou t  radiation . We suspec t tha t i t  m i gh t  be due 
ei ther to interference wi th or the prevention of  synthes is of  androgenic com 
pounds and/or adrenal cortical hormones .  We have done a considerable amount  
of work along this l ine , which indica tes tha t  cas tra tion wil l  produce an effec t l ike 
radia tion and tha t  treatm ent  of female animals wi th tes tos terone will dec rease 
c i tra te form a tion to the level seen in the male . 

CARTER:  C ould this not a lso be due to the fai lure of the l iver to inac 
t iva te the es trogenic hormone after irradia tion ? 

DUBOIS: Yes ,  tha t  is possible . 

CARTER: This is commonly seen in  l iver disease . 

DUBOIS: Es trogens do no t have any s timulatory effec t in norm al ani 
m als .  If one gives es tradiol to norm al m ale animals,  c i trate forma tion does not 
increase apprec iably . 

tion . 
CARTER:  Tha t  m ay be due to  the normal  l ivers ' c apac i ty for inac tiva-

DUBOIS: Our experim ents with adrenal and sex hormones are in l ine 
with the idea tha t  there is a horm one involvem ent  in the radia tion effec t on c i t
ra te form a tion . However,  the expe_rim ents do not prove i t .  

KAPLAN: This is  jus t  after irradia tion of the l i ver ? 

DUBOIS: The effec t is not detec table immedia tely after irradiation bu t  
rather requires several  hours to becom e pronounced .  The ni trogen m us ta rds 
will produce ,  (7) qual i ta tively and quanti tatively in mos t  respec ts , the sam e type 
of response as radiation on c i tric ac id forma tion as shown in Table I. C i trate 
forma tion in the spleen and thym us is m arkedly depressed by doses of m e thylbis (� -chloroe thyl) amine in the LDSO range , and the amount of c i tra te form ed in  the 
l iver is markedly increased jus t  as it is in irradia ted male rats . 
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TABLE I 

INFLUENC E  OF NITROGEN MUS TARDS ON 
C ITRATE ACC UMULATION IN SPLEEN, THYMUS,  AND LIVE R 

OF IRRADIATED RA TS  

Mg. /kg .  o f  E thyl � (� -chloroe thylam ine) Liver Spleen Thym us 

( 'p.g . c i tric acid/g. fresh tissue) 

Control 64 1 4Z5  1 045  

Z . 5 7Z9 744 7 1 0  

95  

POTTER:  May I ask a ques tion abou t  the mechanics of  an experiment 
l ike that ? When you do tha t ,  obviously you do no t take all the ra ts a t  once anp 
injec t them . 

DUBOIS: We usually injec ted one dose and killed groups of 4 animals 
each day . All animals were not necessarily injec ted at one time .  

POTTER:  But  on  any given day would you give them a l l  the same dose ? 

DUBOIS: Yes . 

POTTER:  You would tend to give them one dose and then the next  day 
give them the next dose ? 

DUBOIS: Yes . 

POTTER:  No, I j us t mean in the s tatis tical operation of the experi
ment would you random ize your dosage in each case or not ?  

DUBOIS: No .  However ,  the doses given on  successive days were no t 
always the next highest  doses used in the study . The dose was ei ther raised or 
decreased on s uccessive days depending on the outcom e of the previous experi
ment. The doses ac tually were randomized in this respec t bu t  this was no t done 
purposely . 

SHERMAN: Did you run controls each day ? 

DUBOIS: Not each day . There was no reason to do so, because they 
were always the s am e .  Controls were run a t  in tervals ,  say , of Z weeks . I 
don ' t think I got the point of Dr .  Pot ter ' s  ques tion . 

POTTER: I am j us t  raising the ques tion of how m any days the ra ts in 
the bottom row had been on a given die t in comparison with the rats in the top 
row . 

DUBOIS: They were all  on the same die t  for the same period of tim e 
throughou t  the s tudy . All anim als weighed c lose to ZZ5  g .  and were the same age . 
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One m ight expec t tha t many of  the biochemical effec ts of  ni trogen m u s tard wo uld 
resem ble those of X-rays, and for some types of experim ents , the nitrogen 
m us tard might be more useful than X-rays. 

KAPLAN: In tha t connec tion, I do not know how your doses compare 
with the suble thal but  toxic doses of mustard tha t we have used in mice . In o ur 
experim ents , they produced essentially no decrease in thym ic weight .  Compar
able doses of whole-body X radiation, in terms of lethali ty , cause a dec rease in  
thym ic weight to  perhaps 15  or ZO percent of  normal. So tha t this apparently 
" radjom ime tic" s ubstance is not always radiom im e ti c .  It is inte res ting that i t  
should produce a similar biochemical effe c t  i n  the thym us of rats . I t  would be 
interes ting to check to see whether the ra t 's  thym us is equally sensitive to the 
drug in terms of weigh t  response . 

DUBOIS: That is a point worthy of mention. Lethal doses of the nitro 
gen m us tard produced effects equ ivalent to , or resembling, those obtained by 
ZOO r X radiation. 

BENNETT: I should like to ask -- I s uppose there are technical rea 
sons - - why the spleen and thym us are s tudied and only seldom the bone m a rrow ? 

DUBOIS: The spleen and thym us are used as examples of radiosens i
tive tissues .  In m any types of  experim ents the amount of tissue required is a 
fac tor  tha t  lim i ts the choice when animals such as the rat or the mouse are 
u sed. 

Now to proceed with our main disc ussion . The data in Table 1 show 
tha t carbohydrate m e tabolism in the liver is not interrupted by doses of ni trogen 
m us ta rd tha t will produce a marked increase in ci trate synthesis.  The oxida tion 
of pyruvate and fumara te by liver homogenates prepared from ra ts given I m g .  
per kg. ( a  lethal dose) of m e thyl -his (�-chloroe thyl) am ine takes place at  a nor
mal rate . Nor is the oxidation of aceta te or pyruva te or the forma tion of ac e to
acetate affec ted . The absence of effec ts on these reac tions resem bles the lac k 
of effec ts following doses of whole-body X irradiation on tissue respira tion . By 
m easurem ents of specific enzym e concentrations , it is quite well es tablished 
that the a c tivity of cytochrom e oxidase,  succinic dehydrogenase, and of m alic 
dehydrogenase is not inhibited or increased by lethal doses of radiation in most  
tis s ue s ,  including spleen and thym u s .  There have been reports of  the a c ti vity of 

eo succinic dehydrogenase being decreased in 

- DAYS AFTER X-RAY 
Figure 3 .  Adenosine triphosphatase ac
tivity of the spleens of rats a t  intervals 
after various exposures to total-body X 
radiations . (This chart appeared in the 
paper by K.P .DuBois and D. F .Petersen, 
American Journ. of Physio. 1 76 , 282- 286 
1 954) . 

the spleen after irradia tion, bu t  this amount
ed to a decrease of only about  ZS percent 
afte r  as m uch as  800 r. A grea t deal of fur
ther work has to be done , especially on tis
sues which are sensi tive to radiation, in 
which sys tem atic inves tigations of the en
zyme sys tems are condu c ted . 

One of the groups of enzymes which 
does show a change when specific assays are 
used is adenosine triphosphatase (8} .  The 
data in Figure 3 show the results of adeno
sine triphospha tase assays on spleens of ir
radia ted ra ts . Twenty-five r produces a re
sponse and 50 ,  1 0 0 ,  ZOO and 400 r produce  
fur ther increases in enzyme ac tivi ty . The 
m axim um was abo u t  Z. 5 to 3 tim es the nor
mal ac tivi ty in this tissue . This is not an in-
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hibi tion but an inc rease in the rate of  hydrolysis of  ATP. After these exposures , 
which  are suble thal , the effec t is reversible .  You will note tha t at  14  days , the 
ac tivi ty is again approaching the norm al level wi th the higher doses and is back 
to normal with the lowest .  This represents a change that  is detec tible at  abo u t  
1 /Z O  of the X-ray LD50 for this species.  

JONES: When was the firs t observation? 

DUBOIS : At three hours after X- ray exposure. 

CARTER: This is done on a homogenate of spleen ? 

DUBOIS: Yes . 

CARTER: Are the nuclei intac t or disrupted? 

DUBOIS :  Disrupted . The maxim um increase in  ac tivity of  this enzym e 
occ urs after 400 r .  After 600 o r  800 r there is no further increase in enzym e 
ac tivi ty . The only difference when a lethal dose is given is tha t there is no re
versa l  of the effe c t  during the survival tim e .  

This change i n  not restric ted to the spleen. It also occ urs in the thy 
m us (F igure 4) . In the thym us ,  the dose required to produce an equivalent 

�YS AFTER X·RAY 

Figure 4 .  Adenosine triphosphatase ac
tivity of the thym us glands of rata a t  inter
vals after various exposure to radiaUon. 
(This chart appeared in the paper by K. P .  
DuBois and D. F. Petersen, American 
Journ. of Physio. 1 76 ,  Z8Z- Z86, 1 9�4) . 

amount of increase in terms of percentage 
is som ewhat higher than in spleen. A very 
small effe c t  is observed at 50 r, a little  
greater effe c t  at  100 ,  and a pronounced in
c rease at ZOO and 400 r .  

I t  may be of interest to no te that 
there is no increase in enzym e ac tivi ty in 
the thym us after 20 , 000 r ,  although a c tivity 
does inc rease in the spleen . Nor is there 
any dec rease in thym us weigh t  24 hou rs 
after 20 , 000 r .  There i s  a case in which 
the response to high dosage is s trikingly 
different from that a t  low dosage , which 
calls to mind the previous comm ent along 
these lines .  In o ther words , if the initial 
test had been done using 20, 000 r ,  we would 
have concluded tha t the ATP-ase a c ti vi ty is 
not changed in this tiss ue,  whereas at the 
lower dose there is a marked increase .  

CARTER: Do you have any data tha t would indicate that the subs tra te 
for this reac tion exis ted a t  higher or lower levels than normal?  Does this ex
pression of enzymatic ac tivi ty have som e counterpart  in the concentration of the 
substr a te ?  

DUBOIS: No, not on the basis of the in vi tro system in which ATP was 
added in excess . 

CA RTER: Or in the cell ? 

DUBOIS: In the cell  the ATP concentration after 400 r of X- ray is re· 
duced to l of norm al.  
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MAZ IA: In the case of the phosphatase group of enzymes ,  an inc rease 
in activity could very well indicate a degenerative change . When you are p urify
ing alkaline phosphatase from horse kidney , a standard opera ting procedure is 
to perm it  the tissue to autolyz e .  Before a u tolysis , you find m uch less ac tivity.  
A c tivi ty increases as the tissue rots . There are some cases where phospha tase 
ac tivity is inc reased by digesting the tissue wi th trypsin. 

DUBOIS: This increase ,  which you are mentioning, concerns glyce ro
phospha tase ac ti vi ty . In the case of A TP-ase, degenera ting spleens which have 
been l igated in si tu  or removed and kept a t  3 80C ,  show no increase but  rather 
a marked dec rease in ac tivi ty . There are se veral o ther points tha t should be 
m entioned. One is tha t as the dosage of X- rays is inc reased above 400 r ,  the 
ac tivity pe r mg.  of tissue remains at the sam e level as after 400 r .  

Frac tionation of the spleen done by Maxwell and Ashwell (9) indicate d  
tha t 5 0  percent of the ATP-ase ac tivi ty i s  confined to the mic rosom es and the 
res t is dis tribu ted throughout  the other frac tions , with the s u pe rna tant  general
ly having only a very sm all fraction of the act ivity .  But  if one does a c rude frac 
tionation of the whole organ and separa tes it into pulp and connec tive tissue ,  there 
is an inc rease in both of the frac tions . The total inc rease in the organ canno t be 
accounted for in this case by deple tion of the popula tion of any one type of c e l l .  
Ac tivity in the connec ti ve tissue frac tion inc reases just as well as in the rem aining 
portion. The rela tive amount of connec tive tissue rem a ining in the fram ework 
s tructure does not account for the rise in the total organ. 

MAZIA: My poin t was tha t this sort of resu l t  might not indica te e n 
zym e  form a tion a t  a l l ,  bu t  libera tion of activity by changes tha t one could con
sider degenera tive . 

DUBOIS: If  this were enzym e synthesis ,  i t  would represent a 3 - fold 
inc rease.  

SPIEGELMAN: You can get  m uch more than a 3 -fold inc rease in en
zym e  synthesis . You can ge t a 1 000 -fold inc rease . The point is to decide 
whethe r this is synthesis or if i t  isn ' t, and this can be done , perhaps by use vf 
sui table analogues . 

MAZIA: There is another way in which you can do i t .  Working wi th 
the mammal,  C . H .  Li has observed that  hypophysectomy will prevent the forma
tion of tryptophane oxidase .  One might ge t a t  the ques tion of  synthesis of  new 
enzyme protein by such a procedure . 

CARTER:  Do you mean adaptive enzym e formation ? 

MAZIA :  Yes . 

DUBOIS:  This inc rease is not due to the presence of an enzym e a c ti
vator in the spleen or a t  leas t to an excess of  ac tiva tor ,  because the ac tivi ties 
of spleen homogena tes from irradia ted and norm al animals are com ple tely addi
tive . The possibil i ty of  inc reased enzym e  synthesis is wor thy of  s tudy but  wi th 
due considera tion to the fac t that we are deal ing wi th mammalian tissues whe re 
enzym e syn theses to the extent of  1 000 -fold increases are not often observed.  

CA RTE R: Would you consider tha t this m ight be analagous to the situa
tion that  Dr.  Potter and o thers have desc ribed in the liberation of latent  ATP-ase  
from the m i tochondrial sys tern ? 

Copyright © National Academy of Sciences. All rights reserved.

Basic Mechanisms in Radiobiology:  III. Biochemical Aspects
http://www.nap.edu/catalog.php?record_id=18879

http://www.nap.edu/catalog.php?record_id=18879


DUBOIS: No,  the charac teris tics of the enzym e spli tting A TP in 
spleen seem to be different from those of liver. For one thing, the ac tiva tion 
c u rves wi th calcium and m agnesium are identical .  If we replace calcium wi th 
m anganese the ac tivi ty is m uch lower.  

99 

Analysis of the residue after incuba tion shows that the A TP is convert
ed m a inly to ADP. The phosphorus l ibera ted has come from the single reac tion 
consis ting of the conversion of A TP to ADP. There is no appreciable kinase 
present  and as a resu l t ,  very litt le adenylic acid is formed. The sum of the 
residual ATP, ADP and adenylic acid accounts for the original amount of sub
s tr a te . 

POTTE R :  I don ' t  think you have latent A TP-ase in the spleen. If you 
cons ider that this effec t is not due to a changing cell popula tion, then yo u have 
to s ta r t  considering an increased amount of enzym e .  

DUBOIS : We d o  no t believe that  this is  entirely explainable o n  the bas is of 
cell  popula tion but  we s till need to do addi tional experiments on that  aspec t of 
the problem . This effec t does no t occ ur in liver, brain, heart,  kidney or other · 
radioresis tant tis s ues regardless of the X-ray dose . 

A point of in teres t is tha t the ra te of hydrolysis of ADP by homogenates 
of irradiated spleen is no t increased to nearly the sam e  extent as the hydrolysis 
of A TP .  

CHA RGAFF: You have based i t  all o n  the amount o f  tissue .  I f  you did 
it on the nuclear count or the DNA would i t  look the sam e ?  Did you ge t the same 
type of increase if you took another base line ? 

DUBOIS : I t  has been done on the basis of nitrogen and the increase is 
s till ob tained. That  was done by A shwell and Hickman ( 1 0) .  I t  has not been 
done in term s of DNA . 

KA PLA N :  This is a very pertinent ques tion because Leonard Cole 
has recently shown tha t if you compare splenic weight reduc tion on a m g. bas is 
with the reduc tion in DNA content of the whole spleen following radia tion, the re 
is a far grea ter decrease in DNA content than one can account for by change in 
weight .  In  o ther words ,  the number of  nuclei left are  far fewer than the weight 
change would lead you to believe because the most  radiosensi tive cel.ls are the 
smalles t  cells .  There are a lot  fewer nuclei and fewer cells in those spleens l ,  
3 and 5 days after irradia tion than there were before . 

SPIEGELMAN: If this is true , the other enzym es sho uld go up.  I t  
does no t seem likely tha t this type of  explanation is going to be  the answer.  

KA PLA N: No,  but  this is s till a better way of expressing i t .  

SPIEGELMA N :  Yes , I will agree with yo u ,  b u t  I think tha t probably 
you will no t iron ou t  this difference if he does not see it wi th o ther enzymes . 

DUBOIS: And we don ' t  with the enzym es that  have been s tudied. To 
proceed wi th the discus sion, the ques tion o f  the infl uence of radia tion on oxida
tive phosphoryla tion by the spleen should, perhaps , be mentioned . Al though 
there is a decrease in phosphoryla tion by spleen homogenates and prepara tions 
of spleen tiss ue ,  I think the increase in adenos ine triphosphatase ac tivi ty is a 
com plica ting fac tor and tha t we should now re -examine the phosphoryla tion 
picture . One reason for this is tha t in the phosphorylation se tup tha t is ordinari-
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1y used , fl uoride is added to inhibi t the ATP- ase ac tivi ty .  Addi tion of the quan
ti ty o f  fluoride oridinarily used will decrease enzyme ac tivity by about  SO  per 
cent in both normal and irradia ted spleen . However ,  even in the presenc e  of 
fluoride , the ATP- ase ac tivi ty of a phosphoryla tion sys tem is abou t  twice as 
high in irradia ted as in normal spleen .  Therefore , i t  m ight appear tha t oxida 
tive phosphorylation was inhibi ted when ac tua lly there might  only be increased 
hydrolysis of  the phospha te es ters formed . 

The breakdown of 5 -adenylic ac id is also reversibly increased in the 
spleens of irradia ted animals a t  doses tha t are below le tha l ;  after 800  r ,  the re 
is an irreversible increase in the 5 -nucleotidase ac tivi ty of spleen and thym us . 
The charac teris tics of this effec t wi th regard to tim e of onset ,  magni tude , and 
dura tion are very similar to those tha t I have just described for ATP. The 
breakdown of adenylic acid due to inc reased nucleotidase ac tivi ty occurs in the 
spleen and thym us but  not in mos t other tissues of irradia ted anim als . 

The adminis tra tion of protec tive agents will decrease the amount  of en
zyme change il) tissues of irradia ted animals . Para-am inopropiophenone (PAPP) 
a m e themoglobin-forming a gent,  shown by S torer and Coon ( 1 1 )  to protec t  ani 
m als agains t le thal doses o f  radia tion, partially prevents radia tion-induced in 
c reases i n  nucleotidase and adenosine triphosphate ac tivity . For exam ple , when 
400 r was given to PAPP- treated ra ts , only a very sm all increase in the abil i ty 
of spleen to spli t adenylic acid was noticed . 

Even though we s till  have a great  deal to do in connec tion wi th de termi
na tion of the exac t reason for the increase in  enzyme ac tivi ty , this biochem ical  
change can be used for s tudying the ac tion of agents which are known to prote c t  
agains t radia tion le thal i ty .  PAPP does prevent this biochem ical change from 
occurring . This does no t m ean tha t  the abili ty of PAPP to prevent  mor tal i ty is 
due to i ts protec tion agains t the phosphatase increase bu t, it does illus tra te a 
m ethod of de tec ting whe ther a chemical agent is pro tec ting agains t radia tion
induced damage to the spleen . 

KAMEN: Is there any theory as to how this agent opera tes ? 

DUBOIS: Probably by i ts abili ty to produce tissue anoxia , because  of 
m e themoglobinem ia . 

KAMEN: Wha t concentrations are used ? 

DUBOIS: Thirty mg .  per kg . 

POTTER:  Inc identally , is i t  ineffec tive i f  you give i t  30  m inu tes 
afterwards ? 

DUBOIS: Yes . 

PATT: Does para -am inopropiophenone have any ac tion on isola ted 
tissue or on o ther in vitro sys terns ? 

tive ? 

DUBOIS: No, insofar as  is known. 

KAMEN: How long do you have to wai t  before i t  s tops be ing protec -

DUBOIS: The radia tion should be adm inis tered within Z hours a t  leas t 
after  the drug is given .  
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PATT: I think the prevailing evidence indicates that the PAPP prob
ably works through an anoxic type of effec t .  

SPIEGELMAN: C an you get the sam e  effec t by choking the animal ? 

PATT: I am sure tha t  you could . Some years ago ,  Ti tus Evans 
s trapped the ches ts of young rats to mechanically retard brea thing and he ob
s e rved certain protec tive effec ts .  As I recall S torer and Coons ' original work, 
the m aximal  m e themoglobinemia occured a t  abou t  30 to 45  minu tes after injec 
tion;  ye t apparently the m axim al protec tive effec t  occ urred when the m a terial 
was inj ec ted imm edia tely before irradiation . This is the only fac t I am aware 
of  tha t does not qu i te jibe with a resolu tion in term s of anoxia , al though I think 
tha t i t  is  due to anoxia . 

DUBOIS : Since their animals were irradiated for a period of approxi
m a te ly ZO m inutes , i t  is possible the effec tive me themoglobinemia was achieved 
du ring the m iddle of the radia tion period . 

BENNETT: This would affec t the LD50 by a fac tor of only 50 percent .  
I t  is no t a major effect ,  though . 

DUBOIS: The effec t of this prophylac tic agent on ATP-ase was to re
duce  the amount of rise in enzyme ac tivi ty after 800 r to a level tha t would have 
been s een after ZOO to 400 r in the unprotec ted anima l .  

As  a prac tical use o f  this particular finding, one can  employ this rela
tively s imple assay sys tem to sc reen po tential prophylac tic or therapeu tic 
a gents . 

KAPLAN: Is this ac tually cheaper than weighing the tissues or  getting 
his tological sec tions ? 

DUBOIS:  No , i t  would not be advantageous if one could ge t res ul ts 
with a few animals by weighing the organs , or if the difference be tween 400 and 
600 r a t  Z4 hours could be detec ted by organ weights . However ,  we do not feel 
tha t organ weights are tha t reliable ,  and a larger number of animals are needed . 
Therefore,  enzym e assay has been a fas ter m e thod and more reliable with fewer 
animals , at leas t in our experience .  

Mercaptoethylamine and cys teine also pro tec t against  the increase in 
nucleo tidase ac tivi ty of the spleen after 400 r .  Nearly equal pro tec tive effec ts 
were obtained with mercap toe thylam ine at the maxim um tolera ted dose which is 
1 7 5 m g . per kg . and wi th cys teine a t  1 000 m g . per kg . given I . P . I think this 
agrees wi th Dr . Pa t t ' s  mortality findings wi th these agents . Again we ,have here 
a demons tra tion of two agents tha t will protec t  agains t a biochem ical change in
duced in the spleen by radia tion and will  also protec t  agains t radia tion mortal i ty .  

In connec tion with the problem of the biochem ical mechanism of radia
tion dam age ,  I have mentioned some of  the experim ents tha t have been done to 
point ou t  progress tha t  has been m ade and areas tha t  need s tudy . I think i t  has 
probably becom e apparent tha t ionizing radia tions do no t produce widespread in
hibi tion of enzym e reac tions in living anim als and tha t  a great m any of the im 
portant reac tions in intermediary m e tabolism go unharmed after rela tively large 
doses of radia tion . Furthermore ,  the larger effec ts tha t  have been obtained are 
no ted only in the so-called radiosensi tive tissues and even there , a great deal of 
work is needed , as several discussants have pointed out ,  to show defini tely 
whe ther these are primary effec ts in the sense tha t  they a re radia tion- induced 
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changes in the enzyme i tself, secondary to some o ther change wi thin the radio
sensi tive tissue or the resul t  of injury to som e other tissue .  

I think tha t  i t  i s  necessary to con tinue a sys tematic inves tigation of  var
ious  enzyme sys tems so tha t we can perhaps eventually arrive a t  a defini tion of  
radia tion damage in terms of  certain biochemical  pa thways . 

C URTIS: I ga ther you feel tha t  there is a certain am ount of hope tha t 
biochemis try will eventually find one key enzym e tha t is h i t  by radia tion . Or ,  do 
you feel  tha t this approach has been pre tty well worked over and i t  is tim e to try 
o ther approaches such as the prec ursors of the enzymes or DNA or som ething of 
tha t sort .  

DUBOIS: I feel tha t both approaches should be purs ued with equal vigo r. 
I don ' t  think tha t  the DNA aspec t should be s tudied to the exclusion of the one 
under discussion . I feel tha t  the enzym e changes precede the cellular change s ,  
b u t  a t  the present tim e ,  we are not far enougu along to say that there i s  any con
clusive evidence in  support of this opinion . 

CARTER:  Does not your work ac tually tend to show tha t i t  is not the 
enzym e bu t  the tiss ue tha t  is specifically sensi tive ? Tha t i s ,  l iver certainly has 
5 -nucleotidase ,  heart  has and spleen has , bu t the spleen manifes ts i ts sensi tivi ty 
to radiation by increasing the apparent ac tivi ty of this enzym e .  

DUBOIS: Yes , the work certainly shows the difference i n  tissue sus 
c eptibil i ty .  A l though enzym es wi th sim ilar ca talytic properties exis t in the re 
s i s tant tissues they may differ markedly in their susceptibil i ty to poisons . Na t
urally occurring protec tive s ubs tances ,  differences in  requirem ents for ac tiva
tors ,  and even differences in their chemical cons ti tu tion cause enzymes in  vari
ous tissues to respond differently to toxic agents . Thus , concluding tha t  proteins 
which ca talyze a particular reac tion in all tissues should be affec ted sim ilarly by 
a toxic m a terial is no t necessarily a valid conclus ion.  

PATT: I qui te agree wi th Dr. Carter and have very l i t tle to add exc ep t 
to re-emphasize tha t even if one can rela te a change in a par tic ular enzym e to 
s ubsequent changes in the cell popula tion , this m ay s ti l l  be a ra the r indirec t 
m anifestation of the initial biochem ical injury . In o ther words , this enzym e need 
no t necessarily represent the imm edia te locus of radia tion ac tion . 

SPIEGELMAN: In wha t cases can you rela te any changes to the killing 
of cells ? 

PATT: Massive X i rradia tion, e .  g . , 50 , 000 r ,  can em barrass respi 
ra tion of liver and kidney or of avian red cells in vi tro, pres um ably because a 
certain number of cells have been killed . 

SPIEGELMAN: Tha t is m any times the le thal dose . 

PATT: Yes , in term s of the whole anima l .  In general ,  i t  takes a 
rather large exposure to em barrass respira tion . 

BARRON: But DuBois has shown tha t  he can inhibi t  the respiration of 
the spleen . 

SPIEGELMA N: I t  seem s to me tha t  this does no t mean tha t the radia
tion did anything to the enzym e because he  looked a t  them a long tim e afterward. 
It  m us t  be a secondary response to som e o ther event .  
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BARRON: No,  because we did the same  experim ent during the war and 
found respira tion inhibi ted 4 hours afterwards . 

SPIEGELMAN: It isn ' t  l ike a needle where you s tick it in and pull i t  
o u t .  Tha t is  my point . 

BARRON: I think i t  is . 

PATT: How do you interpret Al tman ' s  findings of an increase in respi
ra tion of rat marrow homogena tes imm ediately after irradia tion . 

BARRON: We found the same thing . 

In single cell irradia tions , whe the r there is an inc rease or a decrease 
depends on whe ther the a c tion is on the gl u ta thione content of the cell , which 
serves to inhibi t  respira tion, or on the cellula r enzym es . We showed wi th 
both sea  urchin egg and sea urchin sperm tha t  a small dose of X- rays could in
crease  respira tion . With fertilized sea urchin eggs , I think we could ge t an in
crease wi th 1 00 r ;  wi th unfertilized eggs ZOO r were required ; and with sperm 
1 00 r .  

PATT: I a m  referring now to m amm alian tissue . I think that  Al tm an 
found tha t  there was firs t  an immedia te increase in respira tion and then a de
c rease on the next day after an expos ure to several hundred roentgens . I offered 
A l tm an ' s  work only in response to the inference tha t  the decrease in respiration 
at 4 hours would probably also be observed immedia tely after exposure . 

spleen . 

marrow . 

BARRON: Tha t was no t on spleen .  

PATT: No, i t  was marrow which should probably reac t s im ilarly to 

BARRON: No,  because  we were unable to find any inhibi tion with 

MAZIA: This is  an important ques tion . Som eone ought to set up the 
experim ent in such a way that  the bone m arrow respira tion could be measured 
imm ediately or even during the irradia tion . 

CARTER :  We  did this with bone m arrow a t  one tim e and found tha t  im 
media tely following large amounts of irradia tion there is no change in the respi
ration of bone marrow .  Tha t  is , j us t  immedia tely afterwards . 

BARRON: We found the same thing .  We found inhibi tion in bac teria 
imm ediately after irradia tion wi th exposures as low as 500 r. This was done by 
irradia ting the bac teria in the ir own cu l ture m edium . 

POTTER:  It seem s to me tha t  the experim ents on enzym es and c arbo
hydra te metabol ism wil l ,  in the end ,  be found to be in tim a tely rela ted to nucleic 
acid synthesis , and i t  is to our advantage to try to bring these toge ther and to try 
to find a common denom ina tor .  For ins tance , in the case of the fl uoroaceta te 
phenom enon, I think this is the res u l t  of whe ther the tissue can s ti l l  ac tiva te ace 
ta te . We are carrying ou t  s tudies that sugges t  tha t whe ther you can activa te ace 
ta te i s  a sort o f  barome ter o f  the ATP-ADP ra tio . This is some thing tha t you 
cannot  ge t a t  experim entally by any direc t measurement bec ause of i ts highly dy 
nam ic na ture , bu t  by indirec t experim ents , we have a number of indica tions that 
the capac i ty to ac tiva te aceta te is a barom e ter of tha t  ra tio . So tha t  I think tha t  
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wha t goes on in these tissues may eventual_ly eome  back to som e of these  c om 
mon denomina tors between nucleotide m etabolism and nucleic acid synthes is . 

Regarding Dr.  Pa t t 's  and Dr .  C arter ' s  comments , I should like to s ay ,  
that  this m ay be a m a tter of  tissue dam age and that I think the same enzyme c an 
be knocked ou t by X irradia tion in all of the tiss ues . The reason you have sen
s i tive tissues is simply because those tissues contain less of  the enzyme tha t  is  
hi t  by the radiation and tha t the effec t that  Dr . DuBois sees is the reflec tion of 
the knockou t of tha t enzyme present in such small amounts . 

We have examples in our own experience where the enzymes in the 
various tissues can be shown to be suscep tible to highly specific agents , and 
when you hi t the whole animal  wi th these agents , som e tissues are not affec ted 
a t  all .  They are the ones that ha ve large amounts . 

PATT: Is there any way of increasing the concen tra tion of these en
zymes other than wi th irradia tion ? It should be possible then to tes t  this hypoth
esis by irradiating a t  a tim e when the levels are already increased . 

POTTER:  While this disc ussion is on protec tion agains t X irradiation, 
I should like to ask what you can add tha t potentia tes irradia tion . 

PATT: High oxygen tensions may enhance effec ts on tissues tha t  are 
ordinarily som ewha t  anoxic but  oxygen will  no t effec t enhancement general ly . 

PLA TZMAN: Has pure oxygen ever been tried ? 

PATT: Pure oxygen does not a l ter the sensi tivi ty of animals as j udged 
by lethal effec ts . Re turning to Dr.  Po tter ' s  ques tion, certain agents , e .  g . , 
ni trogen m us tards , can synergize wi"th X- rays but  the effec ts are complex . One 
can potentia te or enhance the killing of animals by imposing a varie ty of s tresses 
or traum as but I think these may be very far removed from the sort of reac tions 
tha t  we are thinking abou t  here . 

TOBIAS: Hypophysec tomy prevents formation of som e  enzym es , and 
it is  known that m any hypophysec tom ized animals are more radiosensitive also.  
Should one use hypophysec tom ized anim als to s tudy enzyme ac tivity ? 

KAPLAN: We have da ta tha t  indica tes that  hypophysec tomized animals 
are no t appreciably more radiosens i tive, a t  leas t in term s of lymphoid tissue 
response . I think you have to adm i t  tha t  a num ber of these animals are so m ark
edly s tarved to s tart wi th tha t  the increment tha t one gains after irradia tion is a 
ra ther meaningless increase in mortality tha t you would get if you half-killed 
them wi th any other agent.  

PATT: We s tudied hypophysec tomized rats some years ago and also 
observed an increased sens i tivi ty to l e thal ac tion but  not to a trophy of lym phoid 
tissue . 

KAPLAN: I have been thinking abou t  trying to find some experim ental 
way to ge t around this problem of cellular selec tion in a radiosensi tive tiss ue 
wi th respec t to biochem ical de term ina tion a t  som e interval following irradiation . 
You really have several possibili ties .  When you irradia te a radiosensitive tis
sue , a lo t of cells die .  The firs t ques tion is to what  ex tent are the biochem ical 
changes that  you see ,  a reflec tion of al terations in the cells tha t  die ? The sec 
ond ques tion is tha t  there are cells tha t are left behind . You really don ' t  have 
any way of knowing whether their ini tial biochem is try is the sam e  as tha t  of the 
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cells tha t die or not .  Finally , you have the problem of es tim ating whe ther the 
death of som e of the cells does not do som ething to alter the me tabolism of the 
cells tha t  s tay behind . 

Any susceptible tiss ue is going to have cell death after irradia tion , and 
unless you s tudy radiosensi tive tumors and radioresis tant tumors , and a spec 
trum of tumors in between, where you can ge t a high degree of cell hom ogeneity ,  
I s e e  n o  way to ge t around this problem . Even there I am no t sure tha t you can. 

SPIEGELMAN: If you have very sensi tive assay procedures for the 
biochemical changes you are following, one way of deciding such a ques tion is to 
compare the answer you ge t from m any small samples wi th a lumped sample . If 
there is he terogenei ty ,  it will show up very quickly . 

KAPLAN: I don ' t  think the small sam ples would work . These various 
kinds of cells are all interwoven in the same tissue . There are som e  geographic 
rela tionships , wi th cortex and m edulla in the thym us , and whi te and red pulp in 
the spleen. But there is ac tually no proof, even wi thin the whi te pulp, where 
the re are large lym phocytes and small lymphocy tes and s tem cells , tha t the m e- ·  
tabolism of each of these classes of cells is the same wi th respec t to the things 
tha t are being m easured . So tha t  in any tiny area of these organs , you are deal
ing wi th different classes of cells . The problem in highly radiosensi tive tissues , 
if you give a dose sufficiPnt to get a measurable effect ,  is tha t  some classes of 
cells are s im ply not present in the early pos t- irradia tion period . They are no 
longer there to be sampled . 

POTTER:  Would 1 5  m inutes be  soon enough ? 

KAPLAN: There,  of course ,  you are dealing with s till another kind of 
problem beca use som e of the cells are in the process of dying. What you are 
really asking is , wha t  is the biochem ical change that  charac terizes the cells tha t  
have been hurt ? Wel l ,  som e o f  them have been h u r t  and are dying and others 
apparently have not been hurt and m ay even have been s tim ula ted to heightened 
ac tivi ty because  of injury to the other cells present in the tissue . 

BENNETT: Do you feel tha t  this difference in behavior depends on 
their  condi tion with regard to when they are going to undergo m i tosis or anything 
as general as that ?  

KAPLAN: I t  apparently has nothing to do with i t  as far as lym phocy tes 
are concerned . 

POTTER:  We canno t rule ou t these cells tha t are dying. I mean, i t  is 
all righ t to talk abou t a change in composi tion,  but  presumably if we produce a 
biochemical reac tion which has some thing to do with their dying, then i t  is legi t
ima te to look for that effec t beca use tha t  is part of the dying. 

KAPLAN:  Yes , but you don ' t  have any way of separating out  the 
changes tha t  exist  in the cells that are dying from the changes or lack of change 
in the population that  is not going to die . 

SPIEGELMAN: There is one technique tha t we have em ployed that m ay 
or m ay not be applicable to this case .  For exam ple , we wanted to ascertain 
whether during induced formation of enzymes all the cells of the popula tion are 
making enzymes uniformly or whe ther som e  are m aking a lo t of enzymes fast ,  
and others very s lowly . 
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The technique depended on the fact  tha t  when a cell has i ts full enzyme 
content, it never expresses more than about  5 percent or it . . . .  tha t is ,  if you 
assay the intac t cell you get 1 /ZOth or what  you obtain on assay or a cell lysate .  
Now l e t  us consider, say 1 00 cells that are being induced to form enzymes . 
S uppose tha t  the enzyme-forming capacity is discontinuously dis tribu ted through
out the population, so that ,  for exam ple, 10 cells make enzym es extrem ely rap
idly in the first 1 0  m inutes and another 1 0  cells begin making enzym e in the next 
1 0  minutes,  and so on. If you exam ine the ratio or activity or the lysed cells to 
the intac t-cell in the early course or the induc tion, you should find the expec ted 
ZO-fold increase . rr on the o ther hand , all the cells are ac ting alike and form 
ing enzym e uniformly , the ratio will s tart out  as 1 : 1  and then gradually climb to 
the ZO : l  charac teristic or full enzym e content .  The resul ts obtained agreed with 
the last sta tement .  

Thus , if  you could find a biochemical ac tivity easily assayed that be
haved cryptically in this fashion, and that was lost  as a resul t  or irradia tion, you 
m igh t be able to determ ine whether the loss is uniform ly occ urring among all  
the cells or your popula tion or is discontinuously dis tribu ted. 

DUBOIS: Going back to Dr. Potter s point,  I too feel, tha t all of these 
things m ay have a common denom inator because the changes that I have dis 
c ussed ,  and probably a num ber or others , are sim ilar insofar as their onse t, 
duration, etc . , a re conc erned. If we consider changes occ urring in the spleen 
after 400 r, i . e . , the inhibition or ci tric acid synthesis, the increase in pho s 
pha tases, and the decrease i n  ATP, they all follow th e  sam e  pa ttern. The de
crease in endogenous respira tion does also . I have purposely avoided talking 
abou t nucleotides because or Dr. C arter 's  disc ussion tomorrow, bu t the re a re 
som e interes ting relationships between nuc leotide changes and those tha t I have 
reported. 

KAPLAN: Hydrocortisone is a very powerful lympholytic agent, par
ticularly on the thym us. It will wipe out the lymphocytic population or the thy
m us just as effec tively as  a good-sized dose or X-rays . 

One way in which one m igh t get at this question, I think, is to see 
whether there is an increased ac tivity or som e or these enzymes in the cell popu
la tion left after treatm ent wi th hydrocortisone where radiation is eliminated as a 
fac tor . If such an increase occ urs, then I think i t  would be fair to say tha t  the 
cells that are not des troyed by these two agents have as their inherent level o r  
activity one that i s  appreciably higher than that  o r  the popula tion before the lym
phocytes are taken out or i t .  Perhaps a com parative experim ent with hydrocort
isone might be a useful way to approach this .  

JONES: I should like to ask this question for informa tion. I t  s eems to 
m e  tha t  with most or the s ubstra tes used by Dr .  DuBois there was some depres
sion of respiration. Two interpreta tions of this could be possible:  ( 1 )  Tha t this 
would then reflec t a possible change in enzyma tic functional rese rve tha t was far 
greater than the shirt in the steady s tate concentration or the cells tes ted has re
vealed , just  as Dr.  Spiegelman s ugges ted a moment ago and (Z) Shouldn ' t  we ex
plore the m a tter or total cell damage as being a summa tion or m any little  frag
m ents or change ? 

DUBOIS: In this case, a very small depression could be a reflec tion  of 
a change in one enzyme sys tem because the whole cycle is opera ting in the oxida
tions described. The dose used was very high ,  and we have other data with lower 
doses that show no effect.  Wi th exposures lower than the LD50 range and wi th 
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C U RTIS: To ge t back  to the second par t  of your ques tion , if I under
s tood i t ,  i t  was that a 5 or 10  percent change in all the enzym es m ig�t som ehow 
add up to the le thal effec t .  

JONES: Yes ,  I also anticipa te a differenc e from cell to  cell . There 
m ay ·be great individual differences in the enzym e content of each cell  and par ts 
of cel ls  for any par ticular type of enzymes;  on a random basis , some should go 
up and some  should go down, but  in this case you have shown us tha t  every en
zym e  is somewha t depressed .  Could this in i tself describe a to tal change tha t 
may be of grea ter consequence to cell func tion than the apparen t  average 5 to 1 0  
percen t depression of all the effec ts ? 

C URTIS :  Do you  think tha t this  is  the c ase ? 

JONES : No , I j us t  brough t  up the ques tion . Wha t do o thers here think 
abo u t  i t  as  a poss ibil i ty ?  

BENNf.TT: This i s  being inves tiga ted by Miss H ughes in our labora to
ry . Ace ta te-C 4 is given to anim als tha t have been irradia ted , and the ra te of 
exc re tion of C 1 4o2 is de termined . The experim ents have really jus t been ini ti 
a ted , bu t the ra te appears to  be c losely comparable to  tha t  of  the normal  anim al .  

If irradia tion i s  affec ting the Krebs cycle and all the ra tes were de
creased to 90 percent of normal , one m ight expec t that  excre tion of COz would 
be down to som e thing like a quar ter of norma l .  This does not appear to be the 
case in the whole animal . Bu t  there are l im i ta tions . One m igh t not be observ
ing the me tabolism a t  the cr i tical time ,  e tc .  

C URTIS: I think we m igh t come back to a point tha t Dr .  Pollard 
brough t  up this  morning . Tha t  is , tha t  very few molec ules are dis rupted by a 
le thal dose of radia tion . In tha t  case ,  we were talking abou t  large molecules . 
Is i t  not true tha t  this  afternoon we are talking about  m uch smaller molec ules ? 

DUBOIS: Yes . 

C UR TIS : If tha t  is correc t ,  then the smaller the molecule , the less is 
the probabili ty tha t  enough of these molec ules will be affec ted by a le thal dose of 
radia tion to be of im portance .  This means a lower probabil i ty tha t we are deal
ing here wi th a fundamental aspec t  of the whole radia tion problem . 

POLLARD: I have jus t made a few scra tch-pad calculations tha t  might 
be interes ting.  Take a ce l l  of  a length of  511  and a radius of  1 11 .  Roughly speak
ing, there are 9, 000 RNA molecules in i t  and 900 DNA . This is calcula ting tha t 
DNA m olecules have a weigh t  of l ob and RNA molec ules of l O S and tha t  their 
propor tion is tha t given for yeas t this morning. 

If you s uppose tha t 1 00 r are dis tribu ted proportiona tely to the area tha t  
these things cover - - incidentally , this is  assum ing the effec t to be  purely in
direc t -- if you assum e  i t  direc t, i t  goes in volume -- for this type of ac tion ,  you 
can say tha t  you are going to ge t 1 /3 of a DNA molecule mac tlva led per cell ,  
10  RNA per cell and 90 protein per cell . You s tar ted ou t wi th 900 , 000 pro tein 
molec ules . So you have 1 in i o ,  000 pro tein molec ules inac tiva ted . You s tarted 
out wi th 9, 000 RNA and you have 1 0  of those inac tiva ted . So you have abou t 1 in 
1 000 of those and maybe 1 in 1 000 of the DNA . 
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What you can conclude from this I don ' t  know. The conclusion I come 
to is tha t 1 00 r does not do anything . To m e  i t  is clear tha t there m us t  be addi 
tional fac tors opera ting which are mu l tiplica tive in charac ter ,  and what they are 
I don ' t  know. You can see som e  of them as physical . For ins tance ,  take the 
m atter of area; the fac t tha t  the DNA is long and thin whereas I have ass um ed i t  
to be  m ore or less  spherical for this calculation . If DNA is long and thin i t  will 
m ean that it s tands a be tter chance of being inac tivated . This will give a m ul ti 
plioa tive fac tor of perhaps 4 o r  5 .  But i t  s till does not ge t u s  past  the fac t  that 
we have only about 1 in 500 of the DNA molecu les inac tivated . 

SPIEGELMAN: If each one of these is unique and uniquely nec essary . 

POLLARD: I didn ' t  say that .  If I had said i t ,  I would have been hopped 
on . You said i t .  

SPIEGELMAN: I think that is some thing that we can reasonably ass ume 
to be true . 

POLLARD: I think so ,  too . 

TOBIAS: Assume tha t the RNA is dis tribu ted somewhat like the DNA so 
tha t for synthesis of a given pro tein you need , say ,  9000 RNA molecules . A s 
sum e  further ,  tha t  synthesis in the cell  proceeds one s tep after the o ther ,  per
haps on  the surface of the RNA . If radia tion then inac tivates any one RNA m ole 
c ule , e .  g . , No . 455 ,  i t  may be that  from then on the res t of them don ' t  coun t ,  
and pro tein synthesis is broken down . Under these condi tions , you would have a 
high probabil i ty of damaging RNA molecular chains . 

POLLARD: I think there is another point (I believe i t  is Dr.  Barron ' s) 
tha t could m ake qui te a difference . In m aking the effec t in proportion to the 
area , we have used the smaller molecules that occ upy most  of the area and we 
have assumed tha t nothing happens . Suppose the sm aller molecules are ac tually 
carriers of radia tion energies tha t are then comm unica ted to the o ther molec ules , 
which is essen tially your point .  They m ay be sor t  of sym biotic in ac tion . Then 
you can have a fac tor of 5 in addition . 

But  I feel s ure tha t  wha tever you do you can never ge t enough effec t in 
the smaller m olec ules to account for the effec t in the cell . They m ay be inter
m ediary in their ac tion, but  the effec t you have to look for ,  I feel s ure , is  i n  the 
larger m olec ules . I agree,  of course ,  wi th Dr. Spiegelman, tha t they are c ri ti
cal . I believe they are in  the chain, and I suspec t we ought  to be looking for those 
kinds of things . 

HOLLAENDER: This is what I brought up this morning when I said tha t  
1 r would interfere with the rate of  m i tosis . I t  m igh t be  possible tha t  you do in
terfere only with the func tion of a few enzym e molecules .  

KAPLAN:  You have to rem ember that there are  o ther kinds o f  cells 
tha t  are easily knocked off by 1 00 r .  This forces us into som e fur ther complica
tions because a l l  the cells in  the animal body , with rela tively few exceptions , 
have a normal complement of chromosomes and they have about  the sam e  am ount 
of DNA .  Even if you pos tula te tha t  there are 1 0 , 000 kinds of DNA, each of which 
is unique , presum ably all the cells have all of these kinds of DNA because they 
all got them from a common source .  

This forces us to pos tula te som e  kind o f  amplification sys tem pec uliar 
to certa in kinds of cells , in which,  so to speak , m any roads lead to Rom e .  Ra -
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d ia tion injury to many biochemical roads ill certain kinds of cells m ight l ead con
ve rgen tly to damage of certain kinds of vi tal molecules . What this common de 
nom inator is in radiosensi tive cells is really the core of wha t we are looking for .  

CARTER:  The amplifica tion fac tor m us t  even go ou tside of the cell , 
beca u se Dr . Jones has shown very nicely on m any occasions tha t  there is a dis 
tan t  effec t; tha t  som ething is transported from the area of radia tion to affec t 
c el ls  in another s i te .  

KAMEN: Would this b e  the explana tion for why you don ' t  find effec ts 
imm edia tely in a given organ tha t you take out  of the carcass after whole -body 
irradia tion ? Maybe something is being affec ted tha t is sending out  tha t hor
m one and i t  has to wai t. 

KAPLAN: I think some of the remo te effec ts could be due conceivably 
to release of adrenocortical s teroids that do have an inhibi tory effec t .  

PATT: I think we are ge tting a li t tle far afield from Dr. Pollard 's  
hypothesis . 

MAZIA: It seems  to m e  tha t one of the things we should not ove rlook 
- - and this applies to Dr.  Pollard ' s  calcula tions -- is that the molec ular units 
we are speaking abou t are clus tered s truc turally with other uni ts ,  and the c lus 
tering is rather important .  In the sys tem tha t  Dr . DuBois disc ussed, we are 
dealing with m i tochondria . Suppose , ins tead of hi tting the big molec ules tha t 
are clus tered,  you hit  the "holes" be tween them . The "hole" might have a dia
me te r  0 .  0 1  that of the enzym e molec ule . What  happens to the enzyme ?  

POLLARD: That would b e  a pretty big hole . 

MAZIA: What  would happen ? Say that the m i tochondrion is the targe t ,  
and we are,  a t  a given dose leve l ,  bombarding the s truc tural cem ent withou t 
damaging direc tly any of the enzym es .  We j us t  blow up the m i tochondrion . Isn ' t  
this a n  approach to the amplification Dr . Pollard was speaking abou t . 

POLLARD: Well , I think i t  goes back to this ques tion of the charge 
running around in the m olecule . I t  might run around the whole s truc ture until i t  
cam e to a particularly sens i tive spot, and if tha t partic ularly sensi tive spo t  i s  an 
enzyme that has very few representa tives ,  then you will have scored a hi t pret ty 
easily . 

PLATZMAN: I don ' t  think that  this running around should be though t  of 
in term s of such a s truc ture , and I doub t that you in tended i t  tha t  way . 

POLLARD: The point is tha t  if i t  hi ts a cri tical enzyme ,  i t  does no t 
have to look around . If i t  jus t  hi ts that ,  i t  wil l  produce a considerable effec t .  It  
is the enzymes tha t are not cri tical tha t  are the ones tha t matter . In fac t, if you 
suppose tha t  of these 900 , 000 enzymes many are duplica ted and many in a sense ,  
are not essential ,  then obviously any inac tivation of  those tha t  have a mul tiplici ty 
isn ' t  important .  Dr .  Mazia ' s  point is tha t if you overlook the ones that  are crit
ical , you will  probably find peculiar radia tion effec ts . 

MAZIA: The idea is to look upon the m i tochondria as an integrated 
system .  If you knock out one or a few enzyme uni ts you pu t the whole s truc ture 
ou t  of business .  Or we can turn to another s truc ture effec t .  Irradia tion can 
cause rearrangement of parts in a chromosom e wi thou t a t  all  affec ting the qual i ta
tive charac ter of  the DNA . We know that s uch a rearrangement will have a very 
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significant biological effec t .  Or we can go to the cell s urface and think of what  
a few "holes" in the surface would mean for the func tion of  the to tal cell . I am 
thinking here of  som e of  the things tha t  Dr .  C ur tis has done on the possibili ty 
of conduc tion from cell to cell . A few holes in the surface of a small  cell  
m igh t mean the end of tha t  c ell - - would you agree , Dr.  C u r tis . 

C URTIS: Yes ,  tha t  is true , bu t  you have to think of repair processes . 
You know tha t  very large molec ules can pass across cells . If you like , you can  
say  tha t  they punch holes in  the ce l l  membrane tha t  are  repaired imm edia tely . 
I t  m ay be tha t  they punch different kinds of holes than you are thinking abou t .  

MAZIA :  I am not thinking of  holes li terally . I am thinking s til l o f  the 
am plification problem . So m uch of our discussion or radia tion effec ts deals 
wi th them in term s of direc t ac tion of func tional units s uch as enzym es . What I 
am proposing for considera tion are effec ts tha t  a l ter the condi tions of ac tion 
of the enzym es or o ther molec ular units . Three of these have been brough t  up . 
One is the case where a group of enzymes is c lus tered tigh tly in a func tional 
uni t; if you knock out one , all o thers becom e useless .  The second is where the 
radia tion ac tion is not  on the molecules a t  all  bu t  on the links - - or cement ,  if 
you will -- holding them toge ther in a func tional c lus ter .  The third is where the 
environment is a l tered in a m inor way which a ffec ts the ac tivi ty of the large 
m olecules in a m ajor way . An example of this would be a sm all change in the 
surface of a cell or a nucleus or a m i tochondrion, which ,  in turn, would permi t  
a sm all nux of som e ion (H+ for ins tance ) to which m any of the molecules would  
be  sensi tive . All of these effec ts are possible and all would be examples of am 
plifica tion a s  long a s  we choose to relate the radiation exposure to i ts large 
scale physiologic consequences . 

KAPLAN:  Especially the in terrela tionships of som e of these large 
s truc tures in certain cells and no t in o thers . Tha t is a nonselec tive , irrevers i 
ble dam age to one molecule - - one or  a very few molecules - - o f  such a large 
s truc ture could lead to inac tiva tion biologically of the entire s truc ture . 

Tha t is a be tter thesis , I think, than the one tha t  you s tarted on ten ta 
tively ,  which would force you to the notion tha t  the radia tion som ehow could tel l  
which is the special , unique enzyme in  the radiosensi tive cells and pick i t  ou t  
s elec tively , whereas i t  couldn ' t  do  this in  any o ther cell . I t  s eems more logic al  
to  pos tulate tha t  the radia tion can nonselec tively hi t any kind of large molec ule , 
bu t tha t in certain kinds of cells there is a m uch more vulnerable in terrela tion 
ship be tween molec ula r s truc tures . 

POLLARD: One of the things tha t  has always affec ted me is the fac t 
tha t  chromosome breaks are so easy to produce . When one thinks of a chromo
som e ,  i t  almos t certainly consis ts of  50 or a 1 00 nucleic ac id  molec ules lined 
up alongside one another . It is often said,  for exam ple , tha t  one n - particle 
pass ing through this  will cause a break .  One n- particle may pu t a lot of energy 
in there bu t ac tually does no t pu t a 1 : 1  rela tionship in each of the molecu les i t  
goes through . Perhaps an n - particle will , bu t  a deuteron o r  a slow elec tron 
won ' t . 

MAZIA:  The s i tua tion with regard to chromosom e breaks may not be 
as diffic ul t  as it seems . I think tha t  we are dealing with the dissocia tion of fai r
ly large nucleopro tein particles that  are held toge ther  only by ionic bonds . The 
s truc tural s tabili ty or the chromosome m a:y be a li ttle decepti ve in the sense that 
we usually encounter  the chromosome under condi tions where these bonds are 
most effec tive . We have som e evidence to s upport  this . 
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ZIRKLE: Do you mean to say tha t  you are forsaking the whole idea of 
a p rotein chain skeleton for the chromosome ?  

MAZIA:  Yes ,  I am thinking of the protein continuum of which I was a 
s upporter .  For the tim e being, I have had to give i t  up in  favor of  a partic ulate 
s truc ture . 

POLLARD: We ought  to ge t tha t  in writing: 

MAZIA: I can discuss if a l i ttle if you wish . The source of the trouble 
is  the fac t  tha t  when we looked for m e thods of taking chromosom es apart  -- I 
m ean l i terally trying to pu t  them into solu tion - - i t  always seem ed to be very 
difficu l t .  We had to use me thods tha t broke down the proteins , and therefore 
cam e to the notion of a continuous pro tein backbone . Bu t we never had paid a t
tention to the ionic environm ent of the chromosomes . When we finally did ex
periment wi th this variable - - a lo t of the basic inform a tion was in the li terature 
but  not m uch a t tention was paid to i t  - - Berns tein and I, working wi th spe rm 
cells , found tha t  we could disperse the nucleus comple tely into a solu tion of de
soxyribonu'bleoprotein particles . These were , in the case of sea urchin sperm , 
about  4000 A long and ZOO to 300  X, wide,  j udging from wha t we saw with the 
elec tron microscope . 

The chromosomes dispersed easily enough once the condi tions were 
m et ,  bu t  these were rather exac ting.  

Firs t of all , in the m a terial we work with ,  we have to introduce a 
chela ting agent tha t  will remove calcium and m agnesium . After this , we have to 
bring the chromosomes to an ionic s trength below tha t of 0 .  OSM NaC l .  If you 
jus t remove the Ca  and Mg nothing happens . If you treat  direc tly wi th dis tilled 
wa ter ,  the chromosom es swell bu t do no t com e apar t .  But if you apply the two 
treatm ents in sequence ,  the chromosomes m ay be comple tely dissolved . I have 
s tudied this phenomenon cytologically on salivary gland . chromosomes and grass 
hopper sperm a tocyte chromosom es . Berns tein and I m ade the chemical  s tudies 
on the nuclei of sea urchin sperm . More likely than not ,  the exac t requirements 
for dispersing chromosomes will vary from one kind of nucleus to another.  

From this  inform a tion on how a chromosom e m ay be taken apart ,  le t  us 
try to organize a pic ture of how it is pu t  toge ther .  Let us say tha t  these nuc leo
protein par ticles are the basic uni ts . You m ight pic ture them as  being held to
gether by bridges of divalent ions . Once these were removed, the particles 
could separa te . Bu t they would no t necessarily separate unless they repelled 
each other s uffic iently . This m ay account for the fac t  tha t even after removing 
the C a  and Mg, it is necessary to go below a certain ionic s trength . Elec troly tes 
would tend to swam p ou t  the repuls ions ; rem oving the elec troly te would enable 
the charged particles to repel each other effec tively and go into sol u tion . 

Now what  I would like to ask the panel of phys ic is ts her.e , is how one 
can pic ture a prim ary radia tion event as ac ting on this kind of ionic bonding . I 
am sugges ting tha t  radia tion- induced breakage of chromosom es is the resul t of 
an ac tion tha t perm i ts these ionically bonded particles to com e  apart  and no t the 
resul t of dam age to the molec ules within the particles .  

PLA TZMAN : Do you mean how can a single ioniza tion i n  one o f  the 
particles snap the calc ium ? 

MAZIA: The ques tion is wha t  the radia tion can do to the s i tuation be t
ween the particles . 
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PLA TZMAN: I would tend to be t a t  the moment on hea t .  That is , the 
energy of the ini tial ioniza tion or excita tion would be dissipated as heat ins ide 
one of these uni ts ,  a sm all enough uni t ,  so tha t breakage would occ ur a t  the 
weakes t  point .  

MAZIA: I should think so, since the procedure I have described will 
alone spli t the chromosomes .  

CHARGAFF: What would put  these particles toge ther ?  Each of your 
particles is m uch smaller and thinner than the chromosome .  

MAZIA: I am postula ting these ionic bridges plus the fac t that under 
the condi tions of ionic s trength , which we believe to exis t in the cell , the nucleo
protein is insoluble -- the particles interac t  and do no t separate readily . 

CHARGAFF: The nucleic acid has m any primary phosphoric acid dis
sociations , and I think those probably would be taken care of in each of the pro
tein partic les . There would not be m uch ionic force left over - - I don ' t  know 
how many of these particles go to form a chromosome and to keep i t  together 
before it has to spli t .  You see you mus t  have a fac tor tha t  assures regulari ty . 

MAZIA: So far as their holding toge ther  is concerned, i t  is a fac t  that 
in vi tro , a t  the ionic s trength that  we consider to be reasonable for the c el l ,  the 
material is insoluble . 

CHARGAFF: Oh yes , there is no ques tion about that .  

PLA TZMAN: Would you comple te the pic ture as  to how the small 
chromosome builds up ? 

MAZIA: There is evidence tha t  these two variables are involved . 
There is no evidence as to where the two kinds of interac tions are located. 

PLATZMAN: If we don ' t  speculate ,  we probably never will get any
where . Do you have a lot of those going up and down and also sideways ? Is that 
wha t you have in mind ?  

MAZIA: Yes . Le t ' s  try a pic ture in which the divalent ions serve as 
end- to -end bridges for the particles , for the sake of speculation . 

POLLARD: van der Waals ' forces will hold things of that size together 
to some extent .  

bond . 
PLA TZMAN: I s till think tha t  heat  is the thing tha t  finds our weakest 

POLLARD: There is not enough heat in these things . 

PLA TZMAN: I am not thinking of general heating. 

I have in mind a high vibrational exci ta tion of the molecule (probably 
produced via internal conversion of elec tronic energy) , - - you called it pre
parti tioned heat  las t year ,  I believe . The physical ques tion devolves on whether 
enough of this energy can find the cri tical bond before dissipation ou tside of the 
molecule has proceeded too far . 

POLLARD: I prefer  my moving charge . S till i t  does not ma tter .  I t  is 
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the same thing. If the calc ium is the weakest  point then the radia tion wil l cer
tainly find the calcium and tha t  could lead to  a break.  

PLA TZMAN: It is really not the same thing. However ,  at  the moment 
I cannot think of a c lear criterion for dis tinguishing be tween the two in the case 
before us . 

MAZIA: The reason why I am bringing up this whole ques tion is be
c a us e  I have no t seen any disc ussion of the primary radiochemical ac tion on 
bonds of the type we have been discussing.  They might be very im por tant  in the 
c el l .  

PLATZMAN: I n  the new book edi ted b y  D r .  Hollaender ,  you will find 
a few sentences that  Professor Franck and I wrote on jus t  this point (1 Z) . 

POTTER:  C an you centrifuge out  those little elem entary partic les ? 

MAZIA: Do you mean in solu tion ? 

POTTER:  Yes . 

MAZIA: Yes . I am told that i t  will be a li ttle difficul t  to s tudy them 
in m ore de tail by ul tracentrifuga tion because they are not soluble in salt solu 
tions . 

SPIEGELMAN: Suppose you have done this . How do you bring the 
ionic s trength up again and what happens to your ma terial ? 

MAZIA: Once in solu tion , i t  can be precipitated by raising the ionic 
s trength with NaC l and can be redissolved by removing the NaC l .  If no Ca is 
around , precipi tation and solu tion seem to be a m atter of the condi tions for in
terac tion and repulsion of the particles ,  which is determ ined by the ionic 
s trength . 

PLA TZMAN: C an ul traviolt!t  cause the same type of chromosome 
breakage ? 

HOLLAENDER:  To a slight degree only . 

PLA TZMAN: Disregarding frequency ? 

HOLLAENDER:  There is m uch less chromosome breakage . 

PLA TZMAN: Do you s till observe the sam e  type of break? 

HOLLAENDER :  Yes . 

PLATZMAN: Then i t  seem s to m e  tha t m ight be supportive of hea t  
rather than of ionization . No t  that i t  m akes any difference a t  all a t  this stage . 

MAZIA: Isn ' t  i t  s till considered to be a fac t ,  Dr . Hollaender,  tha t 
there is a difference be tween ul traviole t radia tion and ionizing radia tion wi th re
spec t to the chances of producing a break versus the chances of producing a 
change within the gene ? 

PLA TZMAN: I would be impressed with that evidence only if someone 
really did experiments in the vacuum ul traviolet .  In  fac t , however ,  mos t experi-
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m ents have used ZS37 X, .  This is not enough evidence .  

HOLLAENDE R:  Dr . Mazia i s  correc t tha t  there i s  a different  type of 
effec t produced by u l traviole t and X-rays in regard to chromosomes . You have 
a larger number of chromosom e breaks produced by X- rays and a grea ter  pre
dominance of gene effec ts wi th ul traviole t .  The diffic ul ty with ul traviolet ,  of  
course ,  is the ques tion of pene tration and how m uch the cytoplasmic material 
protec ts the nucleus from radia tion damage . Of course this is no problem with 
ZSO -kv.  X-rays . 

ALLEN: This would seem to sugges t tha t  the effec t of ionizing radia
tion on this calcium bond might  be via an indirec t effec t ,  whereas the ul traviolet 
having a direc t effec t ,  is manifes ted more inside the organic par t .  

There were som e old experiments in which i t  was shown that the m obil
i ty of colloidal particles of gold and graphite ,  dispersed in water , was affec ted 
by extremely sm all doses of X radia tion . 

ZIRKLE: These particles are a li t tle long to be genes ,  are they not ?  

MAZIA: They are abou t  the length of one DNA molecule . 

This brings in some interes ting work . In recent years , there have 
been a lot of developm ents in the s tudy of suballeles or sub-genes , m embers of 
a gene tic locus tha t have related effec ts bu t that  can func tion independen tly . I 
unders tand - - and I could be wrong -- that  S tadle r has done some work showing 
that  while these gene tic subunits can change independently of their fellows in 
spon taneous s i tua tions , when you irradia te them , they all are affec ted toge ther; 
there is an aU -or-no thing resul t .  If this is so,  i t  m igh t be concluded tha t  radia
tion affec ts the grosser discontinu i ties in the gene tic sys tem . Such a res ult 
would make sense if we supposed tha t the �roups were held toge ther to form a 
chromosom e by bonds that  were different rom and more radiosensi tive than 
the bonds holding toge ther the subuni ts wi thin each group. 

KAPLAN :  Do these  large particles exis t in the res ting cell ? 

MAZIA: We think so . A t  leas t we can ex trac t particles having sim i
lar proper ties from res ting cell nuclei and from condensed nuclei s uch as we 
find in sea urchin sperm . 

POTTER:  How do  you see  them ? 

MAZIA: With the elec tron microscope . 

BENNETT: Is there any way tha t  you can determine if radia tion 
causes breaks in these ,  or aren ' t  the breaks of tha t  na ture ? 

MAZIA: Dr . Bernstein, who is now working wi th Kauffm an at Cold 
Spring Harbor ,  has been s tudying X-ray effec ts on solu tions of these par ticles . 
I know that  he fin�s them very sensitive but  I do no t know the na ture of the 
effec ts he observes . I 'm  pretty sure tha t  the nucleoprotein as a whole is sensi
tive at doses tha t  are biologically interes ting. The ques tion I am raising is 
whether breaks might not occur  be tween rela tively large subuni ts of chromo
some s truc ture , ra ther than within them . 

CHARGAFF:  But  you could , of course ,  have them s tacked so tha t the 
uni ts are not nex t to each other but  in different positions . You really have to 
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make a lot of assumptions . 

MAZIA:  Oh . yes . Al l  I am proposing - - and i t  seems to be reasonable 
- - is tha t  there is a kind of discontinu i ty in the s truc ture of the chromosome 
tha t wil l  make the chromosom.e sensi tive to variables - - such as the ionic en
vironm ent - - which we ordinarily would not think of when we consider the effec ts 
of irradia tion of nucleic ac ids or proteins . 

CHARGAFF: Except tha t this would m ake i t  even more mysterious how 
a chromosom e can split  so regularly .  

PLATZMAN: Why do you say tha t ?  

CHARGAFF: If � ·ou assume a simple ionic binding between blocks i t  i s  
very hard to visualize i t  m echanical ly . 

PLATZMAN: Wouldn ' t  you say tha t abou t any pic ture wha tsoever ? 

CHARGA FF: Tha t is why I hes i tate to pu t  mechanism s on the black
boa rd . Tha t  is where you have to be very carefu l .  

PLATZMAN: C rys tals reproduce each o ther .  They grow . 

C HARGAFF: C rys tals grow in a satura ted solu tion , i t  is  true . 

MAZIA: Dr . Chargaff, we are no t pu tting down a mechanism to account  
for how the chromosom es do any thing pos i tive . We are considering how they 
can be broken apart ,  which is a l i t tl e  eas ier problem . 

SPIEGELMAN: How abou t the chem is try ? Is there evidence for the 
regular spac ing of divalent ions . 

CHA RGAFF: I don ' t  know . You will have to ask Dr . Mazia . 

MAZIA: There is a lot of evidence showing tha t  the concentra tion of 
divalent  ions in the nucleus is high .  Som e workers , such as Allg6n ,  have 
s tressed the finding tha t it is very difficu l t  to ge t rid of these in the pur ifica tion 
of DNA . Dr .  Chargaff may have had some experience wi th this . 

CHARGAFF: Magnes ium is really everywhere . It is a good assum ptior 
tha t i t  is also in these proteins . Som e divalent metals are easy to find any
wher e .  

ALLEN: Wha t  abou t  depolymerization of these ac ids on irrad ia tion ? 
C ould tha t  also be connec ted wi th the calcium bridge ? 

MAZIA: I don ' t  know . For the mom ent ,  I am trying to foc us a tten tion 
on the si tua tion be tween the macromolec ular units ;  on whe ther the chromosome 
is  d iscontinuous . 

C URTIS: I think i t  would also be wor th m entioning tha t Dr . Steffensen 
at Brookhaven Na tional Labora tory has been growing plants in m edia wh ich are 
defi c i ent in calcium , magnesium , and o ther ions . He finds tha t  there are many 
m ore  spontaneous chromosome breaks than normal in plants grown on calcium 
defi c i ent  m edia . 
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MAZIA: He has ohtained a 1 9 -fold inc rease in spontaneous chromo
som e 1-,reaks IJy raising plants on calc ium -deficient media . The Ca -deficiency 
cannot �e too severe, or the plants will not grow at all . Holding the C a -supply 
a t  a m arginal level , he still observes the 1 9-fold effec t .  

PLATZ MAN: Is it spontaneous?  

MAZIA: Yes . I don ' t  know whether there are any data on radia tion 
effec ts yet .  

C URTIS: Not yet .  

PO LLARD: If you m easure the dependence of this effect ,  then you know 
wha t the bond is . If you can show tha t  this is spontaneous ,  a t  a ra te which is 
not very high, you have an ideal bond . It overlaps . 

Z IRKLE: Chromosome breaks by high- energy radia tion are highly vari
able among differen t kinds of cells . In newt cells we tried like the dickens to 
break chromosom es , bu t got scarcely any breaks . This fa ilure may have been 
beca use with our methods we could see only rela tively gross changes, but a t  
any rate, i t  i s  very sugges tive . Or, maybe our calcium rela tions in the c ul t
ures did not favor breaks . 

groups . 

MAGEE: Does this thing include carboxyla te ? 

MAZIA: I don ' t  know. Dr .  Chargaff points out  that we have phosphate 

CHA RGAFF: I don ' t  know. Of course, you can disperse nucleoproteins 
withou t  a chela ting agent .  The first modern prepara tions of DNA were made by 
ex trac ting thym us with dis tilled wa ter .  This way you got a very nice solution 
of materia l .  If the sol u tion is brought to 0 . 1 5  m olar - - physiological  saline - 
and precipita ted, the partic les can b e  redissol ved more easily in m edium 
strength sodium chloride,  '>ut you a re no t sure under thes e conditions tha t  wha t
ever divalent metal  was there will he left. 

MAZ IA: C urt  S tern revived the m e thod of isola ting nucleoprotein at  low 
ionic s trength a few years ago ,  and we were following up his work. In the case 
of sea urchin sperm , we could not put  the nucleoproteins into sol ution by wash
ing the nuclei in distilled wa ter .  They swelled trem endously, but nothing 
cam e out .  We noted tha t he had used arsena te to inhibit desoxyribonuclease . 
We tried c i trate, and found tha t  after washing wi th ci tra te , we could dissolve 
the nucleoprotein in dis tilled wa ter .  In our experiment, the ci trate was no t  
func tioning a s  a desoxyribonuc lease- inhibitor at  a l l ,  b u t  a s  a n  agent com pl exing 
diva l ent ions . The chela tion s tep was necessary in the case of the sea urchin 
and was definitely necessary when we tried to dissolve the form ed, visible 
chrom osomes in the salivary glands of Drosophila and in the cells of the grass
hopper tes tis . 

We have not worked with calf thymus. It could well be that there are 
cases where the divalent  ion bridges are less im portant, and tha t  the repulsions 
introduced by lowering the ionic strength would be adequa te not only to swell the 
chromosom es but  to take them apart .  

CHARGAFF: In  sal t  solu tion, you can certainly do withou t the chelat ing 
agent,  for ins tance ,  in the Pollis ter -Mirsky procedure . 
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MAZIA: Is there a poss ibil i ty tha t prelim inary wash ing in phys iologi 
ca l  sa l t  solu tion is enough to remove the d ivalen t ions by s traigh tforward ion 
exchange ? 

SPIEGELMAN: One experim ent would be ex trem ely interes ting here . 
Tha t is to take purified transforming principle ,  put  i t  through your proc ed ure , 
a nd bring i t  back again to i ts precipi ta ted form and then see if i t  is s till ac tive . 

i t .  
CHARGAFF: The transform ing princ iple does no t have the pro tein in 

POLLARD: Suppose you did no t purify it and you used it jus t  as  nu 
c leopro tein ? 

CHA RGAFF: Wi th very few exceptions , you cannot get nuc leopro teins 
from bac teria . There is only one desc ribed in the l i tera ture . You canno t ge t 
a real nucleoprotein from pneumococcus . A t  leas t no one has been able to do 
so . No one has isola ted nucleoprotein .  

MAZIA: Has anyone tried working delibera tely a t  low ionic s trength ? 

CHARGAFF: I think so but  canno t be sure .  We have tried o ther mate
rials ,  no t thinking of the transform ing principles , to prepare nucleopro tein and 
so far ,  have only succeeded in the case of tuberc le bac illi . 

KAPLAN: It is interes ting the calc ium apparently has an important 
effec t on m u tual adhesiveness of cells . Coman showed some tim e back ,  tha t  
tumor cells can b e  sepa ra ted from one another wi th rela tive ease and tha t  their 
intercellular m atrix contains a decreased amount of calcium . If you treat nor
mal  tissues with agents tha t deple te calcium , you can show a similar decrease 
in adhesiveness of cells and an increased capac i ty of the cells to wander away 
from one ano ther.  
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CHANGES IN NUCLEIC ACID METABOLISM 
AS A RESULT OF RADIATION 

Charles E .  Car ter 

1 1 9 

After discussing the effec t of radia tion on nucleic acids for over  two 
days , there is l i ttle left to be said abou t this subjec t .  Nevertheless ,  I wil l  try 
to pick up a couple of loose threads .  These remarks will be confined largely to 
three aspec ts of the problem : ( 1 ) the effec t  of radia tion upon the metabolism of 
nucleic ac ids delineated through the incorporation of isotopic precursors into 
desoxyribose nucleic acid;  (2) the effec t  of radia tion upon the s truc ture of nu 
cleic acids ;  (3)  the effect  of radia tion upon ac tivity or specific func tion of the 
nucleic acid insofar as we know i t .  

I n  the first  two o f  these ca tegories our  knowledge i s  approaching a 
sa tisfac tory s ta te of affairs . In the las t ca tegory, tha t  of func tion or specific 
biological ac tivi ty , we c ling to data tha t are provided by the cytogene tic is t& and 
to the s tudies of bac terial transform ing ac tivi ty of high molecular weigh t desoxy
ribose nucleic acid prepara tions . Obvious ly ,  this is the area in which knowledge 
of nuc leic acid biochemis try is deficient .  

There is one fac t  I think we m igh t es tablish before we ge t s tarted tha t 
imposes  a limi ta tion upon us . I think i t  can be s ta ted this way: A t  this time I do 
not believe tha t  any one of us is  certain of the molecular identi ty of a nucleic 
ac id .  Is tha t  right ,  Dr . Chargaff? Do you know tha t  you have a molecular spe
cies when you work wi th a nucleic acid ? 

CHARGAFF: There you come to the defini tion of a macromolecule . 
Wha t  you really can ' t  tell is what you mean by molecular weigh t  of a protein .  
The same thing goes for nucleic acid . Bu t you are correc t .  One can ' t  be sure .  

CARTER:  This should not be an  obs tacle to research , rather , .  i t  
should promo te i t .  B u t  nevertheless I think tha t we  should adm i t  tha t  l im i tation . 

Firs t ,  we will discuss certain types of experiments tha t have employed 
low m olecular weigh t  isotopic precursors to provide a ma trix for discussion of 
the problem of the me tabolism of nuc leic acid and how it is influenced by radia
tion . 

I want to in troduce this by a brief comment upon some of the assump
tions that are m ade in this type of experim enta tion . Again , you can be so cri t-
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ical abou t  these assumptions that you can prevent yourself from doing the ex
perim ent .  Tha t  is not wha t is intended . It is merely that when we evaluate 
these experiments we m us t  do so in a context of certain limitations that I think 
are obvious . 

When we talk abou t a precursor entering a high molecular weight com
ponent, we envision m any intermediate steps , bu t as a s implification we can say 
tha t  the precursor enters a pool ;  i . e . , a labeled precursor enters an unlabeled 
pool with which it mixes . The assumption is made that i t  mixes homogeneously 
in that pool and it is extrac ted from that pool into an essentially homogenous 
high m olecular weight compound .  

C ertain modifying fac tors have to be introduced here . This pool may 
have s ubcompartments . The ass umption is us ually made that the precursor 
equilibra tes rapidly through all of these compartments , so that  an essentially 
homogeneous pool is established , and from this pool it is then extrac ted to make 
a high molecular weight nucleic acid . 

C er tain modifying fac tors can be introduced into the size of the pool 
and into the equilibration between the compartments that will radically modify 
the s�ecific ac tivi ty of this precursor .  For ins tance ,  if the pool is small in 
size ( the sam e amount of ac tivi ty goes into a pool that contains m uch less of the 
precursor) , then the specific ac tivi ty is going to be higher . 

Another modifying fac tor is that the precursor may enter this pool but 
i t  may not equilibrate in all the compartments . 

The other problem tha t  we mee t  is that the precursor may enter a pool 
that  is m uch greater in size , then the specific ac tivity of the precursor will  
drop.  

How homogeneous is the composi tion of the high molecular weight 
nucle ic acid ? If labeled glucose is injec ted into an animal and the glycogen is 
isola ted from liver a t  various times,  there are areas of the glycogen molecules 
tha t are labeled heavily and some tha t contain l i ttle or no radioac tivity .  This 
modifies to a certain extent our interpretation of nucleic acids . We don ' t  know 
wi th certainty ,  al though here again we have som e  pre tty good evidence that is 
beginning to acc um ulate ,  whether a precursor assim ila ted into a nucleic acid is 
dis tribu ted homogeneously throughout  that high molecular weigh t  material . 

Wi th respec t to phosphorus , we have some good data from Heidel 
berger 's  labora tory that shows that  there are subgroups within the nucleic acid 
molecule with different rates of incorporation of radiophosphorus . 

COHN: Would i t  be fair to point out  that in the case of glycogen you 
have essentially a spherically expanded molecule,  whereas in the case of the 
nucleic acid you have a linearly expanded molecule.  

CARTER : This is perhaps one of the firs t tim es that Dr. Cohn has 
gone on record as giving up the branched chain hypothesis of ribose nucleic 
acid s truc ture . 

CHARGAFF: Not necessarily . He has not gone that far .  

CARTER:  Well ,  we  have introduced quite a few reservations into the 
interpretation of these da ta .  I think it is apparent that the experiments that will 
tell us mos t  abou t the influence of radiation upon the metabolism of labeled nu -
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cleic acid precursors will be those that describe mos t  completely the fa te of the 
prec ursor after it is adminis tered to the animal, not only in terms of nucleic 
acid me tabolism but  into o ther me tabolic areas as well . And I think, in assess
ing nucleic acid m etabolism wi th these techniques , those experim ents that em 
ploy several different labeled precursors - prec ursors of the heterocyclic ring 
s truc ture� e. g . , ribose and phosphorus , will be of greates t  value . 

There is a large body of litera ture on the effec t of radiation on incorpo
ration of isotopic precursors into nucleic acids . I am no t going to at tempt  to 
review i t .  1 J am going to introduce some of the evidence gathered by Harrington 
and Lavlk( and use that as a s tarting point for this disc ussion . This evidence 
is based upon experiments in which rats were given 1 00  r of x irradiation. 
Soon after the exposure the labeled precursor was given .  After an interval , I 
believe i t  was Z4 hours in these cases , the thym us gland was removed . The 
desoxynucleic acid molecule was degraded , and the incorpora tion of ac tivi ty into 
the various fragments was determined . They assumed that the prec ursor given 
to the animal was the precursor of the high molecular weigh t nucleic acid .  And 
they expressed resu l ts in terms of a ratio of the molar specific ac tivi ty of the 
isolated compound and the adminis tered prec ursor . 

All the fac tors tha t  we disc ussed briefiy , of course,  have to be taken 
into consideration in the interpreta tion of the results . But  som e  interesting 
data emerge from an experiment of this type . 

TABLE I 

EFFEC T OF X IRRADIATION ON INCORPORATION OF 
RADIOAC TIVE PREC URSORS INTO THYMUS DNA 

Precursor 

3Z I. P. 1 4  Orotic - C 

Adenine - c 1 4  

Formate - c 1 4  

I)G. Inhibition 

53 
66 
75 

-z5 
- 1 0  
48 
1 4  

-Z3  

Produc t 

DNA-P 
Cytosine 
Thymine 
Adenine 
Guanine 
Guanine 
Adenine 
Thym ine 

With P3 Z  they found tha t following irradiation less radio-aJ!ivi ty was 
incorporated into the phosphorus of the desoxynucleic molec ule . P was in
hibi ted 53 percent  in the irradiated ra ts as compared wi th the normal controls. 
This type of experim ent had been done previously by Hardin Jones and o thers . 

Orotic acid, as a pyrimidine precursor , was inhibi ted to the extent of 
66 percen t into cytosine and 7 5  percent into thymine . Incorpora tion of adenine 
labeled in the 8 posi tion was not inhibited . As a matter of fac t, the specifis: 
ac tivi ty in the irradia ted sample was higher .  So that Harrington and Lavik\ 1 ) 
expressed the adenine data as minus Z 5  percent inhibi tion into desoxynucleic 
acid adenine , and minus 10 percent inhibi tion into desoxynucleic acid guanine . 

Formate is the precursor of the Z and 8 position of purine and goes to 
the methyl group of thymine . Formate assimilation into desoxynucleic acid 
guanine was inhibi ted 48 percent; into desoxynucleic acid adenine it was inhibit
ed 14 percent;  and into thym ine i t  was not depressed . Ac tually the specific 
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ac tivi ty was higher - minus 23 percent . 

Well now, you are faced wi th interpreta tion, and this poses some prob-
lem s .  

BENNETT: I think before anyone tries to interpre t  such a n  experim ent ,  
account has to be taken of the different ra tes a t  which these compounds will go 
through the pools tha t you are discussing. It is very important in such an ex
perim ent to know if the radioactive compound was present in the animal 2 hours,  
24  hours , 4 days or wha tever length of  tim e .  

CARTER:  And of course this informa tion m u s t  be evalua ted i n  the 
light  of the now well -established complexi ty of m e tabolic paths leading to n u 
c leic acid anythesis . If we take phosphorus , for ins tance ,  although many of the 
intermediate s teps be tween inorganic phosphorus and pentose phosphate m ay be 
wri tten, we don ' t know the m echanism whereby phospha�e enters the polynucleo
tide molecule . This uncertainty extends to the mechanism of pentose assimila
tion . 

POTTER:  You are absolu tely right when you say that pathway is not 
known . We have experiments showing tha t carbon 1 labeled glucose eventually 
will get  there,  and i t  is hoped that some time in the next 10 years the pathway 
m ight be known , but  you canno t extrapolate from the s tudies on enzyme proc ess
es of which many a l ternatives occur in the animal . 

CARTER:  In the case of the metabolic cons truc tion of the purine and 
pyrimidine bases , the work of Greenberg, Buchanan and Kornberg has placed 
us on sound ground . But to date , when we look a t  the s tudies of radiation ef
fec ts on incorpora tion of low molecular weight prec ursors into nucleic acid, we 
are unable to say whethe r inhibi tion or acceleration of the forma tion of the 
purine and pyrimidine intermedia tes plays any role in radia tion effec ts on nu
c leic ac id metabolism . This is asking for a lo t of data , but  whoeve r  under takes 
to desc ribe the effec ts of radia tion upon nucleic acid m e tabolism m ust  give us 
a m ore com ple te s ta tem ent about  the fa te of the precursor molecules . In the 
case of radioac tive formate ,  we need to know some thing about the effec ts of 
radia tion upon the complex tha t forms enzym a tically be tween the 1 carbon unit 
and the coenzym e form of tetrahydrofolic ac id ;  we need to assess the experi 
mental  findings o n  nucleic acid me tabolism i n  term s o f  forma te assimilation 
into serine and protein as well as in term s  of pool size and rates of exc retion . 

Examination of the m e tabolism of some of these interm ediates takes 
on added importance in the light  of som e  of the findings of Dr .  Potter .  He  
isola ted the pyrophospha tes of all  of  the 5 '  nucleotides that occur in ribonucleic 
ac id and by this time probably has some  that  occ ur in the desoxynucleic acids . 
I t  is  tempting to bel ieve tha t  these compounds are the immediate precursors of 
the nucleic acid . I say i t  is tempting because there is as ye t no evidence that 
proves i t .  

POT TE R :  I t  i s  a m a tter of  opinion , I guess . I think i t  is im portant 
tha t  in the firs t  paper wi th Hurlbert ,  the quanti ta tive yield from the acid soluble 
pool to the ac id insoluble pool is 80 percent or be tter . I will say tha t  i t  is a 
m a tter of opinion whe ther you say they mus t  have been the prec ursors or not. 
I don ' t  think i t  adds any thing to the discussion to go into i t .  

CARTER :  There is  cer tainly no evidence from these experim ents 
tha t would argue agains t the 5 '  nucleotide being the precursor . 
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BENNETT: We have da ta on adenine wi th respec t to how m uch of i t  
goes t· n t9. DNA, RNA and the soluble nucleotide pool tha t you are speaking 
abou t Z)\3) .  I might say tha t  a t  the X-ray dosages we have given, these data 
c ompare wi th the p3Z - phosphate data for sim ilar tissues and dosages tha t have 
be en obtained by Dr .  Kelly at the Universi ty of California .  It appears tha t  in a 
tis s u e ,  le t ' s  say such as bone marrow� which might be a good one to discuss ,  
the am ount of  adenine -4 ,  6 -c l 4  or p3 .c. - phosphate incorporated into DNA is  
a bou t 5 percent of  norm al when a mouse is exposed to  1 000 r x irradia tion , 
whe r ea s  the change of amount of adenine incorporated into the RNA or the ade
nylic acid nucleotides is small - - a fac tor of Z a t  the most .  

CARTER: In  o ther words , if you were to recons truc t  your da ta you 
would say that adenine enters a pool of interm edia tes ,  and tha t  this reac tion is 
essentially uninfluenced by the irradiation ? 

BENNETT: A pool of interm ediates as determ ined by nucleotides,  
s uch as 5 - adenylic acid , ADP, ATP, etc . , and incorporation into RNA is un 
in te r rupted while DNA incorporation is inhibi ted extensively . The amount of 
adenine removed from this pool and incorpora ted into RNA in some  tissues is 
ac tually increased, but it is not changed to anywhere near the same degree that 
the amount incorporated into the DNA is changed . 

DUBOIS: 1 000 r is a pretty big dose . 

BENNE TT: We have not done experiments using any smaller dosages 
which may be why our data do not agree with tha t  of Lavik and Harrington. 
O ther reasons for the discrepancy m ight also be suggested.  

DUBOIS: What tim e after irradia tion ? 

BENNETT: We have done experiments a t  num erous times from Z 
hours to 3 days afterwards . The time interval during which the adenine or 
phosphorus  was in the mouse was Z hours ; in other words , almost  as short a 
tim e as  possible . The effec t of irradia tion changes wi th time ;  if one does a 
long- term experim ent, one is integrating results in a fashion which, because 
of all these pool fac tors , one jus t does not know about .  So i t  seem ed advan
tageous to us  to do the experim ent over as short a tim e in terval as possible and 
a t  as m any intervals as feasible . 

CARTER:  You see the dilemma you are faced wi th in any inte rpre ta 
tion; tha t i s ,  either you m us t  say tha t  the desoxynucleic acid i s  me tabolically 
he terogenous - -

CHARGAFF: Tha t  has been shown by Bendich and others , at leas t  to 
a certain extent .  

CARTER :  That  is the point to be  m ade here . There are  types of 
molec ules or regions in the molecules tha t  turn over at fantas tically different 
ra tes . Bendich has shown by a frac tionation technic two c letJ.r desoxynucleic 
ac id frac tions that  turn over at widely different ra tes --

CHARGAFF: The trouble is ,  his frac tions a re not analyzed. 

SPIEGELMAN: How are these separa ted ? 

CARTER:  They are  separa ted by  sa l t  and alcohol frac tionations . I 
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think D r .  Chargaff has gone m uch further than this in the charac terization of the 
DNA molecules by extrac tion technics from the thym us gland. He has shown 
tha t ,  depending upon the sal t concentra tion, one can isolate several desoxynu 
c leic acids of high molecular weight  of different composi tion . 

CHARGAFF: We have frac tiona ted prac tically everything that  you c an  
lay your hands on with the exception of phage where the frac tionations are not 
very easy , bu t  you can ge t up to 1 0  fractions . 

more.  
CARTER: The chances are if you had the pa tience you would have 

CHARGAFF: I think there can be 1 00 , 000 . 

CARTER:  This is extrem ely important .  

COHN: It looks like a continuous spec trum . 

TOBIAS: How are these differences charac terized ? 

CHARGAFF: By composition . There is a certain similarity which I 
don ' t want to go into .  Bu t  you have a spec trum which begins on one end wi th  a 
high guanine and cytosine content of the nucleic ac id and goes to a very high 
adenine and thymine and very low guanine and cytosine , and from the dis tr ibu 
tion curves you can figure out  tha t you must  have a very large number of indi 
viduals . 

CARTER:  This ac tually lays very firm ground work for our interpre
ta tion of data bearing upon s truc ture of nucleic acids . I am sure that  mos t 
people in the room have never heard of Wal te r  Jones , but  he has contributed a 
c lassical s ta tement which prob!f.bly wil l  survive much longer than some of his 
scientific contribu tions , and that is "a nucleic acid is a m e thod of prepara tion. " 

COHN: He said tha t abou t 1 9ZO ,  didn ' t he ? 

CARTER: Way back.  But this is being amplified continuously . 

CHARGAFF: There are all sorts of proteins . This is a very general 
s ta tement.  

COHN: There is an inconsis tency in  speaking of proteins as plural 
subs tances and of RNA and DNA as single substances . This is often done rather 
loosely in conversation . 

CARTER:  At  any rate ,  we have many fac tors which mus t  be consid
ered in the modification of the interpre tation of these isotope incorporation data, 
and perhaps now what we really mus t  do is not only have the charac terization of 
these frac tions bu t we mus t  make all of our correla tions in terms of biologica l  
ac tivi ty . A t  this s tage of the game we canno t do  that  for mos t of  the nucleic 
ac ids . Where the ac tivi ty brings about  inheritable transforma tion in a few 
selec t bac teria this can be done . It is obviously the mos t  fruitful area in which 
to s tudy desoxynucleic acid, because the cri terion of biological ac tivi ty can be 
employed in the s tudy of the high molecular weight components . 

MAZIA: Except tha t  i t  is a criterion of whe ther i t  is native or not, 
bu t i t  can ' t  possibly be , the way i t  is  set  up now, a cri terion of puri ty .  
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CARTER:  Can i t  be  by the same m e thods we use  in  the purification 
of the virus ? 

MAZIA: I think not ,  because the biological tes ts are set  up so that  
you can m easure one ac tivi ty if  i t  is  present in the mixture . 

CARTER: What I was thinking of was the interpretation in terms of 
one infec tion per particle .  

COHN: You can say whether the charac teris tics you are looking for 
in the nucleic acid are present or absent ,  bu t you cannot say that there are not 
o thers present also . There could be a plurality of things in this preparation . 

SPIEGELMAN: The point is , i t  has been done by S tocker .  I t  is possi
ble to design the experiment so that  you know whether a single event is suffi 
c ient  to get the transformation . This is the thing that you really want to know. 
Undoubtedly it is a mixed population . 

COHN: It is not what  the chemist  wants to know. 

CARTER: But he has to have that information . With these molecules , 
we m ust  a ttempt  to .identify in some way s truc ture wi th ac tivity ,  and our inter
preta tion of s truc tures will have to be made within that framework .  Here again, 
I think that Dr. Chargaff is going to provide us with the information we want .  

Jus t reviewing briefiy this business of the s tudy of the metabolism of 
nucleic acids , in an attempt  to equate ac tivi ty with metabolism and in an a ttempt 
to evaluate radiation effec ts in terms of the assim ilation of isotopic precursors , 
we can see many fac tors which invalida te the usual interpretations that have 
been m ade and many factors which compel  us to insist upon more rigorous 
s tandards for fu ture interpretations . 

I would guess that the data that  Hardin Jones has on the incorpora tion 
of p32 in nucleic acid will hold . I think i t is solid , and the mere fac t that you 
don' t have pool sizes and a lot of things that we are beginning to insist upon 
here , does not detract from its use . I think that perhaps the greates t use to 
which these data have been put is in the elucidation of humoral fac tors, working 
at  a dis tance from the irradiated si te . Jones has used this approach to search 
for agents which can al ter the rates of incorporation of phosphorus into the de
soxynucleic molecule . 

Would you like to modify tha t  to any extent ?  

JONES: I did want to bring o u t  one point which I think gives som e 
validity to the general interpretation that is dropping back again on these bio
chem!}al data . Everything that  Dr .  Kelly and I tried to do in the way of relat
ing P turnover of the DNA frac tion with mitotic counts checks if we talk abou t  
times greater than 1 5  minu tes after irradiation. There i s  good agreem ent bet
ween this index of deprersed DNA turnover and the other DNA labeling me thods , 
namely, c l 4-glycine , C "-formate ,  e l f-adenine , and so on . I s till think tha t 
a more useful unders tanding of the dis turbance of the mi to tic process will com e  
from knowing how the separate pathways and pools of these subs tances can be 
involved in depressing labeled DNA formation . .. 

From the Harrington data you have just shown us , i t  is qui te obvious 
that if the whole pic ture is one of consis tency,  there m us t  be some metabolic 
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pools that have decreased and other pool s izes tha t have incr�ased after irradia
tion . 

CARTER: Or some nucleic acids tha t  turn over more rapidly or some 
areas of the molecule that exchange rapidly .  It is conceivable , for ins tance ,  that 
formate may exchange into the thymine moie ty withou t ne t synthesis of the mole
cule . 

I think the other problem that we must  consider here is the effec t of 
radia tion upon struc ture and how s truc ture m ay influence the expression of ac 
tivi ty .  In all of these disc ussions of s truc ture we can only go s o  far as inform a
tion of  the kind tha t Chargaff and Cohn have provided is  complete ,  and I don ' t  
believe tha t even they will admi t  that i t  is comple te . Bu t  nevertheless i t  is upon 
our fundam ental knowledge of s truc ture that we must  proceed in these analyses .  

The effec t of radia tion upon the biological ac tivi ty of nucleic acids m ay 
be due to a disruption of s truc ture in the high molecular weight  compound as well 
as to failure of i ts synthesis , and that  disruption of s truc ture is expressed in 
subsequent reac tions . So that I don ' t  believe tha t we should consider synthesis 
and turnover to the exclusion of s tructural fac tors . 

PLATZMAN: You said , " may be due 'to disruption of ' the s truc ture . " 
What  are the al ternatives ? 

CARTER:  Wel l ,  the s truc ture of the enzymes and the s tructure of the 
co-fac tors in the sys tem , e tc . , tha t are not related to the high molecular weight 
s truc ture of the nucleic acid . 

PLATZMAN:  It  m us t  be some s truc ture ? 

CARTER:  Yes , I don ' t  believe in e thers . I am trying to sepa ra te the 
events . The point I want to m ake is tha t this transforming principle , disrup ted 
by ionizing radia tion so tha t i t  looses i ts ac tivi ty ,  will have the ne t expression 
of failure of synthesis ,  bu t tha t the immediate event m ay be tha t which takes 
place on this high molecular weight  s tructure , comple tely independent of the 
enzymes ,  the coenzymes,  and the low molec ular weight  subs trates that go into 
the cons ti tu tion of the newly synthesized com pounds . 

The effe c ts of ionizing radia tion upon s truc ture tha t have been de
scribed fall into two categories. There is the fry-and-fall-back school of 
radiobiochemis try where m any roentgens are dissipated into solu tions contain
ing solu tes of biological interes t .  Then there are the s tudies done at relatively 
low absorption of energy in solu tion . I believe that both of these approaches 
give interes ting and valuable information . 

I don ' t  believe tha t  the fac t tha t  i t  takes a lot of energy to produce 
c ertain de tec tible changes in the s truc ture of the nucleic acids argues against 
this be ing important or an event tha t  is involved in radiobiological response .  I 
think tha t  in a sui table sys tem wi th sui table amplifica tion such as Dr .  Pollard 
talks about ,  and wi th the use of sui table enhancement fac tors , 

(
spch as Dr. Bar

ron has demons trated , i t  m ay take place . Scholes and Weiss 4 } and Bu tler and 
C onway(S) have recently , a t  leas t ,  done mos t  in this area and they have shown 
tha t  there is ac tual disrup tion of the high molec ular weight s truc tures wi th high 
dosage of irradiation; even the he terocyclic rings break. 

CHARGAFF: Is there evidence in this approach tha t the nucleic acids 
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a r e  more sensitive than proteins or any other biological structure ? 

CARTER: No, there isn ' t ,  and, as a ma tter of fac t, as Dr.  Barron 
poin ted out ,  there is fairly good evidence to indica te that they are less sensitive . 

Inorganic phosphate can be formed from the organic phosphoryl esters , 
a nd ammonia can be liberated from these solu tions . All of these events take 
pla c e  with high energy absorption. · A lot of radiation is necessary to accomplish 
thi s .  

Perhaps the more immediately interesting radiation effects i n  this area 
a re related to changes brought abou t in the high molecular weight desoxyribonu
c l e ic a c id by the various form s of  radiation. This work probably begins with 
tha t  which Dr. Hollaender did wi th u l traviole t radiation, and then was continued 
in c oopera tion with Taylor and Greenstein em ploying X radiation . The funda 
m e ntal  experiments are there . The effects a re all  described . They have pro 
vided a fertile area for re- inves tigation and for amplification. I t  was found tha t 
when the polymerized desoxyribonucleic ac ids were exposed to X radia tion, they 
rapidly los t their proper ties of high viscosity ,  and that not only this primary 
event c o uld be shown, but  that if the irradiated nucleic acid were kept in solu tion 
afte r i rradia tion, viscosity tended to decrease continuously for a long period of 
tim e thereafter.  

These effe cts have been re -inves tigated by Butler and Conway and 
Scholes and Weiss ,  and their inves tiga tions have brought forth several inte res ting 
addi tional findings . In the first plac e ,  Butler and his colleague found that this 
after-effect  is largely absent when the nucleic a cid is irradia ted in nitrogen.  
Tha t is , if  the nucleic acid is irradia ted in the absence of air,  viscosi ty does no t 
dec rea se significantly after the ini tial ionizing event. Scholes and Weiss ,  under 
sligh tly different conditions , found tha t irradiation in nitrogen produces about 
one- third of the after-effec t of irradia tion in oxygen, and this has modified to a 
considerable extent their interpre ta tion, bu t ne vertheless oxygen has a profound 
infl uence upon this drop in viscos i ty of the nucleic acid.  

l(A MEN: About  a week ago ,  there was another article in Na ture by 
Conway (6 ) more or less taking Scholes and Weiss to task and upholding B u tler 's  
and Conway 's  original notion . 

CARTER:  Tha t is based on a difference in techniques .  B u tler, after 
irradiation, takes the nucleic acid out and dilu tes it  by a fac tor of 2 .  There is ,  
he  say s ,  an  immedia te reorienta tion of  molecules after dilu tion. Whereas Scholes 
and Weiss do their vis cosi ty s tudies in the sam e solu tion, and the after -effec t 
which they ge t in the presence of nitrogen, Bu tler and C onway say is m erely a 
slow reorienta tion tha t takes place after the ionizing event.  If they take the solu
tion and dilu te it  ou t by a fac tor of 2 the even t is no longer seen. 

C HA RGAFF: But the original viscosi ty decrease during the irradiation 
is not influenced by absence of oxygen. 

CARTER: To a very small extent. The primary event is influenced to 
an extrem ely small extent. 

PA TT: Is oxygen added imm edia tely after irradiation in all instances ? 

CARTER: They have done it immediately after. 
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PATT: In other words, the solations are irradiated in ni trogen and 
then equilibrated with oxygen. 

CARTE R: The interpretation has usually been (and I think there is 
general agreem ent here) that the presence of oxygen during irradiation gives 
rise to an increased amount of oxidizing radicals , but  there is, in addition to 
that, another fac tor which is apparent from Butler 's  data.  If one takes a nu
cleic acid and puts i t  in an aqueous solution which has been irradia ted with 1 04 
r,  there is a slow, sligh t drop in viscosi ty of the high molecular weight nucleic 
acid. If one takes a nucleic acid that  has been irradiated in nitrogen and then 
adds to it  water that was irradiated in oxygen, one finds a more extensive, more 
rapid drop in viscosi ty. 

Finally, this can be compared with the considerably more extensive 
drop in viscosity of solu tions of nucleic acid irradiated in oxygen. 

The form ulation that arises from these data is as follows: 

Not only the oxidizing radicals form ed in the aqueous solution by the 
absorption of radiation participate in this phenom ena, but  irradiation gives rise 
to oxidized groups upon the nucleic acid which can participate synergistically or 
additively with the radicals that are form ed in solution. So that there are two 
concepts to be considered in the interpretation of these  data: 

1 .  The radicals produced in water by the irradiation. 
z . The radicals that are form ed on the high molecular weight nucleic 

acid. 

ALLEN: Is this effec t  produced if you put the thing into a solu tion of 
peroxide ? 

CARTER:  This effec t is produced . This slow, small decrease in 
viscosi ty .  

effect .  
ALLEN: I wonder if peroxide ou t of a bo ttle wil l  produce the same 

CARTER: Yes , bu t  not nearly a s  efficiently . 

BARRON: I was going to ask whe ther the authors have measured the 
amount of peroxide formed in wa ter . 

CARTER:  Yes , they have . 

BAR RON: And this effec t is not equal to the amount of hydrogen 
peroxide from the bottle ? 

CARTER:  No, i t  is not .  

BARRON: Tha t has  been our experience also . The peroxide obtained 
from m anufac turers is different from the peroxide obtained after irradiation . 

CARTER :  This i s  understandable,  isn ' t  i t  Dr .  Allen ? 

ALLEN: It is not understandable if the peroxide is obtained from a 
good m anufac turer . 
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Falls . 
BARRON: This was 99 . S percent peroxide obtained from Niagara 

1 Z9 

HOLLAENDE R:  Mos t of the comm ercial peroxide has a s tablizing 
s ubs tance incorporated in the suspension . 

BARRON: No, this is pure peroxide .  

ALLEN: I t  is s upposed to be inhibi tor-free . 

TOBIAS: Are these effec ts identical with X rays ? 

CARTER:  They have used peroxide plus UV and very extensive degra
da tion is produced .  Whe ther i t  i s  identical ,  I don ' t  know. 

KAMEN: Radia tion has the same effec t .  

CARTE R: Yes , i t  does bu t is i t  identical ? 

KAMEN: It is identical wi th low radiation doses . Wi th high radia tion 
doses it is different.  

CAR TER:  Well , the point that I want to bring out  from this discussion 
is that apparently peroxide radicals are form ed on the nucleic acid which ac 
tually participate synergis tically in this phenomenon . 

POLLARD: Has anybody ever tried dry nucleic acid ? 

CARTER:  Yes , i t  has been done . 

POLLARD: What happens ? 

HOLLAENDER :  You have to go much higher .  

CARTER:  I think, too , tha t w e  m u s t  include th e  fac tor of protein in 
the high molec ular weigh t  s truc ture . I don ' t  know of any evidence which would 
indica te that nucleic acids exis t  as free nucleic acids . They are polyelec tro
lytes , and undoubtedly they exis t in combina tion with protein . Is tha t all righ t  
wi th you , Dr .  Chargaff? 

CHARGAFF: Sure .  

CARTER :  So tha t  ac tually when we study effec ts of  radia tion upon 
these  high molecular weight  compounds , the s tudies should be conducted on a 
nucleoprotein if we want data applicable to cell biology . This problem has been 
s tudied by Anderson in Hollaender ' s  laboratory and he finds tha t there is m uch 
grea ter sensi tivi ty as measured in terms of viscosi ty drop when a nucleoprotein 
is irradia ted compared wi th a nucleic acid .  I believe this is because the fac tors 
of high molecular weight orientation are probably preserved more closely to the 
native s ta te in these nucleoproteins , and tha t  ac tually yoll have an increased 
degree of sens i tivi ty in your  m easurements s imply because of high molec ular 
weight orienta tion . 

There may be another interpre tation . Nevertheless , there is now 
adequa te evidence tha t  doses as low as ZS r will produce extensive depolymeri
za tion or a t  leas t extensive changes in terms of viscosi ty al teration in the mole-
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c ule .  

Scholes and Weiss (7) contend tha t ionizing radiation a t tacks the pento s e  
moie ty ,  o r  i n  the case of the desoxynuc leic acid ,  the desoxypentose moie ty .  

They argue from analogy of the irradiation of the low molec ular weigh t 
organic phosphoryl es ters . Ethyl phospha te irradia ted with about  9 x 1 04 r c a n  
b e  transform ed i n  to acetylphosphate . 

Glycerophosphate irradiated a t  abo u t  the sam e  level also undergoes a n  
oxida tive type reac tion , which they form u la te as an a ttack by the perhydroxyl 
radical which converts the secondary hydroxyl to a ketone . The net effec t  of 
conver ting the hydroxyl to a ke tone is to labi l ize the phosphate . 

They argue that  the same sequence of events will take place in the de 
soxypentose moiety .  That  the at tack of the oxida tive radical will be on the 
lac tone, with a rupture of the furanose ring and with a labiliza tion of adjac ent 
phosphate. Consequently the chain wil l  rupture,  and the high molec ular weigh t 
charac teristics of the molecule wil l  disappear .  

Mos t people argue against this interpre ta tion because of the inabi l i ty 
to find traces of inorganic phosphate or other degraded components and the fac t 
tha t  changes in viscosi ty can take place wi tho u t  finding these com ponents. 

Concomi tant changes in molec u lar weigh t have been s tudied by o ther 
c riteria .  While viscosi ty changes m ay be ex tensive, fundam ental di-es ter l ink
ages have been unaffec ted and sedim enta tion behavior may be unchanged . Wha t  
has been affec ted is the high molecular weight orienta tion tha t  i s  based upon 
a ssociation or aggrega tion or weak bonding of som e  nature tha t  cannot be iden ti
fied wi th fundam ental particle size . (5) 

However ,  Scholes and Weiss (?) find tha t if they take a nucleic acid 
and do a very m ild acid degradation , they ge t virtually no phosphate . F rom the 
irradia ted nucleic acid they ge t 1 5  tim es the amount of inorganic phosphate .  

CHARGAFF: I have had the feeling that  there is som ethin g wrong 
with these experiments . 

PLA TZMAN : Why wou ld they be so hard to repeat? 

BARRON: We have attem pted to repeat  them . We have never fo und 
phosphoric acid or ammonia . 

CARTER: Have you ever tried the acid labile phospha te experiment? 

BARRON :  No . We irradia ted nucleic acid with 50 , 000 r ,  and we 
could no t find either ammonia or phospha te . 

CARTER: But  never theless we have to keep these experim ents of 
B u tler in m ind, tha t  som e thing has taken place on the nucleic acid molec ule 
which makes it more s usceptible to attack by peroxide and the oxidizing radi
cals ,  and som ehow or o ther we have to come up wi th an explanation, no t to 
sa tisfy us or to make us happy but  so we can do experim ents . 

ALLEN: Do I unders tand that the ac id labile phosphate is increased by 
radiation ? 
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CARTER:  Yes . 

ALLEN: O ther people say that  free phosphate is no t inc reased by 
r a d ia tion .  

CARTER:  That  is right .  

ALLEN: Then what  is the contradic tion? 

1 3 1  

CARTER:  I don ' t  think there is  a contradic tion on tha t point  because 
D r .  Barron has not looked for acid labile phosphate but  Weiss does say tha t  he 
ge ts inorganic phosphate as well during this operation.  On tha t  point  there is 
d i s agreem ent .  

COHN: D o  you mind i f  I rais e a point  tha t  I wan ted to raise about  20 
m i n u tes ago ? That is , a certain way of looking at phosphorus or ribose . 
Phosphorus is a more important cons tituent of the macromolec ule than purine 
and pyrim idine because i t  is a double l ink in the chain. There has been a ten
dency by som e to look on these as less important than adenine or even of for
m a te experim ents . This may not be jus tified in terms of the m ac romolecules . 

ALLEN: Could you go over again the ques tion of the molec ular weight 
of this irradia ted mate rial ? The viscosity is greatly dec reased in solu tion, I 
u nderstand ,  but  you say that  o ther c ri teria of the molec ular weight indicate no 
decreas e .  What  are thos e o ther c ri teria ? 

CARTER:  Sedim enta tion. 

MAZ IA:  Isn ' t it true tha t when you have molec ules of s uch high 
asym m e try , the sedimenta tion depends only on the width not on the length ? 

CARTER: What  i t  depends on is orienta tion in the fields j us t  like the 
p roblem s of anom alous viscosity .  

MAGEE: You are talking about  sedim enta tion veloci ty ? 

CARTER:  Yes . 

MAGEE: Don ' t  you make sedim entation equil ibrium m easurem ents ? 

CARTER: You can but  I don ' t  know that  anybody has good data on 
n ucleic acid, and that  would be the inform a tion tha t  would give you the import
ant data here. 

There are just one or two points tha t  I think may be added here , and to 
be fashionabl e  we have to draw the Watson -C rick model .  The Wa tson-Crick 
model is based upon no new evidence .  I t  encompasses a lot of analytical data, 
and I think the work tha t  Char gaff did in determining the com posi tion of nucleic 
acid is among the mos t im portant features of these data . 

The DNA molec ule is looked upon, based upon the data of X- ray dif
frac tion c rystallography , as composed of 2 intertwined helices developed about  
the same axJs .  and I believe i t  draws ou t som e thing l ike this: the length of  turn 
is  abo u t  34 A · The fea ture tha t  is som ewhat new com pared to the Pauling 
diagrams is tha t the phosphorus groups are on the ou tside . Incidentally ,  they 
say tha t  a s truc ture like this c anno t be described for ribose nucleic acid be-
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cause of van der Waals ' forces . 

CHARGAFF: Another one , not dissim ilar ,  can be described . Not 
this partic ular one . Because of the pi tch of the helices , i t  is no t possible to 
accom odate Z ' hydroxyls . 

CARTER:  The novel fea ture here is tha t  i t  u til izes very nicely D r . 
C hargaff ' s  data which showed tha t there is always a ra tio of adenine and thym ine 
approaching 1 ,  and similarly guanine and cytosine . 

This helical s truc ture is held toge ther by the phospho-di-es ter l inkage 
and also by hydrogen bonding be tween purines and pyrimidines ,  adenine and 
thym ine , guanine and cy tosine , hydrogen bonding tha t develops abou t the 1 and 
6 posi tions in the purine and pyrim idine r ings . The hydrogen bonding gives 
orienta tion , specific i ty ,  and rigidi ty to this s truc ture . The sequences develop 
in opposi te direc tions in the 2 chains . 

The double helical model provides a mechanism for replica tion or re
duplica tion of the s truc ture . 

I t  is an apparently sa tisfactory s ta tement of s truc ture , and a form ula
tion upon which experiments can  be  based . I t  i s  a phenom enon that  i s  almos t 
unparalleled in modern sc ientific publica tion . Watson and C rick formulated  
this s truc ture and wi thin a few m onths 8 or 10  people have rushed into the l i te ra 
ture to prove tha t  they are r igh t .  That  does not happen very often . 

CHARGAFF: No , people rushed in 5 years before they published it  to 
prove they were righ t .  Ac tually,  Wilkins , Franklin and Gosling had excel len t 
X- ray da ta which were published . 

CARTER :  I t  was their data tha t Wa tson ard C rick used . 

CHARGAFF: I think you might say tha t Wa tson and C rick wer e  con
firm ed 5 years before they published their hypothesis . 

POTTER :  Could you comment on the Wa tson-C rick s truc ture from 
the s tandpoint of how the experim ent fi ts biological spec ific ity ? 

CA RTER :  There is specific orienta tion . 

POTTER :  It  i s  a l l  on  the inside , isn ' t  i t ?  

CA RTER :  The chain com es ou t  o f  the helix and there i s  an  oppor tuni ty 
for replica tion on each s trand . 

SPIEGELMAN: There is one piece of inform a tion which was given a t  
the Na tional Academy meeting . The ti tra tion cu rves do no t completely fi t the 
Watson-C rick model .  There are too many free ti tra table phospha te groups . 
And the sugges tion was made by Dr . Schachman , tha t there are breaks a long the 
chain so tha t  not every phosphate group is di-es terified along the chain . S tent 
has done som e ingenious experim en ts , which would really take too long to de
scribe , in an a ttem pt to see if the breaks are dis tribu ted a t  random along the 
m olec ule . The da ta he had jus t  before the Academy mee ting were s ti l l  pre l im i 
nary , bu t  they fi t beau tifully wi th the idea tha t  the molec ule is not continuous . 

CARTER :  Yes , in their form ula tion they talk abou t chains havi ng 2 1 00 
uni ts or some thing higher than tha t .  This business of end groups is extrem ely 
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im portant  in the form ula tion of nucleic ac id s truc ture and ac tion, and the data 
we have are not very good on the number of end groups in one of these cha ins . 

TOBIAS: According to S tent and Schachman 's idea , only one arm of 
the chain is broken in irregular places and not as far as 2 1 00 uni ts bu t maybe 
Z S  uni ts . 

S tent thinks tha t half of the nucleic acid chain might  be broken in various 
p laces  along the nucleic acid molecule . When the molecule is irradiated , ion 
pa irs can cause other breaks along the chain , usually in a single arm only . If 
a radia tion- induced break occ urs in a place where there is only a single chain 
in tac t ,  the molecule is comple tely broken . 

When phage are irradia ted a t  various tem pera tures ,  i t  turns out  that 
the radiosensi tivity of the phage (and_ I think Dr.  Pollard has done sim ilar ex
perim ents and s imilar experim ents were done on cells by Wood as well) shows 
a very s triking increase wi th tem perature . Sens i tivity m ay go up as m uch as 
5 tim e s  within a few degrees centigrade .  

The interpreta tion there is tha t som e  of  these hydrogen bonds , s ta tis ti 
cal ly speaking, break wi th increase in temperature , and S tent thinks that if 
m aybe 20 of them are broken s im u l taneously , then the defec t is as  effec tive as 
a defect  caused exac tly opposite the already open plac es . This is really quite 
an  intriguing idea to me a t  leas t, though I m us t  adm i t  tha t  the explana tion of 
therm al  increase of radiosens i tivi ty does not require the Wa tson-C rick model . 

CARTER:  Ac tually I think tha t  you have to im plica te some kind of a 
s taggered s truc ture to ge t these long chains . Do you feel tha t  way ? 

CHARGAFF: Yes , unfortuna te ly there are no calculations ava ilable . 
I think tha t  you want to calc ula te how long a chain can exis t wi thou t snapping. 
There are lim i ts to a con tinuous polymer chain of this type,  but  I can think of 
no c r i teria . 

PLA TZMAN: If you envisage that ,  the pos i tion has already changed 
with tim e .  I t  is a dynamic , changing thing. 

CHARGAFF: The desoxynucleic ac id is really supposed to s tay where 
it i s , in the res ting cel l . I t  does no t turn over at a l l .  

PLA TZMAN: C ertainly these fluc tua tions in hydrogen bonds a re 
dynamic . 

CHARGAFF: I think a bridge builder would unders tand more abou t  
the effec t o f  these hydrogen bonds on  2 parallel chains than I do . Bu t  I have a 
feeling tha t  you have a m u tual  s trengthening of 2 different types ;  ( 1 )  a covalent 
type of l inkage and (2) a secondary valence one . It is possibly true that  if one 
of the types breaks in several  places , you ge t au toma tic snapping of the o ther 
type . I think if you break a few covalent bonds , m any of the hydrogen bonds 
will  be disrupted . 

CARTE R: Incidentally , there is som e suppor ting da ta from infrared 
spec troscopy . Frick found in the 3 .  1 - 3 .  2 m icron region a shoulder which 
corresponds wi th the ni trogen-hydrogen bonds . Upon ti tra ting his nucleic acid 
he found tha t wh�n viscosity fel l ,  the shoulder disappeared . 

CHARGAFF: I think the Watson-C rick s truc ture describes probably 
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very well wha t goes on in the s tre tched fibers in the crys tal line s truc ture which 
has been subjec ted to X- ray .  I am not sure tha t one should not dis tingu ish be 
tween the two parts of their hypo thesis ; nam ely , the one tha t  describes the 
c rys tallography of wha t can be m eas ured and the one tha t pos tula tes this bio
logical  model , because I don ' t  know tha t there is any evidence tha t nucleic ac id 
looks like tha t if i t  has not been subjec ted to this s tre tching . I don ' t  know of 
any evidence except our chem ical da ta , and they could be interpre ted different
ly : 

POLLARD: Yes , Wilkins has evidence of tha t .  

CHARGAFF: Tha t is poor evidence .  I think that  you do no t see  the 
sam e type of details tha t you see in the s tretched s tructure . 

POLLARD: S ti l l ,  it is the only evidence and i t  is posi tive . 

CHARGAFF: Yes , bu t he has too few details to say they are com 
pa tible wi th such a s truc ture,  and I don ' t  think he shows i t .  

POLLA RD: There is nothing incom pa tible .  

CHARGAFF: No, but  there is qui te a distance be tween som ething not 
being incom patible and being true . I mean there is a long way to go . 

CARTER :  At  any ra te ,  this has served as an extremely usefu l point 
of depar ture for m any discussions , and probably abou t it a considerable amount  
of  solid inves tiga tion will be buil t . 

POLLARD: It has com pletely licked the problem of biological cell  
d uplica tion.  

CHARGAFF: I don ' t  share your enthusiasm . There is a need for a 
peculiar enzym e which enters these huge coils in such a way tha t  you c an ge t 
duplica tion . As a ma tter of fac t , i t  has really taken away som e of the fun, be 
c ause you expose surfaces that are extrem ely identical . The polyribose back
bone is toward the outs ide ,  and you have to go ins ide to build one chain and the o ther .  

POLLARD: S tart  wi th the ends and work down . 

SPIEGE LMAN: Tha t is the way they imagine i t; tha t  is , the thing is 
really unwound . 

CHARGAFF: We call the enzym e " unsc rewase . "  

SPIEGELMAN: They have wha t  can be cons idered as not a completely 
im plaus ible pic ture of the func tion . Bu t I think if S tent • s  reasoning is correc t 
it is going to sim plify m a tters trem endously because of the possibili ty of not 
having to do the whole thing a t  once but in sec tions if these breaks are rea l .  

CHARGAFF: Except I would like to know wha t  these sec tions really 
m ean . Is each sec tion a gene or wha t ?  

PLA TZMAN: Has anyone ever m ade com pletely deutera ted proteins 
or nucleic acids ? 

CARTE R :  I don ' t  think so . 
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PLA TZMAN: Has anyone tried it ? 

1 3 5  

JONES : In the biological sys tem ? I don ' t think tha t me tabolic func
tions would operate s ufficiently with s uch a change in reac tion properties in
duced by hydrogen replacem ent .  

SPIEGELMAN: Pure deuterium ? I though t  they s topped when you ge t 
above a certa in level . 

PLATZMAN: The func tion of zippering wou ld be ra ther different wi th 
deu te rium bonds ,  i . e . , the role of the dynam ic dis tribu tion of breakages .  

CHARGAFF: I don ' t  know anything abou t wha t  a deuterium bond looks lil�e as com pared with a hydrogen bond . 

PLATZMAN : It would be much weakened . It would have a com pletely 
diffe rent  kind of temperature effec t .  

tu res . 
CHARGAFF: Then you really could no t expec t  to grow these s truc -

PLA TZMAN : Wel l ,  i t  would be a ques tion whe ther you could or not .  
Tha t i n  i tself wou ld be im portant . 

CHARGAFF:  You would have to  know whether you can grow bac teria 
in deu terium . 

MAZIA:  The Watson-C rick form ula tion regarding replica tion is  ex
perim entally tes table independent of any concep t of s truc tural de tails . S tent is 
doing it wi th phage and with chromosomes . 

KAMEN: Wha t  are these experim ents ? 

MAZIA:  The principle of them is tha t  if in the sys tem replica tion 
works , then the m a terial of the parent molec ule is dis tribu ted be tween the 
daugh ter molecules . The experiments are essentially to de term ine whe the r the 
parent molecule as s uch survives and the daugh ter molecules consis t entirely 
of new m a tter or whe ther the Z daughter molec ules consis t of half parental  m a t
ter and half new ma tter .  

sure .  

C URTIS: It  has to be half ? 

MAZIA: Yes . 

POLLA RD: It has to be done twice . You need bo th genera tions to be 

SPIEGELMAN: Tha t has to be chec�ed . I t  really disagrees wi th a lo t  
of  o ther experim ents . 

POLLARD: Luria and Human also showed tha t m ul tiplica tion by spli t
ting takes place . We also know tha t  i t  is nucleic acid synthesis which takes 
place firs t .  There is no in tervention of proteins firs t .  

CARTER : Wha t is  the evidence for these things ? 

POLLA RD: Simply tha t  no new pro tein wha tsoever develops until so 
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late in  the cycle . 

SPIEGELMAN : It has been shown tha t there is no new protein synthe
sis for a period during which wha t is referred to as  the vege ta tive DNA pool is 
formed . There is a considerable amount of DNA synthesis prior to the appear
anc e of  any phage specific pro tein .  

CARTE R :  This is high molecular weight DNA ? 

SPIEGELMAN: This is high molec ular weight DNA .  

POLLARD:  Also Luria and La tarje t ' s  radia tion experim ents showed 
something like this .  

tion ? 

D NA . 

CA RTER :  Tha t DNA synthesis proceeds the period o f  pro tein forma -.  

POLLA RD:  Yes . 

POTTER:  Wha t  you are  saying is  tha t  DNA synthesis requires only 

SPIEGELMAN: No, i t  does not mean tha t .  All it means is tha t  you do 
not make mature phage simul taneously wi th DNA . 

MAZIA: Can we be sure tha t DNA produced during the firs t period is 
phage DNA ? This can mean merely that the pieces are being m ade . 

SPIEGELMAN: These pieces were big enough to partic ipate in gene tic 
exchange . 

CARTER :  How big a re they ? 

SPIEGELMAN: I don ' t  know, bu t  they certainly cannot be at  the nu
c leotide level . 

CARTE R :  A problem arises because isn ' t  i t  conceivable that  low 
m olec ular weigh t  uni ts can be transferred in and out of the polynucleo tide chains 
to give new sequences , and tha t  ac tually you don ' t  need to have a comple te chain 
to ge t a specific s truc ture to bring about  a specific event .  

KAMEN: Are  you saying tha t  you c an s tar t wi th one of  these chains in 
the Wa tson-C rick model and peel  a hunk off the ou tside ? 

CARTER: Right .  

CHA RGAFF: The model then requires tha t you  pu t in  the com plemen
tary piece on the o ther s ide . This requires a lot of ingenuity .  

here . 

CARTER :  The enzyme might  do  i t .  

Wel l ,  I should like jus t  to pu t  the lid on  this thing so  we  can ge t ou t  of 

There are a couple of consequences of spli tting a polynucleotide chain. 
The ra tio of the end group to di-es ter  l inkage is im portant in a varie ty of en-
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zyma tic  reac tions . Wha t  we need is evidence in this field . Of course, specu
la tion is good too . Ac tual experim ents tha t  will show us wha t  a nucleic ac id 
doe s or what it influences are extrem ely important to any interpreta tions we 
rn ake in this area . 

One thing tha t I think we can be fairly sure of, is tha t  a nucleotide 
s equence terminating i-n an end group c an de term ine to a great  extent the spec 
ifici ty of this group of subs tra tes for several enzymes .  We know tha t when this  
end group is  removed from . a low molecular weigh t desoxyribonucleic ac id  chain 
the low m olecular weigh t  chain may becom e a substrate for desoxyribonuclease . 
So the breaks in these sequenc es may have m e tabolic significance as  well  as  
s truc tural significance .  Evidence of  this sor t is badly needed . 

R unning through al l  of these disc ussions , of course ,  has been consid
e ra tion of  the transforming principle . I believe tha t  we  have exhaus ted mos t of 
the imm edia te possibili ties in this discussion . Bu t  I think tha t one ac tion of 
radia tion upon nucleic acid me tabolism has escaped disc ussion and I think tha t 
i t  m ay reJ>resent one of the mos t  important ac tions . By this I refer  to the work 
of Lwoff (8) on the induc tion of lysogeny . 

This a rea of bac terial physiology and biochemis try is extremely com 
plex and I c annot even a t tempt  to make a short rational discussion of i t .  Bu t  the 
phenom ena which Lwoff has s tudied opens up an area of grea t fundamental im 
portance in biology , the phenomon of phage produc tion in a s train of bac teria 
tha t has carried the phage , or the abili ty to produce the phage in a non- infec tive 
s tage . Lysogeny then is described as the phenomenon of inheri table transmis
s ior, o f  host-producing phage . 

Ac tually this is a thread tha t has run through microbiology for many 
years . There are m any early observations , one of the most interes ting being tha t 
of DeJong (abou t 1 900)  in which i t  was found tha t  spores of B .  mega therium , 
heated to 1 00 degrees , were lysogenic . That is when the spores grew out ,  they 
p roduced a phage which caused lysis and death of the organism . 

The modern counterpart  of this experiment  has been performed by 
Lwoff and his co-workers . S trains which are susceptible , tha t  is , which are 
known to carry the gene tic charac teris tics that will permi t  the development of 
phage , become lysogenic upon X irradia tion or exposure to ul traviole t  ligh t . 
Desoxynucleic ac id synthesis and phage synthesis increase so that  X radia tion 
ac tually is an agent tha t has re-orienta ted the me tabolism of the nucleic ac id . 
The ne t effect  is ac tually to induce a burs t of nucleic acid synthesis . A phenom 
enon of this na ture , I believe , is j us t  as im portant as any inhibi tion of nucleic 
acid m e tabolism that can be produced . 

As a contribu tion to fundam ental biology I think i t  is of infini tely great
er im por tance . I t  s trikes very c lose to  som e of the basic problem s:  the nature 
of vir u s ,  the produc tion of neoplasia , and the rela tion tha t  neoplasia may have 
to an abnormal par ticle me tabolism of this nature . I think this is an area tha t  
should be inves tiga ted extensively by  the radiobiologis ts . 

Sol ,  you are working in this field . Wha t im por tance do you place 
upon i t ? 

S PIEGELMAN: Well ,  I think i t  is very im portant .  I think, however , 
that i t  is not likely tha t  radia tion is going to tell us wha t  i t  is all about .  

CARTER:  Radiation is an inducing mechanism . We have been talking 
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about  the inhibition of nucleic acid synthesis in m e taboHsm and the degradation 
of large molecules . Apparently radiation can also induce nucleic acid synthe
sis.  

SPIEGELMAN: I t. perhaps , might  be worthwhile to desc ribe briefly 
som e extremely fascinating series of facts which have recently emerged c on
c erning lysogeny. In the first place,  it is  important to recognize that one can 
have lysogenic and non-lysogenic varieties of the same strain. The dis tinc tion 
between them can be easily exhibited in many cases by induc tion wi th UV. The 
doses tha t  induce are extremely low and of the order of 5 percent kill for nor
m al cells . Exposing lysogenic cells to this radiation however ,  leads to virtual
ly a 1 00 percent kill, as the resul t of the subsequent developm ent of the virus. 

If one exposes cells of a non-lysogenic s train to what is called temper
a te virus ,  the cells become infec ted apparently without any marked effec ts on 
their m e tabolism and wi thout effec t  on viability .  Once the infec tion with tem
perate viruses has taken place,  one can s ubsequently demonstrate that  every 
cell contains at least 1 virus particle . It is important to note however, that the 
virus is not present in a recognizable s ta te before induc tion, sinc e upon break
ing open s uch cells, one cannot detec t the presence of many infec ti ve agents. 

These observations raise the question of where the virus is and in 
what form i t  exists . This s tage of virus exis tence has been called the p rophage 
s tage . I cannot at  this tim e,  detail the experim ental evidence in suppor t of the 
conclusions to he m entioned , bu t I think i t  worthwhile to sim ply s ta te them . 
One can say, wi th a large amount of certainty, that imm ediately subsequent to 
infection the virus does behave like a cytoplasm ic partic le and is transm itted in 
a random m anner. However,  in  a few divisions it  disappears from the cyto
p lasm and takes up a position on the chromosomes.  It can be further demon
s trated that the posi tion taken up by a particu lar tem pe rate virus is always the 
sam e since i t  can be localized by m eans of crossing experiments . Thus ,  if you 
c ross a lysogenic s train wi th a non-lysogenic one , you will find in the progeny 
an association of the transm ission of the prophage charac ter with several close· 
ly linked markers controlling other normal m e tabolic processes. 

In some instances , it has been possible to demonstrate that  Z alterna
tive positions are possible, and in these i t  has been demons trated that 1 cell 
can be infected sim ul taneously wi th Z viruses in  the prophage s tage .  

W e  have here indeed , a most amazing situation. One takes a self
duplicating unit,  puts i t  into a cell where, instead of behaving like an independ· 
ent enti ty in the cytoplasm , i t  incorporates i tself into the genetic apparatus of 
the host. In this m anner i t  is  transm itted from 1 cell generation to the next. 
It will be noted further that this m echanism guarantees that every cell contains 
the infective agent.  

One other feature of extreme interest is  tha t these viral agents carry 
in not only the abili ty to produce more viruses but also other genetic characters. 
For exam ple , if one has a lysogenic galactose positive cell and induces with �V 
so that m ature virus particles are produced, one can then infec t non-lysogeruc 
galactose negative cells with these virus par ticles. One finds that along with 
establishing lysogenicity,  one also transforms the galactose negativ� cells into 
ones capable of ferm enting galac tose ,  and the newly acquired charac ter is 
permanently inherited . 

A most dramatic case of this type of "Transduc tion phenom enon" has 
been exhibited in the las t  few years wi th respect  to toxin-producing diphtheria 
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bacilli  infec ted with a virus . Elim ination of the virus , which can be done by a 
varie ty of m e thods ,  leads to produc tion of a non- toxicogenic or non- pa thogenic 
s train . A large amount of experimental  data leads to the conclusion tha t there 
is  a 1 to 1 correspondence be tween cells carrying the virus and those able to 
produce the toxin . 

CHARGAFF: Who did this work ? 

SPIEGELMAN: It was firs t observed by Freem an in 1 950 , Groman in 
Seat tle has done the mos t extensive work and recen tly,  Foxdale and Pappen
heim e r  in New York have contribu ted to the problem . The mos t  recent paper by 
Groman (9) presents the mos t  conclusive evidence on the ques tion. 

KAMEN: Is tha t  in the Journal of Bac teriology ? 

SPIEGELM,AN: Yes , m os t  of this work has been published in the 
Journ&.l of Bac teriology . 

I think tha t most  of us who have been close to this area in the last  sev
eral  years , have found it  difficul t  to diges t the amazing amount of fundamenta lly 
new and unexpec ted inform a tion tha t has emerged from these researches .  Cer
tainly the abili ty of exogenous agents to incorporate them selves comple tely in to 
the genetic apparatus of hos t cells and confer not only the obvious property of 
lysogeny but ,  in addition , o ther gene tic proper ties is most  unexpec ted . 

Let me  describe one ingenious experiment tha t  demons tra tes clearly 
tha t  for a while the viral agent remains as an independent en tity in the cytoplasm 
These experiments were carried out by Lederburg and S tocker .  They possessed 
a non- lysogenic s train tha t  was also non-motile , lacking flagella . They exposed 
this s train to a viral agent derived from an organism tha t  was motile . If the 
viral agent were to incorporate i tself into the genetic apparatus of the hos t im 
m edia tely and also carry over  the gene tic abili ty to produce flagella,  then all of 
the cells produced from such an infec ted cell would be capable of producing 
flagell a .  Should the virus remain in the cytoplasm for a time ,  however ,  and be 
transm i tted in a random m anner from one cell genera tion to the nex t ,  then some 
cells would com e off lacking the viral agent and therefore , also the genetic abil
i ty to produce  flagell a .  These poss ibil i ties were tes ted by placing virus- infect
ed non -motile organism s on a moist  agar pla te . As  soon as a cell  produces 
flagella i t  wil l  s tart  to move and in the course of changing i ts posi tion, i t  will 
divide . If one of the daughter cells comes ou t lacking the viral par ticle , i t  will 
lose i ts flagella and , therefore , be unable to move .  The daughter cell possess 
ing flagella will move on . Under these circ um s tances then,  you would expec t to 
obtain a trail of non-motile ances tors along the pa th of the flagella ted organisms .  
This trail eventually disappears when the virus agen t becom es fixed in the 
chromosomes . S uch trails were indeed observed in these experim ents and they 
represent a beau tiful dem ons tra tion on a cellular basis tha t there is a lag before 
these agents becom e fixed into the gene tic appara tus . 

KAMEN: Well , if I wanted to concoc t (which would take us into the 
noon hour) a theory of radia tion i t  would be tha t in every cell population yo u have 
a certain percentage tha t  is radiosensitive by virtue of the fac t  tha t  you have in
corpora ted into the chromosomal apparatus a unit tha t is lysogenic . 

SPIEGELMAN: Tha t is where Pollard 's  m agnifica tion theory may 
come in . We m us t  bear in mind the possibili ty tha t  these represent very special 
biological groups tha t have evolved this symbios is . 
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CARTER: As a m atter of fact ,  Mellinick isolated som e thing like 30 or 
50 viruses which m an lives with perfectly happily . It is a nice rela tionship. 
When the viruses undertaken from m an were given to m ice ,  the res ults were 
disastrous.  So tha t  I don ' t  think we have to confine our speculation too na rrow
ly . 

MAZIA: There is a variety of genetic responses that m ay not b e  found 
in higher organism s because higher organism s could not have evolved if they had 
s uch sloppy gene tics .  

SPIEGELMAN: I doubt very m uch whether the genetics of  mic roorgan
isms is "sloppier" tha t  that of the higher form s .  The ' sloppiness" refe rred to 
by Dr .  Mazia, is more apparent than real . It stems primarily from th e  great 
precision with which one can perform genetic experim ents with microorganisms. 
The microbial geneticist  can, and routinely does,  deal with 1 0 9  individuals and 
with hundreds of generations . Further procedures have been e volved that  permit 
him � selec t easily a partic ular genotype even though i t  be present in only 1 out 
of 10 individuals . The point is tha t the range and the precision of the observa· 
tions which can be perfo rm ed with m icroorganism s are several orders of magni· 
tude above that .  

KAMEN: Do you think tha t  anything in humans sugges ts that they don't  
have sloppy genetics ? 

SPIEGELMAN:  I was the one who raised the voice of  cau tion as a mat
ter of fac t .  

KAMEN: We will  put tha t  on the record. 

POLLARD: I don ' t  believe that these things have m uch to do with nu
cleic acid as such . It seem s to m e  that what is im portant is how nucleic acid is 
rela ted to the cell . 

CARTER: I think tha t nucleic acid m e tabolism is an expression of one 
of the most integrated ac tivities of the cell and it is the area that  is the most at
trac tive to s tudy . 

POTTER: This phenomena m ay represent chunks of nuc leic acid com
ing out  of the molecu le ,  m ay it not.  Just as an amino acid can com e  out  of the 
m iddle of a polypeptide chain, and an intac t polypeptide chain cannot go to pieces 
because of i ts hydrogen bonds to other chains , so here you may have disrupted 
units of nucleic acid backbone which can com e and go because the s truc ture as a 
whole is held together by hydrogen bonds . 

I mention this in connec tion wi th D r .  Cohn's s tatem ent about  a line of 
reasoning which is drawn from the idea that the phosphate is bonded on  each end 
and, therefore, is in there tighte r  than anything else .  If one includes the hydro· 
gen bonding then this is no longer so.  I think that  we have to draw our conclu
sions about wha t goes in a nd what comes out  in term s of m e tabolic experiments 
in which we determine whether certain precursors go in and s tay in and other 
precursors go in and come ou t.  I think only by this m e tabolic experiment can we 

ge t at this question of whether the s tructure is as sim ple as pic tured in the ab· 
sence of hydrogen bonds . 

This sort of thing suggests that if you break them out ,  the whole thing 
does not go to pieces functionally . So I think those two conc epts are closely re· 
la ted. It m akes me think tha t the s tructure as a whole can carry a certain num· 
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ber of enzyme precursors or func tional prec ursors . You made the s tatement 
tha t  when it does go in under certain circum s tances , it can only go in by bump
i ng some thing ou t .  

SPIEGELMAN: Wel l  yes ,  i t  can  s tay in  only by  bumping something ou t .  
However, this replacem ent process is  probably par t  of  the m echanism of getting 
the m a terial fixed properly in the chromosom es . The pic ture tha t mos t of us 
h a ve at the present time of these so-called transduc tion phenomena is somewhat 
as  fol lows : Im agine a chromosome of the hos t recipient cell and a sinall seg
m en t  carried in by the transducing virus agent .  We know that  homologus chrom 
osom es  tend to synapse . It is not therefore , unreasonable to suppose that  the 
sm all  piece carried in by the viral agent will pair off with the corresponding 
portion of the homologus chromosom e .  If you now have a double cross-over,  
then the only thing tha t  can  happen is that  the piece which had been in goes ou t 
and the new piece is inserted in i ts place  in the chromosome .  I think it is true 
tha t  most of us are disturbed by one consequence of this type of explana tion.  It 
requires a very high frequency of double cross -overs in very small regions .  
Howe ver,  a t  the pres ent moment i t  explains all the fac ts thus far available . 

KAMEN: Do you see any loss of any property as a consequence of in
c orporation of  this foreign m a terial ? 

SPIEGELMAN: You can ge t both losses and gains depending upon where 
you take your gene tic area . 

KAMEN: That is what  I mean . How are these losses absorbed ? You 
gained a galac tose posi tive trai t ,  but what did you lose ? 

SPIEGELMAN: You lose the galac tose nega tive locus - - well ,  to give 
you another case ,  s treptomyc in resis tance can be los t and you can convert by 
s uch  t ransduc tion phenom ena into s treptomycin-sensi tive . This has also been 
a ccom plished by transform a tion . 

BENNETT: Is i t  a t  the same place presum ably ? 

SPIEGELMAN: There is no cel l  ye t ,  and the big search is on now in a 
lot  of labora tories to ge t a cell in which you can do transform ation, transduc tion 
and c l assical recombina tion and then find out  what  the rela tion is between the 
three . 

BENNETT: You mean as far as absolu te s i te is concerned ? 

SPIEGELMAN: That  is righ t .  Recen tly in our department,  Lennox 
has demons trated transduc tion in coli K- I Z  which is able to recom bine . So we 
have two of those now . If we can ge t a transform a tion for E .  C oli , then we will 
have all three in one organism , and this is really what  is needed to s tudy the 
rela tionship . 

KAMEN: Isn ' t  Salmonella a good candida te for this purpose ? 

SPIEGELMAN: Salmonella  can be transduced bu t not transformed . 

POTTER:  From the s tandpoint of nucleic ac id me tabolism after irradi
a tion ,  can you specula te on why the transduc tion is always of one charac te r ?  
Are there  any excep tions to this ? 

SPIEGE LMAN: Yes . S tocker  has a case which is very s trong for 
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m ul tiple transduc tion . Apparently they are hard to find . This again should not 
disturb u s .  One of the first  things that  happens as a res ult  of ac tive pha ge infec
tion or induc tion of an active phage synthesis is fragmenta tion of the nucl ear ap
paratu s .  

A very simple pic ture o f  wha t transduc tion i s  all about  i s  that acc ident
ally during the formation of m a ture phage, one of these fragm ents ge ts i ncorpor
a ted into the phage particle .  When it ge ts into the cell , then this phenomenon 
occ u rs . The chances of ge tting Z charac ters transduced wil l then depend upon 
how c lose they are together on the chromosome . We have few characte rs which 
are ve ry close together; our m ap,  thus far, is sparsely do tted with loc i .  As we 
add more loc i we should increase the frequency of m ul tiple transduc tio n .  

KAMEN: That  has very li ttle to do with irradia tion.  

KAPLAN: There is one possible analogy here to the material from 
bone ma rrow and spleen that  seems to exert som e  effects on X irradiated mice 
and possibly other species.  There is now fairly good evidence that  the activity 
resides in the nucleus of the cell . 

There is a li ttle evidenc e, which Cole has put  forth , which wou ld indi
c a te tha t  the ac tivity is des troyed by DNA -ase and by trypsin but no t by RNA
ase . This material,  if injec ted in �he form of differentially centrifuged nuclei 
(bu t thus far not extrac tabl e from the nuclei) ac ts remotely on radiation -dam
aged cells tha t  have been bloc ked from going through m i tosis . Very shortly 
after it is adminis tered, there is a release from this m i totic block and the cells 
s tart  to proliferate in the thym us , the spleen, and in lots of other places where 
they have been unable to recove r .  Conc urrently wi th this , a whole host o f  at
tributes of the animal that have been knocked out ,  suddenly come bac k. Its 
ability to com ba t  infec tion , for exam ple, is res tored almos t overnight .  

This material may be analogous to the transforming principle , as Cole 
has pointed out ,  although the analogy is a rather remote one at this tim e .  

MAZIA: Must  the nuclei b e  o f  the sam e  gene tic s train a s  the animal 
into which they are injec ted in order to be effec tive ? 

KAPLAN: Wel l .  we are no t completely certain of tha t .  There is a 
li ttle evidence that  Lorenz published , tha t  would suggest tha t there may be a 
small he terologous effect  but in order to demons tra te such an effect  one needs 
a m uch larger  amount of material . 

It is interes ting tha t  this material is found only in bone m arrow and in 
the spleen of the mouse and no t in any other tissue . 

It appears in rat marrow and i t  is probably going to work in marrow of 
al l  specie s .  If you look a t  it biologic ally , the spleen of the mouse is unique in 
the sense tha t it func tions very ac tively as extra -skele tal  bone marrow and this 
is not true of other species ;  therefore, if yo u talk  about  the splee n of the mouse 
yo u are really talking about  bone marrow and to becom e too narrowly concerned 
with spleen as spleen is not important.  

DUBOIS :  How m uch protec tion has been obtained in the ra t ?  

KA PLAN: About  50 percent .  The difficulty i s  that  i n  the rat, there is 
another unique event, namely the sensi tivity of the intes tines , which is apparent
ly not rela ted to the m arrow fac tor . The hem a topoie tic inj u ry can be, in a large 
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part ,  correc ted by marrow injec tion in the rat ,  according to Bond 's rec ent work . 

POTTER:  If I ge t your point correc tly ,  you m ight think tha t  in X-ray 
dam age you have blas ted a piece of the nucleic acid out of the to tal uni t  which has 
not los t i ts in tegri ty because of hydrogen bonding . And now,  if you put in plenty 
of pieces , say,  from m arrow nuclei , you m ay supply a t  random a piece that can 
fil l  the gap in the chain and heal the damage . Is tha t  the point  you are m aking ? 

KAPLAN: No, I would not go tha t far .  I would only say tha t  the cells in 
som e of these hematopoie tic tissues seem to be incapable of recovery afte r X 
irradia tion tha t is about  midle thal for the mouse - - they are no t capable of re 
c overy , and by virtue of the im pairm ent of func tion which resul ts ,  · the animals 
die because they are vulnerable to infec tion or hemorrhage , or they lack certain 
vital  func tions . This is no t im portant to the discussion . The point is merely 
tha t they are unable to recover on their own . If you give them this m a terial , al
mos t overnigh t  the hema topoie tic tissues recover the abil i ty to s tart  dividing rap
idly . When we shield the spleen or the thigh , or injec t bone marrow immedia tely 
after irradia tion - - of course, the shielding wou ld be during irradiation -- then , 
wi thin a few days after irradia tion , we can show very significant differences in 
the weigh t  of the thym us be tween treated and untrea ted animals . This is a very 
significant change . Some thing has happened to those thym us cells which s udden
ly relieves the effec t of irradia tion and le ts them s tart working again . 

HOLLAENDER :  We have conduc ted sim ilar studies in regard to recov
ery from X irradia tion with E. coli . I believe m uch more is known abo u t  this 
sys tem . 

SPIEGELMAN: Wha t  did you supply ? 

HOLLAENDER:  E , Coli B/r can be made to recover from X- ray dam 
age to a considerable degree by growing i t  on yeas t  or m eat  extrac t as mentioned 
before . A synthe tic m edium consis ting of inorganic salts ,  glucose ,  glu tamate ,  
u rac i l ,  and guanine,  will produce as  good a recovery a t  3 7oc as  yeast  extrac t .  

SPIEGELMAN: We had an idea a long s im ilar lines . It was based on the 
assum ption tha t  demons tra tion of transforma tion wi th certain bac teria s temm ed 
from the fac t  tha t  the wrong charac ters were being used . We s tar ted by s ubjec t 
ing the cells to le thal doses o f  X- rays and then exposing them to DNA from unir
radia ted cells . The idea was to reverse the le thal effec t wi th uninjured DNA. 
The resu l ts ,  however were comple tely nega tive . 

HOLLAENDER:  We have tried to feed irradia ted cel ls DNA or RNA bu t 
no effec t was noticed . · Of course ,  one diffic u l ty m igh t be tha t  these ma terials 
can no t enter the cel l . 

The ac tive material ac tually w'as found firs t by isola ting spleen ex trac t  
by paper chromatography . We  found three areas on  the paper ,  extrac ts of  which 
if combined , could sim u la te the spleen effec t .  I t  appears now tha t  these three 
materials m igh t be glu tamate ,  urac i l ,  and guanine . Further experim en tation is 
necessary to m ake this certain { 1 0 ) .  

SHERMAN: In your  experim ents did i t  make any difference which kind 
of spleens you used ; whether they were rat spleens or rabbi t spleens ? 

HOLLAENDE R:  Wel l ,  ac tually we used calf spleens for our experi
m ents . Of cou rse ,  we know why the calf spleen did work. 
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The spleen tissue was ground up and a water extract  was made. This 
was pu rified by alcohol extrac tion. 

We have made a survey of diffe rent tissues of the rabb i t  in regard to the 
recovery fac tor, and we found that the spleen contains more of this material than 
any other tissue tes ted . It is poss ible tha t synthetic media other than the one 
mentioned before may work •lso, but that we just  do not have the right com bina
tion . 

KAMEN: Is there any pertinence to the idea of taking som e  of the pos tu
la ted prec ursors for DNA tha t are available and trying them , just  inching up the 
scale a bit? 

· 

KA PLAN: Cole has done some of tha t work al ready . I im agine others 
have done it too . With the pures t DNA -protein prepara tions tha t he can get, for 
exam ple, by using low ionic s trength extrac tion techniques , he gets ve ry lovely 
nuc leoprotein which does not work . 

PATT: Will thym us extrac t facili ta te the regeneration of thymus?  

KAPLA N:  Thymus does not work. As I said ,  marrow is  the only thing 
tha t  works . 

PATT: We have a si tua tion he re of blood -form ing tissue rejuvenating 
blood-forming tissue .  However, thym u s ,  which may be  considered a part of the 
blood-form ing schem e,  does not facilita te the recovery of its kind, i . e . , lym 
phoid or of other blood-forming tissues . 

KAPLAN: Well, it is more complica ted tha t tha t .  Actually ma rrow, as 
you know, is an erythroid and.� m yeloid tissue ,  and thym us is essentially a lym
phoid tiss ue .  Withou t getting it!lto a discussion of blood formation, it is s till 
ra ther s triking tha t myeloid tissue should cause regenera tion of lym phoid tiss ue. 
Well ,  in fo! lvwing tha t idea up (and Cole has done this too) , we thou ght  it  would 
be inte res ting to find out  whether one could show that  the ac tivi ty is associated 
with one or another cellular se ries in the ma rrow . If you injec t tur pentine sub
c u taneously a s terile abscess is form ed within 2 to 4 days . This produces an 
overwhelm ing myelocy tic response in the marrow. This marrow, however, does 
not have grea te r activity than ordinary m arrow . 

The same is true if you use phenylhydrazine to produce transient anemia, 
which causes trem endous erythroid hyperplasia in the ma rrow. The refore , we 
can conclude tha t the factor is not concentra ted in the more mature cells of eith
er se ries , since nei ther an induced ery throid nor an induced myeloid hyperplasia 
has a differential effect. I am no t sure ,  but  would s uggest,  a t  least ,  that the ma
terial in the marrow is derived from a ve ry prim itive cell form tha t is not differ
entia ted along either line . Tha t is a perfec tly good lead, but  we have not proven 
i t  as yet .  

C U RTIS: I am afraid our tim e is  u p  and we m us t  adjourn .  I want to 
thank all of you on behalf of the Na tiona l Research C ouncil for com ing and par
ticipa ting in this discussion. It has been a s timula ting m ee ting a nd I hope each 
of you has profited from it  as much as I have . 
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catalase ,  27 
in  irradiated aqueous solu 
tions , 3 1  

Ioniza tion 
by coll ision , 24 
extent  in irradiated aqueous 
solu tion , 3 1  
po tential in energy m igra tion , 
1 9  
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Ionization (C ont 'd . ) 
protec tive ac tion of prod
uc ts ,  45  

Isopropyl alcohol, 3 3  

Journal o f  Bac teriology, 1 3 9 

Kidney 
inhibi tion of c itric acid 
form a tion, 89 
in vivo s tudies of enzym e 
inhibition, 87 
radioresis tance of c ell 
popula tion, 92 

Krebs cycle, I 07 

Lac ta te ,  3 3  
Lac tic acid, 3 0  
Lens 

X- ray induced inhibition of 
-SH groups , 40 

Light absorption 
effec ts of radiation, 3 5  

Lipid metabolism 
indicator of radia tion 
dam age ,  93  

Liver 
in vivo studies of enzym e 
inhibition, 87 
sex difference in radiation 
response , 93 

Lym phocytes 
survival time after irradia
tion, 88 

Lym phoid tumors , 81 
Lym phopenia , 89 
Lysogeny 

induc tion, 1 37 
Lysozine 

effects of irradiation, 3 4  

Malate, 87 
Medium 

effec ts on radiosensi ti vi ty 
of E .  coli,  5 8  

Mercaptoethylamine 
locus  of protec tive effec t,  5 1  
protec tion agains t irradia 
tion, I 0 1  

Meromyosins 
effec t of irradiation, 1 7  

Methac ryla te 
relation be tween radia tion 
dose and cross-linking, 26 

Methemoglobinem ia , 1 00 
Methyl bis (6-chloroe.thyl )  am ine 

effec t  on acetoaceta te ,  ace
tate, fumara te ,  and pyru
vate, 96 
effec t on c i tric acid ace urn u 
l a  tion in liver ,  9 4  
effec t o n  thym us , 96 

Migra tion 
elec tron, II 
posi tive charge , 1 0  
weak molecular bond , I 7 

Mito chondria 
effec t of tem perature on 
nucleotide leakage , 5 8  
response to radiation ,  I 09 

M i tosis 
fac tors involved in radia tio n
induced changes , 1 25 
mechanism , 78 

Molec ular cross-sec tion 
measured by alpha pa rti c les 
and de uterons , 7 

Molec ular s truc tu re 
effect  on radiation respo nse,  
1 2  
radiation-induced change s ,  1 

Molec ular transforma tion, 4 6  
Molecular volum e  

relation to inactivation 
volume,  7 

Molecular weight 
antigenic surfaces , 22 
DNA, 6 
method of estima tion, 1 3  
pepsin, 5 
trypsin, 5 
urease ,  5 

Molec ules 
effec t of ion pairs on "dry" 
s ta te, 26 
effect  of radiation in vitro, 30 
effect  of radiation on s truc 
ture , I 26 
movem ent of com ponents , 1 8  
m ul tiplication by spli tting, 1 35 
rela tion of com plexity to ra 
diation response ,  3 7  
rela tion of size to radiation 
response , 1 0 7  
surface charge , 26  
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Monoe thyl phospha te 
conversion to ace tylphos 
phate ,  49  

M o vem ent 
molec ular com ponents , 1 8  

M y eloid tissue 
regenera tion of lym phoid 
tissue , 1 44 

Myosin 
effec t of irradia tion, 1 7  
inac tivation vol u m e ,  5 

N a tional Research Council , 1 44 
Newcas tle disease ,  1 
N ewc a s tle virus 

s ingle hit ac tiva tion, ZZ 
Newt c ells 

chromosom e breaks , 1 1 6 
N ew York ,  1 
Ni trogen m us tard 

effec t on radioresis tance ,  
1 04 

Ni trogen 
effec t on nucleic ac id re
sponse to radia tion, 1 Z7 

Nuc l ea r  acid 
changes in viscos i ty ,  1 Z7 
degrada tion, Z3 
effec t of radia tion on ac tivi ty , 
1 Z 6 
effec t of radia tion on m e tabo 
lism , 1 1 9  
inac tiva tion , 3 
incorpora tion of p3Z , l ZO 
ionic yield from indirec t  ef
fec t  of radia tion,  3 
loca tion of breaks in molec u 
lar  chain,  1 3 Z  
m e tabolism of intermedia tes , 
1 zz  
m olec ular weigh t ,  4 9  
rol e  o f  purine and pyrim idine 
in radia tion effec ts , l Z Z 
role of synthesis in lysogeny , 
1 Z l  
synthesis induced b y  radia 
tion , 1 Z 8  

N u c l eopro tein 
applica tion of radia tion re 
s ponse da ta to cel lu lar re 
s pons e ,  1 Z9 
c hanges in viscosi ty ,  4 Z  
e ffec t o f  radia tion ,  4 0  
isola tion at  low ionic 
s trength , 1 1 6 

Nucleo tide precu rsors 
acid soluble pool ,  67 

Nuc leotid e  

1 5 1  

leakage from m i tochondria , 58  
response to  radia tion ,  1 06 
role in enzyme synthes is ,  75 

Nu trients 
availabili ty dur ing cell  d ivi 
sion , 58  

Organ weigh ts 
reliabili ty for m easuring ra
dia tion res pons e ,  1 0 1  

Oxalac e ta te ,  87  
Oxida tion - reduc tion reac tions ,  30  
Oxygen 

effec t on radioresis tanc e ,  69 ,  
1 04 
protec tion of phage , 47  
role in biologic effec ts of  ra 
dia tion, 3 0  
role i n  response o f  nucleic 
ac id to radia tion, 1 Z7 

Para -am inopropiophenone (PAPP) 
protec tion agains t radia tion , 
1 00 

Pa thologic change 
rela tion to biochem ical 
change , 88 

Pauling diagrams ,  1 3 1  
Pentose 

form a tion of cy tidine , 3 6  
Pentose moiety 

s i te of radios ens i tivi ty ,  1 3 0  
Pepsin 

m olec ular weight ,  5 
Pe ptide bonds 

linkage of merom yosins , 1 7  
Pe roxide 

degradation of nucleic acid , 
1 Z8 
puri ty ,  1 Z9 
role in response to radiation ,  
4 7  

Phage 
inac tiva tion by p3 Z , 4 
inac tiva tion by radia tion in 
hydrogen sa tura ted sol u tion , 
47  
influence of tem pera ture on 
radiosensi tivi ty ,  1 3 3 
pro tec tive effec t of oxygen, 47 

Phenylhydrazine 
produc tion of anem i a ,  1 44 
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Phosphoglyc eraldehyde dehydro
genase,  87 

radios ensi tivi ty of SH 
groups , 3 1  

Phosphorus 
importance in macromolec u
la r chain, 1 3 1 
m e tabolism in irradia ted 
yeast ,  60 

Phosphorus -32  
inac tiva tion of  phage , 4 
incorporation into DNA - P  
molecules of irradiated ra ts , 
1 2 1  
incorporation into nucleic 
acid molecule,  1 20 
origin of R NA, 77 

Photosynthesis ,  43 
Plants 

chromosome breaks in C a 
deficiencies,  1 1 5  

Pneumococcus 
DNA transforming principle,  
6 

Pol lister-Mirsky procedure, 1 1 5  
Polyme rization 

induced by radia tion , 3 4  
Polynucleotide chains 

consequences of spl i tting, 
1 3 6  

Polypeptide chain 
migration of posi tive charge , 
1 5  
random walk of electron, 1 5  

Polysaccharides 
protein synthesis ,  74 

Posi tive charge 
m igration, 1 0  
m igration in polypeptide 
chain, 1 5  
tim e  of transfer, 1 6  

Potassium 
role in m etabolism of 
E .  coli,  60 

Precursor 
incorporation into molecule,  
1 20 

Prepartioned heat, 1 1 2 
Pro teins 

dielec tric absorption in "dry" 
s tate,  20 
direc t effec t of radiation, 1 
effec ts of radiation, 3 4 ,  56 
relation of synthesis to DNA 
pool ,  1 3 6  
role of RNA i n  synthesis , 73 

Protein dena turation 
analysis of s ta ges , 9 
A ugenstines ' theory, 1 7  

Purines 
effec ts of radiation on ligh t 
absorption, 3 5  

Pyrim idine ring 
UV absorption, 36  

Pyrim idines 
effec t of radiation on ligh t 
absorption , 3 5  

Pyruva te,  87 

Radia tion 
a ttem pts to remove indirec t 
effects , 23  
a ttem pts to screen biochenl i 
cal effec ts , 90 
chrom osom e breaks , 1 1 0 
differential tiss ue s uscepti 
bility ,  9 2  
direc t effec t on large mole 
cules,  proteins and viruses , 1 
effects dis tant  from locus of 
exposures, 1 09 
effects in varying concentra
tions of solu tions , 49 
effec ts of p32 pattern in 
adenylic,  cytidylic,  guany l i c ,  
and u redylic acids , 6 6  
effec t of single vs . frac tiona t
ed dose on thym ic weight, 8 1  
effects o n  ac tivity of nucleic 
acids , 1 26 
effec ts on aqueous solutions ,  
30 
effects on ATP, cytochrom e 
oxidase,  malic dehydrogenase, 
and succinic dehydrogenas e , 
96 
effects on carbohydra te me 
tabolism , 88 
effects on cell division, 56 
effec ts on chromosom es con
tras ted with UV, 1 1 3 
effects on DNA synthesi s ,  69 
effec ts on DNA synthesis in 
rela tion to thym ic invol u tio n ,  
94 ,  9 9  
effec ts o n  "dried" proteins , 23  
effects on enzymes in  vivo, 86  
effec ts on ex tent of  1omzation 
and ionic yields , 3 1  
effects on 5-adenylic acid in 
spleen, 1 00 
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R adia tion (cont 'd . )  
effec ts on hemoglobin, ZS 
effects on incorpora tion of 
labeled prec ursors , l Z l  
effec ts on interac tion of cel lu
lar  com ponents , 86 
effec ts on me tabolism of 
nucleic acid ,  1 1 9  
effec ts on mi tochondria ,  1 0 9  
effec ts o n  molecular c lus ters , 
l eaks , and environm ent, 1 1 0 
effec ts on molecular s truc 
ture , 1 Z6 
effec ts on molecules in vi tro , 
30  
effec ts on oxida tive phos
phoryla tion by spleen,  99 
effec ts on protein, 9 ,  3 4  
effec ts on  respira tion, l OZ 
effec ts on respira tion of 
bac teria , 1 03  
effec ts on respira tion of 
E . coli ,  54  
effec ts on respira tion of sea 
urchin eggs and sperm , 1 03 
effec ts on serum lipoprotein 
m e tabolism , 93 
effec ts on SH groups , 3 1 , 87 
effec ts on sol ubili ty ,  8 
effec ts on thym us com pared 
with HNz , 96 
effec ts on transform ing 
principle , 1 Z6 
effec ts on virus , Z l  
enhancement o f  ac tion, 40 
imm edia te effects on respi
ra tion of bone marrow, 1 03 
inac tiva tion of R NA and DNA 
in yeas t ,  8Z 
inac tiva tion of transforming 
principle , 3 
inac tiva tion volume of dry 
m yosin and ribonuclease,  5 
indue tion of lysogeny , 1 3  7 
induc tion of nucleic ac id syn
thesis ,  1 3 8  
ini tial chemical effec ts vs . 
primary effec ts , 9Z  
initial effec ts of  low doses , 
9 1  
ionic yield for indirec t 
ac tion, 3 
le thal vs . injurious ac tion , 9 1 
migra tion of energy , 8 
prim ary radio -chem ical ac
tion on  bonds , 1 1 3 

1 53 

Radia tion (con t ' d . )  
proportions of direc t and in 
direc t ac tion , 3 
protec tion afforded by cap ture 
of ioniza tion product ,  44 
protec tive effec ts of anoxia , 
1 0 1  
pro tee ti v e  effec ts of cys teine 
and mercaptoethylam ine ,  1 0 1  
pro tec tive effec ts of PA PP , 
1 00 
rel iabili ty of organ weigh ts 
as a measure of response ,  1 0 1  
rela tion of dose to c ross -l ink
ing in methacryla te , Z6 
rela tion of molecular size to 
radia tion response ,  1 07 
response of s uballeles and 
subgenes , 1 1 4  
role of purine and pyrim idine 
in effec ts on nucleic acid,  1 Z Z  
s tudy of  s truc ture , 1 

Radicals  
m easurem ent of  half- life in 
wa ter ,  Z ,  4, Z6  

Radiobiological  ac tion 
diffusion theory ,  ZS 

Radiobiology 
theoretical approach,  Z 

Radioresis tance 
deqreased by hypophysec tomy ,  
NHz . and Oz , 1 04 
mofec ular dissipa tion of en
ergy ,  ZO 

Radiosensi tivi ty 
a l tera tion by pre trea tment,  
8 
c ellular selec tion ,  1 04 
differences in cells of tumor ,  
69 
role of solubili ty ,  8 
transform ing principle ,  4 

Random walk m igra tion 
elec tron in polypeptide chain, 
1 5  

Respiration 
effec ts of radia tion, l O Z  

Respira tory pigm ents , 3 0  
Ribonuclease 

inac tivation volum e , 5 
rela tion of molec ular length 
to radia tion response ,  1 07 

Ribose nucleic ac id 
effec ts of inac tiva tion on cel l  
size , 77  
ionic yield , 38  
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Ribose nucleic acid (cont 'd . ) 
nuclear origin, 76  
protec tion against radia tion, 
36 
rela tion to DNA, 78  
rela tion to protein synthesis ,  
73  
role in  cell growth, 70 
role in mitos is,  70,  78  
thym us of irradiated ra ts , 8 1  

Ring S truc ture 
effec t on radia tion response , 
1 2  

Salmonella 
transd uction, 1 4 1 

Sea urchin 
dispersion of sperm nuclei.  
1 44 
effects of radiation on res pi 
ra tion of e ggs and sperm , 
1 3 6 
isola tion of nucleoprotein in 
sperm , 1 49 

Sedim entation velocity 
criterion of response of 
radiation, 1 3 1  

Sensitive volume,  2 1  
Sensitized fluorescenc e 

dis tance of occ urrence , 1 9  
Sequen tial blocking technique 

oxida tive phase of carbo
hydra te metabolism , 69  

Serum albumin 
effec ts of irradia tion, 34 

Serum lipoprotein metabolism 
effec ts of radia tion, 93 

Sex difference 
pos tirradia tion ace urn ula
lion of ci tric acid in liver of 
ra ts ,  93 

Shielding 
effec t on DNA and RNA in 
thym us.  81 

Sol ubility 
role in radiosensi tivity ,  8 

Sore t band, 3 9  
Spe rm 

effec t of radiation in vivo, 42 
Spleen 

breakdown of 5-adenylic 
acid, 1 00 
endogenous respira tion , 88 ,  
89 
enzym e inhibition in vivo, 87 

Spleen (cont'd . )  
geographic rela tionships of 
cells , 1 05 
inhibition of ci tric acid form a 
tion, 8 9  
isola tion o f  pro tec tive frac 
tion, 1 43 
mouse, 1 42 
pro tec tive ac tion, 1 4 2  
radia tion-induced invol u tion, 
1 09 
relation of involution to DNA 
synthesis pos tirradia tion. 93 . 
99 

Stre ptom ycin 
radiosensitivity of trans 
form ing principle,  4 

Suballeles 
response to irradia tion , 1 1 4 

Sub-genes 
response to irradia tion , 1 1 4 

S ubs tra te 
effect on radia tion response 
of E .  coli, 54 

Succina te , 87 
Succinic dehydrogenase,  87 

radia tion response in dry or 
we t s ta te ,  1 4  

Sulfanilamide acetylation 
in irradia ted ra ts , 50 

Sulfhydryl groups 
reversibility of radia tion 
response, 1 2  
role in radia tion response . 87 

Tem pera te virus, 1 3 8  
Tem pera ture 

effects on cross- section and 
inac tivation volum e,  8 
effects on E .  coli, 57 
effects on radia tion response 
of  protein, 1 0  
effec ts on radiosensi tivi ty of 
phage, 1 33 

Theoretical approach to Radio
biology . 2 
Thym ine 

ionic yield , 3 8  
Thym us 

effec ts of hydrocortisone o n  
cell popula tion, 1 06 
effects of HN2 com pared wi th 
radia tion , 96 
effec ts of radia tion on DNA 
and RNA , 63 
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