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S U M M A R Y 

Evidence is presented tha t  pneumococcal  t ransforming DNA is not degraded by  
ch romatography  on columns of the cellulose derivative anion-exchanger ECTEOI.A.  
Essent ia l ly  all of the m a n n i t o f  and  penicil l in-transforming activities added to the 
column were recovered in the column eluates, a l though more s t reptomycin- t rans-  
forming ac t iv i ty  was recovered than  was apr, arent  in the original, unfract ionated DNA. 

The results obta ined  by  determinini:  _he tr~msforming act ivi ty-dose response 
curves of selected fractions have been interpreted as indicat ing tha t  DNA-indueed 
t ransformat ion  to s t reptomycin-resis tance in pneumococci can be a proper ty  of 
DNA molecules which vary  intr insically in relative t ransforming ability. 

The t ransforming activit ies were not  restricted to a n y  one chromatographic  
peak or region, but  were present in several DNA fractions which had  been obtained 
wi th  elut ing solutions of widely varying ionic s t rength and pH. 

INTRODUCTION 

The finding t h a t  deoxyribonucleic  acid (DNA) isolated from m a n y  single sources is 
heterogeneous (for references see x) prompted  a t t empt s  to fract ionate the  biologically- 
act ive DNA of pneumoeoecus (the t ransforming principle). EPHRUSSI-T=XYLOR z, 
f rac t iona ted  s t reptomycin- t ransforming DNA of pneumococcus on histone-Kiesel- 
guhr  columns 3 and  obtained fractions which we.e as much as five times as active, 
per unit  weight,  as the original, unf rac t ionated  preparat ion.  Similar restflts have 
also been obtained I with pneumococcal  DNA by c t , romatography on columns of 
ECTEOLA a modified cellulose anion-exchanger developed by Pt~TE~soY anl~ Som.:R ~. 

Tiffs report  deals wi th  the f ract ionat ion of pneumococcal t ransforming DNA oI~ 
ECTEOLA,  and  is concerned primariIy wi th  aspects of the recovery of t ransforming 
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ac t iv i ty  from the column and  with  the t ransforming act ivi ty-dose response relation- 
slfips of some of the column fractions. 

M A T E l l [ A L S  A N D  M E T H O D S  

All experiments  were performed with DNA prepared from a s train of pneumococcus 
resistant to s t reptomycin,  penicillin, and  sulfanilamide, and  capable of ferment ing 
maunitol .  This strain was obtained from Dr. RoLI.L~ D. HOXCHKISS of the Rockefeller 
Ins t i tu te ,  and has been described by M.XRMt;R ANO FLt'KE "~. 

DNA was prepared by lysing the cells with deoxycholate ,  and  deproteinizing 
with chloroform and amyl  alcohol, and precipitat ing with e thanol  6. The preparat ion 
was also treated with ribonuclease and subsequent ly  dialys~Jd first against  2 M NaC1 
and then against  o.ox 3= r phosphate  buffer, 

The receptor s t rain of pneumococcus, RA3, was also obtained from Dr. HOXCH KISS. 
The procedures for the t ransforming sys tem s and the me thod  of q u a n d t a t i o n  using 
ant i-R serum r were employed as described. 

Fr~eclio~z.ation. procedure: Continuous elution (Expt.  x): "rhe double-mixing cham- 
ber procedure ~ was followed. A column containing o.5 g ECTEOLA (5.1 "< o,8 cm;  
o.2o mequiv. ,g;  o.51 °o N) was used to f ract ionate  3.2 nag DNA at 0-3 °. 

Discontinuous elution (Expt.  2): The column and  quant i t ies  were essentially 
the same as those used for cont inuous elution. The following eluents were used 
successively: 

62 ml o.o~ 3 I  phosphate  buffer pH 7; I45 ml 0.5 3d NaCI, o .oi  3// phosphate  
buffer: 73 ml 0.5 M NaCI, o.oI M phosphate  buffer, o.I M NHa;  87 ml 0. 5 M NaC1, 
o.oi M phosphate  buffer, I 3I NIt~; 114 jut 2 3I NaCI, o.oi  3it phosphate  buffer, 
I M NH3; 58 ml o.5 M NaOH. 

RESULTS 

In each experiment ,  all of the DNA as well as all of the measurable t ransforming 
activit ies were removed by the exchanger  when tile nucleic acid solution was passed 
throngh the eolnmn. 

The chromatographic  profile of 3.2 mg of DNA isolated from pneumocoeei  
resistant to s t reptomycin ,  penicillin, and  sulfanilamide and  which could utilize 
manni to l  is given in Fig. I. The gradient  elntion sys tem used is indicate~t below the  
fraction number,  The profile shows five major  peaks. 

Selected fractions, identifie:l by  fraction number  and  mol~ri ty and pH of the 
Muting solution were assayed for their s t reptomycin- t ransforming act ivi ty .  The 
results are given in Table I, ':'he number  of t ransformed cells was de termined for 
each column fraction on aliquots di luted with  o. 9 % saline to give a concentra t ion 
(about o.o4 txg/ml) at  which t ae number  of cells t ransformed was proport ional  to the  
amoun t  of DNA added. Tlxe specific ac t iv i ty  was calcuiated as the number  of cells 
t ransformed per I*g D N A ,  and  the relative ac t iv i ty  de termined by dividing the 
specific ac t iv i ty  of the fraction by  the specific ac t iv i ty  of the original, unf rac t ionated  
material .  The d~ta  wit!An each column were determined s imul taneously  wi th  aliquots 
of the s~tme competent  culture. The three columns thus  represent de terminat ions  
at  three different times. 
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The relative activities . f  the fractions show considerable variation, e.g. fractions 
at73 and 26o possess at least fifty times tile activity of others (e.g., No. 67), and about 
five t imes the activity of tile ongmat matemzd. As an a~d m determining the cause of 
these variations in activity,  the do.~e-response curves for fractions I73 and z6o (high 
relative activity),  fraction 32 (low relative activity),  and the original, unfraetiortated 
preparation were determined (Fig. z). 
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I t  should be no ted  {Fig. I) tha t  fractions 32, I~3, and 260 occurred in comple te ly  
separa te  regions of the  chromatogram,  and consequent ly  had been exposed during 
elution to v e r y  different environments  of ionic s t rength  and pH.  Despi te  this, t he  
da ta  of Fig. 2 demons t ra te  tha t  each of these fractions and the unf rac t iona ted  D N A  
t ransformed the  same total  n u m b e r  of cells provided  enough DNA was added.  

Since it would  be impract ical  to de termine  the recovery  of D N A  and  of t rans-  
forming ac t iv i ty  b y  analyzing separa te ly  the  3oo-odd fractions ob ta ined  b y  gradient  
elution, a secorid fract ionat ion exper iment  was carried out  in which d iscont inuous  
elutiott was used to obta in  five gross fractions,  each of which conta ined the corre- 
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RECOVI~RY O F  TRAN~FOI~MI~qG ACTIVIFII~S* 

C o l u m n s  A r e f e r  t o  n ' a l u e s  o n  a m m o n i a - c o n t a i n i n g  e l u e n t s ;  t h o s e  i n  t l m  B c o l u m n s  a r e  v a l u e s  
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31, .V~C! 3I,  NH= "... A B A t1 A 
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sponding major  peak found in the gradient  elat ion profile. The recovery  da t a  are 
summar ized  in Table  II.  The fract ions ob ta ined  wi th  an ammonia-conta in ing eluent  
were assayed  for t ransforming ac t iv i ty  bo th  immedia te ly  following elution £rom the 
E C T E O L A  {columns A, Table  II) and after  being placed i n  v a c u o  for at  least three 
days  followed by  res torat ion of the original volume with sterile distil led water  
(columns B, Table  II). Prel iminary  exper iments  with solutions of unfrac t ionated  
D N A  showed tha t  a l though the presence of ammonia  resulted in lower relative 
activit ies,  the  original ac t iv i ty  could be quan t i t a t ive ly  restored af ter  i n  v~t~uo removal  
of the  ammonia .  B y  carrying ou t  the  assays  in the linear response por t ion of the  
curve and knowing the  to ta l  vo lume of each fiaction,  the  per cent of the  original 
ac t iv i ty  conta ined in each of these fraciions was calculated. As indicated in Table I I, 
the  recoveries of D N A  and penicillin and mauni to l - t ransforming act ivi t ies  were 
essential ly quant i ta t ive .  However ,  more  to ta l  s t r ep tomycin  t ransforming ac t iv i ty  
was found in the fract ions than was apparen t  in the original unf rac t iona ted  material.  

DItSGUSSION 

This invest igat ion was  designed pr imari ly  to determine whether  the t ransforming 
D N A  is damaged  b y  ch romatography  on ECTEOLA.  The recovery  of t h e ~ r a n s -  
forming act ivi t ies  (Table II) indicates  tha t  if any  degradat ion or dena tura t ion  does 
occur,  it is not  reflected in a loss of biological act ivi ty .  In fact ,  there  is an apparen t  
gain in the  s t r ep tomyc in  t ransforming act ivi ty ,  more  being found in the fractions 
e lu ted  from the  column than  was present  in the original preparat ion.  Since it has 
been shown tha t  non- t ransforming DNA m a y  inhibit  t ransformat ion a, 10 the increase 
in s t rep tomycin- t rans forming  ac t iv i ty  could result from a fract ionat ion of non- 
t ransforming or  inhibi t ing D N A  present  in the  original sample.  That  is, in the  original 
sample  all of the  D N A  ef:'.ecting t ransformat ion  to s t reptomycin-res is tance  competes  
wi th  inhibi t ing D N A  present  whereas  af ter  f ract ionat ion the inhibi t ing DNA m a y  
not  be equal ly  d i s t r ibu ted  or  m a y  not  be equal ly  effective in all of the  fractions. 
This woula  result  from an a l tera t ion in the rat io of inhibit ing to t ransforming DNA. 
If  this hypothes is  should prove to be valid, the  results  also suggest  tha t  inhibition 
of t ransformat ion  b y  DNA m a y  be specific since the mannitol-  and penicillin-trans- 
forming t reaet ions  did not  show the  increase found with s t rep tomycin- t ransformat ion  
{Table II). 

The d a t a  in Table  II  also appa ren t ly  demons t ra te  some separat ion of t ransforming'  
activities.  Fo r  example,  Frac t ion  ¢ conta ined I9. 5 % of the  original DNA,  33 °-o of 
the  s t rep tomycin- t ransforming  act ivi ty ,  bu t  no demonst rable  manni to l - t ransforming 
ac t iv i ty .  However ,  it is possible tha t  this result,  as well a.s the  recovery  d a t a  discussed 
above ,  m a y  be  due to fract ionat ion of inhibit ing DNA. Accordingly, these results  
alone do not cons t i tu te  conclusive evidence for a separat ion of t ransforming factors.  

-fhe dose-response curves  (Fig. 2) are  of interest  in tha t  the original, unfract ion-  
a ted  D N A  and  each of the  fractions s tudied,  when present  in excess, t ransform the 
same number  of cells within exper imental  error. HOTCHKISS has s t a ted  to tha t  the  
yield of t rans formants  in the p la teau  region (excess DNA) is " the  most  significant 
test  for the  qua l i ty  of any  new D N A  fraction or  prepara t ion of t ransforming D N A " .  
B y  this criterion, then, the  three fractions were of the same qua l i ty  as the  original, 
and were not  damaged  as a result of ch roma tography  oa ECTEOLA.  
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The results in Fig. 2 m a y  also be interpreted as ir:dieating t h a t  the differences 
in relative ac t iv i ty  are not due to differences in the proportion of act ive to inact ive 
DNA molecules in each fraction. If  this were the case, fractions 173 and  260 should 
reach a higher platean than  tile original, which in turn,  should reach a higher p la teau  
than fractioz~ 32. I t  would appear,  therefore, tha t  s t rep tomycin- t ransforming ac t iv i ty  
m a y  reside in different DNA molecules with intrinsic differences in relative ac t iv i ty .  
I t  has not yet  heen possible to determine whether  these variat ions are due to differ- 
ences in abil i ty to penetra te  the ceil, or tc  variat ions in incorporat ion into  the  genetic 
appara tus  of the cell, or possibly to a combinat ion of the two. Studies in progress using 
appropr ia te ly  mixed fractions of the to ta l  DNA m a y  offer answers to such questions. 

These exper iments  indicate tha t  t ransforming DNA behaves like other  DNA's  
in tha t  it. too is heterogeneous when examined by  the anion-exchange technique.  
Detailed studies on DNA trom other  species have indicated t h a t  individual  fract ions 
from single sources differ in base composit ion ~, physico-chemical behavior  n,a~, 
response to chemical or i)hysical agentsn ,  lz, and abi l i ty  to serve ~s primm ta in the 
enzymic synthesis of DNAt'% It  may  therefore bc inferred t h a t  the differences in 
biological act iv i ty  exhibi ted by the pncumococcal  DNA fractions arise from differ- 
ences in their  chemical and  plwsical properties. I t  is believed tha t  exper iments  wi th  
these and  similar h-actions m a y  furnish some clues to the chemical basis of their  
genetic act ivi ty .  
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