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INTRODUCTION 

At present two methods are in general use for the detection and measurement of radio- 
activity. Particle counters can be used if the level of activity is not low compared to 
the background count from cosmic rays and natural radioactivity, and autoradio- 
graphic methods can be employed to measure the amount and localization of label. 
There is, however, an important  class of problems for which these methods have not 
been very satisfactory. The work of LEVI 1 and that  of FICQ et al.  2 with track auto- 
radiographs demonstrate that  it is possible to measure the activity in small cells which 
are visible in the microscope; however, the measurement of the amount of label in 
individual submicroscopic particles has not been accomplished. 

If the source of radioactivity is sufficiently small, as in the case of viruses and 
most bacteria, the objective of counting the emissions from single particles can be 
realized by the use of an electron-sensitive photographic emulsion. If a particle con- 
taining a fi-emitting isotope is imbedded in the nuclear emulsion, and the exposure 
time is adjusted so that  several disintegrations occur before development, then one 
can observe a number of electron tracks, each consisting of rows of silver grains, 
emanating from a small region. These groups of tracks are called "s tars"  (see Fig. I). 

Fig. I. A pho tomic rog raph  t a k e n  of a s t a r  res id ing on the  surface of the  emuls ion  w i t h  a 9o × oil 
immers ion  objec t ive  wi th  a numer ica l  ape r tu re  of 1.32. Because of the  smal l  dep th  of field only  a 

few of the  m a n y  t r a c k s  from th i s  pa r t i c le  are  seen in the  pho tog raph .  

* This  research  was  s u p p o r t e d  by  g r a n t  RG 4557 from the  U.S. Publ ic  H e a l t h  Service and  
by  g r a n t  I18 f rom the  Michigan  Memor ia l  Phoe n ix  Project .  
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Since the emitting region will be less than a few microns, tracks from stray radiation 
and cosmic rays are scarcely ever confused with an emission from the particle itself. 
Thus the problem of "background" is much reduced by the spatial coincidence of the 
emissions from the particle itself. 

azp has a particularly convenient half-life of 14. 3 days and a high maximum beta 
energy which makes counting relatively simple. Furthermore, 32p is the only isotope 
which can be used for labeling nucleic acids at a sufficiently high level. The method 
to be reported here has been applied to DNA molecules, virus particles, and bacteria 
labeled with 3~p, and the method is sufficiently sensitive to measure the number of 
disintegrations from a single particle if that  number is as high as lO-15 per month. 
The growth processes which we have been studying with bacteriophage require only 
a few hours for their completion. I t  is therefore possible to finish the biological parts 
of the experiments before too many 32p disintegrations have occurred to disturb the 
normal growth mechanisms, and still have a sufficiently high level of labeling for 
the detection of stars in the emulsion after reasonable exposure times. 

The average phosphorus content of bacteriophage particles has been repeatedly 
determined and shown to be independent of the conditions of growth 3. The number of 
3~p atoms in a single particle can be determined from the total phosphorus content of 
the particle if the specific activity of the growth medium is known. Thus these phage 
are ideal test particles for establishing the efficiency of the emulsion to register ob- 
servable tracks. 

The molecular weight of star-forming particles grown in a uniformly labeled 
medium can be calculated from the number of stars, if the mass of material in star- 
forming particles is known, or from the average number of rays per star if the chemical 
composition of the star-forming particle is known. 

This paper will describe the details of the use of the emulsion and the results ob- 
tained with T2 and T 4 bacteriophage and the DNA extracted from these viruses 4, ~ 

EXPERIMENTAL 

The photographic methods will be described in considerable detail. However, this 
does not imply that  the procedures we have developed are necessarily optimal, but 
only that  they work. Several of the steps have been studied in detail, and a number 
of difficulties have been experienced. There are also many  points of procedure which 
we have held constant only because they were included in the first successful at tempt.  
An effort will be made in this description to distinguish between those parts of the 
procedure which are known to be important,  and those which have not been investi- 
gated. 

Plate construction 

The Ilford G-5 emulsion (Ilford Limited, I l fo rd  London) which is stored at  5°C in a shielded box 
described below is melted in a glass container in a wa te rba th  at  5 °o C. Care is taken to avoid touch- 
ing the emulsion with any material  except glass. However,  the effect of stainless steel implements  
has not  been tested. The liquid emulsion is drawn into a io ml syringe (without the metal  needle) 
the plunger of which has been fitted with a ra tchet  device which clicks audibly at  ½ ml intervals. 
The solution containing the radioactive particles is d rawn into the syringe along with the emulsion, 
and one ml of air is then taken in to facilitate the mixing of the solution in the syringe. The emul- 
sion and the sample solution are mixed approximate ly  3 :L  The emulsion mixture  can now be 
deposited on I'" × 3" microscope slides which have been coated with a thin layer of gelatin to 
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improve the adherence of the emulsion to the surface. (These slides are supplied by Ilford, Ltd.) 
The slides are previously prepared by  inscribing a serial number  across one end and cementing two 
or three glass rings of 1. 5 cm in diameter  with pure paraffin. The plates are warmed to about  4 ° °C 
on a level brass plate which has copper coils on its lower surface, through which either wa rm or cold 
water  can be circulated. The emulsion mixture  is deposited in the rings to form a wet layer approxi -  
mate ly  2. 5 m m  thick. The  brass  plate  is then  chilled to about  15 ° C (it is impor t an t  not  to reduce 
the t empera tu re  below the dewpoint  of the room) and the emulsion gels. A sharp  needle is used to 
separate the emulsion from the rings, and the rings are then removed. I t  is impor tan t  to remove any 
air bubbles which might  be formed between the emulsion and the glass, since they will expand at  
the t ime of development.  This can be done by inverting the plate and rolling a needle between 
emulsion and the glass to lift the emulsion layer free from the glass, and then allowing it to fall 
back down into contact.  When the emulsion layer has been properly  prepared, the plates are dried. 
These operat ions are performed at  least 2 ft f rom a 4 ° wa t t  bulb covered by  a \ ¥ r a t t e n  No. 2 
safelight filter. 

Drying plates 
Since wet emulsions are not  sensitive to beta-rays,  exposure does not begin until emulsions have 
lost most  of their moisture. I t  is desirable to know roughly the t ime at which exposure begins. 
Therefore, the slides bearing the gelled emulsions are transferred to a light-tight box containing 
baffled shelves, a gentle centrifugal fan and open dishes of silica gel, where they are rapidly dried. 
Under these conditions at  room temperature ,  the emulsions will lose 5 o°//o of their moisture in 
2.3 hours and 90% in 7.2 hours. For  long exposures, a small uncer ta in ty  is not  impor tan t ;  however,  
this uncer ta in ty  gains importance with shorter  exposures. As a mat te r  of practice, exposure was  
assumed to begin three hours after  the emulsions begin to dry. After about  16 hours of drying, the 
plates are transferred to boxes for storage. 

Storage 
The plates are stored a t  5°C under ½ inch of lead, 3 inches of steel, and 1~ inch of copper. This 
shield, which is in the form of a box, eliminates all of the cosmic ray  background except the fast 
mesons which cannot  be confused with the electron tracks from 31p. The plates are kept  in light- 
t ight  boxes, through which a s t ream of humidified nitrogen passes. Dry  nitrogen is humidified by  
passing the gas over a sa tura ted solution of CaCII .6H20 at  5°C. If  equilibrium were attained, this 
solution would provide an R.H. of about  40%. If the gas is too dry, there is difficulty with the 
emulsion peeling off the glass. Under these conditions of storage there is a negligible amoun t  of 
latent image fading; however, it has not  been established tha t  the nitrogen atmosphere  is necessary 
in order to eliminate latent  image fading. 

Developing procedure 
An impor tan t  feature of the developing procedure is the removal  of plates from the storage shield. 
I t  was found tha t  if plates were repeatedly warmed to room tempera ture  and recooled, the latent  
image faded. Thus, in a series of plates to be developed sequentially, which are all stored in the 
same box, the removal  of the early members  of the series will result in the fading of the later mem- 
bers. This has been overcome by placing all those plates to be developed at  a single t ime in the 
same box, or by  employing special insulated boxes which allow the withdrawal  of a single plate 
wi thout  those remaining warming or receiving surface condensation from the atmosphere.  

The developing procedure used here is somewhat  less complicated than  tha t  which is usually 
used for thick emulsions by workers  in the field of nuclear physics 6. In  their  case, it is necessary to 
avoid any distortion of the emulsion which might  change the curvature  of the tracks. Since we 
are dealing only with electron tracks which scat ter  heavily in any case, distortion is not  significant. 

The following solutions are used in the developing process. Developer: H20  3 1, Na~SO 3 54 g, 
Amidol 13. 5 g, lO% KBr  solution 24 ml. Fix: H20  3 1, Hypo  12oo g, NH4C1 21 g, NaHSO 3 2I g. 
Acid s top:  H20 3 1, glacial acetic acid 3 ° ml. 

The fix and acid stop are stored, bu t  it is impor tan t  tha t  the developer be made up fresh on 
every occasion. 

The plates are plunged into 5°C developer and soaked for 50 minutes.  The rack containing 
the plates is then transferred to a 1:2 dilution of the same developer adjusted to 2 I°C where thev 
are developed for 4 ° minutes. The plates are rinsed and soaked in acid stop at 5°C for another  
50-60 minutes  and then begin a 2o-hour fixation in a large excess of fix. Gentle agitation provided 
by  nitrogen s t reaming th rough  a glass frit, speeds up the fixing process. The tempera ture  of the  
fix should not  exceed 25°C. The plates are rubbed gently with a chamois to remove any surface 
deposit of silver and placed into the wash. The wash water  mus t  be very gently flowing and no t  
below i8 ° C, otherwise excessive distort ion of the emulsion results. Washing proceeds for approxi-  
mately 4 to 6 hours  ; the water  draining from the plates is tested for the absence of hypo by a colori- 
metric test* and the plates set aside to dry slowly in the air. The plates are not  exhaust ively dried. 

* In  this case Dupont  "Defender"  wash test  was employed.  
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Counting stars 
The in fo rmat ion  which can be ob ta ined  from a n y  one p la te  is the  n u m b e r  of s tars  per  un i t  vo lume  
of the  solut ion or ig ina l ly  mixed  wi th  the  emulsion,  and  the  d i s t r i bu t ion  of t r acks  a m o n g  the  par-  
t icles which  form stars.  Two different me thods  have  been used to  measure  the  former quan t i t y .  
First ,  one can count  all  of the  s tars  in a known  vo lume  of dr ied emulsion,  and from th is  ca lcula te  
the  n u m b e r  of r ad ioac t ive  par t ic les  in the  or iginal  wet  emulsion.  This  me thod  is s o m e w h a t  unsat is -  
fac tory ,  since i t  depends  on a r andom d i s t r i bu t ion  of par t ic les  t h rough  the  emuls ion;  and  for the  
de t e rmina t i on  of the  abso lu te  n u m b e r  of par t ic les  i t  depends  on an accnra te  de t e rmina t ion  of the  
shr inkage  factor  of the  emulsion.  

A second, and  genera l ly  more  sa t i s f ac to ry  method ,  is the use of ind ica to r  par t ic les  to deter-  
mine  the  vo lume of solut ion counted.  Two k inds  of ind ica to r  par t ic les  have  been used. In  the  ear ly  
work  5 a solut ion of the  rad ioac t ive  isotope po lon ium 21o, which  emi ts  a lpha  part icles ,  was mixed  
wi th  the  solut ion con ta in ing  the  ~2P-labeled par t ic les ,  and  the  ra t io  of a lpha  par t ic les  emi t t ed  by  
the  po lon ium to s tars  was measured  in the  developed emulsion.  These ind ica to r  par t ic les  had  nu- 
nlerous d i s advan t ages  and  were f inal ly replaced by  po lys ty rene  l a t ex  spheres of a p p r o x i m a t e l y  
ten microns  in d i ame te r .These  spheres  were p repared  by  Dr. JOHN ~TANDERHOFF, Phys ics  Depar t -  
ment ,  Dow Chemical  Company,  Midland,  Michigan,  and  are  mixed  wi th  the  final suspension of 
r ad ioac t ive  part icles.  Since the  spheres  can be eas i ly  coun ted  in a bac te r i a l  count ing  chamber ,  and 
can also be seen in the  developed emulsion,  t h e y  m a k e  ideal  ind ica to r  par t ic les .  In  general,  the  
ma te r i a l  which is mixed  wi th  the  emuls ion  conta ins  a p p r o x i m a t e l y  IO 4 spheres per  ml  and in the  
v i c in i t y  of lO 4 r ad ioac t ive  par t ic les  per  ml. 

The p la tes  are examined  in a b inocular  microscope using oil immers ion  object ives.  A 22 X 
ob jec t ive  wi th  a NA of 0.65 is used for searching  and for de ta i led  e x a m i n a t i o n  of a given star,  a 
h igh  power  oil objec t ive  wi th  a NA -- 1.32, is used. l o  × oculars  are genera l ly  used, and  these are 
f i t ted  wi th  square  d i a p h r a g m s  to  s impl i fy  the  searching  process. In  general,  the  observer  m u s t  
ob t a in  bo th  the  ra t io  of s tars  to  spheres  in a ny  a r b i t r a r y  region of the plate,  and  the  number  of 
r ays  in r a n d o m l y  selected stars.  Count ing  of the  ind iv idua l  t r acks  from a s ta r  is a difficult bu t  not  
imposs ib le  process. There  is often some u n c e r t a i n t y  of one or two t r acks  in s tars  which have  a 
n u m b e r  of rays  of the  order of f rom I5 to 2o;in s tars  which have  abou t  4 ° rays  the number  can 
only  be es t imated .  Since a fo r tu i tous  crossing of two electron t r acks  migh t  be m i s t a k e n  for a s t a r  of 
4 rays,  an a r b i t r a r y  decision has  been made  not  to  count  a s t a r  unless i t  has  5 or more t racks .  This  
requires  a correct ion for a s l igh t  d i s to r t ion  of the  observed average  s ta r  size, which will  be ex- 
p la ined  below. Since the  average  number  of rays  per  s t a r  can be affected by  non- random select ion 
of stars,  as well as by  errors  in coun t ing  rays  in pa r t i cu l a r  stars,  i t  was decided t h a t  every  s ta r  
which came wi th in  the  square  field of view should  be counted  nnless i t  resided wi th in  i o  microns  
of the  upper  or lower surface of the  emulsion,  and  if i t  was  not  super imposed  on an ind ica to r  sphere 
or a piece of foreign mat te r .  

Growth o/labeled phage 
Phage  T2r lh+ were grown ~ in bac te r i a  which  had  been growing  in t r is-glucose media  s supp lemen ted  
w i t h  lO -4 g pep tone /ml  and  con ta in ing  32p a t  a specific a c t i v i t y  of ioo  to  200 mc/mg.  After  one 
hour  the  bac te r i a  were lysed w i t h  N ] I o o  KCN g and  pur i f ied  by  different ial  cent r i fugat ion .  The 
phage  were t r ea t ed  wi th  DNase  and in some e x p e r i m e n t s  adsorbed  to bac te r i a  to affect fu r ther  
pur i f ica t ion  before mix ing  wi th  the  emulsion.  In  ce r t a in  expe r i men t s  g rowth  was a r res ted  by  the  
add i t i on  of ch loramphenico l  a t  20 ~/ml.  I t  was  es tab l i shed  tha t ,  under  the  condi t ions  of adsorp t ion  
e i the r  wi th  ch loramphenico l  or wi thou t ,  there  was  no loss of r a d i o a c t i v i t y  from the  bac ter ia l  pel le t  
du r ing  the  t ime  requi red  for the  emuls ion  to  gel. 

STATISTICS 

Since the  d a t a  der ived from coun t ing  the  n u m b e r  of s tars  and  number  of rays  per  s t a r  requires  
s t a t i s t i ca l  in te rp re ta t ion ,  i t  is i m p o r t a n t  to  consider  in some de ta i l  how a r a n d o m  decay  of 32p 
a t o m s  in a popu la t ion  of par t ic les  con ta in ing  a~p will  lead to  a popu la t ion  of stars.  

In  the  expe r imen t s  to  be discussed here, un i form labe l ing  was ob ta ined  by  prolonged g rowth  
of the  bac te r i a  and  v i rus  par t ic les  in a m e d i u m  con ta in ing  a fixed ra t io  of 3~p and alp. This type  of 
g rowth  is a s sumed  to lead to r andom uniform label ing of the  phosphorus  a toms  wi th  a~p. We will  
des igna te  the  p robab i l i t y  t h a t  a n y  phosphorus  a t o m  has  emi t t ed  a/~-par t ic le  as 8. This is the  prod- 
uc t  of two probab i l i t i e s :  the  p roba b i l i t y  t h a t  the  p a r t i c u l a r  a t o m  is labeled, and  the  p robab i l i t y  
t h a t  a pa r t i cu l a r  a2p a t o m  has  decayed.  The l a t t e r  p r o b a b i l i t y  wil l  be a funct ion of t ime.  

Uni/orm population 
I f  each po ten t i a l  s ta r - former  has  an ident ica l  n u m b e r  of phosphorus  a toms,  and  if this  n u m b e r  is 
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large in compar i son  to  the  n u m b e r  of d i s in t eg ra t ions  which  t a k e  place, t h e n  the  d i s in tegra t ions  wil l  
be d i s t r ibu ted  over  all  of the  s ta r - formers  in a Poisson d i s t r ibu t ion ,  g iven by  

e - Y  TY 
P(r,r) r!  (I) 

where P(r,r) is equal  to the  f ract ion of s tars  which  have  r r ays  when there  are on the  average  F rays  
per  star.  I t  was shown by  H E R S H E Y ,  K A M E N ,  KENNEDY AND GEST 3 t h a t  T2 phage  grown under  a 
v a r i e t y  of cond i t ions  ha d  the  same ave rage  phosphorus  c o n t e n t  and  t h a t  essen t ia l ly  all  of the  
phage  par t i c les  in a labeled p o p u l a t i o n  ha d  t he  same p r o b a b i l i t y  of be ing i n a c t i v a t e d  by  the  
decay  of incorpora ted  32p. Thus  i t  seems v e r y  r easonab le  to  a s sume  t h a t  eve ry  phage  par t i c le  
has  the  same phosphorus  conten t .  If  each par t i c le  contair~s e x a c t l y  t phosphorus  a toms,  the  mean  
n u m b e r  of d i s in teg ra t ions  per  pa r t i c l e  would  be fit. The var iance ,  a =, a b o u t  th is  m e a n  should  
be equa l  to the  mean  i tself  for a Po isson  d i s t r ibu t ion .  The ave rage  n u m b e r  of rays  per  s t a r  as 
observed in a popu la t i on  will  be d e s i g n a t e d  Fobs. The  n u m b e r  of rays  from a p a r t i c u l a r  s t a r  will  
be des igna ted  ri and n will  be the  t o t a l  n u m b e r  of s t a r s  in a g iven popu la t ion .  The e x p e r i m e n t a l l y  
de t e rmined  q u a n t i t y  which  will  be used to e s t i m a t e  a 2 is s 2 defined as 

i = n  

~ (F°bs - -  ri)2 (2) 
$2 i =  I 

n - - I  

However ,  s tars  of less t h a n  5 rays  are no t  coun ted  or recorded. Thus  the  observed average  Fobs can 
never  fall below 5. To correct  for the  fac t  t h a t  s tars  w i th  a smal l  n u m b e r  of rays  would  no t  be 
counted,  we employ  the  following express ions  which re la te  Fob s and  the  expec ted  va r iance  wi th  the  
t rue  quan t i t i e s  which would  have  been expec ted  if an  exac t  Poisson d i s t r ibu t ion  were involved  and 

all s ta rs  were counted,  a2ob s = r~ob s __ P2ob s 

4 

- O - -  5 
robs (3) where r2obs -- o0 co 

P(r) • P(r) 
5 5 

(4) 

These quan t i t i e s  have  been ca lcu la ted  and  are  shown in Fig. 2. I f  one can assume s tar - formers  
which con ta in  ident ica l  numbers  of phosphorus  a toms,  t hen  one can correct  the  observed mean  
for uncoun ted  s tars  of size less t h a n  5 by  read ing  off the  va lue  of ~ corresponding to  the  observed 
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Fig.2. D i s to r t ion  of observed mean  and  va r i ance  resu l t ing  from exclus ion  of s ta rs  w i th  less t h a n  
five rays.  

Fig. 3. The f ract ion of s ta rs  w i t h  5 rays  (6 rays,  etc.) or more as a funct ion  of the  ave rage  n u m b e r  
of rays  per  star .  
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value of Y&s. The expected value of u2 is smaller than the mean when the mean is small, and can 
be found by reading off the abscissa corresponding to the true mean value evaluated from Fobs. 

The number of stars of all sizes also depends on the average number of rays per star, ?. In 
Fig. 3 the fraction of stars manifested as stars of 5 or greater, or 6 and greater, etc., is plotted as a 
function of the mean number of rays per star, again assuming a monodisperse population of 
star-formers. 

Since in general one does not expect all of the star-formers to have exactly t phosphorus atoms, 
we now ask what kind of population of star sizes one expects from a collection of star-formers with 
different numbers of phosphorus atoms. If S(r) is the number of stars with exactly Y and N(t) is 
the number of molecules with exactly t phosphorus atoms we have : 

t= I 

the sum representing the contribution of all different molecules to that class of stars of size V. 
P(,&,r) is the Poisson distribution e-Pt(,&)r/v!. The average number of rays per star, neglecting the 
effect of uncountable stars of size less than five, becomes 

Interchanging the order of summation we have: 

(7) 

where t, is the number average number of phosphorus atoms per molecule. 
In a similar fashion it is possible to calculate the variance for the population of stars. This is 

found to be: 
827 = B%VWJ/L - 1) + /%I (8) 

or 02 _ ai” 
I- [ 1 t+, 

. r2 + r 

where t,. is the weight average number of phosphorus atoms per molecule defined: 

t,= ‘_- 

2 tN(t) 

and 0% is defined as: 

The distribution of star sizes can be found explicitly from equation 5 by substituting any assumed 
distribution for N(t). One of the most important distributions, namely that resulting from the 
random polymerization of monomer units, or the random degradation of a linear polymer molecule 
is characterized by a ratio of weight to number average degree of polymerization of zi2. In this 
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case we see from equation 8 that ar 2 = ~ + ~. If, for instance, the observed r were IO, this would 
result in the large value of I io for ar 2. Thus it would be very simple to distinguish a homogeneous 
population of star-formers from a moderately polydisperse population. 

The standard deviation o/the standard deviation 

The standard deviation of the standard deviation can be shown to be1°: 

a ( a ) =  J 2 ~ + i  
4 N 

where  N is the  n u m b e r  of s tars  counted.  I t  is i m p o r t a n t  to  r e m e m b e r  t h a t  the  s t a n d a r d  dev ia t ion  
of the  va r iance  is n o t  mere ly  the  square  of the  above  quan t i t y .  

RESULTS 

In these experiments the rate of inactivation of the phage, due to the decay of incor- 
porated 3~p, the so-called suicide effect, was used as a secondary standard for the 
determination of the amount of 3~p in the phage population. The efficiency of killing 
has been measured in other laboratories 3, n and also confirmed by us, and it has been 
found that the inactivation of phage proceeds exponentially with the number of 32p 
atoms which have decayed according to the following expression: 

In P/Po = -(i - e-at)aN o 

where P / P o  is the fraction of the phage population which remains viable, ), is equal 
to the fraction of 3zp decays per unit time, No is the average number of 32p atoms per 
phage particle at time zero, and a is the so-called efficiency of killing. For determination 
of the a2p content of the phage stocks used in the emulsion experiment, inactivation 
rate was determined by daily assays of the diluted phage stock, and the inactivation 
rate is reported in terms of a N  o. The phage are put on the emulsion either after purifi- 
cation by differential centrifugation and DNase and RNase treatment, or, after further 
purification by adsorption to sensitive bacteria and separation of these infected bac- 
teria by means of centrifugation. In either case, the same results are obtained and 
Fig. 4 shows several calibration curves which were obtained by measuring the number 
of rays per star as a function of the fraction of asp atoms which have decayed during 
the exposure time. For each experiment the inactivation by suicide was measured and 
the results are summarized in Table I. 

T A B L E  I 

Star counting Suicide E~ciency o] killing 
N O aN o a 

25.3 J2 0.6 2.88 4- o.14 O. l l  4 4- 0.008 
44.3 4- 1.8 4.65 4- o.14 O.lO 5 4- o.o07 
92 • 9 lO. 5 4- o. 4 o . I I  :]_ 0.02 

The fact that  the observed number of tracks per star increases linearly with the 
quanti ty I - e -at in Fig. 4, indicates that there is no significant fading of the latent 
images over the time of storage which, for the case of the lowest level of labeling shown, 
is about 3 weeks. The efficiency of killing factor ~ determined by combining suicide 
measurements and star counting is o . I I  + o.oi. This is in good agreement with the 
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value of o.Io previously reported a, 11. This means that  it is not possible to demonstrate 
any inefficiency of the emulsion in detecting/3 disintegrations ; the detection efficiency 

o /  of the method is probably no less than 8.~ ~o. 

Measurement o/ total radioactivity by a Geiger counter and in the emulsion 

The Geiger counter was standardized against a a~p source supplied by the National 
Bureau of Standards, and found to have an efficiency of 17%. Knowing this, it is 
possible to relate the counting rate with the number of 32p atoms/ml in the sample. 
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Fig. 4. Increase of average number  of rays per s tar  as a function of the fraction of 32p a toms de- 
cayed. The s tandard deviation of each measurement  ill indicated by the flags. Three experiments  
are shown ill which the average number  of s2p a toms per phage particle is 92, 44, and 25, re- 

spectively. 
Fig. 5, (a) His togram of s tar  populat ion resulting from intact T2 phage. (b) and (c) His togram of 
s tar  populat ion of T2 shocked material. The fraction of 3~p a toms decayed in (b) is o.21o, in (c) 

0.345. The data are compatible with Poisson distr ibutions in all three cases. 
Fig. 6. The average num ber  of rays per s tar  for intact  T2 phage particles and osmotic shock 
product,  bo th  of which were imbedded at  the same time. The osmotic shock f ragment  is shown to 
have only 40% of the phosphorus  of the intact  phage, and this 40% is in a single uniform piece. 
The points marked with crosses show the results of osmotically shocking the labeled phage in the 
presence of a large excess of cold carrier phage, the though t  being tha t  a large excess of cold DNA 

might  prevent  possible aggregation of two labeled DNA molecules. This had no effect. 
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When the radioactive phage is adsorbed to sensitive bacteria and the infected bacteria 
are purified by  centrifugation, almost all of the radioactivity in the solution is likely 
to be in phage which have been adsorbed, and hence in star-forming particles. Since 
it is possible to determine the total  number of stars per ml by counting the ratio of 
stars to indicator particles, one can calculate the total  number of asp atoms in the 
particles of the solution which was mixed with the emulsion. 

In Table I I  the results are given of counting a series of plates which were stored 
for increasing periods of time before development. The average number of 32p atoms 
per phage particle, N1, was determined as in Fig. 4 and the total  number of asp atoms/ 
ml calculated from the number of stars/ml calculated from Geiger counter measure- 

T A B L E  I I  

N 1 = 126 ± IO; C o u n t s / m l / s e c  = 155 ± 9 

Stars/ml Atoms aaP]ml lrom 
Star/spheres Spheres per mI Dilution Stars,,'ml* X zo ~ X N X ±o -9 Geiger counter × zo-g 

144/17o 1.75 × lO 9 I 0  a 1.5o 4- 0.17 1.9o ± O.28 1.63 ~ o.13 
lOO/131 1.75 × lO 9 lO 3 1.34 ~ o.18 1.68 ~ 0.26 1.63 ~ o.13 
lO4/121 1.75 × lO 9 IO a 1.5o ± 0.20 1.9o ± 0.30 1.63 ± o.13 

* T h e  s m a l l  c o r r e c t i o n  w h i c h  is i n d i c a t e d  b y  Fig .  3 for  x = 5 is i nc luded .  

ments is shown in the last column. The agreement is satisfactory in view of the pos- 
sible systematic errors in the comparison, namely, in the calibration of the Geiger 
counter, and in the determination of the absolute concentration of indicator particles. 
I t  is to be expected that  the emulsion should give a slightly lower value for atoms 
of ~2P/ml since only that  radioactivity which is in phage is assayed. 

However, the general agreement between the two counting methods as shown in 
Table I I  supports the conclusion that  the emulsion is highly efficient, and that  the 
number of stars/ml can be properly determined by  the method of indicator particles. 

Uni/ormity o~ phosphorus content o~ intact phage 

A histogram of the star population resulting from a suspension of intact free phage 
particles is shown in Fig. 5(a). The data are consistent with the Poisson distribution 
having a mean of 14. This implies that  the data are compatible with the assumption 
that  the star-forming centers have a perfectly uniform amount of phosphorus. 

Fragments resulting/rom osmotic shock 

Phage particles were disrupted by  an osmotic shock procedure 13 which consisted of 
diluting into saturated NaC1, and then rapidly adding 20 volumes of distilled water. 
This procedure has been shown to render the DNA of the phage sensitive to DNase, 
and to make possible the separation of protein ghosts consisting of the phage tail and 
a membrane surrounding the head of the phage. I t  is likely, therefore, that  the osmot- 
ic shock procedure liberates the DNA free in solution. 

The solution resulting after osmotic shock was further diluted and mixed with the 
melted emulsion. In Fig. 6 the results of counting ~ as a function of exposure is shown. 
The intact phage and the shocked material  were embedded at the same time. I t  can 
be seen that  the osmotic shock procedure reduces the number of asp atoms per star- 
forming center by 40 ~ 6 %. 

R e / e r e n c e s  p .  465 .  



462 (;. LEVlNTHAL, C. A. THOMAS, Jr. VOL. 23 (1957) 

Number o//ragments per phage particle 

The polystyrene latex spheres were used as indicator particles in order to determine 
the number of fragments resulting from the osmotic shock of the phage. The spheres 
were mixed with the phage suspension before shock, and both the osmotically shocked 
and the material which was diluted slowly without osmotic shock were embedded in 
the emulsion. The results are shown in Table III .  

TABLE III  

Star/spheres 

Original phage Shocked phage 
Fragments~phage particle 

91/94 68/74 0.99 ~ o.13 
T2 II6/I22 IO4/IO6 

lOO/lO2 
T 4 lOO/12o lO5/115 1.o2 ± o.13 

116/127 lOl/116 

Each entry in this table records the results of counting the number of stars and 
indicator particles in an arbitrary volume of emulsion on different plates which were 
developed at different times. The fact that the ratio of stars to spheres is the same for 
both the intact phage and shocked material leads at once to the conclusion that there 
is one large fragment per phage particle. Since this fragment comprises 4o% of the 
phosphorus in the phage, the remaining 6o % must be in pieces too small to form stars 
at this level of labeling. 

Uni[ormity o/[ragments resulting [rom osmotic shock 

Fig. 5(b) and (c) are histograms of the star population resulting when the osmotically 
shocked material from the phage T2 was exposed for two different lengths of time. 
The data are consistent with a Poisson distribution as judged by the 252 test and are 
therefore compatible with the concept of a perfectly uniform piece. If a small amount 
of non-uniformity exists, equation 8(a) allows one to estimate the degree of poly- 
dispersity which would go unnoticed by these observations. If the true molecular 
weight distribution had a standard deviation of about I6%, Figs. 5(b) and (c) would 
not be expected to be markedly different from their present appearance. 

If the decrease in star size after osmotic shock were due to the random fragmenta- 
tion of a single linear DNA molecule, an average of 1.5 to 2 breaks per parent molecule 
must be postulated to account for the decrease in molecular weight observed TM. We 
would expect a fraction of e -15 to e -2 or 22% to 14% of the molecules to have suffered 
no breaks, and therefore give rise to a population of stars which have full size, namely, 
with N o values corresponding to intact phage. Thus in Fig. 5(c) we would expect to 
find I I  to 18 stars with approximately 31 rays. Since these are not observed, this 
possibility is clearly eliminated. A second argument is based on the increased poly- 
dispersity attendant on random degradation. If 1.5 to 2.0 breaks per parent molecule 
occurred, tw/tn would be about 1.5 to 1.7; thus from equation 8 the variance in the 
star population, a2, would be about IOO, in Fig. 5(c). Since the observed variance is 
about 19 4- 2 the hypothesis of random fragmentation is untenable. The random 
association of smaller pieces of DNA would also be expected to lead to a polydisperse 
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system in which tw/tn would be 2.0. This would give from equation 8 a2r = 154. As 
in the former case, the small observed variance rules out this possibility. 

The fact that  stars of size 5 or less are not counted makes a small correction to 
the above figures, but does not change the argument. 

Treatment o/ shocked material with DNase and chymotrypsin 

If the shocked material is treated for IO minutes with DNase (during which time the 
specific viscosity is reduced to zero) the number of stars decreases by a factor of 400. 
The remaining stars are of such size as to correspond to intact phage particles which 
had not been shocked. The stars from T2 and T 4 in the shocked material do not de- 
crease in size or number after two hours digestion in chymotrypsin. 

DISCUSSION 

The results reported above show that it is possible to count the fl disintegrations from 
single particles in nuclear emulsions. The efficiency has been established within our 
limits or error, and cannot be shown to differ from xoo % and is probably not lower 
than 85 %. This efficiency remains constant with exposure time up to three weeks, 
the longest observation made. The counting is certainly more tedious than the use 
of a Geiger counter; however, the data can be obtained in a reasonable amount of 
time, and it is estimated that an experienced observer can count between 25 and 5o 
stars per hour. It  is not entirely clear how many other applications this method might 
have. For any work with bacteria it is certainly possible to determine the labeling in 
the bacteria as a whole. There are, on the other hand, rather few molecules which 
could possibly have the size of the piece of DNA observed in these experiments. 
Therefore, it is to be expected that most other applications of the method will not in- 
volve the use of single molecules, but will more likely involve the use of single micro- 
organisms. With bacteria it is probable that many fi-emitting isotopes could be used 
and a sufficient level of labeling could be obtained with them. The counting would 
undoubtedly be more difficult if one used an isotope, as, for example, carbon-I4, 
where the fl energy is considerably lower than in the case of phosphorus. However, 
no experiments have been done by us with any isotopes other than phosphorus-32. 

The observation that the phages T2 and T 4 have a piece of DNA of a very high 
molecular weight which remains intact during osmotic shock, brings up several addi- 
tional questions which have nothing to do with the detection method itself. The 
first question is, what is the evidence that this piece of DNA is really free in solution 
and not simply attached to the ruptured protein membranes. Since this particle has 
been made sensitive to DNase and is of a unique size, it is likely that the particle is 
free in solution, but this conclusion is by no means established. It  has not been possible 
to separate the DNA from the protein, after osmotic shock, by eentrifugation. How- 
ever, this could be due to the fact that there is an aggregation of the DNA and the 
protein if one uses concentrations which are necessary to form a pellet in the centri- 
fuge. In our case, the concentrations involved are less by a factor of io 9 than those 
necessary for centrifugation. 

If we consider the DNA contents of a phage to be made up of two components, a 
single large piece comprising 40% of the phosphorus of the virus and smaller pieces re- 
presenting 6o% of the total phosphorus, it can be shown that there must be six or 
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more of these small  pieces (of not  too widely  va ry ing  sizes). Otherwise they  would 
begin to revea l  themselves  in Fig. 5(c). Most phys ica l  methods  for molecular  weight  
de t e rmina t ion  appl icable  to  D N A  measure  something  close to a weight  average  
molecular  weight.  We therefore  wan t  to know wha t  values  of weight  average molecular  
weight  are compat ib le  wi th  a single large piece of D N A  and  6 or more small  pieces. 

I t  can be shown tha t  t~ = ° 6 ° 6  ts + (0.40 4) 2 where t~ is the  weight  average degree 

of po lymer iza t ion  of the  entire D N A  popula t ion ;  t s is the  corresponding weight  
average  for the  small  pieces only,  and  ~ is the  t o t a l  number  of phosphorus  a toms  per  
phage  part icle .  If t~ becomes very  small  (very m a n y  small  pieces) then  {~. approaches  
bu t  does not  fall  below o.16 ~b, corresponding to a molecular  weight  of 19 million. This  
leads a t  once to the  conclusion t ha t  the  weight  average molecular  weight  of phage  
D N A  is grea ter  t h a n  19 million. 

Since t~ s mus t  be smaller  t h a n  $/IO in order  to escape observat ion,  the  upper  
l imi t  of ?w compat ib le  wi th  our resul ts  is o.22 q~ corresponding to a molecular  weight  
of 27 million. Therefore,  any  values  for the  weight  average molecular  weight  between 
19 and  27 mil l ion are compat ib le  wi th  our results.  

The second quest ion which mus t  be ra ised about  this  large piece of D N A  is 
whether  or not  i t  ex is ted  as such in the  phage  or whether  in some way  it  was formed 
dur ing the  osmotic shock procedure.  F r o m  the  fact  t ha t  i t  is unique in size, it  seems 
l ikely t h a t  i t  ex i s ted  in some sense inside the  bac ter iophage .  I t  might ,  however,  have 
been some pa r t  of a larger  piece which was broken  at  a discrete poin t  dur ing  osmotic 

shock. 
P r o b a b l y  the  most  in te res t ing  quest ion about  this  large piece of D N A  is t ha t  

concerning i ts  function.  Expe r imen t s  are under  way  TM a5 which seem to imply  t ha t  the  
big piece of D N A  conta ins  some, if not  all, of the  genet ic  markers  of the  phage. How- 
ever, we have  at  the  momen t  no m e t h o d  of es tabl ishing clearly the  funct ion of the  
small  pieces of DNA.  The p robab i l i t y  t ha t  t hey  t ransfer  thei r  a toms  to progeny  phage  
has  been s tud ied  and  t hey  seem to t ransfer  wi th  an efficiency equal  to t ha t  of a toms  
in the  large piece. However ,  i t  has not  been possible to es tabl ish whether  or not  t hey  
p lay  a significant funct ion in the  growth  of the  bacter iophage.  
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SUMMARY 

A method for measuring the radioactivity of single DNA molecules and virus particles by imbed- 
ding them in a sensitive nuclear emulsion is described. The technique is probably lOO% efficient in 
detecting high energy fl-rays and is many thousandfold more sensitive than conventional Geiger 
counters because of the effective elimination of background. With this new technique the distribu- 
tion of a2p atoms in intact phage and in the fragments of phage resulting from osmotic shock has 
been explored. The results indicate than T2 and T 4 phage contain a single phosphorus-containing 
molecule, resistant to protease, but sensitive to DNase, which could be the chromosome of the 
virus. 
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THE X-RAY MOLECULAR WEIGHT OF HEMERYTHRIN 

FROM PHASCOLOSOMA GOULDI AND SOME NOTES 

ON T H E  O X Y G E N A T I O N  REACTION* 

W A R N E R  E. LOVE** 

The Eldridge Reeves Johnson Foundation [or Medical Physics, University o[ Pennsylvania, 
Philadelphia, Pa., and Marine Biological Laboratory, Woods Hole, Mass. (U.S.A ,) 

Hemerythrin is a protein which combines reversibly with oxygen and is found in 
erythrocyte-like cells. Representatives of three phyla possess it. It  is present in the 
nucleated coelomic cells of all the gephyrean annelids examined 1, the priapulids 
Halicryptus spinulosus and Priapulus cc~udatus ~, and the escardine brachiopod Lingula 
unguis ~. It  is also found in the non-nucleated corpuscles of the polychaete annelid 
Magelona papillicornis 4. The European gephyrean, Sipunculus nudus has been used 
for most of the studies to date. One of the purposes of the present paper is to compare 
Sipunculus hemerythrin with that from Phascolosoma gouldi, the common gephyrean 
of Woods Hole. 

Improvements in the determination of dissociation curves by spectrophotometry s 
and in the theory of multiple equilibria 8, 7, s made it of interest to look into some of the 
properties of hemerythrin. The available data from the early I93O'S on Sipunculus 
hemerythrin indicated the ratio Fe/O~ to be 3/1 (mole/mole) 1, and the molecular 

* This work was supported by  a grant  from the National  Science Foundat ion.  
** Present  address:  Ins t i tu te  for Cancer Research, 77Ol Burholme Avenue, Fox Chase, 

Philadelphia i i, Pa. 
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