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A B S T R A C T  

The process of fixation of DNA-containing plasms is investigated by macroscopical and 
electron microscopical observations on solutions of DNA, nucleohistones, as well as on 
bacterial nuclei. The following treatments were found to pi~oduce a gelation of a solution 
of DNA or nucleohistones: (a) OsO4 fixation at pH 6 in the presence of amino acids (tryp- 
tone) and Ca ++. (b) Exposure to aqueous solutions of uranyl acetate. (c) Exposure to aqueous 
solutions of indium chloride. Observed in the electron microscope, these gels show a fine 
fibrillar material. From experiments in which solutions of DNA or nucleohistones are mixed 
with bacteria and treated together, it is concluded that the behavior of the bacterial nucleo- 
plasm is similar to that of the D N A  solutions. The  appearance of birefringence indicates that 
uranyl acetate and indium chloride produce an orientation of the molecules of a D N A  
solution during gelation. Bacterial chromosomes fixed by these agents also show a certain 
order, while those fixed by the OsO4-alpino ac id-Ca  ++ formula do not. Whether  or not the 
order can be considered to be artificial is discussed, and a tentative conclusion is presented: 
(a) Uranyl  acetate may induce artificial order. (b) Fixatives which do not gel D N A  prob- 
ably result in the grossest artifacts. (c) OsO4 fixation at p i t  6 in the presence of amino 
acids (tryptone) and Ca ++ may give the most accurate preservation of the in vivo disposition 
of DNA ( R K  + fixation). 

I N T R O D U C T I O N  

This study deals with two different methods for the 
fixation of DNA solutions. Both treatments have, 
in the past, been considered to yield comparable 
results, and little, if any, clear differentiation in the 
use of the methods singly or in combination has 
been emphasized in previous investigations. 

The  interaction of osmium tetroxide fixatives 
with D N A  solutions can be shown, under certain 
conditions, to lead to gelation of these solutions. If  

DNA solutions are brought in contact with 
uranium salt solutions, gelation of DNA solutions is 
also obtained; however these gels seem to be of a 
different nature. 

The regions of cells or viruses in which D N A  is 
the most important  component  have been con- 
sidered as " D N A  plasms." In nature, a number  of 
such D N A  plasms exist. These seem to be distinctly 
different from one another and may be arranged 



in an order of increasing complexity. These are: 
the pool of vegetative bacteriophage DNA, the 
bacterial chromosome, the mature phage, and 
finally the chromosomes of higher cells (see Kellen- 
berger, 1962 a and b). The electron microscopical 
observation of thin sections of these D N A  plasrns 
seems to be a most promising way to obtain in- 
formation on their organization; however, certain 
difficulties are encountered. Preparation for the 
ultramicrotomy involves treatment which results 
in rather profound modifications of the physico- 
chemical state of the components. By "fixation" 
we chemically alter most substances so that, we 
hope, the structure is not grossly distorted by the 
necessary replacement of water by organic liquids. 
The  dehydrated specimen is then placed in a 
monomeric embedding material which is polymer- 
ized in order to give a block solid enough to be cut. 

The present paper presents some observations on 
the effect of a number of preparation procedures 
on several natural and artificial D N A  plasms. We 
will consider any solution of DNA, nucleohistone, 
or other chemically defined D N A  compounds as an 
artificial D N A  plasm. We have made the initial 
assumption that in such a solution the DNA 
molecules are randomly oriented and individually 
separated. The  microscopical image of such ran- 
domly arranged, artificial plasms is to a certain 
extent predictable. On  the other hand, very little 
is known about the degree of order in highly de- 
hydrated, natural D N A  plasms, and predictions 
would be no more than pure speculation (see 
Kellenberger, 1962 a; Ris, I962 ). 

The study of artificial D N A  solutions shows that 
one of the main obstacles to overcome in prepa- 
ration for electron microscopy is the aggregation of 
DNA macromolecules which occurs in organic 
solvents during embedding. One of the roles of 
fixation is to modify the highly hydrated DNA 
plasms in such a way that they can withstand the 
replacement of water by organic fluids without 
forming coarse aggregations. The results described 
in the present paper indicate that the conditions 
of fixation which reveal the finest fibrillar structure 
in electron micrographs are those in which a com- 
plete gelation of the D N A  solutions can be mac- 
roscopically observed. Such a gelation, however, 
may introduce new structure or destroy structural 
arrangements in natural DNA plasms. In order to 
maintain faithfully the "prefixed" state of DNA 
plasms during structure-conserving fixation, ag- 
gregation as well as rearrangements or the destruc- 

tion of existing arrangements must be rigorously 
avoided. Tha t  the ideal solution has not yet been 
found is shown by the fact that it cannot be un- 
equivocally demonstrated for the present whether 
the ordered appearance of the D N A  plasm of the 
bacterial nucleus is real or an artifact. 

A variety of studies with several D N A  plasms 
demonstrating variations in response to fixation 
procedures were carried out. These studies include 
the following: (a) Macroscopic observations on 
DNA plasm reacting to various fixation pro- 
cedures. (b) Studies of interaction of fixative and 
DNA plasm on the molecular level by means of 
polarized light. (c) Morphological effects of fixa- 
tives as determined in the electron microscope. 
(d) Comparat ive studies on the bacterial nucleus 
and artificial D N A  plasms, mixed together to form 
a single preparation, in their responses to the 
different fixations. (e) Observations on the ordered 
arrangement of the fibrils in the bacterial nucleus. 

T E R M I N O L O G Y  

Some of the terms which will be used in this paper 
and in further publications are defined as follows: 
by sol we mean a solution of organic macromole- 
cults, for cxample a solution of DNA, in which thc 
molecules move freely in relation to each other. I f  
sufficient time is allowed, a given molecule can be 
found at any point of the solution. In  a gel, the 
molecules are cross-linked so as to form an un- 
interrupted network. Individual molecules arc im- 
mobilized. Thermal  agitation is reduced to random 
vibrations around a median position, the frame- 
work of the gel is physically a solid, and the solvent 
which it contains is still a liquid. Gels madc of 
fibrillar components can show different propertics 
depcnding on the mean distance between cross- 
links measured along linear molecules and also 
depending on the size of the linked zones. One can 
distinguish betwcen reversible gels, in which the 
maintenance of cross-linkagcs dcpcnds on outside 
conditions, such as temperature (e.g. agar-agar) or 
ionic composition of the solvent, and irreversible 
gels, in which the cross-linkages cannot be de- 
stroyed without damage to the macromolecule 
itself. 

In  a sol, macromolecules are electrically charged 
so that they tend to repel each other. Under  some 
conditions, for example at the isoelectric point, 
these charges are in effect neutralized, and the 
molecules tend to aggregate or coalesce. The  ag- 
gregates have a higher local concentration of the 
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m o l e c u l a r  subs t ance ,  w h i c h  l eads  also to a h i g h e r  

re f rac t ive  index .  H e n c e ,  opt ical ly ,  these  a g g r e g a t e s  

m a n i f e s t  t hemse l ve s  as  a t u r b i d i t y  of  the  suspens ion  

or eve n  by  visible floes. T h i s  p h e n o m e n o n  is k n o w n  

as " f l occu l a t i on . "  T y p i c a l  f loccula t ion  occurs  w h e n  

solu t ions  of  a b o u t  1 pe r  c e n t  D N A  or  1 pe r  c en t  

ge la t ine  a re  m i x e d  w i t h  a b o u t  two  v o l u m e s  of  

a lcohol  or  o t he r  wa t e r -mi sc i b l e  solvents.  

M A T E R I A L S  

Escherichia coli Strains 

B, BP. Cul tures  were g rown  ei ther  in aera ted  
t ryp tone  m e d i u m  (1 per  cent  Bacto-Tryptone ,  0.5 
per  cent  NaC1, p H  7-7.2, Difco Laboratories ,  Inc. ,  
Detroit ,  or in synthet ic  m e d i u m  M 9  (0.7 per cent  
Na2HPO4;  0.3 per  cent  K H 2 P O 4 ;  0.1 per  cent  
NH4C1; 10 - 4  M CaCl2;  l0 - 3  M MgSO4;  2 X l0  -6  M 
Fe II I  -citrate; 0.4 per  cent  glucose; p H  7.0). 

Artificial D N A Plasms 

1. Pure  t rout  spe rm DNA,  kindly provided  by 
Dr. Z ahn ,  Physiologisch-Chemisches  Ins t i tu t  der 
Goe the -Unive r s i t~ t  Frankfur t ,  was dissolved in 
aceta te-Veronal  buffer  of p H  6.2 in a concent ra -  
t ion of 2 to 3 m g / m l .  Colorless, viscous solutions 
are obtained.  (For isolation me thods  see Kiefer  
et al., 1961; Z a h n  et al., 1962). Physicochemical  
da t a  on  this p repara t ion  provided  by  Z a h n  are as 
follows : mol.  wt. 6.1 • 10 s. Intr insic  viscosity 
(7) ( c+ = 0) = 36 m l / g m  for c = g m / d l .  Sedimen-  
tat ion cons tan t  p H  5 at  25°C:  s = 19.3.10 -I3 see. 
Part ial  specific voh : V + = 0.55. 

2. DNA,  "h igh ly  polymer ized ,"  f rom Nutr i t iona l  
Biochemicals,  Inc. ,  Cleveland.  This  D N A  requi red  
gent le  shaking at 4°C for 36 to 100 hours  to go 
into solution in aceta te-Veronal  buffer. 

3. D N A  f rom calf thymus ,  k indly  provided  by 
Dr.  O. K l amer t h ,  Ins t i tu t  fiir Virusforschung,  
Heidelberg,  Germany .  

4. D N A ,  obta ined  f rom commerc ia l  source 
Fluka Inc., Buchs, Switzerland, described as "DNS,  
niedermolekular  (low molecular  weight  DNA)  aus 
Hering,  p u r u m , "  described in Fluka catalog No. 5, 
1961, No. 52656, could be dissolved in acetate- 
Verona l  buffer  up  to 200 to 400 m g / m l  and  gave  
only at tha t  concent ra t ion  a D N A  sol of the  vis- 
cosity of  1 per  cent  boil ing agar.  

5. Nucleohis tone  f rom W or t h i ng t on  Biochemical  
Corporat ion,  Freehold,  New Jersey,  in a m o u n t s  of  
6 to 9 m g / m l  to distilled water .  After  gent le  shaking  
at 4°C for 36 to 100 hours  the  undissolved mater ia l  
was r emoved  by  means  of filtration t h rough  sin- 
tered Schott  glass filters No. 3G3 and  the  filtrate 
adjusted by adding  distilled water  to give a viscosity 
comparab le  to tha t  of  the  t rout  sperm DNA.  

T h e  above men t ioned  D N A  prepara t ions  (items 
1 to 3) failed to show any  dist inct  differences. T r o u t  
spe rm D N A  was employed  t h r o u g h o u t  the  s tudy  
since this p repara t ion  was more  t ho rough ly  e x a m i n e d  
by physicochemical  methods .  

Solutions for Fixation and Different 

Treatments 

ACETATE-VERONAL BUFFER BASIC MIXTURE : 
19.428 g m  C H 3 C O O N a . 3 H 2 0 ,  29.428 g m  s o d i u m  
die thylbarbi tura te ,  34 g m  NaC1 in distilled wate r  to 
1000 ml.  5.0 ml  of  this  mix tu re  is mixed  wi th  13.0 ml  
distilled water ,  7.0 ml  HCI  N/10, and  0.25 ml  Ca t12  
M. T h e  p H  of this buffer  is 6.1. I n  cases where  no  Ca  ++ 
is desired, the  CaC12 is omit ted.  For  a p H  of 7.2 the  
nfixture is: 5.0 ml  of  basic mixture ,  14.5 ml  distilled 
water ,  5.5 ml  HCI  N/10, wi th  or wi thout  0.25 ml  
CaCI2 M. For  a p H  of 8.1 the  mix tu re  is: 5.0 ml  of  
basic mixture ,  18.0 ml  of  distilled water ,  2.0 ml  HC1 
N/10, wi th  or wi thout  0.25 ml  CaC12 M. In  all cases 
ad jus tmen t  of  p H  is m a d e  wi th  HC1 N/10. 

URANYL ACETATE : 0.5 per  cent  dissolved in the  
ace ta te-Veronal  buffer  of  p H  6.1, the  p H  drops  to 
ca. 3.5. 

O S M I U M  T E T R O X I D E  F I X A T I V E S  : O s O 4  w a s  

dissolved in ace ta te-Veronal  buffer  of  desired pH,  to 
give a 1 per  cent  solution. I n  cases where  o s m i u m  
tetroxide fixative was mixed  wi th  an  equal  vo lume  of 
D N A  sols, t he  o s m i u m  tetroxide fixatives con ta ined  
2 per cent  OsO4 in the  buffer.  

(a) OSMIUM TETROXlDE FIXATIONRK + (Ryter  
Kel lenberger  f ixation):  This  m e a n s  an  o s m i u m  
tetroxide fixation at a final concent ra t ion  of 1 per  
cent  OsO4 wi th  0.1 per  cent  CaC12 and  0.1 per  cent  
t ryp tone  in the  solution at a p H  of 6.2. Since t ryp tone  
reacts  immedia t e ly  with the  OsO4 solution, the  
t ryp tone  is usual ly  added  first to the  D N A  or bac-  
terial  samples,  followed 30 to 60 seconds later  by the  
addi t ion of OsO4. T h e  t ryp tone  solution is m a d e  u p  
with 1 g m  Bac to-Tryp tone  (Difco Laboratories ,  Inc.)  
or 1 g m  Bac to -Casamino  Acids (Difco Laborator ies ,  
Inc.) ,  0.5 g m  NaCI  to 100 ml  H 2 0 .  Casamino  acids 
reacted  more  readi ly  wi th  OsO4. 

(b) O S M I U M  TETROXIDE FIXATION RK-- ( R K  
minus)  : Th i s  means  an  o s m i u m  tetroxide fixation at 
a final concent ra t ion  of 1 per  cent  0 s O 4  wi th  omis-  
sion of ei ther CaC12 or t ryp tone  in the  fixing fluid or 
final fixing si tuation,  or  wi th  a shift of the  p H  f rom 
p H  6.2 to 7, 8, or 9. I n  the  text and  in the  figure 
legends the  change  wi th  respect  to the  R K  fixation 
will be indica ted  in parentheses .  

All exper iments  wi th  fixatives were carr ied ou t  at 
r oom t empera tu re ;  exper iments  described in Tab le  I 
were repea ted  also in the  cold room at 4°C. 

INDIUM CHLORIDE: InC13 (Merck a n d  C o m -  

pany,  Rahway ,  New Jersey)  dissolved at 0.5 per  cent  
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in ace ta te-Veronal  buffer  at p H  6.2. T h e  p H  drops 
usual ly  to 3.5-3.7.  

STREPTOMYCIN : Combis t rep  40 m g  (Chas.  
Pfizer and  Co., Brooklyn, New York) in 1 ml.  acetate-  
Verona l  buffer  of  p H  6.2. 

P O T A S S I U M  P E R M A N G A N A T E  F I X A T I V E  : 

K M n O 4  1 per  cent  in accta te-Veronal  buffer  p H  6.2. 
A C E T O N E  F O R  D E H Y D R A T I O N  ; ~ ¢ A c e t o n e  f o r  

ch roma tog raph ic  purposes ,"  Merck  and  C o m p a n y ,  
dr ied over freshly p repared  a n h y d r o u s  CuSO4.  

M E T H O D S  

EMBEDDING: Bacter ia  were g rown unde r  con- 
t inuous  aera t ion at 37°C in 1000-ml flasks to a densi ty 
of  1 to 2 X l0 s cel ls/ml.  Buffered OsO4 was added  to 
these cells in the  logar i thmic  g rowth  phase  so tha t  the  
final concen t ra t ion  of  OsO4 was 0.1 per cent  and  the  
suspensions were immedia te ly  spun  at 3000 RPM. 

T h e  pellets of  "pref ixed"  cells were mixed  with 2.5 
per  cent  agar,  dissolved in cor responding  buffers, and  
the  agar  was cu t  after solidification into smal l  blocks. 
T h e  fixation procedures  were t hen  applied to these 
cubes.  O t he r  specimens,  ma in ly  artificial D N A  
plasms,  were cu t  after fixation into 0.5 m m  cubes and  
dehydra t ed  in successive solutions con ta in ing  30, 50, 
70, and  90 per  cent  acetone in water .  T h e  blocks were 
placed for abou t  2 hours  in dr ied acetone;  then,  a few 
drops of Vestopal  W,  con ta in ing  ini t iator  and  activa- 
tor, were added.  T he  acetone was evapora ted  slowly 
(overnight)  wi th  the  help of a fan. This  procedure  in- 
sured regular  impregna t ion  wi th  the  Vestopai .  T h e  
blocks were t hen  t ransferred to fresh Vestopal  (con- 
ta in ing  ini t iator  and  activator) where  they were kept  
for several  hours  before t ransferr ing t h e m  to gelat ine 
capsules.  T h e  filled capsules  were kept  at r oom tem-  
pera tu re  overn igh t  and  then  polymer ized  at 60 -75°C  
for at least 36 hours.  

ULTRAMICROTOMY: T h i n  sect ioning was done 
wi th  the  L K B  U l t r a t o m e  us ing  glass knives. 

ELECTRON MICROSCOPE : Siemens Elmiskop I, 
40 kv, objective aper tu re  d i a p h r a g m  50/~ condensor  1 
adjus ted  to give an i l lumina ted  area on the  spec imen 

of 7 ~ in d iameter .  

S T A I N I N G  O N  T H E  G R I D S  : Some of the  prepa-  

rat ions were s ta ined by the  lead-cacodylate  m e t h o d  of 

Karnovsky  (1961). 

BIREFRINGENCE: Birefringence was observed 

on an  optical  bench,  on wh ich  the  samples  were ar- 

r anged  in r ec tangu la r  1 x 1 c m  optical cuvettes. 

Light  f rom a low voltage l amp  wi th  a condcnsor  was 

polarized wi th  a polaroid filter. A sui table lens sys tem 

produced  an  approx imate ly  col l imated b e a m  th rough  

the  cuvette.  After passage t h rough  an  analyser-  

polaroid filter, an  image  of the  cuvet te  was projected 

into a mirror-ref lex c a m e r a  wi thout  objective lens. 

T E R M I N O L O G Y  O F  F I X A T I O N  

P R O C E D U R E S  

As  desc r ibed  u n d e r  M a t e r i a l s  a n d  M e t h o d s ,  t he  

R K  + ( R K  s t a n d s  for R y t e r  a n d  K e l l e n b e r g e r ,  

1958) f ixa t ion  m u s t  fulfill the  fo l lowing cond i t i ons :  

1 pe r  c en t  OsO4,  p resence  of  0.1 pe r  c en t  CaC12, 

p resence  of 0.1 pe r  c en t  t r y p t o n e  ( ca l cu la t ion  

based  on  d ry  we igh t )  in  the  final f ixing fluid. T h e  

p H  r equ i r ed  is 6.2. T h e  R K  + t e r m  does  not i n c lude  

a n y  u r a n y l  a ce t a t e  p o s t t r e a t m e n t .  T h e  t e r m  R K -  

f ixa t ion  ind ica tes  t h a t  a t  least  one  of  t he  t h r ee  con-  

d i t ions  (0.1 pe r  c e n t  CaCl~, 0.1 pe r  c en t  t r yp tone ,  

p H  6.2) is not fulfil led ( therefore  R K  m i n u s ) .  W e  

str ict ly d i f fe ren t i a te  these  two  f ixa t ion  sys tems  

f r o m  e a c h  o the r  as well  as f r o m  a u r a n y l  a ce t a t e  

f ixat ion.  U r a n y l  ace ta te  h o w e v e r  c a n  be  used  e i the r  

as second  s tep of  f ixat ion to follow a n  R K  + or  R K -  

f ixat ion or it  c a n  be  the  f ixat ive of  a s ingle s tep 

u r a n y l  ace t a t e  f ixa t ion  a lone .  I n  e a c h  case  t he  

c i r c u m s t a n c e s  will be  c lear ly  i n d i c a t e d  w i t h  re-  

spec t  to f ixa t ion  w i t h  u r a n y l  ace t a t e  or  its e q u i v a -  

lent ,  i n d i u m  chlor ide .  

R E S U L T S  

Macroscopic Observations on D N A  Solutions 

Reacting with Different Fixatives 

Artif icial  D N A  p l a s m s  t were  m i x e d  l : l  w i t h  

f ixative in a smal l  test  tube .  T h e  f inal  c o n c e n t r a -  

t ion  of  OsO4,  w h e n  used ,  was  1 pe r  c en t  a n d  t h u s  

the  s a m e  as t h a t  u sed  in e x p e r i m e n t s  w i t h  bac te r i a .  

T h e  so lu t ions  of  D N A  were  m a d e  in  t he  s a m e  

buf fe r  used  for f ixation.  N u c l e o h i s t o n e s  were  dis- 

solved in  some  e x p e r i m e n t s  in  c o r r e s p o n d i n g  

buf fe r  a n d  in  o the r  e x p e r i m e n t s  in  dist i l led wa te r ,  

w h e r e  t hey  go in to  so lu t ion  m o r e  readi ly .  T h e  use  

1 T h e  exper iments  showed tha t  different concen t ra -  
tions of  pure  D N A  gave the  same results.  Since some 
of the  samples  requi red  gent le  shaking  for several  
hours  or days for dissolution while others  needed  
filtration t h rough  sintered glass filters, the  viscosity of  
a boiling 1 per cent  agar  solution is g iven as reference. 
Whi le  even gent ly  shaking  as well as filtration m a y  
affect the  molecule  l eng th  and  filtration the  concen-  
t ra t ion of D N A  in the  solutions, and  since the  same  
results were obta ined  wi th  a wide range  of D N A  con-  
centra t ions  as well as wi th  nucleohis tone  concent ra -  
tions, only this r ough  qual i ta t ive  reference is given. 
T h e  range  of concentra t ions  initially invest igated can  
only be given as: f rom barely  visible viscosity (upon 
shaking  of flasks) to a honey-l ike viscosity. 
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of these different solvents did not  result in differ- 
ences in the  subsequent  reactions of nucleohistones. 

FIXATIVE RI¢-- : As one can see from Table  I, 
pure  DNA, dissolved in buffers of p H  5-9, was 
virtually unreact ive wi th  OsO~. The  solutions re- 
mained  as sols and  did not  change significantly in 
color. The  same was t rue for nucleohistones, where 
only a very slight yellow color appeared  after 
several hours  at  room temperature .  

FIXATIVn RX+:  If  a D N A  solution was 
mixed with fixative R K  + 1 : 1 (2 per  cent OsO4, at  

which could macroscopically be compared  wi th  
" th ixo t rop ic"  gels of aged metal  hydroxids (Alter- 
ungsgele, Stauff, 1960). 

Gelat ion by the R K  + method requires three  
essential conditions:  a m i n i m u m  concentra t ion  of 

I~GUE]~ l Spherite cross appearing in a drop of DNA 
gelated in uranyl acetate and observed between crossed 
polaroid filters. The photograph was taken 85 minutes 
after the start of the reaction. X 7. 

pH 6.2, containing 0.1 per cent  CaCI2, and  0.1 per  
cent  t ryptone) ,  the following events are observed 
(Table  I) : 

One  to 2 hours after mixing, the  solution became 
yellow, then brown and  gradually gelled. After 6 
to 8 hours i t  had  become nearly black and  formed 
a relatively stable gel. The  react ion t ime was highly 
variable.  Some reactions seemed to start only after 
a lag period, which may depend on parameters  
which are difficult to control. The  chain  length  of 
the DNA molecules seemed to have influence. Low 
molecular  weight  D N A  could not  be completely 
gelled, even in high concentrat ion (see Note Added  
in Proof). The  part ial  gels obta ined  had  a behavior  

FIGURE !~ The phenomenon of birefringence as 
observed in a solution of pure DNA overlayered with 
uranyl acetate as a function of time. The square glass 
cell is placed between crossed polaroid filters and the 
photographs taken (a) 1 minute, (b) 120 minutes, and 
(c) 180 minutes after the beginning of the reaction. 
The birefringence is not homogeneous but has a fi- 
brillar or layered appearance macroscopically. X 3. 
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0.05 per cent CaC12, a min imum concentration of 
0.05 per cent tryptone, and a pH of 6.0-6.5. Com- 
plete absence or low concentration of either Ca ++ 
or tryptone completely prevents gelation. If  Ca ++ 
and tryptone are used in excess (concentrations 
above 0.2 per cent) the influence of the third con- 
dition of the R K  + method, the pH  of 6.0-6.5, be- 
comes less critical and gelation can occur between 
pH 6 and 8. 

U R A N Y L  A C E T A T E ,  I N D I U M  C H L O R I D E :  It  
had been shown previously (Kellenberger et al., 
1958; Ryter  and Kellenberger, 1958) that post- 
treatment with uranyl acetate after any type of 
OsO4 fixation has "strong stabilizing" effects on 
bacterial nucleoplasms. After OsO,  fixation under 
different conditions, the uranyl acetate "post- 
t reatment"  always resulted in a fine fibrillar tex- 
ture in the nucleus. It  has been shown (Beer and 
Zobel, 1961; Zobel and Beer, 1961; Huxley and 

Lichtenstein, 1960). The  ability of streptomycin ~ 
gel D N A  solutions was therefore examined. Strep- 
tomycin treatment of D N A  solutions results in im- 
mediate flocculation; the floes were readily soluble 
in versene solution. 

In all these experiments, nucleohistones reacted 
generally like pure DNA;  small differences are re- 
ported in Table I. 

Studies on the Interaction of  D N A  Plasms 

with Fixatives at the Molecular Level Using 

Polarized Light 

To obtain more knowledge on the structure of 
the D N A  solutions fixed by the different methods, 
D N A  solutions undergoing gelation were examined 
with polarized light. Results obtained with pure 
D N A  are similar to those shown by nucleohistone 
solutions. 

T A B L E  II  
Birefringence after Different Treatments of DNA Sols 

Fixative None 

Birefringence 

R K -  RK + Uranyl ace- R K -  followed by RK + followed by 
tare uranyl acetate uranyl acetate 

_ _ + + - -  

Zubay, 1961) that the staining effect of uranyl 
acetate is due to its reaction with nucleic acids. 
Similar findings are reported by Stoeckenius 
(1961). Indium chloride has also been used for 
staining (Watson and Aldridge, 1961), thus indi- 
cating that it probably reacts similarly. These 
two substances have therefore been investigated 
and found to gelate D N A  solutions very rapidly 
(Table I). Independently, Watson (1962) has 
shown that indium chloride gelates DNA solutions. 

P O T A S S I U M  P E R M A N G A N A T E :  It  had been 
also shown that KMnO4 fixation according to Luft 
produced fine stranded D N A  plasms in bacteria 
(Luft, 1956; Mercer, 1958). In the present studies 
(Table I) KMnO4 fixation was also found to pro- 
duce a gel with D N A  solutions; however, it was 
much less solid, it flocculated after a few hours, and 
the sediment dissolved instantly in Versene solu- 
tion. This is contrary to the R K  + gels as well as 
the uranyl acetate and indium chloride gels, which 

did not dissolve within 2 to 4 hours in Versene 

solution. 

STREPTOMYCIN ; Streptomycin is a basic 

substance which is frequently used to precipitate 

DNA out of biological homogenates (Cohen and 

A D N A  sol can be defined as a colloidal solution 
of dispersed anisotropic particles. Such a colloidal 
system as a whole is not necessarily anisotropic, 
however, because of statistical disorder. (There- 
fore, the D N A  solution has no optical anisotropic 
properties and appears to be isotropic as long as no 
external influence exists.) Then, in the absence 
of external influences, solutions of D N A  do not 
show birefringence when observed between crossed 
nicols or crossed polaroids. Even rather highly 
concentrated DNA solutions (0.4 to 0.6 per cent of 
Dr. Zahn's DNA) of honey-like consistence did not 
show birefringence. As expected, flow-birefringence 
does appear upon external agitation with all our 
D N A  sols. ~ 

2 DNA sols were not observed on the optical bench for 
prolonged periods of time (i.e. several days). Phe- 
nomena described by Robinson (1961, p. 233) have 
not been observed. It seems possible that, on standing 
for long periods of time, DNA solutions undergo 
changes due to enzymatic activities and that the DNA 
macromolecules might be, at the time of his observa- 
tions, already very short. Also, concentrations of 6 
per cent in his solutions indicate that the DNA used 
might have been of rather low molecular weight if 
not degraded. 
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RK+-FIXATIVE GELS: Gels obtained with 
fixative R K  + do not show a birefringence either 
after or during gelation. Gels obtained by mixing 
fixative R K  + with the DNA sols or by putting a 
layer of the R K  + fixative over the solution were 
studied. In  these experiments the tryptone (of the 
defined R K  + conditions) in a final concentration 
of 0.1 per cent was mixed into the viscous DNA 
sol before addition of the fixing fluid or before 
overlaying the D N A  with the OsO4. When de- 
hydrated with acetone these gels did not become 
birefringent; the cuvette remained black between 
crossed polars. 

U R A N Y L  A C E T A T E  G E L S :  Uranyl  acetate 
gelation is a very rapid process, thus permitting the 
sol-gel transformation to be followed during all 
phases on an optical bench. The  fixative (pH 3.5) 
was first poured into a square cuvette and placed 
on the optical bench between crossed polaroids. A 
drop of the D N A  solution was then carefully added 
to the uranyl acetate and the reactions observed. 
The  drop, when carefully placed with a pipette on 
the surface of the fixative, maintained its form and 
floated just beneath the surface of the liquid. After 
a few minutes, distinct birefringence appeared at 
the periphery of the drop as a bright circumference 
around the invisible drop which then spread con- 
tinuously toward the center. The  entire process 
was completed within 15 to 45 minutes, a time cor- 
responding to the complete gelation of the drop. 
(This gelation can be tested by the mechanical re- 
sistance of the drop as a whole.) Figures of "spher- 
ite crosses" appeared (Frey-Wyssling, 1953) which 
rotated with rotation of the system of polarization 
(Fig. 1). 

In  another series of experiments the solution of 
D N A  was first poured into the cuvette and then 
overlayered with uranyl acetate fixative. A region 
of birefringence appeared rapidly in the zone be- 
tween the two solutions and spread throughout the 

whole D N A  solution after some hours (Fig. 2 a, b, 
and c). The  D N A  became a firm gel. When the gel 
was dehydrated in acetone, no change of the type 
of birefringence was observed. 

C O M B I N A T I O N  O F  R K  + W I T H  U R A N Y L  

A C E T A T E  F I X A T I O N  I N  P O L A R I Z E D  L I G H T :  

If  a gel, obtained by fixation R K  + was ovcrlayered 
with uranyl acetate, a birefringence could not be 
observed; the molecular structure of the R K  + gel 
was unchangeable. 

If  a birefringent uranyl acetate gel was "post- 
t reated" with R K  + fixative, the birefringcnce pcr- 
sisted and could not be removed;  the molecular 
orientation was part of the gclation. 

A treatment with R K -  type fixadve does not gel 
a D N A  sol. As already shown, if such a D N A - R K -  
fixativc mixture is ovcrlayercd with uranyl acetate, 
birefringence appears in the manner described 
above. 

From the results summarized in Table  II  one can 
conclude that the molecules of the D N A  so- 
lutions are randomly oriented and that the 
birefringence observed after uranyl acetate fixation 
is due to an order introduced by this fixative. 

From the experiments depicted in Fig. 1 (uranyl 
acetate fixation) we must conclude that the ar- 
rangement  of the fixed D N A  molecules has a 
spherical symmetry. The  observation that bire- 
fi'ingence appears first in a surface layer around the 
DNA drop or at the surface of the overlayered 
D N A  sol, and then spreads into the DNA phase, 
led to the tentative assumption that the D N A  
molecules are oriented parallel to the surface, or, 
what is the same, perpendicular to the gradient of 
diffusion of uranyl acetate into the DNA. 

Morphology of Effects of Fixatives as Seen 

in the Electron Microscope 

Pieces of the gels obtained in the macroscopic 
experiments described above can be embedded 

FIGURE 3 a An electron micrograph of pure DNA after fixation RK +, followed by uranyl 
acetate posttreatment. Processed through dialyzing membrane. Fine flbrillar aspect, no 
visible orientation. X 89,000. 

FIGVaE $ b Electron mierograph of nucleohistone after fixation RK + and followed by 
uranyl acetate posttreatment. Processed through dialyzing membrane. Very fine fibrillar 
aspect without any visible orientation. × 100,000. 

l~otmE 3 e Electron mierograph of pure DNA after fixation RK-  (no Ca ++ pH 7.2) and 
without uranyl acetate posttreatment. Processed through dialyzing membrane. Very 
coarse aggregations are visible. X 85,000. 
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directly. However,  another  method  was also used, 
in which  the different fixative fluids acted th rough  
a dialysis m e m b r a n e  placed at  the end of a small 
open tube conta ining the D N A  solution (Schreil, 
1961). Even dehydra t ion  can be carried out  by 
this method,  which has the advantage  tha t  not  
only gels bu t  also highly concent ra ted  sols can  be 
treated. After dehydra t ion  the sample was re- 
moved from the cel lophane m e m b r a n e  for embed-  
ding in Vestopal.  

FIXATION RK + : Solutions of pure  DNA (Fig. 
3 a) and  of nucleohistone (Fig. 3 b) fixed by R K  + 
showed a fine fibrillar network ar rangement .  The  
a r r angemen t  was the same, whether  or not  a post- 
t r ea tment  with  uranyl  acetate (aqueous) was 
made.  T he  micrographs  shown here came from 
uranyl  ace ta te - t rea ted  samples, since contrast  was 
otherwise ra ther  low. 

f iXATION RK--: Fig. 3 c  shows the appear-  
ance of pure D N A  embedded  after R K -  fixation 
(Ca ++ omitted,  pH 7) and  wi thout  pos t t rea tment  
with  uranyl  acetate. The  D N A  molecules are 
coarsely aggregated and  no individual  fibrils are 
visible. Nucleohistone gave similar pictures. 

Depending  on the extent  of the deviat ion from 
the critical condit ions of fixation R K  +, a more or 
less coarse aggregat ion of the fibers is obtained. 
Omission of ei ther  Ca ++ or tryptone,  or a pH 
above 6.2, was sufficient to init iate the aggregation. 
As in the gelation experiments,  the pH was less 
critical if an  excess of Ca ++ and  t ryptone was used 
(0.2 to 0.4 per  cent).  No significant differences in 
behavior  between D N A  and nueleohistone were 
detectable.  

U R A N Y L  A C E T A T E  : Urany l  acetate used 
alone as a fixative or employed as pos t t rea tment  
after R K -  fixation procedure  also preserved the 
DNA fibrils against  coarse aggregation,  as can  be 

seen in Figs. 4 b and  4 c. Instead of the r a n d o m  ar- 
r angement  observed after fixation of R K  + (Fig. 
4 a), however, uranyl  acetate t r ea tment  results in a 
sort of or ienta t ion  of the fibers. This  or ienta t ion is 
more  pronounced  in  Fig. 4 b (which represents a 
th in  section of a drop of a DNA solution gelated in 
the fixative) than  in Figs. 4 c and  4 d, which  were 
obta ined by the method  of the cel lophane mema- 
bra ine  dialysis. For this lat ter  figure, the direci ion 
of cut t ing was known to be parallel  to the dialyzing 
m e m b r a n e  th rough  which  the fixative entered.  

No samples t reated wi th  other  fixatives were 
embedded.  F rom the above results one can  see 
tha t  D N A  solutions fixed with a gelating agent  
show a fine fibrillar structure, while in the case of 
fixative R K - ,  in which  no gelation occurs, the 
D N A  fibers are aggregated. 

Comparative Electron Microscope Stud@son 
Simultaneously Fixed Bacterial Nuclei and 
Artificial DNA Plasms 

In  the previous section on morphology  of effects 
of fixatives it was shown tha t  the appearance  of 
fixed artificial DNA plasms varied according to 
the conditions of fixation. The  plasms were fine 
s t randed under  the same conditions found previ- 
ously to produce fine strands in bacter ial  nuclei 
(Ryter  and  Kellenberger,  1958). The  hand l ing  of 
these DNA or nucleohistone solutions for embed-  
ding, especially the fixation th rough  a dialyzing 
membrane ,  is r a ther  delicate and  the results are 
not always completely reproducible.  Exper iments  
were therefore performed in which bacter ia  and  
DNA or nucleohistone were mixed before fixation. 
In  this way the condit ions for the fixation of bo th  
consti tuents were strictly identical. The  technique  
used is based on the fact tha t  when  D N A  is mixed 

FmURE 4 a Electron micrograph of a DNA gel obtained after fixation RK + followed by 
uranyl acetate treatment. Moderately finely stranded but with a granular character. This 
granularity occurs frequently when RK + fixation is used in solutions. We believe that  it is 
due to deposited reaction products of the fixation. )< 98,500. 

FIGURE 4 b Electron micrograph of a DNA gel obtained by uranyl acetate fixation only. 
The fibrils are slightly aggregated; the whole shows some orientation. Such gels show bire- 
fringence. X 75,000. 

FIGURES 4 c and 4 d Electron micrograph of a nucleohistone after fixation RK-  (tryptone 
omitted) and posttreated in uranyl acetate for 4 hours. Processed through a dialyzing 
membrane. To increase the contrast, the section was stained 1~ minutes with Karnovsky's 
fluid. Some orientation of the fibrils can be detected. 4 a, )< 55,000; 4 b, X 75,000. 
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+ FIGURE 5 E. coli grown in M9 mixed with nucleohistone in agar. Fixation R K  followed by uranyl ace- 
tate. Fine stranded appearance of both natural and artificial DNA plasms. × 70,000. 
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FIGURE 6 a E. coli grown in M9 mixed with pure DNA in agar. Fixation RK -  (tryptone omitted). No 
postfixation. Coarse aggregations of both natural and artificial DNA plasms. X 52,000. 

FIGURE 6 b Aspect of the aggregations outside the bacteria in the corresponding experiment with nu- 
cleohistone. X 5~,000. 
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with liquid agar at 45°C it remains absorbed in 
the agar gel, and only negligible amounts are lost 
by diffusion during the successive steps of fixation 
and embedding (Schreil, 1961; Bohon and Mc- 
Carthy, 1962). A further advantage of the method 
is that we start from uniform material (agar cubes 
containing the same ratio of DNA:bacter ia l  cells), 
and with a single pellet several parallel experiments 
can be made in which only one condition is varied 
at a time. 

The preliminary results obtained with D N A  
(Schreil, 1961) were confirmed and the observa- 
tions extended to nucleohistones. No difference in 
behavior between DNA and nucleohistone has 
been found, so that the following summarized 
results are valid for both. In  all cases observed, it 
was found that the appearance of the bacterial 
nucleoplasm was consistently comparable to that 
of the surrounding solution of DNA or nucleo- 
histone. After R K  + fixation the fine fibrillar tex- 
ture was observed, which is not changed by a subse- 
quent  uranyl acetate fixation (Fig. 5). After R K -  
fixation (Figs. 6 a and 6 b) coarse aggregates ap~ 
peared. R K -  fixation followd by uranyl acetate 
postfixation also produced fine fibrillar bacterial 
nucleoplasms and fine fibrillar "outside" D N A  or 
nucleohistone (Fig. 7). 

From these experiments it may be concluded 
that the fine fibrillar appearance of both the DNA 
plasms of the bacterial nucleus and of a solution 
of DNA or nucleohistone depends on the con- 
ditions of fixation. This would favor the hypothesis 
that the D N A  plasm of bacteria is present as a 
hydrated sol of DNA in its simple salt form or 
associated to substances comparable to histone. 

Observations on the Ordered Arrangement  of  

Fibrils in  the Bacterial Nucleus 

In  the previous section only the degree of 
fibrillar fineness of the fixed DNA plasms of bac- 
teria has been considered. It  has been fi-equently 
observed that the fibrils of the bacterial nucleus 
show an ordered arrangement. Since uranyl ace- 
tate introduces birefringence in a "macroscopic" 
gel, experiments were carried out in order to 
clarify whether the order observed in the bacterial 
nucleus is an artifact or not. 

The following preliminary observations are 
worth noting: A great proportion of bacteria fixed 
by R K -  fixation followed by uranyl acetate post- 
fixation showed a distinct degree of organization 
of the nuclear fibrils (Fig. 8). In the few experi- 
ments in which the bacteria had been grown in 
tryptone and fixed under R K  + fixation, such ar- 
rangements did not occur, whether or not uranyl 
acetate postfixation had been used (Fig. 9). In 
those experiments in which the bacteria had been 
grown in synthetic phosphate-containing medium 
M9, some order was observed even with R K  + 
fixation, when uranyl acetate postfixation followed 
the R K  + treatment. It  could be that  in this case 
the R K  + conditions had not been completely ful- 
filled, since it has been shown (Ryter and Kellen- 
berger, 1958) that even small amounts of phos- 
phate carried over into the fixative with the 
bacterial sediment after centrifugation hinder the 
R K  + fixation and produce aggregation of DNA 
molecules. Indeed, the low solubility of calcium 
phosphate must reduce the concentration of free 
Ca ++ ions. Since the concentration of 0.1 per cent 
CaC12 in the R K  + fixative is near the critical 
minimum concentration, it might well be that in 
some cases the R K  + conditions are not fulfilled. 
If the R K  + conditions are not fulfilled, then no gel 
is formed from the DNA plasm before uranyl 
acetate reaches the plasm. In  this case, uranyl 
acetate could introduce artificial order. Indeed, 
the author strongly suspects that this is frequently 
the case with some published results. Other  experi- 
ments, however, in which uranyl acetate follows 
R K -  fixation (tryptone omission), do not show 
order in the bacterial nuclei (Figs. 7 a and 7 b), 
and therefore definite conclusions cannot be drawn 
as yet. But it should be noted that the omission of 
tryptone in the fixative can, under certain circum- 
stances, be partially compensated for by the carry- 
ing over of some tryptone bro th , - -when bacteria 
were grown in tryptone bro th , - -wi th  the pellet, 
since washing procedures of the "prefixed" pellet 
are to be avoided. When all these conditions are 
under control (bacteria grown in synthetic medium 
M9), R K -  fixation (tryptone omitted) and R K -  
fixation (Ca ++ omitted) have the identical effects 
with the bacterial nucleus. 

FIOVRES 7 a and 7 b E. eoli grown in M 9 mixed with pure DNA in agar. Fixation RK-  
(tryptone omitted) followed by uranyl acetate. Fine fibrillar aspect of DNA and of the 
DNA plasm of the bacteria. 7 a, X 40,000; 7 b, X 70,000. 
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D I S C U S S I O N  

Two procedures have been described whereby 
DNA-containing material (DNA plasms) in 
solution can be transformed into a gel which will 
resist acetone dehydration, with little evidence of 
shrinkage and without the formation of coarse 
aggregations. 

This material, when embedded and sectioned, 
exhibits a fibrillar structure in which individual 
fibrils have diameters in the neighborhood of 30 to 
40 A. In  contrast, if one of these procedures is not 
used, but  only conventional fixation applied, 
gelation of the D N A  plasm does not take place. As 
a consequence, very coarse aggregation occurs 
during dehydration, and in the electron microscope 
there is found a structure of coarse elements which 
are in the range of 300 to 400 A, as earlier demon- 
strated by Ryter  and Kellenberger, 1958. It  is sug- 
gested that the clear gel obtained on R K  + fixation 
(OsO4-Ca++-tryptone, pH 6) or on R K -  fixation 
followed by a uranyl acetate fixation or on uranyl 
acetate fixation alone more nearly approximates 
the arrangement in solution of the DNA-contain- 
ing substances than does the closely (coagulated) 
aggregated product resulting from dehydration of 
conventionally fixed material. I t  is further sug- 
gested that, on this basis, the two procedures may 
be considered as preferred fixatives for D N A  
plasms. 

The  appearance of embedded DNA-containing 
plasms can be roughly classified either as finely 
fibrillar or as more or less coarsely aggregated. 
Employing this as a criterion, it has been found 
that solutions of DNA or of nucleohistones behave 
in the same way as the bacterial nucleoplasm. 
Moreover, those procedures which produce gela- 
tion prior to dehydration result in preparations 
which are finely fibrillar in the electron mi- 
croscope. OsO4 in presence of tryptone and Ca ++ 
at pH 6 (fixation R K  +) as well as uranyl acetate or 
indium chloride are such gelating fixatives. I t  may 
be concluded from these observations that DNA 
fibers tend to be aggregated during the dehydra- 

tion and that this can be minimized, if, prior to 
dehydration, a gel is formed which acts mechani-  
cally against aggregation. 

Although such procedures avoid the coarse ag- 
gregation of D N A  on dehydration, it cannot be 
assumed that the finely fibrillar structure ac- 
curately reflects the arrangement of D N A  before 
fixation. In  the gross, a change has been produced 
by the formation of a gel where none existed 
before. 

From the work of Zobel and Beer (1961) it is 
known that UO2 ++ ions are taken up by nucleic 
acids in a constant ratio (UO~:P = 1:2 at pH 
3.5). This suggests that the bivalent ion binds two 
phosphate groups. Such binding reduces the net 
charge of D N A  molecules, and therefore they may 
tend to stick to each other. I t  is also possible that 
the uranyl ion forms bridges between the phos- 
phates of two molecules. But it must be re- 
membered in addit ion that  uranyl acetate also 
forms complexes with the veronal buffer; therefore 
a variety of uranyl ions of different complexity and 
of different charge can be expected in this fixing 
fluid. For indium chloride the possibility of similar 
reactions with the D N A  molecules can be as- 
sumed. 

For the fixative R K  +, however, nothing is 
known about  the chemical interactions. If  a solu- 
tion of short DNA molecules is treated with this 
fixative, no gel is obtained, but  only a dark brown 
to black color appears, most probably due only to 
the reaction of OsO4 with tryptone. Addition of 
alcohol or acetone produces a dark precipitate, 
which can no longer be dissolved. I t  seems there- 
fore that colored material is now linked to the 
DNA. Whether  this colored material is solely 
metallic osmium or a combination of reduced 
OsO,  of different reduction levels and whether this 
wholly or partially reduced OsO4 is in combina- 
tion with amino acids has not yet been determined. 

Although the precise mode of action of these 
fixing agents cannot be predicted theoretically, 
some further information from the observation of 

Figs. 8 a and 8 b are thin sections of E. coli grown in M 9 after fixation R K -  (tryptone 
omitted, pH 9) followed by uranyl acetate. Distinct ordered arrangements of the DNA 
threads. The points visible in the nucleus are probably cross-sections of the fibrils. 

FIGURE 8 a In this micrograph, which is stained by Karnovsky's technique, darker 
areas are visible, the meaning of which is not yet clear. X 82,500. 

FIGURE 8 b A field of the same preparation at higher magnification. X 156,000. 
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FIOVRE 9 E. eoli grown in t ryptone broth, fixed with R K  + and  post treated with uranyl  acetate. The  
sections had been stained according to Karnovsky.  Here the D N A  plasm of the nucleus forms a network, 
and  no preferential orientations are visible. Note the "double" s tructure of cell wall and cytoplasmic 
membrane .  X 90,000. 
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the organizat ional  pa t t e rn  of the fixed DNA plasm 
can  be obtained.  The  following results show tha t  
the gel obta ined by R K  + fixation is different from 
the one obta ined by uranyl  acetate. 

1. T he  "u rany l  gel" is birefringent,  bu t  the 
R K  + gel never is. 

2. T he  electron micrographs  of the gels ob- 
ta ined by uranyl  acetate sometimes show an  or- 
ganizat ion in layers. 

3. Bacterial  nucleoplasms also show a differ- 
ence in pa t t e rn  between those fixed by R K  + 
fixative and  those where  the R K -  fixation or 
any other  convent ional  fixation is followed by a 
uranyl  acetate fixation process. These observa- 
tions suggest tha t  the uranyl  acetate fixation does 
in t roduce an  artificial order, a t  least for artificial 
plasms. 

This research was supported in part  by grants from 
the Fonds National Suisse pour la Recherche seien- 
tifique and the Fondation Fritz Hoffman-LaRoche 
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