
['he protein ferritin, first isolated in crystalline form 
te in that  it contains iron up to 23% of its dry weig[ 
CHAELIS, WHIPPLE and others have shown that  this 1~ 
the physiological function of iron storage. 
7he extensive li terature on ferritin has been periodic 
/IICHAELIS 4. The earlier articles survey the experime~ 
in consists of a homogeneous protein portion, knowi 
~t 465,000, associated with micelles of ferric hydroxi, 
osition (FeOOH)s(FeOPO~H,). Indirect methods hav~ 
her the miceUes lie on the surfaces of the protein rook 
• GRANICK ~ recently summarized those experimental 
r other of these two alternatives. 
['he facts which favour the view that  the micelles 
in molecules are: 
[. The iron of ferritin can be removed by  reducing ag~ 
Luring the apoferritin. GRANICK considers cysteine : 
:rate between the polypeptide layers of apoferritin. 
,,. Ferritin solutions coagulate reversibly at 60 ° C 6, 
1late at this temperature  7. This suggests that  the coa~ 

iron hydroxide micelles on the surface and does not ,  

~rRANICK believes these arguments to be more conclu, 

are situated outside the ap 

ents such as cysteine 5 witho 
molecules to be too large 

whereas apoferritin does n 
gulation is due to the presen 
depend on the surface propc 

conclusive than those which he lis 
; model, namely:  
lobilities of ferritin and apoferritin are identicalS, 9. 
• itin and apoferritin solutions are identicaP °. 
in studies show that  ferritin antibody precipitates identic 
ther ferritin or apoferritin solutions 9. Presumably the sit 
:bs are located only on those areas of the protein molecu 
~r else the micelle is inside the protein molecule. 
1dies reported in this paper  indicate that  the iron is conce 
.ibit internal structure and which lie within the apoferrit 

MATERIALS AND METHODS 

~ed f rom t he  spleens  of h e a l t h y  horses  by  GRANICK'S modif ica t ie  
E R G E R  1, and  recrysta l l ized five t imes  f rom 6 % CdSO 4 so lu t ion .  

I .  

denaturin 
penetrate 

2. 

coagul 
of the iron 
ties of apoferritin. 

GRANICK 

in support  of the alternative 
I. The electrophoretic mobilil 
2. The viscosities of ferritin 
3. Quanti tat ive precipitin 

amounts of nitrogen from either 
to which the ant ibody adsorbs 
not covered by the micelle or 

Electron microscopic studies re 
t ra ted in micelles which exhibit 
molecules. 

Materials 
The  ferr i t in  used  was  isolated 

of t he  original  m e t h o d  of LAUFB: 

Re]erences p. 576. 

C R O S C O P I C  S T U D Y  OF F E  

by  

J. L. F A R R A N T  

ision o[ Industrial Chemistry, Commonz~ 
search Organization, Melbourne (Austral 

by LAU] 
ht. Studie 
large iron, 

)eriodically reviq 
)erimental data  
known as apof 

ydroxide-phospl 
tirect methods have been ina 

molecules or 
data whic 

c 

1937 , is 
oratories 
~sociated 

ANICK2, 3 

;ate that  
aolecular 
roximate 
tscertain 
,,d witifin 
y favour 

) O -  

) u t  

to 

not 
)resence 

, ,r- 

lists 

identical 
sites 

molecule 

concen- 
)oferritin 

dification 8 



lize al l  i n s t r u m e n t a l  factors  k n o w n  to de t r a c t  f rom resolu t  
1an K o d a k  Type  548-0 emuls ion  to t a k e  full a d v a n t a g e  o 
num i n s t r u m e n t a l  magn i f i ca t ion  of 21,ooo d iameters .  This  e 
d ly  requi res  exposures  which  are i n c o n v e n i e n t l y  long if res 
movemen t .  The effective speed was increased by  the  use of th 

Fig. I shows a field of dispersed ferritin molecules 
,,ntrated in angular micelles up to 55 A in diameter. 
ture which varies presumably according to the orie: 
us appearances being compatible with a square planar 

27 A in diameter. The arrows indicate micelles in 
mlarly well defined. Micelles of less perfect symmetr] 
ta  consist of a single small particle at the limit of d, 
Itracentrifuge studies made by ROTHEN 8, which indic 
rm and that  about 25 % of ferritin molecules contain 
)espite the employment  of a I5-micron aperture imm 
of the objective lens and the use of the high-contras 

ned is insufficient to reveal the organic par t  of the m 
ierred from the fact that  micelle centres rarely appro  
90 A. Cases where the micelle centres are apparently s, 
robably due to superposition of the molecules. MicJ 

y are numerous; maeea  son 
detectability. This agrees wil 

indicate that  the micelles are no1 
little or no iron. 

tediately below the back foc 
h-contrast developer D-8, the contra 

molecules, but its presence ca 
~roach one another more close 
7 separated by smaller distano 

Micrographs of fields which ha 
lg been photographed previously revealed that  quite sho 
~m were sufficient to bury the molecules under a contain 

contributed largely to the inability to image directly tt 

with uranium in the conventional manner  (5-7 A at art~ 
lation as the micelles were no longer visible through tt 
~ness of uranium deposited on one side of the molecul 
ggerated their size. This difficulty was overcome by  shado~ 
7ers of uranium (--~ I A at ar tan I/iO) deposited successive 
;. Under these conditions the uranium layer is too thin ; 
ut a thin wall of uranium built up around each molecu 
Lill allows the iron hydroxide micelle to be seen at its cent 
!ocus micrographs of unshadowed ferritin molecules sho 
raction. Fig. 2, however, is the "in-focus" micrograph fro 

the u 
uniform 

Des 
plane 
obtained 
be inferred from 
than c 
are probably 
been shadow-cast after havin 
exposures to the electron beam 
nating layer which no doubt 
protein part  of the molecules. 

Specimens shadow-cast with 
~ )  yielded no useful information 
uranium layer and the thickness 
distorted their shape and exa~ 
casting with much thinner lay 
from two opposite directions. 
cast well defined shadows, but 
delineates the molecule yet  still 
as shown in Fig. 2. Out-of-fo 
similar rings arising from diffraction 
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s showing  the ferric hydroxide  micelles. The arrows indicate  mice lk  
Magnification 415,ooo x .  Magnification of inset  micel les  9oo,ooo × 
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Fig. I. A field of ferritin molecules  sh 
which  exhib i t  fourfold s y m m e t r y .  
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m 
d~adow-cast wi th  uranium deposited from two opposite directions 

protein molecules delineated by the "wal ls"  of uranium.  32o,ooo X 

ens shadow-cast  from one direction only reveal the micelle 
rcular  arcs of uranium so there is no possibility tha t  th~ 
If  the micelle lay on the surface of the protein, it woul( 
the uranium enclosure only for special orientations of th~ 
iameters of the uranium rings indicate the mean molecula: 
?oferritin molecules when similarly shadowed exhibit ring 

m 
lqg. 2. Ferritin molecules lightly shadow-c 
Note tha t  the micelles lie inside tile 

a through focus series. Specimens 
lying at the centres of semicir( 
rings are a diffraction effect. 
then appear  in the centre of the 
protein molecule. The inner diameter  
diameter  to be about  94 A. A F 
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7ted on a zinc oxide smoke spine. The arrows indicate micelles he] 
;lear of the spine edges. 415,ooo ×. 

'hich lack the central body. This confirms the interpretatio 
)xide micelles. 
tined from specimens prepared from dilute ferritin solutioi 

CdSO~. In places the salt formed a continuous layer o 
n. The presence of the protein molecules was revealed b 
tmeter in the CdSO~ layer with the micelles lying at tl~ 

:he appearance of the micelles at the centres of the uranim 
e to the collodion film, so that in the microscope the micelh 
mie part of the molecules. This possibility was tested b 

I 
Fig. 3. Ferritin molecules supported 

clear 

of the same mean diameter which 
of these bodies as iron hydro 

Similar results were obtained 
containing small amounts of 
the collodion supporting film. 
circular holes ~ 95 A in diar 
centres of these holes. 

I t  could be argued that the 
rings is due to their adherence 
are viewed through the orgame 
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 m ~ tm d e p o s i t e d  f rom t w o  o p p o s i t e  
le f e r r i t i n  m o l e c u l e s  of F ig .  2 

oxide smoke spines as showr 
micel les  which are  he ld  clear  of the  spine edges. Unfortu-  
ui ld up so r ap id ly  in the  e lec t ron beam tha t  it has not  been 
r ing  the pe r imete r s  of the  apofer r i t in  molecules.  Numerous 
en, bu t  in no case was a micelle obse rved  wi th  i ts  centre 
fl the  spine.  I f  the  micel les  lie on the  surfaces of the protein 
ed  t ha t  in some cases the micelle centres  would be seen 
rad ius  of the  molecules  f rom the  edges ot the  spines. 
~t 4 shows t ha t  micrographs  of fields of shadow-cas t  "non- 
i s t inguishable  f rom those of shadow-cas t  ferr i t in.  

,celles are loca ted  at  the  cent res  of the  ferr i t in molecules 
tc ts  a d v a n c e d  in favour  of the  a l t e rna t ive  view. 

/ 
Fig .  4. 
d i r e c t i o  

t a k i n g ,  
in Fig.  3. The arrows indica te  
na te ly ,  con t amina t i ng  layers  bu i ld  
possible to secure p ic tures  showin 
s imilar  micrographs  were t a k  
more  t han  5 ° A from the edge of 
molecules  i t  would be expec t ed  
a t  d is tances  grea ter  t han  the 

Compar ison of Figs.  2 and  
crys ta l l izable  fe r r i t in"  are indis t in  

The evidence t h a t  the  micelles 
mus t  be reconci led wi th  the  fa, 
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are absent in apoferritin prepared by the action of 
on, it is noteworthy that  the addition of ferric salt, 
r a t ion  of the proteinL Alternatively, it is possible t 
epare apoferritin may  effect other changes in the surfa 
lent to cause the observed differences in coagulatk 
'ifugation of ferritin solutions that  25% of the ma 
cules containing little or no iron. I t  might be illumi 
~rritin separated by this means exhibits reversible co 
Fhe three facts which GRANICK advances 3 in suppor 
¢otein molecules are, as he points out, inconclusive. I 
~resence of micelles on the surfaces of the protein m( 
ectrophoretic mobility. As GRANICK indicates, the q, 
lso inconclusive, as the sites of ant ibody adsorption r 
cule surface not covered by  the micelles even though 
complexes between ferritin and apoferritin and theil 

Fhe identi ty of electron micrographs of ferritin and 
accord with earlier findings. Chemical analysis of "no 
~ositive precipitin reaction of "non-crystallizable ferri 

that  "non-crystallizable ferritin" does not consist 
Ues associated with apoferritin molecules. GRANICK 
ssolved in solutions of "non-crystallizable ferritin", 

may  lie on areas of the ferril 
h the lat ter  are on the surfa 

their antibodies might well rep 

and "non-crystallizable ferriti 
"non-crystallizable ferritin ''e a 

ferritin" with anti-ferritin serun 
of free micelles but ra ther  
found v that  when apoferril 
brown crystals of ferritin 

~. All these observations can be explained by the hypothe 
:itin" consists of micelles associated with apoferritin mo 
ct to crystallize with one another in the presence of CdS 
rtion of them can be accommodated in a lattice of cryst 

studies TM of ferritin and apoferritin crystals by the powc 
apparently consisted of face-centred cubic crystals havi 
(a = 186 A for wet crystals and a ~ 163 A for air-dri 

es by  HODGKIN 18,14 of single crystals of ferritin show t~ 
c and has the dimensions 131. 5 × ~31.5 × 186 A when 
~hen air-dried. Hodgkin's  initial Patterson projection on l 
licating that  the micelles lie 93 A apart  in the wet cryst 
:imately spherical with the micelles at their centres as t 
he molecular diameter  is also 93 A. However, the dimensic 

The com 
electron microscopic investigation. 

The 
is in 
the positive 
show 
micelles 
is dissolved 
formed when CdSO 4 is added. 
tha t  "non-crystallizable ferritin" 
cules which are too imperfect 
but  at least a certain proportion 
lizable apoferritin molecules. 

Early X-ray  diffraction studies 
method indicated that  both 
identical lattice parameters  
crystals). More recent studies 
the unit cell is orthorhombic 
and 112 × 112 x 158.5 A when 
(oi0) plane shows peaks indicatir 
I f  the molecules are approximateb 
micrographs indicate, then the 
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Electron microscope studies of ferritin show that  the ferric-by 
[tutes up to 40% of the dry weight of the protein exists as 
~ting of sub-units about 27 A in diameter and that  the mice] 
ules. Certain indirect evidence which has previously been in 
are located on the surfaces of the protein molecules can be r 
evidence. The electron microscope value for the molecular d 

fair agreement with the values obtained by X-ray diffractio 

L'examen au microscope ~lectronique de la ferritine rCv~le ql 
~hate qui reprCsente jusqu' & 40% du poids sec de la protCine 
A de diam~tre environ, form*es de sous unitCs d'environ 27 

;s & l'intCrieur des molCcules protCiques. 
Les indications indirectes selon lesquelles les micelles seraient 
iques sont conciliables avec les indications fournies par le n 
am~tre molCculaire de la ferritine et de l'apoferritine, foun 
I bon accord avec les valeurs obtenues par la diffraction des 

Elektronenmikroskopische Untersuchungen yon Ferritin z 
:engewichts des Proteins ausmachende Ferrihydroxydkompl 
amesser  mit Untereinheiten yon ungefAhr 2 7 A Durchmessez 
inmolekiil gelegen sind. Gewisse indirekte Beweise, die friihex 
die Micellen an der Obertt/iche der Proteinmolekiile liegen, 
schen Beweisen in Einklang gebracht werden. Der elektro 
mlaren Durchmesser von Ferritin und Apoferritin ist in gut 

microscope ~lectronique; la yah 
fournie par le microscope ~lectroniq 

des rayons X et l'ultracentrifugati~ 

zeigen, dass der bis zu 40% 
flex in Micellen yon ungef/ihr 55 

Durchmesser besteht und dass die Micellen 
die friiher interpretiert wurden und zeigb 

kCnnen mit den elektronenmik 
elektronenmikroskopische Wert far d 

uter t2bereinstimmung mit den 
:hungen und Untersuchungen mit der UltrazentTifuge erhalter 
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