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F e r r i t i n :  I r o n  I n c o r p o r a t i o n  a n d  I r o n  R e l e a s e  

Apoferr i t in ,  a hollow pro te in  sphere  wi th  a d iamete r  of 
120 X and a molecular  weight  of 450,000, takes  up Fe ~+ 
under  oxidizing condi t ions  in v i t ro  1. Ferr i t in ,  on the  o ther  
hand,  releases i ron into the  sur rounding  med ium under  
reducing condi t ions  2. Based on electron microscopic  
studies,  PAPE a has  p roposed  the  following hypo thes i s  of 
ferr i t in  syn thes i s :  The comple te  apoferr i t in  molecule is in 
equi l ibr ium wi th  apoferr i t in  subuni t s ;  t he  iron micelles 
fo rming  i ndependen t ly  of the  apoferr i t in  mo ie ty  are 
t r a p p e d  as the  apoferr i t in  subuni ts  assemble  to  form a 
shell (Figure la) .  According to  th is  hypothes is ,  only  2 
s teps  in the  fo rma t ion  of ferr i t in  should exis t :  iron-free 
apoferr i t in  and  ferr i t in  wi th  the  full c o m p l e m e n t  of iron. 
Actual ly,  however ,  na t ive  ferr i t in  a lways conta ins  a 
spec t rum of molecules wi th  in te rmedia te  iron loads. To 
rescue PAPE'S hypothes i s ,  one has therefore  to assume 
t h a t  t he  liver ferr i t in  pool conta ins  molecules a t  var ious 
s tages of iron core degradation. 

Doubts  have  been  cast  on the  va l id i ty  of PAPE'S model  
by  DRYSDALE'S expe r imen t s  a. He  isolated ra t  l iver ferr i t in  
a f te r  an in jec t ion  of 14C-leucin. Rad ioac t iv i ty  appeared  
f irs t  in i ron-poor  ferri t in.  He  concluded t h a t  newly  syn- 
the t i zed  apofer r i t in  was gradually filled up wi th  iron. 
However ,  an a l t e rna t ive  exp lana t ion  could again rescue 
PAPE'S model  : If  we assume t h a t  iron stabil izes t he  ferr i t in  
molecule  so t h a t  i ron-r ich ferr i t in  dissociates only slowly 
in to  subuni t s  in compar i son  to i ron-poor  ferr i t in  or apo- 
ferri t in,  t h e n  i t  is clear t h a t  newly  syn the t i zed  subuni ts ,  
when  in te rac t ing  wi th  the  pre-exis t ing l iver ferr i t in  pool, 
is fas te r  incorpora ted  in to  i ron-poor  ferr i t in  t h a n  into 
i ron-r ich ferri t in.  

Other  a rgumen t s  aga ins t  PAPE'S theory  5, e are less con- 
vincing.  I therefore  s tudied  the  incorpora t ion  of iron in to  
apofer r i t in  in vi tro,  thus  avoiding the  l iver ferr i t in  pool 
which  had  compl ica ted  the  in t e rp re t a t ion  of DRYSDALE'S 
results ,  i ml  of a 1% apoferr i t in  solut ion and  40 mg 
ferrous a m m o n i u m - s u l p h a t e  were mixed  i n  the  presence  
of 5% sodium th iosu lpha te  and  0.25% po tass ium iodate  
(according to a personal  communica t ion  by  P. HARRISON). 
Samples  were ana lyzed  a t  var ious t ime  in tervals  wi th  
respec t  to i ron con t en t  per  molecule by  isopycnic  centr i -  
Iuga t ion  in an urograf in  g rad ien t  (Figure 2). PAPE'S 
t heo ry  pred ic t s  a mix tu re  of comple te ly  filled ferr i t in  and 
apoferr i t in .  However ,  a gradual uptake of iron by  apo- 
fer r i t in  was found.  I t  therefore  seems t h a t  PAPE'S idea 
has to  be given up. 

As an a l te rna t ive ,  I wish to  suggest  the  ' pene t r a t i on  
hypo thes i s ' :  The  hollow apoferr i t in  sphere  is r iddled  wi th  
holes ; a t  the  inner surface of the  pro te in  shell, ox ida t ion  of 
the  i ron is s t rong ly  ca ta lyzed  by  cer ta in  amino-ac id  
groups;  the  nascen t  ferric ions readi ly form an in t ra-  
molecular  p rec ip i t a t e  and very  soon the  growing FeOOH-  
micelle becomes  too b i g  to  escape (Figure lb).  Circum- 
s t an t i a l  evidence for t he  exis tence  of gaps in t he  apo- 
fer r i t in  shell is given by  nega t ive  con t ras t  e lectron micro-  
scopy, where  p h o s p h o t u n g s t a t e  can be seen to  have  
en te red  the  apofer r i t in  molecule a. If  th is  hypo thes i s  were 
true,  i t  should be possible  to  d e m o n s t r a t e  a ca ta ly t ic  iron 
ox ida t ion  at  si tes located on the  inside of the  apofer r i t in  
molecule.  F igure  3 shows indeed t h a t  apofer r i t in  s t imu-  
lates  i ron oxidat ion.  

To ident i fy  amino  acids in or near  t he  act ive site, t he  
effects  of a lkyla t ion  and compet i t ive  inhib i t ion  were 
s tudied.  F o r m a l d e h y d e  and  fl-propiolactone, bo th  reac t ing  
w i t h  free amino  groups  and  the  imidazole  ringV, s, and  
b romoace ta t e ,  a weak  bu t  r a the r  specific h is t id ine  a lkyla t -  
ing agen t  9, inh ib i t ed  iron up take  (Figure 4). Alkyla t ions  
of SH-groups  wi th  iodoace tamide  had  no s ignif icant  in- 

f luence on iron incorpora t ion  ( iodoacetamide concent ra-  
t ion 0.5% at  var ious  p i t  f rom 4.5-8.0 in acetate ,  imidazole 
or glycine buffers).  The s t rong  inhib i t ion  by  Zn 2+, known  
to form complexes  preferent ia l ly  wi th  his t idine in pep-  
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Fig. 2. After 2 or 20 rain respectively, iron incorporation was stopped 
by adding an equal volume of saturated ammonium sulphate to the 
reaction mixture; both precipitated ferritin samples were redissolved 
in water, mixed together and centrifuged in a Beckman SW 39 rotor 
at 39,000 rpm and 20~ for 18 h on a urografin gradient (0-76% in 
20% sucrose). After that, absorbance in the centrifuge tube (at 
420 nm indicating ferritin iron) was determined as a function of t h e  
density (calculated for the beginning of centrifugation). 
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Fig. 3. Reac t ion  m i x t u r e s  c o n t a i n e d  100 m M  imidazole  buffer ,  
p H  7.45, 1.28 m M  fer rous  a m n l o n i m n  su lpha te ,  20 m M  p o t a s s i u m  
j o d a t e  a n d  200 m M  sod ium th io su lpha t e  a t  r o o m  t e m p e r a t u r e .  
Reac t ion  was  s t a r t e d  b y  a d d i n g  the  fer rous  ions las t .  A t  d i f fe ren t  
t ime  i n t e rva l s  samples  of 0.1 ml  were a d d e d  to 2 ml  of 0 .5% ~,~-bi-  
p y r i d y l  so lu t ion  (in 0 . 1 M  imidazole  buffer ,  p H  7.45, a n d  10% 
ethanol) ,  w h i c h  s t opped  f u r t h e r  ox ida t ion  b y  f o r m i n g  a red complex  
wi th  Fe2+; th is  r e m a i n i n g  fer rous  i ron  was  d e t e r m i n e d  for  each 
sample  b y  m e a s u r i n g  abso rbanee  a t  580 rim. Thus  pe rcen t  oxidized 
i ron  could  eas i ly  be ca lcu la ted .  - - ,  wi th  apofe r r i t i n  0 . 4 % ;  
w i thou t  apofe r r i t i n ;  - - - - - ,  wi th  lysozylne  0 . 4 % ;  . . . .  , 
wi th  bov ine  se rum a l b u m i n e  0 .4%.  
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Fig. 4. - - ,  I ron u p t a k e  b y  na t ive  apofe r r i t in  w i t h o u t  f u r t h e r  
t r e a t m e n t .  �9 . . . .  , Apofe r r i t in  a l k y l a t e d  wi th  b r o m o a c e t a t e  acco rd ing  
to BANASZA~: 9 ( react ion t ime 7 days ,  p H  7), fol lowed b y  a m m o n i u m  
su lpha t e  p r ec ip i t a t i on  a n d  d ia lyzed  aga ins t  dis t i l led w a t e r . -  . . . . .  , 
Apofe r r i t in  a l k y l a t e d  wi th  f o r m a l d e h y d e  0 .66% in 0 . 1 M  ace ta t e  
buffer ,  p H  5.2. - - - ,  Apofe r r i t i n  a l k y l a t e d  wi th  / ;Lpropiolaetone 
0.1~ in 0.1 M ace t a t e  buffer ,  p H  5.2. - x - ,  Apofe r r i t in  wi th  16 m M  
Zn 2+ presen t .  All r eac t ion  mix tu re s  c o n t a i n e d  0.5~ apofer r i t in ,  
40 u lM fe r rous  a m n l o n i u m  su lpha te ,  7 m M  p o t a s s i u m  ioda te ,  110 i n M  
sodium th io su lpha t e  ( room t empera tu re ) .  I ron  i nco rpo ra t i on  was  
s t opped  b y  a d d i n g  samples  of 0.1 ml  to 4 ml  a m m o n i u m  su lpha t e  solu- 
t ion (50% s a t u r a t e d ,  0 ~ The  p r ec ip i t a t ed  fer r i t in  was  redissolved 
in w a t e r  a n d  the i ron  c o n t e n t  per  m g  p ro te in  d e t e r m i n e d  b y  measu r -  
ing fe r r i t in  i ron d i r ec t ly  in the  s p e c t r o p h o t o m e t e r  ( absorbance  of 
l m M  fe r r i t in  i ron a t  480 n m  -- 0.263) or b y  a modi f i ed  ine thod  
acco rd ing  to BORE111 wi th  b ipy r idy l .  The  p ro t e in  c o n c e n t r a t i o n s  
were de t e rmined  acco rd ing  to LOWRY TM. 

tides, and much less with  cysteine 10 also suggests t ha t  the 
act ive  site contains  hist idine (Figure 5). 

Somewha t  different  results were obta ined by  )/[AZUR 13, 
who was able to suppress iron incorporat ion wi th  iodo- 
acetamide.  He  concluded tha t  cysteine migh t  be the  iron 
acceptor  in ferritin. Bu t  his system, consist ing of l iver  
slices supplied wi th  ferric c i t ra te  as iron source, was too 
complex for any  conclusion to be drawn, since transferrin,  
xan th ine  oxidase and probably  o ther  biological substances 
were involved  in the  i ron-uptake  reaction.  

I t  is a surprising finding t h a t  the  hist idine a lkyla t ing  
agent  d iazonium-H- te t razo le  (DHT) 14 does not  affect  iron 
uptake.  If the  gaps in the prote in  shell pos tu la ted  by  the 
' pene t ra t ion  hypothes is '  were smaller  t han  the  D H T  
molecule, the reagent  could not  pene t ra te  to a lkyla te  the 
in ternal  his t idine residues. In  fact, only 10% of his t idine 
residues present  in apoferr i t in  had  reacted wi th  D H T .  (I 
measured the  ex ten t  of hist idine a lkyla t ion as described 
by  HORINISH114 and took 4.8~ for his t idine conten t  of 
apoferritin15.) However ,  af ter  apoferr i t in  had  been dis- 
in tegra ted  wi th  acetic acid into subunits  (followed by  
dialysis against  0 .01M glycine buffer, p H  3, as described 
by HARRISON 6) more than  90% of his t idine residues were 
accessible to alkylat ion.  I t  seems, therefore,  t h a t  those 
his t idine residues which are involved  in iron up take  are 
inside the  apoferr i t in  molecule, as required by  the  
'pene t ra t ion  hypothesis ' .  Unfor tuna te ly  the ca ta ly t ic  iron 
oxidat ion could not  be demons t ra ted  wi th  subunits  and 
thus also no inhibi tory  effect by DHT-a lky l a t i on  of 
subunits.  

Formaldehyde ,  fl-propiolactone and several  d iva len t  
ions (Zn 2+, Cd ~+, Mg -~+, Fe  -~ delayed also iron release 
w h i c h  I o b s e r v e d  w i t h  t h e  m e t h o d  d e s c r i b e d  e a r l i e r  16. 

T h u s  r e d u c t i o n  o f  f e r r i t i n  i r o n  s e e m s  t o  i n v o l v e  t h e  s a m e  
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Fig. 6. A b s o r b a n c e  difference be tween  sa lnple  cuve t t e  a n d  reference  
cuve t t e  was  w r i t t e n  as a func t ion  of t ime.  Bo th  cuve t t e s  c o n t a i n e d  
2 ml  of a fe r r i t in  so lu t ion  (0.15 m g / m l  in 0.121t ace t a t e  buffer ,  p H  
5.2); the  s a m p l e  cuve t t e  c o n t a i n e d  50 m M  Zn 2+, the  reference  
cuve t t e  50 in3I  Fe 2+. p H  was  a d j u s t e d  wi th  N a O H  a n d  t hen  s imul-  
t aneous ly  (at t i lne 0) 0.15 ml  of a 4 %  sod ium d i th ion i te  so lu t ion  was  
added .  

~ 100% 

Fig. 5. I ron  incorpora t ion  wi th  16 m/~l d iva l en t  m e t a l  ions a f t e r  
10 min.  Resul t s  g iven in pe rcen t  of un inh ib i t ed  sample .  Reac t ion  con- 
d i t ions  as in F igure  4. 
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ac t ive  si te as i ron uptake .  I found  t h a t  Zn 2+ has  a p p a r e n t l y  
a s t ronger  af f in i ty  to the  act ive  si te t h a n  Fe "~+ (Figure 6). 
This  is ot special  in teres t  because  i t  is known t h a t  in vivo 
Zn 2+ s tops  iron incorpora t ion  in to  ferr i t in  ~L 

Zusammen/assung. Es wurde  eine neue H y p o t h e s e  fiir 
die E i s enau fnahm e  du tch  Fer r i t in  exper imente l l  gepriift .  
Es  scheint ,  dass  die zweiwer t igen Eisenionen  in die 
Apofer r i t inhohlkugel  e indr ingen  k6nnen  und  im Inne rn  
an h i s t id inha l t igen  ak t iven  Stellen ka ta ly t i sch  oxydie r t  
werden ;  das en t s t ehende  Fe a+ bi ldet  sofort  ein (FeOOH)- 
MikroprS.zipitat,  welches ba ld  so gross ist, dass es n ich t  

mehr  durch  die Liicken der  Apofer r i t inhohlkugel  ent-  
weichen kann.  
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P R O  E X P E R I M E N T I S  

Bromination of Nucleosides 

Recen t ly  there  has  been  considerable  in teres t  in the  
b romina t ion  of pur ine  nucleosides 1-6 and  nucleot idesL 
The reagen t s  t h a t  have  been  employed  for such b romina-  
t ions  are b romine  in dioxane,  N-b romoace t amide  and 
b romine  water .  We  have  now found t h a t  N-bromosuc-  
c inimide (NBS) in D M F  solut ion is capable  of b romina t i ng  
pyr imid ine  and  pur ine  nucleosides.  I t  is known t h a t  N B S  
effects a romat ic  b romina t i on  when  b o t h  reagent  and  sub- 
s t r a t e  are in solution.  D M F  was  chosen as t he  reac t ion  
m e d i u m  since i t  dissolves N B S  as well as t he  nucleosides 
(except  guanosine) on s l ight  warming.  

The nucleosides in th is  s t u d y  which were b r o m i n a t e d  are 
uridine,  cyt idine,  adenosine,  2', 3 ' -O-isopropyl idene-adeno-  
sine and guanosine  s. The general  procedure  followed in 
these  react ions  is i l lus t ra ted b y  the  p repa ra t ion  of 8-bro- 
moguanos ine  and  5-bromouridine.  The progress  of these  
react ions  was followed b y  change  in UV-absorp t ions  and 
pape r  ch romatography% The s t ruc ture  of the  bromo-  
nucleosides was conf i rmed by  hydro lys is  w i th  N He1 
to  t he  cor responding  b r o m i n a t e d  bases.  

8-Bromoguanosine. Guanosine  (283 mg, 1.0 mM)  was 
suspended  in anhydrous  D M F  (8 ml), N B S  (200 mg, 1.14 
raM) added  and  the  suspension s t i r red overn igh t  a t  room 
t empera tu re .  By  th is  t ime  all the  guanosine  had  dissolved 
to a clear yel low solution.  Solvent  was r emoved  under  
reduced  pressure  (40-50 ~ wa te r  added  to  the  residue and 
the  separa ted  solid f i l tered and recrystal l ized f rom hot  
water .  Yield 290 mg  (80%), RI  0.60. 

5-Bromouridine. Urid ine  (244 mg, 1.0 mM) was dis- 
solved in D M F  (2 ml), N B S  (200 rag, 1.14 raM) added  and  
the  clear l ight-yei low solut ion al lowed to  s t and  a t  room 
t e m p e r a t u r e  for 16 h. The solution,  which had  tu rned  red, 
was  evapora t ed  in vacuo (40-50~ After  tho rough  re- 
mova l  of DMF,  the  residue was crystal l ized f rom acetone  
to give 202 mg  (62~o) of the  product ,  mp  175 ~ (ref. X~ 
181 ~ . RI  0.63% 

5-bromocyt idine ,  8 -bromoadenos ine  and 8-bromo-2' ,  3'- 
O-isopropyl idene adenosine  were s imilar ly  ob ta ined  in 83, 
40 and 50% yields,  respect ively.  However ,  when  th is  re- 
ac t ion  was appl ied to t r iace ty l inos ine  or to inosine, which  
is insoluble in DMF, no reac t ion  was observed dur ing  16 h 
a t  room t e m p e r a t u r e  and  h y p o x a n t h i n e  was ob ta ined  
when  the  reac t ion  mi x t u r e  was hea t ed  at  70-80~ for 
6 h a l  

ZusammenJassung. Mit N-Bromsucc in imid  k6nnen  
Nukleoside in D i m e t h y l f o r m a m i d  m i t  guter  Ausbeute  zu 
den  in 5-Stel lung b romie r t en  Der iva ten  umgewande l t  
werden.  
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Collagen Substrate Films for Localizing Collagenolytic Activity Histologically 

Collagenolytic ac t iv i ty  has  been  repor ted  in an imal  and 
h u m a n  tissues under  b o t h  physiologic and pathologic  
condi t ions  1, 3. Such col lagenolyt ic  ac t iv i ty  has  been  de- 
m o n s t r a t e d  employing  the  m e t h o d s  or various modif ica-  
t ions  of GROSS et  al. 3. This  procedure  involves t he  use of 
collagen gels, ob ta ined  by  ex t r ac t ion  of m a m m a l i a n  skin, 

as subs t ra tes .  The proper t ies  of ex t r ac t ed  collagenases 
have  been  s tudied  by  v i scome t ry  and  electrophoresis  4. 

Subs t ra te  f i lms on microscope slides have  been  em- 
p loyed to  d e m o n s t r a t e  p ro teo ly t ic  ac t iv i ty  a n d  to  
localize deoxyr ibonuclease ,  r ibonuclease,  amylase  and 
hya lu ron idase  ~. Al though  such subs t r a t e  f ihn techniques  


