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Mechanism and Kinetics of Iron Release from Ferritin by 
Dihydroflavins and Dihydroflavin Analogues? 

Tim Jones,: Rob Spencer,§ and Christopher Walsh*,# 

ABSTRACT: Dihydroflavins reductively release iron rapidly 
and quantitatively from purified horse spleen or horse heart 
ferritin. The NAD(P)H:flavin oxidoreductase from Beneckea 
harueyi is used to generate a constant concentration of dihy- 
droflavin permitting a continuous assay for complete iron re- 
lease. Sepharose-linked dihydroflavins are not competent to 
release ferritin iron, demonstrating that the dihydroflavin must 
pass through the channels of the protein shell prior to iron re- 
duction. Several experiments fail to show any specific flavin 

F e r r i t i n  is the major eukaryotic iron storage protein. In 
mammals ferritin is found in all tissues but exists principally 
in liver, spleen, and bone marrow accounting for 15-20% of 
the total iron in humans (Munro & Linder, 1978). The apo- 
protein is a multimer of 24 similar but not identical subunits 
(Drysdale et al., 1977) that form a hollow sphere of approxi- 
mately 450 000 daltons. This protein shell is approximately 
24 A thick with an internal diameter of 70-80 A and is pierced 
by six channels. The channels are positioned along fourfold 
symmetry axes and are each 9-12 A across at the outer surface 
and 17-20 A across a t  the inner surface (Hoare et al., 1975). 
In the holoprotein the shell surrounds a “core” of a ferric ox- 
yhydroxide phosphate polymer containing up to 4500 iron 
atoms with a molecular weight of up to 400 000 (Crichton, 
1973). Ferritin serves to solubilize and sequester this iron. Good 
evidence exists that iron is delivered to ferritin as Fe”, depos- 
ited as Fe”’, and released upon reduction back to Fe” (Bielig 
& Bayer, 1955; Niederer, 1970). In this paper we are con- 
cerned with the mechanism of this reductive release of iron. 

Sirivech et al. (1974) have shown that biological reductants 
such as thiols, ascorbate, and dihydroflavins are competent to 
reduce and release iron from ferritin; only dihydroflavins 
mediate complete iron release at  a sufficient rate to be physi- 
ologically significant. We have consequently focused on the 
dihydroflavins, making use of a new assay system employing 
the Beneckea harueyi NAD(P)H:flavin oxidoreductase to 
generate and to maintain a constant concentration of dihy- 
droflavins and dihydroflavin analogues. We have examined 
ferritins from different tissues and synthetic ferric oxyhy- 
droxide cores to explore the following questions: 

1. What is the overall stoichiometry of the iron reduction 
reaction? 
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binding site, though dihydroflavins do display saturation ki- 
netics with very high apparent Km’s. The rates of iron release 
by a number of dihydroflavin analogues show that the electron 
transfer is significantly rate determining in iron release by 
dihydroriboflavin, while diffusion of the dihydroflavin through 
the protein channel is slow in the release of iron by dihyd- 
roFMN. The rate of iron release is also dependent on the initial 
content of iron, having a maximum a t  1200 iron atoms per 
ferritin. 

2. Must dihydroflavins enter the ferritin channels to reduce 
and release iron? Is there an inverse relation between dihy- 
droflavin size and the rate of iron release? 

3. Is there evidence for a specific dihydroflavin binding site 
on the protein? 

4. What is the rate-determining step in iron release? If the 
reductant and iron must pass through the channels, is this 
physical transport step slow or is the redox reaction rate lim- 
iting? 

5 .  Are there kinetic differences in iron release from heart 
and spleen ferritin? 

Experimental Section 

Materials 
Fresh horse liver and spleen, from the same animal, were 

obtained from Peter Deniz of Taunton, Mass. Ferritin was pu- 
rified from these tissues by the modified procedure of Drysdale 
& Munro (1965), replacing the gel filtration on Sephadex 
G-200 with chromatography on Sepharose 6B, equilibrated, 
and run in 0.1 M Tris-HC1,’ pH 7.4,4 “C. Horse spleen ferritin 
crystallized from cadmium sulfate was obtained from Sigma 
Chemical Co. Heavily loaded horse spleen ferritin (3400 g- 
atom of Fe/mol) was kindly provided by Dr. James 
Drysdale. 

The NAD(P)H:flavin oxidoreductase from Beneckea har- 
ueyi in partially purified form was the gift of Drs. James Becvar 
and Robert Presswood. It was further purified as in Fisher et 
al. (1976). 

Polymers from the basic hydrolysis of ferric citrate (“syn- 
thetic cores”) were prepared according to Spiro et al. (1967) 
and were chromatographed on Sephadex G-15 equilibrated 
in 1O.mM sodium citrate, pH 9.0, 20 OC. 

[2-14C]Riboflavin (31 Ci/mol) was obtained from Amer- 
sham/Searle, Inc. F M N  was prepared from FAD (Sigma) 
with snake venom phosphodiesterase and chromatographed 

Abbreviations used: RF, riboflavin; FMN, flavin monoucleotide; FAD, 
flavin adenine dinucleotide; FI,,, oxidized flavin (general); FIH2, dihy- 
droflavin (general); 1-deazariboflavin, 1-carba-1-deazariboflavin; 5- 
deazariboflavin, 5-carba-5-deazariboflavin; 7-chlororiboflavin, 7- 
chloro-7,8-didemethylriboflavin; Tris, tris(hydroxymethy1)aminometh- 
ane. 
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Iron and Protein Assays. The total iron content of ferritin 
samples was determined by the method of Drysdale & Munro 
(1975). Protein was assayed by the method of Bradford (1972). 
Ferritin of known iron content (from Sigma, assayed by atomic 
absorption and dry weight) was used to check each assay. 

Equilibrium Dialysis. Dialysis cells as described in Schreier 
& Schimmel(1974), 50 pL per half cell, were leaded with 20 
to 50 pM [2-14C]riboflavin or [2-14C]FMN. On the opposite 
sides of the membranes were ferritin and apoferritin (1 2.5 to 
120 pM), all in 0.1 M Tris-HCI, pH 7.4. After incubation for 
24 h at 4 OC, 25-pL aliquots were withdrawn and counted for 
radioactivity. For dialysis against dihydroflavins, all solutions 
were in deoxygenated buffer containing 50 mM EDTA; after 
the cells were loaded and tightly stoppered the flavin was 
photoreduced. The absence of flavin fluorescence throughout 
the dialysis period showed that the flavin remained reduced. 

Ferritin of Varying Iron Content. Horse spleen or heart 
ferritin in deoxygenated 50 mM EDTA, 100 pM riboflavin, 
and 0.1 M Tris-HCI, pH 7.4, was stirred at 4 "C under an 
argon atmosphere. The flavin was photoreduced, and at ap- 
proximately 4, 10, 15, and 30 min aliquots were removed, 
aerated, and chromatographed on Sephadex G- 15  in 0.1 M 
Tris-HCI, pH 7.4, to yield ferritin samples of decreased iron 
content. 

Results and Discussion 
Assay System. In contrast to previous studies of the re- 

ductive release of iron from ferritin (Sirivech et al., 1974; 
Crichton et al., 1975), all of the kinetic assays reported here 
have been performed under strictly anaerobic conditions in the 
presence of a dihydroflavin generating system consisting of the 
B. harueyi NAD(P)H:flavin oxidoreductase, NADH, ethanol, 
and alcohol dehydrogenase. The importance of this assay lies 
in its ability to (i) eliminate kinetic artifacts due to oxidation 
of dihydroflavin by oxygen, (ii) maintain a constant and ac- 
curately known concentration of dihydroflavin throughout the 
assay, and (iii) permit the observation of the kinetics of com- 
plete iron release. Sufficient B. harueyi oxidoreductase was 
used to guarantee that the rate of flavin reduction by NADH 
exceeded the rate of dihydroflavin reoxidation by ferric iron 
by at least a factor of ten. The overall reaction is described in 
Scheme I. 

SCHEME I 

e thanol  NAD' FlH. ferritin-Fen"' 
acetaldehyd> 'NADH' ' F'lc,x'' ferritin-Fe,_?"' + 2Fe" 

Ghipynd) I J 
2Fe"( b i p  y ),, 

( t iL1 = 84.30 M-' cm- ' )  

The time course of a typical assay is shown in Figure 1. Note 
that, after an initial slow phase of approximately 2 min, the rate 
of Fetl release increases to a linear maximal rate between 4 and 
9 min. The rate decreases as the ferritin-sequestered Fe"' is 
depleted, and the reduction of ferritin iron is complete within 
40 min (these times apply to the conditions of Figure 1, which 
are subsaturating in [FIH-1; vide infra). Possible origins of 
these reproducibly sigmoidal kinetics will be discussed later. 
For all comparative purposes the maximal rate of iron release 
is used. 

Reaction Stoichiometry. It is expected, as shown in Scheme 
I ,  that 1 equiv of dihydroflavin camreduce and release 2 equiv 
of ferritin-sequestered FelI1. To test this, aliquots ( 5 ,  10, and 
15 nmol) of dihydroriboflavin (reduced by H2 over platinized 
asbestos) were injected into anaerobic solutions of ferritin (1 20 

/ 

i 
I 1  
i /  

m#n"tes 

FIGURE 1 :  The continuous release of ferritin iron by dihydroriboflavin. 
The Fe" released from 0.07 nmol of horse spleen ferritin by 65 1 M  dihy- 
droribflavin under standard assay conditions was monitored as Fe"(bjpy)3 
at 522 nm. The ferritin contained 1600 g-atom of Fe"' per mol initially, 
and the dashed line indicates the total iron in the ferritin sample as inde- 
pendently determined after Drysdale & Munro (1965). 

on Bio-Gel P2 in water. 7,8-Dimethyl-10-(2-aminoethyl)- 
isoalloxazine (Ia) was prepared from riboflavin as follows. 
Riboflavin was oxidized with excess sodium periodate to give 
7J-dimethyl- IO-(formylmethyl)isoalloxazine (Fall & Pe- 
tering, 1956). This aldehyde (100 mg) was reductively ami- 
nated in 500 mL of ammonium chloride saturated methanol 
with sodium cyanoborohydride (10 mg; Fieser & Fieser, 1974). 
After overnight stirring the solution was concentrated under 
reduced pressure and the product dissolved in water. This was 
applied in several portions to a 4 X 20 cm column of Bio-Gel 
P2 and washed exhaustively with water. The product was 
eluted with 50 mM NaCI, separating from a weakly fluo- 
rescent cationic contaminant which was probably the secon- 
dary amine flavin dimer. Compound IIa (7,g-dimethyl- 10- 
(2,3-dihydroxy-4-N-( 2-aminoethyl)aminobutyl)isoalloxazine) 
was prepared similarly, except that only 1 equiv of periodate 
was used to oxidize the riboflavin and 1,2-ethanediamine (in 
20-fold excess) was the amine. These flavin amines were at- 
tached to N-hydroxysuccinimide substituted agarose (Bio-Rad 
Affi-Gel 10) following the manufacturer's procedure. 

Methods 
Standard Assay. Deoxygenated 0.1 M Tris-HCI, Ph 7.4., 

containing 200 nmol of NADH, 2.5 pmol of bipyridyl, ap- 
proximately 0.2 unit of horse liver alcohol dehydrogenase, 10 
pL of ethanol, and varying amounts of flavin was added to a 
cuvette maintained under an argon atmosphere. Approxi- 
mately 0.06 unit of B. harueyi NAD(P)H:flavin oxidoreduc- 
tase was added to give a final volume of 0.50 mL. After com- 
plete reduction of the flavin (monitored at  the A,,, of the ox- 
idized flavin), the reaction was initiated by addition of deox- 
ygenated ferritin or synthetic cores (approximately 100 nmol 
of total Fe"') in a volume of 5 to 10 pL. The release of Fe" was 
monitored by the appearance of FeI1bipy)3 (A,,, 522 nm, E = 
8430 M-' cm-l). All assays were carried out a t  30 OC. 

Assay with Flavins on Agarose. Since Ib and IIb are not 
substrates for the oxidoreductase and settle rapidly, 0.1 mL 
of settled gel (containing approximately 22 nmol of flavin) was 
added to 1.9 mL of 0.1 M Tris-HC1 containing a small amount 
of platinized asbestos, 10 pmol of bipyridyl, and stirred under 
an atomosphere of hydrogen. After complete flavin reduction 
(as judged by loss of fluorescence), deoxygenated ferritin or 
synthetic cores were added. Aliquots (100 pL) were withdrawn 
in time and rapidly diluted into aerobic buffer (0.25 mL) and 
the absorbance at 522 nm measured. 
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TABLE I: The Kinetics of Iron Release by Dihydroflavins." 

from from spleen ferritin from heart ferritin 
synthetic v,,, Vmax x 

EO' cores (X102 K ,  V,,,IKm lo2 Km VmaxIKm 
flavin (mV) (M-ls-l) S-I) (pM) (M-ls-l) (s-l) (pM) (M-Is-l) 

riboflavin -208 ' 160 3.0 250 120 1.3 250 52 
FMN -216' 160 0.33 60 5 5  0.07 60 12 
FAD -219' 70 0.44 150 30 0.13 150 8.7 
7-chlororiboflavin -128' 56 1.1 220 50 0.50 220 23 
Ia -176d 100 1.4 240 58 0.48 240 20 
IIa -196d 140 2.8 250 110 0.74 250 30 
3-carboxymethyllumiflavin -236d 260 0.03 e e 
3-deazariboflavin -24OC 240 
1 -deazariboflavin -28OC 410 8.9 290 310 3.0 290 100 
3-methyllumiflavin f f 460 f f 180 

Rates from synthetic cores were determined under pseudo-first-order conditions at 25 pM dihydroflavin. V,,, is expressed as nmol of 
Loach (1968). Walsh et al. (1978). 

These were measured by redox dye equilibration as in Walsh et al. (1978). e No decrease in the rate of iron release was seen with dihydro- 
FelI released per s per nmol of initial FelI1, and release from synthetic cores as this rate divided by 25 pM. 

3-carboxymethyllumiflavin as low as 8 pM. / N o  saturation was observed with dihydro-3-methyllumiflavin as high as 200 pM. 

nmol of total FelI1; 5 m M  bipyridyl; 0.1 M Tris-HC1, p H  7.4). 
The observed release of 9.5, 20.0, and 30.5 nmol of Felt, re- 
spectively, confirms this stoichiometry. 

The two reducing equivalents of dihydroflavins may be 
transferred to ferritin iron in either a concerted or sequential 
manner. To  test these alternatives, ferritin was incubated with 
50 p M  dihydro-5-deazariboflavin; no detectable Fe" was re- 
leased over a 60-min period. Since dihydro-5-deazaflavins are 
oxidized quite readily by two electron acceptors (Fisher et al., 
1976; Walsh et al., 1978) but by one electron acceptors at rates 
only to those of dihydroflavins (Walsh et al., 1978; 
L. Hersh, R. Spencer, & C. Walsh, unpublished observations), 
this result strongly suggests that dihydroflavins reduce ferritin 
iron in sequential one electron transfers. 

Penetration of Dihydrojlavins to the Ferritin Core. Re- 
ducing equivalents could pass to the ferric core of ferritin by 
(i) direct passage of the reductant through the six apoprotein 
channels to the surface of the ferric core where electron 
transfer takes place, (ii) transfer of electrons from the reduc- 
tant to an acceptor a t  the outer surface of the protein shell and 
into the core by a protein-mediated mechanism, or (iii) transfer 
of electrons from the reductant to a relatively small population 
of ferric iron near the surface of the protein shell, which is in 
equilibrium with the bulk of the ferric core. To probe directly 
hypothesis (i), we have prepared compounds Ia, Ib, IIa, and 
IIb. 

~ N H R  "TCLR OH 

mNo: n;D 
L 0 P 0 

0 
Ln,& R = H  

R = +N-O,(~~oro~s 

0 H 

Dihydro-Ia and dihydro-IIa are fully competent to release 
Fe" from both ferritin and synthetic cores (formed by the 
hydrolysis of ferric citrate) (Table I). Dihydro-Ib and dihy- 
dro-IIb, which are Ia and IIa in amide linkage to agarose beads 
release Fe" from the synthetic cores but do not release any Fell 
from ferritin2 Since ferritin iron is reduced by a broad variety 
of dihydroflavins (vide infra), this incompetence of IIa and IIb 
suggests that the reductant must pass through the protein 
channels. From their 6-A resolution electron density map, 
Harrison et al. (1975) propose that molecules the size of RFH2, 
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FIGURE 2: Double-reciprocal plots of the rates of iron release vs. dihy- 
droriboflavin concentration. The upper figure (a) is the release from 
synthetic cores and the lower figure (b) is the release from horse spleen 
ferritin. Rates are in nmol of Fe" released per s per nmol of initial 
FelI1. 

FMNH2, and FADH2 are able to pass through the channels, 
which are 9-12 A across a t  their narrowest point. 

Saturation Kinetics. Figures 2a and 2b are double-recip- 
rocal plots of the rates of release of FeI1 from ferritin and 
synthetic cores at varying concentrations of dihydroriboflavin. 
As expected, release of Fell from synthetic cores shows no 
evidence of saturation and follows second-order kinetic de- 
pendence in dihydroriboflavin and iron. Release of Fe" from 
ferritin is first order in ferritin (data not shown), but does 
saturate in dihydroriboflavin with an apparent K ,  of 250 p M .  
The V,,, and K ,  data for this and other dihydroflavins are 
collected in Table I .  The values of VmaX/Km are suggested as 
the best measure of the relative "efficiencies" of the various 

~~ 

* The Fe" is released from synthetic cores by the flavin-agarose at  
approximately 20% the rate with dihydroriboflavin at the same total flavin 
concentration. With ferritin in the discontinuous assays, no Fe" is seen 
after 75 min of incubation. 
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FIGURE 3: The relation between ferritin iron loadin and the rate of iron 
release by dihydroriboflavin. [Upper figure (a)] Open symbols are the 
initial rates of Fe” release from ferritin samples of varying iron loading: 
(A) horse spleen ferritin; (0) horse heart ferritin; and (0) heavily loaded 
horse spleen ferritin provided by Dr. J. Drysdale. In all cases the dihy- 
droriboflavin concentration was 50 pM. Solid circles (0 )  are rates obtained 
by differentiation of the continuous assay of Figure 1. [Lower figure (b)] 
The accessible surface area of the ferritin iron core (A) was calculated as 
in Appendix I, as a function of iron content (N) for (-e) R - a, Le., no 
protein shell; (- - -) for R = 43 A and a = 6(18.5)2 A2 (Hoare et al., 1975), 
and d = 8 A. The closest fit to the experimental data (-) was obtained 
with R = 39 A, a = 6(18.5)* AZ, and d = 5 A. 

dihydr~flavins.~ The saturation kinetics observed can be a 
result of either (i) one or more specific binding sites for dihy- 
droflavins on the protein shell, or (ii) a nonspecific, partially 
rate-determining step such as diffusion of dihydroflavin 
through the protein channels. We present evidence below in- 
consistent with the first possibility. 

Equilibrium Dialysis. A series of equilibrium dialysis ex- 
periments with ferritin and apoferritin vs. oxidized and reduced 
[2-14C]ribiflavin and reduced [2-14C]FMN failed to show any 
affinity of the proteins for the flavins. The concentrations of 
protein and specific activity of the flavins were such that any 
dissociation constant 5 1  m M  could easily have been measured. 
This supports the hypothesis that the observed kinetic satu- 
ration and apparent K,’s of dihydtoflavins do not reflect dis- 
sociation constants (Kd’s) and that there is no specific flavin 
or dihydroflavin binding site on ferritin. 

Kinetic Competition by Dihydro-5-deazaflauins. Since 
dihydro-5-deazaflavins are not able to reduce ferritin iron (vide 
supra), they might be expected to compete nonproductively 
with dihydroflavins for any such binding site on ferritin. With 
dihydroriboflavin a t  10 pM, dihydro-5-deazariboflavin a t  65 
gM did not affect the rate of iron release from ferritin. Simi- 
larly, the rate of ferritin iron release by 10 p M  dihydroFMN 
was not affected by up to 120 FM dihydro-5-deazaFMN. This 
demonstrates that no dihydroflavin sites kinetically relevant 
to ferritin iron reduction exist that bind dihydro-5-deazari- 
boflavin or dihydro-5-deazaFMN with K d ’ S  less than ap- 
proximately 1. m M  and 0.5 mM, respectively. 

The Dependence of Ferritin Iron Reduction Rates on Extent 
of  Iron Loading. A sigmoidal pattern of iron release is always 

The concentrations of dihydroflavins in vivo are likely to be far below 
the K, values in Table I, so that ferritin iron reduction by dihydroflavins 
will take place under second-order conditions. 

seen in assays of complete iron release from ferritin (e.g., 
Figure 1). In the complete reduction of synthetic ferric cores, 
no initial slow phase is seen, and the reaction is simply 
pseudo-first-order in remaining ferric iron4 The origins of the 
slow phase in the ferritin kinetics are complex, though several 
possibilities can be eliminated in turn. First, our strict anaer- 
obiosis and the absence of the slow phase with synthetic cores 
preclude the possibility that the slow phase is due to dihy- 
droflavin consumption by residual oxygen (Crichton et al., 
1975, 1977). Second, the slow phase is not the result of a slow 
approach to a kinetic steady state. Sirivech et al. (1974) showed 
that a steady state is achieved under comparable conditions 
within 2 s. Third, the slow phase is probably not representative 
of “loosely bound iron” or other obvious iron heterogeneity 
(Dognin & Crichton, 1975), since this phase releases a constant 
12- 15% of the total ferritin iron, independent of sample origin 
or preparation. We suggest that this slow phase of ferritin iron 
release may be a function of both (i) an  inherent lesser chem- 
ical reactivity of Fell1 a t  the outer surface of the ferritin iron 
cores, vs. that buried i n ~ i d e , ~  and (ii) hindered access of the 
reductant (once inside the ferritin) to the ferric core by the 
protein shell, that is particularly apparent during initial iron 
release. The latter hypothesis is elaborated below in the context 
of earlier studies (Hoy et al., 1974) and an  extended mathe- 
matical model. 

Several experimenters (Harrison et al., 1974, 1975; Hoy et 
al., 1974) have suggested that both the rates of deposition of 
iron into ferritin (Fe” - Fell1, with molecular oxygen as oxi- 
dant) and of removal of iron from ferritin are directly pro- 
portional to the available surface area of the ferric core within 
the apoprotein shell. These studies of iron release involved ei- 
ther nonreductive removal of iron by chelating agents or re- 
duction with such reducing agents as thiols. These methods are 
both too slow to be of physiological importance (half-times of 
hours to days) and cannot remove 100% of ferritin iron. W e  
have accordingly examined this point with the anaerobic 
dihydroflavin assay system. 

Experiments were done in two ways: first, ferritin samples 
were prepared with differing iron contents, and initial rates of 
iron release were measured in the standard assay. Second, 
assays of complete iron release (e.g., Figure 1) were used to 
compute the rate of iron release as a function of remaining 
ferric iron throughout the assay. Figure 3a shows the results 
of both techniques. The rate of iron release increases with in- 
creasing iron content to a maximum near 1200 g-atom iron per 
mol of ferritin and then falls to a plateau rate for loadings 
greater than about 2000 g-atom per mole, in agreement with 
the previous, slower assays of Hoy et al. (1974), Harrison et 
al. (1974), and Miller & Perkins (1969). 

Appendix I details the calculation of the available surface 
area of a spherical ferric core within a spherical protein shell 
pierced by six channels. This model extends that of Hoy et al. 
(1974). The model contains only one unknown parameter, the 
“exclusion distance” d,  which is the minimum gap through 
which a reductant molecule may pass. With values of d be- 
tween 5 and 8 A and the other parameters taken from the 
crystal structure of apoferritin (Hoare et al., 1975; Harrison 
et al., 1975), a close correlation is obtained between the cal- 
culated available core surface area and the experimental rates 

This is expected since the reaction is first order in both FlH2 and fer- 
ritin and the generating system holds FIH2 constant. 

This could be due to the predominance of phosphate or other anions 
at the surface of the ferritin cores (Spiro et al., 1967) or to differences in 
hydration (“aging”) between the core surface and interior (Sommer et 
al.. 1973). 
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of iron release. We therefore propose that in the release of 
ferritin iron by dihydroflavins the rate is proportional to the 
available surface area of the ferritin core. 

Rate Determining Steps in Ferritin Iron Release. To de- 
termine the rate-limiting steps in the reductive release of fer- 
ritin iron we have used a number of flavin analogues which may 
be conveniently divided into two categories. The first series 
consists of flavins that share a common redox potential but that 
differ in size and/or charge, and the second series consists of 
flavins that are essentially isosteric but that differ markedly 
in redox potential. 

Synthetic Cores. It was essential to establish rate vs. redox 
potential relations in the absence of any influence of the apo- 
ferritin shell. The “synthetic cores” of ferric oxyhydroxide 
polymer were prepared primarily for this reason. As is evident 
in Table I, all of the dihydroflavins with redox potentials near 
-208 mV (lumiflavin, riboflavin, FMN, FAD) reduce the 
synthetic cores at comparable rates. The charge and size of 
dihydroFMN and dihydroFAD are apparently no hindrance 
in their reduction of ferric iron at the cores’ surface. On the 
other hand, as Table I and Figure 4 show, the dihydroflavins 
with altered redox potentials reduced the synthetic cores at 
different rates. These data follow a linear free energy-rate 
relation, with the strongest reductants reducing the core iron 
at  the fastest rates. Similar relationships for flavin analogues 
have been seen in their reactions (enzymatic and nonenzym- 
atic) with nitroxides, molecular oxygen, dihydronicotinamides, 
and dihydro-5-deazaflavins (Chan & Bruice, 1977; Blanken- 
horn, 1976; Walsh et al., 1978). This correlation implies that 
the redox reaction between dihydroflavin and ferric iron is 
substantially rate limiting in the reduction of synthetic corese6 
The minimal kinetic scheme for the synthetic core reaction is 
then: 

FlH2 + Fe;” + Fl,, + FeL1L2 + 2Fe” + H+ 

Ferritin. The kinetics of iron release from ferritin itself are 
more complex. A minimal kinetic scheme for the overall re- 
action can be simplified to Scheme I1 (see Appendix 11), 

SCHEME I1 

F1H2 + femitin-Fe,I*’ 
ou ts ide  inside 

FIH, + ferritin-Fe,“’ 
k - ,  . 

I k 2  
FI,, + ferritin-Fe,-2111 + 2Fe” 

where “inside” and “outside” refer to the inside or outside of 
the apoferritin shell. 

Polyanionic dihydroflavins (FMNH2, FADH2, 3-carbox- 
ymethyllumiflavinH2) release iron from ferritin at much slower 
rates than other dihydroflavins (Table I and Figure 4). Since 
dihydroflavin anionic substituents do not significantly slow the 
rates of synthetic core reduction (Table I), we suggest that kl ,  
and/or k-1, of Scheme I1 are specifically lower for these 
dihydroflavins. Such an electrostatic hindrance to diffusion 
is supported by the acidic p l  of ferritin (Le., that there may be 
aspartate or glutamate residues in or near the channels) and 
the findings of May & Fish (1 977) that the diffusion of acetate 

The slope of the correlation is 170 mV/log k ,  so that for the overall 
two electron reaction, AG* = 0.17AC0. This significant dependence of 
AG* on AGO can exist only when the step involving the measured AGO 
(the redox step) is significantly rate determining. 

10-24 - * \  4 

-.----.- 
10-5,  I , , I I I I 

-150 - 100 -300 -250 -200 
E“, mV 

FIGURE 4: The rates of iron release from synthetic cores and ferritin vs. 
flavin analogue redox potentials. The iron release from synthetic core ( 0 )  
was accomplished with (from left to right) 1-deazariboflavin, 3-deazari- 
boflavin, 3-~arboxymethyIlumiflavin, riboflavin, IIa, la, and 7-chlorori- 
boflavin. The iron release from horse spleen ferritin (A) was measured 
with the same flavins, excepting 3-deazariboflavin and 3-carboxy- 
methyllumiflavin. The release from horse heart ferritin (A) was with the 
same analogues, excepting la. The iron release from horse spleen ferritin 
with FMN and FMN analogues (m)  was with (from left to right) 1- 
deazaFMN, FMN, and 7-chloroFMN. All dihydroflavins were at 25 FM, 
and all rates are expressed as nmol of Fe” released per s per nmol of initial 
Fe”’. 

into apoferritin is much slower than that of glucose, methanol, 
or methylammonium ion. 

Figure 4 shows that the release of iron from ferritin by those 
dihydroflavins with neutral or cationic substituents (points A) 
follows a rate vs. redox potential correlation with the same 
slope (d log k/dEo’) as that observed for the synthetic cores. 
The absolute rates, expressed as second-order rate constants 
in total ferric iron and dihydroflavin, are approximately two- 
fold lower for ferritin than the synthetic cores. The identity of 
the d log k/dEo’ slopes leads us to propose that the redox step 
(kz, Scheme 11) is significantly rate determining for dihy- 
droriboflavin-mediated iron release from ferritin, as it is for 
release from synthetic cores. We suggest that the absolute rate 
differences reflect different effective surface areas of the 
synthetic vs. ferritin cores. The “masking” of the ferritin core 
in our model (Appendix I) accounts for a factor of about two 
in rate. 

The rates for ferritin iron release by dihydroFMN and its 
analogues (Figure 4, m) strongly suggest that some step other 
than k2 has become partially rate determining for these poly- 
anionic dihydroflavins. Both the absolute rates of iron release 
and the d log k/dEo’ slope are less than those of neutral or 
cationic dihydroflavin-mediated release. This suppression of 
Eo’ dependence suggests a change in rate-determining step 
with dihydroFMN. We conclude that it is the redox chemistry 
(k2, Scheme 11) that is largely rate determining in the release 
of ferritin iron by dihydroriboflavin, and a physical step, pos- 
sibly dihydroflavin diffusion through the protein channels (k I 
and k-1) that is largely rate determining in the release by 
dihydroFMN and dihydroFAD. 

Ferritins from Different Tissues. Table I presents data from 
ferritins isolated from the heart and spleen of the same animal. 
The apparent K,’s for all dihydroflavins are essentially iden- 
tical for both ferritins, and the V,,,/K, values for heart fer- 
ritin are consistently ca. 0.3 those for spleen ferritin. When 
V,, , /K,  values are calculated on the basis of protein con- 
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pM FMN,  0.3 p M  RF; (3) spleen-13 pM FAD, 0.4 pM 
FMN, 2.9 p M  R F  (Yagi, 1977; McCormick, 1975). Most of 
the tissue FMN and FAD (and possibly riboflavin) are tightly 
bound to specific proteins and are not freely diffusable. In 
addition most flavin-linked redox enzymes exist as holoen- 
zymes. The flavins do not dissociate at  the end of each catalytic 
cycle. The B. harveyi oxidoreductase is unusual since it does 
generate dihydroflavins free in solution. The mammalian 
counterparts may exist. Sirivech et al. (1977) have reported 
partial purification of a NADH:FMN oxidoreductase from 
rat liver. This rat liver activity is reputedly lower in ribofla- 
vin-deficient or iron deficient rats (Sirivech et al., 1977, Zaman 
& Verwilghen, 1977). Yubisui et al. (1977) have purified a 
methemoglobin reductase from human erythrocytes which is, 
in fact, an NADPH:flavin oxidoreductase. Similar reduction 
of FelI1 to FeI1 in ferritin could occur. 

In pathological conditions such as Cooly’s anemia and 
thalassemia, chronic transfusions generate secondary hemo- 
chromatosis with heavily overloaded ferritin in tissue and 
serum. Iron chelating drugs have great thermodynamic affinity 
for iron but may be limited by kinetic inaccessibility of ferritin 
iron (Anderson & Hiller, 1975; Sirivech et al., 1974). Ribo- 
flavin and riboflavin analogues with strongly negative redox 
potentials may warrant investigation for possible acceleration 
of iron release. 

F’IGURE 5 

centration, rather than tqtal iron concentration, heart ferritin 
rates become approximately 0.5 those of spleen ferritin. This 
change is due to the different iron contents of the ferritins as 
isolated: heart ferritin contained 900 g-atom of iron per mol 
of apoferritin, and spleen ferritin 1200 g-atom of iron per mol. 
These Vma,/K, data may be consistent with the findings of 
Drysdale et al. (1977) that heart apoferritin contains a larger 
fraction of “heavy” subunits (21 000 daltons) than spleen 
apoferritin, which is predominantly composed of “light” 
subunits (19 000 daltons). The’larger subunits of heart ferritin 
may restrict dihydroflavin diffusion to the ferric core more than 
those of speen ferritin, and thereby alter Vma,/K, for all 
dihydroflavins. 

Another difference between heart and spleen ferritins is the 
extent of iron loading at  the maximum rate of iron release. For 
spleen ferritin the maximum rate is observed when the ferric 
core contains approximately 1200 g-atom of Fe per mol; the 
value for heart ferritin is consistently 900 g-atom Fe per mol. 
We cannot explain this difference without overextending our 
simple models. 

The maximum rate of iron release from spleen and heart 
ferritin by dihydroriboflavin may be expressed as the number 
of Fell that must pass through each protein channel per sec- 
ond. 

nmol of FeI1 
nmol of Fe;,&,, s 

(0.0037 

For spleen ferritin this is to give 1 .O Fe” leaving per second per 
channel. For heart ferritin the calculation gives 0.24 Fell per 
second per channel. With the stoichiometry of 2 Fe”’ reduced 
per dihydroriboflavin, the rates of dihydroriboflavin passage 
through the channels must be at  least half these values. 

Physiological Significance 
Given that dihydroflavins can completely and rapidly release 

iron from isolated samples of ferritin, one can inquire whether 
this process may be of physiological significance in mobiliza- 
tion of ferritin-bound iron for hemoglobin and myoglobin 
synthesis. Iron atoms associated with ferritin are sequestered 
physically, and as Fell1 are highly insoluble in aqueous solu- 
tions at  physiological pH ((FeOH)3: K,, = M3; Spiro, 
1977). Dihydroflavins can penetrate the channels of the apo- 
protein shell and solublize ferritin iron as Fell by electron 
transfer ((Fe(OH)2: K,, = M2; Spiro, 1977). Are dihy- 
droflavins likely to be freely diffusable components with finite 
lifetimes in aerobic mammalian cells? This is unresolved. 
Concentrations of flavins in horse tissues (the source of ferritins 
used in this paper) are not available, but total concentrations 
for rat tissue are as follows: (1) liver-28-75 pM FAD, 15-18 
pM FMN,  2.1 PM RF; ( 2 )  heart-18-45 p M  FAD, 3.3-4.4 

Acknowledgments 
We are indebted to Dr. Jed Fisher for having brought the 

problem to our attention and to Drs. Paul Schimmel, Thomas 
Spiro, Paul Saltman, Pauline Harrison, and Anthony Cerami 
for their helpful discussions. We thank Dr. Sandro Ghisla for 
his gift of 3-methyllumiflavin and 3-carboxymethyllumiflavin 
and Dr. Edward Rogers and colleagues for their gifts of 7- 
chlororiboflavin and 1-deazariboflavin. Elaine Lenk assisted 
us in performing electron microscopy of ferritin and synthetic 
core samples. We are especially grateful to Dr. James Drysdale 
for his gift of heavily loaded ferritin and many helpful dis- 
cussions. 

Appendix I: The Available Surface Area of a Sequestered 
Iron “Core” 

This calculation is based on the idealized ferritin model 
shown. In Figure 5, a spherical iron core of radius r containing 
N iron atoms is sequestered within the ferritin protein shell of 
interior radius R ,  being held to the surface at  point P. For ev- 
idence that ferritin iron is “fastened” in this sense see 
Stuhrmann et al. (1975). The protein shell is pierced by six 
channels, two of which are shown, with total cross-sectional 
area at  the interior surface a. The available surface area A is 
taken to be that portion of the total iron core surface that is 
accessible to a molecule of linear dimension greater than or 
equal to d; thus all of the iron core closer to the protein shell 
than d is not available to react with such a molecule. This in- 
accessible portion of the core is shaded in the figure. Note that 
at  the channels the core is always accessible. The solution for 
A is given by 

ar 
2R 

A = 2*r2(1 + () + 7 (1 - E )  

where 
r ( R  - r - d )  - d2/2  ‘=  r ( R  - r - d )  -+ d R  
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and p = the number density of iron atoms within the core, in 
atoms/A3. 

The value of p is taken from the data of Spiro et al. (1 967) 
to be 0.000835 Fe atoms/A3. From the X-ray data of Hoare 
et al. (1975), the value of R is taken to be 43 A. Parameters 
a and d are adjusted to best fit the data, and N is the experi- 
mental variable. With the values of R and p used, the 
maximum possible value of N (completely loaded ferritin) is 
2780 iron atoms. Parameter a affects A chiefly in the plateau 
region of high iron loading, Le., for N > 1600-2000 in Figure 
4. The exclusion distance d alters the maximum position of the 
function; for example, with d = 5 A the maximum is at  N = 
1510 atoms, and at d = 10 A is at N = 1090 atoms (with R = 

Figure 5 is drawn to scale as the model appears at  the 
maximum of Figure 3. At this point slightly more than half of 
the total core surface area is accessible. 

Appendix 11: The Simplification of the Kinetic Scheme for 
the Release of Ferritin Iron 

The scheme below is a more complete description of the 
release of ferritin iron by dihydroflavins, which can be reduced 
to Scheme I11 for the following reasons: 

43 A). 

SCHEME I11 

FIH,t,,d, + ferritin-Fei+ FIH;,,,d, + ferritin-Fe? 

(1) The redox potential of riboflavin is approximately 600 
mV more negative than that of Fe(aquo), so that k2 >> k-2 and 
k-2 can be ignored. 

(2) Since Fl,, is not observed under our assay conditions, 
and the rate of Fe2+ appearance is not increased by additional 
NAD(P)H:flavin oxidoreductase, V,,, and k5 are more rapid 
than the rate-determining step. The absence of an affinity 
between ferritin and riboflavin ( k d  > 1 mM) shows that k-5 
is not important in the scheme. 

L, each ferritin molecule may contain a single molecule of 
bipyridyl under our assay conditions (5 mM bipyridyl). For 
the release of the vast majority of the Fe2+, k3 and kq are 
therefore separate and ordered as shown. Sirivech et al. (1974) 
have shown that kq is > 1.5 X l o5  M-' s-* and so is far from 
rate determining. The substantial dependence of the rate of 
Fe2+ appearance on riboflavin analog Eo' (Figure 4) suggests 
that k, is also more rapid than the rate-determining step. Since 
k3, k-3, and kq are independent of the flavin used, they are 
expressed in a single rate constant in Scheme 11. 

(3) With an internal volume of approximately 3 X 
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