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Abstract

Iron (2+ and 3+) is believed to transfer through the three-fold channels in the ferritin shell during iron deposition and release in animal ferritins.

However, the rate of iron transit in and out through these channels has not been reported. The recent synthesis of [Fe(CN)6]
3�, Prussian Blue (PB)

and desferrioxamine (DES) all trapped within the horse spleen ferritin (HoSF) interior makes these measurements feasible. We report the rate of

Fe2+ penetrating into the ferritin interior by adding external Fe2+ to [Fe(CN)6]
3� encapsulated in the HoSF interior and measuring the rate of

formation of the resulting encapsulated PB. The rate at which Fe2+ reacts with [Fe(CN)6]
3� in the HoSF interior is much slower than the formation

of free PB in solution and is proceeded by a lag period. We assume this lag period and the difference in rate represent the transfer of Fe2+ through

the HoSF protein shell. The calculated diffusion coefficient, D ¨5.8�10�20 m2/s corresponds to the measured lag time of 10–20 s before PB

forms within the HoSF interior. The activation energy for Fe2+ transfer from the outside solution through the protein shell was determined to be

52.9 kJ/mol by conducting the reactions at 10¨40 -C. The reaction of Fe3+ with encapsulated [Fe(CN)6]
4� also readily forms PB in the HoSF

interior, but the rate is faster than the corresponding Fe2+ reaction. The rate for Fe3+ transfer through the ferritin shell was confirmed by measuring

the rate of the formation of Fe-DES inside HoSF and an activation energy of 58.4 kJ/mol was determined. An attempt was made to determine the

rate of iron (2+ and 3+) transit out from the ferritin interior by adding excess bipyridine or DES to PB trapped within the HoSF interior. However,

the reactions are slow and occur at almost identical rates for free and HoSF-encapsulated PB, indicating that the transfer of iron from the interior

through the protein shell is faster than the rate-limiting step of PB dissociation. The method described in this work presents a novel way of

determining the rate of transfer of iron and possibly other small molecules through the ferritin shell.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Ferritins are universal iron storage and detoxification proteins

found in biological systems. They are usually composed of 24

subunits that pack into a spherical shell forming a hollow cavity

7–8 nm in diameter. Iron is stored in the central cavity in the

form of a hydrous ferric oxide mineral core [1–6]. The internal
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cavity is connected to the outside solution through eight

hydrophilic and six hydrophobic channels along the three-fold

and four-fold axes of the protein shell. The three-fold hydro-

philic channels are believed to be the pathways for iron and other

molecules to enter and leave the protein interior during iron

deposition and release [3,7]. Six negatively charged residues

(Asp131 and Glu134) are near the center of each 3-fold channel,

which are highly conserved in all animal ferritins. Biochemical,

mutational and crystallographic data indicate that several metal

binding sites are located in the hydrophilic three-fold channels

[8,9]. The crystal structure of ferritin shows that three divalent

cations can occupy this region indicating the presence of strong

binding sites in the channel. Furthermore, mutation of D131 and
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E134 lining the threefold channels were shown to significantly

slow the rate of iron uptake [8,10] and blocking of the channel

with Cr(TREN) complex also interrupted the iron entry into

ferritin interior [11,12]. Model studies using the Poisson–

Boltzmann equation revealed that the threefold channel is

responsible for the transit of Fe2+ ions while the fourfold

channel is basically impermeant [13,14]. These results are

consistent with the threefold channels being the Fe2+ pathway

during iron deposition and release in ferritin.

Recently Yang and Chasteen clarified the diffusional charac-

teristics of the protein shell of horse spleen ferritin (HoSF)1

toward small organic molecules by reporting the kinetics of

permeation and effusion of nitroxide spin probes through the

ferritin channels [15,16]. Their detailed analysis established that:

1) movement through the channels is a slow (20–60 min),

charge-selective process, which favors positive or polar diffu-

sants but not negative ones; 2) channel permeation and effusion

are first order processes; 3) large activation energies are found

for movement through the protein shell; 4) consistent with other

results, diffusion into the ferritin interior occurs through the 3-

fold channels and 5) specific binding to the mineral core or

channel sites impeded the net transfer of nitroxide diffusants,

which associated with the ferritin sites. However, while

restricting large and negatively charged molecules, the negative

charged behavior of the three-fold channel is expected to

enhance the transfer of positively charged species such as Fe2+

and Fe3+ into and out of the mineral core. This prediction was

supported by kinetic studies of Fe2+ release to bipyridine from

the pre-reduced Fe2+ mineral core contained within the interior

of Azotobacter vinelandii bacterioferritin (AvBF) [17]. Under

these conditions, the rapid rate of Fe2+ chelation was dependent

on the rate of Fe2+ transfer from the reduced mineral core to the

chelator on the AvBF exterior. While suggestive that Fe2+

transfer to the outside of AvBF is rapid, this result is complicated

because the rate of Fe2+ release occurred from a stable phospho-

hydroxy Fe2+ core present in the AvBF. These additional

components could retard the rate of Fe2+ release so the measured

rate may not correspond directly to the rate for transfer of

unencumbered Fe2+ through the protein shell. Similar results

would be expected for Fe2+ chelation from reduced animal

ferritin cores [18,19]. The rate of Fe2+ and Fe3+ transfer through

the animal and bacterioferritin shell is an important aspect of

ferritin function and one in need of elucidation.

Recently the synthesis of nanoparticles of Prussian blue

(PB) and Fe(III)-desferrioxamine (FeDES) in the interior of

HoSF was reported [20,21], which provides a basis for

measuring the rate of iron (2+ and 3+) transfer from the

exterior solution through the ferritin shell to the interior cavity.

To form PB within the HoSF interior, hexacyanoferrate(III)

([Fe(CN)6]
3�) was first trapped within the ferritin by dissoci-

ating the 24-subunit apoferritin structure into its individual

subunits at low pH and then reassembling the protein in the
1 Abbreviations: HoSF, horse spleen ferritin; HoSF–[Fe(CN)6]
3� or HoSF–

[Fe(CN)6]
4�, HoSF with ferricyanide or ferrocyanide in the interior; HoSF–

PB, HoSF with Prussian Blue in the interior; DES, desferrioxamine; bipy, 2,2V-
bipyridine.
presence of high concentrations of [Fe(CN)6]
3� at pH 7.0.

Once [Fe(CN)6]
3� was trapped, aliquots of Fe2+ solution were

added to the [Fe(CN)6]
3� loaded HoSF (HoSF–[Fe(CN)6]

3�)

and PB formed spontaneously within the HoSF interior

(HoSF–PB). Up to 100 [Fe(CN)6]
3� were reported to be

accommodated within the HoSF interior by this process [20].

Similarly HoSF with DES and Fe(III)-DES encapsulated in the

cavity (HoSF–DES, HoSF–FeDES) was synthesized by using

the dissociation–reassembly method followed by addition of

Fe3+ to the external solution of DES-loaded ferritin. Formation

of PB and Fe(III)-DES in the HoSF interior was verified by

UV-vis, IR spectroscopy and TEM imaging [20,21].

Following the same procedures, we report measurements of

the rate of Fe2+ reacting with HoSF–[Fe(CN)6]
3�, and Fe3+

reacting with HoSF–DES to form encapsulated PB or Fe(III)-

DES. The rate of development of these complexes in the HoSF

interior should be the combination of two kinetic events: 1) the

rate of iron (Fe2+ or Fe3+) entry through the protein shell into

the HoSF interior and 2) the rate of iron (Fe2+ or Fe3+)

combining with [Fe(CN)6]
3� or DES within the aqueous

confines of the HoSF interior. We assume that this second

kinetic event can be determined precisely by reaction of iron

with [Fe(CN)6]
3� or DES when both are free in solution. In a

similar way, the rate of iron egress from the HoSF interior can

be measured by dissociating HoSF–PB with excess 2, 2V-
bipyridine (bipy) or DES. This dissociation reaction can also be

viewed as consisting of two kinetic events: 1) dissociation of

PB into Fe2+ and [Fe(CN)6]
3� within the HoSF interior and 2)

transport of Fe2+ through the protein shell to the exterior

solution, where it forms [Fe(bipy)3]
2+ with excess bipyridine.

In the case of Fe3+ egress, PB first dissociates into [Fe(CN)6]
4�

and Fe3+ which transits out from the ferritin interior and reacts

with DES in the exterior solution.

Using these procedures, we measured the rate of Fe2+ entry

into the HoSF interior during formation of PB within the HoSF

interior. The process of Fe3+ entry was also measured and

occurs slightly faster than Fe2+. For both reactions, a delay time

was observed (10–20 s for Fe2+ and 5–10 s for Fe3+), which

corresponded to passage of the iron ions through the protein

shell. The slow rate of dissociation of PB into its constituent

ions prevented the determination of the rate of effusion of the

iron ions from the HoSF interior.

2. Materials and methods

HoSF, Fe(III)-perchlorate hydrate, DES and bipy were

purchased from Sigma-Aldrich and K3Fe(CN)6, K4Fe(CN)6
and FeSO4I7H2O from J. T. Baker. HoSF with [Fe(CN)6]

3�,

[Fe(CN)6]
4� and DES in its interior (HoSF–[Fe(CN)6]

3�,

HoSF–[Fe(CN)6]
4�, and HoSF–DES, respectively) were

prepared [20,21] and stored at 4 -C. All HoSF solutions with

entrapped molecules were centrifuged prior to optical or

stopped-flow measurements described below to remove small

amounts of precipitate. HoSF after dissociation and re-

association of subunits completely reforms the 24-mer

[22,23] and was active in the iron deposition reaction. The

protein concentration was determined by the Lowry method
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and the ferricyanide or ferrocyanide content trapped within

HoSF was determined as Fe by an Inductively Coupled Plasma

(ICP) spectrometer (Optima 2000). Stock solutions of bipy

(0.04 M), DES (0.01 M), FeSO4I7H2O (6.66 mM), Fe(ClO4)3
(3.0 mM) and K3Fe(CN)6 (0.01 M) were prepared in MilliQ

water, and the K3Fe(CN)6 concentration was determined

optically at 420 nm (e =1020 M�1 cm�1). Reactions involving

oxygen sensitive reagents were conducted in a Vacuum

Atmospheres glove box with O2<1.0 ppm (Nyad O2 monitor).

Except for the activation energy measurements all other

experiments were conducted at 23 -C.

2.1. Prussian Blue (PB)

Two types of PB are recognized: soluble and insoluble

[24,25]. Soluble PB is formed when limiting Fe2+ reacts with

excess [Fe(CN)6]
3� and insoluble PB is formed when excess

Fe2+ reacts with limiting [Fe(CN)6]
3�. In all experiments

reported here, soluble PB was formed. The extinction

coefficient of soluble PB at 690 nm (e690nm=10,000 M�1

cm�1) was determined by mixing a 0.01 M FeSO4 solution in 1

mM HCl with a slight excess of K3Fe(CN)6. The extinction

coefficient was valid up to 0.1 mM PB. Spectra of

[Fe(CN)6]
3�, [Fe(bipy)3]

2+ and PB were measured using a

HP-8453 diode array spectrophotometer and are shown in Fig.

1. Because only PB absorbs with a broad maximum at 690 nm,

most of our measurements were monitored at this wavelength.

PB solutions were centrifuged at 20 -C in parallel with holo

HoSF containing ¨2000 Fe/HoSF at various centrifugation

speeds using a Beckman Ti 70 rotor to approximate the

aggregate size of PB. Additional centrifugation measurements

through Nanosep filters with MW cut-off values of 30, 100 and

300 kDa were conducted to also evaluate the aggregate size of

PB under the conditions of the kinetic experiments.

2.2. Kinetic measurements

2.2.1. Background

To analyze the transport of Fe2+ into the HoSF interior we

followed a modified procedure outline by Yang and Chasteen
Fe(CN)6
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Fig. 1. Optical spectra of 0.1 mM PB, 0.1 mM Fe(Bipy)3
2+ and 0.5 mM

K3Fe(CN)6. At 690 nm, only PB absorbs strongly.
[16]. Eq. (1) describes the process for Fe2+ permeation into and

effusion from the HoSF interior, where [Fe2+]o and [Fe2+]i are

the Fe2+ concentrations in the exterior solution and in the HoSF

interior, respectively.

½Fe2þ�o– ½Fe2þ�i: ð1Þ

The rate of molecular transfer into or out of the HoSF

interior was shown to be independent of the HoSF concentra-

tion [15,16]. Yang and Chasteen considered both the diffusion

in and out of the ferritin interior, but a simplification results

from our approach because Fe2+ rapidly reacts with the

encapsulated [Fe(CN)6]
3� to form PB. This PB ‘‘sink’’ causes

the [Fe2+]i concentration to approach zero, which eliminates the

back reaction due to the effusion process. The rate law for Fe2+

entry under these conditions is given by the forward reaction

shown in Eq. (2), which is a simple first order equation for Fe2+

diffusion to the HoSF interior.

d Fe2þ
� �

i
=dt ¼ k Fe2þ

� �
o
: ð2Þ

2.2.2. Kinetic procedures

Kinetic measurements for formation of free PB and PB in the

HoSF interior were conducted using an Applied Photophysics

stopped-flow instrument enclosed in a Vacuum Atmospheres

glove box under N2 at <1.0 ppm O2. In each case [Fe(CN)6]
3�

was kept constant and in >10-fold excess at pH ¨7.0 with

variation in the Fe2+ concentration. For the formation of the

HoSF–PB, syringe A contained HoSF–[Fe(CN)6]
3� ([HoSF]=

10.2 AM, [Fe(CN)6]
3�=1.03 mM, ¨100[Fe(CN)6]

3�/HoSF)

and syringe B contained 5¨15AL of 6.66 mM Fe2+ that was

diluted in 1 mL H2O so the final Fe2+ concentration ranged from

0.023 to 0.050 mM. Time courses of PB formation in the HoSF

interior were recorded at 690 nm over 200 s. For free PB

formation K3Fe(CN)6 (0.85 mM) and different concentrations

of Fe2+ (0.016 to 0.096 mM) were mixed and the absorbance

change at 690 nm was recorded over 20 s. The kinetic curves of

both free PB and HoSF–PB formation were fit with exponential

functions using Microsoft Excel and the rate constants

calculated. The reaction between Fe3+ and free or encapsulated

[Fe(CN)6]
4� was conducted similarly with [Fe(CN)6]

4� at

constant and excess concentration, except that Fe3+ reacts

with free [Fe(CN)6]
4� too fast to be recorded on the stopped-

flow instrument (dead time ¨0.5 ms).2 The rate of reaction

between Fe3+ and HoSF–[Fe(CN)6]
4� ([HoSF]=11.9AM,

[Fe(CN)6]
4�=0.45 mM) is thus considered to be dependent

solely on the rate of Fe3+ transfer through the ferritin protein shell.

The rate for Fe3+ penetrating the ferritin shell was verified

by comparing the reaction rates of Fe3+ with free or DES

encapsulated in HoSF. In this case, DES, either free in solution

or entrapped in HoSF, was kept constant and in excess, while
2 Prussian Blue is also formed by the reaction of Fe3+ with the ferrocyanide

ion ([Fe(CN)6]
4�): Fe3++[Fe(CN)6]

4�=PB. PB formed by both reactions is

KFeIII[FeII(CN)6], so its formation from Fe2+ and [Fe(CN)6]
3� requires an

internal electron transfer step from Fe2+ to [Fe(CN)6]
3�, i.e.,

FeII[FeIII(CN)6]
�=FeIII[FeII(CN)6]

�, that does not occur when Fe3+ reacts

with [Fe(CN)6]
4�. This electron transfer step must limit the rate of PB

formation from Fe2+ and [Fe(CN)6]
3� (24, 28).
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Fig. 2. Time dependence of PB formation free in solution at pH 7.0 and 23 -C

measured by stopped-flow spectrophotometry. 0.85 mM K3Fe(CN)6 was mixed

with 0.016, 0.032, 0.048, 0.064 and 0.096 mM Fe2+ (bottom to top) and the

absorbance change was monitored at 690 nm.
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Fe3+ concentration was changed to obtain a pseudo-first order

rate constant with respect to Fe3+. For Fe3+ and DES both free

in solution, DES (1 mM after mixing) in one syringe was

mixed with Fe3+ as Fe(ClO4)3 (0.03¨0.09 mM after mixing) in

another and the formation of the product Fe(III)-DES was

monitored optically at 430 nm (e =2865 M�1 cm�1). In a

parallel experiment, HoSF –DES ([HoSF] = 5.4 AM,

[DES]=0.53 mM) was mixed with Fe3+ (0.015¨0.05 mM

after mixing) and the absorbance change at 430 nm was

recorded over 200 s on a stopped-flow kinetic instrument.

PB dissociation in the presence of bipy or DES was recorded

on a diode array HP-8453 spectrophotometer. For free PB

2¨10AL of 0.01 M PB was diluted into 1 mL with MilliQ H2O

(pH 7.0) in an optical cell and then 30AL of 0.04 M bipy was

added and the disappearance of the blue color of PB was

monitored optically at 690 nm over 150 min. The dissociation

of encapsulated PB in HoSF in the presence of bipy was

conducted under the same conditions except the PB in the HoSF

interior (made by Fe2+ reacting with HoSF–[Fe(CN)6]
3�,¨100

PB/HoSF) was 0.033 mM. The rate constants of dissociation of

both free PB and HoSF–PB were obtained by fitting the kinetic

curves to an exponential function.

2.3. Activation energy measurements

The activation energies of PB formation in solution and in

the HoSF interior were measured on the stopped-flow

instrument with temperature controlled using a NESLAB,

LES-111 water-bath temperature controller. For these reactions,

a 0.26 mM [Fe(CN)6]
3� or HoSF–[Fe(CN)6]

3� solution was

mixed with 0.025 mM Fe2+ at 10¨40 -C at pH 7.0. Traces of

absorbance change at 690 nm were fit with exponential

functions to determine the rate constant at each temperature

and from their variation with temperature, the activation

energy, the activation enthalpy and activation entropy were

calculated from the Arrhenius plot and the Eyring equation.

ln
kh

kBT

��
¼ � DHm

RT
þ DSm

R
: ð3Þ

The activation energies for Fe3+ and DES, free or inside

HoSF, reaction were determined by conducting the reaction at

15, 23, 30 and 36 -C, respectively. Generally, 1.0 mM DES was

mixed with 0.073 mM Fe3+, while 0.11 mM HoSF–DES was

mixed with 0.032 mM Fe3+ and the absorbance change at 430

nm recorded. The data were transported to Micro Excel and the

activation energy was then calculated from the Arrhenius plot.

3. Results

3.1. Fe(II) transfer through the ferritin shell

3.1.1. Free PB formation

Fig. 2 shows the kinetic curves for PB formation free in

solution at different Fe2+ concentration with [Fe(CN)6]
3� in

excess. The reactions are rapid and are generally finished in <1

s. The initial rates vary linearly as a function of increasing Fe2+
concentration, establishing a pseudo first order Fe2+ depen-

dence. When Fe2+ concentration was kept constant pseudo-

first-order behavior in [Fe(CN)6]
3� was also observed. From

these results, we calculated a second-order rate constant of

6.93�103 M�1 s�1 for reaction (4) at pH 7.0 and 23 -C.

K3FeðCNÞ6 þ FeSO4 ¼ KFe½FeðCNÞ6� þ K2SO4: ð4Þ

Reaction (4) was also conducted as a function of temper-

ature as shown in Fig. 3. At temperatures <25 -C, the kinetic

curves became slightly more complex and two exponentials

were required to fit the data because a slow step not observed at

the higher temperatures becomes measurable but its amplitude

is small, indicating only a minor reaction. The progress curves

were fit by Eq. (5) from which k1 for the fast and k2 (only

significant at 15 -C) for the slow step were obtained and the

variation of k1 as a function of temperature was plotted in the

inset of Fig. 3. The activation energy, enthalpy and entropy of

24.4 kJ/mol, 21.9 kJ/mol and �86.6 J/Kmol, respectively, were

calculated using Eq. (3) and compiled in Table 1.

A ¼ A0 þ A1e
�k1t þ A2e

�k2t: ð5Þ

The nature of the soluble, free PB formed in this study was

further investigated by centrifugation and other methods to

estimate the MW of the PB particles so that comparisons could

be made with PB formed within the HoSF interior. Although

soluble PB solutions at 0.010 M or higher do not precipitate

after months of standing, they are aggregates (colloids)

containing large numbers of iron atoms [25]. To gain some

qualitative insight into the size of these aggregates, 0.01 M PB

solutions and holo ferritin solutions (containing ¨2000 Fe/

HoSF) at ¨2 mg/mL (¨5AM) were centrifuged at 20000–

45000 rpm for 0.5 to 1.5 h in a Beckman Ti 70 rotor. In both

cases, the total Fe concentration was ¨0.01 M and the PB and

holo HoSF sedimented nearly identically, indicating both

contained molecular masses above 400 kDa. However, when

completely sedimented, holo HoSF formed a clear supernatant

and a dark brown pellet; whereas, PB formed a dark blue pellet

but also a light blue supernatant solution above the pellet. The
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presence of sedimented PB and a clear blue supernatant

indicates that a heterogeneous solution of PB was initially

present that leaves smaller particles in solution. Centrifugation

of 0.01 M PB with centrifuge tubes containing membrane

filters of 30, 100, and 300 kDa confirmed that most PB was �
30 kDa because only a slight blue color came through the 30

kDa membrane filter. Dialysis with a 10 kDa membrane

showed that no blue color passed through the membrane. These

results suggest that although PB and holo HoSF contain similar

sized aggregates, PB is more heterogeneous and significant

amounts of smaller aggregates remain suspended in solution.

The membrane and dialysis experiments show that even though

smaller components are present they are still �30 kDa.

3.1.2. Formation of PB encapsulated in HoSF

As described previously [20], addition of Fe2+ to HoSF–

[Fe(CN)6]
3� results in the appearance of the characteristic PB

color within the HoSF interior. Based on this observation we

measured the kinetics of PB formation in the HoSF interior by

mixing Fe2+ with HoSF–[Fe(CN)6]
3� by measuring the change

in absorbance at 690 nm as a built-in indicator of when Fe2+

arrives in the HoSF cavity. This is feasible because the reaction

of the free ions to form PB is >1000 times faster than its

formation from encapsulated [Fe(CN)6]
3� and Fe2+, as shown

in Fig. 4. Several kinetic features are evident from the

formation of PB within the HoSF interior that contrast with

the results in Figs. 2 and 3 for the formation of PB free in

solution. First, there is a small absorbance decrease at 690 nm

during the first ¨5 s, which independent experiments

suggested was due to Fe2+ reduction of oxidized centers

present in HoSF because the absorbance of these oxidized

centers decreases at 690 nm upon reduction [26]. The presence
Table 1

Activation parameters for PB and Fe3+-DES formation free in solution and in

the HoSF interior

Activation parameter Free PB HoSF–PB Free Fe-DES HoSF–FeDES

Ea (kJ/mol) 24.4T1.1 52.9T1.9 28.2T1.1 58.4T4.9

DHm (kJ/mol) 21.9T1.2 50.5T2.0 25.7T1.2 55.9T5.1
DSm (J/Kmol) �86.6T4.6* �120.7T4.7 �96.7T4.4* �100.8T9.2
*DSm, was calculated using the second-order rate constants.

Table 2

Lag time for PB formation in HoSF interior at different iron concentrations

[Fe2+], mM Lag time (s) [Fe3+], mM Lag time (s

0.023 24 0.010 10

0.033 20 0.013 8.5

0.050 13 0.019 7.0

0.023 6.5
t

of oxidized centers in HoSF was previously described and are

readily formed with [Fe(CN)6]
3� as oxidant, which is present

in excess when HoSF–[Fe(CN)6]
3� forms [26,27]. It was not

possible to pre-reduce these centers prior to Fe2+ addition

because a low potential reductant is required, which would also

reduce the encapsulated [Fe(CN)6]
3�.

The second kinetic feature following this initial rapid

absorbance decrease is that the reaction shows no absorbance

increase at 690 nm during the first ¨10–20 s, even though all

reagents required for PB formation are present. This delay in

PB formation depends on the initial Fe2+ concentration, with

shorter delay times corresponding to higher initial Fe2+

concentrations (Table 2). This observed lag time is consistent

with Fe2+ transfer across the HoSF protein shell as discussed

below.

The third feature is that after this lag phase, the absorbance

begins to increase with time demonstrating the formation of PB

by the arriving Fe2+ reacting with the encapsulated

[Fe(CN)6]
3� in the HoSF interior. First order behavior in

Fe2+ was observed by fitting each curve to a single exponential.

Good fits were obtained except for the first 10–20 s

immediately after the delay time, where some deviation

occurred. Further experiments show that the rate of the

formation of PB in the HoSF interior is independent of the

[Fe(CN)6]
3� concentration, suggesting the rate obeys first-

order kinetics in Fe2+ concentration with a rate constant of 0.40

s�1. This rate is much slower than that in Fig. 2 for free PB

formation under similar conditions, suggesting that the rate of

Fe2+ transfer through the HoSF shell is a first-order rate-

limiting step, a result consistent with the prediction of Eq. (2).
)
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Fig. 5. Time dependence of PB formation from Fe3+ and HoSF–Fe(CN)6
4� in

the HoSF interior at pH 7.0 and 23 -C. HoSF–[Fe(CN)6]
4� ([HoSF]=6.0 AM,

Fe(CN)6]
4�=0.23 mM after mixing) was mixed with 0.010, 0.013, 0.019 and

0.023 mM Fe3+ (bottom to top) and the absorbance change was monitored at

690 nm over 200 s. Inset: first-order dependence of the observed rate constant

on Fe3+ concentration.

3 Another possibility for the absorbance decrease at the beginning in Figs. 4

and 5 is the initial binding of iron and O2 to HoSF with formation and

subsequent decay of the transient peroxodiiron intermediate, which has a

similar rate profile at 650 nm (30–32). However because the solutions were

anaerobic and the reaction conducted within a glove box with O2<0.1 ppm, this

explanation is unlikely.
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To relate the observed rate constant to more fundamental

quantities, we use the diffusion model derived by Yang et al.

[16],

D ¼ kh2=k2 ð6Þ

where D is the apparent diffusion constant, k is the observed

rate constant and h is the thickness of the protein shell. By

taking k =0.40 s�1 and h =1.2 nm [3], we calculated

D =5.8�10�20 m2/s. The delay time, t, in Fig. 4 is a measure

of the time required for Fe2+ to traverse the protein shell, which

is also related to the diffusion coefficient by the relationship

h2=2Dt. From this relationship an apparent D =4.8�10�20

m2/s is calculated using the delay time of t =15 s, a result in

good agreement with the D value obtained from the rate

constant. The results present a consistent view of Fe2+ transfer

being the rate-limiting step in the formation of PB within the

HoSF interior. Comparing our results with those of Yang and

Chasteen [16], we found that Fe2+ transfers ¨100 times faster

than nitroxide radicals, a result consistent with the difference in

size and the greater positive charge on Fe2+ interacting with the

negatively charged interior of the 3-fold channels.

The activation parameters obtained for formation of PB

within the HoSF interior are Ea= 52.9 kJ/mol, DHm=50.4 kJ/

mol, DSm=�120.7 J/Kmol, respectively, as shown in Table 2.

Since the formation of PB in the HoSF interior obeys first-

order kinetics in Fe2+, the activation entropy was calculated

from first-order rate constants in Eq. (3). The rate constant is

much larger and the activation energy much smaller for

formation of PB free in solution compared to that within the

HoSF interior.

3.2. Fe(III) transfer through the ferritin shell

3.2.1. Reaction of Fe(III) with free or encapsulated Fe(CN)6
4�

The kinetics of PB formation free in solution was also

measured by mixing Fe3+ with [Fe(CN)6]
4� but the rate is

too fast to follow by stopped-flow spectrophotometry.2 The

equilibrium constant for reaction (7) is about 3 times larger

than that for reaction (4), which partly explains the faster

rate of reaction (7) [28]. Another reason is that reaction (4)

likely undergoes formation of the intermediate of KFeII

[FeIII(CN)6], which then converts to the final product in

reaction (7), KFeIII[FeII(CN)6], through an internal electron

transfer step [24].

K4Fe
IIðCNÞ6 þ Fe3þ ¼ KFeIII½FeIIðCNÞ6� þ 3Kþ: ð7Þ

Time courses of PB formation within HoSF according to

reaction (7) are shown in Fig. 5 and have similar kinetic

characteristics as Reaction 4, shown in Fig. 4, except the lag

period is shorter (Table 2). The curves after the lag period were

easily fit to a single exponential confirming first order behavior

in Fe3+. The rate constant for reaction (7) inside HoSF is 0.76

s�1 (D =1.11�10�19 m2/s) and is slightly larger than that for

Fe2+ reacting with HoSF–Fe(CN)6
3�. In addition, the kinetic

traces in Fig. 5 also show an initial delay of 7¨10 s (D

¨1.03�10�19 m2/s) before PB begins to form, corresponding
to the faster transfer of Fe3+ through the HoSF shell. The

reaction between free Fe3+ and [Fe(CN)6]
4� is so fast that it can

be regarded as having no effect on the overall rate of PB

formation, so that the measured rate is only that of Fe3+ transfer

across the ferritin shell.

The initial decrease in absorbance at 690 nm observed in

Fig. 4 is still present but cannot be explained as in Fig. 4 by the

reduction of protein centers by Fe2+ because only Fe3+ is

present. This rapid decrease in absorbance cannot be due to

initial rapid formation of PB at another site on HoSF with

subsequent decay because PB dissociation is shown later to be

a very slow process.3 The cause of this initial absorbance

decrease is not known but occurs faster than the rate of transfer

of Fe3+ into the HoSF interior and only interferes with precise

measurement of the lag period.

3.2.2. Reaction of Fe(III) with DES in the absence or presence

of HoSF

To verify the results of Fe3+ transfer through the ferritin

shell obtained above, we performed another pair of parallel

experiments by reacting Fe3+ with DES either free or

encapsulated within HoSF. The reaction of Fe3+ with free

DES is rapid with a rate constant of 1.92�103 M�1 s�1, while

the reaction of Fe3+ with HoSF–DES is much slower with a

rapid initial decrease in absorbance at 430 nm as in Figs. 4 and

5 and has a lag phase similar to that in Fig. 5. Following the lag

phase, the reaction was shown to be first order in Fe3+, with an

overall rate constant of 0.74 s�1, which is very close to that

obtained from the Fe3+ and HoSF–Fe(CN)6
4� reaction.

The temperature variation of the reaction rates of Fe3+ with

free DES is shown in Fig. 6 and the Arrhenius plot is shown in
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Fig. 7. Time dependence of PB dissociation in the presence of bipy at pH 7.0
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containing 0.08 mM PB and the absorbance change was monitored at 690 nm

over 140 min.
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the insert. The activation energy for Fe(III)-DES formation free

in solution was calculated to be 28.2T1.1 kJ/mol and from

separate experiments the activation energy for encapsulated

HoSF–FeDES was 58.4T4.9 kJ/mol (Table 1). These values

are close to the corresponding values of 24.4 and 52.9 kJ/mol

for Fe2+ reacting with free and entrapped [Fe(CN)6]
3� during

PB formation.

3.3. PB dissociation

3.3.1. Free PB dissociation

PB formation from Fe2+ and [Fe(CN)6]
3� and its dissoci-

ation to these ions are equilibrium processes with the formation

reaction much more favorable than the dissociation reaction.

However, the presence of bipy or DES can shift the equilibrium

backwards by removing Fe2+ or Fe3+ through chelation.

Fe½FeðCNÞ6�
�ðPBÞ þ 3bipy ¼ FeðCNÞ3�6 þ FeðbipyÞ2þ3

ð8Þ

Fe½FeðCNÞ6�
�ðPBÞ þ DES ¼ FeðCNÞ4�6 þ Fe3þ � DES:

ð9Þ

The reaction of PB with excess bipy was monitored optically

at 690 nm and Fig. 7 shows that PB decomposes with a rate on

the order of hours even in the presence of excess iron chelator.

Under these conditions, the dissociation of PB into Fe2+ and

[Fe(CN)6]
3� is rate-limiting because the reaction of Fe2+ with

bipy is very rapid [17]. Thus reaction (8) is first order in PB with

a rate constant of k�1=1.27�10�4 s�1 (t1 / 2=91 min). For

reaction (9), a first order rate constant of 1.50�10�4 s�1 was

obtained under the same conditions for PB decomposition with

DES (data not shown). Having measured the rate constants for

both free PB formation and dissociation, the equilibrium

constant for reaction (4) is calculated to be 5.46�107 M. This

value is comparable to a previously measured value of

1.82�108 [24], indicating that the kinetic results for formation

and dissociation of free PB reported here are realistic and

represent the appropriate reactions.
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Fig. 6. Temperature variation of the rate of Fe(III)-DES formation free in

solution. Conditions were: 1.0 mM DES, 0.073 mM Fe3+, pH 7.0. The

absorbance change was monitored at 430 nm and the reaction conducted at 15,

23, 30 and 36 -C (bottom to top). Inset: Arrhenius plot.
3.3.2. Encapsulated PB dissociation

For HoSF–PB to be decomposed by bipy or DES, Fe2+ or

Fe3+ must first dissociate from PB and then diffuse out of the

ferritin interior through the threefold channels. Previous results

showed that bipy or DES are too large to enter the HoSF

interior [29], results consistent with recent diffusional studies

of other organic molecules [15,16]. Therefore, the difference in

the rate of PB dissociation in solution and that for its

dissociation from HoSF–PB interior must be the transfer of

iron through the channel. Addition of bipy to encapsulated PB

in HoSF only caused slow formation of [Fe(bipy)3
2+] as

evidenced by the disappearance of blue color at 690 nm, the

formation of [Fe(bipy)3
2+] (monitored at 520 nm) and

[Fe(CN)6]
3� (monitored at 420 nm), using the results in Fig.

1. The reaction rate is first order in HoSF–PB concentration in

the presence of large excess bipy, with a rate constant of

1.17�10�4 s�1. The kinetics of HoSF–PB dissociation with

DES was similar. These results show that the rate of

dissociation of PB inside the HoSF interior is rate limiting

and controls the rate of external [Fe(bipy)3]
2+ or Fe3+-DES

formation. Thus the passage of Fe2+ or Fe3+ from the interior to

the exterior through the protein shell cannot be measured by

this process.

4. Discussion

4.1. Rates of iron (2+ and 3+) transfer through the HoSF shell

Since PB formation was conducted under the same

conditions free in solution or in the interior of HoSF, the

differences in rate and activation parameters with and without

HoSF should be due to the effect of HoSF, i.e., the transfer of

iron (2+ and 3+) through the ferritin shell. The formation of

free PB by Fe2+ and [Fe(CN)6]
3� or Fe3+ and [Fe(CN)6]

4� is

very rapid and first-order in both reactants. The transfer of iron

through the three-fold channel is a first-order rate-limiting step

during the formation of PB in the HoSF interior as predicted by

Eq. (2) and verified by Figs. 4 and 5. A rate constant of 0.40

s�1 for Fe2+ or 0.76 s�1 for Fe3+ was calculated for this
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process. To verify this behavior with Fe3+, a comparison was

made for the rate of formation of PB and FeDES both inside

HoSF and free in solution. The formation of free PB and

FeDES are both rapid but differ significantly in rate with the

reaction of Fe3+ and [Fe(CN)6]
4� being too fast to measure.

However, the rates for formation of PB and FeDES from Fe3+

are nearly identical when the reactions are conducted within the

HoSF interior under identical conditions, consistent with Fe3+

transfer through the HoSF shell being rate limiting.

We have assumed that the rates of PB formation inside the

interior and that outside are the same but there may be small

differences. A complication that could affect the rate of

formation of encapsulated PB is that the highly negatively

charged [Fe(CN)6]
3� (or [Fe(CN)6]

4�) is confined in the small

volume of the HoSF interior, which is surrounded by the inner

surface of the protein shell containing negatively charged

carboxylate groups. Minimizing this repulsion from the walls

could cause the formation of PB to occur at a faster rate.

However, any such enhancement in rate was not measurable

because iron transfer through the protein shell is still the rate-

limiting step. Another factor that must be considered is that

because only ¨100 [Fe(CN)6]
3� or [Fe(CN)6]

4� are present

within the ferritin interior the size of the PB aggregates that

formed is limited by this concentration constraint. In contrast

the centrifugation experiments show that much larger aggre-

gates are formed free in solution. What effect this disparity in

size has upon the rates is not known.

Using spin probes (0.6–0.7 nm) slightly larger than the

nominal size of the protein channels (¨0.4 nm), the diffusional

characteristics of permeation and effusion through the ferritin

shell were elegantly described [15,16]. The major findings of

those studies as outlined in the introduction were consistent

with transport of the spin probes through the 3-fold channels,

especially the selectivity for polar or positively charged

diffusants. The observed slow transfer rates (¨60 min) and

high activation energies were attributed to the drag of the large

organic molecules through the narrow channels. The transport

of Fe3+ and Fe2+ into the HoSF interior as reported here is

much faster than the large organic molecules and is consistent

with their smaller size and higher positive charges, which

would facilitate transfer into the interior by the known negative

potential gradient arising from negative charges within the

ferritin channels and the protein interior [13,14]. The negative

residues near the center of the channel are believed to form

intermediate binding sites, where Fe2+ or Fe3+ transiently bind

during iron movement through the ferritin shell and could

impede the rate of transfer into the HoSF interior. Similar

behavior was noted with the positive spin probes, where a two-

step process involving a nitroxide radical bound as an

intermediate was required to adequately describe transfer

through the channels at long incubation times [16]. If binding

alone were responsible, then Fe3+ would be expected to transfer

through the channels more slowly than Fe2+ but the opposite

behavior is observed, suggesting other factors are involved.

Based on results presented in the introduction [8–12], we

assumed that both Fe2+ and Fe3+ enter the HoSF interior via the

three-fold channels but they might enter by different routes.
One possibility is that Fe2+ enters through the ferroxidase

center. During iron deposition with O2, Fe
2+ must transfer from

the outside solution through the threefold channel to the diiron

ferroxidase center where it is oxidized by O2. The rate of

formation of the diiron peroxo intermediate occurs within <50

ms, a time much shorter than that observed here (10–20 s) for

overall Fe2+ transfer to the interior [30–32]. Although there is

no O2 present during PB formation in our experiments, it is still

possible that Fe2+ rapidly enters the HoSF channel and then

goes to the ferroxidase center where it binds tightly. If this is

the case, then Fe2+ transfer from the ferroxidase center to the

interior must be the slow step. This possibility is consistent

with a very slow rate (5–10 min) of Fe3+ transfer from the

ferroxidase center to the ferritin interior during iron deposition

[33,34]. Such a pathway is complex and to further evaluate this

possibility would require repeating these types of measure-

ments with recombinant ferritins having the ferroxidase center

modified to eliminate Fe2+ binding.

4.2. Activation parameters

The activation energy is much smaller for formation of PB

free in solution compared to that within the HoSF interior. Such

factors as partial or complete loss of their hydration sphere as

the iron ions move into and associate with carboxyl binding

sites in the channel [11,12] and energies involved in the

binding and release from sites within the channel could

represent a significant part of the activation energy. The

activation entropies for both processes are large and negative

(�86.6 vs. �120.7 J/Kmol), indicating in both cases formation

of a highly ordered activated complex. However, these

entropies of activation must arise from very different sources.

That for formation of PB free in solution likely arises from

large numbers of Fe2+ and [Fe(CN)6]
3� ions forming the PB

aggregate while that for encapsulated PB likely arises from

events due to passage of the Fe2+ through the channels.

Because only ¨100 [Fe(CN)6]
3� were present within the HoSF

interior, the size of the PB particle that is formed is limited by

this concentration constraint, which does not apply to the

reaction free in solution.

It is interesting and perhaps significant to compare the

transfer of iron ions with the transfer of the nitroxide radicals

investigated earlier. A slightly higher activation energy of

63.2T1.7 kJ/mol and an entropy of �66.8 kJ/mol are observed

for the less charged, larger, and structurally very different

nitroxide radicals. What is in common with both types of

diffusants is the protein channel through which they transfer as

shown in Fig. 8. The common activation parameters observed

for both the larger nitroxide ions and the smaller iron ions are

likely associated with the fluxional changes in the channel

dimensions as previously suggested [11,19,35]. As the chan-

nels alter their dimensions the iron ions could be alternately

bound and released as they move through the protein channels

into the HoSF interior. The activation parameters for iron ion

movement through the channels are, therefore, likely a

complex combination of protein movements contributing to

ion binding/release reactions.
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Fig. 8. Proposed mechanism for Fe2+ diffusion through ferritin threefold

channel. The time required for Fe2+ pass through the channel is represented by

the initial lag phase in Fig. 4. At the entrance of the funnel [Fe(H2O)6]
2+ ion

binds to E134 and as it moves down it loses two water molecules and binds to

D131 side chains. During Fe2+ transfer into the ferritin interior to form PB, the

reverse processes shown by the short arrows are not operative due to the

unidirectional nature of the reaction.

B. Zhang et al. / Biophysical Chemistry 120 (2006) 96–105104
4.3. Other mechanisms and reactions

Reactions (4) and (7) showing that PB forms within the

HoSF interior raises some interesting questions about the

reactivity of Fe2+ and Fe3+ once they have arrived within the

HoSF interior.

Fe3+ + 3OH–→ Fe(OH)3 K ~ 1038 (10)

Fe[Fe(CN)6]–→ Fe3+ + [Fe(CN)6]4– K ~ 10–6 (11)

Fe[Fe(CN)6]– + 3OH– → Fe(OH)3 + [Fe(CN)6]4– K ~ 1032. (12)

Reaction (12) shows that PB is unstable with respect to

forming Fe(OH)3 at pH ¨8.0. Although dissociation of PB into

Fe3+ and [Fe(CN)6]
4� is relatively slow (Fig. 7), it still should

dissociate and form Fe(OH)3 and [Fe(CN)6]
4� on the time

scale of hours as observed when free PB is equilibrated in

buffers at pH 8–11. However, PB is stable within the HoSF

interior for weeks or months without Fe(OH)3 formation,

indicating that the HoSF interior creates conditions that prevent

Reaction (12) from occurring.

Due to the size limitation of the HoSF interior, which is

¨7–8 nm in diameter, and the amount of [Fe(CN)6]
3� actually

trapped within the HoSF cavity, the size of the PB particles

formed in HoSF will be limited in size and will have an

aggregate size of only 200 total Fe atoms or less compared to

aggregates ¨7000 times larger when formed free in solution.

The use of the nano-reaction cavity of HoSF is uniquely suited

to prepare PB clusters of limited and presumably uniform size

and could provide a means for investigating PB behavior as a

function of particle size.
In summary, the present work describes a novel method of

determining the kinetics of iron transfer through the ferritin

shell by forming encapsulated complexes inside the ferritin. We

believe that this method can be used to study the transfer of

other small molecules, such as reductants, oxidants and iron

chelators, through the ferritin shell by putting an appropriate

indicator in the interior and then reacting it with its companion

molecule that is present in the exterior solution.
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