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Abstract

Several anaerobic electrochemical cells were employed to study the kinetics of iron release from pig spleen ferritin
(PSP at a bare platinum electrode. Controlled potential microcoulom@®M) is the principal technology used to
investigate the kinetics in the absence of a mediator. A kinetic study of iron release by microcoulometry has revealed
that ferritin undergoes direct electron transfer at the electrode in the absence of a mediator, indicating that ferritin is
an electroactive protein. Several experiments failed to showetlabipyridyl has the capacity to reduce hydrolyzed
Fe** within the ferritin core after it has been reduced by the electrode @30 mV vs. NHE in the absence of
mediator. PSF is known to bind heme to generate a hemeoprotein, named pig spleen hemd&8#ifin The rate
of iron release is accelerated by the heme binding to,PSF without the need for small mediators. Under similar
conditions, two kinetic processes for iron release from PSF and bacterial ferritioobbacter vinelandii (AVBF)
were studied and both fit a zero-order law. In addition, the rate of iron release in PSF can be accelerated two-fold by
a specific reduction system consisting of ascorbic @8id) and the bare platinum electrode -a600 mV. However,
this kinetic process does not follow zero-, half-, first, or second-order rate laws. A model is proposed to explain a
mechanism of direct electron transfer between ferritin and the electrode is derived to describe the kinetics of iron
release© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction teins, like cytochrome:, show electroactive char-
acterizations. In bioelectrochemical studies, the
Iron is an essential metallic element for the process of direct electron transfer between proteins
growth and well-being of almost all living organ- occurs with increasingly complex systems, includ-
isms[1—6]. Ferritin is a naturally occurring protein  ing multi-centered enzymes. Also, the electro-
with complex structure, consisting of a 24-subunit chemical response of active sites is being used
protein shell used to store iron oxides and phos- more often as a useful diagnostic signal, in many
phate molecules in a mineral core. A single ferritin ways analogous to that provided by various spec-
complex can store up to 4500 hydrolyzed®*Fe  troscopic method$10,17-20.
oxides [1], although, on average, 1800-2300 In the visible range, HSF and PSF show featu-
Fe** per molecule of ferritin is observed6—17. reless absorbance peaks. In contrast, AvBF shows
In mammals, ferritin consists of a protein shell three peaks at 417, 526, and 557 nm due to the
with 24 highly symmetrical subunits and an overall heme component in its protein shell, which shows
diameter of 120 A[12]. The iron core of mam-  three characteristic absorbance peaks in the visible
malian ferritin is approximately 55—70 A in diam- range [24—26. Recent studies show that HSF
eter, is located at the shell center, and has beenbinds heme to generate a hemeoprotéiSk,)
observed using electron microscod$,13. As [26]. One of the roles of binding heme has been
previously mentioned, two basic physiological suggested to be the accelerated rate of iron release
functions of the ferritin in vivo are to store surplus [26]. Recent experiments suggest thatFe , locat-
iron from the extracellular medium and to release ed electron-tunnel-heméTH) in AvBF, can be
it to the intracellular contentgl,7]. replaced by C®& to form another structure of
In electrochemical studies of ferritin previously ETH-Cc®* after the ferritin is treated by cobalt
described by Watt et a[14], two reduction poten-  chlorides, named AvBE [23]. Interestingly, the
tials of —475 mV for heme reduction from AvBF rate of iron release in AvBE is decelerated,
and —420 mV for its iron core reduction were indicating that this ETH-C®" structure has lost
determined by CPM equipped with the platinum the capacity to pick up electrons from the electrode
electrode in the presence of methyl viologen for iron release in the absence of mediafa3].
(MV). Under similar conditions, the midpoint In kinetic studies, the processes of iron release
potential of HSF, initially measured to be 205 and deposition in mammalian and bacterial ferri-
mV, shifts negative at a rate of 115 mV/pH, as tins has been described in detail by the stopped-
previously described by Huang et &l15]. In flow technique or spectrophotometr},24,27—
addition, direct electron transfer from HSF was 29]. However, most of the present knowledge on
observed at a gold electrode modified with 3- the mechanisis) of iron release has resulted from
mercaptopropionic acidMPA) [16]. From these  extensive studies on readily obtainable mammalian
experimental results, it is inferred that MV and ferritins in vitro [30,31. Earlier studies showed
MPA play an important role in transferring the the rate of iron release depends strongly on the
electrons from the electrode to the ferritin for iron Fe** /P, ratio on the surface of the ferritin core
release. Conversely, it has been shown that some[32]. However, recent studies show that three
specific proteins in nature, such as the MoFe kinetic parameters for iron release, the rate, the
protein of nitrogenasd17], cytochromec [18], biphasic behavior and the mixed orders, are strong-
ferredoxins, heme-containing enzymégs9 and ly dependent on the regulation speed of the ferritin
blue Cu protein[20] can also be directly reduced shell itself, rather than the composition of the core
at the metal electrode without mediators or other structure[11,39. Moreover, it has been found that
small organic molecules. Moreover, similar elec- the rate of iron release can be accelerated 10-fold
trochemical behavior of both HSF at gold elec- by using the mixed reducers Ng S, O and reduced
trodes and AvBF at platinum electrodes has been MV [9], or two-fold by utilizing another mixture
directly observed in the absence of a mediator with both Ng S Q and ascorbic acj@4]. Kinetic
[21-23. These processes indicate that both pro- characteristic analyses of both mixed reducer sys-
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tems shows that the accelerating rate could not homogenizer(6000 rev/min). The homogenate

change the original pathway with mixed-orders for
complete iron release over a simple it with first-

solution was heated to 70-7%C in a water
thermostat for 8 min to denature most proteins

order or second-order. This observation suggests(except for PSF The solution was filtered with

that the mixed-orders are controlled by the regu-
lation capacity of protein shell itself, rather than
increasing the rate of iron releafkl,2d.

In this report, a kinetic study for iron release
from PSF is performed using CPM with a bare
platinum electrode at-600 mV vs. NHE in the
absence of a mediator. As shown with AvVBE],
it is logical that PSF might also have a structure
with an electron heme-free pathway on the protein

an eight-layer gauze, and a red brown filtrate was
obtained after cooling. The filtrate was centrifuged
at 5x1000x g for 45 min, the supernatant collect-
ed and then the sediment discarded. Finally, the
supernatant was further separated on a DEAE-
cellulose column(2x24 cm) previously equili-
brated with 0.025 M Tris—HCIlpH 7.0//0.15 M
NaCl. The purified PSF exhibited a single band
with gel electrophoresis.

shell, and that the heme binding to RSF generates

a structure of electron transfer pathwdTP) that

2.2.3. Element and protein concentration analysis

accelerates the rate of iron release. The heme Total F€* /ferritin was measured using’a-

functions in PSE, are similar to that in AvBF.
2. Materials and methods
2.1. Materials

Strain OP ofA. vinelandii was a gift from The
Center for Study of Nitrogen Fixation, College of
Agricultural and Life Science, University of Wis-
consin—Madison. Most chemicals, includingo-
dipyridyl, AA and MV were from Sigma and of
analytical purity.

2.2. Methods

2.2.1. Bacterial culture and AvBF preparation
The strain was cultured in Burk medium-free

dipyridyl by spectrophotometry at 520 nm as
previously described by Harrison et dfl]. The
phosphate content within the ferritin core was
determined by normal Cooper methf&%]. Protein
concentration measurements were carried out by
the Lowry procedure using bovine serum albumin
of 98% purity as a protein standard.

2.2.4. Electrode system of the cell and measure-
ment of ferritin spectrum

The electrochemical cells employed to study
iron release of ferritin consist of an anaerobic
vessel and three electrodes. The electrodes in cells
are described as follow<:1) a radiometer fiber-
tipped saturatedKCl) calomel electroded SCE)
as the reference electrodé€?2) an isolated fine
platinum wire as the counter electrodanods;

nitrogen and supplied with sucrose as the sole and (3) a mercury or platinum electrode as the
carbon and energy source. The whole cells were working electrode. Fig. 1 shows an anaerobic

harvested by centrifugatiof6x 1000x g) at the
end of the logarithmic growth. Crude AvBF was
isolated by the method of Bulen et al. AvEB3]
was further purified on a DEAE-cellulose column
(4x14 cm by Burgess[34]. The purified AvBF
showed a single peak using high-performance lig-
uid chromatographyHPLC) or a single band with
polyacrylamide gel electrophoreiBAGE).

2.2.2. PSF preparation and purification
A 1.2 weight ratio of pig spleen to distilled
water at pH 7.0 was mixed after removal of the

electrochemical cell equipped with a platinum
electrode. In this cell, compared to normal mercury
electrolytic cell, a distinguishable part shows a
large working electrode of round platinugh8x 56
mm) instead of the mercury electrode. In addition,
the SCE and counter electrode are easily removed
to add the electrolyte to maintain constant poten-
tials for the desired time.

Fig. 2 shows another electrochemical cell
equipped with an air filter and a shut-off valve.
This apparatus was used to oxidize?Fe  within
the ferritin core into F&" by controlling different

lymph and fat tissue, and then homogenated by a O, concentrations. The O concentration for ferri-
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(a) 2.2.5. Reduced power of o a-dipyridyl
-_— A solution of 400! o’'a-dipyridyl and 1.10 ml

(b) T 0.025 M Tris—HC)0.15 M NaCl were mixed and
© d placed in the cell shown in Fig. 2. Then, the cell

was automatically evacuated and flushed with

L:_g:I 99.99% argon to obtain an anaerobic environment.
Next, the reduction potential of~600 mV vs.
1 NHE was employed to the cell to reduce thex-
dipyridyl for 45 min. Then, 1.0 ml of anaerobic
® PSF was added to the cell to observe the reaction
of iron release, which was monitored with the
S — spectrophotometer at 520 nm after the controlled
— potentials were closed. However, the experimental
results showed no observed evidence of iron
€3] I e £ — release from the protein, which means that the
@) o'a-dipyridyl treated by the electrode neither
picked up the electrons from the electrode, nor
Fig. 1. An anaerobic electrochemical cell equipped with a plat- supported them_ to the core Wlthl.n the protein shell
inum electrode as the cathode. Distances of 0.2, 0.4 and 1.3 for '_ron reductllon._ Clearly, unlike other redox
cm are maintained between the SCE and the working platinum mediators,a’a-dipyridyl hardly shows any power
electrode(cathode, between the working platinum electrode  to reduce iron. Using CPM in the absence of a
;”d the ‘Eounltefte'zc"odamf:?y lanft‘) t;et""‘fﬂe';} tChe Scfina”d mediator or of other small reductants, it is indicat-

€ counter electroae, respectively, betore yag.Connec H H
tube for evacuating and f?ushingi%) rubber serum stoppgr; ed that a pathway of t.ranSfemng electrons for iron
(c) counter electrode(d) SCE; (e) platinum electrodécath- release can be considered from the electrode to

ode); (f) outlet for flowing water;(g) inlet for flowing water; ferritin.
(h) magnetic stirrer bar; anéi) magnetic stirrer.

2.2.6. Kinetic measurement of iron release

The cell in Fig. 1 was used to study the kinetics
tin oxidization within the cell shown in Fig. 2 is ©f iron release by the CPM in the absence of a
measured by gas chromatography with a thermal mediator. A solution Of 3.Q mi ferritir(.S.O mg/
conductively detector and a molecular sieve 5-A MD and a 150ul o'a-dipyridyl were mixed with
column (Ar). Shown in Fig. 2, a large working & magnetic stirrer for 2 min. The mixture was then
electrode (cathode, 1x80 mm in the cell is placed into ‘ghe anaerob_|c cell, and reducgd by an
employed to increase the collision rate between eI_ectrochemlcaI synthesis detec(_EISD) equipped
the ferritin molecules and the electrode. Moreover, with a three-electrode system without the need for

in order to increase enzyme catalysis activity in

the living cell, this apparatus, shown in Fig. 2, is (a) ®)
also placed into a water thermostat—oscillator to
obtain a high oscillating rate. A 0.2-ml cuvette [T
equipped with an anaerobic system was then auto- %/‘
matically evacuated and flushed with argon at least
three times before the samples from the cells is
injected. Under anaerobic conditions, the reduced
ferritin sample from the cell was quickly placed
Into a CU‘,’e“e for spectral measure,ment' and then Fig. 2. Diagram of the electrochemical cell designed to produce
_replaced in the cell for further reduction of released psk, .(a) Counter electrodetb) SCE: (c) air filter and shut-
Iron. off valve; and(d) working platinum electrode.
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a small mediator. The rate of iron release was 600 mV vs. NHE and AA. The rate of iron release
measured by a spectrophotometer equipped with awas measured by a spectrophotometer at 520 nm
double light system at 520 nm over the desired according to the desired reaction time.
time period.
2.2.10. Effect of extra phosphate on iron release

2.2.7. Heme binding to PSF A 10.0-ml sample of PSF having a 1:8 ratio of

Excess heme chlorid00ul) in 0.01 M NaOH iron to phosphate was prepared, and then extra
and 10.0 ml of PSH3.0 mg proteiiml) were phosphate was added to the sample solution to
mixed with a stirrer for 20—30 min. The mixture form a new ratio of 1:1 in the reaction medium,
was quickly placed into the celFig. 2) for protein which was called PSF . The mixture was then
reduction at a potential o600 mV vs. NHE for placed into the anaerobic cdlFig. 1) containing
40 min. Next, the reduced mixture was slowly «o'a-dipyridyl, and reduced by the electrode at
oxidized in air for 60 min with a controlled © 600 mV. The date of iron release was recorded by
pressure(0.21 atm), and then separated on a at 520 nm as a function of timgl.1,34.
Sephadex G-25 colum¢2x 12 cm) for separating
dissociating heme and collecting oxidized RSF , 3. Results
named PSE, . Finally, P§F spectra were recorded
by a double bean spectrophotometer at’G0 pH 3.1. Electrochemical behavior of the ferritins at

7.20. the mercury electrode
2.2.8. Kinetic studies of iron release with ascorbic During voltammetry with scan potentials rang-
acid reduction ing from +200 to —600 mV vs. NHE at scan

A solution of 2.0 ml ferritin(0.5 mg/ml) and a rate 5 mV/s, pH 7.25 at 3C°C in the absence of
604l o'a-dipyridyl, was placed in a 10-ml cali- a mediator, the experimental results show that the
brated vial fitted with rubber serum stopper. The reduction current for both PSF and AvBF as
vessel was then automatically evacuated and measured on the mercury electrode, respectively,
flushed with argon at least six times. Next, 30D appear sluggish on the electrode. Of course, the
saturated AA was injected into the vessel for quick experimental result shows that no evidence of iron
iron reduction. The vessel was shaken to start arelease from the ferritins was observed. For these
reaction of iron release in the water thermostat, reasons, we have examined a different electrode
and then the sample solution was quickly injected material.
into the anaerobic cuvette for kinetic measurement
of iron release. The rate of this reaction was 3.2. Electrochemical behavior of PSF on the plat-
determined spectrophotometrically at 520 nm inum electrode
according to the desired reaction time.

Using CPM and the cell shown in Fig. 1, it

2.2.9. Kinetic studies of iron release with the appears that similar to AvBF, PSF undergoes a
electrode  and  ascorbic  acid  reduction reductive reaction at the electrode without a medi-
simultaneously ator (Fig. 3). The straight line in Fig. 3a shows

A solution of 3.0 ml ferritin and 80wl o'a- an average rate 2.3 ¥e/min/PSF in 460 min.
dipyridyl, were mixed with a stirrer, then the However, this rate is lower than the rate of 10.5
mixture was placed in the cell shown in Fig. 1. Fe**/min/AvBF in AvBF as recently described
Next, the cell was evacuated and flushed with the [22]. In similar studies, it was observed that only
appropriate argon gas as using an automatic instru-50% (1060 Fé* /PSP of original Fé€* (2120
ment five times. Next, 0.30 ml of a saturated AA Fe** /PSP in PSF is only released in 460 min.
solution was injected into the cell quickly. The The results suggest that there are two populations
mixture in the cell was reduced by the special of iron present. The first is really lost, but the
reduction system consisting of an electrode-at  remaining F&" within the protein shell is sluggish
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as AA and Na $ Q@ were used to reduce’Fe
within the ferritin's core[11]. As illustrated by
these reports, one of the basic reaction conditions
for carrying out iron reduction and release with
these reductants such as . Na $ O and with the
Fe’* chelating agent must pass through the three-
channel of the ferritin shell into the iron cof&l].
We conclude that the effect of the phosphate
binding to the channel on the transfer rate of
reduction of Fé* to F& accelerates the rate of
reaction of the F& chelating agent across the
protein shell, which in turn causes the rate of iron
Fig. 3. Kinetics of iron release from PSF at controlling poten- release to decrease. Conversely, using CPM an_d in
tial of —600 mV vs. NHE. The kinetics of iron release for the presence of P& and,O , the phosphate bind-
both curves(a,b) are defined as zero-order reactions. In curve ing to the ferritin shell takes advantage of picking
ﬁa)l} lt_ff‘e rate constank is 2.3 Fe®" fEiﬁlftPS': 33‘?‘_the up the electrons from the electrode so that the rate
Ofp'r:oié'gfeil/fhs rfjs g’;‘étg‘mcf‘sr‘f(s )I': é‘i e';nti rflaps't",:?” of iron release increases. It is proposed that the
and the half-life timer,,,, is 105 min.(a) Spectra of heme phOSPhate not only binds FO_ the ETP across the
chloride in 0.015 M NaOH(b) Spectra of PSF . PSF and  protein shell, but also participates in picking up
free-heme in the mixed samples were separated on a Sephadesthe electrons from the electrode and transferring
G-25 column before spectral measureméot.Spectra of PSF. the electrons for iron release, and that no other
reductants share the three-fold channel as a route
to accept electrons from the electrode without a with the Fé* chelating agent during iron release
small mediator. with CMP technology in the absence of a mediator,
To study the role of P in iron release reaction, which results in the rate of iron release increasing
extra phosphate and PSF were mixed to establishgreatly [22,27.
a new 1:1 ratio of FFe*" (PSE). Using CPM,
the rate of iron release is accelerated with increas- 3.3. Electrochemical behavior of PSF,, and AvBF
ing phosphate content, giving an average rate of
4.8 Fé* /min/PSK, (Fig. 3b). The rate increment Fig. 4c shows that PSF exhibits a featureless
in the presence of extra phosphate is two-fold absorbance peak in the visible spectra range from
higher than that in PSF, but because similar num- 350 to 600 nm and that its absorbance intensity
bers of iron ions were released from both PSF and decreases as the wavelength increases into the red
PSF, (Fig. 3a,b, phosphate only increases the rate (bottom spectruth Moreover, heme chloridéFig.
of half of the iron present. These results suggest 4a) has three absorbance peaks at %63, 525
that the phosphate binding to the ferritin has the (B), and 414(Soret bangl nm, indicating that the
capacity to affect F&  stability of only half of heme forms three peaks in the visible range. Unlike
iron present within the protein’s core. PSF, PSFE, (Fig. 4b) also exhibits three absorbance
An important step in understanding the mecha- peaks at 555a), 525 (B), and 414(Soret bangl
nism of phosphate storage from the ferritin was nm, confirming that the heme not only binds to
previously described by Wat{37] and Huang the PSF, but also generates RSF , resulting in
[24,36. These authors show that the extra phos- ferritin, which also shows the three characteristics
phate could not only be stored by the ferritin in peaks from heme.
the presence of B¢ and,©0.21 atm), but was Using the CPM, both experimental results in
most likely bound to the three-fold channel of the Fig. 5 show two kinetic studies of iron ions
ferritin shells [24,36. Phosphate binding to the released from both P§F and AvBF against time,
channel plays a role in inhibiting the rate of iron giving two straight lines. In Fig. 5a, the rate
release while the small molecular reductants such constantk,,; of complete iron release from AvBF
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Fig. 4. Electronic spectra of PSF and BSF . The results in
curve A show the kinetics for complete iron release from AvBF
at a controlled potential of-600 mV vs. NHE in the absence
of mediator, which is defined as a zero-order reaction. Compete
iron within the ferritin’s core is directly released by the poten-
tial without chemical reductant such as dithioinite aid. The rate
constantK . is 10.5 FE* minm! AvBF! and its half-life
timet,,, is 91.5 min. The results in Cund®) show the kinetics

of iron release from PSE at a controlled potential-e600

mV vs. NHE in the absence of a mediator, which is defined as
a zero-order reaction. Half of the original iron ion concentra-
tion within the PSE, core is released by the potential without
chemical reductant such as MV aid. The rate conskant,, is

42 Fé* min! PSE! .

is 10.7 Fé&*/min/AvBF, for which the kinetic
process is known to fit the zero-order law as long
as the constant rat& ) is observed. In a similar
study, Fig. 6b shows that 50%4050+20 Fe*/
PSk,,) of the original Fé* within the protein core
is also released. A constant ra€&,.,) of 4.2
Fe** /min/PSF is obtained, meaning that this
kinetic process fits the zero-order law. Comparing
both results in Figs. 3 and 5, it is noted that the
rate is accelerated two-fold by the heme in BSF ,
indicating that the heme played an important role
in accelerating the rate of electron transfer from
the electrode to the protein. Interestingly, using
CPM, similar numberg1050+20 F&* /PSP of

iron release among PSF, BSF and RSF are still
observed. These results indicated that the heme

and extra phosphate bind to the surface of the
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Fig. 5. Kinetics of iron release from PRF and AvBF at a
controlling potential of —600 mV vs. NHE. Curve(a) (A):

the kinetic curve of complete iron release from RSF with a
mixed reduction system consisted of ascorbic acid and the elec-
trode at a controlled potential of 600 mV vs. NHE simulta-
neously; average rate of iron release 52.6'Fe BSF ~in

is obtained. Curve(b) (M): kinetic curve for complete iron
release from PSE with an ascorbic acid reduction; an average
rate 32.0 BB+ PSF mit is observed. Cufeg (v): the
kinetic curve for complete iron release from PSF with an ascor-
bic acid reduction; an average rate of 31.03Fe PSF
min~?! is obtained.

similar numbers of iron released among PSF,
PSF, and PSE can clearly be observed. Evidently,
the heme in PSE and the phosphate in PSF play
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Fig. 6. Kinetics of complete iron release from PSF. Cufak
(A): the kinetic curve of complete iron release from RSF
with a mixed reduction system consisted of ascorbic acid and
the electrode at controlled potential 6f600 mV vs. NHE
simultaneously; average rate of iron release 523 Fe PSF
min~?! is obtained. Curvéb) (M): kinetic curve for complete
iron release from PSE with an ascorbic acid reduction; an
average rate of 32.0 B&  PSF min is observed. Curve
(c) (v): the kinetic curve for complete iron release from PSF
with an ascorbic acid reduction; an average rate of 310 Fe

protein shell rather than to the iron core because PSF* min?® is obtained.
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roles in increasing the amount of iron released
hardly while the F&" within the ferritin’s core is
reduced by the electrode at600 mV. However,
both roles are suggested to improve the ability of
the ferritin for picking up the electrons from the
electrode or accelerating the rate of electron trans-
fer across the protein shell in which results an
increase of the rate of iron release. The structure
analysis indicated that high ratio of phosphate to
iron (1:1.2) of the iron core from AvBF27] and

its heme structure across the protein shell were
observed. According to this structure, we reasoned
that a complete iron core with high ratio of
phosphate to iron can pick up the electrons from
ETP for iron release in the absence of mediator,

H.Q. Huang et al. / Biophysical Chemistry 97 (2002) 17-27

\

c) | (b)
(d)

Fig. 7. A model of electron transfer between the electrode and
ferritin in the absence of a mediatd): The platinum elec-

which causes a complete iron core released by thetrode; (b) ferritin shell; (c) iron core;(d) the electron tunnel;

electrode reduction at high rate. However, another
structure analysis indicated that the core has a low
ratio of phosphate to iror{1:13) structure from
PSFK, [11], and that the heme binds only to the
surface of the protein shell are observed, which
causes only half of the iron core to be able to pick
up the reduction electrons came from the ETP for
iron release. Clearly, the phosphate content within
the protein shell plays an important role in assisting
the iron to accept the electrons from the ETP for
it reduction.

3.4. Kinetics of iron release from PSF

AA is a biological electron donor and has a
midpoint potential ofE?,=—14 mV vs. NHE
[38]. The AA potential is higher than that both
AVBF (E?,=—125, —310 and—370 mV) [22]
and HSF(E?,= —480 mV) [14]. In appearance,
it is impossible for the F&©  component within the
ferritin core to be directly reduced with AA accord-
ing to both potential differences. However, a study
of iron binding to ferritin that can catalyze ascor-
bate oxidation was done by Roginsky et E89],
meaning that F&*  within the ferritin shell can be
directly reduced by AA. The mechanism by which
AA not only binds directly to the ferritin shell, but
also causes its conformation change as well as
greatly decrease its reduction potential, which

and (e) the three-fold channel.

Fig. 6c, it is can be clearly seen that a kinetic
process of complete iron release from the PSF is
easily completed with AA under anaerobic condi-
tions in 60 min, giving an average rate of 31.0
Fe** /min/PSF. It is observed that the rate incre-
ment shown in Fig. 6¢ is 13-fold higher than that
of the protein(2.3 Fé* /min/PSPH with the elec-
trode reduction in Fig. 3a.

Moreover, under similar conditions, the kinetics
of iron release from PSE are also measured with
AA reductant(Fig. 6b), showing an average rate
32.0 Fé* /min/PSk,, at pH 7.25, 30C. Evident-
ly, the close rate of iron release by both PSF and
PSF,, is observedFig. 7b,0 while F€* within
the ferritin’s core is reduced by AA, indicating
that the heme in the latter protein plays a minor
role in accelerating the rate. However, the rate of
iron release using AA as a reductant is faster than
the rate used at the electrode a600 mV. This
behavior is significant, as it indicates that the
pathway of electron transfer that AA utilizes might
differ from that which the electrode utilizes. These
findings further support the viewpoint that there
are multiple pathways of electron transfer in PSF,
which suggest that the pathway used by AA differs
from that used by the electrode. Interestingly,
neither of the curves shown in Fig. 6b,c fits zero-,

results the protein shell and the iron core being first-, or second-order rate laws because none have
reduced by AA, has been described in detail by a straight line plot of rate of iron release as a
Huang[24,4d. According to the results shown in  function of reaction time. Clearly, these behaviors
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demonstrate that the complex kinetic process for pathways described in the ferritin, which are
complete iron release both PSF and PSF aredescribed as follows(1) a three fold-channel
formed with AA only, not by the heme in P§F . having a nominal diameter of 7—9 A constitutes a
The experimental results shown in Fig. 6a show possible pathway through which iron and other
that the rate for complete iron release from BSF molecular species gain access to the ferritin core.
is accelerated by the reduction system consisting (2) A four-fold channel has been shown at the
of AA and the electrode, given an average rate of intersections of four peptide subunits that might
52.0 Fé* /min/PSFk,,. However, it is surprising act as an electron pathway for iron reducti¢8)
that this kinetic curve in Fig. 6a still fits neither An ETH across the protein shell has been indicated
zero-, first- nor second -orders laws, though the to pick up the electron from the electrode and to
rate increases. These experimental results suggestransfer them to the ferritin core for iron release
that the complex kinetic process for the complete [22]. From these observations and analysis, it is
iron release was formed by AA, but not by the determined that there is ETP in PSF or ETH in
electrode. The kinds of electron transfer pathway AvBF, where the reaction of iron release occurs on
across the protein shell used by AA might differ the bare electrode. However, only half of the iron
from that used by the electrode. However, both can be reduced, the heme and phosphate binding
pathways would be selected and used by AA and to PSk, and PSF were shown to improve the
the electrode at a similar time, which results in the capacity of electron transfer between the electrode

rate of iron release being accelerated. and ferritin, which causes the rates of iron release
for both proteins to be accelerated.
4. Discussion From the results reported here, we propose a

model for electron transfer between the ferritin

Mercury is a bactericide that can cause the and the electrode. First, an electrode with low
proteins in nature to partially be denatured. Ferri- potential produces a strong capacity for absorbing
tin’s shell, including the ETH or ETP structures, ferritin to the electrodd21]. Secondly, the ferritin
might easily be destroyed after mixing with liquid is easily absorbed on the electrode to produce a
mercury. As a result, it is suggested that the reasondistorted protein while colliding with the electrode
that ferritin exhibited no electroactivity on the by diffusion(Fig. 7). Finally, the ferritin undergoes
mercury electrodegf41] is because its ETH had a process of iron reduction after the electrons
been destroyed by the liquid mercury in advance, coming from the electrode are picked up by the
resulting in the ferritin losing its capacity to pick electron tunnel across the protein shell. To obtain
up electrons from the electrode. information on how the potential affects the rate

Like AvBF, a process of iron reduction shown of iron release, liver ferritin ofDasyatis akajei
in Figs. 2 and 5 between the PSF and the platinum was incubated with different potential ranging from
electrode is observed. These electrochemical —200 to —500 mV and the experimental results
behaviors in PSF and HR1] are indicative that  reveal that the rate of iron release depended strong-
both proteins are electroactive. However, one ly on the potentia[40]. Moreover, matrix-assisted
important issue in ferritin research is whether the laser desorptiof ionization-time of flight(MAL-
electrode has the capacity, while in direct contact DI-TOF) mass spectrometer has been employed to
with the protein, to transfer electron to the iron study charge distribution on the surface of ferritin
within the protein’s core to supply the electrons shell, which indicates that there are positive charg-
for iron release. Clearly, the electrode size shown es range with high density on the surface of the
in Figs. 1 and 7 appears to be too large to penetrateshell which results in the protein was attracted to
the three-fold channel of the protein shell into the the electrode with negative potentigdl]. These
core to carry out an iron reaction. A pathway for novel behaviors indicate that the distorted protein
transferring electrons between the ferritin’s core formed by the electrode plays an important role in
and the electrode should depend on the ETP acrossaccelerating the electron transfer from the electrode
the protein shell. The present study addresses threeto the ferritin’s core. It is inferred that the possi-
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bility of electron transfer between the electrode
and the protein occurred by the electron pathway

across the shell of distorted ferritin.
As described by Jacobs et 2], the experi-

mental results using Mossbauer spectroscopy have
indicated that phosphate on the mineral iron core
plays an important role in catalyzing the internal
toFe . If
in the AvBF core can
utilize the electrons from the electrode for iron
release because it has a higher ratio of phosphate

electron transfer reaction from Fe
this is the case, most Fe

to iron (1:1.2) than that in PSK1:8) [11,15. An
iron structure with a 1:3 ratio of B¢ /P, is found

on the surface of the core from HSF, with a ratio
higher than that1:16) on the inside of the iron

core, as previously described by Huang et &].
Evidently, using the CPM, Fé

high phosphate content. However, the*Fe

because of insufficient phosphate.
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