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Abstract Ferritin iron loading was studied in the

presence of physiological serum phosphate concen-

trations (1 mM), elevated serum concentrations

(2–5 mM), and intracellular phosphate concentrations

(10 mM). Experiments compared iron loading into

homopolymers of H and L ferritin with horse spleen

ferritin. Prior to studying the reactions with ferritin, a

series of control reactions were performed to study the

solution chemistry of Fe2? and phosphate. In the

absence of ferritin, phosphate catalyzed Fe2? oxida-

tion and formed soluble polymeric Fe(III)-phosphate

complexes. The Fe(III)-phosphate complexes were

characterized by electron microscopy and atomic

force microscopy, which revealed spherical nanopar-

ticles with diameters of 10–20 nm. The soluble

Fe(III)-phosphate complexes also formed as compet-

ing reactions during iron loading into ferritin. Ele-

mental analysis on ferritin samples separated from the

Fe(III)-phosphate complexes showed that as the

phosphate concentration increased, the iron loading

into horse ferritin decreased. The composition of the

mineral that does form inside horse ferritin has a

higher iron/phosphate ratio (*1:1) than ferritin puri-

fied from tissue (*10:1). Phosphate significantly

inhibited iron loading into L ferritin, due to the lack

of the ferroxidase center in this homopolymer. Spec-

trophotometric assays of iron loading into H ferritin

showed identical iron loading curves in the presence of

phosphate, indicating that the ferroxidase center of H

ferritin efficiently competes with phosphate for the

binding and oxidation of Fe2?. Additional studies

demonstrated that H ferritin ferroxidase activity could

be used to oxidize Fe2? and facilitate the transfer of

the Fe3? into apo transferrin in the presence of

phosphate.
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Introduction

Chronic kidney disease (CKD) is a chronic inflamma-

tory disease with many altered bio-markers associated

with disrupted iron metabolism. These bio-markers

include inflammation, non-transferrin bound iron

(NTBI), elevated serum ferritin concentrations and

low transferrin saturation levels (TSAT) (Prakash

et al. 2005; Samouilidou et al. 2007; Stenvinkel and

Barany 2002; Kalantar-Zadeh et al. 2006; Lee et al.

2006). The co-existence of NTBI and apo transferrin is

puzzling because apo transferrin has a binding

constant of * 1020 (Harris 1986; Baker et al. 2003).
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The formation of NTBI in the presence of unsaturated

transferrin suggests the presence of either an inhibitor

that prevents transferrin from binding iron, or suggests

that NTBI is biologically inaccessible to transferrin.

These observations led our group to evaluate

conditions that exist in the serum of CKD patients

that might allow NTBI to form. The literature reports

that phosphate concentrations in serum are signifi-

cantly elevated (Malluche and Mawad 2002; Tonelli

et al. 2010). Patients with CKD have phosphate

concentrations reaching concentrations of *3.5 mM

phosphate, which is more than double that of healthy

individuals (*1.0–1.5 mM) (Tonelli et al. 2010; Di

Marco et al. 2008; Friedman 2005). Phosphate is

known to react with iron to produce insoluble com-

plexes (Eq. 1 and 2).

3 Fe2þ þ 2 PO3�
4 $ Fe3 PO4ð Þ2 sð Þ ð1Þ

Ksp ¼ 1:0 � 10�36

Fe3þ þ PO3�
4 $ FePO4 sð Þ ð2Þ

Ksp ¼ 1:3 � 10�22

In addition to the formation of insoluble precipitates,

iron, and phosphate react to form soluble polymeric

Fe(III)-phosphate complexes when the phosphate con-

centration is present in excess to the iron concentration

(Evans et al. 2008; Rodriguez et al. 2007; Ramanjaney-

ulu and Shukla 1956). Furthermore, polymeric iron

complexes are very poor substrates for donating iron to

transferrin (Bates and Schlabach 1975, 1973).

Since polymeric phosphate complexes are poor

substrates for loading apo transferrin, it is possible that

another protein might be expressed under high phos-

phate conditions to bind iron. As indicated above,

CKD patients have elevated serum ferritin concentra-

tions suggesting a possible role for ferritin as an NTBI

binding protein. Also, consistent with this hypothesis

are reports that ferritin has increased rates of iron

loading in the presence of phosphate (Aitken-Rogers

et al. 2004; Orino et al. 2002; Cheng and Chasteen

1991; Polanams et al. 2005; de Silva et al. 1993).

Patients with inflammation contain substantial

amounts of iron in serum ferritin (*800 Fe/ferritin)

(ten Kate et al. 1997; Herbert et al. 1997) and chronic

inflammation patients have serum ferritin levels

that are 4–10 fold higher than healthy individuals

(Kalantar-Zadeh et al. 2004; Wang et al. 2010;

Yamanishi et al. 2002). In addition, inflammation

induces the secretion of the H-subunit of ferritin,

which possesses the catalytic ferroxidase center

required for iron loading. Therefore, the expression

and secretion of H ferritin into serum might indicate an

attempt to sequester NTBI.

The mechanism for iron loading into serum ferritin

is unknown. Iron may be acquired by ferritin during the

secretion process as it passes through the endoplasmic

reticulum and Golgi apparatus or serum ferritin may

acquire iron once it enters the bloodstream (De

Domenico et al. 2011; Cohen et al. 2010). The present

study was undertaken to evaluate the effectiveness of

iron binding by ferritin under serum conditions. We

tested ferritin iron loading under physiologically

relevant serum phosphate concentrations (*1 mM),

elevated serum phosphate concentrations found in

CKD patients (*2–5 mM), and for completeness,

under cytosolic phosphate concentrations (*10 mM).

We report that elevated phosphate concentrations are

inhibitory to iron loading in the predominantly L ferritin

rich horse ferritin because of side reactions that form

soluble Fe(III)-phosphate complexes. Iron loading into

homopolymers of L ferritin was significantly inhibited

by phosphate because phosphate binds and oxidizes

Fe2? faster than L ferritin is able to bind and oxidize

Fe2?. Once the Fe(III)-phosphate complexes form, the

iron becomes inaccessible to ferritin. H ferritin can

effectively compete with phosphate and prevents or

minimizes the side reactions that form Fe(III)-phosphate

because the ferroxidase center rapidly binds and

oxidizes Fe2?. The ferroxidase activity of H ferritin

was able to load apo transferrin with Fe3?, even in the

presence of phosphate, demonstrating that ferroxidase

activity is not only essential for ferritin loading but may

be an important catalyst for transferring iron from

ferritin to other iron proteins. These data suggest that

under elevated phosphate conditions, the Fe(III)-phos-

phate complex side reaction may form in vivo and

contribute to the pool of NTBI observed in CKD

patients.

Experimental procedure

Materials

Equine spleen apo ferritin was purchased from Sigma.

Recombinant human heavy chain (rHuH) ferritin from

the pET12b HF plasmid and human light chain (rHuL)
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ferritin from the pDS20pTrp LF plasmid were gener-

ously provided by Paulo Santambrogio (Santambrogio

et al. 1993). These plasmids were placed into a BL21-

DE3 E. coli strain. The rHuH ferritin was grown in LB

broth for 8 h at 37�C in a New Brunswick Scientific

Bioflo 110 Fermentor/Bioreactor. The rHuL ferritin

was grown under the Trp promoter in minimal media

M9 broth under similar conditions. Both were purified

identically (Santambrogio et al. 1993). H and L ferritin

samples were prepared in the apo-form and analyzed

for protein and iron content.

Iron loading

Ferritin samples were reconstituted with iron alone or

were reconstituted with iron in the presence of phos-

phate, using the following procedure. An apo ferritin

solution (1 lM) was prepared in 0.05 M MOPS buffer,

pH 7.4, 0.05 M NaCl. Phosphate was added to the apo

ferritin solution to achieve the desired concentration.

This solution was stirred aerobically in a cuvette in an

Agilent 8453 UV–Vis spectrophotometer and Fe2? ions

were added from an anaerobic 0.010 M FeSO4 stock

solution to attain the desired iron loading. Typically 100

or 1,000 Fe/ferritin were added so with a protein

concentration of 1 lM, a final iron concentration was

100 or 1,000 lM was added to the reaction. Iron loading

was monitored spectrophotometrically at 310 nm

versus time (Paques et al. 1980; Santambrogio et al.

1996). Control samples with no phosphate or no ferritin

were prepared using the identical procedure. Ferritin

with higher iron loadings were prepared by adding

100 iron/ferritin in a stirred vial and allowing the iron to

incubate with the ferritin for 30 min. This process was

repeated until the desired iron/ferritin load was achieved.

The spectrum of the resulting samples and control

reactions were recorded on the spectrophotometer. The

identical procedure was followed for the oxygen elec-

trode assays only the solution was added to the oxygen

electrode instead of a cuvette. To remove unbound ions,

samples, and controls were passed over a GE Healthcare

PD-10 Sephadex G-25 column and the elution profile of

these samples and controls were recorded by monitoring

the elution peaks at 280 and 310 nm.

Elemental analysis

The following procedure was used to prepare ferritin

samples for elemental analysis. After the addition of

iron and phosphate, the samples were centrifuged

(3,200g for 10 min) to remove any precipitated protein

or small insoluble complexes. The supernatant

(2.0 ml) was treated with 0.5 ml of BioRad Bio-Gel

P-10 gel slurry (75 g in 100 ml total volume) and

agitated for 30 min. The samples were then centri-

fuged at (3,200g for 10 min) and the supernatant

collected. The supernatant was centrifuged through

Amicon Ultra–4 centrifugal filters with a 100,000

molecular weight cut-off for 5 min at 3,200g. After the

first centrifugation step, the concentrated retentate was

diluted with 3 ml of 0.05 M MOPS buffer at pH 7.5

with 0.05 M NaCl and centrifuged again. The con-

centration and dilution steps were repeated two

additional times to remove any remaining phosphate

in the sample. Finally, the concentrated retentate was

resuspended in 1.0 ml of 0.05 M MOPS buffer at pH

7.5 with 0.05 M NaCl.

The iron content of the samples was analyzed by

inductively coupled plasma emission (ICP) on a Perkin-

Elmer Optima 2000 DV or by formation of the [Fe(2,20-
bipiridyl)3]

2? complex (e520 = 8,400 M-1 cm-1) after

chemical reduction of the iron with sodium dithionite.

Protein concentrations were determined using the

Lowry Method (Lowry et al. 1951). The phosphate

content was measured using a modified phospho-

molybdate assay (Fiske and Subbarow 1925) that

required the addition of 2% SDS to keep the ferritin

protein solubilized. Without the addition of SDS, a

blue flocculent precipitate formed that was presumably

denatured ferritin as this precipitate did not occur in the

absence of ferritin. SDS was shown to solubilize the

ferritin precipitate and to have no effect on the standard

curve of the assay.

Electron microscopy

Samples were prepared and placed on charged ultra-

thin carbon film supported by a lacey carbon film on a

400 mesh copper grid (Ted Pella, Inc.). The grids were

charged using a discharge tube to assist in protein

binding to the grids. A 3.5 ll sample was incubated on

the grid for 30–60 s to allow adherence of the protein

or particles to the grid. The liquid was then wicked off,

and the grid was rinsed in water. The samples with

ferritin were then negative stained by adding 3.5 ll of

a 1% solution of uranyl acetate to allow visualization

of the protein. Fe(III)-phosphate samples were not

stained, as the samples are already electron dense
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(iron-containing). The grids were rinsed one more

time in water and allowed to dry. The grids were then

analyzed using a Tecnai F30 TEM, 140 kV.

Transferrin studies

Human apo transferrin was purchased from Sigma. Apo

transferrin (78 kDa) was prepared in a solution of

25 mM MOPS, pH 7.4. Fe(NH4)2(SO4)2�H2O (Fe2?),

FeCl3 (Fe3?), Na2HPO4, and NaHCO3, were all

purchased from Fisher. Fe2? and Fe3? solutions were

prepared by dissolving the appropriate solid into

0.001 M HCl. Nitrilotriacetic acid (NTA) was pur-

chased from Sigma. All solutions were prepared fresh

the day they were used.

UV/Vis spectrophotometry

An Agilent 8453 UV/Vis spectrophotometer was used

to monitor the binding of iron to transferrin. Final

concentrations of protein and solutions were: 5 mg/ml

transferrin (*6 9 10-5 M), in 25 mM MOPS buffer

pH 7.4, 10 mM CO3
2-, phosphate concentrations as

indicated in the figures, and 0.18 mM Fe3? or Fe2?.

The kinetic runs were setup to monitor the change in

absorbance at 460 nm versus time. Transferrin was

combined with carbonate with or without phosphate

and allowed to stir to equilibrate. The kinetic run was

initiated by adding the appropriate volume of Fe3? or

Fe2?. Runs were collected in triplicate. Ferroxidase

assays were performed as previously described (Bak-

ker and Boyer 1986). Briefly, 0.5 lM rHuH ferritin

was mixed with 60 lM transferrin in 0.025 M MES

buffer, pH 6.0, with a final volume of 1.0 ml. An

aliquot of two Fe2? atoms per transferrin were added to

the solution, with constant stirring. The absorbance

change at 460 nm was monitored over time. The

oxidation of Fe2? to Fe3? was a result of the

ferroxidase center of H chain ferritin. Reactions were

performed in the indicated phosphate concentration.

All reactions were performed in 10 mM carbonate to

provide the appropriate concentration of the synergis-

tic anion for transferrin iron binding.

Results

The following experiments were designed to deter-

mine if: (1) phosphate stimulated the rate of iron

loading into H, L or horse ferritin; and (2) if ferritin

could bind the polymeric Fe(III)-phosphate complexes

that may represent NTBI. Experiments were con-

ducted to mimic phosphate concentrations in serum

from healthy individuals (1.0 mM), CKD patients

(*3–5 mM) and at intracellular phosphate concen-

trations (10 mM). Iron loading was monitored by a

spectrophotometric assay, oximetry and elemental

analysis of the purified samples.

Spectrophotometry/oximetry

The absorbance change at 310 nm is a common assay

to monitor iron loading into ferritin (Paques et al.

1980). A second iron loading assay method is to

monitor oxygen consumption as Fe2? is oxidized by

the ferroxidase center as part of the ferritin iron

loading process of ferritin (Yang and Chasteen 1999).

The results from both methods are shown in Fig. 1a, b

and initial rate data from Fig. 1a, b are represented in

Table 1. Data were collected for 0, 1, 5, and 10 mM

phosphate, but to simplify Fig. 1, only the data for 1

and 10 mM phosphate are shown to represent the

extremes of the range used in this study.

To properly interpret the results from these studies

it is essential to understand the solution chemistry of

how Fe2? and phosphate react in the absence of ferritin

(open symbols in Fig. 1a, b). The first control (open

square) shows the slow oxidation of Fe2? to Fe3? in

0.05 M MOPS buffer pH 7.5 in the absence of

phosphate or ferritin. The formation of an orange

precipitate, Fe(OH)3, confirmed the oxidation of Fe2?

to Fe3? in these reactions. When phosphate was

present, the initial rate of the reaction increased

dramatically in both the UV–Vis reactions (1.0 mM

phosphate increased 3.3-fold and 10 mM phosphate

increased 13.5-fold) and the oximetry reactions

(1.0 mM phosphate increased 2.7-fold and 10 mM

phosphate increased 11-fold), compared to the rate of

iron oxidation in buffer alone (Table 1). In the

presence of phosphate, no visible precipitate was

observed, which was surprising considering the Ksp

values presented in Eq. 1 and 2. The lack of a

precipitate and the change in absorbance at 310 nm

implied that a soluble Fe(III)-phosphate complex

formed and such complexes have been observed

previously (Rodriguez et al. 2007; Evans et al. 2008;

Ramanjaneyulu and Shukla 1956).
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Fe(III)-Pi complex

The results of the control experiments without ferritin

indicated that a side reaction occurred that might

compete with ferritin during iron loading reactions.

Before attempting to interpret the iron loading reaction

with ferritin in Fig. 1 and Table 1, further controls

were performed to understand Fe2? and phosphate

Fig. 1 Ferritin Iron loading Assays. a The spectrophotometric

assay and b the oximetry assay. Each reaction was performed in

0.05 M Mops buffer pH 7.5 and contain no phosphate or the

indicated phosphate concentration. Ferritin was present at 1 lM.

To start the reaction, Fe2? ions, from an anaerobic 0.01 M FeSO4,

were added with a Hamilton syringe to a final concentration of

100 lM to establish a 100 Fe2?/ferritin ratio. Open symbols

represent controls without ferritin and closed symbols represent

reactions with ferritin. Samples are open square Fe(II); filled
square Fe(II) ? ferritin; open circle 1 mM phosphate; filled
circle 1 mM phosphate ? ferritin; open triangle 10 mM phos-

phate; filled triangle 10 mM phosphate ? ferritin

Table 1 Initial rates of iron loading

Sample Initial rate (loles Fe(II) oxidized/sec) Fold increase

UV/Vis*

1 Iron added to Mops buffer 0.79 ± 0.08 0

2 1 mM phosphate control 2.6 ± 0.3 3.3

3 10 mM phosphate control 10.7 ± 0.2 13.5

4 Ferritin 3.5 ± 0.4 4.4

5 Ferritin in 1 mM phosphate 11.3 ± 0.3 14.3

6 Ferritin in 10 mM phosphate 22.5 ± 0.6 28.5

Oxygen electrode?

7 Iron added to Mops buffer 0.4 ± 0.1 0#

8 1 mM phosphate control 2.1 ± 0.5 2.7#

9 10 mM phosphate control 8.7 ± 0.2 11.0#

10 Ferritin 2.3 ± 0.4 2.9#

11 Ferritin in 1 mM phosphate 5.9 ± 0.3 7.4#

12 Ferritin in 10 mM phosphate 12.6 ± 0.2 15.9#

* An apo ferritin solution (1 lM) was prepared in 0.05 M Mops buffer pH 7.4, 0.05 M NaCl. Phosphate was added to the apo ferritin

solution to achieve the desired concentration. This solution was stirred aerobically in a cuvette in an Ocean Optics Chem 2000 UV–

Vis spectrophotometer and 100 Fe2? ions/ferritin (100 lM final concentration) was added from an anaerobic 0.010 M FeSO4 stock

solution. Iron loading was monitored spectrophotometrically at 310 nm versus time. Control samples with no phosphate or no ferritin

were prepared using the identical procedure. Initial rates were calculated from the first 20 s of the reaction

? Identical experimental procedures were used for the oxygen electrode assays
# Since the iron only control in the two samples was approximately 50% different, all fold increase calculations were done using the

UV/Vis control so the differenced did not vary by 50%
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solution chemistry. The iron and phosphate concen-

trations were varied to determine when soluble

complexes formed and when insoluble Fe(III)-phos-

phate precipitation reactions occurred. A bluish-green

precipitate was observed with a 1:1 Fe2? to phosphate

ratio but as the phosphate concentration was increased,

less precipitate was observed. When the phosphate

concentration was greater than 3-fold, the amount of

precipitate decreased significantly and a 10-fold

excess of phosphate produced very little precipitate.

The phosphate to iron ratios in the assays shown in

Fig. 1 are in the range of * 20 to * 200 phosphate/

iron, consistent with the formation of a soluble

complex instead of a precipitate (Rodriguez et al.

2007; Evans et al. 2008; Ramanjaneyulu and Shukla

1956).

The spectrum of holo-ferritin, apo ferritin, ferritin

prepared with iron in the presence of phosphate and

the control without ferritin which formed an Fe(III)-

phosphate complex were recorded and are shown in

Fig. 2. Apo ferritin shows the typical protein absor-

bance at 280 nm. Ferritin loaded with iron shows a

peak at 280 nm as well as a shoulder trailing into the

visible region between 300 and 450 nm, characteristic

of iron inside ferritin. The ferritin sample loaded with

both iron and phosphate has a similar spectrum as

ferritin and iron only, but has a lower absorbance than

the ferritin sample from 325 to 450 nm, suggesting

that a different mineral with a different extinction

coefficient has formed inside ferritin (Polanams et al.

2005). The Fe(III)-phosphate complex that forms

independent of ferritin has a peak near 280 nm that

trails off into the visible in a similar fashion as ferritin

containing iron, but this spectrum has much less

absorbance. The spectra show that ferritin containing

iron and the Fe(III)-phosphate complex both have

significant absorbance at 310 nm. Since this is the

wavelength used to monitor the formation of iron in

ferritin, the kinetics reported here and in previous

works may be monitoring not only the deposition of

iron into ferritin but also the formation of the soluble

Fe(III)-phosphate complex.

Because an Fe(III)-phosphate complex may form

outside of ferritin, the spectrophotometric assay does

not confirm that the iron is loading into ferritin. To

determine if iron and phosphate were actually loaded

into ferritin we developed a method to separate ferritin

from the Fe(III)-phosphate complex and performed

elemental analysis on the purified ferritin to determine

the iron and phosphate content of the samples.

Separating the iron–phosphate complex

from ferritin

To determine if the Fe(III)-phosphate complex forms

outside of ferritin during iron loading, the following

procedure was developed. Ferritin samples and con-

trols were prepared as described for the spectropho-

tometric assay (Fig. 1) and were centrifuged to

remove insoluble material. The supernatant was

loaded onto a GE Healthcare PD-10 desalting column.

The iron control without ferritin or phosphate precip-

itated as an orange solid of Fe(OH)3 during the

centrifugation step and the supernatant was colorless.

When the supernatant of this control was passed over a

GE Healthcare PD-10 desalting column, no elution

peak was observed, consistent with all of the iron

precipitating prior to chromatography (Fig. 3). The

ferritin sample prepared in the absence of phosphate

had no precipitate after the centrifugation step and

eluted in the void volume of the GE Healthcare PD-10

desalting column. Both the 1 and 5 mM phosphate

Fig. 2 Spectra of ferritin and Fe(III)-phosphate complex

samples. filled square apo ferritin, filled circle holoferritin,

circle Ferritin reconstituted by adding Fe(II) to a solution of

1 mM phosphate filled triangle the Fe(III)-phosphate complex

prepared by adding Fe2? to a 1.0 mM phosphate solution.

Samples were prepared to have identical ferritin concentrations

(1 lM) and iron concentrations (100 lM). Spectra were

recorded after samples were prepared and without any

centrifugation steps or separation of unbound ions. This mimics

the conditions observed in the kinetic trials
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controls with iron but no ferritin (representing the

Fe(III)-phosphate complex) had very small greenish

white pellets but the majority of the iron remained in

solution. When the supernatant of these samples was

passed over the GE Healthcare PD-10 desalting

column, elution peaks were observed near the void

volume indicating the presence of large molecular

weight species (Fig. 3). Ferritin, with a molecular

mass of *450,000 Da, should clearly separate from

Fe2?, Fe3?, or phosphate if they exist as ions or small

complexes. The results from the PD-10 column

suggest that a large molecular mass Fe(III)-phosphate

complex is formed.

Centrifugal filter devices were also used to confirm

that the Fe(III)-phosphate controls formed large

molecular weight species. Control samples were

prepared by adding Fe2? to solutions containing 1 or

5 mM phosphate. These samples were incubated for

the appropriate amount of time to compare with the

samples prepared in Fig. 1. The solutions were loaded

onto Amicon Ultra centrifugal filter devices with a

molecular weight cut-off of 100 kDa. After centrifu-

gation, the retentate and the flow-through were

analyzed for iron by the addition of 2-20-bipyridyl,

which specifically chelates Fe2?. Neither the flow-thru

nor retentate changed color upon a-a0-bipyridyl addi-

tion, indicating that the Fe2? ions had been oxidized to

Fe3? (Harris and Aisen 1973; Evans et al. 2008).

When the reductant sodium dithionite was added to

both chambers, the flow-through remained colorless

but the retentate turned red, indicating that the Fe(III)-

phosphate complex was large and did not pass through

the 100 kDa filters. These data are consistent with the

results from the GE healthcare PD-10 column (Fig. 3)

and indicate that the Fe(III)-phosphate complex is

large. The results also show that iron is in the Fe(III)

oxidation state.

The Fe(III)-phosphate complex was separated from

ferritin using a BioRad P-10 Gel. A 2.5 9 15 cm

column of BioRad P-10 was prepared and equilibrated

with 0.05 M Mops buffer pH 7.5 with 0.05 M NaCl.

Ferritin passed through the column, whereas the

Fe(III)-phosphate complex bound tightly to the col-

umn. The Fe(III)-phosphate complex is released from

the BioRad P-10 resin by passing an anaerobic

solution of 1 mM sodium dithionite and 0.5 mM

bipyridyl, which chemically reduces and chelates the

iron. Any remaining free phosphate could be removed

from the ferritin samples by passing the sample over a

GE Healthcare PD-10 column or by repeated concen-

tration and dilution using an Amicon Ultra centrifugal

filter system as described in ‘‘Materials’’. Subsequent

experiments showed that 0.5 ml of 70% BioRad P-10

slurry in water added to 2.0 ml of sample specifically

and quantitatively bound the Fe(III)-phosphate com-

plex. This procedure provided a convenient method to

rapidly remove Fe(III)-phosphate complexes from

solution and permitted elemental analysis to be

performed on ferritin samples. Samples prepared by

removing the Fe(III)-phosphate complex using the

BioRad P-10 column or by using the batch BioRad

P-10 precipitation method gave the same results by

elemental analysis, confirming the effectiveness of the

latter method.

Preliminary characterization of this complex shows

a polynuclear complex with a ratio around two irons to

three phosphates. Gel filtration experiments (Fig. 3)

show the complex is large. Electron microscopy of the

sample compares ferritin particles that are 12 nm in

diameter (Fig. 4a) with the polynuclear Fe(III)-phos-

phate complex that forms particles ranging from 10 to

20 nm in diameter by EM (Fig. 4b). The same

solutions were incubated for about a week and

Fig. 3 Gel filtration of ferritin or Fe-phosphate complexes on a

GE Healthcare PD-10, G-25 column. Filled circle Fe(II) added

to apo ferritin, open circle Fe(II) added to 1 mM phosphate,

closed diamond-Fe(II) added to 5 mM phosphate open square
Fe(II) added to 0.05 M Mops buffer pH 7.5 as a negative control.

Identical concentrations were used as those described in Fig. 1.

The samples were centrifuged after iron was added to remove

insoluble iron precipitates. After centrifugation, the supernatant

was loaded onto a GE Healthcare PD-10 column and the eluting

species detected as they eluted at 310 nm
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analyzed by Atomic Force Microscopy (AFM). Fer-

ritin particles were observed as monomers, dimers,

and tetramers (Fig. 4c) and Fe(III)-phosphate particles

were observed to have larger sizes with 10–200 nm

diameters in the AFM (Fig. 4d). The larger sized

particles are presumed to form by particle aggregation

that occurred in solution during the weeklong incuba-

tion. Since the phosphate protonation at pH 7.5 is a

mixture of HPO4
2- and H2PO4

-, changes in pH will

be important in how much of this complex forms. A

careful characterization of the stoichiometry, pH of

formation and size of this complex as well as reactivity

toward catalyzing the formation of reactive oxygen

species is underway in our laboratory.

Iron loading into ferritin

Once conditions were established to separate the

Fe(III)-phosphate complex from ferritin, elemental

analysis was performed. The data from the elemental

analysis (Table 2) was compared to the analysis of the

initial rates of the UV/Vis and oximetry assays

(Table 1) to understand iron loading into ferritin

and when the Fe(III)-phosphate complex formed.

Scheme 1 summarizes the data shown in Fig. 1 and

Tables 1, 2 and represents the reactions that are

occurring under these conditions.

The initial rate of the reaction of Fe2? with ferritin in

the presence of physiological concentrations of phos-

phate (1 mM) was measured in the spectrophotometric

assay to be 3.25-times faster than ferritin iron loading

without phosphate (compare lines 4 and 5 in Table 1)

and is 4.3-times faster than the control of 1 mM

phosphate control without ferritin present (compare

lines 2 and 5 in Table 1). These data show that with

normal serum phosphate concentrations (1.0 mM),

ferritin appears to load faster than without phosphate.

Table 2 shows the actual deposition of the iron in ferritin

and shows that *67 and 75% of the iron was incorpo-

rated when 100 and 1,000 iron atoms were loaded into

Fig. 4 Electron

micrographs and AFM of

ferritin and Fe(III)-

phosphate complexes. a EM

images of ferritin that were

negative stained with uranyl

acetate to show the protein

shell, compared to b non-
stained Fe(III)-phosphate

complexes. Atomic force

micrographs are shown of

c ferritin and d the Fe(III)-

phosphate complex. The

Fe(III)-phosphate complex

was formed as described in

‘‘Materials’’ and in Figs. 1

and 2 and the supernatant

was placed on an EM or

AFM grid
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ferritin, respectively. Similar results are observed by

comparing the corresponding reactions for the oximetry

data (Table 1). The phosphate controls are very close

between the UV/Vis reactions and the oximetry reac-

tions. However, the rates and fold increases between the

UV/Vis and oximetry assays vary by a factor of two.

This can be explained by the method of detection. The

UV/Vis reaction measures the absorbance change at

310 nm to detect the oxidation of 2 Fe(II) ions that form

an Fe(III) oxo dimer (e = 3540 M-1 cm-1 for the

Fe(III) dimer) (Yang et al. 2000). As the Fe(III) migrates

to the core, the core also has an absorbance that

contributes to the UV/Vis spectrum (e = 2285 M-1

cm-1 for the dimer) (Yang et al. 2000). Therefore, the

initial rates and fold increases shown in the ferritin

samples studied by the UV/Vis assay are approximately

double the values shown for the oximetry data. Since the

oximetry date is only measuring the oxygen consump-

tion at the ferroxidase center, these results are probably

the most accurate.

The increased rate of iron loading with phosphate

and ferritin is consistent with previous studies indi-

cating that phosphate stimulates the reaction rate at the

ferroxidase center. The higher percentage of iron

loading in the larger core is consistent with data

showing that phosphate on the mineral core surface

assists iron binding and oxidation (Xu and Chasteen

1991).

The reaction of ferritin in 10 mM phosphate in the

spectrophotometric assay showed the fastest initial

rate and is *2-times faster than the 1 mM phosphate

reaction with ferritin present (compare lines 5 and 6 in

Table 1) but was only *2 times faster than the

10 mM phosphate control without ferritin (compare

lines 3 and 6 in Table 1). The elevated phosphate

concentration improves the collision frequency of

phosphate with Fe2? in solution and allows the

formation of an Fe(II)-phosphate complex that rapidly

oxidizes to form the Fe(III)-phosphate complex. This

competition and depletion of free Fe2? minimizes the

amount of iron that loads into ferritin. This is

confirmed in Table 2 where iron loading into ferritin

is significantly inhibited by the presence of 10 mM

phosphate. This could be anticipated by comparing the

reaction profile curves for 10 mM phosphate and

10 mM phosphate and ferritin in Fig. 1. The curves

almost overlap, indicating that the Fe(III)-phosphate

complex formation is very favorable under these

conditions. As before, the oximetry data is consistent

with the spectrophotometric assay.

The Fe(III)-phosphate complex is not a substrate

for loading iron into ferritin. All attempts to use the

pre-formed Fe(III)-phosphate complex as a substrate

for iron loading into apo ferritin, including various

reaction times were unsuccessful. Attempts to modify

the work by Levi et al. using ascorbic acid as a

reducing agent to reduce the Fe(III)-phosphate com-

plex were also unsuccessful indicating that ascorbic

acid is not a sufficiently strong reducing agent to

reduce the Fe(III)-phosphate complex (Levi et al.

1996). Even with a large excess of iron, no more than a

few iron(III) ions (*10/ferritin) could be loaded into

ferritin using ascorbic acid and the Fe(III)-phosphate

complex. We conclude that under the conditions used,

the Fe(III)-phosphate complex is not a substrate for

loading iron into ferritin.

Fe(III)-phosphate mineralization in ferritin

Samples were prepared at two levels of iron loading:

100 iron/ferritin and 1,000 iron/ferritin. The phosphate

concentrations present during iron loading were 1, 2.5,

5, and 10 mM. Table 2 shows that when iron was

added in the absence of phosphate, essentially all of the

iron was incorporated into ferritin at both the low

(100 iron/ferritin) and high (1,000 iron/ferritin) sam-

ples. When the physiological concentration of serum

Table 2 Elemental analysis

Theoretical

loading

Iron/

ferritin

Phosphate/

ferritin

Iron/

phosphate

100 Iron/ferritin

No phosphate 119 ± 7 5.3 ± 0.4 24 ± 2

1 mM phosphate 67 ± 6 35.1 ± 1.2 2.0 ± 0.2

2.5 mM

phosphate

54 ± 2 51.1 ± 0.6 1.1 ± 0.04

5 mM phosphate 33 ± 3 25.1 ± 1.4 1.4 ± 0.14

10 mM

phosphate

25 ± 3 3.85 ± 0.5 6.6 ± 1.7

1,000 Iron/ferritin

No phosphate 1069 ± 26 5.1 ± 0.4 210 ± 17

1 mM phosphate 752 ± 38 582 ± 24 1.3 ± 0.08

2.5 mM

phosphate

692 ± 13 318 ± 19 2.1 ± 0.13

5 mM phosphate 232 ± 36 356 ± 67 0.7 ± 0.17

10 mM

phosphate

84 ± 11 83 ± 20 1.01 ± 0.28
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phosphate (1 mM) was used, the efficiency of iron

loading into ferritin decreased and ranged between 67

and 75% depending on the core size. At 2.5 mM

phosphate, approximately 50% of the iron deposited in

the 100 Fe/ferritin sample and *70% in the

1,000 iron/ferritin samples. When 5 mM phosphate

was present, iron loading was very poor with approx-

imately 20–30% of the iron loaded into ferritin, leaving

70–80% of the iron unbound by ferritin. Finally,

10 mM phosphate showed *90% inhibition of iron

loading into ferritin. At the lower phosphate concen-

trations, it appears that as the core gets larger, the

efficiency of ferritin to bind and sequester iron

improves (compare 1 and 2.5 mM for 100 and

1,000 Fe/ferritin). This effect is probably due to the

autocatalytic iron binding and oxidation properties of

the iron mineral core (Sun and Chasteen 1992). As the

phosphate concentration increases, the larger amount

of iron added to ferritin is less efficiently bound by

ferritin. This suggests that at higher phosphate con-

centrations, the formation of the Fe(III)-phosphate

complex dominates the binding of iron. This suggests

that the early steps in core formation are critical for

efficient iron loading into ferritin in the presence of

phosphate.

To test the hypothesis that the early steps in core

formation are critical for iron loading into ferritin in

the presence of phosphate, iron loading was performed

with both H ferritin, possessing the ferroxidase center,

and L ferritin, possessing the nucleation site. The

H-subunit has a ferroxidase center and will initiate the

formation of a core much faster than L ferritin, which

relies on Fe2? diffusing into the interior of the core and

binding at the nucleation site and oxidizing at that

location to initiate a core.

Recombinant H and L ferritins

In order to better understand the effects of the ferrox-

idase center (H ferritin) and the nucleation centers (L

ferritins), we used recombinant human H ferritin (rHuH)

and recombinant human L ferritin (rHuL), and repeated

the above iron loading experiments with and without

phosphate. Figure 5 shows iron loading into H and L

ferritins in the presence and absence of phosphate. The

presence or absence of phosphate did not alter the rate of

iron loading into H ferritin using the spectrophotometric

assay (Fig. 5a). Elemental analysis of samples prepared

in 1–10 mM phosphate showed less than a 10%

difference in total iron loading as phosphate increased.

This suggests that the ferroxidase center of H chain

ferritin is capable of oxidizing and sequestering iron

faster than phosphate, thus out-competing phosphate for

Fe2?. However, with L ferritin, the spectrophotometric

assay shows that the rate of the reaction is much slower

but appears to be stimulated in the presence of

increasing phosphate concentrations (Fig. 5b). Controls

in the absence of ferritin show identical reaction curves

to L ferritin, indicating that the reaction observed in this

assay is the formation of the Fe(III)-phosphate complex.

Elemental analysis confirmed this by showing that even

in 1 mM phosphate, only about 10% of the added Fe2?

was sequestered inside L ferritin. Without a ferroxidase

center, L ferritin cannot compete with phosphate for

binding and oxidizing Fe2? and essentially all of the

added Fe2? ions react with phosphate and are oxidized

to form the Fe(III)-phosphate complex.

Scheme 1 Iron loading into horse spleen ferritin. In the

absence of phosphate, iron loading into ferritin is very efficient

with essentially all of the iron sequestered inside ferritin (top
panel). Iron loading under physiologically normal phosphate

concentrations (1 mM) produce ferritin with approximately

75% of the iron sequestered in ferritin but about 25% of the iron

is diverted to the side reaction forming the Fe(III)-phosphate

complex (middle panel). When reactions are performed in

phosphate concentrations that would be found in CKD patients

(3.5 mM) or in the cytosol (10 mM), iron loading into ferritin is

prevented by the formation of the Fe(III)-phosphate complex
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The ability of H ferritin to rapidly oxidize Fe2? may

have significance in vivo by providing ferroxidase

activity for iron storage or for loading iron onto other

proteins. As an iron storage protein, it is logical that iron-

requiring proteins might interact with ferritin to obtain

iron. In general, Fe2? is more mobile because of faster

ligand exchange rates for Fe2?. In contrast Fe3? has

much slower ligand exchange rates and is relatively

immobile. The ferroxidase center may play an essential

role in oxidizing Fe2? as it is transferred to other proteins

to ensure that the released iron is stabilized in the

accepting protein. The original ferroxidase assay dem-

onstrated that ferritin was capable of oxidizing Fe2? to

Fe3? for iron incorporation into apo transferrin (Bakker

and Boyer 1986). Similar iron deposition reactions are

catalyzed in vivo by ferroportin and ceruloplasmin (De

Domenico et al. 2007). To be a functional iron release

mechanism, such a process must occur under physio-

logical phosphate conditions. Therefore, we tested H

ferritin for the ability to load apo transferrin in the

presence of varying concentrations of phosphate. Fig-

ure 6a shows the rate of iron loading into apo transferrin

by monitoring the increase in absorbance at 460 nm that

corresponds to the formation of diferric transferrin in the

absence and presence of phosphate. The control shows

the slow auto-oxidation of Fe2? in the absence of

ferroxidase activity. It is evident that H ferritin on its

own is capable of accelerating the rate of Fe2? oxidation

and incorporation of Fe3? into apo transferrin. The

addition of 1.0, 2.5, 5, and 10 mM phosphate to this

reaction caused an increase in the initial rate of apo

transferrin loading, indicating that the phosphate stim-

ulates the rate of Fe2? oxidation at the H ferritin

ferroxidase center as previously reported (Orino et al.

2002; Aitken-Rogers et al. 2004; Cheng and Chasteen

1991; Polanams et al. 2005). However, above 2.5 mM

phosphate, the final absorbance begins to decrease,

indicating that at these higher phosphate concentrations,

the formation of the Fe(III)-phosphate complex begins

to compete with H ferritin for the added Fe2?. To

confirm that the reaction is really catalyzed by H ferritin,

and that phosphate is stimulating the activity of the H

ferritin ferroxidase activity, controls in the absence of H

ferritin were performed. Figure 6b compares the rate of

Fe3? binding to apo transferrin in the presence and

absence of H ferritin at corresponding phosphate

concentrations. In each case, H ferritin is faster than

phosphate alone. In addition, for the higher phosphate

concentrations, the final absorbance is much higher for

the H ferritin reaction, indicating that the H ferritin

allowed more iron to be loaded into apo transferrin.

Discussion

The present study demonstrated that phosphate inhib-

ited iron loading into horse ferritin and homopolymers

of L ferritin through a competing side reaction that

Fig. 5 Iron loading into rHuH and rHuL ferritins in the

presence and absence of phosphate. Ferritin was present at

1 lM. To start the reaction, Fe2? ions, from an anaerobic

0.01 M FeSO4, were added with a Hamilton syringe to a final

concentration of 100 lM to establish a 100 Fe2?/ferritin ratio.

a rHuH ferritin in the absence of phosphate (filled triangle) and

with (filled square) 2.5 mM, (filled diamond) 5.0 mM and (filled

circle) 10 mM phosphate. b rHuL ferritin in the absence of

phosphate (open square) and with 2.5 mM (filled square),

5.0 mM (filled diamond) and 10 mM phosphate (filled circle).

Note that the rHuH (a) and rHuL (b) ferritin samples are plotted

on the same time axis to emphasize the differences in reaction

rates between the two samples
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produced a soluble Fe(III)-phosphate complex. Once

formed, the Fe(III)-phosphate complex was not a

substrate for loading into H, L or horse ferritin. In

contrast to L ferritin, H ferritin can efficiently bind,

oxidize, and sequester Fe2? in the presence of

phosphate. Since serum ferritin is reported to be

predominantly L ferritin, serum ferritin would be

unable to bind, oxidize and sequester free Fe2? in the

bloodstream (Arosio et al. 2009). However, the

expression and secretion of H ferritin during inflam-

mation may be a response to provide the appropriate

catalytic H chain ferritin subunits to bind and seques-

ter free Fe2? when serum phosphate levels increase.

These results also explain why cytosolic ferritins form

heteropolymers of both H and L subunits because the

ferroxidase center of the H ferritin is required to

outcompete phosphate in order to sequester Fe2?.

These results are also consistent with reports that the

overexpression of L homopolymers in bacteria results

in the formation of apo ferritin (Levi et al. 1989).

Furthermore, the complexation of iron by phosphate

may not be limited only to phosphate but may include

other cytosolic molecules capable of complexing iron.

During the early characterization of the H and L

homopolymers, Santambrogio et al. demonstrated that

phosphate and citrate completely inhibited iron load-

ing into L homopolymers (Santambrogio et al. 1996).

Elemental analysis on purified horse ferritin sam-

ples showed that phosphate was inhibitory to iron

loading in predominantly L ferritin and that phosphate

concentrations observed in CKD patients (*3.5 mM)

blocked *50% of the available Fe2? from entering

ferritin (Table 2). If this occurs in vivo, a change from

healthy phosphate levels (1.0 mM phosphate) to levels

measured in CKD patients (*3.5 mM) could cause a

doubling in the amount of free iron, or NTBI in serum.

Native ferritin is commonly reported to contain

approximately ten iron atoms per phosphate, but

studies using density gradient centrifugation showed

that ferritin with more phosphate exist in a heteroge-

neous sample (Juan and Aust 1998). However, in vitro

iron loading in the presence of phosphate produced

cores with a 1:1 iron to phosphate ratio, which is very

different than native ferritin cores (Table 2). Several

groups have prepared native-like mineral cores

(* 10 Fe/phosphate) in ferritin by first loading the

iron and then incubating ferritin in a phosphate

solution (Treffry and Harrison 1978; de Silva et al.

1993). It was proposed that to obtain ferritin samples

with the low phosphate contents found in vivo ferritin

Fig. 6 The ferroxidase assay in the presence and absence of

phosphate. rHuH ferritin was used to oxidize Fe2? to Fe3? to

load iron into apo transferrin. a Fe2? oxidation in the (open
triangle) absence of rHuH ferritin and (open circle) in the

presence of rHuH ferritin to load apo transferrin. Other reactions

include rHuH ferritin in the presence of phosphate at concen-

trations of (open square) 1.0 mM, (filled triangle) 2.5 mM,

(filled circle) 5 mM, and (filled square) 10 mM phosphate.

b Comparison of ferroxidase assay shown in Fig. 6a with

controls that do not contain rHuH ferritin but have the same

phosphate concentrations. Open symbols represent samples with

no H ferritin but the corresponding filled symbol represents the

same phosphate concentration with H ferritin. The samples are

(open triangle) no phosphate and no rHuH ferritin (auto-

oxidation), (filled triangle) no phosphate but rHuH ferritin,

(open circle) 1.0 mM phosphate with no rHuH ferritin, (filled
circle) 1.0 mM phosphate with rHuH ferritin, (open square)

5 mM phosphate with no rHuH ferritin, and (filled square)

5 mM phosphate with rHuH ferritin
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would be required to dock with a membrane ion

transport protein to allow iron to be directly channeled

into ferritin followed by phosphate deposition on the

mineral surface. Another proposal suggested that

ferritin is sequestered in a protected environment

where phosphate was not available during iron load-

ing. Early ferritin iron loading studies were conducted

in liver extracts and produced ferritin mineral cores

that differed from purified ferritin loaded in vitro

(Granick and Hahn 1944). To explain this difference,

Granick suggested the presence of a specific enzyme

required for this metabolic synthesis of an ‘‘iron

micelle’’ into ferritin (Granick and Hahn 1944).

Recently, an intracellular iron-chaperone protein was

discovered (Shi et al. 2008). This iron-chaperone

protein, named PCBP1, corresponds to a family of

RNA binding proteins belonging to the heterogeneous

nuclear ribonucleoprotein K-homology domain super-

family. PCBP1 binds to ferritin in the presence of Fe2?

and increases the loading of ferritin both in vivo and in

vitro. A serum analog of PCBP1 has not yet been

identified but is an intriguing possibility for serum

ferritin iron loading.

Phosphate has been reported to stimulate the rate of

iron loading into ferritin (Orino et al. 2002; Aitken-

Rogers et al. 2004; Polanams et al. 2005; Cheng and

Chasteen 1991). Phosphate may interact at or near

the ferroxidase center to shift the redox potential for

oxidation, it may assist in the migration of iron into the

core or may bind on the core surface and act as a ligand

for incoming iron (Cheng and Chasteen 1991; Aitken-

Rogers et al. 2004; Johnson et al. 1999). Our results are

consistent with the above data showing that in 1 mM

phosphate the rate of Fe2? oxidation is a * 3-fold

faster than ferritin without phosphate (Table 1). The

ferroxidase assay loading iron into apo transferrin

further demonstrated that H ferritin catalyzed iron

loading into apo transferrin more rapidly when

phosphate was present (Fig. 6).

In summary, phosphate stimulates the activity of

the ferroxidase center of H ferritin. The discovery that

a soluble Fe(III)-phosphate complex forms as a

competing side reaction during iron loading into

ferritin has significant implications on how iron loads

into ferritin in vivo. For healthy individuals, iron

loading into serum ferritin can function in 1.0 mM

phosphate levels if some H ferritin is present. How-

ever, CKD patients with elevated phosphate levels

approaching 3.5 mM phosphate could have ferritin

iron loading inhibited up to * 50% resulting in

the formation of the Fe(III)-phosphate complex. The

Fe(III)-phosphate complex may contribute to the

NTBI found in CKD patients and once formed is not

a substrate for loading into ferritin. Perhaps a more

significant discovery is that homopolymers of L

ferritin were almost completely inhibited under intra-

cellular phosphate concentrations (10 mM phos-

phate). These data infer that for ferritin to obtain

iron in the cytosol, H ferritin is required for proper iron

loading. For cells with predominantly L ferritin, an

alternative mechanism that does not rely on Fe2?

diffusion may be required. This study suggests that

iron-chaperones, such as the recently discovered

PCBP1, may be an essential component for the

delivery of iron to ferritin inside the cell.
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