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Background: Some iron-dependent enzymes acquire their cofactor from iron chaperones, such as PCBP1.

Results: PCBP2, and PCBP3 interact with iron and ferritin in yeast and human cells.

Conclusion: All PCBP family members may function as iron chaperones.

Significance: The PCBP family members are multifunctional adaptors, mediating interactions between iron or nucleic acids and

proteins that act on these molecules.

The mechanisms through which iron-dependent enzymes
receive their metal cofactors are largely unknown. Poly r(C)-
binding protein 1 (PCBP1) is an iron chaperone for ferritin; both
PCBP1 and its paralog PCBP2 are required for iron delivery to
the prolyl hydroxylase that regulates HIF1. Here we show that
PCBP2 is also an iron chaperone for ferritin. Co-expression of
PCBP2 and human ferritins in yeast activated the iron defi-
ciency response and increased iron deposition into ferritin.
Depletion of PCBP2 in Huh7 cells diminished iron incorpora-
tion into ferritin. Both PCBP1 and PCBP2 were co-immunopre-
cipitated with ferritin in HEK293 cells, and expression of both
PCBPs was required for ferritin complex formation in cells.
PCBP1 and -2 exhibited high affinity binding to ferritin in vitro.
Mammalian genomes encode 4 PCBPs, including the minimally
expressed PCBPs 3 and 4. Expression of PCBP3 and -4 in yeast
activated the iron deficiency response, but only PCBP3 exhib-
ited strong interactions with ferritin. Expression of PCBP1 and
ferritin in an iron-sensitive, cccl yeast strain intensified the
toxic effects of iron, whereas expression of PCBP4 protected the
cells from iron toxicity. Thus, PCBP1 and -2 form a complex for
iron delivery to ferritin, and all PCBPs may share iron chaperone
activity.

Transition metal ions function as essential cofactors for
hundreds of cellular proteins in archaea, bacteria, and
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eukaryotes. Most metalloproteins contain iron and/or zinc,
whereas a smaller number contain copper, manganese,
cobalt, nickel, and molybdenum (1). The simplest model to
account for the incorporation of metals into proteins posits a
stochastic process, in which pools of free metal ions interact
with nascent polypeptides through Brownian motion. If the
correct metal ion finds its cognate ligand binding site, the
metal binds, and the protein folds into its active form. In this
model, the interaction of a metal ion with a non-cognate
binding site is weak and transient.

Several observations make clear, however, that the incor-
poration of metals onto proteins is a more complex process
that cannot be described using this simplest of models. First,
the protein binding sites that coordinate divalent metal ions
can be structurally very similar and, at least in vitro, accom-
modate a variety of metal ions with high affinity (1). Incor-
poration of the non-native metal ion typically inactivates a
metalloprotein. Yet in vivo, metalloproteins are typically
found with only their correct metal ligand. Second, the con-
centration of “free” metal ions within cells can be extremely
low. For example, kinetic measurements indicate that essen-
tially all cytosolic zinc and copper ions are found tightly
associated with cytosolic binding proteins (2). Thus, free
metal ions are not available to activate enzymes. Third, iron
and copper ions are redox-active and potentially toxic to
cells. These ions occupy multiple valence states under phys-
iological conditions. Reduced iron and copper can, in the
presence of oxygen, trigger the formation of reactive oxygen
species that can damage many cellular components. Yet cells
are capable of maintaining these metal ions in a usable form
that also minimizes their toxicity in an aerobic environment.

Although the mechanisms through which most metallopro-
teins acquire their cognate metal ions are unknown, some pro-
teins are activated via metallochaperones; that is, proteins that
bind specific metal ions and deliver them to target proteins via
a metal-mediated, protein-protein interaction (3). In a genetic
screen conducted in budding yeast, human poly (C)-binding
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protein 1 (PCBP1)” was identified as an iron chaperone that
delivers iron to human ferritin, a cellular iron storage protein
(4). Mammalian ferritin is a 24-subunit heteropolymer com-
posed of H and L peptides that form a hollow sphere into which
iron is deposited (5). Ferrous iron binds to ferritin via carboxy-
late side chains that line the pores formed between adjacent
subunits on the 3-fold axis of symmetry.

Oxidation of the Fe(II) to Fe(III) and deposition of Fe(III) into
the mineral core occurs in the interior of the sphere at ferroxi-
dase active sites located on H-subunits. Mitochondrial and
nuclear forms of ferritin have also been recently described (6).
Functional assays in yeast indicate that PCBP1 can facilitate the
incorporation of iron into ferritin through a direct protein-pro-
tein interaction. Complementary studies in human cells dem-
onstrate that depletion of PCBP1 impairs the incorporation of
iron into ferritin. Purified recombinant PCBP1 binds Fe(II)
with low micromolar affinity in a three Fe:1 polypeptide ratio
and can donate iron to ferritin in vitro. Subsequent studies have
identified additional targets for iron delivery through PCBP1;
they are the prolyl hydroxylases (PHDs) and asparagyl hydrox-
ylase (FIH1) that modify the a subunit of hypoxia-inducible
factor (7).

The PHDs are part of a large family of Fe(Il)- and 2-oxo-
glutarate-dependent dioxygenases (8-10). Enzymes of this
class coordinate a single ferrous ion deep in the active site via
two histidines and a single acidic amino acid residue. A recent
study has shown that PCBP1 is required for the incorporation
of iron into PHD2 in cultured human cells, especially when cells
are made transiently iron deficient with iron chelators (7).
Depletion of PCBP1 in cells using siRNA leads to loss of iron
incorporation into PHD2 and loss of PHD activity. PCBP1
directly interacts with PHD2 in cells, and a purified PCBP1-
Fe(II) complex could activate PHD in vitro. PCBP1 is also
required to maintain the activity of FIH1 in cells, and an iron-
dependent interaction between PCBP1 and FIH1 was demon-
strated in vivo.

PCBP1 (also called heterogeneous nuclear ribonucleoprotein
E1 or a-CP1) is a multifunctional protein. It acts as a sequence-
specific RNA- and DNA-binding protein to regulate the trans-
lation or stability of a number of cellular and viral RNA targets
containing C-rich sequences (11-13). PCBP1 can modulate
gene expression at the transcriptional level and can physically
interact with and alter the fate of other cellular proteins. PCBP1
is a member of a family of four homologous proteins that
includes PCBP2, PCBP3, and PCBP4. Although PCBP1 is an
intronless gene, the other PCBP family members undergo alter-
native splicing that results in greater diversity in the expression
of PCBPs in mammals. Each member of this gene family con-
tains three heterogeneous nuclear ribonucleoprotein K-homol-
ogy (KH) domains. These are ancient, conserved RNA binding
domains that mediate sequence-specific interactions with sin-
gle-stranded RNA and DNA. Although the KH domains are
highly conserved between PCBP family members, sequences

” The abbreviations used are: PCBP1, poly (C)-binding protein 1; PHD, prolyl
hydroxylase; KH, K-homology; hnRNP, heterogeneous nuclear ribonucleo-
protein; SC, synthetic complete medium; ITC, isothermal titration calorim-
etry; FMR1, fragile X mental retardation 1.
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outside these domains are much less conserved. PCBP1 exhib-
its the greatest sequence similarity (81%) to PCBP2. Both are
typically expressed at high levels in cells, and they can be found
together in association with RNA and protein targets. Both
PCBP1 and PCBP2 can function independently in nucleic acid
binding and exhibit specificity for different protein targets.
Depletion of PCBP2 in mammalian cells was also associated
with defects in the incorporation of iron into PHDs (7). PCBP3
and PCBP4 exhibit much more limited levels and patterns of
expression, and little is known about their cellular functions,
although both have been demonstrated to bind poly-C RNA.
Overexpression of splice variants of PCBP4 (also called
MCG10) can induce apoptosis and cell cycle arrest in cultured
cells (14, 15). PCBP3 has been shown to interact with C-rich
promoter sequences of the w-opioid receptor gene to influence
transcription (16, 17).

Here we demonstrate that PCBP2 also functions as an iron
chaperone for ferritin in yeast and mammalian cells and that
both PCBP1 and PCBP2 are required to form a stable complex
with ferritin. PCBP3 and PCBP4 also exhibit evidence of iron
chaperone activity when exogenously expressed in yeast, and
PCBP3 can directly interact with ferritin in cells.

EXPERIMENTAL PROCEDURES

Yeast Strains, Plasmids, and Media—Saccharomyces cerevi-
siae W303a (Mata ade2-1 trp1-1 canl-100 leu2-3,112 his3-1,15
ura3-1) was used to construct ferritin H and L/FRE1-HIS3
reporter strains as described (4). Ferritin H- and L-expressing
strains in the YPH499 background were previously described.
Deletion of CCCI in the YPH499 strains with and without H
and L ferritin was performed by PCR-mediated gene replace-
ment. The KanMx cassette was amplified from genomic DNA
isolated from the YLR220W haploid deletion mutant strain, the
PCR product was transformed into the ferritin strains, and
G418-resistant clones that also exhibited characteristic iron
sensitivity were selected. Strains were tested for correct
genome integration by PCR. Open reading frames correspond-
ing to full-length PCBP1, PCBP2, PCBP4, and FMR1 and the
PCBP3.2 coding sequence were purchased from Open Biosys-
tems and subcloned into the yeast expression vector pYX212.
To construct a full-length PCBP3, sequences corresponding to
amino acids 201-240 were amplified from rat PCBP3 and sub-
cloned into pPCBP3.2 by in vivo recombination in yeast. PCBPs
were subcloned into pYES2 with 2XFLAG, fused in-frame at
the amino terminus. All plasmids were sequenced to confirm
correct inserts. Yeast complete synthetic (SC) medium and
defined-iron medium were prepared as described (18).

Human Cell Culture—Stable cell lines expressing doxycy-
cline-inducible, FLAG-tagged versions of PCBPs were con-
structed in the Flp-In T-Rex 293 cell line (Invitrogen) according
to the manufacturer’s instructions. FLAG-tagged PCBPs in the
pYES2 expression vectors were PCR-amplified and subcloned
into pcDNA5/FRT/TO and confirmed by sequencing. The
resulting plasmids and pOG44 were co-transfected into the
Flp-In T-Rex 293, cell line and hygromycin-resistant cells were
selected. Stable cell lines and Huh7 cells were maintained in
high glucose Dulbecco’s modified Eagle’s medium containing
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5% or 10% fetal bovine serum, penicillin G 50 units/ml, and
streptomycin 50 wg/ml.

Yeast Assays—For FREI-HIS3 reporter assays, congenic
W303a strains expressing no ferritin, H ferritin, L ferritin, or H
and L ferritin and containing the FREI-HIS3 reporter were
transformed with pYX212 or corresponding pPCBPs, and were
transformants plated in serial 10-fold dilutions on defined-iron
medium without uracil or without uracil and histidine contain-
ing 1 mM ferrozine, 10 um copper sulfate, and 250 um ferrous
ammonium sulfate. Plates were incubated for 3 days at 30 °C.
For iron toxicity plate assays, the ccclA strains expressing no
ferritin or H and L ferritin were transformed with pYX212 or
pPCBPs, and transformants were plated in serial dilutions on
SC medium without uracil, supplemented with no extra iron or
5 or 6 mMm ferrous ammonium sulfate. Plates were incubated at
30 °C for 3 or 4 days. For [*°Fe]ferritin iron loading assays in
yeast, YPH499 expressing H and L ferritin was transformed
with pYX212 or the corresponding pPCBPs. Transformants
were grown from very low density to A4, of 0.5 in SC medium
supplemented with 10 um *°Fe,Cl, at 2 uCi/mg. Cells were
washed, lysed, and analyzed by native gel electrophoresis and
phosphorimaging or Western blotting as previously described
(4). Images were obtained on Typhoon Trio and analyzed using
ImageQuant (GE Biosciences). For immunoprecipitations in
yeast, W303a was co-transformed with pYX212 or pPCBP1 and
pYES2-FLAG-PCBP2, pYES2-FLAG-PCBP3 or pYES2-FLAG-
PCBP4 and pGEV (19). Transformants were grown in SC
medium, and expression of FLAG-PCBPs was induced with 1
uM B-estradiol for 4 h. Yeast cellular proteins were extracted by
glass bead lysis with 50 mm Tris-HCI, pH 7.4, 40 mm KCl, 1 mm
DTT, and complete protease inhibitor (Roche Applied Sci-
ence). Protein extracts were clarified by centrifugation, and 1
mg of extract was subjected to immunoprecipitation using M2
anti-FLAG antibody (Sigma) on protein G Dynabeads (Invitro-
gen). Samples were eluted in 2X lithium dodecyl sulfate buffer
and subjected to Western blotting using anti-FLAG (1:10,000)
and anti-PCBP1 (1:10,000). Anti-mouse and anti-chicken sec-
ondary antibodies (LiCor) were conjugated with infrared dyes
(680 and 800 nm, respectively) and used at 1:10,000. Fluores-
cent images were collected using the Odyssey system (LiCor).

Real-time PCR—Yeast transformed with pPCBP plasmids
were grown in SC medium from very low density to mid-log
phase and harvested at A4y, of 0.7. RNA was extracted, and
real-time PCR was performed as described (20). Primers to
amplify FIT2 were 5'-TTTGACAAACGGTTCAGGTTCA-3’
and 5'-TGATTCGACGGCTTGAGTGA-3" and for FRE2 were
5'-GACGTCCATCTTGAGCGCTAT-3' and 5'-GTCTTTG-
CAGGTGATGCTCTTG-3'. Quantitative real-time PCR on
human cell RNA was performed as described (7) using the dou-
ble-stranded DNA dye SYBR Green (Applied Biosystems) on an
ABI 7500 system according to the manufacturer’s protocols.

Electrophoretic Mobility Shift Assays—A yeast pep4A strain
was transformed with pYES2 and pYES2 FLAG-PCBP1, FLAG-
PCBP2, FLAG-PCBP3, FLAG-PCBP3.2, and FLAG-PCBP4.
Transformants were grown on SC raffinose medium and
induced with 0.2% galactose for 4 h before harvesting. Cells
were subjected to glass bead lysis in binding buffer (50 mm Tris,
pH 7.4, 150 mMm NaCl) plus 1 mm DTT and protease inhibitor
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tablet (EDTA-free), and lysates were analyzed by Western blot-
ting with anti-FLAG antibody. For oligonucleotide binding, the
poly-C probe (5'-CCCCACCCCTCTTCCCCCCACCCC-3")
(21) was end-labeled with [y-**P]ATP using T4 polynucleotide
kinase. Assays contained 1 ug of yeast lysate and poly-C probe
(100 nm) in binding buffer with or without unlabeled poly-C
probe (10 um) as specific competitor or 10 uM nonspecific com-
petitor from the CMV 3’ UTR (5'-CGCAAATGGGCGGTAG-
GCGTG-3'). For determination of binding constants, labeled
probed was added at 0.15 to 50 nm. Binding reactions were
separated on 6% polyacrylamide DNA gels (Invitrogen) and
analyzed by phosphorimaging. Binding constants were calcu-
lated by nonlinear regression analysis using Prism5.0
(Graphpad).

Human Cell Assays—PCBP1 and PCBP2 were depleted in
Huh?7 cells or HEK cell lines by transfection of siRNA (Invitro-
gen), and *°Fe loading into ferritin measured as described (4).
Ferritin levels in Huh7 cells were measured by enzyme-linked
immunosorbent assay (Bio-Quant) as described. For immuno-
precipitations, PCBP and ferritin expression were induced in
stable cell lines by overnight treatment with 1 pg/ml doxycy-
cline and 100 ug/ml ferric ammonium citrate. Cells were har-
vested and lysed in 0.1% Igepal-CA 630, 100 mm Tris-HCI, pH
8.0, 150 mm NaCl, 5% glycerol, 1 mm DTT, EDTA-free protease
inhibitor. Cleared lysates were subjected to immunoprecipita-
tion with anti-ferritin antibody (Sigma) and protein G-Sephar-
ose. Immune complexes and whole cell extracts were analyzed
by Western blotting using anti-FLAG (1:10,000), anti-ferritin
(1:5000), anti-PCBP1 (1:10,000), anti-PCBP2 (Novus, 1:500), or
anti-tubulin (1:5,000) and detected using horseradish peroxi-
dase-conjugated secondary antibodies.

Isothermal Titration Calorimetry—Recombinant PCBP1 and
PCBP2 were purified and subjected to isothermal titration cal-
orimetry (4). PCBP1 (440 um) and PCBP2 (300 um) were each
incubated anaerobically with 3 mol eq of Fe(II) for ~45 min
before loading into the isothermal titration calorimetry (ITC)
syringe. Apoferritin from equine spleen (Sigma) was argon-
purged and brought to a final concentration of 3 uMm before
loading into the ITC cell. Both the protein and Fe(II) solutions
were prepared in buffer containing 50 mm Tris, 150 mm NaCl,
pH 7.6. ITC was conducted at 25°C on a MicroCal VP-ITC
instrument (MicroCal Inc., Northampton, MA), maintaining a
constant stirring speed of 416 rpm. Titrates of Fe(II) alone,
Fe(II)-PCBP1, or Fe(II)-PCBP2 were individually injected into
ferritin solutions in 10-ul aliquots, giving rise to exothermic
profiles in each case. A total of 29 injections were performed
with a spacing of 300 s (600s for PCBP1-ferritin) between injec-
tions to allow for the detected temperature signal to return to
the base line before every new injection. Origin 7.0 software
package supplied by MicroCal was used to analyze and fit the
raw isotherm. All data were best fit using a two-binding site
model.

RESULTS

Delivery of Iron to Ferritin via PCBP2 in Yeast—We tested
whether PCBP2 could act as an iron chaperone for human fer-
ritin in yeast. To accomplish this, we used yeast strains that
convert from histidine auxotrophy to histidine prototrophy
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when cytosolic iron is diverted into exogenously expressed
human ferritin (4). Fungi, such as S. cerevisiae, do not express
ferritins. We constructed yeast strains in which human H fer-
ritin, human L ferritin, or both are stably integrated into the
genome in a single copy under the control of the strong consti-
tutive PGKI promoter. These strains express ferritins and
assemble the peptides into multimeric complexes similar to
those of native human ferritins, except that they contain only
small amounts of iron. These strains were further modified to
express an iron-dependent reporter. This reporter construct
contains the HIS3 coding sequence under the control of the
iron-regulated FREI promoter. After integration into the
genome, these strains exhibit histidine auxotrophy (FRE1-HIS3
off) under iron-sufficient conditions but switch to histidine
prototrophy (FREI-HIS3 on) under iron-deficient conditions
or when cytosolic iron is diverted into ferritin.

Previously, we demonstrated that expression of PCBP1 could
activate the FREI-HIS3 reporter, especially when cells also
expressed H and L ferritin (4). To test whether PCBP2 could
independently act as an iron chaperone for ferritin, we trans-
formed the ferritin reporter strains with plasmids containing
PCBP1, PCBP2, or the empty vector and plated them in serial
dilutions on medium with and without histidine (Fig. 1A).
Expression of ferritins with the empty vector did not activate
the reporter, and the strains did not grow on medium lacking
histidine (—Ura-His, right panel). In contrast, expression of
PCBP1 or PCBP2 in a strain without ferritin or a strain express-
ing only L ferritin weakly activated the reporter and resulted in
a small amount of growth on the plates lacking histidine.
Expression of PCBP1 or PCBP2 in strains expressing H ferritin
or H and L ferritin more strongly activated the reporter and
resulted in a larger amount of growth on the plates lacking
histidine. Only H ferritin manifests the ferroxidase activity that
is required for incorporation of Fe(Il) into the mineral core as
Fe(III); thus, requirement of H ferritin for full activation of the
reporter is consistent with the incorporation of cytosolic iron
into the mineral core. PCBP1 and PCBP2 exhibited a similar
requirement for the co-expression of H ferritin for full activa-
tion of the reporter.

We directly tested whether co-expression of PCBP2 with H
and L ferritin could affect the amount of iron incorporated into
ferritin in vivo. Yeast expressing H and L ferritin were trans-
formed with plasmids containing PCBP1, PCBP2, or the empty
vector. These transformants were grown in medium containing
5FeCl,, and the ferritin in lysates was examined by native gel
electrophoresis and autoradiography (Fig. 1, B and C). Under
these conditions, [*°Fe]ferritin is the only species detectable by
autoradiography. Strains expressing PCBP1 or PCBP2 exhib-
ited a 2-fold increase in the amount of iron loaded into ferritin,
and this increase was not due to changes in the level of ferritin
protein in the cell (Fig. 1B, lower panel). These data indicated
that, when expressed in yeast, PCBP2 was similar to PCBP1 in
its capacity to enhance iron loading into ferritin.

Loss of Ferritin Iron Loading in Mammalian Cells Lacking
PCBP2—Previously, we demonstrated that depletion of PCBP1
in Huh7 cells using siRNA resulted in a loss of iron loading into
ferritin (4). We tested whether Huh7 cells depleted of PCBP2
exhibited similar defects in ferritin iron loading by transfecting
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FIGURE 1. PCBP2-mediated delivery of iron to ferritin in yeast. A, shown is
activation of iron-dependent reporter in yeast expressing PCBP1 and PCBP2 with
H ferritin. Congenic yeast strains (W303a background) containing the FeRE/HIS3
reporter and either no ferritin (Ftn, —), human H ferritin (H), human L ferritin (L), or
both H and L ferritin (H/L) were transformed with pYX212 (Vector), pPCBP1
(PCBP1), or pPCBP2 (PCBP2). Transformants were plated in serial 10-fold dilutions
on defined iron medium containing 1 mm ferrozine and 250 um iron but lacking
either uracil (—Ura) or lacking uracil and histidine (—Ura-His). Plates were incu-
bated at 30 °C for 3 days. Activation of the FeRE/HIS3 reporter is indicated by
growth on —Ura-His medium. B and C, enhanced incorporation of >*Fe into fer-
ritin in yeast expressing PCBP1 and PCBP2 is shown. A yeast strain expressing
human H and L ferritin was transformed with pYX212, pPCBP1, or pPCBP2. Trans-
formants were grown in SC medium supplemented with 10 um >*FeCl,. Cell
lysates were subjected to native PAGE followed by phosphorimaging (**Fe ferri-
tin, upper panel in B) or denaturing PAGE followed by Western blotting with anti-
ferritin antibody (ferritin, lower panel in B). Duplicate samples from each culture
were loaded. Ferritin was the only radiolabeled species detected by phosphorim-
aging. C, shown is quantitation of data in B. **[Fe]Ferritin/ferritin protein ratios
were expressed as percentage of vector control. Experiments were replicated
three or four times. Error bars depict S.E. ** indicates p < 0.002.

cells with siRNAs directed against PCBP1, PCBP2, and PCBP1
and -2 or a non-targeting control siRNA. Cells were then incu-
bated with **FeCl,, and the amount of iron incorporated into
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FIGURE 2. PCBP2-mediated delivery of iron to ferritin in mammalian cells.
A, decreased ferritin iron loading in Huh7 cells depleted of PCBP1 and PCBP2
is shown. Huh7 cells were transfected with non-targeting control, PCBP1,
PCBP2, or PCBP1 and -2 siRNAs. Cells were labeled overnight with **FeCl;, and
lysates were subjected to native-PAGE and phosphorimaging. Experiments
were replicated three times. B, total ferritin protein in Huh7 cells lacking
PCBP1 and PCBP2 is shown. Ferritin protein was detected in lysates from A
using ELISA. C, efficiency of independent siRNAs in depleting PCBP1 and
PCBP2 is shown. Huh7 cells transfected with the indicated siRNAs were ana-
lyzed by real-time PCR. Samples were analyzed in triplicate and expressed as
a % of control. Error bars indicate S.E.

endogenously expressed ferritin was measured by non-dena-
turing electrophoresis and autoradiography (Fig. 24). Deple-
tion of PCBP1, PCBP2, or both PCBP1 and PCBP2 together led
to similar reductions in iron incorporation. Again, the differ-
ences in ferritin iron loading were not due to changes in the
levels of total ferritin protein (Fig. 2B). We confirmed that
siRNA treatments resulted in depletion of PCBP mRNAs by
real-time PCR (Fig. 2C). These data suggested that both PCBP1
and PCBP2 were independently required for efficient delivery
of iron to ferritin in Huh7 cells.

Binding of Ferritin to Both PCBPI and PCBP2 in Mammalian
Cells—Metallochaperones are proposed to function through
metal-facilitated, direct protein-protein interactions. PCBP1
was demonstrated to physically interact with ferritin in vivo
when both were exogenously expressed in yeast cells (4). To
examine whether PCBP1 or PCBP2 could interact with ferritin
in mammalian cells, we constructed cells lines that stably
expressed epitope-tagged versions of PCBP1 and PCBP2 under
the control of a tetracycline-regulable promoter (Fig. 3A).
These cell lines offered two advantages. First, both cell lines
expressed their respective FLAG-tagged PCBP at a level similar
to the endogenously expressed protein (Fig. 34, right panels).
Because high levels of overexpression can lead to non-native
protein-protein interactions, these lines avoided this type of
artifact. Second, the use of epitope-tagged PCBPs allowed for
quantitative comparisons of PCBP interactions with ferritin by
co-immunoprecipitation (Fig. 3B). Cell lines were treated with
doxycycline to induce PCBP expression and with FeCl, to
induce ferritin expression. Lysates were subjected to immuno-
precipitation with or without anti-ferritin antibodies, and
immune complexes were analyzed by Western blotting. FLAG-

JUNE 14, 2013 +VOLUME 288-NUMBER 24

The PCBP Family of Iron Chaperones

A

Vector F-PCBP1 F-PCBP2 F-PCBP1 F-PCBP2
Dox - + -+ -+ -+ -+
o- o~
o- - -
PCBP1 PCBP2
FLAG - - - : - v

Tubulin W & S S S a Tubulin wse sse Tubulin -=» -

B IP: Ferritin c Lysate
FLAG- FLAG- FLAG- A 2
PCBP1 PCBP2 _PCBP2 o o
a-Ferritn -+ -+ = & ¢ ¢
1B: 1B:
FLAG - - FLAG "=
1B: ; ; — IB: Vo550
Ferritin Ferritin
IP 1.5 mg IP 3.0 mg
D E F Lysate
FLAG- FLAG-
FLAG-PCBP1 FLAG-PCBP2 PCBP1 PCBP2
IP: Ferritin IP: Ferritin SRANA C P2 C Pi
siRNA _Con PCBP2 Con PCBP1 IB: -
o-Ferritn - + -+ - ¥ - PCBP1 -
B: B: savs, s
FLAG D - PoDpo . - Y
B: . bed B I
Ferritin - - . - @ Corritin W S = -

FIGURE 3. Co-immunoprecipitation of epitope-tagged PCBP1 and PCBP2
with ferritin. A, shown is construction of cell lines inducibly expressing FLAG-
PCBP1 and FLAG-PCBP2 at levels similar to endogenous PCBP1 and -2. T-Rex
293 cells containing integrated copies of empty vector, FLAG-PCBP1, and
FLAG-PCBP2 under the control of a tetracycline-regulable promoter were
untreated or treated with 1 ug/ml doxycycline for 36 h. Lysates were sub-
jected to Western blotting with anti-FLAG antibody (left panel), anti-PCBP1
(center panel), and anti-PCBP2 (right panel) and anti-tubulin. The arrow indi-
cates migration of endogenous PCBP. B, shown is detection of FLAG-PCBP1
and FLAG-PCBP2 inimmunoprecipitates (/P) of ferritin. Cell lines were treated
as in A with the addition of 100 wg/ml ferric citrate for 18 h. Lysates were
subjected to immunoprecipitation with anti-ferritin antibody or protein A
beads alone, and immune complexes were analyzed by Western blotting
with anti-FLAG or anti-ferritin antibodies, as indicated. Co-immunoprecipita-
tion of FLAG-PCBP2 was only detected when 3 mg of lysate was used. C,
detection of FLAG-PCBP1 (F-PCBP1), FLAG-PCBP2, and ferritin in whole cell
lysates is shown. Whole cell lysates used in B were subjected to Western blot
analysis as indicated. D, shown is the requirement of PCBP2 in PCBP-ferritin
complexes. FLAG-PCBP1 cells were transfected with non-targeting control
(con) and PCBP2 siRNAs, then treated with ferric citrate and doxycycline.
Lysates were subjected to immunoprecipitation with or without anti-ferritin
antibodies, and immune complexes analyzed by Western blotting as in B. E,
shown is the requirement of PCBP1 in PCBP-ferritin complexes. FLAG-PCBP2
cells were treated with control and PCBP1 siRNAs and analyzed as in D. F,
shown is detection of PCBP1 and PCBP2 in whole cell lysates from D and E. IB
denotes the antibody used for immunoblotting.

PCBP1 was readily detected in anti-ferritin immune complexes
but not in control immunoprecipitates. Although FLAG-
PCBP2 was initially not detected in anti-ferritin immunopre-
cipitates using lower amounts of cell extract (Fig. 3B, left panel),
it was readily detected when larger quantities of lysate were
subjected to immunoprecipitation (Fig. 3B, right panel). Again,
no FLAG-PCBP2 was detected in control immunoprecipitates.
Although this requirement for more lysate might suggest that
the affinity of the ferritin interaction is lower for PCBP2 than
for PCBP1, FLAG-PCBP2 was also expressed at lower levels
than FLAG-PCBP1 in these cell lines (Fig. 3C).

Requirement for Both PCBP1 and PCBP2 in Ferritin Complex
Formation—Our data indicated that PCBP1 and PCBP2 were
both independently required for efficient ferritin-iron loading
in human cells. To test this mechanistically, we quantitatively
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FIGURE 4. Binding of Fe-PCBP1 and Fe-PCBP2 to ferritin in vitro. ITC of Fe(ll) (A), Fe(ll)-PCBP1 (B), and Fe(ll)-PCBP2 (C) into ferritin is shown. Anerobically
prepared Fe(ll) and Fe(ll)-PCBP in 3:1 ratios were titrated into equine spleen ferritin. Raw isotherm of heat released per injection (top) and calculated total heat

evolved per injection (bottom) is shown.

examined the formation of PCBP-ferritin complexes when one
of the PCBP components was depleted by siRNA. We treated
the FLAG-PCBP1 cell line with non-targeting siRNA or siRNA
against PCBP2. When ferritin was immunoprecipitated, cells
lacking PCBP2 exhibited greatly reduced amounts of FLAG-
PCBP1 in the anti-ferritin immune complexes (Fig. 3D) even
though similar amounts of ferritin were precipitated and levels
of FLAG-PCBP1 were similar in both lysates (Fig. 3F). In a
reciprocal experiment, FLAG-PCBP2 cells were depleted of
PCBPI1, and ferritin was immunoprecipitated. Again, the
amount of FLAG-PCBP2 that co-precipitated with ferritin was
greatly reduced in cells lacking PCBP1 (Fig. 3E), even though
FLAG-PCBP2 was present at the same level in both lysates (Fig.
3F). These data suggest that both PCBP1 and PCBP2 are
required to form a stable complex with ferritin.

High Affinity Binding of Fe-PCBP1 and Fe-PCBP2 to Ferritin
in Vitro—To further characterize the interactions of PCBP1
and PCBP2 with ferritin, we used ITC to directly measure the
binding of individual PCBPs with ferritin. ITC is a quantitative
method of analyzing the thermodynamic properties of a ligand
binding reaction. By measuring the heat evolved in a binding
reaction, the binding constants, stoichiometries, entropies, and
enthalpies may be determined. Both PCBP1 and PCBP2 bind
ferrous iron with low micromolar affinity, with PCBP1 binding
in a 3:1 stoichiometric ratio and PCBP2 exhibiting a higher
stoichiometry (4).® Titration of Fe(II) into solutions of equine
spleen apoferritin under anaerobic conditions produced nega-
tive peaks in the raw thermogram, indicating iron binding to
ferritin in an exothermic manner (Fig. 4A, upper panel). Inte-

8S. Leidgens, K. Z. Bullough, H. Shi, F. Li, M. Shakoury-Elizeh, T. Yabe, P. Sub-
ramanian, E. Hsu, N. Natarajan, A. Nandal, T. L. Stemmler, and C. C. Philpott,
manuscript in preparation.
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gration of the area within the titration peaks of the raw thermo-
gram yielded the processed spectrum (Fig. 4A, lower panel).
Non-linear regression analysis indicated that the data best fit a
two-site binding model and that iron bound to ferritin with a
K, of 5.6 uM in a 10:1 stoichiometry at the higher affinity sites
(Table 1). These data were similar to those previously published
(22). Next, purified PCBP1 or PCBP2 was anaerobically loaded
with Fe(II) in a 3:1 ratio and titrated into apoferritin (Fig. 4, B
and C). Again, negative peaks in the raw thermograms indi-
cated Fe-PCBP binding to ferritin in an exothermic reaction.
Analysis of the integrated thermograms, however, indicated
that Fe-PCBP1 and Fe-PCBP2 bound to ferritin with affinities
that were 30- and 20-fold higher, respectively, than the affinity
of Fe(Il) alone. Multiple molar equivalents of the Fe-PCBPs
bound to ferritin polymers, consistent with the known struc-
ture of ferritin, which contains eight iron binding pores formed
at the 3-fold axes of symmetry. PCBPs did not show significant
interactions with ferritin in the absence of Fe(II) (data not
shown), indicating that iron facilitated the protein-protein
interaction, possibly through the formation of PCBP-Fe-ferri-
tin intermediates. These in vitro interactions of Fe-PCBP1 and
Fe-PCBP2 with ferritin are consistent with the function of both
PCBP1 and PCBP2 as iron chaperones in vivo.

Low or Absent Expression of Paralogs of PCBP1 and PCBP2 in
Cultured Human Cells—PCBP1 and PCBP2 are part of a mul-
tigene family that includes PCBP3, PCBP4, and the more dis-
tantly related heterogeneous nuclear ribonucleoprotein K (12).
All members contain a similar domain structure that includes
three highly conserved KH domains. Two of the KH domains
are near the amino terminus and are separated from the third,
carboxyl-terminal KH domain, by a region of low homology.
PCBP3 is 66% identical to PCBP1, and PCBP4 is 40% identical
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TABLE 1

Binding affinities and stoichiometries of Fe-PCBP1 and Fe-PCBP2 for
ferritin N-stoichiometry

Sample N, K, uMm N, K, uMm
Fe(Il) + ferritin 101 5.6 * 3.0 66 + 12 48 * 46
Fe-PCBP1 + ferritin 9.5+ 0.9 02*0.1 95 =12 53*50
Fe-PCBP2 + ferritin 4.0 +12 03 *=0.1 74+ 9 2.1*£0.6

to PCBP1. Although PCBP1 and PCBP2 are abundantly
expressed in all human tissues, PCBP3 and PCBP4 are
expressed in many fewer tissues and at much lower levels. We
measured the expression levels of PCBPs in HEK293 and Huh7
cells using real-time PCR and found that, as previously
observed, transcripts for PCBP1 and PCBP2 were very abun-
dant, whereas transcripts for PCBP3 and PCBP4 were detecta-
ble but present at exceedingly low levels (Fig. 5). Thus we were
unable to study endogenous PCBP3 or PCBP4 in cultured cells.

Differential Activation of the Iron Deficiency Response in
Yeast Expressing PCBP3 and PCBP4—T o examine the function
of PCBP3 and PCBP4 and to compare their functions to PCBPs
1 and 2, we subcloned the open reading frames of PCBP3 and
PCBP4 into yeast expression vectors and transformed the
resulting plasmids into the ferritin reporter strains as in Fig. 14,
upper panel. We also examined a naturally occurring splice
variant of PCBP3, called PCBP3.2, that lacks a 26-amino acid
sequence located between the second and third KH domains.
As a control, we examined an additional KH domain protein
from outside the PCBP family. FMR1 (fragile X mental retarda-
tion 1) encodes an RNA-binding protein with two tandem KH
domains (23); it is not known to play a role in metal metabolism.
These transformants were plated on medium with and without
histidine as in Fig. 1A (Fig. 6). Similar to PCBP1 and -2, strains
expressing PCBP3 and either no ferritin or L ferritin exhibited
slow growth on medium without histidine, indicating weak
activation of the FREI-HIS3 reporter. In contrast, strains
expressing PCBP3 with H ferritin or H and L ferritin grew well
on medium without histidine, indicating strong activation of
the reporter. These data indicated that PCBP3 activated the
iron deficiency response in yeast and that PCBP3 genetically
interacted with ferritin. A similar examination of PCBP3.2
demonstrated only a very slight increase in activation of the
reporter when compared with the vector-transformed strains,
although growth in the H ferritin-expressing strains was
slightly greater than in the strains without H ferritin. These data
suggested that the effects of PCBP3.2 on yeast iron were much
smaller than those of the other PCBPs tested.

Yeast expressing PCBP4 exhibited a different pattern of
growth in the reporter strains than the other PCBPs. Growth
was rapid, and the FREI-HIS3 reporter was strongly activated
when PCBP4 was expressed. Furthermore, similar growth was
observed in strains with and without H ferritin, suggesting a
lack of genetic interaction with ferritin. Yeast strains expressing
FMR1 exhibited essentially no growth above vector control lev-
els on medium without histidine and no genetic interaction
with ferritin. These data indicated that expression of KH
domains alone was not sufficient to activate the iron deficiency
response or interact with ferritin. Activation of the FREI-HIS3
reporter in each strain was dependent on Aftl, the major iron-
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FIGURE 5. Very low expression of PCBP3 and PCBP4 in cultured cells.
Hek293 (left) and Huh7 (right) cells were harvested and analyzed by real-time
PCR using primers for PCBP1, PCBP2, PCBP3, PCBP4, and actin. Transcript
abundance is expressed as a % of actin mRNA. All five transcripts were
detected. Error bars indicate S.E.
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FIGURE 6. Activation of iron-dependent reporter in yeast expressing H
ferritin and PCBP3 or PCBPA4. Yeast strains (W303a background) expressing
human ferritins were transformed with pYX212 (Vector), pPCBP3, pPCBP3.2,
pPCBP4, and pFMRT1. Transformants were plated on defined-iron medium
lacking uracil (—Ura) or lacking uracil and histidine (—Ura—His) as in Fig. 1A.
Rare, fast-growing colonies on a background of slow-growing colonies rep-
resent spontaneously occurring suppressor mutants. Ftn, ferritin; H, human H
ferritin; L, human L ferritin; H/L, both H and L ferritin.

dependent transcription factor of yeast, as no transformants
activated the reporter when AFT1 was also deleted (data not
shown).
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RNA Binding Activity of Epitope-tagged PCBPs Expressed in
Yeast—To confirm that all of the PCBPs expressed in yeast were
expressed and folded in an active form, we constructed plas-
mids containing FLAG-epitope-tagged versions of PCBPs
under the control of the galactose-inducible promoter, trans-
formed the resulting plasmids into yeast, and examined the
proteins by Western blotting and oligonucleotide binding
activity (Fig. 7). All of the FLAG-tagged strains were expressed
at similar levels in yeast (Fig. 74). Binding activity to a **P-
labeled poly-C oligonucleotide probe was measured using an
electrophoretic mobility-shift assay coupled with phosphorim-
aging (Fig. 7, B and C). Vector-transformed yeast lysates exhib-
ited no specific protein- poly-C complexes. Lysates from yeast
expressing PCBPs exhibited a single PCBP-poly-C complex
that was 1) absent when a 100-fold excess of unlabeled poly-C
probe was added as a specific competitor (lanes marked S) but
2) present when a 100-fold excess of control probe was added as
a nonspecific competitor (lanes marked N). Each of the PCBPs
expressed in yeast exhibited high affinity binding to poly-C oli-
gonucleotide. Titration of increasing amounts of probe into the
yeast lysates was performed, and the individual binding affini-
ties of the protein-DNA complexes was calculated (Table 2). All
of the PCBPs exhibited low nanomolar binding affinities similar
to those previously published, with PCBP4 exhibiting a slightly
lower affinity than the other PCBPs (21).

Activation of Aftl-mediated Transcription by Expression of
PCBPs and Ferritin—Activation of the FREI-HIS3 reporter in
strains expressing PCBPs and H ferritin suggested that PCBPs
could generally activate the iron deficiency response in yeast.
To more quantitatively measure the activation of Aftl and to
confirm the requirement of ferritin co-expression, we directly
measured the capacity of PCBP and ferritin co-expression to
activate transcription of other Aftl-dependent genes (Fig. 8).
FRE?2 and FIT2 are strongly transcribed in an Aftl1-dependent
manner in cells exposed to iron deficiency (24). We trans-
formed the wild-type parent strain (YPH499) and the congenic
H and L ferritin strain with plasmids for PCBP1, PCBP2,
PCBP3, PCBP4, and FMR1 and the empty vector. Transfor-
mants were grown to mid-log phase in iron-replete, SC
medium, and individual mRNA levels were measured using
real-time PCR. In the YPH499 strain background, grown in
standard SC medium, expression of FRE2 and FIT2 was rela-
tively low and did not increase when PCBPs were expressed in
the absence of ferritin. Expression of H and L ferritin without
PCBPs did not activate the transcription of FRE2 (Fig. 84) but
did activate transcription of FIT2 (Fig. 8B), a gene that is very
highly induced by small amounts of iron deficiency. In both
cases, co-expression of ferritin with PCBP1, PCBP2, PCBP3, or
PCBP4, but not FMR1, further activated the transcription of
FRE2 and FIT?2. These data confirmed that each of the PCBPs
could activate the iron deficiency response in yeast and sug-
gested that ferritin was also required.

PCBP3-mediated Ferritin Iron Loading in Yeast—We
directly measured the capacity of PCBP3 and PCBP4 to aug-
ment iron loading into ferritin in yeast using the **FeCl, label-
ing assay. Yeast expressing H and L ferritin were transformed
with PCBPs and FMR1, and the transformants were labeled
with *°FeCl,. Lysates were analyzed by native gel electrophore-
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FIGURE 7. FLAG-tagged PCBPs expressed in yeast bind oligonucleotides.
A, shown is expression of FLAG-PCBPs in yeast. A pep4A strain was trans-
formed with pYES2 and pYES2 containing amino-terminal 2XFLAG-tagged
PCBP1, PCBP2, PCBP3, PCBP3.2, and PCBP4. Transformants were grown on SC
raffinose medium and induced with 0.2% galactose for 4 h before harvesting.
Cell lysates were analyzed by Western blotting with anti-FLAG antibody. A
major band from the Coomassie-stained gel is shown as a loading control. B
and C, shown is specific binding of FLAG-PCBPs to a poly-C oligonucleotide
probe. 32P-Labeled poly-C oligonucleotide probe was mixed with buffer
alone (P) or yeast lysates from A and separated by PAGE. Unlabeled poly-C
oligonucleotide and mutated oligonucleotide at 10-fold molar excesses were
added as specific competitor (S) and nonspecific competitor (N), respectively.
The large arrow corresponds to specific PCBP-probe complex; the small arrow
corresponds to free probe.

sis and phosphorimaging or by Western blotting (Fig. 9). When
compared with vector-transformed yeast, strains expressing
PCBP3 exhibited a 1.8-fold increase in ferritin iron accumula-
tion. Expression of PCBP3.2 or PCBP4 was also associated with
increased ferritin iron accumulation but to a lesser degree than
that of PCBP3. Expression of FMR1 had no effect on ferritin
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TABLE 2

Binding affinities of PCBPs expressed in yeast for poly-C oligonucleo-
tide

CI, confidence interval. r2, goodness of fit for non-linear regression.

PCBP1 PCBP2 PCBP3 PCBP3.2 PCBP4
K,=95%CI(nmM) 34%09 37*06 31+1.0 2502 124*15
r 091 0.97 0.89 0.99 0.98
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FIGURE 8. Activation of Aft1-dependent transcription in cells expressing
both ferritin and PCBPs. A yeast strain expressing human H and L ferritin
and the congenic parent strain (YPH499 background) was transformed with
pYX212, pPCBP1, pPCBP2, pPCBP3, pPCBP4, or pFMR1. Transformants were
grown in SC—Ura medium to mid-log phase, and cells were collected an
analyzed by real-time PCR for Aft1 target genes FRE2 (A) and FIT2 (B). Tran-
script levels were expressed as —fold change over pYX212-transformed cells
(EV) without ferritin. Experiments were replicated three times. Error bars indi-
cate S.E.

iron accumulation. These data were consistent with a role for
PCBP3 in the delivery of iron to ferritin and a weaker role for
PCBP3.2 and PCBP4.

PCBP4- but Not PCBP1-mediated Reversal of Iron Toxicity—
Data from Fig. 6 suggested that PCBP4-mediated activation of
the FREI-HIS3 reporter was ferritin-independent. In contrast,
data from Fig. 8 suggested that PCBP4 was similar to other
PCBPs in its requirement for ferritin to activate Aftl-depen-
dent transcription, and Fig. 9 suggested that PCBP4 weakly aug-
mented ferritin iron loading. To clarify the activity of PCBP4,
we compared the capacities of PCBP4 and PCBP1 to affect the
iron sensitivity of a strain lacking CCC1. CCCI encodes a poly-
topic integral membrane protein that facilitates the transfer of
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FIGURE 9.Enhanced incorporation of >>Fe into ferritin in yeast expressing
PCBP3 and PCBP4. A and B, a yeast strain expressing human H and L ferritin
was transformed with pYX212, pPCBP3, pPCBP3.2, or pPCBP4. Transformants
were grown in medium supplemented with **FeCl, and analyzed in duplicate
asin Fig. 1, Band C. Experiments were replicated three times. Error bars indi-
cate S.E. ** indicates p < 0.002, * indicates p < 0.05 when compared with
vector.

iron from the cytosol to the lumen of the vacuole in yeast (25).
The vacuole is the major site of iron storage; strains without
Cccl are unable to store excess iron in the vacuole and are
sensitive to the toxic effects of iron. We tested whether PCBP1
or PCBP4, with or without ferritin, could mitigate the toxic
effects of iron in the cccIA strain (Fig. 10). The cccIA strain
grew well on standard medium (no added iron) but exhibited
slow (5 mm) or almost no growth (6 mm) on media with high
concentrations of added iron. Expression of H and L ferritin in
this strain did not change this sensitivity to high concentrations
of iron. Surprisingly, expression of PCBP1 in the cccIA strain
resulted in very slow (5 mM) or no growth (6 mm), suggesting it
enhanced, rather than mitigated, the toxic effects of iron. Co-
expression of PCBP1 and ferritin slightly aggravated this effect.
In contrast, expression of PCBP4 in the ccclA strain resulted in
more rapid growth on high concentrations of iron, suggesting
PCBP4 mitigated the toxic effects of iron. Co-expression of fer-
ritin with PCBP4 was similar to expression of PCBP4 alone.
These data indicated that PCBP1 and PCBP4 exhibited qualita-
tively different activities when expressed in yeast, with PCBP1
increasing the toxicity of iron and PCBP4 protecting against
iron toxicity. Although these genetic data do not reveal a bio-
chemical mechanism for the differences between PCBP1 and
PCBP4, these data clearly indicate that PCBP1 and PCBP4
function differently in yeast. A possible interpretation of these
results is that PCBP1, perhaps by delivering iron to ferritin,
maintains cytosolic iron in a bioavailable pool that is potentially
toxic. PCBP4 may act to bind and sequester iron, thus making it
less toxic.

JOURNAL OF BIOLOGICAL CHEMISTRY 17799



The PCBP Family of Iron Chaperones

Added Fe 5 mM

Vector

PCBP1

PCBP4

FIGURE 10. PCBP1 enhancement and PCBP4 mitigation of iron toxicity in
a ccc1A yeast strain. Yeast strains expressing no ferritin or human H and L
ferritin (Ftn) and deleted for CCCT were constructed and transformed with
pYX212, pPCBP1, and pPCBP4. Transformants were plated in serial 10-fold
dilutions on SC—Ura medium supplemented with the indicated amounts of
ferrous ammonium sulfate. Plates were incubated at 30 °C for 3 days.

Binding of PCBP3, PCBP3.2, and PCBP4 to Ferritin in Human
Cells—Although we could not study the functions of endoge-
nously expressed PCBP3 and PCBP4 in cultured human cell
lines, we could construct cell lines that inducibly expressed
PCBP3 and PCBP4 at levels similar to those of PCBP1 and
PCBP2. Cell lines expressing FLAG epitope-tagged PCBP3,
PCBP3.2, and PCBP4 were constructed and used to measure
the physical interaction of PCBP3 and PCBP4 with ferritin.
Both FLAG-PCBP3 and FLAG-PCBP3.2 were detected in
immune complexes precipitated with anti-ferritin antibodies
but not in precipitates without anti-ferritin antibody (Fig. 114).
In contrast, FLAG-PCBP4 was not detected in immunoprecipi-
tates, although all three PCBPs were expressed at similar levels
(Fig. 11B). These data indicated that PCBP3 formed a complex
with ferritin and could potentially deliver iron to ferritin in
cells. Conversely, these data suggested that PCBP4 did not form
astable complex with ferritin and was unlikely to act as a ferritin
iron chaperone.

Binding of PCBP2, PCBP3, and PCBP4 to PCBPI in Yeast—
Previously, we demonstrated that PCBP2 could be detected in
immunoprecipitates of PCBP1 (7). To determine whether
PCBP3 and PCBP4 could also interact with PCBP1, we
expressed PCBP1 and FLAG-tagged versions of PCBP2,
PCBP3, and PCBP4 in yeast cells and examined the co-precip-
itation of PCBP1 in anti-FLAG immunoprecipitates (Fig. 11C).
PCBP1 was detected in immune complexes from each of the
FLAG-PCBP-transformed strains but not in yeast transformed
with the empty vector that expressed no FLAG-PCBP and not
in yeast that were not transformed with the pPCBP1 plasmid.
All yeast transformed with pPCBP1 expressed PCBP1 at similar
levels (Fig. 11D). Thus, PCBP3 and PCBP4 appeared to be sim-
ilar to PCBP2 in their capacity to interact and form a complex
with PCBP1.

DISCUSSION

PCBP2 Is an Iron Chaperone for Ferritin—Recent studies
have only begun to illuminate the roles of PCBP family mem-
bers in the delivery of iron to target proteins in the cell. Previ-
ously, PCBP1 was shown to act as an iron chaperone for ferritin
in both yeast and mammalian cells. Here we have presented
evidence that PCBP2 is similar to PCBP1 in its capacity to 1)
activate the iron deficiency response, 2) genetically interact
with H ferritin, but not L ferritin, and 3) enhance the incorpo-
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FIGURE 11. Co-immunoprecipitation of PCBP3 and PCBP3.2 with ferritin
in human cells. A, ferritin binding to PCBP3 and PCBP3.2 is shown. T-Rex 293
cells containing stably integrated copies of FLAG-PCBP3, FLAG-PCBP3.2, and
FLAG-PCBP4 were treated with doxycyclineand iron as in Fig. 3 and subjected
toimmunoprecipitation with anti-ferritin antibody. Immune complexes were
analyzed by Western blotting with anti-FLAG (IB:FLAG) and anti-ferritin (/B:
Ferritin) antibodies. B, PCBPs were expressed at similar levels. Whole cell
lysates from A were subjected to Western blot analysis as indicated. C, co-
immunoprecipitation of PCBP1 with PCBP2, -3, and -4 is shown. Wild-type
yeast were transformed with pPCBP1 (pP1) or the corresponding empty vec-
tor and amino-terminal FLAG-tagged PCBP2 (F-P2), PCBP3 (F-P3), PCBP4
(F-P4), or the empty pYES2 vector (EV) and pGEV. Transformants were grown
on SC—Ura—Leu—His medium to early log phase, then FLAG-PCBP expres-
sion was induced with B-estradiol for 4 h. Lysates were subjected to immu-
noprecipitation with anti-FLAG antibody, and immune complexes were ana-
lyzed by Western blotting (/B). D, shown is equal expression of PCBP1 in all
transformants. Whole cell lysates from E were subjected to Western blotting
with anti-PCBP1 antibody.

ration of iron into ferritin when both PCBP2 and ferritin are
heterologously expressed in yeast. Similar to PCBP1, PCBP2
was required for efficient delivery of iron to ferritin in human
cells, as depletion of PCBP2 by siRNA in Huh7 cells led to
impaired incorporation of iron into ferritin. Both PCBP1 and
PCBP2 were co-immunoprecipitated with ferritin in iron-
treated HEK293 cells, and expression of both PCBP1 and
PCBP2 was required for the formation of a stable PCBP-ferritin
complex in cells. These studies suggest that, rather than work-
ing independently as iron chaperones, PCBP1 and PCBP2 form
a hetero-oligomeric complex with ferritin for iron delivery.
These studies also highlight the utility of heterologous expres-
sion in budding yeast for the functional analysis of mammalian
iron proteins.

ITC studies confirmed that iron-loaded PCBP1 and PCBP2
bound to ferritin in vitro in multiple mol equivalents with high
nanomolar affinity, far higher that the binding affinity of Fe(II)
alone to ferritin and far higher than the affinity of apoPCBP for
ferritin. The higher binding affinity of Fe-PCBP for ferritin
(compared with iron alone) offers a thermodynamic explana-
tion for the observation that the iron chaperones increase the
efficiency of iron loading into ferritin. The finding that multiple
molar equivalents of Fe-PCBP can bind to ferritin mechanisti-
cally supports a model in which iron is transferred through a
direct protein-protein interaction that occurs at the pores
formed between ferritin subunits. Fe-PCBP1 exhibited a stoi-
chiometry of binding of 9.5 * 0.9 Fe-PCBP1 per ferritin olig-
omer. [ron enters the ferritin core through pores formed along
the 3-fold axis of symmetry, of which there are 8 in the ferritin
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polymer. Thus the ITC data support a model in which PCBP1
interacts with ferritin at the pores where iron enters.

The studies presented here and previously published data on
the capacity of PCBP1 and PCBP2 to deliver iron to PHDs sug-
gest that the two chaperones also function cooperatively to
deliver iron to PHD. Defects in the delivery of iron to PHDs are
observed in mammalian cells only when levels of PCBP1 or
PCBP2 are severely depleted. This observation suggests the
unaffected PCBP paralog in siRNA studies cannot rescue the
activities of the depleted paralog even when present in abun-
dance. This was demonstrated directly; when purified, recom-
binant PCBP1 was shown to restore activity to PHDs in lysates
from cells lacking PCBP1 but not from cells lacking PCBP2 (7).
Both PCBP1 and PCBP2 participate independently in other cel-
lular processes and seem to function as adaptor proteins that
mediate the interactions of single-stranded RNA and DNA
with other protein targets. Some of these interactions may be
affected by iron binding, as exogenous iron chelators can
enhance the interactions of PCBP2 with dicer and increase the
efficiency of microRNA processing (26).

PCBP3 and PCBP4 Also Have Iron Chaperone Activity—The
data presented here indicated that in yeast PCBP3 behaved
identically to PCBP1 and PCBP2. Data from human cells indi-
cated that exogenously expressed PCBP3 co-immunoprecipi-
tated with ferritin, and preliminary data suggest that purified
recombinant PCBP3 also binds iron in vitro (data not shown).
Thus, PCBP3 could potentially function as an iron chaperone in
human cells. mRNA transcripts for PCBP3 have been detected
at very low levels in many tissues (27). Exogenously expressed
PCBP3 can bind to the promoter and repress the expression of
the u-opioid receptor gene in mouse neuronal cells, and it has
been shown to bind a poly-C oligonucleotide (16, 17), but
beyond these observations little is known about the functions of
PCBP3 in mammals. We observed that the protein derived
from the alternatively spliced PCBP3.2 had reduced activity in
yeast, although it co-immunoprecipitated with ferritin in
human cells and bound to poly-C oligonucleotide. These obser-
vations suggest that the alternatively spliced forms of PCBP
paralogs may be functionally different and that the sequences
between KH domains two and three have a role in iron binding
or delivery. Further studies will be required to determine
whether PCBP3.2 differs in its capacity to bind iron or whether
an analogous mutation in PCBP1 or PCBP2 has functional
consequences.

PCBP4 behaved differently from PCBP1, PCBP2, and PCBP3
in our yeast assays. The strong activation of the iron deficiency
response suggests that PCBP4 expression lowers the pool of
cytosolic iron sensed by Aftl, likely due to iron binding and
sequestration by PCBP4. The mitigation of the toxic effects of
iron in the ccc1A strain expressing PCBP4 supports the concept
that PCBP4 can bind and sequester iron and that it is function-
ally different from the other PCBPs. Our data suggest that
PCBP4 does not efficiently deliver iron to ferritin. First, evi-
dence for a genetic interaction was variable. In the plate assay of
Aft] activation, performed in the W303a background, no inter-
action with ferritin was apparent. In contrast, direct measure-
ments of Aftl target mRNAs, performed in the YPH499 back-
ground, indicated activation was ferritin-dependent. The
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variable genetic interaction with ferritin and the relatively
lower ferritin iron loading activity suggests that although
PCBP4 may bind iron, it may not efficiently deliver it to ferritin.
This reduced interaction with ferritin is supported by the
observation in human cells that PCBP4-ferritin interactions
were not detectable when PCBP4 was exogenously expressed at
moderate levels. PCBP4 may have a preference for delivering
iron to target enzymes other than ferritin, or it could make iron
available to other PCBPs, as it is found complexed with PCBP1
when co-expressed in yeast cells. PCBP4 is expressed at signif-
icantly elevated levels in neuronal tissues and in embryonic
stem cells, suggesting a role in neuronal development (27).
Whether this role involves a specialized function in iron deliv-
ery remains to be determined, but brain tissue has a marked
sensitivity to perturbations in iron homeostasis and may
require slightly different systems for iron uptake and delivery
(28).
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