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Abstract

Eukaryotic cells require iron for survival and have developed regulatory mechanisms for maintaining
appropriate intracellular iron concentrations. The degradation of iron regulatory protein 2 (IRP2) in
iron-replete cells is a key event in this pathway, but the E3 ubiquitin ligase responsible for its
proteolysis has remained elusive. We found that a SKP1-CUL1-FBXLS5 ubiquitin ligase protein
complex associates with and promotes the iron-dependent ubiquitination and degradation of IRP2.
The F-box substrate adaptor protein FBXL5 was degraded upon iron and oxygen depletion in a
process that required an iron-binding hemerythrin-like domain in its N terminus. Thus, iron
homeostasis is regulated by a proteolytic pathway that couples IRP2 degradation to intracellular iron
levels through the stability and activity of FBXL5.

Iron regulatory proteins 1 and 2 (IRP1 and IRP2) function as RNA-binding proteins during
iron-limiting conditions in order to regulate the translation and stability of mRNAs encoding
proteins required for iron homeostasis (1,2). In iron-replete cells, IRP RNA binding is reduced
because of the assembly of a 4Fe-4S cluster in IRP1 (3) and the proteasomal degradation of
IRP2 (4-7). Despite the importance of IRP2 in iron metabolism, the ubiquitin ligase responsible
for its degradation remains unclear. Early studies suggested that a unique 73-aminoacid region
of IRP2 was a substrate for the haemoxidized IRP2 ubiquitin ligase (HOIL-1) (8,9). Other

Copyright 2009 by the American Association for the Advancement of Science; all rights reserved.
"To whom correspondence should be addressed. jwohl@mednet.ucla.edu.

Supporting Online Material

www.sciencemag.org/cgi/content/full/1176333/DC1

Materials and Methods

Figs. S1to S8

Table S1

References


http://www.sciencemag.org/cgi/content/full/1176333/DC1

1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Vashisht et al.

Page 2

studies, however, showed that deletion of the 73-amino-acid region or HOIL-1 silencing did
not affect the iron-dependent degradation of IRP2 (10-12).

Human FBXL5 is a member of the F-box family of adaptor proteins that confer substrate
specificity to SCF (SKP1-CUL1-F-box) ubiquitin ligases (13,14). FBXL5 contains a
hemerythrin-like domain, a F-box domain that mediates its association with SKP1, and four
leucine-rich repeats that probably function in substrate binding (fig. S1). Affinity purification
followed by multidimensional protein identification technolology (MudPIT) (15,16) was used
to identify proteins that interact with a mutant form of FBXL5 lacking the F-box domain, which
cannot assemble into an active SCF complex (17). Because this mutant retains the ability to
interact with substrates but is unable to catalyze their ubiquitination, it functions as a substrate-
trapping reagent. IRP1 and IRP2 were identified as FBXL5-interacting proteins in this analysis
(table S1). A reciprocal proteomic analysis showed that FBXL5, SKP1, and CULL1 copurify
with IRP2 (table S1).

We confirmed the interaction of FBXL5 with SCF components and IRPs using
coimmunoprecipitation analyses (17). Human embryonic Kidney (HEK) 293 cells stably
expressing hemagglutinin (HA)-FLAG-FBXL5 were transfected withMyc-CUL1 or Myc-
SKP1. HA-FLAG-FBXLS5 copurified with immunoprecipitated Myc-CUL1 and Myc-SKP1
(Fig. 1A). For the FBXL5-IRP interactions, HA-FLAG-FBXL5 was immunoprecipitated from
stable HEK?293 cells. Endogenous IRP1 and IRP2 copurified only in extracts containing HA-
FLAG-FBXLS5 (Fig. 1B). We found that the 73-amino-acid region of IRP2 was not required
for the interaction with FBXLS5 (fig. S2). Thus, FBXL5 is a component of a bona fide SCF
complex that interacts with IRP1 and IRP2.

To determine whether the FBXL5-IRP2 interaction is regulated by iron, we
immunoprecipitated FLAG-IRP2 from HEK293 cells coexpressing either Myc-FBXL5
orMyc-FBXL5-AF-box after treatment with ferricammonium citrate (FAC) or the iron chelator
desferrioxamine (DFO). FLAG-IRP2 interacted withMyc-FBXL5 and Myc-FBXL5-AF-box
more strongly in cells treated with FAC as compared with those treated with DFO, suggesting
that the interaction is iron-regulated (Fig. 1C). In addition, we found that expression of Myc-
FBXLS5 but not Myc-FBXL5-AF-box strongly reduced the abundance of coexpressed IRP2,
which is consistent with a role for FBXL5 in promoting IRP2 degradation and FBXL5-AF-box
acting as a dominant negative mutant. The interaction ofMyc-FBXL5 and Myc-FBXL5-AF-
box with IRP1 and an IRP1-C3S mutant, which is sensitive to iron-dependent degradation
because of its inability to form a 4Fe-4S cluster, was also iron-regulated (fig. S3) (18,19).

Coimmunoprecipitation analyses showed that FBXL5 overexpression reduced the levels of co-
transfected IRP2 in an iron-regulated manner (Fig. 1C). Stable expression of HA-FLAG-
FBXL5 in HEK293 cells also reduced endogenous IRP2 levels in an iron-dependent manner
(Fig. 2A). Reduced IRP2 was associated with an increase in the iron-storage protein ferritin,
indicating that ferritin was translationally derepressed (1,2). FBXL5 depletion by small
interfering RNA (siRNA) in HEK293 cells increased IRP2 and decreased ferritin protein levels
independently of iron treatment (Fig. 2B). Similar results were found when FBXL5 was
depleted from IMR90 human diploid fibroblasts (fig. S4), indicating that IRP2 regulation by
FBXLS5 is not limited to transformed cells.

To determine whether FBXL5 regulates IRP2 iron-dependent degradation, pulse-chase
experiments were performed in order to measure the half-life of endogenous IRP2 in control
HEK293 cells or cells expressing HA-FLAG-FBXL5 or HA-FLAG-FBXL5-AF-box with or
without FAC (17). Expression of HA-FLAG-FBXLS5 reduced the half-life of IRP2 in both
untreated and FAC-treated cells, whereas expression of HA-FLAG-FBXL5-AF-box increased
IRP2 half-life (Fig. 2C). Depletion of FBXLS5 by siRNA inhibited FLAG-IRP2 degradation as
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compared with that of cells treated with nonspecific SiRNA (Fig. 2D). FBXL5 depletion also
prevented the iron-dependent degradation of FLAG-IRP1-C3S (fig. S5).

To determine whether FBXL5 catalyzes IRP2 ubiquitination, we analyzed the abundance of
IRP2-ubiquitin conjugates after FBXL5 overexpression (17). FLAG-IRP2, HA-ubiquitin (HA-
Ub), and Myc-FBXL5 or Myc-FBXL5-AF-box were coexpressed in HEK293 cells, and Ub-
conjugates were immunoprecipitated under denaturing conditions by use of antibodies to HA.
Overexpression of Myc-FBXLS5, but not Myc-FBXL5-AF-box, increased FLAG-IRP2 poly-
ubiquitination (Fig. 2E). Similarly, Myc-FBXL5, but not Myc-FBXL5-AF-box, increased the
ubiquitination of FLAG-IRP1 and FLAG-IRP1-C3S (fig. S6).

Our data suggest that FBXL5 protein stability may be iron-regulated (Figs. 1C and 3, A and
B). We hypothesized that oxygen levels may also affect FBXLS5 stability because IRP2 is
stabilized during hypoxia (10,20). We tested these hypotheses by analyzing endogenous
FBXLS5 levels in cells treated with FAC, DFO, or hypoxia (1% O5). FBXL5 levels increased
with FAC and decreased with DFO and hypoxia (Fig. 3A). Reduction of FBXL5 protein by
DFO or hypoxia was blocked by treatment with the proteasome inhibitor MG132, suggesting
that FBXLY5 is targeted for proteasomal degradation under these conditions (Fig. 3B). Pulse-
chase experiments at 21% O, showed that FBXL5 half-lives were increased with FAC
treatment (5.8 hours) and decreased by DFO (2.5 hours) as compared with that of untreated
cells (4.3 hours) (Fig. 3C). The half-life of HA-FLAG-FBXL5 was also decreased in untreated
cells exposed to 1% O, (Fig. 3C). Thus, FBXLS5 stability is dependent on cellular iron and
oxygen concentrations.

We next examined the role of the putative hemerythrin-like binding domain (PFAMO01814) in
regulating FBXL5 stability and function. Hemerythrins are oxygen carriers that bind to oxygen
through a diiron metal center (21). The hemerythrin-like domain of FBXL5 could therefore
function as a cellular iron and oxygen “sensor” by directly binding iron and oxygen. The
protein-threading algorithm HHpred (22) revealed that the FBXL5 N terminus is structurally
homologous to other hemerythrin family members, with the highest-scoring hit (P = 1.6 x
10717) belonging to a hemerythrin-like domain protein from Neisseria meningitides (Uniprot,
Q9JYL1) (fig. S7). Inductively coupled plasma mass spectrometry (ICP-MS) analysis showed
that iron copurified with a recombinant fragment of FBXL5 (FBXL5-N199), which
encompasses the hemerythrin-like domain, but not buffer alone or His-Smt3p, an unrelated
control protein (Fig. 4A) (17). Thus, the N terminus of FBXL5 can function as a hemerythrin
domain to coordinate iron and oxygen binding.

Based on the FBXL5 domain structure, we hypothesized that the C-terminal 492 amino acids
of FBXL5 (FBXL5-C492) containing both the F-box domain and the leucine-rich repeats
function in substrate recognition and ubiquitin conjugation, whereas the N-terminal 199 amino
acids regulate FBXL5 stability. We expressed the HA-FLAG-FBXL5-N199 and -C492
fragments in HEK293 cells and analyzed their abundance after FAC and DFO treatments (Fig.
4B). HA-FLAG-FBXL5 and HA-FLAG-FBXL5-N199 protein levels were iron-dependent,
whereas HA-FLAG-FBXL5-C492 abundance was not iron-regulated. We also found that the
mutation of two putative iron-binding residues in the hemerythrin-like domain, H15A and
H57A, reduced the abundance and iron-dependent stability of FBXL5 as compared with the
wild-type protein (Fig. 4C). Collectively, these data indicate the hemerythrin-like domain
regulates FBXL5 stability through iron-coordination.

Because FBXL5-C492 is stable in iron-depleted cells but retains the ability to interact with
IRP2, we used this C-terminal fragment to determine whether iron regulates the FBXL5-IRP2
interaction beyond controlling FBXLS5 stability. Expression of HA-FLAG-FBXL5-C492 in
HEK?293 cells reduced endogenous IRP2 levels, indicating that this C-terminal fragment can
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promote IRP2 degradation (Fig. 4D). IRP2 levels in the HA-FLAG-FBXL5-C492—expressing
cells remain partially iron-regulated (stabilized in DFO compared FAC), suggesting that
intracellular iron concentrations are still capable of influencing this pathway. Moreover, HA-
FLAG-FBXL5-C492 associates with IRP2 more strongly in FAC-treated cells as compared
with DFO-treated cells (Fig. 4D). Thus, an iron-dependent mechanism promotes the physical
association of FBXL5 with IRP2. By analogy to other F-box proteins in which substrate binding
is dependent upon the posttranslational modification of the target, these data could be explained
by an iron-regulated modification on IRP2 that stimulates its association with FBXLS5.

Our study demonstrates that IRP2 protein levels are controlled by an iron-regulated SKP1-
CUL1-FBXL5 complex (fig. S8). In the presence of iron and oxygen, the FBXL5 hemerythrin-
like domain binds iron, resulting in the stabilization of a SKP1-CUL1-FBXL5 complex that
catalyzes IRP2 ubiquitination and proteasomal degradation. Conversely, loss of iron and/or
oxygen binding by the hemerythrin-like domain renders FBXL5 susceptible to proteasomal
degradation. These studies identify an iron sensor that functions as a key regulator of iron
homeostasis in eukaryotes.
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Fig. 1.
FBXLS5 forms a SCF complex that associates with IRP1 and IRP2. (A) Flp-In TREx-293 cells
(Invitrogen, Carlsbad, CA) stably expressing HA-FLAG-FBXL5 were transfected with Myc-
CUL1, Myc-SKP1, or empty vector. Myc-CUL1 and Myc-SKP1 were immunoprecipitated
with antibody to c-Myc. Whole-cell extracts (WCEs) and immunoprecipitates (IPs) were
immunoblotted with antibodies to FLAG and c-Myc. (B) HA-FLAG-FBXL5 was
immunoprecipitated from stable FIp-In TREx-293 cells using antibody to HA. WCEs and IPs
were immunoblotted with antibodies to FLAG, IRP1, IRP2, and B-tubulin. (C) HEK293 cells
were cotransfected with FLAG-IRP2 and Myc-FBXL5, Myc-FBXL5-AF-box, or empty vector
and treated for 8 hours with FAC or DFO. FLAG-IRP2 was immunoprecipitated using
antibodies to FLAG. WCEs and IPs were immunoblotted with antibodies to FLAG, c-Myc,
and B-tubulin.
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Fig. 2.

FBXLS5 regulates IRP2 ubiquitination and iron-dependent degradation. (A) Flp-In TREx-293
cells stably expressing HA-FLAG-FBXLS5 or control cells were treated for 8 hours with FAC
or DFO. WCEs were probed with antibodies to FLAG, IRP2, ferritin, and p-tubulin. (B)
HEK293 cells were transfected with nonspecific or FBXL5 siRNAs and then treated with or
without FAC for 8 hours. WCEs were immunoblotted with the specified antibodies. (C) Flp-
In TREX-293 cells stably expressing HA-FLAG-FBXL5 or HA-FLAG-FBXL5-AF-box or
control cells were pulsed with 35S-met/cys for 1 hour and then chased in medium supplemented
with or without additional FAC. 3°S-labeled endogenous IRP2 was immunoprecipitated with
antibody to IRP2 and half-lives (t 1/2) are shown as average = SD (n = 2 independent
experiments). (D) Flp-In TREx-293 cells stably expressing FLAG-IRP2 were treated with
nonspecific or FBXL5 siRNAs, pulsed with doxycycline overnight so as to induce FLAG-IRP2
expression, and then chased in medium supplemented with FAC. WCEs were probed with
antibodies to FLAG and actin. FLAG-IRP2 half-lives (t 1/2) are shown as average + SEM (n
=3 independent experiments). (E) HEK293 cells were cotransfected with HA-Ub, FLAG-IRP2
and Myc-FBXL5, Myc-FBXL5-AF-box, or empty vector and then treated with FAC and
MG132 for 4 hours and ubiquitin conjugates immunoprecipitated by using antibodies to HA.
HA-immunoprecipitates (IP: HA) and WCEs were immunoblotted with antibodies to FLAG,
c-Myc, and B-tubulin.
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Hypoxia and iron depletion promote the proteasomal degradation of FBXL5. (A) Flp-In
TREX-293 control cells were treated with FAC, DFO, or 1% O, (Hyp) for 8 hours. WCEs were
immunoblotted with antibodies to FBXL5, IRP2, and B-tubulin. (B and C) Flp-In TREX-293
cells stably expressing HA-FLAG-FBXL5 were treated overnight with doxycycline so as to
induce HA-FLAG-FBXLS5 expression and then chased in control medium (=) in 21% O, or
1% O5, (hypoxia) or in medium supplemented with FAC or DFO. (B) Cells were supplemented
with or without MG132 for 6 hours. WCEs were immunoblotted with antibodies to FLAG and
actin. (C) WCEs were immunoblotted with antibodies to FLAG, IRP2, and actin. HA-FLAG-
FBXL5 half-lives (t 1/2) are shown as average + SEM (n = 3 independent experiments).
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Fig. 4.

FBXLS5 stability is regulated by an iron-binding hemerythrin-like domain. (A) An N-terminal
fragment of FBXL5 encompassing amino acids 1 to 199 (FBXL5-N199) or Smt3p (negative
control) was expressed in Escherichia coli, and the amount of copurifying iron was measured
by means of ICP-MS. (B) HEK293 cells were transfected with HA-FLAG-FBXL5, HA-FLAG-
FBXL5-N199, or HA-FLAG-FBXL5-C492 (amino acids 200 to 691) and treated with FAC or
DFO for 8 hours. WCEs were immunoblotted with antibodies to FLAG or p-tubulin. (C)
HEK293 cells were cotransfected with HA-FLAG-FBXL5-N199, HA-FLAG-FBXL5-N199-
H15A, or HA-FLAG-FBXL5-N199-H57A, and a plasmid expressing glutathione S-transferase
(GST) as amarker for transfection efficiency, and treated with FAC (F) or DFO (D) for 8 hours.
WCEs were immunoblotted with antibodies to FLAG and GST. (D) Flp-In TREx-293 cells
stably expressing HA-FLAG-FBXL5-C492 or control cells were treated for 8 hours with FAC
or DFO. HA-FLAG-FBXL5-C492 was immunoprecipitated by use of antibodies to HA. WCEs
and IPs were probed with antibodies to FLAG, IRP2, ferritin, and p-tubulin.
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