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An E3 Ligase Possessing an

Iron-Responsive Hemerythrin Domain
Is a Regulator of Iron Homeostasis

Ameen A. Salahudeen,* Joel W. Thompson,* Julio C. Ruiz, He-Wen Ma, Lisa N. Kinch,

Qiming Li, Nick V. Grishin, Richard K. Bruickt

Cellular iron homeostasis is maintained by the coordinate posttranscriptional regulation of genes
responsible for iron uptake, release, use, and storage through the actions of the iron regulatory proteins
IRP1 and IRP2. However, the manner in which iron levels are sensed to affect IRP2 activity is poorly
understood. We found that an E3 ubiquitin ligase complex containing the FBXL5 protein targets IRP2
for proteasomal degradation. The stability of FBXL5 itself was regulated, accumulating under iron- and
oxygen-replete conditions and degraded upon iron depletion. FBXL5 contains an iron- and oxygen-binding
hemerythrin domain that acted as a ligand-dependent regulatory switch mediating FBXL5's differential
stability. These observations suggest a mechanistic link between iron sensing via the FBXL5 hemerythrin
domain, IRP2 regulation, and cellular responses to maintain mammalian iron homeostasis.

lular and systemic iron homeostasis by binding to
iron response elements (IREs) found within their
mRNAs (5, 6). For example, when IRPs bind to
the IRE located within the 5" untranslated region
(UTR) of the ferritin mRNA, initiation of protein
synthesis is repressed (7, 2). Conversely, IRP bind-
ing to IREs within the transferrin receptor 1 (TfR1)
3'UTR stabilizes the mRNA and increases its ex-
pression (7). When cellular iron bioavailability is
high, IRP1 assembles an iron-sulfur cluster and
loses its affinity for IREs (6), whereas IRP2 is
preferentially degraded by the proteasome (8, 9).
However, the underlying mechanism(s) by which
cells directly sense iron (as well as oxygen) bio-
availability and relate those changes to differences
in [RP2 stability remain controversial (/0—15).
To address these questions, we performed a
small interfering RNA (siRNA) screen to identify
an E3 ubiquitin ligase that regulates IRP2 stabil-
ity (16). A clonal human embryonic kidney (HEK)

Ithough iron is an essential cofactor
for many proteins, its chemical prop-
erties also promote side reactions that

damage macromolecules. Failure to maintain
proper iron homeostasis can lead to a variety

of diseases including anemia and iron over-
load disorders (/—4). When cellular iron bio-
availability is low, the iron regulatory proteins
IRP1 and IRP2 coordinate the posttranscrip-
tional regulation of many genes affecting cel-
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Fig. 1. IRP2 is stabilized under iron-replete conditions after siRNA-mediated
suppression of SCFEX>, (A) IRP2 accumulation was assessed using the AlphaScreen
assay (top) or by immunoblot analysis of endogenous IRP2 (bottom). Knock-
down efficiency of the SKP1, CUL1, and RBX1 siRNAs is shown in fig. S2D. (B)
IRP1 stabilization under iron-replete conditions after siRNA-mediated suppres-
sion of FBXL5, as measured by immunoblot analysis of HEK 293 cell lines stably
transfected with either a myc-tagged wild-type (WT) or 3C>3S IRP1 Tet-inducible

expression construct. (C) Measurement of RNA binding activity from lysates after
siRNA-mediated suppression of FBXL5 in cells expressing HA-IRP2-FLAG.
Because human IRP1-IRE and IRP2-IRE complexes migrate similarly, antibodies
were added to supershift individual complexes. (D) Relative TfR1 and FBXL5
mRNA accumulation levels measured by qRT-PCR. Assays were performed in
triplicate with data represented as the mean + SE with P values determined
using Student’s unpaired ¢ test (***P < 0.001).
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293 cell line stably transfected with a plasmid
constitutively expressing N-terminal hemaggluti-
nin (HA)-tagged and C-terminal FLAG-tagged
IRP2 accumulated high levels of HA-IRP2-FLAG
in cells depleted of iron upon treatment with the
chelator deferoxamine mesylate (DFO). As ob-
served for endogenous IRP2, low levels of HA-
IRP2-FLAG accumulated in cells incubated in
the presence of excess iron [ferric ammonium cit-
rate (FAC); fig. SIB]. As an alternative to immu-
noblots, HA-IRP2-FLAG accumulation levels
could be assessed using a high-throughput lumi-
nescent proximity assay (AlphaScreen; fig. S1A).

Inappropriate accumulation of HA-IRP2-
FLAG under iron-replete conditions, consistent
with reduced E3 ligase activity, was best ob-
served with siRNAs targeting expression of the
F-box—containing FBXLS5 protein (/7). Com-
pared with a nontargeting (NT) control siRNA,
knockdown of FBXLS expression by either of
two independent siRNAs (FBXL5 1 or 2) led to
complete stabilization of HA-IRP2-FLAG under
iron-replete conditions (Fig. 1A). Similar results
were observed for endogenous IRP2 in HEK 293
cells (Fig. 1A), HeLa cells (fig. S2A), nontumor-
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igenic HBEC-30 cells (fig. S2B), and a clonal
cell line containing a tetracycline (Tet)-inducible
FBXLS5 short hairpin RNA (shRNA) (see below).
F-box—containing proteins typically assemble with-
in SCF E3 ubiquitin ligase complexes containing
SKP1, Cullin 1 (CUL1), and RBX1 (/8), each of
which were also identified in the unbiased siRNA
screen and whose knockdown partially stabilized
IRP2 (Fig. 1A).

Despite a greater than 60% amino acid
identity, IRP1 and IRP2 are regulated differently.
Such differences are not attributable to the 73—
amino acid insert unique to IRP2 (79), as deletion
of this region does not preclude iron-dependent
IRP2 degradation or sensitivity to FBXLS knock-
down (fig. S2C). Moreover, when IRP1 is not
bound to an iron-sulfur cluster, it can be targeted
for proteasomal degradation under iron-replete
conditions, similar to IRP2 (20, 21). Although
little change in IRP1 levels was observed in FAC-
treated HEK 293 cell lines stably expressing myc-
tagged wild-type (WT) IRP1 after transfection
with three independent FBXLS5 siRNAs, a myc-
tagged IRP1 (3C > 3S) lacking three cysteines
required for Fe-S cluster assembly (20) re-
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Fig. 2. IRP2 is a substrate for SCF™®*>,
(A) FBXL5-V5 coimmunoprecipitates with
HA-IRP2-FLAG. (B) Coimmunoprecipitation
of endogenous IRP2 and FBXL5-FLAG
from HEK 293T cells incubated with either
DFO or FAC. (C) Immunoblot analysis of
FLAG immunoprecipitates from insect cells
coexpressing SKP1, CUL1, and RBX1 with either full-
length FLAG-FBXL5 (WT) or FLAG-FBXL5 lacking the
F-box domain (AF-box). (D) Recombinant SCF™®X"
ubiquitinates IRP2 in vitro when supplemented with
purified E1 and E2 enzymes, adenosine triphosphate
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sponded in an analogous manner to endogenous
IRP2 (Fig. 1B). Together, these data suggest that
FBXLS can recognize both apo-IRP1 and IRP2,
likely through a common element.

We performed electrophoretic mobility shift
assays to demonstrate that this accumulated IRP2
upon FBXL5 knockdown is functional. Knock-
down of FBXLS expression under iron-replete
conditions increased total IRE binding activity
(IRP1/2) to levels similar to those observed under
iron-deficient conditions (Fig. 1C). Although
IRP1’s RNA binding activity is sensitive to cel-
lular iron availability, FBXLS knockdown had
little effect on IRP1’s IRE binding activity, which
suggests that it does not simply reduce cellular
iron uptake or availability. In contrast, the in-
creased IRP2-FLAG levels upon FBXLS knock-
down in FAC-treated cells elevated total IRP2
RNA binding activity (Fig. 1C). Furthermore, in
Tet-inducible FBXL5 shRNA cells, loss of
FBXLS5 expression (+Tet) resulted in a factor of
~2.5 increase in TfR1 mRNA accumulation
under iron-replete conditions (Fig. 1D) consistent
with the increased IRP2 levels (see below). Thus,
reduced FBXLS5 expression results in inappro-
priate accumulation of IRP2 under iron-replete
conditions and increased IRP2 IRE binding ac-
tivity with concomitant misregulation of IRP tar-
get genes.

A physical interaction between FBXLS5 and
IRP2 was observed as antibodies to FLAG co-
immunoprecipitated FBXL5-V5 with IRP2-FLAG
(Fig. 2A) and FLAG-tagged FBXLS coimmuno-
precipitated endogenous IRP2 (Fig. 2B). To
investigate whether this interaction reflected an
E3 ligase—substrate relationship, we prepared re-
combinant SCF™®*™_ Affinity-purified FLAG-
tagged WT FBXLS, but not FBXLS lacking the
F-box domain, assembled into a stoichiometric
(fig. S3, A and B) SCF™®*™ complex (Fig. 2C).
Purified SCF™™*"*, but not the AF-box FBXLS
variant (fig. S3C), was able to ubiquitinate re-
combinant IRP2 in vitro (Fig. 2D).

To reveal the mechanism by which SC
targets IRP2 for degradation in both an iron- and
oxygen-dependent manner (2, 6), we conducted
an immunoblot analysis, which revealed that
both FBXL5-FLAG (Fig. 3A) and endogenous
FBXLS5 (Fig. 3C) protein levels were low when
iron is limiting but increased by more than an
order of magnitude under iron-replete conditions.
This difference was attenuated by addition of the
proteasome inhibitor MG132 (Fig. 3A). Interest-
ingly, FBXL5-FLAG protein levels were in-
versely regulated with respect to IRP2 (Fig. 3B).
Because FBXLS mRNA levels did not change
significantly as a function of iron (Fig. 1D) and
iron-dependent regulation of exogenous FBXL5-
FLAG did not require elements from the FBXLS5
promoter or UTRs, these data indicate that
FBXLS is posttranslationally targeted for pro-
teasomal degradation in an iron-dependent man-
ner. FBXLS-FLAG levels from iron-replete cells
were also substantially lower when incubated
under low-O, conditions (Fig. 3D). Thus, both

FBXL5
F
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iron- and O,-dependent regulation of IRP2 may
be mediated by reciprocal effects on FBXLS5’s
stability.

To identify the region of FBXLS5 that confers
such regulation, we transfected a series of V5-
tagged FBXLS deletion mutants (fig. S4) into
HEK 293T cells followed by incubation with
DFO or FAC. As observed for the full-length
protein, all but one deletion construct showed
preferential accumulation under conditions of
excess iron. In contrast, the FBXL5 AN-term
protein accumulated at constitutively high levels
under both conditions (Fig. 3E). Moreover, ex-
pression of FBXLS5 residues 1 to 161 demonstrated
that this region was sufficient to recapitulate iron-
dependent degradation (Fig. 3F).

Residues 1 to 161 of the human FBXLS5 pro-
tein are predicted to contain five o helices en-
compassing several conserved histidine and
glutamic acid residues (figs. S5 and S6A), similar
to hemerythrin-like four-helix up and down bun-
dles with an additional C-terminal helix packed
against the core (fig. S6B). Although not pre-
viously reported in mammalian proteins, heme-
rythrin domains have been frequently reported to
contain p-oxo diiron centers (22) that reversibly
bind oxygen (fig. S6C) and often function as O,-
transport proteins, O, sensors, or metal storage
depots in marine invertebrates and bacteria (23).
Recombinantly expressed (fig. S6D) FBXLS

hemerythrin domain (WT) copurified with iron,
whereas mutation of one of the predicted bridg-
ing carboxylates (E61A) was sufficient to abolish
iron binding (Fig. 4A). UV-visible absorbance
spectroscopy of the WT domain also showed a
broad absorbance peak around 330 nm, char-
acteristic of oxidized p-oxo diiron centers in
hemerythrins (24), that decreased upon reduction
with dithionite to remove oxygen (Fig. 4B). Cir-
cular dichroism spectrometry showed that the WT
domain is largely o-helical with minima at 207
and 222 nm (25). In contrast, the spectrum of the
E61A mutant is indicative of an unstructured pro-
tein (Fig. 4C). Thermal denaturation experiments
(Fig. 4D) revealed that treatment of the hemeryth-
rin domain with dithionite and the iron chelator
o-phenanthroline lowers both the melting temper-
ature and cooperativity of unfolding, which in-
dicates that these reagents destabilize the tertiary
fold of the domain (25). Thus, the FBXLS N
terminus folds into an o helix—rich structure ca-
pable of binding both iron and oxygen.

To determine whether the FBXLS5 hemeryth-
rin (Hr) domain could regulate a heterologous
protein, we transfected HEK 293T cells with
constructs expressing the domain fused to either
the N terminus (Hr-Luc) or C terminus (Luc-Hr)
of firefly luciferase. Unlike unmodified luciferase
(Luc), both Hr-Luc (~2.5x) and Luc-Hr (~2.0x)
luciferase activities were higher in lysates from

FAC-treated cells and correlated with changes in
fusion protein accumulation (Fig. 4E). Incubation
under low-oxygen conditions also reduced fusion
protein luciferase activity and accumulation under
iron-replete conditions (Fig. 4E).

Because deletion of the hemerythrin domain
resulted in constitutive FBXL5 accumulation
(A1-161; Fig. 4F) and fusion of the domain
conferred iron- and O,-dependent regulation of
stability in the context of a heterologous protein
(Fig. 4E), a recognition motif for an E3 ubiquitin
ligase (degron) likely resides within this domain.
Several F-box proteins mediate their own stabil-
ity through autoubiquitination (26), which may
contribute to the partial stabilization of the AF-
box variant (Fig. 3E). However, knockdown of
FBXLS5 expression has no effect on the iron-
dependent accumulation of the hemerythrin do-
main itself (fig. S7), indicating that its degron is
likely recognized by an as yet unidentified E3
ligase. In the folded iron- and oxygen-bound
state, this degron may be efficiently sequestered
from the E3 ligase within the hemerythrin fold,
promoting FBXLS5 accumulation and subsequent
IRP2 degradation.

If the hemerythrin domain is unable to assem-
ble a diiron center (e.g., iron-deficient conditions),
the domain may unfold to reveal the degron. Deg-
radation of FBXL5 would then preclude the
assembly of the SCF complex allowing IRP2 to
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Fig. 3. FBXL5 protein accumulation is dependent on iron and oxygen avail-
ability. (A) Immunoblot analysis of stably transfected FBXL5-FLAG protein
accumulation under iron-deplete (DFO) or iron-replete (FAC) conditions. (B) Time
course of IRP2 and FBXL5 responses to changes in iron availability. HEK FBXL5-
FLAG cells were incubated 16 hours with either FAC or DFO, then switched to low-
or high-iron conditions, respectively. Quantitation is provided in table S1. (C)
Endogenous IRP2 and FBXL5 levels were assessed by immunoblot analysis in WT

724

cells (293 TRex) or in a clonal cell line stably expressing a Tet-inducible FBXL5
shRNA. (D) Accumulation of FBXL5 under iron-replete conditions is attenuated
(by a factor of 2.5) in cells incubated under low-oxygen conditions (1% O,) for
16 hours. (E and F) Residues 1 to 161 mediate iron- and oxygen-dependent
regulation of FBXL5 accumulation. Assessment of FBXL5 protein accumulation
under iron-deplete (DFO) or iron-replete (FAC) conditions by immunoblot analysis
of transiently transfected FBXL5 constructs. Quantitation is provided in table S2.
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accumulate and bind IREs. Indeed, prior studies
have implicated the involvement of such a labile
protein in IRP2 degradation (8). Consistent with
this model, mutation of iron-binding ligands pre-
vented FBXLS accumulation (Fig. 4F), suggest-
ing an iron-insensitive, and unfolded, hemerythrin
domain in which the degron is constitutively ex-
posed. In contrast, AN-term FBXLS5 overexpres-
sion partially circumvented iron-dependent IRP2
regulation, as observed by a reduction of IRP2
accumulation under iron-deplete conditions (fig.
S8). However, the inability of AN-term FBXL5
overexpression to fully block IRP2 accumulation
in DFO-treated cells may indicate the presence of
additional mechanism(s) by which iron and ox-
ygen regulate SCFF®*™ Underscoring this pos-

m
<

Luc

sibility is the observation that FBXLS and IRP2
failed to coimmunoprecipitate in lysates from
DFO-treated cells, which suggests that iron
availability may also affect substrate recognition
(Fig. 2B). We did not observe a further increase in
ubiquitination activity when additional iron was
added to recombinant SCF™®*™ in vitro (Fig.
2D), which suggests two possibilities: Either there
was sufficient iron present during purification, or
the minimal reconstitution assay presented here
did not fully recapitulate all aspects of SCFF2XL>
regulation.

Like several F-box—containing proteins re-
ported to act as ligand-regulated effector proteins
in plants (27), FBXLS is an example of a ligand-
regulated F-box protein in metazoans. Our obser-

o 9 o 9 o
[T [T
= 8 & & &

—
Tubulin w

293T cells transiently trans-
fected with fusion protein
expression constructs. E.V.,
empty vector. Assays were
performed in triplicate with
data represented as the
mean + SE. (F) Immunoblot
analysis of protein accu-
mulation from transiently
transfected FBXL5 expres-
sion constructs.

. — i —

vations suggest a direct mechanistic link between
sensing iron and oxygen availability via FBXLS5’s
hemerythrin domain, IRP2 induction, and the reg-
ulation of mammalian iron homeostasis.
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Quantifying the Impact of Immune
Escape on Transmission
Dynamics of Influenza
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Influenza virus evades prevailing natural and vaccine-induced immunity by accumulating antigenic
change in the haemagglutinin surface protein. Linking amino acid substitutions in haemagglutinin
epitopes to epidemiology has been problematic because of the scarcity of data connecting these
scales. We use experiments on equine influenza virus to address this issue, quantifying how key
parameters of viral establishment and shedding increase the probability of transmission with
genetic distance between previously immunizing virus and challenge virus. Qualitatively similar
patterns emerge from analyses based on antigenic distance and from a published human influenza
study. Combination of the equine data and epidemiological models allows us to calculate the
effective reproductive number of transmission as a function of relevant genetic change in the virus,
illuminating the probability of influenza epidemics as a function of immunity.

s well as occasional pandemics caused
by novel virus subtypes against which
the population has no natural immunity,
influenza virus causes annual epidemics in man,
resulting in considerable morbidity and mortal-
ity (I). The recurring dynamics of annual in-
fluenza arises largely from the evolution of the
virus (2) [particularly gradual changes in the
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surface antigens, haemagglutinin (HA), and neur-
aminidase, which determine the influenza subtype].
The mutation rate of the H3N2 subtype of human
influenza A virus, which has caused most morbidity
and mortality between 1968 and 2009, results in the
appearance of antigenically novel viruses every 2 to
5 years (3). These viruses have amino acid substi-
tutions at key antigenic sites, allowing them to
escape the humoral immunity of individuals vac-
cinated or infected with preceding strains.

Integration of the epidemiological and evo-
lutionary dynamics (phylodynamics) of influen-
za viruses is much studied (3-7). However, a
crucial gap in our knowledge is that we do not
know how changes in viral HA translate into
immune escape in previously infected or vac-
cinated hosts, in terms of increases in the ef-
fective reproductive number (8). To quantify this
relationship, we need data from controlled sea-
sonal influenza infections, preferably of a natural
mammalian host with manipulated prior immu-
nity. A series of experimental infection studies
with equine influenza virus (EIV) provides this
opportunity (table S1).

Equine influenza vaccines have been used,
particularly in racehorses, since the 1960s. For
more than 40 years, all equine influenza infec-
tions have been caused by strains of the H3N8
subtype, which has a similar course of infection
to seasonal influenza A in humans (9). In the late
1980s, and in contrast to influenza A in humans,
the equine H3N8 subtype diverged into two
lineages (10). Experiments in which homologous
and heterologous equine influenza vaccines were
tested (//) allow us to relate the impact of dif-
ferences between vaccine and challenge strains
on key epidemiological parameters. We begin
with the simplest model, using amino acid sub-
stitutions (genetic distance) to measure heterolo-
gy of different strain pairs (/7). Our focus here is
on relating broad patterns of heterology to
epidemic risk. Outbreaks can occur in a wholly
susceptible population when the basic reproduc-
tive number (Ry) exceeds one; that is, an in-
fectious individual gives rise, on average, to more
than one new infection (8). In populations that
are not wholly susceptible (for example, a par-
tially vaccinated population), the effective repro-
ductive number, R, which takes into account that
infectious individuals may make contact with
nonsusceptible individuals, is the more appropri-
ate measure of outbreak risk (8). The effective
reproductive number can be calculated as R =
Ro pgd | dax, Where p and g are the probabilities
of becoming infected and infectious, respectively,
and d is the infectious period (/7). The parameter
dimax 1s the maximum infectious period (estimated
as the sample mean of the control animals).

The equine data (Fig. 1) show that even when
the HAs of the vaccine and challenge strains are
identical, the nonadjuvanted vaccines used are
imperfect; animals vaccinated with a homolo-
gous strain have ~55% chance of becoming
infected (p) and, if infected, have ~65% chance
of becoming infectious (g), and are infectious (d)
for an average of 2.8 days. Figure 1 also shows
that p, ¢, and d increase with increasing number
of amino acid differences in antigenic sites, a
[supported by regression analyses (table S2)]. For
mismatches of five or more amino acids in
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