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Abstract
Rhes, Ras homolog enriched in striatum (Rhes), is a highly conserved small GTP binding protein
belonging to the Ras superfamily. Rhes is involved in the dopamine receptor-mediated signaling
and behavior though adenylyl cyclase. The striatum-specific GTPase shares a close homology
with Dexras1, which regulates iron trafficking in the neurons when activated though the post-
translational modification called s-nitrosylation by nitric oxide (NO). We report that Rhes
physiologically interacted with PAP7 and participated in iron uptake via DMT1 similar to
Dexras1. Interestingly, Rhes is not S-nitrosylated by NO-treatment, however phosphorylated by
Protein Kinase A (PKA) at the site of serine-239. Two Rhes mutants - the phosphomimetic form
(serine 239 to aspartic acid) and constitutively active form (alanine 173 to valine) - displayed an
increase in iron uptake compared to the wild type Rhes. These findings suggest that Rhes may
play a crucial role in striatal iron homeostasis.

Keywords
Rhes; Iron uptake; Striatum; Phosphorylation; G protein

1. Introduction
Iron is an essential metal ion critical for basic cellular processes, such as mitochondrial ATP
generation and DNA replication (Hentze and Kuhn, 1996; McCord, 1998; Todorich et al.,
2009)(Todorich, Pasquini et al. 2009). Iron deficiency studies show that iron plays an
important role in normal division of cells, including neuronal precursor cells, astrocytes and
oligodendrocytes (Ke and Qian, 2007; Moos and Morgan, 1998). In addition, iron is
required for several neuronal specific functions, such as dopaminergic neurotransmitter
synthesis and myelination (Moos and Morgan, 1998; Rouault and Cooperman, 2006;
Todorich et al., 2009). Due to its unique chemical nature, however, iron can have deleterious
effects by generating reactive oxygen species through Fenton Reaction when in excess
(McCord, 1998). The precise mechanism and participating molecules are not clearly
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understood, but iron accumulation and its pathological implications have been reported in
numerous neurodegenerative diseases such as multiple sclerosis, Alzheimer's disease and
Parkinson's disease (Barnham and Bush, 2008; Berg and Hochstrasser, 2006; Khalil et al.,
2011; Nunez et al., 2012; Schneider and Bhatia, 2012; Todorich et al., 2009).

Rhes, a novel Ras Homolog Enriched in Striatum, is a GTP binding protein. Like all G
proteins, Rhes contains the conserved domain including the GTP binding domain, a C-
terminal prenylation site, and the magnesium binding domain. The physiological role of
Rhes is not fully understood, however, it has been reported to involve in PI3K activation
(Todorich et al., 2009; Vargiu et al., 2004) and regulatory actions on AKT pathway (Bang et
al., 2012; Harrison et al., 2013) at a cellular level and modulation of dopamine receptor-
mediated behavior with Rhes mutant mice (Errico et al., 2008; Harrison and Lahoste, 2006;
Quintero et al., 2008). Recently, it has been shown that interaction of Rhes with a huntingtin
protein gives rise to selective vulnerability to striatal pathology in Huntington's disease
(Subramaniam and Snyder, 2011)(Subramaniam and Snyder 2011).

Rhes amino acids shares 67 % identity in the open reading frames with Dexras 1, a brain-
enriched member of the Ras family of small G proteins (Falk et al., 1999; Vargiu et al.,
2004)(Falk, Vargiu et al. 1999). Moreover, these two have a common feature of an extended
C-terminal tail which differentiates them from the conventional Ras family members (Falk
et al., 1999; Graham et al., 2001)(Graham, Key et al. 2001). Dexras1 has been shown to
activate G protein signaling via selectively binding to Gαi2, increasing GTPγS binding to Gi
and Go and activating extracellular signal-regulated kinases 1 and 2 (Erk 1 and 2)
(Cismowski et al., 2000; Graham et al., 2002). Particularly, we discovered that Dexras1
participates in iron uptake through NMDA receptor mediated signaling. Specifically,
stimulation of NMDA receptors activates nNOS, leading to S-nitrosylation and activation of
Dexras1 which, via PAP7 (Peripheral benzodiazepine Receptor-associated Protein7) and
DMT1, physiologically induces iron uptake (Cheah, Kim et al. 2006). More recently, we
found that Dexras1 is required for NMDA-elicited neuronal toxicity via NO and iron influx
(Chen et al., 2013).

Since Rhes is highly expressed in the striatum where the level of iron is the highest and
shares a close homology with Dexras1 which controls neuronal iron trafficking (Cheah et
al., 2006; Falk et al., 1999), we wondered whether Rhes is involved in the neuronal iron
uptake in striatum. We found that wild type Rhes interacts with PAP7, a scaffolding protein
between Dexras1 and DMT1, as an iron transporter and an active form of Rhes enhances
iron uptake compared to a native form. Our in vitro phosphorylation assay revealed that
PKA specifically phosphorylates at the residue of 239 in Rhes. Surprisingly, the
phosphomimetic mutant of serine-239 to aspartic acid (S239D) induced an increase of iron
uptake while the phosphodead mutant of serine-239 to alanine (S239A) did not. These
observations indicate that PKA-mediated phosphorylation of Rhes activates Rhes GTPase
and regulates the intracellualr iron influx.

2. Experimental Procedures
2.1. Cells and generation of mutant constructs

HEK 293T cells were maintained in DMEM with 10% FBS, 2 mM L-glutamine and 100 U/
ml penicillin-streptomycin at 37°C with 5% CO2 atmosphere in a humidified incubator.
Wild type Rhes was cloned into pCMV-Myc (Clonotech) and subsequently S293A and
S293D mutants were created with QuickChange (Stratagene) method according to
manufacturer's instruction.
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2.2. Iron uptake assay
Non-transferrin-bound iron (NTBI) uptake assays were performed as previously described
(Cheah, Kim et al. 2006). In brief, HEK293T cells were transfected with Rhes-Myc or
mutants using Polyfect reagent (Qiagen). After 48 hr, the cells were washed with phosphate-
buffered saline (PBS) then resuspended into iron uptake buffer (25 mM Tris, 25 mM MES,
140 mM NaCl, 5.4 mM KCl, 5 mM glucose, 1.8 mM CaCl2 [pH 5.5]) and transferred to
glass test tubes. Ascorbic acid was added to 1 mM FeSO4 at a 44:1 ratio. 55FeCl3
(PerkinElmer Life Science) was added to the iron/ascorbic acid mixture, which was then
added to the cells in iron uptake buffer to a final concentration of 20 μM. Cells were
incubated at 37°C with shaking for 15 min. The cells were washed twice with cold PBS plus
0.5 mM EDTA and harvested. An aliquot of resuspended cells was taken for protein assay
using the Bio-Rad Protein Assay Reagent; the protein concentrations of individual samples
were used to quantitate 55Fe incorporation (cpm/μg protein). Samples were normalized to
control. Statistical comparisons of iron uptake were performed by student's t-test. All NBTI
uptake experiments were repeated at least three times, each sample in triplicate.

2.3 GST Pull-down assay
GST or GST-tagged PAP7 constructs were cotransfected with Rhes-Myc constructs into
HEK293T cells using PolyFect (Qiagen), with a transfection efficiency of greater than 90%.
Cells were lysed 48 hr after transfection in buffer A (100 mM Tris [pH 7.4], 150 mM NaCl,
1% Triton X-100, 15% glycerol, 1 mM PMSF, 25 mg/ml antipain, 50 mg/ml leupeptin, 50
mg/ml aprotinin, 25 mg/ml chymostatin, and 25 mg/ml pepstatin). Lysates were precleared
with pansorbin cells (Calbiochem), then 1 mg of total protein was incubated with
Glutathione-Sepharose beads overnight at 4 C. Beads were washed with wash buffer (50
mM Tris [pH 7.4], 500 mM NaCl, 10 mM b-glycerophosphate) twice, then once with buffer
A. Beads were quenched in sample buffer (100 mM Tris [pH 6.8], 10% glycerol, 250 mM b-
mercaptoethanol, 2% sodium dodecyl sulfate, and bromophenol blue). Total protein (50 mg)
was loaded as input. Rhes-Myc binding was examined using an anti-myc antibody (Roche)
followed by incubation with anti-mouse secondary conjugated to horseradish peroxidase
(HRP) (Jackson Immunoresearch); blots were then stripped and probed with an anti-GST
antibody conjugated to HRP to detect PAP7. Chemiluminescence (Pierce) was used to detect
bands on the Western blot.

2.4. in vitro phosphorylation
Immunoprecipitation and in vitro kinase assay were performed as previously described
(Faul, Dhume et al. 2007). Cells transfected with Rhes-Myc or Myc were lysed in buffer A,
and then centrifuged at 12,000 ×g for 10 min at 4 °C. After preclearing with 125 μl of
Protein A beads prepared as a 20% (v/v) suspension for 1 h at 4 °C, supernatants were
incubated with anti-Myc antibody and the immunocomplexes were precipitated by addition
of Protein A bead suspensions. The immunoprecipitates were collected by centrifugation
and washed twice with buffer A and twice with PBS. The kinase assay was performed by
incubating cell lysates in phosphatase buffer containing 20 mM MgCl2 with or without λ
phosphatase (λ PPase) for 3 hours at 30°C. After thoroughly washing with PBS three times,
protein bound beads were incubated with kinase buffer containing 1 mM MgATP, λ PPase
inhibitors, and trace mount of [γ-32P] ATP for 30 min at 30°C. When indicated, protein
kinases, such as PKA, protein kinase C (PKC), and casein kinase 2 (CK2) were added to the
reaction mixture. The kinase reaction was stopped by adding 4 × SDS loading buffer and the
samples were subjected to SDS-PAGE. Protein transferred blot was exposed to X-ray film
for autoradiography. The blot was incubated with blocking buffer of 10% skim milk then
proved with anti-Myc antibody for detection of input signal. To block PKA activities in
cells, 1 μM H89 was added to the kinase buffer.
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2.5. Immunofluorescence staining
Stable cell line of HEK293 was seeded on glass coverslips and transfected with iron
responsive element (IRE)-GFP and Rhes-Myc (or mutants). After 24 hours, cells were
treated with 50 ug/ml ferric ammonium citrate (FAC) or 100 μM iron chelator,
deferoxamine (DFO). Another 24 hours after, cells were fixed with 4% PFA, washed,
permeabilized, and blocked with 1% BSA, 2% normal goat serum in PBS. Cells were then
incubated with a mouse anti-Myc epitope primary antibody and then visualized by an
appropriate Alexa Fluor 596 secondary antibody (Invitrogen). Confocal microscopy was
performed under oil immersion on Leica DMI6000 (Leica Microsystems) with a 63x
objective.

3. Results
3.1 Rhes increases iron uptake via DMT1

Since Rhes shares a close homology with Dexras 1, which is known to involve neuronal iron
trafficking through an interaction of DMT1 via PAP7, we first examined whether Rhes can
also interact with PAP7 using the GST Pull down assay. HEK293T cells transiently
expressing Rhes-Myc and GST-PAP7 revealed selective binding of Rhes to PAP7 (Fig. 1A).
To test whether Rhes-PAP7 complex is involved in the iron uptake via DMT1, we
performed a non-transferrin bound iron (NTBI) uptake assay. We found an increase of iron
uptake in HEK293T cells overexpressed with Rhes and PAP7 compared to the control cells
(Fig. 1B). We wondered if the action of Rhes in iron uptake might be derived from its
GTPase activity. From the comparison between constitutively inactive Rhes, with a mutation
of glycine-31 to valine (G31V) and active Rhes, with a mutation of alanine-173 to valine
(A173V), we observed that A173V increased iron uptake more than the native Rhes whereas
G31V transfected cells showed no effect on iron uptake as similar to those transfected with a
Myc control vector (Fig. 1C). This indicates Rhes GTPase activity drives iron uptake.

3.2 Protein Kinase A (PKA) phosphorylates Rhes
It has been shown before that S-nitrosylation, a nitric oxide (NO)-mediated post-
translational modification, acts as a guanidine exchange factor (GEF) for Dexras1 and
activates its GTPase activity, leading to an increase of iron influx in neurons. Therefore, we
examined if Rhes is a target for NO-mediated S-nitrosylation. HEK293T cells were
transfected with a Rhes-myc plasmid and treated with either glutathione (GSH) or nistroso-
S-glutathione (GSNO) for 2 hours. Unlike Dextras 1, we found that Rhes was not S-
nitrosylated by NO treatment, suggesting that NO does not activate Rhes GTPase activity.
Alternatively, the primary sequence analysis by ScanSite (http://scansite.mit.edu) revealed
that Rhes contains putative PKA phosphorylation sites. To test whether PKA indeed
phosphorylates Rhes, we performed an in vitro phosphorylation assay to identify a putative
modulator of Rhes. Recombinant Rhes was incubated with various kinases and we found
that PKA was the only kinase that can phosphorylate the Rhes protein (Fig. 2A). Moreover,
treatment of H-89, a well-known PKA inhibitor, abrogated PKA mediated phosphorylation
of Rhes (Fig. 2B), supporting that PKA mediates phosphorylation of Rhes. PAP7 is known
to bind to a regulatory subunit of PKA, so we wondered whether PAP7 had any effect on
PKA-mediated phosphorylation of Rhes. We found co-overexpression of PAP7 with Rhes
does not affect PKA-mediated phosphorylation of Rhes indicating that PAP7 is not involved
in phosphorylation of Rhes by PKA (Fig. 2C).

3.3 PKA phosphorylates only serine-239 amino acid on Rhes
We performed primary sequence analysis of Rhes and identified two putative substrate
motifs between residues 84 and 88 (RRLSI) and 236 and 240 (RRPSV) for the PKA (the
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consensus motif for PKA substrates is R-R- pS/pT -Z, where X represents any amino acid
residue, pS or pT represents the phosphorylated serine or threonine, and Z represents the
small size of the amino acid residue) (Pinna and Ruzzene, 1996; Songyang et al., 1994). The
motif is highly conserved in Rhes protein from all species examined, suggesting these two
may be potential target for PKA-mediated phosphorylation of Rhes (Fig. 3A). To directly
examine which amino acid is modified by PKA, we mutated each serine (S87, and S239)
into nonphosphorylatable alanine. From the in vitro phosphorylation assay with HEK293T
cells overexpressed with phosphodead mutants of S87A and S239A we generated, PKA
mediated phosphorylation was completely eliminated from S239A and not S87A (Fig. 3B),
demonstrating that serine-239 is the single amino acid phosphorylated by PKA.

3.4 Phosphomimetic Rhes mutant induces an increase in iron uptake
We wondered if PKA-mediated phosphorylation of Rhes is involved in iron trafficking in
the cells. To test this, we created a phosphomimetic mutant by changing serine 239 to
aspartic acid (S293D) and examined its effect on iron uptake. In cells transfected with the
S239D Rhes mutant, a more than 50% increase in iron uptake was observed compared to the
native Rhes (Fig. 4A). However, the phosphodead mutant of S239A showed no effect on
iron uptake. We have also confirmed that all the forms of Rhes (WT, S239D and S239A) are
expressed at comparable levels, demonstrating that the differences in iron uptake between
Rhes mutants are due to the phosphorylation status rather than the protein expression levels
(Fig 4B). To visualize intracellular iron, HEK293T cells were co-transfected with Rhes (or
mutants) and the iron reporter construct IRE-GFP, whose expression is positively correlated
with intracellular iron levels. This reporter construct has been used previously to measure
changes in cytosolic iron (Li et al., 2004). S239D consistently displayed stronger GFP
intensity than the native Rhes and S239A showed weak GFP signal (Fig. 4C and 4A).

4. Discussion
We provide evidence that Rhes is phosphorylated by PKA at the site of serine 239 and
consequently modulates iron trafficking via the iron importer channel DMT1. We observed
that native Rhes is involved in the cellular iron uptake. However, the degree of increase in
iron entry from the cells with wild type Rhes was less than the mutants of either
constitutively active A178V or phosphomimetic S239D. This might be due to the possibility
that not all of native Rhes is participating in the modulation of iron uptake. Indeed, it has
been shown that only a small portion of Rhes in its native status is bound to GTP (Vargiu et
al., 2004).

Iron is taken into the cell via two methods: the classical Transferrin (Tf)-mediated iron
uptake pathway and the Non-Tf Bound Iron (NTBI) uptake from the plasma membrane.
Physiologically, the majority of cells in the organism acquire iron from a well-characterized
plasma glycoprotein, Tf. Iron uptake from Tf is mediated by receptor-mediated endocytosis
upon its binding to Tf receptor (TfR). After endocytosis, the acidic environment of the early
endosomes triggers the release of trivalent iron from the Tf–TfR complex, which is recycled
to the plasma membrane. Members of the Steap family of ferric reductases localized in the
endosome reduce ferric iron to its ferrous form before releasing it into the cytosol via
DMT1. Moreover, DMT1 in the plasma membrane directly mediates iron transport for
NTBI uptake (Fleming et al., 1997; Gunshin et al., 1997). NTBI uptake can occur when iron
overload produces fully saturated Tf, yet physiological roles for NTBI have not been well
characterized. Therefore, iron has to go through DMT1 to enter into cytoplasm regardless of
iron uptake path. Moreover, it has been shown that DMT1 expression levels or its activity
are not limiting factors for TfR-mediated iron uptake, suggesting that results from NTBI
may provide useful information about overall iron trafficking status. Indeed, our previous
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study showed that Dexras1 equally regulated TfR-mediated iron uptake as well as NTBI
uptake (Cheah et al., 2006). Surprisingly, the amount of Tf made in the brain is about 100-
fold lower than that of serum Tf. Unlike the systemic circulation, brain iron levels are in a
molar excess relative to that of Tf iron binding capacity and thus, brain Tf is often saturated
(Burdo and Connor, 2003; Sorond and Ratan, 2000). Therefore, under normal conditions,
there may be substantial non-Tf bound iron-uptake into cells.

Several studies have examined the activity of intracellular enzymes that are affected by Rhes
(Harrison and He, 2011; Vargiu et al., 2004). However, this is the first time to how Rhes is
regualted by other enzyme. Since Dexras 1 is activated via S-nitrosylation, failure to detect
S-nitrosylat of Rhes with NO treatment was an unexpected outcome. We found that PKA is
the only tentative enzyme that regulates Rhes activity by phosphorylation at the site of
serine-239 (Fig. 2A). The phosphomimetic mutant induced a considerable increase in iron
entry (Fig. 4A and C), implying that conformational change by phosphorylation on serine
239 might lead to an active state evidenced from the increase in iron uptake with the
constitutively active form of Rhes (Fig. 1C). Hence, it is tempting to speculate that PKA-
mediated phosphorylation is the guanidine exchange factor (GEF) for Rhes analogous to
NO-mediated S-nitrosylation for Dexras1.

Even though Rhes participates in iron uptake like Dexras1, a relative GTPase sharing the
closest homology with Rhes, their precise mechanisms are not likely identical. For Dexras1,
glutamate-NMDA receptor stimulation-induced nNOS activation results in S-nitrosylation
of Dexras1 (Cheah et al., 2006; Fang et al., 2000). However, PKA-mediated
phosphorylation on serine 293 is required for Rhes to induce iron uptake. In addition, the
striatal localization is a primary characteristics of Rhes distinguished from Dexras1, which is
widely distributed in the brain (Falk et al., 1999; Fang et al., 2000)(Falk, Vargiu et al. 1999;
Fang, Jaffrey et al. 2000). The striatum is full of dopaminergic synapses projected from the
substantia nigra and is responsible for balanced movement. Dopamine binding to the D1
receptor leads to production of cAMP, which activates PKA (Borgkvist and Fisone, 2007;
Nishi et al., 2011). Moreover, PKA is known to regulate signaling pathways that are
involved in learning and memory (Heyser et al., 2000), addiction (Hiroi et al., 1999), and
synaptic plasticity (Lee et al., 2000). Furthermore, striatal PKA also participates in motor
behavior from the study of the RIIβ PKA mutant mouse model (Brandon et al., 1998).
However, upon aging, PKA activity seems perturbed from the evidence that RIIβ PKA
disruption promoted anti-aging phenotype (Enns et al., 2009). Since the striatum is a
physiologically iron-rich area (Dexter et al., 1993) and imbalance of iron metabolism is
aggravated with aging (Xu et al., 2012), striatal neurons are prone to degeneration by iron-
associated oxidative stress, leading to aging-related decline in motor function (Cass et al.,
2007; Xu et al., 2012). Its precise mechanism of region-dependent iron dysregulation
remains to be clarified. However, our study suggests that striatal specific Rhes, when its
activity is perturbed, might contribute to dysregulation of dopaminergic function in the
striatum.
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Abbreviations

Rhes ras homolog enriched in striatum

nNOS neuronal nitric oxide synthase
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DMT1 divalent metal transporter 1

PAP7 Peripheral benzodiazepine Receptor-associated Protein7

S239D serine-239 aspartic acid

PKA protein kinase A

S239A serine-239 alanine

NTBI nontransferrin-bound iron

PBS phosphate-buffered saline

HRP horseradish peroxidase

IRE iron responsive element

FAC ferric ammonium citrate

DFO deferoxamine

G31V glycine-31 valine

A173V alanine-173 valine

Tf transferrin

TrR transferrin receptor

PD Parkinson's disease
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Highlights

• Rhes interacts with an iron importer, DMT1 via PAP7.

• Rhes is not S-nitrosylated by nitric oxide.

• PKA phosphorylates Rhes at the site of serine 239.

• PKA-mediated phosphorylation of Rhes modulates iron trafficking.
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Figure 1. Involvement of Rhes in iron uptake
(A) HEK293T cells were transfected with Rhes-myc, and GST or GST-PAP7. Cell lysates
were subjected to GST-pull down assay. (B) NBTI uptake was measured with cells
transfected with either wild type, PAP7, or wild type and PAP7 (* P<0.05). (C) HEK293T
cells were transfected with Rhes, G31V-, or A173V-Rhes were subjected to NBTI uptake
assay as described in the Experimental Procedures (* P<0.05, P<0.005).
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Figure 2. Phosphorylation of Rhes by PKA
Rhes-myc was transfected into HEK293T and was immunoprecipitated by anti-myc
antibody. (A) In vitro phosphorylation assay was performed in the presence of various
kinases with or without pretreatment of λ phosphotase. (B) PKA-mediated phosphorylation
assay was performed in the presence or absence of PKA inhibitor, H-89. (C) PKA-mediated
phosphorylation assay was performed in the presence or absence of PAP7.
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Figure 3. Phosphorylation of serine-239 amino acid by PKA
(A) Amino acid sequence alignment of Rhes (B) Either WT Rhes-myc or phosphodead
mutants (S87A or S239A) were transfected into HEK293T cells and were
immunoprecipitated by anti-myc antibody. In vitro phosphorylation assay was performed
and the results were visualized by autoradiography (top). Western blot image showed the
loading of Myc-tagged Rhes protein in the reactions (bottom).
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Figure 4. Increase in Iron uptake with phosphomimetic S239D mutant Rhes
(A) HEK293T cells transfected with Rhes or mutants (S239A or S239D) Rhes were
subjected to NBTI uptake assay. (* P<0.05, ■ P<0.005). (B) HEK293T cell that were
transfected with Rhes or Rhes mutants (from A) were detected by using anti-myc antibody
and α–tubulin as a loading control. (C) The levels of intracellular iron were visualized by
using IRE-GFP, an iron reporter GFP system. HEK293T cells transfected with Myc or Rhes-
Myc (or mutants) and IRE-GFP were further incubated with in the absence or presence of
either FAC or DFO. Merge presents an overlay of Rhes in red and IRE-GFP in green.
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