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Abstract

Studies have demonstrated that the solute carrier family 11 member 1 (SLC11A1) is heavily

glycosylated and phosphorylated in macrophages. However, the mechanisms of SLC11A1

phosphorylation, and the effects of phosphorylation on SLC11A1 activity remain largely

unknown. Here, the tyrosine phosphorylation of SLC11A1 is observed in SLC11A1-express-

ing U937 cells when differentiated into macrophages by phorbol myristate acetate (PMA).

The phosphorylation of SLC11A1 is almost completely blocked by treatment with PP2, a

selective inhibitor of Src family kinases. Furthermore, we found that SLC11A1 is a direct

substrate for active c-Src kinase and siRNA-mediated knockdown of cellular Src (c-Src)

expression results in a significant decrease in tyrosine phosphorylation. We found that PMA

induces the interaction of SLC11A1 with c-Src kinase. We demonstrated that SLC11A1 is

phosphorylated by Src family kinases at tyrosine 15 and this type of phosphorylation is

required for SLC11A1-mediated modulation of NF-κB activation and nitric oxide (NO) pro-

duction induced by LPS. Our results demonstrate important roles for c-Src tyrosine kinase

in phosphorylation and activation of SLC11A1 in macrophages.

Introduction

Solute carrier family 11 member 1 protein (SLC11A1), formerly known as natural resistance

associated macrophage protein 1 (NRAMP1), is an integral membrane protein expressed in

cells of the myeloid lineage: monocytes, macrophages, neutrophils and dendritic cells [1,2].

SLC11A1 is present in the membranes of LAMP1 positive late endosomes/lysosomes [3].

Upon phagocytosis of live bacteria or inert particles such as latex beads and zymosan, it is rap-

idly recruited to the membrane of maturing phagosomes [3–6]. Recruitment of SLC11A1 to
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the membrane of Mycobacteria-containing phagosomes appears to impair the ability of Myco-
bacterium to block phagolysosomal fusion and acidification. It also affects the bacteriostasis or

bactericidal activity of phagocytes and the survival of intracellular pathogens. Indeed, it has

been reported that SLC11A1-positive mycobacterial phagosomes show enhanced fusion to

vacuolar H+-ATPase-positive vesicles [7] and lysosomes [8,9], increased acidification [7] and

enhanced bactericidal activity [5] compared with their SLC11A1-ablated counterparts.

SLC11A1 has been shown to function as a proton-dependent transporter for divalent metal

cations such as iron and manganese [5,8–11]. It is also involved in iron metabolism [12–15]

and exerts pleiotropic effects on macrophage activation [10,16–22]. A study on RAW264.7

murine phagocytes has shown that SLC11A1 deficiency results in reduced formation of nitric

oxide (NO), TNF-α and interleukin-6 while interleukin-10 is increased [23]. It has also been

shown that an early inflammatory response against bacterial infection occurrs only in

SLC11A1+/+ mice as a result of secretion of pro-inflammatory cytokines such as IFN-γ, TNF-α
and MIP-1α [20]. In dendritic cells, SLC11A1 is also expressed in the late endosomal/lyso-

somal compartments and modulates the expression of cytokines (IL-10 and IL-12) and MHC

class II molecules as well as antigen-presentation to T cells [2]. In macrophages, SLC11A1 reg-

ulates macrophage functions through inhibition of protein-tyrosine phosphatase activity, in

turn modulating the signal pathways associated with NO production and the macrophage

response to infection [24]. More recently, SLC11A1 has been reported to be expressed in

innate lymphocytes and enhance their activation [25]. The role of SLC11A1 extends beyond its

well-established function as a host resistance gene. Recent studies have implicated it in both

inflammatory and autoimmune disorders. Meta analysis identified the SLC11A1 locus as play-

ing a role in influencing susceptibility to both infectious and autoimmune diseases [26]. The

SLC11A1 gene has also been associated with rheumatoid arthritis [27], type 1 diabetes [28],

sarcoidosis [29], Behçet’s syndrome [30], multiple sclerosis [31] and allergic asthma [32]. In

addition, through its regulatory effect on the inflammatory cascade, it has been shown to play

important roles in tissue regeneration and wound healing [32,33]. However, the exact mecha-

nism of the SLC11A1-mediated effect on inflammation and autoimmunity remains unknown.

Sequence analysis indicates that SLC11A1 protein contains proline-rich motifs (PRMs) that

resemble Src homology 3 (SH3) binding domains known to be involved in signal transduction

[34–38]. The SH3 domain is a small protein domain of about 60 amino acid residues first iden-

tified as a conserved sequence in the non-catalytic part of several cytoplasmic tyrosine kinases

such as Abl and Src. It has since been identified in a number of other unrelated protein families

such as phospholipases, PI3 kinases, ras GTPase activating proteins, adaptor proteins, CDC24

and CDC25 [36,37]. SH3 domain-containing proteins mediate protein-protein interactions

via binding to specific PRMs in their respective target proteins [36–39], which are required for

signal transduction, subcellular localization, and cytoskeletal organization in eukaryotic organ-

isms [40–43]. c-Src (or Src) is a well-characterized nonreceptor tyrosine kinase that belongs to

a family of eleven related proteins (Src, Lck, Hck, Fyn, Fgr, Yes, Blk, Yrk, Frk, Srm and Lyn)

known as Src family kinases (SFKs) [44]. Each member of the SFKs is composed of a series of

modular domains that regulate cellular localization (SH4), interaction with binding partners

(SH2 and SH3) and enzymatic activity (SH1) [45]. It has been shown that c-Src associates with

a variety of growth factor receptors, integrins, and ion channels as well as with several other

cellular proteins, leading to the activation of multiple phosphorylation signaling cascades and

increased transcription and/or activity of proteins involved in cell growth and proliferation,

ion transport, cell motility and invasion [46–50].

Analysis of the amino acid sequence of human SLC11A1 using Netphos 2.0 server [51] and

GPS2.1 [52] revealed the presence of two potential tyrosine phosphorylation sites (Y15 and

Y38) at its N-terminus. In vitro phosphorylation assay have shown that murine Slc11a1 can be

c-Src-mediated tyrosine phosphorylation of SLC11A1
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phosphorylated at the N-terminal region [53]. However, tyrosine phosphorylation of

SLC11A1 has not been reported. In this study, we found that c-Src interacts with SLC11A1

protein during the differentiation of human promyelocytic leukemia cells, U937 and HL-60,

into macrophages by PMA. We demonstrated that c-Src tyrosine kinase activity is involved in

the phosphorylation of SLC11A1 on tyrosine 15, and that this type of phosphorylation is neces-

sary for SLC11A1-mediated modulation of NF-κB activation and NO production.

Materials and methods

Antibodies and reagents

The rabbit anti-SLC11A1 antibody was purchased from Santa Cruz Biotechnology, Inc. (Santa

Cruz, CA). The rabbit polyclonal antibody to Src and mouse monoclonal antibody 9E10

directed against the c-Myc protein were purchased from Abcam (Cambridge, MA). Purified

recombinant active c-Src, Anti-phospho-Src (Tyr 418) and anti-phosphotyrosine antibody

4G10 were from Upstate (Lake Placid, NY). The mouse anti-actin monoclonal antibody and

HRP-conjugated rabbit anti-mouse IgG were from Sigma (Saint Louis, MO). HRP-conjugated

goat anti-rabbit IgG was from Cell Signalling (Danvers, MO). Src substrate Sam68 (amino

acids 331–443) used for in vitro phosphorylation by c-Src kinase was purchased from Santa

Cruz Biotechnology. Cell Line NucleofectorTM kit V was purchased from Amaxa (Gaithers-

burg, MD). siRNA SMARTpool (c-Src) was from Dharmacon (Lafayette, CO). SFK inhibitor

PP2 and PP3 were purchased from Calbiochem (San Diego, CA). The QuickChange II XL site-

directed mutagenesis kit was purchased from Stratagene (La Jolla, CA). Activated CH-Sephar-

ose 4B was from Amersham Bioscience.

Plasmids and constructs

The SLC11A1 gene was amplified by PCR using full-length human SLC11A1 cDNA (R&D sys-

tem) as a template. The forward and reverse primers were as follows: forward primer, 5’-GT
CGAATTCGCCACCATGACAGGTGACAAG GGTCCCCAAAG-3’ containing an EcoRI site

(underlined) and a Kozak sequence (bold type); reverse primer, 5’- ATGGATCCTTACAGA
TCCTCTTC TGAGATGAGTTTTTGTTCGCCAGAGGTCTCCCCTTTCTGG-3’containing a

BamHI site (underlined) and a sequence encoding myc epitope (bold type). The PCR product

was digested with EcoRI and BamHI and inserted in the corresponding sites of plasmid pCB6,

yielding a construct pCB6-SLC11A1-Myc with a Myc tag (EQKLISEEDL) at the C-terminal

end of SLC11A1. The c-Myc-tagged PRM-deletion mutant, lacking amino acids 21–29, was

constructed using QuickChange II XL site-directed mutagenesis kit. Primers used for deletion

were 5’-TCCAGCTATGGTTCCATCTCCAGCCAGCAAGCACCTCCCAGAGAGA CC-3’ and
5’-GGTCTCTCTGGGAGGTGCTTGCTGGCTGGAGATGGAACC ATAGCTGGA-3’. Two muta-

tions (P130A and P231A) in the two different PRMs of SLC11A1 as well as the Y15F and Y38F

mutants were generated using the QuickChange II XL site-directed mutagenesis kit according

to the manufacturer’s instructions. The cDNA encoding wild-type c-Src in the Puse (-) vector

(Upstate Biotechonology, Lake Placid, NY) was subcloned into XhoI /BamHI sites of pCB6

vector, yielding a pCB6-c-Src construct. All mutations and cDNA constructs were confirmed

by DNA sequencing.

In vitro peptide binding assay

Three peptides were synthesized by NEO BioScience (Cambridge, MA). The PRM peptide II

(ISSPTSPTSPGPRQAPPRET), which spans SLC11A1 amino acids 19–38, comprises a

PXXPXXPXP motif. The PRM peptide I (GEVCHLY YPKVPRTVLWLTI), which spans

c-Src-mediated tyrosine phosphorylation of SLC11A1
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SLC11A1 amino acids 122–141, comprises a PXXPR motif. The negative control peptide

(IPDTKPGTFSLRKLWAFTG PGFLM), which spans SLC11A1 amino acids 45–68, lacks a

PRM. The positive control peptide is Src substrate Sam68 (amino acids 331–443, Santa Cruz).

Each peptide was coupled to activated CH-Sepharose 4B according to the manufacture’s

instructions. In vitro binding of c-Src to peptides was performed as described previously [54].

The bound proteins were eluted by boiling in SDS sample buffer and analyzed by Western

blotting using a rabbit polyclonal antibody to c-Src. Prior to peptide competition binding

assay, purified c-Src was added 1, 2 or 5 μg of negative peptide, peptide I or peptide II before

incubating with the CH-Sepharose 4B coupled with the positive control peptide.

Cell culture and transfection

The U937-SLC11A1 cell line (stably expressing c-Myc-tagged SLC11A1) [55] was kindly pro-

vided by Dr. Phillippe Gros (McGill University, Montreal, QC, Canada), and was cultured in

RPMI medium supplemented with 10% heat-inactivated fetal bovine serum (FBS), 20 mM

Hepes pH 7.6, 2mM L-Glutamine and 0.5 mg/ml G418. Cell lines were transfected or cotrans-

fected with different kinds of expression vectors using the Cell Line NucleofectorTM kit C

according to the manufacturer’s instructions. Briefly, 2×106 log-growth cells were suspended

in 100μl of Cell Line NucleofectorTM Solution C and mixed with the appropriate amount of

expression vector. The mixture was transferred into an Amaxa-certified cuvette and the

cuvette was then inserted into the cuvette holder of the Nucleofector II (Amaxa, Gaithersburg,

MD). Transfection was carried out using the program W-001. As for stable transfection, cells

were cultured in RPMI containing 20% FBS and allowed to recover for 3 days, followed by

G418 (Geneticin, Invitrogen, Burlington, ON) selection for 10 days at a final concentration of

1.0 mg/ml. Clonal sublines were selected by plating on semi-solid methyl cellulose Iscove’s

medium (Stem Cell Technologies, Paisley, Scotland) containing 1.0 mg/ml G418. The stably

transfected colonies were grown in complete RPMI medium supplemented with 0.5 mg/ml

G418, and screened for protein expression.

Co-immunoprecipitation and immunoblotting

Cultured cells were lysed in 1ml of RIPA buffer (Sigma) containing protease inhibitors. Lysates

were incubated at 4˚C for 30 min and centrifuged at 10,000g for 20 min. The supernatants

were pre-cleared with protein A- or protein G- sepharose for 30 min. Immunoprecipitation

was performed overnight at 4˚C using a specific antibody. To precipitate the antigen-antibody

complex, protein A- or protein G- sepharose was added and incubated for 1 hr at 4˚C. After

washing with RIPA buffer, the precipitated proteins were eluted by boiling in SDS sample

buffer. Immunoprecipitates or equal amount of cell lysates from each cell line were resolved

on SDS-PAGE gel, electrophoretically transferred to PVDF membranes and probed with

appropriate antibodies. Immunoreactive proteins were detected by the ECL system and quan-

tified by densitometry. For normalization of the signals, the membranes were stripped of anti-

bodies and reprobed with rabbit anti-SLC11A1antibody, and the proteins were quantified as

above.

Immunoprecipitation and in vitro kinase assay

After appropriate treatment, cells were lysed in RIPA buffer, pre-cleared and immunoprecipi-

tated with the antibody against c-Src. The immunoprecipitates were washed using a stringent

eight-wash protocol following immunoprecipitation, including 4 x RIPA buffer, 2 x low salt

buffer(10 mM NaCl, 20 mM Hepes, pH 7.4, 5 mM MnCl2) and 2 x kinase reaction buffer

(100mM Tris-HCl, pH 7.2, 125mM MgCl2, 5mM MnCl2, 2mM EGTA, 25μM sodium

c-Src-mediated tyrosine phosphorylation of SLC11A1
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orthovanadate and 2mM DTT) washes. Then, kinase reaction buffer containing 200 μM ATP

and 5ng/ μl substrate Sam68 (amino acids 331–443) was added to the immunoprecipitates,

and in vitro kinase reaction was performed at 30˚C for 30 minutes. Immunoprecipitates were

boiled in SDS sample buffer, separated on SDS-PAGE gel and probed with antibody 4G10

against phosphotyrosine.

In vitro phosphorylation of SLC11A1 protein

Briefly, purified recombinant human SLC11A1 with a GST tag (a.a.1-a.a.178, Novus Biologi-

cal) was incubated with different concentrations of recombinant active c-Src for 20 min at

30˚C in kinase reaction buffer (100mM Tris-HCl Ph 7.2, 125mM MgCl2, 5mM MnCl2, 2mM

EGTA, 250μM sodium orthovanadate and 2mM DTT) with 100μM ATP. The kinase reaction

was stopped by adding appropriate 4×SDS sample buffer. Phosphorylation of SCL11A1 was

detected by Western blotting using antibody 4G10.

Electrophoretic mobility shift assay (EMSA)

Cells were treated with PMA for different time points and then the nuclear extracts were pre-

pared as described previously [56]. The NF-kB consensus sequence (5’-AGTTGAGGGGACTT
TCCCAGG-3’) or a mutant sequence (5’- AGTTGAGGCGACTTTCCCAGG-3’) was labelled

with [γ-32P] ATP using DNA 5’ End-Labeling System (Promega, Madison, WI) according to

the manufacture’s instruction. For EMSA assay, 10μg of nuclear protein was incubated with
32P-labelled NF-κB oligonucleotides (20,000cpm) in 1× EMSA buffer (10 mM Tris-HCl, pH

7.5, 50 mM NaCl, 0.5 mM EDTA, 0.5 mM DTT, 1 mM MgCl2, 4% glycerol v/v, 50 μg/ml poly

(dI-dC)) at room temperature for 20 min. DNA-protein complexes were resolved by electro-

phoresis in native 4% non-denaturing polyacrylamide gels. The gels were transferred to What-

man 3M paper, dried and autoradiographed.

NF-κB luciferase assay

Cells were transiently transfected with pGL4.32[luc2P/NF-κB-RE/Hygro] vector using the Cell

Line NucleofectorTM kit C according to the manufacturer’s instructions. Briefly, 1×106 log-

growth cells were suspended in 100μl of Cell Line NucleofectorTM Solution C and mixed with

1.5 μg of pGL4.32[luc2P/NF-κB-RE/Hygro] vector and 0.5 μg pRL-TK vector. Transfection

was performed with a NucleofectorTM II device using the program W-001. At 6 hrs after trans-

fection, cells were treated or left untreated with PMA for various time and cell lysates were pre-

pared. Luciferase reporter assays were performed using the Dual-Luciferase1 reporter assay

system (Promega, Madison, WI), and the luminescence was measured with a Turner Designs

model TD-20/20 luminometer. Firefly luciferase activity was normalized to Renilla luciferase

activity.

Small RNA interference experiment

U937-SLC11A1 cells were transiently transfected with the siRNA targeting c-Src using the Cell

Line NucleofectorTM kit C according to the manufacturer’s instructions. Briefly, 1×106 log-

growth cells were suspended in 100μl of Cell Line NucleofectorTM Solution C and mixed with

2μg of c-Src siRNA (20μM in siRNA buffer). The siRNA duplexes used in the experiment were

SMARTpool1 SRC. Transfection was performed with a NucleofectorTM II device using the

program W-001. Transfected cells were cultured for 48 hrs at 37˚C in 5%CO2.

c-Src-mediated tyrosine phosphorylation of SLC11A1
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NO production

Cell were seeded in 12-well plates and were differentiated with PMA (10 ng/ml) for 72 hrs.

Then, the medium was replaced with fresh medium containing 0, 20, 40 or 80 ng/ml LPS and

the cells were incubated for another 24 hrs. NO production was evaluated by measuring the

accumulation of nitrite in the culture medium by the Griess reaction, as previously described

[57]

Flow cytometry

Fluorochrome-conjugated monoclonal antibodies specific for macrophage surface markers

were used. Specifically, after differentiation with 10ng/ml PMA for 48 hours, a total of 0.5x106

U937 or U937-SLC11A1 cells were first washed twice with ice-cold 1X PBS to eliminate serum

from culture media. The cells were incubated with Fixable Viability Dye eFluorTM 780 (eBios-

cienceTM) in ice-cold 1X PBS for 30 minutes at 4˚C to label dead cells and washed once with

ice-cold 1X PBS containing 0.2% BSA. The cells were subsequently incubated with BUV395--

conjugated anti-CD11b (BD HorizonTM) and PerCP/Cy5.5-conjugated anti-CD14 (Biole-

gend1) for 30 minutes at 4˚C to stain for macrophage surface markers and then washed once

with ice-cold 1X PBS containing 0.2% BSA. The cells were resuspended in ice cold 1X PBS

containing 0.2% BSA and analyzed on LSRFortessaTM X-20 (BD BiosciencesTM). The data

were analyzed using FlowJo version 10.4.1 (FlowJo1).

Statistics

Data are presented as mean ± S.E. Comparisons between groups were performed using one-

way analysis of variance (ANOVA) followed by Tukey’s Multiple Comparison Test (TMCT)

when ANOVA indicated a statistical significance existed. Significance was established at

P<0.05.

Results

PMA induces tyrosine phosphorylation of SLC11A1 and c-Src expression

in U937-SLC11A1 cells

The U937 cells can be differentiated into macrophages by PMA (S1 Fig). After treatment with

PMA for 48 hours, approximate 96% U937 or U937-SLC11A1cells expressed macrophage

markers CD11b and CD14. To assess the potential tyrosine phosphorylation of the SLC11A1

in macrophages, U937 –SLC11A1 cell line (stably expressing c-Myc-tagged SLC11A1) was left

untreated or treated with PMA for 6 hrs, 24 hrs and 72 hrs. Protein extracts were prepared and

subjected to immunoprecipitation using the antibody 9E10. The precipitated SLC11A1 protein

complexes were then probed with antibody 4G10 to detect phosphotyrosine residues. As

shown in Fig 1A, treatment of U937-SLC11A1 cells with PMA for up to 24 hrs significantly

increased the tyrosine phosphorylation level of SLC11A1. PMA-induced phosphorylation was

more evident in cells cultured for longer periods. Next, to assess the role of c-Src kinase, we

investigated the expression and activity of c-Src kinase in response to PMA treatment. Cells

were lysed at various time points after PMA treatment and the total expression of c-Src kinase

was monitored by Western blot analysis. The c-Src kinase activity was also analyzed in vitro
using Sam68 as a phosphorylation substrate for this kinase. As shown in Fig 1B and 1C, PMA

treatment significantly increased the expression and activity of c-Src kinase. These results sug-

gest that PMA-induced tyrosine phosphorylation of SLC11A1 may be caused, at least in part,

by increased c-Src kinase activity due to increased c-Src kinase expression.

c-Src-mediated tyrosine phosphorylation of SLC11A1
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Src family kinase activities are required for tyrosine phosphorylation of

SLC11A1

Tyrosine phosphorylation of SLC11A1 has not been previously reported. In order to deter-

mine if Src family kinases are involved in PMA-induced tyrosine phosphorylation of

SLC11A1, U937-SLC11A1 cells were first treated with PMA for 2 days, followed by treatment

with either the broad spectrum Src family kinase inhibitor PP2, PP3 (an inactive derivative of

PP2) or left untreated. Initially, we examined the effect of PP2 on c-Src kinase activity. We

used a phospho-specific antibody to detect the active p-c-Src that is phosphorylated on tyro-

sine 418. This residue, located in the Src tyrosine kinase domain, is autophosphorylated when

c-Src is activated and its phosphorylation state is correlated with the kinase activity [58]. As

shown in Fig 2A, c-Src phosphorylation on Tyr-418, an indicator of c-Src activation, was

clearly inhibited after treatment with 5 μM PP2, and was almost completely inhibited at 10μM.

However, PP2 treatment had no effect on the expression of total c-Src. Neither c-Src kinase

activation nor c-Src expression was affected by PP3 treatment. Next, to assess whether Src fam-

ily kinase activity is involved in the tyrosine phosphorylation of SLC11A1, protein extracts

from untreated, PP3- or PP2-treated cells were used to detect phosphotyrosine residues in the

SLC11A1 protein. As shown in Fig 2B and 2C, tyrosine phosphorylation of SLC11A1 was

Fig 1. Effect of PMA treatment on the tyrosine phosphorylation of SLC11A1 and Src kinase activity. U937-SLC11A1 cells (stably expressing SLC11A1-c-Myc fusion

protein) were left untreated or treated with PMA (10ng/ml) for 6, 24 and 72 hrs. (A) Cell lysates were immunoprecipitated with an anti-c-Myc antibody (9E10). The

phosphorylation levels of SLC11A1 were analyzed by immuoblotting with an antibody to phosphotyrosine (4G10). The same blots were reprobed with an anti-SLC11A1

antibody. (B) Cell lysates were separated on SDS-PAGE and the expression of c-Src protein was detected by Western blot analysis. The blots were stripped and re-probed

with an antibody against β-tubulin as a loading control. (C) Cell lysates were immunoprecipated with a specific antibody against c-Src. In vitro kinase activity assay was

performed using Sam68 as a substrate (top panel). The immunoprecipitates were also probed with a specific anti-c-Src antibody (bottom panel).

https://doi.org/10.1371/journal.pone.0196230.g001

c-Src-mediated tyrosine phosphorylation of SLC11A1
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observed in untreated, differentiated U937-SLC11A1 cells. However, the tyrosine phosphory-

lation was reduced by approximately 70% in cells treated with 5 μM PP2 and reduced by

approximately 90% with 10 μM PP2 (P<0.001). The expression of total SLC11A1 protein was

not significantly changed with PP2 treatment. PP3, as an inactive analogue of PP2, did not

affect the phosphorylation of the SLC11A1 protein. These results demonstrate that Src family

kinase activities are required for tyrosine phosphorylation of SLC11A1.

SLC11A1 protein can be tyrosine phosphorylated by c-Src kinase

To further determine the level of specificity of tyrosine phosphorylation of SLC11A1 by c-Src

kinase activity, we knocked down the c-Src gene using small interfering RNA (siRNA). As

shown in Fig 3A, transfection of specific c-Src siRNAs into U937-SLC11A1 cells led to a signif-

icant inhibition of c-Src protein expression, with no effect on actin and SLC11A1 expression.

Transfection using a non-targeting scrambled siRNA (control siRNA) had no effect on either

c-Src or actin levels (Fig 3A). Interestingly, the phosphorylation of SLC11A1 was significantly

inhibited in c-Src knockdown cells (P<0.01), whereas the expression of total SLC11A1 was not

significantly changed (Fig 3B and 3C). Accordingly, to further establish if c-Src activity is

required for the phosphorylation of SLC11A1, U973 cells stably expressing SLC11A1 were

transiently transfected with vectors to express either kinase-inactive c-Src (K297R, KI c-Src) or

Wt c-Src or transfected with empty vectors as a control. As shown in Fig 3D, the tyrosine phos-

phorylation level of SLC11A1 significantly decreased in cells transfected with KI c-Src but

increased in Wt c-Src-transfected cells. Transfection of empty vector did not affect the tyrosine

phosphorylation. All these data demonstrate that c-Src kinase activity is involved in the PMA-

induced tyrosine phosphorylation of SLC11A1. Finally, to examine whether c-Src phosphory-

lates SLC11A1 directly, in vitro kinase assays were performed using purified c-Src and GST-

Fig 2. Inhibition of Src family kinase activity blocks tyrosine phosphorylation of SLC11A1. U937-SLC11A1 cells were cultured with PMA (10ng/ml) for 48 hrs and

were then left untreated (CTR) or treated with PP2 or PP3 (inactive analogue) for another 24 hours. Cell lysates were prepared. (A) c-Src and active c-Src (pY418) were

monitored by Western blotting analysis. (B) Cell lysates were immunoprecipitated with the anti-c-Myc antibody 9E10, and the immunoprecipitates were probed with

antibody 4G10 to phosphotyrosine for phosphorylated SLC11A1. The Western blots were stripped and re-probed with an antibody against SLC11A1. (C) The level of

SLC11A1 phosphorylation was quantified by densitometry analysis and normalized to the level of total SLC11A1 protein. The relative phosphorylation level of SLC11A1

in untreated control group was set as 100%. The inhibitory effect of PP2 on SLC11A1 phosphorylation was assessed in 3 separate experiments (mean± SE). ���P<0.001,

compared with untreated control group.

https://doi.org/10.1371/journal.pone.0196230.g002
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tagged SLC11A1 protein. As shown in Fig 4, tyrosine phosphorylation of SLCA11A1 increased

in a c-Src concentration-dependent manner. Taken together, our results demonstrate that

SLC11A1 is directly phosphorylated by c-Src.

PMA induces the association between Src and SLC11A1 in intact cells

To determine whether SLC11A1 and c-Src are associated in vivo, U937-SLC11A1 cells were

transiently transfected with c-Src and the interaction between SLC11A1 and c-Src was analyzed

by co-immunoprecipitation followed by protein immunoblotting with specific antibodies to

SLC11A1 and c-Src. As shown in Fig 5A, when using antibody 9E10 to immunoprecipitate the

c-Myc tagged SLC11A1 and associated proteins, we were unable to detect the co-precipitation

Fig 3. Effects of c-Src knockdown or overexpression of kinase-inactive c-Src on the tyrosine phosphorylation of SLC11A1. U937-SLC11A1 cells were transiently

transfected with mock (transfection reagents only), non-targeting scrambled siRNA (siCTR) or c-Src-specific siRNA for 24 h and were then treated with PMA for another

48 hrs. (A) Protein extracts from mock transfected, non-targeting siRNA transfected, or c-Src siRNA transfected cells were prepared, and expression of c-Src, SLC11A1

and β-actin was detected by Western blot analysis using corresponding specific antibodies. (B) Protein extracts were immunoprecipitated with a mouse monoclonal

antibody 9E10. Immunoprecipitates were separated on a SDS-PAGE gel, and were probed with antibody 4G10 to phosphotyrosine. The Western blots were stripped and

re-probed with an antibody against SLC11A1. (C) The level of SLC11A1 phosphorylation in (B) was quantified by densitometry analysis and normalized to the level of

total SLC11A1 protein. The relative phosphorylation level of SLC11A1 in mock-treated cells was set as 100%. Data represented as mean ± S.E.(n = 3) Compared with

mock-treated group, ��P<0.01. (D) U937-SLC11A1 cells were transiently transfected with empty plasmid (pCB6), plasmid expressing wild type c-Src (pCB6-Src) or

expressing kinase-inactive c-Src (pCB6-KI-Src). 24 hrs after transfection, cells were treated with PMA for another 48 hrs and then lysed. Immunoprecipitation and

immunoblotting were performed as in (B). Expression of c-Src was also analysed using an anti-c-Src antibody. The illustrated is a representative Western blot analysis

showing the effect of c-Src knockdown or overexpression of KI-Src on SLC11A1 phosphorylation.

https://doi.org/10.1371/journal.pone.0196230.g003
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of endogenous and co-expressed c-Src without PMA treatment. However, when cells were

treated with PMA for 48 hrs, either endogenous or co-expressed c-Src was found in the complex

with SCL11A1. Similarly, when c-Src and associated proteins were immunoprecipitated with a

specific antibody against c-Src, we were able to detect the co-precipitation of SLC11A1 with

endogenous and co-expressed c-Src in response to PMA treatment. Note that significantly

more SLC11A1-c-Src complexes were immunoprecipitated after increasing the c-Src protein

levels by transfection (Fig 5A). To determine whether native c-Src and SLC11A1 are also associ-

ated under physiological conditions, HL-60 cells were differentiated into macrophages and the

association between SLC11A1 and c-Src was also detected using co-immunoprecipitation assay.

As shown in Fig 5B, SLC11A1 expression was undetectable in untreated HL-60 cells, as we

showed previously [56], and it was also undetectable in c-Src complexes from the untreated

HL-60 cells, but it appeared in the c-Src complexes from PMA-treated HL-60 cells. In both

untreated and PMA-treated HL-60 cells, c-Src could be detected but there is more after PMA

treatment. Our results demonstrate that association of SLC11A1 and c-Src occurs under physio-

logical conditions and does not depend on expression in a heterologous system. To futher deter-

mine the tyrosine phosphorylation of native SLC11A1, HL-60 cells were differentiated into

macrophages with PMA. Total tyrosine-phosphorylated proteins were immunoprecipitated,

and then tyrosine-phosphorylated SLC11A1 were detected by probing with an antibody against

SLC11A1. As shown in Fig 5C, tyrosine phosphorylation of SLC11A1 was observed in PMA-dif-

ferentiated macrophages but not in untreated HL-60 cells. Our results show that endogenous

SLC11A1 is also tyrosine-phosphorylated during the PMA-induced differentiation of HL-60

cells towards macrophages.

Interaction of c-Src with the SLC11A1 via binding to a PXXPR motif

The SLC11A1 protein contains three PXXP motifs that resemble SH3 binding domains. To

test if the PXXP motifs are involved in the interaction of SLC11A1 with c-Src, we constructed

three vectors for expression of c-Myc-tagged SLC11A1 mutants as either deletions or amino

acid replacements in the three different PXXP motifs of SLC11A1, as depicted in Fig 6A. U937

cells were transfected with these vectors together with the vector expressing c-Src and were

then treated with PMA for 48 hrs. Transfected cells were lysed and immunoprecipitated with

anti-c-Myc antibody (9E10). The precipitated proteins were separated on an SDS-PAGE gel

and probed with a rabbit polyclonal antibody against c-Src. The results showed that the P231A

mutatnt, like WT SLC11A1, bound efficiently to a protein band of ~60 kDa corresponding to

the expected size of c-Src. However, either the P130A mutation or PRM-deletion greatly

Fig 4. In vitro phosphorylation of SLC11A1 by c-Src. A fixed amount of GST-SLC11A1 (500ng, a.a.1-a.a.178) was

incubated with increasing amounts (50-200ng) of purified Src, as indicated. Phosphorylation levels of protein were

analyzed by immunoblotting with anti-phosphotyrosine antibodies (4G10) (top). The same blots were then reprobed

with anti-GST antibodies for GST-SLC11A1 fusion protein as a loading control.

https://doi.org/10.1371/journal.pone.0196230.g004

c-Src-mediated tyrosine phosphorylation of SLC11A1

PLOS ONE | https://doi.org/10.1371/journal.pone.0196230 May 3, 2018 10 / 22

https://doi.org/10.1371/journal.pone.0196230.g004
https://doi.org/10.1371/journal.pone.0196230


diminished the ability of the mutant SLC11A1 protein to bind the c-Src. Binding of the P130A

mutant or the PRM-deletion mutant to the c-Src was reduced by 90% and 82%, respectively

(Fig 6B, upper panel). Expression of the c-Myc-tagged wild-type SLC11A1, P231A mutant,

P130A mutant, or PRM-deletion mutant in transfected cells was also detected by Western blot

analysis (Fig 6B, bottom panel). In order to examine whether c-Src binds directly to the PXXP

motif of SLC11A1, in vitro Src binding assays were performed with synthetic peptides. As

shown in Fig 6C, c-Src binds to the Src substrate Sam68 (amino acids 331–443), which was

used as a positive control. However, neither a PRM peptide II (ISSPTSPTSPGPRQAPPRET)

that comprises a PTSPTSPGP motif nor a negative control peptide (IPDTKPGTFSLRKL-

WAFTGPGFLM) designed from the N-terminal region that lacks the PTSPTSPGP motif dis-

played appreciable binding to c-Src. Interestingly, c-Src showd a strong binding affinity to a

Fig 5. PMA-induced association of SLC11A1 with c-Src in intact cells. U937-SLC11A1 cells were transiently transfected with a vector

pCB6-Src to express wild-type c-Src. Untransfected cells were used as a control. Both transfected and untransfected cells were treated with or

without PMA (10ng/ml) for 48 hrs as indicated. (A) Cell lysates were prepared and immunoprecipitated with a mouse monoclonal antibody

(9E10) directed against the c-Myc tag or anti-c-Src antibodies. Immunoprecipitates were analyzed by Western blot analysis as indicated. (B)

HL-60 cells were either treated or untreated with PMA (10ng/ml) for 72 hrs. Cell lysates were prepared and the expression of SLC11A1 and c-

Src in response to PMA treatment were detected by using Western blot analysis (left panel). Protein extracts were immunoprecipitated with a c-

Src antibody. The immunocomplexes were detected by immunoblotting with an antibody against SLC11A1 and reprobed with an antibody

against c-Src (right panel). (C) HL-60 cells were treated with or without PMA (10ng/ml) for 72 hrs. Cell lysates were immunoprecipitated with

an anti-phosphotyrosine antibody (4G10). Tyrosine phosphorylation of SLC11A1 was detected by Western blot analysis using a rabbit anti-

SLC11A1 antibody. The Western blots were stripped and re-probed with 4G10 for tyrosine-phosphorylated proteins.

https://doi.org/10.1371/journal.pone.0196230.g005
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synthetic PRM peptide I (GEVCHLYYPKVPRTVLWLTI) that matches the region containing

a PKVPR motif. To further investigate the specificity of the PKVPR motif, increasing amount

of the negative peptide, peptide I and peptide II were used to compete for the PXXPR motif-

dependent binding of c-Src to the Src substrate peptide (amino acids 331–443 of Sam68). As

shown in Fig 6D, using peptide I we have demonstrated a dose-dependent inhibition of c-Src

to the substrate peptide. No inhition or very faint inhibition was observed using either the neg-

ative peptide or the peptide II. These results suggest that c-Src kinase may interact with the

SLC11A1 protein via binding to the PKVPR motif.

Fig 6. The proline-rich motif of SLC11A1 is required for association with c-Src kinase. (A) Schematic representation of the P130A, P231A and PRM-deletion

constructs of SLC11A1. (B) U937 cells were transfected with constructed pCB6 vectors expressing c-Myc-tagged wild-type SLC11A1, P231A, P130A or PRM-deletion

mutant together with c-Src expression vector. Transfected cells were treated with PMA for 48 hrs and cell lysates were immunoprecipitated with anti-c-Myc antibody

(9E10). The bound proteins were probed with a rabbit polyclonal antibody against c-Src. Expression of c-Myc-tagged wild-type SLC11A1, P231A, P130A or PRM-deletion

mutant in transfected cells were also detected by Western blot analysis. (C) In vitro binding of c-Src to the PXXP motifs of SLC11A1. The SLC11A1 PRM peptide I

(GEVCHLYYPKVPRTVLWLTI), PRM peptide II (ISSPTSPTSPGPRQAPPRE T), the negative control peptide (IPDTKPGTFSLRK LWAFTGPGFLM) and the positive

control peptide (Src substrate Sam68), which were described in Materials and Methods, were coupled to activated CH-Sepharose 4B. Binding of these peptides to purified

c-Src was detected by immunoblotting with anti-Src antibody. A representative Western blot is shown. (D) Peptide competition binding assay was performed. Purified c-

Src was added 1, 2 or 5 μg of negative peptide, peptide I or peptide II before incubating with the CH-Sepharose 4B coupled with the positive control peptide. The

illustrated showing the inhibitory effects of different peptides on c-Src binding to the positive peptide.

https://doi.org/10.1371/journal.pone.0196230.g006
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Phosphorylation of SLC11A1 at Tyr-15 residue by c-Src kinase

The N-terminal region of the SLC11A1 protein contains two tyrosine residues, Y15 and Y38,

which could potentially be phosphorylated by c-Src kinase. To identify the specific phospho-

tyrosine residue(s), we generated SLC11A1 constructs bearing tyrosine-to-phenylalanine sub-

stitutions at Y15 or Y38 (Fig 7A). c-Myc-tagged wild-type SLC11A1 or substitution mutants

were expressed in U937 cells. Transfected cells were treated with PMA for 48 hrs and cell

Fig 7. Identification of the tyrosine phosphorylation site of SLC11A1 by c-Src. (A) Site-directed mutagenesis was

used to make the Tyr to Phe substitution at position 15 or 38 of SLC11A1. (B) U937 cells stably expressing c-Myc-

tagged wild-type or mutated SLC11A1 (Y15F or Y38F) were transiently transfected with a pCB6-Src vector. 24 hours

after transfection, cells were treated with PMA for 48 hrs. Cell lysates were prepared and immunoprecipitated with

anti-c-Myc antibody (9E10). The tyrosine phosphorylation of SLC11A1was analyzed by immunoblotting with

antibody 4G10 to phosphotyrosine (top panel). The Western blots were stripped and re-probed with an antibody

against SLC11A1 (middle panel). The expression of c-Src (bottom panel) was also analyzed using anti-Src antibody.

(C) The level of SLC11A1 phosphorylation in transfected cells was quantified by densitometry analysis and normalized

to the level of total SLC11A1 protein. The relative phosphorylation level of the WT SLC11A1 in U937 cells was set as

100%. Data represented as mean ± S.E.(n = 3). ���P<0.001, compared with WT SLC11A1.

https://doi.org/10.1371/journal.pone.0196230.g007
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lysates were prepared and subjected to immunoprecipitation with antibody 9E10. The precipi-

tated protein complexes were probed with the anti-phosphotyrosine antibody 4G10 to detect

phosphorylated wild-type SLC11A1 or its substitution mutants and their phosphorylation lev-

els were quantitated. As illustrated in Fig 7B and 7C, tyrosine phosphorylation of the Y15F

mutant of the SLC11A1 protein was dramatically lower compared to wild-type SLC11A1

(P<0.001). Conversely, the phosphorylation level of the Y38F mutant was almost the same as

for the wild-type SLC11A1. Overall, these results demonstrate that the SLC11A1 protein is pri-

marily phosphorylated by c-Src kinase on tyrosine 15.

Tyr-15 phosphorylation is required for SLC11A1-mediated modulation of

NO production

To assess if tyrosine phosphorylation affects the function of SLC11A1, U937 cells stably

expressing myc-tagged Wt SLC11A1,Y15F or Y38F mutant were differentiated into macro-

phages by treatment with PMA for 72 hrs. Then, the cells were treated with various concentra-

tions of LPS (0, 20, 40 and 80 ng/ml) for another 24 hrs. NO concentrations were detected

using Griess reagents. Compared with U937 cells expressing Wt SLC11A1, LPS-induced NO

production was significantly decreased in the cells expressing the Y15F mutant but not in the

cells expressing the Y38F mutant (Fig 8A) that exhibit a similar reduction in protein expres-

sion as observed in Y15F mutant-expressing cells but can still be phosphorylated (Fig 7). Previ-

ous studies have shown that NF-κB activation plays an important role in NO production [59–

61]. SLC11A1 expression modulates LPS-stimulated NO production through regulating the

activation and DNA binding of NF-κB [62]. Based on these findings, it is postulated that phos-

phorylation of SLC11A1 on Tyr-15 regulates the NF-κB activity, and then modulates NO pro-

duction. To confirm this, U937 cells stably expressing Wt SLC11A1, Y15F or Y38F mutant

were co-transfected with a firefly NF-κB luciferase reporter gene and a Renilla luciferase plas-

mid pRL-TK (as a control for transfection efficiency) and treated with LPS at different concen-

trations. As shown in Fig 8B, LPS-induced NF-κB transcriptional activity was significantly

higher in U937-SLC11A1Wt cells compared with that in U937-SLC11A1Y15F cells at all three

different concentrations, but there was no significant difference between SLC11A1 Wt- and

Y38F mutant-expressing cells In consistent with this result, we also observed that LPS-induced

DNA binding activity of NF-κB was reduced in U937 cells expressing SLC11A1Y15F mutant.

No shift bands were observed when using mutant NF-κB oligonucletide as a probe, demon-

strating a specific binding of NF-κB (Fig 8C). The specificity of the NF-κB binding was also

confirmed by an EMSA using 100-fold excess of either unlabelled NF-κB oligonucleotide or

mutant NF-κB oligonucleotide as a competitor (data not shown).

The expression level of SLC11A1 Y15F mutant was lower than that of Wt SLC11A1 in sta-

bly transfected cell lines (around 72–83% of Wt SLC11A1), therefore, lower LPS-induced NO

production and NF-κB activation in Y15F mutant cells could be caused by the less expression

of the SLC11A1 mutant. To exclude this possibility, the two mutant cell lines that stably

express SLC11A1 Y15F or Y38F mutant were re-generated. We selected two stable cell clones

that express mutant SLC11A1 (Y15F or Y38F) at almost the same level as the cell clone

expressing Wt SLC11A1 (S2A Fig) and repeated above experiments. We observed again that

LPS-induced NO production and NF-κB activation was impaired in the new generated Y15F

mutant-expressing cells but not in the Y38F mutant-expressing cells (S2B and S2C Fig). Our

results confirm that decrease in LPS-induced NO production and NF-κB activation in the

Y15F mutant-expressing cells was not due to the less expression of the mutant SLC11A1. Over-

all, these results suggest that Tyr-15 phosphorylation is required for SLC11A1-mediated NF-

κB activation and up-regulation of NO production induced by LPS.
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Discussion

Macrophages execute their antimicrobial activities by producing different biochemical media-

tors, including NO. When stimulated with lipopolysaccharide, interferon-γ, tumor necrosis

factor-α or infected with several intracellular microorganisms, macrophages release NO due to

the expression of inducible NO synthase (iNOS) [63]. The expression of iNOS is induced by

the activated NF-κB at transcriptional level [64]. In unstimulated cells, the NF-κB is seques-

tered in the cytoplasm due to the association with its inhibitory protein, IκB. Macrophages

activation by external stimuli results in the phosphorylation of IκB followed by ubquitination,

Fig 8. Effects of Tyr-15 to Phe substitution on SLC11A1-mediated NO production and NF-κB activation. U937 cells were stably transfected with constructed pCB6

vectors expressing c-Myc-tagged wild-type (U937-SLC11A1 Wt) or mutated SLC11A1 (U937-SLC11A1Y15F and U937-SLC11A1Y38F). (A) Stably transfected cells were

treated with PMA (10ng/ml) for 72hrs. Then, the medium was replaced with fresh medium containing various concentrations of LPS as indicated and the cells were

continuously cultured for 24 hrs. Release of NO was measured using Griess reagent (mean ± S.E., n = 4, ��P<0.01, ��� P<0.001). (B) U937-SLC11A1Wt,

U937-SLC11A1Y15F and U937-SLC11A1Y38F cells were transiently co-transfected with 1.5 μg of pGL4.32[luc2P/NF-κB-RE/Hygro] vector and 0.5 μg pRL-TK vector (as

an internal control). Six hours after transfection, cells were incubated in the presence of PMA (10 ng/ml) for 72 hrs. Then, the medium was replaced with fresh medium

containing different concentrations of LPS as indicated and the cells were incubated for another 24 hrs, and subjected to luciferase assays. Relative luciferase activity is

expressed as a fold of the luciferase activity of U937-SLC11A1Wt cells without treatment with LPS. The data shown (mean ± S.E.) are the averages of three independent

experiments performed in triplicate. �P< 0.05, P< 0.01, ���P< 0.001, when compared with U937 cells expressing mutant SLC11A1. (C) U937-SLC11A1Wt or

U937-SLC11A1Y15F cells were treated with PMA (10ng/ml) for 72 hrs, followed by treatment with various concentrations of LPS (0, 20, 40 and 80 ng/ml) for 24 hrs.

Nuclear extracts were incubated with γ-32P-labeled wild type NF-κB oligonucleotides (Wt) or mutant NF-κB oligonucleotides (Mt). DNA-protein complexes were run on

4% non-denaturing polyacrylamide gels, followed by autoradiography.

https://doi.org/10.1371/journal.pone.0196230.g008
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which leads to the degradation of IκB and release of NF-κB. NF-κB is then translocated into

the nucleus and induces the expression of target genes that have DNA-binding sites for it such

as iNOS and interferon regulatory factor 1 [64]. NO production correlates with inhibition of

intracellular microorganisms, such as Mycobacterium [65,66], Toxoplasma [67,68], leishmania
[69,70] and Listeria [71,72] species. In the mouse, Slc11a1 gene has been shown to regulate the

iNOS expression and NO production [73,74]. Mutation at Slc11a1 protein abrogrates its func-

tions [75,76] and macrophages carrying mutant Slc11a1 produce significant less amount of

nitric oxide in response to intracellular infection [73,77]. The growth inhibition of virulent

Mycobacterium tuberculosis by macrophages carrying functional Slc11a1 can be abrogated by

the addition of iNOS inhibitors, which suggests the importance of NO generation and its mod-

ulation by Slc11a1 for host defense against intracellular pathogens [78]. Our results revealed

that human SLC11A1 is phosphorylated by c-Src kinase at Tyr15 and this type of phosphoryla-

tion is required for SLC11A1-mediated modulation of NF-κB activation and NO production

induced by LPS in the differentiating macrophages. It has been shown that SLC11A1 is phos-

phorylated in macrophages and SLC11A1 phosphorylation is altered in response to cytokine

stimulation [53,79]. It would be interesting to study further if the SLC11A1 phosphorylation is

also required for SLC11A1-modulated NO production in response to other stimuli such as

IFN-γ, and intracellular infection.

Phosphorylation of tyrosine residues by c-Src and/or other members of the SFKs has been

found in a variety of proteins that are implicated in many important cellular processes, such as

cell growth, differentiation, adhesion, transcription, ion channels, ROS production, as well as

synaptic transmission and plasticity [80–84]. In this study, we provide evidence that SLC11A1

is phosphorylated by Src family kinases at tyrosine 15 present in a conserved tyrosine-based

motif (YGSI) among all species. The phosphorylated 15YGSI18 motif resembles the SH2

domain binding motif pYXX (I/L/V), which can be recognized and bound by a class of SH2

domain-containing proteins. The SH2 domain was first identified in the oncoproteins Src and

Fps and this domain is about 100 amino-acid residues long. Human genomic analysis revealed

121 SH2 domains that are distributed in 115 individual proteins involved in a wide range of

signaling events [85]. SH2 domains typically bind a specific tyrosine phosphorylation site

within a target protein and thereby linking activated protein tyrosine kinases to downstream

signaling pathways that regulate gene expression and cellular activation processes. These

include cell differentiation, cell migration and recognition of receptor tyrosine kinases [86]. It

is postulated that a certain SH2 domain-containing protein is recruited to the pYGSI motif in

response to LPS stimulation and controls the downstream events such as NF-kB signaling

pathway and NO production. Identification of this SH2 domain-containing protein would

help to understand the role of SLC11A1 in macrophage activation. In addition, as Src family

kinases have been shown to be implicated in the macrophage inflammatory response to vari-

ous stimuli [87], it will be interesting to investigate whether tyrosine 15 phosphorylation by

Src family kinases is involved in SLC11A1-mediated regulation of other signal pathways and

inflammatory gene expression.

In this study, we found that knockdown of c-Src kinase by siRNA results in a significant

reduction in tyrosine phosphorylation of SLC11A1 compared with untreated cells. Further

analysis showed that the level of tyrosine phosphorylation of SLC11A1 in c-Src knockdown

cells was higher than that in the cells treated with PP2 (P<0.05), which might be caused by two

reasons: (1) transfection of c-Src siRNA was unable to completely inhibit the c-Src expression;

(2) c-Src, although important, may not be the only one of SFKs that is involved in the tyrosine

phosphorylation of SLC11A1. So far, the Src family of protein-tyrosine kinases is composed of

eleven members, which share major structural and regulatory features. Along with Src, Hck,

Fyn and Fgr are also expressed in macrophages [88]. Gotoh and colleagues demonstrated that

c-Src-mediated tyrosine phosphorylation of SLC11A1

PLOS ONE | https://doi.org/10.1371/journal.pone.0196230 May 3, 2018 16 / 22

https://doi.org/10.1371/journal.pone.0196230


β-adducin is phosphorylated by Fyn at tyrosine 489, resulting in its recruitment to the Fyn-

enriched region in the plasma membrane [89]. Radha and colleagues have shown that the gua-

nine nucleotide exchange factor C3G is phosphorylated by HcK on tyrosine 504. Unlike C3G,

which is mostly cytosolic, pY504-C3G translocates to the Golgi and subcortical cytoskeleton,

indicating that Hck regulates C3G localization within the cell [90]. As Fyn and Hck kinases are

also involved in protein phosphorylation, it remains to be established whether Fyn and Hck

participate in the SLC11A1 phosphorylation.

In conclusion, we provide a strong evidence that c-Src kinase is involved in tyrosine phos-

phorylation of the SLC11A1 protein and affects the functions of SLC11A1 protein such as

modulation of NF-κB activation and NO production.

Supporting information

S1 Fig. PMA-induced differentiation of HL-60 cells into macrophages. HL-60 cells were

treated with 10 ng/ml PMA for 48 hrs. The cell differentiation was assessed by flow cytometric

analysis of CD11b and CD14 expression, two markers of myeloid differentiation.

(TIF)

S2 Fig. Tyr-15 to Phe substitution impaires SLC11A1-mediated NO production and NF-

κB activation. U937 cells were stably transfected with constructed pCB6 vectors expressing c-

Myc-tagged wild-type (U937-SLC11A1 Wt) or mutated SLC11A1 (U937-SLC11A1Y15F and

U937-SLC11A1Y38F). (A) Cell lysates were prepared, and expression of Wt and mutant

SLC11A1 was detected by Western blot analysis. β-actin was used as a loading control. (B)

Same as Fig 8A. (C) Same as Fig 8B.

(TIF)
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