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Abstract

Salicylic acid is a classic non-steroidal anti-inflammatory drug. Although salicylic acid
also induces mitochondrial injury, the mechanism of its anti-mitochondrial activity is
not well understood. In this study, by using a one-step affinity purification scheme with
salicylic acid-immobilized beads, ferrochelatase (FECH), a homodimeric enzyme
involved in heme biosynthesis in mitochondria, was identified as a new molecular
target of salicylic acid. Moreover, co-crystal structure of the FECHesalicylic acid
complex was determined. Structural and biochemical studies showed that salicylic
acid binds to the dimer interface of FECH in two possible orientations and inhibits its
enzymatic activity. Mutational analysis confirmed that Trp301 and Leu311,
hydrophobic amino acid residues located at the dimer interface, are directly involved
in salicylic acid binding. On a gel filtration column, salicylic acid caused a shift in the
elution profile of FECH, indicating that its conformational change is induced by
salicylic acid binding. In cultured human cells, salicylic acid treatment or FECH
knockdown inhibited heme synthesis, whereas salicylic acid did not exert its inhibitory
effect in FECH knockdown cells. Concordantly, salicylic acid treatment or FECH
knockdown inhibited heme synthesis in zebrafish embryos. Strikingly, the salicylic
acid-induced effect in zebrafish was partially rescued by FECH overexpression.
Taken together, these findings illustrate that FECH is responsible for salicylic
acid-induced inhibition of heme synthesis, which may contribute to its
anti-mitochondrial and anti-inflammatory function. This study establishes a novel

aspect of the complex pharmacological effects of salicylic acid.
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Introduction

The therapeutic effect of willow bark, of which the active ingredient is now known to
be salicylic acid, was first reported about 3500 years ago in Egyptian manuscripts
(Nicolaou and Montagnon, 2008). Originally recognized as an anti-pathogen plant
hormone (Durner et al., 1997), the drug was later chemically synthesized by Kolbe
(Needs and Brooks, 1985), leading to the development of the salicylic acid family of
non-steroidal anti-inflammatory drugs. The most popular member of this family is
aspirin or acetyl salicylic acid, which is rapidly hydrolyzed to salicylic acid by plasma
esterase after administration (Grosser et al., 2009). In addition to analgesia, aspirin
and salicylic acid can cause various adverse events, such as gastrointestinal toxicity,
renal toxicity, hepatic injury, and neurological and respiratory imbalances (Grosser et
al., 2009; Needs and Brooks, 1985).

The anti-inflammatory effect of aspirin is generally thought to be caused by
the inhibition of cyclooxygenase (COX) activity during prostaglandin biosynthesis
(Vane, 1971; Vane and Botting, 2003). Unlike aspirin, salicylic acid has almost no
inhibitory activity against purified COX, but nevertheless inhibits prostaglandin
synthesis in intact cells (Mitchell et al., 1993). This suggests that other targets might
account for the anti-inflammatory actions of salicylic acid. Indeed, kB kinase
B (IKK-B), a key enzyme in the nuclear factor (NF)-xB pathway, is inhibited by aspirin
and salicylic acid (Kopp and Ghosh, 1994; Yin et al., 1998); however, the actions of
salicylic acid are still observed in NF-kB p105-deficient mice (Cronstein et al., 1999;
Langenbach et al., 1999), suggesting that it has yet another target. Recently,
adenosine monophosphate-activated protein kinase (AMPK) was identified as a new
target of salicylic acid (Hawley et al., 2012). Salicylic acid, but not aspirin,
allosterically activates AMPK, thereby increasing fat metabolism (Hawley et al., 2012).

Nonetheless, the possible link between this finding and the anti-inflammatory function
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of salicylic acid remains unknown.

Several reports have shown that salicylic acid causes mitochondrial injury,
resulting in an inhibition of ATP synthesis, mitochondrial swelling, and the disruption
of mitochondrial membrane potential (Braun et al., 2012; Doi and Horie, 2010;
Klampfer et al., 1999). The mitochondrial damage may contribute to the
anti-inflammatory actions of salicylic acid, possibly by reducing cellular ATP levels
and promoting the release of adenosine (Cronstein et al., 1999), an autocoid with
strong anti-inflammatory properties (Cronstein, 1994). To better understand the
mechanism of action of drugs such as salicylic acid, we previously developed high
performance affinity beads that allow one-step affinity purification of drug target
proteins from crude cell extracts (Sakamoto et al., 2009). By using this methodology,
we successfully identified new molecular targets of pharmacological drugs and
elucidated novel cellular mechanisms responsible for their actions (lto et al., 2010;
Sakamoto et al., 2009; Shimizu et al., 2000; Uga et al., 2006). In the present work,
this technology was used to identify ferrochelatase (FECH, EC 4.99.1.1) as a novel
target of salicylic acid that is involved in its mitochondrial actions.

FECH is a ubiquitously expressed, inner mitochondrial membrane protein of
the heme biosynthesis pathway that catalyzes the insertion of ferrous ions into
protoporphyrin IX (PplX) to form heme. Heme serves as the prosthetic group of
various hemoproteins that are vital for cell viability, such as oxygen-carrying
hemoglobin and myoglobin and energy-producing cytochromes in the electron
transport chain (Atamna et al., 2001; Atamna et al., 2002; Gatta et al., 2009; Mdbius
et al., 2010). We now show that salicylic acid inhibits FECH-catalyzed heme
synthesis in vitro and in vivo. This inhibition is likely to be responsible, at least in part,

for salicylic acid-induced mitochondrial injury.
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Materials and Methods

Cell culture, antibodies, and reagents. K562 cells were cultured in RPMI 1640
medium supplemented with 10% fetal bovine serum. 293T cells were cultured in
DMEM supplemented with 10% fetal bovine serum. To knock down human FECH, the
following sequences were used as a target of shRNA: sh#1,
5-CCAAGGGGTGTGGAGTTGGAA-3’; sh#2, 5-GACCATATTGAAACGCTGTAT-3'.
Lentiviral vectors expressing these shRNAs were produced and infected into 293T
cells, followed by selection with puromycin for a few days. The resulting cells were
then used for subsequent analyses.

Rabbit polyclonal antibody against FECH was obtained from Abcam. Sodium
salicylate was dissolved in ultrapure water, buffer, or directly in medium, as
appropriate. Stock solutions of meta-hydroxybenzoic acid (m-HBA) and
para-hydroxybenzoic acid (p-HBA) were prepared in 1 M NaOH, and the pH was
adjusted to 7.4. Stock solutions of PplX (10 mM in dimethyl sulfoxide, Frontier
Scientific) and zinc acetate (10 mM in milliQ) were prepared and stored at —20°C until

use.

Preparation of salicylic acid-immobilized beads and affinity purification.
Salicylic acid was immobilized on carboxylated ferrite-glycidyl methacrylate (FG)
beads by using 200 mM N-hydroxysuccinimide and 200 mM
1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide. Beads were then incubated with 30
mM 5-amino salicylic acid (Nacalai Tesque) in N,N-dimethylformamide for 24 h at
room temperature. Unreacted carboxylic acids were masked with 1 M 2-ethanolamine
in N,N-dimethylformamide, and the resulting beads were stored at 4°C until use
(Supplemental Figure 1B). For affinity purification, salicylic acid-immobilized beads

(0.2 mg) were equilibrated with buffer IB-A (20 mM HEPES [pH 7.9], 100 mM KClI,
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0.1% Triton X-100, 10% glycerol). Extracts were prepared from K562 cells, Jurkat
cells, rat liver mitochondria, or rat brain mitochondria in buffer IB-A. The extracts were
incubated with the salicylic acid-immobilized beads for 2 h at 4°C. The beads were
washed with buffer IB-A, and bound proteins were eluted with SDS-containing sample
buffer. In some experiments, salicylic acid was added to the extracts prior to

incubation with the beads.

Expression and purification of recombinant FECH. The R115L variant of
full-length human FECH was inserted into pGEX-6P-1 (GE Healthcare). The plasmid
was further modified so that N-terminally truncated His-tagged FECH R115L was
expressed under the control of the tac promoter. Essentially the same construct was

used for expression and crystallization of FECH (Burden et al., 1999).

Cell-free FECH enzymatic assay. Enzymatic activity was measured as the amount
of Zn-PplIX produced by aerobic incorporation of zinc into PpIX by recombinant FECH,
as described previously (Li et al., 1987). Briefly, all reactions were performed in buffer
IB-C (250 mM Tris-HCI, pH 8.2, 1% TritonX-100, and 1.75 mM palmitic acid). Buffer
IB-C containing purified recombinant FECH R115L or another mutant (1 pg) with or
without salicylic acid, m-HBA, or p-HBA was first incubated for 1 h at 4°C and then for
5 min at 25°C. After the addition of PpIX and zinc acetate to the final concentration of
10 uM for each reagent, the reaction (250 ul) was further incubated for 5 min,
terminated by the addition of dimethyl sulfoxide:methanol mixture (750 ul; 30:70 v/v),
and centrifuged at 7000 rpm for 10 min. The supernatant was filtered through 0.22 ym
centrifugal filter (Milllipore), and the filtrate was applied to a Waters 600 HPLC system
equipped with a 4.6 x 150 mm 5C+s—AR-II column (Nacalai Tesque) or to an Acquity

UPLC system (Waters) equipped with a 2.1 x 50 mm C4g column (Waters,
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186002350). The sample was resolved with a linear gradient of ammonium
acetate/methanol that ranged from 0.25 M ammonium acetate (pH 5.16)/75%
methanol to 0.05 M ammonium acetate (pH 5.16)/95% methanol. Zn-PpIX and PpIX
were monitored by the absorbance at 416 and 400 nm, respectively. Their identities
were confirmed by applying a mixture of commercially available Zn-PplX and PplX as

the standard to the column.

Crystallization, data collection, and structure determination. For the
crystallization of the R115L FECHesalicylic acid (FECH+*SA) complex, purified FECH
R115L (500 uM) was incubated with 10 mM sodium salicylate for 1 h at 4°C. Crystals
were obtained by using polyethylene glycol as a precipitant. Red crystals of the
FECH+SA complex were obtained by incubating the protein-salicylic acid mixture (200
nl) with 0.1 M PCB buffer (200 nl; pH 4.8) containing 10% PEG1500 at 20°C for 3
days (Supplemental Figure 3C). For cryoprotection, the crystals were soaked in a
reservoir solution containing 25% ethylene glycol. X-ray diffraction data were
collected at the SPring-8 beamline BL41XU facility (wavelength 1.0 A, temperature
100 K, Japan Synchrotron Radiation Research Institute, Hyogo, Japan) and
processed with HKL2000 software (Otwinowski and Minor, 1997). Other
crystallographic calculations were performed with the CCP4 package package
(Collaborative Computational Project, 1994). The structure of the FECH+*SA complex
was determined via the molecular replacement method, based on the structure of the
apoenzyme (PDB code: 2HRC) (Medlock et al., 2007b) as a search model with
Molrep. Model building was accomplished with Coot (Emsley and Cowtan, 2004), and
refinement was performed by using REFMACS5 (Steiner et al., 2003) and Phenix
(Afonine et al., 2012). Data collection and structure refinement statistics are

summarized in Supplemental Table 1. The Ramachandran statistics were 97.8/2.2/0
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(%), corresponding to favored/allowed/outliers. The atomic coordinates for the R115L
FECH-salicylic acid complex structure have been deposited in the Protein Data Bank,

www.pdb.org (PDB ID code 3W1W).

Gel filtration. Gel filtration was performed by using an AKTA explorer (GE
Healthcare) equipped with a Superdex 200 10/300 column (GE Healthcare). For
Figure 2F, FECH R115L (4 mg/ml) or FECH R115L/L311A (3 mg/ml) was first
incubated with the indicated concentration of salicylic acid for 1 h at 4°C. Then, 100 pl
of the sample was loaded onto the column using buffer IB-B (50 mM Tris-MOPS [pH
8.0], 100 mM KCl, 1.0% (w/v) sodium cholate, 250 mM imidazole) containing the
same concentration of salicylic acid as column buffer. Eluate fractions (500 ul each)
were collected, and peak fractions were analyzed by SDS-PAGE and Coomassie
Brilliant Blue staining. The column was calibrated with the protein markers (GE

Healthcare) aldolase (158 kDa), ovalbumin (44 kDa), and ribonuclease-A (13.7 kDa).

Quantification of cellular heme content. Total heme was extracted and analyzed
by ultra-high performance liquid chromatography (UPLC), essentially as described
previously (Antonicka et al., 2003). K562 or 293T cells (2 x 10°) were seeded onto
six-well plates and then incubated with different concentrations of salicylic acid,
m-HBA, or p-HBA for 24 h at 37°C. After washing with phosphate buffered saline
(PBS), cells were lysed by the sequential addition of acetone/conc. HCl/water (175 pl;
77.5:2.5: 20) and 50% acetonitrile (200 pl) with vigorous shaking. After centrifugation
at 20,400 x g for 10 min at 4°C, the supernatant (200 pl) was collected and filtered
through a 0.22 um centrifugal filter (Millipore). The pH of the sample was adjusted to
~3—4 by the addition of NH4OH, and the sample was applied to UPLC system

equipped with 2.1 x 50 mm C4g column (Waters). Heme was eluted at a flow rate of

9

20z ‘g |udy uo sfeudnor 134SY e Blo'seulnofiedse wireyd jow wioJ) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on September 16, 2013 as DOI: 10.1124/mol.113.087940
This article has not been copyedited and formatted. The final version may differ from this version.

MOL #87940

0.2 ml/min by using a 30—-50% acetonitrile gradient for the first minute, followed by a
50-95% acetonitrile gradient for the next 9 min. All column buffers contained 0.05%
trifluoroacetic acid. The elution of heme was monitored by measuring the absorbance
at 400 nm. The retention time of heme was confirmed by using commercially

available hemin as the control (Frontier Scientific).

Quantification of NAD(P)H content. NAD(P)H content in cells was quantified by
using the WST-8 assay (Nacalai Tesque). The assay is based on the extracellular
reduction of WST-8 by NAD(P)H produced in the mitochondria (Berridge et al., 2005).
K562 cells were seeded into 96-well plates at 5,000 cells/50 ul/well. Salicylic acid,
m-HBA, or p-HBA (50 ul/well) was added to each well, and after 24 h of incubation at
37°C, WST-8 was added. The absorbance at 450 nm was determined by using a
plate reader (Wallac 1420 ARVO SX). Data were reported as the percentage of the

absorbance in untreated controls.

Mitochondrial membrane potential. Flow cytometry was used for the determination
of mitochondrial membrane potential (MMP, AW). K562 cells were seeded into
six-well dishes at 1 x 10° cells/ml/well. Salicylic acid, m-HBA, p-HBA (10 mM), or
FCCP (10 yM; Sigma) was added (in 1 ml of the same medium) and incubated for 24
or 48 h. Cells were stained with 10 yM Rhodamine 123 (Sigma) for 15 min at 37°C,

washed with PBS, and analyzed with a FACScalibur (Becton-Dickinson).

Zebrafish experiments. Zebrafish embryos (1 hpf); dechorionated by using 2 mg/mi
protease type XIV (Sigma), were immersed in salicylic acid (0.5, 1, or 3mM in E3
medium) for 47 h, as described previously (Ito et al., 2010). Knockdown and rescue

experiments were performed by microinjecting an antisense morpholino
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oligonucleotide (1 to 2 ng) targeting zFECH
(5-CACGCGCCTCCTAAAACCGCCATTG-3), with or without capped mRNA for
ZFECH (0.6 ng; Gene Tools, Philomath, OR, USA), as described previously (lto et al.,
2010). Heme was visualized by o-dianisidine staining of 48 hpf embryos, as
described previously (Ransom et al., 1996). Accumulation of PplIX in living 48-hpf
embryos was detected by fluorescence microscopy using its autofluorescence with

illumination peak at 520-550 nm (Childs et al., 2000).
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Results

Salicylic acid binds to FECH. To identify novel salicylic acid-binding proteins, FG
beads were used (Sakamoto et al., 2009). An amino derivative of salicylic acid
(Supplemental Figure 1A) was conjugated to carboxylated FG beads (Supplemental
Figure 1B). K562 human erythroleukemia cell lysate was preincubated with different
concentrations of free salicylic acid and then incubated with the salicylic
acid-immobilized beads. After extensive washing, bound proteins were eluted by
using sodium dodecyl sulfate (SDS)-containing sample buffer and then subjected to
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and silver staining. A
polypeptide with an apparent molecular weight of ~40 kDa (Figure 1A, top, arrow)
was associated with the salicylic acid-immobilized beads, and its binding was
inhibited by increasing concentrations of free salicylic acid (Figure 1A, top). Because
none of the known targets of salicylic acid has a similar molecular weight, this protein
was subjected to proteolytic digestion and tandem mass spectrometry. The protein
was finally identified as FECH, an inner mitochondrial membrane protein involved in
the heme biosynthesis pathway. The identity of FECH was further confirmed by
immunoblotting analysis with an antibody against human FECH (Figure 1A, bottom).
In addition, the use of different protein sources such as Jurkat cells (an immortalized
T lymphocyte cell line), rat liver mitochondria, and rat brain mitochondria confirmed
the association of FECH with salicylic acid-immobilized beads (Supplemental Figures
2A and 2B). Thus, salicylic acid binds to FECH in a species- or cell type-independent

manner.

Salicylic acid inhibits FECH activity. Because of its high expression and ready
purification, we used the processed form of human FECH carrying an R115L

substitution for most of the subsequent experiments. Although the Arg115 residue
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makes a contact with the physiological substrate of FECH, PplX, the R115L mutant
and the wild-type enzyme share similar catalytic activity (Medlock et al., 2007b).
However, the R115L mutant is considerably more stable in vitro (Burden et al., 1999;
Wu et al., 2001). We found that the binding efficiency of His-FECH R115L to salicylic
acid beads was indistinguishable from that of wild-type FECH fused to
glutathione-S-transferase (GST) (compare Figure 1B and Supplemental Figure 2C).
Because FECH can employ Zn?* as a substrate (Li et al., 1987; Medlock et al.,
2007b), the formation of a Zn-PplX complex from Zn?* and PplX was examined in
vitro by using purified recombinant FECH R115L. As expected, salicylic acid inhibited
its enzymatic activity in a concentration-dependent manner (Figure 1D).

To gain insight into the functional importance of the above findings, we next
performed structure-function analysis with free ortho-hydroxybenzoic acid (salicylic
acid), meta-hydroxybenzoic acid (m-HBA), and para-hydroxybenzoic acid (p-HBA)
(Supplemental Figure 1A). To our knowledge, only a single study has compared the
pharmacological actions of these three isomers (You, 1983). This previous study
showed that salicylic acid, but not its isomers, caused the swelling of rat liver
mitochondria. Similarly, we found that free salicylic acid inhibited the association of
FECH with salicylic acid-immobilized beads more efficiently than free m-HBA or free
p-HBA (Figure 1C). Moreover, m-HBA and p-HBA had little effect on FECH activity in
the same concentration range as salicylic acid (Figure 1D). These data indicate that
salicylic acid specifically binds to FECH and inhibits its enzymatic activity.

In severe cases of rheumatic fever and rheumatoid arthritis, high doses of
aspirin are administered, resulting in its metabolite, salicylic acid, increasing to
concentrations of 1-3 mM in the plasma and above 4 mM in the tissue (Baggott et al.,
1992). To obtain quantitative data on the FECH-salicylic acid interaction, isothermal

titration calorimetry was used. The dissociation constant of this interaction was in the
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range of 5-15 mM (Supplemental Figure 4), which is similar to or slightly higher than
pharmacologically relevant concentrations of salicylic acid. All of the in vitro binding
and enzymatic assays performed in this study included Triton X-100 to prevent the
aggregation of FECH and the non-enzymatic formation of Zn-PplIX. At a high
concentration, however, Triton X-100 is clearly inhibitory to the interaction of FECH
with salicylic acid (Supplemental Figure 2D), suggesting that the presence of the
detergent underlies the weak affinity of salicylic acid for FECH in vitro. It may be that
a certain fraction of the salicylic acid is entrapped in the micelle in the presence of

Triton X-100, and is thus unable to interact with FECH.

Salicylic acid binds to the dimer interface of FECH. The crystal structures of
human FECH, either in free form or complexed with PplIX, have been reported (Dailey
et al., 2007; Medlock et al., 2007a, 2007b, 2009, 2012; Wu et al., 2001). To determine
the structural basis for the interaction between FECH and salicylic acid, the co-crystal
structure of the FECH+SA complex was determined at a resolution of 2.0 A (Figure
2A). Each asymmetric unit of the structure consists of two FECH molecules forming a
dimer, with the dimer interface situated on the non-crystallographic axis. Consistent
with previous studies, a [2Fe-2S] cluster was found attached to each FECH protomer
covalently through Cys196, Cys403, Cys406, and Cys411. In addition, one ethylene
glycol molecule, five cholate molecules, and 417 water molecules were found in each
asymmetric unit (Supplemental Figure 7). The overall structure of FECH+SA is
essentially the same as the previously reported structure for the apoenzyme form of
FECH (Wu et al., 2001; Medlock et al., 2007b). There is a clear electron density that
is well fitted to a single molecule of salicylic acid between the two FECH protomers at
the two-fold axis (Figure 2B). It is possible to model salicylic acid in two opposite

orientations (Figure 2C), and the average B-factors of salicylic acid are 16.7 A% and
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17.9 A%, respectively. The two structures are essentially identical, and salicylic acid is
surrounded by hydrophobic amino acids such as Val270, Pro277, Trp301, and
Leu311 originating from both protomers (Figures 2B and 2C). The hydroxyl group of
salicylic acid forms a hydrogen bond with the side chain of Ser281 at a distance of 2.7
or 2.8 A (Figures 2B and 2C). These residues form a dimer interface channel
(Medlock et al., 2012), and salicylic acid sits in the middle of the channel.

To test the validity of our structural data and to examine the amino acid
residues of FECH important for its binding to salicylic acid, Val270, Ser281, Trp301,
and Leu311 were mutated to alanine, and a binding assay was performed by using
salicylic acid-immobilized beads and FECH R115L mutants. Figure 2D shows that the
W301A (R115L/W301A) and L311A (R115L/L311A) point mutations, but not the
S281A (R115L/S281A) point mutation, substantially reduced FECH binding to
salicylic acid. The V270A (R115L/V270A) mutant bound to salicylic acid, albeit to a
lesser extent than FECH R115L. These results suggest that the hydrogen bond
between the hydroxyl group of salicylic acid and FECH Ser281 is dispensable and
that the hydrophobic interactions of the benzene ring of salicylic acid with FECH
Trp301 and Leu311 are critical to salicylic acid binding to the dimer interface.

Because the amino acid residues studied above are located at the dimer
interface, it is possible that some of the point mutations inhibit salicylic acid binding
indirectly by affecting the dimerization status of FECH. Gel filtration analysis was
performed to test this hypothesis. While FECH R115L and R115L/S281A were eluted
with an estimated molecular weight of ~90 kDa, R115L/V270A, R115L/W301A, and
R115L/L311A were eluted with an estimated molecular weight of ~50 kDa
(Supplemental Figure 3A), suggesting that these mutants exist largely as monomers
(summarized in Table 1). Because the monomeric mutant R115L/V270A retained

significant salicylic acid-binding activity (Figure 2D), we concluded that the
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dimerization of FECH is not required for its interaction with salicylic acid. Incidentally,
none of the monomeric mutants we identified showed detectable enzymatic activity
(Table 1), in agreement with earlier studies demonstrating that the dimerization of
FECH is essential for its function (Wu et al., 2001; Medlock et al., 2007b;
Najahi-Missaoui and Dailey, 2005). To investigate whether the amino acid residues
Trp301 and Leu311 are directly involved in salicylic acid binding, we analyzed these
mutants in the monomeric background. As expected, an additional W301A or L311A
mutation to R115L/V270A resulted in the loss of salicylic acid binding (Figure 2D).
These results are consistent with our structural data and together demonstrate that

Trp301and Leu311 of FECH are directly involved in its binding to salicylic acid.

Monomeric bacterial FECH also binds to salicylic acid. FECH is widely conserved
across species, and bacterial homologs of FECH are known to function as monomers
(Wu et al., 2001). This prompted us to investigate whether bacterial FECH also binds
to salicylic acid. As a result, we found that recombinant FECH derived from
Escherichia coli bound to salicylic acid to the same extent as the human monomeric
R115L/V270A FECH mutant (Figure 2E). Concordantly, amino acid residues critical
for salicylic acid binding are conserved between mammalian and bacterial FECHs
(Supplemental Figure 6). The above finding strengthens our conclusion that the

dimerization of FECH is not required for salicylic acid binding.

Salicylic acid induces conformational changes in FECH. Since salicylic acid
binds to the dimer interface of FECH, we next investigated the possibility that salicylic
acid affects the dimerization status of FECH. For this purpose, gel filtration analysis
was performed in the presence of different concentrations of salicylic acid. As shown

in Figure 2F, the presence of salicylic acid clearly shifted the elution peak of FECH
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R115L but had little effect on the elution profile of FECH R115L/L311A, a monomeric
mutant defective in salicylic acid binding. By contrast, p-HBA did not appreciably
affect the elution profile of FECH R115L (Supplemental Figure 3B), suggesting that
the shift is specific and is mediated by salicylic acid binding to FECH. However, the
shift was not as dramatic as that caused by the R115L/L311A mutation (Figure 2F),
indicating that salicylic acid may cause a conformational change in the dimer rather
than its complete dissociation. This finding apparently contradicts our structural data,
which did not reveal any conformational change in FECH upon salicylic acid binding.
One explanation might be that the crystal structure we obtained only represents an
initial binding state. Regardless, the salicylic acid-induced structural change,
evidenced by gel filtration analysis, may be related to its inhibitory effect on FECH’s

enzymatic activity.

Salicylic acid inhibits heme synthesis and mitochondrial activity in K562 cells.
We next investigated the effect of salicylic acid on cellular heme biosynthesis by
using UPLC. As shown in Figure 3A, salicylic acid treatment for 24 h resulted in a
substantial reduction in the heme content of K562 cells, with a maximum decrease of
64+3% observed at 10 mM. The effects of m-HBA and p-HBA were comparatively
weak, with maximum decreases of 16£2% and 1514 %, respectively, at 10 mM. Hence,
salicylic acid, but not m-HBA and p-HBA, inhibits FECH activity both in cell-free
assays and K562 cells.

Next, salicylic acid-induced mitochondrial injuries were investigated in two
different assays: (i) WST-8 (tetrazolium salt) assay, which measures NAD(P)H and
hence general mitochondrial energy metabolism, and (ii) Rhodamine 123 assay,
which measures mitochondrial membrane potential by using a fluorescent lipophilic

cationic dye. As determined by the WST-8 assay, salicylic acid resulted in a
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significant dose-dependent decrease in cellular NAD(P)H levels, with an 1Csy of ~3
mM after 24 h incubation (Figure 3B). By contrast, m-HBA and p-HBA had only a
modest inhibitory effect. In the Rhodamine 123 assay, K562 cells were incubated for
24 or 48 h with salicylic acid, m-HBA, or p-HBA (10 mM of each), or with the
uncoupler carbonyl cyanide p-trifluoromethoxyphenylhydrazone (FCCP, employed as
the positive control). At 24 h, only a small, if any, reduction in membrane potential was
induced under any of the conditions examined (Figure 3C). At 48 h, salicylic acid
yielded a 52% decrease in fluorescence, which was comparable to that induced by
FCCP (Figure 3C). By contrast, m-HBA and p-HBA had only a modest effect on
membrane potential. Collectively, these results reveal that salicylic acid, but not
m-HBA and p-HBA, inhibits the synthesis of heme and NAD(P)H in K562 cells and
impairs mitochondrial membrane potential. While similar findings have already been
reported for salicylic acid (Braun et al., 2012; Klampfer et al., 1999), this is, to our

knowledge, the first comparative study of salicylic acid and its isomers.

FECH is responsible for the inhibitory effect of salicylic acid on heme synthesis.

To investigate the functional link between FECH and salicylic acid more critically, we
knocked down FECH in 293T cells by transducing lentiviral vectors expressing one of
two shRNAs against FECH (Figure 4A). Then, the cellular levels of heme was
measured with or without prior incubation with 1, 3 and 10 mM of salicylic acid. FECH
knockdown alone resulted in a reduction of the cellular heme level (data not shown).
Moreover, FECH knockdown abolished salicylic acid-induced reduction of the heme
level at all concentration of salicylic acid (Figure 4B), suggesting that FECH is
responsible for the inhibitory effect of salicylic acid on heme synthesis, and mediating

some of its pharmacological effects.
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Salicylic acid inhibits heme synthesis and accumulates PplXin zebrafish. To
extend our findings to the whole animal level, we next used zebrafish embryos as an
experimental model. Amino acid sequences of human and zebrafish FECH (zFECH)
are 79% identical, and moreover, several amino acid residues important for salicylic
acid binding are conserved between the species (Supplemental Figure 6). We first
investigated whether zFECH binds to salicylic acid and found that zFECH binds to
salicylic acid-immobilized beads as efficiently as human FECH (Supplemental Figure
2C).

We next analyzed the effect of salicylic acid on heme synthesis during
zebrafish development by o-dianisidine staining of heme. In control 48 h
post-fertilization (hpf) embryos, hematocytes in the blood sinus covering the yolk
were stained in a granular pattern (Figure 5A). A small embryo-to-embryo variation
was observed in o-dianisidine staining, probably due to the different running patterns
of the blood sinus. While zFECH-knockdown (zFECH antisense morpholino
oligonucleotide) or salicylic acid-treated embryos showed no gross morphological
abnormalities (Supplemental Figure 5), o-dianisidine staining was generally
decreased in these embryos (Figure 5B). The spectrum of embryonic phenotypes
was divided into “strong,” “intermediate”, and “weak” categories, based on the
staining intensity and the diagnostic criteria shown in Figure 5A. While almost all of
the zFECH-knockdown embryos showed a reduction in heme biosynthesis,
co-injection of zFECH mRNA partially restored production of heme (Figure 5B).
Similarly, salicylic acid (1 or 3 mM) strongly inhibited heme generation in a
concentration-dependent manner (Figure 5B), in agreement with our findings in vitro
and in cultured cells. Remarkably, overexpression of zFECH in salicylic acid-treated
embryos partially restored heme production (Figure 5C). By contrast, m-HBA and

p-HBA had no significant effect on heme production in zebrafish (Figure 5D).
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If the defect in heme synthesis is indeed due to the inhibition of FECH, its
substrate PplX may be conversely accumulated in affected embryos. Hence, PpIX
auto-fluorescence in zebrafish embryos was examined under a fluorescence
microscope at an illumination peak of 520-550 nm. As expected, zFECH knockdown
embryos showed a substantial accumulation of PplX in the blood sinus covering the
yolk, and this accumulation was reversed by simultaneous overexpression of zFECH
(Figure 5E). Similarly, salicylic acid-treated embryos showed a substantial increase in
the PplX level. Thus, these results indicate that salicylic acid inhibits heme

biosynthesis by inhibiting FECH activity during zebrafish development.
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Discussion

This study found that FECH is a novel salicylic acid-binding protein. FECH is an inner
mitochondrial, homodimeric protein that faces the matrix side, contains a (2Fe-2S)
cluster, and is involved in the heme biosynthesis pathway (Wu et al., 2001). Several
lines of evidence support the idea that salicylic acid decreases heme biosynthesis by
inhibiting FECH: (i) FECH binds to salicylic acid-immobilized beads (Figure 1A); (ii)
salicylic acid inhibits the enzymatic activity of recombinant FECH in vitro (Figure 1D);
(iii) salicylic acid binds to FECH at the dimer interface, which is thought to be critical
for its activity (Figures 2A—C); (iv) salicylic acid decreases heme content in cultured
human cells, and its inhibitory effect is abrogated by the knockdown of FECH (Figures
3 and 4); (v) salicylic acid inhibits heme synthesis in zebrafish, which can be partially
rescued by the overexpression of zFECH (Figure 5); and (vi) salicylic acid isomers
(m-HBA and p-HBA) are less effective than salicylic acid in all the assays examined.
How does FECH discriminate salicylic acid from its isomers? Salicylic acid is
known to have higher lipid solubility than m-HBA and p-HBA (Kunze et al.,1972). This
occurs because the negative charge of the carboxylate of salicylic acid is delocalized
through intramolecular hydrogen bonding between the carboxyl group and the
hydroxyl group. Thus, salicylate may move into the hydrophobic dimer interface of
FECH more easily than meta- or para-hydroxybenzoate. Another possibility may be
that the hydrogen bond between the hydroxyl group of salicylic acid and FECH
Ser281 contributes to isoform specificity. However, this idea is not consistent with our
mutational analysis showing that the hydrogen bond is dispensable for their
interaction (Figure 2D). Yet another possibility is that the hydroxyl group of m-HBA
and p-HBA causes steric hindrance with surrounding FECH molecules. However, this
possibility was not supported by molecular modeling of m-HBA and p-HBA complexed

with FECH. As to the question of how salicylic acid inhibits FECH activity, the
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negative charge of salicylic acid may cause conformational changes in the FECH
dimer interface and thereby inhibit its enzymatic activity.

Here we showed that salicylic acid affects heme content, NAD(P)H content,
and mitochondrial membrane potential at millimolar concentrations in K562 cells.
Similarly, previous studies showed that salicylic acid inhibits oxidative
phosphorylation and decreases the ATP:AMP ratio at similar concentrations
(Cronstein et al., 1999). These consequences can result from the inhibition of FECH
because its inhibition should result in the loss of activity of heme proteins, such as
cytochromes, that are essential for the generation of mitochondrial membrane
potential and ATP synthesis, among others (Atamna et al., 2001; Atamna et al., 2002;
Gatta et al., 2009; Mobius et al., 2010). It is also possible that other known targets of
salicylic acid (e.g., COX, AMPK, and IKK-B) are involved in the mitochondrial
dysfunction. In regard to COX, salicylic acid has little, if any, effect on the enzymatic
activity of purified COX (Mitchell et al., 1993). Thus, it seems unlikely that COX plays
a role in the salicylic acid-induced mitochondrial dysfunction. In regard to AMPK,
salicylic acid is known to activate the essential regulator of energy metabolism
(Hawley et al., 2012). This should result in an increase in ATP synthesis; in fact,
however, salicylic acid inhibited mitochondrial ATP synthesis (Cronstein et al., 1999).
Therefore, the AMPK pathway does not seem to be involved in the salicylic
acid-induced mitochondrial injury. In regard to IKK-B, salicylic acid inhibits its protein
kinase activity and attenuates inflammatory and immune responses involving NF-xB
(Kopp and Ghosh, 1994; Yin et al., 1998). Since NF-kB is a crucial regulator of
cellular energy metabolism (Mauro et al., 2011), its inhibition by salicylic acid can
affect mitochondrial energy metabolism. Hence, the mitochondrial dysfunction
induced by salicylic acid may be due to a combination of inhibitory actions on FECH

and the NF-xB pathway.
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Although highly speculative, the present findings may have relevance to the
anti-inflammatory actions of salicylic acid. Aspirin (acetyl salicylic acid) inhibits COX
by transferring its acetyl group to the active site of prostaglandin synthase (Loll et al.,
1995). Despite the absence of the acetyl group and no significant effect on purified
COX, salicylic acid has similar anti-inflammatory effects in vivo and can inhibit COX
activity in cell-based assays (Mitchell et al., 1993). A few explanations have been
proposed as to how salicylic acid might mitigate inflammation. For example, salicylic
acid might inhibit the NF-xB pathway, which controls the expression of the COX-2
gene (Lim et al., 2001). Because heme is the prosthetic group of COX (Chen et al.,
1989), our findings suggest that salicylic acid may inhibit COX indirectly by blocking
FECH activity and heme synthesis. Another possible explanation for the
anti-inflammatory actions of salicylic acid is that it induces the release of cellular
adenosine, an endogenous anti-inflammatory agent that acts on adenosine A2
receptors (Cronstein, 1994). A previous study showed that salicylic acid attenuates
inflammation by an adenosine-dependent mechanism, even in mice lacking COX-2 or
the p105 subunit of NF-kB (Cronstein et al., 1999), leading to the idea that there may
be an additional target of salicylic acid. This target may be FECH, given that the
inhibition of heme synthesis and the resultant inhibition of ATP synthesis might trigger
the accumulation of adenosine and its release. Our findings therefore provide new
insight into the mechanism behind the complex pharmacological effects of this

compound.
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Figure Legends

Figure 1. Salicylic acid binds to FECH and inhibits its enzymatic activity. (A) Salicylic
acid (SA)-binding proteins were purified from K562 cell lysate with salicylic
acid-immobilized (+) or control () beads. The indicated concentrations of free
salicylic acid were added to the cell lysate before incubation with the beads. Eluted
proteins were analyzed by silver staining (top) or immunoblotting (IB, bottom) with
anti-FECH antibody. (B) Affinity purification was carried out with recombinant FECH
R115L. (C) Free salicylic acid (SA), m-HBA, or p-HBA was preincubated with cell
lysate derived from FECH R115L-expressing E. coli and subjected to affinity
purification with salicylic acid-immobilized beads. (D) The inhibitory effects of salicylic
acid (SA), m-HBA, or p-HBA on recombinant FECH activity were measured as the
percent decrease in the amount of Zn-PplIX produced by aerobic incorporation of zinc

into PpIX (n=3; averages and SDs are indicated).

Figure 2. Salicylic acid binds to the dimer interface of FECH. (A) Structure of the
FECH+SA complex. Two protomers are shown in cyan (chain B) and orange (chain A),
respectively, while salicylic acid is colored by elements. (B) Close-up view of the
salicylic acid-binding region. The Fo-Fc omit map is shown at the 4.0 o level in green
color. Amino acid residues surrounding salicylic acid are shown in the stick model. A
hydrogen bond between Ser281 of chain B and the hydroxyl group of salicylic acid is
shown with a dotted line. (C) Right figure represents a 90° rotation of the FECH*SA
structure that is depicted in (B). Left figure shows another possible orientation of SA
viewed from the same angle. In both cases, SA forms a hydrogen bond with Ser281
at a distance of 2.7 A and 2.8 A. (D) FECH R115L and its mutants were expressed in
E. coli, and their lysates (input) were subjected to affinity purification with control

beads (-) or salicylic acid-immobilized (+) beads. Samples were immunoblotted (IB)
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with anti-FECH antibody. (E) Recombinant GST-tagged human wild-type FECH
(hFECH), and E. coli FECH (eFECH) were subjected to salicylic acid-binding assays,
as in (D). Proteins were visualized by immunoblotting (IB) with an anti-GST antibody.
(F) Equal amounts of purified recombinant FECH R115L and L311A were incubated
with or without the indicated concentrations of salicylic acid for 1 h at 4°C. They were
then applied to a Superdex 200 10/300 gel filtration column (GE Healthcare). The
same concentrations of salicylic acid were included in the column buffer. Eluate
fractions (500 ul each) were collected and analyzed by SDS-PAGE and Coomassie
Brilliant Blue staining. Peak positions are shown with down-arrows. The peak

positions of gel filtration markers (158, 43, and 13.7 kDa) are shown with up-arrows.

Figure 3. Salicylic acid inhibits heme biosynthesis and mitochondrial activity in K562
cells. (A) K562 cells were treated with salicylic acid (SA, red), m-HBA (blue), or
p-HBA (green) for 24 h, extracted, and subjected to UPLC. Heme was detected by
measuring the absorbance at 400 nm (n=3; averages and SDs are indicated). The
heme content in control K562 cells was set to 100%. (B) K562 cells were similarly
incubated with the indicated concentrations of SA (red), m-HBA (blue), or p-HBA
(green) for 24 h. WST-8 assays were then performed to measure NAD(P)H content in
the cells (n=4; averages and SDs are indicated). The NAD(P)H content in control
K562 cells was set to 100%. (C) K562 cells were treated with SA (red), m-HBA (blue),
or p-HBA (green) for 24 (left) or 48 h (right) and stained with Rhodamine 123 to
measure mitochondrial membrane potential. FCCP (black), a known uncoupler, was

used as the positive control.

Figure 4. FECH is responsible for the inhibitory effect of salicylic acid on heme

synthesis in 293T cells. (A) 293T cells were infected with lentiviral vectors expressing
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one of two shRNAs against FECH (FECH sh#1 and FECH sh#2) or a control vector
(U6). After selection for a few days, cells were subjected to immunoblot analysis.
“293T” represents untransduced 293T cells. (B) A fixed number of cells (FECH
knockdown cells or control cells) were plated into multiwell plates, treated with the
indicated concentrations of salicylic acid (SA) for 24 h, and subjected to UPLC
analysis for the quantification of heme. Three independent experiments were

performed, and a representative data set is shown.

Figure 5. Salicylic acid inhibits heme synthesis in zebrafish. (A) Embryos at 48 hpf
were stained with o-dianisidine and inspected under a microscope. Embryos were
sorted into “strong,” “intermediate,” and “weak” categories, based on staining intensity
and the illustrated diagnostic criteria. (B) An AMO against zFECH was injected into
zebrafish embryos with or without ZFECH mRNA. Alternatively, embryos were treated
with the indicated concentrations of salicylic acid (SA). Shown below the images are
the percentages of embryos sorted into “strong”, “intermediate,” and “weak”
categories, and the total number of embryos examined for each condition. (C)
Zebrafish embryos were treated with 0.5 or 1 mM salicylic acid, with or without prior
injection of zZFECH mRNA, and analyzed as in (B). (D) Zebrafish embryos were
treated with 1 mM salicylic acid (SA), m-HBA, or p-HBA. They were then processed
as in (B). (E) Accumulation of PplX in living 48-hpf embryos was detected by
fluorescence microscopy using its autofluorescence with illumination peak at 520-550

nm. Scale bar, 150 uym. Statistical significance was determined by applying the

chi-square contingency test. *p<0.05, ***p<0.0001.
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Table 1. Effects of alanine substitutions on FECH activity

Variant Enzymatic Dimerization  Salicylic acid
activity” status® binding®
V270A 0% Monomer Weak
S281A ~70% Dimer Normal
W301A 0% Monomer Very weak
L311A 0% Monomer Very weak

' % of FECH R115L activity, measured as the amount of Zn-PpIX produced.
2Based on gel filtration data.
®Based on binding assays with salicylic acid-immobilized beads.
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Figure 1 - 8.9 cm (1 column)
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Figure 2 - 182 cm (2 columns)
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Figure 3 - 8.9 cm (1 column)
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Figure 4 - 8.9 cm (1 columns)
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Figure 5 - 18.2 cm (2 columns)
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