MD Fast Forward. Published on March 28, 2014 as DOI: 10.1124/dmd.114.057620
DMD ﬁa&taﬁolemrm Rabdopfeaicoanditarete? She0ihasi chonsy Qittd 24 misvd 60057620

DMD #57620

I dentification of bioactivating enzymesinvolved in the hydrolysis of laninamivir

octanoate, a long-acting neuraminidase inhibitor, in human pulmonary tissue

Kumiko Koyama, Yuji Ogura, Daisuke Nakai, Mihoko Watanabe, Toshiko Munemasa,

Yuka Oofune, Kazuishi Kubota, Akira Shinagawa, and Takashi 1zumi

Drug Metabolism & Pharmacokinetics Research Laboratories (K.Ko., D.N., T.l.), Daiichi
Sankyo Co., Ltd., Tokyo, Japan; Discovery Science and Technology Department, Daiichi
Sankyo RD Novare Co., Ltd., Tokyo, Japan (Y.Og., M.W, Y.Of., K.Ku., A.S); and
Tranglational Medicine and Clinical Pharmacology Department (T.M.), Daiichi Sankyo

Co., Ltd., Tokyo, Japan

Copyright 2014 by the American Society for Pharmacology and Experimental Therapeutics.

20z ‘0T |udy UoSeUINOr 13dSY e BIosfeuIno fipdsepuwip Woly papeojumod


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on March 28, 2014 as DOI: 10.1124/dmd.114.057620
This article has not been copyedited and formatted. The final version may differ from this version.

DMD #57620

Running title: Identification of laninamivir octanoate hydrolases

Towhom all correspondence should be sent:
Kumiko Koyama
Drug Metabolism & Pharmacokinetics Research Laboratories
Daiichi Sankyo Co., Ltd.
1-2-58, Hiromachi, Shinagawa-ku, Tokyo 140-8710, Japan.
Phone: +81-3-3492-3131, Fax: +81-3-5436-8567

E-mail: koyama.kumiko.hv@daiichisankyo.co.jp

Kazuishi Kubota

Discovery Science and Technology Department

Daiichi Sankyo RD Novare Co., Ltd.

1-16-13, Kitakasai, Edogawa-ku, Tokyo 134-8630, Japan.
Phone: +81-3-5696-8301, Fax: +81-3-5696-3548

E-mail: kubota.kazuishi.ci@rdn.daiichisankyo.co.jp

20z ‘0T |udy UoSeUINOr 13dSY e BIosfeuIno fipdsepuwip Woly papeojumod


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on March 28, 2014 as DOI: 10.1124/dmd.114.057620
This article has not been copyedited and formatted. The final version may differ from this version.

DMD #57620

Number of text pages: 36

Number of tables: 3

Number of figures: 6

Number of references: 44

Number of words in abstract: 234 words
Number of words in introduction: 616 words

Number of words in discussion: 1142 words

Abbreviations: APT1, acyl-protein thioesterase 1; BNPP, bis-p-nitrophenyl phosphate;
BSA, bovine serum abumin; DFP,  diisopropyl fluorophosphate; DTNB,
5,5 -dithiobis(2-nitrobenzoic acid); ELF, epithelial lining fluids, ESD, esterase D; IS,

internal standard; LO, laninamivir octanoate; NP-40; Nonidet P-40

20z ‘0T |udy UoSeUINOr 13dSY e BIosfeuIno fipdsepuwip Woly papeojumod


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on March 28, 2014 as DOI: 10.1124/dmd.114.057620
This article has not been copyedited and formatted. The final version may differ from this version.

DMD #57620

Abstract

Laninamivir octanoate (LO) is an octanoyl ester prodrug of the neuraminidase inhibitor
laninamivir. After inhaled administration, LO exhibits the clinical efficacy for both
treatment and prophylaxis of influenza virus infection, resulting from the hydrolytic
bioactivation into its pharmacologically active metabolite laninamivir in the pulmonary
tissue. In this study, we focused on the identification of LO-hydrolyzing enzymes from
human pulmonary tissue extract, using proteomic correlation profiling — a technology
integration of traditional biochemistry and proteomics. In a single elution step by gel
filtration chromatography, LO-hydrolyzing activity was separated into two distinct peaks,
designated as peak | and peak |l. By mass spectrometry, 1160 and 1003 proteins were
identified and quantitated for peak | and peak |1, respectively, and enzyme candidates were
ranked based on the correlation coefficient between the enzyme activity and the proteomic
profiles. Among proteins with a high correlation value, S-formylglutathione hydrolase
(esterase D; ESD) and acyl-protein thioesterase 1 (APT1) were selected as the most likely
candidates for peak | and peak 11, respectively, which was confirmed by LO-hydrolyzing
activity of recombinant proteins. In the case of peak Il, LO-hydrolyzing activity was
completely inhibited by treatment with a specific APT1 inhibitor, palmostatin B. Moreover,
immunohistochemical analysis revealed that both enzymes were mainly localized in the
pulmonary epithelia, a primary site of influenza virus infection. These findings
demonstrate that ESD and APT1 are key enzymes responsible for the bioactivation of LO

in human pulmonary tissue.
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I ntroduction

Laninamivir octanoate (LO), an octanoyl ester prodrug of the neuraminidase inhibitor
laninamivir, demonstrates a long-lasting antiviral effect in contrast to oseltamivir and
zanamivir, and is currently used in clinical practice in Japan for treatment and prophylaxis
of influenza virus infection. In confirmatory clinical trials, a single inhalation of LO
demonstrated a therapeutic efficacy in both adult and pediatric patients (Sugaya et al. 2010,
Watanabe et al. 2010, Watanabe et al. 2013). In addition, LO was recently reported to be
efficacious in the post-exposure prophylaxis of influenza in household contacts
(Kashiwagi et al. 2013).

Hydrolytic activation of LO into the active form laninamivir in the pulmonary tissue
is a critical factor for exerting its in vivo pharmacological effect. After a single
intranasal/intratracheal administration in mice and rats, LO was efficiently hydrolyzed to
laninamivir, and then it was highly retained in the pulmonary tissue (Koyama et a. 2009,
Koyama et a. 2010); with a sufficient concentration in the epithelia lining fluids (ELF), a
possible site of action of neuraminidase inhibitors (Koyama et a. 2013). In humans as
well, after a single inhalation of LO (40 mg), laninamivir was generated and highly
maintained in the ELF (Ishizuka et a. 2012), exceeding the in vitro 50% inhibitory
concentrations for influenza viral neuraminidases over 10 days (Yamashita et a. 2009). A
slow elimination of laninamivir was also observed in the systemic circulation, with an
elimination half-life (ty,) of approximately 3 days (Ishizuka et a. 2009, Yoshiba et al.
2011). These favorable pharmacokinetic characteristics are considered to result in the

long-lasting effect.
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In drug development, the prodrug approach has been widely used as a strategy for
improving the physicochemical, biopharmaceutical or pharmacokinetic properties of
pharmacologically active agents, and approximately 10% of the drugs approved
worldwide are reported to be classified as prodrugs (Rautio et al. 2008, Zawilska et al.
2013). Prodrugs require the bioactivation into their active forms by metabolizing enzymes
in order to be therapeutically effective. On the other hand, the prodrug-activating enzymes
may have a potential risk to influence interindividual variability in drug exposure and
response, and possibly to induce drug-drug interactions. Therefore, it is very important to
identify the prodrug-activating enzymes.

For the molecular identification of endogenous enzymes from biological samples,
biochemical purification has been used for decades as a general methodology, and a series
of sequential separation by different chromatographic methods (ion-exchange, affinity, gel
filtration, etc.) is usually required to achieve the purification. On the other hand, we have
recently extended an advanced methodology named proteomic correlation profiling to
identify drug metabolizing enzymes (Sakurai et al. 2013), whose basic concept was
previously reported by Kubota et a (2009). In this methodology, the biological material is
fractionated by column chromatography, followed by the calculation of each protein’s
correlation coefficient between the enzyme activity and proteomic profile of the fractions.
Subsequently, possible enzyme candidates are chosen among proteins with a high
correlation value, based on the fundamental assumption that protein quantity correlates
with protein activity. This streamlined method enables us to require fewer purification
steps with minimal starting material, and also to resolve the challenges associated with

physicochemical stability and solubilization, as compared to the conventional biochemical
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purification. Therefore, the proteomic correlation profiling is considered to be a powerful
and efficient tool for enzyme identification.

In the present study, from the human pulmonary tissue extract, we identified
Sformylglutathione hydrolase (also known as esterase D; ESD) and acyl-protein
thioesterase 1 (APT1) as most likely candidates for LO-hydrolyzing enzymes, using the
proteomic correlation profiling. We also performed further analysis to confirm the enzyme
identification and to investigate the enzyme localization in the pulmonary tissue. We
believe that this study can provide fundamental information on the LO bioactivation

process in the target site.
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Materials and methods

Materials. Both LO and laninamivir were synthesized at Daiichi Sankyo Chemical
Pharma Co., Ltd. (Tokyo, Japan) and their chemical structures areillustrated in Fig. 1. The
internal standard (1S) of laninamivir ([*Hs]laninamivir) was synthesized at Daiichi Sankyo
Co., Ltd. (Tokyo, Japan). Pamostatin B was synthesized at Daiichi Sankyo RD Novare
Co., Ltd. (Tokyo, Japan). Pooled human pulmonary subcellular fractions (S9, microsomes,
and cytosol), used for LO-hydrolysis characteristics, were obtained from XenoTech, LLC
(Lenexa, KS), whereas individual human pulmonary S9 (79-year-old, male), used for gel
filtration chromatography, was obtained from Human and Animal Bridging Research
Organization (Chiba, Japan). Formalin-fixed and paraffin-embedded human pulmonary
tissue sections (62-year-old, male) were obtained from SuperBioChips Laboratories (Seoul,
Korea). Ethical approval for these human specimens was obtained from each Research
Ethics Committee at Daiichi Sankyo Co., Ltd. and Daiichi Sankyo RD Novare Co., Ltd.
Diisopropyl fluorophosphate (DFP) and eserine were purchased from Wako Pure
Chemical Industries, Ltd. (Osaka, Japan), whereas bis-p-nitrophenyl phosphate (BNPP)
and 5,5’ -dithi obis(2-nitrobenzoic acid) (DTNB) were purchased from Nacalai Tesque, Inc.
(Kyoto, Japan). Recombinant human esterase D (rESD) and acyl-protein thioesterase 1
(rAPT1) were obtained from Novoprotein Scientific Inc. (Shanghai, China). Rabbit
anti-ESD and anti-APT1 antibodies were obtained from Sigma-Aldrich Co. (St. Louis,
MO) and Proteintech Group, Inc. (Chicago, IL), respectively. All other reagents and
solvents used were commercially available and were of extra-pure, guaranteed or LC-MS

grade.
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LO hydrolysis assay and chemical inhibition properties. For determination of
LO-hydrolyzing activity in human pulmonary subcellular fractions (S9, cytosol, and
microsomes) and recombinant proteins (rESD and rAPT1), the sample was incubated at
37°C for 15 min with 10 uM LO. The reaction was terminated by mixing with 2-volumes
of acetonitrile. The sample was added an aliquot of IS and then filtered. The resulting
sample was injected into the liquid chromatography coupled with a tandem mass
spectrometry (LC-MS/MS) system consisting of API 4000 (Applied Biosystems, Foster
City, CA) coupled to Shimadzu 20A (Shimadzu Corp., Kyoto, Japan). The analyte was
separated on an analytical column, aPC HILIC Silica (5 um, 2.0 x 150 mm; Shiseido Co.,
Ltd., Tokyo, Japan), with a gradient of 10 mM ammonium acetate and acetonitrile. The
flow rate employed was 0.6 ml/min. The analyte was detected with an electrospray
ionization (ESI) source operated in the positive-ion mode. MS data were acquired in
selected ion multiple reaction monitoring mode using the mass transitions of m/z 347—60
and 350—60 for laninamivir and IS, respectively. The calibration curves were generated
using the analyte to IS peak area ratio by weighted (1/x) least-squares linear regression
over the concentration ranges of 1-1000 ng/ml (2.89-2890 pmol/ml). The enzymatic
activity was expressed as a metabolite formation rate (pmol/min/mg) based on the
production of laninamivir. For assay of chemical inhibition properties, each of the esterase
inhibitors (DFP, BNPP, eserine, and DTNB) was added to the reaction mixture and further
incubated with 10 uM LO. The results were expressed as percentages of the activity in the

absence of inhibitors.
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Gel filtration chromatography. Human pulmonary S9 fraction (5 mg/ml, 20 mM
HEPES, pH 7.0, 250 mM sucrose) was used as a starting material. The SO fraction (500
uL) was incubated for 10 min, following the addition of 10% Nonidet P-40 (NP-40; 50
uL) and 5 M NaCl (50 pL). After centrifugation at 105,000g for 1 h, the supernatant was
filtered and loaded onto a gel filtration column Superdex 200 (GE Healthcare UK Ltd.),
which was equilibrated with running buffer (20 mM HEPES; pH 7.0, 150 mM NaCl and
0.05% NP-40) at a flow rate of 0.5 ml/min. The protein separation was performed with the
same huffer at a flow rate of 0.5 ml/min, and the eluent was collected in a series of
fractions at every 1 min. A gel filtration standard (Bio-Rad Laboratories, Inc., Hercules,
CA) was used for determination of the molecular weight. All procedures were conducted

at 4°C.

LO hydrolysis assay in chromatography fractions. For assay of LO-hydrolyzing
activity in the gel filtration chromatographic fractions, an aliquot of sample was incubated
at 37°C for 1 h with 420 uM (200 ug/ml) LO. The reaction was terminated by mixing with
an equal volume of acetonitrile. The sample was added an aliquot of 1S and then filtered.
The resulting sample was injected in the liquid chromatography coupled with a mass
spectrometry (LC-MS) system consisting of 1200 LC/MSD coupled to 1200SL (Agilent
Technologies, Inc., Santa Clara, CA). The analyte was separated on an anaytical column,
an Asahipak NH2P-50 2D (5 um, 2.0 x 150 mm; Showa Denko K. K., Tokyo, Japan), with
an isocratic mobile phase consisting of 10 mM ammonium acetate/acetonitrile (45:55).
The flow rate employed was 0.3 mlI/min. The analyte was detected with the ESI source

operated in positive-ion mode. MS data were acquired in selected ion monitoring mode at

10
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m/z 347 and m/z 350 for laninamivir and IS, respectively. For APT1 inhibitory assay, the
reaction mixture was incubated with 420 uM LO in the presence of 0.1 uM palmostatin B.
One unit of LO-hydrolyzing activity was defined as the activity required for 1 nmol/ml

production of laninamivir.

Protein identification and quantification in chromatographic fractions. Two hundred
fmol of bovine serum albumin (BSA) was added as IS to an aliquot of each fraction from
gel filtration chromatography. Then, each fraction was subjected to methanol/chloroform
precipitation, in-solution reduction and alkylation, followed by trypsin digestion, in a
similar manner with our previous report (Sakurai et al. 2013). In brief, proteins were
precipitated with Methanol/Chloroform precipitation (Wessel and Fliigge 1984) to remove
salts and detergents, then reduced with dithiothreitol followed by akylation with
iodoacetamide, and digested with trypsin. Resulting peptides were desalted with StageTips
(Rappsilber et al. 2007) and dissolved with 12 uL of 5% formic acid. An aiquot of the
peptide mixtures (4 ulL) was injected into the LC-MS/MS system consisting of
LTQ-Orbitrap ELITE coupled to Easy-nLC 1l (Thermo Fisher Scientific Inc., Waltham,
MA). The peptides were eluted from the in-house packed tip column (140 mm x 75 um
[.D., 3 um Inertsil C18, GL Sciences) with a linear gradient of acetonitrile in 0.1% formic
acid at aflow rate of 200 nL/min. Protein identification and quantification were performed
by the MaxQuant (version 1.2.0.5, Max Planck Institute) (Cox et al. 2009 and 2011).
Briefly, MS/IMS spectra were searched against UniprotKB/Swiss-Prot human data
downloaded on 28 Nov 2012. The identified proteins were quantified in an ion

intensity-based label-free algorithm implemented in MaxQuant, which was a relative

11
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guantitation algorithm using the ion intensity of identified peptides in LC-MS without
stable isotope labeling technology such as SILAC (Ong et a. 2002), iTRAQ (Ross et al.
2004) or AQUA (Gerber et al. 2003). Two missed cleavages were alowed, along with
carbamidomethylation of cysteine as a fixed modification; variable modifications were
oxidation of methionine and acetylation of N-term amino acid of the protein. Mass
tolerance for precursor ions was 7 ppm, mass tolerance for fragment ions was 0.5 Da, and
false discovery rates at peptide and protein levels were less than 0.01. The proteins

identified by more than one single peptide were used for further correlation analysis.

Proteomic correation profiling. Following MaxQuant analysis, all proteins quantified in
each fraction were normalized by the amount of BSA to account for any experimental
error and to correct any variations in sample complexity. Pearson correlation coefficient
was calculated between the normalized abundance profile for each protein and

LO-hydrolyzing activity profile.

Protein assay. Total protein concentration was determined by modified Bradford protein
assay (Coomassie Plus Protein Assay, Thermo Fisher Scientific, Inc.) using BSA as a
standard protein. Chromatographic fractions were assayed before a spike-in of BSA as IS

for label-free quantitation.

Immunohistochemistry. Immunohistochemical assay was performed on formalin-fixed,

paraffin-embedded human pulmonary tissue sections using Dako Autostainer Link 48

(Dako Denmark A/S, Glostrup, Denmark). Deparaffinization and target retrieval were
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processed on the tissue sections in asingle step using Dako PT Link (EnVision FLEX TRS
Low pH), where the optimal incubation was set a 97°C for 20 min. Endogenous
peroxidase activity was quenched with peroxidase-blocking solution (Dako) for 5 min, and
nonspecific antibody binding was blocked with protein block, serum-free (Dako) for 30
min. Then, anti-ESD antibody or anti-APT1 antibody (2 pg/ml) was applied as a primary
antibody on the sections and incubated for 45 min, and isotype antibody (2 pg/ml) was
used as a negative control. EnVision+System-HRP Labelled Polymer Anti-Rabbit was
reacted as a secondary antibody for 30 min, and antibody complex was visualized after the
addition of 3,3’-diaminobenzidine tetrahydrochloride (DAB)+, liquid (5 min x 2; Dako).

The section was counterstained with hematoxylin.

13
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Results

Enzymatic L O hydrolysisin human pulmonary subcellular fractions. LO-hydrolyzing
activity in human pulmonary S9, cytosol, and microsomes is shown in Fig. 2A. At 10 uM
LO, activity was observed in al of the subcellular fractions tested, with amost the same
levels per mg protein basis (1.2-1.9 pmol/min/mg). Furthermore, for the inhibitory effect
of typical esterase inhibitors, LO-hydrolyzing activity in pulmonary S9 was strongly
inhibited by a potent serine esterase inhibitor DFP at 0.1 mM or more. DTNB, known as
an inhibitor of SH-containing esterase, exhibited weaker inhibitory effects than DFP,
whereass much wesker inhibition was observed in the treatment with BNPP
(carboxylesterase inhibitor). Eserine (cholinesterase inhibitor) showed no enzymatic

inhibition (Fig. 2B).

Selection of possible candidate proteins for LO-hydrolyzing enzymes. A schematic
diagram for this study is illustrated in Fig. 3. As shown in Fig. 2A, LO-hydrolyzing
activity in pulmonary SO was substantially derived not only from the soluble fraction
(cytosol) but also from the insoluble fraction (microsomes). Therefore, non-ionic detergent
NP-40 was added to the S9 fraction in order to solubilize membrane proteins without
atering biological activity, and the centrifuged soluble fraction (overall recovery: 73.8%)
was subjected to a single-step gel filtration chromatography. From enzyme assay for the
chromatographic fractions collected, LO-hydrolyzing activity was separated into two
distinct peaks (Fig. 4), which were designated as peak | (fraction No. 26-32) and peak Il

(fraction No. 33-39), respectively. The contribution rate to total activity was estimated to
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be approximately 40% and 30% for peak | and peak Il, respectively, based on the
calculation of each peak area (%) of LO-hydrolyzing activity in the gel filtration fractions.
Then, in order to seek proteins that showed a high correlation with LO-hydrolyzing
activity, all proteins in the fractions were identified and quantified by LC-MS/MS analysis.
Theoretically protein of a higher correlation coefficient has higher probability of a
responsible protein to the activity profile and our previous experiences (Kubota et al. 2009,
Sakural et al. 2013, and unpublished results) are in agreement with this concept. In total,
2381 proteins were identified, however there was no single protein that had the bimodal
chromatographic peaks highly correlated with the enzyme activity profile (data not shown).
Therefore, it was speculated that the active peaks consisted of two individual enzymes,
which were independently derived from peak | and peak II. Possible candidate proteins
were listed for each peak based on the correlation coefficient with the enzyme activity
profile. In respect to peak |, there were 1160 proteins identified, and the top 30 most
correlated proteins were listed in Table 1. In asimilar manner, with regard to peak |1, 1003
proteins were identified and the top 30 proteins were also placed in descending order of
correlation coefficient, as shown in Table 2. Among the proteins that were annotated as
“hydrolase”, ESD (R?=0.9432) and APT1 (R’=0.9765) were finally selected as the most
possible candidates for the peak |- and peak Il-derived proteins, respectively. ESD and
APT1 proteins were clearly detected in the peak | and peak Il fractions, respectively, by

Western blot analysis (data not shown).

Identification of ESD and APT1 as L O-hydrolyzing enzymes. In order to investigate

whether both ESD and APT1 are authentic candidates for the LO-hydrolyzing enzymes,
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their recombinant proteins (rESD and rAPT1) were subjected to the determination of
LO-hydrolyzing activity. As shown in Table 3, the enzyme activities in rESD and rAPT1
were 232+16 and 377+36 pmol/min/mg at 10 uM LO, respectively, both of which were
more than 100-fold higher than that in human pulmonary S9 (1.56+0.05 pmol/min/mg).

On the other hand, BSA (negative control) had a negligible activity.

Inhibitory effect of palmostatin B on chromatographic LO-hydrolyzing activity.
Palmostatin B is known as a specific APT1 inhibitor (Dekker et a. 2010, Rusch et al.
2011), although no specific inhibitor has been reported for ESD. LO-hydrolyzing activity
profiles were measured for the fractions separated by gel filtration chromatography, in the
absence or presence of a specific APT1 inhibitor, palmostatin B (Fig. 5). In the absence of
palmostatin B, there were two active peaks, peak | and peak |1, on the chromatogram. On
the other hand, in the presence of palmostatin B, peak Il-derived activity was mostly
inhibited without any significant effect in peak I-derived activity, supporting APT1 as a

major enzymein peak 1.

Immunohistochemical localization of ESD and APT1 in human pulmonary tissue. Fig.
6 shows representative immunohistochemical images of ESD and APT1 in human
pulmonary tissue sections stained with anti-ESD antibody (A) and anti-APT1 antibody (B),
respectively, using isotype antibody (C) as a negative control. As shown in Fig. 6A, ESD
was highly expressed in the pulmonary epithelia with a strong dot-like or granular stain
being localized in the cellular cytoplasm on the side of the luminal membrane. No obvious

staining of ESD was observed in other tissue components. In Fig. 6B, APT1 was also
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highly expressed in the pulmonary epithelia, with overall cellular staining including the
cellular cytoplasm. Positive staining of APT1 was observed in the alveolar macrophages
aswell. In the case of the isotype antibody (Fig. 6C), there was little or no cross-reactivity

with cell surface antigens on the tissue section.
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Discussion

In this study, we have successfully identified two hydrolyzing enzymes, ESD and
APT1, which would be primarily involved in the bioactivation of the anti-influenza
prodrug LO in human pulmonary tissue, using a versatile methodology named proteomic
correlation profiling (Kubota et al. 2009, McAllister and Gygi 2013, Sakurai et al. 2013).
The proteomic correlation profiling has a feature to facilitate rapid identification of the
responsible protein from crude complex lysate with fewer purification steps using a
smaller starting material, as compared to the conventional methodology. Actually, in
single-step gel filtration chromatography using only approximately 2.5 mg of the human
pulmonary S9 fraction, we could identify two highly possible candidates of LO hydrolases,
ESD for peak | and APT1 for peak Il (Fig. 4).

ESD (EC 3.1.212), dso known as S-formylglutathione hydrolase and
methylumbelliferyl-acetate deacetylase, is a serine hydrolase that belongs to the esterase D
family. This protein is expressed in the majority of normal tissues and is localized in the
cytoplasm and cytoplasmic vesicles. ESD catalyzes the hydrolysis of S-formylglutathione,
an intermediate of the glutathione-dependent pathway of formaldehyde detoxification,
converting to the reduced forms of formic acid and glutathione (Eiberg et al. 1986, Harms
et a. 1996). In addition, ESD can act as a carboxylesterase and hydrolyze a variety of
ester substrates including O-acetylated sialic acids. For example, it has been reported that
ESD can specifically cleave the O-acetyl ester linkage at the exocyclic C9 position of
9-O-acetyl-N-acetylneuraminic acid (Neu5, 9Ac2), suggesting that it is involved in the

recycling of siaic acids (Varki et al. 1986). From a chemical structural point of view, LO
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has an O-octanoy! ester linkage on its sialic acid-like structure which is very similar to that

of Neu5, 9Ac2. This structural feature supports the reasonability of LO hydrolysis by ESD.

In our experiment, recombinant ESD had distinct LO-hydrolyzing activity (Table 3),
suggesting a responsible enzyme for LO hydrolysis. In addition, it was consistent with
ESD as one of the LO hydrolases that the LO-hydrolyzing activity in pulmonary S9 was
strongly inhibited by DFP, a serine hydrolase inhibitor (Fig. 2).

Similarly to ESD, sialate O-acetylesterase (SIAE) is known as an enzyme
hydrolyzing O-acetyl ester linkage of Neu5, 9Ac2 (Schauer 2000, Angata et a. 2002).
Moreover, ESD has been reported to show significant carboxylesterase activity against the
following model substrates: a-naphthyl acetate and p-nitrophenyl acetate (Degrassi et al.
1999). A partia contribution of carboxylesterase on the LO hydrolysis was also supposed

from the data that carboxylesterase inhibitor BNPP showed a weak inhibition against

LO-hydrolyzing activity with 42.3% inhibition at the highest concentration (1 mM; Fig. 2).

Considering these situations, we additionally investigated the potential of LO-hydrolyzing
activities of SIAE and CES], using their recombinant proteins. However, there was little
or no LO-hydrolyzing activity in either protein (data not shown), indicating that these two
enzymes were not responsible for the LO bioactivation although they were identified as
candidate proteins for peak | and placed in a higher rank than ESD (Table 1). No
LO-hydrolyzing activity was clearly observed in LTA4H as well, using its recombinant
protein (data not shown). Nevertheless, the involvement of other enzyme(s) cannot be
completely ruled out, since some proteins with hydrolase annotation still remain as
candidate proteins for peak I, such as PGAM1, RCL, DDX39B, and IAH1. However, from

enzyme activity using recombinant ESD (Table 3), it is highly plausible that ESD is at
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least one of the component enzymes consisting of LO-hydrolyzing activity for peak I.

APT1 (EC 3.1.2.-), aso known as lysophospholipase 1 (LYPLAL), is a serine
hydrolase that belongs to the o/f hydrolase superfamily. This protein is expressed in
various tissues including the gastrointestinal tract, respiratory epithelia, salivary gland, and
liver, and is localized predominantly in the cytoplasm (Sugimoto et al. 1996, Wang et al.
1999, Hirano et al. 2009). APT1 works as a thioesterase that catalyzes depalmitoylation of
H-Ras (Duncan et a. 1998), G protein o subunit (Duncan et al. 2002), and the endothelial
isoform of nitric oxide synthase (Yeh et al. 1999). Furthermore, APT1 was also reported as
an oxyesterase that cleaves the octanoyl group of ghrelin (Shanado et al. 2004, Satou et al.
2010). From the similarity of chemical structure with ghrelin, APT1 was hypothesized to
be the most promising candidate for peak Il, and this hypothesis was supported by
LO-hydrolyzing activity of recombinant APT1 (Table 3). Moreover, as shown in Fig. 5,
LO-hydrolyzing activity of peak Il was almost inhibited by palmostatin B, a specific APT1
inhibitor (Dekker et al. 2010, Rusch et al. 2011). Also, in the same way as ESD, a strong
enzyme inhibition by DFP (Fig. 2) was consistent with the fact that APT1 is categorized in
the serine hydrolase class of enzymes. These results demonstrated that APT1 consisted
mostly of active peak I1.

Immunohistochemical analysis showed that ESD was highly localized in the
cytoplasm and/or cytoplasmic vesicles of pulmonary epithelia (Fig. 6A), whereas APT1
was highly expressed in the overall pulmonary epithelia and alveolar macrophages (Fig.
6B). According to our previous reports, active metabolite laninamivir was highly
maintained in the ELF and alveolar macrophages after inhaled administration of LO in

healthy volunteers (Ishizukaet al. 2012). In addition, in mice intranasally administered LO,
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the laninamivir was also deposited in the pulmonary tissue, especialy in the epithelia
These results indicated that LO could be hydrolyzed into laninamivir in the pulmonary
epithelia and/or alveolar macrophages, in which ESD and APT1 were mainly localized.

Prodrugs require bioactivation by the metabolizing enzymes in order to demonstrate
its therapeutic effect. Genetic polymorphism in the prodrug-activating enzymes can cause
a crucial impact on the interindividual variability in the drug exposure and response, as
reported in some drugs, such as clopidogrel (Shuldiner et al. 2009), codeine (VanderVaart
et al. 2011), and tramadol (Gan et a. 2007). Regarding the LO-hydrolyzing enzymes, the
genetic polymorphism has been identified for ESD in a previous report (Ebeli-Struijk et al.
1976), in which the ESD*2 alele was commonly observed with a different gene frequency
depending on ethnic groups. Additionally, it has been reported that the enzyme activity
associated with ESD*2 was estimated to be 40% lower than that associated with ESD*1,
using a typica substrate 4-methylumbelliferyl acetate (Horai and Matsunaga 1984).
However, in the case of LO, this genetic factor would be unlikely to make a huge
influence on the interindividual variability, since at least the two enzymes (ESD and
APT1) were involved in the LO bioactivation and the contribution of multiple enzymesin
the same reaction is considered to dilute the potential impact on the interindividual
variability. Further assessment on this issue should be performed more precisely in the
future.

In conclusion, this study demonstrated that both ESD and APT1 would be key
enzymes responsible for the bioactivation of LO in the human pulmonary tissue. These
enzymes could play an important role for exhibiting anti-influenza virus activity when LO

reached the respiratory tract after inhaled administration in humans.
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Figurelegends

Figure 1. Chemical structures of laninamivir octanoate (L O) and its active metabolite
laninamivir.

After inhaled administration of LO in humans, the active metabolite laninamivir is
generated by an enzymatic hydrolysis of the octanoyl ester moiety. When dissolved in
water, LO is equilibrated at 9:1 (3-acyl form:2-acyl form) and therefore defined as a

mixture of the 3-acyl form (major) and the 2-acyl form (minor).

Figure 2. Enzymatic LO hydrolysisin human pulmonary subcellular fractions.

A, shows LO-hydrolyzing activity in human pulmonary subcellular fractions (S9, cytosol,
and microsomes). Each data represents the meantS.E. in triplicate determinations. B,
shows the inhibitory effect of typica esterase inhibitors on LO-hydrolyzing activity in

human pulmonary S9. Each data represents the mean of triplicate determinations.

Figure 3. A schematic diagram of proteomic correlation profiling to identify the

candidatesfor L O-hydrolyzing enzymes.

Figure 4. Selection of possible candidate proteins demonstrating L O-hydrolyzing
activity in human pulmonary tissue.

After fractionation of 105,000 g supernatant of NP-40 treated human pulmonary S9 by gel
filtration chromatography, an aliquot of each fraction was assayed for the LO-hydrolyzing

activity (solid line, left y-axis) and protein concentration (open bar, right y-axis). The
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positions of the native molecular weight markers are indicated at the bottom.

Figure 5. Inhibitory effect of palmostatin B on LO-hydrolyzing activity in the
fractions eluted from gel filtration chromatography.

An aliquot of each fraction was assayed for LO-hydrolyzing activity in the absence and
presence of a specific APT1 inhibitor, palmostatin B (0.1 uM). The positions of the native

molecular weight markers are indicated at the bottom.

Figure 6. Representative immunohistochemical images of ESD and APT1 in human
pulmonary tissue.

Human pulmonary tissue sections were stained with anti-ESD antibody (A), anti-APT1
antibody (B), and isotype control (C). After treatment with HPR-labeled anti-rabbit 1gG,
the antibody complex was visuaized as a dark brown precipitate by using DAB as a

substrate.
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Table 1. Corrédation between relative intensity of identified proteins and
L O-hydrolyzing active peak | (fraction No. 26-32) on gel filtration chromatogram.

Rank Uniprot Protein description Genename  Corrdation
1D coefficient

1 Q96G03 Phosphoglucomutase-2 PGM2 0.9966

2 Q9UBQ7  Glyoxylate reductase/hydroxypyruvate reductase GRHPR 0.9963

3 P18669 Phosphoglycerate mutase 1 PGAM1 0.9953 *
4 P62495 Eukaryotic peptide chain release factor subunit 1 ETF1 0.9930

5 P36955 Pigment epithelium-derived factor SERPINF1  0.9824

6 Q9HAT2  Sialate O-acetylesterase SIAE 0.9815 *
7 P35270 Sepiapterin reductase SPR 0.9758

8 075131 Copine-3 CPNE3 0.9741

9 Q99798 Aconitate hydratase, mitochondrial ACO2 0.9736

10 060888 Protein CutA CUTA 0.9728

n Q99729 Heterogeneous nuclear ribonucleoprotein A/B HNRNPAB 0.9714

12 P09960 Leukotriene A-4 hydrolase LTA4H 0.9703 *
13 076003 Glutaredoxin-3 GLRX3 0.9693

14 P23141 Liver carboxylesterase 1 CES1 0.9653 *
15 043598 Deoxyribonucleos de 5-monophosphate N-glycosidase RCL 0.9632 *
16 Q13838 Spliceosome RNA helicase DDX39B DDX39B 0.9602 *
17 P40926 Malate dehydrogenase, mitochondrial MDH2 0.9599

18 Q9HOR4 Haloacid dehalogenase-like hydrolase domain-containing HDHD2 0.9578

protein 2

19 015305 Phosphomannomutase 2 PMM2 0.9575

20 P21695 Glycerol-3-phosphate dehydrogenase [NAD(+)], cytoplasmic GPD1 0.9519

21 Q9Y3F4 Serine-threonine kinase receptor-associated protein STRAP 0.9478

22 P13284 Gammea-interferon-inducible lysosomal thiol reductase IFI30 0.9458

23 P10768 S-formylglutathione hydrolase ESD 0.9432 *
24 P49407 Beta-arrestin-1 ARRB1 0.9432

25 Q2TAA2  Isoamyl acetate-hydrolyzing esterase 1 homolog IAH1 0.9430 *
26 P14866 Heterogeneous nuclear ribonucleoprotein L HNRNPL 0.9427

27 QOVGL1  UPFO0539 protein C7orf59 C7orf59 0.9427

28 Q9BUJ2 Heterogeneous nuclear ribonucleoprotein U-like protein 1 HNRNPUL  0.9389

1
29 Q9UHA4  Ragulator complex protein LAMTOR3 LAMTOR3  0.9340
30 Q13813 Spectrin apha chain, brain SPTAN1 0.9333

Among the 1160 proteins identified, the top 30 candidates with high correlation coefficient
between relative intensity of the identified proteins and LO-hydrolyzing active peak |
(fraction No. 26-32) on gel filtration chromatogram are listed above. The asterisk
represents hydrolase domain which was annotated by Uniprot. Identified peptides for each
protein are listed in Supplemental Table 1.
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Table 2. Corrédation between relative intensity of identified proteins and
L O-hydrolyzing active peak |1 (fraction No. 33-39) on gel filtration chromatogram.

Rank Uniprot Protein description Genename  Corrdation
1D coefficient

1 Q01995 Transgelin TAGLN 0.9982

2 Q8WWI1 LIM domain only protein 7 LMO7 0.9978

3 QouUIJ7 GTP:AMP phosphotransferase, mitochondrial AK3 0.9974

4 P80188 Neutrophil gelatinase-associated lipocdin LCN2 0.9971

5 Q9UL25 Ras-related protein Rab-21 RAB21 0.9960

6 Q9y281 Cofilin-2 CFL2 0.9955

7 P43034 Platel et-activating factor acetylhydrolase IB subunit alpha PAFAH1B1 0.9953

8 P22061 Protein-L-isoaspartate(D-aspartate) O-methyltransferase PCMT1 0.9953

9 Q15907 Ras-related protein Rab-11B;Ras-related protein Rab-11A RAB11B 0.9943

10 P0O0568 Adenylate kinase isoenzyme 1 AK1 0.9935

1 Q9Y2Q3  Glutathione S-transferase kappa 1 GSTK1 0.9896

12 P11234 Ras-related protein Ral-B RALB 0.9879

13 P61106 Ras-related protein Rab-14 RAB14 0.9873

14 Q15493 Regucalcin RGN 0.9871

15 Q9NRV9  Heme-binding protein 1 HEBP1 0.9867

16 P07996 Thrombospondin-1 THBS1 0.9867

17 P00915 Carbonic anhydrase 1 CAl 0.9867

18 Q61BS0 Twinfilin-2 TWF2 0.9860

19 P52566 Rho GDP-dissociation inhibitor 2 ARHGDIB  0.9844

20 075367 Core histone macro-H2A.1 H2AFY 0.9841

21 P46777 60S ribosomal protein L5 RPL5 0.9839

22 P12814 Alpha-actinin-1 ACTN1 0.9838

23 P25774 Cathepsin S CTSS 0.9823 *
24 P0O0918 Carbonic anhydrase 2 CA2 0.9819

25 P09382 Galectin-1 LGALSL 0.9813

26 075608 Acyl-protein thioesterase 1 APT1 0.9765 *
27 Q6FI81 Anamorsin CIAPIN1 0.9753

28 Q13938 Calcyphosin CAPS 0.9744

29 Q05315 Eosinophil lysophospholipase CLC 0.9743 *
30 Q15717 ELAV-like protein 1 ELAVL1 0.9736

Among the 1003 proteins identified, the top 30 candidates with high correlation
coefficient between relative intensity of the identified proteins and LO-hydrolyzing active
peak 1l (fraction No. 33-39) on gel filtration chromatogram are listed above. The asterisk
represents hydrolase domain which was annotated by Uniprot. Identified peptides for each
protein are listed in Supplemental Table 2.
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Table 3. LO-hydrolyzing activity of recombinant ESD and APT 1.

Enzyme source LO-hydrolyzing activity
pmol/min/mg

Pulmonary S9 1.56+0.05

rESD 232+16

rAPT1 377+36

BSA 0.105+0.022

Candidate protein recombinants (rESD and rAPT1), pulmonary S9, and BSA (negative
control) were incubated with 10 uM LO, and the enzyme activity was tested. Each value
represents the mean+S.E. in triplicate determinations.
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Fig. 3
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