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Abstract

Isocyanates differ from many other xenobiotics in their ability to form S-linked conjugates with
glutathione (GSH) through direct nucleophilic addition reactions (e.g. without enzymatic
“preactivation” and/or transferase activity), potentially predisposing them to metabolism via the
mercapturic acid pathway. In vivo, mono-isocyanates are metabolized via the mercapturic acid
pathway and excreted as N-acetylated cysteine conjugates, however, the metabolism of di-
isocyanates remains unclear. We assessed the ability of purified human y-glutamyl
transpeptidase-1 (GGT-1), a primary enzyme of the mercapturic acid pathway, to cleave S-linked
GSH conjugates of 4,4’-methylene diphenyl diisocyanate (MDI) and 1,6-hexamethylene
diisocyanate (HDI), two widely used industrial chemicals. A combination of liquid
chromatography (LC), tandem mass spectrometry (MS/MS) and hydrogen-deuterium exchange
studies confirmed GGT-1 mediated formation of the 607.2 and 525.2 /m/z (M+H)* ions
corresponding to bis(cys-gly)-MDI and bis(cys-gly)-HDI, the cleavage products expected from the
corresponding bis(GSH)-diisocyanate conjugates. Additional intermediate metabolites and
mono(cys-gly)-conjugates with partially hydrolyzed diisocyanate were also observed. Consistent
with GGT enzyme kinetics, metabolism proceeded more rapidly under conditions that favored
transpeptidation vs. hydrolytic mechanisms of cleavage. Together the data demonstrate the
capacity of human GGT-1 to cleave GSH conjugates of both aromatic and aliphatic diisocyanates,
suggesting a potential role in their metabolism.

Keywords
glutathione; metabolism; mercapturic acid pathway

INTRODUCTION

Chemicals that contain reactive isocyanate (N=C=0) groups possess toxicity related to their
capacity to undergo rapid nucleophilic addition reactions with functional groups on “self”
molecules (Fuchs and Valade 1951, Gross, Whetzel et al. 1975, Bucher 1987, Wisnewski,
Liu et al. 2010). Glutathione, which is present in high concentrations in the lower respiratory
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tract is postulated to be a major reaction target for inhaled isocyanates, and readily forms S-
linked thiocarbamate products (GSH-isocyanate “conjugates™) under physiologic conditions
(Cantin, North et al. 1987, Slatter, Rashed et al. 1991, Wisnewski, Liu et al. 2013,
Wisnewski, Mhike et al. 2013). The ability of N=C=0 to directly conjugate with GSH,
without the need for enzymatic “preactivation” or glutathione-S-transferases (required for
many other xenobiotics) may predispose isocyanate chemicals to metabolism via the
mercapturic acid pathway.

GSH conjugation and metabolism via the mercapturic acid pathway has been established as
a major route by which certain mono-isocyanate chemicals are excreted in vivo (Slatter,
Rashed et al. 1991). In rats exposed to methyl isocyanate, GSH-methyl isocyanate
conjugates have been detected in bile and N-acetylated cysteine-methyl isocyanate
conjugates (the predicted end-product of methylisocyanate metabolism via the mercapturic
acid pathway) are excreted in the urine (Pearson, Slatter et al. 1990, Slatter, Rashed et al.
1991). Mono-isocyanate breakdown products of some anti-neoplastic drugs are similarly
conjugated with GSH and excreted as N-acetylated cysteine derivatives in humans (Davis,
Kassahun et al. 1993).

The metabolism of diisocyanates, important industrial chemicals with well-recognized
adverse effects on respiratory health, remains less clearly understood (Redlich and Karol
2002, Tarlo 2008). Limited animal studies to date have been hampered by technical
difficulties including gastrointestinal (vs. inhalational) ingestion, scrubbing effects of rodent
upper airways, and pH-instability of S-linked thiocarbamates (Kennedy, Stock et al. 1989,
Kennedy, Singh et al. 1993, Kennedy, Wilson et al. 1994, Morris and Buckpitt 2009,
Pauluhn 2014). A single study of MDI exposed rats by Gledhill et al identified an (M+H)*
ion at 388 /m/z, consistent with that predicted for the N-acetylated-cysteine conjugate of
partially hydrolyzed MDI, but did not characterize this metabolite (Gledhill, Wake et al.
2005). In vitro studies provide clear evidence for rapid formation of S-linked GSH
conjugates, however the ability of GSH-diisocyanate conjugates to be metabolized via the
mercapturic acid pathway has yet to be assessed (Reisser, Schmidt et al. 2002, Wisnewski,
Hettick et al. 2011, Wisnewski, Liu et al. 2013, Wisnewski, Mhike et al. 2013). In this
report, we directly evaluate the ability of human GGT-1, the primary enzyme of the
mercapturic acid pathway, to cleave GSH-diisocyanate conjugates under well controlled in
vitro conditions.

If diisocyanate chemicals are metabolized via the mercapturic acid pathway, then their
corresponding mercapturic acid derivatives may serve as biomarkers amenable to
occupational exposure surveillance. Indeed, substantial precedence exists for using
mercapturic acid derivatives to monitor exposure to other hazardous chemicals present in the
workplace (De Rooij, Commandeur et al. 1998, Maestri, Ghittori et al. 1997). In many cases,
mercapturic acid derivatives serve as highly specific exposure biomarkers, despite
representing only a small portion of the total metabolites derived from a particular exposure
(Boogaard and van Sittert 1995, Ghittori, Maestri et al. 1997). The results of the present
investigation are discussed in the context of metabolite-based approaches to workplace
diisocyanate exposure surveillance.
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MATERIALS AND METHODS

Generation of GSH-MDI Conjugates

Reduced glutathione, GSH (CAS # 70-18-8), and 4,4’-methylenebis(phenyl isocyanate) or
MDI (CAS # 101-68-8) were from Sigma-Aldrich (St. Louis, MO) and were of = 98.0%
purity. GSH was reacted with MDI as previously described (Wisnewski, Liu et al. 2013).
Briefly, 50 pl of 10% (w/v) MDI in acetone from JT Baker (Phillipsburg, NJ) was added
dropwise with stirring to 25 ml of 10 mM GSH in 200 mM sodium phosphate, pH 7.4 (final
acetone concentration 0.2% v/v). The reaction mixture was rotated end-over-end for 2 hours
at 37°C, and then centrifuged at 10,000 g, and 0.2 um filtered before use.

Generation of GSH-HDI Conjugates

GSH-HDI conjugates were made under mixed (vapor-liquid) phase exposure conditions as
previously described (Wisnewski, Mhike et al. 2013). Briefly, 1 mM GSH in deionized water
was placed in open petri dishes and exposed to HDI vapors obtained by passive diffusion
from puriss grade HDI (CAS Number: 822-06-0) (Sigma-Aldrich), =99% purity by gas
chromatography, with a refractive index (n20/D) = 1.453, and a density of 1.047 g/mL at
20°C. Samples exposed to HDI vapors for 18 hours were centrifuged at 10,000 gand 0.2 um
filtered before use.

GGT-1 Enzyme Treatment of GSH-Diisocyanate Reaction Products

Five hundred pl of ImM GSH-MDI or GSH-HDI was mixed with 50 pl of human GGT-1
enzyme (1.8 mg/ml, 11.1 U/mg) from SCIPAC (Sittingbourne, Kent; U.K.). Experiments
were performed in the absence and in the presence of 50 ul of 200 mM glycylglycine (in 200
mM sodium phosphate buffer pH 8.0) as an acceptor molecule for transpeptidation.
Experiments with GSH-HDI were allowed to proceed for 15 min at GGT-1"s optimal
temperature, 37°C (Farrance, Krauja et al. 1975). Experiments with GSH-MDI were initially
performed for 60 minutes at a temperature lower than optimal (e.g. 22°C) as previously
described (Sener and Yardimci 2005), since MDI thiocarbamates are more susceptible than
aliphatic thiocarbamates to hydrolysis and/or transcarbamoylation reactions at 37°C
(Chipinda, Stetson et al. 2006, Wisnewski, Liu et al. 2013, Wisnewski, Mhike et al. 2013).
However, subsequent studies at 37°C (data not shown) yielded identical results. Chemical
structures proposed for GGT-1 metabolites of GSH-diisocyanate were drawn using
ChemBioDraw Ultra 14.0 (CambridgeSoft Corporation; Cambridge, MA).

LC-MS and hydrogen-deuterium (H-D) exchange LC-MS

LC-MS was performed on an Agilent 6550 Q-TOF system coupled to an Agilent 1290
Infinity LC system, using a rapid resolution HT Zorbax Eclipse Plus C18 column (2.1 x 50
mm, 1.8 um), also from Agilent Technologies (Santa Clara, CA). Samples were mixed 1:1 in
buffer A (water containing 0.1% formic acid) before loading and were eluted with 40%
buffer B (acetonitrile containing 0.1% formic acid) over 8 min, increasing to 95% buffer B
by 10 min. Positive ion electrospray was performed using the following parameters: gas
temp- 280°C, gas flow- 11 I/min, nebulizer-40 psig, sheath gas temp- 350°C, sheath gas
flow-11, Vcap-4000 V, nozzle voltage-2000 V, fragmentor voltage— 175 V, skimmer voltage
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65 V, octopole RF peak voltage 750 V. The data acquisition range was from 110-1700 m/z.
H-D exchange LC-MS was performed on duplicate samples identically assessed using buffer
A made with “normal” or heavy (D,0) water and the number of exchangeable hydrogens
was based on increase in the mass/charge ratio (/m/2) of the selected ions, as previously
described (Nassar 2003). Data were acquired and analyzed using Mass Hunter Workstation
software from Agilent.

MS/MS analysis

RESULTS

MS/MS analysis was performed on an LTQ Orbitrap XL (Thermo Scientific; Waltham, MA)
by the Yale Keck Center as previously described (Stone, DeAngelis et al. 1998, Wisnewski,
Liu et al. 2013). The fragmentation patterns of monoisotopic ions corresponding to specific
GSH-diisocyanate metabolites were analyzed following collision-induced dissociation
(CID). Briefly, the LTQ Orbitrap was equipped with a Waters (Milford, MA) nanoAcquity
UPLC system, and used a Waters Symmetry® C18 180um x 20 mm trap column and a 1.7
um, BEH130 C18, 75 um x 250 mm nanoAcquity™ UPLC™ column (37°C). Trapping was
done at 5ul/min, 99% Buffer A (100% water, 0.1% formic acid) for 3 min. Sample
separation is performed at 300 nl/min with Buffer A: 99.9% water 0.1% formic acid and
Buffer B: 99.925% CH3CN, 0.075% formic acid. MS was acquired on the Orbitrap using 1
microscan, and a maximum inject time of 900 followed by 6 data dependent MS/MS
acquisitions in the ion trap.

Identification of GGT-1 metabolites of Aromatic MDI-GSH Reaction Products

Preliminary HPLC-UV studies (not shown) suggested that GGT-1 could cleave GSH-MDI
conjugates, and prompted subsequent LC-MS studies to better characterize these enzyme-
dependent products. As shown in Figures 1 and 2 and in prior publications (Reisser, Schmidt
et al. 2002, Wisnewski, Liu et al. 2013), S-linked bis(GSH)-MDI, and mono(GSH)-SMDI*
(where * represents one N=C=0 hydrolyzed to an NH,), are major products resulting from
direct nucleophilic addition of MDI to GSH. Incubation of these GSH-MDI conjugates with
GGT-1, resulted in the formation of new (M+H)* ions, with /7/Z’s corresponding to the
predicted GGT-1 cleavage products of bis(GSH)-diisocyanate, and mono(GSH)-$
diisocyanate*, as depicted in Figure 1. The partially metabolized cys-gly-MDI-GSH (la in
Figure 1) was the most prominent GGT-1 metabolite observed under reaction conditions that
favor y-glutamate hydrolysis. However, under conditions that favor y-glutamate
transpeptidation (e.g. in the presence of acceptor molecule, gly-gly), incubation with GGT-1
resulted in new molecules with m/z values corresponding to completely processed bis(cys-
gly)-MDI and mono(cys-gly)-MDI* metabolites (Ib, and Ila in Figure 1, and supplemental
data Fig. S1). Furthermore, when GSH-MDI was metabolized by GGT-1 in the presence of
acceptor molecule gly-gly, an ion with the //z value expected for the transpeptidation
product (e.g. glu-gly-gly) was also observed (Supplemental data Fig. S2).

Characterization of GGT-1 Metabolites of MDI-GSH by MS/MS and H-D Exchange

We further characterized the structure of the GGT-1 dependent metabolites of GSH-MDI
through MS/MS, hydrogen-deuterium exchange LC-MS, and theoretical analysis, as shown
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in Table 1 and supplemental data (Figures S3-S6). During MS/MS analysis of the newly
described GGT-1 dependent GSH-MDI metabolites (e.g. ions with m/Z's corresponding to
la, Ib, or I1a), CID of the parent (M+H)™ ions revealed fragmentation patterns consistent
with the structures proposed in Figure 1. The number of exchangeable hydrogens on the
GGT-1 metabolites of GSH-MDI, based on mass increase when LC-MS analysis was
performed with D,0 vs. H,O (Table 1 and supplemental data Figure S6), was also consistent
with the chemical structures proposed in Figure 1A. Furthermore, the molecular mass data
satisfy the nitrogen rule (Table 1) and the ring double bond equivalent (RDBE) rule (not
shown) for the novel GSH-MDI metabolite structures (Pellegrin 1983, Badertscher,
Bischofberger et al. 2001). Thus, LC-MS, MS/MS, H-D exchange LC-MS, and theoretical
calculations support the metabolism of GSH-MDI to cys-gly-MDI-GSH (la), bis(cys-gly)-
MDI (Ib), and mono(cys-gly)-MDI* (11a) by human GGT-1.

Identification of GGT-1 Metabolites of Aliphatic HDI-GSH

We similarly evaluated the capacity of human GGT-1 to cleave GSH conjugates of the
aliphatic diisocyanate, HDI, which include bis(GSH)-S-HDI and mono(GSH)-S-HDI*
(where * represents hydrolysis of one N=C=0 group to NH,) as shown in Figures 3 and 4,
and in prior reports (Wisnewski, Mhike et al. 2013). Incubation of GSH-HDI conjugates
with human GGT-1 resulted in the production of new (M+H)* ions with /7/z values that
match the predicted GGT-1 metabolites of GSH-HDI (shown in Figure 3), based on LC-MS
(Figure 4, and supplemental Figure S7), MS/MS, and H-D exchange studies (Table 2). The
partially metabolized cys-gly-HDI-GSH and mono(GSH)-HDI* were most prominent under
conditions that favor y-glutamate hydrolysis. However, under conditions that favor -
glutamate transpeptidation (e.g. in the presence of gly-gly as an acceptor molecule) greater
accumulation of the completely processed bis(cys-gly)-HDI (I11b in Figure 3) and
mono(cys-gly)-HDI* were observed (Figure 4). Thus, LC-MS, MS/MS, and H-D exchange,
together with data on MDI-GSH, support the metabolism of GSH-HDI to (cys-gly)-HDI-
GSH, bis(cys-gly)-HDI and mono(cys-gly)-HDI* by human GGT-1. The structures proposed
for these major GGT-1 metabolites of GSH-HDI are further consistent with the nitrogen and
RDBE rules of organic chemistry.

DISCUSSION

The present study demonstrates that GSH conjugates of MDI and HDI, important industrial
chemicals with well-recognized adverse health effects, can be cleaved by human GGT-1.
Cys(gly)-diisocyanate reaction products resulting from GGT-1 enzymatic cleavage of GSH-
diisocyanate conjugates were readily identified using a combination of LC-MS, MS/MS, and
H-D exchange LC-MS analyses. The findings suggest the potential for diisocyanate
metabolism via the mercapturic acid pathway, as previously documented for mono-
isocyanates (Slatter, Rashed et al. 1991).

An important consideration regarding diisocyanate metabolism via the mercapturic acid
pathway is the potential reversibility of S-linked isocyanate conjugates, and their ability to
carbamoylate other molecules (Pearson, Slatter et al. 1990, Pearson, Slatter et al. 1991,
Slatter, Rashed et al. 1991, Wisnewski, Liu et al. 2013). Thus, a GSH-mediated pathway is
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unlikely to fulfill a conventional detoxification role for diisocyanates, however, it may
provide an elimination pathway for at least a portion of internalized chemical. Precedence
for this hypothesis is provided from studies with (mono) methylisocyanate, whose
mercapturic acid derivative can be found in the urine of exposed animals, despite similar
instability of its S-linked thiocarbamate conjugates (Slatter, Rashed et al. 1991).

The present findings may be relevant to future efforts of preventing diisocyanate-induced
disease. In this regard, excreted diisocyanate metabolites may serve as biomarkers for
monitoring workplace exposure levels and ensuring the efficacy of industrial hygiene efforts.
The present findings, together with prior work on mono-isocyanate (Slatter, Rashed et al.
1991), suggest N-acetylated cysteine-diisocyanate conjugates may represent urinary
metabolites, whose levels could serve as the basis for such exposure biomonitoring.
Mercapturic acid derivatives of other potentially hazardous chemicals have proven useful for
biomonitoring occupational as well as environmental exposures (De Rooij, Commandeur et
al. 1998, Maestri, Ghittori et al. 1997). Although some mercapturic acid derivatives are
“non-specific” biomarkers (e.g. may result from exposure to different chemicals), many are
highly specific and provide an accurate approach to exposure biomonitoring, even if they
represent only a minor fraction of the total metabolites resulting from a given exposure (e.g.
styrene, benzene) (Sanduja, Ansari et al. 1989, Boogaard and van Sittert 1995, Ghittori,
Maestri et al. 1997). Recent advances in LC/MS and related metabolomic technology
facilitate the identification and quantification of such potentially useful urinary metabolites
(Kotapati, Esades et al 2015, Sterz, Scherer et al. 2012, Manini, Andreoli et al. 2000).

The strengths and weaknesses of the present study are important to recognize in interpreting
the present findings. The major strength of the investigation is the use of highly precise
methods (e.g. high performance liquid chromatography, tandem mass spectrometry and H-D
exchange) for characterizing GGT-1 mediated metabolites under well-defined conditions.
The major weakness is that experiments were performed entirely in vitro and define only the
primary step along the mercapturic acid pathway of metabolism. Further studies, including
in vivo investigations in animal models or exposed human subjects will be necessary to fully
assess the biological relevance of the present findings.

CONCLUSIONS

In summary, human GGT-1 was shown to metabolize GSH-diisocyanate conjugates in vitro.
Chemical structures for the newly described (cys-gly)-diisocyanate metabolites are
supported by LC-MS, MS/MS, and H-D LC-MS exchange data. Given the propensity for
diisocyanates to form S-linked GSH conjugates and the well-described role of GGT-1 in the
metabolism and elimination of other GSH-xenobiotic conjugates (including
monoisocyanates), the data suggest GGT-1 could participate in the metabolism of the
industrially important diisocyanates, MDI and HDI.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS USED IN THE PAPER

EIC extracted ion chromatogram

CID collision-induced dissociation

GGT gamma glutamy! transpeptidase

GSH reduced glutathione

HDI hexamethylene diisocyanate

H-D hydrogen-deuterium

MDI methylene diphenyl diisocyanate

m/z mass-to-charge ratio

RDBE ring-double bond equivalent

* N=C=0 group hydrolyzed to primary amine.
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Figure 1.

Major S-linked GSH-MDI reaction products and proposed chemical structures for

metabolites resulting from enzymatic cleavage by human GGT-1.
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Extracted ion chromatograms for GSH-MDI and expected metabolites resulting from
cleavage by human GGT-1. Panel A shows EIC for the major mono and bis(GSH)-MDI
reaction products (starting material) with /m/z’s 0£532.18 and 865.24™". Panels B and C
show EICs for the major GSH-MDI reaction products and the expected (cys-gly)-MDI
metabolites resulting from their cleavage by GGT-1, in the presence (thin dashed line) or
absence (heavy solid line) of purified human GGT-1. Experiments were performed in the
absence (Panel B) or presence (Panel C) of acceptor dipeptide (gly-gly). Metabolites include
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mono(cys-gly)-MDI*= 403.14 my/z, bis(cys-gly)-MDI= 607.16 m/z, and (cys-gly)-MDI-
GSH= 736.20 m/z. See Figure S1 in supplemental materials for corresponding MS data ™
double peak of bis(GSH)-MDI is consistently observed and may result from on-column
intramolecular rearrangement, in-source fragmentation, or unrecognized causes.
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Figure 3.
Major S-linked GSH-HDI reaction products and proposed chemical structures for

metabolites resulting from enzymatic cleavage by human GGT-1.
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Figure 4.
Extracted ion chromatograms for GSH-HDI and expected metabolites resulting from

cleavage by human GGT1. Panel A shows EIC for the major mono and bis(GSH)-HDI
reaction products (starting material) with m/Z’s of 450.19 and 783.26. Panels B and C show
EICs for GSH-HDI and the expected (cys-gly)-HDI metabolites resulting from their
cleavage by GGTL, in the presence (thin dashed line) or absence (heavy solid line) of
enzyme. Experiments were performed in the absence (Panel B) or presence (Panel C) of
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acceptor dipeptide (gly-gly). Metabolites include mono(cys-gly)-HDI*= 321.2 m/z, bis(cys-
gly)-HDI=525.2 m/z, and (cys-gly)-HDI-GSH= 654.2.
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