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Abstract

The present paper provides a summary of the collision-induced dissociation of protonated and deprotonated phase 1l metabolites of drugs
and pesticides. This overview is based on published literature and unpublished data from the authors. In particular, glutathione conjugates and
their biotransformation products are discussed in detail. In addition, the fragmentation of the major classes of conjugates, i.e. glucuronides,
glucosides, malonylglucosides, sulfates, acetates, methyl and glycine conjugates, is reported. Collision-induced dissociation, as studied by

tandem mass spectrometry, allows the rapid identification of the type of conjugate, whereas the exact conjugation site can in general be
determined only by additional NMR experiments.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction xenobiotic compound, must be present in an activated state,

for instance, the conjugating partner bearing an energy-rich

The uptake of almost all organic compounds (both nat- moiety such as a nucleotide.
ural and xenobiotic) by organisms (animals, plants, mi-  Mass spectrometry (MS) and nuclear magnetic resonance
croorganisms) is followed by biotransformation reactions (NMR) spectroscopy are the most important methods for
(metabolism) catalyzed by a large variety of more or less structure elucidation of drug and pesticide metabolites.
substrate-specific enzymes. Among the xenobiotic com- While in many instances a full structure elucidation of
pounds that undergo biotransformation, drugs and pesticidesunknown compounds is only possible by one- or two-
are of particularimportance as the biotransformation does notdimensional NMR techniques, the limited sensitivity of NMR
always lead to inactivation (detoxification) of the agent but or HPLC—-NMR in general allows for structure elucidation of
in some instances, may lead to more active (bioactivation) or the major metabolites, whereas metabolites present at low
even more toxic compounds (biotoxification). Hence, the reg- concentrations can only be identified by mass spectrometry.
istration authorities have declared it mandatory that the major In spite of the limited structural information obtained by mass
metabolites found during drug and pesticide development bespectrometry, this technique is used successfully in the struc-
identified. ture elucidation of metabolites, since additional information

Biotransformation of drugs and pesticides proceeds in (at such as the structure of the parent compound and its general
least) two distinct steps. During the first step (phase 1), the biotransformation pathways is usually available.
xenobiotic compound is functionalized by oxidation, hydro- Originally, mainly gas chromatography—mass spectrom-
lysis or (less frequently) reduction, leading to the introduc- etry (GC-MS) was used in metabolism studies. However,
tion of, e.g. hydroxyl, amino, carboxyl or thiol groups into the very polar phase Il metabolites are not amenable to
the molecule (primary metabolites). In a second step (phaseGC-MS and have to be derivatized prior to analysis. With
1), these primary metabolites undergo conjugation reactions the advent of new, soft ionization methods such as fast atom
with endogenous agents to form secondary metabdlijeln bombardment (FAB)3], thermospray ionization (TSH3],
many instances, the phase | biotransformation is a necessaratmospheric pressure chemical ionization (AP{®) and
prerequisite for the subsequent conjugation. However, if the electrospray ionization (ES[g], a direct HPLC-MS anal-
above-mentioned functional groups are already presentin theysis of phase Il metabolites became possible; the latter two
parent drug or pesticide they may undergo direct conjugation. ionization methods, in particular, are used routinely today.
Phase Il biotransformation does not only (mostly) lead to an However, the mass spectra obtained with these newer ioniza-
inactivation of the original agent and its primary metabolites, tion techniques are devoid of fragments (and their structure-
but also to increased hydrophilicity and thus enhanced excre-specific information). Collisional activation (CA) in conjunc-
tion (except acetylation and methylation). Also, conjugation tion withtandem mass spectrometry (MS/M#)can be used
increases the molecular weight and thus makes the xenobito induce and analyze the dissociation of the even-electron
otic compounds more amenable to biliary excretion, particu- quasi-molecular ions preferentially generated by these newer
larly as glucuronides and glutathione (GSH) conjugates. The ionization methods. Today, tandem mass spectrometry is used
enzymes involved in these conjugation reactions are termedsuccessfully and on aroutine basis for structure elucidation of
transferases. In contrast to phase | biotransformations, whichmetabolites in drug and pesticide development where mainly
are exothermic, conjugation reactions as observed in phase litriple—quadrupole instrumenf8] and ion trapg9], but also
are endothermic processes. Thus, one of the two conjugatinghybrid instruments such as combinations of quadrupole and
partners, either the conjugating agent or (less frequently) the(linear) ion traff10], quadrupole and time-of-flight (Q-TOF)
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[11] or (linear) ion trap and Fourier transform ion-cyclotron
resonance (FT-ICR)12,13]mass analyzers are used. The lat-
tertwo techniques provide high-resolution data of the (quasi-)
molecular and fragmentions (i.e. data on the elemental com-
position) and are, hence, particularly powerful for structure
elucidation of unknown metabolites. lon traps which allow
multiple tandem mass spectrometric experiments (\MBe
well suited for structure elucidation of conjugates as they
permit the differentiation between the fragments of the in-
tact conjugate (recording the MSpectra) and of the non-
conjugated compound (the phase | metabolite) by investiga-
tion of the collision-induced dissociation in MSMS?, . ..
mode, which is important for the structure elucidation of the
latter[2]. Unfortunately, ion traps suffer from poor transmis-
sion of small fragment ions.

Although tandem mass spectrometry is routinely used in
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Scheme 1. Glucuronidation of salicylic acid.

Furthermore, a differentiation is made between ester glu-
curonides and ether glucuronides as show8dheme Tor
salicylic acid. C-Glucuronides (formed by substitution of an
acidic hydrogen bound to carbon), and in particular, quater-
naryN-glucuronides are observed only rargly.

If more than one of the above-mentioned functional groups
are presentin a phase | metabolite, mass spectrometry in gen-
eral does not allow to identify the glucuronidation site. This

drug and pesticide metabolism studies, only a limited num- holds true in particular if two of these functional groups are
ber of detailed tandem mass spectrometric studies on phas@0und to the same aromatic rifg. In this case, additional

Il metabolites (but no overview) has been published. Up to
now, the reports have concentrated mainly on the well-known
fragmentation of glucuronides and sulfates. It is very likely

one- and two-dimensional NMR experiments have to be car-
ried out to locate the conjugation s[#.

that numerous data and a detailed knowledge on the fragmen2.1.1. Quasi-molecular ions

tation of phase Il metabolites exist with drug- and pesticide-
producing companies. This knowledge is, however, in gen-
eral not published. Hence, we here present an overview of
the collision-induced dissociation of protonated and depro-
tonated molecules of the major types of conjugates formed
during phase Il of the biotransformation of drugs and pes-

Conjugation leads to a mass shift of the quasi-molecular
ion as summarized ifiable 1for the various conjugates dis-
cussed in this publication. The table lists the expected mass
shift of the M+H]* and M — H]~ ions for various types
of conjugates as compared to the non-conjugated metabolite
for conjugation by (formally) hydrogen and chlorine substitu-

ticides based on the one hand, on published literature; andtion, respectively. Moreover, the table indicates characteristic

on the other hand, on unpublished data from the Agricul-
tural Center of BASF company and the Fraunhofer ITEM.
Some of these data are presented here. In addition further

neutral losses from theV[+H]* and M — H]~ ions of the
conjugate.
Depending on the nature of the metabolite, glucuronides

non-published data were used to corroborate the conclusiongire detected in positive and/or negative-ion mode. Intact glu-

derived from the literature.

2. Major conjugation reactions
2.1. Conjugation with glucuronic acid (GIcA)

Conjugation reactions with glucuronic acid occur in an-
imals with glucuronosyltransferase after activation of the
acid to uridine-5diphosphate glucuronic acid (UDP-5
glucuronic acid). The glucuronic acid is bound to the corre-
sponding molecule by a glycosidic linkage. Glucuronidation
reactions are observed with the following functional groups
of the phase | metabolite or the parent compound:

hydroxyl groups > O-glucuronides);

carboxyl groups-& O-glucuronides);
NHOH-groups > O-glucuronides);

amino groups{> N-glucuronides);

tertiary amines-& N-glucuronides);

thiol groups & S-glucuronides);
1,3-dicarbonyl compounds+£ C-glucuronides).

curonides are best observed under ESI conditions, although
in some instances APCI or atmospheric pressure photo ion-
ization (APPI) can also be employgtl4]. The masses of
[M+H]* and M — H]~ ions are 176 Da higher than those of
the non-conjugated metabolites.

2.1.2. Collision-induced fragments

In positive-ion mode, an abundant fragmeM+{H —
176]" is observed in most instancgxs14-20,38,39,44-47]

Acyl- or benzylglucuronides, however, undergo a loss of
194 Da (glucuronic acid, GlcA) from the quasi-molecular
ions, either in addition to the loss of 176 Da (anhydroglu-
curonic acid) or even exclusively (see alStheme »
[20]. As an example, the MSspectrum of the glucuronide
of the fungicide dimoxystrobin is shown iRig. 1 (triple
quadrupole, ESI). Loss of glucuronic acid (194 Da) from the
protonated molecule at/z 519 leads to the abundant frag-
ment atm/z 325. Loss of 176 Da is not observed.

Other fragments from the intact glucuronide are often
missing or of low abundance (except for loss of one or sev-
eral molecules of water). This allows for the additional study
of the phase | metabolite by recording the collision-induced
fragments of the1 + H — 176]" ion in MS2 mode[2].
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Table 1
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[M+H]* and M — H]~ ions and characteristic neutral losses of important types of conjugates

Conjugation reaction/ Substituent Mass shift (Da) after Characteristic neutral Mass of neutral lost  Mass of neutral lost
conjugation with H-sub.  Cl-sub. loss from [M +H]* from [M —H]~
Methylation Ch 14 Methyl radical 15
Acetylation COCH 42 Ketene 42
Glycine Glyeyl 57 Glycine 75
CO+H0 46
Sulfatation S@H 80 46 SQ 64 64
SO; 80 80
(O)SGH 80(96) SQ 64
SO; 80 80
Cysteine Cysteinyl 119 85 Cysteine 121 121
Alanine? 89
Formic acid 46
NH3 17
N-Acetylcysteine N-Acetylcysteinyl 161 127 NAcCys 163 163
See footnot 129 129
Acetamide 59
Ketene 42
Glucose (Glc) Glucosidyl 162 AnhydroGlc 162
Glucose 186
Cys-Gly Gly-cysteinyl 176 142 CysGly 178 176
AlaGly? 146 144
Glycine 75
NH3 17
Glucuronic acid (GIcA) Glucuronidyl 176 AnhydroGIcA 176 176
GlcA 194
GIcNAc N-Acetylglucosaminyl 203 AnhydroGIcNAc 203 203
GIcNAc 22T
v-Glu-Cys v-Glu-cysteinyl 248 214 See footndte 216 216
Glutamine 146
Anhydroglutamic ac 129 129
Malonyl-Glc Malonylglucosidyl 248 AnhydromalonylGlc 248
CO, 44
MalonylGlc 266
Glutathione (GSH) Glutathionyl 305 271 GSH 307 306
v-GluAlaGly? 275
v-GluAlaGly-2H? 273 273
Glutamine 146
Anhydroglutamic ac 129
Glycine 75
GlcGlc 324
Acetyl-GlcGlc 366
MalonylGlcGlc 410 410

2 Cleavage of the-SCH, bond in cysteine leads to alanine.
b N-Acetyl-2-iminopropionic acid.
¢ Formed with conjugates with benzylic or acylic bond.
d N-(y-Glutamyl-iminopropionic acid).
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In some instances, additional abundant fragments are

found which originate directly from the intact glucuronide,
e.g. with the drug retigabin§l8]. This may complicate

the structure elucidation of the phase | metabolite if only

of CO fromm/z113) appearkcheme 3 If a dihydroxylated
phase | metabolite has been conjugated with two molecules
of glucuronic acid (e.g. as observed with bermpyrene
[17]), both GIcA moieties may successively be eliminated
under CID conditions, i.e. in negative-ion mode both the
[M—H-176] and M —H—2x 176] ions, plus the ion
atm/z 175 are observed.

2.2. Glucosidation

Conjugation of metabolites with glucose (Glc) is fre-
quently observed during the biotransformation of xenobi-
otica in plants[20]. This conjugation resembles that with
glucuronic acid. Conjugation with two (GlcGlc) or more
glucose units glycosidically bound to one another may also
ccur.

2.2.1. Quasi-molecular ions
If conjugation with one glucose unit occurs, a quasi-

MS? spectra are available, as with triple—quadrupole instru- Molecular ion 162 Da higher im/z value than that of the
ments under normal operation conditions. However, pseudoPhase | metabolite is observed, while conjugation with two
MS3 spectra may also be generated by triple—quadrupole in-9glucose units leads to an increase in the quasi-molecular ion
struments applying in-source collision-induced dissociation, Mass by 324 Dalable J).

CID (additional fragmentation in the interface region by in-
creasing the cone voltage).

In negative-ion mode an abundaM | H — 176] and a
usually less abundantionmtz 175 is generally found. In ad-
dition, secondary fragment ionsm@tz 113 (loss of CQ@ and
water frommyz175), and alessintense iomalz85 (extrusion

oleloly C
O H - RoOH
OH
HO<:2<O‘R0
OH

2.2.2. Collision-induced fragments

Similar to glucuronides, an abundant fragment ion
[M+H - 162] formed by loss of anhydroglucose is found
for monoglucosidated metabolites, a loss of 324 Da for dou-
bly glucosidated compound§dble J) [20]. In contrast to the

00~ COO~
OHO 0} -CO, Q -CO 0}
 a -
—» / . OH — (e} \ —_— \
HO HO - HO ) g—’\
OH (6] 6] o

m/z 175
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Scheme 3. Secondary fragmentation of the glycuronyl moiety in negative-ion MS/MS spectra of glucuronide conjugates.
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2.5.1. Quasi-molecular ions

Sulfate conjugates can only be ionized intact using the
ESI method[14]. ESI in negative-ion mode is preferred,
although for some conjugated metabolites positive-ion ESI
spectrawere also reported (e.d.14,19,23). Introduction of
a sulfate group increases timéz value of the quasi-molecular
ion by 80 (Table ). The3S isotope can be used to confirm
the presence of a sulfate grofg##].

2.5.2. Collision-induced fragments

The negative-ion MS/MS spectra of thevV[|-H]~
quasi-molecular ion of sulfate esters, i.e—®-SO3~,
are dominated by the loss of $0(80Da), leading
to the ion M—H-SG3]” and a usually less abundant

glucuronides discussed above, no typical fragment ions of [M —H-H2SQ4]™ ion (loss of 98 Da)17,20,22] Alterna-

the glucose moiety are observed.
2.3. Malonylglucosidation

In biotransformation reactions, e.g. of pesticides in plants
conjugation with malonylglucosides is frequently observed
[20,21] The structure of this conjugate for the fungicide fen-
propimorph is shown ifrig. 2

The conjugation leads to a protonated molecule whose
m/z value is 248 Da higher than that of the phase | metabo-
lite (Table 3. The positive-ion mode MS/MS spectrum of the
protonated conjugate (MalonylGlc-fenpropimorph) is shown
in Fig. 2 (Q-TOF, ESI). Upon collisional activation, loss of

tively, the charge may reside on the sulfate group, leading to
the abundantradical ionai#z80, SQ~*, and aless abundant
ion atm/z 97, HSQ~ [17,20,22] With sulfates other than
esters, e.g. RNH-SQO; 7, only the ion pair M — H-SO3] ™~

and SQ@~* is found, which allows to distinguish between
both types of conjugatd&3].

Similarly, under positive-ion conditions, the ion
[M+H-S0s]" (loss of 80Da) is formed. In some reports,
other fragment ions were observed at very low abundance,
i.e. under positive-ion formation the ioM[+ H-HSO3*]*

[16] and under negative-ion formation the ion S0 [17]
have been observed. The discussed signals allow for a ready
identification of sulfate conjugates, while additional #S

anhydromalonylglucose (248 Da) and (less abundant) loss ofXperiments provide information on the structure of the

malonylglucose (266 Da), leadingr@z320 and 302, respec-

non-conjugated metabolite.

tively, is observed, revealing the endogenous agents involved _ Metabolites with several phenolic OH-groups may form

in this conjugation. In addition, loss of 44 Da (g)ds found
[20].

Further, conjugation of fenpropimorph with one or two
glucose units and malonic acid may occur leading, e.g. to
MalonylGlcGlc. In the latter instance, collison-induced dis-
sociation of the protonated conjugate proceeds via loss o
anhydromalonylGlcGlc (410 Da) or Gd44 Da).

2.4. Conjugation with N-acetylglucosamine (GIcNAc)

Conjugation with N-acetylglucosamine occurs in the
cell membrane§20,41,48] Upon collisional activation, the

mixed glucuronides and sulfates. Thus in the MS/MS
spectrum of the benza]pyreneO-sulfateO-glucuronide,
recorded in negative-ion mode, the iond + H—80]",
[M—H-177T*andM — H—80— 177] * were observed,

where it is not clear though why a radical of 177 Da instead
fof an even-electron molecule of 176 Da is |fisT].

2.6. Acetylation

Amino substituents which cannot be biodegraded by an
oxidative mechanism are frequently acetylated. In particu-
lar, aromatic and aliphatic amino groups &eacetylated,

guasi-molecular ion loses 203 Da (221 Da if the conjugation while hydroxylamines may also lé2-acetylated. Such acety-

has occurred in benzylic positiof90].
2.5. Sulfatation

Hydroxyl groups (in particular phenolic groups) are
readily conjugated with sulfuric acid (activated a& 3
phosphoadenosing-phosphosulfate (PAPS)) in the pres-
ence of sulfotransferases, as showisoheme 4or phenol
[14,16,17,19,22,23,38-40Less frequently, amino groups
(in particular aromatic amines) are conjugated with sulfuric
acid.

lations may be reversible. They do not improve excretion of
phase | metabolites. These conjugates may be more toxic
than their precursord\-Acetylation reactions are catalyzed
by N-acetyltransferases.

2.6.1. Quasi-molecular ions

Depending on the nature of the phase | metabolites,
acetyl conjugates can be ionized by ESI in positive- and/or
negative-ion modes. Th&f+ H]* or [M — H]~ ions increase
in mass by 42 Da as compared to the non-conjugated metabo-
lite (Table J).
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2.6.2. Collision-induced fragments

If an aromatic amino group is acetylated and its
MS/MS spectrum is recorded in positive-ion mode (as
with the metabolite of the drug retigabji8]), both the
ion [M + H—CH,=C=0]" (loss of 42 Da) and the G4€O*
ion at m'z 43 will be observed, revealing that acety-
lation has taken place. The structure-specific fragment
[M +H-CH,=C=0]" is also frequently, but not always, ob-
served if an aliphatic amine has been acetylated. Loss of
ketene will not be observed if competing low-energy de-
composition pathways (other weak bonds) are accessible
[19].

Conjugation of a drug metabolite by glutathione and
further biotransformation of this conjugate to the cys-
teine conjugate are often followed Nracetylation of the
amino group of cysteine leading to thd-acetyl deriva-
tive, as shown inScheme 8 for the fungicide boscalid.

HzN‘@ Aniline

<

The occurrence of such aN-acetylation is again re-
vealed by loss of ketene (42 D420,25,27,56,57](see
below).

2.7. Methylation

Conjugation of phase | metabolites by methylation rep-
resents the reverse process to the often-observed oxida-
tive demethylation processes found for phase | metabolites.
This biotransformation reduces the polarity of the precursor
metabolite and, hence, its excretion. Such methylation reac-
tions usually do not lead to toxic products (however, quat-
ernization of heterocyclic amines can increase their toxic-
ity, e.g. formation of paraquat from bispyridi0]). Amino
groups, phenolic groups in compounds containing a dihy-
droxyphenyl groud28], but also thiol group$29] may be
methylated in a phase Il reaction leading to-a¥iH—CHg,

Adenosyl-

CHs—N .
homocysteine

N-Methylaniline

NH,
Methyl-
NH CHs N SN transferase
2 ] </ |
CH—(CH,),—S*— CH, 2
| 0. N N
coo
OH OH

S-Adenosylmethionine

Scheme 5. Methylation of aniline.
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an—0O—CHg, and an-S—-CHg3 group. The methylating agent  2.8. Conjugation with glutathione and subsequent
is S-adenosylmethionine, the enzyme involved is a methyl- degradation of the conjugate
transferaseScheme Shows the methylation of aniline.
The tripeptide glutathione yfL-glutamyl1-cysteinyl-

2.7.1. Quasi-molecular ions glycine, Glu-Cys—Gly), GSH, exists at millimolar concen-

The conjugates are usually ionized under positive- ion con- trations in the intracellular fluid of mammalian systems. The
ditions, with ESI, but also the APCI and APPI methods are Structure of GSH is shown icheme 6
well suited[14]. Upon methylation, theNl + H]* ion mass Because of its nucleophilic cysteinyl thiol group, GSH can
increases by 14 Da. react with electrophiles during biotransformation of xenobi-

otic compounds (either with the xenobiotic compound itself

o or its electrophilic metabolites) and thus affords detoxifica-
2.7.2. Callision-induced fragments tion.

In contrast to all conjugation products discussed so far, the During conjugation, GSH can be added to an activated
bond between the endogenous agent and the metabolite ingoyple bond, e.g. the ortho position of a phenolic group of
volved inthis conjugation, i.e. the GHN, CHz—O or CHs—S an aromatic ring30], to an epoxide group already present in
bond, is in general not cleaved. Hence, the conjugation is re-the molecule or arising from oxidation of an aromatic ring or
flected by the increased mass of the quasi-molecular ion, buty|efine, to the carbon of an isocyanate gr8d, or by sub-
not directly evident from the MS/MS spectra (exceptions see stjtution of halogen atoms, e.g. in halogenated aliphatic and
below). Rather, all fragments which include the methylation zromatic hydrocarbons (such as 1,2-dichloroett{aag or
site are also shifted to highevzvalues by 14 Da. Thisway,  pesticideg20]). GlutathioneStransferase (GST) catalyzes
the methylation site can often be localized, as discussed foripig conjugation.
flavonoid metabolites ifi28]. However, if a phenyl ring is A general overview of the different mechanisms of glu-
substituted by two hydroxyl groups, MS/MS data can un- tathione conjugation is given iScheme 7 Conjugation
ambiguously prove the methylation of a hydroxyl group, but of gjutathione (GSH) to haloaliphatic compounds proceeds
usually do not allow to differentiate between the two possi- by nucleophilic substitution as mentioned above and as
ble methylation sites, as the MS/MS spectra of the isomers shown in Scheme (12). Scheme  also represents the
differing only in their substitution pattern are almost undistin- conjugation of aliphatic epoxides with GSH leading to
guishable. In this instance, only additional NMR data allow (13).
for an unambiguous assignment of the exact methylation site.  copjugation of aromatic rings usually occurs via an are-

In contrast to the methylation of hydroxyl, thiol, or neoxide (4) as unstable intermediate. If this epoxide is at-
aliphatic amino groups methylation of an aromatic amino tacked by GSH, a non-aromatic conjugatés)((a cyclo-
group during phase Il biotransformation is reflected in the peyadiene derivative) with S-bound glutathione and a hy-
MS/MS spectrum by an abundant loss of a methyl radical groxyl group at the adjacent position of the ring is generated,
from the protonated conjugate. Thus, the methylation of ani- 35 shown inScheme B. The mass of the quasi-molecular

line as shown irScheme Heads toN-methyl aniline. The
MS? spectrum of theN1 + H]* ion of N-methyl aniline after

ion [M+H]* in positive-ion mode is 324 Da higher than
that of the neutral precursor (in the following abbreviated

electrospray ionization (as recorded in anion trap mass specys R), i.e. [M+H]" =[Ro+ O+ GSH + HJf =[Ro + 3247 .

trometer) is shown iffig. 3. This MS? spectrum is dominated
by an abundant loss of a GHradical, while other fragments
are of very minor abundance.

x10 4 Intensity

g H

93

40‘.‘.50.‘.‘6‘0.‘..7.0.‘..a.o..‘.gb..‘.‘lbd.mﬁd‘..riniz

Fig. 3. MS/MS of protonatedN-methylaniline, M+ H]* =108 (ion trap,
electrospray ionization).

This product may be stable enough to survive isolation,
but quite commonly rearomatizes, either by elimination
of water, which only leaves the glutathione residue on
the ring (compound1), quasi-molecular ion:Nl + H]* =
[Ro+ GSH—2H+H]*=[R, +306]"), or by autooxida-
tion/dehydrogenation to compoundi7j in Scheme B with
both glutathione and a hydroxyl group (in ortho position to
GS) bound to the ring. The quasi-molecular ion is given by
[M+H]*=[Ro+ O+ GSH-2H +H]" =[Ro + 322]".

In halogenated aromatics, the halogen atom is usually ex-
changed for glutathione. Itis not clear whether this exchange

N">COOH
O CHp
SH

Scheme 6. Glutathione (GSH).
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R - [F.CL,Br] + GSH RSG
(12) H
| x + GSH (\,{;H - HX i x
P ~ S-G =
- + GSH G-S o N X N % N™ "S-G
. 7 —_— i -
(13) (18) (19) (20)
(a) (©
o
Oxidation H  + GSH _'l'"S . / (16)
O o e ofs
" o \
(14) (15) @S'G
OH
(b) (17)

Scheme 7. Conjugation with glutathione (a) aliphatic compounds, epoxides; (b) aromatic compounds; (c) halogenated heterocyclic compounds.

results from direct nucleophilic attack of the sulfur of GSH, jugate may be further biodegraded according to the general
which is not very common in aromatic systems, or proceeds Scheme 8Most of these glutathione biodegradation products
via an arene oxide. A direct exchange definitely occurs in ac- have been identified in metabolism studies on the fungicide
tivated heterocyclic systems such as 2-halopyridines {&e ( boscalid. Sulfoxides and sulfones may originate from bio-
in Scheme @). A substitution of a halogen X by GSH (under transformations or may be artifacts resulting from air oxida-
elimination of HX) leads toZ0) and to the quasi-molecular tion.

ion [M+H]*=[Ro—HX+GSH+H] =[Ro+272]" if X In the case of aromatic compounds, the precursors
is chlorine. If conjugation with GSH under substitution for these subsequent biotransformation products are the
of halogen occurs via an arene oxide, a hydroxyl group conjugates 15—(17), and @0) in Schemes ¥ and c. The

will be introduced in ortho position to the GSH residue m/z values of the quasi-molecular ions can be calculated as

(leading to the quasi-molecular ionM[H]"=[Ro+ described above, e.g. for the halogenated aromatic compound
O — HX+GSH+H]" =[Ro + 288] if X is (18) in Scheme @, the quasi-molecular ion of th@lyCys
chlorine). conjugateis given as M+H]* =[Ro—HX+GlyCys + HJ

The initial conjugation of xenobiotica or their metabo- =[R,— 36+ 178+ 1] =[R, + 143", if X is chlorine, where
lites with glutathione is usually followed by further biotrans- GlyCys has the nominal mass of 178 Da. The quasi-molecular
formation reactions. An overview of the various reactions ion of the correspondingsluCys conjugateis given as
observed is presented Bcheme 8 [1]while Scheme dl- [M+H]"=[Ro — HX + GluCys + H]" =[Ro — 36 + 250 +1f
lustrates some of these biotransformation reactions for the=[R, + 215", if X =chlorine, where GluCys has the nominal
fungicide boscalid, where the initial conjugation with GSH mass of 250 Da.
proceeds either via substitution of the chlorine at the het-  During the following biotransformation step,cysteine
eroaromatic ring (see alsechemes 7c¢ and RBeor via con- conjugatemay be formed (where Cys has a nominal mass of
jugation to one of the two aromatic rings via roufief — 121 Da) leading to a quasi-molecular ion Bf§ H]* =[Ro —

(15 — (16) or route (L4) — (15 — (17) in Scheme B, HX+Cys+H]" =[Rg—HX+ 121+ 1] =[Ro + 86]", if X=

as shown for boscalid iScheme B. Subsequent biotrans-  chlorine. Finally, acetylation of the Cys-conjugate leads to the
formation reactions result in a loss of glutamic acid to form NAcCys-conjugate (mercapturic acidhe quasi-molecular

a glycinylcysteinyl conjugate2d), or in a loss of glycine ion of which is 42 Da higher in mass than that of the preced-
to form avy-glutamylcysteinyl conjugate2f), while suc- ing Cys-conjugate.

cessive elimination of both glutamic acid and glycine re- Glutathione conjugates and their above-mentioned fur-
sults in a cysteinyl conjugate2§) (seeScheme 6). In a ther biotransformation products are ionized under positive-
further step, this cysteinyl conjugate can be acetylated ator negative-ion conditions. For negative-ion formation, the
the amino group of the cysteine, giving rise to the NAcCys correponding ! — H]~ ions will havem/z values which are
conjugate 27) in Scheme 6. Moreover, the cysteine con- two mass units lower.
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+ GSH
N._ .= NH cl N = NH Cl
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Scheme 9. Conjugation of boscalid with glutathione (a) heterocyclic site and (b) aromatic site. (c) Biotransformation of the GSH conjugatel of boscal

2.8.1. Collision-induced fragmentation vice versg25,27,30,31,33]As a second process, the well-
Under CID conditions, thglutathione conjugateshow a known fragmentation of the peptide either from the C termi-
characteristic fragmentation pattern. Ageneral scheme for thenus, i.e. y, y», but also z, or from the N terminus, i.e paa,
collision-induced dissociation of protonated glutathione con- b;, may occur. These dissociations leadrt@ values for the
jugates based on FAB-MS/MS measurements was reportedragments as shown Bcheme 18and b. (Irschemes 10-15
by Pearson et al. as early as 1988,35] the symbol B instead of B is used for the metabolite moiety,
As one of two typical fragmentation processes, either since depending on the mechanism of conjugation outlined
the R—S bond between the conjugation site of the precur- in Scheme 7the metabolite moiety may have changed.) The
sor metabolite and the sulfur of cysteine and/or th€8, peptide-specific fragmentation may be followed by further
bond within the cysteine residue is cleaved. As a function of cleavage of the SCH, or R;—S bonds. Particularly char-
the gas phase basicity or acidity of the precursor metabo-acteristic for protonated glutathione conjugates are loss of
lite versus glutathione, the charge may reside on the pri- glycine (75 Da) and anhydroglutamic acid (129 Da), while
mary metabolite moiety lRand/or on the peptide moiety other collision-induced fragments (in particular the loss of
[15,20,25,27,30,31,33,35-38,49-5&8hd depending on the glutamine, 146 Da) can be used in addition to corroborate the
chemical properties and structure of the precursgiciRav- identification of the GSH adduct.
age of the C#-S bond is more abundant than cleavage ofthe  In Fig. 4, the product ion spectrum of the protonated
R;—S bond (or even observed exclusivelyp,20,35-38pr molecule of boscalid, where GSH is conjugated to the het-
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[Ry'SG + H-275/2731*

[Ry'SG -H-273]"
[2741F 1 [272] ‘" R [Ro'SG +H -307 ]+
oo
S + -
o S [308]1%/ [306]
HoN N N._ COOH
cooH ™ 0
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[145]% / [143] 2;=[Ry'SG +H- 146]*
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(b) [RySG+H-75]%  y,=[76]*

Scheme 10. Fragmentation of (a) glutathione conjugates and (b) peptide moiety in glutathione conjugates.

erocyclic ring of boscalid (electrospray ionization, triple is accompanied by neutral loss of 129 Da and formation of
guadrupole), is shown as an example (Sebeme 8). As the negative fragment ion a¥z 128.

illustrated inScheme 18, cleavage of the-SCH» bond leads Note that often in a first step, dissociation of protonated
to a neutral loss of 273 Da. In addition, the abundant losses of GSH conjugates occurs via a competing low-energy frag-
75,129 and 146 Da further characterize the GSH adducts (seamentation (such as loss of water), while the above-discussed
Scheme 16). Moreover, after the initial loss of anhydroglu- fragmentations (characteristic for GSH conjugates) are only
tamic acid (129 Da), glycine (75 Da) is lost in a second step, observed in a second consecutive step. This also holds true
leading to the base peakratz410. In allinstances the charge  for collision-induced dissociation of the biotransformation
resides on the metabolite moiety while charge retention on products of the GSH adducts discussed below.

the peptide moiety leads to the corresponding fragmentionat The collision-induced fragments @ysGly conjugates
m/z274 which decomposes further by loss of glycine (75 Da) can be rationalized in a similar fashion as demonstrated in
or anhydroglutamic acid (129 Da) to the fragment ionsyat Scheme 1ifor positive ions. Again, depending on the na-
199 and 145, respectively. Similarly, the MS/MS spectrum ture of the primary metabolite, cleavage of thg-8 bond

of the M — H]~ ion (not shown here) is characterized by a [25,33]or of the S-CH, bond[20] may occur. Cleavage of
dominant cleavage of the S—-GHond leading to a loss of

273 Da and formation of the corresponding negative frag-

. . . - . . Ro'GluC H-216]%
mention atm/z272, while dissociation of the peptide moiety [RoGlucys + g }
[Ro'GluCys -H-216]
[217]1%/ [215]°
[Ry'CysGly + H-178 1+ Ry’

[RoCysGly - H- 1441 [RyCysGly -H-176]" Lo

________

[RoCysGly + H - 146 ]* }

[145]* N Vo] o) /[
\\ ' ; H N N 1
v Rel 2 j/\)L” COOH
2 =[RoCysGly + H-17]* ~S H COOH '
SANN COOH v
HoNyr > ! 2y=[RyGIuCys + H- 146 ]*
0! !
a, = [ Ro'CysGly + H- 1031+ i [ !
““““ , by=[130]* / [128]"  y;=[RoGluCys+H-120]*
[RyCysGly + H-751% Y, =[76]* (RyGluCys - H-120]°

Scheme 11. Fragmentation of CysGly conjugates. Scheme 12. Fragmentation of GlyCys conjugates.
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[Ro'Cys +H - 121 [1801% / [129]17 .
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Scheme 13. Fragmentation of Cys conjugates. Scheme 14. Fragmentation ifacetylcysteine (NacCys) conjugates (mer-

capturic acids).
the S-CHz bond occurs either with retention of the charge

on the metabolite moiety and neutral loss of 146 Da or with and formation of the corresponding fragment iomét 217.

retention of the charge on the peptide moiety and formation NOw only the neutral losses characteristic for the glutamoyl

of an ion atm/z=145, as outlined irBcheme 11As glu- moiety (loss of 129 and 146 Da) are observed while (as ex-

tamic acid was split off during biotransformation of GSH, Pected) loss of 75 Da is not found. The loss of 129 Da (anhy-

only loss of glycine (75Da) is observed with this conju- droglutamic acid) is followed by loss of 46 Da (HCOOH,).

gate upon further fragmentation of the peptide moiety, while

the collision-induced fragment characteristic for the glutamic 2.8.2. Cysteine conjugates

acid moiety in GSH adducts (loss of 129 Da) is missing (as  The fragmentation routes of cysteine conjugates un-

expected). der positive-ion formation are summarized $theme 13
For example, the product ion spectrum of the protonated [20,27,33] Again, either cleavage of the,RS bond[27,33]

CysGly conjugate of boscalid bound to the heterocyclic ring, (loss of 121 Da and formation of the fragmentalz 122 in

not shown herg20] (i.e. (24) in Scheme 8), shows an abun-  Positive ion mode) or cleavage of the-GH, [20] bond is

dant loss of 17 Da (Nb), 75 Da (glycine) and 146 Dain ac- observed, leading to a loss of 87 and/or 89 Da, as exempli-

cordance wittScheme 11 fied for Cys conjugated to boscalid®2@) in Scheme 6). As
The collision-induced fragments @luCys conjugates often found with aliphatic and aromatic acids and amines un-

[20] follow the same rules and are showrSicheme 12Thus, der positive ion conditions, collision-induced loss of formic

for the GluCys conjugate of boscalid (i.25§in Scheme 8), acid (46 Da) and ammonia (17 Da) further characterize the

cleavage of the-SCH, bond leads to a neutral loss of 216 Da  conjugate.

58,137
(6] O CH, O 410
H
1001 HOWMJS(N\/”\OH 485 \i O
+NH o} ; N
3 \ - Elycme )] | > H
274 (b) 75 0
751 vei HOOC’\H |
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S 145 T‘[M " 27:1 o
=y i 273l (22)
a <anhydroglutamic
8 acid (-129) \ NH;
£ 507 OOH [M + HJ*
g 339 (c) -anhydroglutamic 44
k] acid (d)
[}
4 -129
251 - Elycine (e )'
(9) -75
1% h l 468 539
0 L l Moy l ' YA nl l WY " \ Ll l l I N
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Fig. 4. MS/MS of the protonated glutathione conjugate of boscald; H]* = 614 (triple quadrupole, electrospray ionization).
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2.8.3. N-Acetylcysteine (NAcCys) conjugates As an example, the product ion spectrum of the proto-
(mercapturic acids) natedN-acetylcysteinyl-boscalid with conjugation of NAc-
As mentioned above, the cysteine conjugates can un-Cys to the heteroaromatic ring (se&7f in Scheme 8) is
dergo further biotransformation y-acetylation (formation ~ shown inFig. 5 (triple quadrupole, ESI)20]. Cleavage of
of mercapturic acids), leading to an increase inrtifevalue the S-CHy bond leads to a dominant neutral loss of 129 Da
of the quasi-molecular ion by 42 Da. Upon collision, this (giving rise to the fragment ion awz 341) while the corre-
NAcCys conjugate exhibits a neutral loss of 42 Da, i.e. a loss sponding fragment ion is observedalz 130. Loss of 42 Da
of ketene, which allows rapid identification of the acetylated (CH,=C=0) leading tawz 428 further characterizes this ac-
molecule. Ketene loss is usually followed by loss of formic etate conjugate. After this ketene loss, subsequent cleavage of
acid. In addition, the NAcCys conjugate may undergo the the S-CH, bond leads to a loss of 89 Da. Moreover, a corre-
fragmentations discussed for the Cys conjugate; in particu- sponding ion atw/z 88 is observed. The other fragments seen

lar, cleavage of the CHS bond. The expected/zvalues of in the MS/MS spectrum result from bond cleavages within
these fragments are summarizedicheme 14 the boscalid moiety.
RoH
S
RZ\HJ;(R1
o]
(a)
o] o]
H H
GSH Ry = /N\)]\OH 74 CysGly Ry = N oH T4
NH Ro = H— 1
R, = HO 130
Cys Ry = —OH 17
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/ ! N
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Scheme 15. General fragmentation scheme of glutathione conjugates and their biotranformation products.
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The fragmentation mechanisms describing the main CH30OH (32Da), SQ (64 Da) and/or CHOSOQ:H (96 Da)
collision-induced dissociations not only of GSH-conjugates, [20]. Furthermore, thiols, RSH, thioacetic acid derivatives,
but also of GlyCys-, GluCys-, Cys- and NAcCys-conjugates, R—S—CH,COOH, as well as the corresponding sulfoxides
are summarized i8cheme 15T he structures of the fragment  and sulfones have been observed for various active ingredi-
ions and lost neutrals are tentative. ents[20], as shown irscheme 8

2.8.4. Further biotransformation of Cys- or 2.9. Conjugation with glycine and other amino acids
NAcCys-conjugates

The further biodegradation of Cys- or NAcCys-conjugates ~ The amino acid glycine conjugates with aromatic car-
is shown in the gener&@cheme 8Upon collisional activa- bonic acids, while such conjugation is rarely observed with
tion, methyl sulfideslose C4$H (48 Da), sulfonicacidsfrag-  other amino acids (see below). This conjugation results in
ment under elimination of S£X64 Da) and/or S@(80 Da), a further increase in water solubility and thus improves
and methyl sulfonates undergo collisionally induced loss of excretion.
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Fig. 5. MS/MS of the protonatell-acetylcysteine conjugate of boscalid,

. . L . )
[M+H]* = 470 (triple quadrupole, electrospray ionization). Fig. 6. MS/MS of protonated hippuric acidVi[+ H]* =180 (ion trap, elec-

trospray ionization).

Scheme 1&hows the conjugation of benzoic acid with 3. Discussion
glycine, which gives rise to formation of hippuric acid. The
MS/MS spectrum of protonated hippuric acid is shown in  During phase Il of their biotransformation xenobiotic
Fig. 6 [40] Them/zvalue of the quasi-molecular ion in pos-  compounds, e.g. drugs and pesticides, are conjugated
itive ion mode increases by 57 Da as compared to the non-with endogenous agents. Depending on their polarity the
conjugated benzoic acid. Collision-induced dissociation of conjugates are readily ionized under electrospray ion-
the [M+H]" ion is characterized by cleavage of the amide jzation (ESI), atmospheric pressure chemical ionization
bond with loss of glycine. With lower abundance, consecu- (APCI) or atmospheric pressure photo ionization (APPI).
tive loss of water (18 Da) and CO (28 Da) or vice versa, both Depending on the gas phase ac|d|ty or basici'[y7 the con-
of which add up to (formal) loss of formic acid, is also ob- jugates are preferentia"y detected either hd;+[|—|]+ or
served, while in negative-ion mode loss of £@4Da)is,  as M—H]~ ions. If the phase | metabolite is known the
expectedly, by far the most dominant process. type of conjugate can be identified by the mass shift of

As mentioned above, other amino acids are less frequentlythe (quasi-)molecular ion (relative to that of the phase |
conjugated. Among these other amino acids, in particular or- metabolite) as representediiable 1 This identification can
nithine, arginine and glutaming8] form conjugates with  pe corroborated by collision-induced fragments observed
aromatic acids such as benzoic acid. Although only few data in a tandem mass spectrometer, as also summarized in this
can be found in the literature, the collison-induced disso- tgple.
ciation is likely to proceed in analogy to that observed with  Collisional activation of protonated conjugates often leads
glycine conjugates, i.e. the amide bond will be cleaved prefer- to a preferential cleavage of the bond between the two con-
entially. Furthermore, oxidation of Cysteine and decarboxy- jugating partnergl e.g. for a metabo”t%'m Conjugating

lation leads to formation of thB-amino sulfonic acid tau-  agent A and the leaving group L, the following equations
rine which readily conjugates with bile acids such as cholic gpply:

acid (see also the biotransformation of glutathione, discussed  Conjugation:
above). The negative-ion MS/MS spectra of taurine conju- L
gates are (as expected) characterized by loss gf8@Da)  Ro+A = RA +L

[26,41] (L = small neutral molecule such as® or HCI) (1)
o o)

ATP
O e
HS-CoA

[ MH - HCOOH 1*

OH !
o) + H2N/\ﬂ/ + [H]* o,/ /

o] & . oH
S-CoA - / N
v H2
- H,0 -HS-CoA : 0

[MH - NHy-CHo-COOH |+

Scheme 16. Conjugation of benzoic acid with glycine and collision-induced dissociation of the protonated molecule.
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