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Fig. 6. Proposed fragmentation ions of laromustine of m/z 325, 327, and 330. From Nassar et al. (2010a).

fragment ion at m/z 81 resulted from cleavage of the N-S bond
(Supplemental Fig. 4). The proposed structure for C-3 and C-4 is (E)-
N’-(2-(methylsulfonyl)ethylidene) methanesulfonohydrazide (isomer)
(Supplemental Fig. 4).

Identification and Characterization of C-5. The mass spectrometry
spectrum of C-5 was acquired and revealed an ammonium-adducted,
protonated molecular ion [M+NH,4]* at m/z 232. Comparison of the full-
scan mass spectrum of undeuterated/deuterated C-5 enabled the deter-
mination of the number of labile protons. The full-scan mass spectrum
of undeuterated/deuterated C-5 gave ions at m/z 232/236 respec-
tively, which suggested C-5 has no labile proton. The stable-isotopic
experiments gave a full-scan ion at m/z 234, which suggested that
the structure of C-5 contains '*C,. The product-ion spectra of m/z
232 from sequential MS" experiments showed fragment ions of m/z
215, 135, 81, and 57. The fragment ion at m/z 215 resulted from the
loss of ammonia from m/z 232. The fragment ion at m/z 135 resulted
from the loss of the CH3SO,H moiety from m/z 215. The fragment
ion at m/z 81 resulted from cleavage of the N-S bond (Supplemental
Fig. 5). The data in Table 3 show that C-5 contains an even number

of nitrogen (N) atoms, no labile proton, and RDBE is equal to 1,
which agrees with the proposed structure (1-(methylsulfonyl)-2-(2-
(methylsulfonyl)ethyl)diazene).

Identification and Characterization of C-7. This component was
detected when laromustine was incubated with HLM in the presence
of NADPH, suggesting that this is a metabolite rather than a
decomposition product (Fig. 2). The fact that C-7 decreased over
the incubation time suggests that C-7 continued to metabolize or
decompose. The mass spectrometry spectrum of C-7 was acquired
and revealed an ammonium-adducted, protonated molecular ion
[M+NH,]" at m/z 341, 16 Da more than the parent drug, suggesting
the addition of oxygen on laromustine. The presence of pseudomo-
lecular ions [M+NH,]* at m/z 341/343 in a ratio of 3:1 suggested the
presence of chlorine on the molecule. The mass spectrometry
signature of chlorine in C-7 was verified by MS". The product-ion
spectra of m/z 341 from sequential MS" experiments showed the
fragment ions of m/z 306, 294, 251, 227, 148, 143, and 93. The
fragment ion at m/z 306 resulted from the loss of ammonia and water
from m/z 341. The fragment ion at m/z 227 resulted from the loss of
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TABLE 3

Metabolite/decomposition products formed in HLM incubation

From Nassar et al. (2010a).

MW (amu) N-rule® RDBE’ H-D*
Component .

Molecular Formula) 12 13 RT (min)

( C C, Expected  Observed Expected Observed Expected Observed
C-1 (C53Hg03S) 1242 126.2 5.5 Even or no No 0 0 1 1
C-3 (C4H(N,04S5) 2143 216.3 9.3 Evenorno Even 1 1 1 1
C-4a (C,H5CIO 80.5 ND 11.5  Even or no ND 0 ND 1 ND
C-4 (C4H | (N,04S5) 2143 216.3 11.5 Evenorno Even 1 1 1 1
C-5 (C4H (N,0,4S5) 2143 2163 19.5 Evenorno Even 1 1 0 0
C-7 (C¢H 14CIN3O6S,) 323.8 3258 36.0 Odd Odd 1 1 2 2
C-8 (VNP4090CE, 90CE) 250.7 252.7  38.1 Even orno  Even 0 0 1 1
C4H;,CIN,O,S,

Parent drug (laromustine) 307.8 309.8  43.0 Odd Odd 1 1 1 1

CeH;4CIN3O5S,

amu, atomic mass units; BCZ, stable isotope ( 13C-labeled laromustine); MW, molecular weight; ND, no data available from LC-MS.
“If a compound has an odd mass it definitely has a N atom in its structure, and contains an odd number of N atoms (1, 3, 5, etc.). If a
compound has an even mass, it has either no N or an even number of N atoms in its structure (0, 2, 4, etc.).

Ring double bond equivalents.
“Number of labile protons on the molecule

4[**CJ2-Chloroethanol peak (C-4a) overlaps with the component C-4; 2-chloroethanol peak was detected by gas chromatography mass

spectrometry.

CH;SO, moiety from m/z 306. The fragment ion at m/z 148 resulted
from the loss of CH3SO, moiety from m/z 227. The fragment ion at m/z
251 resulted from cleavage of the C-N bond. The fragment ion at m/z
143 resulted from the loss of CH3SO,H and N, moieties from m/z 251.
The stable-isotopic experiments gave a full-scan ion at m/z 343. These
observations support the proposed structure of C-7. The unique mass
spectrometry signature of chlorine isotope ratios that differs in mass by
2 Da greatly facilitated the structure characterization. The proposed
structure and fragmentation is shown in Fig. 7.

Buffer Incubations. Following incubation of laromustine with
phosphate buffer (50 mM) at pH 7.4 for 60 minutes, decomposition
products along with the parent drug were detected and were similar to
those detected in HLM in the absence of NADPH.

Identification and Characterization of In Vitro Conjugation
Reactions of Laromustine

The retention times of conjugation reactions were between 16 and
48 minutes with adequate separation efficiency. Each structure was
assigned a numerical notation (M-1, M-2, etc.) on the basis of the
order of HPLC elution. MS" data were acquired for each structure.
Following incubation of laromustine with HLMs for 60 minutes in
the presence of NADPH, GSH, CYS, and NAC, eight conjugation
reactions were detected (M-1 to M-8). Following incubation of
VNP4090CE with human liver microsomes for 60 minutes in the
presence of NADPH, GSH, CYS, and NAC, five distinct conjugation
reactions were detected (M-1, M-3, M-5, M-7, and M-8). M-2, M-4,
and M-6 were not detected because VNP4090CE does not contain a
methylformamide group (Fig. 1A). Reactive moieties (groups) formed
from laromustine and VNP4090CE in HLM or buffer incubations
are shown in Supplemental Table 7. The CH3SO,CH,CH,— and
CH;3;NHCO- groups formed conjugates with GSH, CYS, and NAC.
The CH3SO,NHN=CHCH,- group formed conjugates with GSH and
NAC, but it did not form a conjugate with CYS under the experimental
conditions evaluated, suggesting that CYS has low trapping efficiency
with the CH3SO,NHN=CHCH,- group and/or this conjugate did not

ionize well under the mass spectrometry conditions. Table 4 shows the
chemical structure, molecular weight, retention time, and results from
H-D experiments on the conjugation reactions. These conjugates were
formed in buffer solution with or without HLM, indicating that the
formation of active moieties from laromustine and VNP4090CE was
enzyme-independent. The MS data from buffer incubations gave a
stronger MS" signal because the buffer has less isobaric interferences
than HLM.

Identification and Characterization of M-3 as an Example of
How We Identified M-1 to M-8. The LC-MS retention time of M-3

-CH,SO,H

-CH,S0, -NH,
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Fig. 7. Proposed structure and fragmentation ions for C-7. From Nassar et al.
(2010a).
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TABLE 4

In vitro conjugation reactions of laromustine and VNP4090CE

Reproduced by permission from Nassar et al., Chem. Res. Toxicol., 2011 (Nassar et al., 2011).
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Compound MW (amu) N-rule® RDBE!
Np Proposed Structure —— RT“ (min)
o 2c Bc Expected  Observed Expected Observed  Expected Observed
M-1 (0) 2273 2293 17.5 3 3 Odd Odd 1 1
\\S/
=0
S
OH
H,N
CYS
()
M-2 H (0] 1782 178.2 20.2 4 4 No or Even Even 2 2
N
A
S
( OH
CYS
HN O
M-3 o / 4135 4155 27.6 6 6 Odd Odd 4 4
QS;O
{ 0
S
(0] (0] OH
NH
NH, o GSH
M-4 \ 3644 3644 27.8 7 7 No or Even Even 5 5
N\%o
(o]
S
(o) (0] OH
NH
HO |l:l|
NH, o GSH
M-5 (o] 4415 4435 334 7 7 Odd Odd 5 5
0\?//
HN._
N
L
| o)
S
(0] (o} OH
NH
HO I':ll
NH o GSH

(continued)
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TABLE 4 —Continued
c d MW (amu) H-D” N-rule® RDBE‘
onlgmun Proposed Structure ————  RT“ (min)
© 2c B¢ Expected  Observed Expected Observed  Expected Observed
M-6 (0] 220.3 220.3 37.7 3 3 No or Even Even 3 3
A
b s o
OH
o NH

>/ NAC
M-7 \ 269.3 2713 43.0 2 2 Odd Odd 2 2

OES;O

S
OH
HN
(0}

o NAC

M-8 O 2974 2994 46.5 3 3 Odd Odd 3 3
/ ~_
o NH
N

MW, molecular weight.
“Approximate retention time on LC-MS.

*The number of labile protons on the molecule; the protonating species in the H-D experiments is D and not H.
“If a compound has an odd mass it has an N atom in its structure, and contains an odd number of N atoms (1, 3, 5 etc.). If a compound has an even mass, it has either no N or an even number of N

atoms in its structure (0, 2, 4 etc.); the nitrogen rule only applies to unprotonated, intact molecules.

‘]RDBE, sulfone oxygen atoms (i.e., those double-bonded to sulfur) do not count toward rings and double bonds, l:‘C:[chlomethyl-l,Z]A

was approximately 27.6 minutes, and the mass spectrum revealed a
protonated molecular ion [M+H]" at m/z 414, suggesting that the
CH;3SO,CH,CH,— group was covalently linked to the sulfur atom of
the GSH moiety (Supplemental Fig. 6). The absence of pseudomo-
lecular ions [M+H]* at m/z 414/416 in a ratio of 3:1 suggested
that M-3 does not contain chlorine. The stable-isotopic experiments
('3C-labeled) gave a full-scan ion at m/z 416, suggesting that M-3
contains ['*C]. The H-D experiments gave a full-scan ion at m/z 421,
suggesting there are six labile protons on M-3. The product-ion
spectra of m/z 414 showed the fragment ions of m/z 339, 285, 268,
250, 240, 193, 113, and 107 (Supplemental Fig. 6). The fragment ion
at m/z 339 resulted from the loss of CoHsNO, from m/z 414. The
fragment ion at m/z 285 resulted from the loss of the glutamate moiety
from m/z 414. The fragment ion at m/z 268 resulted from the loss of

NH; from m/z 285. The fragment ion at m/z 250 resulted from the loss
of H,O from m/z 268. The fragment ion at m/z 240 resulted from the
loss of CO from m/z 268. The fragment ion at m/z 193 resulted from
the loss of C,HsNO, from m/z 268. The fragment ion at m/z
113 resulted from the loss of CH3SO,H from m/z 193. The fragment
ion at m/z 107 resulted from cleavage of the C-S bond. These
observations support the proposed structure of M-3 and suggest that
an unusual rearrangement may occur after dehalogenation of
VNP4090CE, resulting in the formation of a novel reactive in-
termediate. The CH3SO,CH,CH,— group was trapped by GSH to
form M-3. The proposed structure and fragmentation ions of M-3 on
the basis of supported data from LC-MS", N-rule, RDBE, stable
isotope experiments, and H-D experiments are shown in Supplemen-
tal Fig. 7.
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Discussion

These studies indicate that laromustine readily undergoes base-catalyzed
(nonenzymatic) conversion to methylisocyanate and 90CE, which further
degrade to additional chloroethylating derivatives. Figure 1B shows the
proposed formation of decomposition/metabolite product pathways of
laromustine formed in in vitro systems. The rate at which ['“CJlaromustine
(100 w M) produces its metabolites/degradation products in the presence of
NADPH-fortified HLMs was essentially the same as that in the absence of
NADPH or the presence of boiled (heat-denatured) microsomes. Addi-
tionally, it remained consistent with the nonenzymatic rate of laromustine
degradation in potassium phosphate buffer (Nassar et al., 2009). This
suggests that laromustine metabolism/degradation is not significantly
affected by human liver microsomal P450 enzymes and carboxylesterases.

Only the formation of C-7 required the presence of NADPH. C-7
appears to be decomposed or metabolized further, which suggests that
P450 is a factor in C-7 formation but plays little or no role in the conversion
of [**C]laromustine to other radioactive products. The combination of the
correlation analysis and recombinant human P450 enzyme experiments
points to a role for both CYP2B6 and CYP3A4 in the formation of
metabolite C-7. The formation of C-7 correlated most strongly with
CYP2B6 activity, with moderate correlation to CYP2A6, CYP2D6, and
CYP3A4 activity in 10 individual samples of NADPH-fortified human
liver microsomes. As shown by the recombinant human P450 data,
rCYP3A4 and rCYP2B6 were capable of forming C-7, whereas formation
of C-7 was not observed with rCYP2A6 and rCYP2D6. Laromustine was
shown to be a competitive inhibitor for both CYP2B6 and CYP3A4, which
indicates that it is a substrate for these enzymes (Nassar et al., 2009).

It was undertaken to determine whether one or more P450 enzymes in
HLMs can potentially contribute 25% or more to the clearance of
laromustine. We examined the role of CYP2B6 and CYP3A4/5 in the
hydroxylation of laromustine to C-7, which is one of eight radioactive
components detected when [*CJlaromustine is incubated with HLMs.
Studies with a panel of recombinant human P450 enzymes and
correlation analysis with a bank of HLMs implicated CYP2B6 and
showed that C-7 is the only component whose formation is dependent on
NADPH. However, inhibition of CYP2B6 and CYP3A4/5 will not
impact the pharmacokinetics of laromustine. This is because the rate of
loss of [14C]laromustine (100 M) in the presence of NADPH-fortified
HLMs was essentially the same as that in the absence of NADPH or the
presence of boiled (heat-denatured) microsomes. This rate was also
consistent with the nonenzymatic rate of laromustine degradation in
potassium phosphate buffer. Therefore, although CYP2B6 and CYP3A4/5
convert laromustine to C-7, metabolism by P450 (or any other microsomal
enzyme) does not contribute substantially to the overall rate of in vitro
clearance, which is largely determined by nonenzymatic degradation
(Nassar et al., 2009, 2010c).

Laromustine undergoes a rearrangement, which was determined by a
combination of different methods, such as exact mass measurements,
stable isotope, H-D exchange, and MS" experiments. H-D exchange
experiments were useful for determining the number of exchangeable
protons in the fragmentation ions. The data from FTICR-MS facilitated
the determination of the elemental compositions of the fragmentation
ions of laromustine and provided unambiguous fragmentation ion
pathways. The fragmentation processes are typically categorized as
direct cleavage or rearrangement. Cleavage reactions are simply the
breaking of a bond to produce two fragments. These reactions usually
produce an even electron ion. Rearrangements are more complex
reactions that involve both making and breaking bonds. These reactions
are thermodynamically favorable because they require less energy.
However they also require a mechanism that is not as kinetically
favorable compared with a simple cleavage reaction (McLafferty and
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Turecek, 1993). The distinct rearrangement fragment of laromustine was
observed and provided important clues about the location and identity of
its functional groups. This was very useful for elucidating the unique
structures of laromustine reactions.

Laromustine undergoes extensive decomposition/metabolism in
in vitro systems. Following incubation of ["*C]laromustine with HLM
in the presence of NADPH, eight metabolite/decomposition products
along with the parent drug were detected. Most of the identified structures
resulted from the chemical decomposition of laromustine and were not
P450-mediated. The major decomposition products (C-3, C-4, and C-5)
from the incubation of laromustine in HLM were found to be the products
of dehalogenation, rearrangement, and hydrolysis. Their formations do
not require the involvement of any enzymes. H-D exchange, '>C-labeled
laromustine, NMR, and MS" techniques were applied to identify and
characterize the metabolite/decomposition components of laromustine.
H-D exchange combined with mass spectrometry is an efficient tool for
studying metabolite identification. A combination of these techniques
appears promising for maximizing structural information for laromustine.

The mechanisms of formation for the decomposition components
were proposed. The major decomposition components were not P450-
mediated. C-7 was only detected when laromustine was incubated with
HLM in the presence of an NADPH-generating system, suggesting that
this is a metabolite rather than a decomposition product. Dechlorination
and hydrolysis of the methyl isocyanate moiety from laromustine does
not require P450 enzymes and occurs at biologic pH. A mechanism for
the formation of these metabolite/decomposition products from laro-
mustine was proposed. The structural characterizations of the MW
214 components (C-3 and C-4) were verified using NMR. NMR data
suggested that peak (C-3) is composed of the free base form with a
carbon-nitrogen double bond. The free base (C-3) was found to exist as a
mixture of cis and frans isomers with the trans isomer typically more
abundant. The unusual observation that the methylene protons adjacent
to the double bond are exchangeable in CD;0D suggests that the double
bond can shift in the free base to give a carbon-carbon double bond. In
the presence of even weak acids, the free base form is converted to the
salt, which is present almost entirely in the ¢rans form and does not have
exchangeable methylene protons, indicating that the double bond does
not shift between the carbons in the salt. The salt (C-4) elutes slightly
later than the free base as shown in Fig. 2. The third MW 214 peak (C-5)
could not be isolated (for NMR analysis) owing to its apparent
instability. This component has no exchangeable protons, suggesting

o
o,
S e,
CHs fH
O_-:._ / N"N
o S,
N N\
\S’-CH-‘/' o
CHy [ 4
Ox sf N, C4
4 \JQ
H
(&
0 0
o o,
G e, oy N _cp,
os! H Ox Sf F
O// \N’N v ~ N

Laromustine c8

Fig. 8. Proposed formation mechanism of MW 214 (C-4 and C-5). From Nassar
et al. (2010a).
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that the double bond may shift to reside between the nitrogen atoms. On
the basis of NMR data, C-3 was determined to be the free base and C-4
was determined to be the salt form of m/z 232. The proposed structures
and fragmentation ions for C-4 and C-5 are shown in Supplemental Figs.
4 and 5. A proposed mechanism of formation of C-4 and C-5 is shown in
Fig. 8. It has been proposed that laromustine undergoes hydrolysis to
form C-8, which then produces C-5 after dehalogenation and rearrange-
ment. C-5 undergoes further rearrangement to form C-3 (free base) or
C-4 (salt form).

Conjugation reactions of laromustine and VNP4090CE occurred after
incubation of laromustine or VNP4090CE with pooled HLM and
cofactors NADPH, GSH, NAC, and CYS. Eight distinct conjugation
reactions (M-1 to M-8) were identified and characterized by H-D, B3¢
labeled laromustine, and MS" experiments. M-4 and M-5 were further
confirmed by NMR. The short-lived CH3SO,CH,CH,-, methylforma-
mide, and CH3SO,NHN=CHCH,— moieties were generated from
laromustine. The reactive intermediates CH;SO,CH,CH,— and methyl-
formamide formed conjugates with GSH, CYS, and NAC. The
CH3SO,NHN=CHCH,— moiety formed conjugates with GSH and
NAC. M-2, M-4, and M-6 were only detected from the incubation of
laromustine because VNP4090CE does not contain a methylformamide
group. All other conjugates were formed by both laromustine and
VNP4090CE. Laromustine and VNP4090CE produced the same
decomposition-product conjugates in buffer solution with or without
HLM, which suggests that the decomposition of laromustine and
VNP4090CE to active moieties does not involve P450 metabolism.
These in vitro studies found that laromustine and VNP4090CE undergo
activation via chemical decomposition in buffer solution in the presence
or absence of HLM and with or without NADPH.

It is possible that these active moieties may alter cellular functions
when they form conjugates with biomolecules. The degradation of
laromustine produces methyl isocyanate, which is extremely toxic.
Methyl isocyanate can induce damage by inhalation, ingestion, and
contact in quantities as low as 0.4 ppm. Symptoms may include
coughing, chest pain, dyspnea, asthma, irritation of the eyes, nose, and
throat as well as skin damage. Higher levels of exposure, over 21 ppm,
can result in pulmonary or lung edema, emphysema, hemorrhaging,
bronchial pneumonia, and death. Studies were conducted to evaluate
both dose- and time-dependent (N = 3) response using N-succinimidyl
N-methylcarbamate, a chemical entity that mimics the effects of methyl
isocyanate in vitro. These studies demonstrated that isocyanates induce
neutrophil apoptosis via activation of mitochondrial-mediated pathways
along with reactive oxygen species production, depletion in antioxidant
defense states, and elevated prion inflammatory cytokine response
(Bucher, 1987; Ennever and Rosenkranz, 1987; Mishra et al., 2008,
2010). This study showed that laromustine produces several reactive
intermediates that may play a role in toxicities seen in the clinical trials.
Combined, these findings provide an understanding of both the
beneficial and potentially harmful aspects of the metabolism of
laromustine.
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