


















exposures measured in vivo for these compounds correlated well with
the observed stability in LM incubations in the absence of NADPH.
Interestingly, for KZR-59240, which was stable in LM incubations and
showed minimal diol formation, significant formation of the diol metab-
olite (KZR-59433) was measured in vivo. The discrepancy between the
metabolite detection from standard LM cultures in the absence of
NADPH and in vivo pharmacokinetic studies indicates that EH enzy-
matic activities might be lost during microsome preparation or sup-
pressed by other enzymes in LM test systems.
To overcome the major deficiency of using LM to study peptide

epoxyketone metabolism, we used cryopreserved human hepatocytes as
an in vitro test system. Intact hepatocytes contain both phase I and II
metabolism enzymes and likely provide a more comprehensive system
to correlate in vitro test results with in vivo PK (McGinnity et al., 2004;
Newman JW et al., 2005; Brown et al., 2007). Similar to what was
observed in PK studies, the predominant metabolite of KZR-616 found
after incubations with intact hepatocytes was the diol. As demonstrated
using enzyme-specific probe substrates, hepatocytes contain both sEH
and mEH, and we used isoform-specific inhibitors to phenotype KZR-
616 metabolism. Diol formation was blocked by the mEH inhibitor
NSPA, but neither TPPU (an sEH inhibitor) nor ABT-1 (a pan-P450
inhibitor) had an impact on diol formation or loss of parent compound.
Thus, using human hepatocytes we were able to match the metabolite

profile seen in vivo as well as determine the specific enzyme responsi-
ble for diol formation from KZR-616.
Epoxide hydrolases are a ubiquitously expressed family of enzymes

found in mammals (de Waziers et al., 1990; Enayetallah, et al., 2006;
Morisseau, 2013; Gautheron and J�eru, 2020) and are the primary pathway
for the detoxification of compounds containing an epoxide residue
(Decker et al., 2009; Kitteringham et al., 1996). There are two major iso-
forms: mEH, encoded by the EPHX1 gene (Hartsfield et al., 1998; Kerr
et al., 1989; Vaclavikova et al., 2015) and localized predominantly in the
endoplasmic reticulum, and sEH, encoded by the EPHX2 gene and con-
fined mainly to cytoplasm (Larsson et al., 1995). Both are highly
expressed in mammalian hepatocytes (Gill and Hammock, 1980; Coller
et al., 2001). Using human hepatocyte cells, we determined that mEH is
the primary enzyme-mediating metabolism of KZR-616 and its analogs.
Enzymatic kinetic constants for KZR-616 epoxide hydrolysis were deter-
mined using recombinant enzymes, LMs, and in intact cells. These stud-
ies revealed that the EH-mediated metabolic efficiency of LM was <5%
of the recombinant enzyme and that hepatocytes are a more efficient cell-
based system for epoxide hydrolysis. Given that mEH also mediates
metabolism of carfilzomib anted oprozomib, this represents a common
pathway for metabolism of this class of compound. It is noteworthy that
unlike KZR-616, both carfilzomib and oprozomib show peptidase hydro-
lysis as an additional metabolic pathway in vivo (Wang et al., 2013;

TABLE 3

Summary of kinetic parameters from Michaelis-Menten analysis of epoxide hydrolysis of KZR-616 (data represent mean ± S.D.; duplicate incubations; efficiency
defined as Vmax/Km).

Epoxide Hydrolysis

Kinetics of the Formation of KZR-59587 from In Vitro Enzymatic Assays

Km Vmax Vmax/Km

lM nmol/min/mg protein % of mEH
Recombinant mEHa 2172 ± 341 555 ± 64.1 0.256 ± 0.029
Male HLM 987 ± 338 17.2 ± 3.48 0.017 ± 0.004 (6.82%)
Female HLM 1862 ± 1065 24.2 ± 9.81 0.013 ± 0.0045 (5.07%)
Male MLM 178 ± 25.9 31.1 ± 1.57 0.175 ± 0.009 (68.4%)
Female MLM 191 ± 27.1 34.1 ± 1.72 0.179 ± 0.009 (69.9%)

Epoxide hydrolysis Kinetics of the Formation of KZR-59587 from Cell-Based Assays

Km Vmax Vmax/Km

lM pmol/min/106 cells % of hepatocytes
Human hepatocytesb 76.7 ± 20.1 4674 ± 325 60.9 ± 4.23

aRecombinant mEH used as control value for comparing the percentage efficiency among enzymatic assays.
bHuman hepatocytes used as control value for comparing the percentage efficiency among cell-based assays.

TABLE 4

Summary of KZR-616 and proposed metabolites observed in human plasma

Component Label Identification Retention Time [M1H]1

Component in Plasma as % of Total aXIC Area

Subject

110-004 112-021 113-002 116-012

min m/z
KZR-616 Parent 22.0 587.3 61.2 49.0 46.5 51.8
KZR-59587 Epoxide hydrolysis 16.4 605.3 33.8 45.8 47.9 43.8
M605_2 Epoxide hydrolysis (isomer) 14.5 605.3 0.270 0.270 0.270 0.280
M603_1 Oxidation 11.0 603.3 0.080 0.100 0.060 0.060
M603_7 Oxidation 11.8 603.3 0.100 0.250 0.040 0.170
M603_8 Oxidation 13.3 603.3 0.150 0.190 0.150 0.190
M603_2 Oxidation 15.0 603.3 0.080 0.020 0.080 0.060
M603_3 Oxidation 17.5 603.3 0.140 0.110 0.150 0.100
M603-4 Hydrolysis 1 dehydrogenation 20.2 603.3 0.280 0.420 0.290 0.240
M603_5 Hydrolysis 1 dehydrogenation 20.4 603.3 0.260 0.260 0.280 0.240
M603_6 Oxidation 22.8 603.3 0.390 0.340 0.410 0.330
M601 Oxidation 1 dehydrogenation 14.4 601.3 0.890 0.870 0.800 0.910
M619_1 Double oxidation 9.71 619.3 0.280 0.280 0.160 0.190
M619_2 Double oxidation 19.1 619.3 0.120 0.170 0.030 0.020

aXIC, extracted-ion chromatogram in LC-MS analysis.
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Wang et al., 2017). It is also interesting that in vitro plasma stability stud-
ies of CFZ and KZR-616 in monkeys (unpublished data) at 37�C for 6
hours did not produce any peptide cleavage metabolites, and the epoxide
hydrolysis metabolites (diol) were below Limit of quantification for both

compounds, indicating lacking both peptidase and mEH in commercial
monkey plasmas.
In conclusion, through a thorough analysis of in vitro test systems

and analysis of pharmacokinetic data, the predominant metabolic
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Fig. 6. Inhibition of epoxide hydrolysis of KZR-616 in HLMs, MLMs, human hepatocytes, and recombinant human mEHs by NSPA. (A) Inhibition of mEH activity
by NSPA in male and female HLMs. (B) Inhibition of mEH activity by NSPA in male and female MLMs. (C) Inhibition of mEH activity by NSPA in human hepato-
cytes. (D) Inhibition of mEH activity by NSPA in recombinant human mEH. The IC50 values were estimated using nonlinear regression data analysis. Data are pre-
sented as mean ± S.D. from duplicate incubations.
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pathway of KZR-616 was determined to be epoxide hydrolysis via the
action of mEH. These data suggest that the PK of KZR-616 is unlikely
to be affected by coadministration of P450 and sEH inhibitors/inducers
and that KZR-616 is unlikely to alter epoxide hydrolysis of other mEH
and sEH substrate drugs. Given the widespread tissue distribution and
the efficiency of KZR-616 metabolism measured with recombinant
enzyme, it would be difficult to saturate this process in vivo. This sug-
gests a low risk for altered exposure to KZR-616 upon coadministration
of known or suspected mEH inhibitors.
The work presented here describes a series of in vitro and cell-

based enzymatic metabolism and kinetic investigations for peptide
epoxyketone analogs. Despite some described limitations, hepato-
cytes served as a good in vitro test system to assess the metabolic
profiles of KZR-616 and other peptide epoxyketones and could be
useful in assessing novel covalent proteasome inhibitors during
lead compound optimization.
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Legends for Supplemental Figures 

Supplemental Figure 1: Metabolism of testosterone (probe substrate) in HLM, MLM and 

human hepatocytes A) Formation of metabolite 6β-testosterone in the presence or absence of 1-

ABT in the incubations of testosterone with: A) 0.5 mg/mL HLM; B) 0.25 mg/mL MLM 

incubations, and C) 0.5 x106 cells/mL human hepatocytes. Data represent mean ± SD from 

duplicate incubations. 

Supplemental Figure 2: Epoxide hydrolysis of cis-SO and trans-SO in HLM & MLM, 

human & monkey cytosol and recombinant mEH & sEHs 

Epoxide hydrolysis of cis-SO (50 µM) in A) HLM (0.5mg/ml), B) MLM (0.25 mg/mL ), and in 

recombinant human mEH (10 µg/mL), respectively. Epoxide hydrolysis of trans-SO (50 µM) in 

D) HLM (0.5 mg/mL), E) MLM (0.25 mg/mL), and F) recombinant human sEH (25 µg/mL), 

respectively. The diol derivatives of cis-SO and trans-SO were quantified by using LC-UV 

methods. Data represent mean ± SD from duplicate incubations. 

Supplemental Figure 3: Inhibition of epoxide hydrolysis of cis-SO in HLMs, MLM, and 

recombinant human mEH by NSPA Inhibition of mEH activity by NSPA in A) female HLMs 

(0.5 mg/mL), B) male HLMs (0.5 mg/mL), and C) recombinant human mEH (4 µg/mL), 

respectively. The concentration of cis-SO was 50 µM. 

Supplemental Figure 4: Metabolism of cis-SO, trans-SO and testosterone in monkey 

hepatocytes A) formation of RR-hydrobenzoin from cis-SO (50 µM), B) formation of meso-

hydrbenzoin from trans-SO (50 µM), C) formation of 6βtestosterone from testosterone (50 µM), 

respectively. Data represent mean ± SD from duplicate incubations. 
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Supplemental Figure 3 
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Supplemental Figure 4 
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Supplemental Table 1. Effect of Selective CYP Inhibitors on the Clearance of KZR-616 by 

HLM 
 

Incubated 

compound 
Inhibitors   

KZR-616 Remaining (%, 

Mean)  
KZR-59587 Formation (%, Mean) 

  0 min 15 min 30 min  0 min 15 min 30 min 

KZR-616 

DMSO  100 83.1 54.0  1.20 13.3 23.1 

Furafylline  100 74.6 54.1  1.10 13.1 23.4 

Montelukast  100 94.5 72.3  1.10 9.80 21.0 

Sulfaphenazole  100 85.6 52.9  1.40 14.5 22.5 

Benzylnirvanol  100 77.8 54.6  1.30 12.8 20.9 

Quinidine  100 79.6 53.9  1.10 11.9 23.8 

Ketoconazole  100 99.6 98.8  0.900 13.0 31.1 

 

 

 


