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ABSTRACT

Characterization of accurate compositions and total abundance of
homologous drug-metabolizing enzymes, such as UDP glucurono-
syltransferases (UGTs), is important for predicting the fractional
contribution of individual isoforms involved in the metabolism of a
drug for applications in physiologically based pharmacokinetic
(PBPK) modeling. Conventional targeted proteomics utilizes surro-
gate peptides, which often results in high technical and interlabora-
tory variability due to peptide-specific digestion leading to data
inconsistencies. To address this problem, we developed a novel
conserved-plus-surrogate peptide (CPSP) approach for determin-
ing the accurate compositions and total or cumulative abundance
of homologous UGTs in commercially available pooled human liver
microsomes (HLM), human intestinal microsomes (HIM), human kid-
ney microsomes (HKM), and human liver S9 (HLS9) fraction. The relative
percent composition of UGT1A and UGT2B isoforms in the human liver
was 35:5:36:11:13 for UGT1A1:1A3:1A4:1A6:1A9 and 20:32:22:21:5 for
UGT2B4:2B7:2B10:2B15:2B17. The human kidney and intestine also
showed unique compositions of UGT1As and UGT2Bs. The reproduc-
ibility of the approach was validated by assessing correlations of UGT

compositions between HLM and HLS9 (R%> 0.91). The analysis of the
conserved peptides also provided the abundance for individual UGT
isoforms included in this investigation as well as the total abundance
(pmol/mg protein) of UGT1As and UGT2Bs across tissues, i.e., 268
and 342 (HLM), 21 and 92 (HIM), and 138 and 99 (HKM), respectively.
The CPSP approach could be used for applications in the in-vitro-to-
in-vivo extrapolation of drug metabolism and PBPK modeling.

SIGNIFICANCE STATEMENT

We quantified the absolute compositions and total abundance
of UDP glucuronosyltransferases (UGTs) in pooled human liver,
intestine, and kidney microsomes using a novel conserved-plus-
surrogate peptide (CPSP) approach. The CPSP approach addresses
the surrogate peptide—specific variability in the determination of the
absolute composition of UGTs. The data presented in this manu-
script are applicable for the estimation of the fraction metabolized
by individual UGTs towards better in vitro-to-in vivo extrapolation of
UGT-mediated drug metabolism.

Introduction

Selective quantification of drug-metabolizing enzymes and transporter
proteins (DMETs) using liquid chromatography—tandem mass spectrom-
etry (LC-MS/MS)-based quantitative proteomics has significant utility in
mechanistic and translational studies during drug discovery and develop-
ment (Prasad et al., 2019). In particular, the DMET abundance data
along with scaling factors such as microsomal protein per gram liver are
used for the in-vitro-to-in-vivo extrapolation (IVIVE) of drug disposition.
These data are also the foundation for the development of physiologically
based pharmacokinetic (PBPK) modeling tools (Sharma et al., 2020;
Ahmed et al., 2022). Proteomics data on the effect of age (Prasad
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et al.,, 2013; Ahire et al., 2022a), disease conditions (Wang et al.,
2016; Drozdzik et al., 2020; Vildhede et al., 2020; El-Khateeb et al.,
2021), differential tissue expression (Basit et al., 2020; Wenzel et al.,
2021), and interspecies differences (Liao et al., 2018; Basit et al., 2022)
on DMETsSs have been used in PBPK modeling. However, interlabora-
tory technical variability in DMET abundance data (Wegler et al.,
2017) poses a significant challenge in utilizing the reported values. Fur-
thermore, the metabolism or transport of a drug often involves more
than one enzyme or transporter. DMET proteins are generaly homolo-
gous and share a broad substrate selectivity. For instance, the protein se-
quence similarities of UDP glucuronosyltransferase (UGT) 1As and 2Bs
share 67%-95% and 77%-95% amino acid sequences, respectively
(Meech et al., 2019), and multiple UGTSs are often involved in the glu-
curonidation of a drug. In recent years, the use of recombinant UGTs
has emerged as a useful in vitro approach for identifying isoforms in-
volved in glucuronidation. However, the accurate estimation of their
fractional contribution (f;,,) or extrapolation of drug clearance requires
that the data generated using recombinant UGTSs are normalized by the

ABBREVIATIONS: ABC, ammonium bicarbonate; CPSP, conserved-plus-surrogate peptide; DMET, drug-metabolizing enzyme and transporter
protein; HIM, human intestinal microsomes; HKM, human kidney microsomes; HLM, human liver microsomes; IVIVE, in-vitro-to-in-vivo extrapo-
lation; LC-MS/MS, liquid chromatography—-tandem mass spectrometry; PBPK, physiologically based pharmacokinetic; REF, relative expression
factor; rUGT, recombinant UGT system; SIL, stable isotope—labeled; UGT, UDP glucuronosyltransferase.
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tissue abundance of individual UGTs (Rowland et al., 2008). Therefore,
accurate characterization of the relative and absolute composition of
UGTs is critical for IVIVE of UGT-mediated metabolism.

The conventional targeted proteomics approach that relies on a surro-
gate peptide(s) as a calibrator is routinely used for quantifying DMETs
(Prasad et al., 2019). However, the large interlaboratory variability has
limited the application of reported DMET abundance data in accurately
predicting in vivo glucuronidation (Wegler et al., 2017). Although
the total proteomics approach using untargeted proteomics data has
the potential to address this challenge, this approach is mainly applica-
ble to highly abundant proteins and, hence, offers limited applications
in the quantification of low abundant transmembrane DMET proteins
(Wisniewski, 2017).

The relative expression factor (REF) approach (eq. 1) has been used
for IVIVE of drug metabolism (Parvez et al., 2021) and transport (Harwood
et al., 2016; Kumar et al., 2020) data from recombinant systems to
human tissues. In general, relative quantification is sufficient for estimat-
ing REF values by quantifying a target protein in a recombinant system
versus human tissues as long as the data are generated in a single labora-
tory using an optimized surrogate peptide and digestion protocol. If REF
values are based on DMET quantification in different laboratories, they
will likely be confounded by technical variability in protein abundance
measurement. The interlaboratory variability in quantitative proteomics
is mainly caused by differences in surrogate peptide—specific characteristics
such as solubility, stability, and calibrator quality as well as digestion effi-
ciency (Ahire et al., 2022b). Moreover, interday variability in digestion effi-
ciency is also commonly observed (Wegler et al., 2017). In addition, the lack
of appropriate use of internal/external standards during sample preparation
and the use of different peptides could also lead to technical variabilities.

REF = . protein ab.undance in tis.ue )
protein abundance in the recombinant system

To address the above-mentioned issues, we developed a novel approach
comprised of universal conserved-plus-surrogate peptide (CPSP) to deter-
mine the accurate compositions (relative distributions) of homologous
DMETs and applied it to measure UGT1A and UGT2B pies in human

Surrogate peptide region
|
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liver microsomes (HLM), human intestinal microsomes (HIM), and hu-
man kidney microsomes (HKM). First, we identified peptides that were
conserved in multiple isoforms of UGT1As and UGT2Bs. Then, the con-
served peptides of UGT1s and UGT2Bs were used as calibrators for
quantifying UGT protein abundance in the recombinant UGT systems
(tUGT) samples (Fig. 1). Finally, the standardized rUGTs were used as
calibrators that relied on individual surrogate peptide signals (Fig. 1) to
determine UGT levels in the pooled HLM, HIM, and HKM. These data
were then used to quantify the percentage of abundance of individual
UGT1As and UGT2Bs in each tissue. The HLM data were compared
with UGT pies obtained in HLS9 fractions. The analysis of conserved
peptides also provided the total or cumulative abundance of UGT1As
and UGT2Bs in each tissue. The proposed universal approach is less
prone to peptide-specific characteristics as it utilizes a single conserved
peptide to determine absolute levels in the recombinant systems. The use
of recombinant proteins in the second step addresses the limitation of in-
terday or interlaboratory variability in trypsin digestion. Since this ap-
proach only requires conserved peptide standards, it is also a cost-
effective method.

Materials and Methods

Materials. The custom-synthesized stable isotope—labeled (SIL) surrogate
peptides for 13 UGT isoforms were purchased from Thermo Fisher Scientific
(Rockford, IL) (Supplemental Table 1). The purified calibrator conserved peptide
(IPQTVLWR and VLWR; purity >95%) with accurate concentrations deter-
mined by the amino acid analysis were purchased from Vivitide (Gardner, MA).
Chloroform, methanol, mass spectrometry—grade acetonitrile, and formic acid
were purchased from Fisher Scientific (Fair Lawn, NJ). The protein quantification
bicinchoninic acid kit was procured from Pierce Biotechnology (Rockford, IL).
Ammonium bicarbonate (ABC) (98% pure), dithiothreitol, iodoacetamide, and
trypsin were purchased from Thermo Fisher Scientific. Human serum albumin
and bovine serum albumin were obtained from Calbiochem (Billerica, MA) and
Thermo Fisher Scientific, respectively.

Procurement of Pooled Human Tissue Subcellular Fractions and Re-
combinant UGTs. Pooled HLM (150 donors) was obtained from BioIVT Inc.

Conserved peptide region
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Fig. 1. CPSP approach.
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TABLE 1

Comparison of the conventional surrogate peptide and CPSP approaches

Attribute

Surrogate Peptide Approach

CPSP Approach

Calibration method

Trypsin digestion variability

Potential for interlaboratory variability High

One-step calibration (surrogate peptide as a calibrator)

Peptide-specific digestion variability

Two-step calibration (conserved peptide as a calibrator
for recombinant proteins and recombinant proteins as a
calibrator for tissue samples)

Not applicable. A single peptide is used
Low

Application Relative protein abundance across samples Relative protein abundance across proteins and samples.
Relative distribution (absolute pies). Total abundance of

homologous proteins.
Cost Expensive as it requires peptide standards for each protein Economical as it requires only a single conserved peptide

standard

(Westbury, NY), whereas pooled HKM (8 donors), and pooled HIM (15 donors)
were procured from Xenotech (Kansas City, KS). Pooled HLS9 (50 donors) and
13 recombinant UGT preparations (UGT1AL, 1A3, 1A4, 1A6, 1A7, 1A8, 1A9,
1A10, 2B4, 2B7, 2B15, 2B10, and 2B17) were procured from Corning Life Sciences
(Corning, NY).

Conserved and Surrogate Peptide Selection. The surrogate peptide selection
approach is well established (Kamiie et al., 2008), whereas the criteria for con-
served peptide selection used in the CPSP approach was developed in this study
(Fig. 1). Briefly, an ideal conserved peptide should be present in all target homolo-
gous proteins, be retainable in reversed-phase liquid chromatography column, con-
tain more than three amino acids, be ionizable in mass spectrometer source, and be
formed after trypsin digestion. Moreover, we confirmed by homology search that
the conserved peptide (Table 1) is only present in the target homologous proteins
(e.g., UGTIA and UGT2B isoforms). Using these criteria, IPQTVLWR and
VLWR were selected as the target conserved peptides for the quantification of
UGT1As and UGT2Bs in rUGTs, respectively (Fig. 2; Supplemental Table 1).
In the next step, using rUGTs as a calibrator, individual UGT proteins in tissue
samples were quantified using a minimum of two surrogate peptides except for
UGT1A3, UGT1A9, UGT1A10 (Supplemental Table 1). The approach was
further applied to identify conserved peptides for other clinically relevant
DMETs (Table 2).

Protein Digestion by Trypsin. The recombinant UGTs and pooled HLM,
HIM, HKM, and HLS9 (1 mg/ml protein concentration) were mixed with
ABC buffer (100 mM, pH 7.8), dithiothreitol (250 mM), and bovine serum albu-
min (0.02 mg/mL) and incubated at 95°C for 10 minutes (protein denatur-
ation and reduction step). Followed by cooling at room temperature for
10 minutes, the protein mixture was alkylated by iodoacetamide (500 mM) in
the dark for 30 minutes. The alkylated sample was subjected to protein precipi-
tation by adding ice-cold acetone and incubated at —80°C (in a deep freezer)
for 1 hour. The precipitated protein sample was centrifuged at 16,000g for 10
minutes. The resultant pellet was washed with 500 mL ice-cold methanol and
dried under vacuum for 30 minutes. The dried protein pellet was resuspended in
ABC buffer (50 mM, pH 7.8) and digested by trypsin (20 pL; protein/trypsin ra-
tio ~80:1) at 37°C for 16 hours with gentle shaking (300 rpm). The digestion
was stopped by adding 5 pL of 0.5% formic acid, and the sample was centri-
fuged at 8000g for 10 minutes (4°C). Five microliters of the internal standard
mix (i.e., a cocktail of SIL peptides; Supplemental Table 1) was added to 45 pL
of the digested sample, vortex mixed, and transferred to a liquid chromatogra-
phy—mass spectrometry vial.

LC-MS/MS Analysis of the Conserved and Surrogate Peptides in Re-
combinant Systems and Tissue Fractions. The conserved and surrogate pep-
tides (Supplemental Table 1) were analyzed using an M-class microflow Waters
UPLC system coupled with Waters Xevo TQ-XS LC-MS/MS instrument. The
peptides were separated on the Acquity UPLC HSS T3 column (Waters, Milford,
MA). The optimized LC-MS/MS acquisition parameters, including the liquid
chromatography gradient program, are provided in Supplemental Table 2. The
LC-MS/MS data were analyzed using Skyline 20.1 (University of Washington,
Seattle, WA), where peptide peaks were identified by matching the retention
time with the SIL peptide and alignment of the selected precursor ion to the re-
spective product ion fragments. A previously optimized data analysis approach
(Ahire et al., 2021) that considers the internal standard protein (bovine serum

albumin) and the SIL peptide was used. The experiments were performed in trip-
licates, and the CV was measured.

In the first step of UGT quantification, we employed an internal calibration
(spiked-in) method where the standardized SIL-conserved peptides, IPQTVLWR
and VLWR, were used as calibrators to measure the levels of individual UG-
T1As and UGT2Bs in the recombinant UGT systems, i.e., UGT1Al, 1A3, 1A4,
1A6, 1A7, 1A8, 1A9, and 1A10 and UGT2B4, 2B7, 2B10, 2B15, and 2B17.
The purity of the conserved peptides was assessed by amino acid analysis or
back calculation from unlabeled peptides as discussed in the Supplemental file.
In the second step, we used the surrogate peptide response of individual UGTS in
the calibrated recombinant UGTs to quantify UGT levels in the tissue fractions
using an external calibration method as illustrated in Fig. 1. In addition, the total
UGT1As and UGT2Bs were quantified in biologic samples based on the respec-
tive conserved peptide responses.

Data Analysis and Validation. The UGT abundance in human tissues was
compared with the literature-reported meta-analysis values compiled within Sim-
cyp software (Certara, NJ). The total abundance of UGT1A and UGT2B calcu-
lated using conserved peptide was compared using Student’s ¢ test with the sum
of all UGT1As and UGT2Bs. The correlation between UGT abundances in
HLM versus HLS9 was tested using Pearson regression analysis.

Results

Selection of Conserved Peptides for Clinically Relevant DMETs.
A list of selected conserved tryptic and chymotryptic peptides is
provided in Table 2 for quantification of clinically relevant cyto-
chrome P450s, UGTs, sulfotransferases, glutathione S-transferases,
flavin-containing monooxygenases, aldehyde dehydrogenases, alco-
hol dehydrogenases, carboxylesterases, organic anion transporting
polypeptides, and organic anion and organic cation transporters. These
peptides can be used for the quantification of accurate composition
and the total or cumulative abundance of respective homologous pro-
teins in complex biologic samples such as HLM, HIM, HKM, and
HLS9 samples using the optimized CPSP approach discussed here.

Quantification of UGT Isoforms in the Recombinant System
Using Conserved Peptides as Calibrators. The two stable-labeled
calibrator peptides JPQTVLWR and VLWR) were separated on a lig-
uid chromatography column with a retention time of 14.7 and 13.0,
respectively (Supplemental Fig. 1). The calibration curves of the conserved

UGT1Al AYINASGEHGIVVFSLGSMVSEIPEKKAMAIADALGKIPOTVLWRY TGTRPSNLANNTIL
UGT1A3 AYINASGEHGIVVFSLGSMVSEIPEKKAMAIADALGKIPQTVLWRYTGTRPSNLANNTIL
UGT1A4 AYINASGEHGIVVFSLGSMVSEIPEKKAMATIADALGKIPQTVLWRYTGTRPSNLANNTIL
UGT1A6 AYINASGEHGIVVFSLGSMVSEIPEKKAMAIADALGKIPQTVLWRYTGTRPSNLANNTIL
UGTIA7 AYINASGEHGIVVFSLGSMVSEIPEKKAMATADALGKIPQTVLWRYTGTRPSNLANNTIL
UGT1A8 AYINASGEHGIVVFSLGSMVSEIPEKKAMAIADALGKIPQTVLWRYTGTRPSNLANNTIL
UGT1AS AYINASGEHGIVVFSLGSMVSEIPEKKAMAIADALGKIPQTVLWRYTGTRPSNLANNTIL
UGT1A10 AYINASGEHGIVVFSLGSMVSEIPEKKAMAIADALGKIPQTVLWRY TGTRESNLANNTIL
UGT2B4 EFVQSSGENGVVVFSLGSMVSNTSEERANVIASALAKIPOKVLWREFDGNKPDTLGLNTRL
UGT287 DFVQSSGENGVVVFSLGSMVSNMTEERANVIASALAQIPQKVLWRFDGNKPDTLGLNTRL
UGT2B10 EFVQSSGENGVVVFSLGSMVSNMTEERANVIATALAKIPOKVLWRFDGNKPDALGLNTRL
UGT2B15 EFVQSSGENGIVVFSLGSMISNMSEESANMIASALAQIPQKVLWRFDGKKPNTLGSNTRL
UGT2B17 EFVQSSGENGIVVFSLGSMISNMSEESANMIASALAQI POKVLWRFDGKKPNTLGSNTRL

Fig. 2. Conserved peptide sequences of UGT1As and UGT2Bs.
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TABLE 2

Predicted conserved peptide sequences of DMET proteins after trypsin or chymotrypsin digestion

Homologous Proteins

Tryptic Peptides

Chymotryptic Peptides

P450s
CYPIAT and CYP1A2

CYP2A6, CYP2C8, and CYP2C9
CYP2B6 and CYP2E1

CYP2C8 and CYP2C9

CYP2C8 and CYP2E1L

CYP3A4, CYP3AS, and CYP3A7
CYP3A4 and CYP3AS,

CYP3A4 and CYP3A7

UGTs

UGTI1A1, UGT1A3, UGT1A4, UGTI1AG,

UGTI1A7, UGT1AS8, UGT1A9, and
UGT1A10

UGT2B4, UGT2B7, and UGT2B10

UGT2B4 and UGT2B10
UGT2B4 and UGT2B7

UGT2B4 and UGT2B15
UGT2B7 and UGT2B10

UGT2B4, UGTB7, UGT2B10, UGT2B15, and

UGT2B17
GSTs
GSTAI1, GSTA2, GSTA3, and GSTAS

GSTA1 and GSTA2

GSTAI1, GSTA3, and GSTAS
GSTA3 and GSTAS

GSTA4 and GSTAS
GSTM1, GSTM2, GSTM3, and GSTM4
GSTMI1, GSTM2, and GSTM5
GSTMI and GSTM4
GSTM2 and GSTM4
GSTM3 and GSTM4
SULTSs
SULTI1A1, SULT1A2, SULT1A3, and
SULT1A4
SULTIAT1 and SULT1A2

SULT1A1, SULT1A3, and SULT1A4
SULT1A3 and SULT1A4

SULT2A1 and SULT2B1
FMOs
FMOI1, FMO2, and FMO5
FMO1, FMO2, and FMO3
FMO1 and FMO2
FMO1 and FMO3
FMO2 and FMO3
FMO3 and FMO5
ALDHs
ALDHIAI1, ALDHIA2, and ALDHIA3
ALDHIA1 and ALDHI1A2
ALDHI1A1 and ALDHI1A3
ALDHI1A?2 and ALDH1A3
ADHs
ADHIA, ADHIB, and ADHlc

ADHIA and ADHI1B

OATPs
OATP1B1, OATP1B3, and OATP2B1
OATP1B1 and OATP1B3

OATP1B3 and OATP2B1
OCTs
OCT1 and OCT3

NPHLALSR, QALVR, and QGDDFK
FDYK

FDYK, FSLTTLR, SIEDR, HPEVTAK, NYLIPK,
and FSLTTLR
FSLTTLR
ECYSVFTNR, SLLSPTFTSGK, and ETQIPLK
ECYSVFTNR, SLLSPTFTSGK, ETESHK, and
VLQNFSFKPCK
ECYSVFTNR, SLLSPTFTSGK, EAETGKPVTLK,
YWTEPEK, and VLQNFSFKPCK

IPQTVLWR

VLWR

SAEDLDK, AILNYIASK, YFPAFEK,
SHGQDYLVGNK, ISNLPTVK, FLQPGSPR,
LVQTR, YNLYGK, YFPAFEK, and ISNLPTVK
AILNYIASK, YFPAFEK, ISNLPTVK, FLQPGSPR,

LVQTR, YNLYGK, YFPAFEK, and ISNLPTVK
LVQTR

ITQSNAILCYIAR and HNLCGETEEEK
SQWLNEK and ITQSNAILR
ITQSNAILR
VVYVAR, ILEFVGR, and TTFTVAQNER
VPFLEFK
FDADYAEK

DTPPPR, DVAVSYYHFHR, and
AHPEPGTWDSFLEK

GQYFHSR

ASIYK

VTLELGGK

NPESNYCLK, IDAASPLEK, AAGAAR,
IIAVDINK, ELGATECINPQDYK, and KPIQEVLK

LHRPK, NYSAHLGECPR, and IVQPELK

GKNPHL, DTIRQAL, VRQGDDF, and
DTVTTAISW

AGTETTSTTL
EAVKEAL and RKTKASPCDPTF

NNPQDPF and VENTKKL
GVNIDSL, ATHPDVQQKL, and KPCKETQIPL

GIPGPTPLPF, RREAETGKPVTL, GVNIDSL,
VENTKKL, and SKKNKDNIDPY

INASGEHGIVVF, GKIPQTVL, TGTRPSNL,
LPQNDL, ITHAGSHGVY, KAVINDKSY,
HKDRPVEPL, RPAAHDL, and
GKKGRVKKAHKSKTH
VQSSGENGVVVF, IPQNDL, GHPKTRAF, and
ITHGGANGIY
AKIPQKVL and SRIHHDQPVKPL
DGNKPDTL and RVAAHDL
ACVATVIF
ASSASIL

VQTRAIL, GKDIKERAL, VGNKL, and
KTRISNLPTVKKF
IKSAEDL, IEGIADL, KSHGQDY, and SRADIHL

ISSFPL, EEARKIF, and RNDGSL

DRSQW and DFPNLPY
IARKHNL and DAFPNL
IDGAHKITQSNAIL and CGETEEEKIRVDIL

QARPDDL, DQKVKVVY, QHVQEW, SRTHPVL,
TVAQNERF, VSQIL, and QHVQEW
ISTYPKSGTTW, EKCHRAPIF, and
VARNAKDVAVSY

INTYPKSGTTW and VARNPKDVAVSY

SSKAKVIY

EPTCF
HSRQY and IFPAHL
GPCSPY
TETSAIF
HSRDY and TDPKL

TGSTEVGKL
TRHEPIGVCGQIIPW
IESGKKEGAKL
IAFTGSTEVGK

GATECINPQDY, KKPIQEVL, and EKINEGF
ITHVLPF
IDDF and VGAW
RGIGETPIVPL, AKEGHSSL, SIISSIPF,
EPVCGNNGITY, and QNRNY
GISY

SPAEEL, ALPHW, and VNAEL
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TABLE 2 continued

Homologous Proteins

Tryptic Peptides

Chymotryptic Peptides

CESs
CES1 and CES2

AKPPL

ADH, alcohol dehydrogenase; ALDH, aldehyde dehydrogenase; CES, carboxylesterase; FMO, flavin-containing monooxygenase; GST, glutathione S-transferase; OAT, organic anion trans-
porter; OATP, organic anion transporting polypeptide; OCT, organic cation transporters; P450, cytochrome P450; SULT, sulfotransferase.

peptides were linear across 29-925 fmol/uL. and 2.67-170.75 fmol/uL, re-
spectively with R* > 0.98 (Supplemental Fig. 2). Based on the signal-
to-noise ratio criteria of 5:1, the lower limit of quantification was estimated
to be 0.36 and 0.65 fmol/uL. for IPQTVLWR and VLWR, respectively.
The total abundance of UGT1As and UGT2Bs in human liver micro-
somes was 268.0 and 341.7 pmol/mg protein (Fig. 3). The abundance
(pmol/mg protein) of various UGT1As in commercially available recom-
binant systems was within a 3.7-fold range (Table 3), where the abundan-
ces of UGT1A1 and UGT1A3 were comparably followed by UGT1AS8 >
UGT1A10 > UGT1A6 > UGT1A9 > UGT1A4, and > UGT1A7. Simi-
larly, a 9.9-fold range was noted in the abundances of recombinant
UGT2Bs with the following ranking of UGT2B15 > UGT2B17 >
UGT2B7 > UGT2B4, and > UGT2B10.

Quantification of UGT1A and UGT2B Isoforms in HLM,
HLS9, HIM, and HKM Using rUGTs as Calibrators. The liver
protein abundance (pmol/mg protein) values of UGT1As and UGT2Bs
are shown in Table 3. In general, the abundance of individual UGTs
was higher in the recombinant systems, followed by HLM except for
UGT1A6, UGT1A9, and UGT2B17, which were higher in HKM and
HIM, respectively. The accurate composition of UGT1As showed al-
most an equal abundance of UGT1A1 and UGT1A4 in HLM, followed
by UGT1A9 > UGT1A6, and > UGT1A3. Whereas among UGT2Bs,
UGT2B7 showed a higher abundance in HLM followed by UGT2B10,
UGT2B15, and UGT2B4, UGT2B17 accounted for less than 5% of to-
tal UGT abundance in HLM UGT2Bs pies (Fig. 4). As expected, the
HLS9 followed similar trends (Fig. 5; R* > 0.91) in the expression of
UGT1As and UGT2Bs (Supplemental Fig. 3). The average UGT abun-
dance in the HLS9 was approximately sixfold lower compared with
HLM. UGT1A1, UGT1A3, UGT1A10, UGT2B7, and UGT2B17 are
expressed in the human intestine, and UGT1A6, UGT1A9, and
UGT2B7 are expressed in the human kidney (Basit et al., 2020).
UGT1A1, UGT1A3, UGT2B7, and UGT2B17 are the common UGTs
expressed in both the human liver and intestine (Basit et al., 2020). The
abundance of UGTI1Al, UGT1A3, and UGT2B7 is ~9-, 13-, and
7-fold lower in HIM than in HLM (Fig. 4; Supplemental Table 3),
whereas the abundance of UGT2B17 is approximately threefold higher
in HIM as compared with HLM (Fig. 4). The abundance of UGT1A6
and UGT1A9 is ~1.8- and 2.2-fold higher in HKM than in HLM,

350 ~

M Total UGT1As

g 300 A Sum of UGT1As
£ |
© —~
2 £ 250 |
5 3
2%
< ; 200 +
2 €
O = 150 A
a O T
< £
— 2 100 A
'_
o
-} 50

o0 4

HLM HIM HKM

respectively; however, UGT2B7 abundance was 1.8-fold lower in
HKM than HLM (Fig. 4; Supplemental Table 3).

Using the CPSP approach, we confirmed that UGT1A1 is the most
abundant UGT1A isoform in HIM, followed by UGT1A10 and UGT1A3,
whereas, amongst UGT2Bs, the abundance of UGT2B17 was approxi-
mately threefold higher than UGT2B7 in HIM (Fig. 4). Only UGT1A6,
UGT1A9, and UGT2B7 are expressed in HKM. The estimated UGT
abundances in HLM using the CPSP approach were similar (within two-
fold) to the metanalysis values reported by Simcyp (Certara, NJ) except
for UGT2B17 and UGT2B10 (Table 3).

UGT2B17 abundance was around threefold higher, whereas UGT2B10
abundance was tenfold higher in our study compared with the metanalysis
values. This discrepancy is likely because both UGT2B17 and UGT2B10
are highly polymorphic with ethnic variability in their gene deletion (Xue
et al,, 2008) or splicing polymorphism (Fowler et al., 2015; Sipe et al.,
2020), respectively. UGT1A7 and UGT1A8 were only detected in the re-
combinant system but not in HLM, HIM, HKM, or HLS9 fractions.
UGT1A7 and UGT1AS are highly homologous proteins, and their surro-
gate peptides, TYSTSYTLEDQD and GIACHYLEEGAQCPAPLSY VPR,
show poor response in LC-MS/MS. Therefore, to further confirm our find-
ings, we used a highly sensitive conserved peptide (YFSLPSVVFAR) for
the cumulative quantification of UGT1A7, UGT1AS8, and UGT1A9. Al-
though YFSLPSVVFAR was detected in HLM, HLS9, and HKM because
of UGT1A9 expression in these tissues, the same peptide was below the
lower limit of quantification in HIM. Further, the total UGT1A abundance
data also indicate that the expression of UGT1A7 and UGT1AS is negligi-
ble in HIM as compared with the detected isoforms.

Discussion

Here, we developed a novel CPSP approach for the quantification of
homologous proteins (e.g., UGTs). Although the conventional surrogate
peptide-based approach is a routine method for the determination of
UGT abundance, the data on UGT abundance from different labo-
ratories are highly variable, which, in turn, leads to inaccurate es-
timation of the absolute composition of UGTs. In particular,
protein digestion is likely associated with inconsistent and incom-
plete recovery of individual surrogate peptides. Ideally, the use of
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Fig. 3. Comparison of the total abundance and the sum of an individual abundance of UGT1As (A) and UGT2Bs (B) in HLM, HIM, and HKM.
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TABLE 3
UGT abundance (pmol/mg microsomal protein) in the recombinant system and pooled HLM

HLM

CPSP Data Meta-Analysis

UGT Isoform Recombinant System (Present Study) (Reported)
UGT1A1 454.35 + 49.69 85.01 £ 4.42 48 £ 11.52
UGT1A3 407.10 + 54.24 12.57 £ 2.37 23 +8.28
UGT1A4 217.98 + 10.43 88.26 + 8.63 52 £ 13.52
UGT1A6 276.67 + 17.07 26.92 + 1.87 20 + 6.00
UGT1A7 122.30 + 16.38 <LLOQ NR
UGT1A8 332.22 + 24.31 <LLOQ NR
UGT1A9 240.17 + 35.79 31.14 £2.45 31 £9.30
UGT1A10 308.56 + 31.82 <LLOQ NR
UGT2B4 145.73 + 19.26 71.09 + 3.48 54 +15.12
UGT2B7 218.53 + 24.33 112.83 + 6.08 71 £ 21.58
UGT2B10 43.64 +3.29 76.46 + 16.04 6.5+195
UGT2B15 43097 + 12.65 75.05 £5.13 39 £ 13.26
UGT2B17 252.18 = 19.77 16.80 + 4.97 59+ 1.65

LLOQ, lower limit of quantification; NR, not reported.

purified protein standards as calibrators can address the problem of in-
consistent and incomplete trypsin digestion (Prasad et al., 2019). In
the absence of purified UGT proteins, the two-step CPSP method used
in this study addresses 1) inconsistency or peptide-specific variability
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in the first step by utilizing a single conserved peptide for the quantifi-
cation of recombinant UGTs (single conserved peptide standard
against different UGT isoforms) and 2) incomplete digestion in the
second step by quantifying surrogate peptide responses in tissue frac-
tions against the calibrated recombinant UGTSs (recombinant protein
standard against protein). Using the CPSP approach, we estimated the
composition of UGT1As and UGT2Bs in human tissue fractions,
which is important for estimating the fractional contribution of individ-
ual UGTs in drug glucuronidation. Although we only showed the ap-
plication of the CPSP approach for UGT quantification, the conserved
peptides listed in Table 2 could be used for determining the absolute com-
position or ratio of other homologous DMET proteins.

Although UGT abundance values are reported in previous studies
(Izukawa et al., 2009; Harbourt et al., 2012; Fallon et al., 2013;
Achour et al., 2014; Margaillan et al., 2015; Achour et al., 2017;
Couto et al., 2020), the data provided in this manuscript is the first
effort to estimate the absolute composition of these homologous en-
zymes. We estimated that in the intestine, UGT1A1 and UGT1A10 are
comparable (within twofold), whereas UGT2B17 was threefold higher
than UGT2B7. These data suggest that UGT2B17, UGT1A10, and
UGT1AT1 are important for the first-pass metabolism of drugs and natu-
ral products. These data are relevant in interpreting variability in
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Fig. 4. Protein abundance of the major UGT1As and UGT2Bs using the CPSP approach in HLM (A and B), HIM (C and D), and HKM (E and F). Inset shows the
fractional abundance of individual UGT1As and UGT2Bs in the microsomal fractions.
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UGT1A1 and UGT2B17 that are highly polymorphic with promoter
region single nucleotide polymorphisms (Iyer et al., 2002; Liu et al.,
2007) and gene deletion (Xue et al., 2008; Wang et al., 2012; Bhatt
et al., 2018), respectively. A high abundance of UGT1A9, UGT2B7,
and UGT1A6 in the kidney should also be considered in the PBPK
modeling of substrates of these enzymes, such as furosemide, mor-
phine, zidovudine, acetaminophen, and aspirin.

Protein quantification using a surrogate peptide approach relies on
the trypsin digestion efficiency of a protein. However, the trypsin diges-
tion efficiency can be highly variable due to peptide-specific factors
such as the trypsin/protein ratio, incubation time, temperature, pH, sur-
factant concentration, steric hindrance of amino acids, and stability of
trypsin (Bhatt and Prasad, 2018). In addition, the vendor-to-vendor vari-
ability in the surrogate peptide quality, stability, and solubility brings
added interlaboratory variability in the quantification of protein abun-
dance using the surrogate peptide approach. These variables lead to
differences in the accurate UGT compositions of DMET proteins and
add ambiguity to the reported abundance values. The CPSP approach
addresses the above-mentioned limitations of surrogate peptide—based
quantification of DMET proteins. The major advantage of the CPSP
approach is that it addresses the issue of inconsistent trypsin digestion
across different surrogate peptides, which is considered to be the major
factor leading to high interlaboratory variabilities in targeted proteo-
mics (Prasad et al., 2019). The CPSP approach is also a cost-effective
method for the targeted quantification of proteins as it does not require
the procurement of multiple synthetic surrogate peptides. Finally, this
approach provides quantification of the total or cumulative abundance
of multiple homologous proteins, which can be used for predicting the
overall drug-metabolizing or transport capacity of an individual organ.

The rate of glucuronide formation determined using commercially
available recombinant systems is generally expressed in the units of
pmol/min per mg of protein. Since UGT abundance per mg protein is
not available in these systems, it is required that UGT quantification is
performed to normalize the activity data to the amount of enzyme. The
metabolic clearance from the recombinant enzyme system to a particu-
lar tissue can be extrapolated with an assumption that the recombinant
proteins are fully active and that the Michaelis-Menten constant (K,,)
remains similar between the recombinant system and the tissue. Also,
the commercial vendors of recombinant proteins could use this ap-
proach for normalizing UGT abundance in their products. However, the
recombinant UGTs could be either misfolded or have some structural
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differences from native enzymes present in the tissue sample (Gasser
et al., 2008), which produce less active protein as compared with the na-
tive UGTs. Nevertheless, the UGT abundance data are useful in IVIVE
as long as the difference in the protein abundance-normalized UGT ac-
tivity (per pmol protein) between recombinant enzyme and tissue frac-
tion remains substrate independent.

The trypsin digestion efficiency for conserved peptide formation may
not be 100% in the recombinant or tissue fraction samples. However,
this approach is better than using peptide standards as a calibrator. Con-
sidering that our data corroborates with the meta-analysis data (Table 3)
except for the abundance of highly polymorphic UGTs (UGT2B10 and
UGT2B17), we believe that the digestion efficiency is consistent between
recombinant enzyme and tissue fraction.

In summary, the novel CPSP method described here could serve as
a universal and cost-effective approach for the quantification of accu-
rate compositions and total or cumulative abundance of UGT1As and
UGT?2Bs in human tissues. This approach addresses the trypsin diges-
tion variability of the current surrogate peptide approach and reduces
the peptide-specific variability due to solubility and stability issues.
Furthermore, this approach eliminates the need to purchase multiple
surrogate peptide standards for the quantification of DMET proteins.
Finally, the conserved peptide quantification data can be provided by
the commercial vendors of recombinant UGT proteins that can be
used to normalize the UGT abundance between systems.
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