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Abstract

The widely used anticoagulant Coumadin (R/S-warfarin) undergoes oxidation by cytochromes
P450 into hydroxywarfarins that subsequently become conjugated for excretion in urine.
Hydroxywarfarins may modulate warfarin metabolism transcriptionally or through direct
inhibition of cytochromes P450 and thus, UGT action toward hydroxywarfarin elimination may
impact levels of the parent drugs and patient responses. Nevertheless, relatively little is known
about conjugation by UDP-glucuronosyltransferases in warfarin metabolism. Herein, we identified
probable conjugation sites, kinetic mechanisms and hepatic UGT isoforms involved in microsomal
glucuronidation of R- and S-7-hydroxywarfarin. Both compounds underwent glucuronidation at
C4 and C7 hydroxyl groups based on elution properties and spectral characteristics. Their
formation demonstrated regio- and enantioselectivity by UGTs and resulted in either Michaelis-
Menten or substrate inhibition Kinetics. Glucuronidation at the C7 hydroxyl group occurred more
readily than at the C4 group, and the reaction was overall more efficient for R-7-hydroxywarfarin
due to higher affinity and rates of turnover. The use of these mechanisms and parameters to model
invivo clearance demonstrated that contributions of substrate inhibition would lead to
underestimation of metabolic clearance than that predicted by Michaelis-Menten Kinetics. Lastly,
these processes were driven by multiple UGTs indicating redundancy in glucuronidation pathways
and ultimately metabolic clearance of R- and S-7-hydroxywarfarin.
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1. Introduction

Coumadin (R/'Swarfarin) is a commonly prescribed anticoagulant for more than 20 million
Americans to treat atrial fibrillation, mechanical heart valves, venous thromboembolism, and
other coagulopathies; however, optimal dosing requires adequate consideration of metabolic
pathways that determine levels of the active drugs R-warfarin and especially S-warfarin [1,
2]. Warfarin is essentially inactivated through oxidation by several cytochromes P450 (P450
or CYP for specific isoforms) into 6-, 7-, 8-, 10- and 4’-hydroxywarfarin [3, 4]. While
hydroxywarfarins are commonly reported in patient plasma plasma [5-7], there is indirect
evidence for extensive conjugation of hydroxywarfarins, most notably to glucuronides, in
patient urine samples [3, 8]. Glucuronidation involves the addition of a glucuronic acid
moiety from the cofactor UDPGA catalyzed by the superfamily of conjugative enzymes
UDP-glucuronosyltransferases (UGTSs) [9]. UGT metabolic processes rank second in clinical
relevance for the top 200 drugs on the market after those by cytochromes P450 [10].

Recent studies have implicated two possible mechanisms for hydroxywarfarins to modulate
warfarin metabolism and thus impact patient responses to the drug. First, these warfarin
metabolites may interact with receptors to control expression of many genes involved in
drug metabolic clearance including enzymes and transporters. Hydroxywarfarins can bind to
the pregnane X receptor (PXR) and induce expression of CYP2C9 and CYP3A4 and to a
less extent the transporter P-glycoprotein 1 (also known as multidrug resistance protein 1
(MDR1) based on gene reporter assays with transformed HepG2 cells and treatment of
primary human hepatocytes [11]. Second, hydroxywarfarins could inhibit warfarin
metabolism by cytochromes P450. We have shown that hydroxywarfarins, including 7-
hydryoxywarfarin metabolite, one of the most abundant metabolites in human plasma [5, 7],
can potently inhibit CYP2C9, the major pathway for Swarfarin metabolism [12]. Therefore,
the second phase of metabolism by UGTs may alter the levels of hydroxywarfarin levels in
vivo and ultimately impacts the metabolism of the parent drug warfarin. For example,
studies in mice have shown that R-warfarin clearance likely involves a coupled process
between P450 and UGT metabolism of the drug [13]. Further studies are clearly needed to
advance an understanding of the potential clinical relevance of UGT metabolic pathways in
warfarin metabolic clearance.

Recent efforts have begun to identify possible glucuronidation pathways for
hydroxywarfarins and the UGTs responsible for them. Recombinant UGT1A1, 1A3, 1A8,
1A9, and 1A10 display regioselective activity toward racemic warfarin and
hydroxywarfarins [14], although only 6-, 7-, and 8-hydroxywarfarin underwent appreciable
metabolism. The enantioselectivity of these reactions were investigated in a subsequent
study using enantiomers of the parent drugs and hydroxywarfarins and an emphasis on
recombinant UGT1A1 and 1A10. In addition, high correlations were reported between with
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bilirubin glucuronidation (UGT1A1) and UGT1A1 protein content for 6- and 7-
hydroxywarfarin, whereas the poorest correlations occurred with UGT2B7 and 2B15 [15].

Despite these advances, there remain significant gaps in our understanding of hepatic
glucuronidation pathways in humans. Neither of studies identified the structure of
glucuronide metabolites generated in those reactions [14, 15]. The parent drug, warfarin,
possesses a C4 hydroxyl group, and upon P450 oxidation, another hydroxyl group becomes
available for modification. Both of these sites are possible targets for glucuronidation as
shown for 7-hydroxywarfarin in Figure 1. Studies with rat hepatocytes suggest both sites
could be accessible for glucuronidation and/or sulfonation leading to the formation of mono-
and di-conjugates [16]. Knowledge of the actual products of conjugative reactions is
necessary to guide the synthesis of authentic standards for direct quantification of
glucuronide metabolites and facilitate metabolite-profiling approaches for use as biomarkers
[4]. Moreover, identification of the structures for the respective glucuronides would enable
the mapping of specific metabolic pathways for hydroxywarfarins as contributors to overall
drug clearance. Lastly, the reliance on recombinant UGTs for in vitro metabolic mechanism
and parameters fails to reflect the complexity of a hepatic microsomal system in which
phospholipid and UGT dimerization impact UGT activity (reviewed in [17]). Moreover, the
typical normalization of recombinant activity to total protein concentration does not allow a
correction for differences among preparations and corresponding metabolic rates. This
strategy makes it impossible to directly compare metabolic clearance rates among different
recombinant UGT preparations.

In this study, we identified probable conjugation sites, kinetic mechanisms and hepatic UGT
isoforms involved in microsomal glucuronidation of R- and S-7-hydroxywarfarin. For these
studies, we synthesized R- and S-7-hydroxywarfarin substrates enantioselectively using
novel green chemistry techniques. Experiments revealed for the first time the formation of
two glucuronide metabolites and their corresponding spectral properties were used to
identify whether glucuronidation occurred at the C4 or C7 hydroxyl group (Figure 1). We
then measured steady-state Kinetics for R- and S-7-hydroxywarfarin using human liver
microsomes pooled from 150 donors (HLM150) as a model for the metabolic capacity of the
average human liver [18]. The corresponding kinetic profiles mostly deviated from the
relationship reported by Michaelis-Menten [19]. Consequently, we compiled the data and
globally fit it to six possible mechanisms involving either a single binding site (Michaelis-
Menten) or two binding sites and identified the most statistically probable one using DynaFit
software [20] as described recently [21]. Inhibitor phenotyping experiments were carried out
to determine relative roles for UGT1AL, 1A4, 1A6, and 1A9 in microsomal 7-
hdyroxywarfairn metabolism. Lastly, we assessed the potential impact of these mechanisms
and parameters on the prediction of in vivo hepatic metabolic clearance of R- and S-7-
hydroxywarfarin.

2. Methods

2.1 Materials

All chemicals used in this study were ACS grade or higher. The following chemicals were
purchased from Sigma-Aldrich (St. Louis, MO): 4,7-dihydroxycoumarin, E-4-phenylbut-3-
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en-2-ong, (R R)- and (S9-1,2-diphenylethylenediamine, tetrahydrofuran, glacial acetic acid,
ethyl acetate, CD30D, ethanol, UDP-glucuronic acid (UDPGA), perchloric acid, serotonin
(inhibitor), hecogenin (inhibitor), bilirubin (inhibitor), and mefenamic acid (inhibitor). R/
S7-Hydroxywarfarin and R/S-warfarin (internal standard) were purchased from Toronto
Research Chemicals (Toronto, Canada). HPLC Grade methanol, alamethicin, magnesium
chloride, and saccharolactone were purchased from Fisher Scientific (Wilmington, MA).
Pooled human liver microsomes were purchased from BD Biosciences (San Jose, CA).

2.2 Synthesis of R- and S-7-hydroxywarfarin through green chemistry

The enantiomers of 7-hydroxywarfarin were prepared by adapting the green chemistry
procedure as described by others [22, 23]. 4,7-Dihydroxycoumarin (107 mg, 0.600 mmol),
E-4-phenylbut-3-en-2-one (90 mg, 0.616 mmol), (R R)- or (S9-1,2-
diphenylethylenediamine (12 mg, 0.057 mmol), 1 mL of tetrahydrofuran and 285 pL of
glacial acetic acid were stirred in a sealed 10 mL round-bottomed flask at the ambient
temperature until a white solid precipitated (typically this took 2—-4 days). The R,R catalyst
produces the R configuration at C-11 in 7-hydroxywarfarin, while the SScatalyst yields the
Sconfiguration (Figure 1, Panel C). The precipitate resulting from either reaction was
collected by vacuum filtration, rinsed with water, and allowed to dry. The yield for each
reaction was typically around 70% for the white solid. Recrystallization from ethanol/water
provided each product with an enantiomeric excess greater than 99% based on
chromatographic analyses.

We compared the products to R- and S-7-hydroxywarfarin standards that were prepared by
using a chiral preparative chromatography of the racemic commercial compound as
described previously [15]. In this study, recrystallized compounds were injected onto a
Waters Breeze HPLC system and resolved using a 2.1 mm x 150 mm, 5.0 uM Astec
Chirobiotic VV column (Supelco) operated at room temperature (22.0 °C) using an isocratic
method with 20% methanol: 80% 0.1% acetic acid/water at a flow rate of 1.2 mL/min.
Elution of the compounds was monitored by absorbance at 275 and 325 nm and
fluorescence (excitation: 325 nm; emission: 420 nm) and compared against individual R-
and S-7-hydroxywarfarin standards.

The structure of the compounds were further analyzed by H and 13C NMR as well as high
resolution MS. The *H (400 MHz) and 13C (100 MHz) NMR spectra were acquired on a
JEOL ESC 400 spectrometer with CD30D as solvent; therefore, hydroxyl protons are
exchanged with deuterium and are not observed. Assignment of chemical shifts was aided
by comparison to published data for warfarin itself [24, 25], as well as use of DEPT-90,
DEPT-135, and HMQC. Specific assignments for hydrogens or carbons refer to the
numbering on Figure 1, Panel C. Solvent conditions for these studies favored the ring
closure of warfarin to the hemiacetal and resulting two diastereomers (Figure 1, Panel C).
Data forl3C NMR experiments are expressed in ppm relative to the solvent absorbance at
49.15 ppm. All data for the NMR studies are summarized in Tables S2 and S3 in
Supplemental Data. Melting points were obtained on an electrothermal apparatus and are
uncorrected. The mp range was 223-228 °C with decomposition, which is slightly higher
than reported previously (208-210 °C) [26]. Mass spectra for the synthesized compounds
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were acquired on a Waters/Micromass ESI-QTOF-MS spectrometer. The high resolution
mass spectral molecular ion for C1gH1505 was calculated to be 324.33, which matched the
experimentally-determined m/z.

2.3 HPLC analysis of 7-hydroxywarfarin glucuronidation reaction

Unlike our previous studies [14], we developed a new high performance liquid
chromatography (HPLC) method for analyzing glucuronides. The samples were injected
onto a Waters Breeze HPLC system and resolved using a 4.6 x 150 mm Zorbax Eclipse 3.5
UM XDB-C18 column (Agilent) heated to 45 °C using an isocratic method with 40 %
methanol: 60% 0.1% acetic acid/water at a flow rate of 1.2 mL/min. Elution of the
compounds was monitored for 10 min by absorbance at 275 and 325 nm and fluorescence
(excitation: 325 nm; emission: 420 nm). For our reactions, peak areas of the two metabolites
were normalized to R/'S-warfarin and then quantitated relative to the standard response for 7-
hydroxywarfarin due to the lack of authentic glucuronide standards. It has been shown
previously that the addition of the glucuronic acid moiety does not alter the extinction
coefficient from that of the unreacted substrate [27].

2.4 Impact of modification at 7-hydroxyl group on spectral properties and mass

Glucuronidation of 7-hydroxywarfarin can occur at C4 or C7 hydroxyl groups; we
hypothesized that these modifications would differentially affect visible spectral properties
based on the critical role the 7-hydroxyl group plays in fluorescence, but not absorbance, of
coumarin derivatives. This property has been utilized for measuring the increase in
fluorescence upon O-dealkylation of 7-ethoxycoumarin by P450s [28]. We tested our
hypothesis by assessing the relative fluorescence and absorbance properties of 7-
hydroxycoumarin and 7-ethoxycoumarin by HPLC. Specifically, samples of 50 uM 7-
hydroxycoumarin and 7-ethoxycoumarin were prepared in water from 10 mM stocks in
methanol and injected onto a Waters Breeze HPLC system, compounds were resolved
employing the same method described for analyzing the microsomal reaction toward 7-
hydroxywarfarin in Section 2.3. Elution of the compounds was then monitored by
absorbance (370 nm) and fluorescence (excitation: 370 nm, emission: 450 nm) and the
relative areas of the peaks compared.

As a complement to those efforts, we analyzed the fractions by mass spectrometry to
determine the parent masses and fragmentation patterns for individual metabolites. Samples
were injected onto an 6590 Agilent triple quadrupole mass analyzer using an isocratic flow
of 0.4 mL/min 70% acetonitrile/0.1% formic acid. lon spectra were acquired in full scan
monde monitoring the m/z range of 50 — 1000 amu. Subsequently product ion spectra were
generated from the theoretical precursor ion m/z 501 monitoring the m/z range 50-600 amu
at various collision energies.

2.5 Steady-state kinetic assays for R- and S-7-hydroxywarfarin glucuronidation by human
liver microsomes

We initially carried out control experiments to guide the design of steady-state studies on the
metabolism of R- and S-7-hydroxywarfarin. Specifically, we ensured linearity of response as
a function of protein concentration and time. Based on those findings, the Kinetic reactions
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included 0.5 mg/mL HLM150 incubated with 0, 20, 50, 100, 150, 250, 300, 500, 750, 1000,
1250, 1500, 1750, and 2000 uM R- and S-7-hydroxywarfarin in the presence of 50 mM Tris-
HCI pH 7.4 (under reaction conditions), 25 ug/mL alamethacin, 8 mM MgCl,, and 5 mM
saccharolactone for 15 min at 37 °C. The reactions were initiated with 2 mM UDPGA and
quenched at 1 hr with equal volume of 0.4 N perchloric acid. The reactions were centrifuged
at 2500 RPM for 15 min at 4 °C and the glucuronide metabolites quantified by HPLC as
described in Section 2.3. Initial rates at each concentration were determined based on the
completion of four to ten experimental replicates.

2.6 Analysis of steady-state kinetic profiles for R- and S-7-hydroxywarfarin
glucuronidation

Kinetic profiles were not hyperbolic, but demonstrated a decrease in rate at higher substrate
concentrations. Thus, the data were initially fit and analyzed with respect to the hyperbolic
Michaelis-Menten and uncompetitive substrate inhibition equations using GraphPad Prism
version 5.0 (GraphPad Software, Inc., La Jolla, CA). A statistical comparison of the quality
of the resulting fits using Akaike Information Criterion revealed a strong preference for the
uncompetitive substrate inhibition mechanism; however, there are possibilities other than an
uncompetitive mechanism that can explain substrate inhibition. Consequently, we further
investigated the mechanism and parameters for equilibrium constants and reaction rates
using DynaFit version 3.28 (BioKin, Ltd, Watertown, MA) [20].

For the reanalysis of the data, we globally fit kinetic profiles to six different kinetic
mechanisms and identified the most statistically probable one using DynaFit version 3.28
[20]. Specifically, we fit the data to single binding site mechanism reported by Michaelis-
Menten [19] and five different two-site binding mechanisms including those describing
substrate inhibition and cooperativity (Figure S1 and Table S1 in Supplemental Data), as
described previously [21]. These latter mechanisms possess a binary (ES) complex, ternary
(ESS) complex, or both complexes, whereby they are active with the same or differing
maximal rates. Binding events presented in the model are ordered with respect to
stoichiometry, but the occupancy of each individual binding site was indistinguishable in
this assay. The most probable mechanism and corresponding parameters for R- and S-7-
hydroxywarfarin were identified using the advanced tools of numerical analysis and applied
statistics, as implemented in the software DynaFit. After globally fitting reactions to these
mechanisms, we generated a corresponding Akaike information criterion (AlCc) to identify
statistically the most plausible mechanism based on the quality of the fits [20]. The
presentation of data and the corresponding fit to the appropriate mechanism was achieved
through the use of GraphPad Prism version 5.0.

2.7 Inhibitor phenotypying of R- and S-7-hydroxywarfarin glucuronidation by UGTs present
in human liver microsomes

For these experiments, 0.5 mg/mL protein (HLM150) was incubated with R- and S-7-
hydroxywarfarin (100 uM or 1000 pM), UDPGA (2 mM), and a chemical inhibitor specific
for an individual UGT in 50 mM Tris-HCI buffer, pH 7.4. The inhibitors used in these
experiments were bilirubin (25 pM) for mainly UGT1A1 [29], hecogenin (10 uM) for
UGT1A4 [30], serotonin (200 uM) for UGT1AG [31], and mefenamic acid (25 uM) for
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UGT1A9 and UGT2B7 [32]. The inhibitors were initially dried down with R- or S-7-
hydroxywarfarin before reconstituting the reactions. By contrast, bilirubin was prepared
fresh daily in amber vials as a 2 mM stock solution in DMSO. The inhibitors were incubated
with R- and S-7-hydroxywarfarin and HLM for 15 min prior to initiation of the reaction.
Upon addition of UDPGA to start the reaction, the samples were incubated at 37 °C for 1 hr
and analyzed as described for steady-state experiments. The statistical significance of the
specific inhibition by each compound compared to the respective control reaction was
calculated using a one-way analysis of variance (ANOVA) test as implemented by
GraphPad Prism software, version 5.0 (San Diego, CA). Final values for inhibitor potency
reflected a minimum of four experimental replicates.

2.8 Modeling R- and S-7-hydroxywarfarin metabolic clearance

3. Results

We obtained a perspective on the potential clinical importance of these studies by modeling
metabolic clearance with in vitro kinetic parameters [33, 34]. We fit our data to mechanistic
equations describing the relationship between 7-hydroxywarfarin enantiomer concentration
and its clearance (rate/[7-hydroxywarfarin]). The metabolic clearance of 7-hydroxywarfarin
based on the traditional model was predicted using the parameters derived from fitting the
HLM150 data to the Michaelis-Menten equation and applying the results to Equation 1 as
follows:
_ Vinax

v_ .
[hydroxywarfarin]+K, Equation 1

where v is the initial rate of the reaction, V.« the maximal rate of the reaction, and K, the
Michaelis constant. For comparison, the impact of substrate inhibition on the metabolic
clearance of 7-hydroxywarfarin by glucuronidation was predicted using Equation 2 and
parameters derived from fitting the HLM150 kinetic data to a derivation of the equation
describing substrate (uncompetitive) inhibition as follows:

VII!&X

v [hydroxywarfarin] (14 hydroxywarfarin] /Ky )+Kiy, Equation 2

where v is the initial rate of the reaction, Vhax the maximal rate of the reaction, K, the
Michaelis constant, and K the inhibition constant for occupancy of the second site.

3.1 Identification of steady-state conditions and potential glucuronides resulting from R-
and S-7-hydroxywarfarin metabolism

Initially, we determined conditions demonstrating linear product formation as a function of
time and enzyme concentration. Over the course of a four hr incubation, microsomal
reactions for both R- and S-7-hydroxywarfarins yielded two compounds, whose appearance
seemed consistent with products of the reaction and occurred simultaneously minimizing the
likelihood for a secondary glucuronidation reaction (Figure 2, Panel A). Consequently, we
labeled them metabolites 1 and 2 based on elution order during HPLC analyses. The
amounts of these metabolites increased as a function of time and linearly correlated with
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enzyme concentration, as shown in supplemental data (Figure S2 in Supplemental Data). A
60 min time point was chosen to avoid excessive substrate depletion and thus remain within
steady-state conditions. Both metabolites eluted before 7-hydroxywarfarin during HPLC
analyses, indicating a higher polarity as expected for glucuronide metabolites. Finally, the
introduction of UGT-specific inhibitors blocked formation of the compounds (Section 3.4).

Glucuronidation can only occur at two locations of 7-hydroxywarfarin yielding molecules
with different spectral properties, and thus we leveraged those differences to predict the
structures for metabolites 1 and 2. The formation of a bond with the C7 hydroxyl group on a
coumarin ring does not significantly impact absorbance yet causes a large drop in
fluorescence. This property is leveraged in P450 catalytic assays whereby O-dealkylation of
substrate to form 7-hydroxycoumarins result in a significant increase in fluorescence as a
marker for product formation [28]. Therefore, we hypothesized that glucuronidation of the
C7 hydroxyl group and not the one at C4 will decrease 7-hydroxywarfarin fluorescence
selectively, and thus provide evidence for the regiospecificity of glucuronidation. As a
control, we investigated this effect for 7-hydroxy- and 7-ethoxycoumarin under HPLC
conditions used in this study (Figure 2, Panel B, Table 1). At equal molar concentrations, the
spectral ratio between fluorescence and absorbance for these compounds was almost 10-fold
higher value for 7-hydroxycoumarin relative to 7-ethoxycoumarin, indicating selective
suppression of coumarin fluorescence upon modification of the hydroxyl group at C7.
Analysis of the 7-hydroxywarfarin metabolites demonstrated that glucuronidation decreased
compound fluorescence regardless of the site of modification; however, the effect was more
severe for the second metabolite than the first (Figure 2, Panel A, Table 1). The magnitude
of the difference in the spectral ratio between metabolites 1 and 2 for both UGT substrates
was about 10-fold as observed for the coumarin model compounds.

As a complement to kinetic, chromatographic, and spectral data, we subjected the
metabolites form the four hr time course experiment to mass spectral analysis. These studies
would not likely be able to identify the site of glucuronidation as reported by others [14, 15];
however, it would be possible to distinguish whether the metabolites were either a mono- or
di-glucuronide based on mass. The calculated mass for the mono-glucuronide is 500.45 and
that for the di-glucuronide is 676.56. The full mass spectrum for both metabolites showed
signals consistent with the parent mass of a mono-glucuronide in positive and negative ion
mode (including sodium adducts) (Figure S3 in Supplemental Data), and subsequent
MS/MS experiments revealed product ions of m/z 443, 655, 267, 179, and 147, which match
those reportedly previously by others for the mono-glucuronide [14, 15].

3.2 Substrate inhibition during microsomal glucuronidation of R- and S-7-hydroxywarfarin

Microsomal glucuronidation reactions revealed that after an initial increase, the initial rate
actually significantly decreased at higher substrate concentrations (Figure 3). An initial fit of
the data revealed a strong statistical preference for the uncompetitive substrate inhibition
mechanism over that for the Michaelis-Menten mechanism for both S-7-hydroxywarfarin
metabolites, later identified as S-7-hydroxywarfarin f-D-4-glucuronide (S-7-OHWAR-4-
GLUC) and S-7-hydroxywarfarin 3-D-7-glucuronide (S-7-OHWAR-7-GLUC), respectively
(see Discussion). The first metabolite (R-7-OHWAR-4-GLUC) for R-7-hydroxywarfarin
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was also formed through a substrate inhibition mechanism, while generation of the second
one (R-7-OHWAR-7-GLUC) involved Michaelis-Menten kinetics (Table 2). Nevertheless,
uncompetitive inhibition is only one of many possible kinetic mechanisms resulting in
substrate inhibition.

We employed DynaFit [20], a more powerful software package, and re-analyzed the data
comparing the suitability of data fits to the Michaelis-Menten (single site) mechanism or
multiple two-site mechanisms in which the UGT responsible for the reaction possesses
catalytic and cooperative binding sites (Figure S1 and Table S1 in Supplemental Data).
Based on Akaike Information Criterion, the most probable mechanism for both S
hydroxywarfarin metabolites was a two-site ES active model in which catalytically active
ES complex forms as a function of Shydroxywarfarin concentration. The most probable
mechanisms for R-hydroxywarfarin glucuronidation into two metabolites involved different
mechanisms of action. The first metabolite (R-7-OHWAR-4-GLUC) was preferentially
formed through a two-site cooperative mechanism in which catalytically active ES and ESS
complexes formed as a function of R-7-hydroxywarfarin, whereas generation of the second
metabolite (R-7-OHWAR-7-GLUC) was more likely through a single-site mechanism
following Michaelis-Menten kinetics. The parameters and corresponding 95 % confidence
intervals for all reactions are summarized in Table 4. Similarly, both pathways for
glucuronidation of S-7-hydroxywarfarin were best explained through a two-site cooperative
mechanism in which catalytically active ES and ESS complexes formed as a function of S-7-
hydroxywarfarin.

3.3 Impact of substrate inhibition on metabolic clearance of R- and S-7-hydroxywarfarin

We employed the kinetic parameters from fits of the microsomal data to either the
Michaelis-Menten or substrate inhibition mechanisms to assess their effects on 7-
hydroxywarfarin metabolic clearance. The parameters for the traditional uncompetitive
equation (Table 2) were used to simulate substrate inhibition as reflected in Equation 2
(solid line in Figure 4, Panels A, C, and D). The dashed line indicates a hypothetical plot for
metabolite clearance through a process dependent on the Michaelis-Menten mechanism for
comparative purposes. The resulting log plot demonstrates that substrate inhibition results in
significantly lower clearance rates at low substrate concentrations such that the clearance of
the metabolites is overestimated. At higher 7-hydroxywarfarin levels, the difference between
the clearance models becomes insignificant. The exception to this observation is R-7-
OHWAR-7-GLUC, the major metabolite derived form the reaction with R-7-
hydroxywarfarin.

3.4 Multiple microsomal UGT enzymes contribute to R-and S-7-hydroxywarfarin
glucuronidation

Glucuronidation of 7-hydroxywarfarin to either metabolite by human liver microsomes was
decreased in the presence of relatively specific inhibitors toward individual UGTs. The
presence of bilirubin, serotonin, and mefenamic acid but not hecogenin inhibited activity
toward 100 UM substrate by about 50 % (Figure 5). The potency of this effect was lost at a
higher substrate concentration (1000 uM, data not shown). These patterns were not impacted
by chirality of the substrates and were conserved for both metabolites, such that the
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metabolic pathways may be the same. Nevertheless, the effects of these inhibitors on
reactions implicate roles for hepatic UGT1A1 and 1A6, as well as 1A9 and/or UGT2B7, and
rule out UGT1A4 in glucuronidation of R- and S-7-hydroxywarfarin.

4. Discussion

The first kinetic analysis of hepatic microsomal metabolism of R- and S-7-hydroxywarfarin
revealed important features of the reaction. Both compounds underwent glucuronidation at
the C4 and C7 hydroxyl group. In the absence of authentic standards, we were able to
putatively identify these metabolites based on elution properties and fluoresce and mass
spectral characteristics. Their formation by microsomal UGTs demonstrated regio- and
enantioselectivity and resulted in either Michaelis-Menten or substrate inhibition kinetics.
Glucuronidation at the C7 hydroxyl group occurred more readily than at the C4 hydroxyl
group, and the reaction was overall more efficient for R-7-hydroxywarfarin due to higher
affinity and rates of turnover for the substrate. The use of those mechanisms and parameters
to model in vivo clearance of the 7-hydroxywarfarins demonstrated that the contributions of
substrate inhibition would lead to underestimation of their metabolic clearance at low 7-
hydroxywarfarin levels than that predicted by the traditional Michaelis-Menten kinetics.
Lastly, these processes were driven by multiple UGTs indicating redundancy in
glucuronidation pathways and ultimately metabolic clearance of R- and S-7-
hydroxywarfarin.

Preliminary experiments revealed that hepatic UGTS target both hydroxyl groups of R- and
S-7-hydroxywarfarin for glucuronidation. Based on HPLC analyses, two new peaks formed
over the course of the reaction simultaneously and eluted before the substrates. This
observation is consistent with the creation of polar glucuronides, which were labeled
metabolites 1 and 2. It is possible that the same glucuronide conjugate at the C7 position, yet
differ in whether the compound exists in open and closed structures [25, 35], as shown in
Figure 1, Panels A and C, due to the presence of organic solvent (methanol) in the mobile
phase. This experimental artifact is not likely, given the absence of this effect with 7-
hydroxywarfarin substrate (or other warfarin derivative). Moreover, the ratio between the
peak areas was not the same as expected for an equilibrium process and. Alternatively, these
UGT products may reflect the creation of two monoglucuronides or a mono- and di-
glucuronide. The formation of a di-glucuronide would require the initial accumulation of the
monoglucuronide to drive the reaction, yet no lag in the time course was observed.
Moreover, the addition of a second glucuronic acid moiety to the monoglucuronide would
significantly increase the polarity of the molecule making metabolite 1 the only probable di-
glucuronide; however, the fluorescence properties of metabolite 1 was consistent with
modification only at the C4 hydroxyl group. Lastly, mass spectral analysis of the metabolite
yielded identical masses and fragmentation patterns consistent with mono-glucuronides of
hydroxywarfarins as reported previously reported by others [14, 15]. Taken together, these
findings suggest that both R- and S-7-hydroxywarfarin undergoes glucuronidation into two
monoglucuronides by UGT action present in liver microsomes.

Glucuronidation of the C4 or C7 hydroxyl groups would result in metabolites with different
spectral properties and thus provide a basis for their identification in the absence of
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authentic standards. Coumarin rings are inherently fluorescent. That property is significantly
increased when a free C7 hydroxyl group is present on the molecule, but the effect is
selective. Absorbance properties are minimally affected by the presence of a free or
modified 7-hydroxyl group, as demonstrated by our HPLC analysis of 7-hydroxy- and 7-
ethoxycoumarin. The same principle can be applied to predicting the structure of the 7-
hydroxywarfarin glucuronides. Modification of the C7 hydroxy! group would lead to a much
lower fluorescence signal relative to absorbance than that expected for the C4 hydroxyl
group. Analysis of the glucuronidation reaction showed that metabolite 2 yielded a much
lower relative fluorescent signal than metabolite 1. In fact, the magnitude of this difference
(~10-fold) is similar to that observed between 7-hydroxy- and 7-ethoxycoumarin.
Consequently, the two monoglucuronides, metabolites 1 and 2, generated from the hepatic
microsomal reaction toward R- and S-7-hydroxywarfarin are likely 7-hydroxywarfarin -
D-4-glucuronide (7-OHWAR-4-GLUC) and 7-hydroxywarfarin p-D-7-glucuronide (7-
OHWAR-7-GLUC).

Our strategy for assigning possible structures to these glucuronides provides an opportunity
to speculate on the identity of metabolites generated by recombinant UGTSs. In previous
studies [14, 15], recombinant hepatic UGT1A1 and extrahepatic UGT1A10 metabolized
R-7-hydroxywarfarin into distinctly different products based on chromatographic properties
and patterns of mass spectral signals. This information allowed the authors to conclude that
the enzymes generated monoglucuronides in the reaction but the specific site of
modification could not be determined. Nevertheless, those monoglucuronides were resolved
chromatographically using the same HPLC column and mobile phase, as employed in our
study, and thus, the elution order of the metabolites would be conserved between the studies.
Analysis of the recombinant enzyme reactions showed that the UGT1A10 product eluted
before the UGT1A1 product like metabolites 1 and 2 in our study. Based on this elution
order, UGT1A10 glucuronidates R-7-hydroxywarfarin to form 7-OHWAR-4-GLUC, while
the UGT1AL reaction produces 7-OHWAR-7-GLUC. Through this re-analysis of data
employing recombinant enzymes [14, 15], we advance an understanding of the
stereoselectivity of possible hepatic (UGT1A1) and extrahepatic (UGT1A10) metabolic
pathways for R- and S-7-hydroxywarfarin catalyzed by individual UGTs.

The major microsomal pathway for hepatic glucuronidation of R- and S-warfarin involves
preferential conjugation at the C7 and not the C4 hydroxyl group (Figure 1). The C7
hydroxyl group is located on the edge of a flat coumarin ring distal from the chiral center
possessing bulky substituents. This arrangement makes the C7 hydroxyl group more
accessible to glucuronidation and likely explains the regiospecificity of the reaction. The
chiral center does influence the reaction mechanism and corresponding parameters though.
Metabolism of R-7-hydroxywarfarin yields a hyperbolic kinetic profile as predicted by
Michaelis-Menten kinetic for a single active site enzyme [19]. By contrast, metabolism of
S-7-hydroxywarfarin demonstrated a kinetic profile consistent with substrate inhibition.
These types of non-hyperbolic kinetic profile may occur when initial steady-state conditions
are not met during the course of the experiment. We eliminated those possibilities by
measuring initial rates in the linear response range for product formation as a function of
time and protein concentration. Moreover, product accumulation was not significant during
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the course of the reaction (< 20 % of substrate concentration), suggesting that the possibility
of UDP inhibition of the reaction was minimal [36]. This validation of the kinetic profile
confirms the observation of substrate inhibition for S-7-hydroxywarfarin glucuronidation but
not the mechanism underlying its occurrence.

The corresponding metabolic mechanism rests on the meaning of the second binding event
(Kss). The simplest and most common explanation is the presence of two binding sites for
the enzyme. The first binding event results in a binary substrate-enzyme complex that
follows traditional Michaelis-Menten kinetics; however, at higher substrate concentrations, a
second binding event occurs, whereby the activity of the enzyme decreases or is eliminated
altogether. This proposed mechanism has been used to explain multiple UGT reactions [37]
including UGT1A10 metabolism of 8-hydroxywarfarins [15]. Alternatively, at higher 7-
hydroxywarfarin concentrations, substrate may bind a different UGT present in the
microsomal fraction. The formation of that complex could alter protein-protein interactions
among the UGTs that govern activity as reported for UGT1A1L, 1A6, 1A9, and 2B7
(reviewed in [38]). In this case, a less active UGT complex may supplant a more productive
one at higher substrate concentrations. The distinction between these possibilities would
require further study. Regardless, R-7-hydroxywarfarin was more efficiently metabolized
than the S enantiomer to form the 7-OHWAR-7-GLUC due to higher substrate affinities and
rates of turnover.

Hepatic glucuronidation at the C4 hydroxy! group was a minor pathway for both 7-
hydroxywarfarins. Presumably, the bulky substituents on the nearby chiral center sterically
occlude access to the site for glucuronidation to occur (Figure 1). The orientation of the
substituents did impact metabolism as evidenced by a much higher turnover rate for R-7-
hydroxywarfarin relative to the Senantiomer. The overall kinetic profile in both cases
replicated the substrate inhibition observed for glucuronidation of S-7-hydroxywarfarin at
the C7 hydroxyl group. In following, high substrate concentrations induce a shift in
observed enzyme activity for these pathways reflecting the contribution of two binding
events for the same enzyme or different enzymes that collectively contribute to formation of
the 7-OHWAR-4-GLUC. In either case, these metabolic pathways are far more inefficient
than glucuronidation at the C7 hydroxyl group for R- and S-7-hydroxywarfarin, such that the
latter pathways dominate the metabolic clearance of the warfarin metabolite.

We modeled the overall in vivo metabolic clearance of R- and S-7-hydroxywarfarin taking
into consideration the specific mechanisms as described by others [33, 34]. The major
metabolic pathway for R-7-hydroxywarfarin conformed to the traditional Michaelis-Menten
model for clearance. However, the other metabolic pathways involved substrate inhibition
mechanism that predicted a more efficient clearance of the compounds at lower
concentrations. In other words, the traditional model would underestimate 7-
hydroxywarfarin metabolic clearance in those cases. An important driver in this process is
the concentration or plasma level of 7-hydroxywarfarin in warfarin patients, which have
been reported to range from 6 to 50 nM for R-7-hydroxywarfarin and 188 to 1140 nM for

S 7-hydroxywarfarin [5, 7, 39]. The amount accessible for glucuronidation is actually 20-
fold lower than these reported ranges, because only 4.49 % of R-7-hydroxywarfarin and 4.27
% of S-7-hydroxywarfarin are not bound to plasma proteins [40]. Consequently, plasma
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levels of 7-hydoxywarfarin available for glucuronidation are sub-nanomolar for R-7-
hydroxywarfarin and mid to low nanomolar for S-7-hydroxywarfarin. These levels are at
least a 1000-fold lower than the binding constants for the reaction reported in this study, and
thus they would not be sufficient to saturate the capacity of the liver to glucuronidate R- and
S-7-hydroxywarfarin under in vivo conditions. Furthermore, the process of glucuronidation
is not efficiently coupled with the formation of 7-hydroxywarfarin by cytochromes P450,
because hydroxywarfarin metabolites accumulate in the plasma. Their elimination may
ultimately require glucuronidation (or possibly sulfonation) and in fact, nearly all
hydroxywarfarins including those in this study are excreted in the urine as conjugates based
on the analysis of a limited number of patient samples [8, 41].

Inhibitor phenotyping studies described herein demonstrated that none of the hepatic UGTs
dominated 7-hydroxywarfarin metabolism. Multiple UGT1A enzymes as well as the
possibility of UGT2B7 contributed to glucuronidation of both hydroxywarfarin enantiomers
and the corresponding two glucuronides metabolites. For comparative purposes, only kinetic
parameters for recombinant UGT1A1 have been reported for glucuronidation at the C7
hydroxyl group [15]. The K, for the UGT1A1 reaction toward R-7-hydroxywarfarin (130
uUM) was comparable to the one observed for the microsomal reaction (121 uM); however,
the values were very different for the S-7-hydroxywarfarin, i.e. 230 UM versus 927 uM,
respectively. It is conceivable then that UGT1A1 may play an important role in the
metabolic clearance of the R-7-hydroxywarfarin, but not the Senantiomer. Nevertheless, the
demonstration of multiple UGTs metabolizing 7-hydroxywarfarin is plausible. These UGTs
show significant activity toward 4-methylumbelliferone [30], i.e. 4-methyl-7-
hydroxycoumarin, which is isosteric for the portion of 7-hydroxywarfarin mainly targeted
for glucuronidation. Moreover, others have shown that microsomal glucuronidation of R-
and S-7-hydroxywarfarin correlates with the activities of multiple UGT1A and 2B enzymes
UGTs [15]. The contributions of multiple UGTs to these metabolic reactions indicate
significant redundancy in glucuronidation pathways such that variations in individual UGT
activities may be compensated by other UGT activities. This mechanism could explain
failure of genome-wide association studies [42—44] to identify any UGT polymorphisms
being linked to warfarin dose-responses in patients, such that the clinical relevance of
glucuronidation remains unclear.

In sum, we report for the first time the mechanism and parameters for microsomal
glucuronidation of R- and S-7-hydroxywarfairn by hepatic UGTSs. These findings link
together the metabolic pathways determining the conversion of R- and S-warfarin to
inactivate metabolites that are ultimately excreted in the urine. These details are critical to
assess which metabolic pathways are clinically relevant and understand their mechanism of
interaction with other pathways. The glucuronidation of R- and S7-hydroxywarfarin occurs
through multiple pathways carried out by multiple UGTs in the liver. This redundancy
precludes the dominance of a single UGT, but does not minimize the potential importance of
glucuronidation in the overall clearance of the drug enantiomers. Their clinical relevance
rests on the ability of UGT activities to influence the initial oxidative processes mediated by
P450s that render the active parent drugs into hydroxywarfarins with little to no
anticoagulant properties [3, 4, 11] or capacity to inhibit P450 reactions through feedback
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inhibition [12]. Further research is necessary to assess the clinical importance of the
coupling between those processes. Knowledge of glucuronidation pathways and the
identification of putative glucuronide metabolites reported herein provide a sound basis for
addressing these gaps in our understanding of warfarin metabolism and bolster efforts to
utilize those kinds of metabolites as predictive biomarkers for patient dose-responses to
warfarin [4].
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Figure 1. Structures of coumarin derivatives possessing a 7-hydroxyl group
Panel A, The 7-hydroxywarfarin metabolite of warfarin is pictured with arrows indicating

the hydroxyl groups on the coumarin that serve as potential sites of glucuronidation. The
asterisk shows the chiral center for the compound resulting in R and Senantiomers of the
drug metabolite. Panel B, 7-Hydroxycoumarin (top) and 7-ethoxycoumarin (bottom) are
shown with an arrow highlighting the 7-hydroxyl group, which when modified, leads to a
selective decrease in compound fluorescence but not absorbance. Panel C, 7-
Hydroxywarfarin forms diastereomeric cyclic hemiacetals when present in organic solvents,
like methanol, as observed during characterization of products synthesized through green
chemistry.
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Figure 2. Modification of hydroxyl group alters the relative signal of 7-hydroxycoumarin

derivatives

HPLC traces of compounds are overlaid to demonstrate impact of possible modification of

the 7-hydroxyl group on the coumarin ring on relative fluorescence and absorbance
properties. Solid line, fluorescence; dotted line, absorbance. Panel A, 50 UM steady state
reaction of glucuronide metabolite 1 (1) and glucuronide metabolite 2 (2) (fluorescence

excitation at 325 nm and emission 420 nm; absorbance at 325 nm). These compounds were

later identified as 7-OHWAR-4-GLUC and 7-OHWAR-7-GLUC, respectively, in the

Discussion. Panel B, 50 uM 7-hydroxycoumarin (1) and 7-ethoxycoumarin (2) (fluorescence

excitation at 370 nm and emission 450 nm; absorbance at 370 nm).
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Figure 3. Steady-state kinetics for glucuronidation of R- and S-7-hydroxywarfarin by HLM150
For the kinetic reactions, 0.5 mg/mL protein for HLM150 was incubated with 0 to 2000 UM

R- and S-7-hydroxywarfarin for 60 min at 37 °C. Panel A and B represent the kinetic
profiles for S-7-hydroxywarfarin glucuronidation into 7-OHWAR-4-GLUC and 7-
OHWAR-7-GLUC, respectively. Panel C and D represent the glucuronidation of R-7-
hydroxywarfarin steady-state Kinetics for glucuronidation at the C4 and C7 hydroxyl groups,
respectively. The reported values represent the average from 4-10 replicates for each
individual experiment. Solid line depicts fit of data to the preferred mechanism indicated in
Table 3, i.e. Michaelis-Menten for the major metabolic pathway for R-7-hydroxywarfarin
and substrate inhibition for the other reactions. For comparative purposes, dashed line
depicts fit of data to Michaelis-Menten equation when substrate inhibition was the preferred
mechanism.
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Figure 4. R- and S-7-Hydroxywarfarin clearance involving either Michaelis-Menten (dashed
line) or substrate inhibition (solid line) Kinetics

GraphPad Prism software (San Diego, CA) was used to simulate clearance curves for R- and
S-7-hydroxywarfarin using equations adapted by Houston and Kenworthy [34] as described
in Materials and Methods. Panels A and B indicate the clearance of R-7-hydroxywarfarin as
a solid line for both metabolites, i.e. R-7-OHWAR-4-GLUC and R-7-OHWAR-7-GLUC.
Panels C and D indicate the clearance of S-7-hydroxywarfarin as a solid line for both
metabolites, i.e. S-7-OHWAR-4-GLUC and S-7-OHWAR-7-GLUC. The dashed line in
Panels A, C, and D shows the predicted clearance of the compounds if the metabolic process
conformed to the Michaelis-Menten mechanism to highlight the overestimation of 7-
hydroxywarfarin clearance by traditional Michaelis-Menten kinetic models.
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Figure 5. Inhibitor phenotyping of steady-state glucuronidation of R- and S-7-hydroxywarfarin
by HLM150

Reactions carried out with 0.25 mg/mL protein, 100 uM 7-hydroxywarfarin, and 2 mM
UDPGA in the presence of specific inhibitors for specific UGT isoforms at 37 °C and pH
7.4. Panels A and B depict selective inhibition of R-7-hydroxywarfarin to R-7-OHWAR-4-
GLUC and R-7-OHWAR-7-GLUC, respectively. Panels C and D depict selective inhibition
of S-7-hydroxywarfarin to S-7-OHWAR-4-GLUC and S-7-OHWAR-7-GLUC, respectively.
Reaction activities were normalized to the control rate and reported as a percent, e.g. 100 %
in the absence of inhibition. The reported activities represent the average from a minimum
of 4 individual experiments and are shown as the mean + standard deviation. Asterisks
indicate statistical significance of inhibition compared to control (*** p < 0.001).
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Table 1

Spectral properties for 7-hydroxycoumarin derivatives

Spectral Properties

Compound Amount (LM) Fluorescence
Absorbance?  Fluorescence

Absorbance
7-hydroxycoumarin 50 1.48x103 1.24x108 837
7-ethoxycoumarin 50 1.30x103 9.60x104 73.8
R-7-hydroxywarfarin 10 5.64x10% 4.75%x108 84.2
metabolite 19 *C 3.78x10° 9.68x10% 25.6
metabolite 2€ *C 1.37x10% 3.69x10% 2.70
S-7-hydroxywarfarin 10 5.29x10% 4.48x106 84.7
metabolite 19 *C 2.45x10° 4.83x10* 19.7
metabolite 2€ *C 7.89x10% 2.25x10% 2.84

aArea of absorbance peak measured at 370 nm and 325 nm for coumarin and hydroxywarfarin derivatives respectively

Area of fluorescence emission peak measured following excitation at 370 nm and 325 nm for coumarin and hydroxywarfarin derivatives
respectively

c . .
Product areas observed for the reaction containing 500 uM substrate.
d . . .
Later identified as 7-HOWAR-4-GLUC (see Discussion).

e . . .
Later identified as 7-HOWAR-7-GLUC (see Discussion).

Arch Biochem Biophys. Author manuscript; available in PMC 2015 December 15.

Page 24



Page 25

Pugh et al.

urgyoid Buiyuiw/jowu ase ﬂ_cDo

‘uoIssnasig

3y} Ul paquosap se ‘AjpAndadsal ‘0N19-2-4VMOH-Z 10 DN19-7-4VMOH-Z 0 Uonewoy ays ui Buynsas uotmsod 22 10 2 ay3 Jayua 1e dnoib [AX01pAy ayp Jo uorreBnfuod ul paynsal co:mn_:oso:_mug

"sasayIualed Ul UMoys aJe siglaweled 1oy S[eAI3IUI 30UBPISU0D % G6 [edLIBWIWASUOU By Lo

(0262-652) 0TET  (005T-29¢) 626  (0STZ-06.) OLYT % 1'66 uomiqgiyul 8ensgns  ON19D-L-IVMOH-L
UVYMHO-L-S

(0g0ov—099T) 082 (S¥T-2'22) TTT  (2CZ—6T°LT) L'6T % 66'66< uoniqIyu| 8ensqns  ON19-7-4VMOH-L

- (s¥7-00T) 22T  (O¥TT-0¥0T) 060T % 2'SL USJUBN-SIISBYIIN  DNT1D-L-HVYMOH-L
HVMOH-2-d

(0z6€-09€T) 0V9Z  (8'%8-6'9€) 8'09  (¥'Ov—¥'0€) ¥'SE % 2°0L uoniqIyu| 8ensqns  ON19-7-4VMOH-L

() ™ () Wy a"HA
90UaJ8)9.1d |9PON 19POIN gSeMIogEIIN ayel1sqns

|9POIAl PaJJajaid 10} sialsweed

euonepiuoinon|hb uleeMAX0IpAyY-/-S pue -y Buiquasap wisiueydaw d1auly Jo SisAjeue Areulwijaid

¢ ?dlqel

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Arch Biochem Biophys. Author manuscript; available in PMC 2015 December 15.



Page 26

Pugh et al.

‘u1g)04d Buwiyuiwy/jowu are suun

p

"sa)1j0qeIaW SapiuoInan|B aAnoadsal sy} JO UOIEWIO) BUIgLIOSSP WSIURYIBW d1j0geIsW J14198ds 8y} 10} S|1eIap 10 € d]qeL %S,

‘uoIssnasig

3y} Ul paquasep se ‘AjpAnsadsal ‘0N19-2-4VMOH-Z 10 DN19-7-4VYMOH-Z 0 Uonewoy ays ui Buiynsas uotmsod 29 10 2 ay3 Jayua 1e dnoib [Ax01pAy ayp J0 uoireBnfuod ul payNsal UoKEPILOININ|S)

q

"sasayIualed Ul UMoys aJe siglaweled 1oy S[eAI3IUI 30UBPISU0D % G6 [edLIBWIWASUOU By Lo

(0182-8€5) 0TET  (096T—6SS) L26

(00£2-020T) 0L¥T

uoNIGIYU] yeASaNS

ON19-L-dVMOH-L

HYMHO-L-S
(0o¥—056T) 0582 (6¥1-0'€8) OTT - (#'2z-9°2T) 6T uomiqyul 81ensans  ON19-v-dVMOH-L
- (#¥T-TOT) 12T - (07TT-0S0T) 060T  UBIUBN-SIISRYIIN  ONT1D-L-HVMOH-L
HVMOH-2-d
(€81-21T) S¥T (e8T-2TT) ST (P'TZ—€9T) 06T  (T'99-G'6%) 0'8G  UOMIGIYU] 81RASANS  DNT1D-7-HVYMOH-L
(M) 5 (AM) 5> [\ p"eA
5l8POIN gSeMIogEIIN ayel1sqns

19POIAl PaJJaja.d 10} sialawieted

20STINTH Aq uLrepremAxolpAy-/-S pue -y JO uoliepiuoinon|b aeis-Apeals Jo) sisiaweled pue WSIUBYISW [9pOW Palla)ald

NIH-PA Author Manuscript

€9lqel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Arch Biochem Biophys. Author manuscript; available in PMC 2015 December 15.



