
  

 

7
th
 Annual Meeting of the 

Great Lakes Drug Metabolism 

Discussion Group 

 

May 3-4, 2012 

Radisson Plaza Hotel at Kalamazoo Center  

Kalamazoo, Michigan 
 



  



 

Venue Map 

 

 

 

Event Location 

Oral Presentations Meadows 

Morning & Afternoon Breaks Great Lakes 

Lunch Buffet Prairies 

Posters & Vendor Show Great Lakes 

Thursday Mixer Prairies 

Thursday Dinner Prairies 

Friday Breakfast Prairies 



 



 
 
 
 

 

 Great Lakes DMDG Meeting 
May 3-4, Kalamazoo, Michigan 

 
  

 
Page 1 

 
  

Schedule 

Thursday, 3 May 2012 

10:00 AM Registration, Continental Breakfast, Poster Setup, and Sponsor Setup 

11:00 Welcome  (Meadows room) 

11:10 In Vitro Approaches to Assess the Enzyme-Suppressing Effects of Therapeutic 
Proteins.  Andrew Parkinson, Ph.D.,CEO, XPD Consulting, Shawnee, KS. 

11:50 Probing P450 Structure-Function Relationships using X-ray Crystallography. 
Eric Johnson, Ph.D., Professor, Department of Molecular and Experimental Medicine, 
The Scripps Research Institute, La Jolla, CA. 

12:30 PM Lunch, Poster Viewing, and Sponsor Booths  (Great Lakes room) 

2:00 Clarifying the Importance of CYP2C19 and PON1 in the Mechanism of Clopidogrel 
Bioactivation and In Vivo Antiplatelet Response.  Romel Tirona, Ph.D, Assistant 
Professor, Division of Clinical Pharmacology, Departments of Physiology & 
Pharmacology and Medicine, The University of Western Ontario, London, Ontario, 
Canada. 

2:40 Evaluation of Absorption Mediated Drug-Drug Interactions in the Oncology 
Setting.  Joseph Ware, Ph.D., Senior Scientist, Clinical Pharmacology, Genentech, 
South San Francisco, CA. 

3:20 Break  (Great Lakes room) 

3:40 Nuclear Receptor Regulation of Hydroxysteroid Sulfotransferase (SULT2A): 
Implications for Metabolic Disease Mechanisms.  Melissa Runge-Morris, M.D., 
Director, Institute of Environmental Health Sciences, Wayne State University, Detroit, 
MI. 

4:20 Modeling Enzyme-Substrate Interactions of CYP2A6 and CYP2A6*18.  Patrick 
Kane, Graduate Student, Walsh University, North Canton, OH. 

4:40 Mechanism-based Inactivation of Human Cytochrome P450 2B6 by Chlorpyrifos.  
Jaime D’Agostino, Post-Doc, University of Michigan, Ann Arbor, MI. 

5:00 Poster Session (author available), Sponsor Booths, and Mixer 

7:00 Dinner  (Prairies room) 
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Schedule 

Friday, 4 May 2012 

7:30 AM GLDMDG Business Meeting and Sponsor Booth Setup 

8:00 Continental Breakfast and Poster Viewing 

9:00 Metabolite Identification by High Resolution Mass Spectrometry in High 
Throughput Drug Discovery Settings.  Jianwei Shen, Ph. D., Senior Scientist, Drug 
Metabolism, Abbott Laboratories, Abbott Park, IL. 

9:35 NMR as a Tool in Mitigating Metabolism Issues in Early Discovery.  Gregory 
Walker, Senior Principal Scientist, Pharmacokinetics, Dynamics and Metabolism, Pfizer, 
Inc., Groton, CT. 

10:10 Break 

10:30 Application of PBPK Modeling to Drug Discovery.  Daniel Mudra, Ph.D., Senior 
Research Scientist, Eli Lilly and Company, Indianapolis, IN. 

11:05 The Principles of Human Food Safety with Respect to the Development, 
Commercialization, Evolution (and Metabolism) of Ceftiofur.  David Gottschall, 
Ph.D., Research Fellow, Veterinary Medicine Research & Development, Pfizer Animal 
Health, Kalamazoo, MI. 

11:40 Closing Remarks 
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Posters 

1. Molecular Analysis and Modeling of Inactivation of Human CYP2D6 by Four Mechanism Based 

Inactivators. 

Mara R. Livezey, Leslie D. Nagy, Laura E. Diffenderfer, Evan J. Arthur, David J. Hsi, Jeff Holton, and 

Laura Lowe Furge*. 

Chemistry, Kalamazoo College, Kalamazoo, MI 

 

There are four known and confirmed mechanism-based inactivators of human cytochrome P450 2D6: 

SCH 66712, EMTPP, paroxetine, and 3,4-methylenedioxymethamphetamine (MDMA). SCH 66712 

and EMTPP contain piperazine groups and substituted imidazole rings; previous studies with each 

have indicated that inactivation occurs by reaction with the substituents of the imidazole ring. 

Paroxetine and MDMA contain methylenedioxyphenyls; the moiety responsible for inactivation is 

unknown. The current study shows that each inactivator displays Type I binding with Ks values that 

vary by 2-orders of magnitude. Comparison of Ki and kinact and partition ratio values shows Schering 

66712 is the most potent inactivator. Molecular modeling experiments using AutoDock identify 

Phe120 as a key interaction for all four inactivators with face-to-face and edge-to-edge pi interactions 

apparent. Also, modeling suggests Thr309 could be a potential site for inactivation. Ligand 

conformations were scored according to their binding energies as calculated by AutoDock and 

correlation was observed between molecular models and Ks values.  

(Support: NIH 1R15-GM086767-01 & -01S1; HHMI [52006304] to Kalamazoo College).   
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2. The Effect of Metoclopramide Metabolism on CYP2D6 Activity. 

Amanda K. Bolles, Mara R. Livezey, Leslie D. Nagy, Erran D. Briggs, and Laura Lowe  

Furge. 

Department of Chemistry, Kalamazoo College, Kalamazoo, MI 49006 

 

CYP2D6 is a major drug metabolizing enzyme responsible for metabolism of ~20% of pharmaceutical 

drugs. Inactivation of CYP2D6 is rare, but - due to its importance in drug metabolism, can be clinically 

significant. Thus, understanding of inactivation of CYP2D6 is important for devising strategies to 

avoid undesirable drug-drug interactions. Metoclopramide is a drug that has previously been reported 

to be a mechanism-based inactivator of CYP2D6 [Desta et al. (2002)  Drug Metab Disp 30, 336-343].  

In order to better understand its role in inactivation of CYP2D6, we sought to expand that initial 

finding by determining spectral binding constant, partition ratio, metabolite profile, and molecular 

interactions of metoclopramide with CYP2D6. While we found predicted metabolites, our studies did 

not show metoclopramide to be an inactivator of CYP2D6 (Support: NIH 1R15-GM086767-01 & -

01S1). 
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3. Covalent Modification of CYP2D6 by SCH66712 at Thr309. 

Michael J. Hicks, Laura E. Diffenderfer, Mara R. Livezey, Leslie D. Nagy, Evan J. Arthur, David J. Hsi, 

and Laura Lowe Furge. 

Department of Chemistry, Kalamazoo College, Kalamazoo, MI 49006 

 

SCH66712 is a known, mechanism-based inactivator of CYP2D6.  It contains a piperazine group and 

a substituted imidazole ring; the latter is believed to be the specific reactive element required for 

CYP2D6 inactivation.  Recent modeling studies have suggested that Thr309 could be a potential site 

for electrophilic inactivation.  In an effort to confirm that CYP2D6 is covalently modified by SCH66712 

at Thr309, CYP2D6 Supersomes were inactivated by SCH66712 in the presence of NADPH.  After 

SDS-PAGE, the inactivated enzyme was digested with chymotrypsin and analyzed by LC/MS against 

a CYP2D6 standard.  Preliminary LC/MS analysis provided strong evidence for the covalent 

modification of CYP2D6 at Thr309. 

 

(Support: NIH 1R15-GM086767-01 & -01S1) 
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4. Optimization of CYP3A Inhibition by Ketoconazole in DDI Studies: Comparison of Minimal 

PBPK Models. 

Bing Han, Jialin Mao, Jenny Y. Chien and Stephen D. Hall. 

Eli Lilly, Indianapolis, IN  46285 

 

Background:  Ketoconazole is a potent CYP3A inhibitor that is frequently used to define the 

contribution of CYP3A enzymes to drug clearance and quantify the increase in drug exposure due to 

a strong inhibitor.  Two minimal physiologically based pharmacokinetics (PBPK) models have been 

employed to recommend the least dose size, frequency and duration consistent with maximal CYP3A 

inhibition by KTZ but have reached different conclusions. 

  

Methods:  In this study we compared the capabilities of a previously developed PBPK “accumulation 

model” of the KTZ – MDZ interaction (Chien et al., 2006) and the standard KTZ– MDZ models in 

Simcyp (version 11) to predict 17 published clinical dosing scenarios. The interaction of KTZ and 

MDZ was expressed as change in the AUC of MDZ in the presence of  KTZ. In addition, simulation 

studies were performed to assess the effects of timing and dose of KTZ on MDZ AUC ratio (the ratio 

of MDZ AUC in the presence of KTZ to MDZ AUC in the absence of KTZ). 

 

Results:  For Simcyp, 41% of the study point estimates and 70% of the 90% confidence intervals 

were predicted within 1.5-fold of the observed result but this increased to 82% and 100% respectively 

with the accumulation model. The accumulation model indicates that KTZ 400mg QD for at least 4 

days and the substrate administration within 2 hours after KTZ is required for maximal CYP3A 

inhibition.  Ketoconazole dosing regimens that employ 200 mg BID lead to at least a 28% 

underestimation of the contribution of CYP3A to MDZ clearance. 

 

Conclusions:  The superior performance of the accumulation model reflects the need for 

accumulation of KTZ at enzyme site and protracted inhibition of hepatic MDZ clearance.  The KTZ 

model in Simcyp (V11) is not recommended. 
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5. A Simcyp Modeling Approach to Evaluate CYP3A5 Genetic Effects on Pharmacokinetic 

Variability. 

Yingying Guo, Jessica Baker, Gemma Dickinson, Lei Shen, Patricia Turner, Kathleen Hillgren, and 

Stephen Hall. 

Eli Lilly, Indianapolis, IN  46285 

 

Genetic polymorphisms contribute to inter-individual variability in drug metabolizing enzyme and 

transporter function and this impacts drug efficacy and safety. Of the cytochrome P450 enzymes, the 

role of CYP3A5 genetics is still controversial, partially due to the lack of methodology to assess 

feasibility and power of pharmacogenomic (PGx) studies that examine the impact of CYP3A5 

genotype on a drug’s clearance. This project aims to establish a modeling approach to: 1) understand 

effects of CYP3A5 genetics on variation in drug exposure, and 2) assess the size of clinical trials 

needed to discern the CYP3A5 genetic effects on drug clearance. 

 

The Simcyp Population-based Simulator
®
 was utilized to predict oral and intravenous clearance 

values of CYP3A5 substrates (i.e. midazolam and tacrolimus) in CYP3A5 expressors and non-

expressors. First, the influence of hepatic CYP3A protein abundance on the prediction of midazolam 

clearance was assessed. CYP3A4 and CYP3A5 contents in a genotyped human liver bank (n=132) 

were quantified by a LC/MS approach to improve the quality of CYP3A abundance data.  Utilizing 

these data the variability of CYP3A abundance in Simcyp was also refined to improve the prediction 

accuracy. Second, the utility of the chosen physiological parameters (i.e. CYP3A abundance and its 

variability) in prediction of CYP3A5 genetic effects on in vivo clearance of tacrolimus, a drug with a 

significant CYP3A5 genetic effect was validated.  Third, using the validated parameters, CYP3A5 

PGx studies were simulated assuming differential contribution from hepatic CYP3A5 relative to 

CYP3A4 metabolism. The power prediction was subsequently made using nQuery Advisor 7.0 (power 

analysis software).  

 

The results demonstrated that when applying the CYP3A abundance data from the human liver bank 

and a reduced hepatic CYP3A CV of 33%, the predicted clearance values of each CYP3A5 

phenotype were within 2-fold of that observed for midazolam and tacrolimus. It was shown that 

CYP3A5 metabolism should be at least two times greater than CYP3A4 to enable detection of the PK 

differences between CYP3A5 phenotypes with 80% power in a practical study size. Compared to 

intravenous midazolam, oral midazolam is more sensitive in detection of CYP3A5 genetic effects on 

the drug exposure because of the greater effect size. A priori genotyping for CYP3A5 can reduce the 

total number of subjects of both phenotypes by up to 50% and retain >80% power.  In conclusion, a 

Simcyp modeling approach has been established in this study to evaluate the genetic effects of 

CYP3A5 on PK variability, and this model may be utilized for patient selection and subsequent dose 

adjustment and clinical trial design during drug development. 
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6. Characterization of SAGE P-gp, Bcrp, and Mrp2 Knockout Rats using Paclitaxel, loperamide, 

Sulfasalazine, and Carboxydichlorofluorescein Pharmacokinetics, Metabolism, Distribution, 

and Excretion. 

J. William Higgins, Jing Q. Bao, David W. Bedwell, and Maciej J. Zamek-Gliszczynski. 

Drug Disposition, Lilly Research Laboratories, Indianapolis, IN 

 

Purpose: 

Zinc finger nuclease technology enabled generation of gene knockout rats, which are practically 

advantageous over murine models for pharmacokinetic and excretion studies; however, functional 

characterization is lacking.   

 

Methods: 

At present, disposition of transporter probe compounds was studied in P-gp-, Bcrp-, and Mrp2-

knockout rats to confirm the relevant knockout phenotype and assess potential compensatory 

changes.  

 

Results: 

Mdr1a-knockout phenotype:   

In Mdr1a-, but not Bcrp- or Mrp2-knockout rats, loperamide and paclitxel clearance was significantly 

reduced (on average 40-42%), and oral absorption was more extensive (2-2.5- and 4-5-fold increase 

in F and Cmax for loperamide and paclitaxel, respectively).  Mdr1a-knockout rats became completely 

unresponsive by 4 hours following 10-mg/kg oral loperamide, while all the other rats behaved 

normally.  These observations are difficult to explain by the mere 3-fold higher loperamide Cmax and 

AUC(0-4 h) alone, and are consistent with the expected increase in loperamide CNS distribution in 

the absence of P-gp.  In fact, paclitaxel brain partitioning was significantly increased (4 fold) only in P-

gp knockout rats.  P-gp knockout, but not other rats, exhibited the expected reduction in paclitaxel 

excretion (10-20-fold decrease in fecal and urinary recovery of iv dose; undetectable biliary 

excretion). 

Bcrp-knockout phenotype: 

Sulfasalazine clearance was not affected in the three knockouts, consistent with comparable 

sulfapyridine-to-parent ratio after iv dosing.  Oral bioavailability was markedly increased 21-fold in 

Bcrp-knockout rats, and as expected was also 2-3-fold higher in P-gp-, and Mrp2-knockout rats.  

Following oral sulfasalazine administration, the sulfapyridine-to-parent ratio was significantly 

decreased (10 fold) only in the Mdr1a-knockout rats. 

Mrp2-knockout phenotype: 

Following intravenous administration of carboxydicholofluorescein, terminal half-life was significantly 

increased (1.9 ± 0.2 vs. 1.4 ± 0.2 h) only in Mrp2-knockout rats due to significantly reduced clearance 

(1.2 ± 0.1 vs. 1.6 ± 0.2 mL/min/kg).  Carboxydicholofluorescein biliary excretion, which accounts for 

up to half of systemic clearance, was obliterated completely in Mrp2-knockout rats, but was 

unchanged in the other knockouts.  Urinary excretion, which accounts for the other half of systemic 

clearance was unchanged in all knockouts, as expected based on renal clearance consistent with 

glomerular filtration. 

 

Conclusions: 

Mdr1a-, Bcrp-, and Mrp2-knockout rats demonstrated the expected phenotype with respect to 

paclitaxel, loperamide, sulfasalazine, and carboxydichlorofluorescein pharmacokinetics, metabolism, 

distribution, and excretion. 
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7. Altered metformin Pharmacokinetics in Oct1/2-Knockout Mice Elicits No Net Change in 

Absolute Liver and Kidney Drug Exposure as well as Glucose Pharmacodynamics. 

J. William Higgins, David W. Bedwell, and Maciej J. Zamek-Gliszczynski. 

Drug Disposition, Lilly Research Laboratories, Indianapolis, IN 

 

Background:  OCT1 and OCT2 mediate hepatic uptake and secretory renal clearance of metformin, 

respectively.  PK/PD implications of simultaneous impairment of both transporters, such as by 

systemic pan-OCT inhibition, have not been studied directly. 

 

Methods:  Metformin PK/PD, distribution, and excretion were studied in Oct1/Oct2-knockout mice 

with confirmed phenotype. 

 

Results:  Metformin clearance was reduced 4.5 fold from renal blood flow to unbound glomerular 

filtration rate, and volume of distribution was reduced 3.5 fold in Oct1/Oct2-knockout mice.  Oral 

bioavailability was not affected (F = 64 ± 4 vs. 59 ± 11; knockout vs. wild type).  Liver- and kidney-to-

plasma concentration ratios were decreased in Oct1/Oct2-knockout mice 4.2 and 2.5 fold, 

respectively.  Surprisingly, 2.9-fold increase in oral metformin exposure and reduced tissue 

partitioning yielded little-to-no net change in tissue drug concentrations.  Absolute kidney exposure 

was unchanged (knockout:wild type = 1.1 ± 0.2), and liver exposure was only modestly decreased 

(knockout:wild type = 0.6 ± 0.1).  Oral glucose AUC lowering by metformin was not impaired in 

Oct1/Oct2-knockout mice at the five dose levels tested [ED50 = 151 vs. 110 mg/kg; glucose lowering 

at highest dose = 42 ± 1 vs. 39 ± 4%; knockout vs. wild type); however, higher systemic metformin 

exposures were necessary in knockout mice to elicit the same effect (EAUC50 = 70 vs. 26 µg*hr/mL).  

As expected based on metformin’s pharmacology, insulin levels following the glucose tolerance test 

were not markedly different between wild-type and Oct1/2-knockout mice. 

 

Conclusions:  Despite major changes in metformin clearance and volume of distribution in 

Oct1/Oct2-knockout mice, tissue drug exposure and pharmacodynamics were not affected.  These 

findings challenge the presumption that systemic OCT inhibition will affect metformin pharmacology. 
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8. Mechanism-based Inactivation of Human Cytochrome P450 2B6 by Chlorpyrifos. 

Jaime D’Agostino, Haoming Zhang, Cesar Kenaan, and Paul F. Hollenberg. 

The Department of Environmental Health Sciences and the Department of Pharmacology, University 

of Michigan, Ann Arbor, MI 48109 

 

Chlorpyrifos (CPS) is a commonly used pesticide which is metabolized by P450s into the toxic 

metabolite chlorpyrifos-oxon (CPO). Metabolism also results in the release of sulfur, which is 

implicated in mechanism-based inactivation (MBI) of P450s. CYP2B6 was determined to have the 

greatest catalytic efficiency for CPO formation in vitro. Thus, we set out to characterize the MBI of 

CYP2B6 by CPS.  CPS inactivated CYP2B6 in a time- and concentration-dependant manner with a 

kinact of 1.97 min
-1

, a Ki of 0.47 µM, and a partition ratio of 17.7. The rate of CPO formation and the 

rate of the first electron transfer from cytochrome P450 reductase to CYP2B6 in the presence of CPS 

were determined and the values were supportive of the rapid inactivation observed. We further 

evaluated the ability of the organophosphate pesticides chlorpyrifos-methyl, diazinon, parathion-

methyl, and azinophos-methyl to inactivate CYP2B6.  These organophosphate pesticides were also 

potent MBIs of CYP2B6 characterized by similar kinact and ki values. The inactivation of CYP2B6 by 

CPS was accompanied by loss of P450 detectable in a CO reduced spectra and, to a lesser extent, 

loss of detectable heme. High molecular weight adducts were observed when inactivated CYP2B6 

was run on SDS-PAGE gels indicating protein aggregation.  Finally, trypsin digestion of inactivated 

CYP2B6 revealed modification of cysteine residues in CYP2B6, presumably through disulfide bond 

formation. These results indicate that CPS and other organophosphate pesticides are potent MBIs of 

CYP2B6 which may have implications in the toxicity of these pesticides as well as potential pesticide-

drug interactions. (Supported in part by NIH grant CA16954 and the University of Michigan, 

Department of Environmental Health Sciences, Environmental Toxicology and Epidemiology Training 

Grant). 
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9. Ubiquitination of Neuronal NO-Synthase in the P450 Oxygenase and Calmodulin-binding 

Domain. 

Kelly M. Clapp
1
, Hwei-Ming Peng

1
, Gary J. Jenkins

1
, Michael Ford

2
, Yoshihiro Morishima

1
, Miranda 

Lau
1
, and Yoichi Osawa

1
. 

1
Dept of Pharmacology, University of Michigan, Ann Arbor, Michigan 

2
MSBioworks, Ann Arbor, Michigan 

 

Nitric oxide synthase (NOS), a cytochrome P450-like hemoprotein enzyme, catalyzes the synthesis of 

nitric oxide, a critical signaling molecule in a variety of physiological processes.  Our lab has 

discovered that certain drugs suicide-inactivate neuronal NOS (nNOS) and lead to the preferential 

ubiquitination of the inactivated nNOS by an Hsp70- and CHIP (C-terminus of Hsp70-interacting 

protein)-dependent process.  Conversely, calmodulin and certain reversible inhibitors stabilize the 

nNOS.  We wish to understand the process by which altered nNOS is recognized and ubiquitinated.  

We developed an in vitro ubiquitination system that contains purified E1, E2 (UbcH5a), and CHIP that 

recapitulate the cells’ ability to selectively recognize and ubiquitinate the altered forms of nNOS.  For 

example, the slowly reversible inhibitor, N
G
-nitro-L-arginine, but not the D-isomer, protects nNOS from 

ubiquitination.  We identified 12 ubiquitination sites through LC-MS/MS analysis of the tryptic peptides 

obtained from the ubiquitinated nNOS.  Nine sites are located in the oxygenase domain, two in the 

calmodulin-binding domain, and one in the reductase domain.  Mutational analyses of residues 739 

and 743 in the calmodulin-binding domain are underway.  The sites of ubiquitination are consistent 

with the importance of the Oxy-CaM domain in regulating stability of nNOS.  Supported in part by NIH 

grant GM077430. 
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10. Cyclophosphamide Metabolism by the Polymorphic Variants of CYP2B6. 

Diane Calinski, Haoming Zhang, and Paul Hollenberg. 

Department of Pharmacology, University of Michigan, Ann Arbor, MI 

 

The alkylating agent, cyclophosphamide, is a common therapeutic agent used in the treatment of 

many cancers as well as immune disorders.  Cyclophosphamide is a prodrug, requiring metabolism 

by a P450 in order to be activated.  Cytochrome 2B6 is the primary P450 isoform involved in this 

reaction.  Importantly, the efficacy and toxicity of cyclophosphamide varies greatly in patient 

populations.  One potential explanation for the observed therapeutic discrepancies in patients is the 

highly polymorphic nature of CYP2B6.  Common CYP2B6 polymorphisms are known to cause 

alterations in the metabolism of other known substrates, such as bupropion and efavirenz.  Using a 

reconstituted purified system, the kinetics of cyclophosphamide metabolism have been determined 

for wild type CYP2B6 as well as several common polymorphisms including CYP2B6.4-9.  

Interestingly, the polymorphic variants of CYP2B6 have shown only slight alterations in the Km and 

Vmax for cyclophosphamide, suggesting that they may not be primarily responsible for the observed 

therapeutic discrepancies.  Although, CYP2B6 is the primary P450 involved in cyclophosphamide 

metabolism, CYP2C9 and CYP2C19 are also known to metabolize cyclophosphamide.  These 

enzymes will also be tested in the reconstituted system.   

 

In addition the kinetics of cyclophosphamide metabolism by P450s will be investigated in the lipid 

bilayer model system, the Nanodisc.  Nanodiscs, or reconstituted High Density Lipoproteins, are a 

versatile tool used to study membrane proteins.  Upon incorporation into Nanodiscs, P450s of interest 

have been shown to maintain their solubility and catalytic function.  Further studies will focus on 

revealing the impact that the lipid bilayer has on P450 behavior.    

 

[This work is supported in part by CA16954] 
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11. Relevance of PEPT1 in the Intestinal Permeability of Cefadroxil. 

Maria M. Posada and David E. Smith. 

Department of Pharmaceutical Sciences, College of Pharmacy, University of Michigan, Ann Arbor, 

48109 

 

Purpose: The aim of this study was to determine the contribution of PEPT1 in the intestinal 

permeability of cefadroxil, and the influence of concentration, intestinal segment, potential inhibitors, 

and buffer pH on drug uptake.  

 

Methods: The effective permeability (Peff) of cefadroxil was measured using in situ single-pass 

perfusions of the duodenum, jejunum, ileum, and colon in wild-type and Pept1 knockout mice. The 

segments were perfused for 90 min with pH 6.5 buffer containing 10 µM cefadroxil, with steady-state 

levels being reached by 30 min. A gravimetric method was used to correct for water flux. The Peff of 

cefadroxil was also measured in the jejunum as a function of buffer pH (varied from 5.5 to 7.5) and 

potential inhibitors (co-perfused at 25 mM). Perfusate inlet and outlet samples were analyzed for 

cefadroxil by reversed-phase HPLC with UV detection (265 nm).  

  

Results: Peff values (cm/s) of cefadroxil in wild-type mice were 4.9 x 10
-5

 in duodenum, 8.0 x 10
-5

 in 

jejunum, 8.8 x 10
-5

 in ileum, and 6.4 10
-6

 in colon; values in knockout mice were 2.9 x 10
-7

, 9.0 x 10
-7

, 

4.2 x 10
-7

, and 3.2 x 10
-6

, respectively. Peff values in all regions of the small intestine were significantly 

different between genotypes (p<0.05), however, no difference was observed in the colon.  Cefadroxil 

Peff was saturable with Vmax = 4.8 nmol/cm
2
/s and Km = 3.8 mM.  No significant difference was 

observed in cefadroxil Peff as a function of buffer pH.  Peff of cefadroxil was significantly reduced by 

the dipeptides Gly-Pro and Gly-Sar, and by the aminocephalosporin cephalexin.  In contrast, the 

amino acids L-histidine and glycine, the organic anion p-aminohippuric acid, and the organic cation 

N
1
-methylnicotinamide had no effect on cefadroxil Peff.   

 

Conclusions: These findings demonstrate that PEPT1 was the major transporter responsible for the 

uptake of cefadroxil in small intestine, accounting for about 90% of its permeability.  The findings 

suggest, based on estimated intestinal concentrations and jejunal Km, that cefadroxil may have a 

PEPT1-mediated nonlinear absorption.  
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12. Homotropic Cooperativity During the Mechanism-Based Inactivation of Cytochrome P450 2B4 

by 9-Ethynylphenanthrene. 

Haoming Zhang
1
, Sean Gay

2
, Manish Shah

2
, Maryam Foroozesh

3
, Yoichi Osawa

1
, James R. 

Halpert
2
, and Paul F. Hollenberg

1
. 

1
Department of Pharmacology, The University of Michigan Medical School, Ann Arbor, MI 48109; 

2
Skaggs School of Pharmacy and Pharmaceutical Sciences, UCSD, La Jolla, CA 92093; 

3
Department 

of Chemistry, Xavier University of Louisiana, New Orleans, LA 70125 

 

We investigated the mechanism by which 9-ethynylphenanthrene (9EP) inactivates cytochrome  

P450 2B4 (CYP2B4).  Our results demonstrated that 9EP is a potent mechanism-based  

inactivator (MBI) of CYP2B4 with a partition ratio and kinact of 0.2 and 0.25 min
-1

, respectively.   

More importantly the kinetics of the MBI exhibit homotropic cooperativity with a Hill  

coefficient of 2.5 and S50 of 4.5 µM. To the best of our knowledge, this is the first report of  

homotropic cooperativity in the mechanism-based inactivation of P450s.  A fully modified  

CYP2B4 was purified to homogeneity, and its structure was solved by X-ray crystallography.  

Based on this crystal structure, 9EP is covalently attached to the O of Thr 302 via an ester bond,  

resulting in inward rotation of Phe 297 and Phe 206. It is unlikely that the active site of CYP2B4  

can accommodate two 9EP molecules. To explore other binding site(s) responsible for  

cooperativity, fluorescence quenching resulting from 9EP binding to CYP2B4 was investigated.  

These studies revealed two distinct binding sites for 9EP in CYP2B4. A high affinity site with a  

Kd of ~46 nM was observed in the modified CYP2B4, which likely arises from the binding of  

9EP to a peripheral site.  In contrast, a high affinity site as well as a low affinity site were  

associated with the binding of 9EP to the unmodified CYP2B4.  These results suggest that 9EP  

binds to two distinct sites in CYP2B4 that function cooperatively.  

This work is in part supported by grants from the National Institutes of Health to HZ (AA20090),  

YO (GM077430) and PFH (CA16954). 
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13. Effect of the Deletion of Glycine 141 and Glycine 143 in the Loop near FMN on the Spectral 

and Redox State of the Microsomal Cytochrome P450 Reductase. 

Rwere, Freeborn*; Xia, Chuanwu*
1
; Im, Sangchoul*; Waskell, Lucy* and Kim, Jung-Ja, P*

1
  

* University of Michigan Medical School and VAMC, Ann Arbor, MI 48108 

*
1
Department of Biochemistry, Medical college of Wisconsin, Milwaukee, WI 53226 

 

The microsomal Cytochrome P450 reductase (CPR) transfers electrons to the ubiquitous 

cytochromes P450 via its flavin cofactors, FMN and FAD. The thermodynamic stabilization of the blue 

semiquinone form of the FMN plays an important role in the control of redox properties of CPR. The 

conserved Glycine residue, G141 has been shown to stabilize the semiquinone form by forming a 

strong hydrogen bond between its carbonyl group and the protonated N5 of the FMN. Moreover, it 

has been shown that the flexibility of the loop is also important in controlling the spectral and redox 

properties of the reductase. Loop flexibility is aided by Glycine 141 and Glycine 143. In order to 

understand the role of these residues in controlling the spectral and redox properties of CPR, we 

have deleted the loop residues, G141 and G143. The results of this work show that the absorbance 

maxima of the purified enzymes at 454 nm were red-shifted by up to 12 nm, while the maxima at 380 

nm were red shifted by up to 5 nm. The purified mutant enzymes have normal FAD and FMN content. 

The glycine deletion mutants reduced cytochrome c at approximately the same rate as WT CPR, but 

were not able to support the cytochrome P450 2B4 catalyzed metabolism of benzphetamine to 

formaldehyde. The ferricyanide reductase activity of the mutants was similar to that of the purified WT 

enzyme. Stopped-flow spectrophotometric studies show that the Δ141 mutant forms both the neutral 

blue and anionic red semiquinone forms of reductase during anaerobic reduction with sodium 

dithionite or NADPH. Neither the blue nor the red semiquinone forms were stable and rapidly 

converted to the hydroquinone form. 
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14. Structures of Cytochrome P450 2B4 F429H Reveal Major Conformational Changes on Both the 

Proximal and Distal Surfaces of the heme. 

Yuting Yang
1
, Weishu Bu

1
, SangChoul Im

1
, Jennifer Meagher

2
, Jeanne Stuckey

2
, and Lucy Waskell

1
. 

1
 Department of Anesthesiology, University of Michigan and VA Medical Research Center, 2215 

Fuller Rd, Ann Arbor, MI 48105 
2
 Life Science Institute, University of Michigan, 210 Washtenaw Ave, Ann Arbor, MI 48109 

 

Crystal structures of truncated cytochrome P450 2B4 (CYP2B4) exhibit dramatic plasticity on the 

distal ligand binding site of heme according to the size and chemical properties of the ligands. 

Mutation of F429H at the beginning of the β-bulge on the proximal side of heme generated a mutant 

with a higher redox potential of -245 mV relative to that of the wild type (WT) of -300 mV. The 

analogous mutant of F393H in CYP450BM3 also had a higher redox potential. Unexpectedly, F429H 

of CYP2B4 was more slowly reduced by cytochrome P450 reductase, whereas the ferric F393H 

mutant was more rapidly reduced. The slower reduction of the CYP2B4 F429H in view of a more 

positive potential suggested a conformational change on the proximal surface which disrupted the 

binding site for cytochrome P450 reductase. Three new crystal structures of CYP2B4 F429H bound 

to 1-CPI, 4-CPI, as well as substrate-free have been determined. His429 in all three crystal structures 

displayed a hydrogen bond with a nearby well defined water molecule. The occurrence of the water 

molecule disrupted the hydrophobic environment of the heme proximal surface, which may interfere 

with the interaction between 2B4 and CYP450 reductase as well as the electron transfer. The 

orientation of His429 favors a hydrogen bond between its imidazole group and the thiolate group of 

Cys436 in contrast to that of F393H in CYP450BM3, where hydrogen bond with Cys436 sulfur was 

not justified. Cocrystallization with 1-CPI, F429H displayed a novel open conformation, with dramatic 

conformational rearrangements on distal ligand binding residues. 
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15. What Part of Cytochrome P450 Reductase Binds to Cytochrome P450? 

L.Waskell, S-C Im, F. Rwere, NM Pearl, and S. DiBernado. 

University of Michigan Medical School and VAMC, Ann Arbor, MI, 48105 

 

NADPH cytochrome P450 reductase(CPR) is a diflavin enzyme that transfers electrons from NADPH 

to all known type II cytochrome P450s, cytochrome b5, and heme oxygenase.   The FAD cofactor of 

CPR receives a hydride ion from NADPH and transfers the electrons to FMN one at a time.  The FMN 

in turn transfers the electrons to cytochrome P450 for mono-oxygenation of substrates.  The proximal 

surface of cytochrome P450 contains positively charged residues that interact with the negatively 

charged residues on the FMN domain of CPR. The binding between CPR and cytochrome P450 is 

influenced by the electrostatic interactions between the two molecules and hydrophobic interactions.  

Twenty five single site alanine mutant, one arginine mutant and one each of double, triple and 

quadruple mutants were created for full length rabbit CPR protein. Eleven single site alanine mutants 

were expressed and purified for full length rat CPR.  The activity of these mutants are characterized 

by interaction with the physiologic enzyme partner rabbit cytochrome P4502B4 as well as non 

physiologic protein partner cytochrome c.  Reaction with cytochrome P450 indicates that D113, E142, 

T139, Y178 and D207 are important for interaction with P450 and are the main contributor to the 

binding or interaction between CPR and cytochrome P4502B4. T88, T139, Y178, and E179 have 

reduced activity with cytochrome c in the absence of excess FMN and are important for binding or 

interaction with FMN.  Some mutants have a drastic decrease in activity with incubation time for 

cytochrome c reduction compared to WT CPR and indicate the importance of optimal conditions in 

the enzymatic assay.  Mutation of residues on FAD which are in contact with cytochrome P450 in the 

model P450-CPR complex give rise to mutant proteins that have wild type activity.  Overall, the 

experimental results demonstrate that CPR is a robust protein due to its essential role in electron 

transfer process in drug metabolism as well as other vitally important physiological reactions. 
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16. Cytochrome b5 Effect on Catalytic Activity of Cytochrome P450 3A4 and 2B4. 

Sang-Choul Im and Lucy Waskell. 

Medical School of University of Michigan & VA Research Center, Ann Arbor, MI 48105 

 

The catalytic activity of more than 20 cytochromes P450 (P450) including major of human P450s like 

P450 3A4, P450 2B6, P450 2C9 and P450 2E1 are effected by cytochrome b5 (cyt b5)
1
.  In order to 

metabolize substrates, the P450 needs two electrons, two hydrogen ions and oxygen.  The first 

electron comes from its redox partner NADPH-cytochrome P450 reductase (CPR) and the second 

electron comes from the CPR or cyt b5.   We previously reported that a transmembrane and a linker 

domain (between transmembrane and soluble heme domain) of the cyt b5 are essential for delivering  

the second electron to P450 2B4 and catalytic activity of the P450 2B4
2
.   Some studies have 

reported that apo-cyt b5 can influence the catalytic activity of P450 3A4 but the data are 

controversial
3
.   

The effect of the cyt b5 on the metabolism of 7-benzyloxy-4-trifluoromethylcoumarin (BFC) to 7-

hydroxy-4-trifluoromethylcoumarin (HFC) by human P450 3A4 and rabbit P450 2B4 was investigated 

using a fluorescence method.    BFC metabolism in the presence of full length human cyt b5 was 

increased 2.3 and 3.2-fold compared to absence of cyt b5 in P450 3A4 and P450 2B4, respectively.   

Neither soluble (lacking the transmembrane domain) nor apo (no heme) cyt b5 stimulated BFC 

metabolism by  P450 3A4 and P450 2B4.   Thus, electron transfer property of the cyt b5 explains the 

stimulation of activity of P450 3A4 and P450 2B4. 

 

References: 

1. Denisov, I. G., Makris, T. M., Sligar, S. G., and Schlichting, I. (2005) Chem. Rev. 105, 2253–2277. 

Mokashi, V., Li, L., and Porter, T. D. (2003) Arch. Biochem. Biophys. 412, 147–152. Yamaori, S., 

Yamazaki, H., Suzuki, A., Yamada, A., Tani, H., Kamidate, T., Fujita, K., and Kamataki, T. (2003) 

Biochem. Pharmacol. 66, 2333–2340.Yamazaki, H., Gillam, E. M., Dong, M. S., Johnson, W. W., 

Guengerich, F. P., and Shimada, T. (1997) Arch. Biochem. Biophys. 342, 329–337. Yamazaki, H., 

Nakamura, M., Komatsu, T., Ohyama, K., Hatanaka, N., Asahi, S., Shimada, N., Guengerich, F. P., 

Shimada, T., Nakajima, M., and Yokoi, T. (2002) Protein Expression Purif. 24, 329–337.Locuson, C. 

W., Wienkers, L. C., Jones, J. P., and Tracy, T. S. (2007) Drug Metab. Dispos. 35, 1174–1181. 

2. Zhang, H., Im, S.-C., and Waskell, L. (2007) J. Biol. Chem. 282, 29766–29776. 

3. Guryev, O. L., Gilep, A. A., Usanov, S. A., and Estabrook, R. W. (2001) Biochemistry 40, 5018–5031 
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17. Reaction of Peroxynitrite with CYP3A4 Impairs the Interaction with its Redox Partner. 

Hsia-lien Lin, Cesar Kenaan, Haoming Zhang and Paul F. Hollenberg. 

Department of Pharmacology, University of Michigan, Ann Arbor, MI 

 

The reaction of peroxynitrite (PN) with CYP3A4 was investigated. The addition of PN to CYP3A4 

resulted in a concentration-dependent loss of the 7-benzyloxy-4-(trifluoromethyl)coumarin O-

debenzylation activity (BFC) of CYP3A4 supported by cytochrome P450 NADPH-reductase (CPR) 

that was much greater than the activity supported by tert-butyl hydroperoxide (BHP). Moreover, in the 

PN-treated CYP3A4, the P450-CO spectrum reduced by CPR is only a small fraction of that reduced 

by dithionite. PN decreased the dithionite-dependent P450-CO spectrum, but the absolute absorption 

spectrum of the heme was not significantly altered. These results suggested that protein modification 

may impair the interaction between CYP3A4 and CPR leading to the loss of catalytic activity. 

Tyrosine nitration, the addition of a nitro group (45 Da), was used as a biomarker for protein 

modification by PN. PN-treated CYP3A4 was digested by trypsin and endoproteinase Glu C and 

nitrotyrosine formation was then determined by using electrospray ionization-liquid chromatography-

tandem mass spectrometry. Tyr residues 99, 307, 347, 430 and 432 were found to be nitrated. Using 

the GRAMM-X docking program, a structure of CYP3A4–CPR complex shows that Tyr99, Tyr347 and 

Tyr430 are on the proximal side of CYP3A4 and are in close contact with three acidic residues in the 

FMN domain of CPR, suggesting modification of one or more of these tyrosine residues by PN may 

influence the transfer of electrons from CPR to CYP3A4. Mutagenesis studies of Tyr430 were 

performed and the results suggested that Tyr participates in the 3A4–CPR interaction. In conclusion, 

the identification of tyrosine residues nitrated by PN leading to changes in catalytic activity can serve 

as a tool to enhance our knowledge of structure-function relationships of the P450s regarding sites of 

interaction with CPR that are essential for P450 activity. 
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18. Cytochrome P450 2J2 Metabolizes the Endocannabinoid, Anandamide. 

Vyvyca J. Walker and Paul F. Hollenberg. 

Department of Pharmacology, University of Michigan, Ann Arbor, MI 

 

Cytochrome P450 2J2 (CYP2J2) is a heme containing monooxygenase that is highly  

expressed in hematologic malignant diseases and in several human tumor tissues and cell lines.  

CYP2J2 metabolizes arachidonic acid (AA) to four epoxyeicosatrienoic acids (EETs) which  

promote tumor cell growth by increasing cell proliferation and inhibiting apoptosis. Studies show  

that the concentration of anandamide (AEA), an endogenous cannabinoid related to AA, can be  

increased, decreased, or unchanged in cancer cells. Conflicting reports exist regarding AEA  

effects on cancer cell proliferation. Moreover, AEA has been shown to induce apoptosis in  

certain cancer cells and it is involved in the metastatic processes of migration, invasion, and  

angiogenesis. In addition, anandamide is metabolized by several P450s, including CYP3A4,  

CYP2D6, and CYP2B6. The objective of this study is to determine if CYP2J2 expressed in  

leukemia cells can metabolize AEA and to investigate the effects of any metabolites formed by  

CYP2J2 on cell proliferation and survival. LC/MS was used to identify the metabolites formed  

during the metabolism of AEA by CYP2J2. Studies using purified protein in the reconstituted  

system showed that CYP2J2 formed the 20-hydroxyeicosatetraenoic acid ethanolamide (HETE-EA) 

and several epoxygenated products, including 8,9-, 11,12-, and 14,15-epoxyeicosatrienoic acid 

ethanolamides (EET-EAs). The leukemia cell line, K562, metabolizes AEA to 5,6-, 8,9-, 11,12-, and 

14,15-EET-EA, in addition to 19-HETE-EA. Preliminary data utilizing microsomes derived from K562 

cells suggest that AEA metabolism in these cells is highly dependent on CYP2J2 activity. Future 

experiments will be performed to observe the effects of anandamide and its metabolites on the 

proliferation and apoptosis of K562 cells. This research was supported by NIH grant CA16954. 
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19. Intersystem Extrapolation Factors (ISEFs): Getting More Out of Reaction Phenotyping Data. 

Sophie Mukadam, Susan Wong, Yuan Chen and Jane R. Kenny. 

Genentech, Inc., 1 DNA Way, South San Francisco, CA 94080 

 

Reaction phenotyping using recombinant human cytochrome P450 (rCYP) enzymes and specific 

chemical inhibitors in human liver microsomes (HLM) are valuable tools to identify enzymes that are 

involved in drug metabolism.  However, determining the relative contribution of each isoform to the 

total drug clearance requires an understanding of the differences in catalytic activity between rCYP 

and HLM and scaling for the abundance of each CYP isoform in HLM (Crewe et al., Biopharm. Drug 

Dispos. 32: 303-318, 2011).  Here, we determined the intersystem extrapolation factors (ISEF) for 

seven major P450s: CYP1A2, CYP2B6, CYP2C8, CYP2C9, CYP2C19, CYP2D6, and CYP3A4 

(multiple substrates were evaluated for CYP3A4) so that intrinsic clearances (CLint) established in 

rCYPs could be scaled to those derived in HLM.  For each isoform evaluated, the Km and Vmax were 

determined using metabolite formation of probe substrates.  ISEF values were then calculated using 

the Km and Vmax (Chen et al., DMD 39:373-382, 2010.  Here we present a validation of these ISEF 

values, and their role in clearance prediction, using several clinical compounds. The CLint values of 

various drugs were determined in rCYPs (at concentrations linear for metabolite formation) and HLM 

(0.5mg/ml).  We then estimated the relative contribution of the major CYP isoforms to the overall in 

vivo clearance of these compounds and compared our findings to published data. 
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20. Probe-Dependent Differences in CYP2C9 Inhibition When Using Warfarin and Diclofenac:  

Heteroactivation of CYP2C9. 

Jasleen Sodhi, Suzanne Tay, Susan Wong, Erlie Delarosa, Sophie Mukadam, Leslie Wang, Jane 

Lovelidge, Ning Liu, Jane R. Kenny, S. Cyrus Khojasteh, and Jason S. Halladay. 

Genentech, Inc., 1 DNA Way, South San Francisco, CA 94080 

 

In our high-throughput, CYP inhibition assay, diclofenac was considered as an alternative CYP2C9 

probe substrate to warfarin.  However, for a proprietary class of compounds the CYP2C9 inhibition 

was observed to be probe-dependent since the IC50 values were greater (less potent) with diclofenac 

compared to lower IC50 values (potent inhibition) with warfarin.  

 

In CYP inhibition assays, warfarin is commonly used as a CYP2C9 probe substrate and the CYP2C9-

mediated metabolite, 7-hydroxywarfarin, is monitored by LC-MS/MS.  Warfarin is also hydroxylated 

by CYP3A4 (4’-hydroxywarfarin) and CYP1A2 (6- and 7-hydroxywarfarin), which results in multiple 

+16 amu oxidative metabolites with the same MRM transition as the CYP2C9-mediated 7-

hydroxywarfarin.  Typically LC methods can separate these metabolites, but in our high-throughput 

assay, we use the RapidFire (direct flow injections) and the lack of separation of oxidative metabolites 

poses some challenges.  To avoid compromised data quality, we evaluated diclofenac as a CYP2C9 

probe.  

 

Interestingly, for a set of structurally related proprietary compounds, IC50 values were probe 

substrate-dependent.  However, for sulfaphenazole, a potent and well studied CYP2C9 inhibitor, no 

difference in the IC50 values was observed between the two probes.  This suggests that the 

proprietary compounds have physical/chemical properties and/or bind within CYP2C9 in such a way 

that lead to the probe sensitivity of CYP2C9 inhibition.   

 

CYP2C9 has been reported to have two binding sites: the active site near the haem and the warfarin 

binding pocket (Williams et al., 2003).  We hypothesize that the proprietary compounds are binding at 

the ‘warfarin binding pocket’, which results in the activation of CYP2C9 and/or facilitates compounds 

such as diclofenac to bind at the ‘haem’ binding site.  Therefore, the activation of CYP2C9 activity 

and increased rate of metabolism of diclofenac results in the observed higher IC50 values and less 

potent inhibition of CYP2C9.  Sulfaphenazole did not show a difference in CYP2C9 inhibition between 

probes as it binds at the active site near the haem and does not activate CYP2C9.  From the studies, 

a structural activity relationship was identified to mitigate the CYP2C9 inhibition liability. 
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21. Exposure to Toxic Chemicals Affects Cytochrome P450 Transcript Expression in Early 

Development in Two Teleost Fish, Killifish (Fundulus heteroclitus) and Zebrafish (Danio rerio).  

Zachary K. Janes, Akira Kubota, and John J. Stegeman.  

Woods Hole Oceanographic Institution, Woods Hole, MA  02543 

 

Synthetic chemicals with biological activity, many which can adversely affect the health of marine 

organisms, are present in the world’s oceans. However, some organisms, such as the killifish 

population of New Bedford Harbor (NBH), MA have evolved mechanisms to deal with the high levels 

of chemicals such as polychlorinated biphenyls (PCBs). Cytochrome P450 enzymes (CYPs) are 

proteins that aid in metabolizing toxic chemicals such as PCBs. Little is known about the expression 

and function of these genes in early development, as well as the mechanism of gene transfer from 

the mother to the egg/embryo. In this study, we performed quantitative polymerase chain reaction 

(qPCR) to examine the expression levels of various CYP transcripts at selected early developmental 

stages to indicate which CYPs may be involved in early developmental processes. There was 

variable expression of CYP transcript in both the killifish and zebrafish egg/embryo. Next, the study 

sought to compare CYP transcript expression in the NBH killifish versus a population living in 

relatively unpolluted conditions, as well as if maternal zebrafish treatment with PCB126 would affect 

CYP expression. CYP1A was highly expressed in the NBH killifish and zebrafish, as would be 

expected since CYP1A is a known aryl hydrocarbon receptor (AHR) agonist. The AHR pathway is 

known to be activated by PCBs and induce CYP1A for metabolism of the PCBs. Future studies 

should determine the mechanisms by which various CYPs contribute to embryonic development or 

serve a function in the xenobiotic response of the embryo. 
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22. Modeling Enzyme-Substrate Interactions of CYP2A6 and CYP2A6*18. 

Patrick Kane and Peter J. Tandler. 

Walsh University 2020 East Maple Street, North Canton, OH 44720 

 

A model for predicting the interaction of drug substrates with CYP2A6*18 has been developed.  

Cytochrome P450 2A6 is a highly variable member of the cytochrome P450 family and is involved in 

the metabolism of several important pharmaceuticals, such as nicotine and coumarin. Single-

nucleotide polymorphisms (SNPs) in the CYP2A6 family are presumed to be responsible for changes 

in drug metabolism between individuals. Many of the polymorphisms lead to splice mutations that 

prevent the protein from being synthesized. However, some polymorphisms, such as CYP2A6*18 

(392 tyrosine-phenylalanine), lead to missense mutations by exchanging a particular amino acid in 

the protein. The focus of this study was to use in silico methods to investigate the effect of the variant 

CYP2A6*18.  A CYP2A6*18 homology model was created from the CYP2A6 crystal structure. 

Selected CYP2A6 substrates were then docked in the native and mutated enzymes. Among these 

substrates were nicotine and coumarin. Research has shown nicotine metabolism to be unaffected by 

the CYP2A6*18 variant while the metabolism of coumarin is decreased in CYP2A6*18.  The docking 

of coumarin into CYP2A6*18 showed an increase in the average binding energies relative to 

CYP2A6, which is consistent with the observed clinical effect. In comparison the average binding 

energy of nicotine is unchanged.  Using additional CYP2A6 substrates a linear relationship between 

binding energies and Km values was established, supporting the validity of the model. 
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23. Structural and Quantitative Characterization of Biologically Created Analytical Standards by 

NMR. 

Gregory S. Walker, Tim F. Ryder, Amy Freund, Alfin Vaz, Raman Sharma and Evan B. Smith. 

Pfizer, Groton, CT 

 

In early discovery through development there are situations’ where having a qualified metabolite 

standard is advantageous; monitoring reactive metabolites, assessing pharmacological activity of 

metabolites or quantification of metabolites in a clinical setting.  In many cases timely chemical 

synthesis of these metabolites is difficult.  Alternatively, biological generation and isolation of 

metabolites in the low to mid nanomole range is feasible.  However, without accurate quantitative 

assessments of the concentration of these isolates, their utility is limited.  Definitive structural 

characterization of drug metabolites has long been the domain of NMR.  Additionally, there is a 

significant history of NMR as a quantitative technique.  Only recently have these two concepts been 

merged to provide structural and quantitative information on biologically generated isolates.  We have 

developed a technique where a mathematically generated signal can be inserted into a spectrum post 

acquisition and used as a quantitative reference.  This method has several advantages over the 

addition of a second chemical entity as an internal standard.  Because the signal insertion is post 

acquisition, any region in the spectra free from interference can be chosen for the reference signal.  

Additionally the magnitude of the inserted signal can be modified to a size appropriate to the 

resonances of the sample.  Lastly, by not adding another chemical entity to the sample, the isolate 

remains pure.   When compared to quantitation via the addition of an internal standard, the signal 

insertion method produced similar results.  For each method, precision and accuracy were within +/- 

5%, stability of signal response over eight days was +/- 5% and the linear dynamic range was over 

three orders of magnitude; 10 mM to 0.01 mM. 
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24. Excretion Mass Balance and QWBA Following a Single Oral (PO) Administration of [
14

C]MSDC 

0602, a mTOT-modulating Insulin Sensitizer, in Sprague Dawley (SD) and Long-Evans (LE) 

Rats. 

Wade J. Adams
1
, Jerry R. Colca

1
, Alfred W. Lordi

2
, and Eric G. Solon

2
.
 

1
Metabolic Solutions Development Company, Kalamazoo, MI 49007,  

2
QPS, LLC, Newark, DE 19711 

 

The objectives of this study were to determine the mass balance excretion, plasma pharmacokinetics 

and tissue distribution of radioactivity following PO administration of [
14

C]MSDC-0602 in rats. Five 

groups of male SD rats and 1 group of male LE rats (28 total rats) that weighed approximately 250 g 

were dosed. All rats were administered a single PO bolus of [
14

C]MSDC-0602 as a suspension at a 

dose of 10 mg/kg (50 µCi/kg). Excretion of radioactivity was rapid, with the majority eliminated within 

24 h post-dose. Biliary excretion was the primary route of elimination in bile duct-cannulated (BDC) 

rats. Total recovery in urine and bile in BDC rats suggested the extent of oral absorption was at least 

60%. Urinary recovery of radioactivity from intact rats (22.4%) was higher than in BDC rats (12.3%), 

and total radioactivity recovered in feces (31.7%) and bile (48.1%) was higher in the BDC rats 

(79.8%) than in the feces of intact rats (67.0%), suggesting enterohepatic recirculation of radioactivity. 

Plasma radioactivity had a Tmax of 8 h and declined with a t1/2 of 14.6 h.  [
14

C]MSDC-0602-derived 

radioactivity was widely distributed; tissues levels were lower than blood through 192 h post-dose in 

LE rats. 
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25. Metabolite Identification in Complex Matrices by Structurally Intelligent Acquisition and 

Processing. 

Stratton, Tim. 

Thermo Fisher Scientific , 355 River Oaks Parkway, San Jose, CA  95134 

 

Detection and identification of metabolites in complex biological matrices is a common problem for 

drug development.  The combination of a high background signal and abundant matrix components 

makes acquisition of fragmentation data on metabolites, especially minor metabolites, difficult.  The 

use of targeted acquisition through inclusion lists improves results but requires significant user 

interaction that is undesired.  Utilizing structure based acquisition on a high resolution accurate mass 

benchtop mass spectrometer we demonstrate the ability to trigger fragmentation on even minor 

metabolites from in vivo human samples.  An analogous, structure based processing methodology, 

coupled to high resolution data, facilitated metabolite detection and identification. 

 

In this study, time course samples of urine from a human taking omeprazole were acquired and 

prepared for analysis by solid phase extraction to concentrate the sample.  The fragmentation of 

omeprazole was used to create a list of the top 6 observed neutral losses.  These neutral losses were 

combined with expected neutral losses from phase II conjugates (glucuronidation, sulfation, and 

glutathione conjugation).  Acquisition was performed using a structure based fragment triggering 

method on a benchtop Orbitrap™ instrument.  Alternating full scans and all ion fragmentation scans 

were performed.  The generation of fragments from all precursors allowed for on-the-fly detection of 

all neutral losses.  Observation of any neutral loss triggered the automatic acquisition of a precursor 

isolated MS
2
 fragmentation scan on the parent.  The approached allowed for sensitive and selective 

targeted fragmentation on related metabolites in the presence of a high matrix without the need for 

multiple injections of time demanding inclusion lists construction. 

 

Processing of the acquired data was performed using an analogous structurally intelligent approach.  

Observed and predicted fragmentation of omeprazole was used to search the acquired raw files and 

detect components based on fragmentation.  The fragments were also modified by metabolic 

transformation and used to improve detection and structure assignment.  The structure of metabolites 

was determined through the fragmentation, with and without modification, that was used to detect 

them. 
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26. Effect of Age on Liver Cytochrome P450 in Chicken. 

Steven Hu. 

Pfizer Animal Health, VMRD, Kalamazoo, MI 

 

Cytochrome P450s (CYPs) are an important family of enzymes in the metabolism of many 

therapeutic agents and endogenous metabolic reactions.  Age is one of the factors which has 

significant impact on quantities and activities of those enzymes in liver of animals.  CYP450s in the 

livers of Ross 708 chicken were investigated across ages from day 1 post-hatch to day 56 (typical 

market weight).  The birds grew up under standard husbandry conditions.  The chickens were 

randomly sampled weekly for liver collection.  The chicken body and liver weights were recorded.  

Chicken livers were processed for liver microsomes.   Total CYP450 contents were measured using a 

UV/Vis spectroscopic method.  The enzymatic activities of CYP450 were determined using specific 

CYP450 isoform substrates.  The chicks of one day post-hatch showed much higher total CYP450 

contents and activities to CYP1A, 3A, 2B, 2C and 2D substrates.  This high CYP450 fell quickly in a 

week.  These CYP450s then rose slowly at day 56.  This profile of hepatic metabolism enzymes 

provides valuable information for discovery and development of poultry medicines. 
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27. Pharmacokinetics of Combined Lenalidomide and Flavopiridol in High-Risk Chronic 

Lymphocytic Leukemia. 
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The immunomodulatory agent lenalidomide and the cyclin-dependent kinase inhibitor flavopiridol 

have shown promise as single agents in the treatment of symptomatic Chronic Lymphocytic 

Leukemia (CLL). A current phase I clinical trial in high-risk CLL is evaluating efficacy, safety and 

pharmacokinetics of these agents in combination. Based on limited metabolism of lenalidomide, 

pharmacokinetic drug-drug interactions (DDI) are not anticipated. However, transport mechanisms 

are largely uncharacterized for both agents and may mediate DDIs. Herein, we provide from this trial 

a pharmacokinetic update for lenalidomide and flavopiridol as single and concomitant therapy. Dosing 

regimens included 60 to 80 mg/m
2
 flavopiridol monotherapy in Cycle 1, lenalidomide monotherapy at 

doses of 2.5, 5, 7.5 and 10 mg during Days 1 and 2 of Cycle 2, and concomitant therapy Day 3 and 

beyond in Cycle 2. Plasma samples were collected prior to and up to 48 hours following dosing on 

Cycle 1 Day 1, Cycle 2 Day 2, and Cycle 2 Day 3. Plasma levels of lenalidomide and flavopiridol were 

quantified by liquid chromatography-mass spectrometry, and pharmacokinetic parameter estimates 

were generated using compartmental and non-compartmental methods. Overall pharmacokinetics of 

both agents were consistent with previous reports of pharmacokinetic parameters in CLL. 

Pharmacokinetic parameter estimates suggest possible trends, but no significant pharmacokinetic 

interactions were observed between lenalidomide and flavopiridol. The observed trends include 

increasing flavopiridol area under the concentration-time curve and maximum observed concentration 

when flavopiridol dose remained constant and lenalidomide dose was increased. Flavopiridol and 

lenalidomide pharmacokinetics were associated with patient weight and creatinine clearance, as 

previously described. This preliminary update suggests lenalidomide and flavopiridol 

pharmacokinetics were not significantly altered by co-administration of these agents. 
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Objective:  Proteasome is a multi-catalytic protease which is crucial for cell cycle, gene expression 

regulation and apoptosis. Bortezomib, as an inhibitor of the 26S proteasome, can induce apoptosis 

and sensitize malignant cells to the anti-cancer effects of traditional medicines used in chemotherapy 

or radiation therapy. Bortezomib is approved by FDA for the treatment of patients with multiple 

myeloma and is currently under evaluation in other malignant diseases such as acute myeloid 

leukemia (AML). However, some questions appear in these studies. First, bortezomib has exhibited 

good activity in cell model, but limited activity in vivo study. And the pharmacokinetics (PK) and 

pharmacodynamics (PD) data of bortezomib have primarily been obtained from normal mice, which 

may not be relevant in diseased animals or humans. Last but not the least, clinical PK/PD studies 

have also been conducted but with limited tissue analysis.  To better understand these questions, we 

are developing an integrated PK/PD model to characterize the link between PK and PD of bortezomib 

in vivo utilizing a mouse model of AML with established disease, and evaluating this model in a 

clinical study with relapsed or refractory AML patients. 

 

Methodology:  In the pilot PK/PD mouse study, bortezomib was given by tail vein injection at a dose 

of 0.5 mg/kg to AML C57Bl/6 mouse. Whole blood, plasma, bone marrow and spleen samples were 

collected before and at multiple time points after drug administration. A validated liquid-

chromatography-mass spectrometry method was developed to determine the bortezomib levels in all 

samples. Proteasome activities were measured in whole blood and tissues by a validated 

fluorescence assay. A base model was constructed to characterize and link plasma bortezomib 

concentrations with whole blood proteasome inhibition. 

 

Results:  In the AML mouse model study, bortezomib blood and tissue concentration-time profiles 

exhibited biphasic patterns, and a two compartment model adequately described bortezomib rapid 

distribution into peripheral tissues followed by slow elimination. The half-lives of the distribution and 

elimination phases were 0.21 and 11.4 hours, respectively. For PD study, the observed maximum 

inhibition of proteasome activity occurred within 12 minutes after drug administration and was similar 

in whole blood and spleen with 73% and 77% inhibition, respectively. In bone marrow, the maximum 

inhibition was 98% and occurred at 8.5 hours. The human PK data obtained from clinical study also 

exhibited the similar pattern as AML mouse model data with a rapid distribution period (half-life is less 

that 10mins) and slow elimination phase, which is also consistent with the other published clinical 

study results. An integrated PK/PD model was developed based on diseased mouse model data, 

which also fit the clinical PK/PD data. 

 

Conclusions and Significance:  This study is the first to model the link between in vivo bortezomib 

PK and PD. The resulting model will serve as a framework on which to further explore the association 

of bortezomib concentrations and proteasome inhibition in tissues to facilitate optimized formulations 

and dosing regimens in mice. Importantly, this model can be evaluated in clinical studies, thus can be 

adapted to improve bortezomib therapy in patients. 
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29. A High Throughput Work Flow for Identification of Metabolic Soft Spot In Early Drug Discovery 

Using UPLC-Orbitrap Mass Spectrometer. 

Elyse Freiberger, Michael Serby, Anthony Lee, and Jianwei Shen* 
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Introduction 

Biotransformation mediated by hepatic microsomal cytochromes P450 (CYP) enzymes is one of the 

major drug elimination pathways. Identification of metabolic “soft” spots in drug discovery hit-to-lead 

and lead optimization stages would be greatly beneficial to design drug candidates with relatively 

lower CYP mediated metabolic intrinsic clearance, which could be finally translated to a successful 

clinical drug candidate with desired exposure, lower dose and reduced dosing frequency. This study 

is to design a metabolite identification work flow for high throughput in vitro liver microsomal 

metabolite identification and structural elucidation with main objectives as, 1) reduce LC-MS 

analytical cycle time while maintaining adequate metabolite separation to minimize interference of co-

eluting metabolite , 2) obtain high quality metabolite fragmentation including minor metabolites in a 

single injection,  3) post-acquisition process optimization with mass defect filtering algorithm and 

computer-aided spectral interpretation.    

 

Methods 

A panel of commercially available compounds were incubated in human and rat liver microsomes. 

The final substrate concentration in incubation is 10 µM, liver microsome protein concentration is 1 

mg/mL. The incubation is stopped by adding equal volume of acetonitrile. Six compounds were 

randomly selected and pooled for LC-MS analysis. Metabolite separation was performed using 

Thermo Accela UHPLC system, THermo Hypersil Gold 100x2.1 C18, 1.9 um column. Metabolites 

were analyzed by Orbitrap Discovery mass spectrometer. Combination of accurate mass triggered 

data dependant MSn scan and generic data dependant scans was used for spectral acquisition. The 

target metabolite list was generated using in silico prediction (MetaSite). High energy collision 

dissociation was also explored for complimentary structural elucidation.  

 

Preliminary Data 

Results from selected compounds of microsomal incubations showed that combination of in silico 

predicted accurate mass triggered data dependant scan and compound-independent data acquisition 

provides a way  to identify and characterize predicted metabolites and unexpected metabolites. MSn 

(n=2-3) accurate mass spectra of metabolites can be obtained to aid structural elucidation. The 

approach requires signicantly less re-injection analysis for acquiring quality fragmentation spectra. 

Multiplex analysis of metabolites with extended analytical LC run time provide sufficient separation of 

metabolites while not sacrificing the cycle time per compound. Generally metabolite identification can 

be achieved with less than 5 min/compound.  

 

Novel Aspect 

High throughput multiplex LC-MS metabolite identification with in silico metabolite prediction tools and 

accurate mass technology. 
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30. Development of Specific ELISAs for Phase II Drug Metabolizing Glutathione Transferase A 

Class Isoforms.  

Kevin M. Patrie, Toni L. Rader and Denis Callewaert 

Oxford Biomedical Research, Rochester Hills, MI. 

 

Biomarkers that accurately reflect organ toxicity due to exposure to harmful agents are crucial for 

drug development and for detecting and reducing the incidence of diseases resulting from 

environmental chemicals.  An ideal biomarker of organ damage exhibits the characteristics of specific 

tissue localization, high cytosolic concentration and a relatively short half-life.  In addition, an ideal 

biomarker for organ toxicity should be sensitive enough to detect the early stages of tissue damage.  

However, most currently used biomarkers for organ toxicity do not meet these criteria. 

 

Human cytosolic glutathione S-transferases (GSTs) consist of 17 gene products that are divided into 

seven major Classes (designated as A (alpha), M (mu), P (pi), T (theta), Z (zeta), O (omega) and S 

(sigma)), with most Classes comprised of more than one subclass, or isoform (e.g. GST A1-1, GST 

A2-2, etc.), that exhibit different yet overlapping tissue expression patterns. GSTs play prominent 

roles in Phase II detoxification and biotransformation of xenobiotics and in the metabolism of many 

endogenous compounds. For these reasons GSTs are of significant interest to pharmacologists and 

toxicologists. It is well documented that GSTs are released by cells upon damage due to toxin 

exposure and their appearance in blood and urine, either as a result of active secretion or release by 

damaged cells, is a hallmark of organ toxicity. Additionally, they exhibit many of the required 

characteristics including specific organ localization, quick release into the bloodstream following 

organ damage and high cytosolic concentration as well as a relatively short half-life.  Hence, GSTs 

have enormous potential to serve as biomarkers for organ damage brought on by exposure to toxic 

environmental agents, or adverse response to drugs. Indeed, in both human and rodent studies, GST 

A has recently been shown to be a more sensitive biomarker for detecting hepatic injury than the 

transaminases. The distribution of GSTs in animal models follows a similar pattern to that in humans. 

Thus they fulfill similar roles as early indicators of organ damage. 

 

The difference in tissue expression profiles of GST Classes is extended to the isoforms of a particular 

GST Class as well.  This relatively recent discovery makes it important that antibodies for GSTs be 

specific for individual GST isoforms.  However, most currently available antibodies directed against a 

particular GST Class are not isoform-specific.  Detecting an increase of GST A in blood samples, for 

instance, may indicate toxicity to an environmental compound or drug but the target organ(s) cannot 

be determined.  Antibodies specific for a particular isoform of a GST Class will permit greater 

resolution regarding which organs are affected.  It is also important to note that, although more than 

one GST Class may be expressed in one tissue or organ, a given xenobiotic molecule or drug may 

have a preferential effect on a particular cell type within the target tissue or organ. Knowledge of the 

cellular expression of GSTs will help identify not only which cells are being effected but also may lead 

to insights of the modality of toxicity brought on by an environmental toxin or drug.  Towards this end, 

we have recently developed isoform-specific monoclonal antibodies (mAbs) against GST A3 and A4.  

Here we present data illustrating the development of sandwich ELISAs utilizing these mAbs and their 

validation with biological samples, with emphasis on the anti-GST A3 ELISA. 
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