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Terminology:
- suicide inactivator
- enzyme-activated irreversible inhibitor
- time-dependent inhibitor

Definition: A substrate that in the process of
catalytic turnover is metabolized to a reactive
intermediate which inactivates the enzyme.

Mechanism-Based Inactivator
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Mechanism-Based Inactivators

Enzyme substrates

Require all coenzymes and substrates 

Activity loss is first-order with enzyme

Exhibit saturation kinetics

Inactivation is stoichiometric

GSH and DDT do not protect against inactivation

Inactivation is irreversible
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Three Pathways for Mechanism-Based Inactivation

Apoprotein Heme Crosslinked



Information that Can be Obtained with 
Mechanism-Based Inactivators:

Structural Studies

a) Site of adduct binding:

- heme

- protein

- i.d. adducted peptide

- i.d. adducted amino acid

b) site-directed mutagenesis

Mechanistic Studies

a) Identify the step(s) in the 

P450 reaction that are 

compromised and result in 

the loss in activity
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Proposed Mechanism for Diaziridine Oxidation
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Presenter
Presentation Notes
Proposed mechanism of a chemical model of diaziridine oxidation involving the single electron transfer pathway (Post and Morrison, 1996). 
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Structures of Substituted Aryl Diaziridines

(1) R1 = H,  R2 = OCH3,  R3 = H

(2) R1 = H,  R2 = OCH2CH3,  R3 = H

(3) R1 = H,  R2 = OCH3,  R3 = OCH3

(4) R1 = H,  R2 = OCH3,  R3 = CH3

(5) R1 = OCH3,  R2 = OCH3,  R3 = OCH3

(6) R1 = H,  R2 = SCH3,  R3 = H

Presenter
Presentation Notes
I would delete this slide, there is a more complete structure slide later



Inactivation of P450 2B6 by the Substituted Aryl Diaziridines

Substitution P450 2B6

4-methoxy (1) 65 % 

4-ethoxy(2) 62 % 

3,4-dimethoxy(3) 70 % 

3-methyl,4-methoxy (4) 70%

3,4,5-trimethoxy (5)

4-methylthio (6)

70 % 

No loss

Activity Loss (% of Control)

No inactivation was observed with P450s 2C9, 2D6, 2E1, or 3A4

Presenter
Presentation Notes
Effect of six substituted phenyl diaziridines on the 7-EFC O-deethylation activity of P450s 2B6, 2E1, 2C9 and 2D6 or the BFC O-debenzylation activity of P450 3A4. 
0.5 nmol of P450 was incubated with 100 µM of the substituted phenyl diaziridine indicated in the reconstituted system at 30 C with or without NADPH. At different time points the residual activity was determined using the 7-EFC/BFC assay as described in Methods. The results represent an average of two sets of experiments done in duplicate. No loss indicates  10 % loss. 



Time- and Concentration Dependent Inactivation of P450 2B6 by 3-
(Trifluoromethyl)-4-methoxy(3-methylphenyl)diaziridine
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Presenter
Presentation Notes
Time- and concentration dependent inactivation of recombinant P450 2B6 as measured by 7-EFC O-deethylation activity after incubation with 3-(trifluromethyl)-3-methoxy-(4-methylphenyl)diaziridine. The reaction mixtures were incubated in the reconstituted system with NADPH and 0 µM (), 0.1 µM (), 1 µM (), 5 µM (), 10 µM () or 50 µM () of substituted phenyl diaziridines. At the indicated time points, aliquots of the reaction mixture were assayed for residual activity as described in Materials and Methods. The inset shows a double reciprocal plot of the rate of inactivation of the 7-EFC O-deethylation activity as a function of the inactivator concentration. The data represent the mean and standard error from three separate experiments. 



Kinetic Parameters for Inactivation of P450 2B6 by the 
Substituted Aryl Diaziridines

Substituted aryl 
diaziridine KI µM kinact min-1 t1/2 min

4-methoxy (1) 7.1 ± 1.9 0.042 16.5

4-ethoxy (2) 2 ± 0.7 0.079 8.8

3,4-dimethoxy (3) 2.5 ± 1.2 0.06 11.4

3-methyl,4-methoxy (4) 1.7 ± 0.2 0.066 10.5

3,4,5-trimethoxy (5)

4-methylthio (6)

2.7 ± 0.9 0.05

No inactivation

14

Presenter
Presentation Notes
The kinetic parameters for the inactivation of the 7-EFC O-deethylation activity of P450 2B6 when incubated with the six different phenyl diaziridine compounds.
The kinetic constants were derived from the double reciprocal plots of the rates of inactivation of 7-EFC O-deethylation activity as a function of the inactivator concentrations. The kinetic constants represent the mean and standard error from three different experiments. 



Partition Ratios for the Inactivation of P450 2B6 by the 
Substituted Aryl Diaziridines

Substituted 
aryl 
diaziridine

4-methoxy

(1)

 4-ethoxy

(2)

3,4-
dimethoxy 

(3)

3-methyl,4-
methoxy 

(4)

3,4,5-
trimethoxy 

(5)

Partition 
Ratio 41 62 9.6 29 45

Presenter
Presentation Notes
Partition ratios for the inactivation of P450 2B6 by the substituted phenyldiaziridines.
Assay conditions are described in the Materials and Methods. The partition ratio is determined by incubating various concentrations of the inactivator molecules with P450 2B6 in the reconstituted system and allowing the reaction to go to completion. The partition ratio was then calculated from the graph of the percent activity remaining as a function of the ratio of the inactivator to enzyme concentration (Kent, Juschyshyn, and Hollenberg, 2001). The numbers represent the average of the results from three experiments with each substituted phenyl diaziridine 



Other Properties for the Inactivation of P450 2B6 by 
the Substituted Aryl Diaziridiens

Addition of reductase to the inactivated protein does 
not lead to recovery of activity 

Inactivation is irreversible

There is no significant heme modification

10 mM GSH does not protect against inactivation



Structures of the Aryl Diazidirines
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Presenter
Presentation Notes
Structures of Aryl Diazidirines and their Synthetic Precursors. 



Metabolic Stability of the Aryl Diaziridines
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Presenter
Presentation Notes
Metabolic Stability of the Aryl Diaziridines 1, 6, 7, 8, 9, and 10 after Incubation in a P450 2B6 Reconstituted System.  Analysis conditions were as described under Materials and Methods.  The percentage of each compound remaining was estimated from the LC-UV peak area ratio of samples incubated in the presence to those in the absence of NAPDH, after normalizing for recovery using bergamottin as the internal standard.  The initial concentration of each compound was 20 µM and the incubation time was 90 min (n=3). 



GC-MS Spectrum of the Metabolite of Aryl Diaziridine 1 (a) 
and its Ketone Standard (b)
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Presenter
Presentation Notes
GC-MS Results for Samples where Aryl Diaziridines 1 and 6 were Incubated in P450 2B6 Reconstituted Systems.  Details of the conditions used are described in Materials and Methods.  GC-MS spectra of (a) a metabolite of compound 1 (1 mM of 1 incubated for 45 min with NADPH) that eluted with a r.t. of 6.6 min. (b) a solution of compound 10, a ketone standard that eluted with a r.t. of 6.6 min, (c) a metabolite of compound 6 (1 mM of 6 incubated for 45 min with NADPH) that eluted with a r.t. of 7.5 min, and (d) a solution of compound 16, a ketone standard that eluted with a r.t. of 7.5 min. 



Metabolism of an Aryl Diaziridine to a Ketone
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LC-MS/MS Analysis of GSHEE Adducts of Aryl Diaziridine 1
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Presenter
Presentation Notes
LC-MS/MS Analysis of GSHEE Adducts of 1 and 11.  Representative extracted LC-MS chromatograms for samples where each of the two aryl diaziridines was incubated in the P450 2B6 reconstituted system together with GSHEE and NADPH are shown.  Details of the conditions are described under Materials and Methods.  (a) MS/MS spectra and proposed structure for the peak shown in the extracted ion chromatogram eluting at 25 min with an m/z = 510 of a sample incubated with 1, (b) LC-MS/MS spectrum and proposed structure for the peak shown in the extracted ion chromatogram eluting at 25 min with an m/z = 514 of a sample incubated with 11.



Proposed Chemical Structures for the GSHEE-Adducts 
formed by P450 2B6
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of Aryl Diaziridine 11

Presenter
Presentation Notes
LC-MS/MS Analysis of GSHEE Adducts of 1 and 11.  Representative extracted LC-MS chromatograms for samples where each of the two aryl diaziridines was incubated in the P450 2B6 reconstituted system together with GSHEE and NADPH are shown.  Details of the conditions are described under Materials and Methods.  (a) MS/MS spectra and proposed structure for the peak shown in the extracted ion chromatogram eluting at 25 min with an m/z = 510 of a sample incubated with 1, (b) LC-MS/MS spectrum and proposed structure for the peak shown in the extracted ion chromatogram eluting at 25 min with an m/z = 514 of a sample incubated with 11.



Proposed Mechanism for the Inactivation of P450 2B6 
by Aryl Diaziridines 1-5
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Pathway for the Metabolism of Compound 6 without 
Formation of a Reactive Intermediate
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An Alternative Mechanism for the Inactivation of P450 
2B6 by Aryl Diaziridines
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Presentation Notes
An alternative mechanism for the inactivation of P450 2B6 by aryl diaziridines.



P450 2B6 and 4-hydroxy phenyl diaziridine



Km = 4.4µM and Vmax = 0.02
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Presentation Notes
GSHEE adduct with 4OH phenyl hydrazine gave another adduct – mass of which is 510. This is when N2H2 is lost from the phenyl hydrazine structure.
The mass of the intermediate is hypothesized to be 174. Thus the mass of the adduct 174+336 from the GSHEE – gives 510.
381 is from the loss of 129 and 491.6 is from the loss of water;
406.9 is from the loss of 103 (glycylethyl ester). 













510 – 129 = 381 (loss of pyroglutamate); 510-103 = 407 (loss of glycylethyl ester)
491.6 is from the loss of water
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4-tert-butylphenylacetylene (BPA)
MW = 158 g/mol
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Inactivator P450 KI kinact kinact / KI Partition ratio

μM min-1 min-1mM-1

BPA WT 0.7 1.64 2343 1

T205A 16 0.36 23 9

BMP WT 17 0.56 33 10

T205A 16 0.14 9 35
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Modified peptide
positions and sequence

Modified 
residue

Precursor ion
charge 

XCorr Probability

296FFAGTETSSTTLR308 Thr302 2 3.62 1.7 x 10-6

296FFAGTETSSTTLR308 Ser303 2 3.48 1.1 x 10-4

100TIAVIEPIFK109 Thr100 2 2.90 8.0 x 10-5

SEQUEST database search results

Xcorr: cross-correlation value between the observed peptide fragment mass
spectrum and the one theoretically predicted.

Probability: scoring algorithm in BioWorks based on the probability that the peptide 
is a random match to the spectral data
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Reversible Docking of BPA in the CYP2B1 Active Site
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Modified 
residue

location Distance to
heme iron ( Å )a

Distance to
BPA ( Å )a

Distance to
testosterone ( Å )a

Thr100 B’ helix/loop 15.44 8.31 6.94
Thr302 I-helix 6.22 3.42 2.42
Ser303 I-helix 8.57 7.67 7.18

aDistance between the nearest atom of each residue and the heme iron, 
BPA, and testosterone based on CYP2B1 homology modeling.
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Presenter
Presentation Notes
Kinetics for the mechanism-based inactivation of P450 2B4 by tert-butylphenylacetylene at 30 oC.  The primary reaction mixture contained equal amounts of P450 and CPR (1 M each), and varying concentrations of tBPA. The concentrations of tBPA varied from 0 (○), 0.3 (▽), 1 (□), 3 () to 10 M (△). The inset is a plot of the concentration dependence of the observed rates, Vobs, in the absence (●) and presence (○) of one equivalent of cyt b5.  
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Presentation Notes
Determination of the partition ratios for the mechanism-based inactivation of P450 2B4 by tert-butylphenylacetylene at 30 oC.  The primary reactions were incubated with tBPA and NADPH for 30 min at various molar ratios of tBPA to P450 as indicated; the concentration of P450 was 1 M and the concentrations of tBPA varied from 0 to 10 M.  The remaining activity for the inactivated P450 2B4 was assayed in the secondary reaction as described in Materials and Methods. () indicates the dataset obtained in the absence of cyt b5 in the primary reaction; () indicates the dataset obtained in the presence of 1 M cyt b5 in the primary reaction.
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P450 2B4-tBPA Adduct Formation as Revealed by LC-MS Analysis

∆M = 174 = tBPA+O

Presenter
Presentation Notes
Deconvoluted molecular masses of P450 2B4 and the modified P450 2B4 following reaction with tert-butylphenylacetylene under turnover conditions.  Aliquots of the primary reaction mixture containing ~ 50 pmoles of P450 2B4 were loaded onto a RP C3 column and the P450 2B4 sample was separated from the rest of the components in the reconstitution mixture.  The molecular mass of P450 2B4 was analyzed using ESI-LC/MS as described in Materials and Methods.  The three traces represent the samples obtained at 5 (A), 10 (B), and 15 min (C) after addition of NADPH to the primary reaction mixture.
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UV-visible Spectra of tBPA-modified P450 2B4

― P450 2B4 •••
P450 2B4 + BNZ

--- modified P450 2B4 -••- modified 
P450 2B4 + BNZ
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Presentation Notes
UV-visible spectra of unmodified P450 2B4 and tBPA-modified P450 2B4 in the presence or absence of benzphetamine.  The spectra were measured at 30 oC in 0.1 M potassium phosphate buffer (pH 7.4) containing 15% glycerol and 0.2 mg/mL of DLPC.  The concentrations of the unmodified and tBPA-modified P450 2B4 were 4.3 and 3.0 M respectively as determined by the haemochromagen method (Paul et al., 1953).  () indicates the unmodified ferric P450 2B4; () indicates the unmodified ferric P450 2B4 + 1 mM benzphetamine; (---) indicates the modified ferric P450 2B4; (--) indicates the modified ferric P450 2B4 + 1 mM benzphetamine.




Catalytic Activity of tBPA-modified P450 2B4

Substrates Relative Turnover Rates (% of unmodified 2B4)

7-EFC 30

BNZ 21

Testosterone 9.6

Compounds Volume (Å3)

tBPA 198.7

7-EFC 226.6

BNZ 289.1

Testosterone 313.9
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Rates of Electron Transfer from P450 Reductase to 
tBPA-modified Ferric P450 2B4

--- P450 2B4 ―
P450 2B4 + BNZ

••• Modified P450 2B4 -•- modified 
P450 2B4 + BNZ
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Presentation Notes
Kinetics for the first electron transfer from P450 reductase to unmodified and tBPA-modified P450 2B4 determined by stopped-flow spectrophotometry at 25 oC. The reconstituted P450 2B4 and CPR solution (3 M each) were rapidly mixed with 0.1 mM NADPH solution in the stopped-flow spectrophotometer and the kinetics of the electron transfer were monitored at 450 nm as described in Materials and Methods.  Both solutions were saturated with CO and contained 1 mM benzphetamine (when present) prior to being loaded into the stopped-flow spectrophotometer. (---) indicates the unmodified P450 2B4;  () indicates the unmodified P450 2B4 + 1 mM benzphetamine;  () indicates the modified P450 2B4; (--) indicates the modified P450 2B4 + 1 mM benzphetamine.




Peptide Mapping to Identify Site of Covalent Binding
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Presentation Notes
LC-MS/MS analysis of the tBPA-modified peptide 294SLFFAGTETTSTTLR308 showing that Thr302 is the tBPA-modified residue. Thr302 is marked with an asterisk. The predicted fragment ion series (b and y ions) for the singly charged ion at m/z 1805.4 are denoted as unlabeled and the fragment ions observed for the modified peptide are indicated as labeled. The observed fragment ions are MS/MS spectra of the doubly charged precursor ion at m/z 903.7 obtained in positive mode using the Xcalibur software as described in Materials and Methods. 




Molecular Modeling Showing the Binding of tBPA in 
the Active Site of P450 2B4
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Presentation Notes
Molecular modeling showing the binding of tBPA in the active site of P450 2B4.  tBPA was docked to the active site of P450 2B4 using Autodock software (ver. 4.0) as described in Materials and Methods.  The I-helix and the heme are shown in yellow ribbon and red stick, respectively.  Only the amino acid residues within 4 Å of the tBPA bound in the active site are shown. 
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