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Introduction	  

There	  are	  a	  number	  of	  advantages	  of	  using	  in	  vitro	  methods	  in	  drug	  metabolism	  studies.	  Some	  

of	  the	  major	  approaches	  involve	  cellular	  systems,	  microsomes,	  and	  recombinant	  products,	  all	  

of	  which	  will	  be	  discussed.	  An	  important	  point	  to	  make	  here	  at	  the	  outset	  is	  that	  what	  we	  are	  

trying	  to	  do	  is	  obtain	  information	  that	  will	  be	  predictive	  for	  the	  in	  vivo	  human	  situation.	  This	  

cannot	  be	  approached	  directly,	  unless	  one	  is	  willing	  to	  wait	  until	  the	  clinical	  portion	  of	  the	  

development	  process.	  A	  trend	  in	  recent	  years	  is	  to	  move	  drug	  metabolism	  to	  points	  earlier	  in	  

the	  discovery/development	  process.	  For	  instance,	  resistance	  to	  rapid	  metabolism	  can	  be	  a	  

criterion	  in	  screening,	  presumably	  predicting	  low	  bioavailability.	  During	  the	  past	  10-‐15	  years,	  

in	  vitro	  methods	  have	  been	  developed	  most	  extensively	  with	  the	  cytochrome	  P450	  (P450,	  or	  

CYP)	  enzymes.	  In	  this	  period	  there	  has	  also	  been	  a	  shift	  of	  emphasis	  away	  from	  in	  vivo	  

experiments	  with	  animal	  models	  to	  in	  vitro	  studies	  with	  human	  enzymes	  (1).	  Nevertheless,	  

we	  should	  always	  remember	  that	  the	  human	  in	  vivo	  situation	  is	  the	  endpoint.	  All	  in	  vitro	  

systems	  are	  imperfect	  as	  models-‐but	  some	  are	  useful!	  Having	  said	  this,	  the	  point	  can	  also	  be	  

made	  that	  good	  in	  vitro	  studies	  can	  be	  very	  useful	  in	  making	  decisions	  regarding	  which	  in	  vivo	  

studies	  will	  be	  most	  useful.	  
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Cellular	  Systems	  

Two	  major	  approaches	  are	  discussed	  here,	  the	  uses	  of	  human	  liver	  slices	  and	  human	  

hepatocytes.	  Both	  of	  these	  systems	  have	  some	  advantages	  over	  others.	  All	  of	  the	  enzymes	  are	  

present,	  not	  only	  the	  full	  complement	  of	  the	  P450s	  but	  also	  other	  microsomal	  and	  cytosolic	  

enzymes	  that	  contribute	  to	  metabolism.	  The	  setting	  is	  better	  than	  simpler	  systems	  in	  that	  the	  

cellular	  integrity	  is	  maintained.	  For	  instance,	  cofactor	  pools	  generally	  reflect	  those	  seen	  in	  

different	  subcellular	  locations	  in	  intact	  tissues.	  Another	  advantage	  is	  that	  these	  systems	  

permit	  the	  use	  of	  two	  useful	  endpoints-‐enzyme	  induction	  and	  hepatocellular	  toxicity.	  

However,	  these	  cellular	  systems	  also	  have	  some	  inherent	  disadvantages	  that	  limit	  their	  use.	  

Cell	  cultures	  must	  be	  primary	  and	  cannot	  be	  passaged.	  Cells	  and	  slices	  cannot	  be	  easily	  frozen	  

and	  subsequently	  thawed	  for	  use	  in	  assays,	  although	  the	  technology	  is	  being	  pursued.	  These	  

cellular	  systems	  cannot	  be	  prepared	  from	  liver	  tissue	  that	  has	  previously	  been	  frozen.	  Also,	  

these	  preparations	  are	  not	  easily	  shipped	  so	  assays	  must	  generally	  be	  done	  on	  site.	  Therefore,	  

despite	  their	  advantages,	  cellular	  systems	  are	  relatively	  expensive.	  Also,	  because	  the	  number	  

of	  liver	  samples	  used	  for	  these	  preparations	  is	  usually	  limited,	  a	  restricted	  sampling	  of	  the	  

variability	  in	  biotransformation	  is	  obtained.	  

An	  alternative	  approach	  to	  using	  a	  complete	  mixture	  of	  enzymes	  involves	  working	  with	  

simple	  homogenates	  of	  liver	  or	  other	  tissues.	  All	  of	  the	  enzymes	  are	  present	  but	  their	  

cofactors	  are	  diluted.	  
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Microsomal	  Preparations	  

Microsomes	  are	  readily	  prepared	  from	  frozen	  liver	  tissue	  and	  a	  number	  of	  different	  

experiments	  are	  possible.	  Patterns	  of	  biotransformation	  of	  a	  particular	  P450	  substrate	  

(usually	  from	  several	  individuals)	  can	  be	  quickly	  obtained	  and	  compared	  to	  profiles	  from	  

experimental	  animals.	  This	  approach	  can	  be	  used	  to	  help	  select	  the	  most	  appropriate	  animal	  

model	  on	  the	  basis	  of	  metabolism.	  If	  sufficient	  amounts	  of	  human	  microsomes	  are	  available	  

and	  a	  particular	  product	  (initially	  identified	  only	  as	  an	  HPLC	  peak)	  is	  formed	  only	  in	  humans,	  

microsomal	  incubations	  can	  be	  used	  to	  obtain	  enough	  material	  for	  chemical	  characterization.	  

	  

	  

Several	  approaches	  can	  be	  used	  to	  identify	  which	  P450s	  make	  major	  contributions	  to	  a	  new	  

reaction	  (formation	  of	  a	  particular	  product	  of	  a	  new	  drug),	  as	  outlined	  elsewhere	  (2).	  (i)	  In	  a	  

correlation	  approach,	  a	  set	  of	  microsomal	  samples	  obtained	  from	  different	  individuals	  

(usually	  >10)	  is	  compared	  with	  regard	  to	  rates	  of	  the	  new	  reaction	  and	  reactions	  known	  to	  be	  

catalyzed	  by	  individual	  P450s	  (or	  immunochemically-‐determined	  levels	  of	  the	  P450s).	  If	  a	  

The	  relative	  impact	  of	  various	  human	  liver	  CYP	  isoforms	  in	  human	  drug	  metabolism.	  	  	  	  
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particular	  P450	  is	  involved,	  the	  new	  reaction	  will	  correlate	  with	  the	  marker.	  (ii)	  Chemical	  

inhibitors	  have	  reasonably	  good	  diagnostic	  value	  for	  individual	  P450s.	  Lists	  have	  been	  

published	  elsewhere	  (1,3).	  (iii)	  Antibodies	  known	  to	  inhibit	  individual	  P450s	  can	  be	  added	  to	  

the	  microsomes	  and	  their	  effects	  on	  a	  particular	  reaction	  can	  be	  determined.	  (iv)	  Microsomes	  

can	  be	  used	  as	  starting	  material	  for	  the	  purification	  of	  a	  previously	  unknown	  P450	  if	  other	  

attempts	  at	  identification	  fail.	  However,	  many	  P450s	  have	  already	  been	  identified	  and	  current	  

knowledge	  argues	  that	  this	  approach	  will	  no	  longer	  be	  used	  very	  often.	  

Human	  liver	  microsomes	  are	  relatively	  available,	  both	  from	  some	  academic	  scientists	  and	  

from	  commercial	  companies	  that	  sell	  preparations.	  If	  properly	  handled,	  liver	  tissue	  from	  

surgery	  or	  organ	  donors	  can	  be	  frozen	  (in	  liquid	  N2	  and	  held	  at	  -‐80	  °C)	  essentially	  indefinitely	  

without	  apparent	  loss	  of	  P450	  enzyme	  activity.	  All	  of	  the	  P450s	  are	  present	  in	  the	  material.	  

The	  microsomal	  preparations	  can	  also	  be	  stored	  for	  long	  periods.	  The	  availability	  of	  human	  

microsome	  preparations	  does	  allow	  for	  insight	  into	  the	  variability	  among	  the	  population.	  The	  

disadvantages	  are	  that	  human	  liver	  microsomes	  are	  still	  not	  quite	  as	  available	  as	  one	  might	  

desire,	  the	  information	  is	  not	  as	  complete	  as	  from	  the	  cellular	  systems,	  and	  some	  of	  the	  

approaches	  to	  identifying	  the	  roles	  of	  the	  individual	  P450s	  may	  not	  always	  be	  

straightforward,	  particularly	  if	  more	  than	  one	  P450	  is	  involved	  or	  if	  good	  antibodies	  and	  

diagnostic	  inhibitors	  are	  not	  available	  (2).	  

	  

Recombinant	  Systems	  

Many	  early	  studies	  utilized	  P450	  enzymes	  purified	  from	  human	  liver,	  but	  the	  availability	  of	  

tissue	  and	  technical	  difficulties	  in	  purification	  has	  required	  a	  shift	  to	  heterologous	  expression	  
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methods	  to	  satisfy	  the	  demands	  for	  single	  P450	  systems	  for	  use	  in	  practical	  applications,	  i.e.,	  

drug	  metabolism.	  A	  number	  of	  heterologous	  systems	  have	  now	  been	  used	  for	  expression	  of	  

human	  and	  other	  P450s,	  and	  all	  have	  some	  advantages	  and	  disadvantages.	  

Systems	  based	  on	  mammalian	  cells	  usually	  have	  relatively	  low	  levels	  of	  expression.	  Cell	  

culture	  is	  also	  expensive.	  Transient	  systems	  used	  include	  transformed	  African	  green	  monkey	  

kidney	  (COS)	  cells	  and	  vaccinia	  virus-‐infected	  HepG2	  cells.	  These	  systems	  require	  cell	  

transfection	  each	  time	  before	  expression,	  although	  microsomes	  can	  be	  isolated	  from	  the	  cells	  

(at	  peak	  expression	  and	  stored	  frozen).	  Most	  permanent	  cell	  lines	  of	  human	  liver	  origin	  do	  not	  

express	  P450s	  or,	  if	  they	  do,	  it	  may	  only	  be	  P450	  1A1.	  Stable	  heterologous	  expression	  of	  

individual	  human	  P450s	  has	  been	  achieved	  in	  several	  cell	  lines,	  including	  V79	  Chinese	  

hamster	  and	  human	  lymphoblastoid	  cells,	  which	  are	  both	  commercially	  available	  (4,5).	  In	  

addition,	  some	  pharmaceutical	  companies	  are	  developing	  other	  systems	  of	  their	  own.	  These	  

systems	  have	  the	  advantage	  that	  they	  have	  the	  normal	  integrity	  found	  in	  mammalian	  cell	  lines	  

and	  have	  accessory	  proteins	  such	  as	  NADPH-‐P450	  reductase	  and	  cytochrome	  b5.	  They	  can	  

also	  be	  used	  to	  address	  endpoints	  relevant	  to	  toxicity	  (6).	  The	  disadvantages	  are	  that	  

expression	  levels	  are	  low,	  so	  work	  is	  expensive	  and	  sensitive	  assays	  are	  needed.	  In	  making	  

comparisons	  of	  transformation	  rates	  with	  such	  systems	  containing	  different	  P450s,	  it	  is	  

important	  to	  estimate	  the	  level	  of	  P450	  expression;	  this	  is	  usually	  done	  by	  immunoblotting	  

except	  in	  some	  cases	  for	  which	  levels	  of	  expression	  are	  greater.	  

The	  other	  general	  area	  includes	  higher	  levels	  of	  expression	  in	  simpler	  systems.	  There	  are	  

three	  major	  vector	  systems-‐yeast,	  baculovirus,	  and	  bacteria.	  
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Heterologous	  expression	  of	  mammalian	  P450s	  in	  yeast	  was	  first	  introduced	  by	  Ohkawa	  and	  

his	  colleagues	  in	  Japan	  (7)	  and	  this	  approach	  was	  also	  employed	  in	  this	  laboratory	  in	  the	  late	  

1980s.	  In	  principle,	  yeast	  have	  the	  advantage	  that	  they	  have	  NADPH-‐P450	  reductase	  and	  

cytochrome	  b5,	  and	  yeast	  microsomes	  should	  be	  capable	  of	  transformation.	  However,	  these	  

yeast	  enzymes	  (reductase,	  b5)	  do	  not	  always	  couple	  well	  with	  the	  mammalian	  P450s.	  Levels	  

of	  P450	  expression	  are	  not	  generally	  as	  high	  as	  desirable,	  and	  yeast	  expression	  has	  not	  been	  

very	  popular	  in	  this	  country.	  Nevertheless,	  Pompon	  and	  others	  have	  made	  some	  major	  

improvements	  in	  the	  yeast	  system	  and	  use	  these	  systems	  in	  France	  (8).	  

Baculovirus	  expression	  in	  insect	  cells	  has	  gained	  in	  popularity.	  Systems	  expressing	  both	  

NADPH-‐P450	  reductase	  and	  a	  single	  P450	  have	  been	  reported	  (9),	  and	  the	  microsomes	  

prepared	  from	  the	  insect	  cells	  are	  capable	  of	  oxidizing	  P450	  substrates	  at	  reasonable	  rates.	  

Baculovirus	  systems	  have	  some	  inherent	  drawbacks-‐heme	  or	  heme	  precursors	  are	  needed	  

and	  media	  is	  expensive,	  although	  there	  are	  some	  prospects	  for	  use	  of	  serum-‐free	  media	  that	  

may	  lower	  the	  cost.	  As	  with	  many	  of	  the	  systems,	  the	  levels	  of	  expression	  of	  individual	  P450	  

forms	  are	  not	  always	  very	  predictable.	  Nevertheless,	  P450s	  can	  be	  purified	  on	  a	  reasonably	  

large	  scale	  from	  these	  insect	  cell	  systems	  and	  used	  directly	  in	  various	  studies.	  

Although	  early	  attempts	  to	  express	  mammalian	  P450s	  in	  bacteria	  were	  disappointing,	  a	  

number	  of	  technological	  modifications	  have	  been	  employed	  successfully	  (10).	  At	  least	  35	  

mammalian	  P450s	  (16	  from	  humans)	  have	  now	  been	  expressed	  in	  Escherichia	  coli	  (11).	  In	  

most	  cases,	  some	  modification	  of	  the	  N-‐terminus	  (5')	  is	  necessary	  for	  optimal	  levels	  of	  

expression.	  However,	  no	  studies	  to	  date	  have	  shown	  an	  effect	  of	  such	  changes	  on	  catalytic	  

activity.	  Studies	  in	  this	  laboratory	  (12)	  and	  by	  Pernecky	  and	  Coon	  (13)	  indicate	  that	  a	  large	  
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portion	  of	  the	  N-‐terminus	  can	  be	  removed	  without	  altering	  catalytic	  activity.	  One	  unexplained	  

observation	  in	  heterologous	  bacterial	  expression	  is	  that	  expression	  of	  some	  of	  the	  P450s	  

requires	  addition	  of	  the	  heme	  precursor	  d-‐aminolevulinic	  acid	  to	  the	  medium	  (11).	  However,	  

this	  is	  apparently	  not	  due	  a	  requirement	  for	  heme	  synthesis,	  since	  some	  of	  the	  highest-‐

expressing	  P450s	  do	  not	  need	  such	  supplementation.	  

Purification	  of	  bacterially-‐expressed	  P450s	  has	  been	  relatively	  straightforward	  (14).	  The	  

purified	  proteins	  can	  be	  used	  with	  NADPH-‐P450	  reductase	  and,	  when	  necessary,	  cytochrome	  

b5	  to	  reconstitute	  catalytic	  activities	  at	  expected	  rates.	  The	  expected	  patterns	  of	  catalytic	  

specificity	  are	  seen.	  In	  particular,	  bacterial	  recombinant	  P450	  3A4	  shows	  the	  partitioning	  

between	  aflatoxin	  B1	  8,9-‐epoxidation	  and	  3a-‐hydroxylation	  expected	  from	  microsomal	  

studies	  and	  the	  unusual	  modulating	  effects	  of	  a-‐naphthoflavone,	  plus	  the	  sigmoidal	  plots	  of	  

reaction	  velocity	  vs	  substrate	  concentration	  (15).	  

Another	  feature	  of	  bacterial	  expression	  is	  that	  Salmonella	  typhimurium	  can	  also	  be	  utilized.	  

This	  is	  not	  a	  complete	  surprise	  given	  the	  similarities	  of	  these	  enteric	  bacteria,	  Salmonella	  and	  

Escherichia.	  However,	  even	  without	  any	  precautions	  regarding	  levels	  of	  protease	  activity,	  the	  

Ames'	  test	  systems	  have	  been	  used	  to	  express	  human	  P450	  1A2	  and	  the	  bacteria	  show	  

mutations	  from	  aryl	  and	  heterocyclic	  amines	  in	  the	  absence	  of	  added	  S9	  and	  cofactors	  (16).	  

This	  aspect	  of	  bacterial	  expression	  remains	  to	  be	  further	  developed	  but	  has	  potential	  in	  terms	  

of	  improved	  and	  more	  useful	  mutagenicity	  test	  systems.	  

Advantages	  of	  the	  bacterial	  expression	  systems	  are	  the	  low	  cost	  of	  growing	  bacteria	  and	  the	  

use	  of	  large	  amounts	  of	  recombinant	  human	  P450.	  For	  example,	  the	  bufuralol	  oxidation	  

products	  generated	  in	  a	  20	  min	  incubation	  with	  35	  nmol	  of	  recombinant	  P450	  1A2	  could	  be	  
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isolated	  and	  characterized	  by	  mass	  and	  1H-‐NMR	  spectroscopy	  (17).	  The	  large	  amounts	  of	  

purified	  P450s	  have	  also	  been	  used	  as	  antigens	  for	  the	  preparation	  of	  polyclonal	  antibodies	  

(18).	  This	  approach	  offers	  potential	  in	  the	  development	  of	  antibodies	  as	  reagents	  to	  be	  

utilized	  with	  human	  liver	  microsomes	  in	  the	  discernment	  of	  roles	  of	  P450s	  in	  particular	  

reactions.	  

One	  current	  disadvantage	  of	  bacterial	  systems	  is	  that	  the	  individual	  proteins	  are	  still	  

expressed	  and	  purified,	  in	  the	  historic	  manner	  used	  with	  proteins	  purified	  from	  liver.	  One	  

approach	  to	  circumventing	  this	  problem	  is	  the	  use	  of	  fusion	  proteins,	  i.e.,	  a	  single	  protein	  

containing	  both	  a	  P450	  and	  NADPH-‐P450	  reductase.	  Several	  of	  these	  have	  been	  produced	  in	  

bacteria	  and	  some	  have	  been	  purified	  (19).	  These	  tend	  to	  be	  self-‐sufficient	  entities,	  although	  

their	  rates	  of	  oxidation	  can	  often	  be	  further	  stimulated	  by	  adding	  NADPH-‐P450	  reductase.	  To	  

date	  none	  seem	  to	  have	  the	  unusually	  high	  rates	  of	  substrate	  oxidation	  seen	  with	  the	  normal	  

bacterial	  P450	  BM-‐3	  (P450	  102),	  however.	  The	  catalytic	  selectivity	  of	  these	  available	  fusion	  

proteins	  has	  not	  been	  extensively	  investigated,	  but	  to	  date	  the	  patterns	  seem	  to	  be	  holding	  

well	  (20).	  Another	  approach	  to	  development	  of	  systems	  involves	  co-‐expression	  of	  both	  a	  P450	  

and	  NADPH-‐P450	  reductase	  (and	  cytochrome	  b5)	  in	  a	  single	  bacterial	  vector.	  This	  approach	  

has	  been	  taken	  by	  Porter	  (21)	  although	  the	  expression	  level	  in	  this	  first	  effort	  was	  low.	  A	  

polycistronic	  approach	  may	  be	  advantageous.	  

	  

Conclusions	  

A	  number	  of	  in	  vitro	  approaches	  have	  been	  developed	  for	  the	  study	  of	  P450s	  and	  other	  

enzymes	  in	  human	  drug	  metabolism.	  Different	  systems	  are	  available	  and	  rely	  on	  human	  
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tissues	  and	  heterologously	  expressed	  proteins.	  Information	  can	  be	  obtained	  about	  patterns	  of	  

metabolism,	  which	  P450s	  are	  capable	  of	  catalyzing	  a	  reaction,	  which	  P450s	  predominate	  in	  a	  

typical	  liver	  cell,	  whether	  metabolism	  generates	  toxicity,	  chemical	  characterization	  of	  

products,	  and	  possibly	  even	  induction.	  The	  choice	  of	  systems	  is	  dictated	  by	  the	  goals.	  

Heterologous	  expression	  products	  (P450s	  and	  antibodies	  raised	  to	  them)	  offer	  many	  

advantages	  and	  will	  continue	  to	  be	  developed	  as	  reagents	  with	  improvements	  in	  technology	  

and	  lowered	  cost	  in	  high-‐level	  expression	  systems.	  

.	  

References	  

1.	  Miners,	  J.	  O.,	  Veronese,	  M.	  E.,	  and	  Birkett,	  D.	  J.	  (1994)	  In	  vitro	  approaches	  for	  the	  prediction	  
of	  human	  drug	  metabolism.	  Ann.	  Rep.	  Med.	  Chem.	  29,	  307-‐316.	  

2.	  Guengerich,	  F.	  P.	  and	  Shimada,	  T.	  (1991)	  Oxidation	  of	  toxic	  and	  carcinogenic	  chemicals	  by	  
human	  cytochrome	  P-‐450	  enzymes.	  Chem.	  Res.	  Toxicol.	  4,	  391-‐407.	  

3.	  Guengerich,	  F.P.	  Human	  cytochrome	  P450	  enzymes.	  In:	  Cytochrome	  P450,	  edited	  by	  Ortiz	  de	  
Montellano,	  P.R.	  New	  York:	  Plenum	  Press,	  1995,	  p.	  473-‐535.	  

4.	  Doehmer,	  J.	  and	  Oesch,	  F.	  (1991)	  V79	  Chinese	  hamster	  cells	  genetically	  engineered	  for	  stable	  
expression	  of	  cytochromes	  P450.	  Methods	  Enzymol.	  206,	  117-‐123.	  

5.	  Gonzalez,	  F.	  J.,	  Crespi,	  C.	  L.,	  and	  Gelboin,	  H.	  V.	  (1991)	  cDNA-‐expressed	  human	  cytochrome	  
P450s:	  a	  new	  age	  of	  molecular	  toxicology	  and	  human	  risk	  assessment.	  Mutation	  Res.	  247,	  
113-‐127.	  

6.	  Crespi,	  C.	  L.,	  Penman,	  B.	  W.,	  Gonzalez,	  F.	  J.,	  Gelboin,	  H.	  V.,	  Galvin,	  M.,	  and	  Langenbach,	  R.	  
(1993)	  Genetic	  toxicology	  using	  human	  cell	  lines	  expressing	  human	  P-‐450.	  Biochem.	  Soc.	  
Trans.	  21,	  1023-‐1028.	  

7.	  Sakaki,	  T.,	  Oeda,	  K.,	  Miyoshi,	  M.,	  and	  Ohkawa,	  H.	  (1985)	  Characterization	  of	  rat	  cytochrome	  
P-‐450MC	  synthesized	  in	  Saccharomyces	  cerevisiae.	  J.	  Biochem.	  98,	  167-‐175.	  



	  

	   	  
	   	  
	  
©	  1997	  Oxford	  Biomedical	  Research,	  Inc.	  All	  Rights	  Reserved.	   	   	   Page	  11	  

	  

8.	  Gautier,	  J-‐C.,	  Urban,	  P.,	  Beaune,	  P.,	  and	  Pompon,	  D.	  (1993)	  Engineered	  yeast	  cells	  as	  model	  to	  
study	  coupling	  human	  xenobiotic	  metabolizing	  enzymes.	  Simulation	  of	  the	  the	  two	  first	  
steps	  of	  benzo[a]pyreene	  activation.	  Eur.	  J.	  Biochem.	  211,	  63-‐72.	  

9.	  Lee,	  C.	  A.,	  Kadwell,	  S.	  H.,	  Kost,	  T.	  A.,	  and	  Serabjit-‐Singh,	  C.	  J.	  (1995)	  CYP3A4	  expressed	  by	  
insect	  cells	  infected	  with	  a	  recombinant	  baculovirus	  containing	  both	  CYP3A4	  and	  human	  
NADPH-‐cytochrome	  P450	  reductase	  is	  catalytically	  similar	  to	  human	  liver	  microsomal	  
CYP3A4.	  Arch.	  Biochem.	  Biophys.	  319,	  157-‐167.	  

10.	  Barnes,	  H.	  J.,	  Arlotto,	  M.	  P.,	  and	  Waterman,	  M.	  R.	  (1991)	  Expression	  and	  enzymatic	  activity	  
of	  recombinant	  cytochrome	  P450	  17a-‐hydroxylase	  in	  Escherichia	  coli.	  Proc.	  Natl.	  Acad.	  Sci.	  
USA	  88,	  5597-‐5601.	  

11.	  Guengerich,	  F.	  P.,	  Gillam,	  E.	  M.	  J.,	  and	  Shimada,	  T.	  (1996)	  New	  applications	  of	  bacterial	  
systems	  to	  problems	  in	  toxicology.	  Crit.	  Rev.	  Toxicol.	  (In	  Press)	  

12.	  Dong,	  M-‐S.,	  Yamazaki,	  H.,	  Guo,	  Z.,	  and	  Guengerich,	  F.	  P.	  (1996)	  Recombinant	  human	  
cytochrome	  P450	  1A2	  and	  an	  N-‐terminal	  truncated	  form:	  construction,	  purification,	  
aggregation	  properties,	  and	  interactions	  with	  flavodoxin,	  ferredoxin,	  and	  NADPH-‐
cytochrome	  P450	  reductase.	  Arch.	  Biochem.	  Biophys.	  327,	  11-‐19.	  

13.	  Pernecky,	  S.	  J.,	  Larson,	  J.	  R.,	  Philpot,	  R.	  M.,	  and	  Coon,	  M.	  J.	  (1993)	  Expression	  of	  truncated	  
forms	  of	  liver	  microsomal	  P450	  cytochromes	  2B4	  and	  2E1	  in	  Escherichia	  coli:	  influence	  of	  
NH2-‐terminal	  region	  on	  localization	  in	  cytosol	  and	  membranes.	  Proc.	  Natl.	  Acad.	  Sci.	  USA	  
90,	  2651-‐2655.	  

14.	  Guengerich,	  F.	  P.,	  Martin,	  M.	  V.,	  Guo,	  Z.,	  and	  Chun,	  Y-‐J.	  (1996)	  Purification	  of	  recombinant	  
human	  cytochrome	  P450	  enzymes	  expressed	  in	  bacteria.	  Methods	  Enzymol.	  (In	  Press)	  

15.	  Ueng,	  Y-‐F.,	  Shimada,	  T.,	  Yamazaki,	  H.,	  and	  Guengerich,	  F.	  P.	  (1995)	  Oxidation	  of	  aflatoxin	  B1	  
by	  bacterial	  recombinant	  human	  cytochrome	  P450	  enzymes.	  Chem.	  Res.	  Toxicol.	  8,	  218-‐225.	  

16.	  Josephy,	  P.	  D.,	  DeBruin,	  L.	  S.,	  Lord,	  H.	  L.,	  Oak,	  J.,	  Evans,	  D.	  H.,	  Guo,	  Z.,	  Dong,	  M-‐S.,	  and	  
Guengerich,	  F.	  P.	  (1995)	  Bioactivation	  of	  aromatic	  amines	  by	  recombinant	  human	  
cytochrome	  P450	  1A2	  expressed	  in	  bacteria:	  a	  substitute	  for	  mammalian	  tissue	  
preparations	  in	  mutagenicity	  testing.	  Cancer	  Res.	  55,	  799-‐802.	  

17.	  Yamazaki,	  H.,	  Guo,	  Z.,	  Persmark,	  M.,	  Mimura,	  M.,	  Gonzalez,	  F.	  J.,	  Sugahara,	  C.,	  Guengerich,	  F.	  
P.,	  and	  Shimada,	  T.	  (1994)	  Bufuralol	  hydroxylation	  by	  cytochrome	  P450	  2D6	  and	  1A2	  
enzymes	  in	  human	  liver	  microsomes.	  Mol.	  Pharmacol.	  46,	  568-‐577.	  



	  

	   	  
	   	  
	  
©	  1997	  Oxford	  Biomedical	  Research,	  Inc.	  All	  Rights	  Reserved.	   	   	   Page	  12	  

	  

18.	  Soucek,	  P.,	  Martin,	  M.	  V.,	  Ueng,	  Y-‐F.,	  and	  Guengerich,	  F.	  P.	  (1995)	  Identification	  of	  a	  common	  
epitope	  near	  the	  conserved	  heme-‐binding	  region	  with	  polyclonal	  antibodies	  raised	  against	  
cytochrome	  P450	  family	  2	  proteins.	  Biochemistry	  34,	  16013-‐16021.	  

19.	  Shet,	  M.	  S.,	  Fisher,	  C.	  W.,	  Holmans,	  P.	  L.,	  and	  Estabrook,	  R.	  W.	  (1993)	  Human	  cytochrome	  
P450	  3A4:	  Enzymatic	  properties	  of	  a	  purified	  recombinant	  fusion	  protein	  containing	  
NADPH-‐P450	  reductase.	  Proc.	  Natl.	  Acad.	  Sci.	  USA	  90,	  11748-‐11752.	  

20.	  Chun,	  Y-‐J.,	  Shimada,	  T.,	  and	  Guengerich,	  F.	  P.	  (1996)	  Construction	  of	  a	  human	  cytochrome	  
P450	  1A1:rat	  NADPH-‐P450	  reductase	  fusion	  protein	  cDNA,	  expression	  in	  Escherichia	  coli,	  
purification,	  and	  catalytic	  properties	  of	  the	  enzyme	  in	  bacterial	  cells	  and	  after	  purification.	  
Arch.	  Biochem.	  Biophys.	  330,	  48-‐58.	  

21.	  Dong,	  J.	  and	  Porter,	  T.	  D.	  (1996)	  Coexpression	  of	  mammalian	  cytochrome	  P450	  and	  
reductase	  in	  Escherichia	  coli.	  Arch.	  Biochem.	  Biophys.	  327,	  254	  

	  


