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New	  drugs	  with	  novel	  mechanisms	  of	  action	  are	  required	  to	  meet	  the	  severe	  threat	  

to	   human	   health	   posed	   by	   the	   emergence	   of	   multidrug	   and	   extensively	   drug	   resistant	  

strains	   of	   Mycobacterium	   tuberculosis	   (M.	   tuberculosis).	   	   The	   cholesterol	   metabolism	  

pathway	  in	  M.	  tuberculosis	  is	  a	  potential	  source	  of	  energy	  as	  well	  as	  secondary	  metabolite	  

production	   that	   is	   important	   for	   survival	   of	   M.	   tuberculosis	   in	   the	   host	   macrophage.	  

Oxidation	   and	   isomerization	   of	   3β-‐hydroxysterols	   to	   4-‐en-‐3-‐ones	   by	  M.	   tuberculosis	   3β-‐

hydroxysteroid	  dehydrogenase	  (3β-‐HSD)	  is	  required	  for	  	  sterol	  metabolism,	  and	  inhibitors	  

of	  3β-‐HSD	  are	  important	  for	  targeting	  the	  cholesterol	  metabolic	  pathway.	  	  In	  this	  work,	  we	  

evaluated	  a	   series	  of	  azasteroids	   for	   inhibition	  of	  3β-‐HSD.	   	  Our	  structure–activity	   studies	  

indicate	   that	   the	  6-‐aza	  version	  of	  cholesterol	   is	   the	  best	  and	   tightest	  binding	  competitive	  

inhibitor	  (Ki	  =	  100	  nM)	  of	  the	  steroid	  substrate	  and	  are	  consistent	  with	  cholesterol	  being	  

the	  preferred	  substrate	  of	  M.	  tuberculosis	  3β-‐HSD.	  

The	   intracellular	   growth	   (igr)	   operon	   is	   required	   for	   in	   vitro	   growth	   using	  

cholesterol	  as	  a	  sole	  carbon	  source.	   	  The	  function	  of	   igr	  operon	  and	  its	  role	  in	  cholesterol	  

metabolism	   is	   yet	   to	   be	   established.	   	   	   Here	  we	   describe	   the	   biosynthetic	   preparation	   of	  

isotopically	  labeled	  13C-‐	  [1,7,15,22,26]-‐cholesterol	  and	  employ	  it	  as	  a	  tool	  to	  investigate	  the	  
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cholesterol-‐derived	  metabolite	  profile	  of	   the	  M.	  tuberculosis	  H37Rv	  Δigr	  mutant	  strain	  by	  

high	   resolution	   LC/MS.	   	   Culture	   supernatants	   from	   the	   Δigr	   mutant	   accumulate	   a	  

cholesterol-‐derived	  metabolite	  not	  observed	  in	  H37Rv	  wild	  type	  or	  complemented	  strains.	  	  

Multidimensional	   NMR	   and	   mass	   spectral	   analysis	   revealed	   the	   structure	   of	   this	  

cholesterol-‐derived	   catabolite	   to	   be	   a	   late	   stage	   metabolic	   product:	   methyl	   1β-‐(2’-‐

propanoate)-‐3aα-‐H-‐4α(3’-‐propanoic	  acid)-‐7aβ-‐methylhexahydro-‐5-‐indanone.	  	  	  

The	   computationally	   annotated	   functions	   of	   the	   six	   genes	   of	   the	   igr	   operon	   are	   a	  

lipid	  transfer	  protein	  (ltp2/Rv3540c),	  two	  (R)-‐specific	  enoyl-‐CoA	  hydratases	  (Rv3541c	  and	  

Rv3542c),	   two	   acyl-‐CoA	   dehydrogenases	   (fadE29/Rv3543c	   and	   fadE28/Rv3544c),	   and	   a	  

cytochrome	  P450	  (cyp125/Rv3545c).	  	  Heterologous	  expression	  in	  E.	  coli	  demonstrated	  that	  

FadE28	   forms	   a	   heteromeric	   complex	  with	   FadE29,	   and	   that	   likewise,	   Rv3542c	   forms	   a	  

heteromeric	   complex	   with	   Rv3541c.	   	   Biophysical	   characterization	   of	   each	   complex	  

established	  they	  form	  novel	  α2β2	  heterotetramers.	  	  Using	  synthetic	  substrates	  analogous	  to	  

the	   metabolite	   identified	   in	   M.	   tuberculosis	   H37Rv	   Δigr	   mutant	   strain,	   we	   verified	   the	  

catalytic	   activity	   of	   the	   purified,	   recombinant	   FadE28-‐FadE29	   and	   Rv3541c-‐Rv3542c	  

protein	   complexes	   to	   be	   dehydrogenation	   and	   hydration	   of	   the	   2’-‐propanoate-‐CoA	   side	  

chain.	   	  We	  conclude	   the	   igr	   operon	   is	   required	   for	  degradation	  of	   the	  2’-‐propanoate	  side	  

chain	  fragment	  during	  metabolism	  of	  cholesterol	  by	  M.	  tuberculosis.	  	  
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I. Mycobacterium	  tuberculosis	  infection	  and	  treatment	  
Tuberculosis	   (Tb),	   caused	   by	   Mycobacterium	   tuberculosis	   (M.	   tuberculosis),	   is	   a	  

serious	  worldwide	   public	   health	   threat.	   	   One	   third	   of	   the	  world’s	   population	   is	   infected	  

with	   the	  disease,	  with	   approximately	  9	  million	  new	  cases	  occurring	   each	  year.	   	  Over	   the	  

past	   two	  centuries	  one	  billion	  people	  have	  died	   from	  Tb	   infection	   (1)	  and	  approximately	  

1.5	  million	   deaths	   each	   year	   are	   attributed	   to	   the	   disease,	  making	   it	   the	   second	   leading	  

cause	  of	  death	  by	  an	  infectious	  disease	  (2,	  3).	  	  The	  HIV	  epidemic	  led	  to	  an	  increase	  in	  active	  

Tb	  infections	  and	  mortality	  rates.	  	  10%	  of	  individuals	  infected	  with	  M.	  tuberculosis	  are	  also	  

HIV	  positive.	   	   In	  recent	  years,	  drug-‐resistant	  strains	  of	  M.	  tuberculosis	  have	  emerged	  that	  

make	   treating	   the	   infection	   more	   challenging.	   	   Novel	   treatments	   to	   combat	   resistant	  

bacteria	  are	  urgently	  needed	  (4,	  5).	  	  	  	  

Tuberculosis	   infection	   is	   spread	   through	   inhalation	   of	   aerosols	   containing	   the	  

bacilli.	  	  The	  infection	  is	  highly	  contagious	  and	  a	  single	  digit	  number	  of	  bacilli	  can	  establish	  

infection	  within	  a	  host.	  	  It	  is	  predicted	  that	  every	  person	  with	  an	  active	  infection	  will	  infect	  

approximately	  15	  additional	  people.	  	  

The	   primary	   site	   of	   infection	   is	   the	   respiratory	   system.	   	   In	   the	   lung,	   bacilli	   are	  

phagocytosed	  by	  alveolar	  macrophages.	  	  M.	  tuberculosis	  is	  able	  to	  inhibit	  maturation	  of	  the	  

phagosome,	   preventing	   formation	   of	   the	   phagolysosome	   and	   acidification	   of	   the	   vacuole	  

(5).	  	  During	  the	  early	  stages	  of	  infection,	  the	  bacilli	  rapidly	  divide	  and	  increase	  in	  number	  a	  

thousand	   times	   (6).	   	  The	  host	   immune	   response	   results	   in	  accumulation	  of	   immune	  cells	  

and	   the	   formation	   of	   a	   granuloma	   or	   tubercle,	   a	  major	   feature	   of	   Tb	   infection	   (7).	   	   The	  

macrophage	  differentiates	  to	  form	  foamy	  macrophages	  that	  are	  loaded	  with	  lipid	  droplets	  

within	   the	   core	   of	   the	   granuloma	   (8).	   	   A	   fibrous	   cuff	   surrounds	   the	   granuloma	   with	  

lymphocytes	   at	   the	   perimeter.	   	   At	   this	   stage	   the	   bacteria	   can	   persist	   within	   the	   host	  

granuloma	  for	  decades	  and	  the	  individual	  is	  considered	  to	  have	  latent	  Tb	  (9).	  	  During	  latent	  

infection,	   the	  bacilli	  exist	   in	  a	  dormant,	   low-‐growth	  state	  and	  infected	  individuals	  are	  not	  

contagious	  (10).	  	  

Approximately	  10%	  of	  latent	  Tb	  infections	  will	  progress	  to	  active	  infection	  at	  some	  

point	  during	  the	  host’s	  lifetime.	   	  This	  conversion	  is	  triggered	  when	  the	  immune	  system	  is	  

compromised	   and	   can	   be	   caused	   by	   AIDS,	   poor	   nutrition,	   and	   old	   age.	   	   Death	   of	  

macrophages	   causes	   caseation	   at	   the	   core	   of	   the	   granuloma	   (7).	   	   Necrosis	   then	   occurs	  
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leading	   to	   the	   release	   of	   bacteria	   into	   the	   airway.	   The	   individual	   is	   now	   contagious	   and	  

symptomatic.	  	  	  	  	  

Antibiotics,	   such	   as	   streptomycin,	   and	   improved	   sanitation	   had	   a	   great	   impact	   on	  

reducing	   the	   incidence	   of	   Tb	   in	   the	   1950’s.	   	   M.	   tuberculosis	   remains	   difficult	   to	   treat,	  

however,	  because	  of	  its	  intrinsic	  drug	  resistance	  mechanisms,	  including	  drug	  efflux	  and	  low	  

permeability	  due	  to	  the	  mycolic	  acids	  in	  the	  cell	  wall	  (11,	  12).	  	  Current	  Tb	  therapies	  require	  

six	  months	   of	   treatment	  with	   a	   combination	   of	   several	   antibiotics.	   	   The	   front-‐line	   drugs	  

used	  to	  treat	  the	  infection	  are	  isoniazid,	  which	  targets	  acyl-‐carrier	  protein	  reductase,	  InhA,	  

preventing	  cell	  wall	  mycolic	  acid	  synthesis,	  and	  rifampin,	  which	  targets	  RNA	  polymerase,	  

inhibiting	   RNA	   synthesis	   (Table	   1-‐1).	   	   	   Others	   included	   in	   the	   6-‐month	   regimen	   are	  

pyrazinamide	  and	  ethambutol.	  	  

The	  length	  of	  treatment	  causes	  problems	  with	  patient	  compliance,	  which	  can	  lead	  to	  

resistant	   bacteria.	   	   Bacteria	   acquire	   resistance	   due	   to	   spontaneous	  mutations,	  which	   are	  

selected	  for	  during	  inadequate	  treatment	  (13).	   	  The	  emergence	  of	  multi-‐drug	  resistant	  Tb	  

(MDR-‐Tb)	  (3),	  caused	  by	  bacteria	  resistant	  to	  isoniazid	  and	  rifampin,	  and	  extensively	  drug	  

resistant	  Tb	  (XDR-‐Tb)	  (14,	  15),	  caused	  by	  bacteria	  resistant	  to	  these	  front	  line	  drugs	  as	  well	  

as	   second	   line	   treatments,	   make	   new	   drugs	   to	   combat	   the	   infection	   a	   necessity.	   	   The	  

current	   drug	   regimen	   is	   able	   to	   cure	   95%	  of	   individuals	  with	   drug-‐susceptible	   Tb	  while	  

cure	  rates	  of	  MDR-‐Tb	  drop	  to	  50	  to	  70%	  and	  require	  18	  to	  24	  months	  of	  treatment	  with	  8	  

to	  10	  drugs	  (16).	  	  Most	  worrisome	  is	  infection	  with	  XDR-‐Tb,	  which	  is	  very	  difficult	  to	  treat	  

and	  for	  which	  mortality	  rates	  are	  very	  high.	  	  	  According	  to	  the	  World	  Health	  Organization,	  

XDR-‐Tb	  has	  been	  identified	  in	  over	  77	  countries	  worldwide	  (17).	  	  Several	  drug	  candidates	  

are	   currently	   in	   the	   pipeline	   for	   Tb	   treatment,	   but	   no	   new	   treatments	   have	   been	  

implemented	  in	  over	  40	  years	  (Table	  1-‐1)	  (18).	  
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Table	  1-‐1.	  	  Current	  Tb	  treatments	  and	  drug	  candidates	  currently	  in	  clinical	  trials.	  
Drug	   Target	   Clinical	  Phase	   Ref	  

Bedaquiline	  (TMC207)	   ATP	  Synthesis	   II	   (19)	  

Isoniazid	   Cell	  Wall	  Biosynthesis	   Current	  Tb	  drug	   (20)	  

Ethambutol	   Cell	  Wall	  Biosynthesis	   Current	  Tb	  drug	   (21)	  

BTZ043	   Cell	  Wall	  Biosynthesis	   I	   (22)	  

PA824	   Cell	  Wall	  Biosynthesis	   II	   (23)	  

OPC67683	   Cell	  Wall	  Biosynthesis	   III	   (24)	  

Gatifolxacin	   DNA	  Gyrase	  Inhibitor	   III	   (25)	  

Mozifoloxacin	   DNA	  Gyrase	  Inhibitor	   III	   (26)	  

Streptomycin	   Protein	  Synthesis	   Current	  Tb	  drug	   (27)	  

Pyrazinamide	   Protein	  Synthesis	   Current	  Tb	  drug	   (28)	  

PNU100480	   Protein	  Synthesis	   I	   (29)	  

AZD5847	   Protein	  Synthesis	   I	   	  

Rifampin	   RNA	  Synthesis	   Current	  Tb	  drug	   (30)	  

SQ109	   Cell	  Wall	  Biosynthesis	   II	   (31)	  

Sudoterb	   Unknown	   II	   	  

	  

A	  majority	  of	  Tb	  infections	  exist	  in	  a	  latent	  phase,	  in	  which	  Tb	  bacilli	  survive	  within	  

the	  host.	   	  Current	  antibiotics,	   as	  well	   as	   the	  majority	  of	  drug	   candidates	   in	   clinical	   trials,	  

target	  processes	  of	  active	  infection	  (Table	  1-‐1).	   	  Therefore,	  they	  are	  ineffective	  in	  treating	  

slow	  growing	  or	  dormant	  bacteria.	  One	  exception	   is	  bedaquiline,	  a	  novel	  diarylquinolone	  

drug	   targeting	   ATP	   synthase.	   	   Bedaquiline	   has	   recently	   been	   shown	   to	   be	   as	   effective	  

against	   dormant	   bacteria	   as	   replicating	  M.	   tuberculosis	   (32,	   33).	   	   ATP	   synthase	   activity,	  

though	   downregulated	   during	   dormancy,	   was	   shown	   to	   be	   essential	   for	   bacilli	   survival.	  	  

This	  is	  the	  first	  M.	  tuberculosis	  drug	  or	  drug	  candidate	  demonstrating	  activity	  against	  non-‐

replicating	   bacilli,	  making	   it	   a	   promising	   antimycobacterial	   agent.	   	   Additional	   drugs	   that	  

target	   latent	  M.	   tuberculosis	   are	   necessary	   to	   reduce	   the	   number	   of	   infected	   individuals	  

worldwide.	  	  	  	  	  
Sequencing	  of	  the	  M.	  tuberculosis	  genome	  reported	  in	  1998,	  has	  provided	  a	  wealth	  

of	  information	  that	  can	  be	  used	  for	  understanding	  Tb	  pathogenesis	  (4,	  34).	   	   	   	  The	  genome	  



	  

	   5	  

contains	  4,000	  genes	  and	  the	  function	  of	  45%	  were	  predicted	  based	  on	  similarity	  to	  known	  

genes.	  A	  large	  portion	  of	  the	  genome	  is	  not	  annotated	  and	  16%	  have	  no	  similarity	  to	  known	  

proteins	  (34,	  35).	  	  Gaining	  functional	  information	  for	  the	  large	  number	  of	  uncharacterized	  

genes	  in	  the	  M.	  tuberculosis	  genome	  is	  a	  daunting	  task.	  However,	  discovering	  the	  biological	  

role	  of	  these	  genes	  will	   lead	  to	  a	  better	  understanding	  of	  the	  pathogenesis	  of	  the	  bacteria	  

and	   may	   result	   in	   the	   identification	   of	   novel	   virulence	   factors	   and	   drug	   targets	   for	   Tb	  

treatment.	  	  	  

II. Intracellular	  metabolism	  of	  M.	  tuberculosis	  

The	   adaptation	   of	  M.	   tuberculosis	   to	   the	   intracellular	   phagosome	   environment	   is	  

important	  for	  pathogenesis	  and	  enables	  the	  bacilli	  to	  reside	  within	  the	  host	  for	  decades.	  	  In	  

order	  to	  survive,	  bacteria	  require	  at	   least	  one	  carbon	  source	  for	  the	  production	  of	  energy	  

and	   biosynthetic	   intermediates.	   	   In	   vitro,	   M.	   tuberculosis	   readily	   utilizes	   glycerol	   and	  

glucose	  as	  carbon	  and	  energy	  sources.	   	  During	  infection,	  the	  human	  body	  is	  the	  source	  of	  

nutrition	   for	   the	  bacteria	  and	   the	  availability	  of	   such	  nutrients	   in	   the	  phagosome	  may	  be	  

limited.	   	   Several	   lines	   of	   evidence	   suggest	   that	   during	   this	   time	  M.	   tuberculosis	   shifts	   its	  

metabolism	  to	  utilize	  preferentially	  host-‐derived	  lipids	  for	  nutrition.	  	  

Seminal	  studies	  by	  Segal	  and	  Bloch	  demonstrated	  that	  bacilli	   freshly	   isolated	  from	  

mouse	  lungs	  preferentially	  metabolized	  fatty	  acids	  over	  carbohydrates	  (36).	  	  This	  was	  the	  

first	   evidence	   that	   fatty	   acids	   may	   play	   an	   important	   metabolic	   role	   in	  M.	   tuberculosis	  

during	  infection.	  	  The	  importance	  of	  fatty	  acid	  metabolism	  is	  supported	  by	  the	  observation	  

that	   the	  genome	  of	  M.	   tuberculosis	   contains	  a	   large	  number	  of	   genes,	   approximately	  250,	  

that	   are	   annotated	   as	   being	   involved	   in	   lipid	   and	   fatty	   acid	   metabolism	   (34).	   	   Global	  

expression	   profiling	   experiments	   have	   shown	   that	   many	   of	   the	   hypothesized	   lipid-‐

metabolizing	  genes	  are	  upregulated	  during	  infection	  of	  macrophages	  and	  mice	  (37,	  38).	  	  In	  

addition	  lipid-‐metabolizing	  genes	  were	  shown	  to	  be	  upregulated	  in	  Tb	  granulomas	  excised	  

from	  Tb	  patients	  (39).	  	  	  

The	  M.	  tuberculosis	  genome	  contains	  two	  isocitrate	  lyase	  (icl)	  genes	  and	  one	  malate	  

synthase	   gene	   (40).	   	   Isocitrate	   lyase	   and	   malate	   synthase	   are	   essential	   enzymes	   in	   the	  

glyoxylate	  shunt,	  a	  pathway	  required	  for	  growth	  on	  fatty	  acids	  as	  a	  carbon	  source	  (Scheme	  

1-‐1).	  	  Acetyl-‐CoA,	  generated	  by	  fatty	  acid	  β-‐oxidation	  is	  converted	  to	  oxaloacetate	  through	  
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the	   glyoxylate	   shunt	   and	   citric	   acid	   cycle.	   	   Oxaloacetate	   can	   be	   further	   transformed	   into	  

carbohydrates	  by	  gluconeogenesis.	  	  Double	  knockout	  of	  icl1	  and	  icl2	  blocks	  growth	  on	  fatty	  

acids	  as	  a	   carbon	  source	   in	   vitro	  while	  growth	  on	  glycerol	   and	  glucose	  are	  not	   impaired,	  

indicating	   icl1/icl2	   are	   strictly	   utilized	   for	   fatty	   acid	   metabolism	   (41).	   	   In	   addition,	   an	  

infection	  is	  not	  established	  in	  mice	  dosed	  with	  the	  double	  mutant,	   indicating	   icl1	  and	   icl2	  

are	   essential	   genes	   (42).	   	   Evidence	   suggests	   that	   Icl1	   may	   also	   function	   as	   a	   2-‐methyl	  

isocitrate	   lyase	   as	   part	   of	   the	   methyl	   citrate	   cycle	   (43).	   	   This	   pathway	   is	   necessary	   for	  

propionate	  metabolism	   produced	   from	   the	  β-‐oxidation	   of	   odd	   chain	   fatty	   acids	   (Scheme	  

1-‐1)	  (44).	  	  

The	   granulomas	   in	   which	  M.	   tuberculosis	   resides	   during	   infection	   contains	   foamy	  

macrophages,	   which	   are	   known	   to	   be	   lipid	   rich	   (9).	   	  M.	   tuberculosis	   is	   able	   to	   migrate	  

towards	   the	   lipid	   bodies	  when	   engulfed	  within	   foamy	  macrophages.	   	   It	   is	   proposed	   that	  

host	  lipids	  in	  foamy	  macrophages	  may	  supply	  the	  bacteria	  with	  the	  nutrients	  necessary	  for	  

persistence	  (9).	  

Carbon	   metabolism	   by	   bacteria	   in	   vivo	   is	   a	   fundamental	   process	   that	   is	   key	   to	  

survival	  and	  virulence	  (45).	  	  Metabolism	  in	  vivo,	  surprisingly,	  is	  poorly	  understood	  and	  M.	  

tuberculosis	  metabolism	  is	  no	  exception	  (46).	   	  Many	  genes	  annotated	  as	  being	  involved	  in	  

M.	   tuberculosis	   lipid	   and	   fatty	   acid	   metabolism	   have	   not	   been	   studied	   and	   their	   role	   in	  

virulence	  yet	  to	  be	  substantiated.	  	  Biochemical	  knowledge	  of	  carbon	  metabolism	  pathways	  

is	  necessary	  in	  order	  to	  target	  specific	  enzymatic	  conversions	  with	  therapeutics.	  	  	  
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III. Cholesterol	  metabolism	  is	  important	  for	  M.	  tuberculosis	  pathogenesis	  

A	  growing	  body	  of	  evidence	  indicates	  that	  M.	  tuberculosis	  utilizes	  cholesterol	  (Figure	  

1-‐1)	  during	  persistent	  infection	  in	  vivo	  and	  this	  ability	  may	  be	  important	  for	  pathogenesis.	  	  

It	   is	  well	   established	   that	  M.	   tuberculosis	   can	   grow	   on	   cholesterol	   as	   a	   carbon	   source	   in	  

vitro.	   	   	   In	   vivo	   M.	   tuberculosis	   has	   access	   to	   adequate	   amounts	   of	   cholesterol.	   	   Lipids	  

comprising	  the	  foamy	  macrophages,	  where	  M.	  tuberculosis	  resides	  during	  infection,	  include	  

cholesterol,	  cholesterol	  esters,	  triacylglycerol,	  and	  lactosylceramide,	  all	  components	  of	  low	  

density	   lipoprotein	   (LDL),	   the	   major	   cholesterol	   transport	   molecule	   in	   the	   blood.	   	   LDL	  

	  

Scheme	  1-‐1.	   	   Flux	   of	  metabolites	   from	   cholesterol	   catabolism.	   	   The	  metabolism	   of	  
cholesterol	   results	   in	   the	   production	   of	   acetyl-‐CoA,	   propionyl-‐CoA,	   and	   pyruvate.	  	  
Acetyl-‐CoA	   can	   enter	   into	   the	   glyoxylate	   shunt,	   allowing	   the	   bacteria	   to	   produce	  
oxaloacetate,	  which	  can	  enter	  into	  gluconeogenesis.	  	  Propionyl-‐CoA	  can	  by	  utilized	  to	  
synthesize	  fatty	  acids	  or	  enter	  into	  the	  methylcitrate	  cycle	  followed	  by	  the	  citric	  acid	  
cycle	   to	   generate	   ATP	   and	   biosynthetic	   intermediates.	   	   Pyruvate	   can	   be	  
decarboxylated	  to	  form	  acetyl-‐CoA.	  	  Shown	  is	  the	  proposed	  flux	  of	  metabolites	  from	  
cholesterol	  degradation.	   	  Pathways	  are	  shown	  in	  red,	  key	  enzymes	  discussed	  in	  the	  
text	  are	  shown	  in	  blue,	  and	  cholesterol	  metabolites,	  acetyl-‐CoA,	  propionyl-‐CoA,	  and	  
pyruvate	   are	   shown	   in	   green.	   	   ECH,	   enoyl-‐CoA	   hydratase;	   ACAD,	   acyl-‐CoA	  
dehydrogenase.	  
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particles	   contain	   8%	   cholesterol	   and	   42%	   cholesterol	   esters	   by	   weight	   (47).	   	   Confocal	  

microscopy	  of	  M.	   tuberculosis	   infected	  macrophages,	   stained	  with	   the	   cholesterol	   specific	  

stain,	  filipin,	  showed	  that	  the	  bacilli	  reside	  in	  close	  proximity	  to	  host	  cholesterol	  (37).	  	  	  

	  Moreover,	  M.	   tuberculosis	   is	   able	   to	   import	   cholesterol	   via	   the	   ABC	   transporter	  

encoded	  by	  the	  mce4	  operon	  (48).	  	  Mutations	  in	  the	  mce4	  operon	  were	  detrimental	  to	  the	  

growth	  of	   the	  bacterium	  on	  cholesterol,	   indicating	   its	   importance	   for	   the	  ability	   to	  utilize	  

cholesterol.	  	  Furthermore,	  cholesterol	  import	  is	  critical	  for	  persistence	  of	  the	  bacteria.	  	  The	  

mce4	   knockout	   strain	   is	   impaired	   in	   growth	  during	   the	   chronic	   phase	   of	   infection	   in	   the	  

mouse	  model	  and	  macrophages.	  	  

The	   use	   of	   isotopically	   labeled	   carbon	   sources	   is	   a	   powerful	   technique	   for	   studying	  

metabolic	   pathways,	   allowing	   one	   to	   trace	   the	   fate	   of	   carbon	   through	   a	   given	   system.	  	  

Metabolic	   studies	   using	   commercially	   available	   isotopically	   labeled	   [4-‐14C]	   and	   [26-‐14C]	  

cholesterol	  have	  been	  conducted	   to	   trace	   the	   fate	  of	   these	   carbons	  during	  metabolism	   in	  

vitro	  (Scheme	  1-‐2)	  (49).	  	  The	  C4	  of	  ring	  A	  is	  converted	  to	  CO2	  while	  C26	  of	  the	  side	  chain	  is	  

incorporated	   into	  mycobacterial	   lipids,	   such	   as	  phthiocerol	   dimycocerosate	   (PDIM).	   	   The	  

CO2	  is	  presumably	  generated	  during	  the	  formation	  of	  ATP	  in	  the	  citric	  acid	  cycle.	  	  C25-‐C26-‐

C27	  are	  likely	  metabolized	  to	  propionyl-‐CoA,	  which	  can	  enter	  into	  biosynthetic	  pathways,	  

including	   lipid	   biosynthesis	   as	  well	   as	   the	  methyl	   citrate	   pathway	   to	   feed	   the	   citric	   acid	  

cycle	   (Scheme	  1-‐1	   and	  Scheme	  1-‐2).	   	   Therefore,	  M.	   tuberculosis	  may	  use	   cholesterol	   as	   a	  

carbon	  and	  energy	  source	  during	  infection.	  

	  

	  

Figure	  1-‐1.	  	  Structure	  of	  cholesterol.	  	  Rings	  of	  the	  steroid	  nucleus	  are	  labeled	  A-‐D	  and	  
carbon	  atoms	  are	  numbered	  1-‐27.	  	  
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IV. The	  cholesterol	  metabolism	  pathway	  

Actinomycetes	   are	   Gram-‐positive	   bacteria	   that	   most	   commonly	   inhabit	   the	   soil.	  	  

They	   play	   an	   important	   role	   in	   the	   carbon	   cycle	   because	   of	   their	   ability	   to	   decompose	   a	  

variety	   of	   organic	   compounds.	   	   It	   is	   well	   established	   that	   actinobacteria	   can	  metabolize	  

sterols,	   including	   cholesterol.	   Species	   of	   Arthrobacter,	   Mycobacteria,	   Nocardia,	  

Rhodococcus,	   and	   Streptomyces	   can	   all	   utilize	   cholesterol	   as	   a	   sole	   carbon	   source	   (50).	  	  

Sterol	   metabolism	   by	   actinomycetes	   has	   been	   extensively	   studied	   in	   order	   to	   identify	  

pathway	  intermediates	  that	  may	  be	  of	  pharmaceutical	  use	  (51,	  52).	   	  For	  example,	  17-‐keto	  

steroids,	   like	   androstenedione	   (AD),	   are	   key	   starting	   materials	   for	   the	   preparation	   of	  

clinically	   useful	   steroids,	   such	   as	   testosterone,	   estradiol,	   progesterone,	   cortisone,	   and	  

cortisol.	  	  	  

Side	  chain	  metabolism	  	  

Cholesterol	   metabolism	   includes	   opening	   the	   steroid	   nucleus	   and	   cleaving	   the	  

hydrocarbon	   side	   chain.	   	   Early	   studies	   focused	   on	   side	   chain	  metabolism	   to	   obtain	   ring	  

intact	  species	  of	  commercial	  value	  from	  inexpensive	  starting	  materials	  like	  cholesterol.	  	  	  In	  

the	   1960s	   Sih	   et	   al.	   characterized	   partially	   metabolized	   side	   chain	   intermediates	   from	  

Nocardia	   cultured	   with	   cholesterol	   (53-‐55).	   	   These	   studies	   established	   that	   complete	  

	  	  	  

Scheme	  1-‐2.	   	  Metabolic	   tracing	   to	   study	   cholesterol	  metabolism	   in	  M.	   tuberculosis.	  	  
Metabolic	  tracing	  studies	  with	  [4-‐14C]	  and	  [26-‐14C]	  cholesterol	  revealed	  that	  carbon	  
from	  cholesterol	  was	   incorporated	   into	  mycobacterial	   lipids	  and	  CO2.	   	  *	   represents	  
14C	  label.	  	  	  
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metabolism	   of	   the	   cholesterol	   side	   chain	   proceeds	   through	   C24	   and	   C22	   intermediates	  

(Scheme	   1-‐4).	   	   Propionate	   is	   lost	   during	   the	   formation	   of	   the	   C24	   intermediate	   and	   can	  

enter	   into	   fatty	   acid	   biosynthesis	   pathways	   or	   the	   methylcitrate	   cycle	   (Scheme	   1-‐1).	  	  	  

Acetate	   is	   lost	   during	   the	   formation	   of	   the	   C22	   intermediate	   and	   can	   enter	   into	   the	  

glyoxylate	   shunt.	   These	   metabolites	   suggest	   that	   the	   side	   chain	   is	   metabolized	   via	  

conventional	   fatty	   acid	  β-‐oxidation.	   A	   final	   loss	   of	   propionate	   resulted	   in	   full	   side	   chain	  

metabolism	  to	  the	  C17	  keto	  steroid.	   	  A	  third	  round	  of	  β-‐oxidation	  is	  not	  possible	  because	  

enoyl-‐CoA	  hydratase	  (ECH)	  would	  form	  a	  tertiary	  alcohol	  and	  is	  not	  capable	  of	  forming	  the	  

subsequent	  β-‐keto-‐acyl-‐CoA.	  	  	  	  An	  atypical	  oxidation	  sequence	  is	  likely.	  	  

Little	   is	   known	   of	   the	   genes	   involved	   in	   the	   oxidation	   of	   the	   side	   chain.	   	   	   Early	  

studies	   lacked	   sequence	   information	   for	   sterol-‐metabolizing	  microorganisms.	   	   Even	  with	  

sequence	  data	  now	  available,	  gene	  assignment	   is	  complicated	  due	  to	   the	   large	  number	  of	  

annotated	  fatty	  acid	  oxidation	  genes	  (56).	  	  	  	  It	  is	  challenging	  to	  identify	  which	  are	  involved	  

in	  the	  metabolism	  of	  cholesterol	  and	  impossible	  to	  assign	  enzymes	  to	  specific	  steps	  in	  side	  

chain	  metabolism	  from	  sequence	  data	  alone.	  

In	   order	   for	   the	   side	   chain	   to	   undergo	   β-‐oxidation	   it	   must	   first	   be	   activated	   and	  

converted	   to	   a	   CoA	   thioester.	   	   It	   has	   long	   been	   proposed	   that	   a	   cytochrome	   P450	   is	  

responsible	   for	   oxidation	   of	   C26(27)	  methyl	   to	   a	   carboxylic	   acid.	   	   Actinobacteria	   have	   a	  

large	   number	   of	   cytochrome	  P450s,	  making	   it	   challenging	   to	   assign	   gene	   function.	   	   Only	  

recently	   has	   the	   enzyme	   responsible	   for	   catalysis	   been	   identified	   in	   any	   actinomycete.	  	  

Rhodococcus	  jostii	  (R.	  jostii)	  cyp125	  is	  required	  for	  growth	  on	  cholesterol	  but	  not	  for	  growth	  

on	  side	  chain-‐activated	  5-‐cholestene-‐26-‐oic	  acid-‐3β-‐ol	  (57).	   	  Recombinant	  activity	  has	  not	  

been	   demonstrated.	   	   In	  M.	   tuberculosis,	   cyp125,	   the	   homologue	   of	   cyp125	   in	  R.	   jostii,	   has	  

been	  assigned	  this	  function.	  	  Recombinant	  Cyp125	  catalyzes	  the	  oxidation	  of	  the	  side	  chain	  

of	  cholesterol	  and	  cholest-‐4-‐ene-‐3-‐one	  to	  the	  C26	  carboxylic	  acid.	  	  An	  unknown	  CoA	  ligase	  

then	  forms	  the	  thioester,	  the	  degradation	  of	  which	  proceeds	  via	  β-‐oxidation.	  

Bacterial	   β-‐oxidation	   includes	   four	   enzymatic	   steps	   including	   an	   acyl-‐CoA	  

dehydrogenase	   (FadE),	   an	   enoyl-‐CoA-‐hydratase	   (EchA),	   a	   3-‐hydroxy-‐acyl-‐CoA-‐

dehydrogenase	   (FadB),	   and	   a	   3-‐keto-‐acyl-‐CoA	   thiolase	   (FadA)	   (Scheme	   1-‐3).	   	   Similar	   to	  

other	  actinomycetes,	   it	  has	  been	   impossible	   to	  assign	  specific	  genes	   to	  β-‐oxidation	  of	   the	  
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cholesterol	   side	   chain	   from	   sequence	   data	   alone.	   	   The	  M.	   tuberculosis	   genome	   contains	  

numerous	   fatty	   acid	   degradation	   genes	   including	   a	   broad	   family	   of	   β-‐oxidation	   genes	  

consisting	  of	  36	  fadE,	  21	  echA,	  4	  fadB,	  and	  6	  fadA	  genes	  (34).	  	  In	  addition,	  there	  are	  36	  acyl-‐

CoA	   ligases	   (fadD)	   that	   generate	   the	   acyl-‐CoA	   thioester	   that	   enters	   into	   the	   β-‐oxidation	  

cycle.	  	  	  

 

Transcriptional	   profiling	   (58)	   and	   global	   phenotypic	   profiling	   experiments	   (59)	   of	  

M.	  tuberculosis	  have	  aided	  in	  reducing	  the	  total	  number	  of	  lipid	  metabolizing	  genes	  to	  those	  

likely	   involved	   in	   cholesterol	   metabolism.	   	   M.	   tuberculosis	   cultured	   with	   or	   without	  

cholesterol	   revealed	   52	   genes	   within	   an	   83-‐gene	   region	   that	   were	   upregulated	   by	  

cholesterol.	  	  Phenotypic	  profiling	  identified	  96	  genes	  important	  for	  growth	  on	  cholesterol.	  	  

Table	  1-‐2	  and	  Table	  1-‐3	  show	  a	  subset	  of	  the	  annotated	  fatty	  acid	  metabolizing	  genes	  that	  

have	  been	   implicated	   in	   cholesterol	  metabolism	  based	  on	   these	   results.	  They	   include	   the	  

genes	  predicted	  to	  degrade	  the	  C17	  side	  chain	  and	  catabolize	  the	  sterol	  rings.	  

Surprisingly,	   13	   of	   36	   annotated	   fadEs	   are	   upregulated	   by	   cholesterol	   and	   9	   are	  

required	   for	   growth	   on	   cholesterol.	   	   The	   predicted	   cholesterol	   metabolism	   pathway	  

	  

Scheme	   1-‐3.	   	   β-‐oxidation	   enzymes	   are	   encoded	   by	   multiple	   copies	   in	   the	   M.	  
tuberculosis	   genome.	   	   Shown	   are	   the	   four	   enzymatic	   steps	   of	   β-‐oxidation	   and	   the	  
number	   of	   annotated	   genes	   assigned	   each	   function	   in	   the	  M.	   tuberculosis	   genome.	  	  	  
The	  acyl-‐CoA	  ligase	  step	  is	  also	  shown.	  	  	  
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requires	  only	  four	  acyl-‐CoA	  dehydrogenation	  steps,	  three	  for	  the	  oxidation	  of	  the	  side	  chain	  

and	  one	   for	   the	  proposed	  metabolism	  of	  9,17-‐dioxo-‐1,2,3,4,10,19-‐hexanorandrostan-‐5-‐oic	  

acid	   (DOHNAA)	   (vide	   infra)	   (Figure	   1-‐2).	   	   fadE	   genes	   have	   not	   been	   assigned	  

experimentally	  to	  specific	  steps	  in	  the	  pathway.	  	  	  	  

Three	   enoyl-‐CoA	   hydratases	   have	   been	   proposed	   to	   be	   involved	   in	   cholesterol	  

metabolism,	  echA9,	  echA19,	  and	  echA20.	   	  echA9,	  echA19,	  and	  echA20	  are	  in	  the	  cholesterol	  

regulon,	   though	   echA19	   and	   echA20	   are	   not	   required	   for	   growth	   of	   the	   bacteria	   on	  

cholesterol.	   	   No	   β-‐hydroxy-‐acyl-‐CoA	   dehydrogenase	   encoding	   genes	   are	   located	   in	   the	  

cholesterol	  regulon	  and	  it	  is	  not	  clear	  which	  genes	  are	  required	  for	  this	  transformation	  in	  

the	  pathway.	  	  	  

Two	  acyl-‐CoA	   thiolases	  are	   found	   in	   the	  cholesterol	   regulon,	   fadA5	   and	   fadA6,	   but	  

only	  fadA5	  is	  required	  for	  growth	  of	  M.	  tuberculosis	  on	  cholesterol,	  suggesting	  it	  is	  involved	  

in	   cholesterol	   metabolism.	   	   Nesbitt	   et	   al.	   showed	   that	   in	   vitro	   this	   enzyme	   can	   catalyze	  

thiolysis	  of	  acetoacetyl-‐CoA	  (58).	  	  M.	  tuberculosis	  cultured	  with	  cholesterol	  accumulates	  AD	  

and	   androst-‐1,4-‐diene-‐3,17-‐dione	   (ADD),	   while	   androsterones	   are	   not	   detected	   in	   the	  

fadA5	  knockout	  strain.	   	  These	  experiments	  demonstrate	  that	  FadA5	  is	  one	  of	   the	  thiolase	  

enzymes	   required	   for	   full	   metabolism	   of	   the	   side	   chain	   of	   cholesterol.	   	   In	   addition,	   the	  

fadA5	  knockout	  strain	  shows	  attenuation	  in	  the	  mouse	  model	  of	  infection.	  	  Colony	  forming	  

units	  (cfu)	  in	  the	  lungs	  showed	  a	  marked	  decrease	  after	  8	  weeks	  of	  infection	  compared	  to	  

wild	  type	  and	  complement	  strains.	  	  
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Figure	  1-‐2.	  	  FadEs	  in	  cholesterol	  metabolism.	  	  Four	  steps	  in	  the	  proposed	  cholesterol	  
metabolism	  pathway	  require	  dehydrogenation	  by	  a	  FadE.	  
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Scheme	   1-‐4.	   	   Cholesterol	   side-‐chain	   metabolism.	   	   The	   cholesterol	   side	   chain	   is	  
proposed	  to	  be	  metabolized	  by	  β-‐oxidation.	  	  The	  enzymes	  that	  catalyze	  the	  activation	  
of	   the	   side	  chain	  and	  the	  4	   steps	  of	  β-‐oxidation	  are	   shown	   in	  red.	   	  The	   cholesterol	  
side	  chain	  loses	  3	  carbons	  as	  propionyl-‐CoA	  during	  the	  first	  round	  of	  β-‐oxidation.	  	  A	  
second	  round	  of	  β-‐oxidation	  further	  shortens	  the	  side	  chain	  by	  two	  carbons,	  lost	  as	  
acetyl-‐CoA.	  	  The	  mechanism	  for	  the	  formation	  of	  the	  C17	  keto	  steroid	  is	  not	  known.	  	  	  	  	  	  
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Table	  1-‐2.	   	  Cholesterol	  side-‐chain	  metabolism.	   	  The	  genes	  proposed	  to	  be	   involved	   in	   the	  
metabolism	   of	   the	   side	   chain	   of	   cholesterol	   by	   M.	   tuberculosis	   are	   presented.	   	   The	  
experiments	  conducted	  for	  each	  gene	  are	  also	  included.	  

Gene	  
name	  

M.	  tb	  gene	  
number	  

Putative	  function	   Studies	  
performed	  

Reference	  

cyp125	   Rv3545c	   cytochrome	  P450	   B,	  D,	  F	   (57,	  60-‐64)	  
cyp142	   Rv3518c	   cytochrome	  P450	   B	   (65,	  66)	  
fadD3	   Rv3561	   acyl-‐CoA	  ligase	   D,	  E	   	  
fadD19	   Rv3515c	   acyl-‐CoA	  ligase	   D,	  E	   	  
fadD36	   	   Rv1193	   acyl-‐CoA	  ligase	   D	   	  
fadE5	   Rv0244c	   ACAD	   D,	  E	   	  
fadE14	   Rv1346	   ACAD	   E	   	  
fadE17	   Rv1934c	   ACAD	   E	   	  
fadE18	   Rv1933c	   ACAD	   E	   	  
fadE25	   Rv3274c	   ACAD	   D	   	  
fadE26	   Rv3504	   ACAD	   E	   	  
fadE27	   Rv3505	   ACAD	   E	   	  
fadE28	   Rv3544c	   ACAD	   B,	  C,	  D,	  E,	  F	   (63,	  64)	  This	  work	  
fadE29	   Rv3543c	   ACAD	   B,	  C,	  D,	  E,	  F	   (63,	  64)	  This	  work	  
fadE30	   Rv3560c	   ACAD	   D,	  E	   	  
fadE31	   Rv3562	   ACAD	   D,	  E	   	  
fadE32	   Rv3563	   ACAD	   D,	  E	   	  
fadE33	   Rv3564	   ACAD	   D,	  E	   	  
fadE34	   Rv3573c	   ACAD	   D,	  E	   	  
echA9	   Rv1071c	   (S)-‐	  hydratase	   D	   	  
echA19	   Rv3516	   (S)-‐	  hydratase	   E,	  G	   	  
echA20	   Rv3550	   (S)-‐	  hydratase	   E	   	  

	   Rv3541c	   (R)-‐	  hydratase	   B,	  C,	  D,	  E,	  F	   (63,	  64)	  This	  work	  
	   Rv3542c	   (R)-‐	  hydratase	   B,	  C,	  D,	  E,	  F	   (63,	  64)	  This	  work	  

fadA5	   Rv3546	   thiolase	   B,	  C,	  D,	  E,	  F	   (58)	  
fadA6	   Rv3556c	   thiolase	   E	   	  
A. Bioinformatic	  annotation	  
B. Recombinant	  expression	  and	  enzymatic	  function	  confirmed	  
C. Function	  examined	  with	  mutant	  strain	  in	  vivo	  
D. Required	  for	  growth	  on	  cholesterol	  (59)	  
E. Upregulated	  by	  cholesterol	  (58)	  
F. Growth	  phenotype	  in	  vivo	   	  	  
G. No	  growth	  phenotype	  in	  vivo	  
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A	  and	  B	  ring	  metabolism	  

Much	  of	  what	  is	  known	  about	  sterol	  ring	  metabolism	  was	  discovered	  in	  part	  based	  

on	   similarities	   to	   known	   transforming	   enzymes	   from	   Comamonas	   testosteroni	   (C.	  

testosteroni)	  ,	  Rhodococcus	  sp.,	  and	  other	  actinomycetes.	  	  M.	  tuberculosis	  enzymes	  involved	  

in	  A	  and	  B	  ring	  metabolism	  have	  been	  characterized	  to	  varying	  extents.	  	  The	  genes	  required	  

for	  metabolism	  of	  the	  C	  and	  D	  rings	  are	  not	  known.	  	  	  

Ring	   metabolism	   initiates	   at	   the	   A	   and	   B	   rings	   and	   it	   is	   established	   to	   occur	   via	  

aromatization	  of	   the	  A	  ring	   followed	  by	  meta-‐cleavage	  of	   the	  B	  ring.	   	  The	   first	  step	   is	   the	  

oxidation	   and	   isomerization	   of	   cholesterol	   to	   cholest-‐4-‐ene-‐3-‐one.	   In	   actinobacteria	   this	  

reaction	  is	  catalyzed	  by	  either	  a	  3β-‐hydroxysteroid	  dehydrogenase	  (3β-‐HSD)	  or	  cholesterol	  

oxidase	  (ChoX).	  	  Nocardia	  sp.	  (67),	  C.	  testosteroni	   (68),	   and	   R.	   jostii	   (69)	   utilize	   a	   3β-‐HSD	  

while	   Streptomyces	   spp.	   (70),	   Rhodococcus	   equi	   (R.	   equi)	   (71),	   and	   Gordonia	  

cholesterolivorans	  (72)	  utilize	  a	  cholesterol	  oxidase	  to	  form	  cholest-‐4-‐ene-‐3-‐one.	  	  

In	  M.	   tuberculosis	   this	   function	   is	   assigned	   to	   Rv1106c,	   encoding	   a	   3β-‐HSD.	   	   The	  

recombinant	   enzyme	   has	   been	   enzymatically	   characterized	   as	   a	   3β-‐HSD	   and	   is	   able	   to	  

convert	  cholesterol	  to	  cholest-‐4-‐ene-‐3-‐one	  (73).	  	  Knockout	  experiments	  indicate	  3β-‐HSD	  is	  

required	  for	  growth	  of	  M.	  tuberculosis	  on	  cholesterol	  (73).	   	  In	  addition,	  Rv1106c	  knockout	  

culture	  supernatant	  no	  longer	  catalyzes	  the	  oxidation	  of	  cholesterol	  to	  cholest-‐4-‐ene-‐3-‐one	  

(73,	  74).	  

Ketosteroid	  Δ1-‐dehydrogenase	  	  

The	   A	   ring	   then	   undergoes	   1,2-‐desaturation	   catalyzed	   by	   a	   3-‐ketosteroid	   Δ1–

dehydrogenase	   	   (KstD).	   	   KstD	   flavoproteins	   involved	   in	   sterol	   metabolism	   have	   been	  

identified	   in	  Nocardia	   (75),	  Rhodococcus	   (76-‐78),	  and	  M.	  smegmatis	   (79).	   	   	   	   	   	   Interestingly	  

some	   bacteria	   have	   been	   shown	   to	   encode	  more	   than	   one	   KstD	   enzyme	   and	   deletion	   of	  

both	  were	  required	  to	  block	  1,2-‐desaturation	  (80).	  	  

In	  M.	  tuberculosis,	  KstD	  is	  encoded	  by	  Rv3537	  (78).	  	  Activity	  has	  been	  demonstrated	  

in	   vitro	  with	   substrate	   5α-‐androstane-‐3,17-‐dione	   and	   17β-‐hydroxy-‐5α-‐androstane-‐3-‐one.	  	  

Genome	   analysis	   indicates	  Rv3537	   is	   the	   sole	   KstD	   encoding	   gene	   in	  M.	   tuberculosis.	   	   A	  

Rv3537	  disrupted	  strain	  of	  M.	  tuberculosis	  was	  unable	  to	  grow	  on	  cholesterol	  as	  a	  carbon	  

source	  and	  accumulated	  9-‐hydroxy-‐4-‐androstene-‐3,17-‐dione	  (9-‐OHAD)	  (81).	  
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3-‐Ketosteroid	  9α-‐hydroxylase	  	  	  

Next	  a	  3-‐ketosteroid-‐9α-‐hydroxylase	  catalyzes	  the	  hydroxylation	  at	  C9,	  which	  leads	  

to	  aromatization	  of	  the	  A	  ring	  and	  opening	  of	  ring	  B.	   	  KshA,	  the	  oxygenase,	  and	  KshB,	  the	  

reductase,	  make	   up	   the	   two-‐component	   Rieske	   oxygenase.	   	  While	   Ksh	   activity	   has	   been	  

observed	   in	  several	  actinomycetes	  (82-‐84),	   it	  was	  not	  until	  recently	   that	   this	  activity	  was	  

demonstrated	   with	   recombinant	   enzyme	   from	   Rhodococcus	   for	   substrates	   AD	   and	   ADD	  

(85).	  

The	   3-‐ketosteroid-‐9α-‐hydroxylase	   homologs	   in	  M.	   tuberculosis,	   KshA/Rv3526	   and	  

KshB/Rv3571,	  have	  been	  recombinantly	  expressed	  in	  E.	  coli	  and	  purified	  (86).	  	  Activity	  was	  

reconstituted	   in	   vitro	  with	   several	   substrates	   including	  AD,	   ADD,	   the	   CoA	   thioester	   of	   3-‐

oxo-‐4-‐pregnene-‐20-‐carboxylic	   acid,	   and	   the	   CoA	   thioester	   of	   3-‐oxo-‐1,4-‐pregnadiene-‐20-‐

carboxylic	  acid	  (87).	  	  	  

3-‐HSA-‐hydroxylase	  

C.	   testosteroni	   is	   able	   to	   utilize	   testosterone	   as	   a	   sole	   carbon	   source	   and	   studies	  

elucidating	   this	   pathway	   have	   provided	   insight	   into	   cholesterol	   ring	   system	  metabolism.	  	  

For	  instance,	  gene	  disruption	  of	  tesA1	  and	  tesA2	  of	  C.	  testosteroni	  grown	  with	  testosterone	  

were	   shown	   to	   accumulate	   3-‐hydroxy-‐9,10-‐secoandrost-‐1,3,5(10)-‐	   triene-‐9,17-‐dione	   (3-‐

HSA)	   and	   tesA1	   and	   tesA2	   are	   required	   for	   the	   formation	   of	   3,4-‐dihydroxy-‐9,10-‐

seconandrost-‐1,3,5(10)-‐triene-‐9,17-‐dione	  (3,4-‐DSHA)	  (88).	  	  TesA1	  and	  TesA2	  are	  assigned	  

as	  the	  flavin-‐dependent	  oxygenase,	  reductase	  pair	  responsible	  for	  converting	  3-‐HSA	  to	  3,4-‐

DSHA.	  

In	   M.	   tuberculosis	   this	   reaction	   is	   assigned	   to	   hsaA/Rv3570c	   and	   hsaB/Rv3567c.	  	  

Conversion	  of	  3-‐HSA	  to	  3,4-‐DSHA	  has	  been	  demonstrated	  in	  vitro	  with	  recombinant	  HsaAB	  

(89).	   	  Mutagenesis	  analysis	  showed	  that	  Rv3570c	   is	  required	  for	  growth	  of	  M.	  tuberculosis	  

in	  macrophages	  (90).	  

2,3-‐Dehydroxyphenyl	  dioxygenase	  

Studies	   in	   C.	   testosteroni	   identified	   tesB	   as	   the	   iron-‐dependent	   extradiol	  

dioxygenase,	  responsible	  for	  the	  meta-‐cleavage	  of	  the	  A	  ring	  of	  3,4-‐DHSA	  to	  give	  4,5-‐9,10-‐

diseco-‐	  α3-‐hydroxy-‐5,9,17-‐trioxoandrosta-‐1(10),2-‐diene-‐4-‐oic	  acid	  (4,9-‐DSHA)	  (91,	  92).	  	  In	  

Rhodococcus	  sp.	  	  HsaC	  (Rv3568c)	  is	  homologous	  to	  TesB	  and	  a	  hsaC-‐disrupted	  strain	  grown	  

on	  cholesterol	  accumulates	  3,4-‐DHSA	  (56).	  	  
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In	   M.	   tuberculosis	   hsaC/Rv3568c	   encodes	   the	   dioxygenase	   responsible	   for	   the	  

formation	  of	  4,9-‐DSHA.	  	  Activity	  has	  been	  demonstrated	  in	  vitro	  with	  recombinant	  enzyme	  

and	   substrate	   3,4-‐DHSA	   (56,	   93).	   	   HsaC	   is	   required	   for	   growth	   of	   M.	   tuberculosis	   on	  

cholesterol	   but	   not	   on	   glycerol.	   	   Knockout	   studies	   reveal	   that	   hsaC	   is	   important	   for	  

pathogenesis.	   	   Immuno-‐compromised	   mice	   and	   guinea	   pigs	   infected	   with	   ΔhsaC	   lived	  

significantly	   longer	   than	   those	   infected	  with	  wild	   type	   (93).	   	   In	   addition	  harvested	   lungs	  

showed	  lower	  bacterial	  loads	  after	  8	  weeks	  of	  infection.	  	  These	  results	  establish	  that	  hsaC	  is	  

important	  for	  pathogenesis	  of	  M.	  tuberculosis.	  	  

4,9-‐DSHA	  hydrolase	  

In	  C.	  testosteroni,	  TesD	  was	  been	  confirmed	  as	  the	  hydrolase	  that	  cleaves	  4,9-‐DSHA	  

to	   form	   DOHNAA	   and	   2-‐hydroxy-‐hexa-‐2,4-‐dienoic	   acid	   (HHD).	   	   In	  M.	   tuberculosis	   HsaD	  

(Rv3569c)	   catalyzes	   the	   same	   reaction	   (56,	   94).	   	   The	   hydrolase	   activity	   has	   been	  

demonstrated	   with	   recombinant	   enzyme	   and	   substrate	   4,9-‐DSHA.	   In	   addition,	   HsaD	   is	  

important	  for	  M.	  tuberculosis	  survival	  within	  macrophages	  (90).	  

Metabolism	  of	  HDD	  and	  DOHNAA	  

The	  genes	  for	  the	  metabolism	  of	  HDD	  by	  M.	  tuberculosis	  have	  been	  proposed	  based	  

on	   homology	   to	   enzymes	   in	   C.	   testosteroni.	   	   HDD	   is	   metabolized	   to	   4-‐hydroxy-‐2-‐

oxohexanoic	  acid	  in	  C.	  testosteroni	  by	  2-‐hydroxypentadienoate	  hydratase,	  TesE	  (95).	  	  Next	  

tesG,	  encoding	  a	  4-‐hydroxy-‐2-‐oxovalerate	   aldolase,	   forms	  pyruvate	   and	  propionaldehyde.	  	  

Pyruvate	   can	   be	   converted	   to	   carbohydrates	   or	   fatty	   acids.	   	   TesF,	   an	   acetaldehyde	  

dehydrogenase,	  converts	  propionaldehyde	  to	  propionyl-‐CoA.	  

In	   M.	   tuberculosis	   HsaEFG	   (Rv3534c/Rv3535c/Rv3536c)	   are	   hypothesized	   to	  

metabolize	  HDD	  (56).	  	  HsaE,	  HsaF,	  and	  HsaG	  share	  41%,	  47%,	  and	  56%	  amino	  acid	  identity	  

with	  TesE,	  TesG,	  and	  TesF	  from	  C.	  testosteroni,	  respectively.	  The	  activities	  of	  HsaEFG	  have	  

not	  been	  verified	  and	  gene	  knockout	  studies	  reveal	  that	  hsaEFG	  are	  not	  required	  for	  growth	  

on	  cholesterol	  (59).	  	  	  

The	  metabolic	  fate	  of	  DOHNAA	  in	  M.	  tuberculosis	  is	  unknown.	  	  Several	  C	  and	  D	  ring	  

intact	   hexahydroindanone	   intermediates	   have	   been	   characterized	   in	   actinomycetes,	  

including	   Nocardia,	   Streptomyces,	   and	   Rhodococcus	   (96-‐100).	   	   Hayakawa	   et	   al.	  

demonstrated	   that	   some	   actinomycetes	   were	   not	   able	   to	   metabolize	   DOHNAA	   like	  

hexahydroindanones	   further	   and	   nitrogenous	   and	   amino	   acid	   derivatives	   have	   been	  
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observed	   (96,	  97,	  101,	  102).	   	   It	  has	  been	  suggested	   that	  metabolism	  of	   the	  C	  and	  D	   rings	  

initiates	   by	   lactonization	   of	   the	   cyclic	   carbonyl	   by	   a	   Baeyer-‐Villiger	   monooxygenase	  

(BVMO)	  (56).	  	  C	  and	  D	  ring	  lactones	  have	  been	  identified	  in	  bacteria	  and	  fungi	  cultured	  with	  

sterols,	   supporting	   this	  hypothesis	   (103-‐108).	   	  The	  BMVO	   in	  M.	   tuberculosis	  has	  not	  been	  

identified	  and	  the	  cholesterol	  regulon	  lacks	  an	  obvious	  gene	  candidate	  (56).	  	  	  	  

Studies	   in	   Rhodococcus	   equi	   suggest	   the	   propionate	   moiety	   of	   DOHNAA	   is	  

metabolized	   by	  β-‐oxidation	   (100,	   109).	   	   Nakamatsu	   et	   al.	   proposed	   that	   propionate	  was	  

metabolized	   to	   an	   acetyl	   group	   via	   α-‐oxidation	   (99).	   	   The	   genes	   required	   for	   α	   or	   β-‐

oxidation	   of	   the	   propionate	   group	   of	   DOHNAA	   have	   not	   been	   identified,	   though	   it	   is	  

proposed	  that	  fadE30	  in	  R.	  equi	  is	  responsible	  for	  the	  first	  dehydrogenation	  step	  (109).	  	  	  R.	  

equi	  FadE30	  shares	  68%	  amino	  acid	  identity	  with	  FadE30	  (Rv3560c)	  from	  M.	  tuberculosis.	  	  

Further	   study	   is	   necessary	   to	   elucidate	   the	   later	   steps	   in	   the	   cholesterol	   metabolism	  

pathway	  in	  M.	  tuberculosis.	  

 

	   	  

	  

Scheme	   1-‐5.	   	   Cholesterol	   ring	   system	   metabolism.	   	   The	   metabolic	   steps	   of	   ring	  
degradation	  by	  M.	  tuberculosis	  have	  been	  partially	  elucidated.	  	  Enzymes	  responsible	  
for	   the	   presented	   transformations	   are	   shown	   in	   red.	   	   See	   Table	   1-‐3	   for	   studies	  
performed	  for	  each	  enzyme.	  
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Table	  1-‐3.	   	  Cholesterol	  ring	  system	  metabolism.	   	  The	  genes	  involved	  in	  the	  metabolism	  of	  
the	  cholesterol	  ring	  system	  by	  M.	  tuberculosis	  are	  presented.	   	  The	  experiments	  conducted	  
for	  each	  gene	  are	  also	  included.	  
Gene	  
name	  

M.	  tb	  	  gene	  
number	  

Putative	  function	   Studies	  
performed	  

Reference	  

hsd	   Rv1106c	   3β-‐hydroxysteroid	  dehydrogenase	   B,	  C,	  D,	  E,	  G,	  H	   (73,	  74)	  
kstD	   Rv3537	   ketosteroid	  Δ1-‐dehydrogenase	   B,	  C,	  D,	  E,	  H	   (78,	  81)	  
kshA	   Rv3526	   3-‐Ketosteroid	  9α-‐hydroxylase	   B,	  D,	  E,	  F,	  H	   (86,	  87,	  110)	  
kshB	   Rv3571	   3-‐Ketosteroid	  9α-‐hydroxylase	   B,	  D,	  E,	  F,	  H	   (86,	  87,	  110)	  
hsaA	   Rv3570c	   3-‐HSA-‐hydroxylase	   B,	  D,	  E,	  H	   (89)	  
hsaB	   Rv3567c	   3-‐HSA-‐hydroxylase	   B,	  D,	  E	   (89)	  
hsaC	   Rv3568c	   2,3-‐dehydroxyphenyl	  dioxygenase	   B,	  E,	  F,	  H	   (93)	  
hsaD	   Rv3569c	   4,9-‐DSHA	  hydrolase	   B,	  E,	  H	   (111)	  
hsaE	   Rv3536c	   hydratase	   A,	  E	   (56)	  
hsaF	   Rv3534c	   aldolase	   A,	  E	   (56)	  
hsaG	   Rv3535c	   acetaldehyde	  dehydrogenase	   A,	  E	   (56)	  

A. Bioinformatic	  annotation	  
B. Recombinant	  expression	  and	  enzymatic	  function	  confirmed	  
C. Function	  examined	  with	  mutant	  strain	  in	  vivo	  
D. Required	  for	  growth	  on	  cholesterol	  
E. Upregulated	  by	  cholesterol	  (58)	  
F. Growth	  phenotype	  in	  vivo	  
G. No	  growth	  phenotype	  in	  vivo	  
H. Growth	  phenotype	  in	  macrophages	  (90)	  

V. M.	  tuberculosis	  3β-‐hydroxysteroid	  dehydrogenase	  	  

The	   first	   step	   in	   cholesterol	   metabolism	   is	   predicted	   to	   be	   the	   conversion	   of	  

cholesterol	   to	  cholest-‐4-‐ene-‐3-‐one.	   	  The	  genome	  of	  M.	   tuberculosis	   contains	  an	  annotated	  

3β-‐hsd/Rv1106c.	   	   The	   gene	   product	   of	   M.	   tuberculosis	   Rv1106c	   has	   been	   enzymatically	  

characterized	  and	  catalyzes	  the	  oxidation	  and	  isomerization	  of	  3β-‐hydroxy-‐5-‐ene-‐steroids,	  

cholesterol,	   dehydroepiandrosterone	   (DHEA),	   and	   pregnenolone	   to	   3-‐oxo-‐4-‐ene	   steroids,	  

cholest-‐4-‐ene-‐3-‐one,	  AD,	  and	  progesterone,	  respectively	  (73).	  

The	  short-‐chain	  dehydrogenase/reductase	  superfamily	  

3β-‐HSD	   is	   a	   member	   of	   the	   short	   chain	   dehydrogenase/reductase	   (SDR)	   super	  

family	  and	  is	  required	  for	  the	  biosynthesis	  of	  steroid	  hormones,	  including	  glucocorticoids,	  

mineralocorticoids,	   androgens,	   and	   estrogens	   (112).	   	   Members	   of	   this	   family	   require	  

nicotinamide	  adenine	  dinucleotide	  for	  catalysis.	  	  They	  consist	  of	  two	  structural/functional	  

domains.	   	   The	   N	   terminal	   domain	   is	   the	   nucleotide,	   cofactor-‐binding	   domain	   and	   has	   a	  
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characteristic	  Rossmann	  fold	  (113).	  	  The	  C	  terminal	  domain	  varies	  within	  the	  family	  and	  is	  

responsible	  for	  substrate	  binding.	  	  	  

Mutagenesis	   and	   crystallographic	   data	   show	   that	   members	   of	   the	   SDR	   family,	  

including	   3β-‐HSD,	   require	   an	   Asn-‐Ser-‐Tyr-‐Lys	   tetrad	   for	   activity	   (114,	   115).	   	   In	   M.	  

tuberculosis	   3β-‐HSD	   the	   tetrad	   is	   conserved	   as	   residues	   Asn107,	   Ser131,	   Tyr158,	   and	  

Lys162.	  	  Tyr	  is	  key	  in	  the	  dehydrogenase	  reaction	  and	  functions	  as	  the	  catalytic	  base	  (114).	  	  

Ser	  is	  important	  for	  substrate	  binding	  and	  Lys	  interacts	  with	  the	  catalytic	  Tyr,	  lowering	  the	  

pKa	  of	   the	  hydroxyl	   group	   (116,	   117).	   	   Crystallographic	   studies	   indicate	   that	  Asn	  plays	   a	  

structural	   role,	   linking	   the	   substrate	   loop	   and	   active	   site	   by	   interactions	   with	   a	   bound	  

water	  molecule	  in	  the	  active	  site	  (118).	  	  	  	  	  	  	  	  	  

Cholesterol	  oxidation	  and	  isomerization	  to	  cholest-‐4-‐ene-‐3-‐one	  in	  M.	  tuberculosis	  

The	   genome	   of	   M.	   tuberculosis	   also	   contains	   an	   annotated	   cholesterol	   oxidase	  	  

(ChoD/Rv3409c).	  	  Cholesterol	  oxidase	  is	  a	  member	  of	  the	  glucose-‐methanol-‐choline	  (GMC)	  

oxidoreductase	   family	   and	   catalyzes	   the	   same	   reaction	   as	   3β-‐HSD,	   though	   by	   a	   different	  

mechanism.	   	   ChoD	   has	   been	   suggested	   to	   have	   cholesterol	   oxidation	   activity	   due	   to	   the	  

temporary	   accumulation	   of	   cholest-‐4-‐ene-‐3-‐one	   in	   M.	   smegmatis	   over	   expressing	   choD	  

(119).	   	   Studies	  by	  Yang	  et	  al.,	  demonstrate	   that	  Rv3409c	   is	  not	   required	   for	  growth	  of	  M.	  

tuberculosis	   on	   cholesterol	   and	   the	   recombinant	   enzyme	   cannot	   convert	   cholesterol	   to	  

cholest-‐4-‐ene-‐3-‐one	  (74).	  	  	  

Knockout	  experiments	  indicate	  3β-‐HSD	  is	  required	  for	  growth	  of	  M.	  tuberculosis	  on	  

cholesterol	  while	   growth	   of	  Rv3409c	   knockout	   strain	  was	   not	   affected	   (74).	   	   In	   addition,	  

culture	  supernatant	  lost	  the	  ability	  to	  oxidize	  cholesterol	  to	  cholest-‐4-‐ene-‐3-‐one	  in	  Rv1106c	  

knockout	   strains	   indicating	   3β-‐HSD	   is	   the	   sole	   cholesterol-‐oxidizing	   enzyme	   in	   M.	  

tuberculosis	   (73).	   	   Rv1106c	   is	   not	   upregulated	   by	   cholesterol	   and	   is	   not	   part	   of	   the	  

cholesterol	  regulon	  (58).	  

M.	  smegmatis	  culture	  supernatant	  from	  a	  ChoD	  (MSMEG1604)	  mutant	  strain	  was	  still	  

able	  to	  convert	  cholesterol	  to	  cholest-‐4-‐ene-‐3-‐one	  (74,	  120).	  	  Likewise	  in	  Mycobacterium	  sp.	  

the	  choD	  knockout	  strain	  was	  still	  able	  to	  form	  3-‐keto-‐4-‐ene	  steroids	  (121).	  	  These	  results	  

suggest	  that	  ChoD	  is	  not	  a	  cholesterol	  oxidase	  and	  is	  not	  responsible	  for	  3β-‐hydroxy-‐5-‐ene	  
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steroid	  oxidation	   in	  M.	   tuberculosis	  or	   in	  other	  mycobacterial	  species.	   	  A	  role	   for	  ChoD	   in	  

cholesterol	  metabolism	  has	  not	  been	  substantiated	  and	  its	  function	  is	  still	  unknown.	  

Rv1106c	   is	   important	   for	   cholesterol	   metabolism,	   but	   it	   is	   not	   important	   for	  M.	  

tuberculosis	   growth	   in	   the	   macrophage	   (74).	   	   Growth	   rates	   of	   3β-‐hsd	   knockout	   strain	  

replicated	  at	  a	  similar	  rate	  to	  wild	  type	  in	  macrophages.	  	  In	  addition,	  infection	  studies	  in	  the	  

guinea	   pig	   showed	   identical	   cfu	   in	   the	   lungs	   of	   wild	   type,	   3β-‐hsd	   knockout,	   and	   3β-‐hsd	  

complement	   infection	   models.	   	   It	   is	   likely	   multiple	   carbon	   sources	   are	   available	   to	   the	  

bacteria	  during	   infection	  and	  that	  Rv1106c	   is	  not	  necessary	  for	  nutrition	  acquisition	  (74).	  	  

In	  most	  bacteria,	  carbon	  sources	  are	  catabolized	  in	  order	  of	  their	  ability	  to	  support	  growth.	  	  

Recently	   M.	   tuberculosis	   has	   been	   shown	   to	   catabolize	   multiple	   carbon	   sources	  

simultaneously	   (122).	   	  The	  required	  role	  of	  cholesterol	  metabolism	   in	  pathogenesis	  of	  M.	  	  

tuberculosis	  is	  unlikely	  to	  be	  the	  supply	  of	  energy	  to	  the	  bacteria.	  

VI. The	  intracellular	  growth	  operon	  	  

The	   intracellular	   growth	   (igr)	   operon	   (Rv3545c-‐Rv3540c)	   is	   implicated	   in	   lipid	  

metabolism	  by	  M.	  tuberculosis.	  	  The	  computationally	  annotated	  functions	  of	  the	  igr	  operon	  

consist	   of	   a	   cytochrome	   P450	   (cyp125/Rv3545c),	   two	   acyl-‐CoA	   dehydrogenases	  

(fadE28/Rv3544c	   and	   fadE29/Rv3543c),	   two	   (R)-‐specific	   enoyl-‐CoA	   hydratases	   (Rv3541c	  

and	  Rv2542c)	  and	  a	   lipid	   transfer	  protein	   ltp2	   (Rv3540c)	   (Figure	  1-‐3).	   	  The	   igr	   operon	   is	  

conserved	   in	   pathogenic	   and	   nonpathogenic	   mycobacteria,	   including	   M.	   smegmatis,	   M.	  

leprae,	   M.	   avium,	   and	   M.	   bovis.	   	   In	   other	   actinomycetes	   the	   operon	   is	   only	   partially	  

conserved.	   	   In	   Rhodococcus,	   Streptomyces,	   and	   Gordonia	   cyp125	   is	   not	   found	   within	   the	  

operon.	  	  

The	   annotated	   functions	   of	   the	   igr	   operon	   suggest	   it	   may	   be	   involved	   in	   lipid	  

metabolism.	  	  However,	  the	  igr	  operon	  knockout	  (Δigr)	  strain	  grew	  just	  as	  well	  as	  wild	  type	  

M.	   tuberculosis	   on	   pyruvate,	   valerate,	   isovalerate,	   propionate,	   palmitate,	   dodecanoate,	  

glycerol,	  Tween,	  and	  dextrose	  suggesting	   it	   is	  not	   involved	   in	   fatty	  acid	  metabolism	  (64).	  	  

Further	  studies	  have	  revealed	  that	  the	  operon	  is	  important	  for	  cholesterol	  metabolism.	  The	  

Δigr	  strain	  does	  not	  grow	  on	  cholesterol	  as	  a	  sole	  carbon	  source	  in	  vitro	  (64).	  	  	  
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The	   igr	  operon	   is	  upregulated	  by	  cholesterol	   and	   is	   located	  within	   the	   cholesterol	  

regulon	   in	   the	  M.	   tuberculosis	   genome	   (58).	   The	   Δigr	   mutant	   is	   still	   able	   to	   import	   and	  

partially	  degrade	  cholesterol	  in	  vitro.	  	  Metabolic	  tracing	  studies	  with	  isotopically	  labeled	  [4-‐
14C]	   and	   [26-‐14C]	   cholesterol	   indicated	   that	   C4	   was	   incorporated	   into	   CO2	   and	   C26	   was	  

found	   in	   mycobacterial	   lipids.	   	   This	   is	   the	   same	   result	   as	   wild-‐type	   metabolic	   tracing	  

studies,	  therefore	  the	  function	  of	  the	  operon	  could	  not	  be	  ascertained	  (Scheme	  1-‐2)	  (37).	  	  	  

Growth	   of	   a	   Δigr	   knockout	   strain	   of	   M.	   tuberculosis	   is	   attenuated	   in	   resting	  

macrophages	  and	  early	   in	   the	   infection	  process	   in	   immunocompetent	  mice.	   	  Cfu	   levels	   in	  

the	  lungs	  and	  spleen	  were	  greatly	  reduced	  compared	  to	  wild	  type.	  	  The	  growth	  attenuation	  

observed	  in	  Δigr	  demonstrates	  the	  operon	  is	  important	  for	  intracellular	  growth,	  giving	  the	  

igr	  its	  name.	  	  However,	  this	  phenotype	  is	  minimized	  in	  INF-‐γ	  activated	  macrophages,	  which	  

correlates	   with	   the	   onset	   of	   the	   adaptive	   immune	   response	   in	   mouse	   infections	   (123).	  	  

Interestingly,	   the	  Δigr	  knockout	  strain	  displays	  a	  cholesterol–sensitive	  phenotype	   in	  vitro	  

when	   the	   bacteria	   enter	   a	   static	   growth	   phase	   in	   glycerol	   and	   glucose–containing	  media	  

supplemented	   with	   low	   concentrations	   of	   cholesterol	   (0.1	   mM)	   (64).	   	   This	   cholesterol–

sensitive	   phenotype	   is	   characterized	   by	   the	   bacterium	  maintaining	   an	   intact	   respiratory	  

electron	  transport	  chain	  in	  the	  absence	  of	  cell	  division	  (124).	  Moreover,	  the	  in	  vitro	  and	  in	  

vivo	  cholesterol–sensitive	  phenotype	  of	  the	  Δigr	  knockout	  can	  be	  suppressed	  by	  genetically	  

disrupting	  yrbE4a/Rv3501c,	  which	   is	   the	   first	  gene	   in	   the	  operon	   that	  encodes	   the	  multi-‐

subunit	  cholesterol	   importer,	  Mce4	  of	  M.	  tuberculosis	   (124,	  125).	   	  These	  data	  suggest	  that	  

disruption	   of	   the	   igr	   operon	   results	   in	   accumulation	   of	   a	   toxic	   cholesterol-‐derived	  

	  

Figure	   1-‐3.	   	   The	   igr	   operon.	   	   Organization	   of	   the	   igr	   operon	   (Rv3545c-‐Rv3540c),	  
including	  the	  annotated	  functions	  of	  each	  gene.	  
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metabolite	   and	   that	   this	   toxicity	   can	   be	   relieved	   by	   blocking	   cholesterol	   uptake.	   	   The	  

biochemical	  function	  and	  molecular	  cause	  for	  the	  growth	  phenotype	  are	  not	  known.	  

VII. Cytochrome	  P450	  Cyp125	  

The	  M.	  tuberculosis	  genome	  encodes	  for	  20	  cytochrome	  P450	  enzymes	  and	  studying	  

their	  function	  and	  structure	  is	  an	  active	  area	  of	  research	  (126-‐130).	  	  Cytochrome	  P450s	  are	  

heme	   proteins	   that	   catalyze	  monooxygenation	   reactions	   in	  which	   one	   atom	   of	   oxygen	   is	  

incorporated	  into	  the	  substrate	  from	  molecular	  oxygen.	  	  They	  are	  capable	  of	  catalyzing	  the	  

oxidation	  of	  a	  variety	  of	  non-‐activated	  hydrocarbon	  substrates	  with	  high	  regio-‐	  and	  stero-‐	  

specificity.	  They	  are	  found	  in	  all	  domains	  of	  life	  and	  are	  involved	  in	  anabolic	  and	  catabolic	  

pathways,	  including	  the	  biosynthesis	  and	  metabolism	  of	  steroids.	  	  

Cyp125/Rv3545c	   is	  annotated	  as	  a	  cytochrome	  P450	  and	   is	   the	  only	  gene	   that	  has	  

been	   functionally	   characterized	   from	   the	   igr	   operon	   prior	   to	   this	   work.	   	   The	   gene	   was	  

recombinantly	   expressed,	   in	   separate	   accounts,	   in	   R.	   jostii	   RHA1	   or	   in	   E.	   coli	   with	  

coexpression	   of	   folding	   chaperones,	   GroEL	   and	  GroES	   (60,	   62,	   64).	   	   Purified	   protein	  was	  

shown	   to	   bind	   cholesterol	   and	   cholest-‐4-‐ene-‐3-‐one	   with	   sub	   micromolar	   affinity	   (60).	  	  

Cyp125,	  with	   reductase	  KshB	   (Rv3571)	   or	   spinach	   ferredoxin	   reductase,	   and	  NADH,	  was	  

able	  to	  transform	  cholesterol	  and	  cholest-‐4-‐ene-‐3-‐one	  in	  vitro	  to	  the	  C26	  hydroxy	  and	  the	  

C26	  carboxylic	  acid	  products.	  	  In	  vivo	  formation	  of	  the	  carboxylic	  acid	  would	  be	  necessary	  

for	   activation	   of	   the	   side	   chain	   and	   further	   conversion	   to	   the	   CoA	   thioester,	   in	   order	   to	  

undergo	  β-‐oxidation.	  	  	  

The	   crystal	   structure	   of	   Cyp125	   has	   also	   been	   reported	   (61).	   	   Structures	   were	  

obtained	  without	  ligand	  as	  well	  as	  with	  AD	  and	  the	  antitubercular	  drug	  econazole.	   	  These	  

ligands	  were	  found	  to	  bind	  within	  the	  active	  site	  cavity	  of	  the	  enzyme.	  	  Docking	  was	  used	  to	  

incorporate	  cholesterol	  into	  the	  structure	  and	  it	  was	  found	  for	  the	  lowest	  energy	  structure	  

that	   the	   C26	   and	   C27	   of	   cholesterol	   were	   5.3	   and	   6.3	   Å	   from	   the	   heme	   iron	   center,	  

respectively.	   	   The	   position	   of	   these	   carbons	   relative	   to	   the	   active	   site	   of	   the	   enzyme	  

substantiates	  that	  this	  is	  where	  the	  transformation	  occurs.	  

Knockout	   cyp125	   (Δcyp125)	   M.	   tuberculosis	   CDC1551	   cultures	   grown	   with	  

cholesterol	   accumulate	   cholest-‐4-‐ene-‐3-‐one,	   suggesting	   that	   this	   is	   the	   physiological	  

substrate	  for	  the	  enzyme	  in	  vivo	  (62).	  	  In	  culture,	  cholest-‐4-‐ene-‐3-‐one	  is	  toxic	  to	  H37Rv	  and	  
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CDC1551	   M.	   tuberculosis	   strains	   (62).	   Interestingly	   cyp125	   is	   required	   for	   growth	   on	  

cholesterol	   in	   CDC1551	   but	   is	   not	   required	   in	   the	   H37Rv	   strain.	   	   In	   vitro	   recombinant	  

Cyp124	  and	  Cyp142	  oxidized	  the	  side	  chain	  of	  cholesterol,	  but	  only	  Cyp142	  could	  support	  

the	  growth	  of	  M.	  tuberculosis	  on	  cholesterol	  in	  Δcyp125,	  whereas	  Cyp124	  could	  not	  (65,	  66).	  	  

It	  was	  demonstrated	  that	  cyp124	   is	  not	  expressed	  in	  M.	  tuberculosis	  H37Rv	  and	  CDC1551	  

wild-‐type	  strains	  (66).	   	  Therefore,	  Cyp142	  and	  not	  Cyp124	  provide	  compensatory	  activity	  

in	  H37Rv.	  	  	  

The	  metabolite	  profile	  of	  H37Rv	  Δcyp125	  strain	  has	  not	  been	  elucidated.	  	  Due	  to	  the	  

compensatory	  activity	  of	  Cyp142	  in	  H37Rv	  the	  metabolic	  phenotype	  is	  likely	  to	  be	  different	  

in	   this	   strain	   than	   CDC1551	   where	   cholest-‐4-‐ene-‐3-‐one	   was	   found	   to	   accumulate.	   	   In	  

addition,	   the	   in	   vivo	   phenotype	   of	   CDC1551	  Δcyp125	  has	   not	   been	   investigated	   and	   it	   is	  

unclear	  if	  it	  is	  consistent	  with	  the	  growth	  attenuation	  of	  H37Rv	  Δigr.	  

VIII. Acyl-‐CoA	  Dehydrogenases	  

The	  M.	   tuberculosis	  genome	  encodes	   several	  homologs	  of	   each	   type	  of	  β-‐oxidation	  

enzyme.	   	   In	   the	   case	   of	   acyl-‐CoA	   dehydrogenases	   (ACADs)	   there	   are	   36	   genes	  

computationally	   annotated	   as	   encoding	   for	   this	   activity	   (34).	   	   Prokaryotic	   ACADs	   are	  

known	  as	  Fatty	  acid	  degrading	  E	  (FadE)	  enzymes.	  	  FadE28/Rv3544c	  and	  FadE29/Rv3543c	  

of	  the	  igr	  operon	  have	  been	  computationally	  annotated	  as	  ACADs.	  	  	  	  

ACADs	   are	   a	   family	   of	   flavoproteins	   which	   catalyze	   the	   α,β-‐unsaturation	   of	   acyl	  

esters	   (131).	   	   They	   require	   flavin	   adenine	   dinucleotide	   (FAD)	   for	   catalysis.	   	   A	   catalytic	  

glutamate	   abstracts	   the	   alpha	   proton	   from	   an	   acyl-‐CoA	   substrate	   and	   the	   β-‐hydride	   is	  

transferred	   to	   N5	   of	   the	   isoalloxazine	   ring	   of	   FAD.	   	   Reduced	   FAD	   is	   re-‐oxidized	   by	   the	  

transfer	  of	  reducing	  equivalents	   to	  electron	  transfer	  protein.	   	  The	  reaction	  proceeds	  by	  a	  

concerted	  mechanism	  (131,	  132).	  

ACADs	  have	  been	  identified	  in	  plants	  (133),	  animals,	  bacteria,	  nematodes	  (134),	  and	  

fungi	   (135).	   	   The	   family	   of	   enzymes	   has	   been	   extensively	   studied	   in	   eukaryotes	   (136).	  	  

There	  are	  nine	  major	  eukaryotic	  classes	  of	  ACADs	  that	  vary	  in	  their	  substrate	  specificities.	  	  

Additional	   classes	   are	   still	   being	   identified	   (137).	   	  Five	   classes	   are	   involved	   in	   fatty	   acid	  

metabolism	  as	  part	  of	  β-‐oxidation,	   including	  short	   	   chain	  (SCAD),	  medium	  chain	  (MCAD),	  

long	   chain	   (LCAD),	   very	   long	   chain	   (VLCAD),	   and	   very	   long	   chain	   2	   (VLCAD2).	   	   The	  
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remaining	  members	  are	  involved	  in	  amino	  acid	  oxidation	  pathways	  and	  include	  isovaleryl-‐

CoA	   dehydrogenase	   (i3VD)	   for	   leucine,	   short/branched	   chain	   acyl-‐CoA	   dehydrogenase	  

(S/BCAD	   or	   i2VD)	   for	   isoleucine,	   glutaryl-‐CoA	   dehydrogenase	   (GD)	   for	   lysine	   and	  

tryptophan,	  and	  isobutyryl-‐CoA	  dehydrogenase	  (iBD)	  for	  valine.	  	  	  

Though	  the	  substrate	  specificity	  varies	  between	  each	  class	  the	  sequences	  are	  highly	  

homologous.	  	  They	  all	  have	  a	  similar	  fold,	  consisting	  of	  three	  structural	  domains:	  N-‐	  and	  C-‐	  

terminal	  α-‐helical	  domains,	  and	  a	  middle	  β-‐sheet	  domain.	  	  All	  known	  classes	  of	  ACADs	  exist	  

as	   homotetramers,	   except	   for	   VLCAD	   and	   VLCAD2,	   which	   are	   homodimers	   (Figure	   1-‐4)	  

(138).	   	   ACADs	   contain	   one	   non-‐covalently	   bound	   FAD	   that	   binds	   at	   the	   interface	   of	   two	  

monomers	  and	  is	  essential	  for	  catalysis.	  

ACAD	  utilize	  a	  catalytic	  base,	  most	  often	  a	  glutamate,	  for	  abstraction	  of	  the	  α-‐proton	  

of	   the	  acyl-‐CoA	  substrate.	   	  Crystallography	  and	  mutagenesis	   studies	  have	  elucidated	   that	  

the	  catalytic	  base	  is	  located	  at	  one	  of	  two	  positions	  in	  helix	  G	  or	  helix	  J/K	  (139-‐142).	   	  The	  

catalytic	  glutamate	  in	  helix	  J/K	  orients	  into	  the	  same	  active	  site	  as	  the	  catalytic	  glutamate	  in	  

helix	  G	  in	  the	  three-‐dimensional	  protein	  structures	  of	  ACADs.	  	  	  For	  SCAD,	  MCAD,	  i2BD,	  iBD,	  

VLCAD,	  VLCAD2,	  and	  GD	  the	  catalytic	  base	  is	  located	  in	  helix	  J/K	  while	  for	  i3VD	  and	  LCAD	  

the	  catalytic	  glutamate	  is	  located	  in	  helix	  G.	  	  These	  two	  catalytic	  residues	  are	  separated	  by	  

100	   amino	   acids	   and	   lie	   in	   difference	   helices,	   but	   mechanistically	   catalyze	   the	   reaction	  

identically	  (Figure	  1-‐5).	  	  	  
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A	  

	  

B	  

 
Figure	  1-‐4.	  Acyl-‐CoA	  dehydrogenase	  crystal	  structures.	  	  Three-‐dimensional	  structure	  
of	   (A)	  homotetrameric	  human	  MCAD	  and	   (B)	  homodimeric	  human	  VLCAD.	   	  FAD	   is	  
shown	  as	  a	  Van	  der	  waals	  surface.	  PDB	  1EGC	  and	  3B96,	  respectively.	  
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The	  proposed	  cholesterol	  metabolism	  pathway	  by	  M.	  tuberculosis	  includes	  four	  acyl-‐

CoA	   dehydrogenation	   steps,	   three	   involved	   in	   side	   chain	   metabolism	   and	   one	   for	   the	  

degradation	   of	  DOHNAA	   (Figure	  1-‐2).	   	  Of	   the	   36	   annotated	  ACADs,	   13	  were	   found	   to	   be	  

upregulated	   by	   cholesterol	   (58).	   	   This	   suggests	   the	   possibility	   of	   functionally-‐redundant	  

enzymes.	  Or	  possibly	  ACAD	  activity	  is	  required	  for	  the	  metabolism	  of	  the	  C	  and/or	  D	  rings	  

of	   cholesterol	   or	   additional	   sterol	   transformations	   yet	   to	   be	   proposed.	   	   Thus	   far,	   no	  M.	  

tuberculosis	  ACADs	  have	  been	  characterized	  or	  been	  shown	  to	  be	  directly	  involved	  in	  sterol	  

dehydrogenation.	  	  The	  biochemical	  functions	  of	  fadE28	  and	  fadE29	  are	  investigated	  in	  this	  

work.	  

	  

Figure	   1-‐5.	   	   The	   catalytic	   base	   of	   acyl-‐CoA	   dehydrogenase.	   	   (A)	   The	   confirmed	  
catalytic	   glutamate	   in	   representative	  human	   acyl-‐CoA	  dehydrogenase	   from	   each	  of	  
the	  9	  characterized	  classes	  is	  shown	  in	  red.	  	  (B)	  The	  catalytic	  glutamate	  in	  helix	  J/K	  
in	  teal	  orients	  into	  the	  same	  active	  site	  as	  the	  catalytic	  glutamate	  in	  helix	  G	  in	  purple.	  
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IX. 2-‐enoyl-‐CoA	  hydratases	  

The	  second	  step	  of	  β-‐oxidation	   is	   the	  hydration	  of	   enoyl-‐CoA	  esters	   to	  β-‐hydroxy-‐

acyl-‐CoA	  products	  by	  enoyl-‐CoA	  hydratase.	  	  In	  M.	  tuberculosis	  21	  genes	  are	  computationally	  

annotated	  as	  enoyl-‐CoA	  hydratases	  (34).	  	  Sequence	  analysis	  of	  Rv3541c	  and	  Rv3542c,	  of	  the	  

igr	   operon,	   suggest	   that	   these	   genes	   encode	   for	   (R)-‐specific-‐enoyl-‐CoA	   hydratases	   ((R)-‐

hydratase).	  	  	  

(R)-‐hydratases	   yield	  3R-‐hydroxyacyl-‐CoA	  products,	  which	  differ	   from	   the	   classical	  

enoyl-‐CoA	  hydratase,	  (S)-‐specific-‐enoyl-‐CoA	  hydratase	  ((S)-‐hydratase)	  which	  forms	  the	  3S-‐

hydroxyacyl-‐CoA	  stereoisomer.	  	  (S)-‐hydratases	  have	  been	  well	  studied,	  such	  as	  the	  classic	  

example	  crotonase,	  and	  are	  involved	  in	  fatty	  acid	  metabolism	  by	  β-‐oxidation	  (143).	  	  

Several	  (R)-‐hydratases	  have	  been	  identified	  and	  studied	  in	  bacteria,	  including	  those	  

in	   Aeromonas	   caviae	   (A.	   caviae)	   (144),	   Pseudomonas	   aeruginosa	   (145),	   	   Rhodospirillum	  

rubrum	   (146),	   and	   E.	   coli	   (147).	   	   Evidence	   suggests	   they	   are	   involved	   in	  

polyhydroxyalkanoate	   (PHA)	   biosynthesis	   (144,	   146,	   147).	   	   PHAs	   are	   polyesters	   used	   to	  

store	  carbon	  and	  energy.	  	  3R-‐hydroxyacyl-‐CoA	  monomers,	  produced	  by	  (R)-‐hydratases,	  are	  

shunted	  towards	  PHA	  synthesis	  and	  polymerized	  by	  PHA	  synthase	  (144,	  148).	  	  	  

In	  mammals,	  (R)-‐hydratases	  are	  found	  as	  part	  of	  multifunctional	  enzyme	  2	  (MFE-‐2).	  	  

MFE-‐2	  contains	  three	  functional	  domains	  with	  (3R)-‐hydroxyacyl-‐CoA	  dehydrogenase,	  (R)-‐

hydratases,	  and	  sterol	  carrier	  protein	  activities.	  	  MFE-‐2	  has	  been	  shown	  to	  be	  important	  for	  

β-‐oxidation	  of	  very-‐long-‐chain	  and	  α-‐methyl-‐branched	   fatty	  acids,	  and	  bile	  acid	  synthesis	  

(149).	   	   For	   example,	   MFE-‐2	   in	   rat	   liver	   peroxisomes	   has	   been	   shown	   to	   be	   involved	   in	  

cholic	  acid	  synthesis	  (150).	  	  The	  biosynthesis	  of	  cholic	  acid	  requires	  shortening	  of	  the	  side	  

chain	   of	   C27	   steroids	   by	  β-‐oxidation.	   	   Recombinant	   (R)-‐hydratase	   is	   able	   to	   catalyze	   the	  

hydration	  of	  (24E)-‐3α,7α,12α-‐trihydroxy-‐5β-‐cholest-‐24-‐enoyl-‐CoA,	  an	  intermediate	  in	  bile	  

acid	   synthesis.	   	   In	   rats,	   MFE-‐2	   knockout	   mice	   accumulate	   very	   long	   chain	   fatty	   acids,	  

branched	  chain	  fatty	  acids,	  and	  bile	  acid	  intermediates	  (151).	  

In	   yeast,	   (R)-‐hydratase	   is	   found	   as	   part	   of	   MFE-‐2	   and	   has	   been	   studied	   in	  

Saccharomyces	  cerevisiae	  (152).	  	  Unlike	  mammalian	  MFE-‐2,	  which	  includes	  three	  functional	  

domains,	  in	  yeast,	  MFE-‐2	  includes	  only	  two	  activities,	  (R)-‐hydratase	  and	  (3R)-‐	  hydroxyacyl-‐

CoA	  dehydrogenase.	  	  They	  are	  implicated	  in	  peroxisomal	  β-‐oxidation.	  



	  

	   30	  

(R)-‐hydratases	  have	  been	   identified	   in	  plants	   including	  Arabidopsis	   thaliana	   (153).	  	  

Like	   in	   bacteria,	   (R)-‐hydratases	   in	   plants	   are	   monofunctional	   enzymes.	   	   They	   play	   an	  

important	  role	  in	  the	  metabolism	  of	  fatty	  acids	  with	  cis	  double	  bonds	  on	  an	  even-‐numbered	  

carbon	   (Scheme	   1-‐6).	   	   Similar	   monofunctional	   (R)-‐hydratases	   have	   been	   predicted	   in	  

plants	   based	   on	   sequence	   homologue,	   including	   in	   classes	   of	   Monocotyledons	   and	  

Dicotyldeons	  (153).	  	  	  	  	  

 
Multiple	   sequence	  alignment	  analysis	  of	   (R)-‐hydratase	   family	  members	   revealed	  a	  

highly	   conserved,	   consensus	   motif,	   [YF]-‐X(1,2)-‐[LVIG]-‐[STGC]-‐G-‐D-‐X-‐N-‐P-‐[LIV]-‐H-‐X(5)-‐

[AS],	   where	   X	   is	   any	   amino	   acid	   (150).	   	   This	   motif	   is	   conserved	   in	   the	   prokaryote	   and	  

eukaryote	  (R)-‐hydratase	  subfamilies.	   	   	  The	  motif	   includes	   the	  catalytic	  dyad	  consisting	  of	  

aspartic	   acid	   and	  histidine	   residues	   (154).	   	   The	   reaction	  mechanism	  has	  not	   been	  highly	  

studied,	  but	  is	  it	  predicted	  to	  occur	  by	  an	  acid-‐base	  mechanism	  with	  an	  enol-‐like	  transition	  

state.	  	  The	  catalytic	  residues	  are	  responsible	  for	  activating	  water	  and	  the	  reaction	  proceeds	  

via	  a	  concerted	  mechanism	  (155).	  

The	   (R)-‐hydratase	   family	   has	   a	   characteristic	   hot	   dog	   fold	   consisting	   of	   a	   central	  

helix	   wrapped	   in	   several	   β-‐sheets	   (149,	   154).	   	   The	   hot	   dog	   fold	   is	   found	   in	   several	  

functional	   families,	   including	   dehydratases,	   thioesterases,	   and	   acetyltransferases,	   all	   of	  

which	   utilize	   CoA	   substrates.	   	   Interestingly,	   the	   oligomerization	   state	   and	   quaternary	  

associations	   amongst	   hot	   dog	   fold	   proteins	   is	   not	   conserved.	   	   Dimeric,	   tetrameric,	   and	  

hexameric	  oligomers	  have	  been	   crystallized.	   	   	   For	   example,	   thioesterases	   involved	   in	   the	  

phenylacetic	   acid	   catabolic	   pathway	   form	   homotetramers	   while	   acyl-‐CoA	   thioesterases	  

form	  homohexamers	  (156).	  	  Hot	  dog	  fold	  crystal	  structures	  with	  hexameric	  oligomers	  have	  

interactions	  at	  the	  interface	  between	  the	  N-‐terminal	  helices,	  in	  a	  head-‐to-‐tail	  arrangement,	  

	  

Scheme	  1-‐6.	   	   (R)-‐hydratase	   is	   important	   for	   the	  metabolism	  of	   fatty	   acids	  with	   cis	  
double	  bonds.	   	  Following	  one	  round	  of	  β-‐oxidation,	  2E,4Z-‐dienoyl-‐CoA	  is	  converted	  
to	  2Z-‐enoyl-‐CoA.	  	  (S)-‐hydratase	  involved	  in	  fatty	  acid	  metabolism	  converts	  2Z-‐enoyl-‐
CoAs	  to	  the	  3R-‐hydroxy-‐acyl-‐CoA	  isomer.	   	  (R)-‐hydratase	  then	  converts	  3R-‐hydroxy-‐
acyl-‐CoA	  to	  2E-‐enoyl-‐CoA,	  which	  can	  under	  go	  β-‐oxidation.	  	  	  
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and	   with	   back	   to	   back	   stacking	   of	   β-‐sheets,	   highlighting	   how	   the	   associations	   of	   the	  

monomeric	  subunits	  differ	  for	  a	  given	  oligomeric	  state	  (157-‐163).	  	  	  	  

In	   mammals	   and	   fungi,	   (R)-‐hydratase	   is	   part	   of	   the	   peroxisomal	   multifunctional	  

protein	   (MFE)	   and	   forms	   a	   homodimer	   of	   double	   hot	   dogs	   (Figure	   1-‐6A	   and	  Table	   1-‐4).	  	  

Each	  double	  hot	  dog	  monomer,	  with	  a	  mass	  of	  32	  kDa,	  includes	  one	  active	  site	  found	  in	  the	  

C	  terminal	  domain.	   	  The	  N	  terminal	  domain	  lacks	  the	  central	  alpha	  helix	  and	  includes	  the	  

cavity	   for	   binding	   of	   the	   hydrocarbon	   acyl	   part	   of	   the	   substrate	   molecule	   (155).	   	   It	   is	  

hypothesized	  that	  the	  double	  hot	  dog	  fold	  arose	  from	  gene	  duplication	  and	  the	  loss	  of	  one	  

active	   site	   allows	   the	   enzyme	   to	   accommodate	   bulky	   substrates,	   consistent	   with	   its	  

preference	   for	   long	   chain	   substrates	   (149).	   	   In	   prokaryotes,	   (R)-‐hydratases	   form	   a	  

homodimer	  of	  a	  single	  hot	  dog	  domain	  of	  14	  kDa	  (Figure	  1-‐6B).	   	  Each	  monomer	  includes	  

one	  active	  site	  (154).	  	  

	  

A	   	   	   	   	   B	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  
Figure	  1-‐6.	  	  Enoyl-‐CoA	  hydratase	  crystal	  structures.	  	  Three-‐dimensional	  structure	  of	  
(A)	  dimer	  of	  double	  hot	  dog	   fold	  human	   (R)-‐hydratase	  and	   (B)	  dimer	  of	  single	  hot	  
dog	  fold	  A.	  caviae	  (R)-‐hydratase.	  	  PDB	  1S9C	  and	  1IQ6	  respectively.	  	  	  
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Table	  1-‐4.	   	   Structural	   information	   for	   (R)-‐hydratases.	   	   Shown	   is	   a	   summary	  of	   structural	  
information	  for	  (R)-‐hydratases	  identified	  in	  mammals,	  fungi,	  plants,	  and	  bacteria.	  	  

Kingdom	   Activities	   Oligomeric	  structure	   No.	  active	  sites	  
per	  oligomer	  

Ref	  

Mammals	   Tri-‐functional	   Dimer	  of	  double	  hot	  dogs	   Two	   (149)	  

Fungi	   Di-‐functional	   Dimer	  of	  double	  hot	  dogs	   Two	   (155)	  

Plants	   Mono-‐functional	   NA	   -‐	   	  

Bacteria	   Mono-‐functional	   Dimer	  of	  single	  hot	  dogs	   Two	   (154)	  

NA:	  	  No	  crystal	  structure	  available	  

Sequence	  analysis	  of	  Rv3541c	  indicates	  it	  may	  form	  a	  single	  hot	  dog	  (R)-‐hydratase,	  

with	   a	   characteristic	   size	   of	   14	   kDa.	   	   Rv3542c	   is	   about	   twice	   the	   size	   of	   typical	   hot	   dog	  

domains	  in	  prokaryotes	  at	  34	  kDa,	  indicating	  it	  may	  possibly	  fold	  as	  a	  double	  hot	  dog.	  	  The	  

biochemical	   roles	  of	  Rv3541c	  and	  Rv3542c	  are	  unknown.	   	  Due	   to	   their	   importance	   in	  M.	  

tuberculosis	   intracellular	  growth	  and	   involvement	   in	  cholesterol	  metabolism,	   the	   function	  

of	  these	  genes	  is	  investigated	  in	  this	  work.	  	  	  	  	  

X. Specific	  Aims	  

The	   goal	   of	   this	   thesis	   is	   to	   gain	   mechanistic	   understanding	   of	   cholesterol	  

metabolism	   by	   M.	   tuberculosis.	   	   Experiments	   conducted	   were	   designed	   to	   target	   the	  

cholesterol	   metabolism	   pathway	   by	   small	   molecule	   inhibitors	   and	   elucidate	   the	  

biochemical	  role	  of	  the	  igr	  operon.	   	  Fully	  elucidating	  the	  chemical	  steps	  in	  the	  cholesterol	  

metabolic	   pathway	   is	   necessary	   to	  understand	   the	   role	   of	   this	   pathway	   in	  mycobacterial	  

survival	  and	  infection	  as	  well	  as	  to	  define	  novel	  targets	  for	  drug	  development.	  

The	  specific	  aims	  include:	  

1.	   	   Examine	   the	   structure-‐activity	   relationship	   of	   azasteroid	   inhibitors	   against	   3β-‐

hydroxysteroid	  dehydrogenase.	   	   	  We	   employed	   a	   series	   of	   azasteroids	   as	   a	   tool	   set	   to	  

determine	   the	   structure-‐activity	   relationship	   (SAR)	   for	  M.	   tuberculosis	  3β-‐HSD.	   	   The	   SAR	  

would	  provide	  insight	  into	  the	  true	  substrate	  for	  the	  enzyme	  in	  vivo.	  	  In	  addition,	  inhibitors	  

of	  M.	  tuberculosis	  3β-‐HSD	  would	  target	  the	  cholesterol	  metabolic	  pathway,	  which	  has	  been	  

shown	  to	  be	  important	  for	  pathogenesis.	  	  	  

2.	  	  Elucidate	  the	  cholesterol-‐derived	  metabolite	  profile	  of	  Δigr	  H37Rv	  M.	  tuberculosis.	  	  

We	   applied	   13C-‐metabolite	   profiling	   using	   isotopically	   labeled	   cholesterol	   to	   study	   the	  

cholesterol	  metabolism	  pathway	   in	  M.	   tuberculosis.	   	   The	  Δigr	  and	  wild-‐type	   strains	  were	  
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investigated	  to	  identify	  metabolites	  that	  accumulate	  or	  disappear	  upon	  disruption	  of	  the	  igr	  

operon,	   towards	   understanding	   the	   functional	   role	   of	   the	   igr	   operon	   and	   the	   molecular	  

cause	  of	  the	  growth	  attention	  in	  the	  Δigr	  strain.	  	  

3.	  	  Investigate	  the	  biochemical	  function	  of	  the	  gene	  products	  of	  the	  igr	  operon.	  	  Using	  

recombinant	  enzymes	  we	  investigated	  the	  enzymatic	  activities	  encoded	  by	  the	  igr	  operon.	  	  

We	  aim	  to	  understand	  the	  functional	  role	  of	  these	  proteins	  in	  cholesterol	  metabolism.	  	  
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I. Inhibition	  of	  the	  M.	  tuberculosis	  3β-‐hydroxysteroid	  dehydrogenase	  by	  
azasteroids	  

3β-‐hydroxysteroid	   dehydrogenase	   (3β-‐HSD)	   catalyzes	   the	   oxidation	   and	  

isomerization	   of	   Δ5-‐3β-‐hydroxysteroids	   to	   Δ4-‐ketosteroids.	   	   In	  mammals,	   this	   enzyme	   is	  

required	   for	   the	   biosynthesis	   of	   steroid	   hormones.	   Pregnenolone,	   17-‐

hydroxypregnenolone,	  DHEA,	  and	  androst-‐5-‐ene-‐3,7-‐diol	  are	  all	  substrates	  of	  mammalian	  

3β-‐HSDs	  (112).	  	  3β-‐HSD	  orthologs	  have	  been	  identified	  in	  plants,	  fish,	  amphibians,	  viruses,	  

and	   actinomycete	   bacteria	   (67,	   166-‐170).	   	   Their	   respective	   substrate	   specificities	   and	  

metabolic	  functions	  are	  not	  as	  well	  established.	  

3β-‐HSD	   (Rv1106c)	   is	   proposed	   to	   catalyze	   the	   first	   step	   of	   the	   cholesterol	  

metabolism	  pathway	  of	  M.	  tuberculosis	  (Scheme	  1-‐5).	  	  However,	  the	  physiological	  substrate	  

specificity	   has	   not	   been	   fully	   investigated.	   	  M.	   tuberculosis	   3β-‐HSD	   also	   can	   catalyze	   the	  

oxidation	  and	  isomerization	  of	  DHEA	  and	  pregnenolone	  to	  their	  respective	  α,β	  unsaturated	  

ketones	  with	  equal	  efficiency	  (73).	   	  Direct	  comparison	  of	  substrate	  specificities	  is	  difficult	  

in	   this	   system	   because	   the	   conditions	   employed	   to	   solubilize	   the	   steroids	   differ,	   and	  

substrate	   inhibition	   by	   the	   NAD+	   cofactor	   is	   observed	   at	   millimolar	   concentrations.	  	  

Therefore,	   the	   relative	  binding	  affinities	   for	   the	  enzyme	  are	  not	   readily	  derived	   from	   the	  

kinetic	  experiments.	  	  	  

As	   a	   consequence,	   the	   precise	   sequence	   of	   catalytic	   events	   in	   the	  M.	   tuberculosis	  

cholesterol	  metabolism	  pathway	  is	  not	  known.	  	  In	  the	  predicted	  pathway	  for	  M.	  tuberculosis	  

cholesterol	   metabolism,	   the	   steroid	   skeleton	   can	   undergo	   oxidative	   degradation	  

simultaneous	  with	  side-‐chain	   truncation	  (Scheme	  2-‐1).	   	  The	  substrate	  preference	  of	  each	  

enzyme	   in	   the	   pathway	   has	   been	   explored	   to	   a	   limited	   extent	   with	   the	   exception	   of	   3-‐

ketosteroid	   dehydrogenase	   (KstD),	  which	   is	   suggested	   to	   prefer	   the	   5α-‐androstane-‐3,17-‐

dione	   and	   5α-‐testosterone	   as	   substrates	   (78),	   and	   the	  meta-‐cleavage	   product	   hydrolase	  

HsaD	  for	  which	  X-‐ray	  crystal	  structures	  suggest	  a	  preference	  for	  4,9-‐DHSA	  as	  the	  substrate	  

(94).	  	  In	  order	  to	  develop	  antibacterial	  therapies	  that	  target	  the	  pathway	  and	  to	  understand	  

the	   metabolic	   consequence	   of	   blocking	   enzymes	   within	   the	   pathway,	   the	   preferred	  

sequence	  of	  reactions	  must	  be	  elucidated.	  	  
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Azasteroids	  are	  validated,	  therapeutically-‐useful	  compounds	  that	  inhibit	  enzymes	  in	  

steroid	   biosynthetic	   pathways	   (Figure	   2-‐1).	   	   For	   example,	   finasteride	   and	   dutasteride	  

inhibit	   5α-‐reductase-‐catalyzed	   production	   of	   dihydrotestosterone	   from	   testosterone.	  	  

Inhibition	  of	   5α-‐reductase	   is	   indicated	   for	   treatment	   of	   benign	  prostatic	   hyperplasia	   and	  

some	  prostate	   cancers.	   	   Investigation	   of	   the	   6-‐azasteroid	   series	  was	   undertaken	   by	   Frye	  

and	   coworkers	   at	   GlaxoWellcome	   during	   SAR	  work	   to	   develop	   enzyme	   selectivity	   (171).	  	  

However,	   cross-‐reactivity	  with	  human	  3β-‐HSD	   could	  not	  be	   eliminated	  and	  development	  

efforts	  were	  refocused	  on	  the	  4-‐azasteroid	  series	  (172-‐174).	  

	  
	  	   M.	   tuberculosis	   3β-‐HSD	   shares	   29%	   amino	   acid	   sequence	   identity	  with	   type	   I	   and	  

type	  II	  human	  3β-‐HSD	  (UniProtKB	  ID	  P14060	  and	  P26439)	  and	  these	  enzymes	  catalyze	  the	  

	  

Scheme	   2-‐1.	   	   Partial	   cholesterol	   metabolism	   pathway	   in	   M.	   tuberculosis.	   	   The	  
physiological	  substrate	  of	  3β-‐hydroxysteroid	  dehydrogenase	  is	  not	  clear.	  

	  

Figure	  2-‐1.	  	  Azasteroid	  frameworks.	  
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same	   reaction.	   Both	   the	   active	   site	   catalytic	   tetrad	   and	   Rossmann	   fold	   motif	   for	   NAD+	  

cofactor	   binding	   are	   conserved.	   	   As	   the	   6-‐azasteroid	   moiety	   is	   proposed	   to	   act	   as	   a	  

transition	   state	   mimic	   of	   the	   3β-‐HSD-‐catalyzed	   reaction	   (172),	   we	   expected	   that	   the	  

transition	  state	  analogy	  would	  apply	  to	  the	  M.	  tuberculosis	  enzyme	  (Scheme	  2-‐2).	  	  Given	  the	  

low	   amino	   acid	   identity	   of	   non-‐catalytic	   residues	   between	   orthologs,	   we	   did	   not	   expect	  

inhibitor	  specificity	  of	  the	  M.	  tuberculosis	  enzyme	  to	  necessarily	  parallel	  that	  of	  the	  human	  

enzyme.	  	  

	  
We	   reasoned	   that	   a	   comprehensive	   study	   of	   6-‐azasteroids	   would	   provide	   rapid	  

entry	   into	   the	   SAR	   of	  M.	   tuberculosis	   3β-‐HSD	   and	   insight	   into	   the	   true	   substrate	   for	   the	  

enzyme	   in	   vivo.	   	   Moreover,	   6-‐azasteroids	   have	   excellent	   biodistribution	   and	  

pharmacokinetic	   properties	   in	   humans	   (173).	   	   Inhibitors	   of	  M.	   tuberculosis	   3β-‐HSD	   are	  

important	   for	   targeting	   the	   cholesterol	   metabolic	   pathway	   and	   would	   require	   little	  

development	  before	   in	   vivo	   analysis	  of	   enzyme	   inhibition	   could	  be	  undertaken.	   	  Here	  we	  

report	  the	  in	  vitro	  inhibition	  SAR	  for	  M.	  tuberculosis	  3β-‐HSD	  using	  a	  family	  of	  azasteroids	  to	  

explore	  the	  enzyme	  specificity.	  

Three	  series	  of	  azasteroids	  were	   tested	   to	  survey	   the	   importance	  and	  tolerance	  of	  

substituents	  at	  a)	  the	  17-‐position	  of	  the	  D-‐ring,	  b)	  the	  4-‐7-‐positions	  of	  the	  A-‐	  and	  B-‐rings,	  

and	   c)	   the	   1,2	   positions	   of	   the	   A-‐ring	   (Table	   2-‐1).	   	   In	   order	   to	   identify	   the	  most	   potent	  

compounds,	  the	  IC50’s	  for	  21	  different	  azasteroids	  were	  measured	  at	  the	  KM	  of	  DHEA	  (120	  

µM)	  and	  at	  2xKM	  of	  NAD+	  (400	  µM).	  	  Previously,	  we	  had	  demonstrated	  that	  M.	  tuberculosis	  

3β-‐HSD	  follows	  a	  compulsory	  order	  mechanism	  in	  which	  NAD+	  binds	  first	  (73).	  	  Therefore,	  

we	   expected	   that	   competitive	   inhibitors	   of	   steroid	   binding	   would	   bind	   to	   the	   E-‐NAD+	  

complex.	  	  However,	  inhibitors	  were	  tested	  with	  a	  less	  than	  fully	  saturating	  concentration	  of	  

	  

Scheme	  2-‐2.	  	  Reaction	  catalyzed	  by	  3β-‐HSD.	  
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NAD+	   because	   substrate	   inhibition	   occurs	   at	   millimolar	   levels	   of	   the	   cofactor	   (73).	   	   The	  

IC50’s	  were	  determined	  by	  fitting	  the	  initial	  velocities	  at	  8	  different	  inhibitor	  concentrations	  

ranging	  from	  6	  nM	  to	  400	  µM	  to	  Equation	  3-‐1.	  	  The	  maximum	  concentration	  that	  was	  used	  

ranged	  from	  50-‐400	  µM	  due	  to	  the	  limited	  solubility	  of	  some	  of	  the	  azasteroids.	  

The	  mechanism	   of	   inhibition	  was	   determined	   for	   azasteroids	   3,	  7,	   and	  17,	   which	  

had	   IC50’s	   that	   varied	   over	   2	   orders	   of	  magnitude.	   	  We	  measured	   steady-‐state	   rates	   as	   a	  

function	  of	  both	  DHEA	  and	  inhibitor	  concentrations	  and	  globally	  fit	  the	  data	  to	  Equation	  3-‐

2.	  	  All	  three	  inhibitors	  were	  found	  to	  be	  competitive	  inhibitors	  of	  DHEA.	  	  We	  concluded	  that	  

modifications	  of	  the	  steroid	  ring	  framework	  that	  reduced	  the	  efficacy	  of	  inhibition	  did	  not	  

alter	   the	  mechanism	  of	   inhibition.	   	  Kinetic	   competition	  with	  DHEA	   is	   consistent	  with	   the	  

proposal	  that	  the	  6-‐azasteroid	  binds	  in	  the	  steroid	  binding	  site	  and	  that	  the	  IC50’s	  serve	  as	  a	  

valid	  indicator	  of	  relative	  binding	  to	  the	  steroid	  binding	  site.	  	  	  

Functional	  groups	  of	  varying	  polarity	  were	  employed	  to	  interrogate	  the	  importance	  

of	  the	  6-‐azasteroid	  side	  chain	  at	  C17.	  	  Carboxylic	  acid	  1,	  did	  not	  inhibit	  M.	  tuberculosis	  3β-‐

HSD	   at	   concentrations	   below	  200	   µM.	   	   In	   contrast,	   incorporation	   of	   an	   amide	   at	   the	   17-‐

carbon	   was	   tolerated.	   	   Aromatic	   amide	   substituents,	   e.g.,	   3-‐5,	   were	   effective	   inhibitors,	  

whereas	   polar	   heterocycle	   2	   obviated	   efficacy.	   	   Further	   constraint	   of	   the	   amide	   as	   an	  

oxazole	  6	   improved	   inhibition	   a	   further	   3-‐fold.	   	   Elimination	   of	   heteroatoms	   at	   C17	   and	  

substitution	  of	  the	  6-‐azasteroid	  with	  the	  native	  cholesterol	  8-‐carbon	  side	  chain	  to	  provide	  

azasteroid	   7	   increased	   potency	   an	   order	   of	   magnitude	   compared	   to	   the	   oxazole.	   	   The	  

binding	  preference	  for	  large	  hydrophobic	  substituents	  indicates	  that	  C27	  sterols	  are	  most	  

likely	  the	  preferred	  substrate	  for	  M.	  tuberculosis	  3β-‐HSD.	  	  

Addition	  of	  a	  methyl	  group	  at	  C7	  to	  the	  sterol	  framework	  of	  7	  to	  provide	  8	  reduced	  

potency	   10-‐fold.	   	   Next,	  we	   explored	   structure-‐activity	   space	   around	   the	   A,B	   ring	   system	  

using	  a	  simple	  amide	  substituent	  at	  the	  C17	  position.	  	  When	  the	  C17	  was	  modified	  as	  the	  t-‐

butyl	   amide,	   9,	   the	   inhibition	   potency	   was	   poorer	   than	   the	   aromatic	   substituents.	   	   The	  

diethyl	  amide	  substituent	  was	  selected	  for	  further	  analysis	  due	  to	  its	  facile	  synthesis	  and	  to	  

compare	   inhibition	  constants	   in	  a	   readily	  measured	  concentration	   range.	   	   Substitution	  of	  

the	  6-‐azasteroid	  framework	  with	  linear	  alkyl	  moieties	  at	  either	  C4	  or	  N6,	  10-‐15,	  reduced	  

potency,	   and	   in	   most	   cases	   also	   reduced	   solubility.	   	   Alkylation	   at	   both	   C4	   and	   N6	   in	   a	  
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bridged	  fashion,	  16,	  restored	  potency.	  Interestingly,	  swapping	  N6	  and	  C4	  to	  provide	  the	  4-‐

azasteroids	   17	   (finasteride)	   and	   18	   (dutasteride)	   had	   a	   deleterious	   effect	   on	   potency,	  

which	   is	   consistent	  with	   the	   6-‐azasteroid	   framework	  mimicking	   the	   intermediate	   in	   the	  

isomerization	  half-‐reaction	  (Scheme	  2-‐2).	  	  	  

Introduction	   of	   unsaturation	   at	   C1-‐C2	   in	   azasteroid	   9	   was	   tolerated.	   	   However,	  

cyclopropanation	   across	  C1-‐C2	   in	   azasteroids	  19	   and	  20	   reduced	   efficacy	   at	   least	   5-‐fold.	  	  

Therefore,	  the	  steric	  requirements	  about	  the	  A,B	  ring	  system	  are	  quite	  stringent	  for	  the	  M.	  

tuberculosis	  3β-‐HSD.	  	  	  

This	   6-‐azasteroid	   series	   shows	   potent	   inhibition	   against	   human	   adrenal	   3β-‐HSD.	  	  

Increased	  bulk	  at	  C17,	  e.g.,	  trifluoromethyl	  aryl	  substituents	  like	  in	  azasteroid	  3,	  decreased	  

potency	   (174).	   	   Moreover,	   the	   human	   adrenal	   3β-‐HSD	   tolerated	   methylation	   at	   N6	   and	  

cyclopropanation	   at	   C1-‐C2	   (172).	   	   However,	   larger	   N6	   substituents,	   e.g,	   butyl	   and	   hexyl	  

reduced	   potency	   against	   the	   human	   enzyme	  1000-‐fold	   (172).	   	   Therefore,	   future	  work	   to	  

develop	  M.	  tuberculosis	  specific	  inhibitors	  should	  focus	  on	  elaboration	  of	  the	  C17	  structure-‐

activity	  space	  and	  introduction	  of	  constrained	  substituents	  between	  N6	  and	  C4.	  	  

In	   our	   screen	   of	   20	   compounds,	   azasteroid	   7,	   which	   most	   closely	   mimics	  

cholestenone,	  was	   the	  most	   effective	   inhibitor.	   	   Further	   inhibition	   analyses	  were	   carried	  

out	  with	   azasteroid	  7	   in	  which	   the	   concentrations	   of	   both	  DHEA	   and	  NAD+	  were	   varied.	  	  

The	  azasteroid	  competitively	  inhibits	  DHEA	  binding	  ten	  times	  more	  effectively	  than	  NAD+	  

binding	   (Table	   2-‐2,	   Figure	   2-‐2,	   and	   Figure	   2-‐3).	   	  Moreover,	   the	   azasteroid	   shows	   strong	  

uncompetitive	  inhibition	  with	  respect	  to	  NAD+.	  Previously,	  we	  demonstrated	  that	  catalysis	  

by	  M.	  tuberculosis	  3β-‐HSD	  follows	  a	  compulsory	  order	  binding	  mechanism	  in	  which	  NAD+	  

binds	   first	   (73).	   	   The	   competitive	   behavior	   versus	   DHEA	   and	   uncompetitive	   behavior	  

versus	  NAD+	   suggests	   that	   the	   azasteroid	   binds	  most	   effectively	   to	   the	   E-‐NAD+	   complex.	  	  

Therefore,	   increasing	   levels	   of	   NAD+	   cofactor	   cannot	   overcome	   inhibition	   of	   3β-‐HSD	   by	  

azasteroids.	  
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Table	  2-‐1.	  	  Inhibition	  of	  M.	  tuberculosis	  3β-‐HSD	  by	  azasteroidsa	  

	  
aExperimental	  Conditions:	   	  100	  mM	  TAPS	  pH	  8.5,	  150	  mM	  NaCl2,	  30	  mM	  MgCl2,	  2%	  
DMSO,	  at	  30	  oC.	  	  Fixed	  concentrations	  of	  DHEA	  and	  NAD+	  were	  120	  µM	  and	  400	  µM,	  
respectively.	   	   Azasteroids	   were	   tested	   up	   to	   400	   µM	   or	   their	   maximum	   solubility,	  
whichever	  was	  less.	  
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Table	  2-‐2.	  	  Inhibition	  characteristics	  of	  azasteroid	  7a	  

Substrate	   Pattern	  type	   Kic	   Kiu	  

DHEA	   C	   124	  ±	  6	  nM	   n.o.b	  

NAD+	   Mixed	   870	  ±	  150	  nM	   98	  ±	  12	  nM	  

aExperimental	  Conditions:	  	  100	  mM	  TAPS	  pH	  8.5,	  150	  mM	  NaCl2,	  30	  mM	  MgCl2,	  2%	  
DMSO	  at	  30	  °C.	  	  Fixed	  concentrations	  of	  DHEA	  and	  NAD+	  were	  120	  µM	  and	  400	  µM,	  
respectively.	   	   C:	   competitive	   inhibition;	   Mixed:	   	   mixed	   competitive	   and	  
uncompetitive	   inhibition.	   	   Kic	   and	   Kiu:	   competitive	   and	   uncompetitive	   inhibition	  
constants,	  respectively.	  	  bNot	  observed.	  
	  

	   	  	  	  	  	  	  	   	  

Figure	   2-‐2.	   	   Kinetics	   of	   M.	   tuberculosis	   3β-‐HSD	   inhibition	   by	   7	   at	   varied	  
concentrations	  of	  NAD+.	  	  DHEA	  concentration	  was	  fixed	  at	  120	  μM.	  
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In	  summary,	  three	  series	  of	  azasteroids	  were	  evaluated	  for	  binding	  and	  inhibition	  of	  

M.	  tuberculosis	  3β-‐HSD	  dehydrogenase.	  	  6-‐Azasteroids	  with	  large,	  hydrophobic	  side	  chains	  

at	   the	  C17	  position	   are	   the	  most	   effective	   inhibitors.	   	   Substitutions	   at	   C1,	   C2,	   C4	   and	  N6	  

were	   poorly	   tolerated.	   	   Our	   structure-‐activity	   studies	   indicate	   that	   the	   6-‐aza	   version	   of	  

cholesterol	   is	   the	   best	   and	   tightest	   binding	   inhibitor	   and	   are	   consistent	  with	   cholesterol	  

being	  the	  preferred	  substrate	  of	  M.	  tuberculosis	  3β-‐HSD	  dehydrogenase.	  	  	  

	   	  

	   	  	  	  	  

	  
Figure	   2-‐3.	   	   Kinetics	   of	   M.	   tuberculosis	   3β-‐HSD	   inhibition	   by	   7	   at	   varied	  
concentrations	  of	  DHEA.	  	  NAD+	  concentration	  was	  fixed	  at	  400	  μM.	  
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II. Pathway	   profiling	   in	   M.	   tuberculosis:	   	   elucidation	   of	   a	   cholesterol-‐derived	  
catabolite	  and	  the	  enzymes	  that	  catalyze	  its	  metabolisma	  

In	  order	  to	  pursue	  a	  full	  analysis	  of	  cholesterol	  metabolism	  in	  the	  Δigr	  mutant	  strain	  

of	   M.	   tuberculosis	   H37Rv,	   we	   required	   tools	   that	   trace	   the	   fate	   of	   the	   B-‐D	   rings	   and	  

additional	  carbons	  of	  the	  sterol	  side	  chain.	  Here	  we	  describe	  the	  biosynthetic	  preparation	  

of	   isotopically	   labeled	   [1,7,15,22,26-‐14C]-‐cholesterol	  or	   [1,7,15,22,26-‐13C]-‐cholesterol.	  The	  

distribution	   of	   labels	   throughout	   the	   sterol	   ring	   system	   and	   side	   chain	   makes	   these	  

reagents	  useful	  metabolic	  tracers	  to	  study	  cholesterol	  metabolism	  in	  M.	  tuberculosis.	  

Biosynthetic	  preparation	  of	  isotopically	  labeled	  LDL-‐cholesterol.*	  	  	  

Mevalonate	   is	   the	   first	   dedicated	   precursor	   required	   for	   cholesterol	   biosynthesis	  

(175-‐177).	   To	   metabolically	   label	   cholesterol	   in	   low-‐density	   lipoprotein	   (LDL)	   particles,	  

HepG2	  (human	  liver)	  cells	  were	  cultured	  with	  either	  2-‐[13C]-‐	  or	  [14C]-‐mevalonolactone,	  to	  

produce	   LDL	   particles	   containing	   [1,7,15,22,26-‐13C]-‐cholesterol	   or	   [1,7,15,22,26-‐14C]-‐

cholesterol	  (Figure	  2-‐4)	  (178).	   	  Mevalonolactone	  is	  the	  soluble	  and	  membrane	  permeable	  

form	  of	  mevalonate	  that	   is	  assimilated	  by	  cellular	  metabolism.	   	  Mevastatin,	   the	  HMG-‐CoA	  

reductase	  inhibitor,	  was	  added	  to	  suppress	  the	  cellular	  conversion	  of	  unlabeled	  acetyl-‐CoA	  

pools	  to	  mevalonate,	  which	  otherwise	  would	  be	  incorporated	  into	  cholesterol	  and	  reduce	  

the	  heavy	  isotope	  incorporation.	  	  	  

The	   13C-‐	   or	   14C-‐labeled	   cholesterol	  was	   isolated	   as	   soluble	   LDL	  particles	   from	   the	  

HepG2	   culture	   supernatant	   and	   unincorporated	   mevalonolactone	   removed	   by	  

ultrafiltration.	   	   TLC	   analysis	   of	   the	   LDL	   lipids	   demonstrated	   that	   cholesterol	   and	  

cholesterol-‐esters	   contained	   14C-‐labeled	   carbons	   (Figure	   2-‐5A).	   	   The	   LDL-‐derived	  

phospholipid	   and	   triacylglycerol	   components	   contained	   no	   14C	   label,	   suggesting	   that	   the	  

label	  observed	  in	  cholesterol	  ester	  is	  likely	  not	  located	  in	  the	  esterified	  fatty	  acid.	  	  MALDI-‐

TOF	  mass	  spectra	  of	  LDL-‐derived	  [13C]–cholesterol	  contained	  the	  [M-‐H2O+H]+	  dehydration	  

product	  ion	  (m/z=	  369),	  as	  well	  as	  an	  [M-‐H2O+H+5]+	  ion	  (m/z	  =	  374)	  that	  corresponds	  to	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

	  

a	  These	  experiments	  were	  performed	  in	  collaboration	  with	  Brian	  C.	  VanderVen	  and	  	  David	  
G.	   Russell.	   	   	   Specific	   experiments	   performed	   by	   B.	   C.	   V.	   and	  D.	   G.	   R.	   are	   indicated	   by	   an	  
asterisk.	  	  	  
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the	  expected	  cholesterol	  labeled	  with	  five	  13C	  atoms	  (Figure	  2-‐5B).	  	  The	  m/z=369	  ion	  had	  a	  

natural	  isotope	  envelope	  for	  the	  +1	  to	  +4	  ions	  indicating	  that	  partially	  labeled	  cholesterol	  

was	   not	   formed.	   	   The	   isotopic	   incorporation	   ranged	   from	   10	   to	   30%	   depending	   on	   the	  

preparation.	   	   DEPT135	   NMR	   analysis	   was	   used	   to	   confirm	   the	   positions	   of	   the	   five	   13C	  

labeled	   atoms	   (Figure	   2-‐5C).	   	   13C	   resonances	   were	   compared	   to	   known	   cholesterol	  

resonances,	  confirming	  labeling	  at	  the	  C1,	  C7,	  C15,	  C22,	  and	  C26	  positions	  (179).	  

 

A	   14C-‐labeled	   cholesterol-‐derived	  metabolite	  accumulates	   in	   the	  Δigr	  mutant	  when	   supplied	  
LDL-‐[1,7,15,22,26-‐14C]-‐cholesterol.	  *	  

M.	   tuberculosis	   wild	   type	   H37Rv	   (WT),	   igr	   knockout	   strain	   (Δigr)	   and	   Δigr	  

complement	   strain	   were	   grown	   in	   7H9	   OADC	   media,	   supplemented	   with	   LDL-‐[14C]-‐

cholesterol	   or	   nonradioactive	   LDL-‐	   cholesterol.	   	   After	   two	  weeks,	   extracts	   were	   isolated	  

	  	  	  	  	  	  	  	  	  	   	  

Figure	  2-‐4.	   	   13C-‐	  or	   14C-‐	  metabolic	   labeling	  of	  LDL-‐derived	  cholesterol.	   	   Isotopically	  
labeled	   2-‐[13C]-‐	   or	   [14C]-‐mevalonolactone	   is	   converted	   into	   mevalonate	   and	   is	  
incorporated	   into	   the	   cholesterol	   biosynthesis	   pathway	   resulting	   in	   labeled	  
[1,7,5,22,26-‐13C]-‐cholesterol	  or	   [1,7,5,22,26-‐14C]-‐cholesterol.	   	   HMG-‐CoA:	  3-‐hydroxy-‐
3-‐methylglutarate	  coenzyme	  A.	  
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from	   the	   pellet	   and	   culture	   media	   of	   each	   culture,	   separately.	   	   LC/MS	   analysis	   of	   the	  

bacterial	   lipid	   extracts	   from	   nonradioactive	   LDL-‐cholesterol	   cultures	   confirmed	   that	   no	  

free	  cholesterol	  remained	  in	  WT,	  ∆igr,	  or	  complemented	  Δigr	  extracts.	  	  After	  two	  weeks	  of	  

culture	   with	   LDL-‐[14C]-‐cholesterol,	   14C	   counts	   were	   two-‐fold	   higher	   for	   ∆igr	   mutant	  

extracts	   compared	   to	   WT	   or	   complemented	   Δigr	   strains	   consistent	   with	   complete	  

metabolism	   to	   CO2	   or	   low	  molecular	  weight	   carbon	   in	  wild	   type.	   	   In	   the	  Δigr	   strain,	   the	  

metabolism	  of	  cholesterol	  is	  incomplete.	   	  The	  majority	  of	  the	  remaining	  14C	  counts	  (85%)	  

in	   the	   lipid	  extracts	   from	   the	  ∆igr	  strain	  was	   secreted	   into	   the	   culture	   supernatant.	   	  TLC	  

analysis	  revealed	  that	  a	  new	  polar	  species	  was	  formed	  in	  the	  Δigr	  strain	  that	  was	  absent	  in	  

extracts	  from	  the	  WT	  and	  complemented	  Δigr	  strains	  (Figure	  2-‐6).	  
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Application	   of	   LDL-‐[1,7,15,22,26-‐13C]-‐cholesterol	   as	   an	   isotopic	   tracer	   of	   	   cholesterol	  
metabolism	  intermediates	  by	  LC/MS.	  	  	  

To	   further	   characterize	   partially	   degraded	   cholesterol	   metabolites	   in	   Δigr	   M.	  

tuberculosis,	   the	   bacteria	   were	   cultured	   with	   LDL-‐[1,7,15,22,26-‐13C]-‐cholesterol	   and	   the	  

	  	  	  	  	  	  	  	   	  

Figure	   2-‐5.	   	   Analysis	   of	   metabolically	   labeled	   LDL-‐[13C]-‐	   or	   -‐[14C]-‐cholesterol.	   	   (A)	  
TLC	   analysis	   of	   LDL-‐[14C]-‐cholesterol	   developed	   by	   (a)	   charring	   and	   (b)	  
autoradiography.	   	   (B)	   MALDI-‐TOF	   MS	   spectrum	   of	   LDL-‐[13C]-‐cholesterol.	   Peaks	  
labeled	   with	   *	   are	   matrix	   ions.	   	   (C)	   DEPT135	   spectrum	   of	   isolated	   LDL-‐	   [13C]-‐
cholesterol,	  confirming	  the	  position	  of	  isotopically	  labeled	  carbons.	  
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extracts	  were	  analyzed	  by	  liquid	  chromatography	  and	  high-‐resolution	  mass	  spectrometry	  

using	  XCMS	  software	  for	  feature	  matching	  and	  detection.	  	  13C	  labeled,	  cholesterol–derived	  

metabolites	   were	   identified	   by	   their	   unnatural	   13C	   isotopomers.	   	   The	   presence	   of	  

isotopomers	  was	   further	  confirmed	  by	  comparison	  to	  natural	  abundance	  LDL-‐cholesterol	  

metabolic	  profiles.	  	  	  

	  	  
	  
Wild-‐type	   M.	   tuberculosis	   accumulates	   androst-‐4-‐ene-‐3,17-‐dione	   and	   androsta-‐1,4-‐	   diene-‐
3,17-‐dione,	  while	  the	  Δigr	  mutant	  does	  not.	  	  	  

Four	  species	  with	  13C	  labels	  were	  observed	  in	  the	  WT	  and	  igr	  complemented	  strain	  

that	   were	   not	   detected	   in	   ∆igr	   extracts	   (Figure	   2-‐7	   and	   Table	   2-‐3).	   	   The	   two	   most	  

prominent	   species,	   based	   on	   the	   peak	   area	   from	   the	   extracted	   ion	   chromatogram	   were	  

androsta-‐1,4-‐diene-‐3,17-‐dione	   (ADD)	   and	   androst-‐4-‐ene-‐3,17-‐dione	   (AD)	   (Figure	   2-‐7A).	  	  

AD	  and	  ADD	  are	  known	  intermediates	  of	  the	  cholesterol	  metabolism	  pathway	  and	  had	  been	  

previously	   identified	   in	   culture	   supernatants	   of	   M.	   tuberculosis	   H37Rv	   cultured	   with	  

cholesterol	   (58).	   	   The	   molecular	   formula,	   obtained	   from	   high–resolution	   mass	   data	   and	  

number	  of	  13C	   labels	  match	  their	  structures	  (Table	  2-‐3A).	  The	  remaining	  two	  metabolites	  

	  

Figure	   2-‐6.*	   	   TLC	   of	  M.	   tuberculosis	   extracts	   cultured	   with	   LDL-‐[1,7,15,22,26-‐14C]-‐
cholesterol.	   10000	   cpm	   were	   loaded	   per	   lane.	   	   TLC	   was	   visualized	   by	  
autoradiography.	   	   	   (A)	  M.	  tuberculosis	  H37Rv	  cell	  pellet.	   	   (B)	  M.	  tuberculosis	  H37Rv	  
culture	  medium.	  	  (C)	  M.	  tuberculosis	  ∆igr	  cell	  pellet.	  	  (D)	  M.	  tuberculosis	  ∆igr	  culture	  
medium.	  	  (E)	  igr	  complement	  cell	  pellet.	  	  (F)	  igr	  complement	  culture	  medium.	  
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observed	  in	  WT	  and	   igr	  complement	  extracts	  are	  keto	  and	  hydroxy	  oxidation	  products	  of	  

AD	  and	  ADD	  (Table	  2-‐3A).	   	   	   Interestingly,	  AD	  and	  ADD	  were	  not	  observed	  in	  the	  extracts	  

isolated	  from	  the	  ∆igr	  mutant	  indicating	  that	  cholesterol	  metabolism	  is	  most	  likely	  blocked	  

prior	  to	  AD	  and	  ADD	  formation	  in	  the	  ∆igr	  mutant	  strain.	  	  	  
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Figure	   2-‐7.	   	   LC/MS	   analysis	   of	  M.	   tuberculosis	   H37Rv,	   Δigr,	   and	   igr	   complement	  
extracts	  cultured	  with	  LDL-‐[13C]-‐cholesterol	  and	  natural	  abundance	  LDL-‐cholesterol	  
for	  2	  weeks.	   	  (A)	  Total	  ion	  chromatograms	  (TIC)	  of	  M.	  tuberculosis	  H37Rv,	  ∆igr,	  and	  
igr	  complement.	  Only	  the	  TIC	  from	  samples	  cultured	  with	  LDL-‐[13C]-‐cholesterol	  are	  
shown.	  Major	  metabolites	  are	  labeled,	  with	  a	  full	  list	  in	  Table	  2-‐3.	  Metabolite	  peaks	  A	  
and	  B	  were	  only	  observed	  in	  M.	  tuberculosis	  H37Rv	  and	  igr	  complement	  and	  peak	  C	  
was	   only	   observed	   in	   ∆igr.	   	   (B)	   MS	   of	  M.	   tuberculosis	   H37Rv	   and	   igr	   complement	  
cholesterol	  derived	  metabolite	  peaks	  A	  and	  B,	  which	  are	   androsta-‐1,4-‐	  diene-‐3,17-‐
dione	  (ADD)	  and	  androst-‐4-‐ene-‐3,17-‐dione	  (AD),	  respectively.	  	  (C)	  MS	  of	  cholesterol-‐
derived	  metabolite	  C	  that	  accumulates	  in	  the	  Δigr	  mutant	  and	  is	  absent	  in	  the	  H37Rv	  
and	   igr	   complemented	   strains.	   Top	   panels	   of	   B	   and	   C	   are	   from	   growth	   on	   natural	  
abundance	  LDL-‐cholesterol	  and	  bottom	  panels	   from	  growth	  on	   isotopically	   labeled	  
LDL-‐[13C]-‐cholesterol.	  
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Table	   2-‐3.	   	   Cholesterol-‐derived	   metabolite	   parent	   ions	   (MH+	   or	   MNa+)	   identified	  
using	  LC/MS/MS.	  

	  

Data	   were	   analyzed	   with	   XCMS.	   	   The	   exact	   masses	   were	   utilized	   to	   determine	  
molecular	   formulae.	   	  Unnatural	   13C	   isotopomers	  were	   used	   to	   identify	   cholesterol-‐
derived	  compounds.	   Isotopomers	  and	  fragmentation	  were	  used	  to	  determine	   likely	  
structures.	  	  Compound	  numbers	  correspond	  to	  the	  structures	  shown	  in	  Figure	  2-‐8.	  
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Identification	   of	   cholesterol	   derived	  metabolites	   present	   in	   ∆igr	   extracts	   and	   absent	   in	  WT	  
and	  igr	  complemented	  strains.	  	  	  

Several	  cholesterol–derived	  metabolites	  unique	  to	  Δigr	  extracts	  were	   identified	  by	  

the	  unnatural	  isotopomer	  distribution	  of	  their	  parent	  ions	  in	  high-‐resolution	  mass	  spectra	  

(Table	  2-‐3B).	   	  Peak	  C	  was	   the	  major	   component	  based	  on	  peak	  area	  of	   the	  extracted	   ion	  

chromatogram	   (Figure	   2-‐7A	   and	   Table	   2-‐3B)	   and	   the	   major	   ion	   had	   a	   m/z	   =	   311.1846	  

(75%)	  and	  a	  minor	   ion	  with	  m/z	  =	  309.1692	   (25%).	   	  The	   remaining	   cholesterol-‐derived	  

metabolites	  were	  present	  in	  10-‐	  to	  100-‐fold	  lower	  abundance.	  	  	  

Analysis	   of	   Δigr	   extracts	   cultured	   with	   unlabeled,	   free	   cholesterol	   dissolved	   in	  

Tyloxapol	  micelles	  indicated	  that	  the	  metabolic	  profile	  is	  unchanged	  and	  is	  not	  dependent	  

on	   culturing	   with	   LDL.	   	   	   Free	   cholesterol	   was	   then	   used	   as	   the	   carbon	   source	   to	   grow	  

	  

Figure	  2-‐8.	  	  Assigned	  structures	  of	  Δigr	  metabolite	  ions	  identified	  by	  LC/MS/MS.	  
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sufficient	  quantities	  of	  Δigr	   cultures	   to	   isolate	   the	  main	  metabolite	   for	   spectroscopic	  and	  

structural	  characterization.	  	  	  	  

Isolation	   and	   structural	   characterization	   of	   the	  major	   cholesterol	  metabolite,	  1,	   formed	   by	  
the	  Δigr	  strain.	  	  	  

Ethyl	   acetate	   extraction	   of	  M.	   tuberculosis	   H37Rv	   Δigr	   cultures	   grown	   with	   free	  

cholesterol,	  followed	  by	  fractionation	  by	  reverse	  phase	  HPLC	  yielded	  the	  major	  metabolite	  

1	  in	  ~85%	  purity.	  	  The	  metabolite	  structure	  was	  established	  by	  tandem	  mass	  spectrometry	  

and	  1H,	  13C,	  COSY,	  1H-‐13C-‐HSQC,	  and	  HMBC	  NMR	  spectroscopy	  (Figure	  2-‐8	  and	  Figure	  2-‐9).	  	  	  

The	   NMR	   spectra	   of	   1	   clearly	   mapped	   an	   indane	   carbon	   skeleton,	   presumably	  

derived	   from	   the	   C	   and	   D	   rings	   of	   cholesterol.	   	   In	   the	   five-‐membered	   ring,	   the	  methine	  

proton	  (δ1.70)	  correlated	  to	  C1	  (δ51.8)	  in	  the	  1H-‐13C	  HSQC.	  	  The	  C1	  methine	  correlated	  to	  

the	   C2	   methylene	   (δ1.83;	   δ1.52)	   by	   COSY.	   	   These	   methylene	   protons	   correlated	   to	   C2	  

(δ27.7)	   in	   the	   1H-‐13C-‐HSQC	   spectrum.	   	   The	   C2	   methylene	   coupled	   to	   the	   C3	   (δ24.6)	  

methylene	  protons	  (δ1.42;	  δ1.74).	  	  The	  quaternary	  carbon,	  C7a	  (δ42.6)	  in	  the	  13C	  spectrum	  

showed	  an	  HMBC	  correlation	  to	  C3a	  (δ55.1).	  	  C3a	  had	  an	  attached	  methine	  proton	  at	  δ1.68.	  

The	  six-‐membered	  ring	  was	  established	  from	  C7a	  (δ42.58)	  that	  correlated	  to	  the	  C8	  

(δ10.5)	   methyl	   protons	   (δ1.06)	   and	   C7	   (δ37.9)	   methylene	   protons	   (δ1.65;	   2.15)	   in	   the	  

HMBC	   spectrum.	   The	   C7	   methylene	   protons	   (δ1.65;2.15)	   coupled	   to	   the	   C6	   (δ37.3)	  

methylene	   protons	   (δ2.24;2.60).	   	   A	   carbonyl	  was	   observed	   in	   the	   13C	   spectrum	   at	   δ213,	  

consistent	  with	  a	  ketone	  at	  C5.	  	  	  

This	  C5	  ketone	  correlated	  to	  protons	  at	  δ2.60,	  δ2.24,	  δ2.15,	  δ1.68,	  and	  δ1.76	  in	  the	  

HMBC.	   	   By	   1H-‐13C	   HSQC	   δ1.68	   and	   δ1.76	   were	   attached	   to	   C3”	   (δ22.6).	   	   Although	   no	  

correlation	  to	  a	  proton	  at	  C4	  was	  observed,	   this	  carbon	  was	  assigned	  to	  a	  signal	  of	  δ49.5	  

with	   an	   attached	   methine	   proton	   at	   δ2.51	   by	   1H-‐13C	   HSQC	   correlation.	   	   By	   HMBC,	   C4	  

correlated	   to	   C3”	   methylene	   protons	   (δ1.68;	   δ1.76).	   	   In	   the	   1H-‐13C	   HSQC,	   C2”	   (δ33.4)	  

showed	  a	  correlation	  to	  methylene	  protons	  (δ2.36;	  δ2.33).	  	  In	  the	  HMBC,	  C3”	  correlated	  to	  

the	  C2”	  methylene	  protons.	   	  Reciprocally,	  correlations	  were	  observed	  for	  C2”	  and	  the	  C3”	  

methylene	  protons.	  	  	  

The	   C2”	   methylene	   protons	   correlated	   to	   C1”	   (δ174.7).	   	   Based	   on	   the	   molecular	  

formula	  of	  1,	  C1”	  is	  predicted	  to	  be	  a	  carboxylic	  acid.	  	  However,	  by	  HMBC,	  C1”	  also	  has	  long-‐

range	   correlations	   with	   a	   singlet	   at	   δ3.70,	   indicating	   that	   the	   carboxylic	   acid	   may	   be	  
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partially	   esterified.	   	   The	   C1”-‐C3”	   propanoic	   acid	   group	   was	   assigned	   using	   long-‐range	  

correlations	   making	   their	   assignment	   likely	   but	   not	   definite.	   	   COSY	   correlations	   were	  

difficult	   to	   interpret	   due	   to	   co-‐purified	   metabolites	   of	   similar	   structure,	   primarily	   the	  

dehydrated	   3’-‐propenoate	   side	   chain	   (m/z	   =	   309.1692),	   which	   we	   identified	   by	   mass	  

spectral	   analysis.	   	   The	  NMR	  assignments	  made	   are	   consistent	  with	  published	   1H	   and	   13C	  

data	   for	   3aα-‐H-‐4α-‐(3’-‐propanoic	   acid)-‐7αβ-‐methylhexahydro-‐1,5-‐indadione	   (DOHNAA)	  

(95,	  100).	  

	   The	   hexahydroindanone	   skeleton	   has	   been	   isolated	   from	   several	   steroid-‐

metabolizing	   bacterial	   species	   including	   species	   of	   Rhodococcus,	  Nocardia,	   Arthrobacter,	  

and	   Streptomyces	   (99-‐101,	   180,	   181).	   	   To	   our	   knowledge,	   this	   is	   the	   first	   report	   of	   the	  

formation	  of	  hexahydroindanone	  species	  in	  M.	  tuberculosis.	  	  	  

The	  presence	  of	  a	  three-‐carbon	  2’-‐propanoate	  side	  chain	  on	  the	  five-‐membered	  ring	  

at	  C1	  was	  readily	  established.	  	  The	  carboxylate	  side	  chain	  was	  isolated	  as	  the	  methyl	  ester.	  	  

The	  1H	  spectra	  showed	  two	  methyls	  at	  δ1.21	  (s;	  3H)	  and	  δ3.67	  (d;	  3H,),	  which	  correlated	  to	  

C3’	   (δ16.1)	   and	   C9	   (δ50.64),	   respectively	   in	   the	   1H-‐13C	   HSQC.	   	   The	   C1’	   carbonyl	   of	   the	  

methyl	  ester	  was	  observed	  at	  δ177	  in	  the	  13C	  NMR	  spectrum	  and	  correlated	  to	  the	  methyl	  

at	   δ3.67	   and	   C2’	   (δ42.2)	   methine	   at	   δ2.52	   (dd,	   1H)	   in	   the	   HMBC.	   	   The	   C2’	   methine	   is	  

coupled	   to	   the	  C3’	  methyl	   (δ1.21)	  and	  C1	  (δ51.8)	  methine	  (δ1.70)	   in	   the	  COSY	  spectrum.	  	  

This	   assignment	   revealed	   that	   the	   side	   chain	   of	   cholesterol	   had	   been	  partially	   degraded,	  

with	  a	  2’-‐propanoate	  group	  remaining	  on	  what	  was	  formerly	  the	  D-‐ring.	  	  

In	  addition,	  the	  structure	  of	  the	  2’-‐propanoate	  side	  chain	  was	  confirmed	  by	  tandem	  

MS.	  	  Dehydrated	  parent	  ions	  (MH+	  -‐	  18)	  of	  12C	  and	  13C-‐labeled	  metabolite	  1	  (m/z	  =	  293	  and	  

296,	  respectively)	  were	  further	  fragmented	  (Figure	  2-‐10).	  	  	  A	  loss	  of	  32	  Th	  and	  50	  Th	  was	  

observed	  and	  attributed	  to	  the	   loss	  of	  MeOH	  and	  MeOH/CO	  respectively.	   	  A	   loss	  of	  51	  Th	  

was	  observed	  for	  13C	  labeled	  1	  upon	  loss	  of	  MeOH/CO.	  	  This	  1	  Th	  increase	  indicates	  a	  loss	  

of	  13C	  label	  and	  is	  consistent	  with	  the	  initial	  13C-‐labeling	  of	  cholesterol	  at	  C22	  of	  cholesterol.	  	  

A	   loss	  of	  88	  and	  89	  Th	  from	  m/z	  293	  and	  m/z	  296	  indicates	  a	   loss	  of	  C4H8O2,	  which	  was	  

assigned	   to	   the	   loss	   of	   the	   methyl	   2’-‐propanoate	   side	   chain	   from	   C1	   of	   1.	   	   The	   minor	  

metabolite	   (m/z	   =	   309.1692)	   corresponds	   to	   the	   same	   structure	   with	   an	   additional	  

unsaturation.	   	   This	   metabolite	   has	   an	   identical	   fragmentation	   and	   labeling	   pattern	   to	  
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metabolite	   1.	   	   The	   NMR	   and	   mass	   spectral	   data	   are	   consistent	   with	   an	   additional	  

unsaturation	  in	  the	  moiety	  substituted	  at	  C4,	  which	  is	  most	  likely	  a	  3’-‐propenoic	  acid.	  	  	  

We	  observed	  ions	  corresponding	  to	  the	  diacid	  (m/z	  =	  297.1691)	  and	  the	  dimethyl	  

ester	  (m/z	  =	  325.2004)	  forms	  of	  1	   in	  the	  mass	  spectral	  profiles	  (Table	  2-‐3).	   	   	   In	  addition,	  

we	   observed	   the	   3-‐oxo-‐4-‐pregnene-‐20-‐carboxylic	   acid	   precursor	   to	  1,	  which	   has	   all	   four	  

steroid	  rings	  intact	  (m/z	  =	  345.2420).	  	  Lastly,	  we	  observed	  the	  β-‐oxidation	  precursor	  to	  3-‐

oxo-‐4-‐pregnene-‐20-‐carboxylic	  acid	  (m/z	  =	  371.2574)	  that	  has	  a	  five-‐carbon	  side	  chain.	  	  

Interestingly,	  metabolite	  1	  contains	  a	  2’-‐propanoate	  side	  chain	  at	  C1,	  indicating	  the	  

igr	  operon	  is	  not	  essential	   for	  the	  first	   two	  cycles	  of	  β-‐oxidation	  required	  to	  produce	  this	  

shortened	  side	  chain	  from	  cholesterol.	   	  The	  igr	  operon	  encodes	  an	  incomplete	  cadre	  of	  β-‐

oxidation	   enzymes,	   as	   it	   lacks	   genes	   for	   two	   key	   enzymes:	   	   3-‐hydroxyacyl-‐CoA-‐

dehydrogenase	  and	  3-‐ketoacyl-‐CoA-‐thiolase.	  	  
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Figure	   2-‐9.	   	   Structural	   characterization	   of	   Δigr	   metabolite	   1.	   Structure	   of	   1	  
established	  from	  MS,	  tandem	  MS,	  and	  multidimensional	  NMR	  data.	   1H	  and	  13C	  NMR	  
signals	   are	   listed.	   Dotted	   arrows	   represent	   HMBC	   correlations.	   Solid	   arrows	  
represent	   COSY	   correlations.	   Only	   key	   correlations	   are	   displayed.	   	   a	   Could	   not	   be	  
assigned	  in	  COSY.	  
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Proteins	  encoded	  in	  the	  igr	  operon	  form	  heteromeric	  complexes.	  	  

The	  native	  igr	  operon	  structure	  was	  used	  to	  heterologously	  express	  all	  six	  genes	  in	  

E.	   coli	   using	   a	   single	   construct.	   	   The	   entire	   operon	   was	   cloned	   into	   expression	   vector	  

pET28b	   and	   the	   first	   open	   reading	   frame	  of	   the	   operon	  was	   expressed	   as	   an	  N-‐terminal	  

His6-‐tagged	   protein	   for	   purification	   (Figure	   2-‐11A,	   igr-‐6).	   	   Expression	   of	   construct	   igr-‐6	  

resulted	   in	   isolation	   of	   soluble	   Cyp125	   by	   immobilized	   metal	   affinity	   chromatography	  

	  

Figure	   2-‐10.	   	   MS/MS/MS	   fragmentation	   analysis	   of	   Δigr	   metabolite	   1.	   MS	  
fragmentation	   data	   for	   the	   [MH-‐18]+	   ion	   of	   metabolite	   1.	   The	   loss	   of	   18	   Th	   is	  
assumed	   to	   result	   from	   elimination	   of	   water	   from	   the	   enol	   tautomer.	   This	  
fragmentation	   is	   not	   shown	   in	   the	   figure.	   	   (A)	   [MH-‐18]+	   =	   m/z	   293	   (natural	  
abundance)	  and	  (B)	  [MH-‐18]+	  =	  m/z	  296	  (three	  13C	  labels).	  	  Sites	  of	  13C	  labeling	  are	  
indicated	  by	  *.	  
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(IMAC)	  purification.	  	  Next,	  cyp125	  was	  deleted	  to	  generate	  construct	  igr-‐5.	  	  Expression	  and	  

purification	  by	  IMAC	  resulted	  in	  co-‐isolation	  of	  FadE28	  and	  FadE29,	  even	  though	  FadE29	  

did	   not	   contain	   a	   His6-‐tag.	   	   Therefore,	   these	   proteins	   are	   isolated	   as	   a	   complex.	   	   Then	  

fadE28	  and	  fadE29	  were	  deleted	  to	  generate	  construct	  igr-‐3.	  	  Upon	  expression	  of	  igr-‐3	  and	  

purification	   by	   IMAC,	   N-‐His6	   tagged	   Rv3542c	   and	   tagless	   Rv3541c	   were	   isolated,	   again	  

indicating	   a	   protein	   complex	   was	   formed.	   	   Heterologous	   expression	   of	   His6-‐tagged	   ltp2	  

(igr-‐1)	   resulted	   in	   insoluble	   protein.	   	   Expression	   of	   FadE28,	   Rv3542c,	   or	   Rv3541c	  

individually	   resulted	   in	   insoluble	   or	   unstable	   protein.	   	   Expression	   of	   FadE29	   resulted	   in	  

soluble,	  apoprotein	  (Chapter	  2.3	  and	  2.4).	   	  Therefore,	  the	  protein	  expression	  data	  suggest	  

that	  FadE28	  forms	  a	  heteromeric	  complex	  with	  FadE29,	  and	  that	  likewise,	  Rv3542c	  forms	  a	  

heteromeric	  complex	  with	  Rv3541c.	  

We	  proposed	  that	   these	  protein	  complexes	  catalyze	   the	  acyl-‐CoA	  dehydrogenation	  

and	   enoyl-‐CoA	   hydration,	   respectively	   of	   the	   2’-‐propanoate	   side	   chain	   to	   provide	   a	  

quaternary	  alcohol.	   	  This	  alcohol	  would	  then	  readily	  undergo	  a	  retroaldol	  C1-‐C2’	  cleavage	  

reaction	  catalyzed	  by	  Ltp2	  to	  form	  the	  ketone	  at	  C1	  and	  propionyl-‐CoA	  (Scheme	  2-‐3).	  	  This	  

cleavage	  is	  favorable	  because	  the	  thermodynamically	  stable	  ketone	  is	  formed.	  	  In	  contrast,	  

conventional	  β-‐oxidation	  of	   a	   fatty	   acid	   requires	   oxidation	  of	   the	  3-‐hydroxyacyl-‐CoA	  and	  

thiolase	   cleavage	  because	  direct	   formation	  of	   the	   less	   stable	  aldehyde	   through	  retroaldol	  

cleavage	  is	  thermodynamically	  uphill.	  
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Figure	   2-‐11.	   	   Expression	   and	   purification	   of	   the	   igr	   operon.	   	   (A)	   Constructs	   for	  
expression	   of	   the	   igr	   operon	   in	   E.	   coli	   were	   prepared	   in	   vector	   pET28b.	   	   Each	  
construct	   introduced	   an	   N-‐terminal	   His6	   tag	   on	   the	   first	   gene	   product	   for	  
purification.	   	   (B)	   SDS-‐PAGE	   analysis	   of	   proteins	   purified	   by	   immobilized	   affinity	  
chromatography	   from	   expression	   of	   constructs	   in	   A.	   	   Protein	   identities	   were	  
confirmed	  by	  trypsin	  digest	  and	  MALDI-‐TOF	  MS	  fingerprinting.	  
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FadE28-‐FadE29	   catalyzes	   the	   dehydrogenation	   of	   2’-‐propanoate-‐CoA	   esters	   of	  
hexahydraoindanone	  and	  pregnenone.	  	  	  

In	  order	  to	  test	  our	  hypothesis	  that	  the	  igr	  operon	  enzymes	  catalyze	  the	  metabolism	  

of	   the	  2’-‐propanoate	  substituent	  derived	  from	  the	  side	  chain	  of	  cholesterol,	   two	  potential	  

polycyclic	   hydrocarbon	   substrates	   bearing	   a	   2’-‐propanoate-‐CoA	   side	   chain	   were	  

synthesized	  in	  addition	  to	  four	  short	  straight	  or	  branched	  fatty	  acyl-‐CoA	  esters	  (Table	  2-‐4).	  	  

Purified	   FadE28-‐FadE29	   complex	  was	   assayed	   for	   ACAD	   activity.	   	   Several	   CoA	   thioester	  

substrates,	  including	  hexahydroindanone	  2	  and	  pregnenone	  3,	  propionyl-‐CoA,	  butyryl-‐CoA,	  

isobutyrl-‐CoA,	  and	  isovaleryl-‐CoA	  were	  assayed.	   	  Each	  of	  these	  substrates	  was	  assayed	  at	  

100	  µM	  with	  up	  to	  80	  µg/mL	  of	  FadE28-‐FadE29.	  	  Oxidation	  was	  detected	  spectroscopically	  

and	  the	  formation	  of	  product	  was	  confirmed	  by	  MALDI-‐TOF	  mass	  spectrometry.	   	  FadE28-‐

FadE29	  catalyzed	  the	  dehydrogenation	  of	  2	  and	  3,	  but	  not	  of	  propionyl-‐CoA,	  butyryl-‐CoA,	  

isobutyryl-‐CoA,	  or	  isovaleryl-‐CoA.	  	  	  Negative	  controls	  without	  enzyme	  or	  without	  substrate	  

were	  conducted	  and	  no	  activity	  was	  detected.	  	  Thus,	  a	  short,	  straight	  or	  branched	  fatty	  acid	  

is	  insufficient	  as	  a	  substrate.	  The	  specific	  activities	  of	  FadE28-‐FadE29	  using	  2	  and	  3	  were	  

0.53	  ±0.07	  and	  2.38	  ±	  0.11	  µmol	  min-‐1	  mg-‐1,	  respectively.	   	  FadE28-‐FadE29	  shows	  a	  5-‐fold	  

preference	   for	   the	   pregnenone	   carbon	   skeleton	   over	   the	   hexahydroindanone	   skeleton	  

under	  these	  assay	  conditions.	   	  This	  preference	  suggests	  that	  in	  vivo,	   the	  side	  chain	  can	  be	  

metabolized	   to	   AD	   before	   further	   ring	   degradation	   occurs.	   	   This	   order	   of	  metabolism	   is	  

further	   supported	   by	   the	   isolation	   of	   AD	   and	   ADD	   from	  wild-‐type	   extracts	   (58)	   and	   the	  

reported	   substrate	   specificity	   of	   the	   3-‐keto-‐5α-‐steroid-‐Δ1-‐dehydrogenase,	   KstD	   (78).	  	  

However,	   a	   recent	   report	   suggests	   that	   the	   KshA/KshB	   hydroxylase	   is	  more	   specific	   for	  

partial	   side-‐chain	   degradation	   intermediates	   (87).	   	  Most	   likely,	   the	   ring	   system	   and	   side	  

chains	  are	  degraded	  in	  tandem.	  	  	  	  	  

	  

Scheme	  2-‐3.	  	  Proposed	  function	  of	  the	  igr	  operon.	  The	  function	  of	  the	  igr	  operon	  was	  
assigned	   to	  be	  degradation	  of	   the	  2’-‐propanoate	   side	  chain.	  The	  proposed	  catalytic	  
function	  of	  each	  enzyme	  or	  enzyme	  complex	  is	  shown.	  
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The	   3’-‐propanoate	   substituent	   at	   C4	   is	   also	   hypothesized	   to	   be	   degraded	   by	   β-‐

oxidation	   to	   yield	   acetyl-‐CoA	   and	   the	   formate	   substituent.	   	   The	   absence	   of	   the	   above	  

mentioned	   3-‐hydroxyacyl-‐CoA-‐dehydrogenase	   and	   3-‐ketoacyl-‐CoA-‐thiolase	   in	   the	   igr	  

operon	   suggests	   that	   the	   igr	   enzymes	   do	   not	   catalyze	   the	   oxidation	   of	   this	   substituent.	  	  

Consistent	   with	   this	   proposal,	   we	   observe	   minor	   metabolites	   corresponding	   to	   the	   C4-‐

substituent	  β-‐oxidation	   intermediates	   in	  our	  NMR	  spectra.	   	  Moreover,	   van	  der	  Geize	   and	  

coworkers	  recently	  reported	  that	  FadE30	  of	  Rhodococcus	  equi	  (R.	  equi)	  is	  responsible	  for	  β-‐

oxidation	  of	  the	  3’-‐propanoate	  substituent	  at	  C4	  of	  the	  7ab-‐methyl-‐hexahydro-‐5-‐indanone	  

skeleton	   (109).	   	  R.	   equi	   FadE30	   shares	   68%	  amino	   acid	   identity	  with	   FadE30	   (Rv3560c)	  

from	  M.	  tuberculosis.	   	   	  Gene	  knockout	  of	  R.	  equi	   fad30	  blocks	  growth	  of	   the	  bacterium	  on	  

DOHNAA	   whereas	   fadE30	   growth	   on	   AD	   accumulates	   DOHNAA.	   	   These	   results	   strongly	  

suggest	  that	  fadE30	  encodes	  the	  ACAD	  responsible	  for	  oxidation	  of	  the	  hexahydroindanone	  

C4	  substituent.	  	  R.	  equi	  FadE30	  shares	  only	  14%	  and	  33%	  amino	  acid	  identity	  with	  FadE28	  

and	   FadE29	   respectively.	   	   These	   low	   identities	   further	   support	   that	   the	  FadEs	   in	   the	   igr	  

operon	  are	  not	  required	  for	  metabolism	  of	  C4	  propanoate	  moiety.	  	  	  

Table	  2-‐4.	  	  Specific	  activity	  data	  for	  FadE28-‐FadE29.	  	  Enzyme	  assays	  were	  conducted	  
with	   ferrocenium	   hexafluorophosphate	   as	   the	   electron	   acceptor	   with	   3.2	   µg	   of	  
enzyme	  and	  100	  µM	  of	  substrate	  at	  25	  oC,	  pH	  7.4.	  	  
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In	   conclusion,	   we	   assign	   the	   primary	   function	   of	   the	   igr	   operon	   to	   be	   oxidation,	  

hydration	  and	   retro-‐aldol	   cleavage	  of	   the	  2’-‐propanoate	   side	   chain	   to	  provide	  AD	  and	   its	  

ring-‐degraded	   analogs	   during	   cholesterol	   metabolism.	   	   Future	   studies	   will	   address	  

understanding	  the	  mechanistic	  details	  of	  these	  enzymes.	  
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III. Biochemistry	  of	  acyl-‐CoA	  dehydrogenase	  FadE28-‐FadE29	  from	  M.	  tuberculosis	  

Fatty	  acids	  are	  metabolized	  by	  β-‐oxidation,	  the	  first	  step	  of	  which	  is	  catalyzed	  by	  an	  

acyl-‐CoA	   dehydrogenase	   (ACAD).	   	   Based	   on	   early	   metabolite	   identification	   studies	   in	  

multiple	  actinomycetes,	  it	  has	  been	  proposed	  that	  M.	  tuberculosis	  degrades	  the	  side	  chain	  of	  

cholesterol	   by	   β-‐oxidation.	   	   In	   earlier	   work,	   we	   demonstrated	   that	   FadE28	   and	   FadE29	  

form	  a	  heteromeric	  complex	  (165).	   	  This	  complex	  catalyzes	  the	  oxidation	  of	  2-‐propanoyl-‐

CoA	   side	   chains	   of	   polycyclic	   substrates.	   	   Moreover,	   the	   complex	   does	   not	   catalyze	  

conversion	   of	   short	   straight	   or	   branched	   chain	   acyl-‐CoAs	   into	   enoyl-‐CoAs.	   	   Herein,	   we	  

present	  full	  biophysical	  characterization	  of	  FadE28-‐FadE29.	  

FadE29	  is	  isolated	  as	  a	  monomeric	  apoenzyme	  when	  expressed	  in	  E.	  coli	  and	  M.	  smegmatis	  

FadE28	  and	  FadE29	  were	  expressed	  separately	  in	  E.	  coli	  as	  N-‐terminal	  His6	  tagged	  

proteins.	  	  FadE28	  was	  found	  to	  be	  insoluble	  and	  localized	  to	  inclusion	  bodies.	  	  FadE29	  was	  

isolated	   and	  purified	  by	   IMAC,	   anion	   exchange,	   and	   size	   exclusion	   chromatography.	   	  UV-‐

visible	   spectroscopy	   revealed	   the	   protein	   was	   purified	   as	   the	   holoprotein,	   without	   the	  

flavin	   cofactor	   necessary	   for	   catalysis	   (Figure	   2-‐12).	   	   Attempts	   to	   reconstitute	  with	   FAD	  

were	  not	  successful.	  	  

	  	  FadE29	  was	  analyzed	  by	  analytical	   size	  exclusion	   chromatography	  and	  analytical	  

ultracentrifugation	  sedimentation	  equilibrium	  experiments	  (Figure	  2-‐14	  and	  Figure	  2-‐15).	  	  	  

The	  estimated	  molecular	  weight	  by	  analytical	  size	  exclusion	  chromatography	  was	  52	  kDa,	  

which	   is	   close	   to	   the	  predicted	  monomeric	  molecular	  weight	  with	  a	  His6	   tag	  of	  44.9	  kDa.	  	  

The	  analytical	  ultracentrifugation	  data	   fit	  an	   ideal	  model	  with	  a	  molecular	  weight	  of	  41.9	  

kDa.	  	  Thus,	  under	  the	  conditions	  tested,	  FadE29,	  was	  monomeric.	  	  All	  characterized	  ACADs	  

to	  date	   form	  homotetrameric,	  dimers	  of	  dimers,	  except	   for	  VLCAD,	  which	  assembles	  as	  a	  

homodimer	  (Figure	  1-‐4).	  	  
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	  	   FadE29	   was	   then	   expressed	   in	   Mycobacterium	   smegmatis	   (M.	   smegmatis),	   a	  

nonpathogenic,	   faster	   growing	   relative	   of	  M.	   tuberculosis.	   	   The	   protein	   was	   isolated	   by	  

IMAC	  and	  further	  purified	  by	  anion	  exchange	  and	  size	  exclusion	  chromatography.	  	  Analysis	  

by	  analytical	  size	  exclusion	  chromatography	  indicated	  that	  the	  protein	  elutes	  with	  the	  same	  

retention	  time	  as	  monomeric	  FadE29	  expressed	  in	  E.	  coli	  (Figure	  2-‐14).	  	  Analysis	  of	  FadE29	  

expressed	  in	  E.	  coli	  and	  M.	  smegmatis	  demonstrates	  that	  the	  protein	  is	  not	  in	  the	  predicted	  

quaternary	  structure	  of	  ACADs,	  lacks	  FAD,	  and	  therefore	  is	  inactive.	  	  

FadE28-‐FadE29	  forms	  an	  obligate	  α2β2	  tetramer	  

Isolation	   of	   monomeric	   FadE29	   apoprotein	   and	   insoluble	   FadE28,	   indicated	   an	  

inability	   to	   fold	   to	   their	   native	   structure	   under	   the	   tested	   expression	   conditions.	   	   We	  

proposed	   these	   proteins	   may	   form	   a	   complex	   due	   to	   their	   operonic	   organization	   and	  

confirmed	  this	  hypothesis	   in	  previous	  work	  (165).	   	  FadE28-‐FadE29	  complex	  was	  isolated	  

upon	  coexpressing	   the	  proteins	  as	  a	   single	  cistronic	  construct	   from	  a	  single	  plasmid.	   	   	   In	  

addition,	   in	   this	   work,	   we	   found	   that	   FadE28-‐FadE29	   complex	   was	   also	   obtained	   upon	  

expressing	  FadE28	  and	  N-‐tagged	  FadE29	  in	  trans	  on	  separate	  plasmids	  in	  E.	  coli	  harboring	  

plasmid	  pG-‐KJE8,	  which	  encodes	   for	  5	   folding	  chaperones,	  dnaK-‐dnaJ-‐grpE-‐groES-‐	  groEL.	  	  

	  

Figure	  2-‐12.	   	  UV-‐visible	  spectra	  of	  purified	  FadE29	  and	  FadE28-‐FadE29.	   	  FadE29	  is	  
shown	  in	  black	  and	  FadE28-‐FadE29	   is	  shown	  in	  blue.	   	  FadE29	  was	  obtained	  as	  the	  
apoprotein	  while	  FadE28-‐FadE29	  shows	  characteristic	  flavin	  absorbances.	  	  



	  

	   64	  

Coexpression	   and	   affinity	   purification	   resulted	   in	   isolation	   of	   both	   FadE28	   and	   FadE29	  

indicating	   a	   protein	   complex	   is	   formed.	   	   In-‐gel	   tryptic	   digestion	   and	   MALDI-‐TOF	   MS	  

indicates	  that	  FadE28	  and	  FadE29	  copurify	  regardless	  of	  which	  protein,	  FadE28	  or	  FadE29,	  

contains	  a	  His6	  tag	  (Figure	  2-‐13).	  	  UV-‐visible	  spectroscopy	  of	  the	  FadE28-‐FadE29	  complex	  

shows	  the	  incorporation	  of	  a	  flavin	  cofactor	  in	  contrast	  to	  FadE29	  purified	  from	  the	  single	  

gene	  expression	  construct	  (Figure	  2-‐12).	  	  	  

 

Analysis	   of	   the	   FadE28-‐FadE29	   complex	   by	   analytical	   size	   exclusion	  

chromatography	   indicates	   a	   higher	   molecular	   weight	   complex	   is	   formed	   with	   an	  

approximate	  molecular	  weight	   greater	   than	   150	   kDa	   (Figure	   2-‐14).	   	   Further	   analysis	   by	  

	  

Figure	  2-‐13.	  	  Tryptic	  peptides	  from	  FadE28	  and	  FadE29.	  	  Tryptic	  peptides,	  identified	  
by	  MALDI-‐TOF	  MS,	   are	  mapped	  onto	   the	   sequence	   of	   (A)	   FadE28	  and	   (B)	  FadE29.	  	  
The	  sequences	  corresponding	  to	  the	  identified	  peptides	  are	  underlined.	  	  	  
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analytical	   ultracentrifugation	   sedimentation	   equilibrium	  established	   that	   FadE28-‐FadE29	  

exists	  as	  a	   tetramer	  with	  a	  molecular	  weight	  of	  156.4	  kDa	   (Figure	  2-‐15).	   	  The	  calculated	  

molecular	  weight	   of	   the	  α2β2	   tetramer	   is	   160.6	  kDa.	  To	   confirm	   the	   stoichiometry	  of	   the	  

complex,	  the	  assembly	  was	  analyzed	  by	  reverse	  phase	  liquid	  chromatography	  and	  ESI	  mass	  

spectrometry	  (LC/UV/MS)	  (Figure	  2-‐16).	  	  The	  absorption	  profile	  at	  280	  nm	  for	  the	  eluted	  

peaks	   corresponding	   to	   FadE28	   and	   FadE29	   were	   integrated	   and	   using	   the	   extinction	  

coefficient	   for	   each	  protein	   (Table	  3-‐2),	   the	   relative	   concentrations	  of	  FadE28	   to	  FadE29	  

were	  calculated	   to	  be	   in	  a	  1	   to	  1	   ratio.	   	  This	   ratio	   indicates	   that	  FadE28-‐FadE29	   forms	  a	  

α2β2	  complex.	  	  This	  is	  the	  first	  report	  of	  the	  identification	  of	  a	  heterotetrameric	  ACAD.	  	  	  	  

 

 

	  

Figure	   2-‐14.	   	   Analytical	   size	   exclusion	   chromatography	   of	   FadE29	   and	   FadE28-‐
FadE29.	  	  FadE29	  expressed	  and	  purified	  in	  E.	  coli	  and	  M.	  smegmatis	  and	  the	  FadE28-‐
FadE29	   complex	  were	   analyzed	   by	   analytical	   size	   exclusion	   chromatography	   on	   a	  
Superdex	   75	   column	   equilibrated	   in	   Buffer	   J.	   	   Several	   standard	   proteins	   were	  
analyzed	   under	   the	   same	   conditions	   to	   generate	   a	   standard	   curve	   to	   estimate	  
molecular	   weights	   of	   analyzed	   proteins.	   	   The	   approximated	   molecular	   weights	   of	  
FadE29	   and	   FadE28-‐FadE29	   are	   52	   kDa	   and	   >150	   kDa	   respectively.	   UV	   220	   nm	  
signal	  was	  normalized	  to	  1.	  	  	  
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Figure	  2-‐15.	  	  Analytical	  ultracentrifugation	  sedimentation	  equilibrium	  of	  FadE29	  and	  
FadE28-‐FadE29.	   	   (A)	  FadE29	  (8.5,	  3.4,	  and	  1.7	  µM	  )	  	  and	  (B)	  FadE28-‐FadE29	  (10.6	  
µM,	  5.3	  µM,	  and	  2.6	  µM)	  were	  centrifuged	  at	  speeds	  of	  20k,	  25k,	  and	  30k	  rpm	  at	  20	  
oC.	   	  Data	  were	  collected	  at	  280	  nm	  and	  fit	  globally	  resulting	  in	  molecular	  weights	  of	  
41.9	   kDa	   and	   156.4	   kDa	   for	   FadE29	   and	   FadE28-‐FadE29,	   respectively.	   	   	   A	  
representative	  fit	  for	  each	  sample	  is	  shown.	  	  	  
	  
	  

	  

Figure	  2-‐16.	  	  Reverse	  phase	  LC/UV	  chromatogram	  of	  FadE28-‐FadE29,	  monitoring	  at	  
280	  nm.	  	  Peak	  A	  and	  peak	  B	  were	  identified	  as	  FadE29	  and	  FadE28,	  respectively	  by	  
ESI+	  MS.	   	  The	  UV	  profiles	  of	   the	  peaks	  were	   integrated	  and	  relative	  concentrations	  
were	  determined	  from	  the	  calculated	  extinctions	  coefficients,	  ε280(FadE29)	  =	  58900	  
M-‐1	  cm-‐1	  and	  ε280(FadE28)	  =	  35410	  M-‐1	  cm-‐1.	  
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The	   flavin	   cofactor	   was	   isolated	   from	   FadE28-‐FadE29	   by	   denaturing	   the	   protein	  

with	  heat.	  	  The	  isolated	  flavin	  was	  analyzed	  by	  LC/UV/MS.	  	  The	  protonated	  FAD	  species	  at	  

m/z	  =	  786	  was	  observed	  (Figure	  2-‐17B)	  by	  positive	  ESI-‐MS.	  	  In	  addition	  the	  retention	  time	  

and	  absorbance	  spectrum	  were	  identical	  to	  those	  of	  an	  FAD	  standard	  (Figure	  2-‐17A).	  

	  
The	  FadE28-‐FadE29	  α2β2	  complex	  has	  two	  cofactor	  binding	  sites	  	  

The	  FAD	  stoichiometry	  of	  the	  complex	  was	  determined	  spectrophotometrically.	  	  The	  

protein	  concentration	  was	  determined	  using	  the	  calculated	  extinction	  coefficient	  of	  FadE28	  

and	   FadE29	   at	   280	   nm	   and	   the	   concentration	   of	   FAD	   was	   calculated	   with	   extinction	  

coefficient	  at	  260nm.	   	  The	  FAD	  to	  protein	  molar	  ratio	  was	  calculated	  to	  be	  1.5	  ±	  0.2	  FAD	  

molecules	  per	  α2β2	  FadE28-‐FadE29	  tetramer.	  	  This	  result	  suggests	  that	  FadE28-‐FadE29	  has	  

two	  FAD	  bindings	  sites	   in	  contrast	  to	  typical	  ACAD	  tetramers	  that	  have	  four	  FAD	  binding	  

sites.	  	  	  

To	   corroborate	   this	   unique	   occurrence	   in	   heterotetrameric	   FadE28-‐FadE29,	   we	  

examined	   ligand	   protein	   interactions	   of	   FAD	   and	   ACADs	   in	   several	   crystal	   structures,	  

including	   human	   SCAD	   (PDB	   2VIG),	   MCAD	   (PDB	   1EGC),	   and	   i3VD	   (PDB	   1IVH).	   	   Typical	  

tetrameric	  ACAD	  subunits	  are	  organized	  as	  dimer	  of	  dimers	  and	  each	  dimer	  has	  two	  FAD	  

binding	  sites.	  	  The	  cofactor-‐binding	  site	  is	  comprised	  of	  both	  chains	  of	  the	  ACAD	  dimer	  and	  

	  

Figure	  2-‐17.	   	  UV/LC/MS	  of	  isolated	  flavin	  from	  FadE28-‐FadE29.	   	  Shown	  are	  the	  (A)	  	  
absorbance	  spectra	  and	  (B)	   	  ESI+	  MS	  of	   isolated	   flavin	   in	   red	  and	  FAD	  standard	   in	  
blue.	  	  	  
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the	  adenosine	  of	  FAD	  lies	  at	  the	  interface.	  	  Each	  chain	  of	  the	  dimer	  makes	  interactions	  with	  

adenosine	   in	   one	   binding	   pocket	   and	   interactions	   with	   riboflavin	   in	   the	   second	   binding	  

pocket.	   	   Each	   monomer	   has	   one	   active	   site.	   	   Given	   the	   experimentally	   determined	   FAD	  

stoichiometry,	  we	  expect	  the	  FAD	  binding	  residues	  are	  not	  fully	  conserved	  in	  both	  FadE28	  

and	  FadE29.	  	  	  

Polar	  side	  chains	  of	  Thr161,	  Ser167,	  Thr193,	  and	  Thr403	  are	  involved	  in	  hydrogen	  

bond	   formation	   with	   the	   riboflavin	   of	   FAD	   (numbering	   for	   MCAD).	   	   These	   residues	   are	  

conserved	   Ser	   or	   Thr	   residues	   within	   the	   human	   ACAD	   family.	   	   Sequence	   analysis	   of	  

FadE29	  reveals	  that	  Thr161,	  Ser167,	  Thr193	  are	  conserved	  in	  FadE29	  as	  residues	  Thr126,	  

Thr132,	  and	  Thr158.	  	  Thr403	  aligns	  with	  Val367	  in	  the	  sequence	  alignment	  and	  therefore	  

is	  not	  conserved	  in	  FadE29.	  	  In	  contrast,	  sequence	  analysis	  of	  FadE28	  reveals	  that	  Thr161,	  

Ser167,	   Thr193,	   and	   Thr403	   are	   not	   conserved	   in	   FadE28.	   	   These	   residues	   align	   with	  

Asn107,	  Leu113,	  Gly134,	  and	  Pro325	   in	   the	  sequence	  of	  FadE28.	   	  FadE29	   is	  predicted	   to	  

bind	  riboflavin.	  	  FadE28	  lacks	  key	  conserved	  riboflavin	  binding	  residues	  and	  we	  predict	  it	  

does	  not	  bind	  riboflavin.	  

Residues	   Arg306,	   Gln317,	   Gln374,	   and	   Gly378	   form	   hydrogen	   bonds	   with	   the	  

adenosine	  moiety	  of	  FAD.	  	  These	  residues	  are	  from	  the	  second	  chain	  of	  the	  homodimer	  of	  

SCAD,	  MCAD,	  and	  i3VD.	  	  Sequence	  alignment	  with	  the	  other	  six	  human	  ACADS	  reveals	  they	  

are	   highly	   conserved.	   	   	   Sequence	   analysis	   of	   FadE28	   reveals	   that	   Arg306,	   Gln317,	   and	  

Gly378	  are	  conserved	  in	  FadE28	  as	  residues	  Arg227,	  Gln238,	  andGly299.	  	  Arg306,	  Gln317,	  

Gln374,	  and	  Gly378	  are	  not	  conserved	  in	  FadE29	  and	  instead	  Pro265,	  Asp276,	  Glu331,	  and	  

Lys335	   are	   found	   in	   these	   positions.	   	   FadE28	   is	   therefore	   predicted	   to	   bind	   adenosine.	  	  

FadE29	   lacks	  key	   conserved	  adenosine	  binding	   residues	  and	  we	  predict	   it	   does	  not	  bind	  

adenosine.	  	  

The	   lack	   of	   conservation	   of	   riboflavin	   binding	   residues	   in	   FadE28	   and	   adenosine	  

binding	   residues	   in	  FadE29	  strongly	   suggests	   that	   the	  FadE28-‐FadE29	   tetramer	  has	  only	  

two	   FAD	   binding	   sights.	   	   This	   is	   consistent	   with	   the	   experimentally	   determined	   FAD	  

stoichiometry.	  	  In	  addition,	  this	  suggests	  that	  FadE28	  forms	  a	  dimer	  with	  FadE29	  and	  FAD	  

binds	  at	   the	  heterodimer	   interface.	   	   	  The	   isolation	  of	  monomeric	  FadE29	  suggests	   it	  does	  

not	   self-‐associate	   to	   form	  a	   homodimer	   and	   supports	   this	   conclusion.	   	   Two	  FAD	  binding	  

sites	   in	   tetrameric	   FadE28-‐FadE29	   suggests	   that	   the	   complex	   has	   two	   active	   sites.	   	   The	  
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conservation	   of	   riboflavin	   binding	   residues	   in	   FadE29	   and	   not	   in	   FadE28	   suggests	   that	  

FadE29	  is	  responsible	  for	  catalysis.	  	  This	  hypothesis	  is	  investigated	  herein.	  	  

 

	  

Figure	  2-‐18.	   	   FAD	  binding	   residues	   in	  acyl-‐CoA	  dehydrogenases.	   	   FAD	  binds	  at	   the	  
interface	  of	  two	  monomers.	   	  Shown	  is	  human	  MCAD	  (PDB	  1EGC).	   	  FAD	  is	  shown	  in	  
green	   and	   octanoyl-‐CoA	   in	   red.	   	   	   The	   FAD	   binding	   pocket	  was	   investigated	   in	   the	  
crystal	   structures	   of	   human	   SCAD	   (PDB	  2VIG),	  MCAD	  (PDB	  1EGC),	   and	   i3VD	   (PDB	  
1IVH)	   to	   determine	   the	   key	   interactions	   for	   binding.	   	   FadE28	   and	   FadE29	   were	  
aligned	   with	   characterized	   mammalian	   acyl-‐CoA	   dehydrogenases.	   	   Residues	  
important	  for	  binding	  riboflavin	  are	  shown	  in	  red	  and	  residues	  important	  for	  binding	  
adenosine	  are	  shown	  in	  blue.	  	  	  
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The	  FadE28	  sequence	  is	  missing	  canonical	  active-‐site	  residues	  	  

Bioinformatic	  analysis	  and	  sequence	  alignments	  with	  characterized	  ACADs	  indicate	  

that	  FadE28	  does	  not	  contain	  an	  obvious	  active	  site	  base	  necessary	  for	  catalysis.	  	  We	  used	  

the	   following	   9	   ACAD	   structures	   and	   sequences	   as	   representative	   family	   members	   to	  

perform	   sequence	   alignments:	   SCAD	   (P16219),	  MCAD	   (P11310),	   LCAD	   (P28330),	   VLCAD	  

(P49748),	   VLCAD2	   (Q9H845),	   i2VD	   (P45954),	   i3VD	   (P26440),	   iBD	   (Q9UKU7)	   and	   GD	  

(Q92947)	  (Figure	  2-‐20).	  	  Crystallography	  and	  mutagenesis	  studies	  have	  elucidated	  that	  the	  

catalytic	  base,	  most	  often	  a	  glutamate,	  is	  located	  at	  one	  of	  two	  positions	  in	  helix	  G	  or	  helix	  

J/K.	   	   These	   two	   positions	   orientate	   into	   the	   active	   site	   in	   the	   three-‐dimensional	   protein	  

structures	  of	  ACADs.	  	  FadE29	  has	  the	  conserved	  base	  in	  helix	  G,	  glutamate	  240,	  like	  that	  of	  

i3VD	  and	  LCAD.	  	  The	  glutamate	  in	  helix	  J/K	  is	  not	  conserved	  and	  is	  aligned	  with	  glycine	  365	  

of	  FadE29.	  	  Interestingly	  FadE28	  does	  not	  have	  an	  apparent	  catalytic	  base	  in	  either	  helix	  G	  

of	  helix	  J/K,	  making	  it	  unclear	  if	  FadE28	  is	  an	  active	  ACAD.	  	  The	  base’s	  position	  in	  helix	  G	  or	  

helix	   J/K	   align	   with	   glycine	   residues	   in	   FadE28.	   	   Therefore,	   we	   proposed	   that	   FadE29	  

glutamate-‐240	  is	  the	  base	  responsible	  for	  catalysis	  of	  the	  complex	  and	  that	  there	  are	  two	  

active	  sites	  per	  tetramer,	  consistent	  with	  the	  FAD	  stoichiometry	  and	  binding	  site	  analysis.	  

Mutagenesis	  suggests	  glutamate-‐240	  of	  FadE29	  is	  the	  active	  site	  residue	  of	  FadE28-‐FadE29	  

Glutamate-‐240	  of	  FadE29	  was	  mutated	  to	  a	  glutamine	  and	  the	  isolated	  protein	  was	  

assayed	  for	  activity	  with	  hexahydroindanone	  2.	  	  No	  activity	  was	  observed	  spectroscopically	  

or	  by	  MALDI-‐TOF	  MS.	  This	  preliminary	  results	  suggests	  that	  glutamate-‐240	  is	  required	  for	  

FadE28-‐FadE29	  dehydrogenase	  activity.	   	  Full	  biophysical	  characterization	  of	   the	  FadE28-‐

FadE29	   E240Q	   mutant	   protein	   is	   underway,	   to	   verify	   the	   loss	   of	   activity	   is	   due	   to	   the	  

mutation	   of	   E240	   and	   not	   differences	   in	   secondary	   structure,	   oligomeric	   state,	   or	   flavin	  

stoichiometry.	  	  	  	  	  	  	  	  
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Our	  data	  suggest	   the	  α2β2	   tetramer	  has	  only	   two	  active	  sites.	   	  The	  ACAD	   family	  of	  

enzymes	   has	   been	   extensively	   studied	   in	   eukaryotes	   and	   all	   except	   the	   VLACAD	   form	  

homotetramers	  with	  4	  active	  sites.	  The	  very	   long	  chain	  classes	  of	  ACADs	  have	  two	  active	  

sites	  though	  they	  form	  homodimers	  with	  an	  additional	  C	  terminal	  180	  residues	  that	  bind	  to	  

the	   mitochondrial	   membrane.	   	   The	   heteromeric	   FadE	   complexes	   isolated	   from	   M.	  

tuberculosis	  represent	  a	  third	  quaternary	  architecture	  for	  ACADs.	  	  	  

Bioinformatic	  analysis	  of	  the	  annotated	  FadE	  proteome	  of	  M.	  tuberculosis.	  

After	  our	  discovery	  of	  a	  novel	  heteromeric	  ACAD,	  FadE28-‐FadE29,	  with	  two	  active	  

sites,	  we	   undertook	   a	  more	   extensive	   bioinformatic	   analysis	   of	   the	  M.	   tuberculosis	   ACAD	  

proteome.	  	  	  	  The	  36	  annotated	  ACADs	  in	  the	  M.	  tuberculosis	  genome	  were	  aligned	  with	  the	  

amino	   acid	   sequences	   of	   representative	   human	   ACAD	   from	   each	   of	   the	   9	   characterized	  

classes.	  From	  the	  sequence	  alignment	  of	  the	  M.	  tuberculosis	  FadE	  proteome,	  in	  addition	  to	  

FadE28,	  five	  additional	  annotated	  FadEs	  lack	  a	  conserved	  catalytic	  base	  in	  both	  helix	  G	  and	  

helix	   J/K,	   including	   FadE3	   (Rv0215c),	   FadE16	   (Rv1679),	   FadE18	   (Rv1933c),	   FadE27	  

(Rv3505),	  and	  FadE32	  (Rv3563)	  (Figure	  2-‐20A).	  	  The	  conserved	  ACAD	  glutamate	  has	  been	  

	  

Figure	  2-‐19.	  	  MALDI-‐TOF	  MS	  spectra	  of	  FadE28-‐FadE29	  assay.	  	  100	  nM	  (A)	  	  FadE28-‐
FadE29	   wild-‐type	   and	   100	   nM	   (B)	   	   FadE28-‐FadE29E240Q	   were	   assayed	   with	  
hexahydroindanone	   2,	   m/z	   975,	   with	   electron	   acceptor	   ferrocenium	  
hexafluorophosphate	  at	  20	  oC.	  	  Dehydrogenation	  product,	  m/z	  973,	  was	  not	  detected	  
for	  E240Q	  mutant	  assay	  after	  several	  hours	  of	  incubation.	  
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demonstrated	  to	  be	  essential	  for	  catalytic	  activity	  therefore	  the	  computational	  annotation	  

of	  these	  genes	  as	  ACADs	  may	  be	  incorrect.	  

Analysis	   of	   the	   genomic	   context	   of	  M.	   tuberculosis	   FadEs	   lacking	   a	   catalytic	   base	  

shows	  that,	  like	  FadE28,	  the	  genes	  encoding	  FadE18	  and	  FadE27	  are	  found	  within	  operons	  

that	  encode	  an	  adjacent	  FadE	  with	  a	  conserved	  active	  site	  base	  	  (Figure	  2-‐20B).	  	  FadE32	  is	  

organized	  within	   an	   operon	   encoding	   two	   additional	   annotated	   FadEs,	   FadE31	   (Rv3562)	  

and	   FadE33	   (Rv3564),	   each	   with	   a	   conserved	   base.	   	   	   Interestingly,	   the	   four	   operons	  

encoding	  FadEs	  without	  a	  conserved	  catalytic	  base,	  adjacent	  to	  an	  intact	  FadE,	  are	  all	  up-‐

regulated	  by	  cholesterol	  (Figure	  2-‐21).	  	  We	  propose	  that	  FadE18,	  FadE27,	  and	  FadE32	  will	  

form	  a	  heteromeric	  complex	  with	  the	  neighboring	  FadE17,	  FadE26,	  and	  FadE31	  or	  FadE33,	  

respectively.	  	  
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Figure	  2-‐20.	  Bioinformatic	  analysis	  of	  the	  FadE	  proteome	  of	  M.	  tuberculosis.	  	  (A)	  The	  
36	   annotated	   FadEs	   were	   aligned	   with	   characterized	   mammalian	   acyl-‐CoA	  
dehydrogenases.	   The	   active	   site	   glutamate	   is	   highlighted	   in	   red	   and	   is	   located	   in	  
either	  helix	  G	  or	  helix	  J/K.	  	  	  Those	  M.	  tuberculosis	  FadEs	  that	  lack	  a	  catalytic	  base	  are	  
shown.	   	   (B)	   Presented	   is	   the	   operonic	   organization	   of	   those	   FadEs	   that	   lack	   a	  
catalytic	  base	  and	  are	  adjacent	  to	  a	  gene	  encoding	  an	  intact	  FadE.	  
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Analysis	   of	   the	   genomic	   organization	   of	   the	   annotated	   fadEs	   identified	   two	  

additional	   operonic	   fadEs,	   fadE23	   and	   fadE24	   (Figure	   2-‐21).	   	   Both	   fadE23	   and	   fadE24	  

encode	  for	  proteins	  with	  a	  conserved	  active	  site	  glutamate	  located	  in	  helix	  J/K.	  	  fadE23	  and	  

fadE24	  are	  down	  regulated	  by	  cholesterol,	  are	  not	  required	  for	  growth	  of	  M.	  tuberculosis	  on	  

cholesterol,	   and	   therefore	   are	   not	   predicted	   to	   be	   involved	   in	   cholesterol	   metabolism	  

(Figure	  2-‐21).	  	  It	  is	  not	  clear	  whether	  FadE23	  and	  FadE24	  form	  a	  heteromeric	  complex	  like	  

FadE28	  and	  FadE29	  or	  two	  independent	  homotetrameric	  ACADs.	  	  	  

FadE3	   and	   FadE16	   lack	   the	   conserved	   active	   site	   glutamate	   necessary	   for	   ACAD	  

activity,	  however,	  they	  are	  not	  positioned	  within	  the	  genome	  contiguous	  to	  an	  intact	  FadE	  

	  

Figure	  2-‐21.	   	  Regulation	  of	  M.	  tuberculosis	  fadE	  genes.	  The	  six	   fadE	  genes	  without	  a	  
conserved	  catalytic	  base	  are	  shown	  along	  with	  other	  operonic	  fadE	  genes.	  The	  heat-‐
map	   is	   clustered	   by	   regulation,	   phenotype,	   and	   genomic	   organization.	   cholesterol:	  
induced-‐yellow,	   repressed-‐blue	   palmitate:	   induced-‐yellow,	   repressed-‐blue,	   yellow:	  
required	   for	   growth	   on	   cholesterol.	   Genes	   marked	   with	   an	   “X”	   are	   lacking	   the	  
canonical	  active-‐site	  glutamate	  that	   is	   the	  general	  base	  catalyst.	   	  FadEs	   in	  the	  same	  
operon	  are	  of	  the	  same	  color.	  	  	  
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encoding	  gene	  (Figure 2-21).	  	  It	  is	  possible	  fadE3	  and	  fadE16	  are	  misannotated	  as	  ACADs	  or	  

our	   sequence	   analysis	   against	   human	  ACAD	   representatives	  was	   not	   able	   to	   identify	   the	  

catalytic	  base.	  	  	  	  	  	  	  	  

Protein-‐protein	   interactions	   are	   often	   important	   for	   proteins	   to	   carry	   out	   their	  

biological	  function.	   	  In	  prokaryotes,	  functionally	  related	  genes	  are	  often	  organized	  into	  an	  

operon	   and	   it	   is	   common	   for	   proteins	   encoded	   in	   the	   same	   operon	   to	   form	   protein	  

complexes.	  	  However,	  our	  work	  is	  the	  first	  report	  of	  the	  identification	  and	  characterization	  

of	  a	  heteromeric	  ACAD.	  	  	  

Our	   data	   indicate	   that	   despite	   the	   lack	   of	   dehydrogenase	   function	   of	   FadE28	   it	   is	  

important	  for	  ACAD	  activity	  through	  complex	  formation	  with	  FadE29.	   	  Typically,	   the	  FAD	  

cofactor	   lies	   at	   the	   interface	   of	   two	   ACAD	   monomers	   that	   form	   a	   dimer.	   The	   lack	   of	  

homodimeric	   interaction	   for	   FadE29	   suggests	   that	   FadE28-‐FadE29	   forms	   a	   dimer	   of	  

heterodimers	  and	  we	  propose	  that	  FAD	  binds	  at	  the	  interface	  of	  this	  heterodimer.	  	  Further	  

structural	   analysis	   is	   necessary	   to	   support	   this	   claim	  and	  understand	   the	   function	  of	   the	  

heteromeric	  assembly.	  	  Crystallization	  trials	  are	  currently	  underway.	  	  

We	  predict	  that	  due	  to	  the	  absence	  of	  a	  conserved	  catalytic	  glutamate	  that	  FadE18,	  

FadE27,	   and	   FadE32	   are	   enzymatically	   inactive.	   	   The	   ACAD	   family	   has	   evolved	   to	  

accommodate	   a	   variety	   of	   substrates	   by	   increasing	   the	   binding	   pocket	   size.	   	   Highly	  

conserved	   residues,	   like	   the	   catalytic	   glutamate,	   are	   usually	   evolutionarily	   impervious	   to	  

mutation.	  	  We	  propose	  that	  FadE28	  has	  evolved,	  losing	  its	  catalytic	  function,	  to	  increase	  its	  

binding	  pocket	  to	  accommodate	  polycyclic	  steroid	  substrates.	  	  Furthermore	  we	  predict	  that	  

FadE18,	   FadE27,	   and	   FadE32	   form	   analogous	   complexes	   that	   catalyze	   β-‐oxidation	  

chemistry	  in	  the	  cholesterol	  metabolism	  pathway.	  	  	  
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IV. Biochemistry	  of	  2-‐enoyl-‐CoA	  hydratase	  Rv3541c-‐Rv3542c	  from	  M.	  tuberculosis	  

The	  side	  chain	  of	  cholesterol	  is	  proposed	  to	  be	  degraded	  by	  β-‐oxidation,	  the	  second	  

step	   of	   which	   would	   be	   catalyzed	   by	   an	   enoyl-‐CoA	   hydratase.	   	   Sequence	   analysis	   of	  

Rv3541c	   and	   Rv3542c,	   encoded	   by	   the	   igr	   operon	   suggest	   these	   genes	   encode	   for	   (R)-‐

hydratases,	   typically	   involved	   in	   PHA	   biosynthesis	   in	   bacteria	   (145,	   154).	   	   Our	   previous	  

work	   demonstrated	   that	   Rv3541c	   and	   Rv3542c	   form	   a	   heteromeric	   complex	   (165).	  	  

Metabolite	   profiling	   in	   Δigr	   knockout	  M.	   tuberculosis	   suggest	   this	   complex	   catalyzes	   the	  

hydration	   of	   2-‐propenyl-‐CoA	   side	   chains	   of	   polycyclic	   substrates.	   	   Here	   we	   present	   full	  

biophysical	   characterization	   of	   the	   Rv3541c-‐Rv3542c	   complex	   and	   demonstrate	   its	  

enzymatic	   function	  as	  an	  enoyl-‐CoA	  hydratase	  capable	  of	  hydrating	  steroyl	  CoA	  thioester	  

substrates.	  	  	  	  	  

Bioinformatics	  of	  Rv3541c	  and	  Rv3542c	  	  

Amino	  acid	  sequence	  identities	  amongst	  the	  (R)-‐hydratase	  family	  are	  typically	   low	  

making	  it	  challenging	  to	  identify	  new	  members.	   	  Rv3541c	  and	  Rv3542c	  were	  analyzed	  by	  

bioinformatic	   webservers	   that	   predict	   functional	   domains	   and	   three-‐dimensional	  

structures	   of	   proteins	   based	   on	   sequence.	   	   	   Analysis	   of	   Rv3541c	   with	   Pfam	   (182)	   and	  

InterPro	  (183)	  classify	  the	  protein	  as	  a	  member	  of	  the	  MaoC	  hydratase/dehydratase	  family,	  

which	   includes	   several	   bacterial	   (R)-‐hydratases,	   and	   the	   thioesterase/thiol	   ester	  

dehydrase-‐isomerase	   family,	   respectively.	   	   Analysis	   of	   Rv3542c	   by	   Pfam	   and	   InterPro	  

provides	   similar	   annotations	   to	   Rv3541c,	   with	   the	   exception	   that	   only	   the	   N	   terminal	  

domain	  of	  Rv3542c	  is	  assigned	  to	  the	  MaoC	  hydratase/dehydratase	  and	  thioesterase/thiol	  

ester	   dehydrase-‐isomerase	   families.	   	   The	   C	   terminal	   domain	   is	   classified	   as	   a	   domain	   of	  

unknown	  function.	  	  	  

	   Rv3541c	   is	  129	  amino	  acids	   in	   length	  with	  a	  molecular	  weight	  of	  14	  kDa.	   	  This	   is	  

consistent	  with	   characterized	   bacterial	   (R)-‐hydratases.	   	   However,	   Rv3542c	   is	  more	   than	  

twice	  the	  length	  of	  typical	  bacterial	  (R)-‐hydratases,	  with	  311	  amino	  acids	  and	  a	  molecular	  

weight	  of	  34	  kDa.	   	   (R)-‐hydratases	  of	   this	  size	  have	  been	   identified	   in	  eukaryotic	  systems,	  

and	  typically	  accept	   longer	  acyl-‐CoA	  substrates	  (Table	  1-‐4).	   	  Rv3541c	  and	  Rv3542c	  were	  

aligned	  with	  characterized	  bacterial	  (R)-‐hydratases	  in	  order	  to	  identify	  the	  conserved	  (R)-‐

hydratase	   motif,	   which	   includes	   the	   active	   site	   residues	   required	   for	   hydratase	   activity.	  	  
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The	   (R)-‐hydratase	   active	   site	   motif	   is	   also	   conserved	   in	   larger,	   eukaryotic	   enzymes,	  

however,	  is	  it	  located	  in	  the	  C	  terminus.	  	  The	  (R)-‐hydratase	  motif	  is	  partially	  conserved	  in	  

Rv3541c	   and	   Rv3542c	   (Table	   2-‐5).	   	   Catalytic	   Asp	   and	   His	   residues	   are	   conserved	   in	  

Rv3541c,	  while	  a	  Tyr	   replaces	  His	   in	  Rv3542c.	   	  The	  role	  of	  Asp	  and	  His	   in	  catalysis	   is	   to	  

form	   a	   hydrogen	   bonding	   network	  with	   the	   catalytic	  water	  molecule.	   	   It	   is	   possible	   that	  

Tyr-‐48	  of	  Rv3542c	  could	  perform	  this	  role.	  	  The	  predicted	  active	  site	  residues	  of	  Rv3542c	  

are	  located	  in	  the	  N	  terminus,	  unlike	  eukaryotic	  (R)-‐hydratases	  of	  similar	  length.	  	  Sequence	  

alignment	  of	  Rv3542c	  with	  eukaryotic	  (R)-‐hydratases	  failed	  to	  identify	  an	  active	  site	  motif	  

in	  the	  C	  terminus.	  

Table	   2-‐5.	   	   The	   (R)-‐hydratase	   motif.	   	   Rv3541c	   and	   Rv3542c	   were	   aligned	   with	  
characterized	   (R)-‐hydratases	   from	   Aeromonas	   caviae	   (PhaJAC),	   Rhodospirillum	   rubrum	  
(PhaJRr),	  and	  Pseudomonas	  aeruginosa	  (PhaJPa).	  	  Catalytic	  residues	  are	  highlighted	  in	  red.	  	  

Protein	   (R)-‐hydratase	  motif	  

Rv3541c	   22	  STALATRDFQDVH	  34	  

Rv3542c	   36	  NWVEAIGDRNPIY	  48	  

PhaJAC	   25	  FAALS_EDFNPLH	  42	  

PhaJRr	   43	  FAGLS_MDTNPAH	  60	  

PhaJPa	   32	  FAAVS_GDRNPVH	  49	  

UniProt	  entry	  no.	  	  PhaJAC	  O32472,	  	  PhaJRr	  Q9L9X2,	  PhaJPa	  Q9LBK2.	  
	  

Rv3541c	  and	  Rv3542c	  were	  analyzed	  with	  the	  structure	  prediction	  server	  Phyre2,	  

which	  employ	  PSI-‐BLAST,	  secondary	  structure	  prediction,	  and	  profile-‐profile	  algorithms	  to	  

predict	   three-‐dimensional	   structure	   (184).	   	   Rv3541c	   and	   the	  N-‐terminus	  of	  Rv3542c	   are	  

predicted	   to	   have	   a	   hold	   dog	   fold,	   a	   common	   fold	   of	   CoA	   substrate	   utilizing	   enzymes,	  

including	  (R)-‐hydratases.	  	  Over	  20	  structures	  with	  a	  hot	  dog	  fold	  were	  matched	  to	  Rv3541c	  

and	   the	   N	   terminus	   of	   Rv3542c,	   with	   greater	   than	   99%	   confidence,	   strongly	   suggesting	  

Rv3541c	   and	   the	   N	   terminus	   of	   Rv3542c	   adopt	   a	   hot	   dog	   fold.	   	   Searching	   against	   the	   C	  

terminus	  of	  Rv3542cs	  results	  in	  one	  hit,	  PDB	  2GNR,	  with	  100%	  confidence.	  	  PDB	  2GNR	  is	  a	  

eukaryotic	   protein	   from	   Sulfolobus	   solfataricus	   with	   possible	   involvement	   in	   lipid	  

biosynthesis	  (185).	  	  Analysis	  of	  the	  C	  terminus	  of	  Rv3542c	  alone	  results	  in	  an	  additional	  hit,	  
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with	  greater	  than	  90%	  confidence,	  to	  a	  putative	  dehydratase	  from	  Chloroflexus	  aurantiacus	  

(PDB	  4E3E).	  	  It	  is	  possible	  that	  the	  C	  terminal	  domain	  of	  Rv3542c	  has	  a	  hot	  dog	  like	  fold	  as	  

well,	  though	  our	  sequence	  analysis	  suggests	  the	  domain	  is	  less	  conserved	  than	  that	  of	  the	  N	  

terminus.	  	  	  	  	  	  	  	  

Individual	  expression	  of	  Rv3541c	  and	  Rv3542c	  results	  in	  unstable,	  aggregation-‐prone	  protein	  

Initially	  Rv3541c	  and	  Rv3542c	  were	  expressed	  individually	  in	  E.	  coli	  and	  purified	  by	  

IMAC.	   	   Under	   the	   tested	   conditions,	   isolated	   Rv3541c	   and	   Rv3542c	   precipitated	   after	  

elution	   by	   imidazole	   from	   the	   His	   bind	   resin.	   	   The	   instability	   of	   Rv3541c	   and	   Rv3542c	  

suggests	  they	  are	  not	  properly	  folded.	   	   	  Expression	  of	  Rv3541c	  and	  Rv3542c	  with	  folding	  

chaperones	   dnaK-‐dnaJ-‐grpE-‐groES-‐groEL	   did	   not	   produce	   stable	   protein,	   further	  

suggesting	   they	  are	  not	   in	   their	  native	  conformation.	   	  Analysis	  of	   the	   individual	  protein’s	  

activity	  and	  oligomeric	  state	  was	  not	  possible	  due	  to	  their	  instability.	  	  	  

FadE28-‐FadE29	  forms	  an	  obligate	  α2β2	  tetramer	  

Our	   previous	   results	   demonstrated	   that	   Rv3541c-‐Rv3542c	   forms	   a	   stable,	  

heteromeric	  complex.	  	  The	  protein	  complex	  was	  obtained	  by	  coexpressing	  the	  proteins	  as	  a	  

single	  cistronic	  construct	  or	  on	  separate	  plasmids	  in	  E.	  coli	  with	  folding	  chaperones	  dnaK-‐

dnaJ-‐grpE-‐groES-‐groEL.	   	   In	   both	   expression	   experiments	   only	   Rv3542c	   contained	   a	   N	  

terminal	   hexahistidine	   tag	   for	   purification.	   	   SDS-‐PAGE	   and	   in-‐gel	   tryptic	   digestion	   and	  

MALDI-‐TOF	  MS	  fingerprinting	  demonstrated	  that	  Rv3541c	  and	  Rv3542c	  were	  obtained	  by	  

IMAC	   purification,	   confirming	   complex	   formation	   (Figure	   2-‐22).	   	   The	   instability	   of	  

individually	  isolated	  proteins	  and	  the	  stability	  of	  the	  Rv3541c-‐Rv3542c	  suggest	  this	  is	  the	  

physiologically	  relevant	  complex.	  	  	  	  	  
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The	   complex	   was	   analyzed	   by	   analytical	   size	   exclusion	   chromatography	   and	  

analytical	   ultracentrifugation	   sedimentation	   equilibrium	   experiments	   to	   determine	   the	  

molecular	  weight.	  	  The	  elution	  time	  of	  Rv3541c-‐Rv3542c	  from	  an	  analytical	  size	  exclusion	  

column,	  compared	  to	  protein	  standards,	  analyzed	  under	  the	  same	  conditions,	  resulted	  in	  an	  

approximate	   molecular	   weight	   of	   100	   kDa,	   confirming	   the	   formation	   of	   a	   higher	   order	  

oligomer	   (Figure	   2-‐23).	   	   Analytical	   ultracentrifugation	   data	   acquired	   at	   three	   protein	  

concentrations	  fit	  to	  an	  ideal	  model	  and	  resulted	  in	  a	  complex	  molecular	  weight	  of	  101	  kDa	  

(Figure	   2-‐24).	   	   The	   calculated	   molecular	   weight	   of	   possible	   complex	   stoichiometries	   of	  

	  

Figure	  2-‐22.	   	  Tryptic	  peptides	  from	  Rv3541c	  and	  Rv3542c.	  	  Tryptic	  peptides,	  identified	  
by	  MALDI-‐TOF	  mass	  spectrometry,	  are	  mapped	  onto	  the	  sequence	  of	   	  (A)	  Rv3541c	  and	  
(B)	  Rv3542c.	  	  The	  sequences	  corresponding	  to	  the	  identified	  peptides	  are	  underlined.	  	  	  
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Rv3541c	   (14.0	   kDa)	   and	   Rv3542c	   (36.1	   kDa)	   indicates	   Rv3541c-‐Rv3542c	   forms	   an	   α2β2	  

tetramer	  with	  a	  calculated	  molecular	  weight	  of	  100.2	  kDa.	  	  This	  oligomerization	  state	  was	  

confirmed	  by	  analysis	  of	  the	  complex	  by	  LC/UV/MS.	  	  The	  absorption	  profile	  at	  280	  nm	  for	  

the	   eluted	   peaks	   corresponding	   to	   Rv3541c	   and	   Rv3542c	   were	   integrated	   and	   the	  

extinction	  coefficient	  for	  each	  protein	  (Table	  3-‐2)	  was	  used	  to	  determine	  the	  stoichiometry	  

of	  Rv3541c	  to	  Rv3542c.	  	  A	  1	  to	  1	  stoichiometry	  of	  Rv3541c	  to	  Rv3542c	  confirmed	  the	  α2β2	  

oligomer	  assembly.	  	  	  

	  

	  

Figure	   2-‐23.	   	   Analytical	   size	   exclusion	   chromatography	   of	   Rv3541c-‐Rv3542c.	  	  
Rv3541c-‐Rv3542c	  was	   analyzed	   by	   analytical	   size	   exclusion	   chromatography	   on	   a	  
Superdex	   75	   column	   equilibrated	   in	   Buffer	   J.	   	   Several	   standard	   proteins	   were	  
analyzed	   under	   the	   same	   conditions	   to	   generate	   a	   standard	   curve	   to	   estimate	  
molecular	   weights	   of	   analyzed	   proteins.	   	   The	   approximated	   molecular	   weight	   of	  
Rv3541c-‐Rv3542c	  is	  100	  kDa.	  	  
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Figure	   2-‐24.	   	   Analytical	  ultracentrifugation	   sedimentation	   equilibrium	  of	  Rv3541c-‐
Rv3542c.	  	  Rv3541c-‐Rv3542c	  (5.9	  µM,	  3.8	  µM,	  and	  2.4	  µM)	  was	  centrifuged	  at	  speeds	  
of	  10k,	  15k,	   and	  20k	   rpm	  at	   4	   oC.	   	   	  Data	  were	   collected	  as	  280	  nm	  and	   fit	   globally	  
resulting	  in	  a	  molecular	  weight	  of	  101	  kDa.	  	  A	  representative	  fit	  is	  shown.	  	  	  

	  

	  

Figure	  2-‐25.	  	  Reverse	  phase	  LC/UV	  chromatogram	  of	  Rv3541c-‐Rv3542c,	  monitoring	  
at	   280	   nm.	   	   Peak	   A	   and	   peak	   B	   were	   identified	   as	   Rv3542c	   and	   Rv3541c,	  
respectively,	  by	  ESI	  MS.	   	  The	  UV	  profiles	  of	   the	  peaks	  were	   integrated	  and	   relative	  
concentrations	   were	   determined	   from	   the	   calculated	   extinctions	   coefficients,	  
ε280(Rv3542c)	  =	  59,930	  M-‐1	  cm-‐1	  and	  ε280(Rv3541c)	  =	  16,960	  M-‐1	  cm-‐1.	  
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Rv3541c-‐Rv3542c	  catalyzes	  the	  hydration	  of	  polycyclic	  acyl-‐CoA	  substrates	  

FadE28-‐FadE29	   is	   capable	   of	   catalyzing	   the	   dehydrogenation	   of	   polycyclic	   CoA	  

thioesters	  substrates,	   including	  hexahydroindanone	  2	  and	  pregnenone	  3	  (Table	  2-‐4).	   	  We	  

previously	  proposed	  that	  Rv3541c-‐Rv3542c	  is	  required	  for	  the	  metabolism	  of	  the	  partially	  

metabolized	   2’-‐propanoate	   side	   chain	   of	   cholesterol	   and	   catalyzes	   the	   subsequent	  

hydration	   step	   after	   dehydrogenation	   by	   FadE28-‐FadE29.	   	   To	   test	   this	   hypothesis	   we	  

prepared	  the	  hypothetical	  substrates	  4	  and	  5	   in	  situ	  using	  FadE28-‐FadE29	  (Figure	  2-‐26).	  	  

Reactions	   were	   initiated	   by	   the	   addition	   of	   pure	   Rv3541c-‐Rv3542c	   and	   monitored	   by	  

MALDI-‐TOF	  MS.	  	  Product	  was	  detected	  in	  initial	  time	  points	  taken	  at	  5	  and	  2	  min,	  for	  4	  and	  

5	  respectively,	  post	  Rv3541c-‐Rv3542c	  addition.	   	  Negative	  controls	  without	  enzyme	  were	  

conducted	  and	  no	  activity	  was	  detected.	  	  Characterization	  of	  product	  formation	  by	  1H	  NMR	  

spectroscopy	  is	  required	  for	  confirmation	  that	  the	  tertiary	  alcohol	  is	  formed.	  	  	  	  	  	  	  

 

	  

Figure	   2-‐26.	   	   Substrates	   of	   Rv3541c-‐Rv3542c.	   	   Unsaturation	   was	   introduced	   into	  
compounds	  3	   and	  4	   by	   FadE28-‐FadE29	   in	   situ,	   starting	  with	   compounds	  2	   and	  3.	  	  
The	  position	  of	  the	  alkene	  is	  presumed.	  	  	  	  	  
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Functional	  role	  of	  the	  heteromeric	  enoyl-‐CoA	  hydratase	  

We	   propose	   the	   unique	   α2β2	   assembly	   of	   Rv3541c-‐Rv3542c	   has	   an	   important	  

functional	  role	  in	  substrate	  binding,	  similar	  to	  eukaryotic	  (R)-‐hydratases.	  	  Crystallographic	  

structures	   of	   eukaryotic	   (R)-‐hydratases	   demonstrate	   they	   are	   composed	   of	   an	   α	   and	   β	  

	  

Figure	   2-‐27.	   	   Detection	   of	   Rv3541c-‐Rv3542	   assay	   products	   by	   MALDI-‐TOF	   MS.	  	  
Rv3541c-‐Rv3542c	  was	  assayed	  with	  4	  (A)	  and	  5	  (B)	  and	  products	  were	  detected	  by	  
MALDI-‐TOF	  MS.	  	  In	  blue	  are	  control	  spectra	  without	  Rv3541c-‐Rv3542c	  and	  in	  red	  is	  
5	  and	  2	  min,	  for	  A	  and	  B	  respectively,	  after	   the	  addition	  of	  Rv3541c-‐Rv3542c.	   	  The	  
m/z	   of	   hydrated	   products	   for	  4	   and	  5	   are	   991	   and	   1111,	   respectively.	   	   M/z	   1111	  
observed	  in	  the	  control	  for	  5	  is	  not	  predicted	  to	  be	  hydrated	  product	  because	  it	  was	  
observed	   before	   generating	   the	   unsaturated	   substrate	   by	   FadE28-‐FadE29.	   	   S1	   =	  
substrate	   for	   FadE	   reaction,	   S2	   =	   substrate	   for	   Rv3541c-‐Rv3542c	   reaction,	   P	   =	  
product	  of	  Rv3541c-‐Rv3542c	  assay.	  
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domain	  formed	  from	  a	  single	  polypeptide	  chain	  (155).	  	  The	  monomeric	  fold	  is	  structurally	  

similar	   to	   the	   homodimeric	   fold	   of	   bacterial	   (R)-‐hydratases.	   	   One	   major	   differences	  

however	  is	  that	  the	  α	  +	  β	  domain	  structure	  of	  eukaryotic	  (R)-‐hydratase	  contains	  one	  active	  

site	  located	  in	  the	  C	  terminal	  domain,	  while	  the	  prokaryotic	  (R)-‐hydratase	  homodimer	  has	  

two	  active	  sites	  per	  dimer	  (Figure	  1-‐6).	  	  The	  lack	  of	  an	  active	  site	  in	  the	  N	  terminal	  domain	  

of	  the	  eukaryotic	  enzyme	  allows	  it	  to	  accommodate	  long	  chain	  acyl-‐CoA	  thioesters.	  	  

Two	  heterodimeric	  (R)-‐hydratases	  have	  been	  identified	  in	  M.	  tuberculosis,	  encoded	  

by	  three	  adjacent,	  operonic	  genes	  (186).	   	  HadB	  (Rv0636)	   forms	  a	  heterodimer	  with	  HadA	  

(Rv0635)	   and	   also	   a	   heterodimer	  with	   HadC	   (Rv0637).	   	   HadB	   contains	   a	   conserved	   (R)-‐

hydratase	   motif	   while	   HadA	   and	   HadC	   both	   lack	   catalytic	   Asp	   and	   His	   residues.	   	   These	  

heterodimeric	  complexes	  are	  specific	  for	  long	  chain	  fatty	  acids	  and	  activities	  were	  highest	  

for	   C12,	   C16	   and	   C20	   fatty	   acyl-‐CoAs.	   	   The	   specificity	   for	   long	   chain	   fatty	   acids	   and	   the	  

heterodimeric	   assembly	   with	   one	   active	   site,	   suggests	   this	   unique	   architecture	   is	   also	  

important	  for	  accommodating	  large	  substrates.	  	  No	  crystallographic	  evidence	  supports	  this	  

hypothesis.	  

Rv3541c	   is	   predicted	   to	   fold	   as	   a	   single	   domain	  with	   one	   active	   site.	   	   Rv3542c	   is	  

predicted	  to	   fold	  as	   two	  separate	  hot-‐dog	   like	  domains	  with	  only	  one	  active	  site	   in	   the	  N	  

terminal	  domain.	  	  The	  heterotetrameric	  assemble	  would	  be	  composed	  of	  six	  domains	  with	  

four	  active	  sites	  making	  it	  structurally	  unique	  from	  known	  (R)-‐hydratases.	  	  We	  predict	  this	  

unique	   architecture	   is	   important	   for	   Rv3541c-‐Rv3542c	   to	   bind	   large,	   bulky	   steroyl	   CoA	  

thioester	  substrates.	  	  Further	  mutagenesis	  studies	  and	  structural	  analysis	  are	  necessary	  to	  

support	   this	   hypothesis	   and	   understand	   the	   function	   of	   the	   heterotetrameric	   assembly.	  	  

Crystallization	   trials	   are	   currently	   underway	   in	   the	   lab	   and	   a	   preliminary	   structure	   has	  

been	  obtained.	  	  A	  detailed	  analysis	  of	  the	  structure	  is	  ongoing.	  	  	  	  	  	  	  
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I. Materials	  

Ferricenium	  hexafluorophosphate,	   ergocalciferol,	   coenzyme	  A,	   propionyl-‐CoA,	   and	  

(RS)-‐[2-‐13C]-‐mevalonolactone	   were	   purchased	   from	   Sigma-‐Aldrich	   (St.	   Louis,	   MO).	   2,5-‐

dihydroxybenzoic	   acid	   and	   4,22-‐stigmastadien-‐3-‐one	   were	   purchased	   from	   MP	  

Biomedicals	   (Solon,	   Ohio).	   	   (RS)-‐[2-‐14C]-‐mevalonolactone	   was	   purchased	   from	   Perkin	  

Elmer	  (Waltham,	  MA).	  	  	  Isopropyl	  β-‐D-‐1-‐thiogalactopyranoside	  was	  from	  Denville	  Scientific	  

(Metuchen,	   NJ).	   	   Tryptone,	   HEPES,	   TRIS,	   and	   ampicillin	   were	   purchased	   from	   Fisher	  

Scientific	  (Pittsburgh,	  PA).	  	  Vitamin	  D2,	  L-‐arabinose,	  chloramphenicol,	  and	  sodium	  chlorite	  

were	  purchased	   from	  Acros	  Organics	   (New	   Jersey).	   	  Tetracycline	   is	   from	  US	  Biochemical	  

Corp	  (Cleveland,	  OH)	  and	  kanamycin	  is	  from	  IBI	  Scientific	  (Peosta,	  IA).	   	  Yeast	  extract	  was	  

purchased	   from	   Research	   Products	   International	   Co.	   (Mount	   Prospect,	   IL).	   	   iProof	   DNA	  

polymerase	  was	   from	  Bio-‐Rad	   (Hercules,	  CA).	   	  Restriction	  endonucleases,	  T4	  DNA	   ligase,	  

T4	   polynucleotide	   kinase,	   and	   protein	   ladder	   were	   from	   New	   England	   Biolabs	   (Beverly,	  

MA).	  	  Chaperone	  plasmid	  pG-‐KJE8	  was	  purchased	  from	  Takara	  Bio	  Inc.	  (Otsu,	  Shiga	  Japan).	  	  

HisTrap	  FF	  columns	  and	  Superdex	  200	  HiLoad	  16/60	  and	  10/300	  GL	  columns	  were	  from	  

GE	  Healthcare	  Biosciences	  Corp.	   (Piscataway,	  NJ).	   	   	  A	  reverse	  phase	  XBridge	  BEH	  300	  C4	  

3.5	  µm	  column	  (2.1	  x	  100	  mm)	  was	  purchased	  from	  Waters	  (Milford,	  MA).	  

II. General	  Methods	  

DNA	  sequencing	  with	  an	  Applied	  Biosystems	  3730	  DNA	  analyzer	  was	  performed	  at	  

Stony	  Brook	  University	  Sequencing	  Facility	  to	  verify	  the	  coding	  sequence	  of	  the	  expression	  

plasmids	  in	  Table	  3-‐1.	  	  Total	  genomic	  DNA	  of	  M.	  tuberculosis	  H37Rv	  was	  obtained	  from	  the	  

TB	  Research	  Materials	  Facility	  at	  Colorado	  State	  University	  (Fort	  Collins,	  CO)	  (NIAD	  NO1-‐

AI40091).	   	   Oligonucleotides	   were	   from	   Eurofins	   mwg	   Operon	   (Huntsville,	   AL).	   	   M.	  

tuberculosis	   H37Rv	   Δigr,	   and	   complemented	   Δigr	   strains	   were	   obtained	   from	   David	   R.	  

Sherman	  and	  were	  constructed	  as	  described	  in	  (63).	  	  M.	  tuberculosis	  was	  grown	  at	  37	  ºC	  in	  

Middlebrook	   7H9	   liquid	   media,	   supplemented	   with	   10%	   oleate-‐albumin-‐dextrose-‐NaCl-‐

catalase	  (OADC).	   	  2xYT	  is	  composed	  of	  16	  g	  tryptone,	  10	  g	  yeast	  extract	  and	  5	  g	  NaCl	  per	  

liter.	  
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III. Instrumentation	  

Matrix-‐assisted	  laser	  desorption	  ionization	  (MALDI)	  MS	  were	  acquired	  on	  a	  Bruker	  

Autoflex	  II	  TOF/TOF	  spectrometer	  at	  the	  Institute	  of	  Chemical	  Biology	  and	  Drug	  Discovery,	  

Stony	   Brook	   University.	   	   High-‐resolution	  mass	   spectrometry	  was	   performed	   on	   an	   LTQ-‐

Orbitrap	   from	  Thermo	  Scientific	  with	  an	  electrospray	  source	  at	   the	  Proteomics	  Center	  at	  

Stony	  Brook	  University.	  	  Metabolite	  profiling	  data	  was	  acquired	  in	  positive	  ion	  mode	  with	  

an	   ionization	   voltage	   of	   1.8	   kV,	   capillary	   voltage	   of	   43	   V,	   and	   tube	   lens	   of	   150	   V.	  	  	  	  	  

LC/UV/MS	   analysis	   of	   azasteroids	   and	   protein	   samples	   was	   performed	   on	   a	   Waters	  

ACQUITY	  Ultra	  Performance	  LC	  system	  equipped	  with	  a	  photodiode	  array	  detector	  and	  a	  

single	   quadrupole	   detector.	   	   Protein	   purification	   and	   analytical	   size	   exclusion	  

chromatography	   were	   performed	   on	   a	   Pharmacia	   ÄKta	   explorer.	   	   NMR	   spectra	   were	  

acquired	  on	  Bruker	  800	  or	  900	  MHz	  microcryoprobe	  or	  cryoprobe	  NMR	  at	  the	  New	  York	  

Structural	   Biology	   Center.	   	   UV-‐visible	   spectra	   and	   kinetic	   assays	   were	   performed	   on	   a	  

Shimadzu	   UV-‐2550	   UV-‐visible	   spectrophotometer.	   	   Analytical	   ultracentrifugation	  

sedimentation	  equilibrium	  experiments	  were	  conducted	  with	  a	  Beckman	  Coultier	  Optima	  

XL-‐A	  ultracentrifuge.	  	  

IV. Buffers	  
 
Buffer	  A	   50	  mM	  triethanolamine	  hydrochloride	  buffer,	  pH	  8.5	  

Buffer	  B	   20	  mM	  Tris-‐HCl	  buffer,	  pH	  8.0,	  supplemented	  with	  300	  mM	  NaCl	  and	  10	  mM	  
imidazole	  

Buffer	  C	   20	  mM	  Tris-‐HCl	  buffer,	  pH	  8.0,	  supplemented	  with	  300	  mM	  NaCl	  and	  250	  mM	  
imidazole	  

Buffer	  D	   50	  mM	  Tris-‐HCl	  buffer,	  pH	  8.0	  

Buffer	  E	   50	  mM	  Tris-‐HCl	  buffer,	  pH	  8.0,	  supplemented	  with	  200	  mM	  NaCl	  

Buffer	  F	   20	   mM	   Tris-‐HCl	   buffer,	   pH	   8.0,	   supplemented	   with	   300	   mM	   NaCl,	   0.5	   M	  
imidazole	  

Buffer	  G	   50	  mM	  Tris-‐HCl	  buffer,	  pH	  8.0,	  200	  mM	  NaCl	  and	  1	  mM	  TCEP	  

Buffer	  H	   100	  mM	  TAPS	   buffer,	   pH	   8.5,	   supplemented	  with	   150	  mM	  NaCl	   and	   30	  mM	  
MgCl2	  

Buffer	  I	   100	  mM	  HEPES	  buffer,	  pH	  7.4	  
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Buffer	  J	   20	  mM	  sodium	  phosphate	  buffer,	  pH	  7.5,	  supplemented	  with	  200	  mM	  NaCl	  

Buffer	  K	   5	  mM	  sodium	  phosphate	  buffer,	  pH	  7.5	  

V. Expression	  plasmid	  construction	  and	  plasmid	  table	  

The	  desired	  genes	  were	  amplified	  from	  M.	  tuberculosis	  H37Rv	  total	  genomic	  DNA	  by	  

PCR	   using	   forward	   and	   reverse	   primers.	   	   The	   PCR	   product	   was	   digested	   with	   the	  

appropriate	   restriction	   endonuclease	   and	   ligated	   into	   a	   similarly	   digested	   vector.	   DNA	  

sequencing	  of	  the	  plasmids	  confirmed	  that	  the	  sequence	  was	  correct	  and	  that	  no	  mutations	  

were	  introduced	  during	  the	  cloning	  procedures.	  	  
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Table	  3-‐1.	  	  Plasmids	  used	  in	  this	  work.	  	  	  
Construct	  
name	  

Plasmid	   Gene	   Fusion	  Tag	   Restriction	  
sites	  used	  

Antibiotic	  
marker	  

apET28b-‐1106c	   pET28b	   Rv1106c	   N-‐terminal	  His6	   NdeI/HindIII	   kan	  

pMtbigr-‐6	   pET28b	   Rv3545c-‐
Rv3540c	  

N-‐terminal	  His6	   NdeI/HindIII	   kan	  

pMtbigr-‐5	   pET28b	   Rv3544c-‐
Rv3540c	  

N-‐terminal	  His6	   NdeI/HindIII	   kan	  

pMtbigr-‐3	   pET28b	   Rv3542c-‐
Rv3540c	  

N-‐terminal	  His6	   NdeI/HindIII	   kan	  

pMtbigr-‐1	   pET28b	   Rv3540c	   N-‐terminal	  His6	   NdeI/HindIII	   kan	  

pMtb28N	   pET28b	   fadE28	   N-‐terminal	  His6	   NdeI/NotI	   kan	  

pMtb29N	   pET28b	   fadE29	   N-‐terminal	  His6	   NdeI/XhoI	   kan	  

pMtb28	   pET20b	   fadE28	   -‐-‐-‐-‐	   NdeI	  /NotI	   amp	  

pMtb29Ms	   pSD31	   fadE29	   N-‐terminal	  His6	   EcoRV	   hygro	  

pMtb2829	   pET28b	   fadE28-‐
fadE29	  

N-‐terminal	  His6	   NdeI/HindIII	   kan	  

pMtb2829E240Q	   pET28b	   fadE28-‐
fadE29	  

N-‐terminal	  His6	   NdeI/HindIII	   kan	  

pMtb41cN	   pET28b	   Rv3541c	   N-‐terminal	  His6	   NdeI/XhoI	   kan	  

pMtb42cN	   pET28b	   Rv3542c	   N-‐terminal	  His6	   NdeI/NotI	   kan	  

pMtb41c	   pET20b	   Rv3541c	   -‐-‐-‐	   NdeI/XhoI	   amp	  
bpG-‐KJE8	   	   	   	   	   cam	  

a	  	  (73)	  
b	  	  Takara	  Bio	  Inc.	  

VI. Expression	  and	  protein	  purification	  

M.	  tuberculosis	  3β-‐HSD	  

Expression	  and	  purification	  of	  3β-‐HSD	  was	  carried	  out	  as	  previously	  described	  (73).	  	  

Construct	  pET28b-‐1106c	  was	  transformed	  into	  competent	  BL21(DE3)	  E.	  coli	  cells.	  	  Colonies	  

were	   grown	   overnight	   in	   10	  mL	   LB	  medium	   supplemented	  with	   30	   µg	  mL-‐1	   kanamycin.	  	  

The	  starter	  culture	  was	  used	  to	  inoculate	  2×YT	  media	  and	  the	  cells	  were	  grown	  to	  OD600	  ~	  

0.6	  –	  0.8.	  	  Expression	  of	  the	  gene	  was	  induced	  by	  isopropyl	  β-‐D-‐thiogalactoside	  (IPTG)	  (0.4	  

mM)	  and	  was	  allowed	  to	  proceed	  for	  20	  h	  at	  22	  oC.	  	  Cells	  were	  harvested	  by	  centrifugation	  
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at	  5000	  rpm	  for	  30	  min	  at	  4	   oC.	   	  The	  pellet	   (5g)	  was	  suspended	   in	  Buffer	  A	  and	   lysed	  by	  

French	  press,	  3	  times	  at	  1000	  psig.	  	  The	  lysed	  cells	  were	  centrifuged	  at	  125,000	  ×	  g	  for	  1	  h	  

at	  4	   oC.	   	  The	  supernatant	  was	  collected	  and	  subjected	   to	  ammonium	  sulfate	  precipitation	  

(5-‐15%	   w/v).	   	   After	   incubation	   at	   4	   oC,	   the	   precipitated	   protein	   was	   collected	   by	  

centrifugation	  at	  5,000	  rpm	  for	  20	  min	  at	  4	  oC.	  	  The	  pellet	  was	  suspended	  in	  5	  mL	  of	  Buffer	  

A	   and	   dialyzed	   against	   the	   same	   buffer	   with	   MWCO	   6,000-‐8,000	   molecular	   porous	  

membrane	  tubing.	  	  The	  sample	  was	  loaded	  onto	  a	  diethylaminoethyl	  cellulose	  column	  DE-‐

52	  (30	  mm	  x	  25	  cm),	  equilibrated	  with	  Buffer	  A,	  and	  the	  column	  was	  developed	  using	  a	  0	  –	  

1	   M	   NaCl	   linear	   gradient	   (300	   mL	   of	   Buffer	   A	   and	   300	   mL	   Buffer	   A	   with	   1	   M	   NaCl).	  	  

Fractions	  with	  activity	  were	  combined,	  desalted,	   and	  concentrated	  by	  ultrafiltration	  with	  

30	  kDa	  membrane,	  to	  a	  volume	  of	  10	  mL.	  	  The	  protein	  was	  then	  loaded	  onto	  a	  Q-‐sepharose	  

column	   (10	  mL	  bed	   volume)	   equilibrated	   in	  Buffer	  A.	   	   The	   column	  was	  developed	  using	  

Buffer	  A	  and	  pure	  fractions	  with	  dehydrogenase	  activity	  were	  combined	  and	  concentrated.	  

igr	  operon	  

The	   igr	   operon	   (Rv3545c-‐Rv3540c)	   was	   cloned	   from	   genomic	   DNA	   into	   pET28b	  

(Novagen)	   at	  NdeI	   and	  HindIII	   restriction	   sites	   to	   give	   construct	   pMtbigr-‐6.	   	   Constructs	  

pMtbigr-‐5	   and	   pMtbigr-‐3	   were	   prepared	   by	   deletion	   of	   Rv3545c	   or	   deletion	   of	  

Rv3545c/Rv3544c/Rv3543c	   respectively	   by	   PCR.	   	   Construct	   pMtbigr-‐1	   was	   prepared	   by	  

cloning	  Rv3540c	   from	  genomic	  DNA	  into	  pET28b	  at	  NdeI	  and	  XhoI	   restriction	  sites.	   	  Each	  

construct	   introduced	   an	  N-‐terminal	   hexahistidine	   tag.	   	   	   Constructs	  were	   introduced	   into	  

BL21(DE3)	  E.	   coli	   and	   single	   colonies	  were	   selected	   on	   LB	  plates	   supplemented	  with	   30	  

µg/mL	  kanamycin	  and	  cultured	  in	  2	  ×	  YT	  media	  at	  37	  ºC.	  	  Expression	  was	  induced	  at	  OD600	  

~	  0.6	   –	  0.8	  by	   the	   addition	  of	   1	  mM	   IPTG	  and	   cells	  were	   grown	   for	  18	   to	  20	  h	   at	   25	   ºC.	  	  

Harvested	  cells	  were	  suspended	  in	  Buffer	  B.	  	  Cells	  were	  lysed	  by	  French	  press	  and	  cellular	  

debris	  was	   removed	  by	   centrifugation	  at	  125,000	  ×	  g	   for	  1	  h.	   	   Proteins	  were	  purified	  by	  

immobilized	   metal	   affinity	   chromatography	   (IMAC)	   using	   Hisbind	   resin.	   	   Resin	   was	  

thoroughly	  washed	  with	  Buffer	  B	  and	  protein	  was	  eluted	  with	  Buffer	  C.	  	  Eluted	  protein	  was	  

analyzed	   by	   SDS-‐PAGE	   and	   observed	   protein	   band	   identities	   were	   confirmed	   by	   in-‐gel	  

tryptic	  digestion	  and	  MALDI-‐TOF	  mass	  fingerprinting.	  	  	  

M.	  tuberculosis	  FadE28	  and	  FadE29	  in	  Escherichia	  coli	  
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	  	  	   Construct	   pMtb28N	   or	   pMtb29N	   was	   transformed	   into	   BL21(DE3)	   E.	   coli,	   single	  

colonies	  were	  selected	  on	  LB	  plates	  containing	  30	  μg/mL	  kanamycin,	  and	  cultured	  in	  2	  x	  YT	  

media	  at	  37	  °C.	  	  Expression	  was	  induced	  at	  OD600	  ~	  0.6	  –	  0.8	  by	  the	  addition	  of	  50	  μM	  to	  1	  

mM	   IPTG,	   and	   cells	  were	   grown	   20	   h	   at	   16-‐25	   °C.	   	   Cells	  were	   lysed	   by	   French	   press	   or	  

sonication	  in	  Buffer	  B,	  and	  cellular	  debris	  was	  removed	  by	  centrifugation	  at	  125,000	  ×	  g	  for	  

1	   h.	   	   Proteins	   were	   purified	   by	   IMAC	   using	   Hisbind	   resin	   following	   the	   manufacturer’s	  

protocol	   using	   Buffers	   B	   and	   C	   and	   analyzed	   by	   reducing	   SDS-‐PAGE	   and	   UV-‐visible	  

spectroscopy.	   	   FadE29	   was	   further	   purified	   by	   anion	   exchange	   chromatography	   on	   a	  

Pharmacia	  MonoQ	  column	   (1	  mL)	  equilibrated	   in	  Buffer	  D.	   	  Protein	  was	  eluted	  at	   a	   flow	  

rate	   of	   0.5	   mL/min	   with	   a	   linear	   gradient	   from	   100%	   Buffer	   D	   to	   100%	   Buffer	   D	  

supplemented	  with	   1	  M	  NaCl.	   	   After	   injection,	   the	   column	  was	  washed	  with	   five	   column	  

volumes	  (CV)	  of	  Buffer	  D,	  then	  changed	  to	  80%	  Buffer	  D	  over	  20	  CV.	  	  Next,	  the	  gradient	  was	  

changed	  from	  80%	  to	  25%	  Buffer	  D	  over	  10	  CV,	  then	  to	  0%	  Buffer	  D	  over	  5	  CV.	  	  Then	  size	  

exclusion	  chromatography	  on	  a	  Superdex	  200	  HiLoad	  16/60	  column	  was	  performed	  with	  

Buffer	  E	  at	  a	  flow	  rate	  of	  0.5	  mL/min.	  	  	  

M.	  tuberculosis	  FadE29	  in	  M.	  smegmatis	  

Construct	   pMtb29Ms	   was	   electroporated	   into	   M.	   smegmatis	   mc2155	   and	   single	  

colonies	  were	  selected	  on	  7H10	  plates	  supplemented	  with	  100	  μg/mL	  ampicillin,	  10	  μg/mL	  

cycloheximide,	   and	   50	   μg/mL	   hygromycin	   and	   grown	   in	   7H9	  media	   supplemented	  with	  

0.2%	  glycerol.	   	  After	  2	  days,	  expression	  was	   induced	  with	  0.2%	  L-‐arabinose	  and	  cultures	  

were	   grown	   for	   an	   additional	   24	   h.	   	   Cells	   were	   lysed	   by	   French	   press	   in	   Buffer	   B,	   and	  

cellular	  debris	  was	  removed	  by	  centrifugation	  at	  125,000	  ×	  g	  for	  1	  h.	  	  Protein	  was	  purified	  

as	  detailed	  above	  for	  FadE29.	  	  

M.	  tuberculosis	  Rv3541c	  and	  Rv3542c	  

Construct	  pMtb41cN	  or	  pMtb42cN	  was	   transformed	   into	  BL21(DE3)	  E.	   coli,	   single	  

colonies	  were	  selected	  on	  LB	  plates	  containing	  30	  μg/mL	  kanamycin	  and	  cultured	  in	  2xYT	  

media	  at	  37	  °C.	  	  Expression	  was	  induced	  at	  OD600	  ~	  0.6	  –	  0.8	  	  by	  the	  addition	  of	  50	  μM	  to	  1	  

mM	   IPTG,	   and	   cells	  were	   grown	   20	   h	   at	   16-‐25	   °C.	   	   Cells	  were	   lysed	   by	   French	   press	   or	  

sonication	  in	  Buffer	  B,	  and	  cellular	  debris	  was	  removed	  by	  centrifugation	  at	  125,000	  ×	  g	  for	  

1	   h.	   	   Proteins	   were	   purified	   by	   IMAC	   using	   Hisbind	   resin	   following	   the	   manufacturer’s	  

protocol	  using	  Buffers	  B	  and	  C	  and	  analyzed	  by	  reducing	  SDS-‐PAGE.	  	  	  
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Complex	  expression	  

FadE28-‐FadE29	  

Constructs	  pMtb29N	  and	  pMtb28	  were	  co-‐transformed	  into	  BL21(DE3)	  E.	  coli::pG-‐

KJE8	  (chaperone	  plasmid,	  Takara).	   	  Single	  colonies	  were	  selected	  on	  LB	  plates	  containing	  

the	   appropriate	   antibiotics	   (100	   μg/mL	   ampicillin	   for	   pET20b,	   30	   μg/mL	   kanamycin	   for	  

pET28b,	  and	  20	  μg/mL	  chloramphenicol	  for	  pG-‐KJE8)	  and	  cultured	  in	  2	  x	  YT	  media	  at	  37	  

°C.	  Chaperone	  expression	  was	  induced	  upon	  inoculation	  with	  2	  mg/mL	  L-‐arabinose	  and	  5	  

ng/mL	  tetracycline.	  FadE	  expression	  was	  induced	  at	  OD600	  ~	  0.6	  –	  0.8	  with	  the	  addition	  of	  1	  

mM	   IPTG,	   and	   cells	   were	   grown	   20	   h	   at	   25	   °C.	   	   Similarly,	   FadE28-‐FadE29	   complex	   and	  

FadE28-‐FadE29E240Q	   mutant	   protein	   were	   obtained	   with	   construct	   pMtb2829	   or	  

pMtb2829E240Q	  respectively,	  expressed	   in	  BL21(DE3)	  E.	  coli::pG-‐KJE8.	   	  Cells	  were	   lysed	  

by	   French	   press	   or	   sonication	   in	   Buffer	   B,	   and	   cellular	   debris	   was	   removed	   by	  

centrifugation	   at	   125,000	  ×	   g	   for	  1	  h.	   	   Proteins	  were	  purified	  by	   IMAC	  using	  HisTrap	  FF	  

columns	   (GE	   Healthcare),	   eluting	   with	   a	   linear	   gradient	   from	   100%	   Buffer	   B	   to	   100%	  

Buffer	  F	  over	  5	  CV.	  	  Eluted	  protein	  was	  further	  purified	  by	  size	  exclusion	  chromatography	  

on	   a	   Superdex	   200	   HiLoad	   16/60	   column	   equilibrated	   with	   Buffer	   G.	   	   Samples	   were	  

analyzed	  by	  reducing	  SDS-‐PAGE	  and	  observed	  protein	  band	  identities	  were	  confirmed	  by	  

in-‐gel	  tryptic	  digestion	  and	  MALDI-‐TOF	  mass	  fingerprinting.	  

Rv3541c-‐Rv3542c	  

	   Rv3541c-‐Rv3542c	  complex	  was	  obtained	  using	  construct	  pMtbigr3.	  	  Expression	  was	  

carried	   out	   as	   described	   above	   for	   pMtbigr3,	   above.	   	   For	   analytical	   studies,	   protein	  was	  

purified	   in	   Buffer	   B	   by	   immobilized	   metal	   affinity	   chromatography	   using	   HisTrap	   FF	  

columns,	  eluting	  with	  a	   linear	  gradient	   from	  100%	  Buffer	  B	   to	  100%	  Buffer	  F	  over	  5	  CV.	  	  

Eluted	  protein	  was	  further	  purified	  by	  size	  exclusion	  chromatography	  on	  a	  Superdex	  200	  

HiLoad	  16/60	  column	  equilibrated	  with	  Buffer	  E.	  	  	  

	  	  	   Rv3541c-‐Rv3542c	   complex	   can	   also	   be	   obtained	   by	   coexpression	  with	   constructs	  

pMtb41c	  and	  pMtb42cN.	  	  Constructs	  were	  co-‐transformed	  into	  BL21(DE3)	  E.	  coli::pG-‐KJE8.	  	  

Single	   colonies	   were	   selected	   on	   LB	   plates	   containing	   the	   appropriate	   antibiotics	   (100	  

μg/mL	   ampicillin	   for	   pET20b,	   30	   μg/mL	   kanamycin	   for	   pET28b,	   and	   20	   μg/mL	  

chloramphenicol	  for	  pG-‐KJE8)	  and	  cultured	  in	  2	  x	  YT	  media	  at	  37	  °C.	  Chaperone	  expression	  

was	   induced	   upon	   inoculation	   with	   2	   mg/mL	   L-‐arabinose	   and	   5	   ng/mL	   tetracycline.	  
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Rv3541c	  and	  Rv3542c	  expression	  was	  induced	  at	  OD600	  ~	  0.6	  –	  0.8	  	  with	  the	  addition	  of	  1	  

mM	  IPTG,	  and	  cells	  were	  grown	  20	  h	  at	  25	  °C.	   	  Protein	  was	  purified	  as	  detailed	  above	  for	  

Rv3541c-‐Rv3542c	  complex.	  	  	  

VII. In-‐gel	  tryptic	  digestion	  and	  MALDI-‐TOF	  mass	  fingerprinting	  

All	   protein	   identities	   were	   confirmed	   by	   in-‐gel	   tryptic	   digestion	   and	   MALDI-‐TOF	  

mass	   fingerprinting.	   	   Briefly,	   excised	   bands	   were	   washed	   with	   200	   µL	   of	   CH3CN/H2O	  

followed	  by	  reduction	  with	  100	  µL	  of	  45	  mM	  DTT	  in	  100	  mM	  ammonium	  bicarbonate	  at	  56	  
ºC	  for	  45	  min.	  	  Gel	  pieces	  were	  then	  covered	  with	  100	  µL	  of	  55	  mM	  iodoacetamide	  in	  100	  

mM	  ammonium	  bicarbonate	  and	  incubated	  in	  the	  dark	  for	  30	  min.	  	  The	  samples	  were	  dried	  

and	  digested	  with	  trypsin	  according	  to	  the	  manufacturer’s	  protocol	  in	  50	  mM	  ammonium	  

bicarbonate	  overnight	  at	  37	  ºC.	  	  Peptides	  were	  then	  extracted	  with	  60%	  CH3CN/0.1%	  TFA	  

and	  dried.	   	  The	  MALDI	  sample	  was	  prepared	  using	  a	  C18-‐Zip-‐tip	  (Millipore).	   	  The	  sample	  

was	  loaded	  on	  to	  the	  zip-‐tip	  equilibrated	  in	  0.1%	  TFA,	  washed	  with	  3	  x	  10	  µL	  of	  0.1%	  TFA,	  

and	  eluted	  with	  10µL	  of	  0.1%TFA/49.9%	  H2O/50%	  ACN.	   	  A	   saturated	  solution	  of	  matrix	  

3,5-‐dimethoxy-‐4-‐hydroxy-‐cinnamic	   acid	   was	   prepared	   in	   29.9%	   EtOH/70%	   H2O/0.1%	  

TFA.	  MALDI-‐TOF	  mass	  spectra	  were	  acquired	  in	  positive	  ion	  mode	  and	  data	  were	  analyzed	  

using	  Flex-‐Analysis	  software	  and	  MS-‐Bridge.	  

VIII. Azasteroids	  	  

	   6-‐azasteroids	  were	  provided	  by	  GlaxoSmithKline	  (Research	  Triangle	  Park,	  NC).	  	  Frye	  

and	  coworkers	  describe	  the	  synthesis	  and	  purity	  confirmation	  by	  elemental	  analysis	  of	  the	  

6-‐azasteroids	   (172,	   173,	   187).	   	   4-‐azasteroids	   were	   purchased	   from	   Sigma-‐Aldrich.	   	   The	  

purity	   (>98%)	   and	   identity	   of	   azasteroids	   were	   confirmed	   by	   LC/UV/MS	   (Waters	  

UPLC/diode	  array/SQD)	  for	  use	  in	  these	  assays.	  	  The	  LC	  was	  performed	  with	  a	  1.7	  µM	  C18	  

(2.1	  x	  100	  mm)	  column	  and	  the	  gradient	  was	  from	  100%	  H2O	  to	  100%	  methanol	  over	  10	  

minutes	  at	  a	  flow	  rate	  of	  0.5	  mL/min.	  

IX. 3β-‐HSD	  assay	  

3β-‐HSD	  was	  assayed	  with	  substrates	  DHEA	  (120	  µM)	  and	  NAD+	  (400	  µM),	  with	  or	  

without	   inhibitor,	   in	  Buffer	  H.	   	   	  Reactions	  were	   initiated	  by	   the	  addition	  of	  3β-‐HSD	   (125	  

nM).	  	  Inhibitor	  stock	  solutions	  were	  prepared	  in	  DMSO.	  	  The	  final	  DMSO	  concentration	  was	  

held	  fixed	  at	  2%,	  which	  does	  not	  affect	  enzyme	  activity	  (73).	  	  The	  formation	  of	  NADH	  was	  
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monitored	  at	  340	  nm	   for	   the	   first	  150	   s	  of	   reaction	  at	  30	   oC.	   	  Assays	  were	  performed	   in	  

duplicate	  and	  IC50	  values	  were	  determined	  from	  8	  concentrations	  by	  fitting	  to	  Equation	  3-‐1.	  	  

Mechanism	   of	   inhibition	   was	   determined	   by	   fitting	   initial	   velocity	   data	   to	   Equation	   3-‐2	  

using	  Grafit	  4.0	  (Erithacus	  software,	  Sussex	  UK).	  

Equation	  3-‐1	   	   	   	   v	  =	  Vm/(1	  +	  [I]/IC50)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
Equation	  3-‐2	   	   	   v	  =	  Vm[S]/{Km(1+[I]/Kic)	  +	  [S](1+[I]/Kiu)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
where	  v	   is	  the	  initial	  velocity,	  Vm	   is	  the	  maximum	  velocity,	  S	   is	  the	  varied	  substrate,	  KM	   is	  

the	  Michaelis-‐Menten	  constant	  for	  the	  varied	  substrate,	  and	  Kic	  is	  the	  competitive	  inhibition	  

constant	  and	  Kiu	  is	  the	  uncompetitive	  inhibition	  constant.	  

X. Isotopic	  labeling	  and	  characterization	  of	  LDL-‐cholesterol.*	  	  	  

HepG2	   human	   liver	   cells	  were	   grown	   to	   80%	   confluence	   in	  HepG2	   growth	  media	  

(DMEM,	   10%	   fetal	   calf	   serum,	   20	   mM	   L–glutamine,	   100	   IU/mL	   penicillin,	   10	   µg/mL	  

streptomycin,	   and	   10	  mM	  HEPES).	   	  Media	  was	   then	   replaced	  with	  HepG2	   growth	  media	  

supplemented	   with	   5	   µM	   mevastatin	   and	   0.8	   µg/mL	   (RS)-‐mevalonolactone	   (natural	  

abundance),	   or	   0.8	   µg/mL	   (RS)-‐[2-‐13C]-‐mevalonolactone	   or	   6.25	   µCi	   (RS)-‐[2-‐14C]-‐

mevalonolactone.	   Cells	   were	   grown	   for	   4-‐5	   days.	   	   Culture	   supernatants	   were	   then	  

harvested	   and	   sterilized	   by	   filtration.	   	   Culture	   supernatant-‐derived	   LDL	   particles	   were	  

concentrated	  and	  unincorporated	  mevalonolactone	  was	  removed	  by	  ultrafiltration	  through	  

a	   100	   kDa	  MWCO	   filter.	   Removal	   of	   unincorporated	  mevalonolactone	  was	   performed	   by	  

concentrating	  the	  supernatants	  10-‐fold	   followed	  by	  two	  100	  mL	  washes	  with	  sterile	  PBS.	  

The	  filter	  flow-‐through	  was	  monitored	  by	  scintillation	  counting	  and	  the	  LDL	  was	  deemed	  

free	   of	   14C-‐mevalonolactone	   contamination	   when	   radioactive	   counts	   in	   the	   filter	   flow-‐

through	  were	  no	  higher	  than	  background.	   	  LDL-‐[13C]-‐cholesterol	  was	  isolated	  in	  the	  same	  

manner	   as	   the	   LDL-‐[14C]-‐cholesterol	   preparation	   and	   the	   LDL-‐[13C]-‐cholesterol	   sample	  

underwent	  the	  ultrafiltration	  procedure	  to	  remove	  unincorporated	  [13C]-‐mevalonolactone.	  

Isolated	   LDL-‐[13C]-‐cholesterol	   was	   analyzed	   by	   MALDI-‐TOF	   MS	   in	   reflectron,	  

positive	   ion	   mode	   with	   2,5-‐dihydroxybenzoic	   acid	   matrix	   prepared	   in	   0.1%	   TFA/50%	  

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

	  

*	  These	  procedures	  were	  performed	  by	  Brain	  C.	  VanderVen,	  Cornell	  University.	  
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CH3CN.	   A	   13C-‐DEPT135	   NMR	   spectrum	   was	   acquired	   on	   a	   800	   MHz	   microcryoprobe	   in	  

CDCl3	  to	  confirm	  the	  positions	  of	  13C	  labeling.	  	  	  

XI. Metabolic	  labeling	  of	  M.	  tuberculosis*	  

LDL-‐[14C]-‐cholesterol	  	  	  

The	  M.	  tuberculosis	  WT,	  Δigr,	  and	  complemented	  Δigr	  mutant	  cultures	  were	  grown	  

in	   7H9	   OADC	   for	   six	   days	   and	   the	   bacteria	   were	   resuspended	   in	   7H9	   OADC	   medium	  

supplemented	  with	  LDL-‐[14C]-‐cholesterol	  (5,000	  cpm/mL).	  After	  2	  weeks	  of	  growth	  in	  the	  

presence	  of	  LDL-‐[14C]-‐cholesterol	  the	  bacterial	  cultures	  were	  centrifuged	  at	  3,000	  rpm	  for	  

20	  min	  to	  yield	  a	  cell	  pellet	  and	  culture	  supernatant.	  The	  supernatants	  were	  harvested	  by	  

filtration	  through	  0.22	  µM	  filter	  unit	  and	  the	  resulting	  cell	  pellets	  and	  culture	  supernatants	  

were	  used	  for	  lipid	  metabolite	  isolation.	  	  	  

LDL-‐[13C]-‐cholesterol	  

The	  M.	  tuberculosis	  WT,	  Δigr,	  and	  complemented	  Δigr	  mutant	  cultures	  were	  grown	  

in	   7H9	   OADC	   for	   six	   days	   and	   the	   cell	   pellet	   was	   resuspended	   in	   7H9	   OADC	   medium	  

supplemented	  containing	  LDL-‐[13C]-‐cholesterol	  (50-‐60	  µg/mL)	  of	  culture.	  Total	  cholesterol	  

in	   the	   LDL-‐[13C]-‐cholesterol	   preparations	   was	   determined	   using	   the	   Amplex®	   Red	  

cholesterol	  determination	  assay	  (Invitrogen,	  Carlsbad,	  CA).	  	  After	  2	  weeks	  of	  growth	  in	  the	  

presence	  of	  LDL-‐[13C]-‐cholesterol,	  the	  bacterial	  cultures	  were	  centrifuged	  at	  3,000	  rpm	  for	  

20	  min	  to	  yield	  a	  cell	  pellet	  and	  culture	  supernatant.	  	  The	  supernatants	  were	  harvested	  by	  

filtration	   through	   a	   0.22	   µm	   filter	   unit	   and	   the	   resulting	   cell	   pellets	   and	   culture	  

supernatants	  were	  used	  for	  lipid	  metabolite	  isolation.	  	  	  

XII. Growth	  of	  M.	  tuberculosis	  in	  the	  presence	  of	  free	  cholesterol†	  

The	  M.	  tuberculosis	  WT,	  Δigr,	  and	  complemented	  Δigr	  mutant	  cultures	  were	  grown	  

in	   7H9	   OADC	   for	   six	   days	   and	   the	   cell	   pellet	   was	   resuspended	   in	   7H9	   OADC	   medium	  

supplemented	   with	   0.1	   mM	   cholesterol	   added	   in	   a	   1:1	   tyloxapol:EtOH	   (v/v)	   solution	   as	  

described	  (37).	   	  After	  2	  weeks	  of	  growth	   in	  the	  presence	  of	   free	  cholesterol,	   the	  bacterial	  

cultures	   were	   centrifuged	   at	   3,000	   rpm	   for	   20	   min	   to	   yield	   a	   cell	   pellet	   and	   culture	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

	  

*	  These	  procedures	  were	  performed	  by	  Brain	  C.	  VanderVen,	  Cornell	  University.	  
†	  These	  procedures	  were	  performed	  by	  Brain	  C.	  VanderVen,	  Cornell	  University.	  
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supernatant.	  The	  supernatants	  were	  harvested	  by	   filtration	   through	  a	  0.22	  µm	  filter	  unit	  

and	   the	   resulting	   cell	   pellets	   and	   culture	   supernatants	   were	   used	   for	   lipid	   metabolite	  

isolation.	  	  	  

XIII. Biochemical	  extraction	  and	  analysis	  of	  LDL-‐derived	  [14C]-‐lipids*	  	  	  

Total	  lipids	  were	  extracted	  by	  the	  Bligh-‐Dyer	  method	  from	  the	  aqueous-‐soluble	  LDL	  

particles	   (188).	   	   Briefly,	   the	   aqueous	   lipid	   solution	   was	   phase	   partitioned	   with	   2:1	  

CHCl3:MeOH	  (v/v)	  and	  the	  organic	  solvent	  extractable	  material	  was	  dried	  by	  evaporation	  

under	  a	  N2	  stream.	  The	  dried	  lipids	  were	  resuspended	  in	  25:24:4	  CHCl3:MeOH:H2O	  (v/v/v),	  

the	  phases	  partitioned,	  the	  resulting	  organic	  solvent	  layer	  saved	  to	  a	  new	  tube,	  and	  dried	  

by	  evaporation	  under	  a	  N2	  stream.	  	  

To	  analyze	  the	  apolar	  LDL-‐lipids	  by	  TLC,	  the	  LDL	  lipid	  extracts	  were	  resuspended	  in	  

CHCl3	  and	  radioactivity	  was	  determined	  by	  scintillation	  counting.	  	  2500	  cpm	  of	  the	  apolar	  

LDL-‐derived	  lipids	  was	  resolved	  by	  TLC	  on	  pre-‐coated	  F254	  aluminum	  backed	  silica	  plates	  

(Sigma-‐Aldrich,	   Saint	   Louis,	   MO)	   in	   toluene:acetone	   (99:1,	   v/v).	   	   The	   TLC	   plates	   were	  

visualized	   via	   molybdophosphoric	   acid	   staining	   and	   charring	   as	   described	   in	   (189).	  

Radiolabeled	   lipids	   were	   visualized	   by	   autoradiography	   of	   the	   TLC	   plates	   using	  

phosphoimaging.	  	  	  

XIV. Biochemical	  extraction	  and	  LC/MS	  analysis	  of	  cholesterol-‐derived	  bacterial	  lipid	  
metabolites	  

The	   bacterial	   cell	   pellets	   were	   washed	   once	   in	   distilled	   H2O	   and	   the	   pellet	   was	  

extracted	  twice	  with	  75	  mL	  EtOAc	  for	  24	  h.	   	  The	  organic	  layers	  were	  pooled	  and	  dried	  by	  

evaporation	   under	   a	   N2	   stream.	   The	   cell-‐free	   culture	   supernatants	  were	   extracted	   twice	  

with	  75	  mL	  EtOAc	  for	  24	  h.	  The	  organic	  layers	  were	  pooled	  and	  dried	  by	  evaporation	  under	  

a	  N2	  stream.	  	  

Extracts	   dissolved	   in	   MeOH	   were	   analyzed	   by	   microcapillary	   liquid	  

chromatography-‐tandem	  mass	  spectrometry	  with	  a	  Dionex	  3000	  HPLC	  and	  a	  Thermo	  LTQ	  

Orbitrap	   mass	   spectrometer	   equipped	   with	   a	   custom	   nanoLC	   electrospray	   ionization	  

source.	   	   Analytes	   were	   separated	   on	   a	   column	   packed	   with	   10	   cm	   of	   5	   µm	  Magic	   C18	  

material	   (Agilent,	   Santa	  Clara,	  CA).	   	  A	   flow	  rate	  of	  300	  nL/min	  was	  used	  with	  a	  gradient	  

from	  0.1%	  formic	  acid/H2O	  (Solvent	  A)	  to	  0.1%	  formic	  acid/98%	  CH3CN	  (Solvent	  B).	  	  After	  

analyte	  loading,	  the	  gradient	  was	  held	  constant	  at	  100%	  Solvent	  A	  for	  5	  min	  followed	  by	  a	  
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30	  min	  gradient	  from	  to	  40%	  Solvent	  B.	  	  Then,	  the	  gradient	  was	  switched	  from	  40%	  to	  80%	  

Solvent	  B	  over	  5	  min	  and	  held	  constant	  for	  3	  min.	  Finally,	  the	  gradient	  was	  changed	  from	  

80%	  Solvent	  B	  to	  100%	  Solvent	  A	  over	  1	  min,	  and	  then	  held	  constant	  at	  100%	  Solvent	  A	  for	  

15	  more	  min.	   	   Application	   of	   a	   1.8	   kV	   distal	   voltage	   electrosprayed	   the	   eluted	   analytes	  

directly	   into	  the	  ion	  trap	  mass	  spectrometer.	   	  Masses	  were	  recorded	  over	  a	  50-‐1000	  m/z	  

range	  in	  positive	  mode.	  	  	  	  

Data	   were	   analyzed	   with	   the	   XCMS	   software	   package	   (190)	   and	   by	   manual	  

inspection.	   	   An	   aligned	   peak	   list	  was	   generated	   by	   XCMS	   for	   each	   sample,	   including	   the	  

integrated	   ion	   counts.	   	   Those	   ions	   with	   integrated	   intensity	   less	   than	   1e5	   were	   filtered	  

from	  the	  sample.	   	  The	  integrated	  peak	  areas	  were	  then	  used	  to	  calculate	  fold	  changes	  for	  

pair	   wise	   comparisons	   of	   H37Rv:Δigr	   and	   complement:Δigr.	   	   Ions	   unique	   to	   H37Rv,	  

complement	  or	  Δigr	  were	  identified	  by	  generating	  a	  subset	  of	  those	  ions	  with	  fold	  changes	  

greater	  than	  2.5.	  	  The	  subset	  was	  then	  reduced	  to	  only	  those	  ions	  derived	  from	  cholesterol	  

by	   comparing	   the	   isotope	   distributions	   for	   the	   ion	   in	   natural	   abundance	   and	   LDL-‐[13C]-‐

cholesterol	  samples.	  

XV. Purification	  and	  characterization	  of	  cholesterol-‐derived	  metabolite	  1	  

Metabolite	   1	   was	   purified	   by	   reverse	   phase	   HPLC	   on	   a	   Phenomenex	   Luna	   C18	  

column	  (5	  µm,	  250	  ×	  10	  mm)	  from	  extracts	  of	  a	  500	  mL	  Δigr	  M.	  tuberculosis	  culture	  grown	  

with	  unlabeled	  cholesterol.	   	  A	   flow	  rate	  of	  3	  mL/min	  was	  used	  with	  a	  gradient	   from	  H2O	  

(Solvent	  C)	  to	  MeOH	  (Solvent	  D).	  	  The	  gradient	  was	  held	  at	  100%	  C	  for	  5	  min,	  then	  changed	  

to	  50%	  C	  over	  15	  min.	  	  Next	  a	  linear	  change	  from	  50%	  C	  to	  20%	  C	  over	  25	  min,	  then	  to	  0%	  

C	  over	  5	  min.	   	  Finally	  the	  gradient	  was	  held	  at	  0%	  C	  for	  10	  min.	   	  Fractions	  containing	  the	  

desired	  metabolite	  were	   combined	   and	   dried	   for	  NMR	   analysis	   in	   CD3OD	   on	   a	   900	  mHz	  

cryoprobe	  spectrometer.	  	  	  	  

XVI. FadE28-‐FadE29	  substrate	  synthesis	  

Carboxylic	   acids,	   1β-‐(2’-‐propanoic	   acid)-‐3aα-‐H-‐7aβ-‐methylhexahydro-‐4-‐indanone	  

(191-‐193)	  and	  3-‐oxo-‐4-‐pregnene-‐20-‐carboxylic	  acid	  (194)	  were	  prepared	  by	  ozonolysis	  of	  

vitamin	   D2	   and	   4,22-‐stigmastadien-‐3-‐one,	   respectively.	   	   Briefly,	   the	   ozonolysis	   was	  

performed	   in	   CH2Cl2	   at	   -‐78	   ºC.	   	   The	   reaction	   was	   purged	   with	   ozone	   until	   the	   solution	  

turned	  blue	  in	  color,	  then	  purged	  with	  O2	  until	  the	  blue	  dissipated.	  	  1%	  pyridine	  was	  added	  
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to	  the	  ozonolysis	  of	  4,22-‐stigmastadiene-‐3-‐one	  to	  selectively	  ozonolyse	  the	  22-‐ene	  and	  the	  

reaction	  was	  monitored	  by	  TLC	  (195).	  	  Dimethyl	  sulfide	  (10	  eq)	  was	  added	  and	  the	  reaction	  

was	  allowed	  to	  warm	  to	  rt	  and	  stirred	  for	  12	  to	  15	  h.	  	  Solvent	  was	  removed	  under	  reduced	  

pressure	  and	  the	  product	  was	  redissolved	  in	  10%	  H2O/CH3CN	  and	  chilled	  on	  ice.	   	  Sodium	  

chlorite	  (10	  eq)	  was	  added	  and	  the	  reaction	  stirred	  for	  15	  h	  at	  rt.	  	  The	  reaction	  was	  dried	  

under	  reduced	  pressure	  and	  the	  product	  extracted	  from	  acidified	  brine	  with	  CH2Cl2.	   	  The	  

products	  were	  purified	  by	  silica	  gel	  chromatography	  in	  1:4	  or	  2:3	  EtOAc:hexanes.	  3-‐oxo-‐4-‐

pregnene-‐20-‐carboxylic	  acid:	  	  1H	  NMR	  (500	  MHz,	  CDCl3)	  δ	  9.5	  (br,	  1H,	  COOH),	  5.8	  (s,	  1H,	  

C4-‐H),	  1.22	  (d,	  3H,	  J	  =	  6.5	  Hz,	  C21-‐H),	  1.18(s,	  3H,	  C19-‐H),	  0.73	  (s,	  3H,	  C18-‐H);	  13C	  NMR	  δ	  203	  

(C3),	   126	   (C4),	   175	   (C5),	   180	   (C22).	   1β-‐(2’-‐propanoic	   acid)-‐3aα-‐H-‐7aβ-‐

methylhexahydro-‐4-‐indanone:	  	  1H	  NMR	  (500	  MHz,	  CDCl3)	  δ1.30	  (d,	  3H,	  J	  =	  6.5	  Hz,	  C3’-‐H),	  

δ	  0.69	  (s,	  3H,	  C8-‐H)	  13C	  NMR	  δ	  213	  (C4),	  184	  (C1’).	  	  LC/ESI–	  MS	  indicated	  a	  purity	  of	  greater	  

than	  95%.	  

The	   carboxylic	   acids	   prepared	   above	   as	   well	   as	   butanoic	   acid,	   3-‐methylbutanoic	  

acid,	   and	   2-‐methylpropanoic	   acid	   were	   converted	   to	   their	   corresponding	   acyl-‐CoA	  

thioesters	  via	  the	  mixed	  anhydride	  method.	   	  Briefly,	  Et3N	  (2	  eq)	  was	  added	  to	  the	  acid	  in	  

CH2Cl2	  and	  stirred	  for	  10	  min.	  	  Then	  ethyl	  chloroformate	  (2	  eq)	  was	  added	  dropwise	  to	  the	  

reaction	   on	   ice.	   	   The	   reaction	  was	   allowed	   to	  warm	   to	   rt	   and	   stirred	   for	   2	   h,	   then	  dried	  

under	  a	  stream	  of	  N2.	  	  The	  mixed	  anhydride	  was	  dissolved	  in	  THF	  and	  filtered	  through	  glass	  

wool	  into	  coenzyme	  A	  in	  H2O:THF	  (1:4),	  pH	  8.0.	  	  5,5'-‐dithiobis-‐(2-‐nitrobenzoic	  acid	  was	  

used	  to	  monitor	  the	  disappearance	  of	  free	  thiol,	  the	  reaction	  was	  then	  acidified	  to	  pH	  4,	  and	  

THF	  was	   removed.	   	  Remaining	   free	   acid	  was	   extracted	   into	  Et2O,	   and	   the	  product	   in	   the	  

aqueous	  layer	  was	  purified	  by	  reverse	  phase	  HPLC	  with	  a	  Phenomenex	  Luna	  C18	  column	  (5	  

µm,	  250	  ×	  10	  mm).	  	  A	  flow	  rate	  of	  3	  mL/min	  was	  used	  with	  a	  gradient	  from	  100%	  20	  mM	  

ammonium	  acetate	   to	   100%	  MeOH.	   	   The	   identities	   of	   CoA	   thioesters	  were	   confirmed	  by	  

LC/MS.	  	  	  

 

 

XVII. Dehydrogenase	  assay	  
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FadE28-‐FadE29	   (3.2	   µg/mL)	   was	   assayed	   for	   dehydrogenase	   activity	   with	  

ferrocenium	  hexafluorophosphate	  (250	  µM)	  as	  the	  artificial	  electron	  acceptor	  and	  100	  µM	  

substrate	  in	  Buffer	  I	  (196).	  	  The	  formation	  of	  product	  was	  followed	  spectrophotometrically	  

at	  300	  nm	  and	  25	   ºC.	   	  Specific	  activities	  were	  calculated	  from	  the	   initial	  velocity	  over	  the	  

first	  100	  s	  of	   reaction	  and	   the	  extinction	  coefficient	  of	   ferrocenium	  hexafluorophosphate,	  

3.4	  mM-‐1	   cm-‐1.	   	  Assays	  were	  conducted	   in	   triplicate	  and	  substrates	   tested	   include	  1β-‐(2’-‐

propanoyl-‐CoA)-‐3aα-‐H-‐7aβ-‐methylhexahydro-‐4-‐indanone	   2,	   3-‐oxo-‐4-‐pregnene-‐20-‐

carboxyl-‐CoA	  3,	  propanoyl-‐CoA,	  butyryl-‐CoA,	   isovaleryl-‐CoA,	  and	  isobutryrl-‐CoA.	   	  Product	  

formation	   was	   confirmed	   by	   MALDI-‐TOF	   MS	   in	   positive	   ion	   mode	   with	   2,5-‐

dihydroxybenzoic	   acid	   matrix.	   	   Negative	   controls	   without	   substrate	   or	   without	   enzyme	  

were	  conducted	  to	  check	  for	  background	  reduction	  of	  ferrocenium	  hexafluorophosphate.	  

XVIII. Hydratase	  assay	  	   	  

FadE28-‐FadE29	  was	  used	  to	  synthesize	  4	  and	  5	  (Figure	  2-‐26)	  from	  2	  and	  3	  (Table	  

2-‐4)	  in	  situ.	  	  100	  µM	  of	  4	  or	  5	  was	  incubated	  with	  500	  nM	  FadE28-‐FadE29	  in	  Buffer	  I	  with	  

250	   µM	   ferrocenium	   hexafluorophosphate	   at	   20	   oC.	   	   After	   30	   min	   500	   nM	   Rv3541c-‐

Rv3542c	  was	   added.	   	   The	   reaction	  was	   quenched	   for	   analysis	   by	   spotting	   1	   uL	   of	   assay	  

mixture	   with	   1	   µL	   of	   2,5-‐dihydroxybenzoic	   acid	   matrix	   prepared	   in	   0.1%	   TFA/49.9%	  

H2O/50%	  ACN.	  	  Product	  formation	  was	  confirmed	  by	  MALDI-‐TOF	  MS	  in	  positive	  ion	  mode.	  	  

Negative	  controls	  were	  conducted	  without	  Rv3541c-‐Rv3542c.	  

XIX. Identification	  and	  quantification	  of	  flavin	  cofactor	  

FadE28-‐FadE29	  was	  denatured	  by	  heating	  in	  boiling	  water.	  	  The	  sample	  was	  chilled	  

on	   ice	   and	   centrifuged	   to	   pellet	   precipitated	   protein.	   	   The	   supernatant	  was	   analyzed	   by	  

reverse	  phase	  LC/UV/MS	  in	  ESI	  positive	  mode	  and	  compared	  to	  FAD	  standard.	  	  Flavin	  was	  

quantified	  using	  the	  absorbance	  and	  extinction	  coefficient	  of	  FAD	  at	  260	  nm.	  	  The	  protein	  

was	  solubilized	  in	  6	  M	  guanidine-‐HCl	  and	  the	  concentration	  determined	  using	  the	  sum	  of	  

the	  extinction	  coefficients	  for	  FadE28	  and	  FadE29	  at	  280	  nm	  (Table	  3-‐2).	  	  

XX. Analytical	  size	  exclusion	  chromatography	  

FadE29	   and	   FadE28-‐FadE29	   samples	   were	   analyzed	   by	   analytical	   size	   exclusion	  

chromatography	  on	  a	  Superdex	  75	  (10/300	  GL)	  column	  (GE	  Healthcare).	  	  The	  column	  was	  

equilibrated	  with	  Buffer	  J.	  	  Samples	  were	  eluted	  isocratically	  at	  a	  flow	  rate	  of	  0.5	  mL/min	  in	  
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Buffer	  J,	  monitoring	  at	  220	  and	  280	  nm.	  	  Several	  standard	  proteins,	  including	  ribonuclease	  

A,	   lysozyme,	   TEV	   protease,	   carbonic	   anhydride,	   aprotinin,	   BSA,	   and	   conalbumin,	   were	  

analyzed	   under	   the	   same	   conditions	   to	   generate	   standard	   curves	   to	   estimate	   molecular	  

weights	  of	  analyzed	  proteins.	  	  	  

XXI. Analytical	  ultracentrifugation	  sedimentation	  equilibrium	  

Molecular	   weights	   were	   determined	   using	   analytical	   ultracentrifugation	  

sedimentation	  equilibrium.	  	  FadE29	  (8.5,	  3.4,	  and	  1.7	  μM)	  in	  Buffer	  K	  and	  FadE28-‐FadE29	  

(10.6	  μM,	  5.3	  μM,	  and	  2.6	  μM)	  in	  Buffer	  G,	  were	  centrifuged	  at	  speeds	  of	  20k,	  25k,	  and	  30k	  

at	  20	   oC.	   	  Rv3541c-‐Rv3542c	   (5.9	  µM,	  3.8	  µM,	  and	  2.4	  µM)	  were	   centrifuged	  at	   speeds	  of	  

10k,	   15k,	   and	   20	   k	   at	   4oC	   in	   Buffer	   J.	   	   Scans	   were	   acquired	   after	   18	   and	   20	   h	   of	  

centrifugation	  at	  each	  speed	  monitoring	  at	  280	  nm.	  	  	  The	  protein	  partial-‐specific	  volume	  of	  

0.7336	  for	  FadE29,	  0.7350	  for	  FadE28-‐FadE29,	  and	  0.7380	  for	  Rv3541c-‐Rv3542c	  and	  the	  

solvent	  density	  0.9994	   for	  FadE29,	  1.0079	   for	  FadE28-‐FadE29,	   and	  1.0092	   for	  Rv3541c-‐

Rv3542c	  were	  calculated	  using	  SEDNTERP	  (Biomolecular	  Interaction	  Technologies	  Center	  	  

at	   the	   University	   of	   New	  Hampshire).	   	   Data	  were	   fit	   globally	   to	   the	   ideal,	   single	   species	  

model	   using	   Heteroanalysis	   (University	   of	   Connecticut	   Analytical	   Ultracentrifugation	  

Facility)	  to	  determine	  the	  molecular	  weight.	  	  	  	  

XXII. LC/UV/MS	  of	  intact	  protein	  complexes	  

Protein	   complex	   stoichiometries	   of	   FadE28-‐FadE29	   and	   Rv3541c-‐Rv3542c	   were	  

confirmed	   by	   LC/UV/MS.	   	   Samples	   were	   separated	   on	   a	   XBridge	   BEH	   300	   C4	   3.5	   µm	  

column	  (2.1	  x	  100	  mm)	  at	  40	  oC	  with	  a	  linear	  gradient	  from	  95%	  A	  to	  95%	  B	  over	  15	  min,	  

where	   A	   is	   5%	   isopropanol/0.1%	   trifluoroacetic	   acid	   and	   B	   is	   99.9%	   isopropanol/0.1%	  

trifluoroacetic	  acid.	  	  MS	  spectra	  were	  collected	  in	  ESI	  positive	  ion	  mode	  with	  a	  cone	  voltage	  

of	  40	  V,	  a	  capillary	  voltage	  of	  4.5	  kV,	  and	  source	  temperature	  of	  150	  oC.	   	  MS	  spectra	  were	  

deconvolved	   using	   ESIprot	   1.0	   (197)	   and	   peaks	   in	   the	   UV	   280	   nm	   chromatograms	  were	  

integrated	   using	   R.	   	   The	   integrated	   peak	   areas	   of	   each	   protein	   were	   divided	   by	   the	  

corresponding	  molar	  extinction	  coefficient	  for	  the	  protein	  to	  yield	  the	  molar	  concentrations	  

(Table 3-2).	   	   Protein	   stoichiometries	   were	   determined	   from	   the	   ratios	   of	   these	   molar	  

concentrations.	  	  
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Table	  3-‐2.	  	  Calculated	  extinction	  coefficients	  for	  proteins	  studied	  in	  this	  work.	  	  
Protein	   Extinction	  coefficient	  	  

280	  nm	  (M-‐1	  cm-‐1)	  

FadE28	   35,410	  

FadE29	   58,900	  

Rv3541c	   16,960	  

Rv3542c	   59,930	  
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I. 6-‐azasteroid	  inhibitors	  of	  M.	  tuberculosis	  cholesterol	  metabolism	  	  

The	  rise	   in	  multidrug	  resistant	  strains	  of	  M.	  tuberculosis	  has	  made	  antibiotics	  with	  

novel	   targets	   a	   necessity.	   	   The	   cholesterol	   metabolism	   pathway	   is	   an	   attractive	   area	   of	  

research	   because	   cholesterol	   is	   important	   for	   growth	   and	   persistence	   of	  M.	   tuberculosis.	  	  

Several	  cholesterol-‐regulated	  genes	  are	  upregulated	  in	  macrophages	  and	  have	  been	  shown	  

to	  be	  important	  for	  growth	   in	  vivo.	   	  For	  example,	  the	  cholesterol	  transport	  mutant	  Δmce4	  

shows	  growth	  attenuation	  in	  the	  mouse	  model,	  indicating	  cholesterol	  import	  is	  important	  

for	  M.	  tuberculosis	  survival	  during	  infection.	  	  	  	  

The	  enzyme	  3β-‐HSD	  is	  proposed	  to	  be	  the	  first	  step	  of	  cholesterol	  metabolism	  and	  

inhibitors	   of	   3β-‐HSD	   are	   important	   for	   targeting	   the	   cholesterol	  metabolic	   pathway.	   	   	   In	  

chapter	   2.1	  we	   tested	   a	   series	   of	   azasteroids	   as	   inhibitors	   of	  M.	   tuberculosis	   3β-‐HSD.	   	   In	  

vitro,	   3β-‐HSD	   catalyzes	   the	   oxidation	   of	   DHEA,	   pregnenolone,	   and	   cholesterol.	   	   The	  

substrate	  preference	  could	  not	  be	  established	  during	  steady-‐state	  kinetic	  analysis	  because	  

detergent	  was	  required	  to	  solubilize	  the	  hydrophobic	  sterol	  substrates	  (Scheme	  2-‐1).	  Our	  

SAR	   study	   identified	   a	   100	   nM	   6-‐azasteroid	   inhibitor,	   azasteroid	   7	   (Table	   2-‐1).	   	   This	  

compound	   contains	   an	   8-‐carbon	   side	   chain	   analogous	   to	   the	   side	   chain	   of	   cholesterol.	  	  

Analysis	  of	  the	  inhibition	  mechanism	  indicates	  azasteroid	  7	  acts	  as	  a	  competitive	  inhibitor	  

to	  DHEA	  and	   therefore	  binds	   to	   the	   steroid	   substrate	  pocket	   of	   3β-‐HSD.	   	   Inhibitors	  with	  

shorter	  substituents	  at	  the	  C17	  position	  showed	  reduced	  inhibition,	  indicating	  that	  3β-‐HSD	  

likely	  prefers	  C27	  sterols,	   consistent	  with	  cholesterol	  being	   the	  preferred	  substrate	  of	  M.	  

tuberculosis	  3β-‐HSD	  and	  3β-‐HSD	  being	  the	  first	  enzymatic	  step	  of	  cholesterol	  metabolism.	  	  

In	   vivo	   inhibition	   studies	   with	   a	   small	   molecule	   inhibitor	   of	   cholesterol	   metabolism	   are	  

necessary	   to	   provide	   insight	   into	   the	   potential	   of	   targeting	   M.	   tuberculosis	   cholesterol	  

metabolism.	  

Reverse	   genetics	   experiments	   give	   conflicting	   results	   as	   to	   whether	   cholesterol	  

metabolism	  by	  M.	  tuberculosis	  is	  a	  good	  drug	  target,	  since	  several	  cholesterol-‐metabolizing	  

gene	  knockouts	  do	  not	  display	  an	  in	  vivo	  phenotype.	  	  For	  instance,	  recent	  evaluation	  of	  the	  

3β-‐HSD	   knockout	   strain	   in	   guinea	   pigs	   showed	   this	   enzyme	   is	   not	   required	   for	   M.	  

tuberculosis	   growth,	   though	   we	   demonstrate	   it	   is	   the	   first	   step	   of	   the	   cholesterol	  
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metabolism	  pathway.	  	  This	  suggests	  that	  cholesterol	  is	  not	  essential	  as	  a	  source	  of	  energy	  

for	  the	  bacterium	  in	  vivo	  but	  does	  not	  exclude	  additional	  roles	  of	  cholesterol	  metabolism.	  	  	  

Evaluation	  of	  enzymes	  as	  potential	  drug	  targets	  using	  knockout	  phenotypes	  can	  be	  

problematic.	   	   Reverse	   genetics	   experiments	   do	   not	   rule	   out	   the	   possibility	   of	   redundant	  

enzymes	   or	   enzyme	   specificity	   overlap,	   which	   can	   compensate	   when	   a	   gene	   knockout	  

removes	  a	  single	  enzyme’s	  activity.	  	  This	  specificity	  overlap	  can	  lead	  to	  misinterpretation	  of	  

reverse	  genetic	  phenotypes.	  	  While	  3β-‐HSD	  appears	  to	  not	  be	  a	  viable	  target	  in	  treating	  M.	  

tuberculosis	   infection	  the	  reverse	  genetics	  experiments,	   from	  which	  these	  conclusions	  are	  

drawn	  may	  not	  be	  sufficient	  to	  identify	  functions	  required	  for	  in	  vivo	  survival.	  	  

6-‐azasteroid	  inhibitors	  targeting	  M.	  tuberculosis	  3β-‐HSD	  may	  provide	  further	  insight	  

into	   the	   impact	   on	   blocking	   cholesterol	  metabolism	   in	   vivo.	   	   Furthermore,	   6-‐azasteroids	  

likely	   target	  multiple	   enzymes	   of	   the	   cholesterol	  metabolism	  pathway.	   	   Several	   enzymes	  

are	   predicted	   to	   bind	   structurally	   similar	   substrates	   and	   therefore	   may	   have	   similar	  

substrate	  binding	  pockets.	  	  	  

6-‐azasteroids	  will	  soon	  be	  tested	  in	  M.	  tuberculosis	   infected	  mice.	   	  Their	  impact	  on	  

bacterial	   load	  will	  be	   investigated	  over	  a	   several	  week	   time	  period.	   	   	   	  The	   results	  of	   this	  

experiment	   may	   help	   evaluate	   whether	   targeting	   the	   cholesterol	   metabolic	   pathway	   by	  

small	  molecule	  inhibitors	  is	  beneficial	  for	  the	  treatment	  of	  M.	  tuberculosis	  infection.	  	  	  

II. Cholesterol-‐derived	  metabolite	  profiling	  with	  [1,7,15,22,26-‐13C]-‐cholesterol	  

Understanding	   cholesterol	   metabolism	   at	   the	   molecular	   level	   is	   required	   for	  

developing	   cholesterol	   metabolism	   targeting	   small	   molecules.	   	   This	   requires	   fully	  

elucidating	   the	   cholesterol	   metabolism	   pathway.	   	   Transcriptional	   profiling	   and	   global	  

phenotypic	  profiling	  experiments	  have	  identified	  52	  genes	  upregulated	  by	  cholesterol	  and	  

96	   genes	   important	   for	   growth	   of	   M.	   tuberculosis	   on	   cholesterol,	   respectively.	   	   The	  

challenge	  remains	  to	  determine	  the	  biochemical	  function	  of	  these	  genes	  in	  the	  cholesterol	  

metabolism	  pathway.	  	  Several	  genes	  involved	  in	  cholesterol	  metabolism	  have	  been	  studied	  

using	  recombinant	  enzymes	  and/or	  mutant	  strains	  and	  the	  functions	  of	  several	  others	  have	  

been	   proposed	   based	   on	   sequence	   similarity	   to	   characterized	   actinomycete	   sterol	  

metabolizing	   enzymes.	   	   Elucidating	   the	   cholesterol	   metabolism	   pathway	   is	   necessary	   in	  

order	  to	  understand	  the	  role	  cholesterol	  plays	  in	  M.	  tuberculosis	  pathogenesis.	  	  
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Tracing	   of	   13C	   isotopically	   labeled	   carbon	   sources	   by	   MS	   or	   NMR	   is	   a	   powerful	  

technique	   for	   establishing	  pathways	   and	  metabolic	   networks	  within	   cells.	   	   Commercially	  

available,	  isotopically	  labeled,	  [4-‐14C]	  and	  [26-‐14C]	  cholesterol	  has	  been	  previously	  used	  to	  

study	   cholesterol	  metabolism	   in	  M.	   tuberculosis.	   	   However,	   the	   small	   number	   of	   labeled	  

carbons	  limits	  the	  usefulness	  of	  this	  tool.	   	  In	  chapter	  2.2	  we	  developed	  [1,7,15,22,26-‐13C]-‐

cholesterol	  as	  a	   tool	   for	  MS	  metabolite-‐profiling	   to	   trace	  cholesterol	  carbons	   through	   the	  

metabolic	  pathway	  of	  M.	  tuberculosis.	  	  Our	  isotopically	  labeled	  cholesterol	  contains	  five	  13C	  

labels	   located	  in	  the	  ring	  system	  and	  side	  chain	  and	  allows	  for	  tracing	  additional	  carbons	  

compared	   to	   the	   commercially	   available	   isotopes	   (Figure	   2-‐4).	   	   We	   applied	   this	   tool	   to	  

study	  the	  metabolite	  profile	  of	  H37Rv	  Δigr	  strain	  (Figure	  2-‐7).	  	  The	  igr	  operon	  is	  important	  

because	  M.	   tuberculosis	   growth	   is	   attenuated	   in	   mice	   infected	   with	   the	   Δigr	   strain.	   We	  

elucidated	   the	   structure	   of	   an	   accumulating	   metabolite	   in	   the	   Δigr	   strain	   by	  

multidimensional	  NMR	  and	  mass	  spectral	  analysis.	  	  In	  addition,	  we	  proposed	  structures	  of	  

additional	  cholesterol	  derived	  metabolites	   from	  MS/MS	  data	  (Figure	  2-‐8	  and	  Figure	  2-‐9).	  	  

Metabolites	  with	   fully	  degraded	  side	  chains	  were	  not	   identified	   in	   the	  Δigr	   strain	  and	  we	  

conclude	   the	   igr	   operon	   is	   required	   for	   side-‐chain	   metabolism.	   	   We	   demonstrate	   the	  

successful	   application	   [1,7,15,22,26-‐13C]-‐cholesterol	   in	   identifying	   cholesterol-‐derived	  

metabolites	  and	  elucidating	  gene	  function.	  

Assigning	   gene	   function	   from	   sequence	   data	   alone	   is	   complicated	   because	   the	  M.	  

tuberculosis	   genome	   encodes	   large	   number	   of	   genes	   regulated	   by	   cholesterol	   and	  many	  

functions	   are	   encoded	   by	   more	   than	   one	   gene.	   	   In	   the	   literature,	   enzymes	   have	   been	  

assigned	   roles	   in	   the	   pathway	   based	   on	   computational	   annotation	   from	   sequence	   data,	  

without	   the	  necessary	   in	  vitro	   enzyme	  characterization	  or	  evaluation	  of	   in	  vivo	  metabolic	  

phenotypes.	  	  	  

One	   possible	   extension	   of	   the	   work	   described	   here	   is	   the	   application	   of	  

[1,7,15,22,26-‐13C]-‐cholesterol	   to	   study	   additional	   knockout	   strains	   of	  M.	   tuberculosis	   to	  

discover	  gene	  function	  and	  aid	  in	  elucidation	  of	  the	  cholesterol	  metabolism	  pathway.	   	  We	  

predict	   that	   cholesterol-‐derived	  metabolites	  will	   accumulate	   upstream	  of	   the	   function	   of	  

the	  deleted	  gene,	  aiding	  in	  functional	  assignment.	  	  

The	   fact	   that	   the	   number	   of	   genes	   upregulated	   by	   cholesterol	   is	   more	   than	   the	  

proposed	  degradation	  pathway	   requires	   further	   complicates	   functional	   assignment.	   	   It	   is	  
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possible	   that	   multiple	   pathways	   exist	   to	   transform	   cholesterol.	   	   Cholesterol	   is	   a	   known	  

precursor	   for	   the	  biosynthesis	  of	  bile	  acids,	  vitamin	  D,	  and	  steroid	  hormones.	   	  3β-‐HSD	  of	  

vaccinia	   virus	   has	   been	   shown	   to	   be	   important	   for	   the	   synthesis	   of	   glucocorticoid	  

corticosterone,	   an	   immunomodulatory,	   anti-‐inflammatory	   compound	   with	   the	   ability	   to	  

suppress	   the	   host	   immune	   response.	   	   It	   is	   possible	   that	  M.	   tuberculosis	   produces	   similar	  

secondary	  metabolites	  from	  cholesterol,	  allowing	  the	  bacteria	  to	  persist	  in	  the	  granuloma	  

by	  interfering	  with	  the	  host	  immune	  response.	  

Our	   metabolic	   [1,7,15,22,26-‐13C]-‐cholesterol	   in	   combination	   with	   high	   resolution	  

MS	  could	  be	  applied	   to	  studying	  genes	  of	  unknown	   function	  regulated	  by	  cholesterol	  but	  

not	   assigned	   to	   the	   degradative	   pathway.	   	   These	   genes	   may	   be	   involved	   in	   additional	  

cholesterol	  pathways	  not	  yet	  established.	   	   In	  addition,	   identifying	  cholesterol	  metabolites	  

in	  wild	   type	  strains	  could	  help	   identify	  additional	   roles	   for	  cholesterol	   in	  vivo.	   	  Extensive	  

metabolic	   tracing	  studies	  with	  several	  sampling	  times	  may	  be	  required	  to	  get	  a	  complete	  

picture	   of	   the	   cholesterol	   metabolome	   in	   M.	   tuberculosis.	   	   Identifying	   the	   cholesterol-‐

derived	   metabolome	   may	   help	   establish	   the	   role	   of	   cholesterol	   in	   M.	   tuberculosis	  

persistence.	  

III. Investigating	  the	  FadE	  proteome	  of	  M.	  tuberculosis	  

In	   chapters	   2.2	   and	   2.3	   we	   identified	   and	   studied	   the	   unique	   architecture	   of	   an	  

isolated	  protein	  complex	  encoded	  by	  the	  igr	  operon,	  FadE28-‐FadE29.	  	  FadE28-‐FadE29	  was	  

isolated	   upon	   coexpressing	   the	   proteins	   in	   E.	   coli.	   	   Analytical	   size	   exclusion	  

chromatography,	   analytical	   ultracentrifugation	   sedimentation	   equilibrium,	   and	   reverse	  

phase	   LC/UV/MS	   experiments	   determined	   that	   FadE28-‐FadE29	   forms	   a	   novel	   α2β2	  

tetramer	   (Figure	   2-‐14,	   Figure	   2-‐15,	   and	   Figure	   2-‐16).	   	   We	   demonstrated	   that	   FadE28-‐

FadE29	  catalyzes	  the	  dehydrogenation	  of	  sterol	  substrates	  analogous	  to	  the	  characterized	  

metabolite	  from	  M.	  tuberculosis	  Δigr	  (Table	  2-‐4).	  	  From	  the	  metabolite	  profiling	  data	  of	  Δigr	  

and	  the	  catalytic	  activity	  of	  FadE28-‐FadE29,	  we	  confirm	  the	  protein	  complex	  is	  required	  for	  

the	  metabolism	  of	  the	  2’-‐propanoate	  side	  chain	  of	  cholesterol.	  	  	  

It	  was	  determined	  that	  	  FadE28-‐FadE29	  noncovalently	  binds	  two	  FAD	  molecules	  per	  

tetramer,	   compared	   to	   typical	   acyl-‐CoA	   dehydrogenases	   (ACADs)	   that	   bind	   four	   FAD	  

molecules	   per	   tetramer.	   	   In	   addition,	   FadE28	   lacks	   the	   active	   site	   base	   necessary	   for	  
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catalysis	  (Figure	  2-‐19	  and	  Figure	  2-‐20).	  	  	  These	  results	  indicate	  tetrameric	  FadE28-‐FadE29	  

contains	  two	  active	  sites.	  	  We	  propose	  the	  evolutionary	  loss	  of	  catalytic	  function	  of	  FadE28	  

allows	   for	   FadE28-‐FadE29	   to	   bind	   large	   steroyl-‐CoA	   substrates.	   	   β-‐Oxidation	   enzymes	  

involved	  in	  bacterial	  sterol	  metabolism	  have	  been	  mostly	  unidentified	  due	  to	  the	  difficulty	  

of	   assigning	   function	   to	   the	   large	   number	   of	  β-‐oxidation	   encoding	   genes	   in	   the	   genome.	  	  

The	  studies	  described	  in	  this	  work	  are	  the	  first	  enzymatic	  demonstration	  of	  an	  ACAD	  from	  

M.	  tuberculosis	  with	  activity	  for	  sterol	  substrates.	  

The	  identification	  of	  heterotetrameric	  FadE28-‐FadE29	  has	  led	  to	  the	  prediction	  that	  

additional	   heterotetrameric	   FadE	   complexes	   are	   encoded	   in	   the	  M.	   tuberculosis	   genome.	  	  

Recent	  experiments	  investigating	  this	  hypothesis	  found	  that	  FadE23	  forms	  a	  complex	  with	  

FadE24,	  FadE26	  forms	  a	  complex	  with	  FadE27,	  and	  FadE31	  forms	  a	  complex	  with	  FadE32	  

(Meng	  Yang,	  Matthew	  Wipperman,	  Nicole	  S.	  Sampson,	  unpublished	  results).	  	  Adjacent	  fadE	  

genes	  of	  a	  single	  operon	  encode	  each	  isolated	  protein	  complex.	   	  FadE26,	  FadE27,	  FadE31	  

and	  FadE32	  are	  upregulated	  by	  cholesterol.	  	  	  

Predictions	  based	  on	  phenotypic	  profiling	  experiments	  have	  assigned	  several	   fadE	  

genes	   to	   the	  M.	   tuberculosis	   cholesterol	   metabolism.	   	   Our	   work,	   however,	   demonstrates	  

that	  several	   fadE	  gene	  products	  form	  and	  presumably	  function	  as	  heteromeric	  complexes	  

in	   vivo.	   	   The	   assignment	   of	   individual	   FadEs	   to	   individual	   steps	   in	   the	   cholesterol	  

metabolism	  pathway	  before	  further	  experimental	  analysis	  is	  therefore	  problematic.	  

We	  suggest	  the	  FadE	  heterotetramer	  architecture	  is	  important	  for	  the	  ability	  to	  bind	  

sterol	   substrates.	   	   Further	   studies	   are	   necessary	   to	   substantiate	   this	   hypothesis.	  	  

Experiments	   are	   in	   progress	   to	   identify	   additional	   heteromeric	   FadE	   complexes	   in	   M.	  

tuberculosis.	   	  We	  will	  explore	  the	  substrate	  specificity	  of	  each	  complex	  and	  investigate	  the	  

structural	   assembly	   of	   this	   unique	   ACAD	   motif.	   	   Crystallization	   trials	   are	   underway	   to	  

obtain	  a	  three	  dimensional	  structure	  of	  the	  FadE	  heteroassociation	  and	  will	  provide	  insight	  

into	  the	  role	  of	  this	  unique	  architecture	  in	  binding	  of	  sterol	  substrates.	  	  	  	  	  

IV. Studies	  of	  heteromeric	  (R)-‐hydratases	  

In	   chapters	   2.2	   and	   2.4	   we	   identified	   and	   studied	   the	   unique	   architecture	   of	   an	  

isolated	   protein	   complex,	   encoded	   by	   the	   igr	   operon,	   Rv3541c-‐Rv3542c.	   	   Rv3541c-‐

Rv3542c	  was	   isolated	  upon	  coexpressing	  the	  proteins	   in	  E.	  coli.	   	  Analytical	  size	  exclusion	  
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chromatography,	   analytical	   ultracentrifugation	   sedimentation	   equilibrium,	   and	   reverse	  

phase	   LC/UV/MS	   experiments	   determined	   that	   Rv3541c-‐Rv3542c	   forms	   a	   novel	   α2β2	  

tetramer	   (Figure	   2-‐23,	   Figure	   2-‐25,	   and	   Figure	   2-‐24).	   	  We	   demonstrated	   that	   Rv3541c-‐

Rv3542c	  catalyzes	  hydration	  reactions	  of	  sterol	  substrates	  (Figure	  2-‐26	  and	  Figure	  2-‐27).	  	  

From	  the	  metabolite	  profiling	  data	  of	  Δigr	  and	  the	  catalytic	  activity	  of	  Rv3541c-‐Rv3542c,	  

we	  confirm	  the	  protein	  complex	   is	  required	  for	  the	  metabolism	  of	   the	  2’-‐propanoate	  side	  

chain	  of	  cholesterol.	  	  	  

The	  primary	   sequence	  and	   three	  dimensional	   structure	  of	   (R)-‐	   and	   (S)-‐hydratases	  

are	  unrelated.	  	  Sequence	  analysis	  of	  Rv3541	  and	  Rv3542c	  indicate	  they	  are	  (R)-‐hydratases.	  	  

Typically	   (S)-‐hydratases	   are	   involved	   in	   β-‐oxidation	   in	   bacteria	   and	   (R)-‐hydratases	   are	  

involved	  in	  polyhydroxyalkanoate	  (PHA)	  biosynthesis.	  	  Our	  results	  indicate	  a	  novel	  role	  of	  

(R)-‐hydratases	  in	  bacterial	  sterol	  metabolism.	  

Sequence	   analysis	   and	   biophysical	   characterization	   of	   the	   Rv3541c-‐Rv3542c	   α2β2	  

tetramer	   suggests	   that	   it	   is	   structurally	   unique.	   	   Rv3541c	  has	   a	   predicted	   single	   hot	   dog	  

fold	  and	  Rv3542c	  presumably	   folds	  as	  a	   two	  separate	  domains	  each	  with	  a	  hot	  dog	   fold.	  	  

This	   6-‐domain	   assembly	   has	   four	   active	   sites,	   based	   on	   sequence	   analysis,	   and	   this	  

architecture	  has	  not	  been	  observed	  previously	  for	  a	  (R)-‐hydratase.	   	  Two	  heteromeric	  (R)-‐

hydratases	  have	  been	  identified	  in	  the	  M.	  tuberculosis	  genome,	  HadA-‐HadB	  and	  HadB-‐HadC,	  

which	  demonstrate	  specificity	   for	   long	  chain	   fatty	  acids.	   	   Interestingly	  only	  HadB	  has	   the	  

conserved	  (R)-‐	  hydratase	  catalytic	  motif,	  suggesting	  HadA	  and	  HadC	  are	  inactive	  enzymes.	  	  

This	  supports	  the	  hypothesis	  that	  evolutionary	  loss	  of	  the	  catalytic	  function	  increases	  the	  

binding	  pocket	  to	  accommodate	  large	  substrates.	   	  Rv3541c	  and	  the	  N	  terminal	  domain	  of	  

Rv3542c	   each	   are	   proposed	   to	   contain	   the	   residues	   necessary	   for	   catalytic	   activity.	   	   The	  

role	   of	   the	   second	   domain	   of	   Rv3542c,	   predicted	   to	   be	   catalytically	   inactive,	   may	   be	  

important	   for	   large	  substrate	  binding.	   	  Further	   studies	  are	  necessary	   to	   substantiate	   this	  

claim.	  	  	  

We	   have	   recently	   obtained	   a	   crystal	   structure	   of	   truncated	   Rv3541c-‐Rv3542c,	  

where	  130	  amino	  acids	  were	  proteolytically	  removed	  from	  the	  C	  terminus.	  	  From	  the	  three-‐

dimensional	   structure,	   the	   proposed	   catalytic	   residues	   in	   Rv3541c	   and	   Rv3542c	   are	  

topologically	   conserved	   to	   those	   of	   (R)-‐hydratase	   from	   A.	   caviae	   (PDB	   1IQ6).	   	   Co-‐
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crystallization	  with	  pregnenone	  3	   is	  currently	  underway	  as	  well	  as	  the	  testing	  of	  catalytic	  

mutants	   Rv3541c(D29N)-‐Rv3542c	   and	   Rv3541c-‐Rv3542c(D43N).	   	   These	   experiments	  will	   be	  

key	  in	  defining	  the	  substrate	  binding	  pockets	  and	  determining	  the	  number	  of	  active	  sites.	  	  

Investigation	   of	   the	   substrate	   specificity	   is	   required	   to	   establish	   whether	   Rv3541c-‐

Rv3542c	  is	  specific	  for	  sterol	  substrates.	  	  

Our	   results	   and	   the	   results	   of	   others	   suggest	   heteromeric	   enzyme	   complexes	   are	  

encoded	  by	  cistronic	  genes.	  	  One	  possible	  evolutionary	  path	  involves	  acquiring	  redundant	  

functions	  by	  gene	  duplication.	  	  The	  duplicated	  gene	  then	  evolves	  losing	  catalytic	  function	  to	  

increase	   the	   binding	   pocket	   to	   accommodate	   polycyclic	   steroid	   substrates.	   Several	  

additional	   (R)-‐hydratases	   have	   been	   proposed	   in	   M.	   tuberculosis,	   but	   no	   two	   are	  

operonically	   organized	   in	   the	   genome.	   	   Due	   to	   the	   low	   sequence	   similarity	   of	   the	   (R)-‐

hydratase	   family	   it	   is	   possible	   additional	   (R)-‐hydratase	   genes	   are	  present	   in	   the	   genome	  

but	  are	  not	  annotated.	  

V. Final	  conclusions	  

The	  role	  of	  cholesterol	  metabolism	  in	  M.	  tuberculosis	  pathogenesis	  has	  not	  been	  fully	  

established.	   	  Elucidation	  of	   the	  cholesterol	  metabolism	  pathway	   is	  essential	   to	  determine	  

the	   molecular	   cause	   of	   in	   vivo	   phenotypes	   observed	   in	   cholesterol-‐metabolizing	   gene	  

knockout	  strains.	  	  	  The	  work	  presented	  here	  has	  addressed	  this	  challenge.	  	  We	  demonstrate	  

the	   application	   of	   isotopically	   labeled	   cholesterol	   to	   investigate	   the	   cholesterol	  

metabolome	   of	  M.	   tuberculosis	   Δigr	   strain.	   	   	   The	   igr	   operon	   is	   important	   because	   it	   is	  

required	  for	  intracellular	  growth	  of	  the	  bacterium	  in	  vivo.	  	  Our	  approach	  can	  be	  applied	  to	  

studying	  the	  metabolite	  profile	  of	  additional	  knockout	  strains	  to	  determine	  gene	  function.	  	  

In	  addition	  we	  identified	  novel	  enzyme	  architectures	  of	  oxidation	  enzymes	  involved	  

in	  cholesterol	  side-‐chain	  metabolism.	  	  Knowledge	  of	  these	  assemblies	  has	  already	  aided	  in	  

identify	  additional	  acyl-‐CoA	  dehydrogenase	  enzyme	  complexes	  in	  M.	  tuberculosis.	  	  

Metabolic	  and	  enzymatic	  characterization	  of	  cholesterol	  metabolizing	  genes	  is	  required	  to	  

evaluate	  cholesterol	  metabolism	  as	  a	  drug	  target	  and	  develop	  antibiotics	  that	  inhibit	  the	  

pathway.	  
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Expression study of vaccinia virus 3β-HSD 

Vaccinia	   virus,	   of	   the	   poxvirus	   family,	   was	   used	   as	   the	   vaccine	   that	   eradicated	  

smallpox	  in	  the	  1980s.	   	   	  The	  gene	  A44L	  of	  vaccinia	  virus	  encodes	  for	  a	  3β-‐hydroxysteroid	  

dehydrogenase	   (3β-‐HSD).	   	   3β-‐HSD	   contributes	   to	   the	   virulence	   of	   vaccinia	   virus	   through	  

steroid	  hormone	   synthesis	   (166).	   	  Deletion	  of	   the	  gene	  A44L	   results	   in	   a	  decrease	   in	   the	  

levels	  of	  the	  glucocorticoid,	  corticosterone,	  in	  the	  mouse	  host,	  a	  more	  rapid	  recruitment	  of	  

key	   lymphocytes,	   CD4+	   and	   CD8+	   in	   the	   lungs,	   and	   an	   increase	   in	   IFN-‐γ	   production.	  	  

Production	  of	  corticosterone,	  an	  anti-‐inflammatory	  agent,	   leads	   to	   the	  suppression	  of	   the	  

host	   immune	   system	   in	   response	   to	   infection	   and	   may	   increase	   the	   vulnerability	   of	   a	  

potential	   host	   to	   infection.	   	   This	   enzyme	   has	   been	   shown	   in	   cell	   assays	   to	   catalyze	   the	  

conversion	  of	  progesterone	  to	  pregnenolone.	   	   In	  this	  study	  we	  sought	  to	  characterize	  the	  

recombinant	  enzyme	  in	  vitro.	  	  

Several	   constructs	   for	   expression	   were	   prepared	   using	   E.	   coli	   codon	   optimized	  

vaccinia	   virus	   A44L	   (Table	   A1).	   	   Under	   all	   expression	   conditions	   investigated	   with	  

constructs	  pVVHSD-‐1	  –	  pVVHSD-‐4,	  vaccinia	  virus	  3β-‐HSD	  was	  localized	  to	  inclusion	  bodies.	  	  

Attempts	  to	  refold	  insoluble	  protein	  solubilized	  in	  6	  M	  guanidine	  hydrochloride	  by	  dilution	  

and	   dialysis	   were	   not	   successful.	   	   Expression	   temperature	   (22	   oC	   and	   16	   oC)	   and	   IPTG	  

concentration	  (50,	  100,	  200,	  and	  400	  µM)	  	  were	  varied	  but	  did	  not	  increase	  vaccinia	  virus	  

3β-‐HSD	   solubility.	   	   Vaccinia	   virus	   3β-‐HSD	   was	   also	   expressed	   with	   folding	   chaperones	  

dnaK-‐dnaJ-‐grpE-‐groES-‐groEL,	  but	  no	  soluble	  protein	  was	  obtained.	  	  	  

Expression	  as	   the	  maltose	  binding	  protein	  (MBP)	   fusion	  with	  construct	  pVVHSD-‐5	  

resulted	  in	  soluble	  protein.	  	  Protein	  was	  purified	  by	  affinity	  purification	  with	  amylose	  resin	  

(Figure	  A-‐1).	   	   Fusion	  protein	  was	  assayed	   for	  3β-‐HSD	  activity	  with	  DHEA,	  pregnenolone,	  

and	  cholesterol	  as	  substrates	  and	  NAD+	  and	  NADP+	  as	  cofactors.	  	  No	  activity	  was	  detected.	  	  

Attempts	   to	   cleave	  MBP	  with	   enterokinase	  were	   not	   successful.	   	   	   In	   conclusion,	   soluble,	  

active	  vaccinia	  virus	  3β-‐HSD	  could	  not	  be	  obtained.	  	  
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Table	  A-‐1.	  	  Expression	  constructs	  for	  vaccinia	  virus	  3β-‐HSD.	  

Construct	  
name	  

Plasmid	   Gene	   Fusion	  tag	   Restriction	  
sites	  

Antibiotic	  
marker	  

pVVHSD-‐1	   pET28b	   VV	  A44L	   N-‐terminal	  His6	   NdeI/HindIII	   kan	  

pVVHSD-‐2	   pET28b	   VV	  A44L	   N	  and	  C-‐terminal	  
His6	  

NdeI/HindIII	   kan	  

pVVHSD-‐3	   pET29a	   VV	  A44L	   No	  tag	   NdeI/HindIII	   kan	  

pVVHSD-‐4	   pET29a	   VV	  A44L	   C-‐terminal	  His6	   NdeI/HindIII	   kan	  

pVVHSD-‐5	   apMAL-‐c4e	   VV	  A44L	   N-‐terminal	  MBP	   EcoRI/HindIII	   amp	  

a	  	  New	  England	  BioLabs	  
VV:	  	  vaccinia	  virus	  
	  

	  

	  	  

Figure	  A-‐1.	  	  SDS-‐PAGE	  of	  purified	  vaccinia	  virus	  3β-‐HSD-‐	  MBP.	  
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ATGGCGGTGTATGCGGTGACCGGCGGCGCGGGCTTTCTGGGTCGCTATATTGTGAAACTGCTGATTAG
CGCGGATGATGTTCAGGAAATTCGTGTGATTGATATTGTTGAAGATCCGCAGCCGATTACCAGCAAAG
TTAAAGTTATTAATTATATTCAGTGCGATATTAATGATTTTGATAAAGTGCGCGAAGCGCTGGATGGC
GTGAACCTGATTATTCATACCGCGGCGCTGGTGGATGTGTTTGGCAAATATACCGATAACGAAATTAT
GAAAGTGAATTATTATGGCACCCAGACCATTCTGGCGGCGTGCGTGGATCTGGGCATTAAATATCTGA
TTTATACCAGCAGCATGGAAGCGATTGGCCCGAATAAACATGGTGATCCGTTTATTGGCCATGAACAT
ACCCTGTATGATATTAGCCCGGGCCATGTGTATGCGAAAAGCAAACGCATGGCGGAACAGCTGGTGAT
GAAAGCGAACAACAGCGTGATTATGAACGGCGCGAAACTGTATACCTGCTGCCTGCGTCCGACCGGTA
TTTATGGTGAAGGCGATAAACTGACCAAAGTGTTTTATGAACAGTGCAAACAGCATGGCAATATTATG
TATCGTACCGTGGATGATAATGCGGTGCATAGCCGTGTGTATGTTGGTAATGCGGCGTGGATGCATGT
TCTGGCGGCGAAATATATTCAGTATCCGGGTAGCAAAATTAAAGGTAACGCGTATTTTTGCTATGATT
ATAGCCCGAGCTGTAGCTATGATATGTTTAACCTGCTGCTGATGAAACCGCTGGGCATTGAACAGGGT
AGCCGCATTCCGCGTTGGATGCTGAAAATGTATGCGTGCAAAAACGATATGAAACGCATTCTGTTTCG
CAAACCGAGCCTGCTGAATAACTATACCCTGAAAATTAGCAATACCACCTTTGAAGTGCGCACCAACA
ATGCGGAACTGGATTTTAACTATAGCCCGATTTTTGATGTTGATGTGGCGTTTAAACGCACCCGCAAA
TGGCTGGAAGAAAGCGAATAA 

Figure	  A-‐2.	  	  Codon	  optimized	  gene	  sequence	  of	  vaccinia	  virus	  A44L.	  

	  


