
Department	
  Biologie	
  I	
  
Bereich	
  Genetik	
  

Ludwig-­‐Maximilians-­‐Universität	
  München	
  
	
  
	
  
	
  
	
  

	
  
	
  
	
  
	
  

	
  
	
  
	
  

	
  
Developmental	
  adaptations	
  of	
  energy	
  and	
  
lipid	
  metabolism	
  in	
  Trypanosoma	
  brucei	
  

insect	
  forms.	
  
	
  

	
  
	
  

	
  
Stefan	
  Allmann	
  

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

Dissertation	
  der	
  Fakultät	
  für	
  Biologie,	
  
Ludwig-­‐Maximilians-­‐Universität	
  München	
  

Eingereicht	
  am	
  18.09.2014 
 



	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  



	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

Erster	
  Gutachter	
  :	
  Prof.	
  Dr.	
  Michael	
  Boshart	
  
Biozentrum	
  der	
  Ludwig-­‐Maximilians-­‐Universität	
  München	
  
Bereich	
  Genetik	
  
	
  
Zweiter	
  Gutachter:	
  Prof.	
  Dr.	
  Peter	
  Geigenberger	
  
Biozentrum	
  der	
  Ludwig-­‐Maximilians-­‐Universität	
  München	
  
Bereich	
  Pflanzenwissenschaften	
  
	
  
	
  
Datum	
  der	
  Abgabe:	
  18.09.2014	
  
	
  
Datum	
  der	
  mündlichen	
  Prüfung:	
  	
  24.10.2014	
  
	
  



	
  

	
  

	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  



	
  

	
  III	
  

Eidesstattliche	
  Erklärung	
  

	
  
Ich	
   versichere	
   hiermit	
   an	
   Eides	
   statt,	
   dass	
   die	
   vorgelegte	
  Dissertation	
   von	
  mir	
   selbstständig	
   und	
  
ohne	
  unerlaubte	
  Hilfe	
  angefertigt	
  wurde.	
  Des	
  Weiteren	
  erkläre	
  ich,	
  dass	
  ich	
  nicht	
  anderweitig	
  ohne	
  
Erfolg	
  versucht	
  habe	
  eine	
  Dissertation	
  einzureichen	
  oder	
  mich	
  der	
  Doktorprüfung	
  zu	
  unterziehen.	
  
Die	
   folgende	
   Dissertation	
   liegt	
   weder	
   ganz,	
   noch	
   in	
   wesentlichen	
   Teilen	
   einer	
   anderen	
  
Prüfungskommission	
  vor.	
  
	
  
	
  
	
  
	
  
	
  
München,	
  18.09.2014	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

Statutory	
  declaration	
  

	
  
I	
   declare	
   that	
   I	
   have	
   authored	
   this	
   thesis	
   independently,	
   that	
   I	
   have	
   not	
   used	
   other	
   than	
   the	
  
declared	
   sources/resources.	
   As	
   well	
   I	
   declare,	
   that	
   I	
   have	
   not	
   submitted	
   a	
   dissertation	
   without	
  
success	
  and	
  not	
  passed	
  the	
  oral	
  exam.	
  The	
  present	
  dissertation	
  (neither	
  the	
  entire	
  dissertation	
  nor	
  
parts)	
  has	
  not	
  been	
  presented	
  to	
  another	
  examination	
  board.	
  
	
  
	
  
	
  
	
  
	
  
Munich,	
  18.09.2014	
  
 
 
 
 



	
  

	
  

	
  

	
  
	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  



Content	
  

IV	
  

Eidesstattliche	
  Erklärung	
   III	
  

Statutory	
  declaration	
   III	
  

Abbreviations	
   V	
  

Publications	
  and	
  Manuscripts	
  Originating	
  from	
  this	
  Thesis	
   VII	
  

Contribution	
  to	
  Publications	
  and	
  Manuscripts	
  Presented	
  in	
  this	
  Thesis	
   VIII	
  

Summary	
   IX	
  

Zusammenfassung	
   X	
  

1.	
   Introduction	
   11	
  
1.1	
   Trypanosoma	
  brucei	
  in	
  a	
  nutshell	
   11	
  
1.2	
   The	
  parasite’s	
  life	
  cycle	
   12	
  
1.3	
   Intermediate	
  and	
  energy	
  metabolism	
   14	
  
1.4	
   NADPH	
  balance	
   17	
  
1.5	
   Lipid	
  droplets	
  as	
  energy	
  storage	
   20	
  

2.	
   Cytosolic	
  NADPH	
  Homeostasis	
  in	
  Glucose-­‐starved	
  Procyclic	
  	
  Trypanosoma	
  brucei	
  	
  
	
   Relies	
  on	
  Malic	
  Enzyme	
  and	
  the	
  Pentose	
  	
  Phosphate	
  Pathway	
  Fed	
  by	
  Gluconeogenic	
  	
  
	
   Flux	
   22	
  

3.	
   Metabolic	
  Control	
  of	
  Insect	
  Stage	
  Differentiation	
   23	
  
3.1	
   Carbon	
  Source	
  Regulated	
  Glycosomal	
  NADPH	
  Production	
  is	
  Essential	
  for	
  the	
  	
  
	
   Developmental	
  Cycle	
  of	
  Trypanosoma	
  brucei	
  in	
  the	
  insect	
   24	
  
3.2	
   The	
  Role	
  of	
  Aconitase	
  During	
  Differentiation	
   42	
  

4.	
   Fatty	
  Acid	
  Storage	
  in	
  T.	
  brucei	
  Procyclic	
  Cells	
   44	
  

5.	
   Acetate	
  Metabolism	
   62	
  
5.1	
   Acetate	
  produced	
  in	
  the	
  mitochondrion	
  is	
  the	
  essential	
  precursor	
  for	
  lipid	
  biosynthesis	
  	
  
	
   in	
  procyclic	
  trypanosomes	
   63	
  
5.2	
   Functional	
  analysis	
  of	
  a	
  CL	
  candidate	
  gene	
   64	
  

6.	
   Concluding	
  Discussion	
   67	
  
6.1	
   Gluconeogenic	
  flux	
  –	
  costs	
  and	
  benefits	
  for	
  metabolic	
  homeostasis	
   67	
  
6.2	
   Lipid	
  storage	
  and	
  its	
  role	
  in	
  T.	
  brucei	
   69	
  
6.3	
   Acetate	
  metabolism	
  and	
  the	
  enigma	
  of	
  the	
  CL	
  candidate	
  gene	
   70	
  
6.4	
   Insect	
  stage	
  differentiation	
  and	
  its	
  multitude	
  of	
  regulators	
   72	
  

References	
   76	
  

Supplemental	
  Material	
  –	
  Chapter	
  2	
   83	
  

Supplemental	
  Material	
  –	
  Chapter	
  3.1	
   84	
  

Supplemental	
  Material	
  –	
  Chapter	
  4	
   91	
  

Supplemental	
  Material	
  –	
  Chapter	
  5.2	
   101	
  

Acknowledgements	
   105	
  

Curriculum	
  Vitae	
   107	
  
	
  



	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  



Abbreviations	
  

V	
  

Abbreviations	
  

6PGDH	
  	
   	
   	
   6-­‐phosphogluconate	
  dehydrogenase	
  
AAT	
   	
   	
   	
   animal	
  african	
  trypanosomiasis	
  
ACH	
   	
   	
   	
   acetyl-­‐CoA	
  hydrolase	
  
ACL	
   	
   	
   	
   ATP-­‐dependent	
  citrate	
  lyase	
  
ACO	
   	
   	
   	
   aconitase	
  
ACS	
   	
   	
   	
   acetyl-­‐CoA	
  synthetase	
  
ASCT	
   	
   	
   	
   acetate:succinate	
  CoA	
  transferase	
  
ATP	
   	
   	
   	
   adenosine	
  triphosphate	
  
BSF	
   	
   	
   	
   bloodstream	
  form	
  
CL	
   	
   	
   	
   citrate	
  lyase	
  
CoA	
   	
   	
   	
   coenzyme	
  A	
  
CS	
   	
   	
   	
   citrate	
  synthase	
  
DHAP	
   	
   	
   	
   dihydroxyacetone	
  phosphate	
  
EMF	
   	
   	
   	
   epimastigote	
  form	
  
FCS	
   	
   	
   	
   fetal	
  calf	
  serum	
  
FRD	
   	
   	
   	
   fumarate	
  reductase	
  
G3PDH	
  	
   	
   	
   glycerol-­‐3-­‐phosphate	
  dehydrogenase	
  
G6PDH	
  	
   	
   	
   glucose-­‐6-­‐phosphate	
  dehydrogenase	
  
G6P	
   	
   	
   	
   glucose-­‐6-­‐phosphate	
  
GAPDH	
  	
   	
   	
   glyceraldehyde-­‐3-­‐phosphate	
  dehydrogenase	
  
GlcNAc	
  	
   	
   	
   N-­‐acetyl-­‐glucosamine	
  
Gly3P	
   	
   	
   	
   glycerol-­‐3-­‐phosphate	
  
GPI	
   	
   	
   	
   glycosylphosphatidylinositol	
  
HAT	
   	
   	
   	
   human	
  african	
  trypanosomiasis	
  
HK	
   	
   	
   	
   hexokinase	
  
ICL	
   	
   	
   	
   isocitrate	
  lyase	
  
IDH	
   	
   	
   	
   isocitrate	
  dehydrogenase	
  
LD	
   	
   	
   	
   lipid	
  droplet	
  
LS	
   	
   	
   	
   long	
  slender	
  
ME	
   	
   	
   	
   malic	
  enzyme	
  
MDH	
   	
   	
   	
   malate	
  dehydrogenase	
  
MF	
   	
   	
   	
   metacyclic	
  form	
  
MLS	
   	
   	
   	
   malate	
  synthase	
  
NADH/NAD+	
   	
   	
   nicotinamide	
  adenine	
  dinucleotide	
  (reduced/oxidized)	
  
NADPH/NADP+	
   	
   nicotinamide	
  adenine	
  dinucleotide	
  phosphate	
  (reduced/oxidized)	
  
OAA	
   	
   	
   	
   oxaloacetic	
  acid	
  
PCF	
   	
   	
   	
   procyclic	
  form	
  
PDH	
   	
   	
   	
   pyruvate	
  dehydrogenase	
  
PEP	
   	
   	
   	
   phosphoenolpyruvate	
  
PEPCK	
   	
   	
   	
   phosphoenolpyruvate	
  carboxykinase	
  
PFK	
   	
   	
   	
   phosphofructokinase	
  
PFR	
   	
   	
   	
   paraflagellar	
  rod	
  
PGK	
   	
   	
   	
   phosphoglycerate	
  kinase	
  
PPP	
   	
   	
   	
   pentose	
  phosphate	
  pathway	
  
RBP6	
   	
   	
   	
   RNA-­‐binding	
  protein	
  6	
  
ROS	
   	
   	
   	
   reactive	
  oxygen	
  species	
  
RT	
   	
   	
   	
   room	
  temperature	
  
SCoAS	
   	
   	
   	
   succinyl-­‐CoA	
  synthetase	
  
SHAM	
   	
   	
   	
   salicylhydroxamic	
  acid	
  
SIF	
   	
   	
   	
   stumpy	
  induction	
  factor	
  
SOD	
   	
   	
   	
   superoxide	
  dismutase	
  
SS	
   	
   	
   	
   short	
  stumpy	
  



Abbreviations	
  

VI	
  

TAG	
   	
   	
   	
   triacylglycerol	
  
TCA	
   	
   	
   	
   tricarboxylic	
  acid	
  cycle	
  (aka	
  Krebs/citrate	
  cycle)	
  
TR	
   	
   	
   	
   trypanothione	
  reductase	
  
VSG	
   	
   	
   	
   variant	
  surface	
  glycoprotein	
  
WHO	
   	
   	
   	
   world	
  health	
  organization	
  
WT	
   	
   	
   	
   wild	
  type	
  
	
  



Publications	
  and	
  Manuscripts	
  

	
   	
   	
  	
   	
  VII	
  

Publications	
  and	
  Manuscripts	
  Originating	
  from	
  this	
  Thesis	
  

	
  
	
  
Chapter	
  2	
  
Allmann,	
  S.,	
  Morand,	
  P.,	
  Ebikeme,	
  C.,	
  Gales,	
  L.,	
  Biran,	
  M.,	
  Hubert,	
  J.,	
  Brennand,	
  A.,	
  Mazet,	
  M.,	
  Franconi,	
  
J.	
  M.,	
  Michels,	
  P.	
  A.,	
  Portais,	
  J.	
  C.,	
  Boshart,	
  M.	
  &	
  Bringaud,	
  F.	
  (2013)	
  Cytosolic	
  NADPH	
  homeostasis	
  in	
  
glucose-­‐starved	
  procyclic	
  Trypanosoma	
  brucei	
  relies	
  on	
  malic	
  enzyme	
  and	
  the	
  pentose	
  phosphate	
  
pathway	
  fed	
  by	
  gluconeogenic	
  flux.	
  J.	
  Biological	
  Chemistry.	
  288(25);	
  18494-­‐505.	
  
	
  
	
  
	
  
Chapter	
  3.1	
  
S.	
   Allmann,	
   N.	
   Ziebart,	
   J.-­‐W.	
   Dupuy,	
  M.	
   Bonneu,	
   F.	
   Bringaud,	
   J.	
   Van	
  Den	
   Abbeele	
   and	
  M.	
   Boshart.	
  
(2014)	
  Carbon	
  Source	
  Regulated	
  Glycosomal	
  NADPH	
  Production	
  is	
  Essential	
  for	
  the	
  	
  Developmental	
  
Cycle	
  of	
  Trypanosoma	
  brucei	
  in	
  the	
  insect.	
  Manuscript.	
  
	
  
	
  
	
  
Chapter	
  4	
  
S.	
   Allmann,	
  M.	
  Mazet,	
   N.	
   Ziebart,	
   G.	
   Bouyssou,	
   L.	
   Fouillen,	
   J.-­‐W.	
   Dupuy,	
  M.	
   Bonneu,	
   P.	
  Moreau,	
   F.	
  
Bringaud	
   and	
   M.	
   Boshart.	
   (2014).	
   Triacylglycerol	
   Storage	
   in	
   Lipid	
   Droplets	
   in	
   Procyclic	
  
Trypanosoma	
  brucei.	
  Manuscript	
  submitted	
  to	
  PLOS	
  ONE.	
  
	
  
	
  
	
  
Chapter	
  5.1	
  
Riviere,	
  L.,	
  Moreau,	
  P.,	
  Allmann,	
  S.,	
  Hahn,	
  M.,	
  Biran,	
  M.,	
  Plazolles,	
  N.,	
  Franconi,	
   J.	
  M.,	
  Boshart,	
  M.	
  &	
  
Bringaud,	
   F.	
   (2009)	
   Acetate	
   produced	
   in	
   the	
   mitochondrion	
   is	
   the	
   essential	
   precursor	
   for	
   lipid	
  
biosynthesis	
  in	
  procyclic	
  trypanosomes.	
  PNAS.	
  106(31);	
  12694-­‐9.	
  
	
  

	
  



	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  



Contribution	
  

VIII	
  

Contribution	
  to	
  Publications	
  and	
  Manuscripts	
  Presented	
  in	
  this	
  Thesis	
  

	
  
	
  
	
  
	
  
Chapter	
  2	
  
S.A.,	
  M.	
  Boshart,	
  and	
  F.B.	
  designed	
  research;	
  S.A.,	
  P.M.,	
  C.E.,	
  L.G.	
  and	
  M.	
  Biran	
  performed	
  research;	
  
A.B.,	
   M.M.,	
   J.H.,	
   P.A.M.,	
   and	
   J.-­‐M.F.	
   contributed	
   new	
   reagents/analytic	
   tools;	
   S.A.,	
   L.G.,	
   J.-­‐C.P,	
   M.	
  
Boshart,	
  and	
  F.B.	
  analyzed	
  data;	
  and	
  S.A.,	
  M.	
  Boshart,	
  and	
  F.B.	
  wrote	
  the	
  paper.	
  
	
  
	
  
	
  
Chapter	
  3.1	
  
S.A.,	
   F.B.,	
   J.V.D.A.,	
   and	
   M.	
   Boshart	
   designed	
   research;	
   S.A.,	
   N.Z.,	
   J.V.D.A.	
   and	
   J.-­‐W.D.	
   performed	
  
research;	
  S.A.,	
  N.Z.,	
  M.	
  Bonneu,	
  F.B.,	
  J.V.D.A.	
  and	
  M.	
  Boshart	
  analyzed	
  data;	
  and	
  S.A.,	
  F.B.,	
  J.V.D.A.,	
  and	
  
M.	
  Boshart	
  wrote	
  the	
  paper.	
  
	
  
	
  
	
  
Chapter	
  4	
  
S.A.,	
   M.M.,	
   P.M.,	
   F.B.	
   and	
   M.	
   Boshart	
   designed	
   research;	
   S.A.,	
   M.M.,	
   N.Z.,	
   G.B.,	
   L.F.	
   and	
   J.-­‐W.D.	
  
performed	
   research;	
  S.A.,	
  N.Z.,	
  M.	
  Bonneu	
  P.M.,	
   F.B.	
   and	
  M.	
  Boshart	
   analyzed	
  data;	
   and	
  S.A.,	
   P.M.,	
  
F.B.	
  and	
  M.	
  Boshart	
  wrote	
  the	
  paper.	
  
	
  
	
  
	
  
Chapter	
  5.1	
  
L.R.,	
   P.M.,	
   M.	
   Boshart,	
   and	
   F.B.	
   designed	
   research;	
   L.R.,	
   P.M.,	
   S.A.,	
   M.H.,	
   M.	
   Biran,	
   N.P.,	
   and	
   F.B.	
  
performed	
  research;	
  J.-­‐M.F.	
  contributed	
  new	
  reagents/analytic	
  tools;	
  L.R.,	
  P.M.,	
  S.A.,	
  M.H.,M.	
  Biran,	
  
M.	
  Boshart,	
  and	
  F.B.	
  analyzed	
  data;	
  and	
  L.R.,	
  P.M.,	
  M.	
  Boshart,	
  and	
  F.B.	
  wrote	
  the	
  paper.	
  
	
  
	
  
	
  
	
  
I	
  hereby	
  confirm	
  the	
  above	
  statements	
  
	
  
	
  
	
  
	
  
	
  
Stefan	
  Allmann	
  	
   	
   	
   	
   	
   	
   	
   Prof.	
  Dr.	
  Michael	
  Boshart	
  
	
  



	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  

	
  



Summary	
  

	
  IX	
  

	
  

Summary	
  

Adaptations	
   to	
   varying	
   host	
   environments	
   are	
   an	
   essential	
   part	
   of	
   most	
   parasitic	
   life	
   cycles.	
   A	
  
flexible	
  and	
  unconventional	
  metabolic	
  network	
  can	
  be	
  part	
  of	
  these	
  adaptations.	
  The	
  scope	
  of	
  this	
  
work	
  was	
  to	
  elucidate	
  details	
  of	
  the	
  metabolic	
  flexibility	
  and	
  capability	
  of	
  T.	
  brucei’s	
  procyclic	
  form.	
  	
  
T.	
  brucei	
  has	
  to	
  cope	
  with	
  oxidative	
  stress	
  in	
  the	
  insect	
  and	
  the	
  mammalian	
  host.	
  Due	
  to	
  the	
  lack	
  of	
  
catalases	
  the	
  parasite	
  requires	
  NADPH	
  in	
  order	
  to	
  detoxify	
  reactive	
  oxygen	
  species	
  (ROS),	
  thus	
  the	
  
focus	
  was	
  set	
  on	
  NADPH	
  production.	
  In	
  most	
  eukaryotes	
  the	
  oxidative	
  pentose	
  phosphate	
  pathway	
  
(PPP)	
  is	
  the	
  main	
  contributor	
  to	
  the	
  cytoplasmic	
  NADPH	
  pool.	
  In	
  T.	
  brucei	
  the	
  PPP	
  is	
  localized	
  to	
  the	
  
cytoplasm	
   and	
   the	
   glycosomes.	
   A	
   major	
   problem	
   for	
   the	
   parasite	
   is	
   the	
   PPP’s	
   dependency	
   on	
  
glucose	
  6-­‐phosphate	
  (G6P),	
  concerning	
  the	
  lack	
  of	
  glucose	
  in	
  the	
  insect	
  host.	
  

Thus	
  we	
  wanted	
  to	
  elucidate	
  the	
  putative	
  redundancy	
  of	
  NADPH	
  production	
  in	
  the	
  context	
  
of	
  carbon	
  source	
  fluctuations.	
  In	
  the	
  parasite’s	
  genome	
  two	
  potential	
  NADPH	
  sources	
  are	
  found	
  for	
  
the	
  cytoplasm,	
   the	
  mitochondrion	
  and	
  the	
  glycosomes.	
  We	
   investigated	
  the	
  PPP	
  and	
  the	
  cytosolic	
  
malic	
   enzyme	
   (MEc)	
   concerning	
   their	
   contribution	
   to	
   cytoplasmic	
   oxidative	
   stress	
   defense.	
   We	
  
found	
   complete	
   redundancy	
   in	
   terms	
   of	
   NADPH	
   production.	
   Each	
   of	
   the	
   two	
   pathways	
   was	
  
sufficient	
  to	
  maintain	
  ROS	
  detoxification.	
  Surprisingly,	
  flux	
  through	
  the	
  PPP	
  was	
  maintained	
  also	
  in	
  
absence	
  of	
  glucose.	
  We	
  showed	
  that	
  this	
  flux	
  is	
  fueled	
  by	
  gluconeogenesis	
  fed	
  by	
  proline.	
  

A	
   similar	
   situation	
   is	
   found	
   within	
   the	
   glycosomes,	
   where	
   the	
   PPP	
   and	
   the	
   glycosomal	
  
isocitrate	
  dehydrogenase	
  (IDHg)	
  are	
  potential	
  NADPH	
  producers.	
  So	
  far	
  the	
  role	
  of	
  NADPH	
  within	
  
the	
  parasite’s	
  glycosomes	
  was	
  not	
  determined.	
  Hence	
  we	
  investigated	
  potential	
  NADPH	
  consuming	
  
pathways	
  for	
  their	
  activity	
  and	
  glycosomal	
  localization.	
  Amongst	
  these	
  putative	
  glycosomal	
  NADPH	
  
consumers	
  we	
   investigated	
  β-­‐oxidation	
  activity	
  of	
   the	
  parasite.	
  We	
  characterized	
  the	
  dynamics	
  of	
  
lipid	
   droplet	
   (LD)	
   formation	
   and	
   decay	
   and	
   investigated	
   the	
   only	
   candidate	
   gene	
   for	
   β-­‐oxidation	
  
activity	
  found	
  in	
  the	
  genome.	
  In	
  conclusion	
  our	
  data	
  make	
  glycosomal	
  β-­‐oxidation	
  unlikely.	
  In	
  the	
  
mitochondrion,	
   the	
   lethality	
   of	
   mitochondrial	
   malic	
   enzyme	
   (MEm)	
   downregulation	
   makes	
   a	
  
redundancy	
  with	
   the	
  mitochondrial	
   isocitrate	
   dehydrogenase	
   (IDHm)	
   debatable.	
   Investigation	
   of	
  
the	
  role	
  of	
  the	
  IDHm	
  is	
  ongoing.	
  

We	
   discovered	
   a	
   role	
   of	
   the	
   IDHg	
   during	
   stage	
   development,	
   leading	
   to	
   a	
   more	
   detailed	
  
analysis	
   of	
   the	
   differentiation	
   process	
   and	
   the	
   role	
   of	
   NADPH	
   and	
   carbon	
   sources	
   therein.	
   We	
  
showed	
  that	
  a	
  ∆IDHg	
  null	
  mutant	
  was	
  unable	
  to	
  colonize	
  the	
  salivary	
  glands	
  of	
  the	
  insect	
  host.	
  We	
  
furthermore	
   used	
   this	
   and	
   other	
   null	
   mutants	
   to	
   validate	
   a	
   newly	
   discovered	
   in	
   culture	
  
differentiating	
  system,	
  where	
  the	
  ∆IDHg	
  null	
  mutant	
  showed	
  a	
  clear	
  block	
  in	
  stage	
  development.	
  A	
  
similar	
   effect	
   was	
   observed	
   when	
   glucose	
   or	
   glycerol	
   was	
   present	
   in	
   the	
   culture	
   medium.	
   An	
  
aconitase	
   null	
   mutant	
   (∆ACO)	
   showed	
   an	
   earlier	
   block	
   than	
   the	
   ∆IDHg	
   in	
   differentiation.	
   The	
  
reasons	
  for	
  this	
  are	
  under	
  investigation.	
  We	
  postulate	
  a	
  pathway	
  for	
  glycosomal	
  NADPH	
  production	
  
and	
   the	
   ether-­‐linked	
   lipid	
   biosynthesis	
   as	
   putative	
   NADPH	
   consumer,	
   which	
   is	
   currently	
   under	
  
investigation.	
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Zusammenfassung	
  

Die	
   Anpassung	
   an	
   wechselnde	
   Wirtsumgebungen	
   ist	
   ein	
   wichtiger	
   Bestandteil	
   der	
   meisten	
  
parasitischen	
   Lebenszyklen.	
   Oft	
   ist	
   ein	
   flexibler	
   oder	
   unkonventioneller	
   Stoffwechsel	
   Teil	
   dieser	
  
Anpassung.	
   Ziel	
   dieser	
   Arbeit	
   war	
   es	
   Details	
   der	
   metabolischen	
   Flexibilität	
   und	
   Kapazität	
   der	
  
procyclischen	
  Form	
  von	
  T.	
  brucei	
  aufzuklären.	
  Der	
  Parasit	
  T.	
  brucei	
  wird	
  sowohl	
  im	
  Insektenwirt	
  als	
  
auch	
  im	
  Säugerwirt	
  mit	
  oxidativem	
  Stress	
  konfrontiert.	
  Das	
  Fehlen	
  von	
  Katalasen	
  erfordert	
  NADPH	
  
zur	
  Entgiftung	
  reaktiver	
  Sauerstoffspezies.	
  Aus	
  diesem	
  Grund	
  wurde	
  die	
  NADPH	
  Produktion	
  von	
  T.	
  
brucei	
   in	
  den	
  Mittelpunkt	
  gestellt.	
   In	
  den	
  meisten	
  Eukaryoten	
   ist	
  der	
  Pentose	
  Phosphatweg	
  (PPP)	
  
die	
  Hauptquelle	
  für	
  cytoplasmatisches	
  NADPH.	
  In	
  T.	
  brucei	
  ist	
  der	
  Pentose	
  Phosphatweg	
  sowohl	
  im	
  
Zytoplasma	
   als	
   auch	
   den	
   Glykosomen	
   zu	
   finden.	
   Bedenkt	
   man	
   das	
   Fehlen	
   von	
   Glucose	
   im	
  
Insektenwirt	
   ist	
   die	
   Glucose	
   6-­‐Phosphat	
   (G6P)	
   Abhängigkeit	
   des	
   Pentose	
   Phosphatwegs	
   ein	
  
Problem	
  für	
  den	
  Parasiten.	
  

Aus	
  diesem	
  Grund	
  haben	
  wir	
   eine	
  mögliche	
  Redundanz	
  der	
  NADPH	
  Produktion	
   im	
  Bezug	
  
auf	
   sich	
   ändernde	
   Kohlenstoffquellen	
   untersucht.	
   Das	
   Genom	
   von	
   T.	
   brucei	
   weist	
   jeweils	
   zwei	
  
potentielle	
  NADPH-­‐Quellen	
  für	
  das	
  Zytoplasma,	
  das	
  Mitochondrium	
  und	
  auch	
  die	
  Glykosomen	
  auf.	
  
Wir	
  haben	
  den	
  PPP	
  und	
  das	
   zytoplasmatische	
  Malatenzym	
  (MEc)	
   im	
  Bezug	
  auf	
   ihren	
  Beitrag	
   zur	
  
oxidativen	
   Stressabwehr	
   im	
   Zytoplasma	
   analysiert.	
   Sie	
   waren	
   komplett	
   redundant	
   in	
   Sachen	
  
NADPH	
   Produktion.	
   Jeder	
   der	
   beiden	
   Wege	
   war	
   ausreichend	
   um	
   gleiche	
   Mengen	
   reaktiver	
  
Sauerstoffspezies	
   im	
  Zytoplasma	
  abzubauen.	
  Die	
  parallele	
  Aktivität	
  beider	
  Wege	
   führte	
  zu	
  keiner	
  
höheren	
   oxidativen	
   Stress	
   Resistenz.	
   Überraschenderweise	
   produzierte	
   der	
   PPP	
   auch	
   NADPH	
   in	
  
Abwesenheit	
  von	
  Glucose.	
  Wir	
  konnten	
  zeigen,	
  dass	
  dieser	
  Flux	
  durch	
  Glukoneogenese,	
  ausgehend	
  
von	
  Prolin,	
  gespeist	
  wird.	
  

Eine	
   ähnliche	
   Situation	
   findet	
   sich	
   in	
   den	
   Glykosomen,	
  mit	
   dem	
   PPP	
   und	
   einer	
   Isocitrat-­‐
dehydrogenase	
  (IDHg)	
  als	
  möglichen	
  NADPH	
  Produzenten.	
  Bisher	
  war	
  die	
  Rolle	
  von	
  glykosomalem	
  
NADPH	
   unklar.	
   Daher	
   haben	
   wir	
   potentielle	
   NADPH	
   konsumierende	
   Stoffwechselwege	
   auf	
   ihre	
  
Aktivität	
   und	
   glykosomale	
   Lokalisation	
   untersucht.	
   Unter	
   anderem	
   wurde	
   der	
   Parasit	
   auf	
   β-­‐
Oxidation	
   Aktivität	
   analysiert.	
   Sowohl	
   das	
   einzige	
   Kandidatengen	
   für	
   β-­‐Oxidation,	
   als	
   auch	
   die	
  
Dynamik	
   des	
   Lipidtröpfchen	
   Auf-­‐	
   und	
   Abbaus	
   wurden	
   untersucht.	
   Unsere	
   Ergebnisse	
   machen	
  
glykosomale	
   β-­‐Oxidation	
   unwahrscheinlich.	
   Im	
   Mitochondrium	
   macht	
   die	
   Essentialität	
   des	
  
Malatenzyms	
  (MEm)	
  eine	
  Redundanz	
  mit	
  der	
   Isocitratdehydrogenase	
  (IDHm)	
  fraglich.	
  Momentan	
  
ist	
  die	
  IDHm	
  Bestandteil	
  weiterführender	
  Experimente.	
  

Wir	
  konnten	
  eine	
  essentielle	
  Funktion	
   für	
  die	
   IDHg	
   in	
  der	
  Stadien	
  Differenzierung	
  zeigen.	
  
Dies	
   führte	
   zu	
   einer	
   detaillierteren	
  Analyse	
   des	
  Differenzierungsprozesses	
   und	
  dem	
  Einfluss	
   von	
  
NADPH	
   und	
   Kohlenstoffquellen	
   auf	
   diesen.	
   Eine	
   ∆IDHg	
   Mutante	
   war	
   nicht	
   in	
   der	
   Lage	
   die	
  
Speicheldrüsen	
  der	
  Fliege	
  zu	
  besiedeln.	
  Diese	
  und	
  weitere	
  Deletionsmutanten	
  wurden	
  daraufhin	
  in	
  
einem	
   neuen	
   Kultur	
   Differenzierungssystem	
   untersucht.	
   Die	
   ∆IDHg	
  Mutante	
   zeigte	
   den	
   gleichen	
  
Phänotypen	
   wie	
   zuvor	
   in	
   den	
   Fliegenexperimenten.	
   Ein	
   ähnlicher	
   Effekt	
   auf	
   die	
   Differenzierung	
  
wurde	
   durch	
   die	
   Zugabe	
   von	
   Glucose	
   oder	
   Glycerol	
   verursacht,	
   welche	
   wir	
   als	
   metabolische	
  
Regulatoren	
   der	
   Differenzierung	
   identifiziert	
   haben.	
   Die	
   Deletionsmutante	
   der	
   Aconitase	
   (ACO)	
  
zeigte	
   einen	
   noch	
   stärkeren	
   Phänotypen.	
   Die	
   Gründe	
   hierfür	
   sind	
   noch	
   nicht	
   identifiziert.	
  
Zusammenfassend	
   postulieren	
   wir	
   einen	
   Stoffwechselweg	
   zur	
   Bereitstellung	
   glykosomalen	
  
NADPHs,	
  um	
  die	
  Biosynthese	
  von	
  Etherlipiden	
  zu	
  gewährleisten.	
  Dies	
  ist	
  Ziel	
  weiterer	
  Experimente.	
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1.	
   Introduction	
  

1.1	
   Trypanosoma	
  brucei	
  in	
  a	
  nutshell	
  

Trypanosoma	
   brucei	
   is	
   a	
   unicellular,	
   eukaryotic	
   protozoan	
   parasite	
   belonging	
   to	
   the	
   class	
   of	
  
Kinetoplastida.	
  The	
  eponymous	
  structure	
  for	
  this	
  class	
  is	
  the	
  highly	
  organized	
  and	
  densely	
  packed	
  
mitochondrial	
   DNA,	
   the	
   kinetoplast.	
   This	
   structure	
   resides	
   within	
   the	
   single	
   elongated	
  
mitochondrion	
   close	
   to	
   the	
  basal	
   body	
  of	
   the	
   flagellum	
   (Robinson	
   and	
  Gull,	
   1991).	
  Other	
   species	
  
belonging	
   to	
   this	
   class	
   are	
  Leishmania,	
  Crithidia,	
  Leptomonas	
   and	
  T.	
  cruzi,	
  which	
   is	
   the	
   causative	
  
agent	
  of	
  the	
  chagas	
  disease	
  in	
  South	
  America.	
  The	
  geographic	
  distribution	
  of	
  T.	
  brucei	
   is	
  governed	
  
by	
  the	
  occurrence	
  of	
  its	
  insect	
  host,	
  the	
  Tsetse	
  fly	
  from	
  the	
  Glossina	
  spp.	
  and	
  hence	
  limited	
  to	
  sub-­‐
Saharan	
  Africa	
  as	
  indicated	
  in	
  Fig.1.	
  Thus	
  the	
  Tsetse	
  fly	
  limits	
  the	
  distribution	
  of	
  T.	
  brucei,	
  although	
  
it	
  can	
  reside	
  in	
  a	
  wide	
  spectrum	
  of	
  mammals	
  including	
  wild	
  and	
  domestic	
  animals.	
  There	
  are	
  three	
  
subspecies	
  of	
  T.	
  brucei	
  of	
  which	
  two	
  are	
  pathogenic	
  to	
  humans:	
  T.	
  b.	
  gambiense	
  and	
  T.	
  b.	
  rhodesiense	
  
cause	
   Human	
   African	
   Trypanosomiasis	
   (HAT)	
   whereas	
   T.	
   b.	
   brucei	
   causes	
   Nagana	
   in	
   other	
  
mammals.	
   The	
   non-­‐pathogenicity	
   of	
   T.	
   b.	
   brucei	
   is	
   attributed	
   to	
   the	
   lytic	
   effect	
   of	
   a	
   human	
  
lipoprotein	
  (Vanhamme	
  et	
  al.,	
  2003).	
  

Research	
   in	
   T.	
   brucei	
   lies	
   beyond	
   the	
   obvious	
   medical	
   interest	
   as	
   many	
   aspects	
   of	
   this	
  
parasite	
   make	
   it	
   an	
   ideal	
   model	
   organism.	
   In	
   contrast	
   to	
   other	
   eukaryotic	
   parasitic	
   model	
  
organisms,	
  T.	
  brucei	
   is	
   relatively	
   easy	
   to	
   culture	
   in	
  vitro	
   (Brun	
   and	
   Schonenberger,	
   1979;	
  Hirumi	
  
and	
  Hirumi,	
  1989)	
  and	
  quite	
  amenable	
  to	
  genetic	
  manipulations,	
  enabling	
  the	
  use	
  of	
  reverse	
  genetic	
  
methods	
   and	
   thus	
   the	
   construction	
   of	
   knockout	
   and	
   knockdown	
  mutants	
   (Bringaud	
   et	
   al.,	
   2000;	
  
Carruthers	
   et	
   al.,	
   1993;	
   Li	
   and	
   Gottesdiener,	
   1996;	
   McCulloch	
   et	
   al.,	
   2004;	
   Ngo	
   et	
   al.,	
   1998;	
   ten	
  
Asbroek	
  et	
  al.,	
  1990).	
  The	
  availability	
  of	
  the	
  genome	
  sequence	
  (Berriman	
  et	
  al.,	
  2005)	
  has	
  strongly	
  
facilitated	
   research	
   on	
   T.	
   brucei.	
   Next	
   to	
   the	
   methodological	
   advantages,	
   working	
   with	
   T.	
   brucei	
  
brings	
  along	
  a	
  lower	
  risk	
  for	
  the	
  researcher,	
  as	
  a	
  non-­‐pathogenic	
  subspecies	
  exists.	
  

As	
   mentioned	
   above,	
   several	
   widespread	
   pathogens	
   belong	
   to	
   the	
   same	
   class	
   and	
  
knowledge	
  gained	
  in	
  T.	
  brucei	
  research	
  can	
  partially	
  be	
  transferred	
  to	
  other	
  parasites	
  and	
  facilitate	
  
research	
  on	
  these.	
  This	
  includes	
  for	
  example	
  T.	
  cruzi,	
  the	
  cause	
  of	
  Chagas	
  disease	
  in	
  South	
  America,	
  
with	
  about	
  7-­‐8	
  million	
  people	
  being	
  infected	
  (WHO,	
  March	
  2014)	
  or	
  human	
  pathogenic	
  Leishmania	
  
spp.,	
   occurring	
   in	
   southern	
  Europe,	
  Africa,	
   the	
  Middle	
  East,	
  Asia	
   and	
  Central/South	
  America	
  with	
  
more	
  than	
  a	
  million	
  cases	
  (WHO,	
  January	
  2014).	
  T.	
  brucei	
  has	
  a	
  big	
  medical	
  and	
  economical	
  impact	
  
in	
   the	
   affected	
   areas,	
   and	
   is	
   one	
   of	
   several	
   so	
   called	
   neglected	
   tropical	
   diseases	
   (WHO).	
   Animal	
  
African	
  Trypanosomiasis	
   (AAT),	
   caused	
  by	
  T.	
  b.	
  brucei	
   and	
  T.	
  congolense,	
   inflicts	
   agricultural	
   and	
  
domestic	
  production	
  drastically.	
  About	
  60	
  million	
  people	
  live	
  in	
  the	
  Tsetse	
  belt	
  at	
  the	
  risk	
  of	
  being	
  
infected	
  with	
  T.	
  brucei	
  (Fig.1)	
  and	
  acquiring	
  Human	
  African	
  Trypanosomiasis	
  (HAT),	
  also	
  known	
  as	
  
sleeping	
  sickness.	
  	
  

In	
  addition	
  to	
  a	
  better	
  molecular	
  understanding	
  of	
  T.	
  brucei’s	
  cell	
  biology	
  research	
  on	
  this	
  
parasite	
   has	
   also	
   contributed	
   to	
   the	
   elucidation	
   of	
   conserved	
   biological	
   processes.	
   This	
   is	
   best	
  
illustrated	
   by	
   our	
   current	
   knowledge	
   of	
   glycosylphosphatidylinositol	
   (GPI)	
   anchors.	
   GPI	
   anchors	
  
are	
   present	
   in	
   a	
   variety	
   of	
   organisms,	
   but	
   were	
   first	
   described	
   in	
   T.	
   brucei	
  owing	
   to	
   their	
   high	
  
abundance	
   on	
   the	
   membrane	
   surface	
   anchoring	
   the	
   variable	
   surface	
   glycoproteins	
   (VSG)	
   of	
   the	
  
bloodstream	
  form	
  (BSF)	
  (Ferguson	
  et	
  al.,	
  1999).	
  VSG	
  is	
  the	
  most	
  abundant	
  protein	
  of	
  the	
  cell	
  and	
  
plays	
   a	
   key	
   role	
   in	
   one	
   of	
   the	
  most	
   intriguing	
   immune	
   response	
   evasion	
  mechanisms	
   known	
   as	
  
antigenic	
  variation.	
  This	
   is	
  probably	
   the	
  most	
   famous	
  mechanism	
  discovered	
   in	
  T.	
  brucei	
   (Pays	
  et	
  
al.,	
  1981),	
  reviewed	
  in	
  (Horn	
  and	
  McCulloch,	
  2010),	
  and	
  also	
  existing	
  in	
  viruses,	
  bacteria	
  and	
  other	
  
protozoa.	
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The	
  treatment	
  of	
  HAT	
  in	
  the	
  early	
  stage,	
  while	
  the	
  parasite	
  still	
  resides	
  in	
  the	
  bloodstream,	
  is	
  easier	
  
than	
   the	
   late	
   stage,	
  when	
   the	
   parasite	
   crosses	
   the	
   blood-­‐brain	
   barrier	
   and	
   resides	
   in	
   the	
   central	
  
nervous	
   system.	
  Nevertheless	
   available	
  drugs	
   are	
  outdated,	
   they	
  often	
  have	
   extreme	
   side	
   effects,	
  
including	
  death	
  of	
  the	
  patient.	
  In	
  addition	
  the	
  prolonged	
  application	
  of	
  the	
  few	
  available	
  drugs	
  leads	
  
to	
   increased	
   occurrence	
   of	
   resistances.	
   Research	
   on	
   potential	
   new	
   drug	
   targets	
   and	
   compounds	
  
suitable	
   for	
   treatment	
   is	
   one	
   possibility.	
   Another	
   one	
   is	
   investigating	
   the	
   developmental	
   insect	
  
stages	
   and	
   understanding	
   the	
   complex	
   processes	
   the	
   parasite	
   undergoes	
   within	
   the	
   insect	
   host.	
  
Elucidating	
   the	
   parasite-­‐host	
   interactions	
   and	
   identifying	
   molecular	
   triggers	
   influencing	
   the	
  
differentiation	
  process,	
  might	
   reveal	
  a	
  possible	
  Achilles	
  heel,	
  which	
  can	
  be	
   targeted	
   in	
   the	
   insect,	
  
and	
  thus	
  prevent	
  transmission	
  onto	
  mammalian	
  hosts.	
  

1.2	
   The	
  parasite’s	
  life	
  cycle	
  

T.	
  brucei	
   exhibits	
   a	
   complex	
   life	
   cycle	
   involving	
   several	
  developmental	
   stages	
   (Fig.2)	
   (Vickerman,	
  
1985).	
  The	
  parasite’s	
  size,	
  morphology,	
  metabolism,	
  surface	
  proteins	
  and	
  more	
  characterize	
  these	
  
stages.	
   Showing	
   such	
   a	
   high	
   diversity	
   throughout	
   the	
   life	
   cycle	
   indicates	
   the	
   strong	
   need	
   for	
  
adaptation	
  to	
  the	
  different	
  hosts,	
  but	
  also	
  to	
  the	
  different	
  tissues	
  within	
  the	
  hosts.	
  Comparing	
  the	
  
diversity	
   between	
   mammalian	
   and	
   insect	
   host	
   the	
   high	
   number	
   of	
   insect	
   stages	
   points	
   out	
   the	
  
complexity	
  of	
  the	
  maturation	
  within	
  the	
  Tsetse	
  fly.	
  The	
  bloodstream	
  form	
  in	
  the	
  mammalian	
  host	
  
has	
  two	
  distinct	
  stages:	
  the	
  proliferating	
  long	
  slender	
  (LS)	
  and	
  the	
  cell	
  cycle	
  arrested	
  short	
  stumpy	
  
(SS).	
  The	
  latter	
  already	
  acquired	
  features	
  for	
  survival	
  in	
  the	
  Tsetse	
  midgut.	
  	
  

Fig.1:	
   Geographic	
   distribution	
   of	
   T.	
   brucei	
   caused	
   Trypanosomiases	
   and	
   their	
  
insect	
   vectors.	
   (modified	
   from:	
   Atlas	
   of	
   Human	
   Infectious	
   Diseases;	
   Wiley-­‐Blackwell,	
  
2012).	
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The	
   larger	
  set	
  of	
  developmental	
  stages	
  within	
  the	
   insect	
  displays	
  the	
  necessity	
   for	
  the	
  parasite	
  to	
  
migrate	
  through	
  several	
  tissues	
  before	
  colonizing	
  the	
  salivary	
  gland.	
  This	
  migration	
  process	
  is	
  full	
  
of	
  challenges,	
  which	
  have	
  to	
  be	
  faced	
  by	
  adaptation.	
  To	
  date	
  not	
  many	
  biochemical	
  and	
  molecular	
  
studies	
  have	
  been	
  performed	
  on	
  the	
  different	
  insect	
  stages,	
  as	
  so	
  far	
  only	
  the	
  procyclic	
  stage	
  could	
  
be	
  cultured	
   in	
  vitro.	
   In	
  contrast	
   to	
   this	
   the	
  differentiation	
   from	
  BSF	
   into	
   the	
  procyclic	
   form	
  (PCF)	
  
can	
  be	
  achieved	
  under	
  culture	
  conditions.	
  The	
  differentiation	
  process	
  from	
  the	
  long	
  slender	
  to	
  the	
  
procyclic	
   form	
  can	
  be	
   induced	
  by	
   the	
   synergy	
  of	
  different	
   triggers.	
  First	
   the	
   formation	
  of	
   stumpy	
  
forms	
  has	
  to	
  be	
  induced,	
  which	
  happens	
  similar	
  to	
  quorum	
  sensing	
  found	
  in	
  many	
  microbes.	
  In	
  fact	
  
the	
   first	
   transformation	
   from	
   the	
   LS	
   BSF	
   to	
   the	
   SS	
   BSF	
   is	
   induced	
   by	
   a	
   small	
   molecular	
   weight	
  
compound	
  (<500	
  Da)	
  named	
  the	
  Stumpy	
  Induction	
  Factor	
  (SIF),	
  which	
  so	
  far	
  could	
  not	
  be	
  identified	
  
(Reuner	
  et	
  al.,	
  1997;	
  Vassella	
  et	
  al.,	
  1997).	
  When	
  stumpy	
  formation	
  took	
  place,	
   the	
  differentiation	
  
into	
   the	
   PCF	
   can	
   be	
   induced	
   by	
   addition	
   of	
   citrate	
   or	
   cis-­‐aconitate,	
   which	
   can	
   be	
   facilitated	
   by	
  
subjecting	
   the	
   parasites	
   to	
   lower	
   temperatures	
   (≤	
   27°C)	
   i.e.	
   cold	
   shock	
   treatment	
   (Engstler	
   and	
  
Boshart,	
  2004).	
  Meanwhile	
  new	
  components	
  of	
  this	
  signaling	
  pathway	
  have	
  been	
  identified	
  (Dean	
  
et	
  al.,	
  2009;	
  Szoor	
  et	
  al.,	
  2013;	
  Szoor	
  et	
  al.,	
  2010;	
  Szoor	
  et	
  al.,	
  2006),	
  but	
  still	
  several	
  more	
  have	
  to	
  be	
  
elucidated	
  in	
  order	
  to	
  fully	
  understand	
  this	
  complex	
  process.	
  

On	
  the	
  other	
  hand	
  the	
  developmental	
  maturation	
  of	
  the	
  various	
  stages	
  within	
  the	
  Tsetse	
  fly	
  
has	
   so	
   far	
   not	
   been	
   characterized	
   to	
   the	
   details	
   of	
   the	
   BSF,	
   as	
   until	
   recently	
   the	
   differentiation	
  
process	
  could	
  not	
  be	
  reproduced	
  in	
  vitro.	
  The	
  number	
  of	
  cells	
  that	
  can	
  be	
  isolated	
  from	
  Tsetse	
  flies	
  
is	
   low,	
  thus	
   limiting	
  subsequent	
  analytical	
  methods.	
  Experiments	
  can	
  be	
  performed	
  within	
  Tsetse	
  

Fig.1:	
   Life	
   cycle	
   of	
  Trypanosoma	
  brucei.	
   (modified	
   from	
  Vickerman,	
  1985).	
  Yellow	
  arrows	
  
indicate	
   transitions	
   between	
   hosts	
   (1,3)	
   or	
   between	
   tissues	
   (2).	
   The	
   different	
   stages	
   are	
  
displayed	
  in	
  relative	
  sizes.	
  Changes	
  in	
  morphology	
  and	
  intracellular	
  organization	
  are	
  visible.	
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fly	
   populations	
   looking	
   for	
   phenotypes	
   and	
   characteristics	
   of	
   mutant	
   cell	
   lines,	
   but	
   those	
  
experiments	
   are	
   tedious	
   and	
   often	
   complicated	
   to	
   conduct	
   and	
   interpret.	
   Recently	
   it	
   has	
   been	
  
shown	
   that	
   the	
   differentiation	
   process	
   can	
   be	
   initiated	
   by	
   the	
   overexpression	
   of	
   a	
   specific	
   RNA	
  
binding	
  protein	
  (RBP6)	
  in	
  vitro	
  (Kolev	
  et	
  al.,	
  2012).	
  Here	
  Kolev	
  and	
  co-­‐workers	
  showed	
  that	
  RBP6	
  
overexpression	
   initiates	
   the	
   differentiation	
   process	
   from	
   procyclic	
   midgut	
   forms	
   to	
   mature	
  
metacyclic	
   forms	
  usually	
   present	
   in	
   the	
   salivary	
   glands	
   of	
   the	
  Tsetse	
   fly.	
   For	
   the	
   first	
   time	
   other	
  
developmental	
   fly	
   stages	
   than	
   the	
   PCF	
   have	
   been	
   generated	
   in	
   vitro	
   which	
  will	
   result	
   in	
   a	
  more	
  
comprehensive	
  understanding	
  of	
  this	
  process	
  within	
  the	
  next	
  years.	
  

1.3	
   Intermediate	
  and	
  energy	
  metabolism	
  

It	
   is	
   not	
   unusual	
   amongst	
   parasitic	
   organisms	
   to	
   exhibit	
  metabolic	
   pathways	
   deviating	
   from	
   the	
  
classical	
  textbook	
  knowledge.	
  They	
  often	
  show	
  a	
  very	
  specific	
  and	
  streamlined	
  energy	
  metabolism	
  
in	
  environments	
  with	
  stable	
  carbon	
  sources	
  or	
  a	
  very	
  high	
  flexibility	
  if	
  the	
  parasite	
  has	
  to	
  adapt	
  to	
  
diverse	
  environments	
  due	
  to	
  a	
  change	
  of	
  host	
  for	
  example.	
  

The	
  metabolic	
   capacities	
   of	
   BSF	
   and	
   PCF	
   have	
   been	
   considered	
   to	
   be	
   very	
   different,	
   but	
  
recent	
   studies	
  show	
  that	
   the	
  metabolic	
   complexity	
  of	
  BSF	
  has	
  been	
  underestimated	
   (Mazet	
  et	
  al.,	
  
2013).	
  Nevertheless	
  the	
  BSF	
  depends	
  on	
  glucose	
  as	
  main	
  carbon	
  source	
  and	
  rapidly	
  dies	
  in	
  absence	
  
of	
  glucose	
  in	
  vitro.	
  In	
  contrast	
  the	
  PCF	
  can	
  grow	
  without	
  glucose	
  and	
  utilize	
  a	
  number	
  of	
  alternative	
  
carbon	
  sources.	
  Surprisingly	
  PCFs	
  in	
  vitro	
  prefer	
  glucose	
  over	
  proline,	
  although	
  it	
  is	
  not	
  present	
  or	
  
only	
   at	
   very	
   low	
   concentrations	
   within	
   the	
   insect	
   host,	
   whereas	
   proline	
   is	
   abundant	
   in	
   high	
  
amounts.	
  Removing	
  glucose	
  from	
  the	
  medium	
  increases	
  the	
  L-­‐proline	
  consumption	
  of	
  PCF	
  cells	
  by	
  a	
  
factor	
  of	
  six	
  (Lamour	
  et	
  al.,	
  2005).	
  Several	
  independent	
  observations	
  indicate	
  that	
  it	
  is	
  the	
  amount	
  
of	
   glycolytic	
   flux	
   that	
   influences	
   proline	
   consumption	
   (unpublished	
   data	
   from	
   the	
   Bringaud	
   lab,	
  
Bordeaux	
  and	
  this	
  lab).	
  Other	
  carbon	
  sources	
  that	
  are	
  used	
  for	
  specific	
  pathways	
  are	
  threonine	
  or	
  
glutamate/glutamine	
  (Cross	
  et	
  al.,	
  1975;	
  Linstead	
  et	
  al.,	
  1977).	
  

Taking	
  a	
  closer	
  look	
  at	
  glucose	
  utilization,	
  the	
  first	
  seven	
  steps	
  of	
  glycolysis	
  (Fig.3;	
  steps	
  1-­‐
7)	
   are	
   compartmentalized	
   in	
   a	
   peroxisome-­‐like	
   organelle	
   named	
   the	
   glycosome	
   (Opperdoes	
   and	
  
Borst,	
   1977).	
   The	
   fact	
   that	
   there	
   is	
   no	
   negative	
   feedback	
   inhibition	
   of	
   the	
   glycolytic	
   enzymes	
  
phosphofructokinase	
   (PFK)	
   and	
   hexokinase	
   (HK)	
   (Cronin	
   and	
   Tipton,	
   1985,	
   1987;	
   Nwagwu	
   and	
  
Opperdoes,	
   1982)	
   necessitates	
   their	
   compartmentalization	
   to	
   prevent	
   a	
   lethal	
   accumulation	
   of	
  
intermediate	
   metabolites	
   and	
   depletion	
   of	
   ATP	
   (Haanstra	
   et	
   al.,	
   2008),	
   which	
   would	
   be	
   a	
  
consequence	
  of	
  this	
  turbo	
  design	
  of	
  glycolysis	
  (Teusink	
  et	
  al.,	
  1998).	
  The	
  net	
  ATP	
  gain	
  of	
  glycolysis	
  
within	
   the	
   glycosomes	
   is	
   zero,	
  which	
   adds	
   to	
   the	
   high	
   glycolytic	
   flux	
   since	
   there	
   is	
   no	
   inhibition	
  
caused	
  by	
  an	
  imbalance	
  of	
  the	
  ADP/ATP	
  ratio.	
  The	
  main	
  control	
  of	
  the	
  glycolytic	
  flux	
  is	
  exerted	
  by	
  
the	
   hexose	
   transporter	
   and	
   thus	
   by	
   the	
   abundance	
   of	
   glucose	
   (Bakker	
   et	
   al.,	
   1997,	
   1999).	
   The	
  
constant	
   excess	
   of	
   glucose	
   and	
   this	
   unique	
   glycolytic	
   design	
   allows	
   the	
   BSF	
   to	
   excrete	
   pyruvate	
  
instead	
  of	
  channeling	
  it	
  into	
  the	
  TCA	
  cycle.	
  Its	
  additional	
  oxidation	
  and	
  thus	
  gain	
  of	
  ATP	
  and	
  NADH	
  
is	
  hence	
  not	
  necessary.	
  Recent	
  data	
  however	
  revealed	
  that	
  mitochondrial	
  acetate	
  production	
  is	
  also	
  
essential	
   in	
   BSFs	
   (Mazet	
   et	
   al.,	
   2013).	
   In	
   this	
  work	
   the	
   essentiality	
   of	
   pyruvate	
   or	
   threonine	
   for	
  
acetate	
  and	
  subsequent	
  de	
  novo	
  lipid	
  synthesis	
  has	
  been	
  shown	
  for	
  BSFs.	
  

In	
  order	
  to	
  reoxidize	
  NADH,	
  reduced	
  during	
  glycolysis	
  within	
  the	
  glycosomes,	
  the	
  PCF	
  has	
  
the	
   option	
   of	
   the	
   glycosomal	
   succinate	
   branch	
   (Fig.3,	
   steps	
   11-­‐14),	
   which	
   is	
   absent	
   in	
   the	
   BSF.	
  
Therefore	
  it	
  has	
  to	
  make	
  use	
  of	
  another	
  pathway	
  involving	
  the	
  Gly3P/DHAP	
  shuttle	
  (Fig.3,	
  steps	
  17,	
  
18).	
   Here	
   the	
   mitochondrial	
   FAD-­‐dependent	
   glycerol-­‐3-­‐phosphate	
   dehydrogenase	
   (G3PDH)	
   is	
  
essential	
  for	
  the	
  parasite	
  (Skodova	
  et	
  al.,	
  2013).	
  The	
  BSF	
  has	
  to	
  use	
  the	
  Gly3P/DHAP	
  shuttle	
  in	
  the	
  
glycosomal	
   membrane,	
   coupled	
   to	
   the	
   respiratory	
   chain	
   by	
   G3PDH	
   to	
   reoxidize	
   NADH.	
   When	
  
utilizing	
  glucose	
  as	
   a	
   carbon	
   source,	
   the	
  PCF	
  does	
  not	
   solely	
   excrete	
  pyruvate,	
   but	
   also	
  produces	
  
acetyl-­‐CoA	
  via	
  the	
  pyruvate	
  dehydrogenase	
  (PDH)	
  complex	
  within	
  the	
  mitochondrion.	
  This	
  acetyl-­‐
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CoA	
  is	
  used	
  to	
  produce	
  ATP	
  via	
  substrate	
  level	
  phosphorylation	
  (Millerioux	
  et	
  al.,	
  2013;	
  Millerioux	
  
et	
  al.,	
  2012;	
  Van	
  Hellemond	
  et	
  al.,	
  1998)	
  and	
  acetate	
  to	
  feed	
  de	
  novo	
   lipid	
  synthesis	
  (Riviere	
  et	
  al.,	
  
2009).	
  
	
  

	
  
When	
   proline	
   is	
   utilized,	
   it	
   enters	
   the	
   TCA	
   cycle	
   as	
   α-­‐ketoglutarate	
   and	
   is	
   further	
   oxidized	
   to	
  
succinate	
   in	
   the	
  mitochondrion,	
  which	
   is	
   excreted	
   (van	
  Weelden	
   et	
   al.,	
   2003;	
   van	
  Weelden	
   et	
   al.,	
  
2005).	
  In	
  the	
  absence	
  of	
  glucose	
  proline	
  is	
  oxidized	
  to	
  malate,	
  which	
  is	
  subsequently	
  utilized	
  in	
  the	
  
mitochondrion,	
  the	
  cytosol	
  or	
  the	
  glycosomes	
  (Coustou	
  et	
  al.,	
  2008).	
  In	
  the	
  absence	
  of	
  glucose	
  and	
  
therefore	
  a	
  lack	
  of	
  substrate	
  phosphorylation,	
  the	
  succinate	
  dehydrogenase	
  (Fig.3,	
  step	
  32)	
  as	
  link	
  
to	
  the	
  oxidative	
  phosphorylation	
  becomes	
  essential	
  (Coustou	
  et	
  al.,	
  2008).	
  Despite	
  the	
  fact	
  that	
  the	
  
PCF	
  utilizes	
  glucose	
  up	
  to	
  acetyl-­‐CoA	
  derived	
  from	
  it,	
  they	
  do	
  not	
  feed	
  the	
  TCA	
  cycle	
  from	
  glucose.	
  
This	
  has	
  been	
  shown	
  by	
  monitoring	
  the	
  incorporation	
  of	
  radiolabeled	
  glucose,	
  which	
  did	
  not	
  lead	
  to	
  
the	
  production	
  of	
   radiolabeled	
  CO2	
   (van	
  Weelden	
  et	
   al.,	
   2003).	
  The	
  possibility	
  of	
   glucose-­‐derived	
  
citrate	
   or	
   isocitrate	
   cannot	
   be	
   excluded	
   from	
   these	
   data	
   as	
   the	
   first	
   decarboxylation	
   takes	
   place	
  
during	
  the	
  conversion	
  of	
  isocitrate	
  into	
  α-­‐ketoglutarate.	
  

The	
  TCA	
  cycle	
  genes	
  are	
  not	
  only	
  present	
  in	
  the	
  T.	
  brucei	
  genome	
  (Berriman	
  et	
  al.,	
  2005)	
  but	
  
several	
  enzymatic	
  activities	
  and/or	
  proteins	
  have	
  been	
  detected	
  (Durieux	
  et	
  al.,	
  1991;	
  Vertommen	
  
et	
   al.,	
   2008).	
   These	
   findings	
   pose	
   the	
   question	
  why	
   all	
   TCA	
   cycle	
   genes	
   are	
   present	
   and	
  most	
   of	
  

Fig.3:	
  Schematic	
  depiction	
  of	
  the	
  intermediate	
  energy	
  metabolism	
  in	
  T.	
  brucei	
  PCFs.	
  Dashed	
  arrows	
  represent	
  reactions	
  without	
  
experimental	
   evidence.	
   Yellow	
   background	
   symbolizes	
   pools	
   of	
   metabolites	
   shared	
   between	
   compartments.	
   Black	
   frames	
   indicate	
  
carbon	
  sources	
  utilized	
  by	
  PCF.	
  Filled	
  rectangles	
  indicate	
  excreted	
  end-­‐products.	
  Abbreviations:	
  1,3-­‐BPGA:	
  1,3-­‐bisphosphoglycerate;	
  3-­‐
PGA:	
   3-­‐phosphoglycerate;	
   DHAP:	
   dihydroxyacetone	
   phosphate;	
   FBP:	
   fructose	
   1,6-­‐bisphosphate;	
   F6P:	
   fructose	
   6-­‐phosphate;	
   GAP:	
  
glyceraldehyde	
   3-­‐phosphate;	
   Gly3P:	
   glyceraldehyde	
   3-­‐phosphate;	
   G6P:	
   glucose	
   6-­‐phosphate;	
   oxac:	
   oxaloacetate;	
   PEP:	
  
phosphoenolpyruvate;	
   PPP:	
   pentose	
   phosphate	
   pathway;	
   R5P:	
   ribulose	
   5-­‐phosphate;	
   Enzymes	
   are:	
   1,	
   hexokinase;	
   2,	
   glucose-­‐6-­‐
phosphate	
   isomerase;	
   3,	
   phosphofructokinase;	
   4,	
   aldolase;	
   5,	
   triose-­‐phosphate	
   isomerase;	
   6,	
   glyceraldehyde-­‐3-­‐phosphate	
  
dehydrogenase;	
   7,	
   cytosolic	
   phosphoglycerate	
   kinase;	
   8a,	
   phosphoglycerate	
   mutase;	
   8b,	
   enolase;	
   9,	
   pyruvate	
   kinase;	
   10,	
  
phosphoenolpyruvate	
   carboxykinase;	
   11,	
   pyruvate	
   phosphate	
   dikinase;	
   12,	
   glycosomal	
   malate	
   dehydrogenase;	
   13,	
   cytosolic	
   (and	
  
glycosomal)	
   fumarase;	
   14,	
   glycosomal	
   fumarate	
   reductase;	
   15,	
   glucose	
   6-­‐phosphate	
   dehydrogenase;	
   16,	
   6-­‐phosphogluconate	
  
dehydrogenase;	
  17,	
  glycerol-­‐3-­‐phosphate	
  dehydrogenase;	
  18,	
  mitochondrial	
  FAD-­‐dependent	
  glycerol-­‐3-­‐phosphate	
  dehydrogenase;	
  19,	
  
cytosolic	
  malic	
  enzyme;	
  20,	
  pyruvate	
  dehydrogenase	
  complex;	
  21	
  acetate:succinate	
  CoA-­‐transferase;	
  22,	
  Acetyl-­‐CoA	
   thioesterase;	
  23,	
  
threonine	
  dehydrogenase;	
  24,	
  acetyl-­‐CoA:glycine	
  C-­‐acetyltransferase;	
  25,	
  acetyl-­‐CoA	
  synthetase;	
  26,	
  citrate	
  synthase;	
  27,	
  aconitase;	
  28,	
  
mitochondrial	
  isocitrate	
  dehydrogenase;	
  29,	
  α-­‐ketoglutarate	
  dehydrogenase	
  complex;	
  30,	
   succinyl-­‐CoA	
  synthetase;	
  31,	
  mitochondrial	
  
fumarate	
   reductase;	
   32,	
   succinate	
   dehydrogenase;	
   33	
   mitochondrial	
   fumarase;	
   34,	
   mitochondrial	
   malate	
   dehydrogenase;	
   35	
  
mitochondrial	
   malic	
   enzyme;	
   36,	
   proline	
   dehydrogenase;	
   37,	
   pyrroline-­‐5	
   carboxylate	
   dehydrogenase;	
   38,	
   glutamine	
   deaminase;	
   39,	
  
glutamate	
  aminotransferase;	
  40,	
  glutamate	
  dehydrogenase;	
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them	
   also	
   expressed,	
   but	
   not	
   essential	
   in	
   PCFs.	
   An	
   answer	
   to	
   this	
   might	
   be	
   their	
   role	
   in	
   later	
  
developmental	
  stages	
  and	
  this	
  will	
  be	
  addressed	
  in	
  the	
  future	
  with	
  the	
  new	
  in	
  vitro	
  differentiation	
  
system	
  mentioned	
  above.	
  

Excreting	
  acetate	
  or	
  succinate	
  as	
  partially	
  oxidized	
  end	
  products	
  is	
  a	
  common	
  adaptation	
  of	
  
a	
   wide	
   spectrum	
   of	
   parasites	
   such	
   as	
   amoeba,	
   helminthes	
   and	
   diplomonads	
   to	
   their	
   anaerobic	
  
environments	
   (Bringaud	
   et	
   al.,	
   2010).	
   Trypanosomatids	
   also	
   utilize	
   this	
   strategy	
   despite	
   the	
  
absence	
   of	
   anaerobic	
   environments	
   during	
   their	
   life	
   cycle.	
   The	
   insect	
   stages	
   are	
   exposed	
   to	
   a	
  
hypoxic	
  environment	
  throughout,	
  whereas	
  the	
  bloodstream	
  forms	
  have	
  no	
  lack	
  of	
  oxygen	
  supply	
  at	
  
all	
   (Bringaud	
   et	
   al.,	
   2010).	
   Some	
   details	
   of	
   the	
   acetate	
   metabolism	
   in	
   PCF	
   trypanosomes	
   have	
  
already	
   been	
  mentioned	
   above.	
   It	
   is	
   known	
   that	
   the	
   compartmentalization	
   of	
   glycolysis	
   and	
   the	
  
glycosomal	
  succinate	
  fermentation	
  lessen	
  the	
  importance	
  of	
  the	
  oxidative	
  phosphorylation	
  and	
  its	
  
ATP	
  production	
  (Besteiro	
  et	
  al.,	
  2002;	
  Coustou	
  et	
  al.,	
  2003;	
  Ebikeme	
  et	
  al.,	
  2010).	
  Due	
  to	
  the	
  high	
  
glycolytic	
  flux,	
  substrate	
  phosphorylation	
  is	
  sufficient	
  to	
  cope	
  with	
  the	
  energy	
  needs	
  of	
  the	
  cell.	
  The	
  
pyruvate	
  derived	
  from	
  glucose	
  hence	
  enters	
  the	
  mitochondrion	
  and	
  is	
  converted	
  into	
  acetyl-­‐CoA	
  by	
  
the	
  PDH	
  complex.	
  The	
  acetyl-­‐CoA	
  is	
  then	
  utilized	
  by	
  the	
  joint	
  reactions	
  of	
  an	
  acetate:succinate-­‐CoA	
  
transferase	
   (ASCT)	
   and	
   the	
   succinyl-­‐CoA	
   synthetase	
   (SCoAS),	
   yielding	
   a	
   molecule	
   of	
   ATP	
   and	
  
acetate	
   from	
   each	
   acetyl-­‐CoA	
   (Millerioux	
   et	
   al.,	
   2012;	
   Riviere	
   et	
   al.,	
   2004).	
   Part	
   of	
   the	
   acetate	
   is	
  
excreted	
   and	
   part	
   of	
   it	
   is	
   utilized	
   by	
   the	
   parasite	
   for	
   anabolic	
   processes	
   such	
   as	
   de	
   novo	
   lipid	
  
synthesis	
  as	
  mentioned	
  earlier.	
  

The	
  most	
  common	
  mechanism	
  delivering	
  acetyl-­‐CoA	
  equivalents	
  from	
  the	
  mitochondrion	
  
into	
   the	
  cytoplasm	
  for	
  de	
  novo	
   lipid	
  synthesis	
   is	
  a	
  mitochondrial	
  citrate/malate	
   transporter.	
  Here	
  
citrate	
  can	
  be	
  cleaved	
   into	
  oxaloacetic	
  acid	
  (OAA)	
  and	
  acetyl-­‐CoA	
  by	
  a	
  cytosolic	
  citrate	
   lyase	
  (CL)	
  
feeding	
   the	
  de	
  novo	
   lipid	
   synthesis.	
   In	
  T.	
  brucei	
   no	
  mitochondrial	
   citrate/malate	
   shuttle	
  has	
  been	
  
identified	
  to	
  date.	
  However,	
  two	
  unconventional	
  tricarboxylic	
  acid	
  transporters	
  with	
  low	
  sequence	
  
similarities	
  have	
  been	
  predicted	
  (Colasante	
  et	
  al.,	
  2009),	
  but	
  biochemical	
  evidence	
  of	
   their	
  role	
   is	
  
still	
  missing.	
  In	
  chapter	
  5.1	
  we	
  show	
  that	
  de	
  novo	
  lipid	
  synthesis	
  is	
  dependent	
  on	
  acetate	
  produced	
  
in	
  the	
  mitochondrion.	
  It	
  is	
  exported	
  into	
  the	
  cytosol	
  and	
  utilized	
  by	
  an	
  acetyl-­‐CoA	
  synthetase	
  (ACS)	
  
to	
  supply	
  acetyl-­‐CoA	
  (Riviere	
  et	
  al.,	
  2009).	
  

Glucose	
   is	
   however	
   not	
   the	
   only	
   source	
   of	
   acetyl-­‐CoA.	
   L-­‐threonine	
   is	
   consumed	
   at	
   a	
   very	
  
high	
   rate	
   in	
   standard	
   culture	
   conditions	
   and	
   also	
   contributes	
   to	
   acetate	
   production	
   (Cross	
   et	
   al.,	
  
1975;	
   Linstead	
   et	
   al.,	
   1977).	
   Its	
   contribution	
   to	
   acetate	
   production	
   and	
   the	
   subsequent	
  
incorporation	
   into	
   fatty	
  acids	
  and	
  sterols	
   is	
  2.5-­‐fold	
  higher	
   than	
   that	
  of	
  glucose	
   (Millerioux	
  et	
  al.,	
  
2013).	
  It	
  has	
  been	
  shown	
  that	
  there	
  is	
  a	
  second	
  acetate-­‐producing	
  enzyme	
  in	
  addition	
  to	
  the	
  ASCT.	
  
In	
   contrast	
   to	
   ASCT	
   the	
   acetyl-­‐CoA	
   hydrolase	
   (ACH)	
   acetate	
   production	
   is	
   uncoupled	
   from	
   ATP	
  
synthesis	
  (Millerioux	
  et	
  al.,	
  2012).	
  

How	
  acetate	
  is	
  transported	
  through	
  the	
  membrane	
  is	
  still	
  not	
  known.	
  Both	
  carrier	
  mediated	
  
and	
  passive	
  diffusion	
  processes	
  have	
  been	
  suggested,	
  as	
  observed	
  in	
  other	
  organisms.	
  In	
  E.	
  coli	
  for	
  
example	
   the	
  acetate	
  permeates	
   through	
   the	
  membrane	
   (Gimenez	
  et	
  al.,	
  2003)	
  and	
   in	
  S.	
  cerevisiae	
  
acetate	
   transfer	
   is	
   performed	
   by	
   transporters	
   (Cassio	
   et	
   al.,	
   1987).	
   Another	
   discussed,	
   yet	
   only	
  
putative	
  function	
  of	
  the	
  acetate	
  export/diffusion	
  out	
  of	
  the	
  mitochondrion	
  could	
  be	
  a	
  contribution	
  
to	
  the	
  mitochondrial	
  membrane	
  potential.	
  If	
  the	
  acetate	
  is	
  not	
  transported	
  in	
  its	
  anionic	
  form	
  but	
  is	
  
protonated	
   it	
   is	
   lipophilic	
   and	
   could	
   permeate	
   through	
   membranes	
   by	
   diffusion	
   (Kihara	
   and	
  
Macnab,	
   1981).	
   As	
   a	
   weak	
   acid	
   it	
   would	
   release	
   its	
   proton,	
   contributing	
   to	
   the	
   electrochemical	
  
proton	
   gradient	
   of	
   the	
   mitochondrial	
   membrane	
   (Michels	
   et	
   al.,	
   1979;	
   ten	
   Brink	
   and	
   Konings,	
  
1986).	
   The	
   mechanism	
   of	
   acetate	
   export	
   is	
   yet	
   to	
   be	
   investigated	
   in	
   more	
   detail,	
   so	
   far	
   no	
  
mitochondrial	
  monocarboxylate	
  transporter	
  has	
  been	
  identified	
  (Colasante	
  et	
  al.,	
  2009).	
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1.4	
   NADPH	
  balance	
  

NADPH	
   is	
   another	
   important	
   reducing	
   equivalent,	
   in	
   a	
   addition	
   to	
   the	
   aforementioned	
   NADH	
  
(chapter	
  1.3),	
  and	
  plays	
  a	
  crucial	
   role	
   in	
  a	
  number	
  of	
   cellular	
  processes	
  such	
  as:	
   sterol	
   synthesis,	
  
fatty	
  acid	
  synthesis,	
  β-­‐oxidation	
  of	
  unsaturated	
  fatty	
  acids	
  or	
  the	
  detoxification	
  of	
  reactive	
  oxygen	
  
species	
  (ROS).	
  In	
  most	
  eukaryotes,	
  homeostasis	
  of	
  the	
  NAD+/NADH	
  and	
  NADP+/NADPH	
  balances	
  is	
  
linked	
   by	
   transhydrogenases	
   (EC	
   1.6.1.1).	
   These	
   enzymes	
   can	
   compensate	
   an	
   imbalance	
   by	
  
transferring	
  electrons	
  from	
  one	
  system	
  to	
  the	
  other.	
  This	
  level	
  of	
  flexibility	
  is	
  absent	
  in	
  T.	
  brucei	
  as	
  
no	
  transhydrogenases	
  have	
  been	
  identified	
  in	
  its	
  genome	
  (Berriman	
  et	
  al.,	
  2005).	
  

This	
   is	
  surprising	
  for	
  a	
  parasitic	
  organism	
  that	
  has	
  to	
  face	
  oxidative	
  stress	
  throughout	
  the	
  
different	
   life	
   cycle	
   stages.	
   BSFs	
   have	
   to	
   face	
   oxidative	
   bursts	
   from	
   the	
   innate	
   immune	
   system	
   of	
  
mammals	
  while	
  PCFs	
  are	
  confronted	
  with	
  ROS	
  residing	
  in	
  the	
  proventriculus	
  on	
  their	
  way	
  from	
  the	
  
midgut	
  to	
  the	
  salivary	
  glands	
  (Hao	
  et	
  al.,	
  2003).	
  The	
  ability	
  to	
  cope	
  with	
  ROS	
  is	
  therefore	
  essential	
  
for	
  survival	
  of	
  T.	
  brucei.	
  In	
  T.	
  brucei	
  superoxide	
  dismutases	
  degrade	
  primary	
  ROS	
  such	
  as	
  O2�-­‐	
  or	
  �OH	
  
into	
  H2O2	
  (Dufernez	
  et	
  al.,	
  2006;	
  Wilkinson	
  et	
  al.,	
  2006),	
  which	
  is	
  then	
  detoxified	
  by	
  catalases	
  or	
  the	
  
glutathione	
  system	
  in	
  other	
  eukaryotes.	
  T.	
  brucei	
  possesses	
  an	
  equivalent	
  of	
  the	
  latter	
  known	
  as	
  the	
  
trypanothione	
  system	
  but	
  catalases	
  are	
  absent	
  (Berriman	
  et	
  al.,	
  2005).	
  The	
  trypanothione	
  system	
  is	
  
similar	
   to	
   the	
  glutathione	
  system	
  except	
   that	
   the	
   trypanothione	
  named	
  molecule	
  results	
   from	
  the	
  
condensation	
  of	
  two	
  glutathione	
  and	
  one	
  spermidine	
  molecules	
  (Fairlamb	
  et	
  al.,	
  1985).	
  The	
  cascade	
  
responsible	
  for	
  the	
  detoxification	
  of	
  ROS	
  involves	
  in	
  addition	
  to	
  trypanothione	
  a	
  number	
  of	
  dithiol	
  
redox	
  proteins	
  (Krauth-­‐Siegel	
  and	
  Comini,	
  2008)	
  depicted	
  in	
  Fig.4.	
  This	
  cascade	
  is	
  responsible	
  for	
  
the	
  detoxification	
  of	
  H2O2	
  and	
   for	
   the	
  production	
  of	
  deoxyribonucleotides.	
  As	
   a	
   result,	
   interfering	
  
with	
  it	
  is	
  lethal	
  for	
  T.	
  brucei	
  (Arrick	
  et	
  al.,	
  1981;	
  Comini	
  et	
  al.,	
  2007;	
  Huynh	
  et	
  al.,	
  2003;	
  Krieger	
  et	
  
al.,	
  2000).	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

	
  
	
  
	
  
	
  
Considering	
  the	
  dependency	
  of	
  this	
  cascade	
  on	
  the	
  availability	
  of	
  NADPH	
  implies	
  that	
  its	
  depletion	
  
has	
   the	
   same	
   effect	
   as	
   interfering	
   with	
   the	
   cascade	
   itself.	
   Taking	
   a	
   look	
   at	
   the	
   possible	
   NADPH	
  
producing	
  pathways,	
  we	
  find	
  two	
  alternatives	
  for	
  each	
  subcellular	
  compartment.	
  In	
  the	
  glycosomes,	
  

Fig.2:	
   The	
   trypanothione	
   cascade	
   of	
   T.	
   brucei.	
   (modified	
   from	
   Krauth-­‐Siegel	
   and	
   Comini,	
   2008)	
  
Abbreviations:	
   GSH:	
   glutathione;	
   GspS:	
   glutathione-­‐spermidine	
   synthase;	
   TryS:	
   trypanothione	
   synthase;	
   TR:	
  
trypanothione	
   reductase;	
   T(SH)2:	
   trypanothione	
   (reduced);	
  TS2:	
   trypanothione	
   (oxidized);	
  Tpx:	
   tryparedoxin;	
  
TpxPx:	
  tryparedoxin	
  peroxidase	
  RR:	
  ribonucleotide	
  reductase;	
  ROOH:	
  peroxides;	
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two	
   steps	
   of	
   the	
   pentose	
   phosphate	
   pathway	
   (PPP)	
   produce	
   NADPH:	
   the	
   glucose-­‐6-­‐phosphate	
  
dehydrogenase	
  (G6PDH)	
  and	
  the	
  6-­‐phosphogluconate	
  dehydrogenase	
  (6PGDH).	
  In	
  addition	
  there	
  is	
  
a	
  glycosomal	
  isocitrate	
  dehydrogenase	
  (IDHg)	
  (Colasante	
  et	
  al.,	
  2006)	
  as	
  putative	
  NADPH	
  source.	
  

Within	
  the	
  mitochondrion,	
  a	
  NADP+-­‐dependent	
  IDHm	
  and	
  the	
  mitochondrial	
  malic	
  enzyme	
  
(MEm)	
  reside	
  as	
  NADPH	
  sources.	
  Both	
   the	
  PPP	
  and	
  malic	
  enzyme	
  (MEc)	
  are	
  also	
   localized	
   in	
   the	
  
cytosol,	
   hence	
   producing	
   cytosolic	
   NADPH	
   (Duffieux	
   et	
   al.,	
   2000;	
   Heise	
   and	
   Opperdoes,	
   1999).	
  
Changing	
   hosts	
   and	
   the	
   subsequent	
   switch	
   between	
   available	
   carbon	
   sources	
   could	
   cause	
   a	
  
detrimental	
  effect	
  on	
  the	
  NADPH	
  balance.	
  The	
  PPP	
  is	
  dependent	
  on	
  the	
  glucose-­‐derived	
  glucose-­‐6-­‐
phosphate	
  (G6P)	
  meaning	
  that	
  the	
  newly	
  differentiated	
  PCF,	
  residing	
  in	
  the	
  fly	
  midgut,	
  is	
  faced	
  with	
  
a	
  sudden	
  absence	
  of	
  glucose	
  and	
  hence	
  a	
  lack	
  of	
  NADPH	
  production.	
  This	
  could	
  be	
  the	
  time	
  when	
  
the	
  MEc	
  becomes	
  necessary	
  as	
  a	
  backup	
  system	
  for	
  NADPH	
  production	
  as	
  it	
  can	
  be	
  fed	
  with	
  malate	
  
produced	
  from	
  proline,	
  present	
  in	
  the	
  fly	
  hemolymph.	
  The	
  NADPH	
  is	
  required	
  for	
  the	
  regeneration	
  
of	
   oxidized	
   trypanothione	
   by	
   trypanothione	
   reductase	
   (TR)	
   in	
   the	
   cytosol.	
   The	
   reduced	
  
trypanothione	
   is	
   then	
   transported	
   to	
   the	
   other	
   subcellular	
   compartments	
   (Krauth-­‐Siegel	
   and	
  
Comini,	
  2008;	
  Smith	
  et	
  al.,	
  1991).	
  

The	
  roles	
  of	
  the	
  cytosolic	
  NADPH	
  producing	
  pathways	
  were	
  therefore	
  investigated	
  in	
  detail	
  
in	
   chapter	
   2.	
   The	
   same	
   problem	
   arises	
   for	
   the	
   glycosomal	
   NADPH	
   production	
   in	
   the	
   absence	
   of	
  
glucose	
   to	
   feed	
   the	
   PPP.	
   Here	
   the	
   glycosomal	
   isocitrate	
   dehydrogenase	
   (IDHg)	
   could	
   serve	
   as	
  
backup	
   system.	
   There	
   are	
   a	
   number	
   of	
   potential	
   NADPH	
   dependent	
   pathways	
   residing	
   in	
   the	
  
glycosomes.	
   Thus	
   a	
   closer	
   look	
   at	
   the	
   possible	
   NADPH	
   consuming	
   pathways	
   has	
   to	
   be	
   taken,	
   in	
  
order	
  to	
  understand	
  the	
  relevance	
  of	
  a	
  potential	
  backup	
  system.	
  One	
  putative	
  glycosomal	
  NADPH	
  
consumer	
   is	
   the	
   β-­‐oxidation	
   of	
   unsaturated	
   fatty	
   acids.	
   In	
   plants	
   and	
   eukaryotic	
  microorganisms	
  
like	
  yeast,	
  β-­‐oxidation	
  takes	
  place	
  in	
  the	
  peroxisomes	
  (van	
  den	
  Bosch	
  et	
  al.,	
  1992).	
  In	
  mammalian	
  
cells,	
   the	
   β-­‐oxidation	
   pathway	
   is	
   also	
   present	
   in	
   the	
   mitochondria.	
   In	
   the	
   yeast	
   S.	
   cerevisiae	
   a	
  
peroxisomal	
   IDH	
   has	
   exactly	
   this	
   function.	
   In	
   the	
   absence	
   of	
   other	
   carbon	
   sources	
   (other	
   than	
  
unsaturated	
  fatty	
  acids)	
  a	
  null	
  mutant	
  of	
  the	
  IDP3	
  gene,	
  a	
  peroxisomal	
  IDH,	
  displays	
  a	
  growth	
  arrest	
  
(Henke	
  et	
  al.,	
  1998).	
  In	
  detail,	
  after	
  the	
  activation	
  of	
  the	
  fatty	
  acid	
  by	
  forming	
  a	
  thioester	
  with	
  Co-­‐
enzyme	
  A	
   (CoA),	
   four	
   subsequent	
   reactions	
   are	
  necessary	
   to	
   shorten	
   the	
   acyl	
   chain	
   and	
  produce	
  
one	
  molecule	
  of	
  acetyl-­‐CoA	
  (Mannaerts	
  and	
  Van	
  Veldhoven,	
  1993)(Fig.5).	
  

	
  
Two	
  enzymatic	
  activities	
  involved	
  in	
  β-­‐oxidation	
  have	
  been	
  found	
  to	
  be	
  present	
  in	
  the	
  glycosomes	
  
of	
   T.	
   brucei	
   (Wiemer	
   et	
   al.,	
   1996)	
   suggesting	
   the	
   presence	
   of	
   glycosomal	
   β-­‐oxidation.	
   The	
   β-­‐
oxidation	
  of	
  saturated	
  fatty	
  acids	
  is	
  however	
  of	
  minor	
  interest	
  in	
  correlation	
  with	
  NADPH	
  since	
  no	
  
reducing	
   equivalents	
   are	
   required	
   here.	
   In	
   contrast	
   the	
   β-­‐oxidation	
   of	
   unsaturated	
   fatty	
   acids	
  
requires	
  reducing	
  equivalents	
  for	
  one	
  of	
  two	
  additional	
  enzymatic	
  steps.	
  The	
  double	
  bond	
  requires	
  
an	
  isomerase	
  and	
  a	
  reductase	
  reaction	
  (Fig.6,	
  steps	
  2,5,6)	
  of	
  which	
  the	
  reductase	
  requires	
  NADPH,	
  
which	
  could	
  be	
  delivered	
  by	
  the	
  IDHg	
  in	
  the	
  absence	
  of	
  glucose.	
  
	
  
	
  

Fig.3:	
  Schematic	
  representation	
   of	
   the	
   β-­‐oxidation	
   steps.	
  red:	
  indicates	
  initial	
  carbon	
  and	
  hydrogen	
  atoms	
  of	
  the	
  fatty	
  acid;	
  blue:	
  
indicates	
  added	
  oxygen	
  and	
  hydrogen	
  atoms;	
  green:	
   indicates	
  activation	
  of	
   the	
  fatty	
  acid	
  by	
  CoA.	
   In	
  most	
  eukaryotes	
  step	
  3	
  is	
  NAD+-­‐
dependent,	
  but	
  in	
  T	
  brucei	
  the	
  detected	
  activity	
  was	
  NADP+-­‐dependent	
  (Wiemer	
  et	
  al.,	
  1996).	
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Recent	
  data	
   indicate	
  an	
   important	
  role	
   for	
  CoA-­‐activated	
   fatty	
  acids	
  within	
   the	
  glycosomes	
   in	
   the	
  
absence	
  of	
  glucose	
  (Igoillo-­‐Esteve	
  et	
  al.,	
  2011).	
  Hence	
  their	
  involvement	
  in	
  β-­‐oxidation	
  is	
   likely.	
  It	
  
has	
  been	
  shown	
  that	
  a	
  member	
  of	
  a	
  glycosomal	
  ABC-­‐transporter	
  family	
  is	
  involved	
  in	
  the	
  import	
  of	
  
oleoyl-­‐CoA	
   into	
   glycosomes.	
   Downregulation	
   of	
   this	
   transporter	
   (GAT1)	
   had	
   no	
   effect	
   on	
   cell	
  
growth	
  in	
  presence,	
  but	
  was	
  lethal	
  in	
  absence	
  of	
  glucose	
  (Igoillo-­‐Esteve	
  et	
  al.,	
  2011).	
  The	
  possible	
  
lack	
  of	
  carbon	
  sources	
  during	
  maturation	
  in	
  the	
  fly	
  could	
  necessitate	
  the	
  use	
  of	
  stored	
  lipids	
  as	
  an	
  
energy	
  source	
  and	
  thus	
  the	
  requirement	
  of	
  NADPH	
  for	
  utilization	
  of	
  unsaturated	
  fatty	
  acids.	
  

Another	
   potential	
  NADPH	
   consuming	
   pathway	
   is	
   the	
   synthesis	
   of	
   ether-­‐linked	
   lipids.	
   The	
  
initial	
   steps	
   of	
   this	
   anabolic	
   pathway	
   are	
   usually	
   located	
   within	
   the	
   peroxisomes	
   in	
   mammals,	
  
namely	
   the	
   dihydroxyacetone	
   phosphate	
   (DHAP)	
   pathway	
   (Hajra	
   and	
   Bishop,	
   1982)	
   (Fig.7).	
   The	
  
initial	
  steps	
  have	
  also	
  been	
  identified	
  in	
  T.	
  brucei,	
  where	
  the	
  activities	
  of	
  the	
  DHAP-­‐acyltransferase	
  
(Fig.7,	
  step	
  1)	
  and	
  the	
  1-­‐Alkyl-­‐DHAP	
  synthase	
  (Fig.7,	
  step	
  2)	
  have	
  been	
  found	
  to	
  be	
  present	
  within	
  
the	
  glycosomes	
   (Opperdoes,	
  1984;	
  Zomer	
  et	
  al.,	
  1999;	
  Zomer	
  et	
  al.,	
  1995).	
  The	
  presence	
  of	
   those	
  
activities	
   is	
   of	
   course	
   no	
   proof	
   of	
   an	
   active	
   ether-­‐linked	
   lipid	
   synthesis	
   in	
  T.	
   brucei.	
   However	
  T.	
  
brucei’s	
   lipidome	
   contains	
   ether-­‐linked	
   lipids	
   and	
   some	
   mutants	
   show	
   decreased	
   abundance	
   of	
  
them	
   (Patnaik	
   et	
   al.,	
   1993;	
   Voncken	
   et	
   al.,	
   2003).	
   The	
   possible	
   advantage	
   of	
   having	
   ether-­‐linked	
  
phospholipids	
  in	
  the	
  plasma	
  membrane	
  is	
  their	
  higher	
  chemical	
  stability	
  compared	
  to	
  ester-­‐bonds.	
  
This	
  could	
  be	
  advantageous	
  when	
  facing	
  oxidative	
  environments	
  or	
  organs	
  with	
  extreme	
  pH	
  values	
  
where	
  ester-­‐bonds	
  would	
  be	
  more	
  prone	
  to	
  hydrolysis	
  (Aussenac	
  et	
  al.,	
  2005).	
  Studies	
  on	
  archaeal	
  
membranes	
   have	
   shown	
   that	
   their	
   high	
   content	
   of	
   ether-­‐linked	
   lipids	
   creates	
   higher	
   bilayer	
  
stability	
  and	
  a	
  decreased	
  permeability	
  (Dannenmuller	
  et	
  al.,	
  2000;	
  Shinoda	
  et	
  al.,	
  2004).	
  Thus	
  the	
  
lipid	
   composition	
   can	
   be	
   important	
   for	
   the	
  migration	
  within	
   the	
   insect	
   host	
   since	
   the	
   parasite	
   is	
  
subjected	
   to	
   lower	
   temperatures	
  and	
  elevated	
  stresses,	
   including	
  ROS	
  and	
  high	
  pH	
  values.	
   In	
   fact	
  
PCFs	
  contain	
  a	
  significantly	
  higher	
  fraction	
  of	
  ether-­‐linked	
  lipids	
  than	
  BSFs	
  (Patnaik	
  et	
  al.,	
  1993).	
  It	
  
should	
  be	
  noted	
  that	
  the	
  proventriculus	
  was	
  shown	
  to	
  have	
  a	
  pH	
  of	
  10.6	
  (Liniger	
  et	
  al.,	
  2003),	
  which	
  
indeed	
   can	
   favor	
   cells	
   with	
   a	
   higher	
   ether-­‐linked	
   lipid	
   content	
   in	
   the	
   membrane,	
   being	
   more	
  
resistant	
  to	
  basic	
  hydrolysis.	
  

Fig.4:	
   Schematic	
   representation	
   of	
   the	
  β	
   oxidation	
   of	
   unsaturated	
   fatty	
   acids.	
  Only	
  steps	
  required	
  due	
   to	
  unsaturated	
  
double	
  bonds	
  are	
  depicted.	
  Next	
  to	
  the	
  molecules	
  the	
  number,	
  position	
  and	
  kind	
  of	
  double	
  bonds	
  are	
  indicated	
  by	
  cis,	
  trans,	
  a	
  
number	
  and	
  ∆.	
  The	
  carbon	
  atoms	
  are	
  numbered,	
  whereat	
  1	
  corresponds	
  to	
  the	
  alpha	
  and	
  2	
  to	
  the	
  beta	
  carbon	
  atom.	
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1.5	
   Lipid	
  droplets	
  as	
  energy	
  storage	
  

The	
  conversion	
  of	
  fatty	
  acids	
  and	
  sterols	
  into	
  neutral	
  lipids	
  followed	
  by	
  their	
  storage	
  as	
  a	
  source	
  of	
  
energy	
   is	
   a	
   process	
   conserved	
   from	
  prokaryotes	
   to	
   eukaryotes	
   (Murphy,	
   2012).	
   The	
   structure	
   of	
  
these	
   storage	
   organelles	
   is	
   comprised	
   of	
   a	
   phospholipid	
   monolayer	
   surrounding	
   predominantly	
  
triacylglycerols	
   and	
   cholesteryl	
   esters.	
   The	
   monolayer	
   contains	
   additional	
   associated	
   proteins,	
  
which	
   are	
   involved	
   in	
   the	
   dynamic	
   biogenesis	
   of	
   the	
   organelle,	
   reviewed	
   in	
   (Martin	
   and	
   Parton,	
  
2006).	
   In	
  vitro	
  accumulation	
   of	
   lipid	
   droplets	
   (LD)	
   has	
   been	
   observed	
   in	
  T.	
  brucei	
   but	
   only	
   upon	
  
treatment	
   with	
   a	
   serine	
   palmitoyltransferase	
   inhibitor	
   (Flaspohler	
   et	
   al.,	
   2010;	
   Fridberg	
   et	
   al.,	
  
2008),	
  causing	
  a	
  severe	
  cytokinesis	
  phenotype	
  as	
  side	
  effect.	
  

In	
  vivo	
  a	
  change	
  in	
  number	
  and	
  size	
  of	
  LDs	
  could	
  be	
  observed	
  when	
  analyzing	
  trypanosomes	
  
isolated	
  from	
  Tsetse	
  flies	
  (Steiger,	
  1973).	
  In	
  this	
  work	
  an	
  ultrastructural	
  analysis	
  of	
  the	
  changes	
  in	
  
subcellular	
  structures	
  during	
  development	
  in	
  the	
  Tsetse	
  fly	
  has	
  been	
  undertaken.	
  Amongst	
  others	
  it	
  
could	
  be	
  observed	
  that	
  a	
  larger	
  type	
  of	
  LDs	
  occurs	
  during	
  development	
  of	
  established	
  midgut	
  forms	
  
compared	
  to	
  BSFs.	
  The	
  quite	
  abundant	
  LDs	
  decreased	
  in	
  parasites	
  isolated	
  from	
  the	
  proventriculus	
  
and	
  disappeared	
  in	
  the	
  following	
  stages.	
  

This	
   indicates	
  a	
  role	
   for	
   these	
  storage	
  organelles	
  during	
   the	
  migration	
   in	
   the	
   fly	
  host.	
  The	
  
use	
  of	
  stored	
  lipids	
  could	
  help	
  to	
  overcome	
  starvation	
  during	
  migration	
  of	
  the	
  parasite	
  through	
  the	
  
insect,	
   especially	
   in	
   regions	
   of	
   limited	
   carbon	
   sources.	
   This	
   becomes	
   more	
   interesting	
   when	
  
considering	
  recent	
  data,	
  where	
  it	
  has	
  been	
  shown	
  that	
  motility	
  is	
  essential	
  for	
  T.	
  brucei	
  to	
  establish	
  
an	
   infection.	
   Mutant	
   parasites	
   with	
   a	
   clear	
   motility	
   phenotype	
   were	
   not	
   able	
   to	
   develop	
   to	
   the	
  
epimastigote	
  form	
  (Rotureau	
  et	
  al.,	
  2013).	
  

In	
  mammals	
   the	
  process	
  of	
  LD	
   formation	
  or	
  degradation	
   is	
  highly	
  regulated	
  and	
  dynamic.	
  
The	
   catabolism	
   of	
   LD	
   is	
   regulated	
   by	
   a	
   signaling	
   cascade	
   involving	
   G-­‐protein	
   coupled	
   receptors	
  
(GPCR),	
   adenylate	
   cyclases	
   and	
   protein	
   kinase	
   A	
   which	
   phosphorylates	
   proteins	
   like	
   lipases	
   or	
  
perilipins	
  (Brasaemle	
  et	
  al.,	
  2000;	
  Brasaemle	
  et	
  al.,	
  2009).	
  The	
  degradation	
  of	
  LD	
  in	
  T.	
  brucei	
  is	
  very	
  
likely	
  to	
  be	
  completely	
  different.	
  First	
   there	
  are	
  no	
  GPCRs	
  (Berriman	
  et	
  al.,	
  2005)	
  and	
  second	
  the	
  
PKA-­‐like	
  kinase	
  in	
  T.	
  brucei	
  is	
  not	
  cAMP	
  activated	
  (unpublished	
  data,	
  Boshart	
  lab).	
  This	
  complicates	
  

Fig.5:	
   Schematic	
   representation	
   of	
   the	
   DHAP	
   pathway.	
   The	
   first	
   two	
   steps	
   have	
  
been	
   identified	
  and	
  localized	
   to	
  the	
  glycosomes.	
  The	
  oxidoreductase	
  step	
  is	
  discussed	
  
(Michels	
  et	
  al.,	
  2006)	
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the	
  analysis	
  of	
  LD	
  kinetics,	
   since	
  no	
  known	
  LD	
  degradation	
  pathway	
  can	
  be	
   targeted	
  by	
  chemical	
  
inhibition	
  or	
  reverse	
  genetics.	
  This	
  topic	
  will	
  be	
  discussed	
  in	
  detail	
  in	
  chapter	
  4.	
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2.	
   Cytosolic	
   NADPH	
   Homeostasis	
   in	
   Glucose-­‐starved	
   Procyclic	
  
	
   Trypanosoma	
   brucei	
   Relies	
   on	
   Malic	
   Enzyme	
   and	
   the	
   Pentose	
  
	
   Phosphate	
  Pathway	
  Fed	
  by	
  Gluconeogenic	
  Flux	
  

NADPH	
   is	
   an	
   essential	
   co-­‐factor	
   for	
   a	
   multitude	
   of	
   biosynthetic	
   pathways.	
   Within	
   these,	
   one	
  
pathway	
  has	
  a	
  more	
  accentuated	
  role	
  for	
  the	
  parasite	
  T.	
  brucei,	
  compared	
  to	
  other	
  organisms.	
  This	
  
is	
  the	
  trypanothione	
  system,	
  the	
  parasite’s	
  equivalent	
  to	
  the	
  mammalian	
  glutathione	
  system,	
  which	
  
relies	
  on	
  NADPH	
  for	
  regeneration.	
  The	
  parasite	
  solely	
  depends	
  on	
  NADPH	
  in	
  order	
  to	
  detoxify	
  ROS,	
  
as	
   it	
   lacks	
   a	
   catalase	
   and	
   so	
   far	
   no	
   transhydrogenases	
   have	
   been	
   identified.	
   According	
   to	
   the	
  
genome	
   data,	
   T.	
   brucei	
   possesses	
   two	
   putative	
   NADPH	
   producing	
   pathways	
   in	
   each	
   subcellular	
  
compartment,	
   including	
   the	
   cytoplasm,	
   the	
   glycosomes	
   and	
   the	
  mitochondrion.	
   This	
   redundancy	
  
could	
  be	
  the	
  result	
  of	
  a	
  necessary	
  adaptation	
  to	
  available	
  carbon	
  sources,	
  when	
  shuttling	
  between	
  
hosts.	
  As	
  ROS	
  are	
  encountered	
  in	
  both	
  hosts	
  and	
  the	
  PPP	
  is	
  depending	
  on	
  the	
  availability	
  of	
  G6P,	
  we	
  
hypothesize	
  that	
  the	
  MEc	
  serves	
  as	
  backup	
  system	
  in	
  glucose-­‐depleted	
  environments	
  to	
  cope	
  for	
  a	
  
PPP	
  with	
  no	
  or	
   low	
  activity	
  due	
   to	
  a	
   lack	
  of	
  substrate.	
  This	
  situation	
  applies	
   for	
   the	
   insect	
  stages	
  
migrating	
  towards	
  the	
  salivary	
  glands.	
  Hence	
  we	
  tested	
  the	
  importance	
  of	
  the	
  two	
  pathways	
  in	
  the	
  
cytoplasm	
  for	
  ROS	
  detoxification	
  depending	
  on	
  nutrient	
  availability.	
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3.	
   Metabolic	
  Control	
  of	
  Insect	
  Stage	
  Differentiation	
  

In	
   the	
   previous	
   chapter	
   we	
   demonstrated	
   the	
   redundancy	
   of	
   cytoplasmic	
   NADPH	
   producing	
  
pathways	
   and	
   carbon	
   source	
   dependent	
   flux	
   redistribution.	
   The	
   glycosomal	
   NADPH	
   production	
  
might	
  be	
  regulated	
  in	
  the	
  same	
  way.	
  Similar	
  to	
  the	
  cytosolic	
  situation,	
  one	
  of	
  the	
  two	
  pathways	
  is	
  
the	
   PPP,	
   depending	
   on	
   G6P.	
   The	
   other	
   putative	
   NADPH	
   producer	
   is	
   a	
   glycosomal	
   isocitrate	
  
dehydrogenase	
  (IDHg).	
  First	
  experiments	
  did	
  not	
  reveal	
  any	
  obvious	
  phenotypes	
  in	
  culture.	
  But	
  in	
  
the	
  light	
  of	
  a	
  recent	
  publication,	
  which	
  demonstrated	
  in	
  culture	
  differentiation	
  of	
  insect	
  stages	
  for	
  
the	
  first	
  time	
  (Kolev	
  et	
  al.,	
  2012),	
  we	
  investigated	
  this	
  mutant	
  for	
  its	
  differentiation	
  capability	
  and	
  
the	
   effect	
   of	
   available	
   carbon	
   sources	
   on	
   the	
   differentiation	
   process	
   itself.	
   We	
   show	
   that	
   the	
  
presence	
  or	
  absence	
  of	
  specific	
  carbon	
  sources	
  has	
  a	
  strong	
  impact	
  on	
  the	
  stage	
  differentiation,	
  as	
  
well	
  as	
  null	
  mutants	
  in	
  a	
  postulated	
  pathway	
  delivering	
  glycosomal	
  NADPH.	
  This	
  pathway	
  involves	
  
the	
   mitochondrial	
   enzymes	
   citrate	
   synthase	
   (CS),	
   aconitase	
   (ACO),	
   IDHm	
   and	
   the	
   glycosomal	
  
enzyme	
   IDHg.	
   The	
   null	
   mutants	
   of	
   ACO	
   and	
   IDHg	
   display	
   a	
   strong	
   phenotype	
   in	
   the	
   culture	
  
differentiation,	
   whereas	
   the	
   ∆CS	
   and	
   ∆IDHm	
   null	
   mutant	
   reveal	
   no	
   or	
   a	
   minor	
   block	
   in	
  
differentiation.	
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3.1	
   Carbon	
   Source	
  Regulated	
  Glycosomal	
  NADPH	
  Production	
   is	
   Essential	
   for	
   the	
  
	
   Developmental	
  Cycle	
  of	
  Trypanosoma	
  brucei	
  in	
  the	
  insect	
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Highlights	
  	
  
-­‐	
  Glucose	
  and	
  glycerol	
  regulate	
  differentiation	
  of	
  T.	
  brucei	
  insect	
  stages	
  
-­‐	
  Glucose	
  regulates	
  protein	
  expression	
  of	
  citrate	
  metabolism	
  enzymes	
  
-­‐	
  The	
  glycosomal	
  isocitrate	
  dehydrogenase	
  is	
  essential	
  for	
  salivary	
  gland	
  colonization	
  in	
  the	
  fly	
  
-­‐	
  The	
  glycosomal	
  isocitrate	
  dehydrogenase	
  is	
  essential	
  for	
  insect	
  stage	
  differentiation	
  in	
  culture	
  
	
  
Summary	
  
Migration	
   and	
   maturation	
   within	
   the	
   insect	
   host	
   are	
   challenging	
   processes	
   for	
   T.	
   brucei.	
   They	
  
require	
   the	
   recognition	
  of	
  external	
   signals.	
  We	
   took	
  advantage	
  of	
  a	
  new	
   in	
  culture	
  differentiating	
  
system	
  and	
  identified	
  glucose	
  and	
  glycerol	
  as	
  metabolic	
  cues,	
  regulating	
  the	
  differentiation	
  process	
  
of	
  the	
  insect	
  stages.	
  In	
  addition	
  we	
  demonstrated	
  the	
  regulation	
  of	
  protein	
  expression	
  and	
  activity	
  
by	
   glucose.	
  We	
   furthermore	
   identified	
   a	
   glycosomal	
   isocitrate	
   dehydrogenase	
   to	
   be	
   essential	
   for	
  
differentiation	
  in	
  culture	
  and	
  in	
  the	
  insect	
  host	
  suggesting	
  an	
  important	
  role	
  of	
  glycosomal	
  NADPH	
  
production.	
   This	
   study	
   shed	
   some	
   light	
   upon	
   the	
   complex	
   metabolic	
   adaptations	
   and	
   cross-­‐talk	
  
taking	
   place	
   during	
   insect	
   stage	
   differentiation	
   of	
   T.	
   brucei.	
   Our	
   data	
   suggest	
   a	
   new	
   metabolic	
  
pathway	
   essential	
   for	
   differentiation.	
   Furthermore	
   we	
   demonstrate	
   that	
   the	
   in	
   culture	
  
differentiation	
   system	
   is	
   suitable	
   to	
   analyze	
   putative	
   phenotypes	
   instead	
   of	
   performing	
   fly	
  
experiments.	
  
	
  
Introduction	
  
Trypanosoma	
  brucei,	
  the	
  causative	
  agent	
  of	
  Human	
  African	
  Trypanosomiasis,	
  exhibits	
  a	
  complex	
  life	
  
cycle.	
   The	
   parasite	
   uses	
   Tsetse	
   flies	
   of	
   the	
   Glossina	
   spp.	
   as	
   vector	
   between	
   mammalian	
   hosts.	
  
Understanding	
  the	
  parasite-­‐host	
  interactions	
  in	
  more	
  detail	
  is	
  essential	
  for	
  disease	
  control.	
  

So	
  far	
  knowledge	
  about	
  the	
  intermediate	
  stages	
  occurring	
  within	
  the	
  different	
  tissues	
  of	
  the	
  
Tsetse	
  alimentary	
  tract	
  is	
   limited.	
  This	
  is	
  owed	
  to	
  the	
  fact	
  that	
  only	
  one	
  out	
  of	
  a	
  number	
  of	
  insect	
  
stages	
  could	
  be	
  cultured	
  so	
  far	
  (Brun	
  and	
  Schonenberger,	
  1979).	
  In	
  addition	
  the	
  amount	
  and	
  quality	
  
of	
  parasite	
  material	
  that	
  can	
  be	
  gained	
  from	
  fly	
   infections	
  is	
   insufficient	
  for	
  a	
  variety	
  of	
  analytical	
  
methods.	
  Nevertheless	
  some	
  regulatory	
  mechanisms	
  of	
  importance	
  for	
  the	
  stage	
  development	
  have	
  
been	
  identified	
  until	
  today.	
  It	
  has	
  been	
  shown	
  that	
  innate	
  as	
  well	
  as	
  microbiome-­‐regulated	
  immune	
  
responses	
   influence	
   the	
   infection	
   and	
  maturation	
   (Hu	
   and	
   Aksoy,	
   2006;	
  Weiss	
   et	
   al.,	
   2013).	
   The	
  
parasite	
   also	
   displayed	
   enhanced	
   maturation	
   in	
   nutritionally	
   stressed	
   flies	
   due	
   to	
   decreased	
  
expression	
   of	
   specific	
   immune	
   genes	
   (Akoda	
   et	
   al.,	
   2009a;	
  Akoda	
   et	
   al.,	
   2009b).	
   It	
   is	
   known	
   that	
  
different	
  tissues,	
   like	
  the	
  proventriculus,	
  constitute	
  specific	
  challenges	
  for	
  the	
  parasite	
  (Hao	
  et	
  al.,	
  
2003),	
   indicating	
   the	
   necessity	
   of	
   adaptations	
   triggered	
   by	
   external	
   signals	
   perceived	
   by	
   the	
  
parasite.	
  The	
  finding	
  of	
  a	
  MAP	
  kinase	
  kinase	
  (MKK1)	
  being	
  essential	
  for	
  salivary	
  gland	
  colonization	
  
but	
  dispensible	
  in	
  both	
  BSF	
  and	
  PCF	
  in	
  vitro	
  (Morand	
  et	
  al.,	
  2012)	
  strongly	
  supports	
  this.	
  

The	
   stage	
   development	
   results	
   in	
   adaptations	
   in	
  metabolism	
   as	
  well	
   as	
   in	
  morphology.	
   A	
  
high	
   morphological	
   diversity	
   within	
   the	
   insect	
   stages	
   can	
   be	
   observed	
   (Van	
   Den	
   Abbeele	
   et	
   al.,	
  
1999;	
  Vickerman,	
  1985).	
  The	
  differential	
  surface	
  protein	
  expression	
  of	
  EP	
  and	
  GPEET	
  on	
  PCF	
  cells	
  
indicated	
   the	
   cellular	
   metabolism	
   to	
   be	
   involved	
   in	
   marker	
   expression	
   during	
   early	
   stage	
  
differentiation	
  as	
  transducer.	
  (Vassella	
  et	
  al.,	
  2000;	
  Vassella	
  et	
  al.,	
  2004).	
  Metabolic	
  cues	
  as	
  triggers	
  
for	
   differentiation	
   are	
   not	
   unlikely.	
   It	
   can	
   be	
   seen	
   in	
   a	
   number	
   of	
   organisms	
   like	
   S.	
   cerevisiae	
  
(Broach,	
  2012;	
  Cullen	
  and	
  Sprague,	
  2012)	
  or	
  C.	
  albicans	
  (Cullen	
  and	
  Sprague,	
  2000).Here,	
  changing	
  
nutritional	
  environments	
  are	
  linked	
  to	
  cellular	
  differentiation.	
  

In	
  T.	
  brucei	
   the	
   cross-­‐talk	
   between	
  metabolic	
   pathways	
  utilizing	
  different	
   carbon	
   sources	
  
has	
   already	
   been	
   demonstrated	
   with	
   the	
   examples	
   of	
   glucose	
   repressing	
   proline	
   metabolism	
  
(Coustou	
  et	
   al.,	
   2008;	
  Lamour	
  et	
   al.,	
   2005),	
  or	
   ablation	
  of	
   glycosomal	
  NADH	
  oxidation	
  promoting	
  
proline	
  metabolism	
  (Ebikeme	
  et	
  al.,	
  2010).	
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Metabolic	
  regulation	
  can	
  go	
  far	
  beyond	
  mere	
  feedback	
  inhibition	
  within	
  a	
  pathway.	
  In	
  mammalian	
  
cancer	
   cells	
   metabolism	
   has	
   been	
   shown	
   to	
   regulate	
   cellular	
   differentiation	
   involving	
   the	
  
intermediate	
  metabolite	
  2-­‐hydroxyglutarate	
  (Dang	
  et	
  al.,	
  2009;	
  Martinez-­‐Calvillo	
  et	
  al.,	
  2010;	
  Rohle	
  
et	
  al.,	
  2013;	
  Sasaki	
  et	
  al.,	
  2012).	
  Furthermore	
  other	
  metabolites	
  than	
  2-­‐hydroxyglutarate	
  also	
  act	
  as	
  
signal	
   molecules.	
   Succinate	
   and	
   fumarate	
   were	
   found	
   to	
   interfere	
   with	
   epigenetic	
   and	
  
transcriptional	
  regulation	
  (Cai	
  and	
  Tu,	
  2012;	
  Ito	
  et	
  al.,	
  2010;	
  Mills	
  and	
  O'Neill,	
  2014;	
  Moran-­‐Crusio	
  
et	
   al.,	
   2011;	
  Quivoron	
  et	
   al.,	
   2011).	
   Succinate	
   can	
  also	
  be	
   found	
  as	
  posttranslational	
  modification	
  
influencing	
   a	
   number	
  of	
  metabolic	
   pathways	
   like	
   glycolysis	
   and	
   the	
  TCA	
   cycle	
   (Park	
   et	
   al.,	
   2013;	
  
Zhang	
  et	
  al.,	
  2011).	
  

Facing	
   diverse	
   environments	
   and	
   displaying	
   a	
   high	
   variety	
   of	
   developmental	
   stages	
   we	
  
expect	
  T.	
  brucei	
  also	
  to	
  inherit	
  such	
  a	
  cross-­‐talk	
  between	
  metabolism	
  and	
  differentiation.	
  This	
  can	
  
now	
  be	
  investigated	
  due	
  to	
  a	
  work	
  from	
  Kolev	
  and	
  coworkers	
  (Kolev	
  et	
  al.,	
  2012),	
  enabling	
  insect	
  
stage	
   differentiation	
   in	
   culture	
   by	
   ectopic	
   expression	
   of	
   the	
   RNA-­‐binding	
   protein	
   RBP6.	
  We	
   take	
  
advantage	
   of	
   this	
   and	
   analyze	
   the	
   influence	
   of	
   carbon	
   source	
   availability	
   on	
   the	
   differentiation	
  
process.	
  
	
  
Experimental	
  procedures	
  

Trypanosomes	
  and	
  Cell	
  Cultures	
  -­‐	
  The	
  procyclic	
  form	
  of	
  T.	
  brucei	
  EATRO1125	
  and	
  AnTat	
  
1.1	
  1313	
  was	
  cultured	
  at	
  27°C	
  in	
  SDM79	
  medium	
  containing	
  10%	
  (v/v)	
  heat-­‐inactivated	
  fetal	
  calf	
  
serum	
   and	
   35	
   µg/mL	
   hemin	
   (Brun	
   and	
   Schonenberger,	
   1979).	
   The	
   SDM79	
   used	
   for	
   glucose-­‐
depleted	
  growth	
  was	
  modified	
  by	
  omitting	
  glucose	
  and	
  the	
  addition	
  of	
  50	
  mM	
  N-­‐Acetylglucosamine	
  
(GlcNAc),	
  which	
   is	
   a	
  non	
  metabolized	
  glucose	
  analogue	
   inhibiting	
  glucose	
   import	
   (Allmann	
  et	
   al.,	
  
2013;	
   Azema	
   et	
   al.,	
   2004).	
   For	
   some	
   experiments	
   an	
   additional	
   SDM79	
   modification	
   was	
   the	
  
addition	
  of	
  20	
  mM	
  glycerol.	
  

Execution	
  of	
   the	
   fly	
   infection	
  experiments	
  -­‐	
  Male	
  Glossina	
  morsitans	
  morsitans	
   flies	
   from	
  
the	
  colony	
  at	
  the	
  Institute	
  of	
  Tropical	
  Medicine	
  (Antwerp,	
  Belgium)	
  were	
  used	
  in	
  the	
  trypanosome	
  
infection	
   experiments.	
   Experimental	
   flies	
   were	
   maintained	
   at	
   26±0.5°C	
   and	
   65-­‐75%	
   relative	
  
humidity.	
  Within	
   24-­‐48	
   hours	
   after	
   their	
   emergence,	
   young	
   flies	
  were	
   fed	
   their	
   first	
   blood	
  meal	
  
through	
   in	
  vitro	
  membrane	
   feeding	
   on	
   a	
  mixture	
   of	
   saline-­‐washed	
   red	
   blood	
   cells	
   (derived	
   from	
  
commercially	
  available	
  defibrinated	
  horse	
  blood	
  –	
  E&O	
  Laboratories)	
  with	
  procyclic	
  trypanosomes	
  
in	
   SDM79	
   medium	
   (without	
   antibiotics)	
   at	
   a	
   final	
   concentration	
   of	
   5	
   x	
   106	
   parasites/ml.	
   Fully	
  
engorged	
  flies	
  were	
  selected	
  and	
  subsequently	
  maintained	
  for	
  28	
  days	
  by	
  feeding	
  3	
  times/week	
  on	
  
a	
   naïve	
   rabbit.	
   Then,	
  midgut	
   and	
   salivary	
   glands	
   of	
   the	
   flies	
  were	
   dissected	
   and	
  microscopically	
  
examined	
   (phase-­‐contrast,	
   400x)	
   for	
   the	
   presence	
   of	
   trypanosomes	
   in	
   the	
   respective	
   tissues.	
  
Animal	
   ethics	
   approval	
   for	
   the	
   tsetse	
   fly	
   feeding	
   on	
   live	
   animals	
   was	
   obtained	
   from	
   the	
   Animal	
  
Ethical	
   Committee	
  of	
   the	
   Institute	
  of	
  Tropical	
  Medicine,	
  Antwerp	
   (Belgium)	
   (Ethical	
   clearance	
  n°	
  
PAR014-­‐MC-­‐K-­‐Tryp).	
  

Knockout	
   of	
   the	
   IDHg	
   gene	
   -­‐	
   Replacement	
   of	
   the	
   glycosomal	
   isocitrate	
   dehydrogenase	
  
(IDHg:	
   Tb927.11.900)	
   by	
   the	
   hygromycin	
   (HYG)	
   and	
   neomycin	
   (NEO)	
   resistance	
   markers	
   via	
  
homologous	
   recombination	
   was	
   performed	
   with	
   DNA	
   fragments	
   containing	
   a	
   resistance	
   marker	
  
gene	
  flanked	
  by	
  the	
  IDHg	
  UTR	
  sequences.	
  The	
  IDHg	
  knockout	
  was	
  generated	
  in	
  the	
  AnTat	
  1.1	
  1313	
  
parental	
   cell	
   line,	
  which	
   constitutively	
   expresses	
   the	
   tetracycline	
   repressor.	
   The	
   first	
   and	
   second	
  
IDHg	
   alleles	
   were	
   replaced	
   by	
   hygromycin-­‐	
   and	
   neomycin-­‐resistance	
   genes	
   respectively.	
  
Transfected	
  cells	
  were	
  selected	
  in	
  SDM79	
  medium	
  containing	
  20%	
  FCS,	
  hygromycin	
  B	
  (25	
  µg/mL),	
  
neomycin	
   (10	
  µg/mL),	
   and	
   phleomycin	
   (2.5	
  µg/mL).	
   The	
   selected	
   cell	
   line	
   (TetR-­‐BLE	
  
∆IDHg::HYG/∆IDHg::NEO)	
  is	
  called	
  ∆IDHg.	
  

Knockout	
  of	
  the	
  IDHm	
  gene	
  -­‐	
  Replacement	
  of	
  the	
  mitochondrial	
  isocitrate	
  dehydrogenase	
  
(IDHm:	
   Tb927.8.3690)	
   by	
   the	
   hygromycin	
   (HYG)	
   and	
   neomycin	
   (NEO)	
   resistance	
   markers	
   via	
  
homologous	
   recombination	
   was	
   performed	
   with	
   DNA	
   fragments	
   containing	
   a	
   resistance	
   marker	
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gene	
   flanked	
   by	
   the	
   IDHm	
  UTR	
   sequences.	
   The	
   IDHm	
   knockout	
  was	
   generated	
   in	
   the	
   AnTat	
   1.1	
  
1313	
   parental	
   cell	
   line,	
   which	
   constitutively	
   expresses	
   the	
   tetracycline	
   repressor.	
   The	
   first	
   and	
  
second	
   IDHm	
   alleles	
   were	
   replaced	
   by	
   hygromycin-­‐	
   and	
   neomycin-­‐resistant	
   genes,	
   respectively.	
  
Transfected	
  cells	
  were	
  selected	
  in	
  SDM79	
  medium	
  containing	
  20%	
  FCS,	
  hygromycin	
  B	
  (25	
  µg/mL),	
  
neomycin	
   (10	
  µg/mL),	
   and	
   phleomycin	
   (2.5	
  µg/mL).	
   The	
   selected	
   cell	
   line	
   (TetR-­‐BLE	
  
∆IDHm::HYG/∆IDHm::NEO)	
  is	
  called	
  ∆IDHm.	
  

Knockout	
  of	
  the	
  CS	
  gene	
  –	
  Replacement	
  of	
  the	
  citrate	
  synthase	
  gene	
  (CS:	
  Tb927.10.13430)	
  
by	
  the	
  hygromycin	
  (HYG)	
  and	
  neomycin	
  (NEO)	
  resistance	
  markers	
  via	
  homologous	
  recombination	
  
was	
  performed	
  with	
  DNA	
   fragments	
   containing	
   a	
   resistance	
  marker	
   gene	
   flanked	
  by	
   the	
  CS	
  UTR	
  
sequences.	
   The	
   CS	
   knockout	
   was	
   generated	
   in	
   the	
   AnTat	
   1.1	
   1313	
   parental	
   cell	
   line,	
   which	
  
constitutively	
  expresses	
  the	
  tetracycline	
  repressor.	
  The	
  first	
  and	
  second	
  CS	
  alleles	
  were	
  replaced	
  by	
  
hygromycin-­‐	
  and	
  neomycin-­‐resistant	
  genes,	
  respectively.	
  Transfected	
  cells	
  were	
  selected	
  in	
  SDM79	
  
medium	
   containing	
   20%	
   FCS,	
   hygromycin	
   B	
   (25	
  µg/mL),	
   neomycin	
   (10	
  µg/mL),	
   and	
   phleomycin	
  
(2.5	
  µg/mL).	
  The	
  selected	
  cell	
  line	
  (TetR-­‐BLE	
  ∆CS::HYG/∆CS::NEO)	
  is	
  called	
  ∆CS.	
  

Genetic	
   rescue	
   of	
   the	
   ∆IDHg	
   knockout	
   –	
  Genetic	
   rescues	
  were	
   created	
   in	
   the	
   ∆IDHg	
   C9	
  
clone.	
   The	
   IDHg	
   open	
   reading	
   frame	
   was	
   amplified	
   by	
   PCR	
   and	
   cloned	
   into	
   the	
   pTSARib(PUR)	
  
backbone	
  (Xong	
  et	
  al.,	
  1998),	
  as	
  well	
  as	
  into	
  the	
  pHD309(PUR/HYG)	
  backbone	
  (Cross	
  lab).	
  Cloning	
  
into	
   pTSARib	
  was	
   performed	
   by	
  HindIII/BamHI.	
   For	
   the	
   pHD309(PUR/HYG)	
   backbone	
   the	
   IDHg	
  
ORF	
  was	
  first	
  cloned	
  into	
  pHD615	
  (Biebinger	
  et	
  al.,	
  1997),	
  where	
  it	
  was	
  amplified	
  with	
  the	
  adjacent	
  
PARP	
  and	
  VSG	
  UTRs	
  adding	
  SmaI	
  and	
  SphI	
  sites.	
  This	
  fragment	
  was	
  cloned	
  into	
  pHD309	
  using	
  the	
  
SmaI	
  and	
  SphI	
  site	
  to	
  replace	
  the	
  hygromycin	
  resistance	
  cassette.	
  

Knockout	
  of	
  the	
  IDHg	
  gene	
  for	
  RBP6	
  differentiation	
  –	
  For	
  the	
  RBP6	
  in	
  vitro	
  differentiation	
  
experiments	
   the	
   knockout	
   of	
   IDHg	
   has	
   been	
   created	
   in	
   the	
   EATRO1125	
   procyclic	
   form	
   cell	
   line	
  
(EATRO1125.T7T),	
   constitutively	
   expressing	
   the	
   T7	
   RNA	
   polymerase	
   gene	
   and	
   the	
   tetracycline	
  
repressor	
   under	
   the	
   control	
   of	
   a	
   T7	
   RNA	
   polymerase	
   promoter	
   for	
   tetracycline-­‐inducible	
  
expression	
  (Bringaud	
  et	
  al.,	
  2000),	
  aiming	
  for	
  a	
  high	
  expression	
  of	
  RBP6.	
  For	
  gene	
  replacement	
  the	
  
constructs	
  mentioned	
  before	
  were	
  used	
  with	
  exchanged	
  resistance	
  markers.	
  Here	
  blasticidin	
  (BLA)	
  
and	
   puromycin	
   (PUR)	
   were	
   used.	
   The	
   RBP6	
   gene	
   was	
   amplified	
   by	
   PCR	
   and	
   cloned	
   into	
  
pLew100v5b1d	
  via	
  HindIII/BamHI.	
  

Knockout	
  of	
   the	
  CS	
  gene	
   for	
  RBP6	
  differentiation	
  –	
  For	
   the	
  RBP6	
   in	
  vitro	
  differentiation	
  
experiments	
   the	
   knockout	
   of	
   CS	
   has	
   been	
   created	
   in	
   the	
   EATRO1125	
   procyclic	
   form	
   cell	
   line	
  
(EATRO1125.T7T),	
   constitutively	
   expressing	
   the	
   T7	
   RNA	
   polymerase	
   gene	
   and	
   the	
   tetracycline	
  
repressor	
   under	
   the	
   control	
   of	
   a	
   T7	
   RNA	
   polymerase	
   promoter	
   for	
   tetracycline-­‐inducible	
  
expression	
   (Bringaud,	
   2000),	
   aiming	
   for	
   a	
   high	
   expression	
   of	
   RBP6.	
   For	
   gene	
   replacement	
   the	
  
constructs	
  mentioned	
  before	
  were	
  used	
  with	
  exchanged	
  resistance	
  markers.	
  Here	
  blasticidin	
  (BLA)	
  
and	
   puromycin	
   (PUR)	
   were	
   used.	
   The	
   RBP6	
   gene	
   was	
   amplified	
   by	
   PCR	
   and	
   cloned	
   into	
  
pLew100v5b1d	
  via	
  HindIII/BamHI.	
  

Knockout	
   of	
   the	
   IDHm	
   gene	
   for	
   RBP6	
   differentiation	
   –	
   For	
   the	
   RBP6	
   in	
   vitro	
  
differentiation	
   experiments	
   the	
  knockout	
  of	
   IDHm	
  has	
  been	
   created	
   in	
   the	
  EATRO1125	
  procyclic	
  
form	
   cell	
   line	
   (EATRO1125.T7T),	
   constitutively	
   expressing	
   the	
  T7	
  RNA	
  polymerase	
   gene	
   and	
   the	
  
tetracycline	
   repressor	
   under	
   the	
   control	
   of	
   a	
   T7	
   RNA	
   polymerase	
   promoter	
   for	
   tetracycline-­‐
inducible	
  expression	
  (Bringaud,	
  2000),	
  aiming	
  for	
  a	
  high	
  expression	
  of	
  RBP6.	
  For	
  gene	
  replacement	
  
the	
   constructs	
  mentioned	
   before	
  were	
   used	
  with	
   exchanged	
   resistance	
  markers.	
  Here	
   blasticidin	
  
(BLA)	
   and	
   puromycin	
   (PUR)	
   were	
   used.	
   The	
   RBP6	
   gene	
   was	
   amplified	
   by	
   PCR	
   and	
   cloned	
   into	
  
pLew100v5b1d	
  via	
  HindIII/BamHI.	
  

Trypanosome	
   transfection	
  –	
  The	
  EATRO1125	
  procyclic	
   form	
  cell	
   line	
   (EATRO1125.T7T),	
  
constitutively	
   expressing	
   the	
   T7	
   RNA	
   polymerase	
   gene	
   and	
   the	
   tetracycline	
   repressor	
   under	
   the	
  
control	
   of	
   a	
   T7	
   RNA	
   polymerase	
   promoter	
   for	
   tetracycline-­‐inducible	
   expression	
   (Bringaud	
   et	
   al.,	
  
2000),	
   was	
   the	
   recipient	
   of	
   transfections	
   as	
   well	
   as	
   the	
   AnTat	
   1.1	
   1313	
   cell	
   line	
   constitutively	
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expressing	
   the	
   tetracycline	
   repressor	
   (Alibu	
   et	
   al.,	
   2005).	
   Transfection	
   and	
   selection	
   in	
   SDM79	
  
medium	
  containing	
  combinations	
  of	
  hygromycin	
  B	
   (25	
  µg/mL),	
  neomycin	
   (10	
  µg/mL),	
  blasticidin	
  
(10	
  µg/mL),	
   phleomycin	
   (5	
   µg/mL	
   for	
   EATRO;	
   2.5	
   µg/ml	
   for	
   AnTat)	
   and	
   puromycin	
   (1	
  µg/mL)	
  
followed	
  previous	
  reports	
  (Riviere	
  et	
  al.,	
  2004).	
  

Enzymatic	
  IDH	
  assays	
  –	
  Cells	
  were	
  sonicated	
  and	
  centrifuged	
  at	
  14.000	
  g	
  for	
  10	
  min.	
  The	
  
protein	
   content	
   of	
   the	
   supernatants	
   was	
   analyzed	
   by	
   a	
   Bradford	
   assay	
   and	
   300-­‐500	
   µg	
   of	
   total	
  
protein	
  were	
  used	
  for	
  a	
  single	
  measurement.	
  The	
  assays	
  were	
  performed	
  according	
  to	
  (Overath	
  et	
  
al.,	
  1986),	
  with	
  the	
  modification	
  of	
  an	
  increased	
  isocitrate	
  concentration	
  of	
  5	
  mM.	
  The	
  background	
  
activity	
  was	
  measured	
  before	
  adding	
   the	
   substrate	
   (isocitrate)	
  and	
  has	
  been	
  subtracted	
   from	
   the	
  
total	
  activity.	
  For	
  each	
  biological	
  replicate	
  three	
  technical	
  replicates	
  were	
  measured	
  and	
  averaged.	
  

Enzymatic	
   CS	
   assays	
   –	
   Cells	
   were	
   sonicated	
   and	
   centrifuged	
   at	
   14.000	
   g	
   for	
   10	
   min.	
  
Supernatant	
  equivalent	
   to	
  2x106	
  cells	
  was	
  used	
   for	
  a	
   single	
  measurement.	
  The	
  reaction	
  of	
   the	
  CS	
  
produces	
  a	
  coenzyme	
  A,	
  which	
  has	
  a	
  free	
  thiol	
  group,	
  in	
  contrast	
  to	
  acetyl-­‐CoA.	
  This	
  free	
  thiol	
  group	
  
reacts	
   with	
   5,5'-­‐dithiobis-­‐(2-­‐nitrobenzoic	
   acid)	
   (Ellman’s	
   reagent,	
   or	
   DTNB)	
   by	
   cleaving	
   the	
  
disulfide	
   bond	
   and	
   generating	
   a	
   NTB2-­‐dianion,	
   which	
   can	
   be	
   measured	
   photometrically	
   at	
   a	
  
wavelength	
   of	
   412	
   nm	
   (Eidels	
   and	
   Preiss,	
   1970).	
   The	
   background	
   activity	
  was	
  measured	
   before	
  
adding	
   the	
   substrate	
   (oxaloacetate))	
   and	
   has	
   been	
   subtracted	
   from	
   the	
   total	
   activity.	
   For	
   each	
  
biological	
  replicate	
  three	
  technical	
  replicates	
  were	
  measured	
  and	
  averaged.	
  Reaction	
  carried	
  out	
  in:	
  
50	
  mM	
  Tris/HCl,	
  2	
  mM	
  EDTA,	
  pH	
  8.0;	
  0.1	
  mM	
  oxaloacetate;	
  0.15	
  mM	
  acetyl-­‐CoA	
  and	
  0.1	
  mM	
  DTNB.	
  

Microscopic	
  analysis	
  –	
  The	
  expression	
  of	
  RBP6	
  was	
  induced	
  by	
  addition	
  of	
  tetracycline	
  and	
  
samples	
  were	
   taken	
   for	
   10	
   days.	
   For	
   each	
   time	
  point	
   the	
   developmental	
   stage	
   of	
   >100	
   cells	
  was	
  
determined	
   according	
   to	
   size,	
   morphology	
   and	
   relative	
   positioning	
   of	
   nucleus	
   and	
   kinetoplast.	
  
About	
   1x107	
   cells	
   were	
   concentrated	
   in	
   a	
   volume	
   of	
   10-­‐20	
   µl	
   and	
   pipetted	
   on	
   one	
   side	
   of	
   a	
  
microscope	
   slide.	
   The	
   cells	
  were	
   distributed	
   on	
   the	
   slide	
   by	
   pulling	
   another	
   slide	
   in	
   a	
   30°	
   angle	
  
along	
  the	
  first	
  slide,	
  creating	
  a	
  smear	
  of	
  cells.	
  These	
  were	
  dried	
  at	
  room	
  temperature	
  for	
  at	
  least	
  20	
  
minutes	
  and	
  then	
  fixed	
  in	
  MeOH	
  at	
  -­‐20°C	
  overnight	
  or	
  up	
  to	
  several	
  days.	
  Prior	
  to	
  DAPI	
  staining	
  the	
  
cells	
  were	
  rehydrated	
  in	
  PBS	
  for	
  20	
  minutes.	
  Then	
  DNA	
  staining	
  was	
  performed	
  using	
  1	
  μg/ml	
  4,6-­‐
diamidino-­‐2-­‐phenylindole	
   (DAPI).	
   Incubation	
  with	
  DAPI	
  was	
  done	
   for	
  5	
  min	
  at	
  RT.	
  Two	
  washing	
  
steps	
  with	
  PBS	
   and	
   one	
   final	
  washing	
   step	
  with	
   dH2O	
   and	
   subsequent	
   embedding	
   in	
  Vectashield	
  
antifade	
  medium	
  before	
  sealing	
  were	
  done.	
  

Western	
   blot	
   analyses	
   –	
  Total	
   protein	
   extracts	
   of	
   the	
   procyclic	
   form	
   of	
  T.	
   brucei	
   (2x106	
  
cells)	
   were	
   separated	
   by	
   SDS-­‐PAGE	
   (10%)	
   and	
   blotted	
   on	
   Immobilon-­‐FL	
   membrane	
   (Millipore)	
  
(Harlow	
  and	
  Lane,	
  1988).	
  Immunodetection	
  was	
  performed	
  as	
  described	
  (Harlow	
  and	
  Lane,	
  1988;	
  
Sambrook	
  et	
  al.,	
  1989)	
  using	
  as	
  primary	
  antibodies	
  the	
  monoclonal	
  paraflagellar	
  rod	
  (PFR)	
  mouse	
  
anti-­‐serum	
   L13D6	
   (1:2000)	
   (Kohl	
   et	
   al.,	
   1999),	
   the	
   monoclonal	
   Ty1-­‐tag	
   mouse	
   anti-­‐serum	
   BB2	
  
(1:2000)	
   (Bastin	
   et	
   al.,	
   1996),	
   the	
  monoclonal	
   heat	
   shock	
   protein	
   60	
   (HSP60)	
  mouse	
   anti-­‐serum	
  
(1:10.000)	
  (Bringaud	
  et	
  al.,	
  1995),	
  the	
  polyclonal	
  αTbPGKB	
  rabbit	
  anti-­‐serum	
  (1:5000)	
  (P.	
  Michels,	
  
Brussels),	
   the	
   polyclonal	
   αTbPPDK	
   rabbit	
   anti-­‐serum	
   (1:2000)	
   (Bringaud	
   et	
   al.,	
   1995),	
   the	
  
polyclonal	
  αTbASCT	
  rabbit	
  anti-­‐serum	
  (1:2000)	
  (Riviere	
  et	
  al.,	
  2004),	
  the	
  polyclonal	
  αTbCS	
  rabbit	
  
anti-­‐serum	
   (1:2000),	
   the	
   polyclonal	
   αTbIDHg	
   rabbit	
   anti-­‐serum	
   (1:5000),	
   and	
   the	
   polyclonal	
  
αTbIDHm	
   rabbit	
   anti-­‐serum	
   (1:2000).	
   Infrared	
   fluorescence	
   detection	
   was	
   performed	
   with	
   an	
  
Odyssee	
   scanner	
   (LI-­‐COR).	
   The	
   polyclonal	
   rabbit	
   anti-­‐sera	
  were	
   detected	
   by	
   the	
   goat	
   anti-­‐rabbit	
  
antibody	
  IRDye680LT	
  (1:25.000)	
  (LI-­‐COR).	
  The	
  mouse	
  anti-­‐sera	
  were	
  detected	
  with	
  the	
  goat	
  anti-­‐
mouse	
  IRDye800	
  (1:10.000)	
  (LI-­‐COR).	
  Affinity	
  purification	
  of	
  the	
  αTbCS	
  serum	
  did	
  not	
  improve	
  the	
  
results.	
  The	
  unspecific	
  bands	
  were	
  still	
  observed.	
  

Digitonin	
  titration	
  –	
  AnTat	
  1.1	
  1313	
  cells	
  were	
  washed	
  in	
  PBS	
  buffer	
  and	
  resuspended	
  at	
  
6.5x108	
   cells	
   (3.3	
   mg	
   of	
   protein)/ml	
   in	
   STE	
   buffer	
   supplemented	
   with	
   150	
   mM	
   NaCl	
   and	
   the	
  
CompleteTM	
  Mini	
  EDTA-­‐free	
  protease	
  inhibitor	
  mixture	
  (Roche	
  AppliedScience).	
  Cell	
  aliquots	
  were	
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incubated	
  for	
  4	
  min	
  at	
  25	
  °C	
  within	
  increasing	
  concentrations	
  of	
  digitonin,	
  before	
  being	
  centrifuged	
  
at	
  14,000	
  g	
  for	
  2	
  min,	
  as	
  described	
  before	
  (Marche	
  et	
  al.,	
  2000).	
  

Antibody	
   raising	
   –	
  The	
   antibodies	
   from	
   Pineda	
   Antikörperservice	
   (αCS,	
   αIDHg,	
   αIDHm)	
  
were	
  raised	
  against	
  recombinant	
  full	
  length	
  T.	
  brucei	
  protein	
  expressed	
  in	
  E.	
  coli,	
  according	
  to	
  the	
  
standard	
   protocol,	
   but	
   with	
   differences	
   in	
   the	
   immunization	
   length.	
   After	
   the	
   primary	
  
immunization	
   (i.d.,	
   FCA),	
   six	
   boosts	
   (s.c.,	
   FIA)	
   followed	
   until	
   day	
   90.	
   From	
   day	
   90	
   on	
   boosts	
  
followed	
  every	
  14	
  days	
  until	
   the	
   final	
  bleed.	
  Blood	
  samples	
  were	
  taken	
  at	
  day	
  40,	
  day	
  75,	
  day	
  90	
  
and	
  beyond	
   this	
  every	
  30	
  days.	
  Abbreviations:	
   i.d.,	
   intradermal;	
   s.c.,	
   subcutaneous;	
  FCA,	
  Freund’s	
  
complete	
  adjuvant;	
  FIA,	
  Freund’s	
   incomplete	
  adjuvant.	
   Immunization	
  periods:	
  αCS:	
  animal	
  1,	
   final	
  
bleed:	
  180th	
  day;	
  αIDHg:	
  animal	
  2,	
  final	
  bleed:	
  145th	
  day;	
  αIDHm:	
  animal	
  2,	
  final	
  bleed:	
  180th	
  day.	
  

Sample	
  preparation	
  for	
  proteomic	
  analysis	
  -­‐	
  Samples	
  were	
  loaded	
  on	
  a	
  10%	
  acrylamide	
  
SDS-­‐PAGE	
   gel.	
  Migration	
  was	
   stopped	
  when	
   samples	
   had	
   just	
   entered	
   the	
   resolving	
   gel,	
   proteins	
  
were	
  visualized	
  by	
  Colloidal	
  Blue	
  staining,	
  and	
  the	
  unresolved	
  region	
  of	
  the	
  gel	
  cut	
  into	
  1	
  mm	
  x	
  1	
  
mm	
   gel	
   pieces.	
   Gel	
   pieces	
   were	
   destained	
   in	
   25	
   mM	
   ammonium	
   bicarbonate	
   (NH4HCO3),	
   50%	
  
Acetonitrile	
  (ACN)	
  and	
  shrunk	
  in	
  ACN	
  for	
  10	
  min.	
  After	
  ACN	
  removal,	
  gel	
  pieces	
  were	
  dried	
  at	
  room	
  
temperature.	
  Proteins	
  were	
  first	
  reduced	
  in	
  10	
  mM	
  dithiothreitol,	
  100	
  mM	
  NH4HCO3	
  for	
  30	
  min	
  at	
  
56°C	
  then	
  alkylated	
  in	
  100	
  mM	
  iodoacetamide,	
  100	
  mM	
  NH4HCO3	
  for	
  30	
  min	
  at	
  room	
  temperature	
  
and	
   shrunken	
   in	
   ACN	
   for	
   10	
  min.	
   After	
   ACN	
   removal,	
   gel	
   pieces	
  were	
   rehydrated	
  with	
   100	
  mM	
  
NH4HCO3	
   for	
  10	
  min	
  at	
   room	
  temperature.	
  Before	
  protein	
  digestion,	
  gel	
  pieces	
  were	
  shrunken	
   in	
  
ACN	
  for	
  10	
  min	
  and	
  dried	
  at	
  room	
  temperature.	
  Proteins	
  were	
  digested	
  by	
  incubating	
  each	
  gel	
  slice	
  
with	
  10	
  ng/µL	
  of	
  trypsin	
  (T6567,	
  Sigma-­‐Aldrich)	
  in	
  40	
  mM	
  NH4HCO3,	
  10%	
  ACN,	
  rehydrated	
  at	
  4°C	
  
for	
  10	
  min,	
  and	
  finally	
  incubated	
  overnight	
  at	
  37°C.	
  The	
  resulting	
  peptides	
  were	
  extracted	
  from	
  the	
  
gel	
  by	
  three	
  steps:	
  a	
  first	
  incubation	
  in	
  40	
  mM	
  NH4HCO3,	
  10%	
  ACN	
  for	
  15	
  min	
  at	
  room	
  temperature	
  
and	
   two	
   incubations	
   in	
   47.5	
  %	
  ACN,	
   5%	
   formic	
   acid	
   for	
   15	
  min	
   at	
   room	
   temperature.	
   The	
   three	
  
collected	
  extractions	
  were	
  pooled	
  with	
  the	
   initial	
  digestion	
  supernatant,	
  dried	
   in	
  a	
  SpeedVac,	
  and	
  
resuspended	
  with	
  25	
  μL	
  of	
  0.1%	
  formic	
  acid	
  before	
  nanoLC-­‐MS/MS	
  analysis.	
  

NanoLC-­‐MS/MS	
   analysis	
   -­‐	
   Online	
   nanoLC-­‐MS/MS	
   analyses	
   were	
   performed	
   using	
   an	
  
Ultimate	
  3000	
  system	
  (Dionex,	
  Amsterdam,	
  The	
  Netherlands)	
  coupled	
  to	
  a	
  nanospray	
  LTQ	
  Orbitrap	
  
XL	
   mass	
   spectrometer	
   (Thermo	
   Fisher	
   Scientific,	
   Bremen,	
   Germany).	
   Ten	
   microliters	
   of	
   each	
  
peptide	
  extract	
  were	
  loaded	
  on	
  a	
  300	
  µm	
  ID	
  x	
  5	
  mm	
  PepMap	
  C18	
  precolumn	
  (LC	
  Packings,	
  Dionex,	
  
USA)	
  at	
  a	
  flow	
  rate	
  of	
  20	
  µL/min.	
  After	
  5	
  min	
  desalting,	
  peptides	
  were	
  online	
  separated	
  on	
  a	
  75	
  µm	
  
ID	
  x	
  15	
  cm	
  C18PepMapTM	
  column	
  (LC	
  packings,	
  Dionex,	
  USA)	
  with	
  a	
  2-­‐40%	
  linear	
  gradient	
  of	
  solvent	
  
B	
  (0.1%	
  formic	
  acid	
  in	
  80%	
  ACN)	
  during	
  108	
  min.	
  The	
  separation	
  flow	
  rate	
  was	
  set	
  at	
  200	
  nL/min.	
  
The	
   mass	
   spectrometer	
   operated	
   in	
   positive	
   ion	
   mode	
   at	
   a	
   1.8	
   kV	
   needle	
   voltage	
   and	
   a	
   42	
   V	
  
capillary	
  voltage.	
  Data	
  were	
  acquired	
   in	
  a	
  data-­‐dependent	
  mode	
  alternating	
  an	
  FTMS	
  scan	
  survey	
  
over	
  the	
  range	
  m/z	
  300-­‐1700	
  with	
  the	
  resolution	
  set	
  to	
  a	
  value	
  of	
  60	
  000	
  at	
  m/z	
  400	
  and	
  six	
   ion	
  
trap	
  MS/MS	
   scans	
  with	
   Collision	
   Induced	
   Dissociation	
   (CID)	
   as	
   activation	
  mode.	
  MS/MS	
   spectra	
  
were	
   acquired	
   using	
   a	
   3	
   m/z	
   unit	
   ion	
   isolation	
   window	
   and	
   normalized	
   collision	
   energy	
   of	
   35.	
  
Mono-­‐charged	
   ions	
  and	
  unassigned	
  charge-­‐state	
   ions	
  were	
  rejected	
   from	
  fragmentation.	
  Dynamic	
  
exclusion	
  duration	
  was	
  set	
  to	
  30	
  sec.	
  

Database	
   search	
   and	
   results	
   processing	
   -­‐	
   Mascot	
   and	
   Sequest	
   algorithms	
   through	
  
Proteome	
   Discoverer	
   1.4	
   Software	
   (Thermo	
   Fisher	
   Scientific	
   Inc.)	
   were	
   used	
   for	
   protein	
  
identification	
  in	
  batch	
  mode	
  by	
  searching	
  the	
  Trypanosoma	
  brucei	
  TREU927	
  database	
  (TritrypDB	
  
release	
  6.0,	
  90307	
  entries)	
  at	
  http://tritrypdb.org/.	
  Two	
  missed	
  enzyme	
  cleavages	
  were	
  allowed.	
  
Mass	
   tolerances	
   in	
   MS	
   and	
   MS/MS	
   were	
   set	
   to	
   10	
   ppm	
   and	
   0.6	
   Da.	
   Oxidation	
   of	
   methionine,	
  
acetylation	
   of	
   lysine	
   and	
   deamidation	
   of	
   asparagine	
   and	
   glutamine	
   were	
   searched	
   as	
   variable	
  
modifications.	
   Carbamidomethylation	
   on	
   cysteine	
   was	
   searched	
   as	
   fixed	
   modification.	
   Peptide	
  
validation	
  was	
  performed	
  using	
  Percolator	
  algorithm	
  (Käll	
  et	
  al.,	
  2007)	
  and	
  only	
  “high	
  confidence”	
  
peptides	
  were	
  retained	
  corresponding	
  to	
  a	
  1%	
  false	
  positive	
  rate	
  at	
  peptide	
  level.	
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Label-­‐Free	
  Quantitative	
  Data	
  Analysis	
  -­‐	
  Raw	
  LC-­‐MS/MS	
  data	
  were	
  imported	
  in	
  Progenesis	
  
LC-­‐MS	
   4.1	
   (Nonlinear	
   Dynamics	
   Ltd,	
   Newcastle,	
   U.K)	
   for	
   feature	
   detection,	
   alignment,	
   and	
  
quantification.	
  All	
  sample	
  features	
  were	
  aligned	
  according	
  to	
  retention	
  times	
  by	
  manually	
  inserting	
  
up	
  to	
  two	
  hundred	
   landmarks	
   followed	
  by	
  automatic	
  alignment	
  to	
  maximally	
  overlay	
  all	
   the	
  two-­‐
dimensional	
   (m/z	
   and	
   retention	
   time)	
   feature	
   maps.	
   Singly	
   charged	
   ions	
   and	
   ions	
   with	
   higher	
  
charge	
  states	
  than	
  six	
  were	
  excluded	
  from	
  analysis.	
  All	
  remaining	
  features	
  were	
  used	
  to	
  calculate	
  a	
  
normalization	
   factor	
   for	
   each	
   sample	
   that	
   corrects	
   for	
   experimental	
   variation.	
   Peptide	
  
identifications	
   (with	
   p	
   <	
   0.01,	
   see	
   above)	
   were	
   imported	
   into	
   Progenesis.	
   For	
   quantification,	
   all	
  
unique	
   peptides	
   of	
   an	
   identified	
   protein	
  were	
   included	
   and	
   the	
   total	
   cumulative	
   abundance	
  was	
  
calculated	
   by	
   summing	
   the	
   abundances	
   of	
   all	
   peptides	
   allocated	
   to	
   the	
   respective	
   protein.	
   No	
  
minimal	
   thresholds	
   were	
   set	
   for	
   the	
   method	
   of	
   peak	
   picking	
   or	
   selection	
   of	
   data	
   to	
   use	
   for	
  
quantification.	
   For	
   each	
   biological	
   replicate,	
   the	
   mean	
   normalized	
   intensities	
   and	
   standard	
  
deviation	
   were	
   calculated	
   and	
   ratio	
   was	
   deducted.	
   Noticeably,	
   only	
   non-­‐conflicting	
   features	
   and	
  
unique	
  peptides	
  were	
  considered	
  for	
  calculation	
  at	
  protein	
  level.	
  Quantitative	
  data	
  were	
  considered	
  
for	
   proteins	
   quantified	
   by	
   a	
   minimum	
   of	
   2	
   peptides.	
   As	
   an	
   indication	
   of	
   the	
   confidence	
   of	
   that	
  
protein’s	
  presence,	
  the	
  sum	
  of	
  the	
  peptide	
  scores	
  (confidence	
  score)	
  is	
  calculated	
  for	
  each	
  protein	
  
from	
  the	
  search	
  algorithm.	
  This	
  score	
  includes	
  unique	
  peptides	
  as	
  well	
  as	
  switched	
  off	
  peptides,	
  the	
  
later	
  decreasing	
  the	
  confidence	
  score.	
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Results	
  
T.	
   brucei’s	
   stage	
   development	
   within	
   the	
   Tsetse	
   fly	
   is	
   a	
   complex	
   process.	
   The	
   numerous	
   stages	
  
display	
   great	
   morphological	
   differences	
   (Vickerman,	
   1985),	
   and	
   	
   next	
   to	
   these	
   also	
   metabolic	
  
adaptations	
   are	
   crucial	
   for	
   the	
   parasite.	
   We	
   are	
   interested	
   in	
   these	
   metabolic	
   adaptations	
   the	
  
parasite	
  is	
  undergoing.	
  Our	
  aim	
  is	
  the	
  identification	
  of	
  metabolic	
  signals	
  perceived	
  by	
  the	
  parasite	
  
and	
  involved	
  in	
  the	
  differentiation	
  process.	
  
	
  
Metabolic	
  Cues	
  Regulate	
  T.	
  brucei	
  Insect	
  Stage	
  Differentiation	
  
We	
  used	
  a	
   culture	
  differentiation	
   system	
   (Kolev	
  et	
   al.,	
   2012)	
   to	
  differentiate	
  procyclic	
   (PCF)	
   into	
  
metacyclic	
  form	
  (MF)	
  parasites.	
  We	
  modified	
  this	
  by	
  the	
  utilization	
  of	
  glucose-­‐depleted	
  SDM79.	
  The	
  
lack	
   of	
   glucose	
   resembles	
   a	
   more	
   physiological	
   environment,	
   as	
   glucose	
   is	
   low	
   or	
   absent	
   in	
   the	
  
insect	
   host.	
   The	
   kinetics	
   of	
   the	
   differentiation	
   was	
   significantly	
   faster	
   under	
   these	
   conditions	
  
(Fig.1A)	
  than	
  reported	
  before.	
  After	
  4	
  days	
  MF	
  cells	
  contributed	
  about	
  30%	
  of	
  the	
  total	
  population.	
  
Representative	
   pictures	
   of	
   the	
   observed	
   developmental	
   stages	
   are	
   shown	
   in	
   Fig.1D.	
   The	
   cell	
  
morphology	
  was	
  assessed	
  by	
  DIC	
  and	
  the	
  relative	
  positioning	
  of	
  the	
  nucleus	
  and	
  the	
  kinetoplast	
  by	
  
DAPI	
  staining.	
  

The	
  Cunningham’s	
  medium	
  used	
  by	
  Kolev	
  and	
  coworkers	
  contains	
  more	
  glucose	
  compared	
  to	
  our	
  
SDM79	
  glucose-­‐depleted	
  medium.	
  To	
  demonstrate	
  that	
  glucose	
  is	
  the	
  metabolic	
  cue	
  regulating	
  the	
  
differentiation	
   kinetics	
   we	
   added	
   glucose	
   to	
   SDM79	
   glucose-­‐depleted	
   medium,	
   and	
   observed	
  
differentiation	
   after	
   10	
  days	
   to	
   epimastigote	
   forms	
   (EMF)	
  but	
   no	
  MF	
   cells	
   (Fig.1B).	
  Here	
   glucose	
  

Fig.1:	
  RBP6-­‐induced	
  differentiation	
   in	
  different	
  nutritional	
   environments.	
  Differentiation	
  of	
  EATRO1125	
  cells	
  in	
   (A)	
  glucose-­‐
depleted	
  SDM79,	
  (B)	
  	
  glucose-­‐containing	
  SDM79	
  and	
  (C)	
  glucose-­‐depleted	
  SDM79	
  including	
  20	
  mM	
  glycerol.	
  Error	
  bars	
  represent	
  the	
  
SEM	
  of	
  (n=3)	
  independent	
  experiments.	
  (D)	
  Representative	
  pictures	
  of	
  the	
  different	
  observed	
  developmental	
  stages	
  are	
  shown.	
  DNA	
  
has	
  been	
  stained	
  with	
  DAPI.	
  Arrowheads	
   indicate	
  the	
  localization	
  of	
  the	
  kinetoplast.	
  MF:	
  metacyclic	
   form,	
  EMF:	
  epimastigote	
   form,	
  
PCF:	
  procyclic	
  form. 
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prevents	
   the	
   formation	
   of	
   MF	
   cells,	
   proving	
   our	
   hypothesis.	
   The	
   less	
   efficient	
   differentiation	
   in	
  
SDM79	
  containing	
  glucose,	
  compared	
  to	
  differentiation	
  in	
  Cunningham’s	
  may	
  be	
  due	
  to	
  the	
  higher	
  
concentration	
  of	
  glucose	
  in	
  SDM79.	
  

RBP6	
  expression	
  levels	
  were	
  checked	
  by	
  western	
  blotting	
  and	
  shown	
  to	
  be	
  similar	
  or	
  even	
  
lower	
   in	
  absence	
  of	
  glucose	
  (Fig.S1D).	
  This	
  excludes	
  higher	
  RBP6	
  expression	
   levels	
  as	
   the	
  reason	
  
for	
   a	
   more	
   efficient	
   differentiation	
   in	
   the	
   glucose-­‐depleted	
   medium,	
   as	
   the	
   amount	
   of	
   RBP6	
  
expression	
  is	
  directly	
  linked	
  to	
  the	
  percentage	
  of	
  MF	
  formation	
  (Kolev	
  et	
  al.,	
  2012).	
  Differentiation	
  
caused	
  a	
  decrease	
  in	
  population	
  doubling	
  time	
  (Fig.S1A-­‐C),	
  in	
  agreement	
  with	
  the	
  non-­‐proliferating	
  
state	
  of	
  long	
  EMF	
  and	
  the	
  MF	
  cells	
  (Van	
  Den	
  Abbeele	
  et	
  al.,	
  1999).	
  	
  

T.	
  brucei	
   can	
   also	
   utilize	
   glycerol	
   as	
   carbon	
   source	
   (Ryley,	
   1962).	
   In	
   addition	
   it	
   has	
   been	
  
shown	
   that	
   glycerol	
   affects	
   early	
   differentiation	
  marker	
   expression	
   in	
   PCF	
   forms	
   (Vassella	
   et	
   al.,	
  
2000).	
  We	
  therefore	
  tested	
  the	
  effect	
  of	
  glycerol	
  upon	
  differentiation	
  in	
  the	
  RBP6	
  system.	
  Glycerol	
  
exhibited	
  a	
  similar	
  effect	
  as	
  glucose,	
  with	
  a	
  reduced	
  number	
  of	
  MF	
  cells	
  and	
  an	
  initial	
  accumulation	
  
of	
  EMF	
  cells	
  (Fig.1C).	
  	
  
	
  
Glucose	
  withdrawal	
  induces	
  TCA	
  cycle	
  genes	
  expression	
  
Looking	
   for	
   proteins	
   regulated	
   by	
   glucose,	
   we	
   performed	
   a	
   quantitative	
   proteomics	
   experiment.	
  
The	
  results	
  on	
  64	
  enzymes	
  involved	
  in	
  9	
  metabolic	
  pathways	
  are	
  depicted.	
  Withdrawal	
  of	
  glucose	
  
resulted	
  in	
  a	
  strong	
  upregulation	
  of	
  only	
  3	
  enzymes	
  (Fig.2).	
  Strikingly	
  two	
  of	
  them	
  are	
  part	
  of	
  the	
  
TCA	
  cycle.	
  The	
  citrate	
  synthase	
   (CS)	
  shows	
  a	
  more	
   than	
  10-­‐fold	
  and	
   the	
  aconitase	
   (ACO)	
  a	
  3-­‐fold	
  
upregulation.	
   Another,	
   more	
   than	
   3-­‐fold,	
   upregulated	
   enzyme	
   was	
   one	
   of	
   two	
   isocitrate	
  
dehydrogenase	
  (IDH)	
  isoforms,	
  that	
  carries	
  a	
  PTS1	
  glycosomal	
  targeting	
  signal.	
  
	
  

	
  

To	
  validate	
  the	
  proteomics	
  results	
  we	
  performed	
  western	
  blot	
  analyses	
  for	
  the	
  proteins	
  of	
  interest.	
  
This	
  gave	
  quantitatively	
  very	
   similar	
   results	
  with	
  an	
  upregulation	
  of	
   the	
  CS,	
  ACO	
  and	
  glycosomal	
  
IDH	
  (IDHg)	
  and	
  no	
  regulation	
  of	
  mitochondrial	
   IDH	
  (IDHm)	
  (Fig.3).	
  Probing	
  cell	
  extracts	
  with	
  the	
  

Fig.2:	
   Glucose-­‐regulated	
   enzymes	
   identified	
   by	
   quantitative	
   proteomics.	
  Proteins	
  are	
  clustered	
   into	
  metabolic	
  pathways.	
  The	
  
expression	
  ratio	
  between	
  glucose-­‐depleted	
  and	
  glucose-­‐rich	
  condition	
   is	
  depicted	
  on	
  the	
  y-­‐axis.	
  Proteins	
  of	
  interest	
  are	
   labelled	
  by	
  
arrows.	
  Raw	
  data	
  are	
  depicted	
  in	
  Fig.S2.	
  EATRO1125	
  cells	
  were	
  used. 
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CS	
   antiserum	
   resulted	
   in	
   several	
   bands,	
   thus	
   we	
   verified	
   the	
   CS	
   upregulation	
   by	
   additionally	
  
probing	
  a	
  ∆CS	
  null	
  mutant	
  (Fig.S3B).	
  	
  

	
  
	
  
	
  

	
  
The	
   specificities	
  of	
   the	
   two	
   IDH	
  antisera	
   for	
   the	
   respective	
   isoforms	
  were	
  verified	
  by	
  probing	
  on	
  
lysates	
  of	
  WT	
  and	
  null	
  mutants	
  (Fig.S3A).	
  The	
  low	
  expression	
  or	
  absence	
  of	
  CS,	
  in	
  the	
  AnTat	
  cell	
  line	
  
may	
  explain	
  why	
   in	
  a	
  previous	
  mitochondrial	
  proteomics	
  approach	
  this	
  protein	
  was	
  not	
  detected	
  
(Vertommen	
  et	
  al.,	
  2008).	
  In	
  addition,	
  so	
  far	
  only	
  two	
  publications	
  showed	
  CS	
  activity	
  in	
  PCF	
  cells	
  
(Durieux	
   et	
   al.,	
   1991;	
   Haanstra	
   et	
   al.,	
   2011).	
   The	
   results	
   indicate	
   a	
   high	
   variation	
   of	
   expression	
  
levels	
  between	
  parasite	
  strains. We	
  determined	
  the	
  annotated	
  enzymatic	
  activity	
  of	
  the	
  TbCS	
  gene	
  
by	
  inducible	
  overexpression	
  of	
  CS	
  and	
  enzyme	
  assays	
  (Fig.S3E). 

The	
  presence	
   of	
   two	
   IDH	
   isoforms	
   and	
   their	
   inferred	
   differential	
   subcellular	
   localizations	
  
from	
  predicted	
  targeting	
  signals	
  and	
  previous	
  proteomics	
  data	
  (Colasante	
  et	
  al.,	
  2006;	
  Guther	
  et	
  al.,	
  
2014;	
  Vertommen	
  et	
  al.,	
  2008)	
   led	
  us	
   to	
   investigate	
   their	
   localizations.	
  We	
  performed	
  a	
  digitonin	
  
titration,	
   where	
   gradually	
   increasing	
   amounts	
   of	
   digitonin	
   release	
   proteins	
   into	
   the	
   supernatant	
  
according	
  to	
  their	
  subcellular	
  localization.	
  At	
  low	
  concentrations	
  cytoplasmic,	
  then	
  glycosomal	
  and	
  
later	
  mitochondrial	
  proteins	
  are	
  released.	
  We	
  show	
  that	
  the	
  two	
  IDH	
  isoforms	
  release	
  in	
  the	
  same	
  
pattern	
   as	
   the	
   used	
   glycosomal	
   (PPDK)	
   and	
   mitochondrial	
   (HSP60,	
   ASCT)	
   markers	
   respectively	
  
(Fig.4),	
  demonstrating	
  their	
  subcellular	
  localizations.	
  

To	
   evaluate	
   the	
   contribution	
   of	
   each	
   IDH	
   isoform	
   to	
   the	
   total	
   IDH	
   activity	
   in	
   presence	
   as	
  
well	
  as	
  absence	
  of	
  glucose	
  we	
  performed	
  IDH	
  enzyme	
  assays	
  (Fig.5).	
  The	
  major	
  cellular	
  IDH	
  activity	
  
was	
   previously	
   shown	
   to	
   be	
   NADP+-­‐dependent	
   and	
   no	
   activity	
   could	
   be	
   observed	
   with	
   NAD+	
  
(Overath	
  et	
  al.,	
  1986).	
  We	
  used	
  cell	
  lysates	
  of	
  wildtype	
  cells	
  and	
  null	
  mutants	
  of	
  each	
  IDH	
  isoform.	
  
The	
   activity	
  was	
   increased	
   in	
   cells	
   from	
   glucose-­‐depleted	
  medium.	
   Deletion	
   of	
   the	
   IDHg	
   isoform	
  
caused	
  no	
  significant	
  change	
  in	
  total	
  IDH	
  activity.	
  This	
  demonstrates	
  an	
  increase	
  of	
  IDHm	
  activity	
  in	
  
the	
   absence	
   of	
   glucose.	
   Deletion	
   of	
   the	
   IDHm	
   isoform	
   resulted	
   in	
   absence	
   of	
   IDH	
   activity	
   in	
   the	
  
presence	
   of	
   glucose,	
   whereas	
   the	
   absence	
   of	
   glucose	
   IDHg-­‐specific	
   activity	
   was	
   measured.	
   This	
  
suggests	
  a	
  specific	
  role	
  of	
  the	
  IDHg	
  in	
  an	
  environment	
  lacking	
  glucose,	
  such	
  as	
  the	
  insect	
  host.	
  

Fig.3:	
   Detection of glucose-regulated 
proteins by western blotting. Western 
blotting was performed for two cell lines,  
AnTat 1.1 and EATRO1125. PFR served 
as loading control. The following proteins 
were analyzed: (A) the citrate synthase 
(CS), (B) the glycosomal isocitrate 
dehydrogenase (IDHg), (C) the aconitase 
(ACO) and (D) the mitochondrial isocitrate 
dehydrogenase (IDHm). White arrowheads 
indicate the position of the CS protein 
band. PFR: paraflagellar rod; Probing cell 
extracts with the CS antiserum resulted in 
several bands, thus we verified the CS 
upregulation by additionally probing a 
∆CS null mutant (Fig.S3B). Fold induction 
is indicated below lanes as calculated from 
fluorescent values normalized to PFR. 
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Taking	
  together	
  all	
  data,	
  one	
  hypothesis	
  could	
  be,	
  that	
  the	
  absence	
  of	
  glucose	
  induces	
  the	
  TCA	
  cycle	
  
activity	
   and	
   that	
   the	
   metabolic	
   flux	
   might	
   influence	
   the	
   differentiation	
   process.	
   Considering	
   the	
  
upregulation	
  of	
  the	
  CS,	
  the	
  ACO	
  and	
  the	
  IDHg	
  we	
  postulate	
  an	
  alternative	
  pathway	
  involving	
  these	
  
three	
  enzymes,	
  producing	
  NADPH	
  in	
  the	
  glycosomes.	
  This	
  is	
  also	
  supported	
  by	
  the	
  dual	
  localization	
  
of	
  ACO	
  (Saas	
  et	
  al.,	
  2000).	
  The	
  pathway	
  would	
  be	
  independent	
  from	
  the	
  NADPH	
  production	
  by	
  the	
  
PPP	
  and	
  thus	
  independent	
  from	
  glucose,	
  becoming	
  essential	
  during	
  migration	
  in	
  the	
  insect	
  host.	
  
	
  
The	
  IDHg	
  is	
  essential	
  in	
  later	
  developmental	
  stages	
  
Due	
  to	
  the	
  glucose-­‐regulated	
  expression	
  of	
  CS,	
  ACO	
  and	
  IDHg,	
  we	
  investigated	
  the	
  null	
  mutants	
  for	
  
growth	
  phenotypes	
  in	
  medium	
  lacking	
  glucose	
  (Fig.6).	
  The	
  mutants	
  were	
  controlled	
  by	
  integration	
  
PCR	
   (Fig.S3-­‐5).	
   No	
   significant	
   growth	
   phenotypes	
   were	
   observed,	
   neither	
   in	
   presence	
   nor	
   in	
  
absence	
  of	
  glucose	
  for	
  the	
  null	
  mutants.	
  The	
  ∆IDHm	
  null	
  mutant	
  showed	
  a	
  minor	
  growth	
  phenotype	
  
in	
  both	
  conditions	
  compared	
  to	
  the	
  WT	
  (Fig.6D).	
  

We	
  showed	
  that	
  the	
  regulation	
  of	
  protein	
  expression	
  is	
  induced	
  by	
  a	
  lack	
  of	
  glucose,	
  but	
  the	
  
functions	
   are	
   not	
   essential	
   in	
   procyclic	
   cells	
   in	
   culture.	
   They	
   could	
   be	
   essential	
   in	
   later	
  

Fig.5:	
   Glucose-­‐regulation	
   of	
   IDH	
   enzymatic	
   activities.	
   (A)	
   AnTat	
   cell	
   extracts	
   of	
  WT,	
   ∆IDHg	
   and	
  ∆IDHm	
  grown	
   in	
   SDM79	
  with	
  
(black	
  columns)	
  or	
  without	
   (white	
  columns)	
  glucose	
  were	
  used	
   for	
  NADP+-­‐dependent	
  IDH	
  enzyme	
  assays.	
  Error	
  bars	
   represent	
   the	
  
SEM	
   of	
   (n=3)	
   independent	
   replicates.	
   (B)Schematic	
   representation	
   of	
   localization	
   and	
   fluxes	
   of	
   the	
   enzymes	
   of	
   interest.	
   ACO:	
  
aconitase,	
  CS:	
  citrate	
  synthase,	
  IDH:	
  isocitrate	
  dehydrogenase	
  (g:	
  glycosomal,	
  m:	
  mitochondrial,	
  TCA:	
  tricarboxylic	
  acid	
  (cycle).	
  

Fig.4:	
   Subcellular	
   localization	
   of	
   IDH	
   isoforms.	
  AnTat	
  PCF	
  cells	
  were	
  permeabilized	
  by	
   increasing	
  concentrations	
  of	
  digitonin.	
  	
  
The	
  soluble	
  fractions	
  were	
  blotted	
  and	
  probed	
  with	
  antisera.	
  PGKB,	
  PPDK	
  and	
  HSP60	
  and	
  ASCT	
  were	
  used	
  as	
  cytosolic,	
  glycosomal	
  
and	
   mitochondrial	
   markers	
   respectively.	
   c:	
   release	
   of	
   cytosolic	
   proteins,	
   g:	
   release	
   of	
   glycosomal	
   proteins,	
   m:	
   release	
   of	
  
mitochondrial	
  proteins.	
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developmental	
   stages.	
   Thus	
   we	
   fed	
   procyclic	
   T.	
   brucei	
   cells	
   to	
   the	
   insect	
   host	
   Glossina	
   spp.	
   and	
  
compared	
  the	
  infection	
  efficiency	
  of	
  the	
  different	
  cell	
  lines.	
  

	
  
	
  
	
  
	
  
	
  
	
  

	
  
We	
  fed	
  WT,	
  ∆IDHg	
  and	
  two	
  independent	
  genetic	
  rescue	
  lines	
  of	
  the	
  ∆IDHg	
  null	
  mutant	
  and	
  checked	
  
their	
   ability	
   to	
   colonize	
   the	
   midgut	
   and	
   the	
   salivary	
   glands	
   (Fig.7).	
   There	
   are	
   no	
   significant	
  
differences	
  between	
  WT	
  and	
  ∆IDHg	
  cells	
  in	
  their	
  ability	
  to	
  colonize	
  the	
  midgut	
  in	
  any	
  of	
  the	
  three	
  
independent	
  experiments.	
  Comparing	
   the	
  salivary	
  gland	
   infection	
  after	
  30	
  days,	
   it	
   is	
  obvious	
   that	
  
the	
  ∆IDHg	
  null	
  mutant	
  is	
  significantly	
  impaired.	
  This	
  is	
  the	
  first	
  observation	
  of	
  a	
  metabolic	
  enzyme	
  
being	
  essential	
  for	
  salivary	
  gland	
  colonization.	
  

	
  

	
  

	
  
	
  

Fig.7: Essential	
   role	
   of	
   IDHg	
   during	
   development	
   within	
   Tsetse	
   flies.	
   Tsetse	
   flies	
   have	
   been	
   fed	
   with	
   AnTat	
   procyclic	
  
trypanosomes.	
   30	
   days	
   post-­‐infection	
   midguts	
   and	
   salivary	
   glands	
   have	
   been	
   checked	
   for	
   trypanosome	
   colonization.	
   Each	
   panel	
  
represents	
  an	
   independent	
  experiment	
  with	
  several	
  months	
  in	
  between	
  and	
  thus	
  different	
  fly	
  populations	
  as	
  well	
  as	
  different	
  lots	
  of	
  
horse	
   blood	
   	
  were	
   used.	
   Only	
   salivary	
   glands	
   of	
   flies	
   that	
   showed	
  midgut	
   colonization	
  were	
   checked	
   for	
   colonization.	
   Independent	
  
genetic	
   rescue	
  cell	
   lines	
  were	
  used	
   in	
  B	
  and	
  C.	
  Number	
  of	
   flies	
   for	
  each	
  cell	
   line	
  and	
  experiment:	
  A:	
  WT(N=112),	
  ∆IDHg(N=103);	
  B:	
  
WT(N=170),	
  ∆IDHg(N=184),	
  Rescue	
  1(N=160);	
  C:	
  WT(N=136),	
  ∆IDHg(N=129),	
  Rescue	
  2(N=211).	
  

Fig.6:	
   In	
   vitro	
   growth	
   of	
   the	
  
null	
   mutants.	
   AnTat	
   PCF	
   null	
  
mutants	
  were	
  grown	
  in	
  SDM79	
  
with	
   and	
   without	
   glucose	
   and	
  
growth	
   was	
   compared	
   to	
   the	
  
WT.	
   Growth	
   for	
   the	
   following	
  
null	
   mutants	
   was	
   investigated:	
  
∆CS	
   (A),	
   ∆ACO	
   (B),	
   ∆IDHg	
   (C)	
  
and	
  ∆IDHm	
  (D).	
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The	
   two	
   genetic	
   rescues	
   show	
  differences	
   in	
   IDHg	
   expression	
   (Fig.S7),	
   but	
   similar	
   salivary	
   gland	
  
infection	
  efficiencies.	
  Prolonged	
  passaging	
  and	
  additional	
  genetic	
  manipulation	
  of	
   the	
  rescues	
  can	
  
explain	
   the	
   lower	
  colonization	
  efficiency	
  compared	
   to	
   the	
  WT.	
  Our	
  experience	
  showed	
   that	
   these	
  
factors	
  influence	
  salivary	
  gland	
  infection	
  efficiencies.	
  

Fly	
   infection	
   experiments	
   are	
   time-­‐consuming	
   and	
   the	
   amount	
   of	
   parasites	
   that	
   can	
   be	
  
harvested	
   is	
   small,	
   thus	
   limiting	
   subsequent	
   analytical	
   methods.	
   We	
   decided	
   to	
   investigate	
   the	
  
differentiation	
  behavior	
   in	
   culture	
  upon	
  RBP6	
  expression	
   in	
   the	
  null	
  mutants.	
  We	
   introduced	
   the	
  
inducible	
  RBP6	
  vector	
  into	
  the	
  null	
  mutants,	
  ∆CS,	
  ∆IDHm	
  and	
  the	
  ∆IDHg,	
  as	
  these	
  enzymes	
  are	
  the	
  
first	
  and	
  the	
  last	
  steps	
  of	
  our	
  postulated	
  pathways	
  for	
  glycosomal	
  NADPH	
  production.	
  For	
  technical	
  
reasons	
  the	
  RBP6	
  expression	
  had	
  to	
  be	
  done	
  in	
  another	
  strain	
  containing	
  a	
  T7	
  polymerase,	
  to	
  reach	
  
sufficient	
  protein	
  levels.	
  These	
  null	
  mutants	
  had	
  to	
  be	
  created	
  in	
  this	
  strain	
  and	
  were	
  controlled	
  by	
  
western	
  blotting	
  (Fig.S4C,5C,6C).	
  RBP6	
  was	
  induced	
  in	
  these	
  null	
  mutants	
  in	
  SDM79	
  lacking	
  glucose	
  
and	
   the	
   same	
   analysis	
   by	
   microscopy	
   and	
   western	
   blotting	
   as	
   for	
   previous	
   experiments	
   was	
  
performed.	
  

For	
  the	
  ∆IDHg	
  null	
  mutant,	
  we	
  saw	
  a	
  clear	
  block	
  in	
  differentiation	
  in	
  the	
  epimastigote	
  stage.	
  
There	
  were	
  no	
  metacyclic	
  forms	
  visible	
  in	
  any	
  of	
  the	
  experiments	
  performed	
  (Fig.8B).	
  Surprisingly	
  
no	
   differentiation	
   phenotype	
   was	
   observed	
   for	
   the	
   ∆CS	
   null	
   mutant	
   (Fig.8C).	
   An	
   intermediate	
  
differentiation	
   phenotype	
   was	
   observed	
   for	
   the	
   ∆IDHm	
   mutant	
   (Fig.8D).	
   RBP6	
   expression	
   was	
  
inducible	
  to	
  quantitatively	
  similar	
  levels	
  in	
  all	
  cell	
  lines(Fig.S1D-­‐G).	
  
	
  

	
  
 

 
The culture differentiation of ∆IDHg resulted in a comparable phenotype as observed in our fly infection 
experiments. This proves the phenotype to be a result of a blocked developmental differentiation and 
excludes a pure metabolic phenotype due to starvation in the insect host. We showed that there is no or a 
minor phenotype for the ∆CS and ∆IDHm null mutants respectively. This suggests a redundancy of those 
two enzymes in terms of citrate/isocitrate production, with a probably higher contribution of the IDHm. 
This requires the IDHm to perform reductive carboxylation of α-ketoglutarate, which is 
thermodynamically possible. The in culture differentiation enables subsequent analyses, which are 
currently ongoing to elucidate the molecular function of glycosomal NADPH. 
	
  
	
  

Fig.8:	
   RBP6-­‐induced	
  
differentiation	
   of	
   ∆IDHg,	
   ∆CS	
  
and	
   ∆IDHm	
   cells.	
   RBP6	
   was	
  
inducible	
  expressed	
  in	
  the	
  EATRO	
  	
  
WT	
   (A),	
   ∆IDHg	
   (B),	
   ∆CS	
   (C),	
   and	
  
∆IDHm	
   (D)	
   null	
   mutants.	
   All	
  
experiments	
   were	
   performed	
   in	
  
glucose-­‐depleted	
   SDM79.	
   For	
  
each	
   time	
   point	
   the	
  
developmental	
  stage	
  of	
  >100	
  cells	
  
was	
  determined.	
  The	
  WT	
  data	
  (A)	
  
are	
   the	
   same	
   as	
   shown	
   in	
   Fig.1,	
  
but	
  depicted	
  here	
  again	
  for	
  easier	
  
comparison.	
  Error	
  bars	
   represent	
  
the	
   SEM	
   of	
   (n=3	
   )independent	
  
replicates. 
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Discussion	
  
We	
   identified	
   glucose	
   and	
   glycerol	
   as	
   metabolic	
   cues	
   regulating	
   the	
   differentiation	
   of	
   T.	
   brucei	
  
insect	
   stages.	
   We	
   discovered	
   that	
   glucose-­‐regulated	
   protein	
   expression	
   of	
   metabolic	
   enzymes	
   is	
  
involved	
  in	
  this	
  process.	
  Amongst	
  the	
  regulated	
  enzymes	
  we	
  found	
  the	
  IDHg	
  and	
  demonstrated	
  the	
  
essential	
   role	
   of	
   the	
   IDHg	
   for	
   salivary	
   gland	
   colonization	
   during	
   fly	
   infection	
   experiments.	
   A	
  
differentiation	
  phenotype	
  of	
   the	
  ∆IDHg	
  null	
  mutant	
  was	
  also	
  observed	
   in	
  a	
  culture	
  differentiation	
  
system.	
  This	
  is	
  proof	
  that	
  this	
  recent	
  culture	
  differentiation	
  system	
  is	
  suitable	
  to	
  identify	
  candidates	
  
essential	
  for	
  fly	
  infection.	
  In	
  our	
  case	
  the	
  phenotype	
  in	
  culture	
  proofs	
  that	
  the	
  phenotype	
  observed	
  
in	
  the	
  fly	
  experiments	
  is	
  not	
  due	
  to	
  some	
  metabolic	
  depletion.	
  As	
  this	
  would	
  not	
  be	
  observed	
  in	
  rich	
  
culture	
  conditions.	
  

Effects	
  of	
  nutrient	
  availability	
  on	
  the	
  redistribution	
  of	
  metabolic	
  fluxes	
  have	
  been	
  observed	
  
before.	
  The	
  presence	
  of	
  glucose	
  represses	
  proline	
  consumption	
  (Coustou	
  et	
  al.,	
  2008;	
  Lamour	
  et	
  al.,	
  
2005).	
  This	
  indicates	
  the	
  parasite’s	
  ability	
  of	
  recognizing	
  its	
  nutritional	
  environment.	
  We	
  identified	
  
two	
  metabolic	
   cues	
   and	
   their	
   impact	
   on	
   the	
   differentiation	
   process	
   from	
   procyclic	
   to	
  metacyclic	
  
parasites.	
   We	
   clearly	
   showed	
   that	
   glucose	
   and	
   glycerol	
   affect	
   the	
   efficiency	
   of	
   RBP6-­‐induced	
  
differentiation	
   of	
   T.	
   brucei	
   fly	
   stages.	
   This	
   indicates	
   a	
   mechanism	
   regulating	
   the	
   differentiation	
  
process	
   by	
   recognizing	
   the	
   nutrient	
   availability.	
   This	
   may	
   ensure	
   the	
   right	
   timing	
   of	
   stage	
  
development	
  within	
   the	
   insect	
  host,	
  necessary	
  due	
   to	
   the	
  diversity	
  of	
   the	
  different	
   insect	
   tissues,	
  
faced	
  during	
  migration	
  towards	
  the	
  salivary	
  glands.	
  

The	
  proteomics	
  as	
  well	
  as	
  the	
  western	
  blot	
  data	
  showed	
  the	
  CS,	
  ACO	
  and	
  IDHg	
  as	
  glucose-­‐
regulated	
   proteins.	
   Another	
   regulation	
   could	
   be	
   on	
   the	
   posttranslational	
   level,	
   by	
   stability	
   or	
  
modifications.	
   Indeed	
   the	
  upregulation	
  of	
   the	
   IDHg	
  activity	
   is	
  higher	
   than	
   the	
  upregulation	
  of	
   the	
  
protein	
   level.	
   Putative	
   posttranslational	
   regulators	
   are	
   part	
   of	
   future	
   investigations.	
   The	
  
upregulated	
  proteins	
  suggest	
  an	
  increased	
  TCA	
  cycle	
  activity.	
  Considering	
  that	
  the	
  upregulated	
  IDH	
  
isoform	
   displays	
   glycosomal	
   localization	
   we	
   suggest	
   another	
   pathway	
   being	
   upregulated.	
   We	
  
suggest	
  that	
  CS,	
  ACO	
  and	
  IDHg	
  are	
  an	
  alternative	
  pathway	
  for	
  the	
  parasite	
  to	
  produced	
  glycosomal	
  
NADPH	
  via	
   the	
   IDHg.	
   This	
  might	
   be	
   necessary	
   due	
   to	
   less	
   pentose	
  phosphate	
   pathway	
  produced	
  
NADPH	
  in	
  the	
  absence	
  of	
  glucose.	
  

Concerning	
   the	
  biochemical	
   role	
   of	
   the	
   IDHg,	
   there	
   are	
   a	
   few	
  pathways	
   requiring	
  NADPH	
  
with	
   a	
   putative	
   glycosomal	
   localization.	
   In	
   the	
   yeast	
   S.	
   cerevisiae	
   it	
   has	
   been	
   shown	
   that	
   a	
  
peroxisomal	
   IDH	
  is	
  essential	
   for	
   the	
  β-­‐oxidation	
  of	
  unsaturated	
   fatty	
  acids	
  (Henke	
  et	
  al.,	
  1998).	
  A	
  
former	
  publication	
  demonstrated	
  two	
  enzymatic	
  activities	
  with	
  a	
  putative	
   function	
   in	
  β-­‐oxidation	
  
and	
   their	
   glycosomal	
   localization	
   in	
   procyclic	
   forms	
   (Wiemer	
   et	
   al.,	
   1996).	
   We	
   continued	
   the	
  
investigations	
   on	
   β-­‐oxidation,	
   but	
   our	
   data	
   make	
   β-­‐oxidation	
   unlikely	
   in	
   T.	
   brucei	
   (manuscript	
  
submitted).	
  

A	
  crucial	
  pathway	
  utilizing	
  NADPH	
  is	
  the	
  trypanothione	
  system,	
  essential	
  for	
  detoxification	
  
of	
  reactive	
  oxygen	
  species	
  (ROS)	
  (Krieger	
  et	
  al.,	
  2000),	
  which	
  can	
  be	
  of	
   importance	
  when	
  passing	
  
the	
   proventriculus	
   (Hao	
   et	
   al.,	
   2003).	
   But	
   the	
   enzyme	
   consuming	
   NADPH	
   is	
   the	
   trypanothione	
  
reductase	
   (TR),	
   which	
   is	
   located	
   within	
   the	
   cytosol	
   (Smith	
   et	
   al.,	
   1991).	
   Previous	
   proteomic	
  
approaches	
   did	
   not	
   detect	
   the	
   TR	
   within	
   the	
   glycosomes	
   (Colasante	
   et	
   al.,	
   2006),	
   but	
   others	
  
detected	
   the	
   TR	
   in	
   the	
   glycosomes	
   (Guther	
   et	
   al.,	
   2014).	
   We	
   showed	
   that	
   cytosolic	
   NADPH	
  
production	
  is	
  crucial	
  for	
  detoxification	
  of	
  external	
  derived	
  ROS	
  (Allmann	
  et	
  al.,	
  2013),	
  questioning	
  
the	
   importance	
   of	
   glycosomal	
   NADPH	
   for	
   this	
   purpose.	
   Nevertheless	
   we	
   analyzed	
   a	
   ∆IDHg	
   null	
  
mutant	
   and	
   compared	
   its	
   oxidative	
   stress	
   susceptibility	
   in	
   the	
   presence	
   of	
   DHEA,	
   a	
   glucose	
   6-­‐
phosphate	
   dehydrogenase	
   inhibitor	
   (Cordeiro	
   et	
   al.,	
   2009),	
   compared	
   to	
   wildtype	
   cells	
   and	
  
observed	
  no	
  phenotype	
  (data	
  not	
  shown).	
  Altogether	
  we	
  conclude	
  that	
   the	
   IDHg	
   is	
  not	
   important	
  
for	
  external	
  oxidative	
  stress	
  defense.)	
  

Another	
  putative	
  essential	
  use	
  of	
  NADPH	
  in	
  the	
  glycosome	
  could	
  be	
  the	
  synthesis	
  of	
  ether-­‐
linked	
  lipids	
  via	
  the	
  dihydroxyacetone	
  phosphate	
  pathway	
  (Michels	
  et	
  al.,	
  2006;	
  Opperdoes,	
  1984).	
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Ether-­‐linked	
   lipids	
   can	
   act	
   as	
   stabilizers	
   for	
   the	
   membrane	
   bilayer	
   during	
   physical	
   or	
   chemical	
  
stress	
  periods	
  as	
  observed	
  before	
  (Aussenac	
  et	
  al.,	
  2005;	
  Shinoda	
  et	
  al.,	
  2004).	
   It	
  has	
  been	
  shown	
  
that	
  ether-­‐linked	
  lipids	
  are	
  more	
  resistant	
  to	
  basic/acidic	
  hydrolysis,	
  which	
  can	
  happen	
  at	
  high	
  or	
  
low	
  pH	
  values	
  of	
  the	
  environment,	
  like	
  the	
  proventriculus	
  of	
  the	
  Tsetse	
  fly,	
  which	
  has	
  a	
  pH	
  of	
  10.6	
  
(Liniger	
  et	
  al.,	
  2003).	
  

Based	
  on	
  the	
  afore	
  mentioned	
  pathway,	
  we	
  investigated	
  the	
  role	
  of	
  the	
  IDHg.	
  The	
  deletion	
  of	
  
the	
  IDHg	
  resulted	
  in	
  non-­‐colonized	
  salivary	
  glands	
  in	
  three	
  independent	
  fly	
  infection	
  experiments.	
  
The	
   deletion	
   had	
   no	
   effect	
   under	
   normal	
   growth	
   conditions,	
   but	
   blocked	
   the	
   differentiation	
   into	
  
metacyclic	
  cells	
  upon	
  RBP6	
  expression	
  in	
  culture.	
  With	
  these	
  experiments	
  the	
  essential	
  role	
  of	
  the	
  
IDHg	
  is	
  clearly	
  demonstrated,	
  but	
  the	
  pathway	
  feeding	
  the	
  IDHg	
  is	
  still	
  unclear.	
  

A	
   citrate	
   synthase	
   (CS)	
   is	
   required	
   to	
   provide	
   citrate,	
   which	
   can	
   be	
   converted	
   by	
   an	
  
aconitase	
   (ACO)	
   into	
   isocitrate	
   to	
   feed	
   the	
   IDHg.	
  Thus	
  we	
  created	
  a	
  ∆CS	
  null	
  mutant,	
  but	
  did	
  not	
  
observe	
   a	
   differentiation	
   phenotype	
   similar	
   to	
   the	
   ∆IDHg	
   in	
   the	
   culture	
   differentiation.	
   This	
  
indicates	
  an	
  alternative	
  citrate	
  or	
  isocitrate	
  source	
  independent	
  from	
  the	
  CS.	
  One	
  possibility	
  is	
  the	
  
mitochondrial	
  IDH.	
  For	
  T.	
  cruzi	
  it	
  has	
  been	
  shown	
  that	
  in	
  vitro	
  the	
  IDH	
  isoforms	
  can	
  also	
  utilize	
  α-­‐
ketoglutarate	
  as	
  substrate,	
  but	
  with	
  a	
  very	
  low	
  Km	
  compared	
  to	
  isocitrate	
  as	
  substrate	
  (Leroux	
  et	
  al.,	
  
2011).	
  There	
  is	
  also	
  evidence	
  for	
  a	
  reversed	
  IDH	
  activity	
  in	
  rat	
  liver	
  cells	
  (Des	
  Rosiers	
  et	
  al.,	
  1994).	
  
Two	
   pathways	
   for	
   isocitrate	
   production	
   would	
   increase	
   the	
   parasite’s	
   metabolic	
   flexibility.	
   This	
  
hypothesis	
   is	
   also	
   supported	
   by	
   the	
   observation	
   that	
   the	
  mitochondrial	
   malic	
   enzyme	
   (MEm)	
   is	
  
essential	
   in	
  procyclics	
  (Allmann	
  et	
  al.,	
  2013)	
  suggesting	
  that	
  it	
   is	
  the	
  major	
  mitochondrial	
  NADPH	
  
source	
  and	
  that	
  the	
  IDHm	
  may	
  consume	
  NADPH	
  in	
  the	
  mitochondrion.	
  

A	
  redundant	
  role	
  for	
  isocitrate	
  formation	
  of	
  the	
  CS	
  or	
  the	
  IDHm	
  would	
  explain	
  the	
  absence	
  
of	
  differentiation	
  phenotypes	
  of	
  the	
  respective	
  null	
  mutants.	
  Testing	
  a	
  double	
  knockout	
  mutant	
  of	
  
∆CS	
  and	
  ∆IDHm	
  for	
  differentiation	
  would	
  give	
  formal	
  prove	
  for	
  this	
  hypothesis.	
  This	
  mutant	
  could	
  
not	
   be	
   created	
   in	
   our	
   hands.	
   Several	
   transfections	
   have	
   been	
   performed	
   and	
   a	
   number	
   of	
  
independent	
  pools	
  were	
   tested,	
  but	
  no	
  double	
  knockout	
  could	
  be	
  verified.	
  This	
   indicates	
   that	
   the	
  
double	
  KO	
  is	
  lethal	
  for	
  other	
  reasons	
  in	
  PCF,	
  independent	
  of	
  differentiation.	
  

None	
   of	
   the	
   created	
   null	
  mutants	
   displayed	
   a	
   growth	
   phenotype	
   in	
   culture,	
   but	
   the	
   IDHg	
  
clearly	
   is	
   essential	
   for	
   stage	
   development.	
   This	
   phenotype	
   is	
   stage	
   specific,	
   indicating	
   that	
   some	
  
metabolic	
  pathways	
  are	
  specifically	
  required	
  in	
  fly	
  stages	
  post	
  PCF.	
  

We	
  suggest	
  that	
  the	
  presence/absence	
  of	
  specific	
  carbon	
  sources	
  and	
  thereby	
  the	
  resulting	
  
metabolic	
  fluxes	
  act	
  as	
  regulators	
  of	
  the	
  developmental	
  differentiation	
  of	
  T.	
  brucei.	
  The	
  presence	
  of	
  
glucose	
  and	
  glycerol	
  has	
  been	
  previously	
  shown	
  to	
  affect	
  early	
  marker	
  expression	
  within	
  the	
  PCF	
  
(Vassella	
   et	
   al.,	
   2000;	
   Vassella	
   et	
   al.,	
   2004),	
   whereas	
   we	
   showed	
   their	
   influence	
   on	
   later	
  
differentiation	
   processes	
   involving	
   EMF	
   and	
   MF	
   parasites.	
   We	
   speculate	
   that	
   this	
   is	
   a	
   safety	
  
mechanism,	
   blocking	
   further	
   differentiation	
   as	
   the	
   parasite	
   still	
   resides	
   within	
   the	
   midgut,	
  
requiring	
  the	
  protective	
  surface	
  coat	
  of	
  procyclins.	
  The	
  signal	
  might	
  be	
  conveyed	
  by	
  the	
  glycolytic	
  
flux	
   fueled	
   by	
   glucose	
   and	
   glycerol.	
   The	
   glycerol	
   could	
   be	
   derived	
   by	
   digestion	
   of	
   red	
   blood	
   cell	
  
membranes	
  and	
  glucose	
  is	
  abundant	
  in	
  millimolar	
  concentrations	
  in	
  mammalian	
  blood.	
  

The	
   effect	
   of	
   glycerol	
   on	
   early	
   differentiation	
  marker	
   expression	
   has	
   been	
   demonstrated	
  
(Vassella	
  et	
  al.,	
  2000).	
  Attempts	
  to	
  elucidate	
  the	
  metabolic	
  background	
  showed	
  that	
  the	
  underlying	
  
reason	
   is	
   not	
   the	
   changes	
   in	
   ATP	
   abundance.	
   Neither	
   deletion	
   of	
   aconitase,	
   nor	
   RNAi	
   against	
   α-­‐
ketoglutarate	
   dehydrogenase	
   or	
   succinate	
   synthetase	
   had	
   an	
   impact	
   on	
   the	
   EP/GPEET	
   switch	
   as	
  
well	
   as	
   the	
   inhibition	
   of	
   oxidative	
   phosphorylation	
   by	
   KCN	
   (Vassella	
   et	
   al.,	
   2004).	
   In	
   Contrast,	
  
inhibition	
  of	
  the	
  AOX	
  via	
  SHAM	
  lead	
  to	
  a	
  GPEET	
  to	
  EP	
  switch	
  (Vassella	
  et	
  al.,	
  2004).	
  

We	
  show	
  that	
   the	
  presence	
  or	
  absence	
  of	
  specific	
  nutrients	
  has	
  an	
   influence	
  on	
  T.	
  brucei’s	
  
differentiation	
  process	
  of	
  fly	
  stages.	
  In	
  addition	
  we	
  not	
  only	
  showed	
  this	
  with	
   in	
  vivo	
  experiments	
  
involving	
  fly	
  infections,	
  but	
  have	
  complementary	
  data	
  from	
  the	
  new	
  culture	
  differentiation	
  system.	
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3.2	
   The	
  Role	
  of	
  Aconitase	
  During	
  Differentiation	
  

In	
   addition	
   to	
   CS,	
   IDHg	
   and	
   IDHm	
   we	
   find	
   aconitase	
   (ACO)	
   involved	
   in	
   this	
   NADPH	
   producing	
  
pathway.	
   We	
   performed	
   in	
   vitro	
   as	
   well	
   as	
   in	
   vivo	
   experiments	
   assessing	
   its	
   role	
   during	
  
differentiation.	
  Fly	
  infection	
  experiments	
  with	
  the	
  ∆ACO	
  null	
  mutant	
  and	
  genetic	
  rescue	
  lines	
  have	
  
been	
   performed	
   (B.	
   Fast,	
   this	
   lab;	
   in	
   collaboration	
   with	
   D.	
   Berry,	
   Glasgow).	
   Here	
   a	
   comparable	
  
phenotype	
  was	
  observed	
  as	
   for	
   the	
  ∆IDHg	
  null	
  mutant	
   in	
  our	
  experiments.	
   In	
  contrast	
   to	
   this	
   the	
  
RBP6-­‐induced	
  differentiation	
   in	
   culture	
   gave	
   different	
   results.	
   The	
   ∆ACO	
   null	
   mutant	
   showed	
   a	
  
stronger	
  differentiation	
  phenotype	
  as	
  the	
  ∆IDHg	
  null	
  mutant.	
  There	
  was	
  a	
  clear	
  block	
  at	
  the	
  stage	
  of	
  
procyclic	
  cells,	
  with	
  very	
  few	
  epimastigote	
  forms	
  observed	
  (Fig.8).	
  
	
  

	
  
The	
   growth	
   during	
   these	
   experiments	
   reflects	
   this	
   observation	
   (Fig.9A,B).	
   The	
   wildtype	
   cells	
   in	
  
glucose-­‐depleted	
   medium	
   display	
   a	
   strong	
   growth	
   delay	
   with	
   subsequent	
   stagnation	
   of	
   the	
  
population	
  size.	
  This	
  is	
  based	
  on	
  the	
  fact,	
  that	
  metacyclic	
  cells	
  are	
  cell	
  cycle	
  arrested	
  and	
  thus	
  a	
  non-­‐
proliferative	
  form.	
  The	
  asymmetrical	
  division	
  of	
  epimastigote	
  forms	
  is	
  supposed	
  to	
  result	
  in	
  a	
  non-­‐
proliferative	
   form	
   (long	
   epimastigote)	
   and	
   a	
   proliferative	
   form	
   (short	
   epimastigote)	
   (Van	
   Den	
  
Abbeele	
  et	
  al.,	
  1999),	
  which	
  will	
  mature	
  into	
  metacyclics	
  later	
  on.	
  In	
  sum	
  this	
  means	
  that	
  successful	
  
differentiation	
  into	
  later	
  insect	
  stages	
  has	
  an	
  impact	
  on	
  the	
  observed	
  growth	
  rate,	
  whereas	
  a	
  block	
  
in	
   differentiation	
   does	
   not.	
   It	
   has	
   been	
   shown	
   that	
   the	
   formation	
   of	
  metacyclic	
   forms	
   is	
   directly	
  
linked	
  to	
  the	
  amount	
  of	
  RBP6	
  protein	
  expressed	
  to	
  a	
  certain	
  degree	
  (Kolev	
  et	
  al.,	
  2012).	
  Therefore	
  
we	
  checked	
  if	
  lower	
  RBP6	
  expression	
  levels	
  are	
  the	
  reason	
  for	
  the	
  observed	
  phenotype	
  (Fig.9C,	
  D).	
  
Indeed	
  we	
   saw	
  a	
   lower	
  RBP6	
  expression	
   in	
   the	
  ∆ACO	
  mutant	
   than	
   in	
  WT	
  cells.	
  Knowing	
   that	
  no	
  
clonal	
  population	
  was	
  selected	
  after	
  transfection	
  of	
  the	
  RBP6	
  construct,	
  this	
  was	
  rather	
  unlikely	
  to	
  
be	
  a	
  clonal	
  adaptation.	
  	
  

To	
   unravel	
   this	
   observation,	
   new	
   transfections	
   of	
   the	
   ∆ACO	
   null	
   mutant	
   with	
   the	
   RBP6	
  
expression	
   construct	
   have	
   been	
   performed	
   (N.	
   Ziebart,	
   this	
   lab).	
   Four	
   new	
   cell	
   lines	
   have	
   been	
  
analyzed	
   for	
   their	
  RBP6	
  expression	
  upon	
   tetracycline	
   induction,	
  all	
  of	
   them	
  showing	
   the	
  reduced	
  
RBP6	
   expression	
   levels	
   as	
   the	
   previous	
   cell	
   line.	
   This	
   indicates	
   an	
   impact	
   of	
   ACO	
   upon	
   RBP6	
  
expression.	
  The	
  impact	
  upon	
  RBP6	
  expression	
  levels	
  could	
  be	
  exerted	
  by	
  the	
  accumulation	
  or	
  lack	
  
of	
  certain	
  metabolic	
  intermediates	
  and	
  will	
  be	
  part	
  of	
  future	
  investigations.	
  
	
  
	
  
	
  

Fig.8:	
   RBP6-­‐induced	
   differentiation	
   is	
   blocked	
   in	
   the	
   ∆ACO	
   null	
   mutant.	
   The	
   differentiation	
   process	
  was	
   induced	
   in	
   (A)	
  
SDM79	
   and	
   (B)	
   glucose-­‐depleted	
   SDM79.	
   The	
   expression	
   of	
   RBP6	
   was	
   induced	
   by	
   addition	
   of	
   tetracycline	
   and	
   samples	
   for	
  
microscopy	
   and	
   western	
   blotting	
   were	
   taken	
   for	
   10	
   days.	
   For	
   each	
   time	
   point	
   the	
   developmental	
   stage	
   of	
   >100	
   cells	
   was	
  
determined	
  according	
  to	
  size,	
  morphology	
  and	
  relative	
  positioning	
  of	
  nucleus	
  and	
  kinetoplast.	
  Error	
  bars	
  represent	
   the	
  SEM	
  of	
  
(n=3)	
  independent	
  experiments.	
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Fig.9:	
   Growth	
   and	
  RBP6	
   expression	
  during	
  differentiation	
   of	
   the	
  ∆ACO	
  mutant.	
  Growth	
  was	
  monitored	
   in	
  (A)	
  normal	
  
SDM79	
   as	
   well	
   as	
   (B)	
   glucose-­‐depleted	
   SDM79.	
   The	
   expression	
   of	
   RBP6	
   was	
   induced	
   by	
   addition	
   of	
   tetracycline	
   .	
   Filled	
  
markers	
   represent	
   the	
  non-­‐induced	
  cell	
   lines	
  and	
  open	
  markers	
   the	
   induced	
  cell	
   lines.	
  The	
  expression	
   levels	
  of	
  RBP6	
  were	
  
controlled	
  by	
  western	
  blotting	
  for	
  the	
  (C)	
  WT	
  and	
  the	
  (D)	
  ∆ACO	
  null	
  mutant.	
  PFR	
  was	
  used	
  as	
  loading	
  control.	
  ACO;	
  aconitase,	
  
IDHg:	
  glycosomal	
  isocitrate	
  dehydrogenase,	
  PFR:	
  paraflagellar	
  rod,	
  RBP6:	
  RNA-­‐binding	
  protein	
  6.	
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4.	
   Fatty	
  Acid	
  Storage	
  in	
  T.	
  brucei	
  Procyclic	
  Cells	
  

Chapter	
  3	
  clearly	
  shows	
  that	
  glycosomal	
  NADPH	
  production	
  via	
  IDHg	
  is	
  essential	
  for	
  differentiation	
  
in	
  culture	
  as	
  well	
  as	
  in	
  the	
  fly.	
  This	
  raised	
  the	
  question	
  which	
  NADPH	
  consuming	
  pathway	
  is	
  fueled	
  
by	
  the	
  IDHg.	
  There	
  are	
  three	
  possibilities,	
  which	
  are	
  mentioned	
  in	
  more	
  detail	
  in	
  the	
  introduction	
  
chapter	
   1.4.	
   This	
   chapter	
   focuses	
   on	
   a	
   putative	
   glycosomal	
   β-­‐oxidation,	
   as	
   described	
   for	
   S.	
  
cerevisiae,	
  where	
  a	
  peroxisomal	
  IDH	
  is	
  essential	
  for	
  the	
  β-­‐oxidation	
  of	
  poly-­‐unsaturated	
  fatty	
  acids	
  
(Henke	
   et	
   al.,	
   1998).	
   We	
   established	
   a	
   method	
   for	
   T.	
   brucei	
   to	
   form	
   lipid	
   droplets	
   (LDs)	
   under	
  
physiological	
  conditions	
  and	
  optimized	
  several	
  analytical	
  methods	
  to	
  follow	
  the	
  fate	
  of	
  these	
  LDs.	
  
Using	
   these	
   tools	
   we	
   investigated	
   a	
   candidate	
   gene	
   for	
   β-­‐oxidation	
   activity,	
   which	
   has	
   been	
  
observed	
  in	
  T.	
  brucei	
  before	
  (Wiemer	
  et	
  al.,	
  1996).	
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Abstract:	
   49	
  
Carbon	
   storage	
   is	
   likely	
   to	
   enable	
   adaptation	
   of	
   trypanosomes	
   to	
   nutritional	
   challenges	
   or	
   50	
  
bottlenecks	
   during	
   their	
   stage	
   development	
   and	
   migration	
   in	
   the	
   tsetse.	
   Lipid	
   droplets	
   are	
   51	
  
candidates	
  for	
  this	
  function.	
  This	
  report	
  shows	
  that	
  feeding	
  of	
  T.	
  brucei	
  with	
  oleate	
  results	
  in	
  a	
  4-­‐5	
   52	
  
fold	
  increase	
  in	
  the	
  number	
  of	
  lipid	
  droplets,	
  as	
  quantified	
  by	
  confocal	
  fluorescence	
  microscopy	
  and	
   53	
  
by	
   flow	
   cytometry	
   of	
   BODIPY	
   493/503-­‐stained	
   cells.	
   The	
   triacylglycerol	
   (TAG)	
   content	
   also	
   54	
  
increased	
  4-­‐5	
  fold,	
  and	
  labeled	
  oleate	
  is	
  incorporated	
  into	
  TAG.	
  Fatty	
  acid	
  carbon	
  can	
  thus	
  be	
  stored	
   55	
  
as	
  TAG	
  in	
  lipid	
  droplets	
  under	
  physiological	
  growth	
  conditions	
  in	
  procyclic	
  T.	
  brucei.	
  Glycosomal	
  β-­‐ 56	
  
oxidation	
  has	
  been	
  suggested	
  in	
  T.	
  brucei	
  as	
  a	
  possible	
  catabolic	
  pathway.	
  A	
  single	
  candidate	
  gene,	
   57	
  
TFEa1	
   with	
   coding	
   capacity	
   for	
   a	
   subunit	
   of	
   the	
   trifunctional	
   enzyme	
   complex	
  was	
   identified.	
   A	
   58	
  
targeted	
  gene	
  deletion	
  was	
  used	
   to	
  probe	
   the	
  pathway.	
  TFEa1	
   is	
   expressed	
   in	
  procyclic	
  T.	
  brucei	
   59	
  
and	
   present	
   in	
   glycosomes,	
   yet	
   it	
   does	
   not	
   encode	
   the	
   previously	
   reported	
   3-­‐hydroxyacyl-­‐CoA	
   60	
  
dehydrogenase	
   activity.	
   Also	
   a	
   glycosomal	
   assignment	
   of	
   this	
   activity	
   cannot	
   be	
   confirmed.	
   61	
  
Homozygous	
   ∆tfeα1/∆tfeα1	
   null	
   mutant	
   cells	
   show	
   a	
   normal	
   growth	
   rate	
   and	
   an	
   unchanged	
   62	
  
glycosomal	
  proteome	
  in	
  procyclic	
  T.	
  brucei.	
  The	
  decay	
  kinetics	
  of	
  accumulated	
  lipid	
  droplets	
  upon	
   63	
  
oleate	
  withdrawal	
  can	
  be	
  fully	
  accounted	
  for	
  by	
  the	
  dilution	
  effect	
  of	
  cell	
  division.	
  Hence,	
  there	
  is	
  no	
   64	
  
evidence	
  for	
  catabolism	
  of	
  stored	
  TAG	
  and	
  no	
  evidence	
  for	
  the	
  presence	
  of	
  an	
  active	
  glycosomal	
  b-­‐ 65	
  
oxidation	
  pathway	
  in	
  procyclic	
  T.	
  brucei,	
  even	
  under	
  strictly	
  glucose-­‐free	
  conditions.	
  The	
  possibility	
   66	
  
remains	
  that	
  TAG	
  catabolism	
  is	
  developmentally	
  activated	
  in	
  post-­‐procyclic	
  stages	
  in	
  the	
  tsetse.	
   67	
  
	
   68	
  
Introduction	
   69	
  

Lipid	
   droplets	
   (LD)	
   are	
   dynamic	
   organelles	
   and	
   conserved	
   throughout	
   prokaryotic	
   and	
   70	
  
eukaryotic	
   organisms	
   [1].	
   The	
   dynamic	
   nature	
   and	
   interactions	
   with	
   other	
   subcellular	
   71	
  
compartments	
   are	
   poorly	
   understood	
   [2].	
   They	
   are	
   heterogeneous	
   particles	
   bounded	
   by	
   a	
   72	
  
phospholipid	
   monolayer	
   also	
   containing	
   glycolipids	
   and	
   sterols.	
   The	
   core	
   inside	
   this	
   monolayer	
   73	
  
contains	
   triacylglycerols	
   (TAG),	
   diacylglycerols	
   (DAG)	
   and	
   sterol	
   esters.	
   The	
   composition	
   varies	
   74	
  
between	
  organisms	
  and	
  also	
  cell	
  types.	
  The	
  size	
  of	
  the	
  particles	
  ranges	
  between	
  50	
  nm	
  and	
  200	
  µm,	
   75	
  
the	
   latter	
   found	
   in	
   adipocytes.	
   The	
   monolayer	
   contains	
   specific	
   proteins	
   that	
   are	
   involved	
   in	
   76	
  
biogenesis	
  of	
  the	
  LD	
  and	
  mobilization	
  of	
  the	
  stored	
  lipids.	
  LDs	
  form	
  or	
  accumulate	
  in	
  response	
  to	
   77	
  
starvation	
   and	
   various	
   other	
   stresses.	
   In	
   addition	
   to	
   carbon	
   storage,	
   a	
   role	
   in	
   intracellular	
   lipid	
   78	
  
trafficking	
  or	
  membrane	
  biogenesis	
   [3-­‐6]	
  was	
   found	
   in	
  yeast	
  as	
  well	
  as	
   in	
  mammalian	
  cells.	
   In	
  D.	
   79	
  
melanogaster	
   embryos	
   intracellular	
   repositioning	
   has	
   been	
   reported	
   during	
   development	
   [7].	
   In	
   80	
  
trypanosomes,	
  the	
  biogenesis	
  of	
  LDs	
  seems	
  to	
  be	
  regulated	
  by	
  specific	
  a	
  protein	
  kinase	
  [8],	
  yet	
  their	
   81	
  
function	
  in	
  metabolism	
  of	
  the	
  organisms	
  is	
  unknown.	
   82	
  

Carbon	
  storage	
  requires	
  a	
  pathway	
  to	
  catabolize	
  the	
  stored	
  TAG.	
  β-­‐oxidation	
  converts	
  fatty	
   83	
  
acids	
  (FA)	
  into	
  acetyl-­‐CoA	
  building	
  blocks.	
  This	
  starts	
  with	
  the	
  release	
  of	
  FA	
  from	
  TAG	
  by	
  a	
  lipase	
   84	
  
followed	
   by	
   its	
   activation	
   in	
   the	
   cytosol	
   by	
   a	
   long-­‐chain	
   fatty	
   acyl-­‐CoA	
   synthetase	
   (EC	
   6.2.1.3),	
   85	
  
giving	
  rise	
  to	
  a	
  fatty	
  acyl-­‐CoA	
  ester.	
  This	
  ester	
  then	
  diffuses	
  (<10	
  carbons)	
  or	
  is	
  transported	
  into	
  the	
   86	
  
mitochondrion.	
   Four	
   subsequent	
   steps	
   produce	
   acyl-­‐CoA(n-­‐2)	
   and	
   acetyl-­‐CoA.	
   The	
   acetyl-­‐CoA	
   is	
   87	
  
oxidized	
   to	
   carbon	
   dioxide,	
   resulting	
   in	
   ATP	
   production	
   in	
   the	
   electron	
   transport	
   chain.	
   In	
   88	
  
mammalian	
  cells	
  long	
  chain	
  fatty	
  acids	
  (n>22	
  carbons)	
  are	
  processed	
  first	
  within	
  the	
  peroxisomes,	
   89	
  
and	
  the	
  shortened	
  acyl-­‐CoA	
  molecules	
  moved	
  to	
  the	
  mitochondrion.	
  The	
  T.	
  brucei	
  peroxisome-­‐like	
   90	
  
organelles	
  harbour	
  glycolysis	
  and	
  thus	
  are	
  called	
  glycosomes.	
  Two	
  enzymatic	
  activities,	
  enoyl-­‐CoA	
   91	
  
hydratase	
   (EC4.2.1.17)	
   and	
   3-­‐hydroxyacyl-­‐CoA	
   dehydrogenase	
   (1.1.1.35),	
   that	
   are	
   part	
   of	
   the	
   92	
  
trifuctional	
  enzyme	
  complex	
  (TFE)	
  of	
  β-­‐oxidation,	
  have	
  been	
  identified	
  and	
  apparently	
  localized	
  to	
   93	
  
this	
  organelle	
  [9].	
  This	
  suggested	
  the	
  parasites	
  capability	
  of	
  FA	
  degradation.	
   94	
  

Storage	
  and	
  later	
  utilization	
  of	
  FAs	
  in	
  starvation	
  periods	
  helps	
  cells	
  or	
  organisms	
  to	
  survive	
   95	
  
changing	
   environments	
   and	
   nutritional	
   bottlenecks.	
   This	
   applies	
   to	
   parasitic	
   organisms	
   like	
   96	
  
Trypanosoma	
  brucei	
  during	
  their	
  life	
  cycle	
  in	
  different	
  host	
  and	
  vector	
  environments.	
  The	
  causative	
   97	
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   47	
  

agent	
  of	
  African	
  Trypanosomiasis	
  has	
  a	
  digenetic	
  life	
  cycle	
  in	
  a	
  mammalian	
  host	
  and	
  tsetse	
  flies	
  of	
   98	
  
the	
   Glossina	
   spp.	
   as	
   vector.	
   While	
   residing	
   in	
   the	
   mammalian	
   bloodstream	
   the	
   nutritional	
   99	
  
environment	
  is	
  homeostatic.	
  In	
  contrast,	
  during	
  the	
  complex	
  development	
  in	
  the	
  insect	
  vector	
  [10]	
   100	
  
that	
   involves	
   migration	
   through	
   different	
   organs,	
   the	
   parasite	
   is	
   challenged	
   by	
   changing	
   carbon	
   101	
  
sources,	
   oxidative	
   stress	
   [11]	
   or	
   different	
   pH	
   values	
   [12].	
   This	
   is	
   particularly	
   important	
   during	
   102	
  
migrating	
   from	
   the	
   midgut	
   towards	
   the	
   salivary	
   gland.	
   Crossing	
   the	
   parasite-­‐crowded	
   103	
  
proventriculus	
   area	
   of	
   the	
   foregut	
   to	
   reach	
   the	
   esophagus	
   requires	
   high	
   parasite	
   motility	
   [13],	
   104	
  
depending	
   on	
   energy.	
   Therefore,	
   T.	
   brucei	
  may	
   need	
   energy	
   stores	
   for	
   development	
   within	
   the	
   105	
  
insect	
  host.	
  This	
  hypothesis	
   is	
   supported	
  by	
  electron	
  microscopical	
  detection	
  of	
   large	
  LDs	
  within	
   106	
  
the	
  stumpy	
  bloodstream	
  and	
  procyclic	
  forms,	
  while	
  LD	
  size	
  was	
  considerably	
  reduced	
  in	
  parasites	
   107	
  
isolated	
   from	
  the	
  proventriculus,	
  and	
   few	
  or	
  no	
  LDs	
  were	
  detected	
   in	
  parasites	
   isolated	
   from	
  the	
   108	
  
salivary	
  glands	
   [14].	
  This	
   suggests	
  a	
  physiological	
   role	
  of	
  LDs	
  during	
  developmental	
  progression.	
   109	
  
We	
   hypothesized	
   that	
   LDs	
  were	
   formed	
   in	
   the	
   proliferating	
  midgut	
   stages	
   and	
   lipid	
   stores	
  were	
   110	
  
utilized	
  during	
  the	
  migration	
  through	
  the	
  proventriculus	
  towards	
  the	
  salivary	
  glands.	
  In	
  agreement	
   111	
  
with	
  this	
  view,	
  it	
  has	
  been	
  shown	
  that	
  the	
  procyclic	
  forms	
  take	
  up	
  fatty	
  acids	
  at	
  a	
  much	
  faster	
  rate	
   112	
  
than	
  BSF	
  [15].	
   113	
  

Here	
  we	
  show	
  uptake	
  of	
  fatty	
  acids	
  and	
  their	
  storage	
  in	
  LDs	
  under	
  physiological	
  conditions,	
   114	
  
and	
   followed	
   the	
   decay	
   of	
   LDs.	
   The	
   putative	
  β-­‐oxidation	
   pathway	
  was	
   reinvestigated	
   by	
   reverse	
   115	
  
genetic	
  tools.	
   116	
  
 117	
  
Experimental	
  procedures	
   118	
  

Trypanosome	
   Culture	
   and	
   Transfections	
   -­‐	
  The	
   procyclic	
   form	
   of	
   T.	
   brucei	
   AnTat	
   1.1	
   and	
   119	
  
EATRO1125	
  was	
  cultured	
  at	
  27°C	
   in	
  SDM79	
  medium	
  containing	
  10%	
  (v/v)	
  heat-­‐inactivated	
   fetal	
   120	
  
calf	
  serum	
  and	
  35	
  µg/mL	
  hemin	
  [16].	
  The	
  SDM79	
  used	
  for	
  glucose-­‐depleted	
  conditions	
  was	
  either	
   121	
  
prepared	
  with	
  normal	
  FCS	
  resulting	
  in	
  about	
  0.5	
  mM	
  residual	
  glucose	
  (SDM79-­‐Glu)	
  or	
  additionally	
   122	
  
preconditioned	
   to	
   fully	
   consume	
   glucose	
   (SDM79GluFree).	
   The	
   SDM79GluFree	
   medium	
   was	
   123	
  
prepared	
   by	
   growing	
   WT	
   procyclic	
   trypanosomes	
   (5x106	
   cells/ml)	
   in	
   glucose-­‐free	
   SDM79	
   124	
  
supplemented	
   with	
   20%	
   FCS,	
   during	
   3	
   days	
   to	
   late	
   log	
   phase	
   (2x107	
   cells/ml),	
   then	
   the	
   spent	
   125	
  
medium	
  was	
  filtered	
  and	
  completed	
  with	
  one	
  volume	
  of	
  fresh	
  glucose-­‐	
  and	
  FCS-­‐free	
  SDM79.	
  In	
  both	
   126	
  
media	
  the	
  addition	
  of	
  50	
  mM	
  N-­‐acetylglucosamine	
  (GlcNAc)	
  was	
  added	
  to	
  inhibit	
  residual	
  glucose	
   127	
  
import	
  [17-­‐19].	
  Oleate	
  feeding	
  was	
  performed	
  with	
  400	
  µM	
  oleate	
  complexed	
  with	
  BSA.	
  The	
  SDM79	
   128	
  
medium	
  containing	
  oleate	
  was	
  prepared	
  as	
  described	
  in	
  [20].	
  The	
  EATRO1125	
  procyclic	
  form	
  cell	
   129	
  
line	
   constitutively	
   expressing	
   the	
  T7	
  RNA	
  polymerase	
   gene	
   and	
   the	
   tetracycline	
   repressor	
   under	
   130	
  
the	
   control	
   of	
   a	
   T7	
   RNA	
   polymerase	
   promoter	
   for	
   tetracycline-­‐inducible	
   expression	
   131	
  
(EATRO1125.T7T)	
  [20],	
  was	
  the	
  recipient	
  of	
  all	
  transfections.	
  Transfection	
  and	
  selection	
  in	
  SDM79	
   132	
  
medium	
  containing	
  combinations	
  of	
  hygromycin	
  B	
   (25	
  µg/mL),	
  neomycin	
   (10	
  µg/mL),	
  blasticidin	
   133	
  
(10	
  µg/mL),	
  phleomycin	
  (5	
  µg/mL)	
  and	
  puromycin	
  (1	
  µg/mL)	
  is	
  described	
  in	
  [22].	
   134	
  

Fluorescence	
  Microscopy	
   -­‐	
  This	
   protocol	
  was	
   carried	
   out	
   as	
   described	
   previously	
   [23]	
  with	
   135	
  
minor	
  modifications.	
   1x107	
   procyclic	
   forms	
  were	
   fixed	
   in	
   2%	
   formaldehyde	
   at	
   4°C,	
   then	
  washed	
   136	
  
three	
   times	
   with	
   PBS	
   for	
   5	
   min	
   at	
   4°C.	
   The	
   fixed	
   cells	
   were	
   attached	
   to	
   silanized	
   coverslips	
   by	
   137	
  
sedimentation	
   and	
   permeabilized	
   with	
   0.2%	
   NP-­‐40	
   in	
   PBS	
   for	
   10	
  min	
   at	
   room	
   temperature	
   for	
   138	
  
BODIPY	
  493/503	
  (Molecular	
  Probes®).	
  For	
  nile	
  red	
  staining	
  permeabilization	
  was	
  not	
  necessary.	
   139	
  
Staining	
  of	
  lipid	
  droplets	
  was	
  done	
  with	
  1	
  µg/ml	
  nile	
  red	
  or	
  5	
  µg/ml	
  BODIPY	
  for	
  30	
  min	
  at	
  RT.	
  Cells	
   140	
  
were	
   mounted	
   in	
   antifade	
   solution	
   (Vectashield)	
   and	
   analyzed	
   by	
   confocal	
   laser	
   scanning	
   141	
  
microscopy	
   (CLSM)	
  with	
  a	
  Leica	
  SP5	
  CLSM	
  microscope.	
  Microscope	
   settings	
  were:	
  405	
  nm	
  diode	
   142	
  
laser	
  at	
  20%,	
  Argon	
  laser	
  at	
  20%	
  power	
  and	
  sequential	
  scanning	
  settings	
  for	
  PMT1:	
  420-­‐473	
  nm,	
   143	
  
for	
  PMT3:	
  498-­‐564	
  nm.	
  Stacks	
  have	
  been	
  acquired	
  with	
  0.5	
  µm	
  step	
  size	
  and	
  a	
  total	
  thickness	
  of	
  5-­‐8	
   144	
  
µm.	
   145	
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  48	
  

Flow	
  Cytometry	
  -­‐	
  We	
  adapted	
  BODIPY	
  493/503	
  staining	
  for	
  T.	
  brucei	
  which	
  is	
  widely	
  used	
  in	
   146	
  
the	
  mammalian	
  field	
  [20]	
  and	
  has	
  also	
  been	
  used	
  for	
  another	
  kinetoplastid	
  [24].	
  This	
  dye	
  gives	
  the	
   147	
  
advantage	
  of	
  a	
  higher	
  specificity	
   for	
  nonpolar	
   lipids	
  and	
   is	
  compatible	
  with	
  multicolor	
   imaging.	
   It	
   148	
  
enables	
   the	
   analysis	
   by	
   flow	
   cytometry,	
   as	
   there	
   is	
   only	
   one	
   emission	
   spectrum	
   and	
   not	
   two	
   149	
  
overlapping	
   spectra	
   as	
   for	
   nile	
   red,	
   where	
   the	
   binding	
   to	
   polar	
   or	
   nonpolar	
   lipids	
   creates	
   a	
   150	
  
chromatic	
  shift	
  [20].	
  1x107-­‐2x107	
  procyclic	
  cells	
  were	
  harvested	
  and	
  washed	
  once	
  in	
  cold	
  PBS	
  (10	
   151	
  
min,	
  900	
  g,	
  4°C).	
  The	
  cells	
  were	
  resuspended	
  in	
  500	
  µl	
  PBS	
  and	
  were	
  fixed	
  by	
  addition	
  of	
  500	
  µl	
  4%	
   152	
  
paraformaldehyde	
   in	
   PBS	
   at	
   4°C	
   for	
   2	
   h	
   or	
   over	
   night.	
   After	
   PFA	
   treatment	
   all	
   following	
   153	
  
centrifugations	
  were	
  carried	
  out	
  at	
  500	
  g,	
  4°C	
  for	
  10	
  min.	
  Cells	
  were	
  washed	
  twice	
  with	
  PBS/2	
  mM	
   154	
  
EDTA.	
   Permeabilization	
   was	
   done	
   with	
   0.2%	
   NP-­‐40	
   in	
   PBS	
   for	
   15	
   min	
   at	
   RT.	
   Cells	
   were	
   then	
   155	
  
washed	
  once	
  with	
  1	
  ml	
  PBS/2	
  mM	
  EDTA.	
  Pellets	
  have	
  been	
  resuspended	
  in	
  400	
  µl	
  PBS/2mM	
  EDTA	
   156	
  
containing	
  5	
  µg/ml	
  BODIPY493/503	
  and	
  incubated	
  for	
  30	
  min	
  at	
  RT	
  in	
  the	
  dark.	
  Cells	
  were	
  pelleted	
   157	
  
and	
  resuspended	
  in	
  1ml	
  PBS/2mM	
  EDTA	
  and	
  analyzed	
  with	
  a	
  BD	
  FACS	
  Calibur	
  flow	
  cytometer	
  (488	
   158	
  
nm	
  Laser).	
   159	
  

Labeling	
   with	
   [1-­‐14C]-­‐oleate	
   and	
   lipid	
   analysis	
   -­‐	
   [1-­‐14C]-­‐oleate	
   feeding	
   was	
   performed	
   as	
   160	
  
follows:	
  108	
  cells	
  in	
  the	
  late	
  exponential	
  phase	
  were	
  incubated	
  for	
  30	
  min,	
  1h,	
  2h	
  and	
  8h	
  in	
  5	
  mL	
  of	
   161	
  
SDM79	
  medium	
   as	
   indicated	
   above	
   and	
   containing	
   6	
  µM	
   [1-­‐14C]-­‐oleate	
   (58.2	
  mCi/mmol,	
   Perkin-­‐ 162	
  
Elmer	
   SAS,	
   Courtaboeuf,	
   France)	
   and	
   400	
   µM	
  unlabeled	
   oleate	
   complexed	
  with	
  BSA.	
   The	
   SDM79	
   163	
  
medium	
  containing	
  oleate	
  was	
  prepared	
  as	
  described	
  in	
  [20].	
  Subsequently,	
   lipids	
  were	
  extracted	
   164	
  
by	
  chloroform:methanol	
  (2:1,	
  v/v)	
   for	
  30	
  min	
  at	
  room	
  temperature,	
  and	
  then	
  washed	
  three	
  times	
   165	
  
with	
  0.9%	
  NaCl.	
  The	
  solvent	
  was	
  evaporated	
  and	
  lipids	
  were	
  dissolved	
  in	
  an	
  appropriate	
  volume	
  of	
   166	
  
chloroform/methanol	
   (1:1,	
   v/v).	
   To	
   determine	
   the	
   labeling	
   of	
   total	
   phospholipids	
   and	
   neutral	
   167	
  
lipids,	
  the	
  lipid	
  extracts	
  were	
  loaded	
  onto	
  HPTLC	
  plates	
  (60F254,	
  Merck)	
  with	
  a	
  CAMAG	
  Linomat	
  IV	
   168	
  
and	
   developed	
   in	
   hexane/ethylether/acetic	
   acid	
   (90:15:2,	
   v/v).	
   Total	
   phospholipids	
   (start),	
   169	
  
diacylglycerols	
   (DAG,	
  RF	
   0.08),	
   free	
   fatty	
   acids	
   (FFA,	
  RF	
   0.29),	
   triacylglycerols	
   (TAG,	
  RF	
   0.50)	
   and	
   170	
  
esters	
  (RF	
  0.90)	
  were	
  separated.	
  Lipids	
  were	
  identified	
  by	
  co-­‐migration	
  with	
  known	
  standards	
  and	
   171	
  
lipid	
  radioactivity	
  was	
  determined	
  with	
  a	
  Storm	
  860	
  (GE	
  Healthcare)	
  phosphorimager.	
   172	
  

TAG	
  quantification	
  by	
  HPTLC	
  -­‐	
  Lipid	
  extracts	
  were	
  prepared	
  as	
  indicated	
  above.	
  To	
  determine	
   173	
  
the	
   amount	
   of	
   TAG,	
   the	
   lipid	
   extracts	
   were	
   loaded	
   onto	
   HPTLC	
   plates	
   developed	
   in	
   174	
  
hexane/ethylether/acetic	
  acid	
  (90:15:2,	
  v/v)	
  as	
  indicated	
  above.	
  TAG	
  amounts	
  were	
  quantified	
  by	
   175	
  
densitometry	
  using	
  a	
  CAMAG	
  TLC	
  scanner	
  3	
  as	
  described	
  in	
  [25].	
   176	
  

TAG	
   species	
   identification	
  by	
  ESI/MS/MS	
   -­‐	
  Prior	
   to	
   the	
  MS	
   analysis,	
   the	
   lipid	
   extracts	
  were	
   177	
  
resuspended	
  with	
  a	
  mixture	
  of	
  chloroform/methanol	
  1/1	
  (v/v)	
  containing	
  0.2	
  %	
  formic	
  acid+0.028	
   178	
  
%	
   NH3.	
   Shotgun	
   analysis	
   was	
   performed	
   on	
   a	
   QTrap	
   5500	
   (ABSciex).	
   Analyses	
   were	
   performed	
   179	
  
with	
  neutral	
  loss	
  scans	
  in	
  positive	
  mode.	
  Nitrogen	
  was	
  used	
  as	
  curtain	
  gas	
  (set	
  to	
  15),	
  gas1	
  (set	
  to	
   180	
  
20)	
  and	
  gas2	
   (set	
   to	
  0).	
  Needle	
  voltage	
  was	
  at	
  +5,500	
  V	
  without	
  needle	
  heating;	
   the	
  declustering	
   181	
  
potential	
  was	
  set	
  at	
  +40	
  V.	
  The	
  collision	
  gas	
  was	
  also	
  nitrogen	
  and	
  collision	
  energy	
  was	
  adjusted	
  to	
   182	
  
+40	
  eV.	
  Samples	
  were	
  analyzed	
  in	
  duplicate.	
  Triacylglycerols	
  were	
  identified	
  and	
  quantified	
  using	
   183	
  
the	
  Lipidview	
  (ABSciex).	
  Lipid	
  species	
  were	
  quantified	
  by	
  normalizing	
  the	
  intensities	
  of	
  their	
  peaks	
   184	
  
to	
  the	
  intensity	
  of	
  the	
  peaks	
  of	
  the	
  internal	
  standard	
  (TAG17:0/17:0/17:0)	
  spiked	
  into	
  the	
  sample.	
   185	
  

NADP-­‐dependent	
  3-­‐hydroxyacyl-­‐CoA	
  dehydrogenase	
  activity	
  in	
  cell	
  extracts	
  and	
  glycosome	
   186	
  
enriched	
  fractions	
  -­‐	
  Cells	
  were	
  washed	
  in	
  PBS	
  and	
  lysed	
  by	
  sonication	
  (5	
  sec	
  at	
  4°C)	
  in	
  phosphate	
   187	
  
buffer	
  (100	
  mM,	
  pH	
  6.2).	
  A	
  subcellular	
  fraction	
  enriched	
  in	
  glycosomes	
  was	
  prepared	
  by	
  differential	
   188	
  
centrifugation	
  of	
  WT	
  procyclic	
  cells	
  and	
  of	
  ∆tfeα1/∆tfeα1	
   cells.	
  Trypanosomes	
  were	
  harvested	
  by	
   189	
  
centrifugation	
  for	
  10	
  min	
  at	
  1000	
  g	
  and	
  the	
  cell	
  pellet	
  was	
  subjected	
  to	
  grinding	
  with	
  silicon	
  carbide	
   190	
  
(325	
  mesh)	
  in	
  the	
  presence	
  of	
  homogenization	
  buffer	
  (250	
  mM	
  sucrose,	
  25	
  mM	
  Tris-­‐HCl	
  pH:7.4,	
  1	
   191	
  
mM	
  EDTA)	
   supplemented	
  with	
   a	
   cocktail	
   of	
   protease	
   inhibitors.	
   The	
   disruption	
   of	
   parasites	
  was	
   192	
  
followed	
  by	
  phase	
  contrast	
  microscopy	
  and	
  continued	
  until	
  at	
  least	
  95%	
  of	
  the	
  cells	
  were	
  broken.	
   193	
  
After	
  dilution	
  of	
  the	
  resulting	
  mixture	
  with	
  homogenization	
  buffer	
  the	
  silicon	
  carbide	
  was	
  removed	
   194	
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by	
  centrifugation	
  at	
  4500	
  g	
  for	
  5	
  min.	
  The	
  homogenate	
  obtained	
  was	
  then	
  centrifuged	
  at	
  17,000	
  g	
   195	
  
for	
  10	
  min	
  to	
  sediment	
  glycosomes.	
  The	
  pellet	
  was	
  resuspended	
  in	
  phosphate	
  buffer	
  (100	
  mM,	
  pH	
   196	
  
6.2)	
  and	
  lysed	
  by	
  sonication	
  (5	
  sec	
  at	
  4°C).	
  The	
  3-­‐hydroxyacyl-­‐CoA	
  dehydrogenase	
  activity	
  and	
  the	
   197	
  
GPDH	
  activity	
  were	
  measured	
  as	
  described	
  before	
  [26,27].	
   198	
  

Phylogenetic	
   reconstruction	
   -­‐	
   Sequences	
   belonging	
   to	
   the	
   TFEα2	
   group,	
   including	
   the	
   199	
  
mitochondrial	
   Human	
   sequence	
   (P40939),	
   were	
   collected	
   from	
   a	
   recent	
   analysis	
   [28].	
   200	
  
Representative	
   prokaryotic	
   and	
   eukaryotic	
   sequences	
   belonging	
   to	
   the	
   TFEα1	
   group,	
   were	
   201	
  
obtained	
  by	
  BLAST	
   runs	
  against	
   the	
  nr	
  database	
  with	
   the	
  peroxisomal	
  mouse	
   (BAB23628.1)	
   and	
   202	
  
the	
   Pseudomonas	
   stutzeri	
   (WP	
   017245866.1)	
   sequences	
   as	
   query.	
   The	
   multiple	
   sequence	
   203	
  
alignments	
   of	
   the	
   TFEα1	
   and	
   TFEα2	
   sequences,	
   including	
   the	
   trypanosomal	
   and	
   leishmanial	
   204	
  
orthologous	
   sequences	
   found	
   in	
  TriTrypDB	
   (http://tritrypdb.org/tritrypdb/)	
  were	
  done	
  with	
   the	
   205	
  
web-­‐based	
  CLUSTALW2	
  program,	
  and	
  the	
  guide	
  tree	
  obtained	
  was	
  used	
  to	
  construct	
  a	
  dendrogram	
   206	
  
using	
  the	
  TreeView	
  program.	
   207	
  

Knockout	
   of	
   the	
   TFE	
   candidate	
   gene	
   -­‐	
  Replacement	
   of	
   the	
   putative	
   enoyl-­‐CoA	
   hydratase	
   /	
   208	
  
enoyl-­‐CoA	
  isomerase	
  /	
  3-­‐hydroxyacyl-­‐CoA	
  dehydrogenase	
  (TFE,	
  Tb927.2.4130)	
  by	
  the	
  puromycin	
   209	
  
(PAC)	
   and	
   blasticidin	
   (BSD)	
   resistance	
   markers	
   via	
   homologous	
   recombination	
   was	
   performed	
   210	
  
with	
  DNA	
  fragments	
  containing	
  a	
  resistance	
  marker	
  gene	
  flanked	
  by	
  the	
  TFEα1	
  UTR	
  sequences.	
  The	
   211	
  
TFEα1	
   knock	
   out	
   was	
   generated	
   in	
   the	
   EATRO1125.T7T	
   parental	
   cell	
   line,	
   which	
   constitutively	
   212	
  
expresses	
   the	
  T7	
  RNA	
  polymerase	
   gene	
   and	
   the	
   tetracycline	
   repressor	
  under	
   the	
   control	
   of	
   a	
  T7	
   213	
  
RNA	
  polymerase	
  promoter	
  for	
  tetracycline	
  inducible	
  expression	
  (TetR-­‐HYG	
  T7RNAPOL-­‐NEO)	
  [21].	
   214	
  
Transfection	
   and	
   selection	
   of	
   drug-­‐resistant	
   clones	
  were	
   performed	
   as	
   previously	
   reported	
   [29].	
   215	
  
The	
   first	
  and	
  second	
  TFEα1	
   alleles	
  were	
  replaced	
  by	
  PAC	
   and	
  BSD,	
   respectively.	
  Transfected	
  cells	
   216	
  
were	
   selected	
   in	
   SDM79	
   medium	
   containing	
   hygromycin	
   B	
   (25	
  µg/mL),	
   neomycin	
   (10	
  µg/mL),	
   217	
  
puromycin	
  (1	
  µg/mL)	
  and	
  blasticidin	
  (10	
  µg/mL).	
  The	
  selected	
  cell	
  line	
  (TetR	
  HYG	
  T7RNAPOL	
  NEO	
   218	
  
∆tfeα1::PAC/∆tfeα1::BSD)	
  is	
  abbreviated	
  as	
  ∆tfeα1/∆tfeα1.	
   219	
  

Southern	
  blot	
  analysis	
  -­‐	
  6	
  μg	
  of	
  genomic	
  DNA	
  from	
  the	
  wild-­‐type	
  and	
  ∆tfeα1/∆tfeα1	
  cell	
  lines,	
   220	
  
extracted	
  as	
  previously	
  described	
  [30],	
  were	
  digested	
  with	
  the	
  KpnI	
  restriction	
  enzyme,	
  separated	
   221	
  
by	
   electrophoresis	
   in	
   a	
   0.8%	
   agarose	
   gel	
   and	
   transferred	
   onto	
   a	
   nylon	
   membrane	
   (Hybond	
   N+,	
   222	
  
Roche	
   Molecular	
   Biochemicals).	
   The	
   membrane	
   was	
   hybridized	
   with	
   digoxigenin-­‐labeled	
   DNA	
   223	
  
probes	
   synthesized	
   with	
   a	
   PCR	
   DIG	
   probe	
   synthesis	
   kit	
   (Roche	
   Molecular	
   Biochemicals)	
   as	
   224	
  
recommended	
  by	
   the	
   supplier.	
  The	
  TFEα1	
   and	
  FRD	
  probes	
  were	
  generated	
  by	
  PCR	
  amplification,	
   225	
  
using	
  the	
  primer	
  pairs	
  5’-­‐ATGCGTCGCTTGGAAACCATATC-­‐3’	
  /	
  5’-­‐GAGCCGCTGCTGCTGTAGTCCCG-­‐3’	
   226	
  
and	
   5’-­‐GTGTAACGTCGTTGCTCAGTGAGA-­‐3’	
   /	
   5’-­‐GCGAAATTAAATGGGCCCCGC	
   GACG-­‐3’,	
   227	
  
respectively.	
   Probe-­‐target	
   hybrids	
   were	
   visualized	
   by	
   a	
   chemiluminescent	
   assay	
   with	
   the	
   DIG	
   228	
  
luminescent	
   detection	
   kit	
   (Roche	
   Molecular	
   Biochemicals),	
   according	
   to	
   the	
   manufacturer's	
   229	
  
instructions.	
   Blots	
   were	
   exposed	
   to	
   ImageQuant	
   LAS4010	
   (GE	
   Healthcare	
   Life	
   Sciences)	
   for	
   230	
  
approximately	
  20	
  min.	
   231	
  

Sample	
  preparation	
  for	
  proteomic	
  analysis	
  -­‐	
  Samples	
  were	
  loaded	
  on	
  a	
  10%	
  acrylamide	
  SDS-­‐ 232	
  
PAGE	
  gel.	
  Migration	
  was	
  stopped	
  when	
  samples	
  had	
   just	
  entered	
  the	
  resolving	
  gel,	
  proteins	
  were	
   233	
  
visualized	
  by	
  Colloidal	
  Blue	
  staining,	
  and	
  the	
  unresolved	
  region	
  of	
  the	
  gel	
  cut	
  into	
  1	
  mm	
  x	
  1	
  mm	
  gel	
   234	
  
pieces.	
  Gel	
  pieces	
  were	
  destained	
  in	
  25	
  mM	
  ammonium	
  bicarbonate	
  (NH4HCO3),	
  50%	
  Acetonitrile	
   235	
  
(ACN)	
   and	
   shrunk	
   in	
   ACN	
   for	
   10	
   min.	
   After	
   ACN	
   removal,	
   gel	
   pieces	
   were	
   dried	
   at	
   room	
   236	
  
temperature.	
  Proteins	
  were	
  first	
  reduced	
  in	
  10	
  mM	
  dithiothreitol,	
  100	
  mM	
  NH4HCO3	
  for	
  30	
  min	
  at	
   237	
  
56°C	
  then	
  alkylated	
  in	
  100	
  mM	
  iodoacetamide,	
  100	
  mM	
  NH4HCO3	
  for	
  30	
  min	
  at	
  room	
  temperature	
   238	
  
and	
   shrunken	
   in	
   ACN	
   for	
   10	
  min.	
   After	
   ACN	
   removal,	
   gel	
   pieces	
  were	
   rehydrated	
  with	
   100	
  mM	
   239	
  
NH4HCO3	
   for	
  10	
  min	
  at	
   room	
  temperature.	
  Before	
  protein	
  digestion,	
  gel	
  pieces	
  were	
  shrunken	
   in	
   240	
  
ACN	
  for	
  10	
  min	
  and	
  dried	
  at	
  room	
  temperature.	
  Proteins	
  were	
  digested	
  by	
  incubating	
  each	
  gel	
  slice	
   241	
  
with	
  10	
  ng/µL	
  of	
  trypsin	
  (T6567,	
  Sigma-­‐Aldrich)	
  in	
  40	
  mM	
  NH4HCO3,	
  10%	
  ACN,	
  rehydrated	
  at	
  4°C	
   242	
  
for	
  10	
  min,	
  and	
  finally	
  incubated	
  overnight	
  at	
  37°C.	
  The	
  resulting	
  peptides	
  were	
  extracted	
  from	
  the	
   243	
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gel	
  by	
  three	
  steps:	
  a	
  first	
  incubation	
  in	
  40	
  mM	
  NH4HCO3,	
  10%	
  ACN	
  for	
  15	
  min	
  at	
  room	
  temperature	
   244	
  
and	
   two	
   incubations	
   in	
   47.5	
  %	
  ACN,	
   5%	
   formic	
   acid	
   for	
   15	
  min	
   at	
   room	
   temperature.	
   The	
   three	
   245	
  
collected	
  extractions	
  were	
  pooled	
  with	
  the	
   initial	
  digestion	
  supernatant,	
  dried	
   in	
  a	
  SpeedVac,	
  and	
   246	
  
resuspended	
  with	
  25	
  μL	
  of	
  0.1%	
  formic	
  acid	
  before	
  nanoLC-­‐MS/MS	
  analysis.	
   247	
  

NanoLC-­‐MS/MS	
  analysis	
  -­‐	
  Online	
  nanoLC-­‐MS/MS	
  analyses	
  were	
  performed	
  using	
  an	
  Ultimate	
   248	
  
3000	
  system	
  (Dionex,	
  Amsterdam,	
  The	
  Netherlands)	
  coupled	
  to	
  a	
  nanospray	
  LTQ	
  Orbitrap	
  XL	
  mass	
   249	
  
spectrometer	
  (Thermo	
  Fisher	
  Scientific,	
  Bremen,	
  Germany).	
  Ten	
  microliters	
  of	
  each	
  peptide	
  extract	
   250	
  
were	
  loaded	
  on	
  a	
  300	
  µm	
  ID	
  x	
  5	
  mm	
  PepMap	
  C18	
  precolumn	
  (LC	
  Packings,	
  Dionex,	
  USA)	
  at	
  a	
  flow	
   251	
  
rate	
  of	
  20	
  µL/min.	
  After	
  5	
  min	
  desalting,	
  peptides	
  were	
  online	
  separated	
  on	
  a	
  75	
  µm	
  ID	
  x	
  15	
  cm	
   252	
  
C18PepMapTM	
  column	
  (LC	
  packings,	
  Dionex,	
  USA)	
  with	
  a	
  2-­‐40%	
  linear	
  gradient	
  of	
  solvent	
  B	
  (0.1%	
   253	
  
formic	
   acid	
   in	
   80%	
  ACN)	
   during	
   108	
  min.	
   The	
   separation	
   flow	
   rate	
  was	
   set	
   at	
   200	
   nL/min.	
   The	
   254	
  
mass	
  spectrometer	
  operated	
   in	
  positive	
   ion	
  mode	
  at	
  a	
  1.8	
  kV	
  needle	
  voltage	
  and	
  a	
  42	
  V	
  capillary	
   255	
  
voltage.	
  Data	
  were	
  acquired	
   in	
  a	
  data-­‐dependent	
  mode	
  alternating	
  an	
  FTMS	
  scan	
  survey	
  over	
   the	
   256	
  
range	
  m/z	
  300-­‐1700	
  with	
  the	
  resolution	
  set	
  to	
  a	
  value	
  of	
  60	
  000	
  at	
  m/z	
  400	
  and	
  six	
  ion	
  trap	
  MS/MS	
   257	
  
scans	
  with	
  Collision	
  Induced	
  Dissociation	
  (CID)	
  as	
  activation	
  mode.	
  MS/MS	
  spectra	
  were	
  acquired	
   258	
  
using	
  a	
  3	
  m/z	
  unit	
  ion	
  isolation	
  window	
  and	
  normalized	
  collision	
  energy	
  of	
  35.	
  Mono-­‐charged	
  ions	
   259	
  
and	
  unassigned	
   charge-­‐state	
   ions	
  were	
   rejected	
   from	
   fragmentation.	
  Dynamic	
   exclusion	
  duration	
   260	
  
was	
  set	
  to	
  30	
  sec.	
   261	
  

Database	
  search	
  and	
  results	
  processing	
  -­‐	
  Mascot	
  and	
  Sequest	
  algorithms	
  through	
  Proteome	
   262	
  
Discoverer	
  1.4	
  Software	
  (Thermo	
  Fisher	
  Scientific	
  Inc.)	
  were	
  used	
  for	
  protein	
  identification	
  in	
  batch	
   263	
  
mode	
   by	
   searching	
   the	
   Trypanosoma	
   brucei	
   TREU927	
   database	
   (TritrypDB	
   release	
   6.0,	
   90307	
   264	
  
entries)	
  at	
  http://tritrypdb.org/.	
  Two	
  missed	
  enzyme	
  cleavages	
  were	
  allowed.	
  Mass	
  tolerances	
   in	
   265	
  
MS	
  and	
  MS/MS	
  were	
  set	
  to	
  10	
  ppm	
  and	
  0.6	
  Da.	
  Oxidation	
  of	
  methionine,	
  acetylation	
  of	
  lysine	
  and	
   266	
  
deamidation	
   of	
   asparagine	
   and	
   glutamine	
   were	
   searched	
   as	
   variable	
   modifications.	
   267	
  
Carbamidomethylation	
   on	
   cysteine	
   was	
   searched	
   as	
   fixed	
   modification.	
   Peptide	
   validation	
   was	
   268	
  
performed	
   using	
   Percolator	
   algorithm	
   [31]	
   and	
   only	
   “high	
   confidence”	
   peptides	
   were	
   retained	
   269	
  
corresponding	
  to	
  a	
  1%	
  false	
  positive	
  rate	
  at	
  peptide	
  level.	
   270	
  

Label-­‐Free	
  Quantitative	
  Data	
  Analysis	
   -­‐	
  Raw	
  LC-­‐MS/MS	
   data	
  were	
   imported	
   in	
   Progenesis	
   271	
  
LC-­‐MS	
   4.1	
   (Nonlinear	
   Dynamics	
   Ltd,	
   Newcastle,	
   U.K)	
   for	
   feature	
   detection,	
   alignment,	
   and	
   272	
  
quantification.	
  All	
  sample	
  features	
  were	
  aligned	
  according	
  to	
  retention	
  times	
  by	
  manually	
  inserting	
   273	
  
up	
  to	
  two	
  hundred	
   landmarks	
   followed	
  by	
  automatic	
  alignment	
  to	
  maximally	
  overlay	
  all	
   the	
  two-­‐ 274	
  
dimensional	
   (m/z	
   and	
   retention	
   time)	
   feature	
   maps.	
   Singly	
   charged	
   ions	
   and	
   ions	
   with	
   higher	
   275	
  
charge	
  states	
  than	
  six	
  were	
  excluded	
  from	
  analysis.	
  All	
  remaining	
  features	
  were	
  used	
  to	
  calculate	
  a	
   276	
  
normalization	
   factor	
   for	
   each	
   sample	
   that	
   corrects	
   for	
   experimental	
   variation.	
   Peptide	
   277	
  
identifications	
   (with	
   p	
   <	
   0.01,	
   see	
   above)	
   were	
   imported	
   into	
   Progenesis.	
   For	
   quantification,	
   all	
   278	
  
unique	
   peptides	
   of	
   an	
   identified	
   protein	
  were	
   included	
   and	
   the	
   total	
   cumulative	
   abundance	
  was	
   279	
  
calculated	
   by	
   summing	
   the	
   abundances	
   of	
   all	
   peptides	
   allocated	
   to	
   the	
   respective	
   protein.	
   No	
   280	
  
minimal	
   thresholds	
   were	
   set	
   for	
   the	
   method	
   of	
   peak	
   picking	
   or	
   selection	
   of	
   data	
   to	
   use	
   for	
   281	
  
quantification.	
   For	
   each	
   biological	
   replicate,	
   the	
   mean	
   normalized	
   intensities	
   and	
   standard	
   282	
  
deviation	
   were	
   calculated	
   and	
   ratio	
   was	
   deducted.	
   Noticeably,	
   only	
   non-­‐conflicting	
   features	
   and	
   283	
  
unique	
  peptides	
  were	
  considered	
  for	
  calculation	
  at	
  protein	
  level.	
  Quantitative	
  data	
  were	
  considered	
   284	
  
for	
   proteins	
   quantified	
   by	
   a	
   minimum	
   of	
   2	
   peptides.	
   As	
   an	
   indication	
   of	
   the	
   confidence	
   of	
   that	
   285	
  
protein’s	
  presence,	
  the	
  sum	
  of	
  the	
  peptide	
  scores	
  (confidence	
  score)	
  is	
  calculated	
  for	
  each	
  protein	
   286	
  
from	
  the	
  search	
  algorithm.	
  This	
  score	
  includes	
  unique	
  peptides	
  as	
  well	
  as	
  switched	
  off	
  peptides,	
  the	
   287	
  
later	
  decreasing	
  the	
  confidence	
  score.	
   288	
  

 289	
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Results:	
  
We	
   started	
   with	
   the	
   hypothesis	
   that	
   carbon	
   storage	
   in	
   the	
   form	
   of	
   lipid	
   droplets	
   (LD)	
   is	
   a	
  
physiological	
   adaptation	
   to	
   nutrient	
   supply	
   in	
   T.	
   brucei	
   and	
   quantified	
   LDs	
   under	
   excess	
   lipid	
  
feeding	
  conditions.	
  Oleate	
  was	
  chosen	
  as	
  fatty	
  acid	
  species	
  likely	
  to	
  be	
  taken	
  up	
  and	
  metabolized	
  by	
  
trypanosomes.	
  The	
   lipid	
  or	
  phospholipid	
   content	
  of	
  bloodstream	
  and	
  procyclic	
  T.	
  brucei	
  cells	
  has	
  
determined	
  [32,33],	
  but	
  no	
  detailed	
  analyses	
  of	
  the	
  TAG	
  species	
  has	
  been	
  reported.	
  We	
  investigated	
  
procyclic	
   trypanosomes,	
   as	
   lipid	
   storage	
  may	
  be	
  advantageous	
   to	
   face	
   the	
  nutritional	
  bottlenecks	
  
during	
  their	
  subsequent	
  development	
  in	
  the	
  tsetse.	
  
	
  
Oleate	
  uptake	
  and	
  storage	
  in	
  lipid	
  droplets	
  
After	
  oleate/BSA	
  feeding	
  of	
  procyclic	
  trypanosomes	
  for	
  2-­‐3	
  days	
  the	
  number	
  of	
  nile	
  red	
  stained	
  LDs	
  
increased	
  (Fig.1A),	
  as	
  previously	
  shown	
  upon	
  drug	
  treatment	
  with	
  myriocin	
  [34]	
  and	
  included	
  here	
  
for	
   reference	
   (Fig.1A).	
  Whereas	
  myriocin	
   treatment	
   led	
   to	
   a	
   cytokinesis	
   phenotype	
   [34],	
   feeding	
  
with	
   oleate/BSA	
   did	
   not	
   change	
   the	
   growth	
   rate	
   (see	
   Fig.5B).	
   The	
   effect	
   of	
   oleate	
   feeding	
   was	
  
quantified	
   by	
   counting	
   the	
   number	
   of	
   nile	
   red	
   stained	
   LDs	
   per	
   cell	
   in	
   stacks	
   of	
   confocal	
   laser	
  
scanning	
   images.	
  The	
  average	
  number	
  of	
  LDs	
  per	
  cell	
   increased	
  almost	
  5-­‐fold	
  compared	
   to	
  unfed	
  
cells	
  (Fig.2A).	
  The	
  histogram	
  in	
  Fig.2B	
  shows	
  the	
  bell-­‐shaped,	
  apparently	
  normal,	
  distribution	
  of	
  the	
  
LD	
  numbers	
  per	
  cell	
  in	
  the	
  populations.	
  The	
  maximum	
  number	
  of	
  LDs	
  that	
  a	
  single	
  cell	
  can	
  build	
  up,	
  
nine	
   LDs	
   in	
   oleate	
   fed	
   cells	
   in	
   our	
   experiments	
  with	
   strain	
   AnTat1.1,	
  may	
   depend	
   on	
   cell	
   clone-­‐
specific	
  properties	
  like	
  uptake	
  capacity	
  and	
  growth	
  rate.	
  A	
  similar	
  argument	
  applies	
  to	
  the	
  average	
  
number	
   of	
   lipid	
   droplets	
   in	
   unfed	
   cells	
   that	
   is	
   also	
   likely	
   to	
   depend	
   on	
   the	
   batch	
   of	
   FCS	
   and	
   the	
  
amount	
  of	
  fatty	
  acids	
  (FAs)	
  contained	
  within.	
  	
  

As	
  a	
  routine	
  assay	
  to	
  quantify	
  LDs	
  in	
  T.	
  brucei,	
  we	
  optimized	
  flow	
  cytometry	
  after	
  BODIPY	
  
493/503	
   staining.	
   The	
  microscopic	
   picture	
   upon	
   BODIPY	
   493/503	
   staining	
   is	
   not	
   different	
   from	
  
nile	
  red	
  staining	
  (Fig.1B).	
  Yet,	
  nile	
  red	
  has	
  wide	
  and	
  overlapping	
  emission	
  spectra	
  when	
  bound	
  to	
  
polar	
  and	
  nonpolar	
  lipids,	
  whereas	
  BODIPY	
  493/503	
  accumulates	
  more	
  specifically	
  in	
  the	
  nonpolar	
  
lipophilic	
  environment	
  in	
  LDs	
  [20].	
  Flow	
  cytometry	
  integrates	
  the	
  fluorescence	
  signal	
  of	
  the	
  whole	
  
cell,	
  and	
  therefore	
  low	
  background	
  from	
  membrane	
  lipid	
  staining	
  is	
  essential	
  for	
  LD	
  quantification	
  
by	
   flow	
  cytometry.	
  The	
  validity	
  of	
   the	
   flow	
  cytometric	
  assay	
  was	
  demonstrated	
  by	
  an	
   increase	
  of	
  
the	
   fluorescence	
   signal	
   between	
   the	
  unfed	
   and	
  oleate	
   fed	
   cells	
   (Fig.2C),	
   that	
  was	
   very	
   close	
   (4.6-­‐
fold)	
  to	
  the	
  increase	
  determined	
  by	
  microscopic	
  LD	
  counting	
  (4.7-­‐fold,	
  Fig.2A).	
  The	
  TAG	
  content	
  of	
  
cells	
   incubated	
  with	
  or	
  without	
  oleate	
  was	
  also	
  directly	
  quantified	
  by	
   thin	
   layer	
   chromatography	
  
(TLC)	
   (Fig.2D),	
   again	
   resulting	
   in	
   the	
   very	
   same	
   increase	
   (4.6-­‐fold).	
   The	
   perfect	
   quantitative	
  
correlation	
  of	
  LD	
  numbers,	
  flow	
  cytometry	
  and	
  TAG	
  analysis	
  upon	
  oleate	
  feeding,	
  strongly	
  suggests	
  
that	
  oleate	
  uptake	
  results	
  in	
  TAG	
  storage	
  in	
  LDs.	
  	
  

The	
  TAG	
  species	
  in	
  oleate	
  fed	
  and	
  unfed	
  cells	
  were	
  then	
  analyzed	
  by	
  mass	
  spectrometry.	
  A	
  
high	
  number	
  of	
  96	
  TAG	
  species	
  were	
  resolved	
  and	
  identified	
  (Fig.S1).	
  Such	
  a	
  high	
  number	
  of	
  TAG	
  
species	
  has	
  already	
  been	
  observed	
  in	
  serum	
  and	
  butter	
  [35,36].	
  In	
  both	
  conditions	
  the	
  54:2,3,4	
  TAG	
  
species	
  were	
  by	
  far	
  the	
  predominant	
  species	
  and	
  were	
  significantly	
  increased	
  upon	
  oleate	
  feeding	
  
(Fig.3A).	
  As	
  oleate	
  is	
  a	
  C18	
  fatty	
  acid	
  with	
  one	
  unsaturated	
  double	
  bond,	
  the	
  predominant	
  54:3	
  TAG	
  
species	
   provides	
   evidence	
   that	
   at	
   least	
   part	
   of	
   the	
   oleate	
   taken	
   up	
   is	
   esterified	
  with	
   glycerol	
   for	
  
storage	
   in	
   lipid	
   droplets.	
   To	
   directly	
   follow	
   incorporation	
   of	
   oleate	
   into	
   TAGs,	
   we	
   performed	
   a	
  
labeling	
   experiment	
   with	
   [14C]-­‐oleate	
   (Fig.3B).	
   Procyclic	
   trypanosomes	
   were	
   cultured	
   in	
   the	
  
presence	
   of	
   radiolabeled	
   oleate	
   up	
   to	
   8	
   hours.	
   Samples	
   were	
   collected	
   during	
   this	
   uptake	
   time	
  
course	
  and	
   labeled	
   lipid	
   species	
  were	
  separated	
  by	
  TLC	
  and	
  quantified	
  using	
  a	
  phosphor	
   imager.	
  
Oleate	
  was	
  incorporated	
  into	
  TAG	
  as	
  well	
  as	
  into	
  phospholipids	
  (PPL)	
  in	
  a	
  time-­‐dependent	
  manner.	
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Fig.1:	
   Oleate	
   feeding	
   stimulates	
   lipid	
   droplet	
   formation	
   in	
   procyclic	
   T.	
   brucei	
   cells.	
   Staining	
   of	
   lipid	
  
droplets	
  with	
   nile	
   red	
   (A)	
   or	
   BODIPY	
   493/503	
   (B)	
  was	
   performed	
   as	
   detailed	
   in	
   experimental	
   procedures.	
  
Myriocin	
   treatment	
   (0.5	
   µM	
   for	
   24h)	
  was	
   included	
   for	
   comparison	
   to	
   a	
   previous	
   report	
   [9].	
   An	
   example	
   of	
  
several	
  experiments	
  is	
  shown.	
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Fig.2:	
  Quantification	
   of	
   the	
   oleate-­‐induced	
   lipid	
   droplet	
   formation.	
   (A)	
  BODIPY	
  493/503	
  stained	
  LDs	
  were	
  counted	
   in	
  stacks	
  of	
  
confocal	
  laser	
  scanning	
  microscopy	
  (CLSM)	
  images;	
  the	
  average	
  number	
  of	
  LDs	
  per	
  cell	
  is	
  given	
  after	
  oleate	
  feeding	
  (black	
  column)	
  or	
  in	
  
the	
  control	
  (white	
  column).	
  (B)	
  Distribution	
  of	
  LD	
  numbers	
  per	
  cells	
   in	
   the	
  population	
  after	
  oleate	
  feeding	
  (black	
  columns)	
  or	
   in	
  the	
  
control	
   (white	
   columns).	
   (C)	
  Quantification	
   of	
   BODIPY-­‐stained	
   LDs	
   by	
   flow	
   cytometry	
   after	
   oleate	
   feeding	
   (black	
   column)	
   or	
   in	
   the	
  
control	
  (white	
  column).	
  BODIPY	
  493/503	
  preferentially	
  stains	
  nonpolar	
  lipids.	
  Error	
  bars	
  give	
  the	
  SEM	
  (n=3)	
  of	
  values	
  normalized	
  to	
  
the	
  control.	
  (D)	
  Quantification	
  of	
  TAG	
  content	
  by	
  HPTLC	
  and	
  densitometry	
  after	
  oleate	
  feeding	
  (black	
  columns)	
  or	
  in	
  the	
  control	
  (white	
  
columns).	
  Values	
  are	
  normalized	
  to	
  the	
  control.	
  

Fig.3:	
   TAG	
   species	
   analysis	
   and	
   uptake	
   of	
   labeled	
   oleate.	
   (A)	
   Dominant	
   TAG	
   species	
   in	
   procyclic	
   T.	
   brucei	
   cells	
   identified	
   by	
  
ESI/MS/MS	
  after	
  oleate	
  feeding	
  days	
  (black	
  columns)	
  or	
  in	
  the	
  control	
  (white	
  columns).	
  For	
  a	
  complete	
  list	
  of	
  TAG	
  species	
  detected	
  see	
  
Fig.	
  S1.	
  The	
  nomenclature	
  54:X	
  indicates	
  the	
  total	
  carbon	
  number	
  of	
  all	
  three	
  acyl	
  chains	
  and	
  the	
  sum	
  of	
  all	
  unsaturated	
  double	
  bonds	
  
within	
  the	
  acyl	
   chains.	
   (B)	
  Uptake	
  kinetics	
  upon	
  growth	
   in	
  the	
  presence	
  of	
  radiolabeled	
  oleate	
  for	
  up	
   to	
  8h.	
  The	
  incorporation	
  of	
  14C	
  
oleate	
  into	
  lipid	
  species	
  was	
  quantified	
  by	
  HPTLC	
  and	
  a	
  Storm	
  860	
  phosphorimager.	
  PPL,	
  phospholipids;	
  TAG,	
  triacylglycerol;	
  SE,	
  Steryl-­‐
esters;	
  DAG,	
  diacylglycerol.	
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Characterisation	
  of	
  a	
  β-­‐oxidation	
  pathway	
  candidate	
  gene	
  	
  
A	
  likely	
  rationale	
  for	
  uptake	
  and	
  storage	
  of	
  lipids	
  in	
  a	
  specific	
  cellular	
  compartment	
  is	
  later	
  use	
  for	
  
energy	
  production	
  by	
  β-­‐oxidation.	
  In	
  cell	
  lysates	
  of	
  procyclic	
  T.	
  brucei	
  the	
  enzymatic	
  activities	
  of	
  2-­‐
enoyl-­‐CoA	
  hydratase	
   and	
   3-­‐hydroxyacyl-­‐CoA	
  dehydrogenase,	
   two	
   essential	
   enzymatic	
   steps	
   in	
   β-­‐
oxidation	
   have	
   previously	
   been	
   detected	
   [9].	
   In	
   order	
   to	
   explore	
   the	
   genomic	
   capacity	
   for	
   β-­‐
oxidation	
   in	
   T.	
   brucei,	
   a	
   bioinformatic	
   search	
   for	
   candidate	
   genes	
   for	
   these	
   two	
   activities	
   was	
  
undertaken.	
  The	
  β-­‐oxidation	
  pathway	
  consists	
  of	
  four	
  steps,	
  being	
  an	
  acyl-­‐CoA	
  dehydrogenation,	
  an	
  
enoyl-­‐CoA	
  hydratation,	
  a	
  3-­‐hydroxyacyl-­‐CoA	
  dehydrogenation	
  and	
  a	
  thiolytic	
  cleavage	
  reaction.	
  In	
  
most	
  organisms,	
  the	
  first	
  reaction	
  of	
  this	
  pathway	
  is	
  catalyzed	
  by	
  a	
  monofunctional	
  enzyme,	
  while	
  
the	
   three	
   other	
   reactions	
   are	
   catalyzed	
   by	
   a	
   trifunctional	
   enzyme	
   (TFE)	
   complex,	
   composed	
   of	
   a	
  
bifunctional	
  TFEα	
  subunit	
  (enoyl-­‐CoA	
  hydratase	
  and	
  3-­‐hydroxyacyl-­‐CoA	
  dehydrogenase	
  activities)	
  
and	
   a	
   monofunctional	
   TFEβ	
   subunit	
   (thiolase	
   activity).	
   Most	
   eukaryotes	
   contain	
   two	
  
phylogenetically	
  distinct	
  TFEα,	
  one	
  located	
  in	
  the	
  mitochondrion	
  (named	
  TFEα2)	
  and	
  the	
  other	
  in	
  
peroxisomes	
  (named	
  TFEα1).	
  The	
  Leishmania	
  spp.	
  and	
  T.	
  cruzi	
  genomes	
  contain	
  one	
  mitochondrial	
  
and	
   one	
   glycosomal	
   type	
   gene	
   with	
   a	
   mitochondrial	
   targeting	
   motif	
   or	
   a	
   peroxisomal	
   targeting	
  
sequence	
  2	
  (PTS2)	
  present,	
  respectively.	
  However,	
  only	
  one	
  gene	
  encoding	
  the	
  putative	
  glycosomal	
  
TFEα1	
  isoform,	
  is	
  detected	
  in	
  the	
  African	
  trypanosome	
  genomes	
  (Fig.4).	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
Fig.4:	
   Dendrogram	
   of	
   trifunctional	
   enzyme	
   (TFE)	
   isoforms.	
   Prokaryotic	
   (black	
   characters)	
   and	
   eukaryotic	
   (colored	
   characters)	
  
TFEα	
   sequences	
   are	
   represented	
   by	
   their	
   GenBank	
   accession	
   codes.	
   Glycosomal/peroxisomal	
   (TFEα1)	
   or	
   mitochondrial	
   (TFEα2)	
  
proteins	
  are	
  highlighted	
  in	
  blue	
  and	
  red.	
  Experimental	
  evidence	
  for	
  glycosomal	
  localization	
  of	
  trypanosomatid	
  TFEα1	
  isoforms,	
  which	
  
all	
  contain	
  a	
  PTS2	
  motif,	
  is	
  limited	
  to	
  T.	
  brucei	
  TFEα1	
  (see	
  [38]	
  and	
  Table	
  S1).	
  Mitochondrial	
  localization	
  of	
  the	
  trypanosomatid	
  TFEα2	
  
isoforms	
  is	
  assumed	
  due	
  to	
  an	
  N-­‐terminal	
  mitochondrial	
  targeting	
  motif	
  and	
  the	
  absence	
  of	
  a	
  PTS	
  motif.	
  Abbreviations:	
  Lb,	
  Leishmania	
  
braziliensis;	
  Lm,	
  L.	
  major;	
  Lmex,	
  L.	
  mexicana;	
  Lt,	
  L.	
  tarentolae;	
  Tb,	
  T.	
  brucei;	
  Tc,	
  T.	
  cruzi;	
  Tco,	
  T.	
  congolense.	
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This	
   leaves	
  T.	
  brucei	
  with	
   a	
   single	
   candidate	
   gene	
   for	
   the	
  measured	
   enoyl-­‐CoA	
   hydratase	
   and	
   3-­‐
hydroxyacyl-­‐CoA	
  dehydrogenase	
  activities.	
  Therefore,	
  the	
  TFEα1	
  candidate	
  gene	
  was	
  deleted	
  by	
  a	
  
homologous	
  recombination-­‐mediated	
  homozygous	
  gene	
  replacement	
  with	
  two	
  antibiotic	
  resistance	
  
markers.	
  The	
  identity	
  of	
  the	
  resulting	
  ∆tfeα1/∆tfeα1	
  null	
  mutant	
  was	
  verified	
  by	
  locus	
  PCR	
  and	
  by	
  
Southern	
  blot	
  analysis	
  (Fig.S3).	
  

As	
   glucose	
   starvation	
  may	
   induce	
   the	
  putative	
  β-­‐oxidation	
  pathway	
   to	
   restore	
   the	
   energy	
  
balance,	
   the	
   growth	
   rate	
   of	
  WT	
  and	
  ∆tfeα1/∆tfeα1	
   null	
  mutant	
   cells	
  was	
  determined	
   in	
   our	
  new	
  
glucose-­‐free	
   medium	
   (SDM79GluFree,	
   see	
   Methods)	
   supplemented	
   or	
   not	
   with	
   10	
   mM	
   glucose.	
  
Growth	
  of	
  the	
  null	
  mutant	
  is	
  only	
  moderately	
  affected	
  compared	
  to	
  WT	
  regardless	
  of	
  the	
  amount	
  of	
  
glucose	
   (Fig.5A).	
   TFEα1	
   contains	
   a	
   peroxisomal	
   targeting	
   signal	
   2	
  motif	
   (PTS2,	
  RLETISSHV)	
   [37]	
  
and	
   has	
   recently	
   been	
   found	
   enriched	
   in	
   glycosomal	
   fractions	
   [38].	
   This	
   is	
   consistent	
   with	
   the	
  
enrichment	
   of	
   the	
   2-­‐enoyl-­‐CoA	
   hydratase	
   and	
   3-­‐hydroxyacyl-­‐CoA	
   dehydrogenase	
   enzymatic	
  
activities	
   in	
   glycosomal	
   fractions	
   [9].	
   In	
   addition,	
   TFEα1	
   contains	
   a	
   putative	
   24	
   amino	
   acid	
   N-­‐
terminal	
   mitochondrial	
   target	
   motif	
   predicted	
   by	
   MitoProt	
   (http://ihg.gsf.de/ihg/mitoprot.html)	
  
with	
  a	
  moderate	
  probability	
  (0.41).	
  In	
  absence	
  of	
  antibody	
  reagents,	
  we	
  used	
  proteomic	
  analysis	
  of	
  
partially	
   purified	
   glycosome	
   fractions	
   from	
   WT	
   and	
   ∆tfeα1/∆tfeα1	
   null	
   mutant	
   cells	
   to	
   probe	
  
expression	
   and	
   subcellular	
   localization.	
   We	
   compared	
   the	
   ratio	
   of	
   peptide	
   counts	
   of	
   WT	
   over	
  
∆tfeα1/∆tfeα1	
   for	
   all	
   glycosomal	
   proteins	
   detected	
   with	
   confidence	
   by	
   Güther	
   et	
   al.	
   [38]	
   in	
   the	
  
proteome	
   of	
   affinity	
   purified	
   glycosomes	
   (Fig.5B,	
   Table	
   S1).	
   A	
   ratio	
   around	
   1	
   for	
   all	
   proteins	
  
detected,	
   showed	
  that	
   the	
  protein	
  composition	
  of	
  glycosomes	
   is	
  not	
  altered	
   in	
   the	
  ∆tfeα1/∆tfeα1.	
  
Only	
  for	
  TFEα1,	
  a	
  140-­‐fold	
  ratio	
  of	
  peptide	
  counts	
  of	
  WT	
  over	
  ∆tfeα1/∆tfeα1	
  verified	
  the	
  knock	
  out	
  
and	
  demonstrated	
  that	
  the	
  candidate	
  gene	
  product	
  is	
  expressed	
  in	
  procyclic	
  T.	
  brucei.	
  Furthermore,	
  
the	
   presence	
   in	
   a	
   partially	
   purified	
   glycosome	
   fraction	
   is	
   compatible	
   with	
   its	
   glycosomal	
  
localization.	
  	
  

	
  

	
  
Enzymatic	
   activity	
  was	
   then	
  measured	
   in	
  WT	
   and	
  ∆tfeα1/∆tfeα1	
   knockout	
   cells	
   using	
  whole	
   cell	
  
extracts	
  and	
  partially	
  purified	
  glycosome	
  fractions	
  (Table	
  4.1).	
  Surprisingly,	
  the	
  3-­‐hydroxyacyl-­‐CoA	
  
dehydrogenase	
   activity	
   was	
   identical	
   in	
   WT	
   and	
   ∆tfeα1/∆tfeα1	
   whole	
   cell	
   lysates	
   and	
   in	
   the	
  

Fig.5:	
  Phenotypic	
  analysis	
  of	
  ∆tfeα1/∆tfeα1	
  cell.	
  (A)	
  growth	
  curve	
  of	
  WT	
  and	
  ∆tfeα1/∆tfeα1	
  cell	
  knock	
  cells	
  in	
  glucose-­‐rich	
  (SDM79	
  
with	
  10	
  mM	
  glucose)	
  or	
  glucose-­‐free	
   (SDM79GluFree)	
  conditions.	
   (B)	
  Global	
  protein	
  abundance	
   in	
   the	
  partially	
   purified	
  glycosome	
  
fraction	
   of	
  WT	
   (x-­‐axis)	
   and	
   ∆tfeα1/∆tfeα1	
   cell	
   knock	
   cells	
   (y-­‐axis).	
   Each	
   protein	
   identification	
   is	
   presented	
   by	
   a	
   point	
   at	
   log10	
   of	
  
normalized	
  peptide	
  count	
  values	
  taken	
  from	
  the	
  proteome	
  data	
  in	
  Table	
  S1.	
  Proteins	
  on	
  the	
  dashed	
  grey	
  line	
  have	
  identical	
  normalized	
  
peptide	
  counts	
  in	
  both	
  samples;	
  the	
  grey	
  lines	
  represent	
  a	
  2-­‐fold	
  abundance	
  in	
  one	
  condition.	
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respective	
  glycosome	
  preparations.	
  We	
  concluded	
  that	
   the	
  TFEα1	
   candidate	
  gene	
   is	
  not	
  encoding	
  
the	
   measured	
   and	
   previously	
   reported	
   [9]	
   3-­‐hydroxyacyl-­‐CoA	
   dehydrogenase	
   activity.	
  
Furthermore,	
   the	
   assignment	
   of	
   this	
   activity	
   to	
   glycosomes	
   cannot	
   be	
   confirmed.	
   Whereas	
   a	
  
glycosomal	
  marker,	
   glycerol-­‐3-­‐phosphate	
   dehydrogenase	
   (GPDH)	
   activity,	
   is	
   7-­‐fold	
   higher	
   in	
   our	
  
partially	
   purified	
   glycosome	
   preparations,	
   the	
   measured	
   3-­‐hydroxyacyl-­‐CoA	
   dehydrogenase	
  
activity	
  was	
  less	
  than	
  2-­‐fold	
  enriched	
  in	
  those	
  preparations	
  (Table1).	
  
	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Table1:	
  3-­‐hydroxyacyl-­‐CoA	
  dehydrogenase	
  activity	
  in	
  WT	
  and	
  ∆tfeα1/∆tfeα1	
  cells	
  

 3 hydroxyacyl-CoA 
dehydrogenase3 

GPDH3  
 

WT WCE1 +gluc4 6.62 ± 0.63 (n=5) 32.20  ±   3.48 (n=3) 

WT WCE1 -gluc5 5.22 ± 0.40 (n=5) 34.92  ±   2.71 (n=3) 

∆tfeα1/∆tfeα1 WCE1 +gluc4 6.04 ± 0.71 (n=5) 22.80  ±   2.45 (n=3) 

∆tfeα1/∆tfeα1 WCE1 -gluc5 5.00 ± 0.47 (n=5) 35.40  ±   1.89 (n=3) 

WT glyco2 +gluc4         11.76 ± 0.52 (n=6)      213.18  ±   4.12 (n=3) 

∆tfeα1/∆tfeα1 glyco2 +gluc4 9.12 ± 0.77 (n=6)      208.22  ± 12.19 (n=3) 

1 WCE, whole cell exctract 
2 glyco, partially purified glycosome fraction 
3 Mean ±SEM of n experiments (mU/mg of protein) 
4 +gluc: cells cultured in SDM79 containing 10 mM glucose 
5 -gluc: cells cultured in glucose-depleted SDM79GluFree	
  

	
  

We	
   cannot	
   formally	
   exclude	
   that	
   the	
   TFEα1	
   candidate	
   gene	
   encodes	
   a	
   3-­‐hydroxyacyl-­‐CoA	
  
dehydrogenase	
  enzyme	
  that	
  is	
  inactive	
  in	
  procyclic	
  trypanosomes	
  or	
  for	
  which	
  our	
  enzyme	
  assay	
  is	
  
inappropriate.	
   As	
   the	
   putative	
   β-­‐oxidation	
   pathway	
   may	
   be	
   induced	
   by	
   glucose	
   starvation,	
   we	
  
measured	
   the	
   3-­‐hydroxyacyl-­‐CoA	
   dehydrogenase	
   activity	
   in	
   both	
   WT	
   and	
   ∆tfeα1/∆tfeα1	
   cells	
  
grown	
  in	
  SDM79GluFree	
  for	
  one	
  week,	
  but	
  no	
  differences	
  were	
  observed	
  compared	
  to	
  glucose-­‐rich	
  
conditions.	
  In	
  summary,	
  it	
  seems	
  very	
  unlikely	
  that	
  the	
  TFEα1	
  candidate	
  gene	
  is	
  encoding	
  a	
  protein	
  
with	
   3-­‐hydroxyacyl-­‐CoA	
   dehydrogenase	
   activity.	
   Therefore,	
   previous	
   arguments	
   in	
   favor	
   of	
   a	
   β-­‐
oxidation	
  pathway	
   in	
  T.	
  brucei,	
   that	
  combined	
  genomic	
  evidence	
   for	
  a	
  TFEα1	
  candidate	
  gene	
   [37]	
  
with	
  reported	
  enzymatic	
  activities	
  and	
  affirmed	
  glycosomal	
  localization	
  [9]	
  cannot	
  be	
  held	
  up,	
  even	
  
in	
  glucose-­‐free	
  conditions.	
  
	
  
Lipid	
  droplet	
  and	
  TAG	
  turnover	
  
In	
  absence	
  of	
  evidence	
  for	
  β-­‐oxidation	
  as	
  the	
  canonical	
  lipid	
  degradation	
  pathway,	
  the	
  question	
  of	
  
the	
   fate	
   of	
   the	
   accumulated	
   LDs	
   in	
   oleate	
   fed	
   cells	
   was	
   raised.	
  We	
   quantified	
   the	
   kinetics	
   of	
   LD	
  
reduction	
  upon	
  oleate	
  withdrawal	
  and	
  culture	
  in	
  normal	
  SDM79	
  medium.	
  The	
  LD	
  decay	
  kinetic	
  was	
  
first	
  analyzed	
  by	
  flow	
  cytometry	
  with	
  BODIPY	
  493/503	
  staining.	
  After	
  maximal	
  feeding	
  for	
  3	
  days,	
  
samples	
  were	
  collected	
  over	
  a	
  period	
  of	
  32	
  hours.	
  We	
  assumed	
  that	
  in	
  a	
  growing	
  cell	
  population	
  the	
  
preformed	
   lipid	
   droplets	
   are	
   equally	
   distributed	
   to	
   daughter	
   cells	
   and	
   therefore	
   calculated	
   the	
  
expected	
  fluorescent	
  signal	
  decrease	
  using	
  the	
  population	
  doubling	
  time	
  in	
  the	
  actual	
  experiment	
  
as	
   derived	
   from	
   the	
   growth	
   curve	
   in	
   Fig.6A.	
   The	
   thereby	
   calculated	
   minimal	
   decay	
   kinetics	
   is	
  
represented	
  by	
  filled	
  squares	
  in	
  Fig.6A.	
  The	
  measured	
  fluorescence	
  decrease	
  from	
  flow	
  cytometry	
  
data	
  (open	
  circles)	
  was	
  identical	
  with	
  the	
  calculated	
  kinetic.	
  Thus,	
  dilution	
  during	
  cell	
  divisions	
  can	
  
fully	
  account	
  for	
  the	
  kinetics	
  of	
  LD	
  decay	
  to	
  basal	
  level.	
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The	
  same	
  kinetic	
  experiment	
  was	
  performed	
  with	
  quantification	
  of	
   the	
   total	
  TAG	
  content	
  by	
  TLC.	
  
The	
  growth	
  curve	
  and	
  sampling	
   time	
  points	
  are	
  shown	
   in	
  Fig.6B	
  and	
   the	
  TAG	
  content	
  kinetics	
   in	
  
Fig.6C,D.	
  Again,	
  a	
  very	
  similar	
  decrease	
  of	
  calculated	
  and	
  experimentally	
  determined	
  TAG	
  content	
  is	
  
seen	
  upon	
  oleate	
  withdrawal.	
  Whereas	
  the	
  calculated	
  dilution	
  curve	
  predicts	
  very	
   low	
  TAG	
  levels	
  
after	
  several	
  cell	
   cycles,	
   the	
  experimental	
  values	
  return	
   to	
   the	
  basal	
   level	
  maintained	
  by	
   the	
   lipid	
  
uptake	
   in	
   normal	
  medium	
   and	
   lipid	
   synthesis.	
   Importantly,	
   the	
   experimental	
   values	
   were	
   never	
  
found	
   below	
   the	
   calculated	
   prediction,	
   negating	
   any	
   argument	
   in	
   favor	
   of	
   net	
   catabolism	
   of	
   the	
  
accumulated	
  TAGs.	
  The	
  ∆tfeα1/∆tfeα1	
  null	
  mutant	
  was	
  also	
  analyzed	
   in	
   this	
  experiment	
  (Fig.6D).	
  
The	
   results	
   were	
   identical,	
   and	
   the	
   kinetics	
   for	
   WT	
   and	
   ∆tfeα1/∆tfeα1	
   were	
   perfectly	
  
superimposed.	
   This	
   is	
   expected	
   if	
   TFEα1	
   is	
   not	
   involved	
   in	
   lipid	
   catabolism	
   in	
   procyclic	
  
trypanosomes.	
  
	
  
	
  
Discussion	
  
Carbon	
   storage	
   is	
   widespread	
   in	
   organisms	
   to	
   maintain	
   energy	
   homeostasis	
   during	
   transient	
  
nutrient	
   shortage	
   and	
   periods	
   of	
   starvation	
   of	
   individual	
   cells	
   or	
   of	
   metazoan	
   organisms.	
   The	
  
predominant	
   forms	
   of	
   storage	
   carbon	
   are	
   fat	
   in	
   the	
   form	
   of	
   triacylglycerol	
   and	
   carbohydrate	
  
polymers	
   like	
   glycogen	
   in	
   animals	
   and	
   yeast	
   or	
   starch	
   in	
   plants	
   [39-­‐41].	
   In	
   the	
   kinetoplastid	
  
protozoan	
  Leishmania	
  major	
  the	
  carbohydrate	
  polymer	
  mannan	
  has	
  apparently	
  replaced	
  glycogen	
  
[42].	
  In	
  Trypanosoma	
  mannan	
  has	
  not	
  been	
  detected,	
  but	
  lipid	
  droplets	
  (LDs)	
  have	
  been	
  described	
  

Fig.6:	
  LD	
  and	
  TAG	
  turnover	
   in	
  WT	
  and	
  ∆tfeα1/∆tfeα1	
  cells.	
  Cells	
  were	
  fed	
  with	
  oleate	
  in	
  glucose-­‐rich	
  SDM79	
  medium	
  for	
  three	
  
days	
  and	
  after	
  oleate	
  withdrawal	
  samples	
  were	
  taken	
  at	
  the	
  time	
  points	
  indicated.	
  (A)	
  WT	
  cells	
  stained	
  with	
  BODIPY	
  and	
  analyzed	
  by	
  
flow	
  cytometry	
  (left	
  y-­‐axis).	
  Error	
  bars	
  represent	
  the	
  SEM	
  of	
  independent	
  replicates	
  (n=3).	
  The	
  growth	
  curve	
  is	
  given	
  as	
  dashed	
  line	
  
(right	
  y-­‐axis).	
  (B)	
  Growth	
  curve	
  and	
  sampling	
  time	
  points	
  (arrows)	
  for	
  the	
  experiments	
  in	
  panels	
  (C)	
  and	
  (D).	
  Total	
  TAG	
  content	
  was	
  
determined	
   by	
  HPTLC	
   and	
  densitometry	
   (technical	
   triplicates)	
   in	
  WT	
  (C)	
   and	
  ∆tfeα1/∆tfeα1	
   (D)	
  cells.	
  The	
  calculated	
   values	
   (filled	
  
symbols)	
  account	
  for	
  dilution	
  of	
  LDs	
  or	
  TAG	
  content	
  by	
  cell	
  division,	
  based	
  on	
  the	
  matched	
  growth	
  data. 
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as	
  a	
  regulated	
  compartment	
  [8],	
  compatible	
  with	
  a	
  role	
  in	
  lipid	
  storage.	
  LD	
  biogenesis	
  is	
  dependent	
  
on	
  a	
  protein	
  kinase,	
  termed	
  LDK	
  (lipid	
  droplet	
  kinase)	
  as	
  shown	
  by	
  RNAi-­‐mediated	
  repression	
  [8].	
  
An	
   electron	
   microscopic	
   study	
   reports	
   that	
   number	
   and	
   size	
   of	
   LDs	
   vary	
   during	
   insect	
   stage	
  
differentiation	
  from	
  the	
  midgut	
  to	
  the	
  salivary	
  glands	
  [14].	
  These	
  observations	
  are	
  correlative,	
  but	
  
point	
   to	
   a	
   physiological	
   function	
   in	
   the	
  parasite´s	
   adaptation,	
   probably	
   to	
   nutritional	
   bottlenecks	
  
during	
  development	
  and	
  migration	
  in	
  the	
  tsetse	
  alimentary	
  tract.	
  Here	
  we	
  report	
  for	
  the	
  first	
  time	
  
that	
  an	
  induced	
  physiological	
  change	
  in	
  environmental	
  conditions,	
  namely	
  the	
  supplementation	
  of	
  
cell	
  culture	
  medium	
  with	
  fatty	
  acids	
  (oleate),	
  can	
  stimulate	
  the	
  buildup	
  of	
  LDs	
  in	
  procyclic	
  T.	
  brucei	
  
without	
  any	
  impact	
  on	
  the	
  cell´s	
  growth	
  rate.	
  The	
  inhibitor	
  myriocin	
  also	
  increased	
  LD	
  numbers	
  in	
  
procyclic	
  T.	
  brucei	
  in	
  a	
  previous	
  report,	
  but	
  caused	
  a	
  severe	
  cytokinesis	
  phenotype	
  [8].	
  We	
  provide	
  
evidence	
  that	
  oleate	
  is	
  taken	
  up	
  and	
  esterified	
  to	
  triacylglycerol	
  (TAG)	
  for	
  storage	
  in	
  LDs:	
  (1)	
  upon	
  
feeding,	
  the	
  LD	
  number,	
  the	
  quantity	
  of	
  stained	
  lipids	
  and	
  the	
  cellular	
  TAG	
  content	
  increase	
  by	
  the	
  
very	
  same	
  factor	
  of	
  4-­‐5;	
  (2)	
  radiolabelled	
  oleate	
  is	
  incorporated	
  into	
  TAGs	
  (and	
  phospholipids);	
  (3)	
  
out	
  of	
  96	
  TAG	
  species	
  detected	
  by	
  mass	
  spectrometry,	
  the	
  54:3	
  TAG	
  species	
  (e.g.	
  oleate)	
  was	
  by	
  far	
  
the	
  most	
  abundant	
  in	
  cells	
  fed	
  and	
  unfed	
  with	
  oleate.	
  The	
  fact	
  that	
  in	
  unfed	
  cells	
  the	
  most	
  abundant	
  
TAG	
  species	
  was	
  of	
   the	
  54:3	
   type,	
   suggests	
   that	
  oleate	
   is	
  normally	
  selected	
   from	
  serum	
   lipids	
   for	
  
storage	
  in	
  trypanosomes.	
  

The	
  question	
  remains	
  how	
  these	
  lipid	
  stores	
  are	
  used	
  by	
  the	
  cell.	
  One	
  possibility	
  is	
  their	
  use	
  
for	
   rapid	
  synthesis	
  or	
   remodeling	
  of	
  membrane	
   lipids	
  upon	
  proliferation	
  or	
  differentiation	
  under	
  
limiting	
  nutrient	
  supply.	
  In	
  T.	
  cruzi	
  for	
  example,	
  the	
  fatty	
  acid	
  composition	
  of	
  phospholipids	
  (PPL)	
  
changes	
   in	
   response	
   to	
   the	
   environmental	
   temperature.	
   Increasing	
   temperature	
   causes	
   a	
   higher	
  
ratio	
   of	
   saturated	
   to	
   unsaturated	
   fatty	
   acids	
   in	
   PPL,	
   this	
   being	
   balanced	
   by	
   an	
   inverse	
   change	
   in	
  
cellular	
  TAG	
  pools,	
  that	
  may	
  represent	
  LDs.	
  Exchange	
  of	
  fatty	
  acids	
  between	
  the	
  TAG	
  pool	
  and	
  the	
  
membrane	
  PPL	
  pool	
  maybe	
  part	
  of	
  an	
  environmental	
  adaptation	
  [43].	
  The	
  alternative	
  fate	
  of	
  lipid	
  
stores	
   is	
   catabolism	
   for	
   energy	
   production	
   upon	
   starvation.	
   We	
   first	
   considered	
   the	
   most	
  
widespread	
  pathway	
  of	
  fatty	
  acid	
  catabolism	
  present	
  in	
  most	
  organisms,	
  fatty	
  acid	
  β-­‐oxidation.	
  This	
  
was	
   motivated	
   by	
   the	
   previous	
   report	
   of	
   enzymatic	
   activities	
   compatible	
   with	
   a	
   β-­‐oxidation	
  
pathway	
  in	
  T.	
  brucei	
   [9]	
  and	
  the	
  prediction	
  of	
  a	
  candidate	
  gene	
  in	
  the	
  genome	
  [37].	
   In	
  contrast	
  to	
  
expectation,	
   the	
  only	
  recognizable	
  candidate	
  gene,	
  TFEa1,	
  did	
  not	
  encode	
  the	
  reported	
  activity,	
   in	
  
spite	
  of	
  evidence	
  for	
  TFEa1	
  expression.	
  The	
  presence	
  of	
  a	
  peroxisomal	
  targeting	
  sequence	
  2	
  (PTS2)	
  
and	
  detection	
   in	
  an	
  enriched	
  glycosomal	
   fraction	
  suggested	
  glycosomal	
   localization	
  of	
  TFEa1,	
  but	
  
the	
   3-­‐hydroxyacyl-­‐CoA	
   dehydrogenase	
   activity	
   was	
   not	
   enriched	
   in	
   that	
   glycosomal	
   fraction	
   in	
  
contrast	
   to	
   a	
   previous	
   report	
   [9].	
   Thus,	
   two	
   key	
   arguments	
   cited	
   in	
   favor	
   of	
   the	
   existence	
   of	
  
glycosomal	
   β-­‐oxidation	
   in	
   T.	
   brucei	
   vanished.	
   The	
   reported	
   3-­‐hydroxyacyl-­‐CoA	
   dehydrogenase	
  
activity	
  was	
   very	
   low	
   and	
   independent	
   of	
   the	
   presence	
   or	
   absence	
   of	
   glucose	
   (Table	
   I).	
   It	
   seems	
  
possible	
   therefore	
   that	
   the	
   enzyme	
   assay	
   is	
   not	
   completely	
   specific	
   in	
   crude	
   cellular	
   extracts,	
  
explaining	
  the	
  apparent	
  3-­‐hydroxyacyl-­‐CoA	
  dehydrogenase-­‐specific	
  activity.	
  	
  

Another	
   previous	
   argument	
   for	
   catabolism	
   by	
   β-­‐oxidation	
   was	
   the	
   identification	
   of	
   a	
  
glycosomal	
  ABC	
  transporter	
  (GAT1)	
  with	
  a	
  specificity	
  for	
  oleoyl-­‐CoA	
  [44].	
  GAT1	
  becomes	
  essential	
  
in	
   the	
   absence	
   of	
   glucose	
   [44].	
   However,	
   this	
   transporter	
   might	
   also	
   be	
   important	
   to	
   supply	
  
etherlipid	
   biosynthesis	
   in	
   glycosomes	
   [45,46].	
   The	
   kinetics	
   of	
   LD	
   decay	
   and	
   decrease	
   of	
   cellular	
  
TAG	
   content	
   upon	
   oleate	
   withdrawal	
   (Fig.6)	
   can	
   be	
   fully	
   accounted	
   for	
   by	
   the	
   dilution	
   effect	
   of	
  
cellular	
  proliferation.	
  Thus,	
  there	
  is	
  nothing	
  left	
  to	
  support	
  an	
  active	
  catabolism	
  of	
  lipids	
  stored	
  in	
  
LDs	
  in	
  procyclic	
  trypanosomes.	
  This	
  contrasts	
  with	
  Leishmania	
  spp.	
   that	
  can	
  take	
  up	
  fatty	
  acids	
  in	
  
culture,	
   with	
   evidence	
   for	
   esterification	
   and	
   catabolism	
   by	
   β-­‐oxidation	
   [47-­‐49].	
   β-­‐oxidation	
   was	
  
also	
   reported	
   for	
   T.	
   cruzi	
   [50]	
   and	
   T.	
   gondii	
   [51,52],	
   and	
   in	
   C.	
   fasciculata	
   α-­‐oxidation	
   has	
   been	
  
shown	
  [53],	
  suggesting	
  subsequent	
  β-­‐oxidation.	
   Interestingly,	
   the	
   lack	
  of	
  evidence	
  for	
  β-­‐oxidation	
  
in	
  T.	
   brucei	
   correlates	
   with	
   the	
   presence	
   in	
   the	
   African	
   trypanosome	
   genomes	
   of	
   only	
   one	
   gene	
  
encoding	
  a	
  putative	
  TFEα1	
  subunit	
  of	
  the	
  trifunctional	
  enzyme	
  complex.	
  The	
  Leishmania	
  spp.	
  and	
  T.	
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cruzi	
   genomes	
   contain	
   two	
  TFEα1	
   candidates,	
   one	
  mitochondrial	
   and	
   one	
   glycosomal	
   type	
   gene	
  
with	
  a	
  mitochondrial	
  targeting	
  motif	
  or	
  a	
  peroxisomal	
  targeting	
  sequence	
  2	
  (PTS2),	
  respectively.	
  It	
  
is	
   convincible	
   that	
   a	
   functional	
   pathway	
   has	
   been	
   lost	
   during	
   evolution	
   of	
   Trypanosomatidae.	
  
Alternatively,	
  TFEα1	
  in	
  T.	
  brucei	
  may	
  be	
  an	
  enzyme	
  activated	
  only	
  in	
  a	
  developmental	
  stage	
  in	
  the	
  
tsetse,	
   that	
   is	
  not	
  available	
   for	
  biochemical	
  analysis.	
  The	
   low	
  expression,	
   the	
  absence	
  of	
  a	
  growth	
  
phenotype	
   in	
   ∆tfeα1/∆tfeα1	
   knockout	
   cells	
   and	
   the	
   unchanged	
   glycosomal	
   proteome	
   in	
   these	
  
mutant	
  cells	
  are	
  compatible	
  with	
  a	
  developmental	
  stage-­‐specific	
  function.	
  Also,	
  in	
  cultured	
  L.	
  major,	
  
significant	
  β-­‐oxidation	
  flux	
  or	
  a	
  physiological	
  role	
  of	
  that	
  pathway	
  have	
  not	
  been	
  detected,	
  and	
  the	
  
contribution	
   of	
   fatty	
   acids	
   to	
   TCA	
   cycle	
   intermediates	
   was	
   rather	
   minor	
   compared	
   to	
   the	
  
contribution	
  of	
   amino	
   acids	
   [54].	
  This	
   opens	
   the	
  possibility,	
   that	
   also	
   in	
  Leishmania	
   the	
  pathway	
  
may	
  be	
  activated	
  only	
  in	
  developmental	
  stages	
  not	
  investigated	
  in	
  that	
  study	
  [54].	
  

Our	
  study	
  leaves	
  no	
  doubt	
  that	
  available	
  fatty	
  acids	
  can	
  be	
  stored	
  as	
  TAG	
  in	
  lipid	
  droplets,	
  
but	
  the	
  time	
  of	
  usage	
  of	
  those	
  stores	
  and	
  the	
  pathways	
  involved	
  remain	
  to	
  be	
  investigated.	
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5.	
   Acetate	
  Metabolism	
  

The	
   observation	
   of	
   a	
   partially	
   active	
   TCA	
   cycle	
   in	
   T.	
   brucei	
   insect	
   stages,	
   the	
   lack	
   of	
   glucose	
  
oxidation	
   via	
   this	
   pathway,	
   together	
  with	
   a	
   low	
  CS	
   activity	
   in	
   the	
   presence	
   of	
   glucose	
   raised	
   the	
  
interest	
   into	
  how	
   the	
  parasite	
   feeds	
   its	
  de	
  novo	
   lipid	
  biosynthesis.	
   In	
   chapter	
  6.1	
  we	
  show	
   that	
   it	
  
takes	
  advantage	
  of	
  a	
  massive	
  production	
  of	
  acetate	
  within	
  the	
  mitochondrion.	
  The	
  acetate	
  diffuses	
  
or	
  is	
  shuttled	
  out	
  of	
  the	
  mitochondrion	
  and	
  part	
  of	
   it	
   is	
  excreted.	
  The	
  other	
  part	
  of	
   it	
   is	
  used	
  by	
  a	
  
newly	
   discovered	
   cytosolic	
   acetyl-­‐CoA-­‐synthetase	
   (ACS),	
   which	
   is	
   essential	
   for	
   de	
   novo	
   lipid	
  
biosynthesis.	
  Therefore	
  a	
  citrate	
  lyase	
  (CL)	
  is	
  nonessential.	
  

In	
  chapter	
  5.2	
  we	
  investigated	
  the	
  citrate	
  lyase	
  candidate	
  gene	
  in	
  more	
  detail,	
  as	
  it	
  displayed	
  
a	
   not	
   so	
   common	
  mitochondrial	
   localization.	
   This	
   lead	
   to	
   the	
   hypothesis	
   of	
   a	
   putative	
   glyoxylate	
  
cycle,	
  which	
  was	
  investigated	
  by	
  yeast	
  complementation	
  experiments	
  and	
  enzymatic	
  activity	
  assays	
  
further	
  on.	
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5.1	
   Acetate	
   produced	
   in	
   the	
   mitochondrion	
   is	
   the	
   essential	
   precursor	
   for	
   lipid	
  
	
   biosynthesis	
  in	
  procyclic	
  trypanosomes	
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  Hahn,	
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  J.	
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  trypanosomes,	
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5.2	
   Functional	
  analysis	
  of	
  a	
  CL	
  candidate	
  gene	
  

The	
  citrate	
  lyase	
  (CL)	
  candidate	
  (Tb927.8.6820)	
  shows	
  a	
  low	
  identity	
  with	
  other	
  CL	
  genes,	
  the	
  best	
  
hit	
   is	
   the	
   Roseobacter	
   litoralis	
   CL	
   (27%	
   identity,	
   GenBank).	
   The	
   prediction	
   of	
   a	
   mitochondrial	
  
targeting	
  sequence	
  (MITOP,	
  p=0.7)	
  at	
  the	
  N-­‐terminus	
  of	
  the	
  CL	
  candidate	
  gene	
  and	
  the	
  fact	
  that	
  the	
  
CL	
  candidate	
   is	
  part	
  of	
   the	
  Pfam	
  superfamily	
  (PF03328;	
  HpcH/HpaI	
  aldolase/citrate	
   lyase	
  family)	
  
raised	
   the	
  hypothesis	
   of	
   a	
   putative	
   glyoxylate	
   cycle.	
   The	
  Pfam	
   family	
   is	
   characterized	
  by	
   carbon-­‐
carbon	
   lyase	
   activity	
   and	
   includes	
   isocitrate	
   lyase	
   (ICL)	
   and	
   malate	
   synthase	
   (MLS).	
   This	
   could	
  
explain	
  the	
  partially	
  active	
  TCA	
  cycle	
  in	
  T.	
  brucei.	
  There	
  might	
  be	
  a	
  switch	
  between	
  glyoxylate	
  and	
  
TCA	
  cycle	
  activity	
  depending	
  on	
  nutrient	
  availability.	
  Indeed	
  in	
  E.	
  coli	
  the	
  switch	
  between	
  TCA	
  cycle	
  
and	
   the	
  glyoxylate	
   cycle	
   is	
   regulated	
  by	
  a	
  phosphorylation	
  of	
   the	
   IDH,	
  which	
   inhibits	
   its	
   catalytic	
  
function	
  and	
  thus	
  isocitrate	
  is	
  shuttled	
  into	
  the	
  glyoxylate	
  cycle.	
  This	
  is	
  triggered	
  by	
  the	
  growth	
  on	
  
acetate,	
  a	
  C2	
  carbon	
  source	
  (Garnak	
  and	
  Reeves,	
  1979;	
  LaPorte	
  et	
  al.,	
  1985).	
  The	
  two	
  key	
  enzymes	
  
necessary	
  for	
  a	
  glyoxylate	
  cycle	
  in	
  addition	
  to	
  TCA	
  cycle	
  enzymes	
  are	
  the	
  ICL	
  and	
  MLS.	
  

First	
  bioinformatic	
  analyses	
  (M.	
  Kador,	
  this	
  lab)	
  didn’t	
  reveal	
  any	
  homologues	
  to	
  ICL	
  or	
  MLS	
  
genes	
   of	
   other	
   organisms.	
   Neither	
   was	
   a	
   homologue	
   to	
   the	
   bifunctional	
   ICL/MLS	
   protein	
   found,	
  
which	
   is	
  present	
   in	
  C.	
  elegans	
  or	
  E.	
  gracilis	
   (Kondrashov	
  et	
  al.,	
  2006).	
   It	
  has	
   to	
  be	
  mentioned	
  that	
  
there	
   are	
   also	
   alternative	
   glyoxylate	
   cycles,	
   which	
   run	
   with	
   a	
   MLS	
   and	
   without	
   any	
   ICL	
   activity	
  
(Albers	
  and	
  Gottschalk,	
  1976;	
  Han	
  and	
  Reynolds,	
  1997;	
  Kornberg	
  and	
  Lascelles,	
  1960).	
  We	
  looked	
  
for	
   putative	
   ICL	
   or	
  MLS	
   activities	
   by	
   a	
   yeast	
   complementation	
   strategy.	
   This	
   was	
   carried	
   out	
   in	
  
collaboration	
  with	
  Andreas	
  Brachmann	
  (LMU).	
  A	
  prerequisite	
  for	
  the	
  complementation	
  analysis	
  is	
  a	
  
growth	
  phenotype	
  of	
  the	
  MLS1	
  and	
  ICL1	
  null	
  mutants	
  on	
  C2-­‐carbon	
  sources,	
  which	
  is	
  the	
  case,	
  as	
  
they	
  do	
  not	
  grow	
  on	
  acetate	
  or	
  ethanol	
  as	
  sole	
  carbon	
  sources	
  (McCammon,	
  1996).	
  

Results	
  

For	
   the	
   yeast	
   complementation	
   experiments,	
   the	
   10	
  N-­‐terminal	
   amino	
   acids	
   of	
   the	
   CL	
  ORF	
   have	
  
been	
  deleted	
  and	
  replaced	
  with	
  a	
  methionine,	
  as	
  the	
  glyoxylate	
  cycle	
  is	
  located	
  in	
  the	
  peroxisomes	
  
of	
  S.	
  cerevisiae,	
   and	
   the	
  putative	
  mitochondrial	
   targeting	
  sequence	
  could	
  have	
  caused	
  unintended	
  
mitochondrial	
   localization.	
  Due	
   to	
   the	
  dual	
   localization	
  of	
   the	
  MLS1	
  protein	
   in	
  S.	
  cerevisiae	
   in	
   the	
  
cytoplasm	
  but	
  also	
  in	
  the	
  peroxisomes,	
  two	
  ∆10CL	
  constructs	
  have	
  been	
  created.	
  One	
  received	
  the	
  
C-­‐terminal	
  PTS1	
  signal	
  (SKL)	
  of	
  the	
  yeast	
  MLS1	
  gene.	
  The	
  yeast	
  null	
  mutants	
  ∆mls1	
  and	
  ∆icl1	
  have	
  
been	
   transformed	
   with	
   both	
   constructs	
   and	
   growth	
   on	
   HC-­‐U	
   medium	
   with	
   glucose,	
   acetate	
   or	
  
ethanol	
  as	
  only	
  carbon	
  source	
  was	
  observed.	
  As	
  positive	
  controls	
  plasmids	
  containing	
  the	
  MLS1	
  or	
  
the	
  ICL1	
  gene	
  were	
  used,	
  as	
  well	
  as	
  an	
  empty	
  vector	
  (pBL100)	
  control	
  has	
  been	
  done	
  (Fig.10).	
  Same	
  
results	
  were	
   obtained	
   for	
   both	
   complementations.	
   Only	
   the	
   respective	
   yeast	
   genes	
   could	
   restore	
  
growth	
   on	
   medium	
   with	
   acetate	
   or	
   ethanol.	
   These	
   negative	
   results	
   led	
   us	
   step	
   back	
   from	
   the	
  
glyoxylate	
  cycle	
  hypothesis,	
  and	
  towards	
  the	
  intention	
  to	
  gain	
  more	
  basic	
  knowledge	
  about	
  the	
  CL	
  
candidate	
  first,	
  e.g.	
  its	
  expression	
  in	
  the	
  different	
  life	
  cycle	
  stages	
  and	
  its	
  subcellular	
  localization.	
  	
  

To	
  accomplish	
   this	
  we	
   raised	
  a	
  polyclonal	
   antibody	
   in	
   rabbits	
   against	
   the	
  TbCL	
  candidate	
  
gene.	
  Recombinant	
  HIS-­‐tagged	
  CL	
  has	
  been	
  expressed	
  in	
  E.	
  coli	
  and	
  immunization	
  was	
  performed	
  
by	
  Pineda	
  Antikörper-­‐Service	
   (Berlin)	
   according	
   to	
   the	
  methods	
   section.	
   In	
   Fig.11	
   it	
   can	
   be	
   seen	
  
that	
  the	
  antibody	
  recognizes	
  the	
  TbCL	
  protein	
  in	
  PCF	
  and	
  BSF	
  and	
  that	
  the	
  corresponding	
  band	
  is	
  
missing	
   in	
   the	
   PCF	
   ∆CL	
   null	
   mutant.	
   The	
   differential	
   expression	
   is	
   well	
   explained	
   by	
   the	
   higher	
  
mitochondrial	
  activity	
  of	
  PCF	
  parasites.	
  The	
  predicted	
  mitochondrial	
  localization	
  was	
  verified	
  by	
  a	
  
digitonin	
   titration	
   (Fig.12).	
   The	
   CL	
   candidate	
   protein	
   is	
   released	
   at	
   higher	
   concentrations	
   of	
  
digitonin,	
  which	
  is	
  typical	
  for	
  mitochondrial	
  proteins	
  like	
  HSP60	
  or	
  the	
  ASCT,	
  which	
  were	
  used	
  as	
  
mitochondrial	
  markers	
  in	
  this	
  experiment.	
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Fig.10:	
   Yeast	
   complementation	
   assay	
   of	
   the	
  ∆icl1	
   and	
  ∆mls1	
   null	
  mutants	
   on	
   minimal	
  medium.	
  The	
  ∆icl1	
   and	
  ∆mls1	
  
mutants	
  have	
  been	
   transformed	
  with	
  pBL100	
  vector	
  containing	
  different	
   inserts	
  and	
  growth	
  on	
  different	
  carbon	
  sources	
  has	
  
been	
  observed.	
  ScICL1	
  and	
  ScMLS1	
  served	
  as	
  positive	
  controls	
  and	
  empty	
  vector	
  as	
  negative	
  control.	
  Neither	
  of	
  the	
  two	
  TbACL	
  
alleles	
   independent	
  of	
   the	
  presence	
  of	
   the	
  PTS1	
  signal	
   could	
  restore	
  growth	
  on	
  C2-­‐carbon	
  sources.	
  Only	
  the	
  positive	
  controls	
  
could	
  rescue	
  the	
  deletion	
  mutants.	
  Both	
  alleles	
  of	
  TbCL	
  have	
  been	
  used,	
  as	
  	
  an	
  allelic	
  polymorphism	
  was	
  detected	
  during	
  cloning.	
  

Fig.11:	
  Western	
  Blot	
  using	
  the	
  αACL	
  antibody.	
  
The	
   antibody	
   recognizes	
   the	
   CL	
   in	
   wildtype	
   cell	
  
extracts	
   (WT),	
   whereas	
   there	
   is	
   no	
   band	
   in	
   the	
  
cell	
   extract	
   of	
   the	
   null	
   mutant	
   (KO).	
   Protein	
  
abundance	
  is	
  higher	
  in	
  PCFs	
  than	
  in	
  BSFs.	
  

Fig.12:	
  Subcellular	
   localization	
  of	
   the	
  ACL	
  candidate	
  protein	
  by	
  digitonin	
   titration.	
  The	
  same	
  number	
  of	
  cells	
  has	
  been	
  
exposed	
   to	
   increasing	
   amounts	
   of	
   digitonin	
   with	
   a	
   subsequent	
   separation	
   of	
   soluble	
   and	
   insoluble	
   fraction.	
   The	
   soluble	
  
fractions	
   have	
   been	
   probed	
   with	
   antibodies	
   against	
   proteins	
   with	
   specific	
   localizations.	
   Marker	
   proteins:	
   cytosolic	
   (PGKB),	
  
glycosomal	
   (PPDK)	
   and	
   mitochondrial	
   (HSP60,	
   ASCT).	
   c,	
   indicates	
   release	
   of	
   cytosolic	
   proteins;	
   g,	
   release	
   of	
   glycosomal	
  
proteins;	
  m,	
  release	
  of	
  mitochondrial	
  proteins.	
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So	
  far	
  no	
  citrate	
  lyase	
  activity	
  has	
  been	
  detected	
  in	
  T.	
  brucei	
  cell	
  lysates	
  (personal	
  communication	
  F.	
  
Bringaud)	
   and	
   the	
   previous	
   yeast	
   complementations	
   revealed	
   no	
   activity	
   as	
   ICL	
   or	
   MLS.	
  
Considering	
   the	
   verified	
   mitochondrial	
   localisation	
   we	
   decided	
   to	
   reanalyse	
   putative	
   enzymatic	
  
activities	
  of	
  this	
  protein:	
  citrate	
  synthase	
  (CS),	
  citrate	
  lyase	
  (CL),	
  MLS	
  and	
  ICL.	
  The	
  latter	
  ones	
  have	
  
already	
   been	
   tested	
   by	
   yeast	
   complementation,	
   but	
   we	
   didn’t	
   exclude	
   the	
   possibility	
   of	
  
posttranslational	
  modifications	
  taking	
  place	
  in	
  T.	
  brucei	
  that	
  could	
  have	
  an	
  influence	
  on	
  the	
  activity.	
  
Transgenic	
   trypanosome	
   lines	
  were	
  created	
  with	
  an	
   inducible	
  overexpression	
  plasmid	
  containing	
  
the	
  Ty1-­‐tagged	
  CL	
  gene.	
  The	
  following	
  enzymatic	
  analyses	
  have	
  been	
  performed	
  in	
  the	
  course	
  of	
  a	
  
bachelor’s	
   thesis	
   (Ferdinand	
   Huber)	
   and	
   thus	
   are	
   just	
   summarized	
   briefly.	
   All	
   assays	
   have	
   been	
  
performed	
  with	
   both	
   alleles	
   of	
   the	
   CL	
   candidate,	
   due	
   to	
   the	
   observed	
   allelic	
   polymorphism.	
   Cell	
  
extracts	
  as	
  well	
  as	
  immunopurified	
  protein	
  has	
  been	
  used	
  and	
  additionally	
  cell	
  extracts	
  from	
  cells	
  
grown	
   in	
   glucose-­‐depleted	
   medium	
   in	
   order	
   to	
   see	
   a	
   putative	
   carbon	
   source	
   dependent	
   switch.	
  
Neither	
  of	
  the	
  four	
  enzymatic	
  activities	
  could	
  be	
  observed	
  under	
  any	
  of	
  the	
  named	
  conditions.	
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6.	
   Concluding	
  Discussion	
  

6.1	
   Gluconeogenic	
  flux	
  –	
  costs	
  and	
  benefits	
  for	
  metabolic	
  homeostasis	
  

In	
   the	
  bloodstream	
   form	
  of	
  T.	
  brucei	
   the	
  oxidative	
  pentose	
  phosphate	
  pathway	
   (PPP)	
   is	
   essential	
  
and	
   inhibition	
  by	
  a	
  specific	
   inhibitor	
   is	
  not	
   tolerated	
  (Cordeiro	
  et	
  al.,	
  2009).	
  We	
  have	
  shown	
  that	
  
this	
   is	
   not	
   the	
   case	
   for	
   the	
   procyclic	
   form	
   of	
   the	
   parasite.	
  We	
   demonstrated	
   the	
   cytosolic	
   malic	
  
enzyme	
   (MEc)	
   as	
   an	
   alternative	
   NADPH	
   source	
   compensating	
   a	
   loss	
   of	
   PPP	
   activity.	
   This	
   is	
   in	
  
agreement	
  with	
   the	
   general	
   consensus	
   of	
   a	
  more	
   versatile	
   and	
   flexible	
  metabolism	
   of	
   the	
   insect	
  
stages,	
   here	
   to	
  maintain	
   the	
   cellular	
   redox	
  balance.	
   Surprisingly	
   the	
  PPP	
  produces	
  NADPH	
   in	
   the	
  
absence	
   of	
   glucose.	
   We	
   identified	
   proline	
   and	
   gluconeogenic	
   flux	
   as	
   the	
   responsible	
   glucose-­‐6-­‐
phosphate	
  (G6P)	
  source.	
  

Although	
  we	
  applied	
  oxidative	
  stress	
  over	
  periods	
  of	
  24/48	
  hours,	
  outmatching	
  a	
  one-­‐time	
  
H2O2	
  application,	
   the	
  total	
  capacity	
  of	
  gluconeogenic	
   flux	
  has	
  to	
  be	
  questioned	
  in	
   its	
  physiological	
  
importance	
   due	
   to	
   potential	
   flux	
   limitations.	
   These	
   limitations	
   could	
   be	
   ATP	
   availability	
   or	
  
NAD+/NADH	
  imbalance.	
  The	
  production	
  of	
  proline-­‐derived	
  malate	
  contributes	
  to	
  the	
  mitochondrial	
  
ATP	
   production	
   and	
   redox	
   balance	
   (reviewed	
   in	
   (Bringaud	
   et	
   al.,	
   2006)),	
   however,	
   the	
   further	
  
gluconeogenic	
   flux	
   will	
   imbalance	
   the	
   cytosolic	
   and	
   glycosomal	
   ATP/ADP	
   ratio.	
   Thus,	
  
gluconeogenesis	
   is	
   limited	
   to	
   ATP	
   availability	
   or	
   requires	
   compensating	
   mechanisms.	
   ATP	
  
depletion	
  might	
  be	
  the	
  lesser	
  of	
  two	
  evils	
  when	
  facing	
  extreme	
  ROS	
  concentrations	
  in	
  the	
  cytosol,	
  
jeopardizing	
   the	
   survival	
   of	
   the	
   cell	
   but	
   a	
   lack	
   of	
   glycosomal	
   ATP	
   results	
   in	
   the	
   incapability	
   of	
  
performing	
  gluconeogenesis.	
  

Each	
   molecule	
   of	
   G6P	
   produced	
   via	
   proline-­‐derived	
   gluconeogenic	
   flux	
   consumes	
   four	
  
molecules	
  of	
  ATP,	
  two	
  in	
  the	
  cytosol	
  (Fig.13,	
  step	
  4)	
  and	
  two	
  in	
  glycosomes	
  (Fig.13,	
  steps	
  1,	
  3).	
  The	
  
net	
   ATP	
   production	
   within	
   the	
   cell	
   during	
   gluconeogenic	
   flux	
   from	
   proline	
   is	
   ensured	
   by	
   the	
  
mitochondrial	
  processing	
  to	
  malate	
  (Fig.;	
  steps	
  36,	
  37,	
  40,	
  29,	
  30,	
  32)	
  and	
  the	
  subsequent	
  oxidative	
  
phosphorylation.	
   But	
   the	
   cytosolic	
   and	
   glycosomal	
   ATP	
   would	
   be	
   depleted	
   over	
   time.	
   One	
  
possibility	
   to	
   cope	
   with	
   the	
   cytosolic	
   and	
   glycosomal	
   ATP	
   depletion	
   are	
   ADP/ATP	
   translocases,	
  
transferring	
   mitochondrial	
   ATP	
   into	
   the	
   other	
   two	
   subcellular	
   compartments.	
   A	
   putative	
  
mitochondrial	
   translocase	
   (Tb927.10.14820)	
   has	
   been	
   identified	
   in	
   a	
   proteomic	
   approach	
  
(Colasante	
   et	
   al.,	
   2009)	
   and	
   characterized	
   later	
   (Pena-­‐Diaz	
   et	
   al.,	
   2012).	
   Here	
   the	
   ADP/ATP	
  
transport	
   function	
  and	
   its	
   essentiality	
   for	
  proline	
  metabolism	
   in	
   the	
  absence	
  of	
   glucose	
  has	
  been	
  
shown.	
   So	
   indeed,	
   this	
   translocase	
   could	
   replenish	
   the	
   cytosolic	
   ATP	
   pool	
   during	
   gluconeogenic	
  
flux.	
  

Yet	
   the	
   glycosomal	
   ATP	
   supply	
   during	
   gluconeogenic	
   flux	
   stays	
   unclear.	
   So	
   far	
   no	
  
glycosomal	
  ADP/ATP	
  translocase	
  has	
  been	
  identified	
  in	
  T.	
  brucei,	
  yet	
  being	
  discussed	
  in	
  the	
  context	
  
of	
   glycosomal	
   phosphate	
   leakage	
   (Kerkhoven	
   et	
   al.,	
   2013),	
   leaving	
   this	
   open	
   for	
   future	
  
investigation.	
  At	
  the	
  moment	
  it	
  is	
  not	
  clear	
  how	
  the	
  glycosomal	
  ADP/ATP	
  balance	
  is	
  maintained	
  and	
  
whether	
  this	
  is	
  only	
  possible	
  in	
  culture.	
  Putative	
  candidates	
  can	
  be	
  combined	
  with	
  the	
  ∆MEc	
  mutant	
  
to	
  a	
  double	
  mutant	
  and	
  screened	
  for	
  their	
  oxidative	
  stress	
  susceptibility	
  in	
  the	
  absence	
  of	
  glucose.	
  
Loss	
  of	
  a	
  functional	
  glycosomal	
  translocase	
  in	
  this	
  situation	
  could	
  result	
  in	
  increased	
  susceptibility	
  
to	
  ROS,	
  in	
  absence	
  of	
  alternative	
  ATP	
  supplying	
  mechanisms.	
  

As	
   already	
   mentioned,	
   a	
   glycosomal	
   ADP/ATP	
   translocase	
   could	
   prevent	
   ATP	
   depletion.	
  
Computational	
   analyses	
   modeling	
   glycosomal	
   phosphate	
   metabolism	
   implemented	
   such	
   an	
  
antiporter	
   as	
   solution	
   to	
   glycosomal	
   phosphate	
   leakage	
   (Kerkhoven	
   et	
   al.,	
   2013),	
   resulting	
   in	
   a	
  
situation	
  comparable	
  to	
  BSF	
  parasites	
  lacking	
  glycosomes.	
  For	
  these	
  parasites	
  glucose	
  metabolism	
  
is	
  toxic	
  (Furuya	
  et	
  al.,	
  2002).	
  This	
  effect	
  is	
  owed	
  to	
  the	
  “turbo	
  design”	
  of	
  glycolysis,	
  which	
  is	
  usually	
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prevented	
  by	
  feedback	
  inhibition	
  and	
  in	
  T.	
  brucei	
  by	
  the	
  partial	
  compartmentalization	
  of	
  glycolysis,	
  
which	
   ensures	
   a	
   glycolytic	
   net	
   ATP	
   balance	
   of	
   zero	
   within	
   the	
   glycosomes	
   (Bakker	
   et	
   al.,	
   1999;	
  
Haanstra	
   et	
   al.,	
   2008).	
   This	
   balance	
   would	
   be	
   disturbed	
   by	
   such	
   an	
   antiporter	
   and	
   accumulate	
  
sugar-­‐phosphates	
  as	
  well	
  as	
  deplete	
  ATP	
  throughout	
  the	
  cell.	
  The	
  glycolytic	
  flux	
  would	
  use	
  as	
  much	
  
glycosomal	
   ATP	
   as	
   available	
   and	
   the	
   ADP/ATP	
   antiporter	
   would	
   supply	
   ATP	
   to	
   the	
   glycosomes,	
  
creating	
  a	
  lack	
  of	
  cytosolic	
  ATP.	
  

An	
   alternative	
   glycosomal	
   ATP	
   generating	
   source	
   could	
   be	
   an	
   adenylate	
   kinase	
   (ADK),	
  
prolonging	
   ATP	
   supply	
   for	
   an	
   extended	
   period	
   by	
   transferring	
   phosphate	
   groups	
   between	
   ADP	
  
molecules,	
  producing	
  ATP	
  and	
  AMP.	
  This	
  solution	
  would	
  only	
  help	
  for	
  short	
  periods	
  of	
  time,	
  as	
  it	
  is	
  
limited	
  by	
  the	
  glycosomal	
  ADP	
  pool.	
  In	
  T.	
  brucei	
  an	
  ADK	
  has	
  been	
  localized	
  to	
  the	
  glycosomes	
  (Hart	
  
and	
  Opperdoes,	
  1984;	
  Opperdoes	
  et	
  al.,	
  1981).	
  

Another	
   open	
   question	
   concerning	
   gluconeogenic	
   flux	
   from	
   proline	
   is	
   the	
   respective	
  
contribution	
  of	
  alternative	
  routes	
   to	
  PEP	
  and	
   if	
   there	
   is	
  a	
  preferential	
  one.	
  From	
  cytosolic	
  malate	
  
there	
  are	
  two	
  alternatives	
  generating	
  PEP,	
  either	
  via	
  MDH	
  and	
  PEPCK	
  (Fig.13,	
  grey	
  arrows)	
  or	
  via	
  
MEc	
  and	
  PPDK	
  (Fig.13,	
  white	
  arrows).	
  Both	
  options	
  consume	
  one	
  glycosomal	
  molecule	
  of	
  ATP	
  per	
  
PEP	
  molecule	
  generated	
  (Fig.13,	
  steps	
  1,	
  3).	
  The	
  difference	
  is	
  the	
  reduction	
  of	
  one	
  NAD+	
  per	
  utilized	
  
molecule	
   of	
  malate	
   by	
  MDH	
   (Fig.13,	
   step	
   2).	
   NADH	
   is	
   required	
   later	
   during	
   the	
   GAPDH	
   reaction	
  
(Fig.13,	
  step	
  5).	
  This	
  implies	
  that	
  the	
  gluconeogenic	
  flux	
  through	
  MDH	
  and	
  PEPCK	
  should	
  be	
  more	
  
prominent	
  for	
  biosynthetic	
  purposes	
  like	
  ribose-­‐5-­‐phosphate	
  (R5P)	
  production,	
  as	
  it	
  maintains	
  the	
  
glycosomal	
   redox	
   balance.	
   On	
   the	
   other	
   hand	
   flux	
   through	
   the	
   MEc	
   already	
   generates	
   cytosolic	
  
NADPH,	
   suggesting	
   that	
   in	
   the	
   presence	
   of	
   a	
   functional	
   MEc	
   this	
   path	
   will	
   likely	
   be	
   chosen	
  
preferentially	
   if	
   cytosolic	
   ROS	
   detoxification	
   is	
   required.	
   Thereby	
   cytosolic	
   NADPH	
   will	
   be	
  
generated	
   and	
   pyruvate	
   can	
   be	
   channeled	
   into	
   the	
   mitochondrion	
   to	
   fuel	
   acetyl-­‐CoA/acetate	
  
production.	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  

	
  
	
  
	
  
	
  
The	
  presence	
  of	
  glycerol	
  may	
  change	
  the	
  flux	
  distribution.	
   It	
  has	
  been	
  shown	
  that	
  glycerol	
  can	
  be	
  
utilized	
  as	
  carbon	
  source	
  in	
  the	
  absence	
  of	
  glucose	
  (Dodson	
  et	
  al.,	
  2011).	
  This	
  could	
  on	
  the	
  one	
  hand	
  
also	
   produce	
  G6P	
  or	
  R5P,	
   but	
   in	
   addition	
   reduce	
  NAD+	
   (Fig.13,	
   step	
  7),	
  which	
  would	
  have	
   to	
   be	
  

Fig.13:	
  Schematic	
  representation	
  of	
  proline-­‐derived	
  gluconeogenic	
   flux.	
  Grey	
  and	
  white	
  arrows	
  represent	
  the	
  
alternative	
  routes	
  available	
  for	
  PEPm	
  production	
  from	
  malate.	
  enzymatic	
  steps:	
  1,	
  pyruvate	
  phosphate	
  dikinase;	
  2,	
  
mitochondrial	
  malate	
  dehydrogenase;	
  3,	
  phosphoenolpyruvate	
  carboxykinase;	
  4,	
  cytosolic	
  phosphoglycerate	
  kinase;	
  
5,	
   glyceraldehyde-­‐3-­‐phosphate	
   dehydrogenase;	
   6	
   glycerol	
   kinase;	
   7,	
   glycerol-­‐3-­‐phosphate	
   dehydrogenase;	
   8,	
  
mitochondrial	
  FAD-­‐dependent	
  glycerol-­‐3-­‐phosphate	
  dehydrogenase.	
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reoxidized.	
  This	
  could	
  be	
  achieved	
  by	
  increasing	
  flux	
  through	
  the	
  PPDK	
  (Fig.13,	
  step	
  1)	
  and	
  GAPDH	
  
(Fig.13,	
  step	
  5)	
  or	
  by	
  reversing	
  the	
  afore	
  mentioned	
  PEPCK	
  and	
  MDH	
  reactions	
  (Fig.13,	
  steps	
  3,	
  2).	
  
But	
  without	
   a	
   suitable	
  mechanism	
   supplying	
   glycosomal	
   ATP,	
   either	
   the	
   redox	
   imbalance	
   or	
   the	
  
lack	
  of	
  ATP	
  will	
  prevent	
  sustained	
  high	
  gluconeogenic	
   flux	
  necessary	
  for	
  oxidative	
  stress	
  defense.	
  
But	
   as	
   gluconeogenic	
   flux	
   is	
   only	
   profitable	
   in	
   the	
   absence	
   of	
   glucose,	
   an	
   active	
   glycosomal	
  
ADP/ATP	
  antiporter	
  could	
  supply	
  ATP	
  without	
  damaging	
  side	
  effects	
  in	
  this	
  situation.	
  This	
  could	
  be	
  
regulated	
   by	
   carbon	
   source	
   dependent	
   protein	
   expression	
   as	
   observed	
   for	
   several	
   metabolic	
  
enzymes	
  in	
  the	
  scope	
  of	
  this	
  thesis.	
  Thus	
  putting	
  a	
  glycosomal	
  proteome	
  into	
  focus,	
  which	
  should	
  be	
  
analyzed	
   for	
   parasites	
   grown	
   in	
   absence	
   of	
   glucose.	
   Here	
   putative	
   transporters,	
   which	
   have	
   not	
  
been	
   found	
   in	
   proteomes	
   performed	
   in	
   presence	
   of	
   glucose,	
   can	
   be	
   analyzed	
   as	
   candidates	
   to	
  
elucidate	
  the	
  potential	
  presence	
  of	
  such	
  an	
  antiporter.	
  

The	
  observation	
  of	
  gluconeogenic	
  flux	
  supplying	
  the	
  trypanothione	
  system	
  with	
  NADPH	
  for	
  
oxidative	
  stress	
  defense	
  raised	
  the	
  question,	
  if	
  there	
  is	
  some	
  kind	
  of	
  metabolic	
  channeling	
  assuring	
  
that	
   G6P	
   is	
   supplied	
   into	
   the	
   cytosol	
   and	
   not	
   used	
   in	
   the	
   glycosomal	
   PPP.	
   For	
   the	
   PPP	
   a	
   dual	
  
localization	
   in	
   the	
   cytosol	
   as	
   well	
   as	
   the	
   glycosomes	
   has	
   been	
   reported	
   (Colasante	
   et	
   al.,	
   2006;	
  
Duffieux	
   et	
   al.,	
   2000;	
   Heise	
   and	
   Opperdoes,	
   1999;	
   Vertommen	
   et	
   al.,	
   2008).	
   More	
   recent	
   data	
  
suggest	
  a	
  predominantly	
  cytosolic	
  localization	
  (Guther	
  et	
  al.,	
  2014;	
  Kerkhoven	
  et	
  al.,	
  2013;	
  Stoffel	
  et	
  
al.,	
  2011).	
  Low	
  or	
  no	
  glycosomal	
  PPP	
  activity	
  would	
  reduce	
  the	
  problem	
  of	
  glycosomal	
  phosphate	
  
leakage	
   in	
   the	
   presence	
   of	
   glucose	
   and	
   in	
   the	
   absence	
   of	
   an	
   ADP/ATP	
   antiporter	
   (predicted	
   by	
  
(Kerkhoven	
  et	
  al.,	
  2013)).	
  Furthermore	
  it	
  would	
  solve	
  the	
  problem	
  of	
  required	
  channeling	
  towards	
  
the	
   cytosolic	
   PPP	
   in	
   case	
   of	
  ROS	
  detoxification.	
   Consequently	
  only	
   the	
  question	
  of	
  G6P	
   transport	
  
through	
   the	
   glycosomal	
   membrane	
   into	
   the	
   cytosol	
   remains	
   to	
   be	
   elucidated.	
   Usually	
   G6P	
  
transporters	
  are	
  found	
  in	
  the	
  ER	
  membrane	
  in	
  organisms	
  capable	
  of	
  glycogen	
  storage.	
  T.	
  brucei	
   is	
  
not	
   known	
   for	
   glycogen	
   storage	
   and	
   there	
   are	
  no	
  putative	
  G6P	
   transporters	
   identified	
   so	
   far.	
   An	
  
alternative	
   could	
   be	
   the	
   dephosphorylation	
   of	
   G6P	
   to	
   glucose,	
   which	
   can	
   diffuse	
   through	
   the	
  
glycosomal	
   membrane	
   and	
   subsequently	
   being	
   phosphorylated	
   by	
   cytosolic	
   hexokinase.	
   An	
  
additional	
  advantage	
  of	
  this	
  would	
  be	
  the	
  retained	
  phosphate	
  within	
  the	
  glycosome.	
  

6.2	
   Lipid	
  storage	
  and	
  its	
  role	
  in	
  T.	
  brucei	
  

A	
   previous	
   publication	
   had	
   shown	
   enzymatic	
   activities	
   possibly	
   involved	
   in	
   β-­‐oxidation	
   to	
   be	
  
localized	
  within	
  the	
  glycosomes	
  of	
  T.	
  brucei	
   (Wiemer	
  et	
  al.,	
  1996).	
  We	
  have	
  identified	
  a	
  candidate	
  
gene	
  that	
  could	
  have	
  been	
  responsible	
  for	
  these	
  activities,	
  but	
  deletion	
  of	
  this	
  gene	
  had	
  no	
  effect	
  on	
  
the	
  measured	
  enzymatic	
  activities.	
  Furthermore	
  we	
  could	
  not	
  confirm	
  the	
  glycosomal	
   localization	
  
of	
  the	
  activity.	
  The	
  lack	
  of	
  other	
  candidate	
  genes,	
  the	
  low	
  activity	
  measured	
  and	
  the	
  non-­‐glycosomal	
  
localization	
  make	
  glycosomal	
  β-­‐oxidation	
  in	
  T.	
  brucei	
  very	
  unlikely.	
  

However,	
   data	
   from	
   previous	
   publications	
   as	
   well	
   as	
   from	
   our	
   work	
   suggest	
   a	
   role	
   for	
  
carbon	
  storage	
  in	
  this	
  parasite.	
   It	
  has	
  been	
  observed	
  that	
  number	
  and	
  size	
  of	
   lipid	
  droplets	
  (LDs)	
  
change	
  during	
  stage	
  development	
   in	
   the	
   insect	
  host.	
  Short	
  stumpy	
  BSFs	
  show	
  no	
  LDs,	
  but	
  during	
  
establishment	
   of	
   a	
  midgut	
   infection	
   PCFs	
   form	
   LDs.	
   Followed	
   by	
   a	
   decrease	
   in	
   number	
   and	
   size	
  
during	
  maturation	
  into	
  metacyclic	
  cells,	
  suggesting	
  utilization	
  of	
  LDs	
  during	
  development	
  (Steiger,	
  
1973).	
  Furthermore	
  a	
  lipid	
  droplet	
  kinase	
  (LDK)	
  has	
  been	
  identified	
  and	
  shown	
  to	
  be	
  essential	
  for	
  
LD	
  formation	
  (Flaspohler	
  et	
  al.,	
  2010),	
  indicating	
  dynamic	
  regulation	
  of	
  this	
  storage.	
  We	
  could	
  show	
  
that	
  oleic	
  acid	
  is	
  taken	
  up,	
  esterified	
  and	
  stored	
  in	
  LDs	
  by	
  T.	
  brucei	
  PCF	
  in	
  culture.	
  The	
  esterification	
  
of	
  FAs	
  by	
  Acyl-­‐CoA	
  synthase	
  requires	
  ATP,	
  suggesting	
  a	
  benefit	
  from	
  LDs,	
  otherwise	
  it	
  would	
  be	
  an	
  
energy	
  sink	
  without	
  use.	
  

Considering	
  these	
  findings,	
  LDs	
  may	
  have	
  other	
  benefits	
  than	
  β-­‐oxidation	
  of	
  FAs,	
  justifying	
  
their	
  existence.	
  The	
  two	
  other	
  main	
  components	
  of	
  LDs	
  are	
  glycerol	
  as	
  part	
  of	
  triacylglycerols	
  and	
  
cholesteryl	
   esters.	
  As	
  mentioned	
  above	
   (chapter	
  6.1),	
   glycerol	
   can	
   serve	
  as	
   carbon	
  source	
  and	
  as	
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side	
   effect	
   produce	
   NADH	
   (Fig.13,	
   step	
   7)	
   during	
   its	
   metabolization.	
   NADH	
   can	
   be	
   used	
   during	
  
gluconeogenic	
  flux	
  for	
  the	
  GAPDH	
  activity	
  (Fig.13,	
  step	
  5).	
  

This	
   would	
   emphasize	
   the	
   role	
   of	
   LDs	
   in	
   the	
   absence	
   of	
   glucose	
   as	
   carbon	
   source.	
   A	
  
possibility	
   to	
   test	
   the	
   role	
   of	
   glycerol	
   from	
   LDs	
   would	
   require	
   a	
   more	
   restrictive	
   medium,	
  
containing	
   no	
   glucose	
   and	
   no	
   glycerol	
   and	
   the	
   use	
   of	
   a	
   recombinant	
   cell	
   line	
   incapable	
   of	
  
performing	
  gluconeogenic	
  flux	
  from	
  proline.	
  The	
  latter	
  requirement	
  is	
  met	
  by	
  the	
  ∆PPDK/∆PEPCK	
  
(Fig.13,	
  steps	
  1,	
  3)	
  double	
  knockout.	
   Inducing	
  LD	
  formation	
   in	
   this	
  cell	
   line	
  by	
  oleate	
   feeding	
  and	
  
subsequent	
  transfer	
  to	
  the	
  restrictive	
  medium	
  could	
  reveal	
  promoted	
  growth	
  of	
  fed	
  cells	
  compared	
  
to	
   non-­‐fed	
   cells.	
   A	
   putative	
   difference	
   could	
   be	
   quantified	
   by	
  measuring	
   intracellular	
   glycerol-­‐3-­‐
phosphate	
  levels	
  as	
  done	
  before	
  (Dodson	
  et	
  al.,	
  2011)	
  or	
  by	
  stable	
  isotope	
  labeling	
  with	
  13C-­‐glycerol	
  
to	
   track	
   the	
   distribution	
  within	
   the	
   cell.	
   Critical	
   points	
   here	
   are	
   the	
   difficulties	
   restrictive	
  media	
  
bring	
  along,	
  as	
   they	
  very	
  often	
  already	
  affect	
  growth	
  of	
  wildtype	
  cells.	
  Experiments	
  replacing	
   the	
  
standard	
  fetal	
  calf	
  serum	
  (FCS)	
  completely	
  or	
  partially	
  by	
  dialyzed,	
  delipidated	
  or	
  synthetic	
  serum	
  
resulted	
   in	
   fluctuating	
   and	
   non-­‐satisfying	
   cell	
   growth.	
   This	
   makes	
   it	
   difficult	
   to	
   create	
   a	
   lipid-­‐
depleted	
  medium	
  for	
  improved	
  analyses	
  of	
  the	
  lipid	
  metabolism.	
  

Furthermore	
   it	
   has	
   been	
   shown	
   that	
   T.	
   brucei	
   parasites	
   contain	
   significant	
   amounts	
   of	
  
sterols,	
  with	
  a	
  high	
  abundance	
  of	
   cholesterol	
   (Zhou	
  et	
   al.,	
   2007).	
  Here	
   the	
  authors	
   show	
   that	
   the	
  
availability	
  of	
  cholesterol	
  in	
  the	
  culture	
  medium	
  affects	
  its	
  intracellular	
  abundance.	
  LDs	
  could	
  serve	
  
as	
  storage	
  organelles	
  of	
  cholesterol	
  to	
  buffer	
  availability	
  fluctuations.	
  The	
  extracellular	
  cholesterol	
  
abundance	
  can	
  explain	
  the	
  LD	
  degradation	
  kinetics	
  we	
  observed,	
  as	
  in	
  the	
  complex	
  culture	
  medium,	
  
the	
  intracellular	
  cholesterol	
  storage	
  is	
  not	
  necessary.	
  

Another	
  putative	
   function	
  of	
  LDs	
  can	
  be	
   the	
  role	
  as	
  FA	
  storage	
   for	
  membrane	
  remodeling	
  
upon	
  environmental	
  changes.	
  In	
  fact	
  in	
  T.	
  cruzi	
  it	
  has	
  been	
  observed	
  that	
  upon	
  temperature	
  change	
  
from	
  28°C	
  to	
  37°C	
  the	
  ratio	
  of	
  saturated	
  to	
  unsaturated	
  FAs	
  in	
  phospholipids	
  (PPL)	
  increased,	
  while	
  
this	
  ratio	
  simultaneously	
  changed	
  the	
  opposite	
  way	
  in	
  TAGs	
  (Florin-­‐Christensen	
  et	
  al.,	
  1997).	
  This	
  
suggests	
   an	
   exchange	
   of	
   FA	
   moieties	
   between	
   membrane	
   PPL	
   and	
   TAG	
   species	
   triggered	
   by	
  
environmental	
  changes.	
  To	
  elucidate	
  this,	
  thin	
  layer	
  chromatography	
  (TLC)	
  and	
  mass	
  spectrometry	
  
(MS)	
   analyses	
   of	
   T.	
   brucei’s	
   membrane	
   in	
   response	
   to	
   different	
   putative	
   environmental	
   triggers	
  
have	
  to	
  be	
  performed.	
  In	
  case	
  a	
  change	
  is	
  noticed,	
  fluorescent	
  fatty	
  acid	
  analogues	
  could	
  be	
  used	
  to	
  
induce	
  LD	
   formation,	
   followed	
  by	
  microscopic	
  analysis	
  and	
  subcellular	
   localization	
  of	
   these	
  upon	
  
trigger	
  exposure.	
  	
  

The	
  catabolic	
  utilization	
  of	
  LDs	
  might	
  depend	
  on	
  the	
  developmental	
  stage,	
  thus	
  playing	
  only	
  
a	
   minor	
   role	
   in	
   PCFs.	
   This	
   has	
   to	
   be	
   considered	
   for	
   further	
   in	
   culture	
   investigations	
   by	
   taking	
  
advantage	
  of	
  the	
  RBP6-­‐induced	
  differentiation	
  system.	
  

6.3	
   Acetate	
  metabolism	
  and	
  the	
  enigma	
  of	
  the	
  CL	
  candidate	
  gene	
  

We	
  identified	
  a	
  new	
  mechanism,	
  the	
  ‘acetate	
  shuttle’,	
  being	
  essential	
  for	
  de	
  novo	
  lipid	
  synthesis	
  in	
  T.	
  
brucei.	
   This	
   shuttle	
   takes	
   advantage	
   of	
   the	
   high	
   amounts	
   of	
   acetate	
   produced	
   in	
   the	
   parasite’s	
  
energy	
  metabolism.	
  The	
  acetate	
  shuttle	
  was	
  thought	
  to	
  play	
  a	
  crucial	
  role	
  in	
  the	
  insect	
  stage	
  but	
  not	
  
the	
   bloodstream	
   form,	
   due	
   to	
   the	
   BSF’s	
   generally	
   low	
   mitochondrial	
   activity.	
   But	
   a	
   recent	
  
publication	
   demonstrated	
   that	
   it	
   is	
   also	
   essential	
   in	
   BSF	
   parasites	
   (Mazet	
   et	
   al.,	
   2013).	
   An	
  
alternative	
  cytosolic	
  acetyl-­‐CoA	
  supply	
  can	
  formally	
  not	
  be	
  excluded,	
  as	
  it	
  may	
  be	
  relevant	
  in	
  other	
  
developmental	
   stages	
   or	
   depending	
   on	
   nutrient	
   availability.	
   This	
   could	
   be	
   via	
   the	
   common	
  
citrate/malate	
   shuttle	
   and	
   a	
   cytosolic	
   citrate	
   lyase.	
   A	
   candidate	
   for	
   the	
   latter	
   has	
   not	
   yet	
   been	
  
identified	
  in	
  T.	
  brucei’s	
  genome.	
  There	
  is	
  a	
  putative	
  mitochondrial	
  carboxylate	
  transporter	
  MCP12	
  
(Colasante	
  et	
  al.,	
  2009).	
  It	
  shows	
  similarity	
  (BLASTP,	
  48%;	
  (Colasante	
  et	
  al.,	
  2009))	
  to	
  a	
  previously	
  
discovered	
  novel	
  di-­‐tricarboxylate	
   carrier	
  protein	
   in	
  A.	
  thaliana,	
  which	
   is	
   capable	
  of	
   transporting	
  
di-­‐	
   and	
   tricarboxylates	
   (Picault	
   et	
   al.,	
   2004).	
   In	
   agreement	
  with	
  a	
  putative	
   citrate	
   transporter	
  we	
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found	
  that	
  ectopic	
  expression	
  of	
  a	
  cytosolic	
  aconitase	
  (ACO)	
  was	
  able	
  to	
  rescue	
  a	
  lethal	
  phenotype	
  
resulting	
  from	
  mitochondrial	
  citrate	
  accumulation	
  (N.	
  Ziebart,	
  this	
  lab,	
  unpublished).	
  We	
  therefore	
  
assume	
   that	
   citrate	
   transport	
   out	
   of	
   the	
   mitochondrion	
   takes	
   place,	
   yet	
   the	
   corresponding	
  
transporter	
  has	
  to	
  be	
  identified.	
  As	
  a	
  potential	
  function	
  of	
  cytosolic	
  citrate	
  that	
  is	
  not	
  essential	
  for	
  
de	
   novo	
   synthesis	
   of	
   lipids,	
   we	
   suggest	
   a	
   role	
   in	
   glycosomal	
   NADPH	
   production.	
   The	
   NADPH	
  
pathway	
  will	
  be	
  discussed	
  in	
  more	
  detail	
  in	
  chapter	
  6.4.	
  

The	
   contribution	
   of	
   threonine	
   and	
   glucose	
   to	
   acetate	
   production	
   and	
   their	
   respective	
  
coupling	
   to	
   either	
   ASCT	
   or	
   ACH	
   have	
   been	
   elucidated	
   (Millerioux	
   et	
   al.,	
   2013;	
   Millerioux	
   et	
   al.,	
  
2012),	
   yet	
   the	
  mechanism	
  of	
   this	
  metabolic	
   channeling	
   is	
  unclear.	
  Metabolic	
   channeling	
  provides	
  
the	
   advantage	
   of	
   a	
   faster	
   flux	
   and	
   perhaps	
   even	
   more	
   important	
   in	
   this	
   case,	
   it	
   protects	
   the	
  
substrate	
  from	
  competing	
  reactions.	
  A	
  competing	
  activity	
  for	
  mitochondrial	
  acetyl-­‐CoA	
  could	
  be	
  the	
  
CS	
   or	
   free	
   acetyl-­‐CoA	
   could	
   lead	
   to	
   acetylation	
   of	
   certain	
   proteins	
   and	
   influence	
   the	
   metabolic	
  
activity	
   within	
   the	
   mitochondrion.	
   To	
   avoid	
   this	
   it	
   might	
   be	
   necessary	
   to	
   channel	
   acetyl-­‐CoA,	
  
keeping	
  the	
  concentration	
  of	
  free	
  acetyl-­‐CoA	
  within	
  the	
  mitochondrion	
  as	
  low	
  as	
  possible.	
  In	
  plants	
  
it	
   has	
   been	
   shown	
   that	
   a	
   number	
   of	
   mitochondrial	
   proteins	
   are	
   acetylated	
   (Konig	
   et	
   al.,	
   2014).	
  
Potential	
   protein-­‐protein	
   interactions	
   will	
   be	
   addressed	
   in	
   the	
   future	
   by	
   using	
   a	
   recently	
  
established	
  biotinylation	
  method	
  called	
  BioID	
  (Morriswood	
  et	
  al.,	
  2013).	
  This	
  will	
  give	
  insights	
  into	
  
the	
  protein	
  interactions	
  in	
  this	
  pathway	
  and	
  putative	
  regulation	
  upon	
  carbon	
  source	
  availability.	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
It	
   has	
   been	
   shown	
   that	
   glucose	
   derived	
   acetate	
   involves	
   the	
   pyruvate	
   dehydrogenase	
   (PDH)	
  
complex	
   and	
   ASCT	
   (Fig.14,	
   steps,	
   1,	
   2),	
   whereas	
   threonine	
   involves	
   threonine	
   dehydrogenase	
  
(TDH)	
   and	
  ACH	
   (Fig.14,	
   steps,	
   4,	
   5).	
  An	
   important	
  difference	
  between	
   those	
  pathways	
   is	
   the	
   fact	
  
that	
  the	
  ASCT	
  reaction	
  is	
  coupled	
  to	
  ATP	
  production	
  (Fig.14,	
  step,	
  3).	
  As	
  proline	
  catabolism	
  can	
  also	
  
lead	
  to	
  pyruvate	
  production	
  (Fig.14,	
  grey	
  arrows)	
  it	
  can	
  possibly	
  contribute	
  to	
  the	
  acetate	
  pool.	
  So	
  
there	
   are	
   three	
   carbon	
   sources	
   available	
   for	
   acetyl-­‐CoA	
   production	
   and	
   two	
   subsequent	
   acetate	
  
converters.	
   Combining	
   the	
   above	
  mentioned	
   BioID	
   approach	
  with	
   varying	
   carbon	
   sources	
  might	
  
reveal	
  regulation	
  or	
  changes	
  in	
  the	
  channeling	
  of	
  acetate	
  production	
  and	
  thus	
  the	
  involved	
  protein	
  
interactions.	
  

We	
   characterized	
   a	
   mitochondrial	
   ATP-­‐dependent	
   citrate	
   lyase	
   (CL)-­‐like	
   candidate	
   gene	
  
without	
   identifying	
   its	
   catalytic	
   activity	
   so	
   far.	
   We	
   demonstrated	
   its	
   mitochondrial	
   localization,	
  

Fig.14	
   :	
   Acetate	
   production	
   pathways	
   in	
   T.	
   brucei.	
   Dashed	
   arrows:	
   no	
   experimental	
   evidence	
   for	
   fluxes.	
   Grey	
  
arrows:	
   	
   experimental	
   evidence	
   for	
   fluxes,	
   but	
   no	
   evidence	
   for	
   role	
   in	
   acetate	
   production.	
   Enzymes:	
   1,	
   pyruvate	
  
dehydrogenase	
   complex;	
   2,	
   acetate:succinate	
   CoA-­‐	
   transferase;	
   3,	
   succinyl-­‐CoA	
   synthetase;	
   4,	
   threonine	
  
dehydrogenase;	
  5,	
   acetyl-­‐CoA	
   hydrolase.	
  Abbreviations:	
   α-­‐KG,	
   alpha-­‐ketoglutarate;	
   cit,	
   citrate;	
   isocit,	
   isocitrate;	
  mal,	
  
malate;	
  oxac,	
  oxaloacetate;	
  PEP,	
  phosphoenolpyruvate;	
  pyr,	
  pyruvate;	
  TCA,	
  tricarboxylic	
  acid;	
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which	
   excludes	
   a	
   function	
   in	
   de	
   novo	
   lipid	
   synthesis,	
   compared	
   to	
   a	
   cytosolic	
   CL-­‐like	
   candidate.	
  
Recent	
   analyses	
   (Daniel	
   Inaoka,	
   University	
   of	
   Tokyo)	
   revealed	
   a	
   structural	
   similarity	
   to	
   a	
  
prokaryotic	
   ATP-­‐independent	
   citrate	
   lyase.	
   This	
   consists	
   of	
   three	
   subunits	
   (α,	
   β,	
   γ),	
   with	
   the	
   CL	
  
candidate	
  being	
  similar	
  to	
  the	
  β-­‐subunit.	
  This	
  is	
  the	
  subunit	
  conducting	
  the	
  conversion	
  of	
  citryl-­‐ACP	
  
(acyl	
   carrier	
   protein)	
   to	
   acetyl-­‐ACP	
   and	
   oxaloacetate.	
   There	
   are	
   no	
   homologues	
   for	
   the	
   other	
  
subunits	
   in	
   the	
  T.	
  brucei	
   genome.	
   This	
   situation	
   is	
   equivalent	
   to	
   the	
   one	
   found	
   in	
  M.	
  tuberculosis	
  
(Goulding	
  et	
  al.,	
  2007).	
  Both,	
  the	
  T.	
  brucei	
  and	
  the	
  M.	
  tuberculosis	
  protein	
  show	
  a	
  similar	
  structure	
  
prediction.	
  The	
  authors	
  (Goulding	
  et	
  al.,	
  2007)	
  suggest	
  a	
  novel	
  role	
  for	
  this	
  stand-­‐alone	
  subunit	
  of	
  
the	
   citrate	
   lyase	
   complex	
   due	
   to	
   an	
   operon	
   organization	
   analysis	
   of	
   the	
   β-­‐subunit	
   across	
   several	
  
species.	
  Focusing	
  on	
  M.	
  tuberculosis,	
  they	
  find	
  an	
  acyl-­‐CoA	
  dehydratase/hydratase	
  and	
  an	
  acyl-­‐CoA	
  
dehydrogenase	
  downstream,	
   two	
  enzymes	
   involved	
   in	
   acetyl-­‐CoA	
   carboxylation.	
   In	
   addition	
   they	
  
refer	
   to	
   a	
   distant	
   sequence	
   similarity	
   to	
   the	
   L-­‐malyl-­‐CoA/β-­‐methylmalyl-­‐CoA	
   lyase	
   (MclA;	
   EC	
  
4.1.3.24;	
  BLAST	
  e-­‐score	
  of	
  6.0e−14	
  and	
  28%	
  sequence	
  identity)	
  from	
  Methylobacterium	
  extorquens.	
  
M.	
   extorquens	
   MclA	
   reversibly	
   catalyzes	
   the	
   hydrolysis	
   of	
   L-­‐malyl-­‐CoA	
   into	
   acetyl-­‐CoA	
   and	
  
glyoxylate.	
   They	
   hypothesize	
   that	
   the	
  M.	
   tuberculosis	
   β-­‐subunit	
   performs	
   an	
   analogous	
   cleavage,	
  
during	
  the	
  conversion	
  of	
  citryl-­‐CoA	
  into	
  acetyl-­‐CoA	
  and	
  oxaloacetate.	
  

These	
   findings	
   shed	
   new	
   light	
   on	
   the	
   CL	
   candidate	
   gene	
   of	
   T.	
   brucei,	
   as	
   a	
   citrate	
   lyase	
  
activity	
  could	
  not	
  be	
  determined	
  (see	
  chapter	
  5.2),	
  but	
  the	
  required	
  activation	
  of	
  citrate	
  by	
  a	
  CoA	
  or	
  
an	
   ACP	
   prior	
   to	
   cleavage	
   could	
   explain	
   this.	
   So	
   indeed	
   investigation	
   of	
   this	
   specific	
   enzymatic	
  
activity	
  should	
  be	
  performed.	
  Such	
  a	
  citrate	
  lyase	
  activity	
  within	
  the	
  mitochondrion	
  would	
  fill	
  the	
  
missing	
   gap	
   for	
   a	
   reductive	
  branch	
  of	
   the	
  TCA	
   cycle.	
   There	
   are	
   examples	
  where	
   a	
   branched	
  TCA	
  
metabolism	
  instead	
  of	
  a	
  classical	
  TCA	
  cycle	
  has	
  been	
  observed.	
   It	
  was	
  suggested	
  for	
  P.	
  falciparum	
  
(Olszewski	
   et	
   al.,	
   2010)	
  without	
   any	
   identified	
  mitochondrial	
   CL,	
   but	
   this	
   assumption	
   had	
   to	
   be	
  
retracted	
   due	
   to	
   some	
   metabolite	
   contaminants	
   from	
   the	
   feeder	
   cells.	
   Nevertheless	
   it	
   has	
   been	
  
shown	
   that	
   glutamine-­‐derived	
   reductive	
   carboxylation	
   has	
   an	
   emphasized	
   role	
   in	
   tumor	
   cells	
  
(Mullen	
   et	
   al.,	
   2012).	
   Here	
   glutamine/glutamate	
   enters	
   the	
   TCA	
   cycle	
   via	
   α-­‐ketoglutarate	
   and	
   is	
  
carboxylated	
  by	
  NADP+-­‐dependent	
  isocitrate	
  dehydrogenases	
  followed	
  by	
  conversion	
  to	
  citrate	
  by	
  
an	
  aconitase.	
  This	
   citrate	
   served	
  as	
  C4	
  source	
   (OAA)	
  and	
  as	
  precursor	
   for	
   lipid	
   synthesis	
   (acetyl-­‐
CoA)	
   in	
   those	
   tumor	
  cells.	
  The	
   identification	
  of	
  a	
  mitochondrial	
  CL	
  and	
   further	
  MS	
  stable	
   isotope	
  
analyses	
   of	
   CS,	
   ACO,	
   IDHm	
   and	
   CL	
   single	
   and	
   double	
   knockouts	
   in	
   changing	
   nutritional	
  
environments	
  could	
  reveal	
  a	
  branched	
  TCA	
  metabolism	
  with	
  flux	
  redistribution	
  between	
  oxidative	
  
and	
  reductive	
  branch	
  depending	
  on	
  nutrient	
  availability.	
  

6.4	
   Insect	
  stage	
  differentiation	
  and	
  its	
  multitude	
  of	
  regulators	
  

We	
  took	
  advantage	
  of	
   the	
  recent	
  publication	
  of	
  a	
  novel	
  differentiation	
  system	
  enabling	
   the	
   insect	
  
stage	
   differentiation	
   in	
   culture	
   (Kolev	
   et	
   al.,	
   2012).	
   We	
   discovered	
   the	
   inhibitory	
   effect	
   on	
  
differentiation	
  of	
  glucose	
  and	
  glycerol.	
  The	
  role	
  of	
  glycerol	
  on	
  some	
  early	
  differentiation	
  markers	
  
has	
  been	
  shown	
  before	
  (Vassella	
  et	
  al.,	
  2000;	
  Vassella	
  et	
  al.,	
  2004).	
  Here	
  the	
  switch	
  of	
  the	
  surface	
  
protein	
   from	
   GPEET	
   to	
   EP	
   procyclin	
   is	
   inhibited	
   in	
   procyclic	
   forms.	
   During	
   our	
   RBP6-­‐induced	
  
culture	
   experiments	
   glucose	
   and	
   glycerol	
   cause	
   a	
   block	
   or	
   delay	
   in	
   differentiation	
   between	
  
epimastigote	
  and	
  metacyclic	
  forms.	
  

Previous	
   findings	
   showed,	
   that	
   the	
   activities	
   of	
   mitochondrial	
   enzymes	
   regulated	
   the	
  
surface	
  protein	
  expression	
  (Vassella	
  et	
  al.,	
  2004).	
  One	
  additional	
  similarity	
  shared	
  by	
  them	
  is	
  their	
  
link	
  to	
  glycolysis.	
  Hypoxia	
  and	
  SHAM	
  affect	
  the	
  alternative	
  oxidase	
  (AOX),	
  which	
  is	
  involved	
  in	
  the	
  
before	
  mentioned	
   Gly3P/DHAP-­‐shuttle,	
   reoxidizing	
   glycosomal	
  NADH,	
   reduced	
   during	
   glycolysis.	
  
Although	
  this	
  pathway	
  plays	
  a	
  minor	
  role	
  in	
  procyclic	
  parasites	
  (Ebikeme	
  et	
  al.,	
  2010),	
  interfering	
  
with	
  it	
  may	
  induce	
  metabolic	
  cross-­‐talk	
  and	
  cause	
  a	
  differentiation	
  block/delay.	
  PDH	
  and	
  SCoAS	
  are	
  
involved	
   in	
   subsequent	
   conversion	
  of	
   glucose-­‐derived	
  pyruvate	
   into	
  acetyl-­‐CoA,	
   acetate	
  and	
  ATP.	
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Decreasing	
   their	
   activity	
   results	
   in	
   a	
   lower	
   acetate	
   excretion	
   indicating	
   a	
   lower	
   glycolytic	
   flux	
  
(Millerioux	
   et	
   al.,	
   2013;	
  Millerioux	
   et	
   al.,	
   2012).	
   All	
   this	
   suggests	
   that	
   feedback	
   regulation	
   exists	
  
between	
   the	
   cellular	
   metabolic	
   pathways,	
   “sensing”	
   the	
   nutritional	
   environment	
   resulting	
   in	
   a	
  
metabolic	
   cross-­‐talk.	
   A	
   first	
   observation	
   in	
   this	
   direction	
   was	
   the	
   discovery	
   of	
   glucose-­‐induced	
  
repression	
  of	
  proline	
  metabolism	
  (Lamour	
  et	
  al.,	
  2005).	
  

The	
   ways	
   of	
   feedback	
   regulation	
   can	
   be	
   diverse.	
   We	
   reported	
   glucose-­‐regulated	
   protein	
  
expression,	
  although	
   this	
  was	
   just	
   the	
  case	
   for	
  a	
   small	
  number	
  of	
  proteins.	
  This	
  can	
  occur	
  by	
   the	
  
stabilization	
   or	
   destabilization	
   of	
  mRNAs,	
  which	
   is	
   very	
   common	
   in	
  T.	
  brucei,	
   lacking	
   almost	
   any	
  
regulation	
  by	
   transcription	
   initiation.	
  Another	
  mechanism,	
  especially	
   for	
  proteins	
  expressed	
  with	
  
constant	
  protein	
   levels	
  are	
  post	
   translational	
  modifications	
   (PTM),	
  which	
  we	
  also	
  suggest	
   for	
   the	
  
IDHg,	
   where	
   the	
   increase	
   in	
   activity	
   is	
   higher	
   than	
   the	
   increase	
   in	
   protein	
   levels	
   upon	
   glucose	
  
withdrawal.	
  

How	
  can	
  metabolic	
   flux	
   influence	
  these	
  regulations?	
  It	
  has	
  been	
  reported	
  that	
  metabolites	
  
like	
  succinate	
  can	
  serve	
  as	
  PTM	
  (Park	
  et	
  al.,	
  2013;	
  Zhang	
  et	
  al.,	
  2011)	
  and	
  succinate	
  and	
  fumarate	
  
have	
  been	
  reported	
  to	
  be	
  involved	
  in	
  epigenetic	
  and	
  transcriptional	
  regulation	
  (Cai	
  and	
  Tu,	
  2012;	
  
Ito	
   et	
   al.,	
   2010;	
   Mills	
   and	
   O'Neill,	
   2014;	
   Moran-­‐Crusio	
   et	
   al.,	
   2011;	
   Quivoron	
   et	
   al.,	
   2011).	
   High	
  
abundance	
  of	
  a	
  certain	
  carbon	
  source	
  can	
  lead	
  to	
  accumulation	
  of	
  intermediate	
  metabolites	
  due	
  to	
  
differential	
   catalytic	
   properties	
   of	
   consecutive	
   enzymes.	
   The	
   accumulation	
   of	
   this	
  metabolite	
   can	
  
increase	
   the	
  probability	
   to	
  be	
  used	
   as	
  PTM,	
  which	
   can	
   exhibit	
   regulatory	
   functions.	
   Furthermore	
  
the	
  importance	
  of	
  lysine	
  acetylation	
  has	
  been	
  shown	
  to	
  play	
  a	
  role	
  in	
  plant	
  mitochondria	
  (Konig	
  et	
  
al.,	
   2014)	
  and	
   the	
   fact	
   that	
  acetylations	
  or	
   succinylations	
   can	
  occur	
  non-­‐enzymatically	
  due	
   to	
   the	
  
basic	
  pH	
  of	
  the	
  mitochondrial	
  matrix	
  (Wagner	
  and	
  Payne,	
  2013).	
  In	
  this	
  study	
  the	
  deacetylation	
  of	
  
mitochondrial	
   proteins	
  was	
   achieved	
   by	
   the	
   SIRT3	
   deacetylase,	
   a	
   Sir2	
   homolog	
   (Lombard	
   et	
   al.,	
  
2007).	
   The	
  T.	
  brucei	
   genome	
   contains	
   three	
   Sir2-­‐related	
   proteins	
   (SIR2rp1-­‐3),	
  with	
   two	
   of	
   them	
  
showing	
  a	
  mitochondrial	
  localization	
  (Alsford	
  et	
  al.,	
  2007).	
  These	
  proteins	
  could	
  be	
  responsible	
  for	
  
the	
  deacetylation	
  of	
  mitochondrial	
  proteins.	
  

Metabolite	
   levels	
   can	
   also	
   indirectly	
   exhibit	
   such	
   regulatory	
   functions.	
   Depending	
   on	
  
substrate	
  availability	
  the	
  respective	
  enzyme	
  has	
  an	
  occupied	
  or	
  unoccupied	
  binding	
  site	
  and	
  it	
  has	
  
been	
  demonstrated	
   that	
  metabolic	
   enzymes	
   can	
   fulfill	
   alternative	
   functions.	
   The	
  most	
   prominent	
  
examples	
  are	
  dehydrogenases	
  and	
  their	
  NAD+/NADP+	
  -­‐binding	
  Rossmann	
  fold	
  (Nagy	
  et	
  al.,	
  2000),	
  
which	
  is	
  capable	
  of	
  binding	
  RNA.	
  There	
  are	
  other	
  examples,	
  which	
  go	
  beyond	
  simple	
  RNA	
  binding	
  
and	
   exhibit	
   ribonuclease	
   activity	
   on	
   the	
   bound	
   RNA	
   (Barbas	
   et	
   al.,	
   2013).	
   In	
   T.	
   brucei	
   the	
   α-­‐
ketoglutarate	
  dehydrogenase	
   (α-­‐KD)	
  E2	
   subunit	
  has	
  been	
   shown	
   to	
  bind	
  mitochondrial	
  DNA	
  and	
  
play	
   a	
   role	
   in	
   the	
   segregation	
   during	
   cell	
   division	
   (Sykes	
   and	
   Hajduk,	
   2013).	
   There	
   are	
   more	
  
examples	
  of	
  metabolic	
  enzymes	
  with	
  additional	
  functions	
  strengthening	
  the	
  idea	
  that	
  they	
  serve	
  as	
  
metabolic	
  sensors	
  and	
  directly	
  participate	
  in	
  regulation	
  (Ciesla,	
  2006;	
  Kim	
  and	
  Dang,	
  2005).	
  

We	
   demonstrated	
   the	
   impact	
   of	
   an	
   isocitrate	
   dehydrogenase	
   null	
   mutant	
   (∆IDHg)	
   on	
  
differentiation	
   in	
   culture,	
   as	
   well	
   as	
   in	
   the	
   fly	
   and	
   postulated	
   a	
   pathway	
   for	
   glycosomal	
   NADPH	
  
production	
  involving	
  citrate	
  synthase	
  (CS),	
  aconitase	
  (ACO)	
  and	
  IDHg	
  (Fig.15).	
  In	
  culture	
  the	
  lack	
  of	
  
IDHg	
  caused	
  a	
  differentiation	
  block	
  in	
  epimastigote	
  stage,	
  whereas	
  the	
  ∆ACO	
  null	
  mutant	
  is	
  blocked	
  
in	
  the	
  procyclic	
  form.	
  We	
  suggest	
  that	
  both	
  are	
  acting	
  in	
  the	
  same	
  pathway,	
  but	
  the	
  accumulation	
  of	
  
intracellular	
   citrate	
   exhibits	
   a	
   stronger	
   phenotype	
   than	
   the	
   lack	
   of	
   glycosomal	
   NADPH	
   and	
   thus	
  
masking	
   the	
   less	
   severe	
   phenotype.	
   We	
   know	
   that	
   the	
   overexpression	
   of	
   CS	
   in	
   the	
   genetic	
  
background	
  of	
  a	
  ∆ACO	
  mutant	
  is	
  lethal,	
  but	
  can	
  be	
  rescued	
  by	
  ectopic	
  expression	
  of	
  a	
  cytosolic	
  ACO	
  
(N.	
  Ziebart,	
  this	
  lab,	
  unpublished).	
  	
  

The	
   fact	
   that	
   neither	
   ∆CS	
   nor	
   ∆IDHm	
   null	
   mutants	
   display	
   a	
   block	
   in	
   differentiation	
  
supports	
   our	
   hypothesis	
   of	
   the	
   IDHm	
   acting	
   in	
   the	
   reverse	
   direction,	
   enabling	
   both	
   enzymes	
   to	
  
produce	
   isocitrate.	
  Due	
   to	
   this	
   redundancy	
   the	
   glycosomal	
  NADPH	
  production	
   is	
   not	
   impaired	
   in	
  
the	
   single	
  mutants.	
  Creating	
  a	
  ∆CS/∆IDHm	
  double	
  mutant	
   for	
   further	
  analysis	
  has	
  been	
   tried	
  but	
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was	
  not	
  successful,	
  strengthening	
  the	
  postulated	
  redundancy,	
  as	
  both	
  single	
  knockouts	
  are	
  viable.	
  
These	
  phenotypes	
  bring	
  up	
   the	
  question	
  of	
   the	
  biological	
  use	
  of	
  glycosomal	
  NADPH	
  produced	
  by	
  
IDHg.	
   As	
   already	
  mentioned	
   in	
   chapter	
   6.1	
   the	
   oxidative	
   branch	
   of	
   the	
   PPP	
   is	
   partially	
   localized	
  
within	
  the	
  glycosomes,	
  including	
  two	
  enzymatic	
  reactions	
  producing	
  NADPH	
  (G6PDH,	
  6PGDH).	
  The	
  
main	
   disadvantage	
   of	
   the	
   PPP	
   pathway	
   compared	
   to	
   IDHg	
   mediated	
   NADPH	
   production	
   is	
  
glycosomal	
   phosphate	
   leakage	
   when	
   ribose-­‐5-­‐phosphate	
   is	
   transferred	
   out	
   of	
   the	
   glycosomes.	
  
Additionally	
   a	
   new	
   glycosomal	
   proteome	
   raises	
   uncertainty,	
   whether	
   there	
   is	
   a	
   full	
   PPP	
   with	
  
glycosomal	
   localization	
   (Guther	
   et	
   al.,	
   2014).	
   They	
   confirmed	
   glycosomal	
   localization	
   for	
  G6PDH,	
  
6PGL	
   and	
   SBP,	
   but	
   not	
   for	
   ribulose	
   5-­‐phosphate	
   isomerase,	
   transketolase,	
   transaldolase,	
   6PGDH	
  
and	
  more.	
  Concluding,	
  the	
  NADPH	
  production	
  via	
  IDHg	
  has	
  metabolic	
  advantages	
  and	
  may	
  become	
  
essential	
  during	
  specific	
  stages	
  of	
  development.	
  

	
  
	
  
	
  
There	
   are	
   several	
  metabolic	
   pathways	
  utilizing	
  NADPH	
  and	
   therefore	
   candidates	
   for	
   an	
   essential	
  
role	
  during	
  differentiation.	
  The	
  most	
  prominent	
  candidate	
  is	
  the	
  trypanothione	
  system	
  responsible	
  
for	
  ROS	
  detoxification	
  in	
  T.	
  brucei	
  (see	
  introduction	
  1.4).	
  Until	
  recently,	
  the	
  NADPH	
  consuming	
  step,	
  
the	
   trypanothione	
   reductase	
   (TR)	
   was	
   proposed	
   to	
   be	
   located	
   in	
   the	
   cytosol	
   and	
   the	
   reduced	
  
trypanothione	
   molecules	
   were	
   shuttled	
   into	
   the	
   glycosomes	
   (Krauth-­‐Siegel	
   and	
   Comini,	
   2008;	
  
Smith	
  et	
  al.,	
  1991).	
  These	
  proteomic	
  screens	
  did	
  not	
  identify	
  the	
  TR	
  within	
  the	
  glycosomes,	
  but	
  in	
  
(Guther	
   et	
   al.,	
   2014),	
   the	
   authors	
   see	
   a	
   glycosomal	
   localization	
   of	
   TR.	
   A	
   cytosolic	
   contamination	
  
cannot	
  be	
  excluded.	
  The	
  so	
  far	
  overlooked	
  glycosomal	
  presence	
  of	
  TR	
  might	
  also	
  be	
  an	
  indication	
  
for	
  low	
  protein	
  abundance	
  and	
  thus	
  a	
  minor	
  role.	
  

An	
   alternative	
   pathway	
   requiring	
   NADPH	
   is	
   the	
   β-­‐oxidation	
   of	
   unsaturated	
   fatty	
   acids,	
  
which	
  is	
  depending	
  on	
  a	
  peroxisomal	
  IDH	
  in	
  yeast	
  (Henke	
  et	
  al.,	
  1998).	
  Although	
  some	
  glycosomal	
  
β-­‐oxidation	
   activities	
   have	
   been	
   reported	
   (Wiemer	
   et	
   al.,	
   1996),	
   we	
   could	
   not	
   confirm	
   this	
   and	
  
exclude	
   this	
   as	
   possible	
   NADPH	
   sink.	
   Even	
   an	
   active	
   β-­‐oxidation	
   pathway	
   would	
   only	
   require	
  
NADPH	
   for	
  unsaturated,	
  but	
  not	
   saturated	
   fatty	
  acids.	
  This	
   situation	
   cannot	
  be	
  applied	
   in	
   culture	
  
due	
  to	
  the	
  requirements	
  of	
  a	
  complex	
  culture	
  medium	
  and	
  is	
  unlikely	
  to	
  happen	
  in	
  vivo.	
  
T.	
   brucei	
   contains	
   a	
   significant	
   amount	
   of	
   sterols	
   with	
   a	
  major	
   part	
   of	
   cholesterol.	
   The	
   levels	
   of	
  
intracellular	
   sterols	
   decreased	
   upon	
   growth	
   in	
   lipid-­‐depleted	
   medium	
   (Zhou	
   et	
   al.,	
   2007),	
  

Fig.15:	
  Glycosomal	
  and	
  cytosolic	
  NADPH	
  producing	
  pathways.	
  ACO:	
  aconitase,	
  CS:	
  citrate	
  synthase,	
  G6P:	
  glucose-­‐6-­‐
phosphate,	
   IDHg:	
   glycosomal	
   isocitrate	
   dehydrogenase,	
   MEc:	
   cytosolic	
   malic	
   enzyme,	
   PPP:	
   oxidative	
   branch	
   of	
   the	
  
pentose	
  phosphate	
  pathway,	
  TCA:	
  tricarboxylic	
  acid	
  cycle.	
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demonstrating	
   uptake	
   of	
   external	
   sterols.	
   The	
   presence	
   of	
   sterols,	
   especially	
   cholesterol	
   within	
  
membranes	
  affects	
  the	
  physical	
  properties	
  and	
  thus	
  could	
  be	
  part	
  of	
  the	
  developmental	
  adaptations	
  
during	
  stage	
  development.	
   In	
  order	
   to	
  assure	
  constant	
  supply	
  of	
   sterols	
  and	
   to	
  bypass	
  starvation	
  
periods	
   de	
   novo	
   synthesis	
   is	
   an	
   option.	
   Some	
   steps	
   of	
   the	
   mevalonate/squalene	
   biosynthetic	
  
pathway	
  have	
  been	
  proposed	
  to	
  be	
  located	
  in	
  the	
  glycosomes	
  (Michels	
  et	
  al.,	
  2006),	
  of	
  which	
  the	
  3-­‐
hydroxy-­‐3-­‐methyl-­‐glutaryl	
   Coenzyme	
   A	
   reductase	
   (HMGR)	
   usually	
   requires	
   NADPH.	
   In	
  
contradiction	
   to	
   this	
  a	
  more	
  recent	
  publication	
  showed	
  mitochondrial	
   localization	
  of	
   this	
  enzyme	
  
(Carrero-­‐Lerida	
  et	
  al.,	
  2009),	
  whereas	
  the	
  experimental	
  data	
  cannot	
  rule	
  out	
  a	
  partial	
  localization	
  to	
  
the	
  glycosomes.	
  But	
  even	
  with	
  dual	
  localization	
  of	
  this	
  biosynthetic	
  pathway	
  and	
  a	
  probably	
  minor	
  
contribution	
  of	
  the	
  glycosomal	
  compartment	
  the	
  essentiality	
  of	
  glycosomal	
  NADPH	
  for	
  cholesterol	
  
synthesis	
  is	
  doubtful.	
  

The	
  last	
  putative	
  NADPH	
  consuming	
  pathway	
  within	
  glycosomes	
  is	
  the	
  synthesis	
  of	
  ether-­‐
linked	
   lipids.	
   The	
   enzymatic	
   reduction	
   of	
   the	
   DHAP	
   to	
   a	
   Gly3P	
   backbone	
   by	
   the	
   1-­‐alkyl-­‐DHAP-­‐
oxidorecuctase	
   is	
   NADPH-­‐dependent	
   (see	
   chapter	
   1.4).	
   Their	
   presence	
   in	
   T.	
   brucei	
   has	
   been	
  
established	
   (Patnaik	
  et	
  al.,	
  1993),	
  as	
  well	
  as	
   some	
  enzymatic	
   reactions	
  of	
   the	
  pathway	
  have	
  been	
  
identified	
   and	
   localized	
   to	
   the	
   glycosomes	
   (Opperdoes,	
   1984;	
   Zomer	
   et	
   al.,	
   1995).	
   Furthermore,	
  
deletion	
   and	
   downregulation	
   of	
   two	
   glycosomal	
   transporters	
   caused	
   decreased	
   levels	
   of	
   ether-­‐
linked	
  lipids.	
  The	
  two	
  PEX11-­‐related	
  proteins	
  GIM5A	
  and	
  GIM5B	
  cannot	
  be	
  deleted	
  together	
  in	
  BSF	
  
parasites,	
  but	
  low	
  levels	
  of	
  GIM5B	
  in	
  a	
  ∆GIM5A	
  background	
  are	
  tolerated	
  by	
  the	
  PCF	
  parasite.	
  This	
  
leads	
   to	
   a	
   decreased	
   number	
   of	
   glycosomes	
   and	
   osmotically	
   fragile	
   cells	
   (Voncken	
   et	
   al.,	
   2003).	
  
These	
   data	
   suggest	
   an	
   important	
   role	
   of	
   the	
   ether-­‐lipid	
   content	
   for	
   the	
   cellular	
   integrity,	
   which	
  
maybe	
   crucial	
   during	
   insect	
   stage	
   differentiation,	
   when	
   facing	
   extreme	
   pH	
   or	
  mechanical	
   stress.	
  
Therefore	
   this	
  hypothesis	
   is	
  being	
   tested	
  by	
   creating	
  an	
  1-­‐alkyl-­‐DHAP	
  synthase	
   (ADS)(Fig.7)	
  null	
  
mutant	
  and	
  observing	
  its	
  behavior	
  in	
  the	
  RBP6	
  culture	
  differentiating	
  system.	
  

Recent	
   data	
   support	
   the	
   potential	
   link	
   of	
   ether-­‐lipid	
   synthesis	
   and	
   glycosomal	
   NADPH	
  
supply.	
   A	
   collaboration	
   partner	
   (F.	
   Bringaud,	
   Bordeaux)	
   observed	
   the	
   two	
   GIM5A	
   and	
   GIM5B	
  
proteins	
  to	
  be	
  significantly	
  downregulated	
  in	
  our	
  ∆IDHg	
  or	
  ∆IDHm	
  null	
  mutants.	
  GIM5A	
  expression	
  
was	
  6.8-­‐fold	
  and	
  4.4-­‐fold	
  decreased	
  in	
  ∆IDHg	
  and	
  ∆IDHm,	
  respectively.	
  GIM5B	
  expression	
  was	
  3.6-­‐
fold	
   and	
   2.5-­‐fold	
   decreased	
   in	
   ∆IDHg	
   and	
   ∆IDHm,	
   respectively.	
   The	
   ether-­‐lipid	
   biosynthesis	
   is	
   a	
  
good	
   candidate	
   for	
   an	
  essential,	
   glycosomal	
  NADPH	
  consuming	
  pathway	
  and	
  will	
   be	
   investigated	
  
further.	
   Next	
   steps	
   will	
   be	
   the	
   analyses	
   of	
  WT	
   and	
  mutant	
   cell	
   lines	
   by	
  mass	
   spectrometry	
   and	
  
HPTLC	
  for	
  their	
  ether-­‐lipid	
  content.	
  Candidates	
  are	
  the	
  null	
  mutants	
  of	
  the	
  1-­‐Alkyl-­‐DHAP	
  synthase	
  
(Fig.7,	
   step	
   2)	
   or	
   the	
   ∆IDHg	
   null	
   mutant	
   in	
   combination	
   with	
   dihydroepiandrosterone	
   (DHEA)	
  
(G6PDH	
  inhibitor).	
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Figure S1. Control of growth and RBP6 expression levels upon induction. RBP6 expression was 
induced in EATRO1125 and growth observed in SDM79 without glucose (A), with glucose (B) and 
without glucose with 20 mM glycerol added (C). (D) The RBP6 expression levels during the respective 
growth curves were controlled by western blotting. The RBP6 expression levels upon induction were 
controlled by western blotting for ∆CS (E), ∆IDHg (F) and ∆IDHm (G).	
  
	
  
	
  
	
  



Supplemental	
  Material	
  –	
  Chapter	
  3	
  

	
   	
   	
   	
   85	
  

 
Figure S2. Label-free proteomics screen for glucose-dependent regulated proteins. The TriTrypDB 
ID and name of each protein is indicated in the 1st and 2nd columns. The 3rd column displays the 
respective pathway The data represent the average of 3 analyses of the same samples (technical replicate). 
The last column indicates the ratio between glucose-depleted and glucose-rich. 
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Figure S3. Verification of IDH antisera and the CS overexpressing cell line. (A) The specificity of the 
two IDH antisera was evaluated by western blotting and probing recombinant protein of each IDH 
isoform as well as WT and KO cell extracts of IDHg (left panel) and IDHm (right panel) respectively. (B) 
The upregulation of the CS protein (Fig3.3A) was validated by including the CS null mutant.The 
expression levels of the CS overexpression cell line were controlled by western blotting (C) and the 
growth observed upon CS induction (D). (E) The CS candidate gene (Tb927.10.13430) was 
overexpressed and analyzed for CS activity. Here whole cell lysates of the different cell lines were 
analyzed and compared to a commercial CS.	
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Figure S4. Verification of the ∆IDHg null mutants. The null mutant in the Antat 1.1 strain was created 

and controlled as depicted. (A) Schematic representation of the selection markers replacing the 

endogenous alleles and the primers used for integration control PCR. (B) Agarose gel of the integration 

PCR products for three independent clones. The null mutant in the EATRO1125 strain was controlled by 

western blotting (C) and clone 4 (white frame) was chosen for all further experiments.	
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Figure S5. Verification of the ∆IDHm null mutants. (A) Schematic representation of the selection 
markers replacing the endogenous alleles and the primers used for integration control PCR. (B) Agarose 
gel of the integration PCR products for three independent clones. The null mutant in the EATRO1125 
strain was controlled by western blotting (C) and clone D6 (white frame) was chosen for all further 
experiments	
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Figure S6. Verification of the ∆CS null mutants. (A) Schematic representation of the selection markers 
replacing the endogenous alleles and the primers used for integration control PCR. (B) Agarose gel of the 
integration PCR products for three independent clones. The null mutant in the EATRO1125 strain was 
controlled by western blotting (C) and clone E4 (white frame) was chosen for all further experiments	
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Figure S7. IDHg Expression levels in the IDHg rescue cell lines. The ∆IDHg expression level in the 
two independent rescue cell lines was determined by western blotting and put in relation to the 
endogenous expression level of the WT.	
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Figure S1. TAG species identified in procyclic T. brucei cells. Relative abundances of TAG species 
were determined by ESI/MS/MS after oleate feeding days (black columns) or in the control (white 
columns). The nomenclature 54:X indicates the total carbon number of all three acyl chains and the sum 
of all unsaturated double bonds within the acyl chains. Most TAG species are minor contributions to the 
total TAG content. 
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ED L P F PT I SA I NG F A L GGGC ET I L AT D F RV A - - D T NAR I GL P ET K L GL I PG FGGT V R L PRV I GADNA L EW I T T GK EQR PD
ED L PY PT I SAVNGHA L GGGC EA I L AT D F RV A - - D T T AR I GL P ET K L G I M PG FGGT V R L PR L I GADNAV EW I T T GKD Y KA P
ED L PV PT I AAVNGY A L GGGC ECV L AT D Y R L A - - T PD L R I GL P ET K L G I M PG FGG SV RM PRM L GAD SA L E I I AAGKD V GAD
ED L P F PT V SV I AG F A L GGGC EC I L ST D F R I A - - D T T AR I GL P ET K L G I I PG FGGT V RM PR L V GAD T AM E L I T AGK E SKA P
E L L GR PV V AA I NGT A L GGGWE L A L ACHAR I A L AD ER I E L GL P EV T L GL L PGGGGV AR L PRY L GL EKA L P L L L EGKK L S PQ
EK L KA PV V AA I NGAA L GGGL E I C L ACN Y R I A LND RK I K L GL P EV T L GL L PGAGG I V RMT RM L GL EAA L P L L L EGKQ L A PD
ET L GR PV V AA I NGT A L GGGM E L A L ACH RR I V RDD P S I R L G F P EV T L GL I PGGGG I T R L V R L L GL EAAH PY L I EGRQV S PR
ET CGK PV V AA I NGT A L GGGL EV T L ACH Y R I A SDN PKT Q I GL P EAKV GL L PGGGGT QR L PR L I GAQAA L P L I LQGT S LD PQ
EQ EK F P I V AA I NGL A L GGG F EM S L ACHQR LM- - A ST AKV G F P EC L L GL L PGGGGT V RT QR L CGL T KT VQW I MT SKQ I K PQ
EQ EK F P I V AA I NGL A L GGG F EM S L ACHQR LM- - A ST AKV G F P ECM L GL L PGGGGT V RT QR L CGL T KT VQW I MT SKQ I K PQ
EQ EK F P I V AA I NGL A L GGG F E L S L ACHQR LM- - A ST AKV G F P EC L L GL L PGGGGT V RT QR L CGL T KT VQW I MT SKQ I KAR
E E EK F P I V AA I NGL A L GGG F EM S L ACHQR L L - - A ST AKV G F P EC L I GL L PGGGGT V RT QR L CGL T KT VQW I MT SKQ I K PK
EK E P F PV V AA I NGL A L GGG F E L A L ACHH R L L - - A SDG SV GL P EC L L GV L PGAGGT V R LQR L T GLMT AV EW I MT SAT AKAQ
EA LN I PV V AA I HGAC L GGGL E L A L ACH I RV CT E ST KT A L GV P EVM L GL L PG SGGT QR L PR L I GV AK S LD LM L T GKQ I RAK
EA LN I PV V AA I HGAC L GGGL E L A L ACHQRV C SDDGKTM L GV P EVQ L GL L PGGGGT QR L PR L V G I T T A LDMM L T GKQ I R PK
SD L PY PV V AA I HGPC L GGGL E L A L SCD Y RV CT D SD KT R L GL P EVQ L GL L PG SGGT QR L PR L I GL L P S LD L I L T GKQ L RAK
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ER SRK PV V AA I SGV C L GGGL E L A L ACH Y R I AT KD SKT K L GL P EVM L GL L PGGGGT V R L PK L T SV PT A LDMGL T GKQ I RAD
EK ST K P I V AA I NG SC L GGGL EV A I SCQY R I AT KD RKT V L GT P EV L L GA L PGAGGT QR L PKMV GV PAA LDMM L T GR S I RAD
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AMC SKV CV A I I QGL C S SWGL E L A L AAD Y R I C E - - VNAQ F R F P EV R FG I T PGGGGAQR L V C L V GV PHA LNM L CYGRRV Y AK
AMC PKV CV AV I RGL C S SWGL E L A L AAD Y R I C E - - LNAQ F R F P EVQ FG I T PGGGGVQR L V C L V GV PHA LNM L CY SH RV Y AK
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EAK S S- - - GACD V I I P - - - - - - - - - - - - A ED RWT GEH R F Y EGV R- - - - - - KWAGQH L SD K PAR P SKRK S I S L - - - - - - - -
KAKKA - - - GAVNAV I P - - - - - - - - - - - - A ED RWNGED R F FNQV R- - - - - - RWV GG- L VD K P L K P SRGKN L S L - - - - - - - -
QA L KM- - - GL VD EV V P - - - - - - - - - - - - - ET V L L EV AV K L AK - - - - - - - - - - - - - - - KGK - I KR E L KRD - - - - - - - - - - -
QA L KM- - - GL VND V V P - - - - - - - - - - - - - QT I L LQT AV EMA L - - - - - - - - - - - - - - - AGKQ I AK PV KK S- - - - - - - - - - -
KAK S L - - - GV VD ACV P - - - - - - - - - - - - - ET I L L EV AK S F V EKN SG- - - - - - - - - GKKGKR L A SK SQA S- - - - - - - - - - -
QA L K L - - - GL VDD V V P - - - - - - - - - - - - - H S I L L EAAV E L AK - - - - - - - - - - - - - - - - - K ER P S SR P L P - - - - - - - - - - -
KAKK L - - - GV VD EV V P - - - - - - - - - - - - - T P I L RA I AV L RAK E L ADGK L KVD RRHGQG F KGV AANGKAKGL AG F I QGL AN
RAKK S- - - GL VD I V VN R L GPGV GT P E EN TMRY L E ET AV KAAQD L AN - - - - - - - - - - - - GK L KV ERGPK S F VD - - - - - - - -
RAKRM- - - G I VD L L VD PV GPGQQ SAAQN SMD Y L ERT A I QV AND L A S- - - - - - - - - - - - GK L RVN R EK SGL VD - - - - - - - -
RAKKM- - - GL VDQ L V E P L GPGL K P P E ERT I EY L E EV A I T F AKGL AD - - - - - - - - - - - - KK I S PKRD - KGL V E - - - - - - - -
EA L K L - - - G I LD V V V K S- - - - - - - - - - - - - - D PV E EA I K F AQT V I G- - - - - - - - - - - - - - - K P I E PRR I LN - - - - - - - - -
EA L K L - - - G I LD E I VN S- - - - - - - - - - - - - - D PV E EA I K L AQR I SD - - - - - - - - - - - - - - - Q S L E SRR L CN - - - - - - - - -
EA L K L - - - GMVDQV T EQ - - - - - - - - - - - - - - N T C EV A L E F A L KAV G- - - - - - - - - - - - - - - K P L S SRR L SM- - - - - - - - -
K L AGT - - - A L FDQV F AAD A - - - - - - - - - - - - D L V S SAV A F A EK I AD - - - - - - - - - - - - - - - AR P L PKV R- - - - - - - - - - -
Q L AK S- - - GL FDQM I EG- - - - - - - - - - - - - - D LMAGA I G F A L KAAA - - - - - - - - - - - - - - - EGK L PK L R- - - - - - - - - - -
M L AM L PGQK L FD K L SA S P E - - - - - - - - - - - - S L A E EA L A F AR SV AD - - - - - - - - - - - - - - - V R P L P L V R- - - - - - - - - - -
D A L A L - - - G I LD V VDDGE - - - - - - - - - - - - - D V KAAGL AY AQQ I AD - - - - - - - - - - - - - - - EGK PV RRV CD L - - - - - - - -
EA L EH - - - H I VD E L F EG- - - - - - - - - - - - - - D L I EAGL AY AH R L V E - - - - - - - - - - - - - - - EGRGPRR SGEQ - - - - - - - -
EA L R L - - - GL I DH L T S S P - - - H E ERRDQD VNGV SAQGP F CCT D PN - GN L E SA I EAA L R L SARWT K PRR I SCD - - - - - - - -
EA ER I - - - GL I DH L I WR- - - - - NGR SRMN I T NGD PV S S L I AG S EV - S SHN I V L EAA LQ F AAVWN V PRR I SC S- - - - - - - -
EA L RM- - - GL VDH L A SC - - - - - T KKHD KD RNDGD ST V SN KDGDH L RGNNDH L V AV A I Q L ST YWKT PRH L SCD - - - - - - - -
EAHQ I - - - GL I D T PAY SA PH FWT A L R E F L EKY V T V AT PGT QDGHGEKAT GL SAV ED ARAAKAAA LH RRRT C - - - - - - - - -
EAY R I - - - GL I D V PAY SA PH FWT A L A E F I EQH V T PAT PGT PGGHGEKAT GLNA L E EAQAAKT L A LH RRRT C - - - - - - - - -
EAHQ I - - - GL I D A PAY SA PH FWT A L V R F I ENH V T AAV PV T T S EKD KKV T GLN T P ED AQAAK L L A LH RRRRR- - - - - - - - -
EAYQ I - - - GL I D R P PY SA PN LWT S L A E F I EKH V T AAA P I K L GGDGEKT S S LH T L KD AQT AKA L A LH RRH T C - - - - - - - - -
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- - - - KQ S P L A L PK L EAMM S F T T AKGMV Y AV AGKH Y PA PMAAV SV V EQAAT LD RAGA L K - - - - - - - - - - - - - - - - - - - - V E
- - - - KQA P L GLN K I EATM S F ST A L GMV Y AKAGKH Y PA PT AAV KT I QAAARMD RT GA L G- - - - - - - - - - - - - - - - - - - - A E
- - - - K L E P L K L SK I EATM S F T I AKGMV AQT AGKH Y PA P I T AV KT I EAAAR FGR E EA LN - - - - - - - - - - - - - - - - - - - - L E
- - - - KKA P LQ LN KM EATM S F TMAKGMV ARV AGAH Y PA PMAAV L A I E EA SRAN RD EA L L - - - - - - - - - - - - - - - - - - - - I E
- - - - K I PGG S P S S PKV AQM L A I A PAM L KAKT KGCY PA P EA I L SAAV EGAQVD FD T AQK - - - - - - - - - - - - - - - - - - - - I E
- - - - KV PGGT P ST PA L AQK L P I I PA F L LN KT KGCY PA P EA I L SAAV EGLQVD FD T A I K - - - - - - - - - - - - - - - - - - - - I E
- - - - RM PGGD PRH PRMMQM L AV A PA I L RKQTWGN Y PA P EA I L SAAV EGA L V T FD T A SR- - - - - - - - - - - - - - - - - - - - I E
- - - - KV PGGD PNGKGG SQV F T I GNAT LH KQT HGN F PAQK F I M SCV Y EGLQV P I EAGL R- - - - - - - - - - - - - - - - - - - - I E
- - - - MDQV L EN T T FGRRKV AD ET I KM LN KKT RGKY I AQY KA L EC I MY SAT H SNQQG FD - - - - - - - - - - - - - - - - - - - - K E
- - - - MDQV L ERT T FGRRK I AD ET I KM LN KKT KGKY I AQY KA L EC I MY SAT H SNQQG FD - - - - - - - - - - - - - - - - - - - - K E
- - - - MD RV L EH T T FGRRK I AD ET I KM LN KKT KGKY I AQY KA L ECVMY SAT H SNQQG FD - - - - - - - - - - - - - - - - - - - - K E
- - - - MDWV L ERT T FGRRKV AD ET I KT LN KKT KGKY I AQY KA L EC I MY SAT H SNQQG FD - - - - - - - - - - - - - - - - - - - - K E
- - - - MD C F LQRT S I GRR I I GKKT I E S LN SKT KGKY I AQY KA L EAV L Y SAT H SNA EG F A - - - - - - - - - - - - - - - - - - - - R E
- - - L T GK L L ET N K FGRN I M FDQAAKQT F SKT RGN Y PA P EA I L EV V K L GQ EKG F EAGL K - - - - - - - - - - - - - - - - - - - - L E
- - - L VNQ L L EGT G FGRN I I FDQAAKQV AKKT QGN Y PA PAK I I D CV RQG I AKGMQKGL E - - - - - - - - - - - - - - - - - - - - V E
- - - AK EK L I SRT GL GRKV I F EQA SKKT NQKT RGN Y PAAD A I LD V I RYGL ENG FD KGLQ - - - - - - - - - - - - - - - - - - - - Y E
- - - V R ER I L AGP - L GRA L L F KMV GKKT EH KT QGN Y PAT ER I L EV V ET GL AQGT S SGYD - - - - - - - - - - - - - - - - - - - - A E
K E LWA EV A L EDN P L GRKV L FDQARKQ L L KKT RGK F PA P EKA LQV V RV GL E SGH KAGQ E - - - - - - - - - - - - - - - - - - - - A E
- - - K I T QQV L S FN F V KDQ I FGRAKAQVMKAT GGL Y PA P L K I L EV V RT GLD KGPV V G F E - - - - - - - - - - - - - - - - - - - - A E
- - - K LQA L VMD T D F V KN K I FD T ARKQVMKAT GGL Y PA P L K I L EV I RT GVD KGT D AG F E - - - - - - - - - - - - - - - - - - - - A E
- - - K L T AY AMT I P F V RQQV Y KKV E EKV RKQT KGL Y PA P L K I I D V V KT G I EQG SD AGY L - - - - - - - - - - - - - - - - - - - - C E
- - - - - - - - K PV P S L PNMD SV F A EA I AKV RKQY PGR L A P ET CV R SVQA SV KH PY EV A I K - - - - - - - - - - - - - - - - - - - - E E
- - - - - - - - K P I Q S L PNM E S I F S EA L L KMQKQH PGC L A P ET CV RAVQAAVH C PY EV G I Q - - - - - - - - - - - - - - - - - - - - K E
- - - - - - - - L T T PC P PGLDG I F EAATMQVQKKARGVMA P L ACVQAV RAAT - L PY S EG I K - - - - - - - - - - - - - - - - - - - - R E
- - - - - - - - D RKVD Y PNH EA F LQ F SRN T V KAMAGP F PA P L ECV ET V AA SV TMK F EDGMK - - - - - - - - - - - - - - - - - - - - F E
- - - - - - - - D RKV EHDN P EG F LQ F ARN T V AAV AKN F PA PGKCVD AVQAAV EKR FDDG I K - - - - - - - - - - - - - - - - - - - - F E
- - - - - - - - D L KCKH PQGD AY FQ F ARNMV KGM SKN F PA PAKCVD V V EAAT KKK FD EGMQ - - - - - - - - - - - - - - - - - - - - V E
- - - - - - - - KD K I AAD KG SD V FDQ F RAV LQKKARGQ F S P F KCVD A I EAA FD L P F A EGMK - - - - - - - - - - - - - - - - - - - - R E
- - - - - - - - T RGL ERVDN EA L I RAKHA EV AKRM PGL F S P L RC I AAV EAAT R L P L A EGL K - - - - - - - - - - - - - - - - - - - - R E
- - - - - - AT K L G I M L YN S I L F RRV G S E I T KKA PK EV SA P LQC LQA I RAAT N SA S F K EG- - - - - - - - - - - - - - - - - - - L A E E
- - - - - - ARK L GCA L T NWAA F CY S ERD L ARKAY KG SY FQ LQCVNAV RAV T K F S S F E EG- - - - - - - - - - - - - - - - - - - L A E E
- - - - - - N RR L GN S I LN RA L F RWMQR E I D KNA PKGV KA PMRC L EA I RA ST T V A S F S EG- - - - - - - - - - - - - - - - - - - LQV E
- - - - - - PAY AQH S L FN RGWY AWM EH K L RD SV PR EV RA PY RA I EAV R L AV T H SCR LNGGR SV P S SNGA EQ SD AAAAY T V A E
- - - - - - SV Y AKHA F L SRGWY AWM EH K L RD AV PR EV RA PH RA I EAV K L AV AH SCR LDG SRGV ANWG SVD ERV AAAAY V AA E
- - - - - - PAY SN V P F FN RGWY AW I EH K L RD SV PR EV RA PY CA I EAV K L AV AH SC S PDGR L SV S S LNG SN E SNAA L AY SAM E
- - - - - - PAY VH L P F FN RGL Y AWMKH K L R E SV PR EVQA PY RA I EAV K L AV AY SD RRGG SG SH PN PN RVNG SV AAAAY AAA E

N L A F I K L AKT EV AT A L I G I F LN - - DQ F V K - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - GKAKKA - - GK L - AKD
AAT F I K L AKT D AAQA L V GL F L S- - DQA L K - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - AGAKKA - - AKA - GKA
N K S F V P L AH T N EARA L V G I F LN - - DQY V K - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - GKAKK L - - T KD - V ET
SKH F V K L V KGPV T QA L V GL F LN - - DQ F L K - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - SKAKKA - - AK E - GK E
SRY F T Y L T T SQV AKNM I GT FWFQ LND L KA - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - GQ SR PK - - D I P - T H K
GRY F V S L AT GQV SKNM I NA F F FN LQ E I N K - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - GA SR PK - - GV P - V K P
SRY F ARV AT GQV AKNM I QT FWFQ LN E I N R- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - GR SR PA - - G I P - PT D
T RY F T K L LMD PR SKAM I R S L F L SMQ E L AK - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - GARR P S- - GV P - A FQ
CRG F A E L L C S P EAKNQM S L Y F LQ EGMKK S- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - AD KT GV - - PKD KVM P
CRG F A E L L C S P EAKNQM S L Y F LQ EGMKK S- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - AD KT GV - - PKD KVM P
CRG F A E L L C S P EAKNQM S L Y F LQ EGMKK S- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - AD KT GV - - SKD KVMQ
CRG F A E L L C S P EAKNQM S L Y F LQ EGMKK S- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - T EKT GV - - PKD KTM P
R EA F S E L L V T P EAKNQMA L Y F LD EGMKK S- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - ERKT G I - - PKD KV P P
AKR F A E L AMT S E SAC L RG I F F AT T EMKK E - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - DGV EG- - - - - V A PKK
A SH F A E L V V SK E S EA L R S I F F AT T EMKK E - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - T GA EG- - - - - AT PRK
AKR F S E L VMT A E SKA L R S I F F AT T EMKK E - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - HGAD - - - - - - A E PKA
ARA FGE L AMT PQ SQA L R S I F F A ST D V KKD - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - PG SD - - - - - - A P PA P
AKA FGE L V V SD V SKR L V E I F F AT T A L KK E - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - NGT SN - - - PD AK PR E
AKG FGQ L L V T P ECKGL T S L F FGQT ACKKN - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - R FG S- - - - - - - AK SA
RKG FGE L AAT PQ SKGLMA L F RGQT ECKKN - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - R FGN - - - - - - - PQRA
SQK FGE L VMT K E SKA LMGL YHGQV L CKKN - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - K FGA - - - - - - - PQKD
AK L FMY L RG SGQARA LQY A F F A EK SAN KW- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - ST P SGA SWKT A SAQ P
K E L FMY LQK SGQARA LQY A F F A ERNAT KW- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - ST P SGA SWKT A I AQ P
GE LMAT L F S SGQAQA LQY S F F AQRT A EKW- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - T L P SGAQWNN SK PR E
R ER F LH L I QT T E SKA L RHA F F A ERV A SKV - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - PD V P - - - - AD T PT RA
RD L F I A L VN T T E SRA L RHA F FGERAA SK I - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - PD V P - - - - ED T PV RK
R EA F I N LM F T A E SK S L RH L F L A ERAA SK I - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - AD V P - - - - SD T PQRA
R E L F T ECMD S PQRAGQ I H S F F A ER EV SKV - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - KGL S- - - - KD T PV RD
R E L F T EC LN S PQRGA L I H S F F A ERQAGK I - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - DD L P - - - - SD V K PR P
T R I F KQT LH S P EAHAMQH L L R S SY T V L S- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - D T L PT L PV RAGT GLQQQR
RK I F T QT L L SA EAQAVQH L L S S SY AV F S- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - EV L PA L P LD RRA ER F RY R
MK L F F E S L E S P EAHAMQH L L RAANAA F C - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - GN L A S L PRGA SDGLN - - -
RA L F E SC L L L P ET QAMQH LMRA SQRT SM SWERKW I SQQR PV PGL AV I ND R S SAVH V AAN S PV SAA SV SD L V T DD AT AQ L G
RA L F E SC L L L P ET QAMQH LMRA SQRT SM SWEK P S I GQQR PVQGL A I I KD R SAAVH V AVN P P L SAA PV SD V L T DD AT AR L G
RA L FD SC L L L P EAQAMQH LMRA SQRT ST SWERK S I GQRH K L PGAT R I NDH SAV AN VMVD P PG S PT AV SD L L SDD AT A E L G
R S L F E SC L L L P EAQGMQH L L CA SQRT SV SWEKK S LWL S P PV PGL S I MGD V GAA PH F AV K P SA SV A SV YN P SADD AT AQV G
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VN SAAV L GAG I MGGG I AYQ SA SKG- T P I VMKD I AQ PA L E L GLN EAAK I L AT QV ARGR ST P EKMAKV LNN I - - - - - T P S LD
T N KAAV L GAG I MGGG I AYQ SAV KG- T PV I MKD I ND AA LD L GMAT A SGL L T T Q L KRGR I DGAK L AKV I S S I - - - - - T PT L S
PKQAAV L GAG I MGGG I AYQ SAWKG- V PV VMKD I ND K S L T L GMT EAAK L LN KQ L ERGK I DGL K L AGV I ST I - - - - - H PT LD
T HHAAV L GAG I MGGG I AYQ SA SRG- V PV LMKD I SQ S S L EMGMK EA SK L LN KQ L ERGR I NG SKMAD V L A S I - - - - - T P S LH
M SKV GV L GAGMMG SG I AY ACAQRG- LQV V L KD V EQA SA EKGKAY SD K I L GKKV SQGRMT E SQKQD V LD R I - - - - - T PT AN
V KKV G I L GAGMMGAG I AY V SAM SG- I EV V L KD I SD ENAQKGKD Y SV K L L AKRV SKGQMT Q EKADG I L AK I - - - - - K PT GN
T KKV GV L GAGLMGHG I AY V T A L AG- M EV V L KD L T L EKA EAGKAR I AK L LD ERV AKGR L S P E EKQAV LD R I - - - - - RT T D R
V KK L G I L GAGMMGAG I AY V SAQAG- M EV V L LD T DQANA EKGKAY S EK L L KKA L ERGKT T Q EKAD K L L GL I - - - - - K PT T N
VN RV GV I GAGVMG SG I VH Y F AKNN - I PV AV KD L T E E SV KQG I T N V RA E F ERAV RRKRMV T A E LDGKMA L V - - - - - T GGT T
VN RV GV I GAGVMG SG I AH Y F AKNN - I PV AV KD L K E E SV KRG I T N V RA E F ERAV RRKRMV T A E LD RKMA L V - - - - - T GGT T
VN RV GV I GAGVMG SG I VH Y F AKNN - I PV AV KD L K E E SV KRG I NN V RA E F ERAV RRKRMV T A E L EKKMD L V - - - - - T GGT T
VN RV GV I GAGVMGAG I VH Y F AKN S- I PV AV KD L T D E SV T KG I T SV R S E F EGAV RRH RMAT E E L EAKMA L V - - - - - T GGT T
V RT V GV I GAGVMG SG I VHH F AN KG- I PV AV KD V KQ EAVD KG I EMV RGE F EKAMKRKK I T PA I MQ ERMR I V - - - - - KGGT S
V KKA I V L GGGLMGGG I AN V T AT KAKV PV R I KD I A PQGL LNAQKY T YD L LN KKV KRR FM SKA EMQ SQ L AM I - - - - - T GT T E
V KKAV I L GGGLMGGG I A SV T T T KAK I PARV KD I N EKGL SNA L SY AY K L LD KGV KRRHMT PAARDN LMA LM- - - - - T T T T E
V KRV GV L GGGLMGAG I SH V SV AKAKV PV R I KD V SN EGV LNA LN YN Y K L FD KQRKRR I L SRAGL E SKM LQ L - - - - - SGG I D
LN SV G I L GGGLMGGG I AY V T ACKAG I PV R I KD I N PQG I NHA L KY SWDQ L EGKV RRRH L KA S ERD KQ L A L I - - - - - SGT T D
V KKV AV L GGGLMGGG I AY V T SV LQGV PV RV KD KDD AGV GRAMKQVQ S I LD ERV KRR S L T RR EAT AK SA L V - - - - - T AGT D
AKK I AV I GAGLMGAG I VQV S I D KG- YD V I MKD T NQ SGL Y RG I GQ I QKGLD SAV KRKR I S SV EKD KY L SH L - - - - - D AT LN
V ET V GV L GAGLMGAG I VQV SVD KG- Y KV I MKD AT E PGL ARG I GQVQKGL ET AV KRKR I T A L KRDQVM SM L - - - - - L PT LN
V KH L A I L GAGLMGAG I AQV SVD KG- L KT I L KD AT L T A LD RGQQQV F KGLND KV KKKA L T S F ERD S I F SN L - - - - - T GQ LD
V S SV GV L GL GTMGRG I A I S F ARV G- I PV V AV E SD PKQ LD T AKK I I T ST L EK EA S- - - - - K SGQA SAK PN L - - - - - R F S S S
I S SV GV V GL GTMGRG I V V S L AKAK - I PV I AV E SD KKQ L ET ADM I I T T L L EK EA SK - - MQR S SH P S L GPK P - - - - - R L T T S
I Q SAAV I GL GTMGRG I V V S L ARV G- I SV I AV E S EKK L L ET GRQMV I GM L ERD AK - - - - - RRGV SA S LN L L - - - - - K F S L S
I KQAAV I GAGTMGGG I AMN F LNAG- I PV VM L ET KQ EA LD KGL AT I RKN Y EN TMKKGK L T Q EK FDQRMA L V - - - - - SGT L A
V ET V AV I GAGTMGGG I AMN F LNAG- I PV T I L ET KQ EA LD RG I AT I RKN Y EN SAKKGK L T P EKV EARMA L L - - - - - K PT L S
I N SV AV I GAGTMGGG I AMN F LNAG- I PV KM L EMKQ EA LD RG I AT I RKN Y EAQV V KKK L KQD KY EQRM S L L - - - - - ST T L S
VN SV G I I GAGTMGGG I AMN F AN V G- I PV I I V EMKQ EA LD KGL G I I RKN Y EN SAKKGR L T QQQV ED R I A L I - - - - - T G S L S
I RT AAV I GGGTMGV G I A L S F ANAG- V PV K L L E I ND EA LQRGLQRAR ET Y AA SV KRG S L T ED AM EQR L A L I - - - - - AGV T D
L RK L AV V GCGV V G I G I V I MA L R- AG SQV V L L GEDDN EC EY A LH V I K S E L PND A L GYN I SAD CVNMY LNN L KV L P - YHGD L
FN R L I V V GCGPAAV G I I VMA L R- RDMCV T L V C EN S S ECD L A L RA I R EK L T GD V L KH - - S ST C I E EH L SY LQ L V S- FGND I
I RR F AV I GCGT I GT GV V L LM L R- SQ I PV T V V E LN E EQC L RAR L FMQ E E LD R EV ENGR L L P E L C EQR L SM L S L V P - YHAD L
L KKV AV I GAGTMGT S I A LM L L RQ S E I EV V L V EAD T QRQ EV ARR S I ED Y L R SRV EAH R L SQRRCNDM LH R L RVMG SR I A P F
L KKV AV I GAGTMGT S I A LM L LWQ S E I EV I L V EA EAH RQ EV ARRT I ED Y L R SRV ET H R L SRH RCDDM LH R L RVMG SH I V P F
L KKV AV I GAGTMGT S I A LM L LWQ S E I EV I L V EAD AQRQ EV ARH T I ED Y L R SRV EAH R L SKH RCDDM LH R L L L RG SV I E P F
L KMV AV I GAGTMGT S I A LM L LWK S E I EV I L V EMD VQRQ EV ARH T I ED Y L R SRV EAH R L SAH RRDDM L RR L RVMG S L I T P F

Y AA I KH SD I V V EAV V EH PKV KAT V L A EV ED - - Y V A ED A I I A SN T ST I S I N L L AK S L KK P ER F CGMH F FN PVH KM P L V E I I
YN SVD EAD I I V EAV V EN PK I KAAV L A E L ED - - N V SAD T V I T SN T ST I P I N V L AKN L KR P EQ F CGMH F FN PVH KM P L V E I I
Y AG FD RVD I V V EAV V EN PKV KKAV L A ET EQ - - KV RQD T V L A SN T ST I P I S E L ANA L ER P EN F CGMH F FN PVH RM P L V E I I
Y AG I EQAD V I V EAV V EN PT I KAAV L S EV E S- - L I S ED AV L T SN T ST I P I D L L AK S L KR P EN F CGMH F FN PVHHM P L V EV I
I S LM EGCD L I I EAV F EN S E L KAKV T Q E S E P - - M L R P EGV F A SN T ST I P I T Q L AQA S SD PAK F I GLH F F S PVD KMQ L V E I I
AAD L AGCD L V V EAV F EKR E L KA SV T K EA EA - - VMD ANGT F A SN T S S L P I T GL A EA SV R P EK F I GLH F F S PVD KM P L V E I I
V ED L AGCD L V I EAV F EN RD V KAQV I R ET EA - - V L P ED AV FG SN T ST L P I T S L AAY SRR PD R F V G I H F F S PVH RMR L V E L I
YDD L KGAD L V I EAV F E SRD I KA EV T KKA E P - - M L AAGG I YG SN T ST L P I T GL A EA SAK PDN F I G I H F F S PVD KMQ L V E I I
N EV F RD AD V I V EAAV EVMD I KKKV I QQ L EKDG I LH SK S L F AT N T S S L S L T EMQT V AKC PHN I V GMH F FN PV SKM P L V EV I
N EV L RD AD V I V EAAV EVMD I KKKV I QQ L EQDGV LH SK S L F AT N T S S L S L T EMQTMAKC PHN I V GMH F FN PV SKM P L V EV I
N EV F RGVD V V V EAAV EVMD I KKKV I QQ L EN EG I LN SKN L F AT N T S S L S L T EMQT V AKC PQN I V GMH F FN PV SKM P L V EV I
N EV F RGAD V I V EAAV EVMD T KKKV I QQ L EN EG I L T SKN L F AT N T S S L S L T EMQT V SKY PHN I V GMH F FN PV SKM P L I EV I
S S I FQGMD V I V EAAV EVMD I KKN I I RD L EK EG I I NGKN L F AT N T S S L S L T EMQT V SKY P EN I V GMH F FN PV SKM P L V EV I
Y T GV K SAD I V I EAV F ED L K L KHQMV AD I EA - - N CN EN T I F A SN T S S L P I T Q I A S EAKR P EN V I GLH Y F S PVD KM P L A E I I
Y KGV KD AD I V V EAV F ED L A L KHQMV KD I ER- - ECGEH T I F A SN T S S L P I GQ I AQAA SR P EN V I GLH Y F S PV EKM P L V EV I
F T S FNH T D V V I EAV F ED LD L KQ SMV AD I EA - - NAK P ST I F AT N T S S L P I H K I A EKAQR P EN V V GLH Y F S PA EKM P L V EV I
Y RG F AH RD L I I EAV F EN L E L KQQMV A EV EQ - - N CAAH T I F A SN T S S L P I GD I AAHAT R P EQV I GLH F F S PV EKM P L V E I I
Y SG F K SAD L V I EAV F ED L K L KH R I I A EV EA - - V T GDQT I F A SN T S S I P I T E L AKG SRR PAQV I GMH Y F S PVH KM P L L E I I
YN S F KD VD V V I EAV F ED I G I KH KV L K E I E S- - I V PQH CV I AT N T SA I P I T K I AAG S SR PD KV I GMH Y F S PVD KMQ L L E I I
Y KD F EKAD I V I EAV F ED I Q I KH RV I K E L EA - - V V P EH C I I A SN T SA I P I T Q I AAG S SR PD KV V GMH Y F S PVD KMQ L L E I I
YQG F EKADMV I EAV F ED L S L KH RV L K EV EA - - V I PDH C I F A SN T SA L P I S E I AAV SKR P EKV I GMH Y F S PVD KMQ L L E I I
T K E L S SVD L V I EAV F EDMN L KKKV F A E L SA - - L CK PGA F L CT N T SA LD VDD I A S ST D R PQ L V I GT H F F S PAH I MR L L EV I
MK E L GGVD L V I EAV F E E I N L KKRV F A E L SA - - I CK P EA F L CT N T SA LD I D E I A S ST D R PH L V I GT H F F S PAH VMK L L E I I
LQD L KD VD L V I EAV F EDMA L KKQ I F R E L SR- - V CR PAT L L C SN T SGLD VD A L AD V T D R PQ L V AGMH F F S PAH VMK L L EV V
Y ED I GQAD I V V EAV F EDMGV K ET V F RK LD E - - VMK PGA I L A SN T ST LD LNQ I AN F T KR PQD V I GT H F F S PAN VMK L L E I V
YDD I RD AD L V V EAV F EDMGV K ET V F KT LD A - - V AK PGA I L A SN T ST LD VD R I AG F T RR PQD V V GMH F F S PAN VMK L L EV V
YDD L T GT DMV I EAV F E E L GV K EAV F K E LD R- - VMK PGA I L A SN T ST LD VN K I AN F T QR P ED V V GLH F F S PAN VMK L L EV V
YDD F K SVD L V I EAV F ENMAV KK E I F AK LD A - - I CK PGT I L A SN T ST LD VD E I A SAT RR P ED V V GMH F F S PAN VMK L L EN V
YGA L AD AD V V V EAV F E EMGV KQQV F EQ LD A - - V CK PGA I L A SN T S S LD LNA I AA F T RR P ED V V GLH F F S PAN VMR L L EV V
QT V LQD VD VMA EC I V GD LD T KRQV F TM L T D - - L C P PH CV L AT CC S S L E L R E F V KV SRR P EKV V GMY F A P PVHN V P F L EV T
GAA L RDGD I VMD CT V GD L RQKR E I F I Q L EA - - MC P PH CV L AT CC ST V SV GE L AACVQR P ERV V GM F F AQ PVDD V P F L EV V
VQA L K EVDMV L ECV GEN PA L KKQV F T R L S E - - V C P PH C I L AT SA ST T S I GE L AKV T RR P EKV I GLH F I P P SD V T P L L E I V
P PV L AD AD L V F ECA P EV AA I KQN I L A F LD S- - V CKR ST I L AT G S SAQD VN E L AAV T QR PGQV L G I H F F P PAN E S P L V EV I
P PV L AD AD L V F ECA P EV AA I KQN I L AGLD S- - V CKR ST I F AT G S SAQD VN E L AAV T QR PGQV L G I H F F P PAN E S P L V EV I
P SA L AD AD L I F ECA P EV E S I KQN I F AGLD A - - V CKR ST I L AT S S SAQD VN E L AAV T QR PGQV L GVH F F P PAN EA P L V EV I
P PV L AD AD L V F ECA P EV AA I KQ S I F T R LD S- - V CKR ST I L AT S S L A L EVN E L AA I T RR PGQV L GMH F F P PAN E S L L V EV I
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RGEH S S E ET I A SV V AY A SKMGKT P I V VND C PG F F VN RV L F PY F AG FNGL L ADGAD F AAVD KVM EKQ FGWPMGPAY L LD V V
RGEK S SD ET I AT T V AY AAKMGKT P I V VND C PG F F VN RV L F PY F FG F SK L I ADGAD F V AVD KVM EKQ FGWPMGPAY L LD V V
RGEK S SD ET I AKV V AWA SKMGKT P I V VND C PG F F VN RV L F PY F AG F SQ L L RDGAD F RK I D KVM EKQ FGWPMGPAY L LD V V
RGKD T SD ET V SRV V AY AAKMGK S PV V VND C PG F F VN RV L F PY F AG F S L L L RDGAD F T K I D KVM EKK FGWPMGPAY L LD V V
V GE ST SQ E S L AKA FD F VMQ I GKV P I V VND SRG F F T SRV FGT F VN EGV AM L A EG I H PAA I ENAAQ L AG- M PV GP L A L SD EV
CGKKT SQ ET L AHA LD Y V LQ I KKT P I V VND ARG F F T T RV I GT Y VN EGL R L L A EGAAA S S I EMAAARAG- F P I GT L A I SD E L
RGRQT SD EA L AKA FD Y V RK I GKT P I V VND SRG F Y T SRV FGT Y LN EGL A L L A EGQH PRA I EV AGRQAG- M P I GP L AV AD EV
MGKKT SD ET L AKAMD Y V KQ I RKT P I V VND SRG F Y T SRC FGT Y V GEGL AM L GEGV P PAM I EN V GKMT G- M PMA P L A LND EV
KGK ST ST EAAAA I FN L A L KT GK I P I I VNDGPG F L VN R I L GV YMA EAGR L AVD ERCH PACVD EA I L A FGM PMGP F R L LD EV
KGK ST S S EAAAA I FN L A L KT GK I P I I VNDGPG F L VN R I L GV YMA EAGR L AVD ERCH PACVD EA I L A FGM PMGP F R L LD EV
KGK ST SA EAAAA I FN L A L RT GKM P I I VNDGPG F L VN R I L GV YMA EAGR L AVD ERCH P SCVD EA I L A FGM PMGP F R L LD EV
KGKKT SA EAAAA I FN L A L KT GK I P I I VNDGPG F L VN R I L GV YMA EAGRMV ED ERCH PACVD EA I L A FGM PMGP F R L LD EV
KGKKT SK EAAA I I FN L A L RT GKK P I I VQD A PG F V VN R I L GV YMA EAGR L AVDD KVD L AR I D KA I LD FGM PMGP F R L LD EV
T H EGT SDQT I ST T V E F ARKQGKT P I V V KDGAG F Y VN R I L A PYMN EAAR L V L EQ E P I EAVD KA L VD FG- F PV GPV T L LD EV
AHAKT S P ET I AT T V A F ARKQGKT P I V VQDGAG F Y VN R I L A L YMN EAAQ L L L EGQ SV EH LD KA L V K FG- F PV GP I T L LD EV
PH ET T S E ET I ST V V A L AKKQGKT P I V V KD T AG F Y VN R I L A PYMN EAAH L L L AN E P I EK LD ST L LD FG- F PV GP I T L LD EV
PHAGT SAQT I AT T V K L AKKQGKT P I V V RD KAG F Y VN R I L A PY I N EA I RM L T QGERV EH I D AA L V K FG- F PV GP I Q L LD EV
T HAGT ADWV T AT CV EV GRKQGKT V I V VNDGPG F Y T SR I L A PYMN EAAY L L A EGAD I A E LD RA L V E FG- F PV GP I T L LD EV
T H KGT S E ET I RT AVD V GL KQGK I V I T V GDGPG F Y T T R I L SAM L S EA I R LMQ EGVD PVQ LD K L T KA FG- F PV GAAT L SD EV
T H PGT SKD T V AQAV AV GL KQGKV V I T V GDGPG F Y T T R I L ATM L S EA I R L LQ EGVD PK E LDQ L T KK FG- F PV GAAT L AD EV
T T EKT SKD T SA SAV AV GL KQGKV I I V V KDGPG F Y T T RC L A PMM S EV I R I LQ EGVD PKK LD S L T T S FG- F PV GAAT L VD EV
P SRY S S PT T I AT VM S L SKR I GK I GV V V GN CYG F V GN RM L A PY YNQGY F L I E EG SK P EGVDGV L E E FG- F RMGP F RV SD L A
P SQY S S PT T I AT VMN L SKK I KK I GV V V GN C FG F V GN RM L K PY YNQT Y F L L E EG SR P E E I DQV L E E FG- F KMGP F RV SD L A
CGPR S SK EA I AT AM S L GKRMGKV SV AV GN C PG F V GN RM LM PY L EQAT F L L E EGAT PQQ I D KA L ED FG- F AMGV F RM SD L A
RGAQT GKD V L AT A L A L SKK L KKT GV V SGV CDG F I GN RM I EQY SRQAG F L L E EGA L P EQVD KAV EK FG- F AMGP F RMGD L A
RGKAT AKD V L AT VMK L AKA I KKT AV V SGV CDG F I GN RM I EQY SRQAGY L LD EGA L P EQVD RAV EK FG- F AMGP F RMGD L A
RGEKT AKD VMAT VM SV AKK I KKT AV V SGV CDG F I GN RM I EQYGRQGG F L LD EGCT P EQVD KAM ER FG- MAMGP F RMGD L A
RG SKT SD EV KAT VMAV AKK I KKV GV L V GN CHG F V GN RM LH RRGA EAMT L VN EGAT PQQVD KV L T D L G- Y PMGQ F AM SD L A
RGERT SD EV L AAAMA I GKQ L KKV SV V V GV CDG F V GN RMV FQYGR EA E F L L E EGAT PQQVD AA L RN FG- MAMGP F AMRD L S
RGY RT DH T T LQRA I H V GR L FH KAT I L T RD V G F S I I SR I F F A I L YQA L SM L EQGA F PVD I D RAMRH - FG F R L G I F AM ED L A
QA EH T GQRA LQCA I QAGR L F Y KAT I L SRD A SV SV GV R I F SA F L YQA L SM L E EGV F P I E I DQVMQR- FG F R L G I F A LDD L V
QG SCT DQ F T I LQA L RV GH L FH KAV I L T RD L GAC L T T R L F SAGL YQA F AM L E EGA F PV EVD RA L RR- FG F R L GV F A L ED L A
RGAAT ERWV V E L VMR L L CQ LD KY P I L SV SRHGY V GT R L L L T A L YQAY AM L EDGC F P LQ I DN V L RKN FH F T RGL F E L ED I M
RGAAT ERWV V ERVMH L L CQ LD KY P I L SV SRHGY V GT R L L L T A L YQAY AM L EDGC F PRQ I D SV L RKD FH F T RGL F E L ED I M
RG SAT QRWV V ERMMQ L L CQ LD KY P I L SV S SQGY V GT R L L L T GL YQAY AM L EDGC L P LQ I D SA L RKN FH F T RGL F E L EDMM
RGT AT EQWV V ER I MH L L CQ LD KY P I L SV SRHG SV GT R L L L T A L YQAY AM L EDGC F P LQ I D RA L RKN FH F T RGL F E L ED I I

GLD T GHHAQAVMA EG- - - F PD RMGKNGT - - - - - - - - - - - - - - - - - - - - - - - - - D A I D I M F EN K - R L GQKN SKG F Y AY SVD
G I D T GHHAAAVMA EG- - - F P ERMAKT GK - - - - - - - - - - - - - - - - - - - - - - - - - D A I D VM FD AT - RYGQKNGV G F Y SY AKD
G I D T AHHAQAVMAAG- - - F PQRMQKD Y R- - - - - - - - - - - - - - - - - - - - - - - - - D A I D A L FD AN - R FGQKNGL G FWRY K ED
G I D T AHHAQAVMA EG- - - F PT RMAKD Y R- - - - - - - - - - - - - - - - - - - - - - - - - DGVD VM F EQQ - R FGQKNGL G F YQY S I D
S L T L I T H I RDQ SRKD - - - V EAGGGKWS P - - - - - - - - - - - - - - - - - - - - - H PA EQV I D AMV S E F ERKGKAAGAG F Y EY P PQ
N F T TMRN I R LQA EKD - - - L AA EGK S L PAD - - - - - - - - - - - - - - - - - - - - D P SK I I LD TM I D K L GRT GK L GGAG F Y EY PQA
S LQ LM EH I R EQT EKD - - - L AA EGKT L P P - - - - - - - - - - - - - - - - - - - - - H PAY RV LD VMV R EHGR L GKAHGAG F Y EY PKD
S LD L AY KV R EQT KKD - - - L GD - - - KY V G- - - - - - - - - - - - - - - - - - - - - S PADD L V KKMV VD L GRV GKKAGKG F YD Y PAD
GLD V ACH V GPV L ANG- - - L K SD R F SV SA - - - - - - - - - - - - - - - - - - - - - - - - - - T I SQMV ADG- Y L GRKN RKG F Y T Y AA E
GLD V ACH V GPV L T NG- - - L K SD R F SV ST - - - - - - - - - - - - - - - - - - - - - - - - - - A I SQMV KDG- Y L GRKNN KG F Y T Y T A E
GLD V ACH V GPV L T NG- - - L K SD R FGV S P - - - - - - - - - - - - - - - - - - - - - - - - - - S I S LMV KDG- H L GRKNN KG F YN Y T AD
GLD V ACH V GPV L T NG- - - L K SD R F SV T T - - - - - - - - - - - - - - - - - - - - - - - - - - AV SRM L EDG- H L GRKN KKG F Y T Y T A E
GLD V ACH V GP I L T DG- - - I K SKR F AV A S- - - - - - - - - - - - - - - - - - - - - - - - - - D VQRMV KDG- Y L GKKNGKG F Y KYDN K
G I D V GAK I GP I L T K E - - - L G SR F EA PA - - - - - - - - - - - - - - - - - - - - - - - - - - - A FD K L L ADD - RKGRKN EKG F Y L YGKK
G I D V GAK I S P I L EK E - - - L GER F KA PA - - - - - - - - - - - - - - - - - - - - - - - - - - - A FD K L L SDD - RKGRKNGKG F YQYGAA
GVD I GAK I I P I L VN E - - - L GER FQGPD - - - - - - - - - - - - - - - - - - - - - - - - - - - V FD I L LNDN - RKGRK SGKG F Y T Y - - K
G I D T GT K I I PV L EAA - - - YGER F SA PAN - - - - - - - - - - - - - - - - - - - - - - - - - - V V S S I LNDD - RKGRKNGRG F Y L YGQK
G I D V AQKV GP I M EAA - - - FGKRMAA PK - - - - - - - - - - - - - - - - - - - - - - - - - - - A L EKV V ADG- R L GRKT QKG F Y L Y E - D
G I D V GAH I SAD LD KA - - - FGER F RGGD V - - - - - - - - - - - - - - - - - - - - - - - - - N I L GDMV KAG- F L GRK SGKG I F V Y EAD
G I D V G SH I A I D L AKA - - - FGER F SGGNQ - - - - - - - - - - - - - - - - - - - - - - - - - QVM SD L V L AG- F L GRK SGKG I F L YDGQ
GVD V AKH V A ED L GKV - - - FGER FGGGN P - - - - - - - - - - - - - - - - - - - - - - - - - E L L T QMV SKG- F L GRK SGKG F Y I YQ EG
GLD V GWKV RKGQGL T GP S L P PGT PT RKRG- - - - - - - - - - - - - - - - - - - - N T RY S P I ADM L C EAGR FGQKT GKGWYQYD K P
GLD V GWK SRQGQGL T GPMV P SGT PARKRG- - - - - - - - - - - - - - - - - - - - N RRY C P I PD L L C E SGR FGQKT GKGWYQYD K P
GLD V GWRV RK E SGL T GPD VD PKD P PRRRQ - - - - - - - - - - - - - - - - - - - - GRKY C P I PDMV CQQGR FGQKT GRGWYMYD K P
GND I GWA I RK - RRY V - - - - - - - - - - - EK P - - - - - - - - - - - - - - - - - - - - E I SY SRT AD L L C EMGR FGQKT GAGWYD Y K - A
GND I GWA I RK - RRAV - - - - - - - - - - - D K P - - - - - - - - - - - - - - - - - - - - D I V Y SKT AD L L C EKGRYGQKT GAGWYD Y K - T
GND I GWA I RK - RRY L - - - - - - - - - - - EK P - - - - - - - - - - - - - - - - - - - - HMKY SKT AD L L C EKGR FGQKT GAGWYD Y V - P
G I D V GY R I R E ERRN - - - - - - - - - - - - - AG- - - - - - - - - - - - - - - - - - - - EQV A P SWMD K L A EQN R L GQKTMAGV Y KY E - E
GLD I GQA I RKRQRAT - - - - - - - - - - - L PA - - - - - - - - - - - - - - - - - - - - H LD F PT V SD K L CAAGM L GQKT GAGY Y RH E - P
GLQV V SQ I LN S L R- - - V R EGC SGV R S- - - - - - - - - - - - - - - - - - - - PC P PT D V F T I H RR L V EMGH FGQKT GRGWY T Y E E -
GLH T SA EA FD T L RRQQQQ L G ST SMR P - - - - - - - - - - - - - - - - - - - - CC PKKD V F T LHQA L V KMGH V GRAAGRGWH RY E S-
GLD F T A E I RT R LQ - - - - - - - - KNN T T - - - - - - - - - - - - - - - - - - - - F S SQAD V Y T I PR L L V E EGR L GQKRGL GWYN Y EK -
GLD VMAMARA SMMAV AARA SG S SV P P PKRV G I E P SV P SA F E L SNAWC L P SR PV FD I PNA L V AAGA L GRKT R EGWY KY L T P
GLD VMAMART SM L EV AARANG S SV P P PKRV GV E P SV P S P F E L SNAWF L P SR PV FD I SNA L I AT GT L GRKT R EGWY KY L T P
GLD VMAMARA SM L AAAARAKG SAAA P PKR SGL GP S I P SA F E L SNAWC L P SRH V FD I PNA L V AAGA L GRKT R EGWY KY L T P
GLD VMGMARA SM L AAV ARA SAT P P P L PKRV G I E P SA P SAV E I SNAWWL P SR PV FD I PD A L I AAGA L GRKT RT GWYN Y V T P
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RRGK P - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
RRGRV - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
SKGK P - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
RKGK P - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
G- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
G- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
G- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
G- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
GK E - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
GKD - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
GK E - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
GK E - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
GK - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
AKKG- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
SKK - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
GKK - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
GRK S- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
GKK - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
SK - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
T KG- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
V K - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
L GR I H - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
L GR I H - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
GD T NA - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
GD RKA - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
GD RK P - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
GKRD A - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
G SRN P - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
GN RT P - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
- - - - - - - - - - - - - GD L F S S L AAWRQR L I G SA SN ST KN T YGVWSKGGA S LMRR P - - - - - - - - - - - - - - - - - - - - - - - - - - -
- - - - - - - - - - - - - KGL L SV A SAWQQR L T EC F SC SGKN RAV A PVMR S S P L LHA P - - - - - - - - - - - - - - - - - - - - - - - - - - -
- - - - - - - - - - - - - GT F FN S I V T K L RGAKRA EN E EGV AA L GVWRKGGA S L KRV P - - - - - - - - - - - - - - - - - - - - - - - - - - -
Q EA S L EY R L RH P I A SWLWT G SA PN R L GT G SGD KGG SAAGT T T T AGCAAM L SD AAT T P SV AA S SAA SRQRY P L V S L A S L I R
Q EA S L GY R L RH P I A SWLWT G SA PN R L GT GN SAN RR SAAGAT T AA SCV PM L SD T AT T SAV AA S SAA SRQR F P L V S L S S L I L
Q EAR L GY R L RH P I E SWVWT G ST RKH VD T GV SV KAG F SV GAAN PAV CV P L V SNAATM SAV T A S ST A PHQRY P L V S L A S L V L
KD A S L GY R L RH P I A SWL ST R SGT DN V GT G SAAKGGAAAG I T NA SD CA L S L SD P SMT SAMAA S SV A SRH L Y P L V S L T S L V L

KKD I D AT SYQ L L GAA FGE L KA - - F EADD I I ARCM I PM I I ET V RC L E EG I I A S PA EGDMGL V YGL G F P P F RGGV F RY I D TM
QKT P EAK SY E L L A EV AGEKAD - - F T KDD I I ARCM I PM I N EV V RC L E EG I V AT PGD ADMA L I YG I G F P P F RGGV F RY LD TM
KK E ED AAV ED L L A EV SQ PKRD - - F S E E E I I ARMM I PMVN EV V RC L E EG I I AT PA EADMA L V YGL G F P P FHGGA F RWLD T L
KKD VD A EV S P L L ST V V GKN T D - - Y SD E E I I N RMMV PM I N EV V RC L E EG I I AT PQ EADMA L V YGL G F P P F RGGV F RY LD T I
AKH LWPQ L V EKY T DM- T KT QN - - T D LQ E L KD R L L F I Q S L ETMRC L E EN V L R SV KD AN I G S I FGL G F A PWT GGA I QY ANQY
KKH LWSGL K E L FN - - - KAD A S- - I P F EDMGD R F L F I Q S L EAV RCM E EGV I ERV AD AN I G S I MG I G F P PWT GGV I Q F I NGY
PKY LWP E L RR L F P - - - PQGE P - - L PQQ EM I D R L L F VQA L ET V RC LD EGV L T SV AD AN I G SV FGWG F A P FHGGT LQ F I NAY
KKK LWPGL AD L AGK S- QD PDD - - LD VQ E L KN R F L Y I QA L EAARC F E EGV V T D V RD AD V GA I L GWG F A PWAGGP L S L I DMV
- - AGLN SAV LQKY L GE E L SA S- - I S ET E I VD RCV L LMVN EAT R I LD EG I AM S P ED VD T GMVWGT G F P P F RGGL LQY ADH R
- - AGLNDGL LQKY L GK E L SA S- - V SKT E I VD RCV L LMVN EAT R I LD EG I AM S P ED VD T GMVWGT G F P P F RGGL LQY ADH R
- - MGLNNAV L KKY L GE E L S P S- - I S ET E I VD RCV L LMVN EAT L I LD EA I AM S P ED VD T GMVWGT G F PA F RGGL LQY ADH R
- - AGLNNAA LQKY I GGE L SA S- - I S ET E I VD RCV L LMVN EAAR I LD EG I VM S S ED VD T GMVWGT G F P P F RGGL LQY ADH R
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
KKQVD E S I Y K L LN L K P EA S- - - - MD PKA L A ERAV L LM LN EAARC LD EG I L R SARDGD I GA I FG I G F P P F L GGP FH YMD S I
- KAVD ET V YGV L G I K PGVD - - - - K EM SAV A ERCV VQM LN EAV RC LD AG I I A S PRDGD I GA I FG I G F P P F L GGP FH Y I D T L
- K EVD K SV Y K L L K LQ P E PK - - - - L SDND I TMRCV L PM LN EAV RC LDDG I I R S PRDGD I GA I FG I G F P P F L GGP F RYMDQ I
KKQVD PA I Y P L I GT QGQGR- - - - I SA PQV A ERCVM LM LN EAV RCVD EQV I R SV RDGD I GAV FG I G F P P F L GGP F RY I D S L
- Q EVD S S I Y A L L PHGT ERR S- - - FD RA EMA ERV V LQMVN EA I RC L GEG I L R SARDGD V GA I FGL G F P P F L GGP FH Y VD SR
N R EVN V GA LD I L K - KY T L E PKG ST SD ED RQ L RMV SR F VN EAV L C LQ EN I L AN P L EGN V GAV FGL G F P P F T GGP F RWVD AY
SR P I N T EA L E I V KQKY S LD SKGAN T P EDMT L R L V SR F VN EAV L C L E EK I LD S P L EGD V GAV FGL G F P P F T GGP F RWVDQY
RKD LN SDMD S I L A S L K L P PK S EV S SD ED I Q F R L V T R F VN EAVMC LQ EG I L AT PA EGD I GAV FGL G F P PC L GGP F R F VD L Y
K PD PWL S E F L SQY R ET HH I KQR S I SK E E I L ERC L Y S L I N EA F R I L E EGMAA S P EH I D V I Y LHGYGWPRH V GGPMY Y AA SV
K PD PWL S E F L SQY RKT YH I E PR I I SQD E I L ERC L Y S L I N EA F R I L GEGMAT D P EH I D V V Y LHGYGWPRH RGGPM F Y A ST V
K PD P L I QN L L ET Y R SRYG I Q PRK I T DQ E I I ERC L F A L AN EG F R I L KD K I AGQ P ED I D V I Y L FGYG F PRH RGGPM F Y A SMV
Y PN EQVNAM I VQH SAD I GV ARRK I SDQ E I V ER L V Y SMVN EAAH I L E EG I A L RA SD I DMV Y L T GYG F P L F RGGPM F Y AD T V
Y P SQ EVNDM I LQH SKD L G I T RRK I SD E E I V ER L V F A L VN EGAK I L E EG I A SKA SD I DMV Y L T GYG F P L F RGGPM L Y AD T V
I PNA EV V AM I E EH RKA L G I T PRK I SD E E I VQR L V F S L VN EAAH I L E EG I AAKA SD I D I V Y I FGYG F PAH RGGPMN Y AD EV
V PD P EV ER I I ED F RK EQD I S SR E I T DQ E I L ERCMY VMVN EAAK I L E EG I AD RA LD I D V VW I YGYG F PAY RGGPM FWADQV
Q EN PD L A PM L EAA SR EKG I ERQA LD EQY I V ERC I F A L VN EGAK I L E EG I AQR S SD I D V I Y LNGYG F PA F RGGPMY Y AD SV
YQD RD V E L L I LD V CR EKK I MRRD I SRK EM I ER I L F AAVN EAAM L L R E EAV S S S SA I D I AT T FGHG F PAWRGGL CY Y AD K F
QRN RD V E L L T L R I C SQKN I MRRD I SKR E I I ER L L F SAVN EAGT L L R EN V V SR S SA I D - - - - - - - - - - - - - - - - - - - - - - -
R PD RAV E L L I LD V CRKKD I L RRD I S ER E I V ER I I F A I I N EAAK L L GEGAV L S SAD VD V AMT FGYG F PAWKGGV CY Y AD K F
QHN Y ST EY RT I D C SKRRRV T RR P F C E E E I F ER I V F VM I N EAAK I MADG I V T S SAD I D CT SV YG FG F PAWKGGL CY Y ADH V
QHN Y SV EY RT I D C SKRRRV T RR P F C E E E I F ER I V F VMVN EAAK I MADG I V T N SAD I D CT SV YG FG F PAWKGGL CY Y ADH V
QHN Y S S EY RT I D C SKRRR I T RR P F R E E E I F ER I V F AM I N EAAK I MA EG I I T NAAD I D CT SV YGL G F PAWKGGL CY Y ADH V
QHN Y S I EY RT I D C SKRRRV T RR P FH E E E I F ER I V F AMVN EAAK I MADGV I A S SAD I D CT SV Y A FG F PAWKGGL CY Y ADH V
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Figure S2. Alignment of TFEα1 and TFEα2 protein sequences. The TriTrypDB IDs 
(http://tritrypdb.org/tritrypdb/) of trypanosomatid sequences are LmjF.33.2600 (TFE1-Lm), 
LmxM.32.2600 (TFE1-Lmex), LbrM.33.2880 (TFE1-Lb), LtaP33.2830 (TFE1-Lt), Tb927.2.4130 (TFE1-
Tb), TcIL3000_2_640 (TFE1-Tco), TcCLB.507547.40 (TFE1-TcCLB), LmjF.26.1550 (TFE2-Lm), 
LmxM.26.1550 (TFE2-Lmex), LbrM.26.1570 (TFE2-Lb), LtaP26.1590 (TFE2-Lt), TcCLB.508981.39 
(TFE2-TcCLB). The names of TFEs from other species correspond to their GenBank accession numbers. 
Gaps (-) were introduced to maximize the alignments. The graphical output of the Clustal alignment was 
performed with CLC Main Workbench 6. 

GV AN F V A L AD KY AH - - - L GGL YQV T - D AMR E L AANNG SY YQA - - - - - - - - - - - - - - - - -
GLD KY I E L AD S F AD - - - L GP L YQV T - DGL RQRAADGKT F Y - - - - - - - - - - - - - - - - - - -
G SAKY LDMAQQYQH - - - L GP L Y EV P - EGL RN KARHN E PY Y P PV E PAR PV GD L KT A - - - -
GL AN Y V AMAD K L AD - - - L GPAY E I P - QGL RD KAT QGEGY YD AQRQ SA - - - - - - - - - - - -
GL RQ F V ERAN Y L R ER- - HGER F T P P - A L L V S L A EKGA I F E - - - - - - - - - - - - - - - - - - -
GL RK F V ARAQ E L AAR- - YGER FN P P - A L L V EKA EKGET F - - - - - - - - - - - - - - - - - - - -
GL ER F V ARA EA L A ER- - YGER FM P P - ER L RDMARRGEV F A - - - - - - - - - - - - - - - - - - -
GT K E F V EACD K L AQK - - YGPR F T PG- K L L RDMA EKGD T F YGR F A P SK EKAAA - - - - - - -
G I AN V V AA L EQ LQRK - - T KRD Y F A PT ET L KKMA I EGKR F F PT R PY V PYQ ERHGY PKV T Y
G I AN V V AA L EQ LQRK - - T KKD Y F A PT ET L KKMA I DGN R F F ST R PY V PYQ ERHGY PKV T Y
G I AN V V AA L EQ LQ SK - - T KKD Y F A PT ER L KKMA I KGMC F F PN R PY V PYQ ERHGY PKV T F
G I AN V V AA L EQ LQRK - - T KKDH F A PT E S L KKMA I EGKR F F PT R PY V PYQ ERHGY PKV T Y
- - - - - - - - - EV E ER E - - T KK - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
G I A E L VD K L ERHQD K - - YGER F A PC E S L KAMAK E - GQK F YN - - - - - - - - - - - - - - - - - -
GADN L V K I L ERYQT Q - - YGD R F E PCQR L KAMAA E - KAR F F - - - - - - - - - - - - - - - - - - -
G I K S L V EMMND F AKK - - YGD R F A PCDGL L T RAGL - D E S F Y K - - - - - - - - - - - - - - - - - -
GAGEV V A I MQR L AT Q - - YG SR F T PC ER L V EMGAR- GE S FWKT T AT D LQ - - - - - - - - - - -
GPA EV L RK L EH YHD K - - L GER F A PA PH L V EMV KA - GKT F Y PR- - - - - - - - - - - - - - - - -
GAH R F V KKM E E FQ SH - - YGE S F R PCQ L L LDMAAD ST RK FH T K - - - - - - - - - - - - - - - - -
GAGK L V SKMQ S F A E L - - YGA P F K P SQT L LDMAKD P SKK F Y PKT SD AK L - - - - - - - - - - -
GAQK I VD R L KKY EAA - - YGKQ F T PCQ L L ADHAN S PN KK F YQ - - - - - - - - - - - - - - - - - -
GL PT V L EK LQKY Y RQ - N PD I PQ L E P SD Y L RR L V AQG S P P L K EWQ S L AGPH S SK L - - - - -
GL PT V L EK LQKY Y RQ - N PD I PQ L E PCD Y L KK L A S L GN P P L K EWQ S L AGP PG SK L - - - - -
GL ERV L ER L EY YHHA - L PD V PH L E P S P L L KK L V ARG S P P I QKWR EH I K SMH SH L - - - - -
GL PN V L AA I N KY AQG- - HQGGAWK PA P L L V R L A E EG- - - - KG FN S- - - - - - - - - - - - - -
GL YN V AQAMRRYGKG- - YHGEAWK PA P L LQK L AD AG- - - - QG FN S- - - - - - - - - - - - - -
GL FN V VQAMN R F AQN P LDD AK FWQ PA P L L AK L AA EG- - - - KT FN - - - - - - - - - - - - - - -
GLD V I L AAV EKYHAD - - V GGEQWK PAD L L KQ L V ADG- - - - KK FGD L - - - - - - - - - - - - -
GLD KV L ARV K E LHAR- - CG- DWWK PA P L L EK L AA EG- - - - RT F T EWQAGQ - - - - - - - - -
G- L PN V VH RMR I YN KT FGD A L F P L PC E E L RQMA S SQQT F R STWP - - - - - - - - - - - - - - -
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
G- I AN I VH RMR I YN RA FGD AV F P L PCD V L A SMV T SQQT F R SMWQ - - - - - - - - - - - - - - -
AG I D KV V RKMQV YQRA L G S E E F PA PC L A L R EMQAKAT T F A SM F K - - - - - - - - - - - - - - -
AG I D K I V RKM L V YQRA L G S E E F PA PC L A L R EMQAKGMT F A SM F K - - - - - - - - - - - - - - -
AG I D K I V RKMQV YQRA L G S E E F PA PC SA LM EMQAKGMT F A S L F K - - - - - - - - - - - - - - -
AG I DH I VQKMQV YQRA L G S E E F PA PC L V L R EMQAKGKT F ATM FN - - - - - - - - - - - - - - -
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Figure S3. Verification of the ∆tfeα1/∆tfeα1 null mutant. (A) Verification of the ∆tfeα1/∆tfeα1 null 
mutant by integration control PCRs. The lanes of the gel are numbered according to the primer 
combinations used. (B) Southern blot analysis of the ∆tfeα1/∆tfeα1 null mutant. Hybridization of KpnI-
digested wild-type genomic DNA with the TFEα1 probe revealed the expected  2.2 kb band, whereas loss 
of this band in the ∆tfeα1/∆tfeα1 genomic DNA is diagnostic for loss of the TFEα1 gene. As a control, 
hybridization of the same blot with the fumarate reductase (FRD) probe showed the identical band pattern 
in both wild-type and ∆tfeα1/∆tfeα1 cell lines, corresponding to the FRDg and FRDm2 genes. DNA 
fragment sizes are indicated in kilobases (kb). 
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Table S4. Proteomic analysis of a glycosomal preparation. From proteome analysis of the post-large 
granule fraction from WT and ∆tfeα1/∆tfeα1 cell lines, only the glycosomal enzymes, identified with 
high confidence (group III) in Güther et al. [38] are shown in this table. The TriTrypDB ID and name of 
each protein is indicated in the 1st and 2nd columns. The data represent the SEM of 3 analyses of the same 
samples (technical replicate). Log10 of the “mean” values are used in Figure 4.5B. The last column 
indicates the ratio between the WT and ∆tfeα1/∆tfeα1 data. 
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6.2.1	
  Oligonucleotides	
  and	
  plasmids	
  

name	
   	
   	
   sequence(5’-­‐3’)	
   	
   	
   function	
  
ACL_up	
  	
   	
   GGCCATTACGGCCAACATGGCA	
   amplification	
  of	
  putative	
  TbCL	
  
	
   	
   	
   GCCACCGGCGTCTTC	
   	
   	
   without	
  N-­‐terminal	
  10	
  aa;	
  SfiI	
  site	
  
ACL_low	
   	
   GGCCGAGGCGGCCCTAAACGAC	
   amplification	
  of	
  putative	
  TbCL	
  
	
   	
   	
   CGATCCTTGTGG	
   	
   	
   without	
  N-­‐terminal	
  10	
  aa;	
  SfiI	
  site	
  
ACL_SKL_low	
   	
   GGCCGAGGCGGCCCTACAATTT	
  	
   amplification	
  of	
  putative	
  TbCL	
  
	
   	
   	
   GCTAACGACCGATCCTTGTGG	
   	
   without	
  N-­‐terminal	
  10	
  aa;	
  SfiI	
  site	
  
	
   	
   	
   	
   	
   	
   	
   	
   With	
  ScMLS1	
  PTS	
  signal	
  
ICL1_up	
   	
   GGCCATTACGGCCAACATGCCT	
  	
   amplification	
  of	
  ScICL1	
  gene	
  
	
   	
   	
   ATCCCCGTTGGAAAT	
   	
   	
   SfiI	
  site	
  
ICL1_low	
   	
   GGCCGAGGCGGCCCTATTTCTT	
  	
   amplification	
  of	
  ScICL1	
  gene	
  
	
   	
   	
   TACGCCATTTTC	
   	
   	
   SfiI	
  site	
  
MLS1_up	
   	
   GGCCATTACGGCCAACATGGTTA	
   amplification	
  of	
  ScMLS1	
  gene	
  
	
   	
   	
   AGGTCAGTTTGGAT	
   	
   	
   SfiI	
  site	
  
MLS1_low	
   	
   GGCCGAGGCGGCCTCACAATTTGC	
   amplification	
  of	
  ScMLS1	
  gene	
  
	
   	
   	
   TCAAATCAGT	
   	
   	
   	
   SfiI	
  site	
  
	
  
The	
   obtained	
   PCR	
   products	
   have	
   been	
   sequenced	
   and	
   then	
   cloned	
   into	
   the	
   PCR4-­‐TOPO	
   vector	
  
(Invitrogen),	
  digested	
  with	
  SfiI	
   and	
  subsequently	
  cloned	
   into	
   the	
  yeast	
  expression	
  vector	
  pBL100	
  
((Schussler	
   et	
   al.,	
   2006);	
   pDR196sfi).	
   The	
   PCR	
   products	
   have	
   been	
   sequenced	
   and	
   due	
   to	
   an	
  
observed	
   allelic	
   polymorphism	
   of	
   the	
   CL	
   candidate	
   gene,	
   two	
   (allelic	
   variants)	
   clones	
   have	
   been	
  
analyzed	
  for	
  each	
  construct.	
  
	
  
name	
   	
   	
   sequence(5’-­‐3’)	
   	
   	
   	
   function	
  
5'ACL-­‐TY_2	
   	
   CGAATTCCCCAAGCTTTATGTGG	
   	
   amplification	
  of	
  putative	
  
	
   	
   	
   AAATGTTACCCTCTTCGCT	
   	
   	
   TbCL;	
  C-­‐terminal	
  Ty1	
  tag	
  
3'ACL-­‐TY_2	
   	
   CGAATTCCTAGGATCCTCA	
   	
   	
   amplification	
  of	
  putative	
  
	
   	
   	
   GTCAAGTGGGTCCTGGTTAGTATGGACCTC	
   TbCL;	
  C-­‐terminal	
  Ty1	
  tag	
  
	
   	
   	
   AACGACCGATCCTTGTGGCA	
   	
   	
   	
  
	
  
The	
   obtained	
   PCR	
   product	
   has	
   been	
   cloned	
   into	
   pLew100v5	
   (George	
   Cross,	
   New	
   York)	
   via	
  
HindIII/BamHI.	
   Due	
   to	
   the	
   allelic	
   polymorphism,	
   both	
   alleles	
   have	
   been	
   cloned	
   and	
   tested	
   in	
  
enzymatic	
  activity	
  assays	
  after	
  overexpression	
  in	
  EATRO	
  1125	
  T7T	
  cells.	
  

6.2.2	
  Yeast	
  complementation	
  

yeast	
  strains:	
  
BY	
  4741	
  ∆icl1	
   	
   	
   null	
  mutant	
  of	
  the	
  ICL1	
  gene	
  
BY	
  4741	
  ∆mls1	
  	
   null	
  mutant	
  of	
  the	
  MLS1	
  gene	
  
Media:	
  	
  
Hartwell’s	
  complete	
  medium:	
  HC-­‐U	
  (Amberg	
  et	
  al.,	
  2005)	
  without	
  uracil;	
  instead	
  of	
  2%	
  glucose	
  also	
  
2%	
   EtOH	
   or	
   2%	
   acetate	
   have	
   been	
   added	
   respectively.	
   The	
   transformation	
   has	
   been	
   performed	
  
according	
  to	
  (Gietz	
  and	
  Schiestl,	
  2007).	
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6.2.3	
  Antibodies	
  

αPFR	
  A/C	
  (L13D6)	
   	
   monoclonal	
  antibody	
  (mouse)	
  against	
  TbPFR-­‐A/C,	
  
	
   	
   	
   	
   by	
  K.	
  Gull,	
  Manchester	
  (Kohl	
  et	
  al.,	
  1999)	
  
αHSP60	
   	
   	
   monoclonal	
  antibody	
  (mouse)	
  against	
  heat	
  shock	
  protein60	
  
	
   	
   	
   	
   F.	
  Bringaud,	
  Bordeaux	
  (Bringaud	
  et	
  al.,	
  1995)	
  
αPGKB	
  	
   	
   	
   polyclonal	
  antibody	
  (rabbit)	
  against	
  recombinant	
  
	
   	
   	
   	
   TbPGKB	
  by	
  P.	
  Michels,	
  Brussels;	
  1:5000	
  
αASCT	
   	
   	
   	
   polyclonal	
  antibody	
  (rabbit)	
  against	
  recombinant	
  	
   	
  
	
   	
   	
   	
   TbASCT	
  by	
  F.	
  Bringaud,	
  Bordeaux	
  (Riviere	
  et	
  al.,	
  2004)	
  
αPPDK	
  	
   	
   	
   polyclonal	
  antibody	
  (rabbit)	
  against	
  recombinant	
  TbPPDK	
  	
  
	
   	
   	
   	
   by	
  F.	
  Bringaud,	
  Bordeaux	
  (Bringaud	
  et	
  al.,	
  1998)	
  
αACL	
   	
   	
   	
   polyclonal	
  antibody	
  (rabbit)	
  against	
  recombinant	
  TbCL	
  
	
   	
   	
   	
   S.	
  Allmann,	
  Munich.	
  animal	
  2,	
  bleed:	
  180th	
  day,	
  1:2000	
  
	
  
The	
   antibodies	
   from	
   Pineda	
   Antikörperservice	
   (αACL,	
   αCS,	
   αIDHg,	
   αIDHm)	
   have	
   been	
   raised	
  
according	
  to	
  the	
  standard	
  protocol,	
  but	
  with	
  differences	
  in	
  the	
  immunization	
  period.	
  
Protocol:	
  
day	
  1:	
   	
   	
   primary	
  immunization,	
   i.d.,	
   FCA	
  
day	
  20:	
  	
   1st	
  boost	
   	
   	
   s.c.,	
  	
  	
  	
  	
  	
  	
  FIA	
  
day	
  30:	
  	
   2nd	
  boost	
   	
   	
   s.c.,	
  	
   FIA	
  
day	
  40:	
  	
   3rd	
  boost	
   	
   	
   s.c.,	
  	
   FIA	
   blood	
  withdrawal	
  
day	
  61:	
  	
   4th	
  boost	
   	
   	
   s.c.,	
  	
   FIA	
  
day	
  75:	
  	
   5th	
  boost	
   	
   	
   s.c.,	
  	
   FIA	
   blood	
  withdrawal	
  
day	
  90:	
  	
   6th	
  boost	
   	
   	
   s.c.,	
  	
   FIA	
   blood	
  withdrawal	
  
following	
  months:	
  
every	
  14	
  days:	
   boost	
  	
   	
   	
   	
   s.c.,	
  	
   FIA	
  
every	
  30	
  days:	
   	
   	
   	
   	
   	
   	
   blood	
  withdrawal	
  
Abbreviations:	
   i.d.,	
   intradermal;	
   s.c.,	
   subcutan;	
   FCA,	
   Freund’s	
   complete	
   adjuvant;	
   FIA,	
   Freund’s	
  
incomplete	
  adjuvant.	
  

6.2.4	
  Trypanosoma	
  brucei	
  cell	
  lines	
  

Wildtype	
  strains:	
  
T.	
  brucei	
  AnTat	
  1.1	
  	
   	
   	
   (Antwerp	
  Trypanozoon	
  antigen	
  type	
  1.1)	
  Clone	
  of	
  	
  
	
   	
   	
   	
   	
   EATRO1125	
  from	
  E.	
  Pays	
  (Brussels,	
  Belgium)	
  and	
  P.	
  	
  
	
   	
   	
   	
   	
   Overath	
  (Tübingen)	
  (Geigy	
  et	
  al.,	
  1975)	
  
T.	
  brucei	
  EATRO	
  1125	
   	
   	
   from	
  F.	
  Bringaud	
  (Bordeaux,	
  France)	
  (Bringaud	
  et	
  al.,	
  2000)	
  
	
  
Transgenic	
  strains:	
  
AnTat	
  1.1	
  1313	
   	
   	
   Tetracyclin-­‐repressor	
   cell	
   line	
   based	
   on	
   AnTat	
   1.1,	
   Tet-­‐
	
   	
   	
   	
   	
   Repressor-­‐Vector:	
  pHD1313	
  (Alibu	
  et	
  al.,	
  2005)	
  
EATRO	
  1125	
  T7T	
   	
   	
   Tetracyclin-­‐repressor	
  cell	
  line	
  based	
  on	
  EATRO	
  1125	
  	
  
	
   	
   	
   	
   	
   (Bringaud	
   et	
   al.,	
   2000),	
   Tet-­‐Repressor-­‐Vector	
   pHD114,	
  
	
   	
   	
   	
   	
   T7-­‐Vector	
  pHD328	
  
AnTat	
  1.1	
  1313	
  ∆ACL	
  C9	
   	
   deletion	
   mutant	
   of	
   the	
   CL	
   candidate	
   gene,	
   (Riviere	
   et	
   al.,	
  
2009)	
  
EATRO	
  1125	
  T7T	
  ACL-­‐Ty1	
  1	
   	
   inducible	
  overexpression	
  cell	
  line	
  for	
  Ty1-­‐tagged	
  CL	
  protein.	
  
	
   	
   	
   	
   	
   Vector:	
  pLew100v5,	
  G.	
  Cross,	
  NYC.	
  allele	
  1	
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EATRO	
  1125	
  T7T	
  ACL-­‐Ty1	
  5	
   	
   inducible	
  overexpression	
  cell	
  line	
  for	
  Ty1-­‐tagged	
  CL	
  protein.	
  
	
   	
   	
   	
   	
   Vector:	
  pLew100v5,	
  G.	
  Cross,	
  NYC.	
  allele	
  2	
  

6.2.5	
  Immunoblotting	
  

SDS-­‐PAGE	
   and	
   immunoblotting	
   has	
   been	
   performed	
   as	
   described	
   in	
   the	
   material	
   and	
   methods	
  
section	
  of	
  (Allmann	
  et	
  al.,	
  2013)	
  (chapter	
  3).	
  

6.2.6	
  Digitonin	
  fractionation	
  

Subcellular	
  fractionation	
  of	
  T.	
  brucei	
  cells	
  has	
  been	
  performed	
  as	
  described	
  in	
  (Allmann	
  et	
  al.,	
  2013)	
  
(chapter	
  3).	
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