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What's	
  in	
  a	
  proteome?	
  
Lessons	
  from	
  a	
  visual	
  account	
  of	
  
protein	
  investment	
  in	
  cellular	
  

func6ons	
  	
  

Ron Milo 
 



Ask	
  us	
  about……	
  

•  Glycoly/c	
  strategy	
  as	
  a	
  tradeoff	
  between	
  
energy	
  yield	
  and	
  protein	
  cost	
  (Avi	
  Flamholz)	
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Ask	
  us	
  about……	
  

•  Glycoly/c	
  strategy	
  as	
  a	
  tradeoff	
  between	
  
energy	
  yield	
  and	
  protein	
  cost	
  (Avi	
  Flamholz)	
  

•  Enzyme	
  cost	
  of	
  metabolic	
  pathway	
  fluxes	
  
(Wolf	
  Liebermeister)	
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Ask	
  us	
  about……	
  
•  Glycoly/c	
  strategy	
  as	
  a	
  tradeoff	
  between	
  energy	
  yield	
  and	
  

protein	
  cost	
  (Avi	
  Flamholz)	
  
•  Enzyme	
  cost	
  of	
  metabolic	
  pathway	
  fluxes	
  (Wolf	
  

Liebermeister)	
  	
  

•  Increased	
  concentra/on	
  of	
  proteins	
  with	
  
growth	
  rate	
  can	
  result	
  from	
  passive	
  resource	
  
redistribu/on	
  (Uri	
  Barenholz)	
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In	
  search	
  of	
  a	
  quan/ta/ve	
  view	
  of	
  the	
  proteome	
  

•  When	
  you	
  sum	
  over	
  recent	
  reports:	
  
60	
  million	
  in	
  S.	
  pombe	
  (volume	
  ≈100	
  um3)	
  ;	
  	
  
1-­‐2	
  billion	
  in	
  Hela/U2OS	
  cell	
  lines	
  (volume	
  ≈3000	
  um3)	
  	
  

•  How	
  can	
  we	
  make	
  a	
  sanity	
  check?	
  
•  What	
  will	
  a	
  back	
  of	
  the	
  envelope	
  calcula/on	
  suggest?	
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Many	
  more	
  examples	
  in:	
  	
  
“Cell	
  Biology	
  by	
  the	
  Numbers”	
  	
  
à	
  freely	
  available	
  electronically	
  

estimating the number of proteins per cell volume

N
V

cp

laa x  maa

number of
proteins per

cell volume
=

N
V

Da
g0.2 [g/ml] x   6 x 1023 10–12

3 x 106
x

aa
protein

ml
µm3 proteins

µm3
350 Da

aa110x
=

protein mass per volume (     0.2 g/ml)

Avogadro’s number

mass aa  (     110 Da)

aa per protein  (     350                   )aa
protein

organism

E. coli

budding yeast

HeLa cell line

number of proteins

     3 x 106

     100 x 106

     10 x 109

characteristic volume

     1 µm3

     30 µm3

     3,000 µm3



In	
  search	
  of	
  a	
  quan/ta/ve	
  view	
  of	
  the	
  proteome	
  

•  2-­‐4	
  million	
  proteins	
  per	
  micron	
  cubed	
  
–  i.e.	
  ≈3	
  million	
  in	
  E.	
  coli	
  medium	
  growth	
  rate;	
  ~100	
  million	
  in	
  
budding	
  yeast;	
  ~10	
  billion	
  in	
  a	
  human	
  cell	
  line	
  

–  Several	
  publica/ons	
  probably	
  require	
  normaliza/on	
  factors	
  
–  Sanity	
  checks	
  are	
  useful…	
  
–  “What	
  is	
  the	
  total	
  number	
  of	
  protein	
  molecules	
  per	
  cell	
  volume?	
  
A	
  call	
  to	
  rethink	
  some	
  published	
  values”	
  (Bioessays	
  2013)	
  
	
  

•  What	
  are	
  the	
  func6ons	
  that	
  require	
  the	
  most	
  protein	
  
investment	
  in	
  a	
  cell?	
  

•  What	
  are	
  the	
  “top	
  10”	
  most	
  highly	
  expressed	
  proteins?	
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Novel	
  methodologies	
  measure	
  proteome-­‐wide	
  
abundances	
  in	
  a	
  variety	
  of	
  model	
  organisms	
  	
  
	
  
	
  

On	
  what	
  does	
  the	
  cell	
  spend	
  its	
  budget?	
  
How	
  can	
  we	
  convey	
  all	
  this	
  informa6on	
  visually?	
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The	
  power	
  of	
  global	
  cross	
  fer/liza/on	
  

•  Wolfram	
  Liebermeister	
  –	
  Charité	
  University	
  Berlin	
  

•  Jörg	
  Bernhardt	
  -­‐	
  Greifswald	
  University	
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MS	
  data	
  from:	
  
Nagaraj	
  2012	
  

Proteomaps	
  are	
  Voronoi	
  tree	
  maps	
  
	
  
	
  
Proteomaps	
  give	
  a	
  quan/ta/ve	
  view	
  of	
  
cellular	
  investment	
  in	
  the	
  proteome	
  
from	
  single	
  protein	
  level	
  through	
  
specific	
  func/ons	
  to	
  broad	
  func/onal	
  
categories	
  



Proteomaps	
  enable	
  quan/ta/ve	
  
visualiza/on	
  of	
  the	
  proteome	
  

MS	
  data	
  from:	
  Nagaraj	
  2012	
  

•  Polygon	
  size	
  is	
  
propor/onal	
  to	
  
abundance	
  	
  

•  We	
  usually	
  calculate	
  length	
  
weighted	
  (i.e.	
  amino	
  acid	
  
investment)	
  but	
  also	
  present	
  on	
  
website	
  by	
  copy	
  numbers	
  



•  Metabolism	
  and	
  the	
  
Central	
  dogma	
  
dominate	
  the	
  
investment	
  in	
  single-­‐cell	
  
organisms	
  

•  Signaling	
  (green)	
  is	
  a	
  
minor	
  frac/on	
  

MS	
  data	
  from:	
  Nagaraj	
  2012	
  

Proteomaps	
  enable	
  quan/ta/ve	
  
visualiza/on	
  at	
  the	
  func/onal	
  level	
  



•  Func/onal	
  clustering	
  
and	
  color	
  code	
  

•  Investment	
  in	
  central	
  
dogma	
  is	
  not	
  
homogenous:	
  
Transla/on>>Transcrip/on	
  
Transla/on>>	
  Replica/on	
  

MS	
  data	
  from:	
  Nagaraj	
  2012	
  

Proteomaps	
  enable	
  quan/ta/ve	
  
visualiza/on	
  at	
  the	
  func/onal	
  level	
  



•  Func/onal	
  clustering	
  
and	
  color	
  code	
  

•  Glycolysis	
  >10%	
  of	
  
proteome	
  though	
  
<1%	
  of	
  genome	
  
	
  

MS	
  data	
  from:	
  Nagaraj	
  2012	
  

Proteomaps	
  enable	
  quan/ta/ve	
  
visualiza/on	
  at	
  the	
  func/onal	
  level	
  



Proteomaps	
  enable	
  quan/ta/ve	
  
visualiza/on	
  of	
  the	
  proteome	
  

•  Most	
  abundant	
  proteins	
  
are	
  easily	
  recognized	
  	
  

•  Our	
  brains	
  are	
  good	
  at	
  
extrac/ng	
  informa/on	
  
from	
  images	
  	
  

•  Our	
  intui/on	
  &	
  memory	
  
gains	
  from	
  images	
  (rather	
  
than	
  only	
  tables	
  etc.)	
  

MS	
  data	
  from:	
  Nagaraj	
  2012	
  



Func/onal	
  clustering	
  of	
  proteome	
  based	
  on	
  
KEGG	
  Pathway	
  Maps	
  ontology	
  

Gene6c	
  Informa6on	
  Processing	
  
Transcrip/on 	
  	
  
Transla/on 	
  	
  
Folding,	
  Sor/ng	
  and	
  Degrada/on	
  
DNA	
  maintenance 	
  	
  
RNA	
  family	
  

Environmental	
  Informa6on	
  Processing	
  
Signal	
  Transduc/on 	
  	
  
Signaling	
  Molecules	
  and	
  Interac/on	
  

Cellular	
  Processes 	
  	
  
Cytoskeleton 	
  	
  
Cell	
  cycle	
  	
  
Transport	
  
Cell	
  Mo/lity 	
  	
  
Cell	
  Growth	
  and	
  Death 	
  	
  
Cell	
  Communica/on	
  

Metabolism 	
  	
  
Carbohydrate	
  Metabolism 	
  	
  
Energy	
  Metabolism 	
  	
  
Lipid	
  Metabolism 	
  	
  
Nucleo/de	
  Metabolism 	
  	
  
Amino	
  Acid	
  Metabolism 	
  	
  
Metabolism	
  of	
  Other	
  Amino	
  Acids 	
  	
  
Glycan	
  Biosynthesis	
  and	
  Metabolism 	
  	
  
Metabolism	
  of	
  Cofactors	
  and	
  Vitamins	
  	
  
Metabolism	
  of	
  Terpenoids	
  and	
  Polyke/des	
  
Biosynthesis	
  of	
  Other	
  Secondary	
  Metabolites	
  
Xenobio/cs	
  Biodegrada/on	
  and	
  Metabolism	
  
Further	
  enzymes	
  

Not	
  mapped	
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Proteomaps	
  are	
  created	
  
as	
  consecu/vely	
  refined	
  
Voronoi	
  diagrams	
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Bernhardt	
  J,	
  Funke	
  S,	
  Hecker	
  M,	
  Siebourg	
  J	
  (2009)	
  in	
  Sixth	
  
Interna/onal	
  Symposium	
  on	
  Voronoi	
  Diagrams,	
  pp.	
  233-­‐241	
  



Proteome	
  wide	
  quan/fica/on	
  and	
  
mapping	
  has	
  various	
  caveats 	
  	
  

•  Quan/fica/on	
  issues:	
  	
  
–  Biases	
  in	
  extrac/on	
  (compartments	
  etc.)	
  
–  Biases	
  due	
  to	
  tagging/spectrometry	
  

•  Mapping	
  issues:	
  
–  A	
  protein	
  is	
  forced	
  to	
  belong	
  to	
  only	
  one	
  func/onal	
  class	
  
– Mapping	
  is	
  determinis/c	
  but	
  not	
  unique	
  (local	
  minimum)	
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A	
  2D	
  /ling	
  (e.g.	
  proteomap)	
  has	
  
advantages	
  over	
  a	
  pie	
  or	
  bar	
  diagram	
  	
  

19	
  



Different	
  measurement	
  
methods	
  are	
  quite	
  

consistent	
  

Data	
  from:	
  Nagaraj,	
  2012;	
  	
  
Newman,	
  2006	
  



GO	
  annota/on	
  is	
  less	
  suitable	
  due	
  to	
  a	
  different	
  
hierarchy	
  tree	
  structure	
  	
  

(we	
  use	
  the	
  well	
  balanced	
  KEGG	
  hierarchy)	
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Compara/ve	
  view	
  of	
  the	
  proteome:	
  
commonali/es	
  and	
  species-­‐specific	
  trends	
  

Data	
  from:	
  Kühner,	
  2009,	
  Lu,	
  2007	
  	
  
	
  

Hela	
  cell	
  line	
  



Top	
  proteins	
  abundance	
  and	
  func/on	
  

•  Highest	
  expressing	
  protein	
  usually	
  3-­‐5%	
  of	
  proteome	
  
•  Usually	
  10-­‐20	
  proteins	
  >1%	
  of	
  proteome	
  each	
  
•  Common	
  top	
  10	
  stars:	
  Glycoly/c	
  (Eno,	
  Gap,	
  Pgk,	
  Pyk),	
  
Elonga/on	
  factors	
  (Tuf/Yef),	
  Chaperones	
  (GroEL,	
  DnaK)	
  

Hela	
  cell	
  line	
  

Data	
  from:	
  Kühner,	
  2009,	
  Lu,	
  2007	
  	
  
	
  



How	
  different	
  is	
  a	
  human	
  cell	
  line	
  from	
  
other	
  human	
  cell	
  lines	
  and	
  from	
  the	
  

same	
  cell	
  line	
  in	
  chimp?	
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How	
  similar	
  are	
  different	
  cell	
  lines?	
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How	
  similar	
  are	
  we	
  to	
  a	
  chimp?	
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How	
  different	
  is	
  a	
  
human	
  cell	
  line	
  

from	
  other	
  human	
  
cell	
  lines	
  and	
  from	
  
the	
  same	
  cell	
  line	
  

in	
  chimp?	
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Proteomaps	
  can	
  serve	
  as	
  a	
  learning	
  
and	
  research	
  tool	
  	
  

•  Way	
  to	
  interac/vely	
  explore	
  abundant	
  proteins	
  
and	
  func/onal	
  categories	
  

•  Our	
  intui/on	
  &	
  memory	
  gains	
  from	
  images	
  
(rather	
  than	
  only	
  tables	
  etc.)	
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Check	
  out	
  in	
  website	
  how	
  you	
  
can	
  hover	
  over	
  a	
  func6onal	
  
group	
  or	
  protein	
  to	
  find	
  frac6on	
  
and	
  number	
  of	
  copies	
  and	
  also	
  
func6onal	
  annota6on	
  in	
  KEG	
  



Towards	
  a	
  quan/ta/ve	
  view	
  of	
  all	
  cell	
  cons/tuents	
  

•  A	
  flood	
  of	
  proteome	
  wide	
  data	
  is	
  
on	
  the	
  way	
  

•  Various	
  organisms,	
  condi/ons,	
  
perturba/ons	
  

•  Also	
  useful	
  for	
  transcriptome,	
  
metabolome,	
  dry	
  mass	
  etc.	
  

•  Where	
  cell	
  resources	
  are	
  invested	
  
(biomass,	
  nitrogen,	
  ribosome	
  machinery,	
  
cell	
  volume,	
  	
  folding	
  and	
  solubility)	
  

Neidhardt	
  et	
  al,	
  1990	
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www.proteomaps.net	
  



The	
  Proteomaps	
  team	
  

•  Elad	
  Noor	
  &	
  Avi	
  Flamholz	
  &	
  Dan	
  Davidi	
  -­‐	
  Weizmann	
  
Ins/tute	
  
	
  
	
  
	
  
	
  

	
  
•  Wolfram	
  Liebermeister	
  –	
  Charité	
  University	
  Berlin	
  
•  Jörg	
  Bernhardt	
  -­‐	
  Greifswald	
  University	
  
•  More	
  at:	
   	
  hwp://www.proteomaps.net/	
  

	
   	
  Liebermeister	
  et	
  al,	
  PNAS	
  2014	
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E.	
  coli,	
  Exponen/al	
  growth	
  on	
  minimal	
  media

Data	
  from:	
  
	
  Lu,	
  2007	
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