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Overview	  

  Strategies	  quan1fica1on,	  
challenges	  and	  limits	  

  Global	  quan1fica1on	  of	  a	  
proteome	  

  Label-‐free	  quan1fica1on	  or	  
label-‐mediated	  quan1fica1on?	  
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What	  is/are	  the	  iden11es	  of	  the	  proteins	  in	  
this	  prepara1on?	  

Post-‐transla1onal	  modifica1ons	  
Intracellular	  stability	  

Rela1ve	  quan1fica1on	  “Protein	  Z	  is	  2.5	  ±	  0.2	  
=mes	  more	  abundant	  in	  Cell	  A	  than	  Cell	  B”	  

Absolute	  quan1fica1on	  “Protein	  Z	  present	  at	  
0.1	  amol/cell	  A,	  2.5	  amol/cell	  B”	  

Iden1fica1on	  

Characterisa1on	  

Quan1ta1ve	  
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The problem of protein ‘species’ 
 Post-translational space 

Proteome dynamics 
 Post-translational space 

Protein dynamics 
 Proteome turnover and 
 intracellular protein dynamics 

Dynamic range 
 Proteome depth and ion 
statistics 

Surrogacy 
 Are peptides suitable for 
protein quantification? 

Proteolysis 
 The essentiality of 
complete digestion to 
limit peptides 



Label-‐mediated	  
(differen1al	  isotope	  labelling)	  

Rela1ve	  (in	  vitro)	  
	  ITRAQ,	  ICAT,	  etc	  

Rela1ve	  (in	  vivo)	  
	  SILAC,	  etc	  

Absolute	  
	  AQUA,	  QconCAT	  

Label-‐free	  
(Absolute	  &	  rela1ve)	  

Precursors	  (MS)	  
	  coun1ng	  
	  intensity	  

Fragments	  (MS/MS)	  
	  coun1ng	  
	  intensity	  



The	  scale	  of	  the	  challenge	  
[ 10 million cells ] 

~2.5mg protein = 250pg/cell 

Digest 100µg/200µL digest 
(0.5 million cells in digest) 

Apply 1000ng ‘protein’ (1µL) 
~4,000 cells on column 

0.06mg protein = 6pg/cell 

Digest 100µg/200µL digest 
(17 million cells in digest) 

Apply 1000ng ‘protein’ (1µL) 
~170,000 cells on column 

Lowest sensitivity= 
15,000 copies/cell 

Lowest sensitivity= 
360 copies/cell 

Yeast HeLa 

QqQ  @ 100attomol 
=60,000,000 molecules 



•  Mass	  tagged	  internal	  standards	  (quantotypic	  pep1des,	  Q-‐
pep1des)	  

•  Synthesised	  as	  a	  concatamer	  by	  de	  novo	  gene	  synthesis	  

•  Expressed	  as	  a	  heterologous	  QconCAT	  ar1ficial	  protein	  in	  
bacteria,	  labelled	  with	  stable	  isotopes	  in	  the	  medium	  

•  Co-‐digested	  with	  analyte,	  leading	  to	  heavy:light	  pep1de	  ions	  
for	  quan1fica1on	  

•  All	  pep1des	  stoichiometrically	  1:1	  



Candidate	  
proteins	  

Dra^	  
QconCAT	  

Final	  
QconCAT	  

Op1mal	  
quantotypic	  
pep1des	  

Expression	  method	  

Plasmid	  

Hypothesis	  

Expression	  

Analyte	  

Verifica1on	  

Co-‐proteolysis	  

Purifica1on	  

LC-‐MS	  

Gene	  synthesis,	  typically	  6	  weeks	  



•  Mass	  tagged	  internal	  standards	  (Q-‐pep1des)	  

•  At	  least	  one	  Q-‐pep1de	  per	  analyte	  protein	  

•  Mul1ple	  Q-‐pep1des	  conCATenated	  in	  silico	  	  
•  Addi1on	  of	  features	  

•  Reverse	  translated,	  codon	  op1mised	  to	  synthe1c	  gene	  

•  Op1misa1on	  of	  mRNA	  secondary	  structure	  

•  Expressed	  as	  a	  heterologous	  QconCAT	  ar1ficial	  protein,	  
labelled	  with	  stable	  isotopes	  in	  the	  media	  



Nominate	  target	  protein	  set	  
(n=20-‐50)	  

Select	  Q-‐pep1des	  on	  the	  
basis	  of	  prior	  knowledge,	  
predic1on	  or	  experience	  

(Replica1on=2)	  

Beynon	  et	  al.,	  Nature	  Methods.	  (2005)	  2:587	  
Pra<	  et	  al.,	  Nature	  Protocols	  (2006)	  1:1029	  
Rivers	  et	  al.,	  MCP	  (2007)	  6:1416	  



Selected	  Q-‐pep1des	  

Concatenate	  and	  
reverse	  translate	  in	  
silico	  for	  QconCAT	  

gene	  design	  /
expression	  

Add	  features:	  

N cycles of optimisation 

Met1 ter	  

His	  tag	  

Beynon	  et	  al.,	  Nature	  Methods.	  (2005)	  2:587	  
Pra<	  et	  al.,	  Nature	  Protocols	  (2006)	  1:1029	  
Rivers	  et	  al.,	  MCP	  (2007)	  6:1416	  

N-STD 
C-STD 



641	  pep1des	  
~	  10:1,	  3	  proteins	  with	  2	  pep1des	  only	  

819	  pep1des	  
Mis-‐cleavage	  poten1al	  [K/R-‐X-‐E/D]	  

1,026	  pep1des	  
Sequence	  or	  mass	  similarity?	  

3,186	  pep1des	  
Composi1on	  filters	  [-‐Met,	  -‐Q(n)]	  

63	  chaperonins	  
Trypsin	  fragmenta1on	  

4,600	  proteins	  
Filtered	  by	  func1onal	  group	  

MRM	  
Atlas	  

Pep1de	  
Atlas	  

Protein	  
DB	  



•  Op1misa1on	  
•  Codon	  op1misa1on,	  	  

•  GA	  'directed	  random	  walk’	  to	  assess	  ‘fitness’	  of	  gene	  variants,	  based	  on	  
codon	  usage,	  mRNA	  2°	  structure,	  GC	  content,	  repe11ve	  mo1fs	  

•  Synthesis	  of	  oligonucleo1des	  
•  Overlapping	  50mers,	  5’	  phosphoryla1on,	  	  

•  Liga1on	  (highT	  ligase)	  

•  PCR	  amplifica1on	  	  vector	  sequence	  

www.polyquant.com	  



Glufib	   RELA_T23	  

RELA_T19	   RELB_T46	  

RELB_T15	   CREL_T23	   CREL_T33	  

P105_T79	   P105_T60	  

P105_T48	   P50_T5	   P50_T18	  

P100_T82	  

P100_T71	   P52_T7	  

P52_T13	   IKBA_T11	  

IKBA_T18	   IKBB_T15	  

IKBB_T19	   IKBE_T13	  

IKBE_T24	   His-‐TAG	  

CATATGGGCACCAAAGAAGGCGTAAACGACAACGAGGAAGGCTTCTTCAGCGCTCGTCTGCCGCCAGTGCTGCCACATCCGATCTTCGACAACCGCATCCAG 
    M  G  T  K  E  G  V  N  D  N  E  E  G  F  F  S  A  R  L  P  P  V  L  P  H  P  I  F  D  N  R  I  Q 

ACCAACAACAACCCGTTCCAGGTGCCGATCGAAGAACAGCGTCTGACCGACGGTGTGTGTTCCGAACCGCTGCCGTTTACCTATCTGCCGCGTTCTGCGGGT 
 T  N  N  N  P  F  Q  V  P  I  E  E  Q  R  L  T  D  G  V  C  S  E  P  L  P  F  T  Y  L  P  R  S  A  G 

TCTATCCTCGGTGAAAGCTCCACGGAAGCGTCCAAACAGCTGAACGACATCGAGGACTGCGACCTGAACGTTGTGCGTGGCATCTTCAGCCAGGCAGATGTA 
 S  I  L  G  E  S  S  T  E  A  S  K  Q  L  N  D  I  E  D  C  D  L  N  V  V  R  G  I  F  S  Q  A  D  V 

CACCGTCTGGGTCTGGGCATCCTGAACAACGCCTTCCGTGACCTGCTGGAAGTGACCTCTGGCCTGATCAGCGATGACATCATCAACATGCGTCACGGCACC 
 H  R  L  G  L  G  I  L  N  N  A  F  R  D  L  L  E  V  T  S  G  L  I  S  D  D  I  I  N  M  R  H  G  T 

ATGGACACCGAGTCTAAATACGTCTGCGAAGGTCCGTCTCACGGTGGTCTGCCGGGTGCGTCTTCCGAGAAAGGTTACAACCCGGGTCTGCTCGTTCACCCG 
 M  D  T  E  S  K  Y  V  C  E  G  P  S  H  G  G  L  P  G  A  S  S  E  K  G  Y  N  P  G  L  L  V  H  P 

GATCTGGCTTACCTGCAGGCTGAAGGTGGTGGCGATCGTAGCTACGAACTGGCAGGTGGTGACCTGGCTGGTCTGCTGGAGGCACTGTCTGATATGGGTCTG 
 D  L  A  Y  L  Q  A  E  G  G  G  D  R  S  Y  E  L  A  G  G  D  L  A  G  L  L  E  A  L  S  D  M  G  L 

GAAGAAGGCGTTCGCACCTTTGCGGGTAACACTCCACTGCACCTGGCAGCTGGTCTGGGTTATCCGACTCTCACCCGTTACGGTTGCGAAGGTCCGTCTCAT 
 E  E  G  V  R  T  F  A  G  N  T  P  L  H  L  A  A  G  L  G  Y  P  T  L  T  R  Y  G  C  E  G  P  S  H 

GGTGGTCTGCCAGGTGCCTCCTCTGAAAAAGCGCACGCACACTCTCTGGTCGGCAAACAGCAGCTGACCGAAGACGGTGATTCCTTCCTGCACCTGGCGATC 
 G  G  L  P  G  A  S  S  E  K  A  H  A  H  S  L  V  G  K  Q  Q  L  T  E  D  G  D  S  F  L  H  L  A  I 

ATCCACGAAGAGAAAACGGCACTGCACCTGGCGGTTGATCTGCAGAACCCAGACCTGGTCTCTCTGCTGCTGAAAGATGCTGGTGCCGACCTGGACAAACCG 
 I  H  E  E  K  T  A  L  H  L  A  V  D  L  Q  N  P  D  L  V  S  L  L  L  K  D  A  G  A  D  L  D  K  P 

GAACCGACTTGCGGTCGTACCCCGCTGGGTTCTGCTATGCTGCGTCCGAACCCGATTCTGGCACGTCATGGTGATACTGCGCTGCACGTAGCGTGTCAGCGC 
 E  P  T  C  G  R  T  P  L  G  S  A  M  L  R  P  N  P  I  L  A  R  H  G  D  T  A  L  H  V  A  C  Q  R 

AACGTTGAAGACGAAACGCCGCAGGACCTGACTGAAGAGAGCCTGGTTCTGCTGCCGTTTGATGACCTCAAAGCCGGTGCCGGTGCGGCTGGTCATCACCAC 
 N  V  E  D  E  T  P  Q  D  L  T  E  E  S  L  V  L  L  P  F  D  D  L  K  A  G  A  G  A  A  G  H  H  H  

CATCACCATTAATGA 
 H  H  H    

Glufib	  (Quan1fica1on/Intactness)	  

HisTAG	  (Purifica1on/Intactness)	  

Met1	  



Exemplar	  QconCATs	  (from	  over	  50,	  25kDa	  to	  
160kDa)	  

33kDa	  

35kDa	  

41kDa	  

52kDa	  

63kDa	  

83kDa	   88kDa	  

104kDa	  

Inducer:	  	  	  	  	  0	  	  	  	  	  	  +	  

Deborah	  Simpson	  

55kDa	  

NF-‐kB-‐	  pathway	   Mito.	  	  	  	  
cardio-‐myopathies	  

47kDa	  

Muscle	  

MUPs	  (isoform	  
resolu1on)	  

Plant	  Metab	  

Schistosome	  	  
tegument	  

Yeast	  pathway	  QCAL	  

40kDa	  



Q	  pep4de	  defaulter	  rate	  
QRL	   0	   1%	   5%	   10%	  
1	   80	   81	   84	   88	  

1.5	   120	   122	   126	   132	  

2	   160	   162	   168	   176	  

3	   240	   243	   252	   264	  

Global	  QconCAT	  quan1fica1on	  strategy	  
Objec1ve:	  4000	  proteins	  

Absolute	  quan1fica1on	  &	  turnover	  analysis	  
ΣP=4000,	  QconCAT=50	  Qpep1des	  (~60kDa	  
each)	  

QRL:	  Number	  of	  Qpep4des	  per	  protein	  

Requires <200 QconCATs = 10,000 peptides for 4,000 proteins 



>Copycat041|P32785|P10127|P38986|P53960|P13188|P07245|P46672|P28241|P38197|P32785|P10127|
P47095|P47095|Q04728|P46672|P07236|P11325|P13188|P53960|P39692|P16467|Q04728|Q04066|P11325|
Q12525|P07246|Q07648|P07246|P33734|Q12122|P38986|P28241|P16467|P04173|Q07648|P33734|P39692|
Q12122|P04173|P07245|Q12525|P07236|Q04066|P38197|Liverpool 

LQFEGFAVERTQPNPNIANVTAGLKVCDIEYEQLCNVDSKIGEETVDEVSTSKDINPESEVVYKLLTPVPSDIDISRAPAGGAADAAA
KYTVSFIEGDGIGPEISKSGLNNEAEIFEVIDFFLSEECKALLEGDTYTGVTIQTLHPDRGIDLINESLVAAYKHGIFVWGPTIDKNAGAIIHT
HSQNAVICSLLFGDEFRTALYGQDANWGREQSAQAAQWESVLKLNPGDGAFYGPKIIDTVPFTSTDGVLTKITYSSDYFDELYRNLLS
CSETQISEKVIAPDAAFDDVLDKLLETPIDLSLKPNDAEAEAEVVRINVSFIATDNSEPRVFLLDGIYSLKNWIGESVGAELVFKVLILDGG
QGTELENRIQQGTDLAEVAPILCAGVTVYKVSQASVVVDSKLPLVGGHEGAGVVVKVSIGTDAVYAAEKLGDVRPLNIDDVDSIIK
AIDSSQTAGYHVDLTIQDLLDAIPDISKEYPDLTLETELIDNSVLKNPVILADACASRIVVLPGDHVGQEITAEAIKELYEEFLKTVFVPLTV
GGGIKTVLPLVESVPEASILAKNFQLIDSTLRNTAFGLYEPCHGSAPDLPKYILVSGITPTPLGEGKDIAEIASAVDKNYSYLIIVGDEEVQL
QKELLVEYPEYDCFTREFGENYVQELIEK 

>Copycat042|P38840|P40054|P16120|Q12031|P00331|P39965|P38999|P38840|P09436|P40054|P38690|
P19414|P38635|P48570|P38635|P00331|P04802|P38999|P16120|Q12031|P48570|P38714|P07258|P06169|
P19414|P40545|P00812|P38714|P09436|P00927|P00812|P00899|P41939|P28777|P06169|P41939|P28777|
P00899|P04802|P39965|P00927|P07258|P38690|P40545|Liverpool 

ESQGIDVEYLTQLLDNWSTGPYKYINEGNSVGSVNFPEVALKFADAVNNALSGFSNYSFEKDNVVPWSEKVLGIDGGPGKNNFGQ
ISDVSIVDAQENEICGKSFLSYCGGLPAPEDSDNPLGYKAPSGTSQAIVYSTIKGLPESAVQAGQETRSVAELVIAEIISLAREFWILHGL
ITKGYDAGENTYQAPPADRFVLSDDAHGVAQVGVCYDKNFHAEVSTPQVLSAKFIYPEEQSLGKVVGLSSLPEIYEKIYTISETPEALPI
LLEDASRAISLDVTDDSALDKLYIAQEEIPDADLKLVYNLSPSFNWSAHGFDDKSLNIDDVDSIIKYTDQPEGPIYPLDVLRANVALIDCG
VKEVIDTILALVKEVAVANNWPLDVRYTNEFLIHAADVEGLCGGIDELLVSKELSIVLAPFSGGQGKGNVVFLDTILDEARVPANFISEG
LDQTRVAQQVVDEVVLVNTDEICAAVKFPLTLGGDHSIAIGTVSAVLDKGATTEEDDALADQLRATDVIVPEEGELRNLPTGLGEPCF
DKAQYNEIQGWDHLSLLPTFGAKDQTNDQVTVDSATATLKTATYDGEEGILAAKLTDDSSPIPYPEQPPIKLLGAPSEGGSSVFEVTYF
KIPFVSAWADSGDIGGEFSKLGSQVVLYGNDFDEAKEGVAAITGVDTRIHDVLGYSVSEYVAHREALQESPQFLQVGGGINDTNC
LEWLK 



COPYCATs	  Phase	  1	  
CopyCat	   Family	   Proteins	  
CopyCat001	   Chaperone	   21	  
CopyCat002	   Chaperone	   21	  
CopyCat003	   Chaperone	   21	  
CopyCat004	   Transcrip1on	  Factor	   23	  
CopyCat005	   Transcrip1on	  Factor	   22	  
CopyCat006	   Transcrip1on	  Factor	   22	  
CopyCat007	   Transcrip1on	  Factor	   23	  
CopyCat008	   Transcrip1on	  Factor	   22	  
CopyCat009	   Transcrip1on	  Factor	   22	  
CopyCat010	   Signalling	   20	  
CopyCat011	   Signalling	   20	  
CopyCat012	   Signalling	   20	  
CopyCat013	   Signalling	   20	  
CopyCat014	   Signalling	   20	  
CopyCat015	   Signalling	   20	  
CopyCat016	   Signalling	   21	  
CopyCat017	   Signalling	   20	  
CopyCat018	   Signalling	   20	  
CopyCat019	   Signalling	   20	  
CopyCat020	   Signalling	   20	  
CopyCat021	   Signalling	   20	  
CopyCat022	   Signalling	   15	  
CopyCat023	   Proteolysis	   20	  
CopyCat024	   Proteolysis	   20	  
CopyCat025	   Proteolysis	   20	  
CopyCat026	   Proteolysis	   20	  
CopyCat027	   Proteolysis	   20	  
CopyCat028	   Proteolysis	   21	  
CopyCat029	   Proteolysis	   21	  
CopyCat030	   Proteolysis	   20	  
CopyCat031	   Proteolysis	   21	  

CopyCat	   Family	   Proteins	  
CopyCat032	   Proteolysis	   20	  
CopyCat033	   Proteolysis	   21	  
CopyCat034	   Proteolysis	   21	  
CopyCat035	   Proteolysis	   21	  
CopyCat036	   Proteolysis	   21	  
CopyCat037	   Proteolysis	   21	  
CopyCat038	   Proteolysis	   21	  
CopyCat039	   Proteolysis	   21	  
CopyCat040	   Proteolysis	   21	  
CopyCat041	   Amino	  Acid	  Metabolism	   23	  
CopyCat042	   Amino	  Acid	  Metabolism	   23	  
CopyCat043	   Amino	  Acid	  Metabolism	   23	  
CopyCat044	   Amino	  Acid	  Metabolism	   23	  
CopyCat045	   Amino	  Acid	  Metabolism	   22	  
CopyCat046	   Amino	  Acid	  Metabolism	   22	  
CopyCat047	   Amino	  Acid	  Metabolism	   22	  
CopyCat048	   Amino	  Acid	  Metabolism	   22	  
CopyCat049	   Amino	  Acid	  Metabolism	   22	  
CopyCat050	   Amino	  Acid	  Metabolism	   22	  
CopyCat051	   Nitrogen	  Metabolism	   17	  
CopyCat052	   Nitrogen	  Metabolism	   17	  
CopyCat053	   Nitrogen	  Metabolism	   17	  
CopyCat054	   Kinases	   20	  
CopyCat055	   Kinases	   20	  
CopyCat056	   Kinases	   20	  
CopyCat057	   Kinases	   20	  
CopyCat058	   Kinases	   19	  
CopyCat059	   Kinases	   19	  
CopyCat060	   Kinases	   20	  
CopyCat061	   Kinases	   20	  
Total	   1257	  
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LC-‐MSMS	  based	  approach	  (developed	  by	  Waters/Micromass)*	  

Data	  independent	  acquisi1on	  

Alterna1ng	  low	  energy	  and	  high	  energy	  scans	  

Collect	  all	  precursor	  and	  product	  ion	  data	  

Deconvolute	  and	  build	  precursor/product	  rela1onships	  through	  
reten1on	  1me,	  peak	  shape	  and	  fragmenta1on	  knowledge,	  
leading	  to	  iden1fica1on	  

Accumulate	  abundance	  data	  by	  summing	  three	  most	  intense	  
precursors	  (pep1de	  ions):	  Hi3	  strategy	  

*Silva	  et	  al.,	  (2006)	  MCP	  5,	  144	  
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Quan1fica1on	  of	  a	  glycoly1c	  pathway	  



Quan1fica1on	  of	  a	  glycoly1c	  pathway	  



Synapt	  G2	  has	  an	  ion	  mobility	  
cell	  

This	  can	  be	  used	  for	  precursor	  
frac1ona1on	  in	  the	  gas	  phase	  

Dri^	  1me	  increases	  the	  
number	  of	  precursor/product	  
associa1ons	  

Greater	  iden1fica1ons,	  all	  
quan1fied	  



Label	  free	  analysis,	  Xxxx	  stress	  response	  

Biology	  

• Batch	  grown	  cultures,	  full	  aera1on	  
• 4	  biological	  replicates:	  control	  +	  
stress	  

Proteins	  
• 5X	  extrac1on	  (98%+)	  

Sample	  

• 500ng	  protein	  on	  column	  	  
• 50fmol	  internal	  standard	  

Data	  acq	  

• 120	  min	  1D	  RP	  gradient,	  	  
• MSE	  acquisi1on,	  Synapt	  G2	  
• HDMSE	  acquisi1on,	  Synapt	  G2	  

Analysis	  

• PLGS	  2.4,	  Iden1ty	  and	  Hi3	  
Quan1fica1on	  

HDMSE LC-MSE 
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Iden1fica1on/quan1fica1on	  gain	  with	  
HDMSE	  
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Xevo TSQ with StepWave 

Ions steered and 
concentrated Neutrals and other 

noise components 
removed 



Xevo	  TQ	  and	  Xevo	  TQ-‐S	  analysis	  
of	  COPYCAT	  1	  in	  yeast	  tryp1c	  
digest	  	  

QCONCAT	  	  Pep1de	  :	  
[13C6]TTPSFVAFTDTER	  	  

Yeast	  Pep1de	  TTPSFVAFTDTER	  	  

TIC	  from	  four	  MRM	  channels	  
overlaid	  and	  axis	  linked	  

Xevo TQS   

Xevo TS Sensi1vity	  increase	  10	  fold	  



The	  scale	  of	  the	  challenge	  
[ 10 million cells ] 

~2.5mg protein = 250pg/cell 

Digest 100µg/200µL digest 
(0.5 million cells in digest) 

Apply 1000ng ‘protein’ (1µL) 
~4,000 cells on column 

0.06mg protein = 6pg/cell 

Digest 100µg/200µL digest 
(17 million cells in digest) 

Apply 1000ng ‘protein’ (1µL) 
~170,000 cells on column 

Lowest sensitivity= 
150 copies/cell 

Lowest sensitivity= 
~4 copies/cell 

Yeast HeLa 

QqQ LOQ=1attomol 
=600,000 molecules 


