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ARAP3 Y1404
CBP/PAG Y224
DOK1; p62dok Y361
Fc IgE receptor beta Y216
FER tyrosine kinase Y402
Kinesin 2 Y444
Lysosomal-associated
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SHIP S934Y944
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Ubiquitin activating 
 enzyme E1 Y55

Cluster 3

0

2

Cluster 5−2

0

2

Cluster 4−2

0

2

Cluster 1−2

0

2

−2

0

2

Cluster 2

BC003940 protein Y56
CDC2 Y15
CDC2 Y19
ELMO2 Y715
Enolase Y44
Intersectin 2 Y553
PCTAIRE protein kinase 1 Y203
PTP receptor type epsilon Y695
RhoGAP 12 S238Y241
SYK Y539
Tubulin  beta Y340
VAV Y844

Advillin Y748
AHNAK nucleoprotein isoform 1 Y122
Bruton`s tyrosine kinase Y551
Cofilin 1 Y140
DAPP1 Y139
EphA3 Y779
ERK2 Y185
GAB2 S261Y263
GAB2 Y263
Intersectin 2 Y921
MIST/Clnk  Y69
PKC delta Y311
PLC  gamma 2 Y1217
PLC  gamma 2 Y753
PTP receptor type alpha Y825
RIKEN cDNA 2810441C07 Y152
SKAP55R Y260
STE20 like kinase MST1 Y433
SYK Y341Y345
TIAM1 Y1323

Advillin Y85
ARP2/3 protein complex subunit p21 Y47
CD34 Y326
Fc IgE receptor beta Y210
Fc IgE receptor beta Y210Y216
Fc IgE receptor beta Y210Y216Y220
MAWD/STRAP Y342
RhoGAP1/CDC42GAP Y65
RIKEN cDNA 9930117H01 Y160
SAM domain protein SAMSN1 Y152

Fc IgE receptor gamma Y65
Fc IgE receptor gamma Y76
Fc IgE receptor gamma Y76T78
GAB2 T262Y263
GAB2 Y290
SHIP Y867

Introduction
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Objective: We want to group phosphorylation sites by similar temporal pat-
terns in order to obtain insight into the organization of the signalling pathway.

Proteins perform many functions of the cell.  In one context, proteins act as “message passers” that mediate 
the cell’s response to a stimulus.  Phosphorylation (the addition of a phosphate group) acts as an “on-off ” 
switch.  Mass spectrometry allows us to measure many phosphorylated proteins simultaneously.  Per-
forming mass spectrometry at multiple time intervals following a stimulus results in time series of phos-
phorylation sites.  The challenge is to interpret this time series data given the complex organization of sig-
nalling pathways.  

Results

One Approach: Fuzzy K-Means Clustering
K-Means clustering groups vectors into a specified number of clusters by minimizing the (euclidean) dis-
tance of each vector to the mean of all vectors in that cluster.  Fuzzy clustering allows a point to be shared 
by many clusters, blurring the rigid cluster boundaries.  This approach has been used to analyze gene ex-
pression time series.

The clusters above show fuzzy K-Means run with 7 clusters.  Two of these clusters contained a total of five 
peptides, and are not shown.   The peptides (labeled in the gray box) are shown in red, with the cluster aver-
age shown in black.  Many of these clusters agree with the known topology of the pathway - for example,  
the Fc IgE receptors are grouped together, with the gammas (in Cluster 3) and the betas (in Cluster 5) both 
phosphorylated early.  Interestingly, Cluster 1 is bimodal, capturing proteins that are phosphorylated twice 
over the course of the experiment.  There is some evidence that SHC behaves in this way, but further experi-
mental validation is needed.

Future Work
Art Salomon’s lab is currently generating time series with mutant cells.  The pathway will be measured 
with different members missing, and interpreting these “knock-out” experiments is nontrivial.
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Each phosphorylated residue corresponds to a nine-dimensional vector x = (x     , x     , . . . x       ).   0sec 5sec 10min


