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Bioinformatics and Functional Genomics wrapup

Things not covered I:
• Clustering and heat-maps

– Principal Components Analysis revisited
– Clustering strategies: k-means, hierarchical

• when are the clusters "real"
• Function prediction/phenotype prediction

– what does "function" mean? (trypsin vs chymotrypsin)
– homologous proteins (usually) have similar functions –

all function prediction is homology based
– close homologs are more likely to have similar 

functions (but exceptions)
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Yeast genes induced during sporulation

Chu, S. et al. Science 282,
699–705 (1998).
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Clustering of expression patterns

Clustering breast tumors by gene expression
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Figure 1 Variation in expression of 1,753 
genes in 84 experimental samples. Data are 
presented in a matrix format: each row 
represents a single gene, and each column an 
experimental sample. In each sample, the 
ratio of the abundance of transcripts of each 
gene to the median abundance of the gene's 
transcript among all the cell lines (left panel), 
or to its median abundance across all tissue 
samples (right panel), is represented by the 
colour of the corresponding cell in the matrix. 
Green squares, transcript levels below the 
median; black squares, transcript levels equal 
to the median; red squares, transcript levels 
greater than the median; grey squares, 
technically inadequate or missing data. Colour
saturation reflects the magnitude of the ratio 
relative to the median for each set of samples 
(see scale, bottom left). b, Scaled-down 
representation of the 1,753-gene cluster 
diagram; coloured bars to the right identify the 
locations of the inserts displayed in c-j. c, 
Endothelial cell gene expression cluster; d, 
stromal/fibroblast cluster; e, breast basal 
epithelial cluster; f, B-cell cluster; g, adipose-
enriched/normal breast; h, macrophage; i, T-
cell; j, breast luminal epithelial cell. 

Perou, C. M. et al. Nature 406, 747–752 (2000).
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Clustering breast tumors by gene expression
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Figure 1 Variation in expression of 1,753 genes in 84 experimental samples. … a, Dendrogram
representing similarities in the expression patterns between experimental samples. All `before and 
after' chemotherapy pairs that were clustered on terminal branches are highlighted in red; the two 
primary tumour/lymph node metastasis pairs in light blue; the three clustered normal breast 
samples in light green. Branches representing the four breast luminal epithelial cell lines are 
shown in dark blue; breast basal epithelial cell lines in orange, the endothelial cell lines in dark 
yellow, the mesynchemal-like cell lines in dark green, and the lymphocyte-derived cell lines in 
brown. 

Perou, C. M. et al. Nature 406, 747–752 (2000).

Clustering breast tumors by gene expression
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Perou, C. M. et al. Nature 406, 747–752 (2000).

Figure 3 Cluster analysis using the `intrinsic' gene subset. Two large branches were apparent in 
the dendrogram, and within these large branches were smaller branches for which common 
biological themes could be inferred. Branches are coloured accordingly: basal-like, orange; 
Erb-B2+, pink; normal-breast-like, light green; and luminal epithelial/ER+, dark blue. a, 
Experimental sample associated cluster dendrogram. Small black bars beneath the 
dendrogram identify the 17 pairs that were matched by this hierarchical clustering; larger green 
bars identify the positions of the three pairs that were not matched by the clustering. 
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PCA (principal components analysis) II
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Clustering strategies – k-means
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Wikipedia
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Clustering strategies – k-means
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These two components explain 100 % of the point variability.

●
●

●

●

●

●

●●

●

●

●

●

●
●

●

●

●

● ●

●

●
●

●

●

●

●

●

●

●●

●

●

●

●

●

●

●

●

fasta.bioch.virginia.edu/biol4230 9

Clustering strategies - hierarchical
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From PCA to clustering

• PCA (principal components) reduces 
dimensionality – from 10,000 gene 
expression measurements to ? (10 or less)

• Clustering –
– based on a distance measure (covariance)
– many methods – k-means guarantee's k-clusters, 

right or wrong
– hierarchical – are the relationships real?

fasta.bioch.virginia.edu/biol4230 11

Function and phenotype prediction

• what does "function" mean? (trypsin vs 
chymotrypsin)

• homologous proteins (usually) have similar 
functions – all function prediction is homology 
based

• close homologs are more likely to have 
similar functions (but exceptions)

• SIFT and Polyphen predict effect of mutations 
by building PSSMs

fasta.bioch.virginia.edu/biol4230 12
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How to classify function:
E.C. (Enzyme Commission) numbers

fasta.bioch.virginia.edu/biol4230 13

How to classify function:
E.C. (Enzyme Commission) numbers

fasta.bioch.virginia.edu/biol4230 14
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How to classify function: Enzyme/Expasy

fasta.bioch.virginia.edu/biol4230 15

How to classify function: Enzyme/Expasy

fasta.bioch.virginia.edu/biol4230 16

Different levels of the 
E.C. hierarchy do not 
consistently indicate 
different functional 
differences.
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How to classify function: Brenda
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Inference of Function from Homology

A. M. Schnoes, S. D. Brown, Igor 
Dodevski, P. C. Babbitt  (2009) Annotation 
Error in Public Databases: Misannotation
of Molecular Function in Enzyme 
Superfamilies PLOS Comput. Biol.  
5:e1000605

• SwissProt is very accurate
• NR and Trembl make no 

claim to functional accuracy 
(all databases are not 
equal; bigger ≠ better)
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Inferring Function – Critical Information
• Homologous proteins 

always have similar 
structures, but need not 
have similar functions

• BLAST and FASTA 
obscure information 
required to infer 
function

• Even with appropriate 
information, inferring 
function is challenging

• Homology – E() value
• Alignment location
• Catalytic activity of 

homologs
• State of active site 

residues

Currently, similarity searching 
programs focus on homology, 
and fail to present available 
functional annotation

Conventional sequence alignments
do not show functional sites
(and even if they did, we would not look)

• Shows conserved domains, and annotated 
residues

• Does not show state (or even coordinate) of 
annotated residues in query or homologs
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Search results obscure functional information

21

Similarity Search Results – NCBI/BLAST

Annotations from Uniprot
ID   GSTM1_HUMAN             Reviewed;         218 AA.
DT   28-NOV-2012, entry version 148.
DE   RecName: Full=Glutathione S-transferase Mu 1; 
GN   Name=GSTM1; Synonyms=GST1;
...
FT   DOMAIN        2     88       GST N-terminal.
FT   DOMAIN       90    208       GST C-terminal.
FT   REGION        7      8       Glutathione binding.
FT   REGION       46     50       Glutathione binding.
FT   REGION       59     60       Glutathione binding.
FT   REGION       72     73       Glutathione binding.
FT   BINDING     116    116       Substrate.
FT   MOD_RES      23     23       Phosphotyrosine (By similarity).
FT   MOD_RES      33     33       Phosphotyrosine (By similarity).
FT   MOD_RES      34     34       Phosphothreonine (By similarity).
FT   VAR_SEQ     153    189       Missing (in isoform 2).
FT   VARIANT     173    173       K -> N (in allele GSTM1B; dbSNP:rs1065411).
FT   VARIANT     210    210       S -> T (in dbSNP:rs449856).
FT   MUTAGEN       7      7       Y->F: Reduces catalytic activity 100-fold.
FT   MUTAGEN     108    108       H->Q: Reduces catalytic activity by half.
FT   MUTAGEN     108    108       H->S: Changes the properties of the enzyme.
FT   MUTAGEN     109    109       M->I: Reduces catalytic activity by half.
FT   MUTAGEN     116    116       Y->A: Reduces catalytic activity 10-fold.
FT   MUTAGEN     116    116       Y->F: Slight increase of catalytic activity
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Alignments with Annotations
FASTA-36.3.6 output:

50 100 150 200

P09488

50 100 150 200

NP_055300
Glutathione_S-Trfase_N Glutathione-S-Trfase_C-like

# # # # V V

#

Glutathione_S-Trfase_N Glutathione-S-Trfase_C-like

Glutathione_S-Trfase_N Glutathione-S-Trfase_C-like

>>sp|P09488|GSTM1_HUMAN                                                       (218 aa) vs
>>ref|NP_055300.1| prostaglandin-D synthase [Homo sapiens]                    (199 aa)
 Site:# : 7Y=8Y : BINDING: Glutathione.
 Site:# : 13L<14R : BINDING: Glutathione.
 Site:# : 46W=39W : BINDING: Glutathione.
 Site:# : 52K=45K : BINDING: Glutathione (By similarity).
qSite:# : 116Y=109Y : BINDING: Substrate.
 Site:* : 136K=128K : MOD_RES: N6-acetyllysine.
qVariant: 108Q>101R : H101Q : Mutagen: Reduces catalytic activity by half.
 Variant: 112G<105V : I105V : in allele GSTP1*B and allele GSTP1*C; dbSNP:rs1695.
 Variant: 173K<169D : G169D : in dbSNP:rs41462048.
qVariant: 173Nz169D : K169N : in allele GSTM1B; dbSNP:rs1065411.
qRegion: 2-88:3-81 : score=83; bits=37.2; Id=0.287; Q=65.5 :  Glutathione_S-Trfase_N
qRegion: 90-208:83-204 : score=158; bits=66.0; Id=0.285; Q=151.9 :  Glutathione-S-Trfase_C-like
 Region: 2-88:3-81 : score=83; bits=37.2; Id=0.287; Q=65.5 :  Glutathione_S-Trfase_N
 Region: 90-208:83-204 : score=156; bits=65.2; Id=0.285; Q=149.6 :  Glutathione-S-Trfase_C-like
 s-w opt: 242  Z-score: 492.1  bits: 98.1 E(35695): 4.8e-21
Smith-Waterman score: 242; 28.4% identity (63.5% similar) in 211 aa overlap (2-208:3-204)

Capturing variation, functional sites, and 
domain similarity with FASTA/SSEARCH
Annotations extracted from uniprot_sprot.dat features:
>sp|P09488|GSTM1_HUMAN
2 - 88 DOMAIN: GST N-terminal.
7 V F Mutagen: Reduces catalytic activity 100- fold.
23 * - MOD_RES: Phosphotyrosine (By similarity).
33 * - MOD_RES: Phosphotyrosine (By similarity).
34 * - MOD_RES: Phosphothreonine (By similarity).
90 - 208 DOMAIN: GST C-terminal.
108 V S Mutagen: Changes the prop. of the enzyme toward 
some subs.
108 V Q Mutagen: Reduces catalytic activity by half.
109 V I Mutagen: Reduces catalytic activity by half.
116 # - BINDING: Substrate.
116 V A Mutagen: Reduces catalytic activity 10-fold.
116 V F Mutagen: Slight increase of catalytic activity.
173 V N in allele GSTM1B; dbSNP:rs1065411.
210 V T in dbSNP:rs449856.
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Highlighting Active Site state (MACIE)

25

Holliday et al (2012) NAR

Highlighting Active Site state (MACIE)

26

Holliday et al (2012) NAR
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Active site conservation improves
function prediction

• Search with ~400 proteins of known structure, 
function (E.C. number), sites from MACiE

• Find locally (ssearch36) or globally (ggsearch36) 
similar homologs

• Very few proteins with >50% global identity with 
different EC3 numbers

• Matching all annotated sites improves prediction 
sensitivity
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Predicting mutation phenotype –
SIFT and Polyphen

• SIFT – Sort Intolerant From Tolerant 
substitutions
– Find protein homologs (PSI-BLAST)
– Build PSSM
– Use PSSM, rather than BLOSUM62, to predict 

phenotype (tolerated/not-tolerated)
• PolyPhen-2

– Find homologs, multiple alignment
– Find homologous structures
– Combine PSSM, identity, Pfam domains, residue 

volume, etc…
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Function follows conservation

Conservation

Function

Ng and Henikoff, (2001) Gen. Res. 11:863 

32

Position-Specific Scores
ATP Synthase, 4 iterations

A  R  N  D  C  Q  E  G  H  I  L  K  M  F  P  S  T  W  Y  V  bits/pos

BL62  Q   -1  1  0  0 -3  5  2 -2  0 -3 -2  1  0 -3 -1  0 -1 -2 -1 -2  0.70

46 Q   -2 -1 -2 -2 -4  6  0  1  0 -4 -3 -1 -2 -1 -3 -1 -2  6  4 -3  0.74
%    0  0  0  0  0 54  0 12  0  0  0  0  0  0  0  0  0 13 20  0  

47 Q   -1 -1  3  3 -3  3  3 -2  3 -4 -4 -1 -3 -4 -2  2 -1 -4 -2 -3  0.51
%    0  0 13 20  0 16 19  0  8  0  0  0  0  0  0 24  0  0  0  0

56 Q   -2 -1 -2 -2 -3  5  2 -4 -1  4 -1 -1 -1 -2 -3 -2 -2 -3 -2  0  0.51
%    0  0  0  0  0 46 13  0  0 41  0  0  0  0  0  0  0  0  0  0

97 Q   -2 -1  0 -2 -4  4  0 -3  8 -4 -4 -1 -2 -3 -3 -1 -2 -3  0 -4  1.11
%    0  0  0  0  0 35  0  0 65  0  0  0  0  0  0  0  0  0  0  0 

131 Q    3 -1 -1 -1 -2  5  2 -2 -1 -3 -3  0 -2 -4 -2  1 -1 -3 -3 -2  0.52
%   44  0  0  0  0 36 11  0  0  0  0  0  0  0  0  9  0  0  0  0 

152 Q   -2  6 -1 -2 -4  4  0 -3 -1 -4 -3  1 -2 -4 -3 -1 -2 -4 -3 -3  1.00
%    0 77  0  0  0 23  0  0  0  0  0  0  0  0  0  0  0  0  0  0

210 Q   -2  0 -1 -1 -4  7  1 -3  0 -4 -3  1 -1 -4 -2 -1 -2 -3 -2 -3  1.13
%    0  0  0  0 0 100  0  0  0  0  0  0  0  0  0  0  0  0  0  0
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SIFT (PSSMs) out performs BLOSUM62

Ng and Henikoff, (2001) Genome Res. 11:863 

PolyPhen(2) – MSA, PSSM, structure, + ?

Adzhubei et al (2010) Nat. Methods 7:248 
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Evaluating prediction performance:
ROC (receiver operator characteristic) curves

Predict:
Expt

Yes No

Yes TP FP
No FN TP

Choi, Y. et al (2012) PLoS ONE
7, e46688 (2012).

SIFT has high sensitivity,
but many false positives (low specificity)

Sim et al. (2012) Nuc Acids Res 40:W:452 
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Evaluating prediction performance:
slight differences for different proteins

Choi, Y. et al (2012) PLoS ONE
7, e46688 (2012).

Phenotype Prediction:
SIFT/PolyPhen

• Traditional scoring matrices (BLOSUM62) make 
useful predictions about deleterious mutations

• Family-specific matrices (PSSMs) do better 
(SIFT)

• Including additional structural and domain 
information improves prediction slightly 
(PolyPhen2)

• All methods work as filters, but require 
confirmation


