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Ala 

GCA 
GCC 
GCG 
G CT 

Leu 

CTA 
CTC 
CTG 
C-n 
TTA 
l7-G 

CGA 
CGC 
CGC 
CGT 
AGA 
AGG 

LYS 

AAA 
AAG 

The Genetic Code 

GAC 
GAT 

- 
Met 

ATG 

Asn 

AAC 
AAT 

Phe 

CYS 

TGC 
TGT 

Pro 

CCA 
ccc 
CCG 
CCT 

Glu 

GAA 
GAG 

- 
Ser 

TCA 
TCC 
TCG 
TCT 
AGC 
AGT 
- 

Gln 

CAA 
CAG 

- 
Thr 

ACA 
ACC 
ACG 
ACT 

GGA 
GGC 
GGG 
GGT 

TGG 

H i s  

CAC 
CAT 

TAC 
TAT 

He 

ATA 
ATC 
A7T 

~- 

Val 

GTA 
GTC 
GTG 
GTT 
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a l l  torsion angles 

Structure 

all nonbondcd pairs 

C qi qj ri 
al l  partial charge pairs 

................................. 

* .  . . . . . . . . * * .  . . . . .. . .. . . . . . , . . . :.’ 

40 50 

I 
FPTTKTYFPHF-DLS----- HGS 

YPWTQRFFESFGDLSTPDAVMGN 
: I  I :  : I  I I l l  

40 50 
==> Representation i s  Key to Understanding 



Multiple Representations of Sequences f 
Weight Matrices, Blocks or Profiles ~ O ~ s e n s u s  Se.quences 

Rosition Zinc Finger (C2H2 type) 
1 2  3 4 5 6 7 8 9 1 0 1 1 1 2  CX{2,4)CX{ 12}HX(3,5}H I 

A 2 1 3 1 3 1 0 1 2 6 7  4 1 3  9 1 2  
R 7 5 8 9 4 0 1 1 6 7 0 1 0  
N 0 8 0 1 0 0 0 2 1 1 1 0 0  
D 0 1 0  1 1 3  0 0 1 2  1 0  4 0 
c 0 0 1 0 0 0 0 0 0 2 2 1  
Q 1 1 2 1  8 1 0  0 0 7 6 0 0 2 
E 2 0 0 9 2 1  0 0 1 5  7 3 3 0 
0 9 7 1 4 0 0 8 0 0 0 4 6 0  
H 4 3 1 1 2 0 0 2 2 0 5 0  
I 1 0  0 1 1  1 2 1 0  0 4 9 3 0 1 6  
L 16 1 17 0 1 31 0 3 11 24 0 14 
K 3 4 5 1 0 1 1  1 1 1 3 1 0  0 5 2 
M 7 1 1 0 0 0 0 0 5 7 1 8  
F 4 0 3 0 0 4 0 0 0 1 0 0 0  
P 0 6 0 1 0 0 0 0 0 0 0 0  
S 1 1 7 0 8 3 1 3 0 2 2 2 0  
T 5 2 2  3 1 1  1 5  0 2 2 2 0 5 
w 2 0 0 0 0 0 0 0 0 1 0 1  
Y 1 0 4 2 0 1 0 0 2 4 0 1  
V 6 3 1 1  2 1 5  0 0 2 1 2  0 2 8  

Hidden Markov Model i 
I 

Sequences of Common 
Structure or Function 

~m AA1 AA2 AA3 AA4 

Sequence Alignments 
10 20 30 40 50 . 

1 VLSPADKTNVKAAWGKVGAHAGEYGAEALERMFLSFPTTKTYFPHF------ D L S H G S  

2 H L T P E E K S A V T A L W G K V - - N D E V G G E A L G R L L V V Y P W T Q G N  I : I  : I :  I I : I I I I  I I : l I I  I :  : : [ : I  : I  I I :  I 
10 20 30 40 50 

Initial Score = 63 Optimized Score = 98 Significance = 5.51 
21 Mismatches = 22 Residue Identity = 14% Matches 

11 G a p s  2 Conservative Substitutions 
- - - - - 
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Vi7 eight Matrix a 

Structural or functional motif 

U 
Examples of motif 

HSGEQLAETLGMSRAAINKH IQ 
VTLYDVmYAGVSYQTVSRW + 
AMIKDVALKAKVSTATVSRALM 
ATIKDVAKRAGVSTTTVSHVXN 
ITIYDLAELSGVSASAVSAXLN 
LH LKDAAALLGVSEMTIRRDLN 
TAYAELAKQFGVSP GT I HVRVE 
GSLTEAAHLLGTSQPTVSRELA 
MS QRE LKNE LGAG I AT I TRG SN 
ITRQEIGQIVGCSRETVGRILK 
FDIASVAQHVCLSPSRLSHLFR 
LRIDEVARHVCLSPSRLAHLFR 
MTRGDIGNYLGLTVETISRLLG 
VTLEALADQVGMSPFHLHRLFK 

A 
R 
N 
D 
C 
Q 
E 
G 
If 
I 
L 
K 
M 
F 
P 
S 
T 
W 
Y 
V 

Position 

1 2 3 1 5 6 7 0 9 10 1 1  12 13 14 15 16 17 18 19 20 21 22 
~- 

2 1 3 1 3 1 0 1 2 6 7  4 1 3  9 1 2  4 3 6 1 5  4 4 4 1 1  0 1 0  
7 5 8 9 1 0 1 1 6  7 0 1 0  1 1 6  6 6 0 1 1 2 8  3 0 1 6  
0 8 0  1 0 0 0 2  1 1 1 0 0  7 1 3  1 0 4  8 0  1 1 1  
0 1 0  1 1 3  0 0 1 2  1 0  4 0 1 2  0 0 0 0 1 1  0 3 
0 0 1 0 0 0 0 0 0 2 2 1 0 0 0 0 0 0 0 1 0 0  
1 1 2 1  8 1 0  0 0 7 6 0 0 2 1 1 7  7 7  0 2 1 2  5 2 4 
2 0 0 9 2 1  0 0 1 5  7 3  3 0 1 G l 1  0 0 2 0 1 1 3  6 
9 7 1 1  0 0 8 0 0 0 4 6  0 6 0 7 1 0  3 1 1 0  4 

0 011 1 2 1 0  0 4 9 3 0 1 6  0 2 0 1 2 6  1 0  8 1 6  0 
6 1 1 7  0 1 3 1  0 3 1 1 2 4  0 1 4  0 2 0 1 2 1  1 1 1 2 2 0  0 
3 4 5 1 0 1 1  1 1 1 3 1 0  0 5 2 1 4  1 1  0 1 8  1 5 1 4  

4 3 1 1 2 0 0 2 2 0 5 0 3 3 0 2 0 2 4 5 0 2  

1 1 1 0 0 0 0 0 5 7 1 8 0 0 2 0 2 0 0 2 0 1  
4 0 3 0 0 4 0 0 0 1 0 0 0 0 0 1  0 0 1  1 1 1 1  0 
0 6 0 1 0  0 0 0 0 0 0 0 1 1 2  7 0  0 0 0 0 0 3 
1 1 7  0 8 3 1 3  0 2 2 2 0 3 7  1 2 4  5 0 2 9  3 0 1 3  
5 2 2  3 1 1  1 5  0 2 2 2 0 5 1 6  4 2 3 8  0 4 1 0  4 3 
2 0 0  0 0 0 0 0 0 1 0 1 0  0 0 0 0 0 2 1 0  0 0 
1 0  4 2  0 1 0  0 2 4 0 1 1  2 0 2 0 1 5  5 7 0 0 
6 3 1 1  2 1 5  0 0 2 1 2  0 2 8  0 5 3 0 2 7  0 1 8  7 0 
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CONSENSUS 
PATTERNS 

Active site of trypsin-like serine proteases 

G D S G G  

Zinc Finger (C2H2 type) 

C X{2,4} C X{I2} H X(3,5} H 

N-Glycosylation Site 

Homeobox Domain Signature 

[LIVMF] X(5) [LIVM] X(4) [IV] [RKQ] X W X(8) [RK] 



BRUTE FORCE STRING 

A STRING SEARCHING EXAMPLE CONSISTING OF ... 
STING 
STING 
STING 
STING 

STING 
STING 
STING 
STING 
STING 
STING 
STING 
STING 
STING 
STING 
STING 
STING 
STING 
STING 
STING 
STING 
STING 
STING 
STING 
STING 
STING 
STING 
STING 

S T I N G  
STING 
STING 
STING 
STING 
STING 

A STRINlG SEARCHING EXAMPLE CONSISTING OF .. . 

SEARCH 

/’ 



WORST CASE BRUTE FORCE STRING SEARCH 

. . .  
AAAAT 

AAAAT 
AAAAT 

AAAAT 
JWAAT 

AAAAT 
AAAAT 

AAAAT 
AAAAT 

AAAAT 
.AAAAT 

AAAAT 
AAAAT 

AAAAT 
AAAAT 

AAAAT 
AAAAT 

AAAAT 
AAAAT 

AAAAT 
AAAAT 

AAAAT 
AAAAT 

AAAAT 
AAAAT 

AAAAT 
AAAAT 

AAAAT 
AAAAT 

AAAAT 
AAAAT 

AAAAT 
AAAAT 

0 0 0  

I 



BOYER-MOORE STRING SEARCH 

A STRING SEARCHING EXAMPLE CONSISTING OF . . .  
STING 

STING 
STING 

STING 
STING 

STING 
STING 

STING 
CONSISTING OF . . . A STRING SEARCHING EXAMPLE 



Finite State Machine for Pattern Searching 

Pattern t A a T = [AAT or ACT or AGT or Am 
Character 

‘6 
AA 
AC 
AT 
AG 
AAA 
AAT 
ACT 
AGT 
ATT 

Sta t e  
0 
1 
2 
3 
3 
3 
2 
4 
4 
4 
4 

A 

T 

C 

G 

O r i g i n a l  S t a t e .  
1 2 3  

1 1  2 2 1 
I 
I O  3 4 4 
I 
I O  3 3 0 
I 
I O  3 3 0 



Finite State Automaton 
To Find " A .  T" 

A 



Codons 
7 

Ala 

GCA 
GCC 
GCG 
GCT 

Leu 

CTA 
CTC 
CTG 
CTT 
TTA 
T T G  

t 

Arg 

CGA 
CGC 
CGG 
CGT 
AGA 
AGG 

AAA 
AAG 

ASP 

GAC 
GAT 

Met 

ATG 

Asn 

AAC 
AAT 

Phe 

T T C  
T T T  

CYS 

TGC 
T G T  

Pro 

CCA 
ccc 
CCG 
CCT 

Glu 

GAA 
GAG 

Ser 

TCA 
TCC 
TCG 
T C T  
AGC 
AGT 

Gln 

CAA 
CAG 

Thr 

ACA 
ACC 
ACG 
ACT 

GlY 

GGA 
G G C  
G G G  
G G T  

T G G  

His 

CAC 
CAT 

TA C 
T A T  

I le 

ATA 
ATC 
ATT 

Va I 

GTA 
GTC 
GTG 
GTT 



IUPAC Ambiguity Code 

The IUPAC Code Complements 

AYC,GYT, lJ A T o r U  
B V  

R A o r G  C G  
Y C o r T o r  U D H  

G C  
M C o r A  H D  
K T o r U o r G  K M  
W T o r U o r A  M K  
S C o r G  N N  

R Y  
B NotA s s  
D Not C T A  
H N o t G  U A  
V N o t T o r  U V B  

w w  
N Either Cy T, A, G, Y R  

or U 

Nomenclature Committee of IUB (NC-IUB) and IUPAC Joint Commission on  
Biochemical Nomenclature (JCBN) Codes  for ambiguities in nucleotide 
s e q u e n c e s .  (7985). Eur. J. Biochem. 146: 237-239. 
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I 

. The. Helix-Turn-Helix Motif 
3 f U U H l l c e  I FIelix ' ITurn 1 I lelix I 

RChOSLhMhb P G Q T K T A K D L G V Y Q S A I N K A I l t  
RCROSUt.1434 M T Q T E L A T K A G V K Q Q S I  Q L I  E A  
RCROS'UPP22 . 0 'I' Q R A V A K A L G I S D A A V S Q W K E 
RPC 1 9 LAMtlD L S Q E S V A D K M G  M G Q S G V G A L F N  
R P C l  SBP 4 3 4 L N Q A E L A Q K V C T T Q Q S I  E Q L E N  
R P C 2  9 BP P 2 2 I R Q A A L G K M V G V S N V A I  S Q W E R  
R P C 2  9 LAM3D L G T E K T A E A V O V D K S Q I  S R W K R  
' LACR$ ECOL 1 V T L Y D V A E Y A Q V S Y Q T V S R V V N  
CRP QECOL I I T R Q E I G Q I V Q C S R E T V G R I  L K  
TRP RSECOL I M S Q R E L K N E L Q A C I A T I  T R G S N  
RPClSBPP22 R C Q R K V A O A L U I N E S Q T S R W K G  
GALRSECOLX A T I K O V A R L A Q V S V A T V S R V I N  
Y77QBPT7 L S H R S L G E L Y U V s Q S T I T R I L Q  
TER3SECOLl L T T R K L A Q K L U V E Q P T L Y W H V K  
VIVB$BPT7 D Y Q A I F A Q Q L G  G T Q S A A S Q  I D E  
DEORSECOLI L H L K D A A  A L L G V S E M T  I R R D L N 

. RP43SOACSU R T L E E V G K V F O V T R E R X R Q I E A  
Y 28SBPT7 E S N V S L A R T P G V S Q Q T X  C D I  R K  
fMMRESBPP1112 S T L E A V A G A L G  I Q V S A I  V G E E T  
RFNRSECOLI M T R C D I O N Y  L O  L T V E T I  S R L L G  
MERRSECOLI L T I G V F A K A A Q V N V E T T  R F Y N R  
IMMRESBPPH11 L T Q V Q  L A  E K A H  L S R S Y L A D I E R 
R P 3  2 SECOL I S T L Q L E A D R Y U V S A E R V R Q L E K  
LEUOS ECOL I Q N  I T R A A  tiV L O  M 9 Q P A V  S N A V  A 
LYSRSECOL I G S  L T E A A  I I L L H  T S Q P T V  S R E  L A  
AMPRSECOLI L S F T H A A  I E L N V T II S A 1 S Q H V K 
ANTP M P Q A Q T H G a L O V P Q Q Q Q Q Q Q Q Q  

f3 $ B PMU T T F K Q I A L E S O  L S T G T I  SSF.1 N 
DNABSECOLI R S L K A L A K E L H V P V V A-L S Q L N R 
BIAASECOLX t i  S G  E Q  L C  E T  L Q  M S R A  A I N K  I I  I Q 
BPT7 K Y Q E D L A A L E Q T S D R x t S D 1 , R S  
D D I I S R I I  IME E L V A A V A D K A G L S K A D A S S A V D  
CY SBS ECOL I L N V s S T A  E G  L Y T S Q P G'I S K 0 V R 
CY T R S  ECOI, I A M  1 K D V A 1, K A K V S T A T  V S R A I .  1.1 
14'TA 1 5 Y E A S T  K E K E E V A K K C C  I T P  r . ~ v n v w v c  

9 I r I I I ' c  I t 1 , r r  3 I 1 : i i n n i  ~ n l  ' ~ ' C V P Y ( ; ' I ' I , S Y Y ~ : S  
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It 
N 
D 
C 
0 
E 
C 

I 
L 
K 
M 
F 
P 
9 
T 
W 
Y 
V 

n 

L 

HTH Weight Matrix 
Po s it ion 

1 2 3 4 5 6 ‘ 7  8 9 1 0  11 12 13 1 4  15 16 17 18 19 20 21 22 

2 O O 5 5 4 2 9 2 5 7 0 2 0 1 6 9 2 1 1 4 O Q  
3 1 3  5 1 0  0 2 1 0  0 0 0 4 2 2 0 5 1 1 0  2 6 
0 4 1 0 0 0 1 2 0 0 3 0 2 1 0 0 0 2 2 0 2 7  
1 0 0 0 6 0 0 6 1 0 0 0 1 2 0 1 0 0 3 1 1 1  
0 0 0 0 0 0 0 0 0 1 0 1 0 0 0 0 0 1 0 0 0 1  
1 0 1 2  3 6 0 0 4 2 0 0 0 1 1 2  5 4 1 3  9 2 2 3 
2 1 0 7 7 . 1 0 6 4 1 0 0 1 2 5 0  0 1 0 2 8 3  
2 3 1 2  0 0 6 2 1 0 3 1  1 2  0 2 2 0 2 1 1  0 . 2  
1 1 1 0 1 0 0 2 0 0 1 0 0 1 0 0 0 0 0 3 0 1  
2 0 4 0 1 3 0 1 2 0 0 4 0 2 0 1 2 0 0 0 7 4 0  
11 1 7  0 1 1 3  0 2 6 1 6  0 4 0 0 1 0  4 0  1 6  6 0 
2 0 2 6 4 0 1 7 8 0 1 0 1 2 0 0 0 0 3 0 3 5  
4 1 0 0 0 0 0 0 1 1 0 3 0 0 1 0 0 0 0 0 0 1  
1 0 2 0 0 2 0 0 0 2 0 0 0 0 0 0 0 0 1 1 1 0  
0 1 0 0 0 0 0 0 0 0 0 0 3 1 4 0 0 0 0 0 0 0  
2 9 0 1 4  0 0 0 0 1 0  0 1 9  0 9 2 0 1 8  2 0 1 2  
1 1 3  2 5 0 4 0 1 2  1 0  4 6 2 0 1 5  0 2 0 0 0 1 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 6 0 0  
0 2 0 1 0 0 0 0 2 3 1 0 1 2 0 1 0 1 1 2 0 0  
2 0 2 2 1 1 0  0 0 2 4 0 1 8  0 5 2 0 1 0  1. 1 2  7 0 

. .  . 

fiii Nil = number amino acid of type i at posirion j, 
where N = number of sequences in  training set, and 

’ fi =: frequency of aminoacid of type i in dnt:ibnsc 
Wij = 
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Q 



. -. 
. .  

Prooram RE6UL AT 

Scan 0 . P :  Positive regulator. 
Negative regulator (rapresjor). 
Sipma type regulator. 

For sequence LYSWECOLI. 

DE L Y S A  ACTIUATORY PROTEIN (GENE NAME: LYSR). 
OS ESCHERICHIA COLI. 

Total number o f  amino acids  is: 311. 

r 

~~ _J ......................................................................................................................................... 
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0 bjm ti ves : _ -  . . .  . .  

0 Identify properties of DNA sequences 
that determine their function, by 
computer-aided statisti'ca1 analysis. 

Given- -a *new sequence, accurately 
predict its function. 

. . . 

Examples : 

Regulatory regions: promoters 

Processing sites: poly-A sites, 
introdexon - . .  boundaries - - .. - . 

- ReIated problem: predict protein 
.- - structure and 

,. - -  
-: e 

- -  . 

function from sequence. 



Basic method for identifying signals: 

Start with set of examples: 

100 promoters 
100 non-promoters 

Find features that dk$hguish 
two classes. 

the 

Use the features that distinguish the 
two. classes to classify unknown 
sequences. 



.- . - .  

Two problems: 
1) How can we determine weights €or each piece of evidence? 

2) How can we choose a good threshold to split the classes?- 

Discriminant analysis, weight-matrix methods, and perceptrons: 

. - all calculate a score €or a sequence by multiplying a weight 
matrix times an evidence matrix. 

differ in how they determine what deights to use in the'weight 
matrix. 

J - differ in how they choose a threshold, 



Weight-matrix. method 
Weights correspond to the frequency of each base, 

Procedure: .. 
Count A,,C,G, and T in each position in I00 E. coli promoters: 

3ase: I 2 3 4 5 
T. 89 9 50  17 7 
A 0 9 24 65 6 5  
G 7 2 7 15 7 
C 4 0 19 4 20 

Divide count by 100 to get frequencies: 

3ase: 1 2 3 4 5 
T -89- 009 050 -17 -07 
A 0.0 .. 8 9 .CI 34 -65 -65 
G -07 ‘-02 -07 *I5 007 
C -04 0.0 -19 -04 020 

6 
100 

0 
0 
0 

6 
1.0 
0-0  
0.0 
0-0  e 



.. . . . ... 

Recall linear algebra: 
Calculate a score by matrix multiplication 

W 
3ase: 

'I: 
A 
G 
C 

1 

00 
- 0  
01 

19 

E 
]Base: 

T 
A 
G : c  

1 
1 
0 
0 
0 

2 
0 
1 
0 
0 

3 
- 5  
03 
--I 
-04 

5 6 
01 0 8. 
- 6  00 
-01 - 0  
-02 -.l 

3 
0 
0 
0 
1 

4 

0 
1 
0 

0 :. 

5 
0 
1 
0 
0 

6 
1 
0 
0 
0 ;  

, 



Linear discriminant analysis 

'f the two classes you wish to separate have certain properties 

e the data points are normally distributed 

the two classes differ only in their mean Iocation 

rhen 

4 you can calcuiate the best dividing fine analytically. 



.. 

General notation: 

ei = ith piece of evidence 

wi = weight for the ith piece of evidence 

Score for a sequence is 

Decision rule: 

If S :> T, assign the sequence to one class- 
If S (= T, assign the sequence to the other class, i 
If S == T, can't assign, or assign arbitrarily. 



Score is S = ~ I W I  + e2w2 ' 

Let S ,g: T, and rearrange terms: 

T 
w2 

e l + -  w1 
e 2 = ' -  

w2 

This is the equation for a line that separates 
the two classes. 

. -  .- 

3 



A linear partition to predict 9 . .  DNA 
z - _ .  . _ - - e  

- -  * f - - -  - .., . -  . .  .- .. a n  

c 

annealing 
temp 

hybridization 

e2 = e lwl  f w2.+ 

. -  1 ;  . -  

T / w 2  

% sequence mismatch 

0 hybridization 

0 no hybridization 
.. - 



Methods to select the threshold: 
- minimize false negatives 

minimize false positives 

minimize total miscfassified cases 

arbitrary 



Perceptrons 

Score, S ,  is a weighted h e a r  function of its input variables, 

Threshold, T, splits classes. 

Use search to determine the values in the weight matrix. 

'J 



s 3:  A 6 6 C 6  

$: t A T C T  

- -  

e- 

- -  . ... 
. .  - -  . -  

S i :  A C T C A  
5 :  C S A T T  

-3 -7 -3 3 4 
3 2 1 4 - 2  

T I S - 4 - 5  6 3 

= 2 QyKfw 

31 
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Nakata used linear discriminant .analysis 
Used 

* 

a 

- 0  

four derived variables from the DNA sequence: 

Pelrceptron score for promoter or not, 
using base sequence 

\ 

Base composition 

Thermal stability (ease of separating two strand) 

DNA twist, roil, torsion (3-D structure) 

90 promoters from Earnley and McCIhre collection, split 
into test and training set. 

Correctly classified 75 % (test set estimate) 
a 



- . a  . .  

3arr's weight matrices for -10 and -35 regions: 

Base: 
'I: 
A 
G 
C 

3ase: 
T 
A 
G c 

I: 
85 

6 
4 

' 6  

T 
87 
11 
0 
2 

G 
13 
0 

81  
6 

A 
17 
6 1  
2 

20 

T 
8 9  

0 
7 
4 

: A  T 
' 9  50 

9 24 
2 ' 7  
0 19 

A 
17 
65  
15 
4 

Appareni accuracy rate of 87% 

But: 

C A 
9 31 
17 52 
7 11 

67 6 

A 
7 

65 
7 

20 

T 
100 
0 
0 
0 

0 resubstitution estimate (same sequences to build and test) 

used 48 parameters for 34 sequences 



Absemski used a non-linear neural net 

128 of 28$ promoters from Harley and Reynolds 

only strong promoters - not: requiring special sigma factors - not: heat-shock promoters - not in any other way irregular 

Non-promoter training sample: 515 sequences from phage T7 
DNA believed to contain no promoters. 

Features input to neural net: 
2 

bases in -10 and -35 regions 

spacing between the f ~ w  regions 

/" 





Output layer: 

1 output 

Input layer: 

24 input 

48 input 

node for promoter or not-promoter, 

nodes for the -10 region 

nodes for the -35 region 

Hidden layer: 

1 hidden nods for the - 10 region 

7 hidden nodes, each corresponding to the -35 region in one 
of the seven possible spacings from the - IO region, ie-, 

: spacing = (15,16,17,lS,19,~0,21} 

/-' 

.. - -  

Y L  



.:..- . _ -  

4bremski's results 

Correctly classified 100% of the training sequences 

Correctly classified 98 %, cross-validation 
\ 

Required excluding all but the strong, regular promoters. 
... ... .. ... _. . . - ~  . ._.. . 



The problem of mior probabilitv 

Classification programs usually assume aII 
classes are- equally likely. 

Exam pie: 

equai prior-probabiiity of promoter or 
m t  promoter. 

This assumption is usually wrong: 

2000 promoter sites 

4 million bases 

I promoter in 2000 bases => 

prior probability of promoter = 010005 



What is the .probability that the sequence 
actually is a promoter, given that the 
classifier says it is? 

Bayes' rule: 
P(+vel prom)P( prom) 

P(+ve) 
- P(prom I + v e )  

P(+ve) = P(+vel prom)P(prom) 
+ P(+vel not prom)P(not prom) 

P(prom) = 0.0005 
P(n0t PCO!I'I) = 0.9995 

P(+ve 1 prom) = 0.95 
P(+ve 1 not prom) = 0.05 

Y 



The probability that the sequence. actually i: 
a promoter, .given that the classifier says it 
is = 0.01.: 

0.95 * 0.0005 
0.95 * 0.0005 + 0.05 *0.9995 P(prom I + ) = 

= 0.01 

In 99 cases out of a 100, a sequence that 
QUT classifiers say is a promoter is not, in 
fact, a promoter. 

/' 



How to deal with mior orubabilifv? - 

. Gather additional evidence. 

Find an ORF & look upstream from the 
proposed gene: 

Prior probability of a promoter = 0.5 
Probability that the sequence actually is 
a promoter, given that the classifier says 
it is: 

. .  

0.95 * 0-5 
0.95 *.0.5 + 0.05 *0.5 P(ps0m 1 +ve ) - 

= 0.95. 

We must consider the prior probability. 



ImproDer measures of accuracv 

Watch out for people who use the same 
data to build the classifier that they use to 
test its predictive accuracy. 

.Use different data for training and test sets 

Use several different training and test sets. 

Repeatedly divide the data into subset5 
with 90% for training and 10% for 
testing. Take the average accuracy. 

. .  



As far as the laws of mathematics refer to 
reality, they are not certain; and as far as 
they are certain, they do not refer to reality. 

-- Albert Einstein 
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Sequence Alignment 

220 230 240  250 X X 
F--SGGNTHXYMNHVEQCKEXLNPmLCELVISGLPYWj'RYLSTKE-QLK-Y 
I : l : : l l l : l l : l  I I I l l :  : : I  I I : : : : :  I : :  I 

2 60 270 280 290 X 
LKPGDFIHTLGDAHIYLNHIEPLKXQLQREPRPFPKLRXLDFQIEGYNPHP~IK 

X 

Region ICnd Region End 
SCOE = Similarity-weights .. Penalties 

Region Stilrt Region Start 
where: 

Penalty = Gap-penalty + Size-of-gap x Gap-size-penalty 



l-4 

l-l 

l-4 

rc 1-4 
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0 0 0 0 0 
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m r4 H c-4 0 

m r4 P4 H 0 
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w 
z 
0 
N 

t 
I 
0 - 
-1 - 
3 
I- 

/ 

0 
(D m 

0 cu m 



A Ala 
R Arg 
N Asn 
D Asp 

Q Gln 
E Glu 
G Gly 
H His 
I Ile 
L Leu 
K Lys 
M Met 
F Phe 
P Pro 
S Ser 
T Thr 
W Trp 
Y Tyr 
V Val 

c +YS 

Acceptable Point Mutations 
Log-Odds PAM 250 Matrix 

(Adapted From Schwartz and Dayhoff) 
.I 8 

.61 

Ala Arg Asn Asp 

-.52 -.I 0 -.21 
-.43 -.47 -.54 
-.28 .02 -.06 

0 -.05 0 
-.22 -.08 -.04 
-.78 -.48 -.70 
.03 -.40 -.43 

-.I9 -.I9 -.18 
C Q E 

Cys Gln Glu 

-38 

Gly His He Leu Lys Met Phe Pro Ser Thr Trp Tyr Val 



Comparison of.  Matrices 
for 

Scoring Sequence Similarities 

Sequences Compared 

Antibacterial substance A Streptomyces vs. 
Neocarti nos tat i n Streptomyces 

Ferredoxin Clostridium vs Ferredoxin Spirulina 

x-Hemoglobin Human. vs. Myoglobin Human 

cc-Hemoglobin Human vs. Globin CTT-Ill Midge 

Cytochrome C Horse vs. Cytochrome c6 Spirulina 

Cytochrome C Horse vs. Cytochrome C553 
Desulfo vibrio 

2-microglobulin Human vs. IG p chain C4 region R uman 

Ig p chain C4 region Human vs. Ig E chain C4 
Human 

Genetic Amino PAM 
250 

3.1 3.2 2.6 2.9 

0.1 1.6 1.8 3.4 

Unitary Code Acid 
Matrix Matrix Matrix Matrix 

5.8 6.6 9.9 10.7 

2.0 2.4 3.2 3.5 

4.5 4.3 7.3 6.1 

0.2 0.4 0.4 3.9 

3.6 3.3 4.7 4.0 

4.7 9.0 9.2 12.1 



. .  

I t  

I 1  

IO 

9 

8 

7 

6 

S 

4 

3 

2 

I 

4 

. o  1 0 0  200 = 4Q) - am '100 
-I 

-0LSTIwQ:- 

u 
v) 

Figure 87. Alignment 1c0r-e~ as a functmn - OftfB-dmiOrury 
distance of the mutation data n+raiOr T1#s log odds -ices, 
multiplied by IO, were calcuhtcd at 4-50. too, t5& 200,242, 
300, 350,450, 550, and 750 PAkk Thr pcrptty faczar and 
mamx bias were both given valua uf 6 im d$ *ut -are 
based on 300 randomized sequence am- Id the standard 
deviations of the scam are tfiwefore aban 4% of thrirrduer. The 
following se4uence mmpan'sms were mde: opar dmf& hemoglo- 
bin alpha chain-human n. rnyoqtobiirr-humm: miid & d e ,  
hernogiobin alpha &in-human VJ. globin C7T-IlI-midge larva; 
open diamond, cytochrome c-hone vs. cymchrome q-SpimJha 
maxima: solid diamond;' cytochrome c-bone vs. cyt&rume 
q53--Desuffovi&nb gi-; open square, lg mu chain C4 homology 
region-human Gal vs. lg epdon chain c4 homoiogy -on- 
human Nd;5Ufidsquam, Ig mu chain C4 homology region--human 
Gal vs. be~z-miaoglotruIin--human. 
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Sequence Homology Search 
Query: METR$ SALTY 
Perfect Score: I 1994 
Scoring parameters: PAM 150 
Searched: 
Statistics: Mean 44.062 Variance 67.8 

Gap open 20 Gap extend 6 
Swiss-prot 28 36,000 seqs 12,496,420 residues 

No. Score Match Length DB 

1 1994 100.0 276 4 
2 1866 93.6 317 4 
3 285 14.3 299 2 
4 231 11.6 302 1 
5 216 10.8 289 1 
6 214 10.7 311 4 
7 214 10.7 300 4 
8 211 10.6 300 4 
9 208 10.4 290 1 

10 208 10.4 290 1 
11 206 10.3 289 1 
12 205 10.3 297 3 
13 19 8 9.9 306 2 
14 19 5 9.8 324 2 
15 193 9.7 304 6 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ID 
------------ 
METR-SALTY 
METR-ECOLX 
CYNR-ECOLI 
ALSR-BACSU 
AMPR-RHOCA 
LYSR-ECOLI 
NOCR-AGRTS 
NOCR-AGRT7 
AMPR-C ITFR 
AMPR-ENTCL 
CATR-PSEPU 

GLTC-BACSU 
CYSB-ECOLI 
YAFC-ECOLI 

3: LVY-ECOLI 

Description 

TRANSCRIPTIONAL ACTIV 
TRANSCRIPTIONAL ACTIV 
CYN OPERON TRANSCRIPT 
ALS OPERON REGULATORY 
TRANSCRIPTIONAL ACTIV 
TRANSCRIPTIONAL ACTIV 
REGULATORY PROTEIN NO 
REGULATORY PROTEIN NO 
TRANSCRIPTIONAL ACTIV 
TRANSCRIPTIONAL ACTIV 
CATBC OPERON TRA.NSCR1 
TRANSCRIPTIONAL ACTIV 
REGULATORY PROTEIN GL 
CYS FIEGULON TRANSCRIP 
HYPOTHETICAL 33.8 KD 

....................... Pred. No. 

0.00e+00 
0.00e+00 
8.36e-43 
4.50e-30 
1.22e-26 
3.47e-26 
3.47e-26 

7.85e-25 
7.85e-25 
2.218-24 
3.70e-24 
1.35e-22 

1.73e-21 

.-----..---- 

1.65e-25 

6.24e-22 



Sequence Homology Search 

3 .  ME'PR-SALTY (1-276) 
CYNR-ECOLI CYNR ACTIVATORY PROTEIN. 

Residue Identity = 
' Gags - - 74 Mismatches = 106 

76 
- 26% Matches - - I9 Conservative Substitutions - 

x 10 20 30 40 50 60 70 
IEIKHLKTLQALRNSGSL~VLHQ~QS~S~QFSDLEQRLGFRLFVRKSQPLRFTPQGEVLL~L~QVL 

M L S R H f N Y F L A V A E H ~ S F T R S A L H V S Q P A L S Q Q I R Q L E L  
X 10 20 30 40 50 60 70 

: I : :  : I :  : 1 1 : :  I t :  I I  : l : l l l : l :  : I t :  I I  I I  I :: : I : I  I l l  I I : :  I 

Sequence Name D e s c r i p t i o n  L e n g t h  Score %Match Exp . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
1. METR-SALTY METR ACTIVATORY P R O T E I N .  276 1356 100 0.000 
2 . METR-ECOLI METR ACTIVATORY P R O T E I N .  317 1285 95 0.000 
3 .  CYNR-ECOLI CYNR ACTIVATORY P R O T E I N .  299 305 22 0.011 

297 294 22 0.022 4. I L V Y - E C O L I  I L V Y  ACTIVATORY P R O T E I N .  
289 287 21 0.035 5. AMPRRHOCA AMPR ACTIVATORY P R O T E I N .  
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Genomic Sequences Missed by Blast/FastA 
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MetR Search Versus Swiss-Prot 28 

Search 

1 % Expectation 5% expectation 
Gap Number Number Number Number # Missed = 

PAM Gap Size True + False+ True + False+ False- 

MPsrch-PPA 1 27 
MPsrch-PPA 50 20 
MPsrch-PPA 100 20 
MPsrch-PPA 1 50 20 
MPsrch-PPA 200 20 
MPsrch-PPA 250 20 

MPsrch-PPA 150 . 6 
MPsrch-PPA 150 10  
MPsrch-PPA 150 20 
MPsrch-PPA 150 40 
MPsrch-PPA 1 5 0  80 

3 
24 
41  
48 
52 
47 

3 
27 
42 
51 
53 
5 0  

57 
33 
1 8  
9 
7 

1 0  

3 
4 7  
48  
49 
4 9  

9 
4 9  
51 
52 
52 

51  
1 1  
9 
8 
8 

MPsrch-PPA 200 5 5 
MPsrch-PPA 200 1 0 6 
MPsrch-PPA 200 20 6 
MPsrch-PPA 200 4 0  6 
MPsrch-PFA 200 80 6 

2 
5 1  
52 
5 1  
50  

2 
53 
53 
53 
51 

58  
7 
7 
7 
9 

M Psrch-PPA 
M Ps rc h-PPA 
MPsrch-PPA 
MPsrch-PPA 
M Psrch-PPA 

BLAST 
BLAST 
BLAST 
BLAST 
BLAST 
BIAST 

200 20 2 
200 2 0  4 
200 20  6 
200 20  8 
200 20 10 

2 -  
50 - 

100 - 
150 - 
200 - 
250 w 

m 

00 

00 

01 

00 

00 

50 
5 1  
52 
52 
52 

2 
22 
30 
32 
36 
32 

53 
53 
53 
53 
53 

2 0 
23 0 
32 0 
35 0 
40 0 
35 0 

58  
37 
2 8  
25 
20 
25 

i 
/’ 
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The Significance of Similarity Scores 
Decreases with Database Growth 

The score of any sequence alignment is constant 
The number of database entries grows exponentially 
The number of nonhomologous entries >> homologous entries 
Greater sensitivity i s  required to detect homologies 



How Search Programs Handle 
Sequence Redundancv 

Program 

FASTA 

FASTDB 

BLAST 

BLAZE 

MPSRCH 

QUEST 

P R 0 FILE 

Search 
Both DNA 
Strands 

User 
Specifies 

User 
Pmmpted 

Automatic 

User 
Specifies 

Automatic 

User 
Choice 

N/A 

IUPAC PAM matrix 
Code ’ 1 substitutions 
Matchin 

No 

Yes 

No 

Yes 

1 Hard Wired 7 Selected 

L Provided 

Selected ,-E- Yes 
I Selected 
I 

^$ Provided 

I 
Affine Genetic Code Rapid N- 
Iop IRedundany i m e r  
Penalties Search 

6 Frame trans. Possible 
I I 

6 Frame Trans 
Yes & Genetic Possible 

ICodeMatrix I 
I I 

No 

Yes 

Yes 

Possible 

6 Frame Trans Possible ---I- 
N/A Encoded in Possible 

Patterns 

Yes I N/A 
I 
I N/A 



Comparison of Rapid Database Search Program Features 

PAMs r- 
I *Program Penalty? 

Gap 

F ~ S T A  

FASTDE 

BLAST 
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MPSrch 

FASTA 
format 

IG 
Format 

Query 1 #Seqs/ 1 Multiple 
Format Query Database 1 File 1 Search 

1 Yes 

N Yes 

120/250 Fixed 

FASTA 

FASTA 
or IG 

FASTA 
or IG 

1 if 
indexed 

1 No 

N Yes 

Any Variable 
PAM 1 
Yes, via 
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file 

Select- 
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I 
No Gaps 
Allowed 

Variable 

Any Variable 
PAM 1 

I 

Variable 
Gap Size 
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Fixed 

Variable 

No Gaps 
Allowed 

Variable 

Variable 

output 
Limit- 
ation 

# scores 
# align. 

#scores 

V &  B 
para- 
meters 

#scores 
% rnax 
score 

#scores 
% max 
score 

Score 
3ptimiz 
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Yes 

Yes 

N o  

Always 

Always 

Align- 
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Yes 

Yes 

Yes 

Yes 

Yes 

Standard 
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FIG. 2. Piofile of the Xenopus laevis transcription factor TFIIIA zinc finger. The eight repeats of the zinc finger sequence that form the probe are 
shown dcscending vertically at the left, labeled with the positions where they occur in the complete sequence. Insertions made to align the sequences 
arc shown as periods. The profile calculated by I'ROI~ILEMAKE is shown in the box. The rows correspond to the positions in the aligned sequences, 
and the columns contain the score for each possible amino acid residue when aligned at that position. The position-specific gap penalties are given in 
the two right-hand columns. The consensus sequence is shown immediately to the left of the box, and represents the highest scoring column at each 
row in the profile. In other words, the consensus residue is the amino acid that would receive the highest score when aligned with that position in the 
aligned probe sequences. 
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K, A, and heavy chain variable regions. (b) Heavy chain variable region, PSQ entry H3HLJTj 
(c) Consensus sequence derived from 20 sequences in (a). (d) Profile (a) with insertion/del 
tion penalties set to a constant vdue at all positions. 
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Generalized Dynamic Programmina 
U 

Database 

a a 
A W N  \. D C Q E C H  I L K M F P  S T I Y V  I G L  I V S  R A  D G I R E M T S P L K S G F V  
(3 4 5 1-5 2 7 1 9-3 5 0-6 1 2  5 6-7 3 4) 
(3 0 5 9-5-3 2 2-3-3 2 0-2 11-5 6-7 3 4) 
(1 3 5 2-5-3 2 2-3 2 2 0-2 1 1-5 6-7 3 4) 
( 6  4-3 0 2-1-3-1 4 3-5 1-3 3 4-5 2-3 2-1) 
(1 3 5 2-5-3 2 2-3 2 2 0-2 11-5 6-7 3 4) 
(3  0 5 9-5-3 2 2-3-3 2 0-2 11-5 6-7 3 4) 

> (2-3 4-2 5 2-3 1-1 0 2 5-4 2-3 4 5-1 0 4) L 
Q) ( 6  4-3 0 2-1-3-1 4 3-5 1-3 3 4-5 2-3 2-1) 

e 
e 

e 
a e 

e 3 (2-3 4-2 5 2-3 1-1 0 2 5-4 2-3 4 5-1 0 4) a (1 3 5 2-5-3 2 2-3 2 2 0-2 1 1-5 6-7 3 4) 

e (3 4 5 1-5 2 7 1 9-3 5 0-6 1 2  5 6-7 3 4) 
(1 3 5 2-5-3 2 2-3 2 2 0-2 11-5 6-7 3 4) 
( 6  4-3 0 2-1-3-1 4 3-5 1-3 3 4-5 2-3 2-1) 
(2-3 4-2 5 2-3 1-1 0 2 5-4 2-3 4 5-1 0 4) 
(2-3 4-2 5 2-3 1-1 0 2 5-4 2-3 4 5-1 0 4) 
(6 4-3 0 2-1-3-1 4 3-5 1-3 3 4-5 2-3 2-1) 
(3 0 5 9-5-3 2 2-3-3 2 0-2 1 1-5 6-7 3 4) 
(1 3 5 2-5-3 2 2-3 2 2 0-2 11-5 6-7 3 4) 

\ \  

e 

a 

0 t 
e 

e 
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D 23 5 16 
E 24 7 16 28 

SAM Scoring Matrices 
Amino Acid Replacements Observed in Secondary Structures 

S M 2 5 0  

Lll( 
A @  
C 3 68 
D 12 3 21 
E 9 2 13 11 

P 11 5 4 4 5 6  F 5 2 5 3 3 0  
G 27 7 13 14 4 31 
H 17 5 8 9 7 9 3 4  
I 1 5  4 5 6 5 6 4 9 1 5 2 6 4 6 9 7 3  
K 21 8 13 16 5 13 12 7 55 X 16 5 17 16 7 17 13 11 61 
L 15 11 8 9 16 8 9 20 9 100 t 7 8 8 7 1 2  8 7 1 4 1 0 7 2  
M 13 2 3 5 6 4 3 5 7 2 5 1 6  M 4 2 5 3 3 7 5 2 1 0 2 1  
N 21 4 1 0 1 1  4 1 2  8 4 1 3  9 3 8 N 10 3 13 9 5 18 11 5 16 8 
P 20 2 7 9 1 1 0  4 2 7 6 1 5 3 0  P 12 2 7 7 3 1 0  8 4 9 5 
Q 19 4 9 1 2  4 9 8 4 1 4 1 0  3 7 4 8 Q 7 1 8  6 3 1 3 1 0  3 1 6  6 
R 15 3 6 8 3 7 7 3 1 9  9 2 5 2 5 1 7  R 6 3 7 5 2 1 3  6 2 2 0  6 
S 25 .8 12 13 5 15 9 7 14 11 5 10 8 9 8 15 S 13 8 15 12 7 22 11 8 18 9 
T 23 6 9 1 1  5 1 2  8 5 1 3 1 1  4 8 5 7 6 1 1  9 T 9 3 1 1  7 4 1 5  8 5 1 5  8 
V 22 12 10 11 10 12 9 22 11 24 16 10 8 10 9 14 13 62 V 7 4 8 5 7 1 1  7 6 1 1 1 6  
W 6 i 1 2 1 4  1 1  1 2  6 1 1  1 1  1 2  1 3 9 2  W 2 1 4 1 1 7 5 1 6 4  
Y 7 1 2  2 1 8  2 8 2 3 7 1 2  1 1  1 2  2 5 1 0 7 4  Y 4 5 5 3 1 5  6 1 3  3 6 9 

0 21 5 21 18 7 68 (a-helix) H 9 3 9 7 1 1 1 0 5 8  

SAllM250 
(p-turn) 

2 
4 10 
3 8 100 
2 7 8 4  
1 6 7 4 7  
6 13 12 9 9 19 
3 9 8 5 5 1 2 1 0  
5 7 5 4 4 9 6 1 2  
1 4  1 1  1 5  1 1 5 8  
3 5 4 3 2 7 4 4 6 2 9  

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

Similarity between amino acids depends on secunda y structure cortteX4 
in addition to the amino acids themselves. 
SAM matricies have been used in database search (Eisenberg, 1991); we 
plan to attempt using them for structure prediction. 

SAM = Acceptable Structural Mutation 

I I 



3D Environment Compatibility Search 

A From 3D struciure io 
envlronmenlal classes B Maklng the 3D 

structure prollle C The compaUb1llty search 

Wdd* 
polar envtmnmml 

Chrrrclrrlzr rnvlronmonl 
&I arch porltlon: 

1) sewndary rtrudura: I 
2) lredlon polar: f 
3) area burled; A 

N-tormlnua 

Eh 
A 8 ' 8 ' 8  PlQ 

Q Construct 
A' ' " 

Artlgn rnvlronmrntrl 
' 8  " C ~ I I  to rrch porltlon proflle 

C.lermlnu$ C-lsrmlnui 

t 
ReMue w e $  for each amino ocld 
In every envlronmenl daar (Fb. 5) 

,i 30 slruclurr profile 

Allgn rvory rrqurnco 
wllh Ihr 3 0  prollk 

A C b E f Y Q n E i l  . . . . .  . . .  . . . . .  . . .  . . . . .  . . .  
E o  4 8  -44 4 4  69 -220  - -210  200 200 

Pta 8 41 2 E  65 -143  - .70 200 200 

8,a - 6 0  -10 -I(? - 7 1  70 - 05 200 200 

E a  4 6  4 4  4 4  60 -220  -210  200 200 . . . . .  . . .  . . . . .  . . .  r :  . . . . .  . . .  
I 

Oakhue ol 
proleln sequrncsi 

I Dalablse ordorad by score 01 
wmpallblllty wllh 3 0  I r~ruclurr prolllr 



Envltonment 
class 

8 

Ea 

E 
EB 

- 
W 
...3c 

1 .oo 
1 .I7 
.t .os 
0.50 
0.01 
1.02 

0.92 
0.75 
I .07 

-1 .E 
0.38 
-1.2E 

-1 .I 4 
-0.7f 
-0.82 

-1.3: 
0.64 
-2.14 

- 
F 
I 

1.32 
0.85 
5.45 

0.90 
1.18 
1.05 

-0.03 
0.81 
0.70 

4.82 
9.49 
-1.2a 

-1 .a 
4.54 
-0.88 

-2.2a 
-0.a 
-1 .M 

_I 

Y 
0.1 8 
0.07 
0.19 

0.85 
1.08 
1.12 

0.58 
1.30 
1.13 

I 

-0.59 

-1 3 1  

-0.779 
-0.84 
-0.51 

-2.1 0 
0.30 
-0.04 

0.17 

- 
L - 

1.27 
1.13 
1.10 

1 .OI 
0.78 
0.84 

0.15 
0.1 8 
0.35 

4.51 
-1 .E 
4.62 

4.z 
-1.x 
4.7c 

.I.% 
-1.M 
-1.1 E 

- 
I - 

1.17 
1.47 
1.11 

0.63 

0.81 

0.04 
0.54 
0.17 

9.24 
0.20 
0.23 

-0.54 
-0.33 
.I .09 

1.31 

w e  
b1.47 
*1.81 

- 
V 

OrtlDrr 

0.68 
1 .oil 
1.02 

0.68 
1.06 
0.60 

-0.02 
0.56 
-0.03 

0.10 
0.48 
-0.01 

9.48 
0.13 
6.88 

-1 . i o  
-1.74 
-0.01 
IC 

_I 

M - 
1.28 
0.55 
0.98 

1.12 
0.64 
0.90 

0.89 
-0.57 
0.23 

-0.03 
-0.27 
-1.10 

-0.45 
-0.72 
-0.89 

-0.?2 
-0.88 
-1.87 
I_ 

- 
A - 
0.68 
0.7g 
0.91 

0.89 
4.55 
0.68 

0.57 
0.83 
4.98 

0.73 
0.84 
0.46 

0.08 
6.S 
-0.1 5 

0.46 
0.06 
0.12 - 

F\g. 5. Thc 3D-lD scoring table. The scorcs for pairing a rcsiduc i with a n  
cnvirorirnetitj is given by the information valuc (61), 

wlierc P(i: j )  is the probability of finding residue i in cnvironmentj and Pi is 
thc’ overall probability of finding residue i i n  any environment. Tliesc 
probabilities wcre’dctcrmincd from a database of 16 known protein stnic- 
ttires and scts of homologous scqucnces aligned to the scqucncc of known 
stnictttrc as dcscrikd in Lutliy t i  al. (28). For each position in the aligned set 
of scqucnccs, we detcrmincd the environment catcgwy of the p)sitioli from 
the known structure and counted the nutiitxr of each rcsiditc typ‘: li)iind at  
the position within tho set of  aligned scquenccs. A rcsiduc typc was coitntcd 
only  oiicc pcr position. For cxamplc, if therc wcrc ten aspamtcs arid oiie 

- 
G 

LcJ=3 

m2.53 
a 0 2  
-1 32 

-1.49 
-2.28 
-1.68 

-1.88 
-1.03 
-0.88 

-0.49 
-0.82 
-0.24 

-0.50 

-0.40 
-0.98 

0.08 
1.48 
1.13 - 

- 
P - 

.1.18 
9.94 
0.28 

-2.21 
-0.49 
0.10 

-0.68 
4.34 
4.13 

4.25 
-0.55 
0.66 

-0.28 
-1 .a 
0.44 

0.04 
-0.98 
0.20 - 

- 
C 

lDgi 

-0.73 
-0.22 
-1.22 

-0.1 0 
-0.87 
-0.05 

-1.56 
6.54 
-1.20 

0.95 
1.49 
1.35 

-0.93 
-0.57 
-0.60 

-0.44 
-0.24 
-0.4 6 

- 
T - 

p1.29 
-1 .12 
-1.53 

-1.50 
-2.27 
-0.76 

4.57 
-0.44 
-0.53 

0.31 
0.83 
0.58 

-0.05 
0.84 
0.06 

-0.1 7 
0.14 
0.12 

- 
S 
I 

,2.73 
2.8 I 
-2.81 

m1.47 
-1.77 
b1.17 

-0.98 
-0.74 
-0.54 

0.34 
0.33 
0.49 

-0.1 8 
0.59 
0.26 

0.1 5 
0.85 
0.32 

I_ 

4.08 
4.439 
*I .I7 

0.23 
-1 .a 
0.76 

0.22 
0.21 
0.05 

4.1 4 
-2.27 
-0.63 

0.55 
-0.08 
0.27 

0.36 
Q.l g 
4.03 

- 
N 

=eEs 

e l  .93 
-i .42 
-2.42 

-0.01 
-2.07 
-0.08 

-0.08 
-0.24 
0.04 

-0.54 
-1.32 
-0.13 

-0.05 
-0.1 8 
0.50 

0.28 
-0.08 
0.4 1 

E 
E3 

n1.74 
4.93 
-2.52 

O.71 
-1.07 
-1.35 

0.08 
~0.14 
-0.38 

-0.17 
4.73 
4.61 

0.56 
0.32 
0.27 

0.59 
6.18 
0.03 

D 
PPI 

-1.97 
-2.58 
-1.78 

-1.62 
-1.41 
-1.28 

-0.50 
-0.88 
-1.05 

-0.25 
-1.07 
0.38 

0.28 
0.1 9 
0.49 

0.44 
-0.70 
0.22 

- 
H 

L3=3 

-0.34 
-1.91 
*1 .I 2 

0.23 
4.77 
0.46 

0.m 
0.82 
1.01 

-0.52 
-0.42 
-1.12 

0.06 
-0.87 
0.13 

-0.1 0 
-0.83 
4.25 

I_ 

K - 
1.82 
2.89 
p2.50 

,0.78 
~1.14 
.2.34 

0.43 
6.53 
0.1 0 

-0.21 
-1.21 
-0.74 

0.81 
0.59 
0.44 

0.1 3 
.0.52 
~0.14 

- 
R 
CLI 

,I .67 
.l .10 
.2.18 

0.08 
9.20 
0.80 

0.06 
0.13 
0.66 

6.28 
4.77 
.1 .a 
0.50 
0.10 
0.30 

0.34 
0.49 
0.32 - 

glycine fotind a t  a positioii in a set of aligned scqucnces, then both the Asp 
and Gly countcrs were both incrcrnentcd by only one. The total number of 
rcsiduc rcplaccmcnts in our database was 8273. If the number of  residues i 
i n  an cnvirunrncntj was found to be zero, the number was increased to onc 
so that P ( i j )  was nevq zero. Houndaries far chc environment categories 
(shown in Fig. 3) wcrc adjusted iteratively to maximix the total 313-1D 
score suinrncd over all rcsidues in our database: 

P ( i 9 )  
’I‘otnl 31)-I I3 score = Nii In - 7 ( I’i ) 

whcro Nii is thc niimlxr o f  rcsiducs i in environrncntj. In this casc, ifN, was 
7 ~ r 0 ,  the niimticr was not incrcascd to one. Instcad, that term i n  the sum was 
trcatcd as i5cro. 
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Gap 
Amino acld type penalty 

Pod tion 
' -limlsL '. 
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1 
2 
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' 4  
5 
6 
7 
8 
9 
10 

Environmenl 
._class A C *  D E F G ... R S T V Y Opn Erslt 

12 -46 22 3 -190 
-66 -5 -128 -135 105 
46 -44 44 59 -220 
6 -93 28 56 -143 

46 44 44 59 -220 
6 -03 28 56 -143 

-69 -10 -162 -71 90 
46 -44 44 59 -220 
6 -93 28 56 -143 

-68 -73 -197 -174 132 . 
. 

113 
-1 88 
68 
-50 
68 
-50 

-1 49 
68 
-50 

-253 

. . .  -32 
e . .  -80 
. . .  -34 
. . .  50 
. . .  -34 
. . .  50 
. . .  8 
. . .  -34 
. . .  50 
. . , -167 

32 
-117 
15 
-1 8 
15 
-18 

-147 
15 
-1 8 

-273 

12 -91 -214 -94 
-78 60 102 112 
-17 -110 -135 -210 
-5 4 -114 -79 

-17 -110 -135 -210 
-5 48 -114 -79 

-150 68 50 85 
-17 -110 -135 -210 
-5 4 -114 '-79 

-129 86 100 i 8  . . . . 

2 0.02 
2 0.02 

200 200 
200 200 
200 200 
200 200 
200 200 
200 200 
200 200 
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6000 

5000- 

4000 - 

3000 *- 

200DA 

L 150 

100 

50 

0 

1 

Non-giobins n Other globins 
R Myoglobins 

Sperm whale myoglobin 

\ 
z score 

Fig. 6. Resuits of a compatibility search for tie smcture of sperm whale 
myoglobin. Myoglobin sequences are represented by black bars, other globin 
sequences are represented by white bars, and all other sequences are shown 
in gray bars. Sperm whaie myoglobin is the eighth highest scoring protein 
(2 score = 23.7). Gaps were not allowed in helical regions (as defined in the 
protein data bank file). In nonhelical regions, a gap-opening penalry of 2.0 
and a gap-extension penalty of 0.02 was used. 
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FK; 2 4 Stereo view a! the 
a-csrbon bsckboM Of the 
tsc70 ATPase fragmenL 
along with the ATP molecule. 
 he different colours corre- 
tpond to the different sVUC- 
tural &mains: domain Ik 
green: m. cyayan: IIA orange: 1 8  
magenta. b. Sthematic draw- 
ing of the structure. Picture 
produced by a program writ- 
ten by A M. Lesk and K. 0. 
Hardman4'.*'. 

ffi 1 3tructure of ATP- 
gUn:DNase 1. a C,-stereo 
plot Open clrdes mark C,- 
positions of actin residues. 
% C,-atoms of DNase I 
are connected by tMn lines. 
Residues 102 and 103 are 
omitted as their positions 
have not been assigned. 
mree ca'+ in the DNase 1 
region and a single Ca2+ 
near the phosphates of ATP 
in acpjn are shorn by filled 
circles. b. Schematic rep 
resentation- of the three- 
dimensional structure of 
w i n  shown in the same 
orientation ES a. first and 
last amino-w'd residues in 
the helices and sheet 
strands are specified. The 
assignment of secondary 
SVucture is based on the 
automatic procedure of 
Kabsch and Sande?. 
fbwever. in the drawing 
some of the helices and 

'sheet strands have been 
extended by one or two 
residues beyond the strict 
assignments where 
geomeriy indicates that the 
sea~ndary structure was 
likely to become more 
extended when refnrement 
is complete. 
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Protein 

f 
69 of 71 Actin Sequences 

Kinasedated transforming pro!ein (fgr)- feline sarcoma virus 
Actin 5C - fruit fly 
68-kD Heat shock protein - mouse 
70-kD Heat shock protein - frog 
70-kD Major heat shock - fruit fly 
70-kD Heat shock cognate proteln-bovine 
HNRNP complex, protein C - frog 
70-kD Heat shock cognate protein - human 

Z score 

00.1 1 

3 
21.22 

17.47 

9.29 

8.12 

7.95 

7.03 

6.99 

6.74 

6.31 

Fig. 8. Sequence compadbility search with a 3D strumre profile for actin 
(47). All sequences thar received a 2 score of 6.0 or greater are listed. A 
gap-opening penalty of 5.0 and a gap-extension penalty of 0.2 were used. 
The fg protein- is the result of a gene fusion between actin and a 
tyrosinespecific protein kinase (63). The bovine HSC70 protein, known to 
have a s h i l a r  structure to actin, received a 2 score of 6.99 and is shown in 
bold type. 

12 JULY 1991 
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DATALIB SWISS-PROT 25 . 
MATRIX PAM1 5 0 
GAPPEN 2.0 
GAP SIZPEN 0.2 
SCORES 1000 
MINPERCENTMATCH 0 

; ID ACTS-HUMAN STANDARD; 
; AC P0.2568; 

SEARCH STATISTICS 

PRT: 377 AA. 

Query sequence length: 
Score of query vs. itself: 
Number of sequences searched: 
Number of residues: 
Mean score: 
Standard Devi at i on : 
Time : 
Millions of residues compared per second: 

3 77 
1793 
29955 

10214020 
41 

89.75 
0:01:01.109 

63.013 

1. ACTS-HUMAN 
2. ACT2-XENTR 
3. ACT2-XENLA 
4. ACT(:-HUMAN 

95. 
96. 
97. 
98. 
99. 
100. 
101. 
102. 
103. 
104. 
105. 
106. 
107. 
108. 
109. 
110. 
111. 

ACT-EUPCR 
ACT-PXY FA 
ACTQ-SOLTU 
ACT-PINCO 
XFGR-FSVGR 
ACTS-PLEWA 
ACTI.-A3SGL 
ACT 1.-DROME 
VCAPVZVD 
POLG-HCVA 
SYI-METTH 
POLG-HCVB 

GTFC-STRMU 
CAREIJ3ACSU 
VCAP-HSVSA 
MCM2-YEAST 

RRPLTSWVB 

i 
3 02. HS7 O-MYCLE/' 

455. H S 7  0-MYCPA 

699. HS71-DROME 

ACTIN, ALPHA SXELETAL MUSCLE 
ACTIN, ALPHA SARCOMERIC/CARD 
ACTIN, ALPHA SARCOMERIC/CARD 
ACTIN, ALPHA CARDIAC. 

ACTIN. 
ACTIN. 
ACTIN 85C (FRAGMENT) . . 
ACTIN ( FRAGMENT) . 
FGR TYROSINE KINASE TRANSFOR 
ACTIN, ALPHA SKELETAL MUSCLE 
ACTIN 1 (FRAGMENT). 
ACTIN-5C (FRAGMENT). 
MAJOR CAPSID PROTEIN (MCP). 
GENOME POLYPROTEIN. 
ISOLEUCYL-TFLNA SYNTHETASE (E 
GENOME POLYPROTEIN. 
RNA-DIRECTED RNA POLYMERASE 
GLUCOSYLTfZANSFER4SE-SI PRECU 
CARBAMOYL-PHOSPHATE SYNTHASE 
MAJOR CAPSID PROTEIN (MCP). 
MINICHROMOSOME MAINTENANCE P 

HEAT SHOCK 70 KD PROTEIN (70 

HEAT SHOCK 70 KD PROTEIN (70 

MAJOR HEAT SHOCK 70 KD PROTE 

3 77 
377 
377 
377 

379 
3 57 
195 
161 
545 
12s 
140 
137 
13 96 
3898 
1045 
3898 
2875 
1375 
1071 
1371 
890 

62 2 

62 3 

643 

1793 
17 87 
1785 
1784 

1190 
1171 
888 
663 
619 
609 
606 
3 93 
81 
79 
78 
77 
77 
77 
76 
76 
75 

63 

60 

57 

100 0.000 
100 0.000 
100 0.000 
99 0.000 

66 0.000 
65 0.000 
50 0.000 
37 0.003 
35 0.011 
34 0.014 
34 0.015 
22 3.543 
5 99.999 
4 99.999 
4 99.999 
4 99.999 
4 99.999 
4 99.999 
4 99.999 
4 99.999 
4 99.999 

4 99.999 

3 99.999 

3 99.999 
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The Strusture Problem 
”Given a protein sequence, compute it’s structure.” 

/ FPTTKTYFPHFDLSHGS - 
e 

e 

e 

(Disclaimer: sample sequence and structure do not necessarily correspond to each other) 

Theoretically possible 

Astronomical, highly underconstrained search space 

Biophysics complex and incomplete 

Practically, next to impossible 
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Multiple Representations of Sequences 
Consensus Sequences Weight Matrices and Profiles ' 

Position Zinc Finger (C2H2 type) 
1 2  3 4 5 6 7 8 9 1 0 1 1 1 2  CX{2,4)CX{I 2)HX{3,5)H 

A 2 1 3 1 3 1 0 1 2 6 7  4 1 3  9 1 2  
R 7 5 8 9 4 0 1 1 6 7 0 1 0  
N 0 8 0 1 0 0 0 2 1 1 1 0 0  
D 0 1 0  1 1 3  0 0 1 2  1 0  4 0 
c 0 0 1 0 0 0 0 0 0 2 2 1  
p 1 1 2 1  8 1 0  0 0 7 6 0 0 2 
E 2 0 0 9 2 1  0 0 1 5  7 3 3 0 
G 9 7 1 4 0 0 8 0 0 0 4 6 0  
H 4 3 1 1 2 0 0 2 2 0 5 0  
I 1 0  0 1 1  1 2 1 0  0 4 9 3 0 1 6  
L 16 1 17 0 1 31 0 3 11 24 0 14 
X 3 4 5 1 0 1 1  1 1 1 3 1 0  0 5 2 
M 7 1 1 0 0 0 0 0 5 7 1 8  
F 4 0 3 0 0 4 0 0 0 1 0 0 0  
P 0 6 0 1 0 0 0 0 0 0 0 0  
S 1 1 7 0 8 3 1 3 0 2 2 2 0  
T 5 2 2  3 1 1  1 5  0 2 2 2 0 5 
w 2 0 0 0 0 0 0 0 0 1 0 1  
Y 1 0 4 2 0 1 0 0 2 4 0 1  
V 6 3 1 1  2 1 5  0 0 2 1 2  0 2 8  

Bayesian Networks 

Sequences of Common 
-Structure or Function 

Initial Score = 63 Optimized Score = 
Residue Identity = 14% Matches 

2 Conservative Substitutions 



n 







Testing for Correlations in 
I Sequences 

Chi-square statistics 

Test against null hypothesis that two positions have 
independent sequence distributions. 

Mutual information 

Based on entropies of sequence distributions. 

Monte Carlo simulation 

Repeated testing of simulated data sets. 



x 



Sequence Data 
3157 overlapping helical segments 8 long from 

2349 overlapping strand segments 4 long from 
181 separate a-helices, 

316 Fsheets, 

181 N-cap and C-cap sequences 

7124 helical (i, i-t-1) residue pairs 
6405 helical (i, i-t-2) residue pairs 
5686 helical (i, i+3) residue pairs 
4967 helical (i, i+4) residue pairs 
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Amphipathic PSheet 

Dependence between positions i and i+2: 

Position i 
Hydrophobic 3 

Hydrophilic 

Position i d  
P(Hydrophobic) ?' 
P(Hydrophi1ic) & 
P(Hydrophi1ic) ?' 
P(Hydrophobic) \1 

1. 
n 



Phe-His Bridge in C-termini of a-Helices 

Other: 
PheTyr : 
H i s  : 
C o l  Sum 

Dependence between positions end4 and end: 

O t h e r  
1 8 9 : 1 8 2 (  0 . 3 )  

1 3 :  1 9 (  1.9) 
- 1: 2 (  0 . 3 )  
2 0 3  

PheTvr His 
1 9 : 2 2 (  0 . 3 )  2 :  6 (  2 . 9 )  

4 :  2 (  1 . 3 )  5> l(28.6) 
1: O (  3.1) 0: O (  0.1) 

_I 

2 4  7 

Row Sum 
2 1 0  

22  
2 

234 

p = 0.0001,  X2 = 3 8 . 8 6 ,  df = 4 





Example es idue Correlation 
in (i, i+4) Positions 

I ivs ,  i+4 I Aspartate I Not Asp - 
Lysine , 33 (11.8) 250 (271) - I 

I I I 

NotLys I 172(193) I 4456 (4435) I 
I I 1 

x2 = 42.2, p < 0.0001, Odds = 2.79 
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