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Intelligent Systems for Molecular Biologists (continued)
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The Genetic Code

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

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

Ala

GCA
GCC
GCG
GCT

Arg

CGA
CGC
CGG
CGT
AGA
AGG

Asp

GAC
GAT

Asn

AAC
AAT

Cys

TGC
TGT

Glu

GAA
GAG

Gln

CAA
CAG

Gly

GGA
GGC
GGG
GGT

His

CAC
CAT

lle

ATA
ATC
ATT

Leu

CTA
CTC
CTG
C1T
TTA
TTG

Lys

AAA
AAG

Met

ATG

Phe

TTC

Pro

CCA
CcC
CCG
CCT

Ser

TCA
TCC
TCG
TCT
AGC
AGT

Thr

ACA
ACC
ACG
ACT

Trp

TGG

Tyr

TAC
TAT

Val

GTA
GTC
GTG
GTT
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Representations of Protein
Ziplirbate Structure

all bonds
D, Kg (6 - 8p)2 +

all angles
2, Ko [1-cos (noj +8) +
all torsion angles
. € {(ro/ti2 - 2 (ro/ri§)6) +
all nonbonded pairs
2.4 qj / 1ij

all partial charge pairs

82% Hydrophobic

() (o) 18% Hydrophilic
(w2) (e | 40 50

@ @ F]PTTKTYIITPHF—DLIS ————— HGS
» : - 1 |
YPWTQRFFESFGDLSTPDAVMGN

40 50
==> Representation is Key to Understanding
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Multiple Representations of Sequences

. Weight Matrices, Blocks or Profiles ~ Consensus Sequences
h Position Zinc Finger (C2H2 type)
1 2 3 4 5 6 7 8 91011 12 CX{2,4)CX{12}HX{3,5}H
A 2 1 3131012867 413 9 1 2
R 7 5 8 9 4 0 116 7 0 1 0
N 0 8 01 0 0 0 2 1 110 ¢
D 0 1 0 113 0 012 1 0 4 o
(o 6o 0 1 0 0 0 0 0 0 2 2 1 .
Q 1 121 810 6 0 7 6 © 0 2 Hldden Markov Model
B 2 0 0 92 0 015 7 3 3 0
G 9 7 1 4 0 0 8 0 0 046 0
4 4 3 1 1 2 002 2 008 o0 Sequences of Common —® (b2 03 D4 -
5 W0 DA w319 0 d 9 8 Dy Structure or Function
L 16 117 0 131 0 3 11 24 0 14
kK 3 4 5101 1 11310 0 S5 2 (B 12 13 14 15
M 7 tr 1 0 0 O O O S 7 1 8
F 4 0 3 0 0 4 0 0 010 0 O
P 0o 6 01 0 0 0 0 0 O O O
s 117 ¢ 8 3 1 3 ¢ 2 2 2 O AA1 AA2 AA3 AA4 AA5 AAG
T 522 311 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 63112150 0 212 028 Sequence Alignments
10 20 30 40 50
1 vrsFADFTNYK?AYGK;/GAHAGEYFAFWBRMFLSFPTTKTYFPHF ------ DLSHGS
[ [ [: |
2 HLTPEEKSAVTALWGKV - -NVDEVGGEALGRLLVVY PWTQRFFESFGDLSTPDAVMGN
10 20 30 40 50
Initial Score = 63 Optimized Score = 98 Significance = §.51
Residue Identity = 14% Matches . = 21 Mismatches =) 22 H

Gaps 2 Conservative Substitutions 11

U
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Symbolic Pattern Matching In Biological Sequences
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Symbolic Pattern Matching In Biological Sequences

Smith, R. F. and Smith, T. F. (1992). Pattern-induced multi-sequence alignment (PIMA)
algorithm employing secondary structure-dependent gap penalties for use in
comparative protein modelling. Protein Eng 5 (1), 35-41.

Staden, R. (1991). Screening protein and nucleic acid sequences against libraries of patterns.
Dna Seq, 1 (6), 369-74.

Sternberg, M. J. (1991). PROMOT: a FORTRAN program to scan protein sequences against a
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CONSENSUS
PATTERNS

Active site of trypsin-like serine prdteases

GDSGG

Zinc Finger (C2H2 type)
C X{2,4} C X{12} H X{3,5} H

N-Glycosylation Site
N [*P] [S T] [AP]

Homeobox Domain Signature

[LIVMF] X{5} [LIVM] X{4} [IV] [RKQ] X W X{8} [RK]




BRUTE FORCE STRING SEARCH

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
STING
STING
STING
STING
STING
STING
A STRING SEARCHING EXAMPILE CONSISTING OF

-




WORST CASE BRUTE FORCE STRING SEARCH

AAAARNAARAAARADNAAANAADNAAAAAARNARARAAARAADADADADDNDR
AAAAT
AARAAT
ADARAAT
ADADAT
AAAAT
AAAAT
AAADT
AAAAT
AAAAT
AADAT
-ADDAAT
AAAAT
- AAAAT
ADDAT
AAAAT
AADAAT
AADAT
AAAAT
ADAAT
AAAAT
ARAAT
AAAAT
AADAT
ARAAT
AADAAT
AADAT
AADAAT
AAAAT
AADAAT
AAAAT
ARAAT
AADAAT
AAMAAT
AMAAAAAAADAAAAARAAAAARAAADAARNAAARADDAAADNADARA .




BOYER-MOORE STRING SEARCH

A STRING SEARCHING EXAMPLE CONSISTING OF
STING

STING
STING
STING
STING
STING
STING

STING
A STRING SEARCHING EXAMPLE CONSISTING OF



Character

NA
AA
AC
AT
AG
AAA
AAT
ACT
AGT
ATT

Finite State Machine for Pattern Searching

Pattern = A.T = [AAT or ACT or AGT or ATT]

State
0 Original State.
1 Q1 2 3
2 Al 1l 2 2 1
3 |
3 T | 0 3 4 4
3 |
2 c|] 0 3 3 0
4 |
4 G| 0O 3 3 0
4
4



Finite State Automaton
ToFind"A . T"




Codons

Ala | Arg |Asp | Asn |Cys | Glu | GIn | Gly | His | lle

GCA | CGA | GAC | AAC | TGC | GAA | CAA |GGA | CAC | ATA
GCC | CGC | GAT | AAT | TGT | GAG | CAG | GGC | CAT | ATC




IUPAC Ambiguity Code
The IUPAC Code Complements
A,C,G,T,U TorU

AorG
CorTorlU

CorA
TorUor G
TorUorA
CorG

Not A
Not C
Not G
Not T or U

Either C, T, A, G,
or U

Z <IUW OWSXZ <I
<S<CHVIZZTRIOOUOWD
DSWPPN<ZXRZOTOIO<

Nomenclature Committee of IUB (NC-IUB) and IUPAC Joint Commission on
Biochemical Nomenclature (JCBN) Codes for ambiguities in nucleotide
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Program REBULAT,
Scan of: Positive regulator.

Negative regulator (reprassor).
Sigma type regulator.

For sequence LYSRSECOLI.

DE LYSA ACTIVATORY PROTEIN (6ENE NAME: LYSR).
Gs ESCHERICHIA COLI.

Total number of amino acids is: 311,

HSigma type
3
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Plot of regulator(s) detection curve(s) for sequence LYSRSECOLI.
From position 1 to 311.
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Objectives:

-
e

- Identify properties of DNA sequences
that determine their function, by
computer-aided statistical analysis.

 Givemr 'a new sequence, accurately
predict its function.

Examples:
« Regulatory regions: promoters

« Processing sites: poly-A sites,
intron/exon boundaries

‘Related problem: predict proteih
. structure and function from sequence.




Basic method for identifying signals:
Start with set of examples:

100 promoters
100 non-prometers

Find features that distinguish the
two classes.

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




- Two problems:
1) How can we determine weights for 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 for a sequence by multiplying a weight
matrix times an evidence matrix.

- differ in how they determine what weights to use in the weight
matrix.

- 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 100 E. coli promoters:

3 4

Base: 1 2 ) 6
T 89 9 50 17 7 100
A 0 9 24 65 65 0
G 7 2 7 15 - 7 0
C 4 0 19 4 20 0

Divide count by 100 to get frequencies:




Recall linear algebra:

Calculate a score by matrix multiplication

W }
Base: 1 2 3 4 5
T 9 .1 .5 2 .1
A 0 8 .3 7 6
G 0 .0 -.1 .0 -.1
C 1 .0 -.4 .0, -2

T |

Base: 1 7 3 4 5
T 1 0 0 0 . 0
A 0 1 0 0 1
G 0 0 0 1 0
- C 0 0 1 0 0

S=elw] + e2W2 + ... + egwp = Ex WT

S=9+8-4+0+.6+.8=27.

O 00

SOOI



Linear discriminant analysis

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

» the data points are normally distributed

- the two classes differ only in their mean location

Then

. you can calculate the best dividing line analytically.




General notation:
ej = ith piece of evidence

wi = weight for the ith piece of evidence

Score for a sequence is

S =e1wl +e2w2 + ... +epWp -

Decision rule:

If S > T, assign the sequence to one class.
If S < T, assign the sequence to the other class. :
If § = T, can't assign, or assign arbitrarily.
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Score is S = e1wq + e2w2

FEp

S =T is the dividing line. * *~

He L
- e

Let S = T, and re-arrange terms:

W T
Wz Wy

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




A linear partition to predict DNA hybridization

annealing
temp

% sequence mismatch

© hybridization

@ no hybridization




Methods to select the threshold:

- minimize false negatives
- minimize false positives
- minimize total misclassified cases

- arbitrary




Perceptrons

Score, S, is a weighted linear function of its input variables.

Threshold, T, splits classes.

Use search to determine the values in the weight matrix.

N
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Nakata used linear discriminant analysis
Used four derived variables from the DNA sequence:

» Perceptron score for promoter or not,
using base sequence

- Base composition
- Thermal stability (ease of separating two strand)
-« DNA twist, roll, torsion (3-D structuré)
90 promoters from Hawley and McClure coliection, split
into test and training set.

Correctly classified 75% (test set estimate)




Harr's weight matrices for -10 and -35 regions:

Base: T T G A C A

T 85 87 13 17 9 31
A 6 11 0 61 17 52
G 4 0 81 2 7 11
C 6 2 6 20 67 6
Base: T A T A A T
T 89 9 50 17 7 100
A 0 9 24 65 65 0
G 7 2 .7 15 7 0
C 4 0 19 4 20 0

Apparent accuracy rate of 87%

. But:

- resubstitution estimate (same sequences to build and test)

- used 48 parameters for 54 sequences




Abremski used a non-linear neural net

128 of 288 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:

3

bases in -10 and -35 regions

spacing between the two regions

[,{'L
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~Output layer:

1 output node fbr promoter or not-promoter,
Input layer:

24 input nbdes for the -10 region

48 input nodes for the -35 region

Hidden layer:

1 hidden node for the - 10 region

7 hidden nodes, each corresponding to the -35 region in one
of the seven possible spacings from the - 10 region, i.e.,
: spacing = {15,16,17,18,19,20,21}




Abremski'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 prior probability

Classification programs usually assume all
classes are- equally likely.

Example:

- equal prior probability of promote'r or
not promoter.

This assumption is usually wrong:
E. colr:

2000 promoter sites

4 mill.ion bases

1 promoter in 2000 bases =>

prior probability of promoter = 0.0005




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

Bayes' rule:

P(prom l +ve) _P(+ve| pli'?_*l_l‘l)el))( prom)

- P(+ve) = P(+ve| prom)P(prom)
| + P(+ve| not prom)P(not prom)
P(prom) = 0.0005
P(not prom) = 0.9995

P(+ve | prom) = 0.95

P(+ve | not prom) = 0.05




The probability that the'sequence.actually i

- - a promoter, given that the classifier says it

is = 0.01:

P(prom | + ) = 0.95 * 0.0005
g 0.95 * 0.0005 + 0.05 *0.9995

~0.01

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

“1




How to deal with prior probability?

- Gather addiﬁonal 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
itis:

| 0.95%0.5
P(prom | +ve) =(55565570.05%0.5

= 0.95.

We must consider the prior probability.




Improper measures of accuracy

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 inté subsets
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

X 220 230 240 250 X
F~—SGGNTHIYMNHVEQCKEILRREPKELCELVISGLPYKFRYLSTKE -QLK~Y
I N R N e e I B AR | HHEE S B
LKPGDFIHTLGDAHIYLNHIEPLKIQLQREPRPFPKLRILRKVEKIDDFKAEDFQIEGYNPHPTIK
X 260 270 280 290

Region End Region End

Scoe = Z Similarity-weights - Z Penalties

Region Start Region Start

where:

Penalty = Gap-penalty + Size-of-gap x Gap-size-penalty
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Ala
Arg
Asn
Asp
C \CYS
Gln
Glu
Gly
His
lle

Leu
Lys
Met
Phe
Pro
Ser
Thr
Trp
Tyr
Val
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Accéptable Point Mutations

Log-Odds PAM 250 Matrix
(Adapted From Schwartz and Dayhoff)
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Comparison of Matrices
for .
Scoring Sequence Similarities

L Genetic | Amino PAM
N\ Sequences Compared Unitary | Code Acid 250
: Matrix | Matrix | Matrix | Matrix
Antibacterial substance A Streptomyces vs. - 3.1 3.2 2.6 2.9
Neocarzinostatin Streptomyces |
Ferredoxin Clostridium vs Ferredoxin Spirulina 0.1 1.6 1.8 3.4
a-Hemoglobin Human vs. Myoglobin Human 5.8 6.6 9.9 10.7
a-Hemoglobin Human vs. Globin CTT-1ll Midge 2.0 2.4 3.2 3.5
Cytochrome C Horse vs. Cytochrome Cg Spirulina 4.5 4.3 7.3 6.1
Cytochrome C Horse vs. Cytochrome Css3 0.2 0.4 0.4 - 3.9
Desulfovibrio
2-microglobulin Human vs. IG u chain C4 region 3.6 3.3 4.7 4.8
|Human '
Ig 1 chain C4 region Human vs. Ig ¢ chain C4 4.7 9.0 9.2 12.1
Human
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Figure 87. Alignment scores as a function of the swoiutionary
distance of the mutation data matrices. These log odds matrices,
multiplied by 10, were calkcuiated at 4, 50, 100, 150, 200, 242,
300, 350, 450, 550, and 750 PAMs. The gap penaity factor and
matrix bias were both given values of 6 in alf trials. A} scores are
based on 300 randomized sequence comparisons, and the standard
deviations of the scores are therefore about 4% of their values. The
following sequence comparisons were made: oper? circfe, hemogio-
bin alpha chain—human vs. myoglobin—human; sofid circle,
hemogiobin alpha chain—human vs. globin CT T-1{l—midge larva;
open diamond, cytochrome c—horse vs. cytochrome cg—Spirulina
maxima,; solid diamand;‘ cytochrome c~horse vs. cytochrome
css3—Desulfovibrio gigas; open sguare, lg mu chain C4 homology
region—human Gal vs. g epsilon chain C4 homology region—
humsn Nd; sofid square, 1g mu chain C4 homology region—human
Gal vs. betay-microglobulin—human.
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Sequence Homology Search

Query: METRS$SALTY
Perfect Score: '1994
b Scoring parameters: PAM 150 Gap open 20 Gap extend 6
Searched: Swiss-prot 28 36,000 segs 12,496,420 residues
Statistics: Mean 44.062 Variance 67.8
No. Score Match Length DB ID Description Pred. No.

1 1894 100.0 276 4 METR_SALTY TRANSCRIPTIONAL ACTIV 0.00e+00
2 1866 93.6 317 4 METR_ECOLI TRANSCRIPTIONAL ACTIV 0.00e+00
3 285 14.3 299 2 CYNR_ECOLL CYN OPERON TRANSCRIPT 8.36e-43
4 231 11.6 302 1 ALSR_BACSU ALS OPERON REGULATORY 4.50e-30
5 216 10.8 289 1 AMPR_RHOCA TRANSCRIPTIONAL ACTIV 1.22e-26
6 214 10.7 311 4 LYSR_ECOLI TRANSCRIPTIONAL ACTIV 3.47e-26
7 214 10.7 300 4 NOCR_AGRTS REGULATORY PROTEIN NO 3.47e-26
8 211 10.6 300 4 NOCR_AGRT7 REGULATORY PROTEIN NO 1.65e-25
9 208 10.4 290 1 AMPR_CITFR TRANSCRIPTIONAL ACTIV 7.85e-25
10 208 10.4 290 1 AMPR_ENTCL TRANSCRIPTIONAL ACTIV 7.85e-25
11 206 10.3 289 1 CATR_PSEPU CATBC OPERON TRANSCRI 2.2l1le-24
12 205 10.3 297 3 ILVY_ECOLI TRANSCRIPTIONAL ACTIV 3.70e-24
13 198 9.9 306 2 GLTC_BACSU REGULATORY PROTEIN GL 1.35e-22
14 195 9.8 324 2 CYSB_ECOLI CYS REGULON TRANSCRIP 6.24e-22
15 193 9.7 304 6 YAFC_ECOLI HYPOTHETICAL 33.8 KD 1.73e-21

h9

L



‘Sequence Homology Search

3. METR_SALTY (1-276)
CYNR_ECOLI  CYNR ACTIVATORY PROTEIN.

Residue Identity = 26% Matches = 74 Mismatches = 106
© Gaps = 19 Conservative Substitutions = 76
X 10 20 30 40 50 60 70

IEIKHLKTLQALRNSGSLAAAAAVLHQTQSALSHQFSDLEQRLGFRLFVRKSQPLRFTPQGEVLLQLANQVL
A A T I O N A O N T o e D D IS R I B B PR
MLSRHxNYFLAVAEHGSFTRAASALHVSQPALSQQIRQLEESLGVPLFDRSGRTIRLTDAGEVWRQYASRAL

X 10 20 30 40 50 60 70
Sequence Name Description /Length Score ¥Match  Exp
1. METR_SALTY METR ACTIVATORY PROTEIN. 276 1356 100 0.000
2. METR_ECOLI METR ACTIVATORY PROTEIN. 317 1285 95 0.000
3. CYNR_ECOLI CYNR ACTIVATORY PROTEIN. 299 305 22 0.011
4, ILVY_ECOLI ILVY ACTIVATORY PROTEIN. 297 294 22 0.022
5. AMPR_RHOCA AMPR ACTIVATORY PROTEIN. - 289 287 21  0.035
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Genomic Sequences Missed by Blast/FastA

CDS Query
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MetR Search Versus Swiss-Prot 28

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

Search PAM Gap Size True + False+ True + False+ False-
MPsrch_PPA 1 27 6 3 3 3 4 57
MPsrch_PPA 50 20 6 24 0 27 1 33
MPsrch_PPA 100 20 6 41 0 42 1 i8
MPsrch_PPA 150 20 6 48 -0 51 0 9
MPsrch_PPA 200 20 6 52 0 53 0 7
MPsrch_PPA 250 20 4 47 0 50 0 10
MPsrch_PPA 150 6 6 3 0 9 1 51
MPsrch_PPA 150 10 ¢] 47 0 49 1 11
MPsrch_PPA 150 20 6 48 0 51 0 9
MPsich_PPA 150 40 6 49 0 52 0 8
MPsrch_PPA 150 80 6 49 0 52 0 8
MPsrch_PPA 200 5 5 2 0 2 0 58
MPsrch_PPA 200 10 6 51 0 53 2 7
MPsrch_PPA 200 20 6 52 0 53 0 7
MPsrch_PPA 200 40 6 51 0 53 0 7
MPsrch_PPA 200 80 6 50 0 51 o g
MPsrch_PPA 200 20 2 50 0 53 0 7
MPsrch_PPA 200 20 4 51 0 53 0 7
MPsrch_PPA 200 20 6 52 0 53 0 7
MPsrch_PPA 200 20 8 52 0 53 0 7
MPsrch_PPA 200 20 10 52 0 53 0 7
BLAST 2 o oo 2 0 2 0 58
BLAST 50 o 0 22 0 23 0 37
BLAST 100 o oo 30 0 32 0 28
BLAST 150 o o 32 0 35 0] 25
BLAST 200 o oo 36 0 40 0 20
BLAST 250 o 32 0] 35 0 25
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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 honhomologous entries >> homologous entries
* Greater sensitivity is required to detect homologies

W



How Search Programs Handle

Sequence Redundancy

Search IUPAC PAM matrix | Affine | Genetic Code |Rapid N-
Program | Both DNA |Code substitutions | Gap Redundancy |mer
Strands Matching Penalties Search
FASTA | User No Hard Wired { No 6 Frame trans. | Possible
Specifies
b Frame Trans
FASTDB | User Yes User Yes & Genetic Possible
Prompted Selected Code Matrix
BLAST Automatic | No User No 6 Frame Trans | Preferred
Provided
BLAZE User Yes User Yes No Possible
Specifies Selected
MPSRCH | Automatic | Yes User Yes 6 Frame Trans | Possible
Selected
QUEST | User Yes N/A N/A Encoded in Possible
Choice Pattermns
PROFILE | N/A N/A User Yes N/A N/A
Provided

U



Comparison

of Rapid Database Search Program Features

Query

# Seqs/

Multiple

Variable

Variable

Score

score

Variable | Output Align- | Standard | Expect-
Program | Format |Query |Database| PAMs |Gap Gap Size | Limit- | Optimiz | ments? | Devia- ations?
' File Search Penalty? | Penalty? | ation ation tion?
\
FASTA |FASTA |1 yes 120/250 | Fixed Fixed # scores | Yes Yes No No
format # align.
FASTDB{ IG N yes Any Variable | Variable | #scores | Yes Yes Yes No
Format PAM ~
BLAST |FASTA |1 if Yes, via | No Gaps {No Gaps|V& B |No Yes Yes Yes
indexed | PAM Allowed | Allowed | para-
file meters
BLAZE |FASTA |1 No Select- | Variable | Variable | #scores | Always | Yes Yes Yes
or IG able % max
score
MPSrch | FASTA |N Yes Any Variable | Variable | #scores | Always | Yes Yes Yes
or IG PAM % max
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Optimal and Near-Optimal Alignments of
Two Leucine Zippers
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Fic. 2. Profile of the Xenopus laevis transcription factor TFIIA zinc finger. The eight repeats of the zinc finger sequence that form the probe are
shown descending 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 PROFILEMAKE 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

alipned probe sequences.
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Query

N\,

AKRNDCQEGHIL
(3451-527109-35
{305 9-5-3 2 2-3-3 2
(Lt 352-5-322-322
(6 4-3 0 2-1-3-1 4 3-5
(1352-5-322-322
(305 9-5-3 2 2-3-3 2
(2-3 4-2 5 2-3 1-1 0 2
(6 4-3 0 2-1-3-1 4 3-5
{23 4-2 5 2-3 1-1 0 2
(135 2-5-322-322
(3451-52719-35
(1 352-5-322-322
(6 4-3 0 2-1-3-1 4 3-5
(2-3 4-2 5 2-3 1-1 0 2
(2-3 4-2 5 2-3 1-1 0 2
(€ 4-3 0 2-1-3-1 4 3-5
(305 9-5-3 2 2-3-3 2
(1 352-5-322-322

Generalized Dynamic Programming

KM
0-6
0-2
0-2
1-3
0-2

5-4
1-3
5-4
0-2
0-~6
0-2
1-3
5-4
5-4
1-3
0-2
0-2

FPS
125
11-5
1 1-5
3 4-5
11-5
11-5
2-3 4
3 4-5
2-3 4
11-5
125
11-5
3 4-5
2-3 4
2-3 4
3 4-5
11-5
11-5

6-1
6-17

73 4)
73 4)

34
2-1)
3
3 4)
0 4)
2-1)
0 4)
34)
3 4)
34
2-1)
0 4)
0 4)
2-1)
3 4)
34
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SAM Scoring Matrices

Amino Acid Replacements Observed in Secondary Structures
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Similarity between amino acids depends on seconc[cuy Structure context

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

3



3D Environment Compatibility Search
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A From 3D structure to
environmental classes
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Environment

class WIFIYIJL]JIIVIMIAIGIPICITISIQ|INIEIDIHIKIR
Bia 1.00[1.32]0.18]1.27]1.17]0.66 | 1.26 |-0.68|-2.53]-1.16}-0.73|-1.29{-2.73{-1.08{-1.93{-1.74]-1.971-0.34|-1.82|-1.67
By 1.1710.85{0.07 | 1.13{1.47 | 1.09{0.55{-0.7901-2.02{-0.041.0.221-1.12]-2.81 {-1.67 |-1.42}-1.03|-2.56|-1.01]|-2.89]-1.18

B 1.0511.4510.47[1.10]1.11]1.02{0.98|-0.91]|-1.82} 0.28 {-1.22]-1.53}-2.81]-1.47]-2.42|-2.52}-1.76 }-1.12}-2.50]-2.18
B 0.50]0.80]0.85}11.0110.63]|0.68]1.12]-0.69]-1.48{-2.21]|-0.10}-1.50}-1.47|-0.23]-0.61}-0.71|-1.62{ 0.23 {-0.78] 0.06
B2 0.01 11.18]1.06 | 0.76 | 1.31 | 1.068 | 0.64 |-1.55|-2.268|-0.49}-0.87 |-2.27|-1.77|-1.22|-2.07|-1.07 |-1.41 |-0.77]-1.14]|-0.20

\. Bz 1.0211.05]1.12]0.84 | 0.81 | 0.60 | 0.90 |-0.68-1.68] 0.19 |-0.05]-0.76|-1.17|-0.76|-0.66|-1.35]-1.28] 0.46 |-2.34 | -0.80
Bja 0.92 {-0.03]0.58 | 0.15 | 0.04 |-0.02| 0.89 {-0.57 |-1.86|-0.68|-1.56 |-0.57|-0.96{ 0.22 |-0.06 | 0.08 -0.50] 0.73 | 0.43 | 0.06
Byp 0.7510.81|1.30(0.18 | 0.54 | 0.58 |-0.57{-0.93{-1.983|-0.34 {-0.54]-0.44[-0.74] 0.21 |-0.24]-0.14]-0.88] 0.82 |-0.53} 0.13

By 1.0710.70{1.13 | 0.35 {-0.17{-0.03} 0.23 |-0.96]-0.98{-0.13|-1.20{-0.53}-0.54 | 0.05 { 0.04 |-0.38|-1.05] 1.01 | 0.10 | 0.68

P o -1.351-0.82-0.59}-0.52{-0.24} 0.10 }-0.031 0.73 |-0.49]-0.25] 0.95 | 0.31 | 0.34 |-0.14}-0.54|-0.171-0.251-0.521-0.21 |-0.28

Py B 0.36 {-0.49] 0.17 |-1.03| 0.20 | 0.46 |-0.27 0.84 |-0.82]-0.55] 1.49 | 0.83 | 0.33 |-2.27[-1.32|-0.73|-1.07|-0.42]-1.21}-0.77

Py <1.261-1.20}{-1.31-0.62|-0.23]-0.01]-1.19] 0.46 |-0.24] 0.68 | 1.35 | 0.56 | 0.49 |-0.63|-0.13]-0.61] 0.38 {-1.12]-0.74|-1.29
Pax -1.14}-1.43}-0.79}-0.35|-0.54 |-0.48 }-0.45| 0.08 |-0.50]-0.26 |-0.93|-0.05]-0.18] 0.55 |-0.05| 0.56 | 0.28 | 0.06 | 0.61 | 0.50
Pap -0.79|-0.54({-0.84]-1.30{-0.33{ 0.13 |-0.721-0.551-0.88{-1.20 ]-0.57{ 0.84 { 0.59 |-0.08}-0.16] 0.32 | 0.19 |-0.87] 0.59 | 0.10

Py -0.82{-0.861{-0.51-0.701{-1.00{-0.881-0.88|-0.151-0.40] 0.44 |-0.60] 0.068 | 0.26 | 0.27 1 0.50 | 0.27 | 0.49 ] 0.13 ] 0.44 | 0.230

Ea -1.35{-2.20{-2.101-1.581-2.76|-1.10}-0.721 0.46 { 0.68 | 0.04 {-0.44|-0.17]0.15 ] 0.96 | 0.28 | 0.59 | 0.44 }-0.19} 0.13 |-0.34

EP 0.64 1-0.80]10.30 |-1.86]-1.471-1.74]1-0.68] 0.08 | 1.48 1-0.96]-0.24| 0.14 | 0.865 |-0.19]-0.06[-0.16]-0.78]-0.83]-0.52-0.49

E -2.14]-1.90]-0.84|-1.19|-1.61{-0.91-1.67]0.12 | 1.13 | 0.20 {-0.46 0.12 | 0.32 |-0.03| 0.41 | 0.03 | 0.22 |-0.25|-0.14 |-0.32

Fig. 5. The 3D-1D scoring table. The scores for pairing a residuc i with an .

environment j is given by the information value (61),

P
3D-1D score if = In ( (U))
Pi

where P(i:) is the probability of finding residue i in cnvironment j and Pi is
the overall probability of finding residue i in any environment. These
probabilitics were determined from a database of 16 known protein struc-
tures and sets of homologous sequences aligned to the sequence of known
structure as described in Liithy et al. (28). For each position in the aligned set
of sequences, we determined the environment category of the position from
the known structure and counted the number of each residue type found at
the position within the set of aligned sequences. A residue type was counted
only once per position. For example, if there were ten aspartates and one

12 JULY 199]

A

glycine found at a position in a set of aligned sequences, then both the Asp
and Gly counters were both incremented by only one. The total number of
residue replacements in our database was 8273, If the number of residues ¢
in an environment § was found to be zero, the number was increased to one
so that P(iy) was never zero. Boundaries for the eavironment categories
(shown in Fig. 3) were adjusted iteratively to maximize the total 3D-1D
score sumimned over all residues in our database:

ﬁ(i:'
Total 3D-1D score =EN,~,~ in ( ,,:}))
G i

where Nj; is the number of residues i in environment . In this case, if N;; was
2810, thc numbcr was not increased to one, Instead, that term in thc sum was
treated as zero.
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Amino acid type penaity

Position| Environment .
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1 E 12 46 22 3 -190 113 ... 32 32 12 91 214 94 2 0.02
2 Ba -88 5 -128 -135 105 -166 ... -80 -117 .78 80 102 112 2 0.02
3 Ea 46 -44 44 59 220 68 ... - 15 -17  -110 -135 -210 200 200
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Number of sequences
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[J Other globins
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Fig. 6. Results of a compaubility search for the structure 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 whale myoglobin is the eighth highest scoring protein
(£ score = 23.7). Gaps were not allowed in helical regions (as defined in the
protein data bank file). In nonhelical regions, a gap-opening penalty of 2.0

and a gap-extension penalty of 0.02 was used.
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FIG. 2 a Sterec view of the
«-carbon backbone of the
HSCT0 ATPase fragment.
along with the ATP molecule.
The different colours corre-
spond to the different struc-
tural Gomains: domain 1A,
green; B, cyan; lIA, orange; 1B,
magenta. b. Schematic draw-
ing of the structure. Pictuye
produced by a program writ-

ten by A. M. Lesk and K. D.

4142

Hardman™ .

FIG. 1 Structure of ATP-
sctin:DNase {. & C,-stereo
plot. Open circles mark C,-
positions of actin residues.
The C,-atoms of DNase |
are connected by thin lines.
Residues 102 and 103 are
omitted as their positions
have not been assigned.
Three C3** in the DNase |
region and a single Ca®*
near the phosphates of ATP
in actin are shown by filled
circles. b, Schematic rep-
resentation™ of the three.
dimensional structure of
actin shown in the same
orientation as a. firs! and
last amino-acid residues in
the helices and sheet
strands are specified. The
assignment of secondary
structure is based on the
automatic procedure of
Kabsch and
However, in the drawing
_some of the helices and
sheet strands have been
extended by one or two
tesidues beyond the strict
assignments
geometry indicates that the

Sander®®,

where

secondary structure was
likely to become more NATURE - VOL 347 - 6 SEPTEMBER 1990
extended when refinement

is complete.
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Protein Z score
A 88.11
69 of 71 Actin Sequences

\# 21.22
Kinase-related transforming protein (fgr)- feline sarcoma virus 17.47
Actin 5C - fruit fly 9.29
68-kD Heat shock protein - mouse 8.12
70-kD Heat shock protein - frog 7.95
70-kD Major heat shock - fruit fly 7.03
70-kD Heat shock cognate protein-bovine 6.99
HNRNP complex, protein C - frog 6.74
70-kD Heat shock cognate protein - human 631

Fig. 8. Sequence compaubility search with a 3D structure profile for actin
(47). All sequences that received a Z 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 fgr proteinr is the result of a gene fusion between acun and a
tyrosine-specific protein kinase (63). The bovine HSC70 protein, known to
have a similar structure to actn, received a Z score of 6.99 and is shown in

bold type.
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BLAZE {tm)

A High-Performance High-Sensitivity Biological
Sequence Similarity Searching Program
Utilizing a Massively Parallel Implementation
of the Dynamic Programming Algorithm of
Smith and Waterman

Release 1.0 - July 1992

Copyright (c)-1992 by IntelliGenetics, Inc. and MasPar Computer Corporation
INPUT PARAMETERS
DATALIB SWISS-PROT 25
MATRIX PAaM150
GAPPEN 2.0
GAPSIZPEN 0.2
SCORES 1000
MINPERCENTMATCH 0
; ID ACTS_HUMAN STANDARD; PRT; 377 AA.
; AC P02568;
SEARCH STATISTICS
Query sequence length: 377
Score of query vs. itself: 1793
Number of sequences searched: 29955
Number of residues: 10214020
Mean score: 41
Standard Deviation: 89.75
Time: 0:01:01.109
Millions of residues compared per second: 63.013
Sequence Name Description Length Score %$Match Exp
1. ACTS_HUMAN ACTIN, ALPHA SKELETAL MUSCLE 377 1783 100 0.000
2. ACT2Z2_XENTR ACTIN, ALPHA SARCOMERIC/CARD 377 1787 100 0.000
3. ACTZ2_XENLA ACTIN, ALPHA SARCOMERIC/CARD 377 1785 100 0.000
4. ACTC_HUMAN ACTIN, ALPHA CARDIAC. 377 1784 99 0.000
95. ACT_EUPCR ACTIN. 379 1190 66 0.000
96. ACT_OXYFA ACTIN. 357 1171 65 0.000
97. ACT4_SOLTU ACTIN 85C (FRAGMENT). 195 888 50 0.000
98. ACT_PINCO ACTIN (FRAGMENT). 161 663 37 0.003
898. KFGR_FSVGR FGR TYROSINE KINASE TRANSFOR 545 619 35 0.011
100. ACTS_PLEWA ACTIN, ALPHA SKELETAL MUSCLE 125 609 34 0.014
101. ACTI1_ABSGL ACTIN 1 (FRAGMENT). 140 606 34 0.015
102. ACTI1_DROME ACTIN-5C (FRAGMENT). 137 393 22 3.543
103. VCAP_VZVD MAJOR CAPSID PROTEIN (MCP). 1396 81 5 99.999
104. POLG_HCVA GENOME POLYPROTEIN. 3898 79 4 99.999
105. SYI_METTH ISOLEUCYL-TRNA SYNTHETASE (E 1045 78 4 99.999
106. POLG_HCVB GENOME POLYPROTEIN. 3898 77 4 99.999
_107. RRPI,_TSWVB RNA-DIRECTED RNA POLYMERASE 2875 77 4 99.999
108. GTFC_STRMU GLUCOSYLTRANSFERASE~-SI PRECU 1375 77 4 99.98%89
109. CARB_BACSU CARBAMOYL ~-PHOSPEATE SYNTHASE 1071 76 4 99.999
110. VCAP_HSVSA MAJOR CAPSID PROTEIN (MCP). 1371 76 4 99.999
111. MCM2_YEAST MINICHROMOSOME MAINTENANCE P 890 75 4 99.999
. R4
302. HS70_MYCLE.” HEAT SHOCK 70 XD PROTEIN (70 621 63 4 99.999
455, HS70_MYCPA HEAT SHOCK 70 KD PROTEIN (70 623 60 3 99.999
699. HS71_DROME MAJOR HEAT SHOCKX 70 KD PROTE 643 57 3 99.999




The Structure Problem

“Given a protein sequence, compute it's structure.”

FPTTKTYFPHFDLSHGS =

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

Theoretically possible
Astronomical, highly underconstrained search spaée
Biophysics complex and incomplete

Practically, next to impossible
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arts of the final globin model. The position numbers are shown in the delete

Figure 9: P

states.



ISMB - 1995
Intelligent Systems for Molecular Biologists
Doug Brutlag

Positional Correlations in Biological Sequences

Cooper, G. F. (1989). Current Research Directions in the Development of Expert Systems
Based on Belief Networks. App. Stoch. Models and Data Anal., 5, 39-52.

Gutell, R. R., Power, A., Hertz, G. Z,, Putz, E. J. and Stormo, G. D. (1992). Identifying
constraints on the higher-order structure of RNA: continued development and
.application of comparative sequence analysis methods. Nucl. Acids. Res., 20 (21),

5785-5795.

Klingler, T. and Brutlag, D. L. (1993). Detection of Correlations in tRNA with structural
implications. in First International Conference on Intelligent Systems for Molecular
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Multiple Representations of Sequences

. Weight Matrices and Profiles Consensus Sequences
Position Zinc Finger (C2H2 type)
1 2 3 4 5 6 7 8 9101112 CX{2,4)CX{12}HX{3,5}H
A 2 1 313101267 413 § 1 2
R 7 5 8 9 4 0 116 7 0 21 0©
N 0 8 0 1 0 0 0 2 1 110 0 Bayesian Networks
D 0 1 0 113 0 012 1 0 4 0
c 0 0 1 0 0 0 0 0 0 2 2 1
Q 1 121 B10 0 6 7 6 0 0 2
E 2 0 0 921 0 015 7 3 3 0
6 9 7 1 4 0 0 8 0 0 046 0 :
T o005 R 0800 %R0 s 6 4____S§quences of Common -
I 10 011 1 2106 0 4 9 3 0 16 tructure or FunCtlon @ @
L 16 117 0 131 0 31124 0 14 @@@@
K 3 4 51011 1 11310 o0 5 2
M 7 1 1 0 0 0 0 0 5 7 1 8
F 4 0 3 0 0 4 0 0 010 0 0
P 0 6 0 1 0 0 0 0 0 0 0 O
$ 117 0 8 3 1 3 0 2 2 2 0
T 522 311 1 5 0 2 2 2 0 S
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 1 215 0 0 212 0 28
Sequence Alignments
10 20 30 40 50
1 VII..STADKTNVKAAVIV?T\'/GAHAG?Y?A??TERMFLSFPTTKTYFPHF ------ DLSH(IBS
2 HLTPEEKSAVTALWGKV -~ ~-NVDEVGGEALGRLLVVY PWTQRFFESFGDLSTPDAVMGN
10 20 30 40 50
Initial Score = 63 Optimized Score = 98 Significance = 5.51
Residue Identity = 14% Matches = 21 Mismatches = 22
Gaps = 2 Conservative Substitutions = 11
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| Testing for Correlations in
o ~ Sequences

¢ Chi-square statistics

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

s Mutual information

Based on entropies of sequence distributions.

» Monte Carlo simulation

Repeated testing of simulated data sets.
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Sequence Data

* 3157 overlapping helical segments 8 long from
181 separate o-helices.

* 2349 overlapping strand segments 4 long from
316 B-sheets.

* 181 N-cap and C-cap sequences

* 7124 helical (i, i+1) residue pairs
* 6405 helical (i, i+2) residue pairs
* 5686 helical (i, i+3) residue pairs
* 4967 helical (i, i+4) residue pairs
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Dependence between positions i and j+2:

Position i
Hydrophobic

Hydrophilic

Position i+2
P(Hydrophobic) T

P(Hydrophilic) |
P(Hydrophilic) T
P(Hydrophobic) |
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Dependence between positions end-4 and end:

Other PheTyr is Row__Sum
Other: 189:182( ) 19:22( 0.3)

0.3 2
PheTyr: 13: 19( 1.9) 4: 2( 1.3) 5
His: 1. 2¢0.3) _1: 0( 3.1) 0:
Col Sum 203 24 7

.

p = 0.0001, %2
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[ Example Residue Correlation
™ in (i, i+4) Positions

ivs.i+d Aspartate | Not Asp
Lysine | 33 (11.8) | 250 (271)
Not Lys 172 (193) 4456 (4435)

2 =422, p <0.0001, Odds = 2.79

17



L L N A L P T T e R i e et e . R A T A B A A N R NS e

6¢C TO0L 89S €I dd
'L T0L 84T € VO
19T  0€l €627 [V VS
P00  9€T  T9¢ 9T ™I
S8'T TI¥L €LI 4% 10
8L 8SL  6'LE 09 TI
94T 90T  ST'9 LT A
I8T  ¥$'€C  $0¢ qS A
98T  0'SC  T'Y9 L6 T1
01'C 94T 0¢C réz I
64'C T STIL €€ ad

SpPO X cdxe 'S0

(F+1 “I) J SUOIJR[ILI0D) SNPISIY

o A 0 T 1 A A A N A O




EK

v "\.\’,» .’
- ".’..:? ,?,:, s
Jq. -Zﬁll" ~t

(i, i+4) helical pairs
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