Motifs In Protein Sequences

M otifs are combinations of secondary structuresin
proteins with a specific structur e and a specific function.
They are also called super-secondary structures.

Examples: Helix-Turn-Helix, Zinc-finger,
Homeobox domain, Hairpin-beta motif,
Calcium-binding motif, Beta-al pha-beta motif,
Coiled-coil motifs.

Several motifs may combine to form domains.
 Serine proteinase domain, Kringle domain, calcium-binding
domain, homeobox domain.
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Motif Detection Problem

Input: ‘ Set, S, of known (aligned) examples of amotif M,

A new protein sequence, P.
Output: ‘ Does P have a copy of the motif M?

Example: Zinc Finger Motif
. YKCGLCERSFVEKSALSRHORVHKN...

Input: ‘ Database, D, of known protein sequences,

A new protein sequence, P.
Output: ‘ What interesting patterns from D

are present in P?
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Motifs In DNA Sequences

» Given a collection of DNA sequences of
promoter regions, locate the transcription
factor binding sites (also called regulatory
elements)

- Example: 5 40 yeast TATA sites
m =
51 .
07 e

q&qorumw
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Motifs In DNA Sequences

A retinoic acid gl
receptor

P

AF1l
RARE1

' cyecscs F CG

FIGURE 9.13. Regulatory elements of two promoters. (A) The rat pepCK gene. The relative positions of the TF-
binding sites are illustrated (Yamada et al. 1999). The glucocorticoid response unit (GRU) includes three accesso-
ry factor—binding sites (AF1, AF2, and AF3), two glucocorticoid response elements (GR1 and GR2}), and a cAMP
response clement (CRE). A dimer of glucocorticoid receptors bound to each GR element is depicted. The retinoic
response unil (RAU) includes two retinoic acid response elements (RAREL and RARE2) that coincide with the AF1
and AF3, respectively (Sugivama ct al. 1998). The sequences of the two GR sites and the binding of the receptor to
these sites are shown. These sites deviate from the consensus sites and depend on their activity on accessory pro-
teins bound to other sites in the GRU. This dependence on accessory proteins is reduced if'a more consensus-like
(canonical) GR clement comprising the sequence TGTTCT is present. The CRE that binds factor C/EBP is also
shown. (B) The 2300-bp promoter of the developmentally regulated gene endol6 of the sea urchin (Bolouri and
Davidson 2002). Different colors indicate different binding sites for distinct proteins and proteins shown above the
line bind at unique locations, below the line at several locations. The regions A-G are functional modules that
determine the expression of the gene in a particular Lissue at a particular time of development and may either serve
to induce transcription of the gene as a necessary developmental step (A, B, and G) or repress transcription (C-F)
in tissues when it is not appropriate. {Reprinted, with permission, from Bolouri and Davidson 2002 [©2002

Elsevier].)
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Motif Detection (TFBMS)

» See evaluation by Tompa et al.
- [bio.cs.washington.edu/assessment]

* Gibbs Sampling Methods: AlignACE, GLAM,
SeSiMCMC, MotifSampler

+ Weight Matrix Methods: ANN-Spec,
Consensus,

* EM: Improbizer, MEME

» Combinatorial & Misc.: MITRA, oligo/dyad,
QuickScore, Weeder, YMF
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Motif Detection
- Profile Method

- If many examples of the motif are known, then
* Training: build a Profile and compute a threshold
* Testing: score against profile

* Gibbs Sampling
+ Expectation Method
+ HMM

+ Combinatorial Pattern Discovery Methods

2/23/06 CAP5510/CGS5166 6



How to evaluate these methods?

- Calculate TP, FP, TN, FN

+ Compute sensitivity fraction of known sites
predicted, specificity, and more.

- Sensitivity = TP/(TP+FN)

- Specificity = TN/(TN+FN)

- Positive Predictive Value = TP/(TP+FP)

- Performance Coefficient = TP/(TP+FN+FP)

- Correlation Coefficient =

2/23/06 CAP5510/CGS5166 7



Motif Detection (TFBMS)

» See evaluation by Tompa et al.
- [bio.cs.washington.edu/assessment]

* Gibbs Sampling Methods: AlignACE, GLAM,
SeSiMCMC, MotifSampler

+ Weight Matrix Methods: ANN-Spec,
Consensus,

* EM: Improbizer, MEME

» Combinatorial & Misc.: MITRA, oligo/dyad,
QuickScore, Weeder, YMF
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Gibbs Sampling for Motif Detection
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Protein Folding

Unfolded

ﬁ Rapid (< 1s)
Molten Globule State

ﬂ Slow (1 - 1000 s)

Folded Native State

* How to find minimum energy configuration?
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Modular Nature of Protein Structures

Example: Diphtheria Toxin

tramsmembrane domam

cxoloxin a

myoglobin

cellulgse-binding receptor-binding
omain domain
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Protein Structures

* Most proteins have a hydrophobic core.

» Within the core, specific interactions take
place between amino acid side chains.

» Can an amino acid be replaced by some other

amino acid?

- Limited by space and available contacts with
nearby amino acids

» Qutside the core, proteins are composed of
loops and structural elements in contact with
water, solvent, other proteins and other
structures.
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Viewing Protein Structures

- SPDBV
- RASMOL
- CHIME

2/23/06 CAP5510/CGS5166
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Structural Classification of Proteins

» Over 1000 protein families known

- Sequence alignment, motif finding, block finding,
similarity search

» SCOP (Structural Classification of Proteins)
- Based on structural & evolutionary relationships.
- Contains ~ 40,000 domains

- Classes (groups of folds), Folds (proteins sharing
folds), Families (proteins related by
function/evolution), Superfamilies (distantly
related proteins)
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SCOP Family View

2/23/06
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Figure 2. A typical scop session is shown on a unix workstation. A scop page. of the Interleukin 8- like family, is displayed
by the WWW browser program (NCSA Mosaic) (Schatz & Hardin, 1994). Navigating through the tree structure is accomplished
by selecting any underlined entry, by clicking on buttons (at the top of each page) and by keyword searching (at the bottom
of each page). The static image comparing two proteins in this family was downloaded by clicking on the icon indicated
and is displayed by image-viewer program xv. By clicking on one of the green icons, commands were sent to a molecular
viewer program (RasMal) written by Roger Sayle (Sayle, 1994), instructing it to automatically display the relevant PDB file
and colour the domain in question by secondary structure. Since sending large PDB files over the network can be slow,
this feature of scop can be configured to use local copies of PDB files if they are avallable. Equivalent WWW browsers,
image-display programs and molecular viewers are also available free for Windows PC and Macintosh platforms
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CATH: Protein Structure Classification

- Semi-automatic classification; ~36K domains

- 4 |levels of classification:

- Class (C), depends on sec. Str. Content
- o class, B class, o/f class, o+B class

- Architecture (A), orientation of sec. Str.
- Topolgy (T), topological connections &

- Homologous Superfamily (H), similar str and
functions.

2/23/06 CAP5510/CGS5166 16



DALI/FSSP Database

+ Completely automated; 3724 domains
» Criteria of compactness & recurrence

» Each domain is assighed a Domain
Classification number DC_|I_m_n_p
representing fold space attractor region (1),
globular folding topology (m), functional
family (n) and sequence family (p).
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Structural Alignment

* What is structural alignment of proteins?

- 3-d superimposition of the atoms as "best as
possible”, i.e., o minimize RMSD (root mean
square deviation).

- Can be done using VAST and SARF

» Structural similarity is common, even among
proteins that do not share sequence
similarity or evolutionary relationship.

2/23/06 CAP5510/CGS5166 18



Other databases & tools

- MMDB contains groups of structurally
related proteins

* SARF structurally similar proteins using
secondary structure elements

* VAST Structure Neighbors

* SSAP uses double dynamic programming to
structurally align proteins

2/23/06 CAP5510/CGS5166 19



5 Fold Space classes

Attractor 1 can be characterized as alpha/beta,
attractor 2 as all-beta, attractor 3 as all-alpha,
attractor 5 as alpha-beta meander (1mli), and
attractor 4 contains antiparallel beta-barrels e.g. OB-fold (1prtF).
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Fold Types & Neighbors

lurnA lhnl

Structural neighbours of 1urnA (top left).
1mli (bottom right) has the same topology
even though there are shifts in the relative
orientation of secondary structure elements.

CAP5510/CGS5166 21



Sequence Alignment of Fold Neighbors

lurnA
z=10
lhal
Z=5
2bopA
252
ilmli

lurnaA
z=10
lhal
Z=5
2bopA
Z2=2
lmli
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Freguent Fold
Types
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(141) ThdcA:l {85) ImfaA:3
P lobuli
alpha/beta domain 't!l?k"l"mg in
(33) lvdfA:l {27) 1gn:2
single helix coiled coil
BT
(18) IprtE:1 (17) 3grs:2
OB-fold FAD/NAD binding
m

(13) Nef:17

{(12) 1celA:3

periplasmic binding lectin fold

protemn
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(63) lceo:2
TIM barrel

%

(25) |bbi2:1
bheta-meander

v
\._‘r_:".’

(14) Imbd:1
globin fold

(12) lepaA:l
lipocalin fold

(43) IbefA:l
helical bundle

(19) lmro:2
EF-hand

(13) 1vim:3
cychn fold

(12) 2arcA:4
beta-roll

(36) 2pii:2
alpha'beta-meander

"

&

(18) loetC:3
HTH-motit

~1

(13) TaozA:15
blue copper protein

(12) 2yhx:3
actin fold
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Protein Structure Prediction

* Holy Grail of bioinformatics

* Protein Structure Initiative to determine a
set of protein structures that span protein
structure space sufficiently well. WHY?

- Number of folds in natural proteins is limited.
Thus a newly discovered proteins should be
within modeling distance of some protein in set.

» CASP: Critical Assessment of techniques for
structure prediction
- To stimulate work in this difficult field
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PSP Methods

* homology-based modeling
* methods based on fold recognition
- Threading methods

- ab /n/tio methods

- From first principles
- With the help of databases

2/23/06 CAP5510/CGS5166
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ROSETTA

- Best method for PSP

» As proteins fold, a large humber of partially
folded, low-energy conformations are
formed, and that local structures combine to
form more global structures with minimum

energy.

* Build a database of known structures (I-
sites) of short sequences (3-15 residues).

* Monte Carlo simulation assembling possible
substructures and computing energy

2/23/06 CAP5510/CGS5166 26



Threading Methods
+ See p471, Mount

- http://www.bioinformaticsonline.org/links/ch 10 t 7.html
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FIGURE 10.30. A hidden Markov model (discrete state-space model) of protein three-dimensional structure. (F)
HMM called HMMSTR. based on I-sites, 3- to 15-amino-acid patterns that are associated with three-dimensional
structural features. The two matrices with colored squares represent alignment of sets of patterns that are found to
be associated with a structure, in this case the hairpin tums shown on the right. Each column in the table corre-
sponds to the amino acid variation found for one structural position in one of the turns. {Blue side chains)
Conserved nonpolar residues; (green) conserved polar residues; (red) conserved proline; and (orange) conserved
glycine. The two hairpins are aligned structurally in the middle structure on the right and the observed variation in
the corresponding amino acid positions is represented by the HMM between the matrices on the left. The HMM
represents an alignment of the two hairpin structural motifs in three-dimensional space and an alignment of the
sequences. A short mismatch in the turn is represented by splitting the model into two branches. The shaped icons
represent states, each of which represents a structure and a sequence position. Each state contains probability distri-
butions about the sequence and structural attributes of a single position in the motif, including the probability of
observing a particular amino acid, secondary structure, @-' backbone angles, and structural context, e.g., location
of B strand in a  sheet. Rectangles are predominantly P-strand states, and diamonds are predominantly turns. The
color of the icon indicates a sequence preference as follows: {blue) hydrophobic (green) polar; and (vellow) glycine.
MNumbers in icons are arbitrary identification numbers for the HMM states. There is a transition probability of mov-
ing from each state in the model to the next, as in HMMs that represent msa’s. This model is a small component of
the main HMMSTR maodel that represents a merging of the entire I-sites library. Three different models, designat-
ed A" AS and AR, are included in HMMSTR, which differ in details as to how the alignment of the [-sites was
obtained to design the branching patterns (topology) of the model and which structural data were used to train the
model. HMMSTR may be used for a variety of different predictions, including secondary structure prediction, struc-
tural context prediction, and @-¥ dihedral angle prediction. Predictions are made by aligning the model with a
sequence, finding if there is a high-scoring alignment, and deciphering the highest-scoring path through the model.
The HMMSTR program may be downloaded or used on a server that can be readily located by a Web search. (B,
reprinted, with permission, from Bystroff et al. 2000 [©2000 Elsevier].)
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Nomenclature

RNA Polymerization occurs5’ to 3

Nontemplate or Coding Strand

31 ———————————————————————————————————————————————————————————————————————————————————————————————————————————————————————— 51

Template Strand

Transcription unit

-10 +1 +10
51 .....Q...Q.......Q...Q...‘Q... 3,
XyZ

RNA
starts
CA

Terminator

pUTEET .

Slide courtesy Prof. Mathee



Transcriptional unit and single gene mature mRNA

Transcriptional unit

+1 ORF
5’ ooo_ooo_oooooooooooooo‘o003’
-35 -10
T

Transcription

start site
Start Stop
Codon Codon
5’ 3
”
RBS

g P

5’ untranslated region 3’ untranslated region
5 UTR 3 UTR

Ribosome

binding site

Trailer
2/23/06
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Messenger RNA or mRNA

| nitation Codon EEAASIE; Methionine Termination Codons

Others: GUG Valine UAA Ochre
UUG L eucine UAG Amber
AUU | soleucine UGA Opal
Untrandated Intracistronic
I Trail
eader 1-40 bp railer

- — — —  —-  MRNA

| oore 1 |

Start Stop  Start Stop
E'Bbs s Coding region
ibosome Binding Site Open Reading Frame (ORF)

Shine-Dalgarno Sequence _ _ _
Reading frame s one of three possible

7 bp upstream of start codon ways of reading a nucleotide sequence as
5'--AGGAGG--3 aseries of triplets.
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Transcriptional machinery: RNA Polymerase and

DNA

RNAP Holoenzyme

Transcription Starts

Basal Promoter: -10
- - . ’\/\IV\/\»
| | ] | T | e

-60 -50 -40 -30 -20 -10 +1 +20
. AIG
Spacer Region
E.coli consensusfor o790 TTGACA 16-18 bp TATAAT

Stronger Promoter:
Transcription Starts

-35 -10 W W Wt =
| UP Element | - - | =
| | | | | | |
-60 -50 -40 -30 -20 -10 +1 +20
AT-rich AIG
2/23/06  %-CTD makesthe contact CAP5510/CGS5166 32
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Prokaryotic Gene Characteristics

76 CHAPTER 9
DNA PATTERNS IWN THE E. coli Jexd GENE
GENE SEQUENCE PLTTERN
1 GAATTCGATARATC TCTEGTITATTETEC AGTTTATGSTT C Tﬁnﬂﬁﬂ*ﬂﬂﬂﬂi’r pilc]
41 CCARRMTCGCCTTTTECTIGTATATACTCACAGCATRACTG C'}.\J’TIDJ‘ITT}«IHHTP LG
SCAR -35 10 TATACT > TATAAT, > mRMA start
81 IATATACACCCAGGGGECEGGALTGALRGCGTTAACGGCCA C'I\JLIHITI‘IT“E?HP{P AG
+10 GGGEG Ribosomal binding sikte GGAGG

121 GGCAACARGAGETGETTITGATCTCATCCGTGATCACATCAG
161 CCRGACAGGTATECCGCCGACGCEGTGCGGARATCGCECAG
201 CETTTGEGGETTCCGTTCCCCARACGCGECTGLAGARCATC
241 TEARGGCECTEEGCACGCARAGGCETTATTGRLATTGTTTC
281 CGGCGECATCACGCGGGATTCATCTETTGCAGGAAGAGGRA
321 GRAGGETIGCCGCTEETAGETCETEFTEGCTGCCEEFIGAAC
361 CRCTTCTGGCGCALCAGCATATTGRAGGTCATTATCAGGT OFEN READING FRAME
401 CGATCCTICCTITATTCAMGCCGAATGCTGATTICCTGCTG
441 CGCGTCAGCGGGATGTICGATGARLAGATATCGGCATTATGG
481 ATGGTGACTTECTGGCAGTGCATALARCTCAGELTGETACE
521 TAACGGETCAGGETCGTTGTCGCACGTATTIGATGACGARGTT
UL TG RN ONR R L AL A RO RGRGC AR TARAGTOIGREC

601 TETTGCCAGARRATAGCGAGTTTALLCCRATTETCGTTEL

641 CCTTCETCAGCAGAGCTTC ACCATTGAAGGGCTGGCGETT

681 GEGGTTATICGCRACGGCGACTGGCTGTARCATATCTCTG ThA

721 AGACCGCGATGECCGCCTEGCEFTCGCGETTITETTTTICATC

761 TCTCTTCATCAGGC TTGTCTGCATGGCATTCCTC ACTICA

801 TCTGATARAGCACTCTGGCATCTCGCCTTACCCATGRTTT

841 TCTCCAATATCACCGTTCC GTTGC TEGGACTEETCGRATAC

881 GGCGGTRATTGETCATCTTGATAGCCCGGTITATTIGGGC

921 GGCETGEGCGEGETTGECGCARCGEGCEGGRCCAGET

Shown are matches to approximate consensus binding sites for Lexd
repressor (CTGHNNNNNNNNNCAG), the -10 amd -35 promoter regions
relatiwve to the start of the mRNA (TTGRCL and TATALT), the ribosomal
binding site on the mRNA [(GGAGG), and t,he open read:l.ncr frame

(4TG5, . .TRE), Only the second two of the predicted LexA binding sites
actually bind the repressor.

FIGURE 9.6. The promoter and open reading frame of the E. coli lexA gene.
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Motif Detection (TFBMS)

» See evaluation by Tompa et al.
- [bio.cs.washington.edu/assessment]

* Gibbs Sampling Methods: AlignACE, GLAM,
SeSiMCMC, MotifSampler

+ Weight Matrix Methods: ANN-Spec,
Consensus,

* EM: Improbizer, MEME

» Combinatorial & Misc.: MITRA, oligo/dyad,
QuickScore, Weeder, YMF
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Start and Stop Codon Distribution

1000 2000 3000 4000 5000 6000 7000
|ulll|llt||illluIu|ll|u|hanlnnlllnnhlllln;llul:!“
2
1
-1 u'!
2 l 2
3 1l u (1413
TT1 TITTITTIT] | L
1000 2000 3000 4000 5000 6000 7000

FIGURE 9.1. ORF map of a portion of the E. coli lac operon using the DNA STRIDER program (Marck 1988).
Shown are AUG and termination codons as one-half and full vertical bars, respectively, in all six possible reading
frames. The lacZ gene is visible as an ORF that runs from positions 1284 to 4355 in frame 3.
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Genetic Code

Second letter

Lcu
uee |

UEG

First letter

GO AC|G P HC|OE 0C|OE N C
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Recognizing Codons
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Codon Bias

»+ Some codons preferred over others. O = optimal

S = suboptimal
R =rare
U = unfavorable

100 200 300 400 200 00 100 0o ann 1000
||||||||||I||"||I|I|||||||IlHI||| |||||I|||||”|"I| ¥
1= Frame Shift 1

oLl
= Ll [T
3

T IO T T T T T T T [T LI [ T T [T T T[T I [T T[T T T
100 200 300 400 200 GO0 ¥on aon a00 1000

100 200 300 400 a0 Go0 Tan ano q00 1000

0O O T O R 0 ” A L) o
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| IR ONAA D NIRRT < Frame Shift 2
| IR (0 N ALATARD =

1]

= Y.

T TTITITT[TITT[TT
100 20n aon 400 a00 GO0 fon ann q00 1000
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Codon Bias

» Codon biases specific to organisms

O = optima
S = suboptimal
R =rare

U = unfavorable

100 200 300 400 200 00 100 0o ann 1000
! il LA ©
= | ULITAREVL T I
ol Ik
u | Same Frames;
1

100 200 300 400 500 500 700 §00 300 1000 Different labeling
100 200 300 400 500 500 700 300 400 1000 of codon types

L 1 1111 .
o o (i.e, fromyeast)
= =
E E
a) a)
IIII|III|IIII|III|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|III|IIII|IIII|IIII|III 1
100 200 300 400 =00 g00 fan a00 aa0 1000
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Eukaryotic Gene Prediction
* Complicated by introns & alternative splicing

- Exons/introns have different GC content.

* Many other measures distinguish exons/introns

- Software:

- GENEPARSER Snyder & Stormo (NN)

- GENIE Kulp, Haussler, Reese, Eckman (HMM)

- GENSCAN Burge, Karlin (Decision Trees)

- XGRAIL Xu, Einstein, Mural, Shah, Uberbacher (NN)
- PROCRUSTES Gelfand (Formal Languages)

- MZEF Zhang
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Introns/E

xons In C. elegans
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Figure 2: Profile of the same 5’ collection but around a larger window.

+ 8192 Introns in C. elegans: [GT...AG]

* Vary in lengths from 30 to over 600; Complexity

Napies

08 | &—intron

07
06 b

X
0.5

0.4

0.3

0.2
Hy
0.1

Exon—>

0
-30

in the exon is labeled 0.
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Figure 4: Profile of 8,192 sequences of length 80 around the 3’ site. The first position
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HMM structure for Gene Finding

UTR OneExon UTR
Start > Statel > Stated > End
1st Exon
Exon Last Exon
State? State3

Intron
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Motifs In Protein Sequences

M otifs are combinations of secondary structuresin
proteins with a specific structur e and a specific function.
They are also called super-secondary structures.

Examples: Helix-Turn-Helix, Zinc-finger,
Homeobox domain, Hairpin-beta motif,
Calcium-binding motif, Beta-al pha-beta motif,
Coiled-coil motifs.

Several motifs may combine to form domains.
 Serine proteinase domain, Kringle domain, calcium-binding
domain, homeobox domain.

2/23/06 CAP5510/CGS5166
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Helix-Turn-Helix Motifs

e Structure
 3-helix complex
e Length: 22 amino acids
e Turn angle

 Function
 Gene regulation by
binding to DNA

2/23/06 CAP5510/CGS5166 R 44
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DNA Binding at HTH Mot

(b)

Figure 7.10 The helix-turn-helix motif in lambda Cro bound to DNA (orange) with the

two recognition helices (red) of the Cro dimer sitting in the major groove of DNA. The

binding model, suggested by Brian Matthews, is shown schematically in (a) with

connected circles for the C, positions as they were model built into regular B-DNA, A

schematic diagram of the Cro dimer is shown in (b) with different colors for the two

subunits. A schematic space-filling model of the dimer of Cro bound to a bent B-DNA

molecule is shown in (c). The sugar-phosphate backbone of DNA is red, and the bases are

yellow. Protein atoms are colored red, blue, green, and white. [(a) Adapted from D. 45
Ohlendorf et al., J. Mol. Evol. 19: 113, 1983. (¢) Courtesy of Brian Matthews.]
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Basis for New Algorithm

» Combinations of residues in specific locations
(may not be contiguous) contribute towards
stabilizing a structure.

+ Some reinforcing combinations are relatively
rare.
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New Motif Detection Algorithm

Pattern Generation:; ‘

Aligned Motif
Examples

3 Pattern
Dictionary

New Protan Detection
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Motif Detection: ‘




Protain
Name

Cro

1 43 1[5 16 17 18 19

434 Cro
P22 Cro
Rep
LacR
CAP
TrpR

Cll

Q1 G9 N20
« A5 G9 V10 115
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Pattern Mining Algorithm

Algorithm Pattern-Mining

Input: Motif length m, support threshold T,
list of aligned motifs M.

Output: Dictionary L of frequent patterns.

L, := All frequent patterns of length 1
for i =2tom do
C, ;= Candidates(L, ,)
L, := Frequent candidates from C,
If (IL;] <=1) then
return L astheunionof al L, | <=1.

o0k wWNPRE
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Candidates Function

L3

G1, V2,
G1, V2,
G1, V2,
G1, V2,

S3
To
I'7

E8

Gl1, S3,
Gl1, T6,

V2, T6,

V2, Té6,

To
I'7
[7
E8

2/23/06

C,

G1, V2, S3, T6
G1,V2, S3, 17
G1,V2, S3, ES
G1, V2, T6, I7
G1, V2, T6, ES
G1, V2,17, ES

V2, T6, 17, ES

CAP5510/CGS5166

L,

G1, V2, S3, T6
G1, V2, S3, I7
G1l, V2, S3, ES8
G1, V2, To, E8

V2, T6, 17, ES
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Motif Detection Algorithm
Algorithm Motif-Detection

Input : Motif length m, threshold score T, pattern dictionary L, and
Input protein sequence P[1..n].
Output : Information about motif(s) detected.

1. for eachlocationi do

2. S := MatchScore(P[i..i+m-1], L).
3. if (S>T)then

4 Report it as a possible motif
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Experimental Results: GYM 2.0

Protain GYM =DE Number GYM = Annot.
Family Agree Annotated

Master 88 (100 %) 13 13
Sigma 284 + 23 (98 %) 96 82
Negates 86 (92 %) 0 0

LysR 127 (98 %) 95 93
AraC 57 (84 %) 41 34
Rreg 99 (85 %) Y4 46
Total 653 + 23 (94 %) 289 255 (88 %)
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Experiments

* Basic Implementation (Y. Gao)

* Improved implementation & comprehensive testing
(K. Mathee, GN).

* Implementation for homeobox domain detection (X. Wang).

- Statistical methods to determine thresholds (C. Bu).

+ Use of substitution matrix (C. Bu).

» Study of patterns causing errors (N. Xu).

* Negative training set (N. Xu).

* NN implementation & testing (J. Liu & X. He).

* HMM implementation & testing (J. Liu & X. He).
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