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EM Algorithm

Goal: Find B, Z that maximize Pr (X, Z | 6)

Initialize: random profile

.-

E-step: Using profile, compute a likelihood value z;
for each m-window at position /in input
sequence .

M-step: Build a new profile by using every m-
window, but weighting each one with value z;.

. :
Stop if converged
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EM Method: Model Parameters

JInput: upstream sequences
> X={X;, X, ..., X},
dMotif profile: 4xk matrix 6 = (6,,),
® rc{ACGT}
@ 1<p<k
® 6O, =Pr(residue r in position p of motif)

1 Background distribution:
» 0. = Pr(residue r in background)
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EM Method: Hidden Information

7 = {Z} where

1, if motif instance starts at
L= position i of X,
O, otherwise

UIterate over probabilistic models that
could generate X and Z, trying to
converge on this solution, i.e., maximize

Pr (X, Z | 9).
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Statistical Evaluation

dZ-score of a motif with

a certain frequency:

dInformation Content or

Relative Entropy of ap,

alignment or profile:

dMaximum a Posteriori
(MAP) Score:

L Model Vs Background
Score:
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Obs(w) — Exp(w)

Z(W) =

>

JVar (w)
IC(M) =Zim,j Iog%
MAP(M)

>
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Predicting Motifs in Whole Genome

1 MEME: EM algorithm [ Bailey er a/, 1994 ]
1 AlignACE: Gibbs Sampling Approach [ Hughes et a/,, 2000 ]
[ Consensus: Greedy Algorithm Based [ Hertz et a/, 1990 ]

J ANN-Spec: Artificial Neural Network and a Gibbs
sampling method [ Workman et a/, 2000 ]

d YMF: Enumerative search [Sinha et a/, 2003 ]
d ...

B/ @R G CAP5510 6

BioInformatics Research Group



Gibbs Sampling for Motif Detection
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Protein Structures

(1Sequences of amino acid residues
20 different amino acids

Primary | Secondary | Tertiary |
B B
i

(I_H—m!r\

#-11—!#)
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Proteins

dPrimary structure is the sequence of
amino acid residues of the protein, e.q.,
Flavodoxin:

AKIGLFYGTQTGVTQTIAESIQQEFGGESIVDLNDIANADA... Secondary

Different regions of the sequence form

local regular secondary structures, such
@ Alpha helix, beta strands, etc.

AK
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LGLFY

GTQTG

VTQTIAESIQOEFGGESIVDLND
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More on Secondary Structures

Ho-helix
@ Main chain with peptide bonds
@ Side chains project outward from helix

@ Stability provided by H-bonds between CO and
NH groups of residues 4 locations away.

dp-strand

@ Stability provided by H-bonds with one or more
B-strands, forming B-sheets. Needs a -turn.
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Proteins

dTertiary structures are formed by packing
secondary structural elements into a globular
structure.

Myoglobin Lambda Cro
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Quaternary Structures in Proteins

* The final structure may contain more
than one “chain” arranged in a
quaternary structure.
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Amino Acid Types

JHydrophobic
JICharged

@Basic

@Acidic
JPolar
dSmall
JVery Small

JAromatic
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I,L,,M,V,A,F,P

K,H,R

E,D

s, T,Y,H,C,N,Q,W
A,S,T

A,G

F,Y,W

CAP5510

13



Structure of a single amino acid

All 3 figures are
cartoons of an
amino acid residue.

. Side Chain

c-Carbon
Amino Group C Carboxyl group
V4 o TN
{ H\% \ /OH\}
\\ N s H C ;,-
N A A T
\H"'""/ e \3/'
=
: o
e

NH2| —C—H

Fig. General formula for an
amino acid molecule. "B~
represents the variable groups
that are attached to this basic
molecule to make up the 20
common amino acids

Amino group ‘.r'"

coo~
| ‘/ Alpha carbon

Carboxyl group

HsH* - ¢~ H

CH3
-4— R group
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Chains of amino acids

0 H 0

H

||l | I
-CH~C~OH = NHy~CC— N CH~C~OH + HO

J T |

R R
FPEPTIDE BOMD

Amino acids vs Amino acid residues
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Angles ¢ and y in the polypeptide chain

HiN

Rl H O R3
| | |# vl | |
I | | |
O R, H O
FIGURE 1.2

A polypeptide chain. The R; side chains identify the
component amino acids. Atoms inside each quadrilateral
are on the same plane, which can rotate according to angles

¢ and .
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1. Nonpolar: Hydrophobic CH, CH,

CH,
04

Alanine (ala-A)

CH,

7 N

CH, CH,

(i

Proline (pro—P)
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Hclt—CH3 {l:H7 CH-%—(IZH

Valine (val-V)

Leucine (leu-L) Isoleucine (ile-I)

CH;, H
| N

L /
CH; CH, CH,
I 4 | 4 l y

Methionine (met-M) Phenylalanine (phe-F)

Tryptophan (trp-W)

Amino Acid Structures from Klug & Cummings
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2. Polar: Hydrophilic
H CH, SH

T H—(|:—OH H—(l:—OH (I:H2
y y / /

Glycine (gly-G) Serine (ser-S) Threonine (thr-T) Cysteine (cys-C)

OH
O\C/NH2
0 NH,
\C/ CH,
CH, (|:H2 CH,

— D4 4

Tyrosine (tyr-Y) Asparagine (asn—-N) Glutamine (gIin-Q)

Amino Acid Structures from Klug & Cummings
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3. Polar: positively charged (basic)

NH,"

CH,

CH,

CH,

CH,

/

Lysine (lys—K)
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Amino Acid Structures

THZ from Klug & Cummings
(|Z=NH2+

NH c

| 7"\
[ N\
(|:H2 (I:= CH
CH, ?HZ

T 4

Arginine (arg—R)
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4. Polar: negatively charged (acidic)

o\ /o*
N /7 ?
\c CH,
I I
CH, CH,
| / | /
Aspartic acid (asp-D) Glutamic acid (glu-E)

R

| o
Amino—/;/v*—/c—c\//é
group > o

Amino acid structure

Carboxyl
group

Amino Acid Structures from Klug & Cummings
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Alpha helices

c—Helix

Lovamtderdtaci vleec Tavmaraveasad anf o
(c)) Dramrid Grilbert, Adls Choor Targ, Gillea . Taratce anod Blallika Weerarralai 2002 16
CAP5510
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Figure 2.2 The o helix is one of the major elements of secondary
structure in proteins. Main-chain N and O atoms are hydrogen-bonded
to each other within o helices. (a) Idealized diagram of the path of the
main chain in an « helix. Alpha helices are frequently illustrated in this
way. There are 3.6 residues per turn in an « helix, which corresponds
to 5.4 A (1.5 A per residue). (b) The same as (a) but with approximate
positions for main-chain atoms and hydrogen bonds included. The
arrow denotes the directicn from the N-terminus to the C-terminus.
(c) Schematic diagram of an « helix. Oxygen atoms are red, and N
atoms are blue. Hydrogen bonds between O and N are red and striated.
The side chains are represented as purple circles. (d) A ball-and-stick
model of one o helix in myoglobin. The path of the main chain is
outlined in vellow; side chains are purple. Main-chain atoms are not
colored. (e) One turn of an o helix viewed down the helical axis. The
purple side chains project out from the o helix.
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Alpha Helix

CAP5510
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Beta sheet

Antiparallel betasheet
4 The beta-hairpin turn.

----- - —I- Oetarsirand Ilalrpln

R '——{ Hreto stramd

The dashed lines indicrate main chain bydrngen honde.

- -
. - o

Farallel beta-shest

(c)) Dramrid Grilbert, Aiks Choor Tang, Gilleadh Tararwe and 3lalliks Weeratralai 2002 17
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Beta Strand

CAP5510
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Active Sites

Active sites in proteins are usually hydrophobic
pockets/crevices/troughs that involve sidechain atoms.

Figure 4.13 (a) The active site in open twisted
o/B domains is in a crevice outside the carboxy
ends of the B strands. This crevice is formed by
two adjacent loop regions that connect the
two strands with o helices on opposite sides

of the B sheet. This is illustrated by the curled
fingers of two hands (b), where the top halves
of the fingers represent loop regions and the
bottom halves represent the B strands. The rod
represents a bound molecule in the binding
crevice.

crevice

(a (B)

2/15/07 CAP5510
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Active Sites

L eft PDB 3RTD (streptavidin) and the first site located by the
MOE Site Finder. Middle 3RTD with complexed ligand (biotin).
Right Biotin ligand overlaid with calculated alpha spheres of the
first site.
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Secondary Structure Prediction Software
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PDB: Protein Data Bank

Database of protein tertiary and quaternary
structures and protein complexes.
http://www.rcsb.org/pdb/

JOver 29,000 structures as of Feb 1, 2005.

1Structures determined by
@®NMR Spectroscopy
@ X-ray crystallography
@ Computational prediction methods
dSample PDB file: Click here [ ]
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Protein Folding

Unfolded

ﬁ Rapid (< 1s)
Molten Globule State

ﬂ Slow (1 - 1000 s)

Folded Native State

dHow to find minimum energy configuration?

2/15/07 CAP5510

31



Example: Diphtheria Toxin
transmembrarne domam

exotoxin a
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Protein Structures

1Most proteins have a hydrophobic core.

JWithin the core, specific intferactions 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

dOutside 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

L SPDBV
JRASMOL
JCHIME

2/15/07 CAP5510
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Structural Classification of Proteins

dOver 1000 protein families known

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

ASCOP (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

2/15/07

JMB—MS 422

538 Communication
=] NCSAMasaic: Document VeW Iy WW browser (NCSA Mosaic) EL-
File _Options _ Navigate _ Anndrare i ||
Document Title: lSCOP: Family: Interleukin 8-Tike g |
|
Document URL: ihttp -/ /scop.mrc-1mb. cam. ac.uk/scop/data/scop 0.004. |
Structural Classification of Proteins H |
|@|@| 5 |[ Z I'/ I_/ | scopnnvigaﬁlo:;lultons |
Family: Interleukin 8-like
<

click here

1 Reotscop | to display i
% C?ls:?: Alehal protein in

i. Fold: Interled 31y _viewer

5. Famiy: Iverlewin 8-lke |

click here for sequence
L | and references (NCBI)

1. Interieukin-8
1. human (Homo s¥hien]
1. 308

3.
1. chainall
2. chainb [l
2. Platelet factor 4
1. bovine {Bos faurus) (1)
1. 1pif CYSER |
1. chainall
2. chainb M

3. chaincll
entry names |, oo o
3. M i ¥ profein 1beta

2, .un-
1
2. chainb

| [keyword search facility ]
Enter search qu-l £

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

CAP5510
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CATH: Protein Structure Classification

1Semi-automatic classification; ~36K domains

14 levels of classification:

@Class (C), depends on sec. Str. Content
>o class, B class, o/p class, o+ class

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

®Homologous Superfamily (H), similar str and
functions.
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DALI/FSSP Database

JdCompletely automated; 3724 domains
UCriteria of compactness & recurrence

1Each domain is assigned 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

dWhat 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

dStructural similarity is common, even among
proteins that do not share sequence
similarity or evolutionary relationship.
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Other databases & tools

AMMDB contains groups of structurally
related proteins

ASARF structurally similar proteins using
secondary structure elements

JAVAST Structure Neighbors

USSAP uses double dynamic programming to
structurally align proteins
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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).

2/15/07 CAP5510 41



Fold Types & Neighbors

lurnA Lsal
Structural neighbours of 1urnA (top left).

T vy G s
1mli (bottom right) has the same topology

i=2 . . .
'f;_i \I even though there are shifts in the relative
orientation of secondary structure elements.

Tl
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lurnA
z=10
lhal
Z=5
2bopA
252
Imli

lurnaA
z=10
lhal
Z=5
2bopA
Z2=2
lmli

2/15/07

Sequence Alignment of Fold Neighbors

~~RPNHTIYINNLNEKI----KKDELKKSILHAIFSRFG---QILDILV-SRS---LKM~-~--
. ST * * * * *
ahLTVKKIFVGGIKEDT----——--- EEHHLRDYFEQOYG---KIEVIEI-MTDrgsGKK--~-
e e
--—-—-sCFALIS-GTANQ-—-—--- VKCYRFRVKKNHRHR == ==~ YENCTTtWFT---Vadnga

---mlFHVKMTVKLpvdmdpakatglkadeKELAQRIgregTWRHLWR-IAG-~-~~==~=~=~

----RGQAFVIFKEV--SSATNALRSMOGFPFYDKPMRIQYAKTDSDIIAKM-----~-~~
Kk kkk % » *
--==RGFAFVTFDDH--DSVDKIVIO-kYHTVNGHNCEVRKAL-======mwreee - ———
* = * * * * *
exrggQAQILITFGSP--SORODFLKHVPLPP----GMNISGF-—---- CASLDL =~ »=axsea
* * * % * x —

-—-——HYANYSVFDVpsvEALHDTLMOLpLFPY----MDIEVD-~--- gLCRHpssihsddr
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Freguent Fold
Types

2/15/07

(141) ThdcA:l {85) ImfaA:3 (63) lceo:2 {43) IbectA:] (36) 2pii:2
alpha/beta domain H&mﬂmnn TIM barrel helical bundle  alphabeta-meander

~
o y‘
(33) lvdfA:l {27) 1gn:2 (25) |bbi2:1 (19) lmro:2 (18) loctC:3
single helix coiled coil beta-meander EF-hand HTH-motil
-
“ 29
(18) IpriF:1 (17) 3grs:2 (14) Imbd:1 (13) lvin:3 (13) TaozA:15
OB-fold FAD‘&”‘D binding globin fold cyclin fold blue copper protein
If
Y
»
(13) Nef 17 {(12) 1celA:3 (12) lepaA:l (12) 2arcA:4 (12) 2yhx:3
periplasmic binding lectin fold lipocalin fold beta-roll actin fold

protein
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Protein Structure Prediction

JHoly Grail of bioinformatics

dProtein 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.
JCASP: Critical Assessment of techniques for
structure prediction

@ To stimulate work in this difficult field
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PSP Methods

dhomology-based modeling

dmethods based on fold recognition
@ Threading methods
dab initio methods

@From first principles
®With the help of databases

2/15/07 CAP5510
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ROSETTA

dBest 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).

L Monte Carlo simulation assembling possible
substructures and computing energy
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Threading Methods
1See p471, Mount

@ http://www.bioinformaticsonline.org/links/ch 10 t 7.html

2/15/07 CAP5510
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Serine fhairpin
‘-.u"“-\,l 'i;}" \H‘\»Lf Mo
& / ‘r:l__%;-_‘- 1

“w =g 3
o

sl Type-I B-hairpin

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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