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Much Ado About Structure

e Structure «<—> Function

e Structure «—— Mechanism

» Structure «—— Origins/Evolution
e Structure-based Drug Design

* Solving the Protein Folding Problem




Routes to 3D Structure

X-ray Crystallography (the best)

NMR Spectroscopy (close second)
Cryoelectron microsocopy (distant 3rd)
Homology Modelling (sometimes VG)
Threading (sometimes VG)

X-ray Crystallography




X-ray Crystallography

* Crystallization
 Diffraction Apparatus
 Diffraction Principles

* Conversion of Diffraction Data to
Electron Density

e Resolution
e Chain Tracing

Diffraction Apparatus

Primary X-ray Beam

Rotating
Anode {Cu)

4-Circle Gonoimeter { Eulerian or Kappa Geometry)




Protein Crystal Diffraction

Diffraction Pattern

Converting Diffraction Data
to Electron Density

FT
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NMR Spectroscopy

Low Energy High Energy




Multidimensional NMR
1D

Ufh

MW ~ 500 MW ~ 10,000 MW ~ 30,000

The NMR Process

* Obtain protein sequence
e Collect TOCSY & NOESY data

* Use chemical shift tables and known
sequence to assign TOCSY spectrum

* Use TOCSY to assign NOESY spectrum

* Obtain inter and intra-residue distance
information from NOESY data

* Feed data to computer to solve structure




NMR Spectroscopy

Chemical Shift
Assignments

NOE Intensities <~ 7

J-Couplings

Distance
Geometry
Simulated
Annealing

)

active site
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X-ray Versus NMR

X-ray NMR
Producing enough * Producing enough
protein for trials labeled protein for
Crystallization time and collection
effort « Sample “conditioning”
Crystal quality, stability e« Size of protein
and size control  Assignment process is
Finding isomorphous slow and error prone
derivatives « Measuring NOE’s is

Chain tracing & checking slow and error prone

Comparative (Homology)
Modelling

ACDEFGHIKLMNPQRST--FGHQWERT -—--- YREWYEGHADS
ASDEYAHLRILDPQRSTVAYAYE--KSFAPPGSFKWEYEAHADS
MCDEYAH IRLVMNPERSTVAGGHQWERT ----GSFKEWYAAHADD




Homology Modelling

Offers a method to “Predict” the 3D
structure of proteins for which it is not
possible to obtain X-ray or NMR data

Can be used in understanding
function, activity, specificity, etc.

Of interest to drug companies wishing
to do structure-aided drug design

A keystone of Structural Proteomics

Homology Modelling

ldentify homologous sequences in PDB
Align query sequence with homologues

Find Structurally Conserved Regions (SCRs)
Identify Structurally Variable Regions (SVRSs)
Generate coordinates for core region
Generate coordinates for loops

Add side chains (Check rotamer library)
Refine structure using energy minimization
Validate structure
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Modelling on the Web

* Prior to 1998 homology modelling
could only be done with commercial
software or command-line freeware

* The process was time-consuming
and labor-intensive

* The past few years has seen an
explosion in automated web-based
homology modelling servers

Now anyone can homology model!

= EICI M 35 Swi155-MODEL - Netscape
& K File Edit “iew Go Communicator Help
b3 B 2 =
;g MEI 1 [] ‘ ExPASy Home page | Site Map | Search ExPASy | Contact us
Eivice| || Modelling requests:
My D | + First &pproach mode
+ Optimise (project
B3| i
BEswi « Oligomer modelling
+ GPCR mode
Interactive tools S \‘/ I S S _MODEL
+ Swiss-PdbViewer, a
tool for viewing and . .
manipulating protein An Automated Comparative Protein
structures and .
daves stulf models (Macintosh, Modelhng Server
N PC, SGI and Linux).
i’?' + Lookup the ExPDE =l
- .
GE;E?T = HELP j Introduction:
e ‘ ‘ .
- SWISS-MODEL is an Automated Protein Modelling
248 PM N Hﬁ:ﬁ:ﬂ”ﬁm Server developped at the GlaxaSmithKline in Geneva,
P SR * visualising 20 models. Switzerland.
Iy « Reliahility nf modele, 2 =
& = =0= | [Dozument Dane Er mh ol vl

http://www.expasy.ch/swissmod/SWISS-MODEL.html
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The PDB

PDB - Protein Data Bank

Established in 1971 at Brookhaven

National Lab (7 structures)
Primary archive for macromolecular

structures (proteins, nucleic acids,

carbohydrates — now 30,000 structrs)
Moved from BNL to RCSB (Research

Collaboratory for Structural

Bioinformatics) in 1998
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Viewing 3D Structures
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Interactive 3D Display:
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diagram
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+ FustGlance (needs Chame)

* Prosem Exploser (needs Chime)

* Sting hElennium (needs Chime and Java)
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Still 1
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QuickPDB

M. QuickPDB [_ O]

Quick PDB

http://www.sdsc.edu/pb/Software.html
Very simple viewing program with
limited manipulation and very limited
rendering capacity -- Very fast

Java Applet (Source code available)

Compatible with most browsers and
computer platforms
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Protein Explorer (Chime)

{Qiadq’&adwi@féi

e Geach Metscaps  Piint  Secuity Shop  Sor

7| i " Bookmarks & Location: itp: /7w rcsb. org/pdblpe explorer/eplore.Pim7id=31 Rl | @ what's Related

|| Protein Explorer 3
T
About/© Click ® for  “en

Help

1. Check out the Tutorial & and
Tips for Effective Use.

2. Explore 3TRX

[# Enter comwands Here
Wuber of Bridges ... O
Wuber of Bonds ..... 1644

Nunber of Atoms ..... 1629
Nudber of Groups .... 105

Brookhaven Code ..... 3TRX
DL

| |

1,629 atoms selecind.  IRBAH b T Y- T D D P |
=l 4[ 3

EizE [Dacument Dane R e BN )

Protein Explorer

http://www.umass.edu/microbio/chime/explorer/
Uses Chime & Rasmol for its back-end

Very flexible, user friendly, well
documented, offers morphing, sequence
structure interface, comparisons, context-
dependent help, smart zooming, off-line

Browser Plug-in (Like PDF reader)
Compatible with Netscape (Mac & Win)
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Swiss PDB Viewer

%t Swiss PDB Viewer DpenGL = Control Panel x|

Fie Edit Select Builde Tools Display Color  Preferences Swisstfodel ‘Window Hel [3TRx -

ﬂ =n © |‘;ﬁ '”EZ“MV“LEW “,?’“,?‘|:""”"m“”?m‘ ? [ visible 3 can move 7
L::JL:J / o el & ?S‘:‘Y— group  shovsidelabl =, ribroolgs
v

Move &l

' 3TRX (598 x 454 ) WAL v v

1 | - v
A20 &0 [1] B0 120 180 ALAZG w v

, v
Phi TRPH v v

hLYS3E w v

[ (K

Swiss PDB Viewer

http://www.expasy.ch/spdbv/

Among most sophisticated molecular
rendering, manipulation and modelling
packages (commercial or freeware)

Supports threading, hom. Modelling,
energy minimization, seq/struc interface

Stand-alone version only
Compatible on Mac, Win, Linux, SGI
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Swiss PDB Tutorial

# Deep View [Swiss Pdb¥iewer) Tutorial - Metscape ElE)
o B[R Yew G Doharls Jok Wnde leb
1 Mo T [ Dot Vi (St P Tt | [%]
Deep View | The Molecular Level H
Tutorial (v.
37 presents

MOLECULAR MODELING FOR BEGINNERS Il
Fordand, Maine
04103
Fhodes Pusm maine ed
Contents
Overview

Tutorial For Deep View (Swiss-PdbViewer)
Tutorial Revized for Version 3.7b2, 2000 1222
Gale Rhodes
Deepartment of Chemistry
Unversity of Southermn Mame
Portland, Maie, USA 04103
Author of
fana ==L

http://www.usm.maine.edu/~rhodes/SPVTut/

80 4 Hetscape - [ B macrosstt Pomartiont ... BL - E B0 Tm

Summary

Mac Win Unix Rendr SeqView Super E Min Modeling

Rasmol + + + ++ - - - -
Chime + + - + - - - -
Prot. Expl. | + + - ++ + + - -
Quick PDB + |+ + | + + - - -
Biomer + |+ + | ++ - + + +
SwP Viewer + + + +++ + + + +
MolMol - + + +++ - + - +

17



Analyzing and Assessing
3D Structures

Good Structure Bad Structure

Why Assess Structure?

e A structure can (and often does)
have mistakes

* A poor structure will lead to poor
models of mechanism or relationship

e Unusual parts of a structure may
indicate something important (or an
error)

18



Famous “bad” structures

Azobacter ferredoxin (wrong space group)
Zn-metallothionein (mistraced chain)
Alpha bungarotoxin (poor stereochemistry)
Yeast enolase (mistraced chain)

Ras P21 oncogene (mistraced chain)

Gene V protein (poor stereochemistry)

How to Assess Structure?

Assess experimental fit (look at R
factor {X-ray} or rmsd {NMR})

Assess correctness of overall fold
(look at disposition of hydrophobes,
location of charged residues)

Assess structure quality (packing,
stereochemistry, bad contacts, etc.)

19



A Good Protein Structure..

X-ray structure NMR structure

rmsd = 4 A random
rmsd = 2 A initial fit
rmsd = 1.5 A OK

rmsd = 0.8 A typical

R =0.59 random chain
R = 0.45 initial structure
R = 0.35 getting there

R = 0.25 typical protein
R = 0.15 best case « rmsd = 0.4 A best case
rmsd = 0.2 A dream on

R = 0.05 small molecule

Cautions...

 Alow R factor or agood RMSD value does
not guarantee that the structure is “right”

« Differences due to crystallization
conditions, crystal packing, solvent
conditions, concentration effects, etc. can
perturb structures substantially

* Long recognized need to find other ways
to ID good structures from bad (not just
assessing experimental fit)
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Structure Variability

X-ray to X-ray NMR to x-ray
Interleukin 1B Erabutoxin
(41bi vs 2mlb) (3ebx vs lera)

A Good Protein Structure..

Minimizes disallowed
torsion angles
Maximizes number of
hydrogen bonds
Maximizes buried
hydrophobic ASA
Maximizes exposed
hydrophilic ASA
Minimizes interstitial
cavities or spaces
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A Good Protein Structure..

Minimizes number of
“bad” contacts

Minimizes number of
buried charges

Minimizes radius of
gyration

Minimizes covalent
and noncovalent (van
der Waals and
coulombic) energies

Structure Validation Servers

Whatlf Web Server -
http://www.cmbi.kun.nl:1100/WIWWWI/

Biotech Validation Suite -
http://biotech.ebi.ac.uk:8400/cgt hn/sendquery

Verify3D -
http://www.doe ni.ucla.edu/Services/Verify 3D/

VADAR - http://redpoll.pharmacy.ualberta.ca
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Structure Validation Programs

* PROCHECK -

http://www.biochem.ucl.ac.uk/~roman/procheck/procheck.html

* PROSA Il -

http://lore.came.sbg.ac.at/People/mo/Prosa/prosa.html

* VADAR -
http://www.pence.ualberta.ca/ftp/vadar/

e DSSP -
http://www.embl-heidelberg.de/dssp/

Procheck

s ey i
Residue properties - Ramachandran Plot

labe

3. Abyeiwic dcviaton from mesn Che-d value Geacl. Pro)

b, Absclubc dvialion [rees ecam of catcga lanion

H

s

i

i

L ]
i

i

Fui ddegeres)

i e

& Coalpha chisality: sk, devistive of eeta torsivn
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Comparing 3D Structures

Same or Different?

Qualitative vs. Quantitative

Rigid Body Superposition

25



Superposition

* Objective is to match or overlay 2 or
more similar objects

* Requires use of translation and
rotation operators (matrices/vectors)

* Least squares or conjugate gradient
minimization (McLachlan/Kabsch)

e Lagrangian multipliers
Quaternion-based methods (fastest)

5 SuperPose - Nelscape

SuperPose Web Server

SuperPose Version 1.

http://wishart.biology.ualberta.ca/SuperPose/




Superposition - Applications

* Ideal for comparing or overlaying two or
more protein structures

* Allows identification of structural
homologues (CATH and SCOP)

* Allows loops to be inserted or replaced from
loop libraries (comparative modelling)

* Allows side chains to be replaced or
inserted with relative ease

Measuring Superpositions

/ Molecule b

Molecule a

27



RMSD - Root Mean Square Deviation

* Method to quantify structural similarity -
same as standard deviation

* Requires 2 superimposed structures
(designated here as “a” & “b”)

* N=number of atoms being compared

RMSD = _Vzﬁ (Xai - Xbi)2+(yai - ybi)2+(zai - Zbi)2

YN

RMSD

0.0-0.5 A == Essentially Identical
<1.5A == Very good fit

<5.0A == Moderately good fit
5.0-7.0 A == Structurally related
>7.0 A == Dubious relationship
>12.0 A == Completely unrelated

28



Detecting Unusual
Relationships

Similarity between Calmodulin and Acetylcholinesterase

Classifying Protein Folds

tructure Explorer - 3TRX - Netscape
le Edit Wiew Go Communicator Help
@ d % » & & @
Back Forward  Reload Hame Search Metscape  Print Security Stop.
W Bookmarks & Location: [pdb/cgi/enplore. caiviob=neighborshpobld=3T Rt page=DEpid=18676332413147 = | (" What's Related
ﬁlnslantMessage Secure Web Shop My Presaria Compag At Home Campaq Support Smart Update!

> Structural Neighbors LRSS

Summary Information CATH Class, Architecture, Topology and Homologous superfamily -
hierarchical classification of protein domain structures [top]

View Structure University College London (UJCL
Features: Complete PDB, fold classification by domain, hinks to other
Download/Display File information
Reference: Orengo, Michie, Jones, Jones, Swindells and Thornton (1997)
Structural Neighbors Struchure S(8) 1093-1108
Geometry CE Combinatorial Extension of the optimal path [ton]
Research Collaboratory for Structural Biomnformatics (RCSB’
Other Sources Features: Complete PDB and representatrve structure comparison, structure
alignments, structure superposition tool
Sequence Details Reference. Shindyalov and Bourne (1998) Protein Engineering 11(9)
739747
NMR Restraints o q ¢ ] A
= FS5P 2 s b re- e 2
—— FS5P  Fold classification based on Structure-Structure alignment of |

Proteins [top]
European Bionformatics Institute (EBT
Faaturss: Complete PDB, fold tree, domain dictionary, sequence neighbors,

Explore |[ structure superposiion

Searchlite SearchFields Reference: Holm and Sander (1998) Muc! Acids Res. 26 316-319
BCOP  Structural Classification Of Proteins [top]
MREC Lahoratory of Maolecular Biology and Centre for Protein Engineering
[ [ | Document: Done EREE
\ Slide 54 of 54 | Proteomicsl. 1.ppt I'ET

Ll
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SCOP Database

Jﬁ\nslanlMessage E';l Secure Web Shop E.ﬂ My Presario E.ﬂ Compag At Home E';l Compag Support: E.ﬂ Smart Update!

Structural Classification of Proteins
s
ZRIAE

Protein: Thioredoxin from Human (Homo sapiens)

=]

7]

Lineage:

1. Root scop

. Class: Alpha and heta proteins (ath)

Mainly parallel beta sheeis fheia-alpha-beta umnils)

. Fold: Thioredozin fold

core: 3 layers, albia; mized beta-sheet of 4 strands, order 4312, strand 3 is antiparallel to the rest
. Buperfamily: Thioredozin-like

Farnily: Thioltransferase

[ T X

Protein: Thioredozin

a
7. Species: Human (Home sapigns)
PDB Entry Domains:

1 tae
@| |D oooooo t: Dane
[ Slide 55 of 55 [ Proteomics1.1.ppt IW

http://scop.mrc-Imb.cam.ac.uk/scop

SCOP

Class folding class derived from
secondary structure content

Fold derived from topological
connection, orientation, arrangement
and # 2° structures

Superfamily clusters of low sequence
ID but related structures & functions

Family clusers of proteins with seq ID
> 30% with v. similar struct. & function
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Different Folding Classes

Lactate
Dehydrogenase:
Mixed ./ B

Immunoglobulin Hemoglobin B
Fold: B Chain: o

CATH Database

atien Database (UCL) - Metscape

CATH Protein Structure Classification

Version 2.5.1: Releazed January 2004

Or. Frances M G. Pear| Or. lan Silitos, Or. Mark Debley, Dr Chas Benowtt
Prof. Jart Thomton, Prof. Cheating A Orsngo

Optians
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Introduction

CATH it & powed herarchical classification of protein Somain strutbures,
wehich chusters proteind ol four majer bevels, Clasa(C), Avchitecture(%)
Tapolegy(T) and Homelogecs supssamity (4)

Class, derivod om sHcondany structene content, is sssigrd for more
thae 0% of protwin structues sutomatically. Aschitecturs, which

ety 3ssignad manally. The topokogy level clusters
structures according 1o their toplagical consections and numbers of
secondacy structures. The homelogows superfamibes chuster proteins with
highly simdsr siructuras snd unctizns. The sesigeeants of strucsuses i
fuplogy famibes sl homokgous seperfamies are made by s4quence
s sinaciure compsson ]

http://www.biochem.ucl.ac.uk/bsm/cath/
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CATH

* Class [C] derived from secondary
structure content (automatic)

o Architecture (A) derived from
orientation of 2° structures (manual)

* Topology (T) derived from topological
connection and # 2° structures

« Homologous Superfamily (H) clusters
of similar structures & functions

Other Servers/Databases

e Dali - http://www.ebi.ac.uk/dali/

e VAST - http://iwww.ncbi.nim.nih.gov/Structure/VAST/vast.shtml
e CE - http://cl.sdsc.edu/ce.html

e FSSP - nttp:/iwww.ebi.ac.uk/dalifssp/fssp.html

e PDBsum - www.biochem.ucl.ac.uk/bsm/pdbsum/
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Protein Interactions

The Protein Parts List
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The Parts List

e Sequencing gives “serial number”

« Sequence alignment gives a name

e Microarrays give # of parts

« X-ray and NMR give a picture

 However, having a collection of parts
and names doesn’t tell you how to

put something together or how
things connect -- this is biology

Remember: Proteins Interact
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Proteins Assemble

Types of Interactions

Permanent (quaternary structure,
formation of stable complexes)

Transient (brief interactions,
signaling events, pathways)

About 1/4 to 1/3 of all proteins form
complexes (dimers - multimers)

Each protein may transiently interact
with ~3 other proteins
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Protein Interaction Tools
and Techniques -
Experimental Methods

3D Structure Determination

» X-ray crystallography
— grow crystal
— collect diffract. data
— calculate e- density
— trace chain

* NMR spectroscopy
— label protein
— collect NMR spectra
— assign spectra & NOEs

— calculate structure
using distance geom.
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Quaternary Structure

Some interactions
are real

Others are not

http://www.mshri.on.ca/pawson/domains.html
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Yeast Two-Hybrid Analysis

* Yeast twe hybrid
experiments yield
information on protein
protein interactions

» « GAL4 Binding Domain

* GAL4 Activation Domain

« XandY aretwo proteins of
interest
If X & Y interact then
reporter gene is expressed

Affinity Pull-down

Step 1. Immobillzz the blotinylatad “balt” protei Step 2 Wash awar unbound protein. miﬁm”lﬂn" prolein o Imeobdized ‘Btep B. ¥azh away unbound proten.
4 _L
Step 3 Block avalable Streptaidin sitss with Stap & Wash away imbound Bt
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Protein Arrays
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Protein Interaction Tools
and Techniques -
Computational Methods
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Sequence Searching
Against Known Domains

Protein Interaction Domains
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‘ﬁ - © Tubby . |BH1 - BH2 {BH3 - BH4

http://www.mshri.on.ca/pawson/domains.html

Text Mining

e Searching Medline or Pubmed for
words or word combinations

e “X bhinds to Y”; “Xinteracts with Y”;
“X associates with Y” etc. etc.

* Requires alist of known gene names
or protein names for a given
organism

« Sometimes called “Textomy”
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2 Textomy - tooks for text dissection - Netscape

Canadi

About the name

YWe intend it to
express the act of cutting

The suffix "-tamy"
in biomedicine stands for

The suffix is related

stands for a valume in an

Fie Edt Yew Go Communicator Help
I*I National Research Conseil national
Council Canada de recherches Canada
[Francais ]
nr-iTi
Institute for Infarmation
Tednalogy
Textomy: finding facts in text
"Textomy":
The project involves the development
f a suite of salutions for automatic up text for close
o - examination
analysis of medical text.
The main components are:
"the act of cutting or
= information collection, ﬁaﬁ&?g%;grt'h”sta”m-
= document _categor_|zat|on, procedure of slicing
= named sntity tagging, tigsue into very thin
n Text Dissection’ (fact exdraction samples for microscopic
from documents), examination
» integrating or linking facts
toth d "tamne" which
between documents, and 0 INe wiord "tome Wit
= infarmation presentation encyclopaedia ar ather
serles of written works.
| == |Document: Done

http://textomy.iit.nrc.ca/

Pre-BIND

Donaldson et al. BMC Bioinformatics 2003 4:11

Used Support Vector Machine (SVM) to
scan literature for protein interactions

Precision, accuracy and recall of 92%
for correctly classifying Pl abstracts

Estimated to capture 60% of all
abstracted protein interactions for a
given organism
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Rosetta Stone Method

Monomeric proteins that are fused in ather organisms tend to be functionally related and

Fhit

physically interacting.

For example, using the Rozetta Stone™ method, it was

found that human kit and Fhit proteins are;

fuzed in invertebrates

farm & heterocomple: in mammalz

Human Nit Human Fhit
— ——

— . ——

Invertebrate NitFhit

Interologs, Homologs, Paralogs...

Homolog

— Common Ancestors

— Common 3D Structure
— Common Active Sites

Ortholog

— Derived from Speciation

Paralog

— Derived from Duplication

Interolog

— Protein Mtein Interaction

e

©
&

speciesw

vy
- e
‘.‘I'\Ju
—— Alxorthologous Aly ——
s e
iv. "= A2 arthologous Aly J‘“é e
a .

species X species i
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A Flood of Data

High throughput techniques are
leading to more and more data on
protein interactions

Very high level of false positives —
need tools to sort and rationalize

This is where bioinformatics can play
a key role

Some suggest that this is the
“future” for bioinformatics

Interaction Databases

BIND

— http://www.bind.ca/

DIP

— http://dip.doe-mbi.ucla.edu/
MINT

— http://160.80.34.4/mint/

IntAct

— http://www.ebi.ac.uk/intact/in
dex.jsp

More Protein Interaction Databases
http://www.hgmp.mrc.ac.uk/GenomeWeb/prot-interaction.html
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The BIND Database

« BIND - Biomolecular Interaction Network
Database

* Designed to capture almost all
interactions between biomolecules
(large and small)

* Largest database of its kind -- 135,000
Interactions recorded to date

BIND Can Encode...

e Simple binary interactions

* Enzymes, substrates and
conformational changes

* Restriction enzymes

e Limited proteolysis

* Phosphorylation (reversible)
* Glycosylation

 Intron splicing

* Transcriptional factors
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BIND

& BIND - The Biemolecular Interaction Network - Netscape

o B Lt gew Go (ooknake ook Wiedow Hsh
LI

IR T ——

Biomolecular I Blueprint 7 st
.y Interaction @ & HOSHTAL
Metwork
il - " 5
SRS~ - Pty 19, 7085

It bind.ca

& BRI Home ]
m e — .
Field Specific Search | BRDSias | PreBeD | SMD [ErPep—— e | |5

. Complesar: w5 e
= Pattways: ] 3
e (i S b e 1 BB, cr by tscrceny, comsaporce i, s, ot

Develapment sl mecn, e o Dints S1ntistes
[r— (] Sewch BID it sy o ordsier, s1ch 0 Pubbed 1, Derirdo i, OB 14, 00 1, el

o : iy Added Racord

Resources
m q Search I Gata usig  Singhe 1eid quiry

Q Search DD Gaes b A & Bk ERaciic quary.
m |4l Submi your interacion data o B,

‘ﬁ ‘Submi your malecular comples: St 10 BRD
1‘1 B dtaze perersl and defiiey stanstics

@ Dorwriond neghtly detabase Exparts, Sursbion documentation, B speciication, and

BIND Queries

* Users may search PreBIND by
— Protein name, organism, protein
accession # or PubMed ID
* Users may search BIND by

— Accession or Gl #, GO ID, PDB ID,
PubMed ID, taxonomy, author, journal,
Entrez GenelD, or more than 20 different
database identifier tags

— Sequence (via BINDBIlast)
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PreBIND Query (Rasl & Yeast)
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BIND Details

BUNSINRN B 3140 (ntaraction Views:
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Behaviour Aon or dendrite ATP binding

Einding activity Biological membrane Coenzyme binding

Biomembranes: organization and basic fu.. Cell periphery Calmodulin binding

Carbohydrate metabolismiransport Cytoplasm Carbohydrate binding

Cell communication Cytoplasmic vesicle Cytokine binding

Cell motility and structural activity Endoplasmic reticulum Cytoskeletal protein binding

Cell multiplication Endosome DMNA binding

Cell physiology Extracellularjcell surface Double stranded OMNA hinding

Cellular organizationibiogenesis Flagellurn feilium Guanyl nucleotice binding

Coenzymes vitamin & hormaone metabolis.. Golgi apparatus Lipid hinding

Death Lipid particle Metal ion binding

Defensefimmune response Microtubule cytoskeleton mRMNA binding

Cewvelopment Mitachondrian Mucleic acid hinding
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OMA metabalism Muclear periphery Mucleotide binding
Energy production/conversion Mucleolus Onygen binding

General metahaolism Mucleus Protein binding

General physiological processes Peroxisome Adenyl nucleotide binding
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Summary

* First application of bioinformatics
was probably in protein structure
(the PDB)

« Structural biology continues to be a
rich source for bioinformatics
innovation and bioinformaticians

* Next “big” step in bioinformatics is
to go from the “parts list” to figuring
out how to put it all together
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