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Simplifying the Complexity of Genomes:
Global Surveys of a

Finite Set of Parts from Many Perspectives
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(T. pallidum) /

Same logic for sequence
families, blocks, orthologs,
motifs, pathways, functions....

Functions picture from www.fruitfly.org/~suzi (Ashburner); Pathways
picture from, ecocyc.pangeasystems.com/ecocyc (Karp, Riley).
Related resources: COGS, ProDom, Pfam, Blocks, Domo, WIT,
CATH, Scop....

~1000 folds

(human)

~1000 genes
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Part = Motif
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Part = Conserved Domains

What is a Conserved Domain?
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e COGs - Orthologs

— - Part = Ortholog

Complete Cenomes

oo Ortholog ~ gene with —
precise same role in diff.
organism, directly related
by descent from a
common ancesor
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(Lipman, Koonin, NCBI)
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7 What is an Ortholog?

i ’ Genome 1 6 e Genome 2

Genome 3
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Ho The Parts List: A Library of Known Folds
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» Scop

Fold
Classifications

¢ Chothia, Murzin (Cambridge)

¢ Manual classification, auto-alignments
available

¢ Evolutionary clusters

Cath
¢ Thornton (London)

¢ semi-automatic classification with
alignments

¢ class, arch, topo., homol.

FSSP
¢ Sander, Holm (Cambridge)
¢ totally automatic with DALI

¢ objective but not always interpretable
clusters

VAST

¢ Rest:
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Part = Fold
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Fold Library vs.
Other Fundamental Data structures

Parts List Database; Statistical, rather than mathematical relationships and conclusions

cisg DR Ngee 2 U

4 5 6

Folds in Molecular Biology

1000-10000
Y

10 100 1000 >
-10000 1000000
Physics Chemistry Finance Politics
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(Large than physics and chemistry, Similar to Finance (Exact Finite Number of Objects (3,056 on NYSE by 1/98), descrip. by Standardized Statistics (even
abbrevs, INTC) and groups (sectors)) Smaller than Social Surveys, Indefinite Number of People, Not Well Defined Vocabulary and statistics.

The Next Step: & % & ED,
7 /

Post-genomic & -~
Challenges

1 #1: Understanding
Protein Function on a o
Genomic Scale T

Large-scale
Biochemistry:

Expression, a .
Structural m #2: Understanding the
Genomics. Protein Meaning of Intergenic
Interactions Regions
Evolutionary Implications as a
Initial Step: genome Graveyard: Pseudogenes,
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sequence & genes Regulatory Regions, Repeats.




10000

- 1000

in PubMed

- 100

- 10

Occurren

Term Goc?gle PubMed 1st .PubMed )
Hits Hits Hit Year An 'Omic Lanquaqe to @
Genome ~1880000| 66171 1932 ** -
Proteome ~63,000 703 1995 Descrlbe the NeXt Steps
Transcriptome 3520 72 1997
Physiome 2980 15 1997 gencme
Metabolome 349 12 1998
Phenome 4580 6 1995 ///__
Morphome 238 2 1996
Interactome 56 2 1999
Glycome 46 1 2000
Secretome 21 1 2000 proteome
Ribonome 1 1 2000
Orfeome 42 - -
Regulome 18 transcriptome N
Cellome 17
Operome 8
Transportome 1
Functome 1 metabolome -
roteomics 5828538358858 88%
-~ gm%mmmmmmmmmmoo
- - - T - - T - - v - & W™

Year

Integrating hetergeneous 'omic information
through proteins: families, folds, locations,

functions, interactions, pseudogenes...

Large-scale Database Surveys

* Fold Library
« Parts Lists: homologs, motifs, orthologs, folds

» Overall Sequence-structure Relationships, Annotation Transfer
* Function Classification
« Cross-tabulation, folds and functions

+ Parts in Genomes, shared & common folds
* Genome Trees
» Extent of Fold Assignment: the Bias Problem
+ Bulk Structure Prediction
* The Genomic vs. Single-molecule Perspective

» Understanding Biases in Sampling

* Relationship to experiment: LIMS, target selection

(contents)
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Annotation Transfer: TIM ex.

SR,

Sequence
(%D, P-seq)

.:I (Human)
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Function Structure
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5.3.1.1 (TP Isomerase) @
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Exact 1E-13
=~5.3.1.1 (TP Isomerase) = @
Both 0.5
Class 5 1E-11
(isom.) ~15.3.1.1 | (TP Isomerase) ~ @
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5.3.1.15 | (Xylose Isom.) @
Different < 1.5 <
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Chothia & Lesk, 1986 -- 32 points
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Fig. 2. The relation of residue identity and the r.m.s. devision of the
?utmnémﬂfﬂwmmmnmmszmﬂwm
£ .

EMBO J 4: 823 (1986)

“The relation between the
divergence of sequence and
structure in proteins”

32 pairs of homologous
proteins

RMS, percent identity

A =0.40 e! 8™

Now redo with >16,000 pairs
in scop +
auto-alignments (pdb95d)....
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30

.l Chothia & J]Structural Divergence vs.
. Lesk 1986, | Sequence Divergence
J Sequence Diverg. (%ID, Pg,,) @
]' Structural Diverg. (RMS, P, )
1 Wilson et al., 2000, 16K pairs _
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" .. Problems with RMS and %ID

5, Y

s +Difference not similarity, NO EVD fit —

i *Dominated by worst-fitting atoms, easily
(Y skewed g
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ya Sy RMS £
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Structural Comp. Score vs.Smith-
Waterman Score

K-12——>
3000
overcomes zero .
bunching, trimming SINGLE 2500
problem
Sstr = 2000
100(21

- 11 exp (-0.0054 SWS) 1500

. 1000
740 540 340 140 -60

Smith-Waterman Score (S;,;)

Structural Comparison Score (S.)
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Problems with Different Lengths give different

Structural scores.
. Scores follow equation of the form:
Alignment Score ,-an+mx+8 -
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Not in TZ :
Modern Ui o |
statistical . !
language P, =106P, 274
LIS % 78% 60% 45% 30% | 15% RMS
-40 '5I° 40 ':-;'0 -2‘0 -1IO :‘1 7

Iog Pstr

(overcomes length dependency) |Og P
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Focus on
Twilight Zone

* Sequence Sig.
without structure
signif.

¢ Protein motions
¢ small proteins
¢ low-res, NMR

* Struc. Sig. without
Seq. signif.

¢ More in bottom-right
than top-left

T T T 4 T
mysb+1scmb
- 0r 10sa+1scmb
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j = i
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Sequence Significance, l0g(E gq)
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Relationship of Similarity in Sequence

& Structure - Summary

Sequence Structural Features Limitations
Similarity Similarity
Traditional Percent RMS C* Well understood, in use RMS depends most highly on
Scores sequence separation worst matches, requiring
identity arbitrary trimming
Aligment Seeq S Analogous similarity scores,  Dependence on alignment
Similarity Sy depends most highly on length
Scores best matches
Modern Pyeq Py, Statistical significance, Not as familiar as RMS and
Probabilistic unified framework for percent identity, some residual
Scores different comparisons length-dependency
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Adding Structure to Why Structure?
Functional Genomics, Do we really need it?
Function to Structural 1 Most e p—

Genomics Highly C
Conserved 3

Structure ‘\ Precisely E 2 3 §
Folds v. Defined ———=—> %

%ID v. Genomes Modules | ' !—2:1 LI _"E
RMS 2
Seq. < g

g’“ge:fg;"gg ; Struc. ;
ST IR YYAASTD Clearer ‘o_sr
than Seq. 5

Seq, <Func. §
Based . =

& Analysis - Link to ‘ P

e.g. EcoCyc, . T

Function & Gt Chemistry, \. 5
COGs, MIPS Drugs LY




.‘:'::"F—J Baackaneds ‘i“ SORPPOLEL © oot proven 1 proten Vo
- o Functional
. Classification
ENZYME | -
—] (cross-org., : (SwissProt P
"1 just conserved, S . Bairoch/ g
-~ InecBi | (E coli, Riley) ‘ Apweiler, é
"~ _ ] Koonin/Lipman) o === [ just enzymes, S
s e = .:,-...:I Ccross-org.) <
mips <
== 4 Also: ;'u
= 3
: Other e
SwissProt <
| = Annotation .g
G WIT, KEGG ]
(ﬂFIXShb rner) MIPS/PEDANT (just pathways) -‘E“
Ys u east, Mewes s
g | now extended to (y_ - ) ;rr:anTalrE]GEAél?rs) s
g=— GO (cross-org.) 2

Genpr(_)tEC - the E. coli database
Functional http://genprotec.mbl.edu/start
Classification —

Cverview of the scurce tables and relationships from GenProtEC

GEAPIBLED € <ol genome ond proteome dotobors

Bark to mainpage

Schema of GenProtEC

This database can be divided into three Jogical layers

DETAIL LAYER
, Display all avallatle information sbout that pene

+ Hrowsing/Quary layer - Data nsed to catagorize genes by geae type or physicigical role
+ Results hysrCiene Sriection - gene and SWISSFROT names and 5

+ Dretalls Layer -Sp formation about a gene mchidng sequ 7. groupings.
and Inerature. Diata 5 awadable Grom local data sources as GenProtEC as well a4 o ather . SODILE el 5 T Gt
remmote data sources where URLY can be crested with embedded data . O nasses. Bows with

This system coasists of tables origmating in FoxPro 2 6 and served to the web with Expenteligence’s
Webbaze Webbase uses an ODEC data seree mnd embedded SQL statements to commupeate
with the tables that make up the GenProlEC system SQL and Webbase sxpresnoes are embedded
i tenplabe fles which alse comtam the HTML markup wied bo duplay the data. An overanw of the
tables snd their relssionstips it shomn belove
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Hierarchy of Protein Functions

All of SCOP entries

==

mE

3
Cell
structure

Oxido- Hydrolases 'g

reductases| g

E

é é é >

g

o

11 1.5 3.1 34 1.2 1.1 341 3.8 £

Acting on| |Acting on | |Acting on | | Acting on Nucleotide Carb. Nucleus| |[|Extracel. o

CH-OH || CH-NH || ester peptide metab. metab. matrix ‘€

bonds bonds ©

I I I | ! Il ‘5

[ 1 I 1 [ 1 [ 1 [ Il | -

1.1.1 311 111 9

NAD and Caég?g“c Polysach =

NADP hydro- metab. o
acceptor lases =

2

i $

2

1.1.1.1 1.1.1.3 3.1.1.1 3.1.1.8 1112 1.1.1.1 3.8.2.1 3822 £
Alcohol Homo ICarboxyl Choline Starch Glycogen| Fibro- Tenascin| | ¢
dehydro dS:h';’:fm esterase| esterase| metab. metab. nectin <
genase genase g
)

-

©

<> Precise functional similarity

@ General simil

arity

@ Functional class similarity

Can we define FUNCTION?

Problems defining function:
Multi-functionality: 2 functions/protein (also 2 proteins/function)
Conflating of Roles: molecular action, cellular role, phenotypic

manifestation.
Non-systematic Terminology:

‘suppressor-of-white-apricot’ & ‘darkener-of-apricot’

e Functional
Classification
{COGs ot ENZYME
(cross-org, GenProtEC | | SwissProt
lust Gonserved, (E. coli, Riley) "
NCBI Apweiler,
~ _ | Koonin/Lipman) just enzymes,
= Js===g | Cross-org.)
- - = mips
= ——— = = Also:
T R T Other
SwissProt
& = Annotation
- WIT, KEGG
‘;f'x”hb MIPS/peDANT (ust pathways)
| Sowextondoa o (reast, Mowes) ToREGAD
uman ESTs)
GO (cross-org.) L
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Fold, Localization,
Interactions &
Regulation are

attributes of proteins that

are much more clearly
defined
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spineless, uncoordinated, irung out, two-aces,

Stange Gene Names

" pee, ...,

«mevWas Named for the reaction oF Katarina Roxstrom-Lindquist, a graduate student at the
University of Stockholm, upon cloning yippee. If she has a good result, Katarina has a habit of writing
"yippee" in the margin of her NOtEDOOK i s e ks s s

e Vulcan and klingon..........stranded at second...

Even lquor

grappa

But

A gene that affects female fertility was dubbed sarah after the wife of Abraham who was infertile for
many years but eventually bore a Child. oo s sy wremnsesos s

barentsz which they named after a Dutch explorer who froze to death in the ice near the North Pole.
Why? Because the mutant blocks the movement of a key messenger RNA, causing it to get stuck in the

wrong place. Agoraphobic refers to a mutant for which the larvae look normal but never crawl out of the

e SNGlE- mlnded after the visual effect of the

mutant morphology Flies with mutations in this gene possess a single bundle of axons in their
nervous

systems instead of two. He had also considered using simple-minded but abandoned that label
because

the name could have been taken as offensive, .. asmascsren:

mespo
foundabjctcndble
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/i
IJ,. Irv'»

f
/’

woamaeUNAEF the mlcroscope you can see swirling patterns, rather than all
the halrs pointing in the same direction as in wildtype.? It immediately brought to mind

Starry Night, the painting by Van Gogh.? So when he isolated a similar gene that same year
naturally enough named it Van Gogh.

e of the e and s visal e

howbe

Redtape is the most
recent in a series of designations given to genes which, when mutated, block transport along axa

The predecessors of redtape include roadblock, gridlock and Sunday driver...........
«--0Ne human gene, first described in 1992, is aryl hydrocarbon receptor

nuclear translocator, a mouthful that is hard to remember except by its acronym, ARNT. Worse
recent studies have shown that ARNT might not act as an aryl hydrocarbon receptor translocator
all, ..

Imight soo be due o

night 1nd Vi Gogh concedes hat not il genes can

g_{lark Gersteir_ljg1999, Yale, lg)info.mbb.yale.edu
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End of class 2002,11.20

(Bioinfo-12)
[starting in databases]
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Fold-Function
Combinations #1

Many Functions on the
Same Fold
-- e.g. the TIM-barrel

5 180Omerase

1 OXidoreductase
e —

Two Different Folds
Catalyze the Same
Reaction -- e.qg.
Carbonic Anhydrases
(4.2.1.1)
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Fold-Function

~20K (=92x229) Possible,

Combinations | 331 Observed
Cross-Tabulation 229 Folds —
A B AB »QI‘E ML.ILTI SI\IIL g
NOMENZ nmmn o | | PIN I | | N} q
. . 9
s
w e}
C ox ' l £
S . - F
O o i £
c e ’ ' 8
LE E\ TRAN o | ?::
© L -5 ]
E O HYD k. " c
3Z : 8
c + 5
LIJ i | : 1 2
g) LY g ! g
150 - L g
LIG 1 " '- i
- A B AB A+B__| MULTI | SML
FOld FunCtlon NONENZ 34 30 14 * 2~ 4 zel Sunlssl
Combinati TRAN R L A N
Om Ina IonS HYD 4 11 3;}? \4 e7|
LY 2 3 1 5 23
Cross- Iso IR P IRt 2
. [sum 57 55" 99 69 20 31 331|
Tabulation /
Summary | —3
Diagram scop
lj -
——— = [ ¥ A B AB MBS F
t NONENZ| 71 57 74 n
- ox [ o2 | o o7
- TRAN 07 n 14 14 0.7
. X HYD 6.4 57 14
) LY
. b 1ISO 07 14 07
w LIG 14 14

[ Similar analysis in Martin et al. (1998), Structure 6: 875 ]
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The Most

Versatile Folds,

Versatile Functions

3.1.3,3.5.1)

Top-4 Functions:
Glycosidases, carboxy- Top-5 Folds:
lyases, phosphoric
monoester hydrolases, alpha-beta hydrolase fold (9),
linear monoester
hydrolases (3.2.1, 4.2.1 NTP hydrolase fold (6),

TIM-barrel (16),
Rossmann fold (6), P-loop

Ferrodoxin fold (6)

B AB A+B MULTI s

LY

Top Multifunctional Folds —»

T
g

lot8[ive |,

MMNEIN

AENENEA

4
e T

e T i
S5 T
i

St w r

B 5

5 j

T :

BE

3 o 3

Fehm e T 5

=

IS0

Lie
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Number of Folds with Given Number of

Most Versatile Folds — Relation to Interactions

175

Rossmann
Ferredoxin

3

(7]
c
K<) [7]
g s ﬂ E TIM
— 1 1 1
lE — H |—|I \i ’. barrel
12345678910 1213 1617 2223
@ OO0 U0 we oe
2 — 225
9 = H7 5 P-loop NTP
e 10 43 Hydrolase
c
— s 29
Alpha-beta
178  Hydrolase

Similar results
Martin et al.
(1998)

The number of
interactions for
each fold = the
number of
other folds it is
found to
contact in the
PDB
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Compare Classifications and Genomes

Compare 1 Structure-Function
Cross-Tab for Different Genomes
and Different Functional &
Structural Classifications for the
Yeast Genome

ENZYME

mBoth
BENZ

OnonENZ

mBoth
BENZ

OnonENZ

CATH (Thornton)

CATH

A B AB

NONENZ| 4 [ 8o
ox | [s [s [w

W/ Tran « HEE
ﬁ HYD 1
w| Ly 13
150 | e e [
L6 B

MlPS YFC (Mewes)

ScoP

ScoP
A+B % %
NONENZ Ex
ox o o
TRAN oo o
HYD s e
Ly
150 o7
LiG W
oo

MIPS Functional Cat.

mBoth

BENZ

OnonENZ
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All Yeast COGs

COGs vs SCOP: Different Structure

Function Relationships for Most

Conserved Proteins

£ o [ 2
5 5
A B AB A+ 3 = A B AB A+ 3 =
= @ 2 o
£ E 22 26 o7 £ E 14 14 14
(7] (7]
g F 18 ” g F 29
2 G 04 04 07 8 2 G 43 14
= =
H 07 n s o H 14 [z 14
°
1 07 07 22 04 04 g 1
g2 o [ ow et e o §lse o EAEAEEEE - -
s 0 s 0
° o c ° o
EFE| K 04 G|lEFE| K
S29 O|s8e
E®g| L 15 BlE®a| L 14
M 04 04 07 g M
0 0
= 8 = 8
s 0 N 18 07 04 07 04 S a0 N 14 14
ERi ERi
38 38
g8 | o | 30 1EE] os os g8 | o |=m 29
o o
P 04 07 04 P 14 29 14

(Scop, Murzin, Ailey, Brenner, Hubbard, Chothia; COGs, Tatusov, Koonin, Lipman)
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From here to end
of Surveys all is
“extra” unless
otherwise marked.

‘ 43 (c) Mark Gerstein, 1999, Yale, bioinfo.mbb.yale.edu

Fold-Function ® e,
Combinations #2 A
a

Many Functions on the
Same Fold

-- e.g. the TIM-barrel

at what degree of divergence?

Sequence Diverg. (%ID, P,,,)
Structural Diverg. (RMS, P_,)

1 OXidoreductase
B0 RO
2ace

3 H¥drolasa
ARG AT AL
oW

Functional Diverg. (Y%eSameFunc)

| Compare large number of pairs of sequences that have same fold but different functions.

0 — Human TP Isomerase 5.3.1.1
89% o Chick TP Isomerase 5.3.1.1
45% > E coli TP Isomerase 5.3.1.1
E coli PRA Isomerase 5.3.1.24
B ster. Xylose Isomerase 5.3.1.5
~20% E coli Aldolase 4.1.3.3
Yeast Enolase 4.2.1.11
Rat K-channel B-sub. NON-ENZ
Photobact. Flavoprotein? NON-ENZ

Same
Exact
Func.

Both
Class 5

Completely
Different

Same
Exact
Func.




Annotation Transfer: TIM ex.

o,
Fyage

Sequence Function
(%D, P-seq) (%SameFunc)
.:I (Human) 5.3.1.1 (TP Isomerase)
90% Same
1E-50 Exact
—.:I (Chick) =~5.3.1.1 (TP Isomerase)
45% Both
1E-30 Class 5
*.:I (E coli) ! (isom.) ~{5.3.1.1 (TP Isomerase)
B 1cEon 5.3.1.24 | (PRAlIsomerase)
.:I (B ster.) 5.3.1.15 | (Xylose Isom.)
20% < Different <
0.1 Classes
.:l (E coli) 4.1.3.3  (Adolase)
\l:| (Yeast) \ 4.2.1.11 (Enolase)
i G (coranen

100

Relationship

of Similarity in

Sequence &

Structure to

class or function

%SameFunc

fractional percentage of pairs with same

50 40
Qe Gieniral similarity
—>—— Nonenzymes with same Functional Class|

30 20

—&— Enzymes with same Functional Class
- - % - - Nonenzymes with same Precise Function

+ - - Enzymes with same Precise Function

See at what %ID have diff.
function (both broad & precise).
Use 4 func. classifications --
ENZYME, FLY (+extra), MIPS,
GenProteEC

K— TZ
[$]
c
=
's
E —— MPS Class
© ---&---MIPs Precise Func.
Ug —— GenProtEC Class
2 E
S . .
---O---GenProtEC Func. O A
100 80 60 40 2

% sequence identity

that in
Function

%ID

% of pairs with same class

or function
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Annotation Transfer: TIM ex. @g‘“%dg

| i S
Sequence Function <& Structure

(%D, P-seq) (%SameFunc) (RMS, P-str)
.:I (Human) 5.3.1.1 (TP Isomerase) @

90% Same 0.2

1E-50 Exact 1E-13
—.:I (Chick) =~5.3.1.1 (TP Isomerase) = @

45% Both 0.5

1E-30 Class 5 1E-11
*.:I (E coli) ! (isom.) ~{5.3.1.1 (TP Isomerase) M~ @

B 1cEon 5.3.1.24 | (PRAlIsomerase) @
.:I (B ster.) 5.3.1.15 | (Xylose Isom.) @
20% < Different < 15 <
0.1 Classes 1E-05
B 1cEcon 4.1.3.3  (Aldolase)
\l:| (Yeast) \ 4.2.1.11 (Enolase) \ @
.:I (Rat) (K-channel)

Relationship of

(8)
c . . . !
0z Similarity in
(4]
£ Sequence &
© .
9 Structure to that in .
o
n e w m w o Function Il -
>
0 3
%ID Percent identity quite successful vs. | €
structure sim. or statistical scores é
S
N A S
(&) O [ ) 90 5
c c, X 80 o
> = R 70 2
L LL Y 60 =
b Q 3 50 <
£ e X 40 ®
© B 30 &
& 7)) * |2 ¥
S °\° 10 S
0 o
0 05 1 15 2 25 20 15 10 -5 0 -
RMS C" separation (50% trim) RMS 10g(F .oq) P i




Sequence Divergence

of Multidomain Proteins

Divergence in Single Domain
Sequences (%ID, P-seq)

B oo
90% 90%
1E-50 1E-50
~ o -
45% 45%
~I oo -
-
-
20% 20% <
0.1 0.1
-
N - L N
.

Divergence in Multi-
domain Sequences

[ L
[
[ WL

V4

X N N
X KK

NN

NNNNEE NN

NN

Multi-domain proteins have qgreater

divergence in function with sequence

30%

N

a

>
o

—— Single-domain
proteins

—o— Multi-domain
proteins

20%

10%

3
X

Fraction of matches with different functions (%)
2

0%

-log(

40

e-value)

70
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arge-scale Example: Census DB

* 9 Genome Comparison

» 1437 Relational Tables
* 442 Mb

Simple ASCII Layout

‘ 51 (c) Mark Gerstein, 1999, Yale, bioinfo.mbb.yale.edu

Cross-Reference;
Folds—>Sequences

-1
Eubacteria 2

(3) Organize

Sequences 3
.
— Organisms | b Genome ‘
5
or Taxon
-6
(2) Match ’
Abbrev. Kingdom Genome | Num. [Reference
Sequences | Nam
EC Bacteria (gram negative) | Escherichia coli {4290 | Blattner et al.
(fasta,blast) 3 !
Bacteria (gram negative)| Haemophilus | 1680 TIGR
influenzae
! e — + HP |Bacteria (gram negative) Helicobacter pylori 1577 TIGR
5 MG | Bacteria (aram positive) | Mycoplasma | 468 | TIGR
genitalium
JYR g} A chaea (Euryarchaeota)| Methanococcus [1735] TIGR
B e B oo, [ o jannaschii
Low Complexity Region (116) Linker Region (5) 6] Al-aioha or Akbeta Ragon Bacteria (gram positve) | Mycoplasma | 677 | Fimmelreich
ji et
sc Eukarya (fungi) Saccharomyces |6218| Goffeau et al.
Individual  Sequence Bacteria (C PRI Kaneko etal
Structures  Families Folds Ss s |3168
BEE Y
ae
& o vy .J%\-f-
pairs o P »
BEEEEES [ oqpuron) (4) Results in “Fold Table
L
[ 1} - u-" g Class Fold# EC SC HI SS HP MJMPMG total Fam PDB _ Rep. Struc. Name
o s | EEER 60 46 23 40 "HOHEZ EESH NAD(indi
1 pair (: wp24 PUCRIECEVETETEE] 179JRE] 132 1qky - P-ioop fFonta
i e a+p 31 FURRURTRPPN 33| 1578 160 1cxd - like Feflodox
b ] ow/p 0l EERCRERYRERNI 5[ 4| 146fKId 399 1byb - TiM-balel
a/p 23 8 67 5 36 1lpyd a:2-181  Thiamifbindi
. /B 04 9 jk] 132 2tmd a:490-645 FAD/NID(P)
(1) Structures in Folds (scop) arh 55 3[6[6] 5 4 23 1ory 111421 Class flars
f 27 4(3[3] 47 5 19 1fnb 19-154  Reducfse/E
524 333 oﬂl!
ap 11 2[2[1] 37 48 1igd - beta-Grasp




-

AT
A e G e
-

finding e e

Inteq rated Folds: scop+automatic parts in {s'mnlanmlonro;o'nrmuswm 1

| the 8. cerevisiae [Scer] genome

Analvsi Orthologs: COGs sequonces |
nalysis “Families”: homebrew, b!;‘stt S — -
S! [Ste m: ProtoMap fasté, “Z&E:r;

TM™, low- o8

X_ ref conj%{ixity N S R B — |
- . (ASChUL, || ———————
Parts with el

Genomes

One approach of many...
Much previous work on e

Sequence & Structure Clustering T —

CATH’ BIOCkS’ FSSP’ I G‘:nnme ;unurrunoerxfmim's Fold N Diecismar 7
Interpro, eMotif, Prosite, -

CDD, Pfam, Prints, VAST, —————— : '

I0Mm Cnana  Doman _ SCOP Fod Humos 3001 Superamiy. 3111

TOGA' |t Foldl sg | an [ a3 | a0 [#a 123 28 |0 [ea| e |77 (a0 (22| 7 |02 (201 [ma[ e | @
Remington, Matthews ‘80; Taylor, Orengo ‘89, '94; Thornton, Fr—
CATH; Artymiuk, Rice, Willett ‘89; Sali, Blundell, ‘90; Vriend, Sander rore= Kl Ll Rl L sl Rl ol el Rl sl ol Ll sl
‘91; Russell, Barton ‘92; Holm, Sander ‘93+ (FSSP); Godzik, ottt [ fa ool [afafafo]ofafafafafafafa]a
Skolnick ‘94; Gibrat, Bryant ‘96 (VAST); F Cohen, ‘96; Feng, Sippl s-:n-—-,_ clolclole|elelclc clelolclicolelc oo
'96; G Cohen '97; Singh & Brutlag, ‘98 I
.l |
=I5 oo 0 TS - = B
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A Parts List Approach to Bike Maintenance

How many roles
can these play?
How flexible and
adaptable are they
mechanically?

What are the

shared parts (bolt,

nut, washer,

bearing), unique Where are

parts ( the parts
)? What are located?

the common parts - Which parts

- types of parts interact?

‘ 55 (c) Mark Gerstein, 1999, Yale, bioinfo.mbb.yale.edd

(nuts & washers)?

Shared worm
Folds of 339

E. coli yeast

‘ 56 (c) Mark Gerstein, 1999, Yale, bioinfo.mbb.yale.edu




Shared
Folds

E. coli

worm

of 339

yeast

Eukaryotes
(229)

Eubacteria
(202)

other (virus)
(78)

Metazoa Plants
(194) (124)
] 8

e

other eukaryotes

in, 1999, Yale, bioinfo.mbb.yale.edu

(151)
. T.pallidum
T.pallidum 1
Chordates Arthropods
2 (181) (105) 2
3 [
4
é
2 /\3 ©
116 5
b
40 71 -
v other metazoa L
E. coll yeast E. coli (126) 5
L]
Patterns of o 50 5 s () s (0
CISPJPG CCISPJPG CCISPJPG CCISPJPG CCISPJPG
.
FOIdS Usaqe In 11111111 (30) .l..... (23) 1oeun... (19) 11111.11 (16) 111111.. (16)
1111.... (09) 11111 (08) 1.1..... (08) 1.111.11 (06) 1l...... (06)
( . ) 1.1.... (05) 1.111... (04) 11.1.... (04)
( ) 111111.1 (03) 1111111. (03) 1111..11 (03)
8 Genomes ( ) I (02) 111 (o e (0)
( ) .1.11... (02) 1..1.1.. (02) 1.1..1.. (02)
( ) . (02) ....1... (02) 111..111 (01)
111.1.11 ¢ ) (01) .1.1..11 (01) .1.11.1. (01)
super J11.1..1 ) (01) 1.1...11 ) (01) =1
fold | fam. | fold 11....11 ( ) (01) 111..1.. ) (on| ©
L1l ( ) (01) 1.1.1.. oy @
total in PDB 338 990 25 E ) (O1) ..1.1.. o2
in at least one of| :
8 genomes 240| 547 23
— 120%
present in this e superfold
many genomes
60| 192 1 % 100% - —=—fold
o . .
o : - tamiy
4 27| 53 3 -g 80% -
5 17] 50 0 ol
6 27| 49 3 <
7] 24 M 2 g 60% 1
8 30 26 7 =
o
Sequence Fold s 40%
il olds s
e Superfold = fold S
o |
.4 thatallows many - 20%
#3af= non-homologous
%% 0%
rswetoy  S€q. (Thornton) i 2 3 4 s & 7 8
A

"Fold" Present in at Least this Many Genomes




Whole Genome Trees

The Genomic Tree as Revealed from Whole P—
Proteome Comparisons ——
Aquifer aeaticus
Fredj Tekaia,"* Antenio Lazcano,? and Bernard Dujon’ a stycobacsertam oubercutosts
ation ces porabe, Homo sapi | h” ;
ds o 2 classification of genon fl P
Although these trees are phenograms, they carry H
dmilar to 1651ike rRNA-based phylogenles. O L ” it
place through evolutionary time were globally sin Jm——
place the Archaes [ ——
L[ Schtzmmaccharomyces pombe
et

horizontal fransfer (which m

tense during early cel

550  Genome Research SSH1-557 ©1999 by Cold Spring Harbor Labaratory Press 1554 1094 96039 $5.00 worw.ge

orthologs, homologs, folds, motifs

‘ 59 (c) Mark Gerstein, 1999, Yale, bioinfo.mbb.yale.edu

Cluster Trees Grouping Initial
Genomes on Basis of Shared Folds

Mpﬂe Mjan Scer Cele
Mgen P
igen I.'I
Ipne
Syne
Scer = .
Fold “Classic”
Hinf Tree Tree
D=S/T S = # shared folds
D = shared fold dist.  T= total # 20 Genomes
betw. 2 genomes folds in both

D=10/(20+10+30)

‘ 60 (c) Mark Gerstein, 1999, Yale, bioinfo.mbb.yale.edu




Distribution of Folds in Various Classes

Mpne

Mijan

Unusual distribution of all-beta folds

61 (c) Mark Gerstein, 1999, Yale, bioinfo.mbb.yale.edu

Fold Tree

Mpne

Mgen

Scer

Compare with Ortholog

Occurrence Trees, another

“partial- proteome” tree

(based on COGs scheme of Koonin & Lipman, similar approaches by Dujon, Bork, L@

B. Mpne
Mgen Mjan
Mign | m —
Mpne.
Scer "& Hpyl
Emhlnf Syne Hlnf Syne
- ~=
MP"e pgen D. Scer Mjan
Mjan Mgen
Mpne
Mj Scer. mﬂﬂ
R Hinf-~ S b
HpylE
E. Coenzyme Met. (H) F. iption (J)




Compare with trees
on spectrum of
“levels’: single-gene

Mjin

Mpna
trees, whole-genome  tum ribosomal | .
.y protein 4
composition trees s
e}
Q2
Mpne
Mgen [ ’ Mjan S\:ne E
Syne \ _ —Eeol £
 M— g Ortholog | 2
Mppe / Scer Tree ?::
Seer— \‘/ ] .
Ty Hinf ) Hpyl 2
e )5 Hpyl - 1//\prl Mpne"'; \ “ClaSSiC” i
E I/(\S ne M I\" \\ E
- Hinf ! Hgen Mgen ‘\\ Tree g
\Mjan 2
Fo I d A. Di-Nucleotide B. Amino Acid ‘2‘3
Tree AA & di-NT Composition Trees )
(S Karlin) 8

Common Folds in Genome, Varies Betw. Genomes

Depends on comparison num.
method, DB, sfams v folds, &c matches |frac. all
(new top superfamilies via y- .
Blast, Intersection of top-10 to Top'1 0 WOI'm FOIdS In worm  worm . .
get shared and common) genome dom. n n |
\,\.- o class (N) (F)
_'f_J s 1 E R Ig B 830| 1.7% 5
v\' Y Knottins SML 565] 1.1% k:
Protein kinases (cat. core) MULT 472] 0.9% %
Cries C-type lectin-like A+B 322 0.6% ;‘
__‘:.:, corticoid recep. (DNA-bind dom.) | SML 276] 0.5% 2
A Tj&,,_f Ligand-bind dom. nuc. receptor A 257 0.5% o
A alpha-alpha superhelix A 247] 0.5% £
C2H2 Zn finger SML 239 0.5% a8
P-loop NTP Hydrolase A/B 235 0.5% )
Ferrodoxin A+B 207] 0.4% =
B. subiis E. coll g;—
[Rank “Superamil [ Supedam] ‘0_7
1 1 .E’
2 2 Q
3 3 E
. & P 2 “ 8
5 ments 11| g chaviie domain 36 5 f
R Hues scid SAM ethy- ©
[Tatal ORFs. S 479 MMEH;: n:; [Total QEFI Fa E
R i e O
Eubacteria Archaea Yeast 3
L




a

- ARTICLES ————— SATURS. Vo 376 3 NOVEMBER 1964

Com mon 2 A peptide model of a protein folding
Shared Folds: mtontmmsm

Institue Fer Biomedical Reseaech, Nine Cambr

Deparment o achusens Insitute of Tech:

L s
Ir is difffcult to determing the sipictures of profein folding intermedia
disvlphide-bonded peptide pair, designed 0 ¢ o
iy strucaure similar o that

inhibisor, contains secondary and fen

All share o/ structure with repeated
R.H. Baf units connecting adjacent
strands or nearly so (18+4+2 of 24)

HI, MJ, SC
VS scop
1.32

P-loop Flavodoxin Rossmann

hydrolase like Fold barrel

‘ 65 (c) Mark Gerstein, 1999, Yale, bioinfo.mbb.yale.edu

What are the most common folds:
Overall? In plants? In animals?

Num, of Sequences Percentcf S
g £ ]
g e ukaryoe| | §|Eukaryote
|z HE
[ S|a
2: |, 5
R Foid Name gg Fold Name £
58| 5 28 s
2
Totals 9 E 888g8 Plant Top-10 v
Lt I el wp  TIM-barrel 29 > 2
Overall Top-10 O ke Femedoxin AT - B
Immunogiobuiin ke = ° WP NTP Hydrolases containing P-oop 9] 3 H? 2
6TIMB  a/f  TiMbarrel 29 ° O Protein Kinases (catalytic core) 1 4 3 3 3
LPE O Prtan Kinases (catayc core) H S Smallinhibitors, toxins, lectins 1wl e 3 e
erredoxinie
4 T
IAEA /B NTP Hydrolases containing P-i00p 9| 3 o o/pRossmann Fold (NAD binding) o® 3L
HOC @ DNAbinding 3-helcal bundie w3 o O RuBISCO (small subunit) 1o = 2]
2EDA aff Rossmann Fold (NAD binding) o p like Concanavalin A 6| = T 227 2
8D a  Globinike 3| 2 a  like Hydrophobic Seed Protein 2 s 2|:|:|
2R ol lie Ribonuciease H 15| 2 wp like Ribonuclease H 5| 2 T2715
1F S Classic Zinc Finger 2| 1
Sequence Family Top-11 = Metazoan Top-10 .
1WA B immunoglobuinlke 2 B like Immunogiobulin 32 1
STMB alp TiMbarel 2| | O Protein Kinases (catalytic core) 14 3cos
P00 Fenedodnike | s @ DNA-binding 3-helical bundle IR - §
2R alp ke Ribonuciease H 5| 2 « ke Globin 3| 2 1oy
A e ——— ] S ClasioZn Fnger I -
2TBV-C p Vil coat and capsid proteins | 1 P NTP Hydrolases containing P-oop of s =W
1HDC a  DNAbinding -helical bundle 13| 3 B Trypsin-like serine proteases 4 1 1 2
28D A aff Rossmann Fold (NAD binding) u| 3 @ Cytochrome P450 1 s T 21
IRF alp Flavodoxinie wf oo S like Glucocort. receptor (DNA-binding) 4 1 23
IRE o 4-helical cytokines ul o o EFhand 3l =2 1
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At What Structural Resolution
Are Organisms Different?

person protein super-secondary  helix individual
plant fold (Ig)  structure (B3,TM- strand atom
™, afaf,oon) (C,H,O..)

\

=t
G
h
¢
B
=y
_g
%
@y gl
Iy
C
‘ 67 (c) Mark Gerstein, 1999, Yale, bioinfo.mbb.yale.edu

Practical Relevance of Structural Genomics

e e T ! (Pathogen
AR [ e only folds as
(uman) JipEs 2 possible
(T. pallidum) r kg GL\ ta rgetS)

=S sTe il 1 Telo o] [ 1 |1z: :IIIIE

» OspA protein
¢ in Lyme-disease
spirochete B. burgdorferi
¢ previously identified as
the antigen for vaccine

¢ has novel fold (C
Lawson)

‘ 68 (c) Mark Gerstein, 1999, Yale, bioinfo.mbb.yale.edu




Large-scale Database Surveys

(contents)

* Fold Library

* Parts Lists: homologs, motifs, orthologs, folds
» Overall Sequence-structure Relationships, Annotation Transfer
» Parts in Genomes, shared & common folds

* Genome Trees

« Extent of Fold Assignment: the Bias Problem

¢ Bulk Structure Prediction

» The Genomic vs. Single-molecule Perspective

» Understanding Biases in Sampling

* Relationship to experiment: LIMS, target selection

* Function Classification

« Cross-tabulation, folds and functions

‘ 69 (c) Mark Gerstein, 1999, Yale, bioinfo.mbb.yale.edu

Know All Folds in a
Genome: How are
we doing on MG?

* MG smallest genome with 479 ORFs

+ Separate PDB Match, TMs, LC (SEG),
linkers

* How many residues in genome matched by
known folds, in 1975, ‘76, ‘77...00...'50

* The impact of PSI-blast in comparison to

pairwise methods

¢ Two way PSl-blast gives an improvement
(genome vs PDB, PDB vs. genome)

* Union of many sets of PDB matches finds
>40% of a.a. and more than half the ORFs
(242/479)

¢ (Eisenberg, Godzik, Bork, Koonin, Frishman)
* ~65% structurally characterized

Structurally Uncharacterized (186)

C T s B2 AT 5 To] MEEEEEET 2 |0
PDB Match (152) TM helix (30) [5] coiled-Coil
Low Complexity Region (116) Linker Region (5)  |6]  Allalpha or All-beta Region

Prediction

100%

80% -

20% A

10%

0%

% 1 | Fraction of the MG Genome

(by residue) with Structural
Annotation over Time

PDB matches

Good TMs, Low-complexity Regions

74 76 78 80 82 84 86 88 90 92 94 96 98
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Know All Folds in

Genome: MG
Optimistic —»
Prediction

» Just use one pairwise method for
matching

» Multiple, big genomes (e.g. SC)

Structurally Uncharacterized (186)

PDB Match (152)
Low Complexty Region (116)

Coiled-Coil

Tuhobk G [3]
Linker Region 5) 8]

—M
Sz 17 5 To] K 1

Allalpha or All-beta Region

55%
. 50% | e /;;/1
£ T e —FIT
S 45% 1 T - =-SC
o & Lz ——MJ
£ P = —d— HI
© 40% 4+~ - _a="R -
s L L el
£ 35% w—m— g —E 8 _ MG
2 ==, . —a—EC
8 -g- @ e ——88
L 30% _ —=—HP
e
 —
25% — R
1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997
Year
100%
90%
g 80% —FIT
g 0% - nsn(j
(LIPS N
S 60% .-l
§ 50% M
o rssmmsssnsssnrnt a-MG
T 40% | sercesmananttld
c 8- EC
-% 30% >SS
S 20% o HP
10%
0% - - - - - - -
1970 1980 1990 2000 2010 2020 2030 2040 2050
Year
oy
=
—_
o
-
~

TM-helix
“prediction”

2500 -
2000
0O marginal

I & sure
o
O 1500
E
£
o
=
=
o
@ 1000
E<}
: ﬂ
E
z

500 4

04
123 456 78 91011121314 151617 1819
Number of TM helices per ORF

* TM prediction (KD, GES).
Count number with
2 peaks, 3 peaks, &c.
+ Similar conclusions to others:
von Heijne, Rost, Jones, &c.

« Divide Predictions into sure

and marginal

(Boyd & Beckwith’s criteria)

2%

OBacteia (H)

DEuaryote (SC)
W Archacon (W)

Frequency in Genome
g

(as a fraction of total number of sequences)

g

12 304 568 7 8 910111218 U
Number of TM Helices

‘ 72 (c) Mark Gerstein, 1999, Yale, bioinfo.mbb.yale.edu




Comparative Genomics

of Membrane Proteins

* Yeast has more
mem. prots.,
esp. 2-TMs

¢ Similar
conclusions to

+ Overall, no strong

preference for particular

supersecondary structures

¢ Freq. of Number of TM
helixes follows a Zipf-

like law:

F=1/[5n2]

* In detail, worm has a peak

for 7-TMs and E. coli for

12-TMs

100

others: von
Heijne, Rost,
Jones, &c.

Frac. of Genome ORFs

ge of total

Y (as ap

—FIT

0.0% —— T 0.01
12 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 1
Number of TM helices

10

Number of TM Helices

100
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2° Structure
Prediction

 Bulk prediction of 2° struc. in genomes

» Same fraction of o and p (by element,
half each)

» Both overall and only for unknown
soluble proteins.

Structurally Uncharacterized (186)

N N
C =]

PDB Match (152) TM helix (30) [5] Coiled-Coil
Low Complexity Region (116) Linker Region (5) ~ [6]  All-alpha or All-beta Region

 Diff From PDB:

—r
(G2 A1 5 (o] IEKEE 2 10 MP

Fraction of
residues
Predicted
tobein.. |strand| helix|
Avg 17%| 39%
SD 1% 2%
EC 17% 39%
HI 16% 41%
HP 15% 42%
MG 17% 39%
MJ 19% 37%
17% 39%
SC 17% 34%
SS 16% 38%

31% helical and 21% strand.
* Related results: Frishman

Not expected
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Different
Amino Acid

EC

Amino Acid Composition

HI S8S sSC

HP MP MG MJ

Propensity
(kcal/mole)

TM-hix helix strand

MJ more aBap, fapa ...

Composition « 88 45 04
3 [ 2 11 -08
Should Give R 55 45 51 45 35 35 31 38 123 19 -04
N 40 49 40 61 59 62 75 53 48 4 053
lefe rent 20 Q 44 46 56 39 37 54 47 41 413 04] 2
A [95]82][85]|55 68 67 56 55 16 19 0=
1 6.6 | 8.2 [10.5] 31 12 3|2
Structure 3 a1 o
] 06 11 09| g
M 34 14 09| E
Each a.a. has different P 44 37 51 43 33 35 30 34 0.2 3 >30 |2
propensity for local G 74 66 74 50 58 55 46 6.3 -1 0o 12y
structure F 39 45 40 45 54 56 61 42 3.7 4 A1
- E 57 65 60 65 69 57 57 82 12 02
Different Compositions (K Y 29 31 29 34 37 32 32 44 07 12 163
from 4.4 in EC to 10.4 in V. 71 67 67 56 56 65 61 69 26 -08 -09 T
MJ, Q too) T 54 52 55 59 44 60 54 40 A2 06 14 %
> D 51 50 50 58 48 50 49 55 9.2 1 09|
Different Local Structure L [106[105[11.4] 9.6 [11.2]10.3]10.7] 9.5 28 16 05 §
(but compensation?) w 1.9 14 ™
©
Propensities from Regan total propensity =
(beta) and Baldwin (alpha) a  -1.00 -1.02 -0.96 -1.00 -1.05 -1.03 -1.05 -1.01 O
B  -0.27 -0.33 -0.26 -0.36 -0.37 -0.38 -0.42 -0.36 0
. LOOk at SUper-SeCOI’]dary Super- | Maximum Relative Abundance
@, 9 Secondary | Difference| (Odds Ratio) -
patterns (“words” such as aa Structure | between 3
H At "Word" | Genomes H [ M [ sc PDB
or Bap) in predictions 3
+ Compare observed freq. with  |F? 268 0.96 1.06 1.24 ) L.22 1@
oo 15% 0.97 0.85 0.83 0.85 || @
expected freq. op 10%| 1.09  1.09 0.99 | 0.95 | &
OddS = f(O(B)/f(OL)f(ﬁ) Ba 7% 0.98 1.00 0.93 0.99 %
H BBB 41%| 0.96 1.15 1.46 1.62 q
(Freq Words’ Karlln) a0a 19%| 1.01 0.83 0.84 0.92 ‘g
» Do have differences between aBa 185 1,04 1,03 0.87 ) 1.16 115
aop 15%| 1.03 0.97 0.89 0.70 ||2
genomes (and PDB) here Bap 125 115 124 110 | 119 || @
Boo 11% 0.93 0.87 0.83 0.78 >“_5
Bpa 9% 0.90 0.94 0.99 0.82 o
HI MOre oL, oLoLOL. CLOLOLOL app 6% 0.97 0.98 1.03 0.80 g
BBBB 54% 1.03 1.35  1.78 | 2.28 ‘;-
aca 29%| 1.10 0.82 0.89 1.18 |['g
BRBo 25% 0.85 0.94 1.10 | 0.98 ‘é’
1) ﬁaﬁa 23% 1.11 1.18 0.94 1.48 [+
SC more B, BB, BPAP... 30 japap 21| 1.21 1.23 0.99 1.39 g
b apoo 21%| 1.00 0.95 0.81 1.00 E
& =
o
©
~




Large-scale Database Surveys
(contents) -

* Fold Library

* Parts Lists: homologs, motifs, orthologs, folds

» Overall Sequence-structure Relationships, Annotation Transfer
» Parts in Genomes, shared & common folds

* Genome Trees

« Extent of Fold Assignment: the Bias Problem

* Bulk Structure Prediction

» The Genomic vs. Single-molecule Perspective

» Understanding Biases in Sampling

* Relationship to experiment: LIMS, target selection
* Function Classification

+ Cross-tabulation, folds and functions
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An |SSU€ Wlth « Over-representation of certain species and functions

in the databanks (e.g. human v. plant globins, Ig’s)
* Nevertheless Hl top-10 like eubacterial top-10

FOId COU ntl nq » PDB small, biased sample of genome (6-12%)

« Diff. numbers with diff. comparison sensitivity

Biases in the o

« Some Correction with Seq. Weighting, Diff. Sampling

« Uniform sampling is better than high sensitivity for some and low
ata a n S for others (y-blast problem)

« Best to avoid FPs than FNs for Venn

T e
Ehe New Aork Times
Example Percentage of | Rank in
Structure Fold known folds | eubacterial - —
(PDB) Name in genome Top-10 =
Top-10 in a bacterial genome (H. influenzae)

2H5D-A  Rossmann Fold (NAD binding) 96

1a NTP Hydrolases containing P-loop 57

Flavodoxin-like 51
a

IS
EEE N

like Periplasmic binding protein (class Il) 30
like Periplasmic binding protein (class I) 30
sRY-+  Class Il aaRS and biotin synthetases 27
0OB-fold 27

Hg GH

Same Issues §/vit
Real US Census!!
Sampling
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» Databank has biases. )
« Assuming "fair" Using a Tree to

distribution spreads Correct for Biases

sequences uniformly
through "space”, want to A B C D
weight sequences: 100% —1—

¢ over-represented, down X 1
(mammal)
¢ under-represented, up (plant | y
& NV) 2
* Weights derived from a 4

tree — 3

¢ Length of an unshared
branch is allotted directly to = ‘
sequence 0% ——
¢ Length of a shared branch is
divided proportionally among
sequences

.8 .8 1.1 1.4

Other schemes (Argos, Sander)
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Class Notes

Paper topics due by end of week

Brief email to MG, DG, JS

(1 sentence to 1 paragraph)

We'll respond with a thumbs up or down

Probably won't get to simulation

New datamining notes
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Different
Perspectives
on Protein
Thermostability

In depth focus on single molecule
vs. broad view of many (all?)

Protein thermostability above 100°C: A key role for

. o lon pairs
: : in GluDHs

proteins. Anectdotal vs. "” .
Comprehensive (the genomic

perspective)

Change in entropy of
unfolded state in
engineering of TLP

(disulfides)

Thermostability: Analyzing a few Factors
with Genome Comparison

tertiary (EK) Organism Category Genome #of Physiological
Abbreviation Proteins condition
Pyrococcus horikoshit archaea 98°C
it Str OT3) ’
: ‘local (DK) :Kar:/:rabay)asi etal, anaerobe
[ = = + l ] 1998;
CEEEEHHHHHHHHHCCEEEEEEEEECC e e 008) 95°C
CMEAPAGNIDIIKAGMKSPVQLTVKNDT orapacoccus archaea 85°C,
(Bult et al., 1996) anaerobe
Arche lobus fulgidt
Protein Length piRAmEr il archaea 83°C.

anaerobe
Methanobacterium o

{ thermoautotrophicum U ELE] 65 C
(Smith et al., 1997) anaerobe

influenzae i mesophilic temp.
Tertiar (Fleischmann et al., gram negative
Salt Bridge . [ 1995)
genitalium MG 470 mesophilic temp.
(Fraser et al., 1995) gram positive
i MP 677 mesophilic temp.
pneumoniae gram positive
(Himmelreich et al.,
96,
i i HI 1590 mesophilic temp.
(Tomb et al., 1997) gram negative
Escherichia coli eubacteria, EC 4288 mesophilic temp.
| (Blattner et al., 1997) gram negative
sp. SS 3168 ‘mesophilic temp.
(Kaneko et al., 1996)
Saccharomyces eukaryote, SC 6218 mesophilic temp.
cerevisiae (Goffeau et fungus
al. 1997)

R Disulfide Bridge
in Loop
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Composition Analysis of the Proteome

More Charged Residues in Thermophiles, Suggestive of Salt Bridges

L]
[ ]
| Mesophile | :| Thermophile |
100% - N .
’ Q predicted
90% [ | . .
80% 0|l vsten helices in all
T
= u PMGCW
£g ow i ORFs
§2  60% =1
z e B
Sg S0% B B | L oo .
5 T'_) 40% L] & B0% YETFH
= R | a0 PMGCW
ES  30% g 2 L v
K
20% R+ - -
1
10% - - A% A
5 - .
0% - o % 3
S8 EC HI MP MG SC HP MT AF OT MJ AA % ;
[
° 55 EC HI MP MG HP SC MT AF OT AA MJ
L]

.ID HE NR BK DA DI @L 8v OY OS OT OF OH OP OM OG OC OW BN IO.

whole genome
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1-4 Spacing of Charged .

Residues More than - meK
Expected in Thermophile | o«

Helices = Salt Bridges

0.10
Quantify with LOD score 000
LOD = log (observed/expected) MP MG EC SC HP SS HI MI MJ AF AA OT
For inst 10t0 45 65 85 8 95 98
o . <« Mesophile © % Thermophile
expected[EK(4)] ~ f(E) f(K) Physiological temperature in C
LOD > 0, greater than expected
07
—o—AF
0.6 "
0.5 MT
" 0.4 ot
503 —t— AR
g 0.2 —-»-EC
] 0.1 ai==Hl
- 0 - HP
-0.1 e MG
0.2 =<k - MP
0.3 == SC
—-m= 55

Spacing of EK pair

i llocal (DK)

CEEEEHHHHHHHHHECCEEEEEEEEECC
CMEAPAGNIDITKAGMKSPVOLTVKNDT
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Frequancy
[as fraction of total sequencesl%)

CEL PP LRI LRI RSP
Langth

mesophilic cog
12% R - - & - -thermophilic cog

— & thermophile
mesophile

Frequency
(as fraction of total sequences) (%)
®
g

o
%
2
,06'
%
&
3
%&
7‘)QO

PLEECLL LS
Length

Sequence Length

Doesn’t Completely

Relate to
Thermostability

. eukarya
I 14 sC
T
H—
AAECH HP
L MG MP 58
Ll | eubacteria
T
-
=4 MJ MT AF OT

CPREPE PP L PELLLLF

Length

archaea

, 1999, Yale, bioinfo.mbb.yale.edu

Simple distributions of sequence But this neglects special case of AA 5
length have thermophiles shorter (eubacterial thermophile): archeal o
(Eisenberg) sequences shorter o
Average ARCHAEA ~281 BACTERIA ~326 EUKARYAOTE ~445 | %
Genome| MJ | MT T“ OT | AA EC HI HP MG MP 58 aC CE L
Length| 286 | 281 | 274 | 263 | 317 | 316 | 300 | 512 | 563 | 560 | Go6 | 46 | 48 |
C on { ro I I | n Thermophiti genome Mesophilic genome Ortholog Avslatle P08
. R — — —
for Biases: — = = —
. | e —— — |
Stratified == — =o = e ©
(. = —

Sample .
Correct for = - - —
duplications, repeats, — e —— —_ = —
unique families; — = — = —
Extend COGs to get — - _ . .

2000 ~50 ~20

52 ortholog families

sleses

5 s = WA

T =TT

100%
T | e
80%
T
0%
S0
0%
%%
0%
0%
0%
e

(COGs, Lipman, Koonin)

85 EC HI MP MG HP SC,

sesecsciesesecesesnsns

MT AF OT AA MJ

Meso, MT AF OT AA MJ

cesecsce

¥STFH
PG CW

omEIE B-r=

% AA MT AF OT W

Meso, AA MT AF OT MJ
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Controls |I: Known Structures, Random Genomes

tertiary salt bridge

Random Sampling: Make up random

PoBI 1 thermo. and meso. genomes, see
3D o ————— what distribution of each statistic is
" ——
Structures v e ——————1 3
EC [ — ] R [ I o | ) [ 1 O I 1 ﬂJ
W e— — =] <
For orthologs B —= — e e e e e e E
Of known :: : + = : |1 - - @ 1 [ 1 O I 1 'g
structure: s 1 = = 1 [ oo omm oo 8
map tertiary Therm.| Meso o s
. Avg. [ Avg. 3
salt bridges cos | | cau | eo | 'sa | 'se |os| | 2
onto multiple 49 |3] wosomal| 1rss [ 56 | 3.1 |3 [+ <
. 80 J | ribosomal 1aci 0.8 0.7 0.1 >_
ribosomal a 4 4. 1|+
alignment e e s o
ribosomal Awhi 11|+
and look at Y B R B il e
conservation Y i W I EX § £
in Therm. vs. T T e T T3 e 1% H 2
Meso. e T T 3
30 J other 1yub 5 53 -0.3
125 F other Atmk 0.8 0.4 04 f
149 c other 1btm 3 43 -13] = ©
541 N other 1fts. 36 34 0.2 E
12 E other 1cj0 6.2 46 16|+ -
552 N other 1ffh 42 46 -0.4 3
N~
©

End of class on 11.27
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How Representative are the
Known Structures of the
Proteins in a Complete

Genome? The issue of Bias

Assess 2°,TM predictions
(+) comprehensive, statistical
(-) predictions inaccurate
(~65%)
(-) extrapolate from PDB (esp. TM),
domain problem

Is prediction (extrapolation) based on known
structures justified?

Length: Genomes Sequences are longer
than those in Known Structures

340 aa for avg. genome seq.
(470 aa for yeast)

205 aa for PDB chain

~160 aa for PDB domain

12%

10%

1
9
% <8

4%

Ly é' %
TN
6% 1=
if
= 3

Frequency (as fraction of total sequences)

N

0%

QRO D RO D DO D DD D
SLELER P PP LSS

Length

30%

3

N
8
=

——genomes
—e—PDB domains

—o—whole chains

15%

]

=

Frequency (as fraction of total sequences)

N4

S

O P O DD O DD LD DO DD LD
S P PP DL PH S F P

Length

2
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Amino Acid Composition

How Representative are the Known
Structures of the Proteins in
Complete Genome?

Name | Soluble =all-p +all-a Sss

PDB sc

HP

A 8.40% 68% _ 92% MP
C 1.72% 1.6% 14% MG
D 5.91% 5.9% 58% MJ
E 6.29% 5.2%) 7.3%)
R 757 7 olod o1 20
G 7.79% 8.4% 6.4%) <on s
H 2.19% 2.1% 2.2%) :
1 5.54%) 5.4%) 5.1%) Diff.
K 6.02% 5.6% 65% EC 2
L 8.37% 7.3%) 96%| HI 12
M 2.15% 1.7% 24%| sS 1
N 4.57% 5.3%) 4% sc 14
P 4.70% 51%) 4% Hp 36
Q 3.73% 35% 12%| mp m
R 4.78% 4.2% 54% mG 53
S 5.97% 7.2%) 57%|  my 7
T 5.87% 7.2%) 5.2%)
v 6.96%) 76% 57%| AVG [[26] 1 JB) 13 23 10 20 26] 22 -16
W 1.46% 1.7% 1.5%] RMS 45| 39| 38 35| 31 28 27| 25| 24
Y 3.64% 3.8%) 3.5%

7 -
2

5
5
1 -
8
8

14 7
A7 1
16 6
-4 0
20 -25
a7 2
188
S

14 11
15 15

Lo R
BN NSS A b

ms K1 CQWNFLGAPSRHMEDTYV

=Y

90
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Composition

of Different

Structurally Uncharacterized (186)

K—H

L3l 2]

5 o] MEEEET 2 10

[l PDB Match (152)
B Low Complexity Region (116)

TM helix (30)
Linker Region

© (6]

Coiled-Coil
All-alpha or All-beta Region

I_ AVG | SD EC | HI HP MG | MJ MP ‘ SC sS
Statistics for Amino Acids
Re iO n S Of Total Number 1358465| 505279| 500616 170400| 497968| 237905|2900670|1033450
q Fraction Masked by. |
PDB Match 8.7%] 3.7%| 11.1%| 13.7% 8.8%| 12.9%] 7.1% 9.7% 6.2% 9.0%
Non-globular Region 21.7% 6.9% 16.7%| 13.9%| 22.2%| 28.2%| 35.1%| 24.7%| 23.9%| 20.5%
Genol I IeS TM-helix 4.9%] 1.4% 7.3%| 6.1% 4.8% 3.8%] 2.9% 4.5% 5.2%] 5.9%
Linker Region 5.1% 0.4% 5.3%]| 4.8% 4.8% 5.0%| 5.0% 5.2% 4.6%) 5.1%
Fraction Remaining
e Uncharacterized 59.7% 8.9% 59.6%| 61.5%| 59.4%| 50.2%| 49.9%| 55.8%| 60.0%| 59.6%
* Are composition
. SD EC HI HP MG MJ MP SC ES
dlfferences Overall 10% T6%|  17%|  27%|  36%|  38%|  28%| 21%| 20%
-f I? PDB Match 9%| 12% 14% 24% 27%] 34% 20% 12% 15%
u nl orm . Non Globular Region 13% 32%] 33% 39% 50%| 52% 40% 42%! 35%
H TM-helix 15% 55% 53% 55% 57% 55% 56% 56% 51%
L]
Resam pl I ng Linker Region 10% 22%| 24% 29% 39%)| 33% 35% 21%| 25%
° N On_g Iobu Ia r- Uncharacterized Region | 23% 6% 15% 17%! 26% 34% 32% 27% 20% 19%
regions differ most ‘
g a | | | 1| 1 I [ | I ]
H o T 1
in occurrence and |
ien a 1] T T 11 1 I | |
composition 2o
c |
L)
Remove Repetitive | - 1 | T
Regions (SEG) . D OO 1]
5 [ ] [ ] 1 | ]
D |select length [class |name Name |Hydroph.| Soluble |biophys.| Rel.
:Sty - _ 12;:; z:;h nuclease Polar PDB | proteins |  Diff. . .
cgp |a:9-13
R Biophysical
Tpht |- 83[p |SH3 domain PS BP BP/PS -1
.
1tpf |a: 250(a/p TIM
S N Proteins
Batr |- 186/wp  |DHFR P 7% 7% e
2z |- 155|wp _ |Ribonuciease H F H 4.0% 3.2% -19%
Tors |a: 87w/ |Barstar ™M H 21% 1.8% 216% .
=]
1gb: - 185 B Hen Ly
= juu R e e e A T Proteins that 3
1191 |- 162[a+p |14 lysozyme . . o
- e e L TO% 62  -12% inform our view 2
>
Trsa (- 124|a+p  [RNAse A C H 1.7% 1.5% 9% . ]
e}
O W 0 — of the folding | £
= Toalap RNASS T G 78%|  77%| 1% process -- as g
Tsha |as 103[a+p |SH2 domain | H 5.6% 5.5% 1% S
Tubi |- 76[a+p _|Ubiquitin o o - Compared to )
N P 46%| 4.6% 0% >
Tose |i: 63[asp |Cl-2 inhibitor the PD B )
Tiod |- 61jasp |B1 domain w H 1.4% 1.5% 1% : >t_5
Tmbd |- 1ﬂ“ Globin T P 5.8% 6.0% 2% o
Tnrc |- 105[a Cytochrome ¢ L H 8.4% 8.7% 5% Shor‘ter g
2wrp |r: 104|a Trp Repressor S o -
0
111 |a: 89[c Cro Repressor A 8.4% 8.8% 6% (1 1 6 VvV 1 6 1 ) c
Teop |ar 66]a Lambda Repressor Y 3.7% 3.9% 6% 9
e |- Sl H P 22%|  24% 6% 5
Imyk [a: 47|a /Arc Repressor FeWe r (U]
: . Q P 37%| 4.0% 6%
Jzta |a: 3o GCN4 zipper x
THET - 23 [petaLaciamase R P 48% 52% 9% hydrophobes S
el |- %8s [BPT E P 6.2% 7.0%|  13% s
- = K P 59%|  7.7%|  30% -
= N
[=2]




Large-scale Database Surveys
(contents)

» Fold Library

* Parts Lists: homologs, motifs, orthologs, folds

» Overall Sequence-structure Relationships, Annotation Transfer
» Parts in Genomes, shared & common folds

* Genome Trees

+ Extent of Fold Assignment: the Bias Problem
 Bulk Structure Prediction

» The Genomic vs. Single-molecule Perspective

» Understanding Biases in Sampling

» Relationship to experiment: LIMS, target selection
* Function Classification

+ Cross-tabulation, folds and functions

‘ 93 (c) Mark Gerstein, 1999, Yale, bioinfo.mbb.yale.edu

nesg.org

Northeast Structural
Genomics Consortium

A pilot projest in stroctural gencmics focused on smell proteins from enkaryotic
smodel organisms. In this project tasgers will be prisritized dynamically based on

* represeatative structures selected to provide coverage of structore
space

* hypotheses genersred from “provein-relatisnship” maps (protomaps)

* complementay date provided by functionsl genamic anslysis

* feagibility

The project will explore the compl aspests of K-ray crystallography sud.
MR for high=throughput stacture d i

[E———r—
Cagyrright 2000 by Mathenst Stauctuaal Genommics Corsortiven. ALl Rights Reseraed

& [IN00% I [Open the address book JE R

G Montelione
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Finding Unusual
Proteins for Expt.
Structural Genomics

* Prospective Target
Selection

* Identify Proteins in

M. genitalium that are most
atypical structurally (hardest

g o *Characterize biophysically
483 s 79 CD (do they fold normally?)
I |
PD:rlnatch, TM-re_gIon Structural!y
281 202
—— - = -
Func. Annotated No Functional = " E \.‘.
(TIG!:,?‘;ICBI) Annotatlnn _". M40-B8 -'.. 352-B8 [ 2 134-EC
7 '."_-/’_ 5 I I"—-,_.-‘/_— %
I | WG m W W I 3 I e e
Full-length Domains NOT Full-length
23 & g 208-MG i wena | 000-6C "-.
—————————— E 1 rd
Clonable from No homologs = I_/f f _,_./
h°'“°|°95i'f 12 w ™ ™ 1 m m m  m
another organism
11 - ] " |
I — —— —— - _./—453— : /./’;31& ae3-EC
E. coli B. subtilis Clonable Not Clonable < 54
4+2 || 4+1 '"°;""’ ° e e e
Wavelength (nm)
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Tracking Database

e L8 e b G b
3D aasdll

R e e

T oL

Project Progress Summary

'EEEEREEEEE

Construct Database
Record for TT1S

‘0.mbb.yale.edu
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Large-scale Database Surveys
(contents)

Fold Library

Parts Lists: homologs, motifs, orthologs, folds
Overall Sequence-structure Relationships, Annotation Transfer
Parts in Genomes, shared & common folds
Genome Trees

Extent of Fold Assignment: the Bias Problem
Bulk Structure Prediction

The Genomic vs. Single-molecule Perspective
Understanding Biases in Sampling

Relationship to experiment: LIMS, target selection
Function Classification

Cross-tabulation, folds and functions
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