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Gene Content Evolution
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What about HGT / genome sizes?
Genome trees based on gene content:

shared genes

Haemophilus influenzae Escherichia coli

Species specific
genes

Species specific
genes



Genome trees based on gene content
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Genome trees based on gene content are remarkably similar to
consensus on ToL
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Presence / absence of genes

Gene content - co-evolution. (The easy case, few genomes. )

Differences between gene
Content reflect differences in
Phenotypic potentialities

v

Genomes share genes for phenotypes they have in common



Three-way comparisons

H. influenzae (1703) 1 enzyme: dehydroquinasc type II

12 host interaction factors
imncluding virulence factors
such as urcase

1 transporter

132 metabolic enzymes

- sugar utiliration

- pentose phosphate cvcle

- tatty acid biosynthesis

- THF biosynthesis
—utilization / interconversion
of nucleic acids / nucleotides

3 unknown

H.pylori (1577)

-2 subunits of DNA polym. I 45 metabolic enzymes

- § NADH ubiquinone
oxidoreductase subunits

- 4 Ni/Fe hydrogenase
sulbrLnits

E_ cO Ii ( 4 2 8 6) 18 flagella-related genes

8 unknown

215 unknown

O orthologs shared by only two species O species-specific orthologs

Huynen et al., 1998, FEBS Lett




Convergence in functional classes of gene content in small
intracellular bacterial parasites

C. trachomatig
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Zomorodipour & Andersson FEBS Letters 1999



Although we can, qualitatively, interpret the variations in shared gene content in terms
of the phenotypes of the species, quantitatively they depend on the relative

phylogenetic positions of the species. The closer two species are the larger fraction of
their genes they share.
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Co-evolving modules

Naegleria
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Co-occurrence of genes across genomes as prediction
for interaction / association
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e i.e. two genes have the
same presence/ absence
pattern over multiple
genomes:

¢ AKA phylogenetic profiles

*NB complete genomes
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phylogenetic signal needed
- events



Predicting function of a disease gene protein with
unknown function, frataxin, using co-occurrence of
genes across genomes / phylogenetic profiles

* Friedreich’s ataxia
* No (homolog with) known function




Predicting function of a disease gene protein with unknown function,
frataxin, using co-occurrence of genes across genomes

* Friedreich’s ataxia _ _ S
Frataxin has co-evolved with hscA and hscB indicating

* No (homolog with) _ T
that it plays a role in iron-sulfur cluster assembly

known function

T T ED RN
1843000l
1
|
[

=
o)
l":l?; E
L = | = L
L > E% ZE;MJFNM
e ELEECxEES FEES
REIESEE"RIiCBEE EfFE|l=
25283 BZzEE5Z 9Ed »EP
o ] E=88§ 4§58 % 3 F
Ed& = = = S EE
ybiicn - w E e
Beg [ O
Foas (0P ¢
® FE » 5K
EﬁﬁEa'
E; 7
YFH1 cyra¥
JAC1 hse8 | i
nscA o i
ssQ1 EEEEEEEEEEEN

NEST iscS EE EEEEEEEE B
sut-2iscy M AM | Illlllll ; R L

sAa1-2iscA | T | | ]  AEEEEEE
vait fax | 0 W 5 ll'll|lll

Are i 1 I . | RSN, Y N — ——




[ron-Sulfur (2Fe-2S) cluster in the Rieske protein



Prediction:
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STRING is a database of known and predicted protein interactions.
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STRING quantitatively integrates interaction data from these sources for a large number of organisms, and
interactors wa transfers information between these organisms where applicable. The database currently covers 2,590,259

. LOGs _'ﬂnf%ﬁs Reset  GO! proteins from 630 organisms.

please enter your protein of interest...

_[ Funding / Support ” Acknowledgements ” Use Scenarios ]

STRING references: Jensen et al. 2009 / 2007 / 2005 / 2003 / Snel et al. 2000.
Miscellaneous: Access Statistics, Robot Access Guide, STRING/STITCH Blog, Supported Browsers.

‘What's New? This is version 8.3 of STRING - June 2010: the latest interaction data, updated textmining, and bugfixes ...
Sister Projects: check out STITCH and eggMOG - two sister projects built on STRING data!
Previous Releases: Trying to reproduce an earlier finding? Confused? Refer to our old releases.

=

~  Xv controls

<] s

Done

species with
their phylogeny

~N

ALl 1l Pl st
e At inclac T 1ur Fuce inagenes

Hatmigha lut eyl

L - Hatmoaig hug nd | snaes S1E6F
Hersogid luz ind | ercsr W00
Hatmagra bt ind ] ueriae PULEEE
Harsogid Iy indlusngss PibbiG

o Mmoot Bt smrmst

[—— Rarwreinis sucoinlc|proioen

b Papteare s multocida

= frimran Fydophila

L peronoras galsonicids

0
]

EEEEEEEEEEEE |

EEEE EEEEN ®EE |
EEEE EEEE EE |
ENEEEEEENEEN

g

L ]

predicted
association




* |f two genes have a “significantly” similar
presence/absence pattern which is different
from the phylogenetic signal, than their
proteins are likely to interact / be in the same
process/pathway

* This pattern can be created by independent
loss and/or horizontal gene transfer (of
operons)



However

COG0707 | ]

COGO0769 |||
COG0770

coaco771 |
COG0773
COG0796
COG0812
COG1181

peptidoglycan biosynthesis pathway (highly cohesiveness, far from perfect)

COG0021 1 1 n |
Cc0G0213 ||| (!!(( IF MF ] i Il
C0G2820 [T RN I |

ribose phosphate metabolism (not cohesive at all)

Very few functional modules are perfect; limited cohesiveness; functional units vs
evolutionary units
Why?



If the phyletic patterns of two

proteins are highly similar
they tend to interact, but the
reverse is not generally true!

~50% of modules (such as

protein complexes) do not
have highly similar phyletic
patterns.

This seems to not only
depend on dataset, noise in
orthology detection, or noise
in module definition

Fraction of modules which evolve cohesively
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Explaining discordant phyletic patterns
of proteins that interact

* Many cases stories and a few large scale
studies

* (we could also just say that evolution is
flexible and proteins change function; which |
am not going to argue with but (A)
conservation of interaction and (B) this is a
“just so”, non testable explanation )



Tracing the evolution of NADH:ubiguinone oxidoreductase (Complex | of the
oxidative phosphorylation), from 14 subunits (Bacteria) to 46 subunits (Mammals) by
comparative genome analysis

Fungi: 37
Bacteria: 14 subunits /// Mammals: 46
T Plants: 30
Algae: 30

Gabaldon et al, J. Mol. Biol 2005



E. cuniculi (0)

S. gerew'siae (1) Y. lypolitica (39)
N. crassa (40) ™.

D. melanogaster (45)

C. albicans (39)

...................... S .pombe (3)
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NI9M | C. elegans (43)
~
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P faiciparum (0)

H. sapiens (47)

T. rubripes (47)

C. reinhardtii (44)

A. thaliana (42)

Plant7
Plant8

Reconstructing Complex |
evolution by mapping the
variation onto a phylogenetic
tree. After an initial “surge” in
complexity (from 14 to 35
subunits in early eukaryotic
evolution) new subunits have
been gradually added and
incidentally lost. most other loss
is large scale
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S. cerevisiae (1 o
Y. lypolitica (39
N. crassa (4l|- / P (39)
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Bacterial core

Reconstructing Complex | evolution
by mapping the variation onto a
phylogenetic tree. After an initial

“surge” in complexity (from 14 to 35

subunits in early eukaryotic
evolution) new subunits have been
gradually added and incidentally
lost., most other loss is large scale

Complex | loss is not always
“‘complete”, S.cerevisiae and
S.pombe have retained 1 and 3
proteins




Phylogeny of a “remaining” complex | protein in pombe

Synechocystis sp.
F:abidopsis thaliana
o5 Zl-—LMagnaponhe grisea \
Gibberella zeae
282 285 _Neurospora crassa
Aspergillus nidulans
[ Candida albicans
Debaryomyces hansenii

Yarrowia lipolytica

954

504{

883 Ustilago maydis > CI30
1000 Mus musculus

809 Homo sapiens
Tetraodon nigroviris

980 984 [—Anopheles gambiae *
L— Drosophila melanogaster

906

495

Caenorhabditis elegans

Arabidopsis thaliana )

Gibberella zeae N
Magnaporthe grisea

Gibberella zeae

Aspergillus nidulans

Schizosaccharomyces pombe

Ustilago maydis J
Rubrivivax gelatinosus ,i.

CI30 fungal-specific
> paralogous group

815

539

771

424

“The Complex | assembly protein CI30 has been duplicated in the Fungi.
This can explain the presence of a CIA30-homolog in Complex I-less S.pombe”



Why the accumulation: a neutral
explanation

Binding and Mutation and
resuppression dependence
p Pp - P

Ratchet-like
increase in
y dependence

—_—

Independent . Dependent
activity activity

Active Inactive

fixation of neutral or slightly deleterious features as a general and unavoidable
source of complexity in taxa with small populations

Science. 2010 Nov 12;330(6006):920-1.
Cell biology. Irremediable complexity?
Gray MW, Lukes J, Archibald JM, Keeling PJ, Doolittle WF.

How to falsify?


http://www.sciencemag.org/content/330/6006/920/F1.large.jpg
http://www.ncbi.nlm.nih.gov/pubmed?term="Gray MW"[Author]
http://www.ncbi.nlm.nih.gov/pubmed?term="Lukes J"[Author]
http://www.ncbi.nlm.nih.gov/pubmed?term="Lukes J"[Author]
http://www.ncbi.nlm.nih.gov/pubmed?term="Lukes J"[Author]
http://www.ncbi.nlm.nih.gov/pubmed?term="Archibald JM"[Author]
http://www.ncbi.nlm.nih.gov/pubmed?term="Keeling PJ"[Author]
http://www.ncbi.nlm.nih.gov/pubmed?term="Doolittle WF"[Author]

e.g. Neurospora mito-TyrRS

Neurospora mitochondrial genome encodes several introns
which require a tyrosyl tRNA synthetase (TyrRS) to splice.

“to compensate for structural defects acquired by the
intron sequences “

BUT Introns with defects arising -> negative selection

? Reverse: first binding (fortuitously or for reason
unrelated to splicing)—> accumulation of mutations in the
intron that inactivate splicing, if TyrRS not bound.

Because the compensatory / suppressive activity exists
before mutation “presuppression,”

the protein dependence by the intron could be selectively
neutral (or slightly disadvantageous



“Constructive neutral evolution”

e Suggested that many taxon specific subunits
(taxon specifc proteins that are a subunit in a
complex) are regulatory subunits

* Hypothesis: neutrally added but necessary
subunits could have been appropriated as
regulatory subunits?



TOR1 complex

* Kinase
* Regulates growth
* Mutations of TOR1 components involved in Cancer

T
i Raptor

@




Evolution of TOR
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OR make more sense if we

Does evolution of

der the whole network of interactions

consl

TOR2 complex
* TOR2 is involved in rearrangement of cytoskeleton
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" Taxonomic [ Matching
Subset .~ Other

yeast data human data yeast data

protein complex protein-protein
interaction (BioGRID)

? Taxonomic subunit constructive neutral
evolution ?



Considering triangles of interactions
instead of pairs: a complementarity
score

C Genes

smaller number = nGood

sum of these = nBad

OIX|O|IX|O[X]|Ofo

XIX|IXIX|O|O|O|O|>
XIX|IO|O[X[X[O|O|w

b

Complementarity = nGood - nBad



A substantial fraction of the “others”
has a high complementarity score

30000 I I I I I I I I

Protein com Elexes

25000

20000

Human

15000

number of pairs

10000

5000

Taxonomic Other Taxonomic Other
Matching Subset Matching Subset

0




Gene duplications are important in
evolution and function of TOR
complexes

Gene duplication of the tor kinase
in Sacceromyces cerevisiae,
chytrid fungi, oomycetes, poplar.

In yeast molecular biology
demonstrated specialization

Why in some species this happens
and others not?



Other forms of co-evolution

* Speed/rate of evolution
* Acceleration after loss of binding partner

 Compensatory mutations, co-evolving
residues: old problem, never solved, now
maybe possibly in reach thanks to evfold (?),
not applied to study evolution yet



Non-orthologous gene
displacement/analogous proteins

* First systematic analysis on M.genitalium
(Koonin et al., Trends Genet. 1997)



Tasik 1. Non-orthologous genes coding for the same function in Mycoplasma genitalium and

Haemopbilus influenzae
M. genitalium H. influenzae
Enzyme Gene? Orthologs? Genes Orthologs? Comment*
No sequence similarity between M. genitalium and H. influenzae proteins
Phosphoglycerate  MG430 PMGI_BACSL  HIO?S7 PMG1_ECOLI Escherichia coli encodes both
mutase Cpibh PMGI_ECOLI  {gpmA) PMGM_HUMAN types of enzymes
PMGI_MAIZE not in G(+)
L-lactate MG460 LDH_BACSU  HI1739B LLDD_ECOLI G(+) The HI enzyme is distantly related
dehydrogenase LDHM_HUMAN (/ctD or dD) to cukaryotic cytochrome B2
Lipoate-protein MG270 LPLA_ECOLI  HI0027 LIPB_ECOLI E. coliand yeast encode both
ligase SCYJLO46W_1  (lipB) S51458 (yeast) types of enzvmes
Nucleoside MG26dxd None HIOBTG NDE_ECOLI The two predicted kinases in MG
diphosphate MG2684 (k) NDKB_HUMAN are candidates for this indispensable
kinase activiry
DNA polymerase, MG261 DP3A_HAEIN  HIOASG DPO1_ECOLI MG encodes rwo homologs of DNA
repair (dnak) DP3A_ECOLL  (pold) DPO1_MYCTU polymerase III. MG261 is the likely
repair polymerase as it belongs to a
putative repair operon®
RNase H MG262/d  DPO1_BACCA HIN38 RINH_ECOLI MG262 is homologous to the 3°-3"
DPO1_HAEIN  (mmhd); RNHI1_YEAST exonuclease domain of DNA .
HI1059 RNH2_ECOLI polymerase I, It is predicted to
{mmhB) MC326_1 replace the two unrelated RNases
(M. capricol) H of HI in primer removal during
SC23CD5_13 DNA replication
(yeast)
Glycyl-tRNA MG251 SYG_HUMAN  HIO927 SYGA_ECOLI The MG enzyme contains one
synthetase (glvQ) SYGB_ECOLI subunit, the HI counterpart two
HIN924 CTU20547_1
(glys) (Chlamydia)
G(=)
Paralogs in M. gewitalium and H. influenzae
Prolyl-tRNA MG283 YHIO_YEAST  HI0729 SYP_ECOLI Yeast encodes both types of enzymes
synthetase (pros) YER7_YEAST
Cytidine MGO52 CDD_BACSU  HI1350 CDD_ECOLI The MG cytidine deaminase is more
deaminase CDD_HUMAN  (cdd) closely related to eukaryotic enzymes

than to those from G(+) bacteria



The opposite of co-occurrence:
anti-correlation / complementary patterns: predicting
analogous enzymes

Genes with complementary phylogenetic profiles could have a similar biochemical
function.




Complementary patterns in thiamin
biosynthesis predict analogous
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(Vit. B6 biosynthesis)
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Prediction of analogous enzymes is
confirmed

MM + thiamin MM




Asymmetric functional/metabolic
relations explain non-similar presence
absence patterns

Aspartate semialdehyde

dehydrogenase Homoserine kinase
(asd) (thrB)
-2 < > Threonine synthesis
asg—~rB| bresent | absent
present 184 129
¥ v
Lysine synthesis Methionine synthesis absent I =2

Asymmetric relationships between proteins shape genome evolution.
Notebaart RA, Kensche PR, Huynen MA, Dutilh BE.
Genome Biol. 2009 Feb 12;10(2):R19.



http://www.ncbi.nlm.nih.gov/pubmed/19216750
http://genomebiology.com/2009/10/2/R19/figure/F3
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http://genomebiology.com/2009/10/2/R19/figure/F1
http://genomebiology.com/2009/10/2/R19/figure/F2
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Domains vs proteins?

R

TSC1
TSC2

“interaction domain of TSC2?”

But why the innovation? Regulatory subunit / neutral accumulation of taxon

specific subunits / constructive neutral evolution?



* Explaining the evolution of genes stimulates a better /
more focused discussion on what we mean by gene
function(al) relationship

* The more/better HTP functional data, the better for
studying genome evolution

 Many different plausible, interlocking, reasons for
disrupted co-occurrence across genomes of interacting
proteins; (role of duplication least systematically
researched?)



