Comparative Interactomics



comparative genomics of high throughput data

between species and evolution of function

Function prediction,

— for what aspects of function
from model organism to e.g.
human is orthology equals
function “true”

Evolution of function

Some studies suggest
interactions evolve quite rapidly
between species, e,g, only 10%
overlap fly-yeast (Suthram et al.
Nature 2005)

What happens to the function
of duplications




Integration between species / conservation

orthologs




Accuracy of Y2H and how to improve it BUT coverage: real
divergence?
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false positives (FP) and false negatives (FN), noise /
Incomplete knowledge, are stacked against detecting

conservation
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Genes falsely selected as interacting in species A lower the conservation
level, while genes falsely not selected (i.e. FN) do not

Genes falsely selected to be not interacting in species B lower the
conservation level (FN). Detecting absence?

— E.g. strict co-expression threshold leads to many false negatives



How to perform comparative genomics of
interactions (networks/interactome)

Bty =

orthology

Reliability and coverage of data (false positives, false negatives)
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If two proteins are part of the same complex in human how often are
they also part of the same complex in yeast



Interactions?

e -stable interactions such as in complexes like
ribosomes and proteosomes or between subunits of
an enzyme, etc.

e -|abile interactions such as between kinases to their
substrates, phophatase to their substrates

* Because of quality of expert curation (to use as
source or reference) and most prolific HTP data
(complex purification) complexes



Absence of interaction ... ?

Conservation =

number of interactions conserved

(number of interactions conserved + number of interactions NOT conserved)

TAP-MS data from krogan, and gavin unprecedented coverage so that
failure to report co-purification might really mean absence of co-
complex membership
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Estimating absence of interactions from HTP data
-> yeast; what do we call an absence of interaction data

Two proteins that have been successfully purified and
identified as bate or prey, but never together

‘ ‘ ‘ False negatives
» x True negatives

Database of
know
interactions

>

‘ (MIPS / SGD
GO)




The false negative rate (FNR) is the proportion of positive instances that were
erroneously reported as negative.

Datasets FNR #FN #TP Proten pairs known to be part
of the same protein complex

Krogan et al. 0.32 | 2209 | 4644

Positive instances: co-complex relation in MIPS and
SGD-GO. Similarly negative instances,: two proteins
known to be involved in complexes in MIPS and SGD-
GO but in either ref never together



The false negative rate (FNR) is the proportion of positive instances that were
erroneously reported as negative.

Gavin

N.A.

Datasets FNR #FN #TP

Krogan

a/0%0

Proten pairs known to be part
of the same protein complex

Intersection
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... but Y2H != TAP-MS

How do we know which bait prey pairs
(hybridizations) have been “properly” tested?

Only count as not interactions
pairs where both proteins have
been successful as bait and prey
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Datasets FNR HFN HTP

Kroganetal. 0.32 | 2209 | 4644

Uetz et al. 0.66 91 46

WAS, ),

Uetz et al. strict 0.1 5 46







In human less htp and less curation = less
COVE ra ge (reason for assymetrry)

High quality, non comprehensive literature curation:
reactome direct complex: 5960 co-complex pairs
Some 2h but even worse than yeast 2h
new HTP data:
I'-.-1I-::|Ielcular systems Biology 3_; Article number 89; dai:10.1038/msb41001 34 mulecu'ar
Citation: Molecular Systems Biofogy 3: 89 system_s
& 2007 EMBQ and Mature Publishing Group  All rights reserved 1744-42592/07 h|n|ngy

wiww.molecularsystems biology.com

Large-scale mapping of human protein—protein
interactions by mass spectrometry
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Orthology: complication

Y1l Y11 H1 Y2 H2

.Speciation

.Duplication

H1 and H1.1 are “Inparalogs”
H1 and H1.1 are “Co-orthologous” to Y1



BBH only (inparanoid’s main ortholog)

.Duplication



What can happen to an interaction in evolution
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Many interactions are not “conserved” because
the genes themselves are not conserved

WSS e

1916 1448 2596



If both genes are conserved the interactions also
tends to be conserved

Dataset int Non-int Conservation Coverage

1547 328 &25% _ 807%
250%  1.1%



Human HTP data (Ewing, IP-HTMS)

Ewing cut-off int non-int  conservation

56.93

Yeast data set = intersection



* Some conserved interactions are missed when taking the
sequence-wise most similar ortholog cf. Notebaart2005 /
Ideker 2006



Different results of orthologies

Dataset Orthology int Non-int Conservation Coverage

1392 75 94.9% _ 72.7%

Inparanoid / ensembl similar conservation percentages despite different
absolute values, But BBH

1
..inparalogs H1 H1.1/Y




Non-conserved interactions ...

Curation errors in reactome

potential false negatives in HTP data as literature in
yeast says the two do interact.

Our high level of conservation is underestimation?

few cases of genuine evo divergence ... (e.g. new
paralog in human involved in a new complex, human
PCBP1 & yeast XAB2)

flexibility resides in duplications cf. inparalogs



A Protein Complex Network
of Drosophila melanogaster
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Summarizing conclusions

Most interactions are not conserved because of
acquisition / loss subunits but if two proteins are present
they tend to interact

Despite issues, >> 10% previously implied

Function prediction from model organism to man is
justified w.r.t. co-complex membership

Differences between species reside perhaps more in
genome evolution

Genome and network evolution are tightly connected
and should not be studied independently (e.g. the simple
distinction between loss/gain of interaction with existing
protein vs loss/gain of interactor.)



Another aspect of function: subcellular localization

Research

Expansion of the human mitochondrial proteome by intra- and

inter-compartmental protein duplication
Radek Szklarczvk and Martijn A Huynen

1-to-1 human-yeast orthologs have conserved
ancestral subcellular localization.

Gene duplication relaxes this constraint

*Quite some intra-mitochondrial duplications

*And inter-compartmental duplications create novel
mitochondrial localization of the protein encoded by
one of the daughter genes



1-to-1 human-yeast orthologs have conserved
ancestral subcellular localization

* Use high quality data in localization: experimental
identification, bioinformatics analysis, and literature
curation

 “Of 143 one-to-one orthologous pairs localized to
mitochondria in either of the two species, we find
that 124 proteins (87%) are found in this organelle in
both species and only 19 proteins localize to
mitochondria in one species, but not the other”



intra-mitochondrial duplications are most frequent
& gain of mitochondrial localization after gene

duplication
Table |

Duplications in gene families with products localized to the mitochondria

Human localization of gene family  Yeast localization of gene family  Number of families ~ Mumber of human proteins

Mitochondrial Mitochondrial 5] |18
Mitochondrial and non-mitochondrial Mon-mitochondrial b 101
Oither Oither 35 55

‘Mitochondrial’ denotes mitochondrial locakization for all genes from this family in 2 spacies; non-mitochondrial jndicates a Qzlmmn o
another subcellular compartment; ‘mitochondrial and non-mitochondrial indiuteé«m both mitach nnniEIn D ndrial paralogs.

See also Table 54 in Additional data file | for other duplication classes.
Y1l H1




Table 3

“Parallel evolution”

Independent duplications and parallel relocalizations in the human and yeast lineages have happened multiple times during evolution

Human Yeast
Family Mitochondrial Mon-mitochondrial — Mitochondrial — Mon-mitochondrial
Thigredaoxins TXN, TXM1 TXNDC2 TRX3 TRXI, TRX2
Glutaredcins GLRX2 GLRX, GLRXL GRX1 GRXI {nucleus)
lsocitrate dehydropenases [MADP] IDH2 ICHI IDPI IDPZ, IDP3 {peroxisoma)
Branched-chain-amino-acid aminotransierases BCAT2 BCATI BATI BATI
Sering hydroseymethyltransferases SHMT2 SHMTI SHM sHM2
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Measuring the Evolutionary Rewiring of Biological
Networks
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Table S3.

Network Type

TF
S. cerevisiae, D. melanogaster,
S. bayanus S. cerevisiae
Edge change from Edge Gain 26 30
Edge change from Edge Loss 53 30
Edge change from Node Gain 60 12733

Edge change from Node Loss 306 76543



>

Rewiring Rate (per edge per Mys)

1e-04 1e-02

1e-06

Other interactions / HTP data

Protein Interaction
Genetic Interaction
Metabolic Pathway
Enzyme Metabolic

TF Regulatory

Kinase Phosphorylation
miRNA Regulatory

i000EmENm
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3.
Measuring the evolutionary rewiring of biological networks.

Shou C, Bhardwaj N, Lam HY, Yan KK, Kim PM, Snyder M, Gerstein MB.
PLoS Comput Biol. 2011 Jan 6;7(1):e1001050.
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Functional Repurposing Revealed
by Comparing S. pombe and
S. cerevisiae Genetic Interactions

Adam Frost,™* Marc G. Elgort,’ Onn Brandman, =24 Clinton Ives,**# Sean R. Colling,” Lakshmi Miler-Vedam >4
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“generate 774,309 double mutants

But ...

“Our Sp map identified > 700 high-confidence gene-to-
gene correlations indicative of genes with related

functions”



Genetic interaction correlations
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Hoppins ef al Correlation Coefficients
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We present a genetic interaction map of pairwise measures
including ~40% of nonessential S. pombe genes. By comparing
interaction maps for fission and budding yeast, we confirmed
widespread conservation of genetic relationships within and

between complexes and pathways.



Duplication as cause of divergence in genetic
relationships
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an important subset
of orthologous
complexes that have
undergone functional
“repurposing”: the
evolution of divergent
functions and
partnerships



Example ESCRT

the endosomal sorting complex required for
transport (ESCRT) genes in endosomal maturation

Also a role in cytokinesis in pombe (and animals) but
not in cerevisiae

Extensive experimental validation
? Loss of function in yeast

? Different behavior for intra complex vs inter-
complex interactions in evolution?
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Lower amino acid similarity did not
correlate with repurposing (Figure
2D, left), but lower percentage
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Fate after gene duplication

Most duplications are thought to be deleterious (like
most mutations). Hence theories (A) on why they
stay (are neutral/selected) on short time scale vs (B)
how they evolve and are “used” on longer time scale.
We focus on B

Dosage

Redundancy
Subfunctionalization
Neofunctionalization

The evolution of gene duplications: classifying and

( pse u d Oge N | Zat|0 N ) distinguishing between models.

Innan H, Kondrashov F.
Nat Rev Genet. 2010 Feb;11(2):97-108
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subfunctionalization: example in terms of
protein complexes (=GO cellular component)
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neofunctionalization: example in terms of
protein complexes (=GO cellular component)
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Sub vs neo in regulatory context

(a) Pseudogenization
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Three rounds (1R/2R/3R) of genome duplications

Drosophila melanogaster

Ciona intestinalis

97

evolution of the glycolytic pathway in vertebrates

Steinke D, Hoegg S, Brinkmann H, Meyer A.
BMC Biol. 2006 Jun 6:4:16.
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Pseudogenization vs neofunctionalization vs
“marginalization”, eg. CDC20B
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Does retaining the ancestral “role” correlate with speed of
sequence evolution: yes but a substantial minority is
inconsistent

386 220

Archaea
29%



Frequency (# cases)

Why inconsistencies?

[[]Consistent
70

] Inconsistent
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Sequence identity between inparalogs (%)

Not because of chance due to lack of divergence time
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Why do observe inconsistencies?

[

200 400 &00 200 1000

BIT score single-ortholog - inparalog
{with conserved gene-neighborhood)

Similar sequence divergence of
inparalogs relative to their single-
ortholog, molecular function similar?

Any inconsistencies are then a chance
outcome: both duplicates have diverged,
but at (roughly) the same evolutionary
speed (most amino acids substitutions
are only been subject to purifying
selection and not to adaptive selection)



Fate of Duplicate Genes in Protein Complexes

Paralogs
WGD + SSD, ~40% of yeast genes
SSD
mostly ancient (older than WGD)
500 pairs
Complexes: GO HTP

curated computational

Modules 232 536

Proteins 1473 2177
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http://www.biomedcentral.com/1471-2148/8/337/figure/F1

Intra-complex

Dominating fate of paralogs (~40x
enrichment)

But there’s more to it: - -
MRNA dosage (cRP, co-expr ~1) @
interacting homologs (co-expr ~0.4) A<
module variants (co-expr ~0.2)

Also can be seen

from mass-spec data % _




) Prey-prey vs bait-prey
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Module variants

WGD, redundant (non-lethal)
complementary pattern of growth rates

Module variant Deletion phenotype

paralogs

COX5A/COX5B COX5A knockout: reduced fithess when no glucose

KIP1/CIN8 CIN8 knockout: unrestricted growth only on glycine

BUL2/BUL1 BUL1 knockout: reduced fitness on ethanol

DID4/VPS24 DID4 knockout: severely reduced growth on lactate

NOTS/NOT3 NOTS3 knockout: severely impaired growth on glycine
NOTS5 knockout: growth severely impaired in all conditions
tested

REG2/REG1 REG1 knockout: limited growth on glucose




Module variants

re-use of a complex

additional functions, environments it
can operate



Relation to KO data

Type of intra-complex paralogs and viability of single-gene knockouts in rich
medium.

Intra-complex duplication type Fraction essential
Interacting homologs 50% (12/24)
Module variants 19% (10/54)
Average* 32% (71/225)

*) calculated among all paralogs involved in modules.



Examplex of whole-complex
duplication



http://www.biomedcentral.com/1471-2148/8/337/figure/F4

shared subunits / bi-
complex

When homologs participate in different modules
underrepresented, only 20% are WGD paralogs

BUT: aren’t module variants also bi-complex in a
sense? -> zipper model of protein evolution
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Protein-complex alighment

cooco M
e

z

'i,,:? Gene galn
X Gene loss

= = = = cONSErvation of complex
membearship after speclation

Galn or loss of complex membership = i = =y

after speclation 1 s
o — = CoOnservation of complex | ‘
mermrshﬁ: after ge'r’le duplication ‘ s \l I
..... Gain or loss of complex membershi y ]
after gene duplication & ) P1 ! r/
= = = = Not Determined B ) 4 37
°} [

APC14
ﬁ? APC15APC13 HCN1 APC11 APC10 APC8 CUT9 APC5 APC4 APC3 APC2 APC1
1 ] ] ] ] ] 1 1 1 ] 1 1

i

i
!
i
| 1l ] 1
|
MND2 SWM1CDC26 APC11 DOC1 CDC23CDC16 APC5 APC4 CDC27 APC2 APC1 |
1

| e

APCS 4 ] 2




Organism A Organism B

Gene

- Orthologue 1
Hyperlinl( EEEEEEEEN
Orthologue 2



http://genomebiology.com/2008/9/11/R167/figure/F6?highres=y

Gene loss

Conservation of complex
membarship after speclation

_____ Galn or loss of complex membership
after speciation :

Conservation of complex
mem rshﬂ: after ge'l)le duplication

= = = o — GAIN OF loss, of complex membership
after gene duplication

= = = = Not Determined

£

3 5 5

5

R

TORC2

APC

APC14

w APC15APC13 HCN1 APC11 APC10 APC8 CUTS APC5 APC4 APC3 APC2 APC1

TOR1 SIN1 STE16 BIT61
1 1 ] ] 1 1 1 1 1 ] 1 1
i i ' i i i i i i i 1 ]

4 g on e h g I X

MND2 SWM1CDC26 APC11 DOC1 CDC23CDC16 APC5 APC4 CDC27 APC2 APC1 i b R2 AVO1 TSC11 BIT61 AVO2 I

APC9

&




Gene galn
X Gene loss

= = = = cONSErvation of complex
membearship after speclation

== = —= Galn or loss of complex membership

after speclation

o — = CoOnservation of complex |
mermrshﬁ) after ge'r’le duplication

ain or loss of complex membership
d gene duplication

&l

WIS

2

VPS72------3WC2
*  SWR1------SWR1

SWC5 === === SWC5

SWC3 ===~ ==SWC3

APC
-~ TORC2

ﬂ? APC15APC13 HCN1 APC11 APC10 APC8 CUT9 APC5 APC4 APC3 APC2 APC1 P SIN1 STE16 BIT61
1 1 1 ]

% 1
i 1 1 1
Ll 1 1 1 l 1 x
MND2 SWM1CDC26 APC11 DOC1 CDC23CDC16 APC5 APC4 CDC27 APC2 APC1 b R2 AVO1 TSC11 BIT61 AVO2
APCO 14 b [
"




Research

Genome adaptation to chemical stress: clues from comparative
transcriptomics in Saccharomyces cerevisiae and Candida glabrata
Gaélle Lelandais™, Veronique Tanty*, Colette Geneix™s,

Catherine Etchebest”, Claude Jacq™ and Frédéric Devaux’

 “We found that although the gene expression
patterns characterizing the response to drugs were
remarkably conserved between the two species, part
of the underlying regulatory networks differed.”
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Global Analysis of Cdk1 Substrate Phosphorylation Sites Provides
Insights into Evolution
Liam J. Holt et al.

] Science 325, 1682 (2009;;
AVAAAS DOI: 10.1126/science.1172867

* position of most phosphorylation sites is not
conserved in evolution; instead, clusters of sites shift
position in rapidly evolving disordered regions.

* the regulation of protein function by
phosphorylation often depends on simple
nonspecific mechanisms that disrupt or enhance
protein-protein interactions.



“dynamic conservation”

* Function / output is conserved but exact wiring /
positions is not

* Also implied to play a large role in evolution of
transcription factor binding sites.



Regulatory relations seem to evolve faster

e E.g. Phosphorylation (phosphoproteomics),
expression (rna-seq, microarray), tf-binding (Chip-
seq, chip-chip)

* |s all the binding / expression / modification
functional?: likely not;

e does that completely explain the fast evolution?;
likely not all. Also “dynamic conservation” and
genuine changes. Can we accuratedly distinguish
this, not so easily yet, “Similar signals”.



General considerations

e All HTP measure of function and definition of
function come with a big set of issues

 Genome evolution (gene gain, gene loss, duplication)
do shape the network to a very large extent

* Conservation at one level while flexible (neutral) at
another level



