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Fishes Tetrapods ]
Evchsiomes Period IV Table 1| Numbers of signalling molecules in selected pathways
Signalling molecules Species
-400 Mya = Human Fly Worm Yeast
Arthropods Ligand
RTK 48 3 4 0
| -500 Mya Period Ill TGF-B 29 6 4 0
Whnt 18 7 5 0
Notch 2 2 0
R0 Ny & STAT 7 1 1 0
Poriferans Receptor
. RTK 25 6 1 0
Fi wod) Wit 12 6 5 0
NHR 59 25 270 1
Plants NHR. nudear harmone receptor; RTK, receptor tyrosine kinase: STAT, signal transducer and
-940 Mya == activator of transcription; TGF-B, transforming growth factor-B: Wnt, wingless related. The table
contains sefected entries from REF 44
Period |
-1,070 Mya o
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O Switchable SPRE-binding transcription factor O Co-repressor

O Dedicated SPRE-binding repressor o Co-activator

O Dedicated SPRE-binding activator Loca actwators

[—’ Activated target gene X Repressed target gene
A) d1eMeHTBI Y TH, TGF-p 1 RTK yTH UMeIoT
OTBE€YAIOINVE Ha pa3jIuuyHbIle aKTUBATOPHI U
CUTHAl 1 UX peripeccopsl, AjId KOTOPbIX MOKET
TPaHCKPpUIIIOHHBIE OBITH OOVH U TOT >Ke CalT
dakrTOpEL: CBSI3bIBAHMS C TPAQHCKPUIIIIMOHHBIM
Wnt — Tcf/Lef dakTopom (BTOpOM THUI, B), 11160
Notch — Su(H) pa3HbIE CaNTHI IS dAKTUBAaTOpa U
Hh (Hedgehog) — pernpeccopa (TpeTuu Tuii, C)
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i S echt et al., 2013.
JTaupmadT MyTabUIBHOCTH afipeHepruuecKkoro perentopa ADRB2
yejioBeKa. CMogennpoBaHbl 3 (MEKThI OT 3aMeHbl aMUHOKHWCIOTHI
«IWKOTO0 THIIa» Ha BCe OCTa/IbHbIe (KpaCHBIM — CTPYKTYpPa U
bDVHKIING MeHAeTCd, 3eJIeHbIV — HEeUTPAJIbHOCTD)
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Least mutable Most mutable Most conserved Least conserved

(a) — PacrnipepeneHue Ha CTPYKType
0e/Ika OCTaTKOB, U3MeHEeHVEe KOTOPHIX C
0oJIbIIIeN BepOSITHOCTHIO (KpacHee)
N3MEHUT QYHKIMIO, U (b) —
KOHCEPBAaTHBHOCTH OCTAaTKOB Cpeau
OPraHn3MOB (110 6a3e JaHHbBIX)

Rate of protein evolution
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Expression level

Figure 3 | Gene-expression level and rate of protein
evolution. Gene-expression level (measured as mRNA
abundance on a rich medium**’) correlates strongly and
negatively with the rate of protein evolution in yeast

(R* = 0.29 for individual genes). Evolutionary rate (non-
synonymous divergence) was calculated by Wall et al.*’
using sequences from four species of the Saccharomyces
genus. The same number of genes was assigned to each
bin. Boxes show mean *standard error.
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Yates, Sternberg, 2013.

HeKkoTophblie 6e/IKOBbIE TOMEHBI 00/1ee YCTOMUNBEI K
HEeCMHOHMMMWYHBIM 3aM€eHaM (T.e. B JaHHOM CJIydae pe>Ke
IIPOSIBIISIETCS KIIMHNUECKUHN 3PPEKT), UeM JIpyrue
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Protein evolution
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Positive Positive  _ Negative . Negative Either positive or

correlation effect correlation effect negative effect

(a) TpaHCKpUNIMS YBeINUYNBAET JIONII0 CHOHTAHHbBIX MyTaluM (IOKa3aHo Ha E.
coli u S. cerevisiae)

(b) PeromObuHaAIIMOHHAA penapalnys IBYHUTEBBIX Pa3PbIBOB VBEIMUMBAET
YacTOTY TOYEUHbIX MYTAIIUN

(c) TeHbI, KOTOpBIE Y S. cerevisiae O/I>Ke K peKOMOMHAIIMOHHBIM TOUKAM
SKCIIPECCUPYIOTCS CUIbHEe, UeM OOIBIITMHCTBO JPYIUX

(d) BasKHBIe reHbI CKOHIIEHTPHUPOBaHbI B perMOHAaX C HU3KOM peKOMOMHAIMen
(rmokasaHo Ha S. cerevisiae u C. elegans)

(e) MeHee BasKHbIe I'eHbI Yallle SKCIIPeCCHPOBaHbI Ha 60/1ee HU3KOM VPOBHE,
yeM 0oJiee BasKHbIE

(f) Bomee BBICOKO 3KCIIPECCHpPOBaHHbIe OeJIKM 001aJar0T OO0JIBIIMM YK CIOM
0eJIKOB, C KOTOPBIMM OHH BCTYIIAIOT BO B3auMOIeHcTBIUe (Ha S. cerevisiae,
He ITO/ITBep>KAeHO HeKOTOPhIMHU MeTOIaMM )

(g) VY o6oiee BasKHBIX TeHOB B cpeqHeM 00JIbIlle B3aMOAENCTBUM C IPYTUMU.
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(a) De novo invention
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AMP + PP,
AsnRS
Asn + ATP
tRNAAsn Asn-tRNAAsn

AspRS2 Asp-AdT
Asp-tRNAAs
Asp + ATP Glu + ADP + P,

AMP + PP, Gln + ATP
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(c) Specialization of a multifunctional enzyme
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N°  N-Ribose- ®

R=
ProFAR PRFAR
“ﬂ i
NH,
HC
R | "
®-o O _HN ®-o- HN
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>
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OH O
co;
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Fig. 1. HisA and TrpF catalyze similar reactions in histidine and tryptophan
biosynthesis. HisA and TrpF catalyze the isomerizations of the aminoaldoses
N'-[(5'-phosphoribosyl)formimino]-5-aminocimidazole-4-carboxamide ribo-
nucleotide (ProFAR) and phosphoribosylanthranilate (PRA) to the amino-
ketoses N'-[(5'-phosphoribulosyl)formimino]-5-aminoimidazole-4-carboxam-
ide ribonucleotide (PRFAR) and 1-(o-carboxyphenylamino)-1-deoxyribulose
S-phosphate (CdRP).

(e) Enzyme recruitment
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w—fp expormental approach Modemn-day enzymes

Fig. 2. Experimental approach for testing the patchwork hypothesis (4) of
enzyme evolution. Modern-day enzymes such as HisA and TrpF are highly
specific catalysts that may have evolved from a common ancestor enzyme that
was less specific. Starting from HisA, we tried to reverse the postulated
evolutionary path, creating an enzyme capable of catalyzing both the HisA
and the TrpF reaction.
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MyTanyy B aKTUBHOM LI€EHTPE
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22
HI116 l g e v
0/4! ‘L 2 MyTaliysi aclapariHOBOM KUCJIOTHI (120) B

acraparv B MeTauio-6eTa-narkTamase (E.
coli) mpuBesia U3MEHEHUI0 PACCTOSTHUS U
riepepacrpeejieHUI0 3apsifa Me>KIy
MOHAMU IIMHKA, YTO [IPUBEJIO K
HEeBO3MO>KHOCTH pacIllellIeHUs
aHTHOMOTUKOB.

Antibiotics (ug ml™")

Enzymes harbored in E. coli BL21 (DE3) Penicillin G Ampicillin Cefuroxime Ceftizoxime Meropenem
Wild-type NDM-1 512 =512 =512 64 16
D120N mutant 8 4 1 1 <0.5
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\ “(3 ’ MO ratio 2:0 2:0.05 2:0.1 2:02 2:2
- (P450/P450reductase)

Vmax

’ 2.1 4213, ; 7.1/5. 811,
Aspl/] (WT/115L) ha2 234 16236 271/52 498111
Vmax ratio 0.48 1.24 4.50 5.21 4.49
(wmnst)

"i)]”'ll“ll.l'('

e . v polyxenes orpaHUYMIIa IOCTVII
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MyTalyy B CanTe CBSI3bIBAHMUS C
KopepMeHTOM
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3meHeHUe B MecTe CBA3bIBaHUA ¢ HAII®OH, pacriono>kKeHHOMY
B VIaJIEHUU OT aKTUBHOI'0 LIEHTPA, B aJIKOT'OJIbJIerUiporeHase
Clostridium autoethanogenum 1IipuBeI0 K U3BMEHEHUIO B
crierfuUYHOCTH K CYOCTpaTy. B HEKOTOPBIX CIIyUIasIX
MeHSIJIach CrieupUUIHOCTb K KodpepmeHTy (HAITH BMecTO
HAJI®H)
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Extension of metabolic pathways through laboratory evolution

Laboratory evolution under a defined selective pressure has identified a few cases in which a new metabolic function arose. Three of these examples include the
ability that E. coli gained to (a) transport citrate after 33,000 generations, (b) metabolize L-1,2-propanediol and ethylene glycol, and (c) synthesize glutathione

when a key enzyme in its synthesis was deleted.
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The repertoire of domain superfamilies...
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...duplicates and recombines to form single and multi-domain
proteins.
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The same combination can adopt different geometries...
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...and/or different functions.
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Variable

Surrogate

Comments

Expression levels

Expression breadth

Essentiality

Dispensability

Density of contact functions

Cost of biosynthesis

Functional category

Modularity

Intronic structure

Codon usage bias

mRBNA abundance
Protein cellular concentration
Gene expression in different tissues

Absence of growth after knockout

Decrease in growth rate after knockout

Connectiveness in protein-
protein interactions network (PPIN)

Closeness in PPIN
Betweenness in PPIN

Temporal connectivity of hubs in PPIN

Cost of amino acid biosynthesis

Protein length

Protein families, functional ontologies,

localization

A mix of PPIN, co-expression and

comparative genomics

Number and length of introns

It measures translation levels indirectly, usually requires knowledge
of highly expressed genes or optimal codons, and significant codon
usage bias; strong association [2,5,8].

Noisy data; strong association [4,6)

Little data available; unknown accuracy; strong association [13]
Only applicable to multicellular differentiated organisms; noisy data
(EST or microarrays); strong association [16], which vanishes when
expression levels are controlled for [15]

Some methodologies are error-prone (e.g. transposon mutagen-
esis); it only measures growth in one-by-one knockouts and in one
set of nearly optimal conditions; either no association [17,18] or it
vanishes when expression levels are controlled for [5]

The same experimental problems as essentiality; either weak
association or the association vanishes when expression levels are
controlled for [13,19-21]

Noisy data except in the rare and smaller curated data sets; the
association is weak in yeasts [22-24) and becomes even weaker
when expression levels are controlled for [13], suggesting it could be
artifactual [25]; in H. pylori, the association in not significant [26]
Weakly correlated (¢ <0.16) even before expression levels are
controlled for [24]

Weakly correlated (¢ <0.18) even before expression levels are
controlled for [24)

Proteins that are party hubs (i.e. have many simultaneous
connections) are more conserved than other hubs and even more
than the generality of proteins; strong effect that concerns only the
few proteins that are hubs [27]

Metabolic pathways vary and several organisms import rather than
produce many of their amino acids, which complicates the
computation of amino acid cost; the cost correlates negatively with
expression [28] but does not correlate with substitution rates in
bacteria [5] nor in Chlamydomonas (7]

Although smaller proteins evolve slower (15,29, the effect is weak
and likely to disappear when expression is controlled for, because
smaller proteins are also more highly expressed [30]

How should biologically pertinent categories be defined and
delimited? Some surrogates correlate {17], others do not [5];
proteins implicated in multiple processes evolve slower, although
the effect is extremely weak (< 1% of variance explained) even
without controlling for expression levels [31)

When PPIN party hubs are defined as intramodule hubs and date
hubs as intermodule hubs (see above), the former evolve
significantly slower that the latter [27); when modularity is defined
using a mixture of different variables including direct (physical) and
non-direct functional interactions, there is a co-association of
evolutionary rates within modules, which is weak but significant
when controlled for expression levels and is independent of directly
connecting pairs in PPIN [32]

Exonic splicing enhancers lower substitution rates in exons [33];
although highly expressed genes have smaller introns, the number
of introns is not significantly different [11]; the effect in protein
conservation is unknown but if it was predominant dS should also be
high and dN/dS should not increase with dN as it does; it is only
applicable to genomes with significant numbers of introns




