ABSTRACT

GRINSHPON, ROBERT DANIELEvolutionary Biochemistry of the Caspase: Resurrection
of AncestralEffector Protass. (Under the direction of DRobert Rosg

Caspase genes are ancigygteinylasmartatespecific protaseghat are known to factite a
programmed cel l death (PCD) phenotype call ed
and maintain cellular homeostasis by balancing proliferationaptptosisDysregulation

of caspase signaling leads to many human health disorders. Careetafstically evades

apoptotic activity; conversely, excessive apoptotic activity is associated with- neuro
degenerative disorders. O6Caspase activityo i
tetrapeptide substrat€sterminal to P NFE4P3-P2-P1-C air) the cognate substrate

binding grooves (S$3S2S1). Each caspase has evolved discrete cellular roles while

conserving high specificity for cleavage after aspartate residues at P1, so caspase substrate
specificity is categorized based on amino acidguvesice at P4: group | prefers a bulky

residue (W/H); group Il prefers hydrophilic residues (D/E); and group Il prefers aliphatic

residues (I/L/V). The effector caspase gen8s-6, and-7) were fixed into the Chordata

phylum sometime before the emergernof rayfinned fish and have persisted throughout

mammalian evolutionCaspase3 and-7 evolved to prefer a hydrophilic P4 residue and

caspasé prefers a hydrophobic P4 residue. The goal of this project was to understand how
substrate specificity divged between relatively closely related caspases, while maintaining

three structurally important features that determine caspase function; the overall

hemoglobinase fold, residues in the S1 pocket that determine aspartate specificity, and proper
orientationof the catalytic residues.

The work presented here is pioneering the evolutionary biochemistry of cagepasao

begin acurateddatabase of caspase sequences from public datalvasldeveloped to



organize the available datnd a web todhat rapdly compiles large datasets is made
available at CaspBase.oihen,functional divergence analysand ancestral state
reconstruction (ASRyvereexecutedo determine which amino acids are involved in the
evolution of substrate specificitfhe common déctor caspas@Nodel66 andthe common
ancestor of chordate casp#&ks@Nodel6F were resurrecte@ndtheir substrate specificity
was determined with substrategge displayand MichaelisMenten kinetics. Bsults show
that Nodel166 promiscuously cleavesitgphobic analiphaticresidues at P4, and caspdéise
shifted toGroup Il specificity early in it®volution Functional divergence analysis flagged
13 of 50 positionsbetween human caspa3and-6, andonly seven were located near the
S4 pocket when npgped onto a PDB model. ighly conserved interaction netwonlas
revealedhat increases the hydrophobicity of the cas{iaSd pocketOnly three of those
seven residues changed between Nodel66 and Nodel67 nitieg®rsin Nodel66 have
been introducetb reflect theH-bondnetworkthat evolvedearlyin Nodel167 andtwo
additional residues that forasalt bridge observed WT caspas® loop-4. Two mutations
for theinteraction network mutanteresufficient to increase catalytic effemcy of Nodel166
but did not significantly change specificity for VEID over DEVD; however, thedt VEID
substrate was reduce@d-fold and the catalytic efficiency increakg6-fold when all five
mutations were combined, while the efficiency for DEVD did af@ngesignificantly. The
research conducted here sheds lightow caspase substrate specificity evolaadwill

support rational drug desiggffortsto regulate caspase activity
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Chapter 1: Evolutionary Biochemistry of the Caspase

A. Introduction

Programmed cell death (PCD) is an activecpss of selflestruction thainitiatesin the

absence of life sustaining signals, where genetically encoded signaling cascades are latently
posed to synchronously dismantle the aeliler tightly regulated circumstancéembers of

the caspase family @ysteinyl Aspartatespecific endoprogsesnitiate and execute a form

of PCDknown asapoptosis. The apoptosis phenotype wasdiestribedn 1972 byKerr et

al; and it is characterized by chromatin condensation, chromosomal DNA fragmentation,
membranélebbing, cell shrinkage, phosphotidylserine display and disassembly of the cell
into membranenclosed vesicles (Kerr 1973poptosislike phenotypes havevenbeen
observed in various bacteBayles 204). Indeed, caspase proteins predate multiceityla
(Huettenbrenner 2003andhomologsar e r epr esent ed i(MER@HAS). of
The role for caspase proteimsPCDis alsoconservedCikala 2001, Dunn 2006evidenced

by the fact thatransientexpression of huan, insect and nematode casesnduces

apoptosis irsaccharomyces cerevisi@euryer 2006)A universal mechanism for PCD is
furthersubstantiated bghefact that distantmetacaspagdomologs regulateCD inplant

(Coll 2014. Taken together, caspases comprise an angardfamily that are involved in

regulating the life and death decisions of cells thalticellular life could not exist without.

Evolution has conserved the structuvicuskey and Mottram 20)%nd the function of
caspasedngelbergkulka 2006. The goal of structuraproteinbiochemist is to elucidate
the structurdunction relationship, howevensingevolutionary theory to do so has seldom
beenexploreddue to interdisciplinarparriers(Harms and Thornton 20LEvolutionary

biochemistry is not a noVeoncept (Pauling and Zuckerkandl 1968d can be summarized



as- the use of molecular biochemistry madsdo validaténypotheseslerived from
bioinformaticcomputatiorof evolutionary modelsSeveral advancements in peripheral
disciplinesneeded to matebefore evolutionary biochemistry could emerge as a practical
field of researchparticularlynextgeneratiorsequencingNlardis 2008 andcosteffective

gene synthesigom biotech companies like Genscript

All metazoanineageshave evolved a uniquepertoire of expressed caspase proteins that
range in function, regulation, and activinjasek 200y Gene families are evidence that
functional innovations evolved from ancestral states, and retracing the evolutrajestiory
allows for indirect obervation of how the accumulation of mutations altered protein function
over time.Several allosteric sites in caspases have been experimentally determined (Walters
2009) (Hardy 2004) (Scheer 2006), amtetheseallosteric mechanisms must have
evolved,reconstructing caspase evolutionary history will allow usvestigatehe
structurefunction relationship of the allosteric mechanisms étlatv for differential

regulation ofcaspasem the cell.Currently, there are no drugs that target the casgese

site that have passed clinical trials due to lack of specificity (Pemeit&ond®008), so
uncovering novel allosteric drug targets is one potential outcome from evolutionary
biochemistry and caspase research. The implications of caspase researaier biology

are described in chapter 2.
i. Big Data

Genome sequencing has become an invaluable asset to thorough biological investigation
however this burgeoning technology is creating data faster than it can be prockstesl

moment,overonehundred exabases of@@&ence data accumulate per day, and less than 1%



of the dchta is experimentally verifiedfter the introduction of nexgererationsequencing
machine in 2007, the throughput per machine increased 56f@@0@nd theproduction rate
doublesapproximately every seven monit&ephens 20)5The NCBISequence Read

Archive hosts 3.6 petabyté$ bases = ~1 byte) of raw sequence data; which is a fraction of
the ~32,000 microbial genomes, ~5,000 plant and animal genomes, and ~250,000ahdivid
human genomes that have been sequenced thiBatarcentersurrently sequence 35
petabyteper year, but a large majoritybfh e dat a i sd opd |fi onlgelgapps ,i ns bt
between what we know and what we do not know is growing (Stephens 20&5)

immediate goabf chapter 3 The CaspBaskis to organize the available caspase sequence
data to maximize downstreatomputationabnalysesCaspBase.org is free for the public to

use, so aw caspase researchers can begin to take advantage addhk of available data

with higher confidence in their analyses. Previously, only a handful of model organisms were
used to make inferences about caspase evolution (Wang 2001). The CaspBase extends the

scope to 354 genomes and will expand as the datanescavailable.
ii. Evolution of Evolutionary Theory

The classification of biological relationships has been philosophized at least since the big

three Greek philosophers; Socrates, Plato, and Aristotle. However, their ideas were quite

flawed. Platoonce purppre d t hat O humans are featherl ess
attempt to classify organisms by the shared characteristic of bipedalism. Diogenes of Sinope,

the father of cynicism, responded to Plato by defeathering a chicken, and brandishang o 6 s

6 h unn@slany mistakes in early biological studies relied on inferences solely from

macroevolutionary phenotypes.



Thefirst major step in evolutionary biology was the taxonomic classification system

proposed by Carl Linnaeus in his 1735 publicat®ystema Natae The study of

phylogenetics was born from the largdsta& s si f i cat i on CalLionaepd of Ophy
estimations were surprisingly accurate, bedid not believe that more than 10,000 species
existed(Pigliucci 2007) Several heories about evolutivhaveexistedlong before Darwin

publishedOn the Origin of Speciaa 1859; in which he described evolution-akescent

from a common ancestor, with modification via natural selection. Darwin drew conclusions

with no prior knowledge of a genetic compah# evolution, thus solely based his research

on observed phenotypes. Descent with modification was generally accepted in the scientific
community by this time, but theories in opposition to natural selection (saltationism and neo
Lamarkism) were not ldito rest until Mendelian genetics and population genttais hold

406 0 years |l ater. Popul ati o-f gpehet hobohydy a o no t «

guantifying changes in gene frequency over t{Rigliucci 2007.

After the discovery of gass, the focus of modern evolutionary synthesis began shifting

towards a genetic explanation for evolution. Now known as Standard Evolutionary Theory
(SET), it emerged fr om Jgvdiutioa:The Maderh ®ygtidesis 1 9 4 2
His theory combied the ideas of natural selection and population genetics in order to

reconcile macroevolutionary phenotypes with microevolutionary ev@atsegan a

paradigm shift towards focusing on gradual changes in the genome as the driving force of
evolution; whichcould be described mathematically as change in the frequencies of genetic

variants observed in populations over time (Wray 2014).

SET has been amended since its conception by adding the needrgi of molecular

evolution (Kimura 1968, King 1969) anddlmolecular clock hypothesis (MCH)

4



(Zuckerkand! and Pauling 1962).0 describes relationship between the degree of

consensusf two orthologous genes as a function of time since they diverged. The neutral
theory explaineduchobservatios, buthastwd i mi t ati ons to the MCH,
var i at i-o a (Beotmhad 200R These factors give rise to two sources of error;
unevenness of substitution rate within a lineage, and variation in substitutioptiate b

species (Bromham 2003)he neutal theory posits that; 1) most mutations are deleterious

and are removed from the population by purifying selection)&)ge majority of acceptable
mutations have little effect on organismal fithesg] 8) advantageous mutations taectly

lead toneofunctionalization are fixed into the population, howesmh events are rare

(Kimura 1968). Together, thgdates to SE€laim that Darwinian selection is not the

driving force of evolution, although it does play a rolel&fining evolutionary constiras.

To summarize; Carl Linnaeus standardized the taxonomic classification system with very

little knowledge of the working world. Darwin unified the relationship between those

classified species by explaining common descent, and proposed naturabselstkie

driving mechanism for speciation. He did so without any prior knowledge of the genetic

code. Mendelian genetics described the relationship between genotype and phenotype, which
paved the way for Julian Huxley to shift the focus of evolutionanyt®gis to the gene in

order to explain the variation of observed phenotypes. Kimura, Zuckerkandle and Pauling
helped to establish SET by contributing neutral theory and tE.NHowever, the
genotypephenotype relationship is more complex than S&ii expain; which opens the

door to a new steforwardin evolutionary thoughtThe answemay liewithin the

environment, feeenergy landscapandepigenetic configuratia(Lane 2013.



iii. Molecular Phylogenetics

Time-trees are molecular phylogenies scaletine, andtheyare fundamental to resolving
the evolutionary history ajenesvith ASR. The MCHhas improved its ability to predict
divergence times since conceptias he original MCH is considered a strict molecular
clock, where the amongite rate vaation (ASRV) is not taken into accoutSRYV refers to
the observation that theend of accumulatingf mutations over time is linegGaucher
2002) however, the slope of the mutation reéeies among eaaiesidue positions in
different clades of difrent gene familiePetection of changes in sispecific rate variation
(SSRV) is the basis for functional divergence analyGis 1999 and is discussed in tmext

subchapter

The following is an example for why estimating divergence times is impgoahst of genes
that arerelated tchumandiseasend present iRorifera (sponge)was published recently as

a starting point for finding new drug targeis¢ t k o v i The pedictidh pf divergence
times is not trivial if the goal is to understand the evolutipmelationship between disease
related genes in evolutionlar distant organism#\ 2007 paper (Cartwright 200@éstimatel

of the emergence daté Boriferato bel147 million years agdVYA) based on the limited
data availablat the time The most recent estim&tem a comprehensive sequence analysis
made in 2015 (Reis 2015) determined the divergencealaiaround56.6MYA. If a
molecular abck was miscalibrated by almost 400 million years, the one could assume that
the resulting analysis would be compromised. Studies that depend on accurate estimation of
mutation rates would be improved with mbigh-quality data, and this issue is addrebby

the CaspBase in chapter 3.



In the early 2000s, the developmehBayesian methods allowed for the inclusion of
uncertainty in clock calibrations, thus consideration for different evolutionary rates across the
tree.Now, ratescanvary from branch tdranch, and do not require prior selection of a
statistical model to describe the rate variation, or the specification of speciation model
(Kumar 2016). A discrete approximation of the gamma distribution is the most commonly
used rate distribution that melsASRYV (Bouckaert 2014)The assumption is madeat

several rates aq@ossibleat eactresidue positionand each rate has a specific probability
(Bouckaert 2014 The probability vector is the probability of each character, at each node,
and site. Tie most likely character is the one that maximizes the probability vector at each
position. The probability vector can be interpreted as the confidence intearabotestral
statereconstruction and can be used for detectinguaving substitutions atior

substitution mappin@Juan 2013

Substitution mappinghethoddoundthatclusters of ceevolving residuesave topological
properties in the networthat effecthe catalytic site of an enzyme, and these clusters co
evolve independently, forming nmetdrks of residuegAguilar 2013. Deconstructing proteins

into modules of denselyterconnected residues has been usédktatify allosteric networks
(Aguilar 2012).Thered spheres ifigure 1A mapthe 33 most conserved residues among all

of the human aspase homologs in the Chordata lineagfe a PDB modelConserved sites

were considered >80%nd weradetermined by a horizontal analysis of 1488 caspase
sequences executed in chapter 3. The image shows clustering of conserved residues around
the activesite and a known allosteric region at the base of the enayowever, the

evolutionary constraints are relaxed in toeeof the enzyme that connects the two

conserved regions. Conversely, vertical analgssequencewithin each caspase type



showedamino acid conservation in thereregion(FigurelB), which implies that the
conserved allosteric region at the base of the caspase may communicate with tfetactive

through networks of cevolving residues.

Co-evolution, originally describeby the cavarion model(Fitch and Markowitz 1970 refers

to coordinated changes of sequences among genes throughout evolution; which are predicted
to be important for maintaining fitness. @wolving residues could be involved in

intermolecular proteuprotein interations, or in intramolecular allosteric communication
networks as shown in caspak¢Datta 2008). Methods for detectingewolution at the

protein level use MSASs to construct phylogenetic trees. McLadBéeed Substitution

Correlation (McBASC) is the n& commonly used approach; although it is older, it is still

used as a standard to compare newer methods (Juan 2013). Identifying and testing residues
that appear to be involved in allostery, could be an evolutionary approach to finding new

drug targets (Bdriguez 2010).
iv. Functional Divergence Analysis

Gene families expand via gene duplication evé@tmo 1963 Functional Divergence
analysig(FDA) is used to determine which residues are functionally important by describing

the process of evolutionary inraton after gene duplication. RDdetectschanges in

site-specific rate variation (SSRV) relative to other branches on a phylogenetidighe
SSRVis expected in functionally diverging homologs due to altered functional constraints
(Gaucher 2002). Farhately, the first three steps 16DA and predicting ancestral protein
statesare the samas shown in the evolutionary biochemistry work flow diag(&mgure 3

of chapter 3



One of three outcomesegenerally observed after a gene is duplicated: pagrrdzation,
neofunctionalization, or subfunctionalizatidRgstogi 200k Pseudogenization, the most
common occurrence, leads to gene loss in the population. Unfavorable mutations reduce or
even destroy the functionality of the protein and leads to gemiecption (Albalatand
Canestr@2016). In the caspase family, casp&@ds considered an example of a gene in the
process of pseudogenization (Fischer 2D@ne of four modes of FD can occur at each
residue position in genes that become fixed intgtiulation: Type I, Type Il, Type 0, and
Type U(Table 1). Examples of each type are showrigure 2 for caspase and-6

clusters

Changes in SSRV between two clusters are used to detect Type | divergence, where an amino
acid is conserved in one clustait is not conserved in tilsecond cluster due to a lack of
sequence constrairfigure 2A). Type |l divergence occurs when a position is conserved as
one amino acid in one cluster and a different amino acid in the second dticptiee 2B).

Type U Figure 2C) and Type OFigure 2D) imply no change in functional constraints
between two clusters, where the former has no amino acid conservation and the latter is
completely conserved (Wang 2001, Gaucher 2002). Using data from the CaspBase,
performed a Fanalysis to detect residue positions involved in Tlygenctional divergence
using DIVERGE 3.qGu 2013, and the data was used to narrow down the mutations
explored in chapter &he long functional branch lengths of caspasand-6 imply

extensive altred constraints during the evolution of their specialized roles in chordate
apoptosis (Wang 2001). Conversely, the short functional branch length of Caspab8/-

10 suggests that they represent the subfunctionalization of their common ancestor (CA).

However,the amount of sequence data available at the time limited the analysis



Evolution can be observenhodelled,and reconstructed; baertainty in predicting future
outcomes will be low due to the stochastic nature of evolufiaken together, evationary
theorycan be used to learn about how pragéimction, but not how their function will

evolve over time. Biochemistry serviestestmodels ofevolutionarytheory.A contentious
guestion that remains to be unanswered for evolutionary biolagjistsether phenotypic

variation is driven by a few drastic everis an accumulatioof neutral mutations over time.
However such guestions will remain unanswered until empirical evidence can be procured in
the lab. Chapter Bthe CaspBasewas inspire to improvethe certainty of hypotheses
generated with evolutionary models, and chapter 4 presents the results of an evolutionary

biochemistry experiment in practice.

B. Caspases Dissected

Caspases have four functional domains of interest that have evalweds regulatory
mechanisms; the prodomain, the active site, the-gubunit linker (IL), and the dimer
interface(Figure 3). The goal of this dissertation project was to learn how these functional
domains accumulated mutations that altered theirtsiifunction over time by using
extant sequence data and statistical models of protein evolution to define physical amino

acids constraints in the caspase architecAsereviously mentionedhé caspase family

members have been defined by severatgiral and functional featurégigure 3). In the
research presented here, the human caspases sequences are now defined at each residue
position with amino acid conservation, percent occupac@yinon positions or gapped

positions explained inhapter 3)and one of four types of functional divergence.
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The first caspase structure was deposited in 1994, and since then over a hundred submissions
with 30 unique caspases have greatly improved our uaneiag of the field (Clark 2036

Crystal structures haueeen an indispensable tool to caspases researchers, but the prodomain
has yet to be observed crystaitaphically. Exceptonecrystal ofanorthologSf-caspase

from Spodoptera fugiteravhich may proide insight into the behavior of the prodomain

(Forsythe 2003)Such research in evolutionary distant organisms will aid in our

understanding of caspase structfinection. The short prodomain of the executioner

caspases the least conserved. The prodomain is often reported to have no effect on the
activationprocess, and activity leveis vitro (Chai2001). However, it apparently plays

important regulatory roleis vivo; such as substrate recognition (Boucher 2012), and

inhibition of seltactivation (Cao 2014).

The intersubunit linker (IL) is also highlyaried in residue composition, as well as length.
Altering the length of the IL alters caspaszivity, andthe length of the IL appears to be
important for maintaining the zymogen state (Boucher 20tie.1L of caspasé is longer

than caspas@ and-7,s o i t f or msheetthal irsertp int@timedctive site, but
proteolysis does not occur until the prodomain is removed (Cowatidgdownward®002).

The prodomain mechanism was confirmed when structural analyses and biochemical assays
revealed thathe prodomain inhibited caspa8euteactivation by inhibiting intramolecular
cleavage ofthe ILat TEVi®®at | ow protein concenbtatcitoondh
mechanism (Cao 20143hortening thentersubunit linkelIL) of caspas® by four reglues
preventghe autocatalytiprocessing of the ILbutdid not prevenproteolyticremoval of the
prodomain (Wan@010).Fish caspasé IL sequences are on averagé Residues shorter

than mammalsHigure 4). Together these data imply that the intréenalar cleavage

11



me ¢ h ani ssheetfoamed at the A5 cleavage site may have evolved during
mammalian evolution. However, it cannot be determihedthologous genes are capable of
selfactivation from the sequence analysis aJatefuture experients could shed light on

the evolution otaspasé regulatory mechanisnssich as the length of the.IL
i. Review of Caspase Phylogergnd Sequence Analysis

All caspases are synthesized as inactive precursors, and each caspase has unique regulatory
mechanisra that determine how and when it is activated (Clarl60he human caspase

family has twelve members, if the most recently discovered cadpaséncluded(Eckhart

2008), thirteen total ithe inactiveCFLAR is countedor fourteen in 2% of subSahaan

Africa populations that maintain a functional casph2dHervella 2012)Caspasd.2 was

duplicated and then deleted in the evolutionary lineage leading to humans. €&sgase

known to increase susceptibility to sepsis, therefore it was advantagebdusifans to select

for the silent mutant allele during the Neolithic era.

There are seventeen discovenea@mmaliarcaspaseypes, or sudamilies, extending back
430"YA (million years agojo the split of actinopterygii and sarcopterygii. Three of them
were lost via gene deletion in the human linead, (17, and-18), and-12 is in the process
Caspasdll and caspask3 are misnomers for rodent and bovine orthologs of caghasal

this errorstandgo be corrected. Caspases are further categorized biyeir length of
prodomain, 2) their functional role, 3) their substrate cleavage motif, and 4) by their intron

exon locationgEckhart 2008)

Three clades based on their intron locations struetigelade 1) caspasel-2/-4/-5/-9/-12/-

14/-15/-16; clade Il) caspase’®/-6/-7/-17; and clade 1ll) caspas8&10/-18/CFLAR (Eckhart
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2008). The location of introns and exons are evolutionary artifacts that could be used to
determine how the length of the inmrkunit linker changed over timé&igure 4 Shovs how
the length of the intersubunit linker changed in caspases honthtogghout chordate
evolution Changing the lengtbf the intersubunit linker has been shown to eftaspase

activity (MacKenzie 2013Wang 201D

According to comparative genomanalysis, the number of caspase gene deletion events in
the human lineage (caspadés-18,-15,-12) nearly equals the caspase gene innovations by
duplication (caspaseR?,-14,-16,-4, -5) (Eckhart 2008)XSide Note: An observation that

was not publiskd in chapter 3 is that ontwo caspasél5 areannotated in all the available
genomes$us scrofandMonodelphis domestigaand they group with a wetlefined clade

of caspasd 4-like homologs the supplemental tree can be fom€aspBase.o)g

Howeve, the annotations faraspasel4,-15, and-16 are objectively pogras gveralgenes
were detected by the phylogenetic tree Hratclassified as caspabkéthat would more

appropriately be annotated caspaée

Cnidarian caspasg differs considerablin the substrate pockstructure but the substrate
specificity is the same as humans (Sakamaki 2014). In ca8ptseTrp residue that forms

part of the substrate binding pocket in many other caspases iseeitiieof Phe residue. The

Tyr or Phe is &0 conserve in caspasd 0, caspas&8, and the fistspecific CARDcaspase

8. The results of the ancestral state reconstruction executed in chapter 4 predicted a tyrosine
at this position in the common ancestor of the effector casphsenumber of exonia the
caspase transcript ranged from one @ionato eleven irmedakaacross a range of animals

studied in Sakamaki et al, and they found five intron positions are conserved from coral to
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human.Sakamaki et alvere also able to date new intron ins@rt in the caspas®gene that

postdate the divergence of the acanthomorph fishes (~300 MYA), but predate the medaka

(other fish typelivergence (100150 MYA) (Sakamaki 2014)Changes in intromxon

structure are important clues into how the sequencdeuctsrefunction relationship evolved

over time and through sequenc-® oOgegutaetyhad Sequen
the largest number of gapped positions when a multiple sequence alignment (MSA) was

generated in chapter 3, possibly duextasiveintron/exon rearrangement.
ii. The Effector Caspaseb

Caspas®# was largely ignored during the early years of apoptosis research due to its lower
potential to induce apoptosis than the o#fféctor caspasebowever, interest in caspabe

piqued aftert was implicated in various neudegenerative diseases (Le Bldré99). Since

then, it has been shown that it plays a niche role in facilitating chromatin condensation during
apoptosis, via lamin A specific cleava@@uchaud 2002 and that it selectivglprunes

superfluous axonal connections ithgr brain development (Nikolae2009). Caspasé

activity is not detected in healthy adult brain tissue, and it is foumtteaseactivity

t hroughout Al zhei mdeBRasc201B $he datasuggestsotlpaprae s si on
caspasé specific inhibitorcouldbe anAlzheimelb s di sease therapeuti c.

data in chapter B the characterizatiom potentiadrugtarget that is unique to caspaée

During apoptosis, caspasds typicdly activated downstream of caspe®®éy cleavage at
DVVD7®, rather than an upstream initiator caspaserestingly, the phage display data in
chapter 4 shows that the caps@daeage showed specificity for V at P3 of the substrate

motif. Alternatively, caspas® can induce apoptosis in the absence of caspasévity via
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autocatalytic cleavage at TEVAS. The crystal structure of the fdéngth zymogen (C163A)
revealed that®ITEVDAA 1%forms a welstructured antpard | esheet with part of the L3
loop that contains many of the residues that form the substrate binding-pocket
216yYSHRET??Z and it is insded into the activesite (Wang2010). The stretch of residues
216y YSHRET???is highly conserved, but only P1 aRdl 6 {3dnd Ald®¥) are highly
conseved in the cleavage site §ITEVDAA °°(Figure 5). The peptide bond between P1
and P16 is poised to be attacked by the
(Wang 2010) The order of cleavage evemshe IL affects caspaggactivity levels, thus

the order of cleavage events may be a means of regullatiapn Auto-catalytic activity is
acceleragd after the removal of the glomain at TETB? due to ovefexpressionin vitro,
caspase, or caspasé activity (Wang 2010)Removal of the prodomain is a requirement
for the activation of caspas&in vivo (Cowling and Downwar@002). The cleavage sites in
chordate caspasase very highly conservegrigure 5). EvenS. purpuratugpurple sea
urchin), whch diverged roughly 758Y (million years ago) (timetree4 citation), has three
potential cleavage sites in the prodomain; PEMEETD, and TEAF®. However, none of
the potential cleavage sites align with species that diverged aftérgsssiblydueto lack

of evolutionary constraints in the prodomain. Two cleavage sites in thsubtanit linker are
also conserved i8. purpuratusaspasé. The location and motif of the substrate are likely
to contribute to the function and regulation of caspasegjeso understanding the difference
and similarities in distantly related homologs can provide insighth@@volution osuch
functionalmechanismsSeveral potentiataspassubstratenotifs were searched for in a

text-editor and the frequencies aexorded infable 2
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The CPsystem outlined in chapter 3 will be used to discuss common posf{fiagpasé is
phosphorylated at S&f (CP-S196)by ARKS5, also known as NUAK1. Phosphorylation at
CP-S196prevents activity of the cleaved and zymogen stayaatroducing a steric clash,
involving pra®(CP-P142), which prevents the formation of the substratelirig groove
(VelasquezDelgado2011). CPP142 is highly conserve@mong the all the apoptotic
caspases. CaspaBes a direct activator of caspa8aluring intrinsicapoptosis (Cowling and
Downward2002), and it has been shown that colorectal cancers escape Fas mediated
extrinsic cell death even in the presence of the FasL due to ARK5 phosphorylation of
caspasé. TheCP-S196A mutant results in FLIRleavage, and subsequé&iats mediated cell
death (Suzuk2004).CP-S196is highly conserveth caspas®, except irP. bivitattus
(python) andO. latipes(rice fish); which have an alanine at this position. This implies that
the phosphorylation mechanismopably does not exist in these spechsre evidence to
suggest that ARKS5 is a natural inhibitor of casp@setivated cell deatis that ARK5 also
phosphorylates p53, and caspése a direct transcriptional target of p33gcLachlan and

El-Deiry 2003. Research on caspaéés elaborated on in Chapter 5.
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E. Tables and Figures

A

Figurel: Consensus Scores Mapped onto Structural Model$he red spheres are all residues that are :
conserved in the 1488 human caspase homolog sequence analysis mapped on to PDB ID 2B skayu
the conservation levels within casp&se6, and-7. Maroon residues are highly conserved and aquamari
the least. The images were constructed using the ConSurf Server at http://consurf.tau.ac.il/.
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Tablel: Types of FunctionalDivergence.Descriptionand examplesf the four types of functional divergence
thatcanoccur.

example
Descriptbn cluster 1 | cluster 7 Interpretation
No residue This position has little to
conservation at AGYTD | SPNTH | no effect on the protein
Type O | this position in SIVMK | LECRQ | strudure. However, a
either cluster. TMGHP | LSFWE | functional hotspot canng
be ruled out.
S:r?slil:\?esdairneone AGYTD | SPNTH g\iléftzt'?i:)ﬁanasclc?r?;traints
Type | '*| AGYTD | LECRQ y cons :
cluster, but not in or cluster 2 hagained
AGYTD | LSFWE : :
the other evolutionary constraints
Residues are AGYTD | SPNTH Congerved as one amin
conserved in both acid in cluster 1, and
Type Il AGYTD | SPNTH
clusters, but as conserved as another
. . AGYTD | SPNTH . )
different residues amino acidn cluster 2
Eoensslil;\?jdeﬁ;eboth AGYTD | AGYTD Fixed conserved residug
Type U clusters AGYTD | AGYTD are either structurally or
AGYTD | AGYTD . . y
functionally important
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caspase-6 Acinonyx jubatus
caspase-6 Felis catus
caspase-6 Bos taurus
caspase-6 Sus scrofa
caspase 6 Mus musculus
caspase-6 Oryctolagus cuniculus
caspase-6 Ornithorhynchus anatinus
caspase-6 Sarcophilus harrisii
caspase-6 Chrysemys picta bellii
caspase-6 Alligator mississippiensis
caspase-6 Anas platyrhynchos
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Figure 2:Functional Divergence AnalysisExample of Caspase8 and Caspasé. The tree on the left was generated with MEGA (see appendix) ¢
shows a caspaskand caspasg cluster with a caspasesequence as the out group. The MSA on the right is the output of DIVERGE 3.0 Type Il
(two positions with black bars). 7A exhibits a position with Type I-FEDnserved as Gly in the casp&seluster, and lack of conservation in the casp
6 cluster. 7B exhibits a position of Type Il FDronserved Gly in the caspa3eluster, and Ala in #ncaspasé cluster. 7C exhibits a position with Tyj
U FDT no conservation in either cluster. 7D exhibits a stretch of five completely conserved in both clusters Type 0 positions.
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Figure 3 Regions of Interest Involved in the Evolution of Caspase Fution. The top of panel A shows
one caspase monomer with the large suburitug, the intersubunit linker in yellow, and the small subt

in red. The bottom of panel A shows a caspase dimer with cleaved intersubunit linker and active site
locations ingreen Panel B shows most of the human caspase cartoon models at scale and exhibits the
variation in prodomain architecture. The substrate specificity group is displayed to the right of the n
The yellow circles mark the locations of the catalytic nesg] and the orange lines on casgiassark
locations of the 11 gaps in the caspases domain. More information on the gaps are in chapter 3.
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IL length in ascending order

caspase-T
caspase-14
caspase 10
caspase 8
caspase-1
Caspase &

caspase—-3 Gallus gallus
Caspase 3 Mus musculus
caspase—3 Homo sapiens
caspase—3 Danio rerio
caspase-1 Danic rerio
caspase-7 Homo sapiens
Caspase 7 Mus musculus
caspase 10 Homo sapiens
caspase 10 Sus scrofa
caspase-7 Gallus gallus

oo

Caspase 7 Danio rerio
caspase-10 Condylura cristata
caspase—8 Gallus gallus
raspase—10 Fallus gsllus
Caspase & Danioc rerio

(=]

caspase 8 Homo sapiens
Caspase 8 Mus musculus
Caspase 1 Mus musculus
~aspase—& Gallus gsllus
caspase & Mus musculus
caspase—]1 Homo sapiens
Caspase & Homo sapiens
caspase—-8 Danio rerio

caspase—Z Gallus gallus

Z
caspase £ Mus musculus
Caspase Z Homo sapiens
caspase—9% Homo sapiens
Caspase 9 Mus musculus
caspase-39 Canis familiaris

caspase 9 Danic rerio

By W W owow Ry Ry R 00 gy o F 0D gy B D0 ] -] B ] ] e e

Caspase Z Danio reric

Figure 4:Various Lengths of the Intersubunit Linker. Segment comiins the intersubunit linker (IL) in
order of length. The conserved Gly at the left position is in Q&Cahd the conserved Asp is the residue
preceding first secondary s tA)Usng musce withlald.olepanalt
or gap opening, anel.01 gap extensionB) Using ClustalW with a gap open penalty of 20, and gap
extension penalty of 1. This shows that the MSA tool can significantly affect the alignment used fol
generating phylogenetic tree3) With the same ClustalW pameters; shows that adding a few more
species for each caspase type increases the quality of the alignment. It appears that the lengths o
prodomains among species are generally still in the same order with a few exceptions.
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Figure 5 Sequence Logosf the Maturation Cleavagesites in
Effector CaspasesSequence logos made for the known processing
of the effect caspases using https://weblogo.berkeley.edu/. Cé&pas
top, Caspasé in the middle, and caspagen the bottom panel.
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Table2: CaspBase substrate GREPGlobal regular expression print) Several chordate sequences were

opened in a text editor and the data was searched with GREP commands for possible caspase cleavage motifs.
Notes were taken if the locations were consist&bhreviations: Small subunit (ss), intersubunit linker (IL),
prodomain (PD).

Motif Numberof hits | Location

VEAD 398 | C3/6/*ss; C10IL

TELD 224 | C3IL; C7-IL; C2-IL

IETD 157 | C3IL; C8-IL

VEKD 155 | C1/4/13ss; C6/2PD; other random
DETD 133 | C2IL, C7-PD in fish

VETD 132 | C14IL; C8-IL

TEVD 112 | C6-PD and IL

LETD 106 | C7-IL; C8-IL in Aves; C8PD in Fish
IEAD 95

KSMD 94 | C3-PD

IEKD 93 | C2-PD, CZss

DVVD 87 | C6IL; C7-PD

IQTD 85| C7-IL

LEKD 77

EEAD 72 | C10IL or ss

AEVD 62 | CLIL; C12-IL; C13-IL

LEED 61 | C4/5/13IL, some C8PD; other random
IQAD 60 | C7-IL

LEMD 58 | C&IL

LESD 56 | C9IL, Cl-ss, otherandom

NDTD 50| C7-IL

LEDD 50 | C1-IL; C8-PD

DEPD 49 | C9ss or IL (check PDB)

VESD 28 | C9IL, Cl-ss, other random

SYRD 28 | randomss; originally found in crassostrea IL
ESTD 28

DEVD 25| C6-IL; C9-IL; C1L-PD; other random
SELD 24 | random

DQTD 24 | C9HIL, other random

LEVD 15 | C8L-IL; other random

LVVD 15

VQLD 14 | C6-PD; CFIL

VVVD 13| C6IL

EEKD 12 | random lls

VELD 11

VEVD 11

VEID 2
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Chapter 2: Integration of Evolutionary Theory into Cancer Biology and
Caspase Signaling

Robert Grinshpon and A. Clay Clark
A. Abstract
The caspase family of cysteine proteases consists of evolutionarily ancient regulators of the
programmed cell death (PCD) cascade known as apoptosis. Indeed, homologous caspase
genes even predate multicellularity. Caspases are petsistoughout all kingdoms of life,
because they play a crucial role in cellular organization and homeostasis. Cancer occurs
when mechanisms that maintain cellular homeostasis are compromised. For example, healthy
anchoragalependent cells commit anoiKisapoptosis triggered by cell detachment, while
malignant cancers survive though metastasis by evading PCD signaling. The goal of many
cancer therapies is to indirectly initiate PCD, but the future of targeted personalized medicine
requires a comprehensivaderstanding of the genes involved in cancer signaling. Such an
approach offers to improve current rgmecific chemotherapies. In this regard, evolutionary
theory offers promising new insights into cancer biology beca®8&o>of diseaseelated
genes erarged before the bilatarian radiatibmalso known as the Cambrian explosion
(Figure 1). Thus, the lineagef every extant animal has survived through an evolutionary
arms race of tradeoffs between growth signaling and tumor suppression while startiag with
very similar genetic tool kit. The results are many successful strategies that prevent the
occurrence of cancer that can be examined through a scientific lens. This review describes
how the integration of evolutionary theory serves to enhance our tantthrsgy of caspase

family signaling in the context of cancer biology.
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B. Introduction

The evolution of multicellular life required mechanisms to organize organ tissue, hence the
term 6organi smdéd. Otherwise aggreswliuldve cel | s
outcompete their surrounding cells for life sustaining resources (Jacqueline 2017). Such

behavior is described by the Darwinian model of cancer progression (Greaves 2012) and the
clonal evolution of cancgNowell 1976)-wh er e Osurvesthd oé&l ebei d6nt

opportunistic somatic cells is the driving force towards malignéfkiipis 2015)

The beginning of this story is marked by the emergence of the caspase cenancestor, the last
common ancestor of all clan CD C14 peptidases, sometimed&ethe development of

cellular life and multicellular life around 4.29 and 2.10 billion years ago respectively (Figure
1). Figure 1 shows the evolutionary history foumans and our best estimdteergence
timesreportedn million years ago (MYA). 90%f human disease related genes exist in all
descendants of Bilataria, and caspase homologs exist in all descendants of Eukaryota
(McLuskey 2015%. The red circlesn figure 1represent the relative magnitudehigtoric

meteoric impacts; more informationali the impacts and the phéstoric time periods in the
colorful middle bar can be found at TimeTree.org. The yellow bar represents the atmospheric
oxygen levels, and the spike at 542 MYA coincides with the end of the Proterozoic eon and
the explosion ofhe earliest multicellular life forms, known as the bilatarian radiaBoiggs

2015 DomazetLoso and Tautz 20Q8Not surprisingly, three caspagenes were found in

our oldest known metazoan ancesRwrifera (sponge)and evidence for DEVDase actiyit

being associated with apoptosis phenotypes (Weins 2003).
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Caspase proteins played a crucial role in fulfilling the organizational requirements for
metazoan life, and they have since evolved in humans to function as key regulators of: 1) the
apoptosis casmade RedzaDutordoir 2016; 2) the inflammatory immune response (Galluzzi
2016); 3) cellular differentiation (Bell 2017, Burgon and Megeney 2017); and 4) varicus sub
apoptotic functions (Nakajima and Kuranaga 20ErQyre 2 left). Dysregulation oftiese
functional roles of the caspase family contribute to the development and progression of
cancer(Figure2right)y . 6 Resi sting cell deat h,x@rigomal evadi
hallmarks of canceinflammation, which also utilizes caspase acyiwtas later added to

the updated list of ten cancer hallmarks (Mantovani 2008, Hanahan & Weinberg 2011). Solid
tumors are known to be heterogeneous populations of differentiate(Giellers 2011,

Gerlinger 2012, Marusyk 2010), and safoptotic caspasactivity has been implicated in
compensatory apoptosisduced proliferation (Fogarty and Bergmann 2017). Taken

together, caspase signaling is intimately involved in thedifath decisions made by cells.

i. Caspases and Apoptosis

Apoptosis is one of margrogrammed cell death (PCD) phenotypes, and it is an active
process of selflestruction that initiates in the absence of life sustaining signals. PCD
cascades are genetically encoded and latently poised to dismantle the cell when viability is
compromisedThus, life itself is an active process of preventing death. The apoptosis
phenotype is characterized by chromatin condensation, chromosomal DNA fragmentation,
membrane blebbing, cell shrinkage, phosphotidylserine display, and disassembly of the cell
into membranesnclosed vesicles (Kerr 1972). The intricacies of caspase activation and

signaling cascades have been reviewed extensively elsewhere (Budihardjo 1999, Parrish
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2013, Redzdutordoir 2016) Caspase signaling has changed oveetandunderstanding

the evolutionary history of caspase signaling is relevant to cancer biology.

The ter m Ociysteiny aspattespedfic prgtedse, is derivel from its

enzymatic function ofacilitating the hydrolysis of target peptidubstrates with a catalytic
cysteinehistidine dyad an€-terminal to aspartate residues. Caspases also participate in
many diverse no@apoptotic cellular functions (Connolly 2014), and recent studies of the
caspase degradome document 777 putative caspastrates in the CASBAH database of
human caspase substrates (Luthi 2007). The repercussions of substrate cleavage, however,

are unknown for many of the entries (Julien and Wells 2017).

Protease familieare organized in the MEROPS database basedbstisally significant

sequence similarity (Rawlings 2016). Caspases are categorized into the C#émsyiof

the clan CD cysteine proteases, while the more recently discovered oneta, and para

caspases comprise the C14B-¢aimily (Cade 2015, K e men | i | and Funk 2017
enzymes are distant homologs that participate in cell fate regulation, but they are technically

not 6écaspasesd since they prefer to cleave a
Enoksson and Salvesen 2010). Clan Glifhe only family of clan CD proteases that is

represented in organisms across the entire tree of life (McLuskey 2015), and much of the
machinery for the intrinsic and extrinsic apoptosis pathways has been conserved from

Acropora millepora(pre-bilatariancoral) to human (Moya 2016). Crystallographic models of

~4 billion-yearold ancestral protein state resurrections of thioredoxins show that protein

structure is generally conserved despite evolutionary distances {Frigés 2014). The data

suggest thathe caspasbemoglobinase structural scaffold evolved for functional purposes
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and that the overall fold has been conserved throughout the evolution of the modern caspase
subfamilies. Each member of the human caspase family has retained the canoniaaecasp
structurefunction (Figure 3)while evolving discrete regulatory mechanisms and disparate

cellular roles, albeit with somedundancyBerger 2006).

On the apoptotic side of the family, the effector caspa8es5( -7) evolved from the

initiators (-2, -8, -9, -10) (Figure 3). All C14A caspases are obligate dimers. The initiators

are synthesized as stable monomers in solution, and they form an active caspase dimer upon
receiving apoptotic stimuli. The induced proximity model proposes that dimerization
facilitated by the increased concentration of initiator caspases due to spatial localization by
their DED and CARD recruitment domains (Salvesen and Dixit 1999, Boatright 2003).
Dimerization alone is sufficient for basal level activity in the inititattnowever, the effector
caspases require cleavage of the intersubunit linker (IL), which results in rearrangement of
the active site loops to form a catalytically competent enzyme (Clark 2016). The effector
caspases do not require recruitment domainausecthey exist as stable, yet inactive, dimers

in solution. At present, it is not clear how the common ancestor of effector caspases evolved
a stable dimer interface as well as regulatory mechanisms that prevented apoptotic induction
at the same time. Th@multaneous evolution of the effector procaspase dimer and

inactivation of the dimer is an intriguing problem.

As mentioned above, caspases transmit cell signals by cleaving target substrates. An analysis
of caspase target substrates in humans, mideflfes, and nematodes revealed a
hierarchical order of evolutionary conservati@rgwford 2012) That is, the signaling

pathway that is disrupted is more conserved than the substrate target within that pathway, and
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the cut location and substratetif are even less conservedaspases are wéthown for

their role in the apoptosis pathway, thus it is not surprising that ectopic expression of human
insect, and nematodmspases induces apoptotic phenotypes in budding yrage( 2006,
Lisa-Santamaria@9), and planarian BGR homologs can regulate mitochondrial outer
membrane permeabilization (MOMP) in mammalian cells (Bender 2012). Given the
evidence, it is likely that caspase proteins have been involved in regulating cell death

pathways at least siadhe advent of multicellular life.

In humans, caspasehas evolved to be the main executioner of apoptosis, and many cancer
therapies ultimately kill cancer cells by initiating the apoptotic cascade (Flanagan 2016,
Fitzwalter and Thorburn 2017). For exale, chemotherapy induces irreparable DNA
damage, which in turn initiates apoptosis indirectly via p53 accumulateunfrhann and
Earnshaw 200QviacKenzie 2010). However, chemotherapy is not always successful,

because cancer stem cells can selectivelywewtthiemoresistance (Abdullah 2013).

Chemoresistant cells are essentially O6apopto
mechanisms by which a cell can evade apoptosis is yet to be determined. For example,

CD133 cancer stem cells are a marker for tumor&witong chemoresistance (Liu 2006).

Not surprisingly, the ani@poptotic genesFLIP, BCL-2 and BCL-XL - and the inhibitors of

apoptosis (IAP) family membersXIAP, clAP1, clAP2, NAIP and survivinare expressed

at significantly higher levels in CD138ells (Liu 2006). In addition, up regulation of the

eukaryotic translation initiation factor 5A2 (EIF5A2) is another mechanism of

chemoresistance in esophageal squamous cell carcinomas. The increased levels of EIF5A2

limits caspas@ activation by alterig protein expression (Yang 2015). Finally, genetic
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variations in apoptosis related genes are also associated with increased susceptibility to
certain cancers (Ghavami 2009, Xie 2016). Molecular evolution and caspase polymorphisms
in cancer prognosis aresgussed in the following sections.

In summary, multicellular life required mechanisms such as apoptosis to enhance cellular
cooperation. The core apoptotic machinery is generally conserved across multicellular
organisms, and dysregulation of PCD signalsg hallmark of cancer. The caspase
structurefunction is highly conserved, but each caspase has evolved discrete regulatory
mechanisms to finlune activity as required for neapoptoticversusapoptotic events.
Understanding how evolutionarily distanbdel organisms regulate oncogenic growth,
specifically how caspases regulate apoptosis, is a promising avenue for cancer biology
research. In the next section, we will discuss how evolutionary theory can be applied to

understand the crosection of casy function and cancer biology.

C. Evolutionary Biology: Why Do We Care About Caspases in Other Species?

i. Phylogenetic Inference of Evolutionary Relationships

The term Aphyl ogeneticsod dates back to Carl
0 P h y Ivas thé broadest level of categorization (Brown 2002). The goal of phylogenetics

is to estimate ancestdescendent relationships using a coalescent process (Kingman 1982),
which involves using a sample of existing objects to make inferences abousteifipe

concept of inferring such relationships has been adapted for broad uses in scientific research.
For example, phylogenomics was developed to predict the function of a gene from its

primary sequence (Eisen 1998), and phylogeography attempts taitecoitroevolutionary

changes with macroevolutionary phenotypes over geographical distances and time (Avise
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1987). Other phylksciences and their relevance to cancer biology are discussed further in

this section.

The mechanism of clonal expansion ance evolution was first described in 1976, where
neoplasms originate from a single ¢tlen cellular heterogeneity accrues along with tumor
progression (Nowell 1976). Although scientists were aware of histological heterogeneity at

the time, little emphasisad been placed on the evolutionary process behind the formation of
tumor cell populations (Clevers 2011 hélheterogeneity and clonal nature of cancer fits the
framework for phylogenetic analysis, which has been applied to predict the clonal frequency

of tumor <cell popul ations (Malikic 2015). Th
maintained within the genetic landscape, so tumor phylogenetics can be used to identify the

root cause of metastasis (Naxerova 2015). Phylomedicine is anothelesapigcation

being explored in Iight of the recent intere
small sequence variations among the general population are analyzed for their disposition to

genetic diseass such as cancer (Kumar 2011).

ii. Molecular Evolution and Functional Genomics

Researchers began comparing protein sequences to homologs in other species as soon as the
ability to determine amino acid sequence became available (Wilson 1977). The observed
linear trend of sequence evolution becaheebasis for the molecular clock hypothesis

(MCH) (Thorpe 1982)The MCH is a model that describes the relationship between the

degree of consensus of two orthologous genes as a function of time since they diverged.
However, it was also observed that thee of evolution is not the same in all genes. The

primary parameter that determines the evolutionary rate of a gene is its expression levels, not
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the importance of the function (Zhang and Yang 2015). The rate of evolution is also
inversely related to thaege of the gene (Alba 2004), and the rate can vary at each amino acid
position along the protein (Echave 2016). Understanding thesitefic nature of evolution,

and how proteins evolve naturalgcording to neutral mutation theory (Kimura 1968l

be important to better understand the physical manifestation of somatic mutations that drive

cancer.

Protein sequence space and evolution has been described as a walk from one functional
protein to another in the space of all possible protein sequebieth (1970) Evolution

occurs at the genetic level, but the expressed gene product interfaces with the physical
environment. Because proteins exist as an ensemble of conformational states (Boehr 2009),
nonsilent mutations to the genome alter the energgdaape of the expressed protein.
Mutational perturbations that affect protein dynamics, by shifting the equilibrium of the
conformational ensemble, is relevant to the clinically observed cancer mutations that confer

drug resistance (Wilson 2015, Freed @01

The order of mutations can drastically change the evolutionary trajectory of a protein and is
referred to as withuprotein epistasis. More specifically, epistasis is defined as the non
additive effect on protein fitness from two or more mutationar¢sind Thornton 2016). The
consequence of intiarotein epistasis is that the effect of any mutation will depend on the
energetic background in which it appears, such that the new mutation alters how subsequent
mutations contribute to the total free enef@d/einreich 2005). An energetically unfavorable

mutation, for example, may ultimately be acceptable due to subsequent stabilizing mutations

at distal locations, an effedte s cr i bed similarly to a Ostokes
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The concept owithin-protein epistasiss illustrated inFigure 4. In this example, each

mutation must generate a word in the English dictionary to represent the preservation of
protein function: each arrow represents a mutation, and each word is a functionalatate of
hypothetical protein. Mutations witma result in nonsensey dack functiora In this

example, DUSTis the common ancestor of LIF&Bnd LOVE. Although there are many

possible words that can be made from evolving DUST, the majority of mutatiorsewill
deleterious. Each mutation can be considered as permissive or restrictive, relative to the other
amino acid positions (Harms and Thornton 2010). In Figure 4 for exathele,in LOST

cannot mutate back to D, because th& U mutation was restrictive. However, the

following T C E mutation was again permissive for D at the first position to form DOVE.

The concept of epistasis is important to keep in mind when researching the sfiurottioan
relationship of a protein. Tr#gbnal biochemistry experiments that employ slteected
mutagenesis often assess the effects of horizontal mutations, #vedigingspecific sites

in relativehomologues. In many cases, however, horizontal mutations do not account for the
effects ofepistatic interactions. Figure 4 shows an example of an effective horizontal
mutation and one that is not effectivéFE canmutate to LIVE, but LOVE cannot mutate to

LOFE.

In contrast to horizontal mutations, experiments that employ vertical mutations
computationally derive amino acid changes through a phylogenetic technique call ancestral
state reconstruction (ASR). An ASR adds evolutionary time to the strifaturgon

relationship. Since evolution tends to preserve the functionality of extantrys;,abeie can
presume that the nodes of a gene tree represent a functional ancestral state (Pauling and

Zuckerkandl| 1963).
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Therapeutic cancer drugs are typically designed to target the biological function of enzymes

that have been deregulated by driver martet, such as the constitutively active Bcr/Abl

kinaseand Gleev€c Li kewi se, Oresi stance mut-target ons o 1
despite the presence of the drug by interfer
scenario, a mutatioincreases the biological function of the dtagget to overcome the

diminishing effect of the drug (Friedman 2016). An ASR of the human oncogenes Src and

Abl was executed to examine the mechanism of thecantier drug Gleev&dWilson

2015), which isa potent inhibitor of Abl kinase but not the closely related Src kinase (Lin

2013). The ASR experiment yielded an array of ancestral states along the evolutionary

trajectory of Abl that exhibited intermediate affinities for Gle&yao the evolutionary

changes in Abl from one state to the next could be associated with the changes in the efficacy

of the drug. The results showed that Abl altered the indficeduilibrium towards binding

the drug. In addition, the data showed that the clinically observechédation, T315lI,

disrupts the free energy landscape for docking the drug (Wilson 2015). Altogether, the ASR
studies of Abl showed that understanding the natural evolutionary constraints of a protein

serves as a starting point for assessing the funciimpdications of cancer driving

mutations.

In evolutionary functional genomics (EFG) studies, researchers examine the function of
genes using molecular evolution theory and sequence data (Gu 2003). A great deal of effort
has focused on understanding etoloary relationships through sequence comparison
(Sikosek and Chan 2014)ecause the mutation rates of individual amino acids change when
new functions evolve (Fitch and Markowitz 1970) EFG studies, the effective rate of

protein sequence evolutiondstermined by comparing the number of tsynonymous
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nucleotide substitutions gkper norsynonymous site, whereslhutations are aminacid
changing and synonymous mutations)(&re silent. The protein signaling cascade in the cell
death program (apogsis) is an excellent example to illustrate the power of EFG. Typically,
thirty-four mammalian genes, split into four scditegories, are involved in the intrinsic
apoptosis cascade (Figusk the inhibitor of apoptosis family (IAP), the papoptotic BCI2
and antiapoptotic BCL2 families, and the caspase familye ratio of norsynonymous

(amino acid changing) to synonymous (silent) substitutiogdkKgKamong the 34 genes was
determined for primates, rodents, and carnivores (Vallender 2006). Fromasacthd ratio

of Ka/Ks can be used to estimate site specific rate variation (SSRV), or the rate at which a
position has accepted changes in amino acids. The SSRYV is used to locate evolutionary
hotspots as well as to detect evolutionary functional divesyeh shift in SSRV is

indicative of a change in evolutionary constrai@sucher 2002)For example, functional
divergence analysis of SSRV in the caspase family revealed that the evolution of major
caspaseanediated pathways has been facilitated by genqdications {Wang 2001, Zhang
2003. Indeed, the long functional branch lengths of casp&se3, and-6 are evidence of
extensive altered functional constraints as a result of evolving specialized roles in human
apoptosis (Wang 2001). The/Ksratio is significantly higher in human caspasegpendent
intrinsic apoptosis genes relative to rodents, carnivores, and even relative to closely related
primates. Caspasg® in particular, exhibits strong evolutionary rate disparities when
compared to other prines (Vallender 2006). Evidence has shown that cells of the close
relativePan troglodytegchimpanzee) exhibit relatively increased sensitivity to apoptosis,

which could explain why humans have increased susceptibility to cancer, larger brain sizes,
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and lager life spans (Arora 2012). Such comparative analyses provide insight into how

small molecular differences in closely related genomes manifest phenotypically.

iii. Evolutionary Medicine

AEvol utionary medicineo is a r elfatesearehl v new
that incorporates evolutionary theory into modern medicinal research (Aktipis 2012). Four
principles highlight the use for evolutionary medicine in furthering our understanding of
cancer: 1) neoplasms are heterogeneous populations ahegléecumulate mutations via
somatic evolution; 2) cell fithess depends on genotype, phenotype, and surrounding
ecological factors; 3) innate cancer defense mechanisms evolved over a billion years ago; 4)
evolutionary medicine explains the traoés between the risks associated with cancer and

cell maintenance (Aktipis 2012). Evolutionary medicine is being applied to design more
efficient interventions for cancer management and prevention because the manifestation of
cancer can be described by an evohdiy process on two different levels, emergence at the
population level and progression within the individual host (Hochberg 2012). Such insight
has led tanovel avenues of researfdr early detection and treatment of cancéengaitre

2015,Ujvari 2019.

As previously established, the fundamentalditestaining mechanisms of a cell are regulated
by evolutionary ancient networks of signaling protelBggsey 201). Phylostratigraphy is a
discipline of evolutionary biology that utilizes phylogenetic methtmddetermine the age of

such disease related geng&le information is relevant to understanding tumorigenesis
because information on the age of a gene also provides information on the evolution of gene

networks (Cheng 2014). Cancer related genes tehavi® a longer evolutionary history with
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an inverse rate of evolutionary change (Alba and Casestrana 2004). Approximately 60% of
22,845 human genes can be traced back to the early origins of life and the emergence of
eukaryotic cellsomazetLoso and Tawt 2007) The evolution of multicellularity

(eumetazoa) is also associated with a spike in the emergence of genes. Onlyjhigf%rof
genes are unigue to the mammalian lineagd,only 0.6% of those genes are disease related
(DomazetlLoso and Tautz 2008)ndeed, over 90% of diseasslated genes emerged before
the bilaterian radiation (Figure (pomazetLoso and Tautz 2008). A list of genes that are

implicated in human cancer, with homologs present in the sponge genome, provides a

starting point for discoering new drug targets relevant to candee(t k ovi | 2018) .
Il nterestingly, the emergence of o6écaretaker6
appearance of eukaryota, and the emergence o

time as the appearance of eumetazoa (Dorlamai and Tautz 2010The trend in gene
appearances is consistent with the tumor progression model. The model states that mutations
in critical caretaker genes increase the probability of genetic instability and that such

mutations tend to occur before gatekeeper functicongpromised (Nowell 1986).

Theatavistic theory of cancer posits that cancer is a process akin to rewinding evolution,
where the loss of critical evolved regulatory features causes the behavior of the cell to revert
to the unchecked growth tendencies obse in unicellular organisms (Davies 2011). The
atavistic theory of cancer provides an explanation for the paradoxical observation that
neoplasms can quickly gain new behaviors that promote carcinogenesis shortly after failing
to maintain normal housekaapg and regulatorjunctions.Supporting evidence showed that

the hallmarks of cell transformation $olid tumors correlateith a preferential shift of gene

expression towards genes that originated in prokaryotes (Trigos 2017).
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Evolutionary theory alsougigests that resources allocated to reproduction by an organism is
constrained by other competing needs, such as cell maintenance and growth, and that the

ability to keep cancerous lesions at bay diminishes once an individual has reached an age of

low Darwinian fitness (Heino 1999). Cancer is a disease associated with age, which explains

why the majority of cancer patients are past the age of their reproductive prime (Balducci and
Ershler 2005). Although the occurrence of canceeleivelyrare, most adtthumans

maintain potentially malignant tumors that are difficult to detect (Aktipis 2012). However,

many people live for decades without developing malignant cancer (Bissell and Hines 2011).

The latter observations have led to the hypothesis that natlieation promotes

mechani sms that hold tumors in check through

(Kirkwood 2005, DeGregori 2011).

Cancer progression is associated with increasing genotypic and phenotypic heterogeneities
(Gerlinger 2012)Hetegeneity within a tumor can interfere with personalized cancer

therapies that were designed based on a single biopsy, because expression patterns with both
good and poor prognoses have been detected within different regions of the same tumor
(Gerlinger 202). Difficulty in pinpointing the source that is driving the cancer, and the

likelihood of developing chemoresistant cells, also increases over time. Altogether, studies in
evolutionary medicine suggest that cancer prevention measures should be implemented
before reaching an age of p&arwinian fitness, because early detection and treatment can

curb cancer progression and prevent chemoresistance.
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iv. Pet ods Paradox and Comparative Genomics

Comparative oncology is another sbikanch of evolutionary medicinbdt has been steadily
gaining traction. Researchers attempt to explain how evolutionary differences among species
affect the diversity, incidence, and lethality of various cancers by analyzing the dynamics of

carcinogenesis in different tissues and acnogliple species. Interest in comparative

oncol ogy arose from observations such as O6Pe

between the predicted and the observed rates of cancer in species with contrasting body sizes
(Nunney 2015). For examplgince it has been observed that the probability of developing
cancer increases with age and number of cell divisions, then the predicted rate of cancer
would be higher in larger and longéred animals like elephants. However, this is not the

case (Abeggin 2015).

A comparative study of several mammalian species sought to identify the mechanisms of
cancer resistance in elephants by investigating alterations in gafated genes. Elephants
maintain a lower than expected risk of cancer compared to hudeapie their larger body

size and long lifesparGfeaves 2015 The analysis suggested that the >20 copies (40 alleles)
of the TP53 gene in elephants, compared to the single copy in humans, is responsible for
their decreased susceptibility to cancer (@dfen 2015). Another project assessed dermal
fibroblasts from African and Asian elephants, rock hyrax, aardvark, and armadillo. After
treatment with DNA damag@&ducing agents, measures of TP53 activation, casp/dse

activity, and levels of apoptosis s@gged that elephants more readilyregulate TP53, and
induce apoptosis at lower levels of DNA damage, compared to the other test animals (Sulak

2016). The fact that Petods paradox can be
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the application oévolutionary and population genetics theories to investigate differences in

the cancer biology among taxa.

Petobs paradox also applies to the compariso
more stem cells and more cell turnover generally dgvedncer more frequently (Tomasetti

and Vogelstein 2015, Nunney 2015). Characteristics of cancers, such as the number of driver
mutations required to form a tumor, range greatly between the tissue and the species of its

origin (Vogelstein 2013). An undeanding of the tissuspecific differences through

comparative oncology will help in the design of improved strategies for cancer prevention

and treatment.

Comparative oncology is also being applied to learn about osteosarcomas, a cancer that
commonly ocars in adult canines and adolescent humans, with similar etiological history
based on genome wide expression profiles. Interestingly, larger canine breeds are more
susceptible to osteosarcomas, but the genetic determinants are unknown (Varshney 2016).
Undestanding why smaller breeds are less susceptible may provide insight into which
signaling pathways are involved in regulating childhood osteosarcomas. The application of
comparative genomics extends beyond bioinformatics. For example, canine and human
metbolisms process certain drugs similarly, such as theanger drug iniparib (Saba

2016), a drug candidate for cancer treatment that was removed from the market after passing
clinical trials (Mateo 2013). A follow up study was done on household petdetraloped
spontaneous cancers, where the patients were assessed for pharmacokinetic exposure and
tolerability to iniparib. Relevant concentrations of iniparib, or its metabolites, were not

detected in tumor tissues at any dose. The results quash th®lippss a clinical response
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in canines and offer an explanation as to why iniparib was ineffective in humans (Saba
2016). The study highlights the potential of comparative oncology, because such dose

tolerability expeiments in humans are unethical.

D. CaspaseSignaling and Cancer

i. Origins of the Apoptotic Pathway

The origin of caspase proteins is debatabl e.
homologous components necessary to orchestrate programmed cell death (PCD) in

prokaryotes were not diseered until recently (Huettenbrenner 2003). It was shown that up

to 90% of cells undergo a form of cell death during fruiting body formatidviyabbacteria

and the unicellular parasiRictyostelium discoideumisplays cell death phenotypes

reminiscent bapoptosis (Huettenbrenner 2003). The evidence for supporting apoptotic

origins in bacteria has been mounting since the discovery of such apdigpisenotypes

(Bayles 20%).

Endosymbiosis occurs often in nature; however, the variety of extanafidriauna is a
testament to the succ e s-pritaobactania The Cidllggfamdyf e u k a
of proteins was transferred to the eukaryotic host after endosymbiosis and evolved into the

Bcl-2 family (Embley and Martin 2006 Bacteria have coesved holinlike proteins (CidA

and LrgA) that were first discovered $taphylococcus aure(iBayles 200Y, and the

proteins function analogously to the Bxfamily proteins by depolarizing membranes upon

their insertion. The downstream targets of baakdwolins, however, are peptidoglycan

hydrolases instead of caspases, likely due to the compositional differences in bacterial

membranes (Bayles 201 Interestingly, human Bax and Bak are capable of inducing-holin
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dependent cell death when expressel. icoli, but Bax mutants with reduced apoptotic
potential are no longer capable of inducing P@ang 201L The hypothesis that a universal
mechanism underlying the control of PCD is substantiated by the ability of proteins in

evolutionarily distant orgasims to retain their functional role (Pang 2011).

Further evidence for the unicellular origins of apoptosis was fouRthsmodium berghei
andPlasmodium falciparumokinetes, which are protozoan parasites used in a rodent
malaria model. The organisms eited classic apoptosis hallmarks, including DNA
fragmentation with positive TUNEL staining, caspdike activity, phosphotidylserine
translocation. The absence of orange fluorescetit dggregates in apoptotic cells implied

that mitochondrial outer memdme permeabilization (MOMP) had occurred (Arambage
2009). Genes encoding caspases in protozoans had not yet been discovered at the time of
these studies, so the target of the casppseific inhibitors was proposed to be a
metacaspase . falciparum Disruption ofP. berghemetacaspases PbMC1 and/or

PbMC2, however, did not result in decreased apoptosis, so the search for the apoptosis

inducing gene iP. bergheicontinues (Arambage 2009).

Mitochondria are integral to the regulation of cellular horteeis in humans, and many of

the components involved in the mitochondrial pathway of apoptosis (intrinsic pathway)
(Figure 5) are highly conserved throughout metazoan evolution, such as treaptotic

Bcl-2 family. The Bcl2 family sequesters the B2thomology (BH) domain 3 (BH3) of pro
apoptotic Bcl2-family members, and B@ is up regulated in many cancers (Akl 2014).
However, the intricacies of the apoptosis cascade vary by degree of taxonomic separation.
For example, MOMP is not a universal apdigtphenotype in metazoans, and the degree to

which MOMP is conserved is unknowbee 2014. Mitochondrial mediated apoptosis is
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characterized by MOMP and the activation of caspases by cytochrome C. MOMP has been
observed in platyhelminthes, but not parfecnidarian, nematoda, arthropoda, and
echinodermata (Lee 2014). Interestingtypanosomatids are eukaryotic protozoans that lack
the canonical machinery to carry out apoptosis-@Baaspases, and TNF related receptors);
however, they still exhibit any of the common apoptosis phenotypes during PCD (cell
shrinkage, membrane blebbing, and chromatin condensation) (Smirlis 2011). An
understanding of how apoptosis is regulated in trypanosomatid may shed light on the
evolutionary origin of the metazoan ggosis signaling network. Such studies may yield

alternative strateggeto induce apoptosis.

Only one copy of the Apat gene is consistently present in the vertebrate lineage; however,
the presence of multiple Apdfhomologs in the common ancestor oat@rians suggests

that several mechanisms to activate intrinsic apoptosis may have existed previously (Szamek
2007). For example, MOMP can alternatively trigger the Tépendent pyroptosis cell

death pathway independent of caspase acti@igiripazolias @17).Exploiting dternative

approaches to induce cell death may lead to novel strategies to combat cancer.

ii. Diversity in the Caspase Family

Much of our knowledge about invertebrate apoptosis is based on two prominent model
organismsD. melanogasteandC. elegank By happenstance, the role for the mitochondria
and MOMP release of cytochrome C during apoptosis was diminihed, itwas

previously thought that the intrinsic apoptosis signaling pathway was unique to vertebrates
(Bridgham 2003). It was tar shown, however, that MOMP, cytochrome C activation of

caspases, and subsequent apoptosis occurs in planaria (Platyhelminthes), which is an
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evolutionarily older species th&h elegan®r Drosophila (Bender 2012). We now know that
theC. eleganapoptoss pathway was shaped by two caspase gene deletion examilis (

2005. The initiation of apoptosis via mitochondrial signaling has since been observed in
bivalves (Esteve€alvar 2013) and, most recently, in coral (Moya 2016). Each metazoan
lineage has elved a unique repertoire of expressed caspase proteins that range in function,
regulation, and activity. For example, the number of caspase genes ranges frortfive in
elegando fifty-three in amphioxus, although the functions of the caspase genes in
amphioxus remain mostly uncharacterized (Zmasek 2007). Our current understanding of
gene evolution and apoptosis signaling in multiple species suggests that expanding research
efforts in comparative evolutionary biology witvise the conclusions drawn fragarlier

studies thatelied ona small number of model organisms.

ii. Caspases in Cancer

Although caspas8 is considered the main executioner of apoptosis, additional cell death
programs that are regulated by caspases can also be targeted to kill dcaggasd,

for example, is known for its roles in the immune response and in inflamm&iadinZzi

2016, as well as an alternative PCD phenotype called pyroptosis (Bergsbaken 2009). Val
boroPro is an inhibitor of the S9 family of serine proteasesjtanduces tumor regression

in various mouse models of cancer through immmneeliate response®kondo 201Y.

Inhibition of DPP8/9 S9 family proteases leads to the activation of procaspabéch was
shown to induce pyroptosis in monocytes and maages (Okondo 2017). In addition, an
anti-tumorigenic p53 transcription factor homolog, p63, was found to be directly correlated

to caspasé expression and positive cancer survival outcome (Celrado 2013). Finally, cancer
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immunotherapy has proven to be ahle option for cancer treatment (Morrissey 2016),
suggesting that stimulating caspdsdependent cell death in cancer cells may also be a

viable therapeutic strategy.

Cytochrome P450 1B1 is a universal tumor biomarker, and increased expression leads to
increased proliferative, migratory, and invasive potential in prostate cancer cells (Chang
2017). Knocking down cytochrome P450 1B1 with small hairpin RNAs reduced tumorigenic
activities in prostate tumor xenograft mouse models, and the expression atadi@pop

activity related to caspasewas found to be inversely related to cytochrome P450 1B1
expression (Chang 2017). The disruption of mitochondrial DNA metabolism by inhibiting
Ligllla has differential effects in normal versus malignant cells, whers@asali

dependent apoptotic pathway is activated onkpalignant cells (Sallmyr 2016).

Collectively, the studies show that a better understanding of the conditions that lead to
caspas€d-dependent apoptosigersusinflammation, will help to improve caec

immunotherapy treatment strategies.

The initiator caspases?( -9, -8, and-10) are distinguished by their log prodomains that

contain recruitment domains (death domain (DD), death effector domain (DED), or caspase
activation and recruitment domainARD)). The recruitment domain results in zymogen
activation via an O0induced proximity model , 6
subsequent cleavage of effector caspasesq| -7) (Boatvright 2003). Although caspase

maintains the highest evolutionagnservation, its function was relatively unknown until

recently (Kumar 2009). Caspa®es known to limit oxidative stress and chromosomal

instability, and Casp?2deficient mice exhibit increased susceptibility to the development of

hepatocellular cancoma with accelerated tumor progression (Shalini 2016).
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Evencaspase, achordatespecificgeneduplicateand regulator of ER stressduced
apoptosiswas found to bactivelyresponsible for inducing apoptosis in human colon cancer

cellsafter Saikeaponinatreatmenin a mouse xenograft mod@ang 2017).

Caspas® i s better known f or haowevercasgaséeactiviphadr| z h e i
also been implicated in certain cargesuch as gastric and colon cana&ro 2004 Suboj

2012. Forexample, colorectal cancer cells notably escaperteaated cell death in the

presence of Fas ligand (FasL). However, Fasl-/&agendent cell death was observed when

ARKS5 antisense RNA was introduced into SW480 cells (Suzuki 2004). ARKS5 is a tumor
malignancy related factor downstream of Akt that putatively regulates caSpaseity via

phosphorylation at S& (Suzuki 2004

Caspases$, caspasel0 and CFLAR (caspastand FADDIlike apoptosis regulator) are in
close proximity on human chromosome Zus q38q34, and have been dubbed the
caspase subfamily locus (Eckhart 2008). Duplicate genes that remain in close proximity
suggest that the duplication event was relatively recent. Knockout models of eBs@ase
shown that RIP kinase (receptor raeting protein kinase) proteins also initiate the
necroptosis pathway (Salvesen 2014). Thegmoptotic and praurvival functions of
caspase are regulated by an interaction with the product of the CFLAR gireepseudo
caspase cFLIP (cellular FLIGEhibitory protein), although the mechanisms that regulate
substrate specificity of caspa8eare not known. Caspa8dunctions as a key switch
between necroptosis and apoptosis, depending on formation of a heterodimer with cFLIP or a
homodimer Boatwright 2003. Interactions between the paralogs cas{@aaed cFLIP likely

arose via the duplication of a saiteracting protein (Gibson 2008). Exactly how casgase
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and cFLIP coordinate the switch between apoptosis and necroptosis, and other specific
targets is not known, but an evolutionary analysis of cFLIP would likely shed light on the
mechanism that regulates casp8die-or-death roles. The closely related caspH3@lso
interacts with cFLIP and plays a role in developing multiple myeloma, whecimiglignant

proliferation of plasma cells in the bone marrow (Lamy 2013).

iv. Caspase Polymorphisms and Cancer Prognosis

Several putative caspase polymorphisms are statistically significant markers for cancer
prognosis. A relatively weltharacterized sixucleotideindel (insertiondeletion)

polymorphism in the promoter region of CASP8 (rs3834129) is a predictor of mRNA
expression levels (Sun 2007; Kuhlmann 2016). The atlet®= dependent association

between the CASP&52 6N Del allele and decreased casgmRNA expression is a

negative prognostic marker in breast cancer, where homozygous deletion carriers are at
highest risk of death (Kuhlmann 2016). One might suspect that a decrease in-8aspase
expression would decrease sensitivity to extrinsic apsegnaling due to the induced
proximity model of activation. Patients with the CASB82 6N Del allele, however, exhibit

a decreased susceptibility to developing many cancers (Sun 2007; Liamarkopoulos 2011).
The patients also exhibited a decreasedaigleath compared to patients with the
homozygous insertion genotype in a sample of Chinese gastric cancer (Gu 2014) and oral
squamous cell carcinoma (Tang 2015). Biochemical analyses revealed that the presence of
the CASP8652 6N Del allele in lymphocytes lowers caspasactivationinduced cell

death, and Iymphocytes are integral to our natural cancer defense mechanisms (Sun 2007).

Interestingly, the CASP852 6N inel allele had no influence on colorectal cancer
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susceptibility in the UK populatiofYin 2010. An earlier metaanalysis of CASP8
polymorphisms determined that the CASBB2 6N Del polymorphism is an overall good
prognostic marker (Yin 2010); however, more recent data suggests that prognostic
interpretation of a polymorphism will depend the specific context in which it occurs (Park
2016). Caspas@ polymorphisms have been characterized for use as prognostic markers for
overall survival (OS) in Chinese patients with advanced lung adenocarcinoma for platinum
based chemotherapy treatm@rati 2016). The clinical outcome will clearly depend on a
variety of contextual factordut directed research efforts can begin to improve the odds of
successful treatment. An expansion of our knowledge surrounding the clinical outcomes
associated with pgmorphisms in cancerelated genes will progress us towards the goal of

individualized cancer therapy.

E. The Caspase Story is Incomplete

The decapitation of Hydraleads to production of a new headdPlanariacan regenerate
whole new individuals sm smaller body fragments. Even the human liver has the ability to
recover from a 70% loss, which is compromised by knocking down caspases7 (Li

2010). Such discoveridgave implicategpoptosis as the driving force behind tissue
regeneration aftearaumatic injury (Fuchs 2011yvhich could pose a problem for cancer
therapies that aim to induce apoptosis via caspase sigrialiinignce from sidies of both
initiator and executioner caspases slhlog/promotiorcell regeneration through apoptesis
induced compensatory proliferatigAiP) (Bergman and Stellar 2010)he mechanism
appears to be due to mitogen release from stressed or injured celigygedts aonnection
between tissue regeneration signaling after traumatic injury and cancer growts 2Baa.

AiP occurs when caspase activity induces neighboring cells to replace dead and/or dying
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tissue, a phenomenon known@smpensatory proliferatid@n. r@shltef insufficient
apoptosisnay exacerbate certain cancers through mitogen release argighdlng (Ryoo

and Bergmann 2012). However, AiP is not always an observed outcome of caspase activity,
and the circumstances that trigger AiP are currently unknown (Fogarty and Bergmann 2017).
Contrary to our current understanding of caspase signatwgelels of caspasé were

shown to predict a favorable response to chemotherapy in advanced colorectakcancer,
caspase inhibitionis now beingexploredas atherapeutic approadbr certain cancers

(Flanagan 2016
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Figure2: The Role of Caspases in Healthy Versus Cancer Cellthe imags on the left depict healthy
caspase functioning, such as cellular homeostasis, cell differentiation, and proper immune response.
Dysregulation of normal caspase activity leads to hallmarks of cancer, such as evasion of apoptosis, a
cell morphology and inflammation.
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A. Abstract

Sequence databases are powerful tools for th
most functional annotations in public databases are determined computationally and not

verified by a human expert. As little as 1.1%aanotations within available genomes are

supported by experimental evidence. Hypotheses generated from computational studies are

now amenable to experimentation, but the quality of results rely on the quality of input data.

We developed the CaspBase xpedite high quality dataset compilation of annotated

caspase sequences, and to maximize phylogenetic signal and reduce the noise contributed

from public databanks. We describe our methods of curation for the CaspBase, and how to
acquire sequences from @aase.org. Our immediate goal for developing the CaspBase was

to optimize the ancestral state reconstruction (ASR) method. We demonstrate the utility of

the CaspBase by presenting results for a hypothetical ASR experiment. We also present our
methodology ér the developing the Common Position (CP) system for comparing human

caspase family paralogs. To do so, we acquired 1489 Chordata caspase homologs from the
CaspBase, and determined the consensus sequence for each residue position for each human
O6castppeé. We generated a structwurally wvalida
superposed the consensus sequence, and color coded according to the relative conservation
scores. The standardized MSA is the basis for the CP systeetommended update to

using amino acid position numbers from human caspasedescribe CPs among caspase

paralogs. The methods described here can be adapted to any gene family.
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B. Introduction

The advent of nexgieneration sequencing paved the way for a new field of stultiyg ca
evolutionary biochemistry, where researchers in this new field attempt to understand how
random chance, selection pressure, and physical laws determine the structure and function of
protein families (Harms and Thornton 2013). Computational conceptgobftionary

biochemistry, like ancestral state reconstruction (ASR), were conceived over 50 years ago
(Pauling andZzuckerkandl 1963, Smith 1970, Ashkenazy 2012). In practice, however,
experiments were limited due to the lack of sufficient sequencelda#&R, one uses extant
genomic data to predict amino acid usage in common ancestral genes based on phylogenetic
relationships of a protein family across various organistasnis and Thornton 20L0Only

in recent years has sufficient genomic data becoraidable for ASR analyses. The

predicted fossil genes of an ASR analysis are tesksipletheseshowever, the certainty of

such computational predictions depends on the quality of the initial input dataset, and the
accuracy of the multiple sequence aligmmh(MSA).

We manually curated a sequence database, called the CaspBase, to help understand how
members of the caspase family evolved discrete cellular functions while retaining high
structural similarity. Here, we introduce CaspBase.org, a websitehtigdrovides

convenient access to our databases of caspase proteins from annotated animal genomes. Our
immediate goal in developing the CaspBase was to expedite large scale computational
analyses by facilitating the dataset compilation process, whiletamealusly maximizing

phylogenetic signdbr computing an ancestral state reconstruction (ASR).

73



i. Why are Manually Curated Databases Necessary?
Three main factors that contribute to the poor quality of public databases are: the lack of
experimental evidare, the lack of pseudogene prediction, and the inclusions of multiple
isoforms. The quality of cDNA reference genomes has been compromised for the price and
convenience of RNAeq, which has led to a discrepancy in the number of expressed human
genes repded in various public databanks (Mudge and Harrow 2016). The current state of
public databases poses an obstacle to compiling quality input datasets, because over 95% of
functional annotations are computationally predicted, not manually curated (as detebyi
the ratio of experimental NP_accession codes over predicted XP_accession codes). As little
as 1.1% of the annotations within available genomes are supported by experimental evidence
(Rhee 2008), and current genome annotation methods correctlyt gi@8i2% of genes that
are actually expressed (Fawal 2014, Holliday 2017). Thus, the probability of selecting a
guality dataset at random is low.
Several annotated genomes contain multiple isoforms of the same gene due to the lack of
experimental cDNA evience and abundance of computationally predicted open reading
frames (ORFs). The inclusion of multiple isoforms and/or duplicate sequences into a dataset
contri but es 0 pohtyelextenpteofipbytogereticlliveassydelative to the sample
size(shkenazy 2010, J2ckel 2010). O6Phylogentic
closely related organisms to resemble each other more so than genes chosen at random from
a dataset (Munkemduller 2012). Thus, sequences that are annotated with peacetave
|l ess confidence, thus are more |likely to int

analyses.
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The expansion of protein family paralogs is facilitated by gene duplication events (Zhang
2003). Pseudogenization, the most common occurrencediglizated gene, ends in gene

loss (or purification) from the population when unfavorable mutations reduce or even destroy
the functionality of the protein (Albalat 2016). In the caspase family, cadRaise

considered an example of a gene in the proakegseudogenization due to a pmature stop
codon (Wang 2006). Even among closely related organisms, the number of expressed
caspase genes is constantly evolving (Eckhart 2008). Given the nature of protein family
evolution, the likelihood of computatioh@gorithms to include genes undergoing the

process of pseudogenization is probable (van Baren and Brent 2006, Mudge and Harrow
2016). The inclusion of pseudogenes in a dataset will contribute phylogenetic noise and
diminish the certainty of downstreamadyses.

The Confidence Information Ontology (CIO) is a standardized set of terms currently being
developed for biocurators to assess the confidence of an annotation based on the quantity and
guality of evidence used to make the annotation (Bastian 20bh6)w@y to improve the
confidence in an annotation is to use conventional computational gene prediction methods
followed by inspection by a human expert (Fawal 2014). By incorporating confident
annotations, manually curated sequence databases address gmrshortcomings of

public databases and improve computational biology by reducing phylogenetic background
bias and noise (Abiteboul 1995; Stein 2003; Buneman 2008).

il. Caspase Defined and Criteria for Curation

To populate the CaspBase, we collected a siaud the annotated genomes from the NCBI
GerBank (NCBI 2017) orbecember 12, 2017 amlled 361 genomes that we searched for

all annotated caspase sequences. We then manually curated the caspase protein sequences to
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generate a dataset with wekkfinedcriteria for selecting functional caspases that are likely
to be capable of cleaving target peptides after an aspartate residue. The CaspBase
conveniently provides both the uncurated search results and the curated database to improve
transparency and remocibility of its data.

Human cells contain eleven caspases that are broadly separated into three subfamilies, the
inflammatory caspase subfamihl(-4, -5), the apoptotic initiator subfamilyZ, -8, -9, -10),

and the apoptotic effector subfamihg(-6, -7). Caspasé4 has been implicated in cell
differentiation (Denecker 2008), human caspbaés in the process of pseudogenization,
and caspasgl and-13 are misnomer duplicates of caspdg@esent in rodents and bovine
respectively (Eckhart 2008).aSpases are synthesized as inactive zymogens, referred to as
procaspases. Structurally, mature caspases are dimers of protomers, and each caspase
protomer consists of an-férminal prodomain followed by the large subunit, an intersubunit
linker (IL), and he small subunit. The large and small subunits fold into a single domain
structural unit (the protomer) consisting of a-siranded-sheet core with five surface
helices. In the zymogen, the IL is intact, whereas the IL is cleaved in the mature daspase
general, maturation into a catalytically active protease results from cleavage of the IL at
conserved caspase cleavage sites, as well as removal of the prodomain (Clark 2016).
Caspases, or the clan CD 14 peptidases, are named for their most proumogonal

featurei the presence of a catalytic cystelmstidine dyad for cleaving peptides after
aspartate residuelfiemri 1999. Given the structural and functional definitions of a
caspase, the three main criteria for inclusion in the CaspBasecava inFigure 1: 1) the
presence of the catalytic cysteihistidine dyad; 2) the presence of the actite residues

that specifically coordinate aspartate found in the P1 position of the substrate; and 3) the
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presence of data for the dimer interfacer &ample, as shown supplemental Figurel,
caspas®-ike XP . 01®22004. 1) is missing t-strand6esi dues
(Figure MSA). Sequences that lacked one or more of our criteria were not included in the
curated set, because without further evidenc
Additional aiteria are described in theethods.

iii. The Common Position (CP) System

During the initial phase of caspase discovery, a systematic method of naming novel caspase
homologs did not exist, resulting in multiple and inconsistent gene symbols. For example,

human caspas8 has alternatively been referred to as CPP32, yama, and ap&ioaimk|

1996. In 1996, a committee was commissioned to establish a sensible system of

nomenclature for the human caspase proteins. All family members were to be called

0 c a sy @,s gy$tanytasmrtate specific prokse wher e O6NO6 represents
as determined by the order of publication date. In addition, researchers were encouraged to

use amino acid position numbers from human caspaseefer to amino acid pibens in all

caspases. This nomenclature system is confusing and not reproducible, because each unique
dataset may yield a slightly different MSA given the availability of different models and

software.

We describe the Common Position (CP) system laer@nproved naming convention for

amino acid positions that addresses the complications of the current Chsasimng

convention and serves to enhance homologous protein sequence analysis by standardizing a

MSA with structural validation as describedime methods.
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iv. Demonstration of Utility: Ancestral State Reconstruction

Extant proteins are a snapshot in evolutionary time and understanding the current
configuration of intramolecular interactions is not necessarily intuitive. Nature has developed
a library of functionally unique variations of each protein, and their ancestral states can be
predicted, resurrected, and characterized (Harms and Thornton 2013). Although models do
not account for the dynamic reality of protein behavior, the predictions witdASR are
sufficiently reliable to test experimentalldérms and Thornton 20L0Low confidence at a
given amino acid position, or dédambiguityéo,
data, uncertain gap placement in the MSA, poor estimafitnree topology (phylogenetic

noise), and the extent of sequence divergence relative to tree articulation (phylogenetic bias)
(Harms and Thornton 2010). All these factors are addressed by starting with a quality dataset
generated by the CaspBas&R addghe dimension of evolutionary time to the structure
function relationship. The nodes of a phylogenetic tree represent a functional common
ancestor (CA), and ASR predicts the most likely amino acid for every position in the CA
based on a posterior probatyildistribution (Ashkenazy 2012). Using data from

CaspBase.org, we demonstrate its utility by presenting the results of a hypothetical ASR
experiment by following the work flow chart Figure 3. In general, the more sequence
positions available for anadis, and repetition of analysis leads to more accurate estimation

of ASR parameterd._{berles 2007.

The caspase family is an ideal model family to use for an ASR, because three features of
caspases are highly conserved: the hemoglobinase fold, theatoemf the catalytic dyad
(cysteine and histidine), and the specificity for aspartate in the S1 pocket. While retaining

thesestructuralfeatures, caspase substrate specificity is determined primarily by the amino
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acid in the PZP4 positions of the subsate. The caspases are further classified by their
preference of amino acid character at P4: group | caspases prefer bulky residues (W/H/Y),
group Il prefer charged residues (D/E), and group Il prefer aliphatic (I/L/V).

Our lab has previously shown tHat rerio caspase&a has relaxed specificity for group |l

and lll substrates (Tucker 2015), and our preliminary data sugges tieaio caspaseb

has only group Il specificity (data not presented here). We generated a dataset with the
CaspBase that wdscused on reconstructing the CADf rerio caspase€a and-3b to

demonstrate the power of a hypothetical ASR experiment.

C. Methods

i. Curation of the Database

Two searchable databases of caspase proteins, uncamatedrated, are made available

through CapBase.orglhe uncurated database contains §&@ein sequences with caspase
annotation from 361 animal genomes available at NCBI on December 12, PO hTake

the database, we 1) downloaded GFF3 files from NCBI Assembly
(https://www.ncbi.nlm.nih.govasembly) for all RefSeq animal genomes, 2) extracted

protein accession numbers (protein_id) from the lines of GFF3 files that contain the word
6caspased but not OoOactivation inhibitordo, O0a
domaincont annit hgévial ue of the &édproductd tag in
3) used the list of resulting accession numbers to obtain protein sequences in FASTA format,
and 4) mapped taxon ID from each GFF3 file to taxonomy using taxdmp file available at
ftp://ftp.ncbi.nlm.nih.gov/pub/taxonomy/. The resulting database contains unique protein

accession numbers associated with product annotation from GFF3 file, taxonomy and

79



FASTA sequences. Additional details including the code used to gettexatecurated
databasareprovided inthe supplementary materiaéd CaspBase.org

The curated database conta2&30protein sequences from 354 taxa. The FASTA for each

genome was curated one file at a time using the MEGA 7.0 alignment editor (Kumar 2016).
Sequencewere selected from the uncurated database and identified as functional caspases
based on the following methods and criteria:
annotations that are not caspases such as O0n
shorter han 240 amino acids, duplicate sequences, and sequences that include characters (X,

J, or B) were also omitted. Accession numbers that start with XP_ were computationally

predicted from genomic data. Accession numbers that start with NP_ were expenmentall
determined, thus were preferentially included in the CaspBase if there were duplicate copies

of a gene.

The remaining sequences were aligned with MUSCLE using a gap opening penalty of 6.9

and other parameters kept-shaet6 igtypitalywithin20 The di
amino acids of the @rminus, so sequences were omitted with missing daie ialignment

w h e rsheetfb should béigure 1). The catalytic residues histidine (E®75) and

cysteine (CRC117) were checked for their presence, additional criteria for inclusion are 2

out of 3 residues known to coordinate the P4 aspartate resithesantive site (CIR018,

CP-G020, and CHD024)(see CP_MSAupplementalTable 1).

Genes with multiple predicted isoforms were assessed for the optimal isoform to maximize
phylogenetic signal. For example, XP_ isoforms with similar length to that diitnan NP_

caspases were typically selected for inclusion in the CaspBase, otherwise the longest isoform

was chosen by default if no evidence was observed to the contrary. In some cases, longer
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isoforms opened a gap in the caspase domain, thus the sboitemi was preferentially

chosen gupplemental figurel). To further check for errors and problematic sequences, a
phylogenetic tree for the entire CaspBase was generated to elucidate any errors not easily
observed by eye. The tree was generated with themum likelihood (ML) framework

using IQTREE (http://www.igtree.org/) (Nguyen 2)nd can be viewed at CaspBase.org
The putative placement of genes is knampriori, because ML methods take branch length
into account. The phylogenies generated inrttasiner were used to identify missing data,
mislabeled and erroneous sequences relative to the specific cagmastll sequence
accession numbers that were removed from the CaspBase were tracked in a separate excel
file along with the reason that sequerwas omittedcan beviewedat CaspBase.org)

ii. The Common Position (CP) System

A FASTA file was generated by searching the CaspBase for Chordata caSmespsences

in the CaspBase; where N is caspdse2, -3, -4, -6,-7,-8,-9, -10, and-14. The 483

sequences were superficially aligned in MEGA using MUSCLE (Kumar 2016). Sequence
positions in the prodomain with less than 90% occupancy were deletedl (PB6) , and t h
all the gaps of the preliminary alignment were closed. The resulting FASTA file wa
uploaded to the PROMALS3D online server at
http://prodata.swmed.edu/promals3d/promals3d.php to generate a structurally informed
multiple sequence alignment (MSA)hen, all but the human caspase sequences were
removed from thd488 sequencEISA. The PDBIDs; 1I1BC(caspas€l), 3R5J)(caspae-2),
2J30(caspases), 30D5(caspas®), 3KIN (caspass), and1IXQ (caspas®) were
superimposed in PyMand hehuman caspasdignment was manually adjted to match

the PDB structuresThe resulting MSA is referred as the CP_MSATheCP_MSAwas
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thenused s Ouser def i neahdll148dseqencesa PROMALSIDAE r e
MSA was slightly adjusted to match the CP_MSA.

An R script (provided in the supplemental materials) was written to calculate thetpercen
conservation of the consensus amino acid at each position bf88esequendeISA, and

the percent of amino acid occupancy at each position (gapped or not gapped). The script was
also separately run on each casgspe of the MSA (supplemental matergl The

consensuscore was calculated by dividing the percent consensus by the percent occupancy,
and thedata were transposed onto the CP_ MW color coded in excel

The CP system categorizes caspases genes into three position types; positions in the
prodomain (PD), gapped positions (GP), and common positions (CP). Common positions are
defined as having 100% amino acid occupancy in the caspase domain of the CP_MSA, and
GPs are all other positions in the caspase domain. GPs are numbered sequethigatiyciar

they appear (Sekable 1). The first CP is a highly conserved tyrosine residue, designated
CP-Y001. Residues of the prodomain are referred to aD8®, PD0O01, etc., reading

backwards from CF¥001, so the number of the start Met residue-(@ROX X 6 ) .

iii. Ancestral State Reconstruction

The sequences used for Dererio caspasea vs-3b ASR Figure 6) were acquired from

the CaspBase by selecting the Chordata_Actinopteri, Chordata_Amphibia, and
Chordata_ Chondricht hyes i addition, t feveselécPtaxgfroomm _C|l a
the O0individual species®d menu weQ. iatestinalis| uded
a couple aves and a few mammals (Sgere 6). Then Caspasg, -3, -6, -7, and-8 were
selectedand the CaspBase returngbb sequences that matched all of the criteria. The

prodomain of caspases evolve independently and are highly variable among paralogs, and
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removal of the prodomain does not affect effector caspase aativityo (FuentesPrior and
Salvesen 2004 Sincethe prodomain opesmany gaps in the MSA and their contribution to
phylogenetic noise is likely to yield ambiguous results, we remove the prodomain (as
described above). PROMALS3D (Pei 2008) only uses the first 25 characters of the FASTA
header, and theASTA files provided by the CaspBase are unaltered from the NCBI
annotation, so the species names are cleaned up with GREP commands in notepad++ before
uploading to the PROMALSS3D server http://prodata.swmed.edu/promals3d/promals3d.php.
The CP_MSA was usedjain foruser definedconstraints
We determined the best model of evolution to construct a phylogenetic tree from our dataset
with Prottest 3 (https://github.com/ddarriba/prottest3) (Darriba 2011). The phylogenetic tree
was computed with the maximum lIkeood method in IQTREE (Nguyen 2015), using the
JonesTaylor Thornton model (JTT) plus gamma distribution. No test of phylogeny was used
for this example ASRhowever at leastl00 bootstraps are recommended. The MSA and tree
file were uploaded to the RdAL server (http://fastml.tau.ac.il/) (Ashkenazy 2012) and a
joint reconstruction was calculated with the default settings for amino acid sequences. The
nodes of interest in betweén rerio caspas8aand3 b wer e i denti fied wit
ancestorfanat . t xt 6 out put file, and the tree was
(http://tree.bio.ed.ac.uk/software/figtrie/

D. Results

i. The CaspBase
The ergonomic design of CaspBase.org makes it intuitive to use. The user selects any number
of Individual Species or ganisms by Phylum_Class by highlighting the desired tabs in the

respective menu with the Ctrl kelyiQure 2). The user then selects any number of caspase
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types, and a FASTA fil e t hat -maladtcayprotidele user 0
addressThe curated CaspBase currently maintains @880caspase sequences fr@av

different speciesHigure 2) and can be accessed at CaspBase.org319@sequences that

were omitted from the raw sequence database were recorded in a list with their accession
numbers and the reason why they were omitted (supplementary mateGalspBase.o)g
CaspBase users should be awar ¢ itkleadtNisvdireeg ec a s
any human caspasgpe), because they are difficult to categorizdikid seqeences are
typically named based on -IBILKA&SO cueanitiarlidw,h s e
consensus Hscores to human caspase paralégsen 1998 N-like sequences may be the

result of gene duplication, and/or they are in the process of pseudogenfEakhart 2008).

Many N-like sequences were omitted from the CaspBase because they did not meet our

curation criteria, but the CaspBase does include some sequences that might not be ideal for

every analysis due to naranonical indels. Some sequencesrat annotated as-Ike that

probably should be considering the relative sequence variance to the human homolog;

however, we provide the sequences that pass our criteria as they were annotated. Users are
urged to double check the downloaded sequencesmttasired indels that may contribute

unintended noise to their intended analyses.

The phylogenetic tree with all CaspBase sequences is available in the supplementary

materials. The tree shows that many of the invertebrate caspases are annotated poorly, as
determined by the incongruence between the annotation and location on the tree: for

example, caspaskof Arthropoda groups together with the effector caspasés and-7 of
Chordata. Annotations | abe-N-I ieke @osaanotgtada las i v e 6

poorly. As a resujtwe changed the caspatsey pe 6 Droncé to the same c
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list of sequences pruned from the CaspBase as a result of this process is available in the
supplementary materials.

ii. The Common Position Multiple Sequene Alignment (CP_MSA)
The generation of a multiple sequence alignment (MSA) is the most important step for the
accuracy and confidence of downstream bioinformatics analygps€ 3). MEGA (Kumar
2016) is free to use for academic purposes, and it icwuffifor sequence visualization,
simple alignments, editing, and building phylogenetic trees with data acquired from the
CaspBase. However, the secondary structure of a protein is more conserved than the primary
amino acids sequences among highly divergeotein families (Ingle$rieto 2013)One
principle for improving alignment accuracy is the use of structural constraints.
PROMALS3D is open source academic software that generates MSAs informed by
secondary structure elements (Pei 2008). In this taseiser provides a reference PDB
structure, or usedefined constraints to improve the quality of the MSA. Another principle to
improve the estimation of an alignment is to use more sequence data (Wang 2001). We
applied both of these principles to estalbla standardized human caspase MSA that is
necessary for consistent evolutionary sequence analysis.
We queried the CaspBase for each casphard caspasi-like sequences from the entire
Chordata phylum (where N is either caspdse2, -3, -4, -6, -7, -8, -9, -10, or-14). The
CaspBase returnefit, 198, 203, 33, 201, 211, 158, 178, 117, and d4d4&)ences
respectively(Table 2). The human caspase paralogs have 251, 260, 240, 251, 256, 243, 253,
263, 246, and 230 amino acid positions betweetYQ®L ard their Gtermini with 218

common positions (CPs) along the caspase do(ainle 2). The total number of conserved
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residues (>90%) from each caspagee is98, 141, 129, 140, 146, 172, 83, 121, 112 and 71
respectively

The All_caspase MSA df488caspassequences was generated with PROMALS3D. We
removed all but the human sequences and checked the accuracy of the remaining alignment
manually by matching structural evidence from available PDB structures. Adjustments to the
alignment where made as necesskigure 4 shows the structural evidence for the

placement of GP1, G@PGP§ and GP10. The standardized CP_MSA was used as the basis
for developing the CP system.

The amino acid consensus and percent occupancy of each position among the ten caspase
types ad the All_caspase MSA were calculated with thecRpt (Table 2). Thirty three

positions in the All_caspase MSA are over 80% conserved betwe&d8BEhordata

homologs used in this analysis; - G@P01, GP2F003, CPR018, CPG020, CPD024, CR

LO35, CRS04, CRHO75, CRGO76, CRPG083, CPC102, CPL105, CPK108, CRP109,
CP-K110, CRQ115, CPA116, CRC117, CPG119, CPD146, CPR161, CPG166, CP

S167, CPL173, CRV191, and CH.211. The majority of these residues are clustered in the
active site and at the bmsf the enzym@-igure 1A in Chapter 1) The consensus sequence

and percent conservation for each casfgse was transposed onto the CP_MSA. Cits

be compared among the human caspases along with a wealth of relevant evolutionary
consensus data for thesearchersupplemental materigls

Alternatively, we generated an MSA using only 11 human caspase sequences for the
PROMALS input dataset and will be referred to as the OnlyHuman_NFggure 4). The
importance of an accurate MSA is exhibited by thegapement (regions identified in red

boxes) of the OnlyHuman_MSArigure 4). First, loops that connect tvilstrands of a
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surfaceb -sheet, called - b3, vary in caspase homologs. As showiFigure 4, the gap is
correctly placed in the CP_MSA, because the insertion in caSpaseurs betweeb® andb

2 (called GP5(001-007), see Table 1) and the insertinrtaspasd. occurs between? andb

3 (called GP&(001-006), see Table 1Theb'- b* sheet is evolutionarily important in caspase
structures because it contains the catalytic histidine. To avoid phylogenetic noise, aligning
the CPs of this region ac@iely is critical. The region undergoes a othelix transition in
caspasé®, forming an inactive conformatiolW¢lazquezDelgado 201P, and an expansion of

a loop connecting® andb?in caspas® occludes the dimer interface, a known allosteric
site. A comparison of the gaps in the OnlyHuman_MSA versus the CP_MSA with PDB
structures displays the superiority of the CP_MSA. For example, GP5 of Cas(iRi38

code 1JXQ) is colored according to the OnlyHuman_MSA and the CP_MSA alignments
(Figure 4) andshows the CP_MSA gap placement is in agreement with the PDB. In contrast,
the OnlyHuman_MSA shifts the insertions toward biestrand rather than the connecting
loop (Figure 4). We superimposed PDiB exhibit the spatial conservation of amino acids
that are aligned in a MSA-{gure 4). The CPMSA correctly aligns the highly conserved
CP-Y001 and correctly places GP1, GP5, GBPR10, and GP 11IT&ble 1), in caspasd and

-4 (Figure 4). In contrast, the gaps are not placed correctly in the OnlyHuman. MSA
iii. The Common Position (CP) Numbering System

We propose a scheme based on the common positions of amino acids among the human
cagase paralogs in a structurally validated MSA. We provide a-colded version of the
CP_MSA that shows the amino acid consensus sequence and conservation score of caspase

paralogs relative to their common positiesagplementary Table 1).
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Residue positins in the prodomain are quite variable among caspase paralogs. Therefore, we
chose the first common position (&®01) as the first highly conserved residue among all

caspases. In the CP numbering system, residues precedivig0IRnake up the prodomain

and are labeled PIMX X X6 t h r-OoQulgth wWHDeOrled R presents the a
closest to CPY001, and XXX is the length of the prodomain. Residue positions within the
caspase domain that do not have 100% amino a
posi ti onso, or GPs, and the GPs ar-¢é00humber ed
Positions in each gap are identified by the single letter amino acid code andigfitrgap

position number and an apostrophe. The 10 gapped regions range from 2&srigsttia

inter-subunit linker (GP7001 to GP7028), to single amino acid insertions (GFA@ML) and

deletions (GP301) as summarized iféble 1and Figure 5.
iv. Ancestral State Reconstructiorof D. rerio Caspase3a and-3b

It is known that the entire Telsbgenome was duplicated during the evolution of modern
fish (Meyer and van de Peer 2Q0&lthough many of the duplicated caspases appear to have
been purified, as determined by their absence from NCB genome annotations. However,

several species

maintainduplicates that appear to be fixed into the population, such kdipes andD.

rerio. The results for the ASR are summarizedrig(re 6). The experiment was designed

to purposefully maximize the number of nodes for analysis in betldesario caspae 3a

and-3b on the phylogenetic tree. The Fast ML se
ancestor formatdé was us e-@aandsb (blecanmdtigreehy t he no
trajectories irFigure 6), and nodes 68, 69, 70, 73, 74, 75, 82, 88 were pulled from

6sequences of the joint reconstructiondé file
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common ancestor (CA) was centered in the MBgyre 6). Although there are many
differences betweet8a and3b, only a few residues divergedrindhe CA and have not
changed since.

Incorporation of the consensus data from the CP_MSA provides information about the
functionally important residues that diverged betw&anand3b; because hypothetically,
residue positions with changes in functiooahstraints, or sitspecific rate variation, are

likely to be involved in functional divergence&/éng 200
E. Discussion
i. The CaspBase

The CaspBase includes all animal species with currently available annotated genomes in the
NCBI genome database (NCBIZD), and it can be appended as new sequence data is made
available. The CaspBase offers researchers the ability to rapidly compile large informative
datasets, which serves to improve all downstream computational analyses.

Experiments aimed at determinitige structurdunction relationship between functionally

di verse protein families have historically
functionally important residues in closely related proteins and assessing the effect on
structure and/orunction (Harms and Thornoton 2013). In 1970 however, John Maynard

Smith described protein sequence space, and evolution, as a walk from one functional protein
to another in the space of all possible protein sequences (Smith 1970). Horizontal mutations
dormt abide by Maynardés description, and st

address biological reality.
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An understanding of the sequertoebioactivity relationship is necessary when developing
peptide drug candidates, and alarscanning muwtgenesis techniques previously served to
satisfy that need. However, single point mutations are unlikely to thoroughly investigate the
complexity of functional fithess landscapes because the optimal amino acid at any given
position is contextiependentlfarms and Thornton 20)2In other words, the withiprotein
epistatic contribution of free energy from an alanine mutation may alter biological activity
through unseen perturbations to the free energy landscape that do not reflect reality.

The changes inmino acids from Node6¥% Node73Y Node74 etc., are considered

overtical mut ationsd, and represent functi on

and Thornton 2010). Resurrecting and characterizing each node along two diverging
trajectories, suchsD. rerio caspase€a and-3b, would narrow down the residues that are

involved in the functional divergence of their relative substrate specificiiesapproach is

akin to 6reverse engineeringé protmweim evol ut

evolution methods

Even after 50+ years of development ASR still Iiragations; however, ASR is a heuristic
science. Meaning that computational predictions will improve with more experimental
validation, or Opr act itaken fombhekCaspBapeaveré aurchesd .
efforts to maximize the confidence of an ASR of the CA of effector caspases. Nonetheless,
ambiguities in the reconstruction will occur. Ambiguities are considered residue positions
with less than 80% confidence. Ambities are most likely to occur in regions of the protein
that are solvent exposed, or lack functional evolutionary constraints; thus, aosaguino
acidsat these locations are less likely to deviate from biological reality. The nodes of the

phylogenetidree represent a pool of possible ancestral states. For example, Node68
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represents that CA of Actinopteri casp@se&o every dataset that includes several

Actinopteri caspas8 sequences will yield a phylogenetic tree with a node that represents
their CA.The CaspBase is instrumental to rapidly generating several datasets, and repetition
of analysis reduces ambiguity by increasing confidence through corroboration. If the
ambiguity is still not resolved, then several mutant variations can be resurredtddonlly

serves to enhance our understanding of the sequedfigection relationship.
ii. The CP system

The CP system is an advancement in organizing protein family paralogs for comparing their
amino acid sequences with additional data for evolutionary @onistr We provide the

structural evidence here for the correct gap placement of the CP_MSA. The previous caspase
residue naming convention did not consider the discrepancies in gap placement in various
MSA software, and they also lacked the PDB structirestablish a standard caspase MSA

like the CP_MSA. A standardized MSA will serve to improve the reproducibility of

evolutionary biochemistry experiments.

The old caspasg naming convention for GPs was confusing and could not effectively
describe all th positions, thus was never adopted (Alnemri 1996). Most researchers currently
use the numbering of their caspdgpe of interest; however, doing so is shortsighted. As
mentioned previously, proteins are a snapshot in evolutionary time, and it is ingossdd

the whole story by analyzing one frame of the film.

Characterizing the GPs is novel for caspases, and it is likely that other protein families could
benefit from their own CP system. However, the CP_MSA will not be completely verified
until crygallographic data of caspadd is published, and it will unlikely be verified for

GP7, the intersubunit linker due to intrinsic disorder.
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The location of the amino acids in a CP are typically superimposed ispaee [Figure 4),

so the importance of accurate MSA cannot be understated for evolutionary sequence
analysisbecause amino acid sequerspace comprises the physical object that evolutionary
forces act upon.

Evolutionary biologists seek to understand how genes came to be, and biochemists seek
understand how genes or gene products function as they are. We view databases such as the
CaspBase as a bridge between generating hypotheses computationally and testing them
experimentally. We developed the CaspBase as a tool to rapidly dissemiaiieentg

caspase sequence data. The CaspBase lends itself to compiling large datasets that are easily
parsed and modified for any project related to the caspase gene family, and the methods

described here can be adapted to any protein family.
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Table 1 Table of Gapped PositionsGapped positions (GP) identified in the common position system for

defining amno acid positions in caspasése n gt h

refers

strand,

a n-lkelixhl1, L4eréfes to active site Iabps L1 and L4.

t o

number

of -ami no

Length
in

Location

Description

Humans
GP1 |2 N-terminal to el | Caspasd, -4, -5 insertion (Figure 4D)
7.17 L1 5 variable gap lengths. GH2-13) are
GP2 unique to caspasg
1 between h2 and | Deleted in Caspas® -6, -7, -8, and 9;
GP3 e3 present in caspask -2, -4,-10, and-14
5 between h2 and . . .
GP4 e3 Unique caspas#4 insertion
GP5 7 g)r%pet;gtween St Unique caspas® insertion (Figure 4A)
GP6 5-6 f: dpé);tween ez Caspasd, -4, -5 insertion (Figure 4A)
10-28 Inter-subunit Variable in almost every caspase. Casfhs
GP7 linker is the longest, caspa8ds the shortest.
1.3 turn between h4 | Caspaseé and-10 single amino insertion,
GP8 and h5 and caspas#4 deletion.
GpP9 |1-10 L4 5 variable gap lengths
GP10 | 1 dimer interface | Caspasd, -4, -5 insertion
P11 | 1+ C-terminus Varies
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Table 2: Summary of sequence data usetd generate the CP_MSAThe caspasB row includes all the
sequences used, the number of common positions in the caspase domain, and the number of amino acids that
are over 80% conserved in all 1488 chordate caspases

eo wl AWA g AWA ..l.

ASPASA alld <10 AJoasSe U0 A O C <10 % O > allo
Caspasd 74 251 98 0.39
Caspase 198 260 141 0.54
Caspase 203 240 129 0.4
Caspaséel 33 251 140 0.56
Caspas® 201 256 146 0.57
Caspase 211 243 172 0.71
Caspase 158 253 83 0.33
Caspas® 178 263 121 0.46
Caspasd0 117 246 112 0.45
Caspasd4 115 230 71 0.30
Caspas&N 1488 218 33 0.15
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Active site Dimer interface

Active site

Catalytic

ALy Catalytic
histidine cysteine
CP-075 CP-117

Figurel: CaspBaseCuration Criteria. The top panel shows the beta strands the form the dimer inter
The bottom panel shows the conser-08dRMI2& CR24 CPe :
075, and CPL17. Sequences missing any of the criteria were excluded from the database.
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Select species individually or by group. You can also select multiple species or groups.
Individual species Phylum_Class Caspase type
Harpegnathos saltator Arthropoda_Insecta Select All
Helicoverpa armigera Arthropoda_Malacostraca caspase-1
Heterocephalus glaber Arthropoda_Merostomata caspase-1-like
Hippocampus comes Brachiopoda_Lingulata caspase-2
Hipposideros armiger Chordata_Actinopteri caspase-2-like
Homo sapiens Chordata_Amphibia caspase-3
Hyalella azteca Chordata_Ascidiacea caspase-3-like
Hydra vulgaris Chordata_Aves caspase-4
SEARCH

Figure2: Summary of sequence data in the CaspBasEhe pie charts show the diversity of organisms, ar

the bar graph below shows the distribution of caspase typeshottom panel is a clip of the search feature
from CaspBase.org.
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Aquire sequences
from a public
databank

Curate

Validate MSA

Generate a with PBD

Multiple structures
Dgl;\’/elop Ll sequence
system alignment

Functional
divergence
analysis

Construct a
phloygenetic
tree

Ancestral state
reconstruction

Figure3: Evolutionary Biochemistry Work Flow Chart. The certainty in
computational analyses depends on the quality of the input data, and public datab
maintain misannotated and eremus sequence data, so the curation step may be th
important step for an evolutionary biochemistry experiment. The multiple sequenc
alignment (MSA) generated from the curated data is then validated with structural
evidence from the RCSP PBD, becasseondary structure is more evolutionarily
conserved than the primary sequence. The CP system was designed based off th
structurally validated MSA and consensus data generated from the CaspBase. Th
several downstream analyses can be carried out wifidemce, such as constructing
phylogenetic trees, ASR, and FDA.
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Caspase -3 Caspase-1 Caspase-9

No Gaps

Human only MSA

Caspase-10 GDCFVFCILTHGRFGAVYSSD....... - [ ALIPIREIMSHFT
Caspase-8 MDCFICCILSHGDKGIIYGTD....... Qlaieronsts QEPPIYELTSQFT

Caspase-14 VSCAFVVLMAHGREGFLKGED

Caspase-6 ADCFVCVFLSHGEGNHIYAYD Placed

Caspase-7 CFACILLSHGEENVIYGKD incorrectly
Caspase-3 RSSFVCVLLSHGEEGIIFGTN

caspase-3 LDCCVVVILSEGCQASHLQFPGAVYGTDG..... CPVSVEK

Caspase-2 TDSCIVALLSHGVEGAIYGVD....... G.ae s KLLQLQ

Caspase-4 DSTFLVLMSHGILEGICGTV....... HDEKKPDVLLYDTIFQIF)
Caspase-1 SDSTFLVFMSHGIREGICGKK....... HSEQVPDILQLNAIFNMLX
GP5 GP6
CP_MSA
Caspase-10 GDCFVFCILTHGRFG....... AVYSSDE..... ALIPIREIMSHFT
Caspase-8 MDCFICCILSHGDKG.......IIYGTDG..... QEPPIYELTSQFT \
Caspase-14 VSCAFVVLMAHGREG....... FLKCEDG..... EMV NLFEALN
Caspase-6 ADCEFVCVFLSHGEGN..... LHIYAYDA...... KI I FK
Caspase-7 AACFACILLSHGEEN..... VIYCKDG...... TAHFR
Caspase-3 RSSFVCVLLSHGEEG.......IIFGTNG...... 1
caspase-9 LDCCVVVILSHGCQASHLQFPGAVYGTDG..... N v
Caspase-2 TDSCIVALLSHGVEG.......AIYGVDG.....KLLQLQ QLFD
Caspase-4 SDSTFLVLMSHGILE....... GICGTVHDEXKXPDVLLYD QIFN
Caspase-1 SDSTFLVFMSHGIRE....... GICCGKXHSEQVPDILQLNAIFNMLN

\

Figure 4: Comparison of MSAswith and without Evidence for Gap PlacementThe top three
images depict heli8 from caspas8, -1, and-9 respedvely. Caspas& has no gaps in between
bé and B6O6 and serves as a -TaodpTaetipME8Awas o
computed with only the 11 human caspase sequences, and the bottom MSA was verified w
structural data. The caspa@édelx-3 next the each MSA colors the gapped residues in red wt
incorrectly places, and the correctly placed gap in green. The bottom two panels show struc
evidence for GP1 and GP10.
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Figure5: Summary of Gap Locations on Structural Model and Cartoon DiagramPanel A shows

locations of the gapped positions (GPs) mapped on to PDB ID 2J30 in orange.
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Figure6: ASR of Zebrafish Caspase8a and 3b CommonAncestor. Showsthe tree used to reconstruct the casfisand-3b ancestor, and only
showing the caspas®clade. The path for caspa3ke is colored in green, and the path for cas{3asis colored in blue. The nodes along the path ar
aligned in the order they evolveahd a small segment of the MSA is shown. Positions that changed early from the ancestor, and did not chan

may be of interest.
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G. Supplementary Materials

i. R-script for calculating percent identity, amino acid occupancy and the consensus
residue

#First turn alignment into tabelimited matrixlike
#awk 'l/>/ {print $1}' MultAlign.fasta |awk 'BEGIN{FS=""; OFSM"H$1=$1}1" >
MultAlign.txt

args < commandArgs(TRUE)

infile=args[1]

#print(infile)

#infile="MultAlign.fasta_marix.txt" #uncomment and add your file if Rscript is not
working

#align<read.table("MultAlign.txt", header=FALSE, sept*;colClasses = "character")
#align<read.table("allCaspase_test.txt", header=FALSE, s€psolClasses = "character")
align<read.tdle(infile, header=FALSE, sep¥"™,colClasses = "character")

P_ld=c()

P_0Oc=c()

P_Cons=c()

#print(length(P_Id))

for (pos in 1:length(align){
#print(pos)
total=length(align[,pos])
counts=table(align[,pos])

if ((length(counts)==2) && (ames(counts)==")){
#print("yes")
Percentldentity=counts[which(names(counts)'}/total
PercentOccupancy=counts[which(names(counts)j}#botal
ConsensusResidue=names(counts[which(names(count¥])="
lelse if ((lergth(counts)>2) && (names(counts)==)){
#print("Counts more than 2")
Percentldentity=max(counts[which(hames(counts)}§)/total
PercentOccupancy=sum(counts[which(names(count$)]¥total
ConsensusResidue=names(whichif@s==max(counts[which(names(counts}3}])))
lelse if ((length(counts)==1) && (names(counts)=9){
Percentldentity=0
PercentOccupancy=0
ConsensusResidue=names(counts)
telse{
#print("no")
Percentldenty=max(counts)/total
PercentOccupancy=1
ConsensusResidue=names(which(counts==max(counts)))[1]
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}

P_ld[pos]=Percentldentity
P_Oc[pos]=PercentOccupancy
P_Cons[pos]=ConsensusResidue
#print(Percentldentity)

#for (item in P_Id){
# print(item)

#}

#print(P_Id)
#print(P_Oc)
#print(P_Cons)

all=rbind(P_Id,P_Oc,P_Cons)

all=data.frame(all)

print(all)

#write.table(P_ld, "Percentldentity.txt")

#write.table(P_Oc, "PercentOccupancy.txt")

#write.table(P_Cons, "Consensug)x

write.table(all, "Results.txt", quote = FALSE, sefi%"col.names=NA, row.names = TRUE)
print("Results are in Results.txt")
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Example curation starting with the common carp caspases

Start with 69 sequences

/] GCF_000951615.1_common_carp_genome_genomic_caspases_clean_seqs

Remove ‘Partial’, ‘LOW QUALITY", or amnotations that

are not * and sequences with

such as *

X, J, or B characters

9 sequences removed

61. XP_018935053.1 PREDICTED: LOW_QUALITY PROTEIN: caspase-6-like Cvprinus_cux JHTNENNEN-HN
62. XP_018943303.1 PREDICTED: LOW QUALITY PROTEIN: caspase-3-like Cyprinus ci
63. XP_018526814.1 PREDICTED: LOW_QUALITY PROTEIN: caspase-8-like Cyprinus_c|
4. XP_018972742.1 PREDICTED: LOW_QUALITY PROTEIN: caspase-9-like Cyprinus_c [
65. XP_018950610.1 PREDICTED: caspase-3-like partial Cyprinus_carpio FE|
66. XP_018958169.1 PREDICTED: caspase-1-like parcial CYprinus_carpio
67. XP_018347331.1 PREDICTED: caspase-l-A-like partial Cyprinus_carpio
68. XP_018929166.1 PREDICTED: caspase-8-like parcial CYprinus_carpio
69. XP_01£933752.1 PREDICTED: metacaspase-l-like Cyprinus carpio

s4. XP_018940511.1 PREDICTED:
55. XP_018941890,1_ PREDICTE!
56. XKP_018961917.1 PREDICTED:
57. XKP_018959048.1_PREDICTE!
S8. XP_018935050.1 PREDICTE!
59. XP_018928752.1_ PREDICTE!

caspase-3-like Cyprinus_carpio
caspase-3-like Cyprinus_carpio
caspase-1-like Cyprinus_carpio
caspase-g2-like Cyprinus_carpio
caspase-1-B-like Cyprinus carpio
_caspase-8-like Gyprinus_carpio
. XP 018920771.1 BREDICTED: caspase-8-like Cyprinus carpio

s0
|5\te3‘154 15 = with

@ wio Gaps

Check for duplicate sequences

43. XP_018958827.1 PREDICTED: caspase-1-like isoform X1 Gyprinus_carpio

44. XP_018958828.1 PREDICTED: caspase-

47. XP_018974554.1 PREDICTED: caspase-
48. XKP_018974543.1_PREDICTED: caspase-.

S1. XP_018974551.1 PREDICTED: caspase-
52. XP_018974552.1 PREDICTED: caspase-

like isoform X2 Cyprinus _carpio
45. XP_018963170.1 PREDICTED: caspase-1-like isoform X1 Cyprinus_carpio
46. XP_018963171.1 PREDICIED: caspase-1l-like isoform X2_Cvprinus_carpio
like isoform X2 Cyprinus_carpio
like isoform X4 _Cyprinus_carpio
49. XP_018874542.1 PREDICTED: caspase-2-like isoform X3 Cyprinus_carpio
50. XP_018974550.1 PREDICTED: caspase-2-like isoform X1 Gyprinus_carpio
like isoform X1 _Cyprinus_carpio
like isoform X1 Cyprinus_carpio
53. XP 018974553.1 PREDICIED: caspase-2-like isoform X1 Cvprinus carpio

% | Align the remain sequences with muscle

Gap Penalties

Gap Open -6.900000000000001
Gap Extend -01
Hydraphobicity Multiplier 12

Check the dimer interface for data

XP_018922004.1 is removed because it is
missing two reidues that typically form the
dimer interface

o m e

. XP_018920515.1 PREDICTED: caspase-§-like Cyprinus carpio
. XP_018922004.1 PREDICTED: caspase-
. XP_018923599.1_PREDIGTED: caspase-:
. XPB 018925801.1 PREDICTED: caspase-8-like Cyprinus carpio

Check catalytic residues: CP-H075, CP-C117

and check the P1 pocket residues: CP-R018, CP-G020, CP-D024

Stars indicate 100% consensus...
1o sequences removed

Species/Apbrv

1. XP 018920515.1 PREDICTED: caspase-8-like Cyprinus carpio [JTL|
2. XP_018923599.1 PREDICTED: caspase-3-like Cyprinus carpio VI
3. XP_018925801.1 PREDICTED: caspase-8-like Cyprinus carpio [T
la ¥DP N1RA2AR1A 1 DRRNTATAN: raanase—f-like ienfarm X1 ConeinBy

Species/Abbry

Note: the red circle 1s a gap mat was

1. XB_01£920515.1 PREDICTED: caspase-g-like Cyprinus carpic Mfj|
2. XP_018923599.1 PREDICTED: caspase-3-like Cyprinus carpio
3. XP_018925201.1 PREDICIED: caspase-8-like Cyprinus_carpioc

=B

opened by XP_018922004.1 -
removing sequences that have

lost evolutionary constraints tends
to close gaps.

At this stage, it helps to organize the caspases in numerical order to
finish curating the best isoforms.

36 sequences remain

4. XP 018974553.1 PREDICTED: caspase-2-like isoform X1 Cyprinus carpio
S. XP_018972541.1 PREDICTED: caspase-2-like isoform X2_Cyprinus carpio

In most cases, the longest isoform is chosen at default if
the curator does not observe evidence to the contrary.
Variation in the length of the prodomain is common and
insignificant, however, the gap in the example above is
in unlikely region, and opens a gap in the other caspase
paralogs. The shorter isoform XP_018974541.1 was
included in the CaspBase

Check over the remaining sequences for
abnormalities

Unfortunately, choosing the best sequences is
subjective. The goal is to maximize phylgenetic signal
and minimize noise. The Teleost genome duplicated at
some point, and many of the duplicated genes are
undergoing pseudogenzation. Knowledge of which
genes remain functional would require experimental
evidence. Thus the CaspBase does not claim to have a
perfect data set, however we do believe that it is
significantly better than analyzing unfiltered noise.

Supplemental Figurg: Example Curation Flow Chart. The step by step process for
curating caspase sequence using the common carpesample.
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Supplemental Table The CP_MSA Red cells are the most conserved and green are the least conserv
chordate cosensus sequence is shown next to the WT human sequence.
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Supplemental Table 1. (continued)
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Supplemental Table 1. (continued)
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Supplemental Table 1. (continued)
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e 1. (continued)

Supplemental Tabl

SCONe .m..ll aspase-3

4

LY |-|r|\ aspase-7

COnS ..m.—ll aspase-f

cons -..mq—ll aspase-B

hul

-

TE —-—®x 9 R @

T T OT 0P Q —

h3

ed
ed
ed
ed
ed

97

98

99

100
101
102
103
104
105
106
107
108
109

[
=
=]

111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
GP7-1
GP7-2
GP7-3
GP7-4
GP7-5
GP7-6
GP7-7
GP7-8
GP7-9
GP7-10
GP7-11
GP7-12
GP7-13
GP7-14
GP7-15
GP7-16
GP7-17
GP7-18
GP7-19
GP7-20
GP7-21
GP7-22
GP7-23
GP7-24
133
134
135
136
137
138

0.858
0.306
0.629
0.401
0.296

[ I =Y
woco

© o i
il
wM

W

0.49
0.873
0.638
0.878

0.695

o
w

< >0 PPO0O0OMmMA0ZvmMmOmToOAO00vmmOOoDeMmOoOZO0euhowwddadmSO220rmMmO0=DO0F0—"77TE"RDAODSE VDO ZO00Ox

0.46
0.205
0.741
0.157

0.69
0.424
0.236
0.279
0.373
0.399
0.385
0.217
0.185
0.218
0.253

0.18
0.391
0.391
0371
0.283
0.347
0376
0.374
0.293

0.8
0.793
0.329
0.629

0.54

i

0.32

0.2
0.281
0.205
0.237
0.246

0.26
0.378
0.293
0.241
0.259
0.215

SO WD AmMm—G0nNn0rmMA0®0>F0—=——TTF=xDVTARGOA-WVWDODDOLO DN

Nnr<ooo:

mMOOomBomOwhPETohovwd-Am-—a00rmAdA60x3 00 —"TTTrAROTVAROAFCOVDODOO D

O FPZEZ0O0MTWO oODmMO

166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201

202
203
204
205
206
207
208
209
210

THO WO ErEO0 - 000 FFrmMmHdA0®O0EFL0—TMMTAM-RFARTO9AM~~F-A="O0®3200>M

m e Z 0402 — -

-~ 00 w0 -HA0Z —71THwod 40 —-000TTmwun®xR OO0 —"TTEeEARTOTAROFCFC-W0ARODOOD®DM

= U2 0 Amr A

112

143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187

188
189
190
191
192
193
194
195
196
197

40 r="mMAQ0Z20<<0rDD-<DO9T<O0OIQLZODOPFPLO-—=—TT-X"DVDXOLS-OHLIONDRDODORT

< v PO << mA - 2 -

340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380

=T OoOMmMMmMVOUDO dAmMm«<®—0="RO<ZOD0O000PF0 —"T<AROVAODECEOWTOARCEGD-T

“O< 0O "U0-A4A0I0<C < O0OrFr©T—=<T<OIOOODIOPLO——T-—-="TRO<rwiOn=Oo=xmm

381
382
383
384
385
386
387
388
389
390

< vk kP O<<m-—AmMmZ A=W

4o wvwwv -roOZmre -

T Moo MAROMOVO M- O0RD<Z20000F0—TT—="TROBFPFEWOVTOTO=RWGODAT

Ao D ww O mMme <> o




Supplemental Table 1. (continued)
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Supplemental Tabl&. (continued)
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Supplemental Table 1. (continued)
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